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(ABSTRACT) 

The oil tankers that operate on the Trans-Alaska Pipeline Service (TAPS) route have 

exhibited a large number of structural fatigue cracks. These cracks can be attributed to 

the increase in use of high strength steel in tanker construction and to the harsh operating 

environment in the Gulf of Alaska. In response to the TAPS fatigue problem, this project 

examines the topic of preliminary design for fatigue resistance. The TAPS tankers have 

previously been the target of several studies on the subject of fatigue cracking. Most of 

these studies have concentrated on reducing the costs and risks involved with operating 

the current tanker fleet. Preliminary design, however, is oriented at reducing the fatigue 

risk in future tanker designs. To that end, the design method outlined within concentrates 

on the level of analysis that is appropriate for preliminary design. 

The design method consists of four steps: the specification of a wave environment, 

generation of a hydrodynamic model and subsequent wave loads, evaluation of cyclic 

stresses and an assessment of fatigue damage. A series of example calculations that is 

typical of preliminary design has been performed for one of the TAPS tanker classes. 

These calculations employed Buckley's climatic wave spectra, a 3-dimensional panel based 

hydrodynamics package by Lin and a Miner's rule fatigue assessment based on the S-N 

curves of the British Welding Institute. 

The example calculations yield two important results. First, relatively inexpensive 

methods can yield important and accurate fatigue results; for a side shell longitudinal at 

the water line the example calculations predict a fatigue life of approximately 3 operating 

years. This corresponds quite well to the published inspection data and obviously 

represents insufficient fatigue life. Second, local panel pressures can have a significant 

contribution to, and even dominate, total fatigue damage in the side shell. This contrasts 

with conventional fatigue studies of ship hulls which focus on global loads; ie., hull girder 

bending.
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Chapter 1: Tankers, Fatigue and Design 

Introduction 

The structural integrity of oil tankers has become an important issue worldwide in terms of 

both environmental and economic costs. The oil spill in the Gulf of Alaska due to the 

grounding of the Exxon Valdez and the subsequent public outcry has caused many, 

including the United States Congress, to re-evaluate the risk associated with oil tanker 

operations. Even prior to the Exxon Valdez accident, the US Coast Guard, marine 

operators and various independent experts were investigating the risks involved with 

structural fatigue of tankers and the means for reducing such risks. This dissertation 

investigates the most basic form of risk reduction: first principles design of tankers 

including fatigue resistance. 

Steel ships have traditionally been designed for fatigue resistance by means of rules-based 

design. The rules empirically define scantling sizes based primarily on the evolution of 

ship structural design over many years and the subsequent massive amount of experiential 

data. Such rules are not well suited to modern ship design where new technologies and 

subsequent new designs may develop over relatively short time periods. However, the 

radical changes in technology that often invalidate rules-based design have been mirrored 

by vast improvements in analysis methods, which should be utilized to minimize the risks 

associated with new technologies. 
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The field of marine structures is therefore ready to embark on a new era of design which 

includes explicit consideration of fatigue damage in realistic operating environments. The 

transition to full and explicit consideration of fatigue will undoubtedly be a gradual 

process. The complexity of analysis methods will have to evolve with both the knowledge 

base of the marine structures community and the power of readily available computing 

facilities. This dissertation attempts to clarify the current state of affairs in design level 

fatigue analysis and demonstrates at least one area, panel pressure induced fatigue 

damage, which has received insufficient attention. 

In this introductory chapter a brief synopsis of structural fatigue in modem tankers is 

presented. The structural loads and other phenomena that cause such fatigue will be 

discussed as well as possible levels of analysis. The second chapter introduces the general 

category of tankers termed here TAPS (Trans-Alaska Pipeline Service), and more 

specifically the Atigun Pass class of tankers which will be used for example calculations. 

Chapter 3 summarizes some notable efforts in the area of fatigue analysis by other authors, 

including those procedures and analysis techniques that are incorporated in Chapter 4, 

which consists of an in-depth look at the proposed analysis method. Example calculations 

for the Atigun Pass tankers are presented in Chapter 5, and conclusions based on those 

example calculations are given in Chapter 6. 

Tankers and Concern 

The issue of oil tanker reliability has taken on new meaning, especially inside the US, with 

the grounding of the Exxon Valdez. The increased public visibility of tanker operations 

and the inherent public costs of tanker accidents has left the industry, both operators and 

regulators, better aware of the importance of reliability. Indeed, the US Congress further 
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strengthened such awareness in passing the Oil Pollution Act of 1990 (OPA90). OPA90 

contains a variety of components including a specification of liability for tanker operators 

and the forced phase-out of the current oil tanker fleet. However, the OPA90 requirement 

of double hull ships is only aimed at reducing the dangers associated with grounding and 

collision. It does not decrease the risk of loss of a tanker's structural integrity due to 

fatigue. In fact, there is a possibility of increased risk of fatigue failure due to the 

wholesale redesign of the world's tanker fleet and the increase in exposed structural 

surface area. 

In order to be consistent with the public's demand for safer, spill-resistant ships, the marine 

community must ensure that all aspects of tanker operations, including fatigue damage, 

have at least as much safety margin as the new double hulled ships will have with respect 

to grounding and collision. Unfortunately the Coast Guard report of June 1990 [1] 

summarized many individual opinions concerning the state of the art in fatigue design 

with, "Generally, fatigue evaluation is an extremely complex analysis... .Fatigue 

evaluations are not yet a common and practical component in the design process.” Later 

in this dissertation it is shown that fatigue analysis can vary from the relatively inexpensive 

(PC based, using pre-existing software tools) to very expensive (supercomputers and the 

latest research tools). With the undeniable risks involved, it is obvious that some level of 

fatigue design is necessary, and therefore a clear understanding of all aspects of the origins 

of fatigue and suitable methods of prediction are needed. 

Origins of Fatigue Problems 

As mentioned in the Introduction, conventional steel ships have historically not been 

designed explicitly for fatigue resistance. Instead, implicit fatigue resistance has been 
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absorbed into rules-based design. Such implicit fatigue design was relatively effective for 

conventional (small) tankers built of mild steel. The combined introduction of much larger 

tankers built of higher strength steels has resulted in increased fatigue problems. 

The primary fatigue difficulty with higher strength steels is that, in the welded condition, 

fatigue strength does not increase in proportion to static yield. This is an often 

misunderstood aspect of fatigue. Higher strength steel is not inherently more susceptible 

to fatigue. Indeed the fatigue strength of the undisturbed parent metal increases linearly 

with the yield stress. Rather it is the microscopic geometry of the welded joint, the 

resulting notch stresses and the residual stresses due to welding that reduce the fatigue 

resistance of higher strength steel to that of mild steel [2]. Unfortunately, upon the 

introduction of higher strength steels, safety authorities allowed higher levels of total 

stress, which meant larger values of cyclic stress as well as static stress. Such higher 

values of cyclic stress, when multiplied by the stress concentration factors (SCF's) for 

typical joints, resulted in increased fatigue damage to previously acceptable connection 

details. 

The initial effort to overcome increased fatigue damage has been concentrated on 

improving the design and construction of connection details in order to reduce the SCF. 

However, the local cyclic stress at a connection, and thus the resulting fatigue damage, is 

the product of two quantities: the SCF and the cyclic stress field that is acting in the 

region of the connection; i.e., the member stress. The stress field (both static and cyclic) is 

determined by preliminary design, which establishes the scantlings of all of the principal 

structural members. If the preliminary design does not deal adequately with fatigue the 

cyclic stress field in the member will be too large, and no amount of detail design will be 

able to correct for or make up for this inadequacy. 
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It is not implied here that fatigue cracking will be seen outside of regions of conventional 

stress concentration. The SCF will indeed always initiate the fatigue crack. Rather, an 

inadequately sized member will result in fatigue cracks which initiate at even a minimal 

SCF. 

A further aspect of fatigue that is not adequately considered by rules-based design is 

operating environments. In rules-based design it is difficult to codify the effect that 

continuous operations in harsh wave environments may or may not have. Later, evidence 

will be discussed which shows that the TAPS tankers are more prone to fatigue damage 

than other US vessels. While this may be attributed to faulty design, it is also now known 

that the wave environment in the Gulf of Alaska is more demanding than is typical. But 

the environment factor is quite complicated. Mavrakis and Chen [3] have shown that 

careful consideration is needed in determining the most rigorous fatigue environment; of 

two wave environments, it is not necessarily the most extreme environment (in terms of 

wave height) which results in the greatest fatigue damage. 

Fatigue Loads 

Any structural load with a significant fluctuating component can contribute to fatigue 

damage. For tankers, significant alternating loads can be grouped into three categories: 

hull girder bending stress at the wave encounter frequency, hull girder bending stress at 

the hull's natural frequency, and local panel pressures also at the wave encounter 

frequency. Such categories are of course artificial because it is the local panel pressures 

that cause both of the other categories of loading. It is, however, convenient in a 

historical sense and indeed from a physical understanding to maintain all three categories. 
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Hull girder bending stress is a quantity derived by considering the ship's hull as a simple 

beam (girder) which resists bending moments through a linear distribution of longitudinal 

stress. For a sagging bending moment the stress is compressive at the deck, zero at the 

neutral axis and tensile in the ship's bottom. For a hogging bending moment the stresses 

are reversed. Ensuring adequate strength for hull girder bending is an integral part of ship 

structural design dating back to Brunel in 1852 and the Great Eastern [4]. Thus the 

calculation of hull girder bending due to a passing wave is part of many ship motion and 

load programs. Consistent with linear beam theory, the deck and bottom of a ship 

combine to carry most of the hull girder bending loads, and thus when analyzing maximum 

load carrying ability, such extreme fiber structures are of primary importance. Indeed, a 

major fatigue failure of structural members in either the deck or bottom will reduce the 

ultimate load carrying ability of the hull. As such, the importance of hull girder fatigue 

due to wave load has been recognized and possibly over emphasized in many works 

conceming fatigue analysis. 

Superimposed over the hull girder response at wave encounter frequency is a response at 

the lowest natural frequency of the hull girder. This much higher frequency response is 

generally due to bottom slamming or wave flare impact in the bow of the ship. Recent 

work with the ARCO tankers by Lacey and Edwards [5] has demonstrated considerable 

slamming response in tankers. For fatigue, such slamming response is especially crucial 

because the high frequency can mean numerous cycles accumulate in a relatively short 

time span. Thus it may be quite important to include the fatigue due to slamming when 

analyzing structural members either in the ship's bow or members with considerable hull 

girder stress. 
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The third category of loads is due to local panel pressure fluctuations. These loads are 

unique and important because they occur not in the hull girder, but primarily near the 

mean water line and the ship's neutral axis. Panel pressures are also important because 

they combine the two worst features of the two categories of hull girder bending. Like the 

slamming response, the fluctuations of panel pressures contain a larger portion of their 

energy at higher frequencies then the hull girder response. Unlike slamming, however, 

panel pressure fluctuations occur consistently throughout the life of the ship and are not 

restricted to severe seas. Thus the fatigue requirements of ship's side longitudinals are 

different and not necessarily less intense than those of either the deck or bottom. 

Fatigue Analysis 

Most of the comprehensive marine fatigue analysis efforts that have either been proposed 

or implemented are based on some level of spectral analysis. In this case the end product 

of the spectral analysis is a spectral density function of stress (vs. frequency). The 

statistical properties of this spectrum are then used to calculate the fatigue damage. If 

linear fatigue damage accumulation and linear stress response to loads are both accepted 

as sufficiently accurate for fatigue design purposes, there remains one issue whose 

difficulty dominates fatigue analysis: ship motions and loads in an irregular sea. 

There are three reasonably distinct approaches to calculating ship motions and the 

resulting structural loads due to an irregular seaway: fully non-linear, quasi-linear and 

linear. The linear analysis method is computationally the most efficient, with quasi-linear 

considerably more expensive and fully non-linear prohibitively expensive for all except 

highly funded research endeavors. 
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When using linear response theory, the response-per-wave-amplitude to any particular 

frequency wave component in a relatively calm sea is equal to that same frequency of 

wave component in a stormy sea. Therefore the ship's response to waves needs only be 

calculated once per operating condition (speed and heading). For head seas and the 

resulting heave and pitch motions, this analysis is valid up to extreme seas. Unfortunately, 

a ship's rolling response, and thus also the coupled motions of sway and yaw, is not 

sufficiently modeled with linear analysis, even in moderate seas. The fully linear analysis 

method is therefore limited to head and following seas, where roll motions are not 

significant. 

It is often proposed that within any particular sea state, the roll response can be accurately 

modeled by some equivalent damping factor. Thus the quasi-linear method of fatigue 

analysis follows the linear method except that separate calculations must now be made for 

every sea state. For a typical analysis this means more than 12 times as much 

computational effort (12 sea states plus calculation of the equivalent damping factors). 

The fully non-linear analysis also requires a separate analysis for each sea state. In this 

case the ship is analyzed in an irregular sea, as described by an actual sea state wave 

spectrum, until the statistical properties of the structural loads stabilize. While there are 

non-linear codes available that are capable of this modeling endeavor, the author is not 

aware of any organization which has performed such an analysis. There are therefore no 

real guidelines as to how much computational expense is involved. It is known from wave 

data analysis that short-term spectra are statistically stationary on the order of | hour, and 

observations with significantly less duration have insufficient data populations, Hughes 

[6]. In 1990, Lin [7] reported the performance of LAMP, a fully non-linear code. For 

approximately 200 body surface panels he achieved throughput on the order of 200 time 
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steps per CPU hour on a Cray Y-MP single processor supercomputer. For a typical time 

step of 0.25 seconds and considering extensions and improvements to both the code and 

computer hardware, it is possible that each sea state calculation could be performed in 

one or two hours on a supercomputer. This same calculation would have to be repeated 

for the set of sea states, ship speeds, headings, ballast conditions and wave environments 

which describe the ship's operating life. A full example calculation for the TAPS tankers 

would thus require something on the order of 500 CPU hours on the example 

supercomputer. 
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Chapter 2: The TAPS Tankers 

Introduction 

Chapter | has briefly introduced the TAPS tankers and their high incidence of structural 

cracking. Within this chapter a further discussion of the TAPS tankers is presented. This 

discussion will emphasize the Atigun Pass class on which the author has concentrated his 

efforts. 

General Overview of TAPS Problems 

The US Coast Guard, in Report on the Trans-Alaska Pipeline Service (TAPS) Tanker 

Structural Failure Study [1], brought into the spotlight the mounting concerns of both 

marine operators and their regulators with regard to structural cracking. The overall 

concern was effectively summarized in the following quote: 

"... TAPS tankers comprised 13 percent of US flag oceangoing vessels 

over 10000 gross tons between 1984 and 1988, but accounted for 59 

percent of the structural failures... ." 

A follow-up report [8] emphasized the fracture history of two specific classes: Atigun 

Pass and American Sun. For the American Sun class the majority of cracks were found in 

either the bottom structure or at "rat holes” (small cut-outs) in various unspecified details. 

For the Atigun Pass class, fractures were described in the deck, the bottom and in side 

shell longitudinals. 
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Sucharski and Cheung [9], representing ARCO Marine Inc. (AMD), list nine ships in four 

additional classes of tankers which AMI uses in the TAPS trade. Although more detailed 

descriptions of crack types and their distributions were made for only two of these classes, 

it is stated, "By the mid 1980's extensive fracturing was occurring in many of these ships." 

As a result of the Coast Guard reports and related meetings held between the Coast Guard 

and operators, special inspection programs for tankers involved in the TAPS trade have 

been developed. Annual inspections of the cargo block following the guidance of a 

Critical Areas Inspection Plan (CAIP) have been instituted. The CAIP supplies inspectors 

with detailed information on the fracture histories and repair strategies for individual 

classes and ships. The scope of impact of structural cracking on the TAPS trade can be 

quickly summarized; Sucharski and Cheung specify that 100 fracture repairs in a single bi- 

annual shipyard period is not unusual. Furthermore, additional repairs between scheduled 

maintenance periods are sometimes required. Obviously, any improvements that could be 

incorporated in the design and construction of new tankers would provide an economic 

return. 

Atigun Pass Class 

Most of the ships and classes operating on the TAPS route have been prone to excessive 

fatigue cracking. It was noted earlier that the Atigun Pass class was emphasized in US 

Coast Guard reports. The following discussion describes the ships of this class and the 

available information on their cracking history. 

The Atigun Pass class of tankers consists of 6 single-side, single-bottom ships built by 

Avondale Shipyards from 1977 to 1979. All are built with a combination of mild and high 

strength steel. The Exxon Benicia, which is used as an example throughout this study, has 
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a maximum displacement of 175000 LT. Operating policy typically limits the Exxon ships 

of this class to approximately 95% of maximum displacement. 

The original Coast Guard report [1] limited the discussion to cracking in bilge keels, side 

shell longitudinals at transverse bulkheads and bottom longitudinals in the vicinity of 

limber holes. The follow-up report [8] specified cracking not only of side longitudinals 

29, 30 and 31 at transverse bulkheads, but also in longitudinals 42,43 and 45 at transverse 

frames. Bottom longitudinal cracking at the limber holes was also specified. A more 

detailed description of the side shell longitudinal fractures was prepared for the Benicia's 

Fall 1991 CAIP. The vertical distribution of side shell longitudinal fractures is shown in 

Figures 2.1 and 2.2. 

The graphic representation of side shell fractures demonstrates some of the earlier 

concerns and questions pertaining to side shell longitudinal fractures. The most dramatic 

issue may be the grouping of fractures at the cargo voyage waterline (see especially the 

starboard or "weather" side), which suggests some mechanism that is most extreme in the 

splash zone. If a splash zone mechanism were strictly true, an identical peak at the ballast 

voyage waterline, which does not exist, would be expected. Finally, longitudinals 41 and 

44 were significantly less prone to fatigue than those members immediately adjacent. 

The most common method of fatigue analysis for ships, that which considers fluctuating 

axial stresses due to the hull girder bending moment, does not explain any of these 

phenomena. The waterline is close to the neutral axis, at which axial bending stress is 

zero. The vast majority of fatigue damage must therefore be due to a different loading 

phenomenon, most likely local panel pressures. 
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If local pressures are now considered, the next inconsistency is the reduced amount of 

fatigue in the longitudinals near the ballast voyage waterline. A first tendency may be to 

claim that the less heavily loaded ship behaves differently in waves and the result is lower 

panel pressure loads. While this may be partially true, the most basic reason is the linear 

sizing, in proportion to hydrostatic head, of the side shell longitudinals. Thus the larger 

members in the region of L38 (ballast voyage waterline) see smaller alternating stresses 

than the smaller members near L44 (cargo voyage waterline). This difference in fatigue 

life, despite identical connection details, tends to strengthen the argument that preliminary 

design and member sizing are unportant aspects of fatigue design. 

As discussed earlier, there appears to be an anomaly when considering several of the 

midheight shell longitudinals. Longitudinals 41, 44 and even 46 are within the high risk 

zone, are sized in terms of the hydrostatic head and indeed have a poor fracture history at 

transverse bulkheads, but are remarkably free of fractures at other frames. The 

explanation for this phenomenon is found by comparing the connection detail between 

longitudinal 44 and a web frame, Figure 2.3, with a typical longitudinal to web frame 

detail, Figure 2.4, and finally the typical longitudinal to transverse bulkhead detail, Figure 

2.5. 

Apparently the large brackets used in L41, L44 and L46 (Figure 2.3) reduce the 

susceptibility of these longitudinals to fatigue. These large brackets have been credited 

with being both an improved fatigue design detail ("softening” the SCF) and with 

shortening the effective span (and thus reducing stress levels at the connection). But a 

more complete and convincing explanation can be obtained by examining the bending 

moment distribution in a typical side longitudinal segment between transverse frames, 

which is that of a clamped beam as shown in Figure 2.6. The bending moment and thus 
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the stress at the end of the bracket, the location most likely to generate a fatigue fracture, 

is almost exactly zero and this is why little fatigue damage has occurred. In contrast, the 

smaller brackets used in the details shown in Figures 2.4 and 2.5 have their edges, and 

thus the SCF, at locations of much higher bending stress. These smaller brackets are 

therefore much more susceptible to fatigue damage. 

Chapter 5 will again consider the TAPS tankers and perform sample calculations to 

quantify the qualitative arguments presented herein. The qualitative results are enough 

however, to define the two main points of this dissertation and the recommendations for 

design contained herein: 

1.) Fatigue is just as important during preliminary design, when member scantlings are 

determined, as during detail design, when connection details are designed. 

2.) Local pressures are a critical fatigue load in the side shell. 
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Figure 2.1: Vertical Distribution of Side Sheil Cracking, Port Side. 
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Figure 2.2: Vertical Distribution of Side Shell Cracking, Starboard Side. 
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Figure 2.3: Longitudinal 41, 44 and 46 at a Web Frame 
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�l�i�v�e� �l�o�a�d� �m�u�s�t� �b�e� �a�c�c�o�u�n�t�e�d� �f�o�r�:� �e�v�e�r�y�-�d�a�y� �o�p�e�r�a�t�i�n�g� �l�o�a�d�s� �a�n�d� �l�o�n�g� �t�e�r�m� �e�x�t�r�e�m�e� �l�o�a�d�s�.� 

�I�t� �i�s� �r�e�l�a�t�i�v�e�l�y� �o�b�v�i�o�u�s� �t�h�a�t� �c�o�n�t�r�o�l�l�i�n�g� �s�t�r�e�s�s�e�s� �d�u�e� �t�o� �s�t�a�t�i�c� �f�l�o�o�r� �l�o�a�d�s� �i�n� �a�n� �o�f�f�i�c�e� 
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�e�a�r�t�h�q�u�a�k�e�,� �w�i�n�d� �a�n�d� �o�t�h�e�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� �l�o�a�d�s�,� �t�h�e� �m�a�r�i�n�e� �d�e�s�i�g�n�e�r� �i�s� �l�i�k�e�l�y� �t�o� �h�a�v�e� �l�i�t�t�l�e� 

�m�o�r�e� �t�h�a�n� �a� �d�e�s�i�g�n�a�t�i�o�n� �o�f� �c�o�a�s�t�a�l� �o�r� �o�f�f�s�h�o�r�e�.� �T�h�u�s� �t�h�e� �g�e�n�e�r�i�c� �d�e�s�i�g�n�a�t�i�o�n� �o�f�t�e�n� �a�p�p�l�i�e�d� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �1�9



�i�s� �w�o�r�l�d�w�i�d�e� �u�n�l�i�m�i�t�e�d� �s�e�r�v�i�c�e�,� �w�i�t�h� �a� �d�e�s�i�g�n� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t� �b�a�s�e�d� �o�n� �t�h�e� �N�o�r�t�h� 

�A�t�l�a�n�t�i�c�.� 

�T�h�e� �p�r�a�c�t�i�c�e� �o�f� �d�e�s�i�g�n�i�n�g� �s�h�i�p�s� �t�o� �w�i�t�h�s�t�a�n�d� �t�h�e� �r�i�g�o�r�s� �o�f� �a� �f�i�x�e�d� �a�n�d� �s�p�e�c�i�f�i�c� �e�x�t�r�e�m�e� 

�e�n�v�i�r�o�n�m�e�n�t� �i�s� �s�o�u�n�d�l�y� �b�a�s�e�d� �a�n�d� �h�a�s� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �o�f�f�e�r�i�n�g� �s�h�i�p� �o�w�n�e�r�s� �a�n�d� �o�p�e�r�a�t�o�r�s� 

�a�s�s�u�r�a�n�c�e� �t�h�a�t� �t�h�e�i�r� �s�h�i�p�s� �a�r�e� �b�u�i�l�t� �t�o� �w�i�t�h�s�t�a�n�d� �s�u�c�h� �r�i�g�o�r�s� �w�h�e�n� �n�e�c�e�s�s�a�r�y�.� �H�o�w�e�v�e�r�,� �i�t� 

�h�a�s� �b�e�e�n� �s�h�o�w�n� �(�s�e�e� �f�o�r� �e�x�a�m�p�l�e� �M�a�v�r�a�k�i�s� �a�n�d� �C�h�e�n� �[�3�]�)� �t�h�a�t� �f�o�r� �t�w�o� �l�o�n�g�-�t�e�r�m� �w�a�v�e� 

�e�n�v�i�r�o�n�m�e�n�t�s�,� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �w�h�i�c�h� �i�s� �a�p�p�a�r�e�n�t�l�y� �m�o�s�t� �s�e�v�e�r�e� �i�n� �t�e�r�m�s� �o�f� �u�l�t�i�m�a�t�e� 

�l�o�a�d�i�n�g� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �m�o�s�t� �s�e�v�e�r�e� �i�n� �t�e�n�n�s� �o�f� �f�a�t�i�g�u�e�.� �I�m�p�r�o�v�e�m�e�n�t�s� �i�n� �c�o�m�p�u�t�a�t�i�o�n�a�l� 

�a�b�i�l�i�t�i�e�s� �h�a�v�e� �m�a�d�e� �i�t� �p�o�s�s�i�b�l�e� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �a� �s�h�i�p� �i�s� �n�o�t� �o�n�l�y� �a�d�e�q�u�a�t�e� �f�o�r� �a� 

�s�i�m�p�l�i�f�i�e�d� �d�e�s�i�g�n� �e�n�v�i�r�o�n�m�e�n�t�,� �b�u�t� �i�s� �a�l�s�o� �a�d�e�q�u�a�t�e� �f�o�r� �i�t�s� �i�n�t�e�n�d�e�d�,� �o�r� �m�o�s�t� �l�i�k�e�l�y�,� 

�o�p�e�r�a�t�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�.� 

�F�o�r� �t�h�e� �T�A�P�S� �t�a�n�k�e�r�s� �o�n� �w�h�i�c�h� �t�h�i�s� �s�t�u�d�y� �f�o�c�u�s�e�s�,� �v�e�r�y� �a�c�c�u�r�a�t�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�a�t�a� �a�r�e� 

�a�v�a�i�l�a�b�l�e� �t�h�r�o�u�g�h� �t�h�e� �l�o�n�g�-�t�e�r�m� �w�a�v�e� �h�e�i�g�h�t� �s�p�e�c�t�r�a� �o�b�s�e�r�v�e�d� �b�y� �N�O�A�A� �w�a�v�e� �b�u�o�y�s� �a�n�d� 

�t�h�e� �w�o�r�k� �d�o�n�e� �b�y� �W�i�l�l�i�a�m� �B�u�c�k�l�e�y�.� �H�e� �e�x�a�m�i�n�e�d� �a� �l�a�r�g�e� �b�o�d�y� �o�f� �w�a�v�e� �s�p�e�c�t�r�a� �a�n�d� 

�s�u�b�d�i�v�i�d�e�d� �r�e�g�i�o�n�s� �o�f� �t�h�e� �o�c�e�a�n�s� �i�n�t�o� �w�a�v�e� �c�l�i�m�a�t�e�s� �f�o�r� �w�h�i�c�h� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �v�a�l�u�e�s� �o�f� 

�m�o�d�a�l� �p�e�r�i�o�d� �T�,� �a�n�d� �w�a�v�e� �l�e�n�g�t�h� �A� �c�a�n� �b�e� �i�d�e�n�t�i�f�i�e�d� �[�1�1�]�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �f�o�r� �t�h�e� �T�A�P�S� 

�t�a�n�k�e�r� �r�o�u�t�e� �t�h�e�r�e� �a�r�e� �t�w�o� �d�i�s�t�i�n�c�t� �w�a�v�e� �c�l�i�m�a�t�e�s�:� �N�o�r�t�h�e�m� �H�i�g�h� �L�a�t�i�t�u�d�e� �a�n�d� �W�e�s�t� �C�o�a�s�t� 

�L�o�n�g� �P�e�r�i�o�d�.� �B�u�c�k�l�e�y� �a�v�e�r�a�g�e�d� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �w�a�v�e� �s�p�e�c�t�r�a� �w�i�t�h�i�n� �|� �m�e�t�e�r� �s�i�g�n�i�f�i�c�a�n�t� 

�w�a�v�e� �h�e�i�g�h�t� �i�n�t�e�r�v�a�l�s� �t�o� �d�e�f�i�n�e� �a� �s�i�n�g�l�e� �C�l�i�m�a�t�i�c� �W�a�v�e� �S�p�e�c�t�r�u�m� �(�C�W�S�)� �f�o�r� �e�a�c�h� �w�a�v�e� 

�h�e�i�g�h�t� �c�l�a�s�s� �a�n�d� �w�a�v�e� �c�l�i�m�a�t�e�.� �I�n� �o�r�d�e�r� �t�o� �s�i�m�p�l�i�f�y� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �t�h�e�s�e� �C�W�S� 

�a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �u�s�i�n�g� �O�c�h�i� �3� �p�a�r�a�m�e�t�e�r� �s�p�e�c�t�r�a�.� �T�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �o�c�c�u�r�r�e�n�c�e� �o�f� �e�a�c�h� 

�w�a�v�e� �h�e�i�g�h�t� �c�l�a�s�s� �w�a�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �e�a�c�h� �b�u�o�y� �l�o�c�a�t�i�o�n�.� �F�i�n�a�l�l�y�,� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l�i�t�y� 

�o�f� �t�h�e� �w�a�v�e� �s�p�e�c�t�r�a� �w�a�s� �e�q�u�a�t�e�d� �t�o� �t�h�e� �r�e�c�o�r�d�e�d� �w�i�n�d� �d�i�r�e�c�t�i�o�n�.� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�0



�T�h�e� �o�b�j�e�c�t�i�v�e� �d�a�t�a� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �N�O�A�A� �w�a�v�e� �b�u�o�y�s� �a�n�d� �t�h�e� �c�o�n�s�i�s�t�e�n�t� �a�n�a�l�y�s�i�s� 

�p�e�r�f�o�r�m�e�d� �b�y� �B�u�c�k�l�e�y� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �w�a�v�e� �d�a�t�a� �f�r�e�e� �f�r�o�m� �m�a�n�y� �o�f� �t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� 

�e�v�i�d�e�n�t� �i�n� �o�t�h�e�r� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t� �d�e�s�c�r�i�p�t�i�o�n�s�.� �F�o�r� �w�o�r�l�d�w�i�d�e� �c�o�v�e�r�a�g�e�,� �t�h�e� �M�a�r�s�d�e�n� 

�S�q�u�a�r�e� �d�a�t�a� �b�y� �H�o�g�b�e�n� �a�n�d� �L�u�m�b� �[�1�2�]� �a�r�e� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d�.� �H�o�g�b�e�n� �a�n�d� �L�u�m�b� �b�a�s�e�d� 

�t�h�e�i�r� �w�o�r�k� �o�n� �v�o�l�u�n�t�a�r�y� �r�e�p�o�r�t�i�n�g� �o�f� �o�b�s�e�r�v�a�t�i�o�n�a�l� �d�a�t�a� �b�y� �m�e�r�c�h�a�n�t� �s�h�i�p�s�.� �A� �s�l�i�g�h�t�l�y� 

�m�o�r�e� �o�b�j�e�c�t�i�v�e� �s�e�t� �o�f� �w�a�v�e� �d�a�t�a�,� �c�o�v�e�r�i�n�g� �o�n�l�y� �t�h�e� �N�o�r�t�h� �A�t�l�a�n�t�i�c�,� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� 

�W�a�l�d�e�n� �[�1�3�]�.� �H�e� �u�s�e�d� �o�b�s�e�r�v�a�t�i�o�n�a�l� �d�a�t�a� �f�r�o�m� �t�r�a�i�n�e�d� �o�b�s�e�r�v�e�r�s� �o�n� �f�i�x�e�d� �l�o�c�a�t�i�o�n� 

�w�e�a�t�h�e�r� �s�h�i�p�s�.� 

�T�h�e� �U�S� �N�a�v�y�'�s� �h�i�n�d�c�a�s�t� �p�r�o�g�r�a�m� �i�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �a�p�p�r�o�a�c�h� �t�o� �e�i�t�h�e�r� �w�a�v�e� �b�u�o�y� �o�r� 

�o�b�s�e�r�v�a�t�i�o�n�a�l� �d�a�t�a�.� �I�n� �t�h�i�s� �p�r�o�g�r�a�m� �t�h�e� �N�a�v�y� �u�s�e�d� �o�b�s�e�r�v�e�d� �w�i�n�d� �d�a�t�a� �t�o� �h�i�n�d�c�a�s�t� �s�e�a� 

�c�o�n�d�i�t�i�o�n�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �n�o�r�t�h�e�r�n� �h�e�m�i�s�p�h�e�r�e� �f�o�r� �a� �s�p�e�c�i�f�i�c� �2�0� �y�e�a�r� �p�e�r�i�o�d�.� �P�o�r�t�i�o�n�s� �o�f� 

�t�h�e� �h�i�n�d�c�a�s�t� �d�a�t�a� �h�a�v�e� �b�e�e�n� �p�r�e�s�e�n�t�e�d� �i�n� �s�u�i�t�a�b�l�e� �f�o�r�m� �f�o�r� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �b�y� �C�u�m�m�i�n�s� �a�n�d� 

�B�a�l�e�s� �[�1�4�]�.� 

�T�h�e� �t�r�a�d�e�o�f�f� �b�e�t�w�e�e�n� �a�l�l� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t� �d�e�s�c�r�i�p�t�i�o�n�s� �i�s� �a�c�c�u�r�a�c�y� �v�s�.� �c�o�v�e�r�a�g�e�.� �V�e�r�y� 

�g�o�o�d� �d�a�t�a�,� �i�n�c�l�u�d�i�n�g� �d�i�r�e�c�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n�,� �a�r�e� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �l�i�m�i�t�e�d� �o�c�e�a�n� �a�r�e�a�s� �f�o�r� 

�w�h�i�c�h� �t�h�e�r�e� �i�s� �w�a�v�e� �b�u�o�y� �c�o�v�e�r�a�g�e�.� �M�o�r�e� �e�x�t�e�n�s�i�v�e� �c�o�v�e�r�a�g�e� �o�f� �t�h�e� �e�n�t�i�r�e� �N�o�r�t�h�e�r�n� 

�H�e�m�i�s�p�h�e�r�e� �i�s� �a�v�a�i�l�a�b�l�e�,� �b�u�t� �t�h�e�r�e� �a�r�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �t�h�e� �h�i�n�d�c�a�s�t� �p�r�o�c�e�s�s�.� �F�i�n�a�l�l�y�,� �w�o�r�l�d�-� 

�w�i�d�e� �c�o�v�e�r�a�g�e� �i�s� �p�o�s�s�i�b�l�e�,� �b�u�t� �o�n�l�y� �g�i�v�e�n� �t�h�e� �r�a�t�h�e�r� �l�a�r�g�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �o�f� �o�b�s�e�r�v�a�t�i�o�n�a�l� 

�d�a�t�a�.� 

�H�y�d�r�o�d�y�n�a�m�i�c�s� 

�A�n�y� �t�r�u�l�y� �a�n�a�l�y�t�i�c�a�l� �a�p�p�r�o�a�c�h� �t�o� �f�a�t�i�g�u�e� �d�e�s�i�g�n� �o�r� �a�n�a�l�y�s�i�s� �d�e�p�e�n�d�s� �o�n� �a�c�c�u�r�a�t�e� �c�a�l�c�u�l�a�t�i�o�n� 

�o�f� �d�y�n�a�m�i�c� �l�o�a�d�s� �d�u�e� �t�o� �s�h�i�p� �m�o�t�i�o�n�s� �i�n� �w�a�v�e�s�.� �S�u�c�h� �a�n� �a�n�a�l�y�t�i�c�a�l� �a�p�p�r�o�a�c�h� �i�s� �n�e�c�e�s�s�a�r�y� 

�b�e�c�a�u�s�e� �i�t� �a�v�o�i�d�s� �t�h�e� �e�n�o�r�m�o�u�s� �t�i�m�e� �a�n�d� �e�x�p�e�n�s�e� �e�n�t�a�i�l�e�d� �i�n� �m�o�d�e�l�i�n�g� �a�n�d� �w�a�v�e� �t�a�n�k� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�1



�s�t�u�d�i�e�s�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n� �m�e�t�h�o�d� �u�s�e�d� �t�o� �p�e�r�f�o�r�m� �t�h�i�s� �a�n�a�l�y�s�i�s� �i�s� �s�t�r�i�p� �t�h�e�o�r�y�,� �a�n�d� �t�h�e� 

�U�S� �N�a�v�y�'�s� �w�i�d�e�l�y� �u�s�e�d� �S�h�i�p� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m� �(�M�e�y�e�r�s�,� �[�1�5�]�)� �w�i�l�l� �b�e� �u�t�i�l�i�z�e�d� �i�n� �s�o�m�e� �o�f� 

�t�h�e� �e�x�a�m�p�l�e� �p�r�o�b�l�e�m�s� �d�i�s�c�u�s�s�e�d� �h�e�r�e�i�n�.� �H�o�w�e�v�e�r�,� �l�a�r�g�e�r� �e�m�p�h�a�s�i�s� �w�i�l�l� �b�e� �p�l�a�c�e�d� �o�n� �t�h�e� 

�l�i�n�e�a�r� �3�-�d�i�m�e�n�s�i�o�n�a�l� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �p�r�o�g�r�a�m� �S�A�M�P� �(�S�m�a�l�l� �A�m�p�l�i�t�u�d�e� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m�)�.� 

�S�t�r�i�p� �t�h�e�o�r�y� �r�e�d�u�c�e�s� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c�s� �o�f� �3�-�d�i�m�e�n�s�i�o�n�a�l� �f�l�o�w� �p�a�s�t� �t�h�e� �h�u�l�l� �t�o� �a� �2�-� 

�d�i�m�e�n�s�i�o�n�a�l� �f�l�o�w� �p�a�s�t� �a� �s�e�r�i�e�s� �o�f� �i�n�d�e�p�e�n�d�e�n�t� �p�r�i�s�m�a�t�i�c� �b�l�u�f�f� �b�o�d�i�e�s�,� �r�o�u�g�h�l�y� �a�k�i�n� �t�o� 

�c�y�l�i�n�d�r�i�c�a�l� �f�l�o�w�.� �E�a�c�h� �b�l�u�f�f� �b�o�d�y� �h�a�s� �a� �c�r�o�s�s� �s�e�c�t�i�o�n� �w�h�i�c�h� �i�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �a� �r�e�g�i�o�n� �o�f� 

�t�h�e� �h�u�l�l�,� �a�n�d� �t�h�u�s� �t�h�e� �h�u�l�l� �i�s� �r�e�p�l�a�c�e�d� �b�y� �a� �s�e�r�i�e�s� �o�f� �p�r�i�s�m�a�t�i�c� �s�e�g�m�e�n�t�s� �c�o�m�m�o�n�l�y� �r�e�f�e�r�r�e�d� 

�t�o� �a�s� �"�s�t�r�i�p�s�"�.� �T�h�e� �s�i�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �h�u�l�l� �i�n� �t�h�i�s� �m�a�n�n�e�r� �e�l�i�m�i�n�a�t�e�s� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� 

�s�h�i�p�'�s� �f�o�r�w�a�r�d� �s�p�e�e�d� �w�i�t�h� �t�h�e� �h�u�l�l�'�s� �l�e�n�g�t�h�w�i�s�e� �v�a�r�i�a�t�i�o�n� �a�n�d� �t�h�u�s� �r�e�s�u�l�t�s� �i�n� �a� �r�e�l�a�t�i�v�e�l�y� 

�i�n�e�x�p�e�n�s�i�v�e� �c�o�m�p�u�t�a�t�i�o�n� �f�o�r� �e�a�c�h� �s�t�r�i�p�.� �A�f�t�e�r� �s�o�l�v�i�n�g� �s�u�c�h� �a� �2�-�d�i�m�e�n�s�i�o�n�a�l� �f�l�o�w� �p�r�o�b�l�e�m� 

�o�v�e�r� �e�a�c�h� �i�n�d�e�p�e�n�d�e�n�t� �s�t�r�i�p�,� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �s�o�l�u�t�i�o�n�s� �a�r�e� �c�o�m�b�i�n�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �t�o�t�a�l� 

�h�y�d�r�o�d�y�n�a�m�i�c� �f�o�r�c�e� �a�c�t�i�n�g� �o�n� �t�h�e� �s�h�i�p�.� �S�u�c�h� �c�a�l�c�u�l�a�t�i�o�n�s� �h�a�v�e� �l�o�n�g� �b�e�e�n� �c�o�n�s�i�d�e�r�e�d� 

�s�u�f�f�i�c�i�e�n�t�,� �e�s�p�e�c�i�a�l�l�y� �f�o�r� �o�v�e�r�a�l�l� �i�n�t�e�g�r�a�t�e�d� �q�u�a�n�t�i�t�i�e�s�,� �b�u�t� �s�t�r�i�p� �t�h�e�o�r�y� �d�o�e�s� �n�o�t� �d�i�r�e�c�t�l�y� 

�p�r�o�v�i�d�e� �a�c�c�u�r�a�t�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� �l�o�c�a�l� �p�r�e�s�s�u�r�e�s� �a�c�t�i�n�g� �o�n� �s�t�r�u�c�t�u�r�e�.� 

�I�n� �o�r�d�e�r� �t�o� �i�m�p�r�o�v�e� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �a� �s�h�i�p� 

�w�i�t�h� �c�o�n�s�t�a�n�t� �f�o�r�w�a�r�d� �s�p�e�e�d� �a�n�d� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �l�o�c�a�l�i�z�e�d� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�,� �S�A�M�P� �h�a�s� 

�b�e�e�n� �e�m�p�l�o�y�e�d� �o�n� �t�h�i�s� �p�r�o�j�e�c�t�.� �W�o�e�i�-�M�i�n� �L�i�n� �o�f� �S�c�i�e�n�c�e� �A�p�p�l�i�c�a�t�i�o�n�s� �I�n�t�e�m�a�t�i�o�n�a�l� 

�C�o�r�p�o�r�a�t�i�o�n� �(�S�A�I�C�)� �h�a�s� �d�e�v�e�l�o�p�e�d� �t�h�i�s� �f�u�l�l�y� �3�-�d�i�m�e�n�s�i�o�n�a�l� �l�i�n�e�a�r� �h�y�d�r�o�d�y�n�a�m�i�c�s� �p�a�c�k�a�g�e�.� 

�S�A�M�P�'�s� �b�a�s�i�c� �m�e�t�h�o�d�o�l�o�g�y� �i�s� �s�u�m�m�a�r�i�z�e�d� �c�o�n�c�i�s�e�l�y� �i�n� �t�h�e� �u�s�e�r�'�s� �m�a�n�u�a�l� �[�1�6�]�:� 

�S�A�M�P� �c�a�l�c�u�l�a�t�e�s� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �f�o�r�c�e�s� �a�s�s�u�m�i�n�g� �p�o�t�e�n�t�i�a�l� �f�l�o�w�,� �a�n�d� 
�s�a�t�i�s�f�i�e�s� �a� �l�i�n�e�a�r� �f�r�e�e�-�s�u�r�f�a�c�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �o�n� �t�h�e� �m�e�a�n� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� 
�f�r�e�e� �s�u�r�f�a�c�e�.� �.�.�.�I�n� �t�h�e� �S�A�M�P� �c�a�l�c�u�l�a�t�i�o�n�,� �t�h�e� �b�o�d�y� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �i�s� 
�s�a�t�i�s�f�i�e�d� �a�t� �t�h�e� �m�e�a�n� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �m�o�v�i�n�g� �b�o�d�y�.� �T�h�e� �i�n�c�o�m�i�n�g� �w�a�v�e� �c�a�n� 
�t�a�k�e� �a�n�y� �f�o�r�m�.� �T�h�e� �s�o�l�u�t�i�o�n� �i�s� �f�o�u�n�d� �i�n� �t�h�e� �t�i�m�e� �d�o�m�a�i�n� �a�n�d� �s�o� �s�i�m�u�l�a�t�e�s� 
�g�e�n�e�r�a�l� �u�n�s�t�e�a�d�y� �m�o�t�i�o�n�.�.� �T�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �p�r�o�b�l�e�m� �a�t� �e�a�c�h� �t�i�m�e� �s�t�e�p� �i�s� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�2



�s�o�l�v�e�d� �w�i�t�h� �a� �p�o�t�e�n�t�i�a�l� �f�o�r�m�u�l�a�t�i�o�n�,� �m�o�d�e�l�e�d� �b�y� �a� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �t�r�a�n�s�i�e�n�t� 
�G�r�e�e�n� �F�u�n�c�t�i�o�n�.� 

�S�A�I�C� �i�s� �c�u�r�r�e�n�t�l�y� �i�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �a�d�d�i�n�g� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �v�i�s�c�o�u�s� �f�o�r�c�e�s� �t�o� �t�h�o�s�e� 

�c�o�m�p�u�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �b�a�s�i�c� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �c�a�l�c�u�l�a�t�i�o�n�s�.� �S�u�c�h� �v�i�s�c�o�u�s� �f�o�r�c�e�s� �b�e�c�o�m�e� 

�s�i�g�n�i�f�i�c�a�n�t� �f�o�r� �r�o�l�l�i�n�g� �m�o�t�i�o�n�s� �(�a�b�o�u�t� �t�h�e� �s�h�i�p�'�s� �l�o�n�g�i�t�u�d�i�n�a�l� �a�x�i�s�)� �w�h�e�n� �t�h�e� �s�h�i�p� �i�s� �a�t� �a�n� 

�o�b�l�i�q�u�e� �h�e�a�d�i�n�g� �t�o� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �s�e�a�w�a�y�.� �V�i�s�c�o�u�s� �f�o�r�c�e�s� �a�r�e� �i�m�p�l�e�m�e�n�t�e�d� �t�h�r�o�u�g�h� 

�s�i�m�i�l�a�r� �m�e�t�h�o�d�s� �a�s� �t�h�o�s�e� �u�s�e�d� �i�n� �t�h�e� �S�h�i�p� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m�.� �S�u�c�h� �a�n� �a�p�p�r�o�a�c�h� �h�a�s� �t�h�e� 

�a�d�v�a�n�t�a�g�e� �o�f� �b�e�i�n�g� �b�o�t�h� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �i�n�e�x�p�e�n�s�i�v�e� �a�n�d� �q�u�i�t�e� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d�.� 

�S�t�r�u�c�t�u�r�a�l� �A�n�a�l�y�s�i�s� 

�M�a�r�i�n�e� �s�t�r�u�c�t�u�r�a�l� �d�e�s�i�g�n�e�r�s� �n�e�e�d� �t�o� �c�o�n�s�i�d�e�r� �f�a�t�i�g�u�e� �n�o�t� �i�n� �i�s�o�l�a�t�i�o�n�,� �b�u�t� �i�n� �c�o�n�j�u�n�c�t�i�o�n� 

�w�i�t�h� �m�a�n�y� �o�t�h�e�r� �s�t�r�u�c�t�u�r�a�l� �c�o�n�c�e�r�n�s�.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� �o�n�e� �o�f� �t�h�e� �a�i�m�s� �o�f� �t�h�e� �c�u�r�r�e�n�t� �p�r�o�j�e�c�t� 

�t�o� �d�e�v�e�l�o�p� �a� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d� �t�h�a�t� �c�a�n� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �M�A�E�S�T�R�O� 

�s�t�r�u�c�t�u�r�a�l� �d�e�s�i�g�n� �p�r�o�g�r�a�m�.� �M�A�E�S�T�R�O� �e�n�a�b�l�e�s� �t�h�e� �d�e�s�i�g�n�e�r� �t�o� �r�a�p�i�d�l�y� �d�e�v�e�l�o�p� �w�h�o�l�e� �s�h�i�p� 

�s�t�r�u�c�t�u�r�a�l� �m�o�d�e�l�s� �a�n�d� �t�o� �c�a�l�c�u�l�a�t�e� �s�t�r�e�s�s�e�s� �b�y� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s�.� �M�A�E�S�T�R�O� �t�h�e�n� 

�c�o�m�p�u�t�e�s� �t�h�e� �f�a�i�l�u�r�e� �s�t�r�e�s�s�e�s� �a�n�d� �o�t�h�e�r� �l�i�m�i�t� �v�a�l�u�e�s� �f�o�r� �o�v�e�r� �3�0� �m�o�d�e�s� �o�f� �f�a�i�l�u�r�e� �a�n�d� 

�c�o�m�p�a�r�e�s� �t�h�e� �a�c�t�u�a�l� �v�a�l�u�e�s� �t�o� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �l�i�m�i�t� �v�a�l�u�e�s�.� �A�t� �t�h�i�s� �p�o�i�n�t� �i�t� �i�s� �t�h�e� 

�d�e�s�i�g�n�e�r�'�s� �c�h�o�i�c�e� �w�h�e�t�h�e�r� �o�r� �n�o�t� �t�o� �c�o�n�t�i�n�u�e� �t�h�e� �a�n�a�l�y�s�i�s� �a�n�d� �h�a�v�e� �M�A�E�S�T�R�O� �a�d�j�u�s�t� 

�s�c�a�n�t�l�i�n�g� �(�m�e�m�b�e�r�)� �s�i�z�e�s� �t�o� �o�p�t�i�m�a�l�l�y� �s�a�t�i�s�f�y� �a�l�l� �l�i�m�i�t� �s�t�a�t�e�s�.� 

�I�n�c�o�r�p�o�r�a�t�i�n�g� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �i�n�t�o� �t�h�e� �M�A�E�S�T�R�O� �p�r�o�g�r�a�m� �w�i�l�l� �r�e�s�u�l�t� �i�n� �a�n� �a�d�d�i�t�i�o�n�a�l�,� 

�r�a�t�h�e�r� �c�o�m�p�l�e�x�,� �l�i�m�i�t� �s�t�a�t�e�.� �A�s� �a� �p�r�a�c�t�i�c�a�l� �m�e�a�s�u�r�e� �i�t� �w�i�l�l� �p�r�o�b�a�b�l�y� �b�e� �b�e�s�t� �t�o� �u�s�e� �t�h�i�s� �l�i�m�i�t� 

�S�t�a�t�e� �a�s� �a� �g�o�,� �n�o�-�g�o� �c�r�i�t�e�r�i�o�n�.� 

�A�t� �t�h�e� �p�r�e�s�e�n�t� �t�i�m�e� �t�h�e� �f�a�t�i�g�u�e� �l�i�m�i�t� �s�t�a�t�e� �c�a�l�c�u�l�a�t�i�o�n� �i�s� �n�o�t� �p�e�r�f�o�r�m�e�d� �i�n�t�e�r�n�a�l�l�y� �t�o� 

�M�A�E�S�T�R�O�.� �R�a�t�h�e�r�,� �M�A�E�S�T�R�O� �c�a�n� �b�e� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �S�A�M�P� �t�o� �p�r�o�d�u�c�e� �s�t�r�e�s�s� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�3



�i�n�f�o�r�m�a�t�i�o�n�.� �T�h�e� �s�t�r�e�s�s� �v�a�l�u�e�s� �a�r�e� �t�h�e�n� �p�r�o�c�e�s�s�e�d� �e�x�t�e�r�n�a�l�l�y� �u�s�i�n�g� �t�h�e� �p�r�i�n�c�i�p�l�e�s� �d�i�s�c�u�s�s�e�d� 

�i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�.� 

�F�a�t�i�g�u�e� �A�s�s�e�s�s�m�e�n�t� 

�D�e�s�i�g�n� �l�e�v�e�l� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t� �i�n� �m�a�r�i�n�e� �s�t�r�u�c�t�u�r�e�s� �i�s� �d�o�m�i�n�a�t�e�d� �b�y� �m�e�t�h�o�d�s� �t�h�a�t� �i�n�c�l�u�d�e� 

�S�-�N� �c�u�r�v�e�s� �a�n�d� �t�h�e� �l�i�n�e�a�r� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �p�r�o�p�o�s�e�d� �b�y� �P�a�l�m�g�r�e�n� �[�1�7�]� �a�n�d� 

�M�i�n�e�r� �[�1�8�]�.� �T�h�e� �S�-�N� �c�u�r�v�e� �i�s� �a� �l�i�n�e�a�r� �p�l�o�t� �o�f� �l�o�g� �S� �v�s�.� �l�o�g� �N�,� �w�h�e�r�e� �S� �i�s� �t�h�e� �r�a�n�g�e� �(�d�o�u�b�l�e� 

�a�m�p�l�i�t�u�d�e�)� �o�f� �a�l�t�e�r�n�a�t�i�n�g� �s�t�r�e�s�s�e�s�,� �a�n�d� �N� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �c�y�c�l�e�s� �t�o� �f�a�i�l�u�r�e� �a�t� �a� �c�o�n�s�t�a�n�t� 

�v�a�l�u�e� �o�f� �t�h�e� �s�t�r�e�s�s� �r�a�n�g�e�,� �S�.� �T�h�e� �B�r�i�t�i�s�h� �W�e�l�d�i�n�g� �I�n�s�t�i�t�u�t�e� �h�a�s� �p�u�b�l�i�s�h�e�d� �a� �w�i�d�e�l�y� �u�s�e�d� �s�e�t� 

�o�f� �S�-�N� �c�u�r�v�e�s� �[�1�9�]� �b�a�s�e�d� �o�n� �t�h�e� �w�o�r�k� �b�y� �G�u�m�e�y� �[�2�0�]�.� �I�n� �a�p�p�l�y�i�n�g� �t�h�e� �S�-�N� �c�u�r�v�e�s� �a�n�d� 

�M�i�n�e�r�'�s� �r�u�l�e�,� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �b�y� �R�i�c�e� �[�2�1�]� �o�f� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �a�m�p�l�i�t�u�d�e� �p�e�a�k�s� 

�(�R�a�y�l�e�i�g�h�)� �f�o�r� �a� �n�a�r�r�o�w� �b�a�n�d�e�d�,� �s�t�a�t�i�o�n�a�r�y�,� �G�a�u�s�s�i�a�n� �p�r�o�c�e�s�s� �i�s� �o�f�t�e�n� �i�n�c�o�r�p�o�r�a�t�e�d�.� �T�h�e� 

�r�e�s�u�l�t� �i�s� �a�n� �e�x�p�l�i�c�i�t� �f�o�r�m�u�l�a� �f�o�r� �f�a�t�i�g�u�e� �l�i�f�e� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �S�-�N� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �t�h�e� �s�p�e�c�t�r�a�l� 

�m�o�m�e�n�t�s� �o�f� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�.� 

�S�e�v�e�r�a�l� �a�d�j�u�s�t�m�e�n�t�s� �m�u�s�t� �b�e� �m�a�d�e� �t�o� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �i�n� �o�r�d�e�r� �t�o� �c�a�l�c�u�l�a�t�e� �l�i�f�e�t�i�m�e� �f�a�t�i�g�u�e� 

�d�a�m�a�g�e�.� �M�o�s�t� �i�m�p�o�r�t�a�n�t�l�y�,� �t�h�e� �s�e�a� �s�u�r�f�a�c�e� �e�l�e�v�a�t�i�o�n� �i�s� �n�e�i�t�h�e�r� �s�t�r�i�c�t�l�y� �n�a�r�r�o�w� �b�a�n�d�e�d� �n�o�r� 

�i�s� �i�t� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�t�a�t�i�o�n�a�r�y� �i�n� �t�h�e� �l�o�n�g� �t�e�r�m�.� �T�h�e� �l�a�t�t�e�r� �d�i�f�f�i�c�u�l�t�y� �i�s� �r�e�c�o�n�c�i�l�e�d� �t�h�r�o�u�g�h� �t�h�e� 

�u�s�e� �o�f� �f�u�l�l� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s�.� �I�n� �f�a�t�i�g�u�e� �t�e�r�m�s�,� �a� �f�u�l�l� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �i�n�v�o�l�v�e�s� �s�u�b�d�i�v�i�d�i�n�g� 

�t�h�e� �s�h�i�p�'�s� �l�i�f�e� �i�n�t�o� �a� �n�u�m�b�e�r� �o�f� �s�e�g�m�e�n�t�s� �(�e�a�c�h� �o�f� �w�h�i�c�h� �i�s� �s�t�a�t�i�o�n�a�r�y�)�,� �c�o�m�p�u�t�i�n�g� �t�h�e� 

�f�a�t�i�g�u�e� �d�a�m�a�g�e� �d�u�r�i�n�g� �e�a�c�h� �s�e�g�m�e�n�t� �a�n�d� �s�u�m�m�i�n�g� �t�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �a�c�r�o�s�s� �s�e�g�m�e�n�t�s� �t�o� 

�c�o�m�p�u�t�e� �t�h�e� �l�i�f�e�t�i�m�e� �d�a�m�a�g�e�.� �F�o�r� �s�h�i�p�s� �t�h�e�s�e� �s�e�g�m�e�n�t�s� �a�r�e� �d�e�f�i�n�e�d� �b�y� �e�a�c�h� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �s�h�i�p� �s�p�e�e�d�,� �s�e�a� �s�t�a�t�e�,� �r�e�l�a�t�i�v�e� �w�a�v�e� �h�e�a�d�i�n�g� �a�n�d� �d�r�a�f�t� �(�W�i�r�s�c�h�i�n�g� �[�2�2�]�,� �C�h�e�n� �a�n�d� 

�M�a�v�r�a�k�i�s� �[�3�]�)�.� �A�n� �e�m�p�i�r�i�c�a�l� �a�d�j�u�s�t�m�e�n�t� �,� �c�a�l�l�e�d� �a� �r�a�i�n�f�l�o�w� �c�o�r�r�e�c�t�i�o�n� �f�a�c�t�o�r�,� �f�o�r� �t�h�e� 

�b�a�n�d�w�i�d�t�h� �o�f� �e�a�c�h� �o�f� �t�h�e�s�e� �s�h�o�r�t� �t�e�r�m� �p�r�o�c�e�s�s�e�s� �h�a�s� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �b�y� �W�i�r�s�c�h�i�n�g� �a�n�d� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�4



�L�i�g�h�t� �[�2�3�]�.� �T�h�i�s� �a�d�j�u�s�t�m�e�n�t� �f�a�c�t�o�r� �s�i�m�u�l�a�t�e�s� �t�h�e� �s�t�r�e�s�s� �r�a�n�g�e� �c�o�u�n�t�i�n�g� �r�e�s�u�l�t�s� �o�f� �t�h�e� 

�r�a�i�n�f�l�o�w� �t�e�c�h�n�i�q�u�e� �b�y� �m�o�d�i�f�y�i�n�g� �t�h�e� �n�a�r�r�o�w� �b�a�n�d� �r�e�s�u�l�t�.� 

�A�c�c�e�p�t�i�n�g� �b�o�t�h� �a�n� �S�-�N� �a�p�p�r�o�a�c�h� �a�n�d� �t�h�e� �P�a�l�m�g�r�e�n�-�M�i�n�e�r� �l�i�n�e�a�r� �d�a�m�a�g�e� �a�c�c�u�m�u�l�a�t�i�o�n� 

�r�u�l�e� �i�s�,� �a�t� �t�h�i�s� �t�i�m�e�,� �a� �n�e�c�e�s�s�a�r�y� �s�t�e�p� �i�n� �p�e�r�f�o�r�m�i�n�g� �w�h�o�l�e� �s�h�i�p� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s�.� �I�m�p�o�r�t�a�n�t� 

�r�e�a�l�-�l�i�f�e� �f�e�a�t�u�r�e�s� �o�f� �f�a�t�i�g�u�e� �a�r�e� �o�m�i�t�t�e�d� �b�y� �s�u�c�h� �r�e�s�t�r�i�c�t�i�o�n�s�.� �T�h�e� �o�m�i�s�s�i�o�n�s� �o�r� 

�s�i�m�p�l�i�f�i�c�a�t�i�o�n�s� �i�n�c�l�u�d�e� �i�m�p�o�r�t�a�n�t� �p�h�e�n�o�m�e�n�a� �s�u�c�h� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �o�f� �c�r�a�c�k� �g�r�o�w�t�h� 

�v�s�.� �c�r�a�c�k� �i�n�i�t�i�a�t�i�o�n�,� �a�s� �w�e�l�l� �a�s� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �c�h�r�o�n�o�l�o�g�y� �o�f� �t�h�e� �l�o�a�d� �h�i�s�t�o�r�y�.� �T�h�e� 

�e�x�i�s�t�e�n�c�e� �a�n�d� �p�o�s�s�i�b�l�e� �d�e�t�r�i�m�e�n�t�a�l� �e�f�f�e�c�t� �o�f� �m�e�a�n� �s�t�r�e�s�s� �o�n� �t�h�e� �f�a�t�i�g�u�e� �l�i�f�e� �i�s� �a�l�s�o� �o�m�i�t�t�e�d� 

�i�n� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �d�e�r�i�v�a�t�i�o�n� �u�s�e�d� �h�e�r�e�.� �S�u�c�h� �a�n� �a�p�p�r�o�a�c�h� �h�a�s� �b�e�e�n� �u�s�e�d� �w�i�d�e�l�y� �t�h�r�o�u�g�h�o�u�t� 

�t�h�e� �i�n�d�u�s�t�r�y� �a�n�d� �i�s� �i�n�c�l�u�d�e�d� �i�n� �m�a�n�y� �o�f� �t�h�e� �o�t�h�e�r� �f�a�t�i�g�u�e� �a�n�a�l�y�s�e�s� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r� �i�n� �t�h�i�s� 

�c�h�a�p�t�e�r�.� �T�h�e� �n�e�g�l�e�c�t� �o�f� �m�e�a�n� �s�t�r�e�s�s�e�s� �w�a�s� �s�h�o�w�n� �b�y� �W�i�r�s�c�h�i�n�g� �a�n�d� �L�i�g�h�t� �t�o� �b�e� �o�f� �l�i�t�t�l�e� 

�c�o�n�s�e�q�u�e�n�c�e� �f�o�r� �h�i�g�h�-�c�y�c�l�e� �f�a�t�i�g�u�e� �(�w�h�e�n� �a�l�t�e�r�n�a�t�i�n�g� �s�t�r�e�s�s� �1�s� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �t�o� �e�l�a�s�t�i�c� 

�y�i�e�l�d� �s�t�r�e�s�s�)�.� 

�A� �f�i�n�a�l� �i�s�s�u�e� �t�h�a�t� �a�p�p�e�a�r�s� �i�n� �t�h�e� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t�,� �i�s� �i�n� �r�e�g�a�r�d� �t�o� �t�h�e� �m�u�l�t�i�p�l�e� �s�t�r�e�s�s� 

�C�a�u�s�i�n�g� �m�e�c�h�a�n�i�s�m�s� �p�r�e�s�e�n�t� �i�n� �a� �s�h�i�p�'�s� �h�u�l�l�.� �A�l�t�h�o�u�g�h� �e�s�s�e�n�t�i�a�l�l�y� �a�l�l� �l�o�a�d�s� �o�n� �a� �s�h�i�p� �a�r�e� 

�t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �s�e�a�w�a�y�,� �a� �s�i�n�g�l�e� �s�e�a�w�a�y� �c�a�n� �h�a�v�e� �m�u�l�t�i�p�l�e� �l�o�a�d� �e�f�f�e�c�t�s�.� �M�u�c�h� �o�f� �t�h�e� 

�r�e�s�u�l�t�s� �s�e�c�t�i�o�n� �o�f� �t�h�i�s� �s�t�u�d�y� �w�i�l�l� �c�o�n�c�e�n�t�r�a�t�e� �o�n� �c�o�m�p�a�r�i�n�g� �f�a�t�i�g�u�e� �d�u�e� �t�o� �o�v�e�r�a�l�l� �s�h�i�p� 

�r�e�s�p�o�n�s�e� �(�h�u�l�l� �g�i�r�d�e�r�)� �a�n�d� �f�a�t�i�g�u�e� �d�u�e� �t�o� �l�o�c�a�l� �r�e�s�p�o�n�s�e�.� �W�h�i�l�e� �b�o�t�h� �r�e�s�p�o�n�s�e�s� �w�i�l�l� �b�e� 

�c�a�l�c�u�l�a�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �f�r�o�m� �t�h�e� �s�a�m�e� �s�e�t� �o�f� �u�n�i�f�o�r�m� �w�a�v�e�s�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �s�t�a�t�i�s�t�i�c�s� �w�i�l�l� 

�b�e� �q�u�i�t�e� �d�i�f�f�e�r�e�n�t�.� �F�i�g�u�r�e�s� �3�.�1� �a�n�d� �3�.�2� �p�o�r�t�r�a�y� �h�o�w� �t�h�e� �o�v�e�r�a�l�l� �r�e�s�p�o�n�s�e� �o�f� �a� �s�h�i�p� �f�i�l�t�e�r�s� 

�o�u�t� �s�h�o�r�t� �p�e�r�i�o�d� �w�a�v�e�s� �w�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�,� �b�u�t� �n�o� �s�u�c�h� �a�t�t�e�n�u�a�t�i�o�n� �i�s� 

�p�r�e�s�e�n�t� �f�o�r� �l�o�c�a�l� �p�a�n�e�l� �r�e�s�p�o�n�s�e�.� �I�n�d�e�e�d�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �r�a�p�i�d� �f�l�u�c�t�u�a�t�i�o�n� �o�f� �p�a�n�e�l� 

�s�t�r�e�s�s�e�s�,� �t�h�e� �t�o�t�a�l� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �d�a�m�a�g�e� �i�n� �t�h�e� �p�a�n�e�l� �c�a�s�e� �i�s� �i�n�c�r�e�a�s�e�d� �f�o�r� �s�h�o�r�t� �p�e�r�i�o�d� 

�w�a�v�e�s�.� 
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�T�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �c�a�u�s�e�d� �b�y� �s�i�m�u�l�t�a�n�e�o�u�s�,� �b�u�t� �i�n�d�e�p�e�n�d�e�n�t� �l�o�a�d� �m�e�c�h�a�n�i�s�m�s� �i�s� �a� 

�i�n�t�r�i�g�u�i�n�g� �p�r�o�b�l�e�m�.� �I�f� �t�h�e� �t�w�o� �m�e�c�h�a�n�i�s�m�s� �h�a�v�e� �v�e�r�y� �s�i�m�i�l�a�r� �f�r�e�q�u�e�n�c�y� �c�o�n�t�e�n�t�s�,� �t�h�e� 

�n�a�r�r�o�w�-�b�a�n�d�e�d� �a�s�s�u�m�p�t�i�o�n�s� �u�s�e�d� �i�n� �m�o�s�t� �s�i�m�p�l�i�f�i�e�d� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t�s� �w�i�l�l� �r�e�m�a�i�n� �v�a�l�i�d�.� 

�I�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �c�o�n�t�e�n�t� �o�f� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �i�s� �m�a�r�k�e�d�l�y� �d�i�f�f�e�r�e�n�t�,� �t�h�e� �n�a�r�r�o�w� �b�a�n�d�e�d� 

�a�s�s�u�m�p�t�i�o�n� �w�i�l�l� �b�e� �v�i�o�l�a�t�e�d� �a�n�d� �m�o�r�e� �s�o�p�h�i�s�t�i�c�a�t�e�d� �m�e�a�n�s� �o�f� �c�o�u�n�t�i�n�g� �s�t�r�e�s�s� �c�y�c�l�e�s� �m�a�y� �b�e� 

�r�e�q�u�i�r�e�d�.� �E�v�e�n� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�h�a�n� �c�o�u�n�t�i�n�g� �t�h�e� �s�t�r�e�s�s� �c�y�c�l�e�s� �a�n�d� �t�h�e�i�r� �m�a�g�n�i�t�u�d�e�,� �i�s� 

�g�e�n�e�r�a�t�i�n�g� �t�h�e� �a�c�t�u�a�l� �s�t�r�e�s�s� �h�i�s�t�o�r�y�.� �C�a�r�e�f�u�l� �t�r�a�c�k�i�n�g� �i�s� �r�e�q�u�i�r�e�d� �o�f� �n�o�t� �o�n�l�y� �t�h�e� �s�t�r�e�s�s� 

�a�m�p�l�i�t�u�d�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �f�r�e�q�u�e�n�c�y�,� �b�u�t� �a�l�s�o� �o�f� �t�h�e� �p�h�a�s�e� �o�f� �t�h�e� �c�y�c�l�i�c� �s�t�r�e�s�s� �v�s�.� �t�h�e� �l�o�a�d�.� 

�T�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �d�o�e�s� �n�o�t� �a�t�t�e�m�p�t� �t�o� �r�e�s�o�l�v�e� �t�h�e� �i�s�s�u�e� �o�f� �s�i�m�u�l�t�a�n�e�o�u�s� �l�o�a�d�s� �a�n�d� �t�h�e� �e�f�f�e�c�t� 

�o�f� �t�h�e�i�r� �i�n�t�e�r�a�c�t�i�o�n� �o�n� �t�h�e� �t�o�t�a�l� �f�a�t�i�g�u�e� �d�a�m�a�g�e�.� �T�h�e� �t�o�t�a�l� �d�a�m�a�g�e� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �s�i�m�p�l�y� 

�t�h�e� �s�u�m� �o�f� �t�h�e� �d�a�m�a�g�e� �c�a�u�s�e�d� �b�y� �t�h�e� �t�w�o� �i�n�d�e�p�e�n�d�e�n�t� �p�h�e�n�o�m�e�n�a�.� �T�h�i�s� �s�t�a�n�c�e� �i�s� 

�s�o�m�e�w�h�a�t� �j�u�s�t�i�f�i�e�d� �b�y� �t�h�e� �r�e�s�u�l�t�s� �o�f� �C�h�a�p�t�e�r� �5�;� �t�h�e�s�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �f�o�r� �l�a�r�g�e� �r�e�g�i�o�n�s� �o�f� 

�t�h�e� �s�h�i�p�,� �o�n�l�y� �o�n�e� �l�o�a�d� �m�e�c�h�a�n�i�s�m� �d�o�m�i�n�a�t�e�s� �t�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e�.� �T�h�e� �d�o�m�i�n�a�n�t� 

�m�e�c�h�a�n�i�s�m� �c�h�a�n�g�e�s� �f�r�o�m� �r�e�g�i�o�n� �t�o� �r�e�g�i�o�n�,� �b�u�t�,� �a�g�a�i�n�,� �w�i�t�h�i�n� �e�a�c�h� �r�e�g�i�o�n� �o�n�e� �l�o�a�d� 

�d�o�m�i�n�a�t�e�s� �f�a�t�i�g�u�e�.� 

�O�t�h�e�r� �E�f�f�o�r�t�s� �i�n� �M�a�r�i�n�e� �F�a�t�i�g�u�e� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �t�o� �t�h�i�s� �c�h�a�p�t�e�r�,� �n�u�m�e�r�o�u�s� �r�e�s�e�a�r�c�h� �g�r�o�u�p�s� �i�n� �b�o�t�h� �t�h�e� 

�c�o�m�m�e�r�c�i�a�l� �a�n�d� �a�c�a�d�e�m�i�c� �a�r�e�n�a�s� �h�a�v�e� �w�o�r�k�e�d� �o�n� �t�h�e� �s�u�b�j�e�c�t� �o�f� �m�a�r�i�n�e� �f�a�t�i�g�u�e�.� �T�h�i�s� �w�o�r�k� 

�v�a�r�i�e�s� �f�r�o�m� �f�a�i�r�l�y� �e�a�r�l�y� �e�x�a�m�p�l�e�s� �o�f� �e�x�p�l�i�c�i�t� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �a�t� �t�h�e� �D�a�v�i�d� 

�T�a�y�l�o�r� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r� �t�o� �r�e�c�e�n�t� �e�x�t�e�n�s�i�v�e� �f�a�t�i�g�u�e� �c�a�l�c�u�l�a�t�i�o�n�s� �p�e�r�f�o�r�m�e�d� �b�y� �m�a�r�i�n�e� 

�o�p�e�r�a�t�o�r�s�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �i�s� �a� �b�r�i�e�f� �l�i�t�e�r�a�t�u�r�e� �r�e�v�i�e�w� �o�f� �i�m�p�o�r�t�a�n�t� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �e�f�f�o�r�t�s� 

�w�i�t�h� �a�n� �e�m�p�h�a�s�i�s� �p�l�a�c�e�d� �o�n� �t�h�o�s�e� �p�u�b�l�i�c�a�t�i�o�n�s� �w�h�i�c�h� �w�e�r�e� �a�v�a�i�l�a�b�l�e� �a�s� �i�n�p�u�t� �t�o� �t�h�i�s� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�6



�D�a�v�i�d� �T�a�y�l�o�r� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r� 

�A�p�p�r�o�x�i�m�a�t�e�l�y� �a� �d�e�c�a�d�e� �a�g�o� �S�i�k�o�r�a�,� �D�i�n�s�e�n�b�a�c�h�e�r� �a�n�d� �B�e�a�c�h� �o�u�t�l�i�n�e�d� �a� �p�r�o�c�e�d�u�r�e� �i�n� �u�s�e� 

�a�t� �D�T�R�C� �f�o�r� �p�e�r�f�o�r�m�i�n�g� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �o�f� �s�h�i�p�s� �[�2�4�]�.� �T�h�e�i�r� �p�a�p�e�r� �u�s�e�s� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� 

�a�n�d� �e�m�p�i�r�i�c�a�l�l�y� �d�e�r�i�v�e�d� �r�e�s�p�o�n�s�e� �a�m�p�l�i�t�u�d�e� �o�p�e�r�a�t�o�r�s� �(�R�A�O�)� �t�o� �r�e�l�a�t�e� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� 

�m�o�m�e�n�t� �t�o� �u�n�i�t� �a�m�p�l�i�t�u�d�e� �w�a�v�e�s�.� �T�h�e� �R�A�O�'�s� �a�r�e� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �k�n�o�w�n� �w�a�v�e� �s�p�e�c�t�r�a� 

�t�o� �c�o�m�p�u�t�e� �a� �s�e�r�i�e�s� �o�f� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�a� �a�n�d� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� 

�d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s�.� �F�r�o�m� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s�,� �a� �h�i�s�t�o�g�r�a�m� �o�f� �c�y�c�l�i�c� �s�t�r�e�s�s� 

�a�m�p�l�i�t�u�d�e� �v�s�.� �t�h�e� �n�u�m�b�e�r� �o�f� �c�y�c�l�e�s� �f�o�r� �w�h�i�c�h� �t�h�e� �s�t�r�e�s�s� �v�a�l�u�e� �i�s� �e�x�c�e�e�d�e�d� �w�a�s� �c�r�e�a�t�e�d�.� 

�S�i�k�o�r�a� �e�t� �a�l�.� �t�h�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �h�o�w� �t�o� �d�i�r�e�c�t�l�y� �a�p�p�l�y� �t�h�e� �P�a�l�m�g�r�e�n�-�M�i�n�e�r� �c�u�m�u�l�a�t�i�v�e� 

�f�a�t�i�g�u�e� �d�a�m�a�g�e� �t�h�e�o�r�y� �t�o� �t�h�e� �h�i�s�t�o�g�r�a�m�,� �t�e�r�m�e�d� �a� �l�i�f�e�t�i�m�e� �f�a�t�i�g�u�e� �s�p�e�c�t�r�u�m�,� �i�n� �o�r�d�e�r� �t�o� 

�c�o�m�p�u�t�e� �f�a�t�i�g�u�e� �l�i�f�e�.� 

�T�h�e� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �p�r�e�s�e�n�t�e�d� �h�e�r�e� �t�h�e�r�e�f�o�r�e� �d�i�f�f�e�r�s� �f�r�o�m� �t�h�e� �S�i�k�o�r�a� �e�t� �a�l�.� �a�p�p�r�o�a�c�h� �i�n� 

�f�o�u�r� �s�i�g�n�i�f�i�c�a�n�t� �a�r�e�a�s�.� �F�i�r�s�t� �o�f� �a�l�l�,� �p�h�y�s�i�c�a�l� �m�o�d�e�l�i�n�g� �a�n�d� �e�x�t�e�n�s�i�v�e� �t�a�n�k� �t�e�s�t�i�n�g� �o�f� �t�h�e� �s�h�i�p� 

�i�s� �n�o�t� �r�e�q�u�i�r�e�d�.� �S�e�c�o�n�d�l�y�,� �t�h�e� �a�n�a�l�y�s�i�s� �i�s� �n�o�t� �l�i�m�i�t�e�d� �t�o� �o�v�e�r�a�l�l� �s�h�i�p� �q�u�a�n�t�i�t�i�e�s� �s�u�c�h� �a�s� �h�u�l�l� 

�g�i�r�d�e�r� �b�e�n�d�i�n�g�.� �T�h�i�r�d�l�y�,� �s�e�v�e�r�a�l� �w�e�l�l�-�k�n�o�w�n� �s�t�a�t�i�s�t�i�c�a�l� �p�r�o�c�e�d�u�r�e�s� �c�a�n� �b�e� �i�m�p�l�e�m�e�n�t�e�d� �t�o� 

�s�t�r�e�a�m�l�i�n�e� �a�n�d� �i�m�p�r�o�v�e� �t�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �c�a�l�c�u�l�a�t�i�o�n�.� �F�i�n�a�l�l�y�,� �a� �s�p�e�c�i�f�i�c� �s�e�t� �o�f� �w�i�d�e�l�y� 

�a�v�a�i�l�a�b�l�e� �S�-�N� �c�u�r�v�e�s� �i�s� �i�n�c�o�r�p�o�r�a�t�e�d�.� 

�A�m�e�r�i�c�a�n� �P�e�t�r�o�l�e�u�m� �I�n�s�t�i�t�u�t�e� 

�A� �s�e�c�o�n�d� �e�x�i�s�t�i�n�g� �s�o�u�r�c�e� �o�f� �g�u�i�d�a�n�c�e� �f�o�r� �a�n�a�l�y�z�i�n�g� �f�a�t�i�g�u�e� �i�n� �o�c�e�a�n� �s�t�r�u�c�t�u�r�e�s� �i�s� �t�h�e� 

�A�m�e�r�i�c�a�n� �P�e�t�r�o�l�e�u�m� �I�n�s�t�i�t�u�t�e� �(�A�P�I�)�,� �w�h�i�c�h� �d�e�v�o�t�e�s� �a� �c�h�a�p�t�e�r� �i�n� �i�t�s� �R�P�-�2�A� �[�2�5�]� �t�o� �f�a�t�i�g�u�e� 

�a�n�a�l�y�s�i�s�.� �T�h�e� �A�P�I� �R�P�-�2�A� �o�u�t�l�i�n�e�s� �a� �b�a�s�i�c� �f�a�t�i�g�u�e� �m�e�t�h�o�d� �f�o�r� �o�f�f�s�h�o�r�e� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e� 

�t�e�c�h�n�i�q�u�e� �i�n�c�l�u�d�e�s� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �t�h�e� �w�a�v�e� �c�l�i�m�a�t�e� �d�e�s�c�r�i�p�t�i�o�n�,� �d�y�n�a�m�i�c� �m�o�d�e�l�i�n�g� 

�o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�,� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �s�t�r�e�s�s� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �a�n�d� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �f�a�t�i�g�u�e� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�7



�d�a�m�a�g�e� �r�a�t�i�o�.� �T�h�e� �A�P�I� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�r�e� �l�i�m�i�t�e�d� �i�n� �g�e�n�e�r�a�l�i�t�y�;� �t�h�e�y� �c�o�n�s�i�d�e�r� �o�n�l�y� 

�o�p�e�n�-�f�r�a�m�e�d� �p�l�a�t�f�o�r�m�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�u�b�u�l�a�r� �m�e�m�b�e�r�s�.� �T�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�r�e� �a�l�s�o� 

�l�i�m�i�t�e�d� �i�n� �s�c�o�p�e�;� �[�2�5�]� �i�s� �a� �p�u�b�l�i�c�a�t�i�o�n� �o�f� �r�e�c�o�m�m�e�n�d�e�d� �p�r�a�c�t�i�c�e�s� �a�n�d� �d�o�e�s� �n�o�t� �s�p�e�c�i�f�y� 

�a�n�a�l�y�s�i�s� �p�r�o�c�e�d�u�r�e�s� �i�n� �d�e�t�a�i�l�.� �T�h�e� �r�e�s�e�a�r�c�h� �d�i�r�e�c�t�e�d� �b�y� �W�i�r�s�c�h�i�n�g� �[�2�2�,�2�3�]� �i�n� �s�u�p�p�o�r�t� �o�f� �t�h�e� 

�A�P�I� �g�u�i�d�e�l�i�n�e�s� �c�o�n�t�a�i�n�s� �s�p�e�c�i�f�i�c� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �u�s�e� �o�f� �S�-�N� �c�u�r�v�e�s� �a�n�d� 

�s�p�e�c�t�r�a�l� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d�s�.� 

�S�t�r�u�c�t�u�r�a�l� �M�a�i�n�t�e�n�a�n�c�e� �P�r�o�j�e�c�t� 

�V�e�r�y� �r�e�c�e�n�t�l�y� �a� �J�o�i�n�t� �I�n�d�u�s�t�r�y� �P�r�o�j�e�c�t� �t�i�t�l�e�d� �t�h�e� �S�t�r�u�c�t�u�r�a�l� �M�a�i�n�t�e�n�a�n�c�e� �P�r�o�j�e�c�t�,� �o�r� �S�M�P�,� 

�b�a�s�e�d� �a�t� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �C�a�l�i�f�o�r�n�i�a� �a�t� �B�e�r�k�e�l�e�y�,� �p�u�b�l�i�s�h�e�d� �a� �s�e�r�i�e�s� �o�f� �v�o�l�u�m�e�s� �e�n�t�i�t�l�e�d� 

�S�t�r�u�c�t�u�r�a�l� �M�a�i�n�t�e�n�a�n�c�e� �f�o�r� �N�e�w� �a�n�d� �E�x�i�s�t�i�n�g� �S�h�i�p�s� �[�2�6�]�.� �T�h�e� �B�e�r�k�e�l�e�y� �S�M�P�,� �a�s� �t�h�e� 

�n�a�m�e� �i�m�p�l�i�e�s�,� �i�s� �a� �b�r�o�a�d� �b�a�s�e�d� �s�t�u�d�y� �o�n� �s�t�r�u�c�t�u�r�a�l� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �e�x�i�s�t�i�n�g� �s�h�i�p�s�.� �I�s�s�u�e�s� 

�a�d�d�r�e�s�s�e�d� �i�n� �t�h�e� �s�t�u�d�y� �i�n�c�l�u�d�e� �c�o�r�r�o�s�i�o�n�,� �f�a�t�i�g�u�e�,� �s�t�r�u�c�t�u�r�a�l� �m�o�n�i�t�o�r�i�n�g� �a�n�d� �r�e�p�a�i�r� 

�m�a�n�a�g�e�m�e�n�t�.� �T�h�e�i�r� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d� �t�h�e�r�e�f�o�r�e� �d�i�f�f�e�r�s� �f�r�o�m� �t�h�o�s�e� �p�r�e�v�i�o�u�s�l�y� 

�m�e�n�t�i�o�n�e�d� �i�n� �t�h�a�t� �i�t� �i�s� �m�a�i�n�l�y� �i�n�t�e�n�d�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �e�x�i�s�t�i�n�g� �s�h�i�p�s� �r�a�t�h�e�r� �t�h�a�n� �d�e�s�i�g�n� 

�o�f� �n�e�w� �s�h�i�p�s�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �S�M�P� �t�o�w�a�r�d�s� �s�h�i�p� �m�a�i�n�t�e�n�a�n�c�e�,� �t�h�e� �m�e�t�h�o�d� �a�n�d� �t�h�e� 

�r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �h�e�r�e�i�n� �a�r�e� �d�i�s�t�i�n�c�t� �f�r�o�m� �a�n�d� �q�u�i�t�e� �c�o�m�p�l�e�m�e�n�t�a�r�y� �t�o� �t�h�o�s�e� �o�f� �t�h�e� �S�M�P�.� 

�T�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �p�r�o�j�e�c�t�s� �a�r�e�:� 

�1�.�)� �S�M�P� �u�s�e�s� �l�e�s�s� �p�r�e�c�i�s�e� �w�a�v�e� �d�a�t�a�,� �b�a�s�e�d� �o�n� �M�a�r�s�d�e�n� �s�q�u�a�r�e�s� �r�a�t�h�e�r� �t�h�a�n� �l�o�c�a�l� 

�a�n�d� �p�r�e�c�i�s�e� �c�l�i�m�a�t�i�c� �d�a�t�a� �(�f�r�o�m� �w�a�v�e� �b�u�o�y�s�)�.� 

�2�.�)� �F�o�r� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s�,� �S�M�P� �u�s�e�s� �s�t�r�i�p� �t�h�e�o�r�y� �i�n�s�t�e�a�d� �o�f� �a� �3�-�D� �p�a�n�e�l� 

�m�e�t�h�o�d�.� 

�3�.�)� �S�M�P� �u�s�e�s� �l�o�c�a�l� �F�E� �a�n�a�l�y�s�i�s� �o�f� �s�p�e�c�i�f�i�c� �j�o�i�n�t�s� �a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �h�o�t�s�p�o�t� 
�s�t�r�e�s�s�e�s� �i�n� �t�h�e� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s�,� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �e�i�t�h�e�r� �h�o�t�s�p�o�t� �S�-�N� �c�u�r�v�e�s� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�8



�o�r� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �f�o�r� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�a�.� �I�n� �c�o�n�t�r�a�s�t�,� �o�u�r� �m�e�t�h�o�d� �u�s�e�s� �t�h�e� 

�a�f�o�r�e�m�e�n�t�i�o�n�e�d� �j�o�i�n�t� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m� �a�n�d� �S�-�N� �c�u�r�v�e�s�.� 

�T�h�e� �f�i�r�s�t� �d�i�f�f�e�r�e�n�c�e� �i�s� �p�r�i�m�a�r�i�l�y� �a�n� �i�s�s�u�e� �o�f� �a�v�a�i�l�a�b�i�l�i�t�y�.� �T�h�e� �i�m�p�r�o�v�e�d� �w�a�v�e� �d�a�t�a� �f�r�o�m� 

�N�O�A�A� �b�u�o�y�s� �a�n�d� �t�h�e� �w�o�r�k� �B�u�c�k�l�e�y� �h�a�s� �d�o�n�e� �t�o� �c�o�n�v�e�r�t� �t�h�e� �r�a�w� �d�a�t�a� �i�n�t�o� �a� �u�s�a�b�l�e� 

�e�n�g�i�n�e�e�r�i�n�g� �f�o�r�m�a�t� �a�r�e� �q�u�i�t�e� �r�e�c�e�n�t� �a�n�d� �a�r�e� �n�o�t� �y�e�t� �w�i�d�e�l�y� �a�v�a�i�l�a�b�l�e�.� �E�v�e�n� �w�h�e�n� 

�p�u�b�l�i�s�h�e�d�,� �B�u�c�k�l�e�y�'�s� �d�a�t�a� �w�i�l�l� �b�e� �l�i�m�i�t�e�d� �t�o� �t�h�o�s�e� �o�c�e�a�n� �a�r�e�a�s� �f�o�r� �w�h�i�c�h� �N�O�A�A� �b�u�o�y� �d�a�t�a� 

�e�x�i�s�t� �(�p�r�i�m�a�r�i�l�y� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �c�o�a�s�t�a�l� �w�a�t�e�r�s�)�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �w�a�v�e� �d�i�r�e�c�t�i�o�n�a�l�i�t�y� 

�f�o�r� �t�h�e� �p�u�b�l�i�s�h�e�d� �M�a�r�s�d�e�n� �s�q�u�a�r�e�s� �d�a�t�a� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t�l�y� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �b�y� �w�a�v�e� �h�e�i�g�h�t� �t�o� 

�b�e� �a�n� �a�c�c�u�r�a�t�e� �b�a�s�i�s� �f�o�r� �c�a�l�c�u�l�a�t�i�o�n�s�.� 

�T�h�e� �s�e�c�o�n�d� �d�i�f�f�e�r�e�n�c�e� �m�a�y� �a�l�s�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�n� �i�s�s�u�e� �o�f� �a�v�a�i�l�a�b�i�l�i�t�y�.� �E�f�f�i�c�i�e�n�t� �3�-�D� �p�a�n�e�l� 

�b�a�s�e�d� �h�y�d�r�o�d�y�n�a�m�i�c� �p�r�o�g�r�a�m�s�,� �w�h�i�l�e� �c�e�r�t�a�i�n�l�y� �a� �l�a�r�g�e� �i�m�p�r�o�v�e�m�e�n�t� �o�v�e�r� �s�t�r�i�p� �m�e�t�h�o�d�s�,� 

�a�r�e� �r�e�l�a�t�i�v�e�l�y� �n�e�w�.� 

�T�h�e� �u�s�e� �o�f� �l�o�c�a�l� �F�E� �a�n�a�l�y�s�i�s� �o�n� �s�p�e�c�i�f�i�c� �j�o�i�n�t�s� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �s�t�e�p� �i�n� �a�n�a�l�y�z�i�n�g� �e�x�i�s�t�i�n�g� 

�s�t�r�u�c�t�u�r�e�s�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �c�o�n�c�e�r�n�s� �o�f� �c�o�n�t�i�n�u�e�d� �c�r�a�c�k� �g�r�o�w�t�h� �a�r�i�s�e�.� �H�o�w�e�v�e�r�,� �s�u�c�h� �a� 

�p�r�o�c�e�s�s� �i�s� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �q�u�i�t�e� �i�n�t�e�n�s�e� �a�n�d� �i�s�,� �a�s� �o�f� �y�e�t�,� �s�t�i�l�l� �t�o�o� �c�u�m�b�e�r�s�o�m�e� �f�o�r� �d�e�s�i�g�n� 

�t�e�c�h�n�i�q�u�e�s�.� 

�F�a�i�l�u�r�e� �c�r�i�t�e�r�i�a� �c�o�n�s�i�s�t�i�n�g� �o�f� �h�o�t�s�p�o�t� �S�-�N� �c�u�r�v�e�s� �o�r� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �a�r�e� �a�l�s�o� 

�a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �a�n�a�l�y�z�i�n�g� �e�x�i�s�t�i�n�g� �p�r�o�b�l�e�m�a�t�i�c� �s�t�r�u�c�t�u�r�e�s�,� �b�u�t� �h�a�v�e� �d�r�a�w�b�a�c�k�s� �i�n� �t�e�r�m�s� �o�f� 

�a� �d�e�s�i�g�n� �m�e�t�h�o�d�.� �O�n�e� �o�f� �t�h�e� �l�a�r�g�e�s�t� �d�i�f�f�i�c�u�l�t�i�e�s� �w�i�t�h� �h�o�t�s�p�o�t� �S�-�N� �c�u�r�v�e�s� �i�s� �t�h�a�t� �n�o� �w�i�d�e�l�y� 

�a�c�c�e�p�t�e�d� �c�o�l�l�e�c�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �e�x�i�s�t�.� �E�v�e�n� �S�M�P� �c�o�n�c�e�d�e�d� �a�s� �m�u�c�h� �w�h�e�n� �t�h�e�y� �t�o�o�k� �n�o�n�-� 

�h�o�t�s�p�o�t� �c�u�r�v�e�s� �a�n�d� �s�c�a�l�e�d� �t�h�e�m� �a�c�c�o�r�d�i�n�g� �t�o� �e�n�g�i�n�e�e�r�i�n�g� �j�u�d�g�m�e�n�t�.� �A�s� �f�o�r� �f�r�a�c�t�u�r�e� 

�m�e�c�h�a�n�i�c�s�,� �t�h�i�s� �i�s� �a�g�a�i�n� �a� �r�a�t�h�e�r� �c�o�m�p�l�i�c�a�t�e�d� �a�n�a�l�y�s�i�s� �b�e�s�t� �s�u�i�t�e�d� �f�o�r� �e�x�a�m�i�n�i�n�g� �k�n�o�w�n� 

�p�r�o�b�l�e�m� �a�r�e�a�s�.� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �2�9



�A�m�e�r�i�c�a�n� �B�u�r�e�a�u� �o�f� �S�h�i�p�p�i�n�g� 

�T�h�e� �A�m�e�r�i�c�a�n� �B�u�r�e�a�u� �o�f� �S�h�i�p�p�i�n�g� �(�A�B�S�)� �h�a�s� �d�e�v�e�l�o�p�e�d� �a�n�d� �p�u�b�l�i�s�h�e�d� �t�h�e� �d�e�s�i�g�n� 

�d�o�c�u�m�e�n�t� �G�u�i�d�e� �f�o�r� �t�h�e� �F�a�t�i�g�u�e� �S�t�r�e�n�g�t�h� �A�s�s�e�s�s�m�e�n�t� �o�f� �T�a�n�k�e�r�s� �[�2�7�]�.� �I�n� �t�h�i�s� �d�o�c�u�m�e�n�t� 

�A�B�S� �s�e�t�s� �f�o�r�t�h� �a� �s�i�m�p�l�i�f�i�e�d� �m�e�t�h�o�d� �f�o�r� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t�.� �T�h�e� �G�u�i�d�e� �i�m�p�l�i�c�i�t�l�y� �i�n�c�l�u�d�e�s� 

�t�h�e� �s�a�m�e� �b�a�s�i�c� �e�l�e�m�e�n�t�s� �a�s� �t�h�e� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�;� �t�h�e� �s�c�o�p�e� �o�f� 

�t�h�e�s�e� �i�m�p�l�i�c�i�t� �e�l�e�m�e�n�t�s� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �t�h�e� �g�u�i�d�e�'�s� �p�r�e�f�a�c�e�:�"�.�.�.� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�h�e� 

�d�e�r�i�v�a�t�i�o�n� �o�f� �t�h�e� �c�r�i�t�e�r�i�a� �a�r�e�:� �t�h�e� �P�a�l�m�g�r�e�n�-�M�i�n�e�r� �l�i�n�e�a�r� �d�a�m�a�g�e� �m�o�d�e�l�,� �S�-�N� �c�u�r�v�e� 

�m�e�t�h�o�d�o�l�o�g�i�e�s�,� �a� �l�o�n�g� �t�e�r�m� �s�e�a� �e�n�v�i�r�o�n�m�e�n�t� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �N�o�r�t�h� �A�t�l�a�n�t�i�c� �(�w�h�i�c�h� �i�s� 

�t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �f�o�r� �u�n�r�e�s�t�r�i�c�t�e�d� �s�e�r�v�i�c�e� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�)�,� �a�n�d� �a� �n�o�m�i�n�a�l� �v�e�s�s�e�l� �s�e�r�v�i�c�e� �l�i�f�e� �o�f� 

�2�0� �y�e�a�r�s�.�"� �H�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �i�n� �t�h�e� �G�u�i�d�e� �s�i�m�p�l�i�f�i�e�s�,� �c�o�n�d�e�n�s�e�s� �a�n�d� 

�c�o�m�b�i�n�e�s� �t�h�e�s�e� �e�l�e�m�e�n�t�s�,� �i�t� �a�l�s�o� �l�i�m�i�t�s� �t�h�e� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t� �i�n� �t�e�r�m�s� �o�f� �b�o�t�h� �a�c�c�u�r�a�c�y� 

�a�n�d� �f�l�e�x�i�b�i�l�i�t�y�.� �T�h�e� �g�u�i�d�e� �a�d�d�r�e�s�s�e�s� �t�h�i�s� �c�o�n�c�e�r�n� �a�n�d� �r�e�c�o�m�m�e�n�d�s� �t�h�a�t� �m�o�r�e� �e�l�a�b�o�r�a�t�e� 

�a�n�a�l�y�s�i�s� �m�e�t�h�o�d�s� �b�e� �r�e�q�u�i�r�e�d� �i�n� �c�a�s�e�s� �w�h�e�r�e� �t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �i�s� �i�n� 

�q�u�e�s�t�i�o�n�.� 

�I�n� �S�e�p�t�e�m�b�e�r� �o�f� �1�9�9�3� �A�B�S� �b�e�g�a�n� �t�o� �m�a�r�k�e�t� �i�t�s� �n�e�w� �t�a�n�k�e�r� �d�e�s�i�g�n� �s�o�f�t�w�a�r�e�,� �S�a�f�e�H�u�l�l�.� 

�T�h�i�s� �p�r�o�g�r�a�m� �i�s� �t�o� �b�e� �u�s�e�d� �b�o�t�h� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �m�i�d�b�o�d�y� �p�o�r�t�i�o�n� �o�f� �t�a�n�k�e�r�s�,� �a�n�d� �a�l�s�o� 

�f�o�r� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �(�a�p�p�r�o�v�a�l�)� �p�u�r�p�o�s�e�s�.� �S�a�f�e�H�u�l�l� �i�n�t�e�r�n�a�l�l�y� �i�n�c�o�r�p�o�r�a�t�e�s� �s�o�m�e� �a�s�p�e�c�t�s� �o�f� 

�t�h�e� �G�u�i�d�e�.� �W�i�t�h� �A�B�S� �i�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �d�u�a�l� �r�e�s�p�o�n�s�i�b�i�l�i�t�i�e�s� �o�f� �d�e�s�i�g�n� �a�n�d� �a�p�p�r�o�v�a�l� �w�i�t�h�i�n� 

�a� �s�i�n�g�l�e� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e�,� �t�h�e�r�e� �i�s� �s�u�b�s�t�a�n�t�i�a�l� �n�e�e�d� �f�o�r� �e�f�f�i�c�i�e�n�t� �a�n�d� �r�a�p�i�d� �m�e�a�n�s� �o�f� 

�i�n�d�e�p�e�n�d�e�n�t� �c�o�n�f�i�r�m�a�t�i�o�n�.� 

�A�R�C�O� �M�a�r�i�n�e� 

�S�u�c�h�a�r�s�k�i� �a�n�d� �C�h�e�u�n�g� �[�9�]� �h�a�v�e� �p�u�b�l�i�s�h�e�d� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a�n� �e�x�t�e�n�s�i�v�e� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� 

�A�R�C�O� �o�p�e�r�a�t�e�d� �T�A�P�S� �t�a�n�k�e�r�s�.� �T�h�e�i�r� �e�f�f�o�r�t� �i�n�c�l�u�d�e�d� �a�n� �a�l�t�e�m�a�t�i�v�e� �p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �3�0



�N�O�A�A� �w�a�v�e� �b�u�o�y� �d�a�t�a� �b�y� �O�c�e�a�n� �S�y�s�t�e�m�s� �I�n�c�.�,� �w�h�i�c�h� �b�r�o�k�e� �t�h�e� �s�e�a� �s�p�e�c�t�r�a� �i�n�t�o� �m�o�n�t�h�l�y� 

�c�a�t�e�g�o�r�i�e�s� �a�s� �w�e�l�l� �a�s� �g�e�o�g�r�a�p�h�i�c� �c�a�t�e�g�o�r�i�e�s�.� �T�h�e�i�r� �w�o�r�k� �a�l�s�o� �i�n�c�l�u�d�e�d� �f�i�n�e� �m�e�s�h� �m�o�d�e�l�i�n�g� 

�o�f� �s�e�v�e�r�a�l� �c�r�i�t�i�c�a�l� �a�n�d� �f�a�t�i�g�u�e� �p�r�o�n�e� �d�e�t�a�i�l�s�.� �O�n�e� �o�f� �t�h�e� �m�o�s�t� �d�i�s�t�i�n�c�t�i�v�e� �r�e�s�u�l�t�s� �f�o�r� �t�h�i�s� 

�p�r�o�j�e�c�t� �w�a�s� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �v�s�.� �w�e�a�t�h�e�r� �c�o�n�d�i�t�i�o�n�s� �(�w�i�n�t�e�r� �m�o�n�t�h�s� �w�e�r�e� 

�u�p� �t�o� �1�0� �t�i�m�e�s� �a�s� �d�a�m�a�g�i�n�g� �a�s� �t�h�e� �s�u�m�m�e�r� �m�o�n�t�h�s�)�.� �A�l�s�o� �s�i�g�n�i�f�i�c�a�n�t� �w�a�s� �t�h�e�i�r� �a�b�i�l�i�t�y� �t�o� 

�q�u�i�t�e� �r�e�g�u�l�a�r�l�y� �p�r�e�d�i�c�t� �f�a�t�i�g�u�e� �l�i�f�e� �i�n� �s�e�v�e�r�a�l� �c�o�n�n�e�c�t�i�o�n� �d�e�t�a�i�l�s� �a�n�d� �t�h�e� �e�f�f�e�c�t� �t�h�i�s� �h�a�d� �o�n� 

�r�e�p�a�i�r� �p�l�a�n�s�.� �A�l�t�h�o�u�g�h� �d�a�t�a� �a�r�e� �p�r�e�s�e�n�t�e�d� �w�h�i�c�h� �i�n�d�i�c�a�t�e� �t�h�a�t� �m�i�d�-�h�e�i�g�h�t� �s�h�e�l�l� 

�l�o�n�g�i�t�u�d�i�n�a�l�s� �a�r�e� �s�u�b�j�e�c�t� �t�o� �f�a�t�i�g�u�e� �f�r�a�c�t�u�r�e� �i�n� �t�h�e� �A�R�C�O� �o�p�e�r�a�t�e�d� �T�A�P�S� �t�a�n�k�e�r�s�,� 

�S�u�c�h�a�r�s�k�i� �a�n�d� �C�h�e�u�n�g� �d�i�d� �n�o�t� �r�e�p�o�r�t� �a�n�y� �r�e�s�u�l�t�s� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �e�f�f�e�c�t� �o�f� �d�y�n�a�m�i�c� 

�p�r�e�s�s�u�r�e�s� �o�n� �t�h�e� �s�i�d�e� �s�h�e�l�l�.� 

�S�S�C�-�3�6�7� �C�o�m�p�r�e�h�e�n�s�i�v�e� �M�a�r�i�n�e� �F�a�t�i�g�u�e� �S�u�m�m�a�r�y� 

�C�a�p�a�n�o�g�l�u� �[�2�8�]� �h�a�s� �p�u�b�l�i�s�h�e�d� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �o�v�e�r�v�i�e�w� �o�f� �m�a�r�i�n�e� �r�e�l�a�t�e�d� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� 

�i�s�s�u�e�s� �i�n� �S�S�C�-�3�6�7�,� �F�a�t�i�g�u�e� �T�e�c�h�n�o�l�o�g�y� �A�s�s�e�s�s�m�e�n�t� �a�n�d� �S�t�r�a�t�e�g�i�e�s� �f�o�r� �F�a�t�i�g�u�e� �A�v�o�i�d�a�n�c�e� 

�i�n� �M�a�r�i�n�e� �S�t�r�u�c�t�u�r�e�s�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �d�o�c�u�m�e�n�t� �w�a�s� �p�u�b�l�i�s�h�e�d� �t�o�o� �r�e�c�e�n�t�l�y� �t�o� �b�e� �o�f� 

�s�u�b�s�t�a�n�t�i�a�l� �u�s�e� �t�o� �t�h�e� �c�u�r�r�e�n�t� �p�r�o�j�e�c�t�,� �i�t� �i�n�c�l�u�d�e�s� �a�n� �e�x�c�e�l�l�e�n�t� �o�v�e�r�v�i�e�w� �o�f� �m�a�r�i�n�e� �f�a�t�i�g�u�e� 

�i�s�s�u�e�s� �a�n�d� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �l�i�s�t� �o�f� �1�2�5� �p�u�b�l�i�c�a�t�i�o�n�s�.� �C�a�p�a�n�o�g�l�u�'�s� �w�o�r�k� �w�o�u�l�d� �b�e� �a�n� 

�e�x�c�e�l�l�e�n�t� �s�t�a�r�t�i�n�g� �p�o�i�n�t� �f�o�r� �a�n�y� �s�t�u�d�y� �o�n� �m�a�r�i�n�e� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t�.� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �3�1



�a� �S�E�E� �a �� �p�e�a� �N�E�w� 

�F�i�g�u�r�e� �3�.�1�:� �T�a�n�k�e�r� �i�n� �S�h�o�r�t� �P�e�r�i�o�d� �W�a�v�e� 

�N�o�t�e�:� �H�i�g�h� �f�r�e�q�u�e�n�c�y�,� �s�h�o�r�t� �p�e�r�i�o�d� �w�a�v�e�s� �c�r�e�a�t�e� �b�u�o�y�a�n�c�y� �a�t� �m�a�n�y� 
�i�n�t�e�r�m�e�d�i�a�t�e� �p�o�i�n�t�s� �a�l�o�n�g� �t�h�e� �h�u�l�l�.� �T�h�e� �a�l�t�e�r�n�a�t�i�n�g� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �f�o�r� 
�s�u�c�h� �w�a�v�e�s� �i�s� �e�f�f�e�c�t�i�v�e�l�y� �a�t�t�e�n�u�a�t�e�d�.� �P�a�n�e�l� �p�r�e�s�s�u�r�e�s�,� �h�o�w�e�v�e�r�,� 
�r�e�s�p�o�n�d� �t�o� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �w�a�v�e� �c�r�e�s�t�s� �a�n�d� �a�r�e� �n�o�t� �a�t�t�e�n�u�a�t�e�d�.� 

� � 

� � 

�F�i�g�u�r�e� �3�.�2�:� �T�a�n�k�e�r� �i�n� �L�o�n�g� �P�e�r�i�o�d� �W�a�v�e� 

�N�o�t�e�:� �L�o�w� �f�r�e�q�u�e�n�c�y�,� �l�o�n�g� �p�e�r�i�o�d� �w�a�v�e�s� �c�o�n�c�e�n�t�r�a�t�e� �b�o�u�y�a�n�c�y� �f�o�r�c�e�s� �a�t� �o�n�e� 
�o�r� �t�w�o� �p�o�i�n�t�s� �a�l�o�n�g� �t�h�e� �h�u�l�l� �a�n�d� �t�e�n�d� �t�o� �c�a�u�s�e� �m�a�x�i�m�u�m� �a�l�t�e�r�n�a�t�i�n�g� 
�b�e�n�d�i�n�g� �m�o�m�e�n�t�s�.� 

�C�h�a�p�t�e�r� �3�:� �T�a�n�k�e�r� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �a�n�d� �D�e�s�i�g�n� �M�e�t�h�o�d�s� �e
�o

� 
�t
�o



�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�W�h�e�r�e�a�s� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r� �f�o�l�l�o�w�e�d� �t�h�e� �h�i�s�t�o�r�i�c�a�l� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �i�n� 

�g�e�n�e�r�a�l� �a�n�d� �m�o�r�e� �s�p�e�c�i�f�i�c�a�l�l�y� �t�h�e� �m�e�t�h�o�d�s� �t�h�e� �a�u�t�h�o�r� �h�a�s� �c�h�o�s�e�n� �t�o� �a�p�p�l�y�,� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� 

�i�n�t�e�n�d�e�d� �a�s� �a� �s�t�e�p�-�b�y�-�s�t�e�p� �g�u�i�d�e� �w�h�i�c�h� �d�e�s�c�r�i�b�e�s� �a�n� �e�f�f�e�c�t�i�v�e� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �c�h�a�p�t�e�r� 

�i�s� �a�r�r�a�n�g�e�d� �u�n�d�e�r� �f�o�u�r� �h�e�a�d�i�n�g�s� �(�w�h�i�c�h� �a�r�e� �f�a�m�i�l�i�a�r� �f�r�o�m� �t�h�e� �p�r�i�o�r� �c�h�a�p�t�e�r�)�:� �w�a�v�e� 

�e�n�v�i�r�o�n�m�e�n�t�,� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s�,� �s�t�r�u�c�t�u�r�a�l� �a�n�a�l�y�s�i�s� �a�n�d� �f�a�t�i�g�u�e� �a�s�s�e�s�s�m�e�n�t�.� �A�s� �n�o�t�e�d� 

�i�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r�s�,� �t�h�e� �p�r�o�c�e�d�u�r�e�s� �b�e�l�o�w� �a�r�e� �n�o�t� �u�n�i�q�u�e� �t�o� �t�h�i�s� �p�r�o�j�e�c�t� �o�r� �e�v�e�n� �t�o� 

�t�h�e� �f�i�e�l�d� �o�f� �s�h�i�p� �s�t�r�u�c�t�u�r�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�p�e�c�i�f�i�c� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �p�r�o�c�e�d�u�r�e�s�,� 

�c�o�n�s�i�d�e�r�a�t�i�o�n� �o�f� �m�u�l�t�i�p�l�e� �l�o�a�d� �t�y�p�e�s� �a�n�d� �g�e�n�e�r�a�l� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �i�n� �i�t�s�e�l�f� �s�i�g�n�i�f�i�c�a�n�t�.� 

�A�g�a�i�n�,� �t�h�e� �o�v�e�r�a�l�l� �d�e�s�i�g�n�/�a�n�a�l�y�s�i�s� �p�r�o�c�e�d�u�r�e� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �f�o�u�r� �s�t�e�p� �p�r�o�c�e�s�s�.� 

�F�i�r�s�t�,� �t�h�e� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �t�h�e� �o�p�e�r�a�t�i�n�g� �l�i�f�e� �o�f� �t�h�e� �v�e�s�s�e�l� �m�u�s�t� �b�e� �s�u�c�c�i�n�c�t�l�y� 

�s�p�e�c�i�f�i�e�d�.� �S�e�c�o�n�d�,� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �m�u�s�t� �b�e� �p�e�r�f�o�r�m�e�d� �t�o� �g�e�n�e�r�a�t�e� �a� �f�r�e�q�u�e�n�c�y� 

�b�a�s�e�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �b�e�t�w�e�e�n� �w�a�v�e� �h�e�i�g�h�t� �a�n�d� �t�h�e� �l�o�a�d� �q�u�a�n�t�i�t�i�e�s� �o�f� �i�n�t�e�r�e�s�t� �(�h�u�l�l� �g�i�r�d�e�r� 

�b�e�n�d�i�n�g� �m�o�m�e�n�t� �a�n�d� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�)�.� �T�h�i�s� �m�u�s�t� �o�c�c�u�r� �f�o�r� �e�a�c�h� �w�a�v�e� �h�e�a�d�i�n�g� �a�n�d� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�.� �T�h�i�r�d�l�y�,� �a� �s�t�r�u�c�t�u�r�a�l� �a�n�a�l�y�s�i�s� �m�u�s�t� �b�e� �p�e�r�f�o�r�m�e�d� �t�o� �g�e�n�e�r�a�t�e� �a� 

�t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �b�e�t�w�e�e�n� �l�o�a�d� �a�n�d� �m�e�m�b�e�r� �s�t�r�e�s�s�.� �T�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�t�e�r�m�i�n�e�d� �w�a�v�e� 

�s�p�e�c�t�r�a� �a�r�e� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �b�o�t�h� �t�h�e� �u�n�i�t� �w�a�v�e� �a�n�d� �u�n�i�t� �l�o�a�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �t�o� 

�e�s�t�a�b�l�i�s�h� �t�h�e� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�a�.� �F�i�n�a�l�l�y�,� �i�n� �t�h�e� �f�o�u�r�t�h� �s�t�e�p�,� �t�h�e� �s�p�e�c�t�r�a�l� �m�o�m�e�n�t�s� �o�f� �t�h�e� 

�r�e�s�p�o�n�s�e� �a�r�e� �c�o�m�p�u�t�e�d� �a�n�d� �t�h�e� �i�n�c�r�e�m�e�n�t�a�l� �d�a�m�a�g�e� �r�a�t�i�o� �i�s� �f�o�u�n�d�.� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �3�3



�W�a�v�e� �E�n�v�i�r�o�n�m�e�n�t� 

�A� �s�p�e�c�t�r�a�l� �w�a�v�e� �d�e�s�c�r�i�p�t�i�o�n� �f�o�r� �t�h�e� �o�p�e�r�a�t�i�n�g� �l�i�f�e�t�i�m�e� �o�f� �t�h�e� �s�h�i�p� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�i�s� 

�a�n�a�l�y�s�i�s�.� �I�n� �g�e�n�e�r�a�l�,� �a�n�y� �r�e�l�i�a�b�l�e� �w�a�v�e� �d�a�t�a� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �c�o�u�l�d� �b�e� 

�i�m�p�l�e�m�e�n�t�e�d�:� 

�1�.�)� �S�e�g�m�e�n�t�e�d� �i�n�t�o� �m�u�l�t�i�p�l�e� �w�a�v�e�-�h�e�i�g�h�t� �s�e�a� �s�t�a�t�e�s� �(�~�1�0�)� 

�2�.�)� �K�n�o�w�n� �p�e�r�c�e�n�t�a�g�e�-�o�f�-�o�c�c�u�r�r�e�n�c�e� �f�o�r� �b�o�t�h� �s�e�a� �s�t�a�t�e� �a�n�d� �d�i�r�e�c�t�i�o�n� 

�3�.�)� �C�o�n�c�i�s�e� �p�a�r�a�m�e�t�e�r� �b�a�s�e�d� �s�u�m�m�a�r�y� �o�f� �s�p�e�c�t�r�a� �(�n�o�t� �n�e�c�e�s�s�a�r�y�,� �b�u�t� �i�m�p�r�o�v�e�s� 
�c�o�m�p�u�t�a�t�i�o�n�a�l� �e�f�f�i�c�i�e�n�c�y�)� 

�4�.�)� �R�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �s�h�i�p� �l�i�f�e� �(�c�a�l�c�u�l�a�t�i�o�n�s� �s�h�o�u�l�d� �b�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �e�v�e�r�y� �d�i�s�t�i�n�c�t� 
�e�n�v�i�r�o�n�m�e�n�t�)� 

�F�r�o�m� �t�h�e� �c�r�i�t�e�r�i�a� �a�b�o�v�e�,� �a�n�y� �c�o�n�v�e�n�t�i�o�n�a�l� �w�a�v�e� �s�c�a�t�t�e�r� �d�i�a�g�r�a�m�,� �w�h�e�t�h�e�r� �g�e�n�e�r�a�t�e�d� 

�t�h�r�o�u�g�h� �a� �h�i�n�d�c�a�s�t� �m�o�d�e�l�,� �o�b�s�e�r�v�a�t�i�o�n�s�,� �o�r� �m�e�a�s�u�r�e�m�e�n�t�s� �c�o�u�l�d� �b�e� �e�m�p�l�o�y�e�d�.� �I�n� �t�h�e� �c�a�s�e� 

�o�f� �t�h�e� �T�A�P�S� �t�a�n�k�e�r�s� �(�a�n�d� �o�t�h�e�r� �s�h�i�p�s� �o�p�e�r�a�t�i�n�g� �i�n� �t�h�e� �w�a�t�e�r�s� �s�u�r�r�o�u�n�d�i�n�g� �N�o�r�t�h� �A�m�e�r�i�c�a�)�,� 

�B�u�c�k�l�e�y�'�s� �w�a�v�e� �s�p�e�c�t�r�a�,� �a�s� �d�e�r�i�v�e�d� �f�r�o�m� �N�O�A�A� �w�a�v�e� �b�u�o�y� �d�a�t�a�,� �a�r�e� �a� �h�i�g�h�l�y� �a�c�c�u�r�a�t�e� 

�s�o�u�r�c�e�.� 

�B�u�c�k�l�e�y�'�s� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �T�A�P�S� �r�o�u�t�e� �h�a�v�e� �b�e�e�n� �i�n�c�l�u�d�e�d� �a�s� �A�p�p�e�n�d�i�x� �A�.� �F�o�u�r� �b�u�o�y� 

�l�o�c�a�t�i�o�n�s� �(�w�i�t�h� �p�e�r�c�e�n�t�a�g�e� �o�f� �o�c�c�u�r�r�e�n�c�e� �d�a�t�a�)�,� �s�p�a�n�n�i�n�g� �t�h�e� �t�w�o� �c�l�i�m�a�t�i�c� �w�a�v�e� �s�p�e�c�t�r�a� 

�t�h�a�t� �B�u�c�k�l�e�y� �h�a�s� �s�p�e�c�i�f�i�e�d� �f�o�r� �t�h�e� �r�e�g�i�o�n�,� �a�r�e� �g�i�v�e�n�.� �E�a�c�h� �b�u�o�y� �l�o�c�a�t�i�o�n� �i�s� �f�u�r�t�h�e�r� 

�d�e�l�i�n�e�a�t�e�d� �i�n�t�o� �1�3� �s�e�a� �s�t�a�t�e�s� �a�n�d� �8� �s�h�i�p� �h�e�a�d�i�n�g�s�.� �T�h�e� �s�p�e�c�t�r�a� �t�h�e�m�s�e�l�v�e�s� �a�r�e� �s�p�e�c�i�f�i�e�d� 

�u�s�i�n�g� �O�c�h�i�'�s� �3�-�p�a�r�a�m�e�t�e�r� �m�e�t�h�o�d�.� �T�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �O�c�h�i�'�s� �3�-�p�a�r�a�m�e�t�e�r� �w�a�v�e� �s�p�e�c�t�r�u�m� �i�s� 

�f�o�r� �1� �t�r� �\�"� �r� �T�r� �S�w�(�f�)�=� �H�i�n�g� �A�m�o�l� �7� �7� �e�x�p�]�  ��(�A� �+� �0�2�5�)� �2�)� 

�w�h�e�r�e�:� �H�y�,� �i�s� �t�h�e� �s�i�g�n�i�f�i�c�a�n�t� �w�a�v�e� �h�e�i�g�h�t� 

�f�i�s� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�f�p�r� �i�s� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �m�o�d�a�l� �f�r�e�q�u�e�n�c�y� �o�f� �g�e�n�e�r�a�l�i�z�e�d� �C�W�S� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �3�4



�X�d� �i�s� �a�n�o�n�d�i�m�e�n�s�i�o�n�a�l� �s�h�a�p�e� �p�a�r�a�m�e�t�e�r� �f�o�r� �O�c�h�i� �3�P� �w�a�v�e� �s�p�e�c�t�r�u�m� 

�A�m�p� �i�s� �a� �n�o�n�d�i�m�e�n�s�i�o�n�a�l� �a�m�p�l�i�t�u�d�e� �f�a�c�t�o�r� 

�T�h�e� �w�a�v�e� �f�r�e�q�u�e�n�c�y� �s�p�e�c�t�r�u�m� �i�s� �b�a�s�e�d� �o�n� �a� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �b�y� �a� �f�i�x�e�d� �o�b�s�e�r�v�e�r�,� �t�h�e� �w�a�v�e� 

�b�u�o�y�.� �A� �s�h�i�p� �e�x�p�e�r�i�e�n�c�e�s� �a� �s�l�i�g�h�t�l�y� �d�i�f�f�e�r�e�n�t� �s�p�e�c�t�r�u�m� �d�u�e� �t�o� �i�t�s� �f�o�r�w�a�r�d� �s�p�e�e�d� �a�n�d� 

�r�e�l�a�t�i�v�e� �h�e�a�d�i�n�g� �t�o� �t�h�e� �w�a�v�e�.� �T�h�e� �e�x�c�i�t�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �t�h�e� �s�h�i�p� �e�x�p�e�r�i�e�n�c�e�s� �i�s� �c�a�l�l�e�d� �t�h�e� 

�e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y�,� �f�e�,� �a�n�d� �i�s� �g�i�v�e�n� �b�y�,� 

�V�s�h�i�p� 
� � 

�f�e� �=� �t�w� �(� �~� �2� �f�y� �c�o�s�t�)� 

�w�h�e�r�e�:� �f�,� �i�s� �t�h�e� �e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y� 

�f�y�,� �i�s� �t�h�e� �f�i�x�e�d� �o�b�s�e�r�v�e�r� �w�a�v�e� �f�r�e�q�u�e�n�c�y� 

�V� �s�h�i�p� �i�s� �t�h�e� �f�o�r�w�a�r�d� �s�p�e�e�d� �o�f� �t�h�e� �s�h�i�p� 

�6� �i�s� �t�h�e� �r�e�l�a�t�i�v�e� �h�e�a�d�i�n�g� �o�f� �t�h�e� �s�h�i�p� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �w�a�v�e� 

�g� �i�s� �t�h�e� �a�c�c�e�l�e�r�a�t�i�o�n� �d�u�e� �t�o� �g�r�a�v�i�t�y� 

�T�h�e� �a�r�e�a� �u�n�d�e�r� �t�h�e� �w�a�v�e� �s�p�e�c�t�r�u�m� �c�u�r�v�e� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �e�n�e�r�g�y� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�e�a�.� 

�B�e�c�a�u�s�e� �t�h�i�s� �e�n�e�r�g�y� �c�o�n�t�e�n�t� �m�u�s�t� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �o�b�s�e�r�v�e�r�s� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e� �(�f�i�x�e�d� 

�o�r� �s�h�i�p�-�b�a�s�e�d�)�,� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �w�a�v�e� �s�p�e�c�t�r�a� �m�u�s�t� �a�l�s�o� �b�e� �a�d�j�u�s�t�e�d�.� 

�S�(�f�w�)� 
�V� �s�h�i� 

�1�-�4�f�.�.�7� �o�P� �c�o�s�(�®�)� 
�§� 

� � 
�S�(�f�.�)�=� 

� � 

�H�y�d�r�o�d�y�n�a�m�i�c�s� 

�T�h�e� �e�n�d� �r�e�s�u�l�t�s� �o�f� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �a�r�e� �f�r�e�q�u�e�n�c�y� �b�a�s�e�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� 

�b�e�t�w�e�e�n� �u�n�i�t� �w�a�v�e� �h�e�i�g�h�t� �a�n�d� �s�t�r�u�c�t�u�r�a�l� �l�o�a�d�s�.� �S�u�c�h� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �a�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� 

�t�h�e� �w�a�v�e� �s�p�e�c�t�r�a�,� �b�u�t� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �r�e�l�a�t�i�v�e� �w�a�v�e� �h�e�a�d�i�n�g�,� �s�h�i�p� �d�r�a�f�t� �a�n�d� �s�p�e�e�d�.� �F�o�r� 

�t�h�e� �a�n�a�l�y�s�i�s� �o�f� �a� �T�A�P�S� �t�a�n�k�e�r� �t�h�e�r�e� �a�r�e� �8� �h�e�a�d�i�n�g�s�,� �2� �d�r�a�f�t�s� �a�n�d� �1� �s�h�i�p� �s�p�e�e�d�.� �S�i�x�t�e�e�n� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �3�5



�t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �a�r�e� �t�h�u�s� �r�e�q�u�i�r�e�d� �f�o�r� �e�a�c�h� �s�t�r�u�c�t�u�r�a�l� �l�o�a�d�.� �F�o�r�t�u�n�a�t�e�l�y� �t�h�e� �t�r�a�n�s�f�e�r� 

�f�u�n�c�t�i�o�n�s� �f�o�r� �a�l�l� �s�t�r�u�c�t�u�r�a�l� �l�o�a�d�s� �c�a�n� �b�e� �c�o�m�p�u�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �b�y� �S�A�M�P�.� 

�T�h�e� �S�A�M�P� �u�s�e�r� �m�a�n�u�a�l�,� �L�i�n� �a�n�d� �M�e�i�n�h�o�l�d� �[�1�6�]�,� �a�n�d� �s�e�v�e�r�a�l� �p�a�p�e�r�s� �b�y� �L�i�n� �[�7�]� �d�i�s�c�u�s�s� �t�h�e� 

�u�s�e� �o�f� �t�h�e� �S�A�M�P� �p�r�o�g�r�a�m� �i�n� �g�e�n�e�r�a�l�.� �T�h�i�s� �s�e�c�t�i�o�n� �d�o�e�s� �n�o�t� �i�n�t�e�n�d� �t�o� �r�e�p�l�a�c�e� �t�h�o�s�e� 

�r�e�f�e�r�e�n�c�e�s�,� �b�u�t� �i�n�s�t�e�a�d� �d�i�s�c�u�s�s�e�s� �s�o�m�e� �o�f� �t�h�e� �m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t� �s�t�e�p�s� �a�n�d� �p�r�o�c�e�d�u�r�e�s� 

�r�e�q�u�i�r�e�d� �f�o�r� �p�e�r�f�o�r�m�i�n�g� �a� �S�A�M�P� �a�n�a�l�y�s�i�s�.� �T�h�e� �i�s�s�u�e�s� �t�o� �b�e� �d�i�s�c�u�s�s�e�d� �h�e�r�e�i�n� �i�n�c�l�u�d�e�:� 

�g�e�n�e�r�a�t�i�o�n� �o�f� �a� �g�e�o�m�e�t�r�i�c� �m�o�d�e�l�,� �r�e�q�u�i�r�e�d� �f�r�e�q�u�e�n�c�y� �b�a�n�d�,� �c�h�o�i�c�e� �o�f� �s�e�a� �t�y�p�e�,� �a�n�d� �s�e�v�e�r�a�l� 

�s�p�e�c�i�f�i�c� �m�o�d�e�l�i�n�g� �p�a�r�a�m�e�t�e�r�s�.� 

�T�h�e� �i�n�i�t�i�a�l� �s�t�a�g�e� �o�f� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �e�n�t�a�i�l�s� �c�r�e�a�t�i�n�g� �a� �g�e�o�m�e�t�r�i�c� �m�o�d�e�l�.� �T�h�i�s� 

�m�o�d�e�l� �i�s� �a� �p�a�n�e�l� �b�a�s�e�d� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �s�h�i�p�'�s� �h�u�l�l� �b�e�l�o�w� �t�h�e� �m�e�a�n� �w�a�t�e�r�l�i�n�e�.� �M�a�n�y� �i�n� 

�t�h�e� �s�h�i�p� �s�t�r�u�c�t�u�r�e�s� �c�o�m�m�u�n�i�t�y� �w�o�u�l�d� �f�i�n�d� �i�t� �m�o�s�t� �c�o�n�v�e�n�i�e�n�t� �t�o� �g�e�n�e�r�a�t�e� �s�u�c�h� �a� �m�o�d�e�l� 

�w�i�t�h�i�n� �t�h�e� �p�r�o�g�r�a�m� �F�a�s�t�S�h�i�p� �b�y� �D�e�s�i�g�n� �S�y�s�t�e�m�s�.� �T�h�e� �F�a�s�t�S�h�i�p� �m�o�d�e�l� �c�a�n� �t�h�e�n� �b�e� 

�m�o�d�i�f�i�e�d� �b�y� �a� �s�t�a�n�d�a�r�d� �p�a�n�e�l� �m�a�n�i�p�u�l�a�t�i�o�n�s� �p�r�o�g�r�a�m� �o�r� �u�s�e�d� �d�i�r�e�c�t�l�y� �a�f�t�e�r� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� 

�b�y� �a� �s�i�m�p�l�e� �F�O�R�T�R�A�N� �p�r�o�g�r�a�m�.� �I�t� �i�s� �a�l�s�o� �q�u�i�t�e� �p�o�s�s�i�b�l�e� �t�o� �m�a�n�u�a�l�l�y� �g�e�n�e�r�a�t�e� �t�h�e� �m�o�d�e�l� 

�f�r�o�m� �a� �s�e�t� �o�f� �l�i�n�e� �p�l�a�n�s� �a�n�d� �a� �t�a�b�l�e� �o�f� �o�f�f�s�e�t�s�.� �I�n�d�e�p�e�n�d�e�n�t� �o�f� �h�o�w� �t�h�e� �m�o�d�e�l� �i�s� �g�e�n�e�r�a�t�e�d�,� 

�i�t� �s�h�o�u�l�d� �c�o�n�s�i�s�t� �o�f� �a� �h�a�l�f� �h�u�l�l� �o�f� �1�5�0� �t�o� �2�5�0� �p�a�n�e�l�s�.� �I�n� �g�e�n�e�r�a�t�i�n�g� �t�h�e� �p�a�n�e�l� �m�o�d�e�l�,� 

�c�o�n�s�i�d�e�r�a�t�i�o�n� �s�h�o�u�l�d� �o�n�l�y� �b�e� �m�a�d�e� �t�o� �t�h�e� �s�u�r�f�a�c�e� �g�e�o�m�e�t�r�y� �a�n�d� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� 

�c�a�l�c�u�l�a�t�i�o�n�;� �t�h�e� �h�u�l�l� �s�t�r�u�c�t�u�r�a�l� �g�e�o�m�e�t�r�y� �i�s� �n�o�t� �i�m�p�o�r�t�a�n�t� �a�t� �t�h�i�s� �t�i�m�e�.� �I�n�d�e�e�d� �S�A�M�P� �w�i�l�l�,� 

�a�t� �t�h�e� �u�s�e�r�'�s� �r�e�q�u�e�s�t�,� �r�e�d�i�s�t�r�i�b�u�t�e� �t�h�e� �p�a�n�e�l�s� �b�a�s�e�d� �o�n� �i�t�s� �o�w�n� �r�e�q�u�i�r�e�m�e�n�t�s�.� �P�a�n�e�l�s� �s�h�o�u�l�d� 

�h�a�v�e� �w�i�d�t�h� �t�o� �h�e�i�g�h�t� �r�a�t�i�o�s� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �1�.� �T�h�e� �u�s�e�r� �m�u�s�t� �a�l�s�o� �a�v�o�i�d� �p�a�n�e�l�s� �i�n�t�e�r�s�e�c�t�i�n�g� 

�t�h�e� �w�a�t�e�r�l�i�n�e� �a�t� �s�h�a�l�l�o�w� �a�n�g�l�e�s�;� �s�u�c�h� �p�a�n�e�l�s� �i�n�t�r�o�d�u�c�e� �l�a�r�g�e� �n�u�m�e�r�i�c�a�l� �e�r�r�o�r�s� �a�n�d� �e�v�e�n� 

�i�n�s�t�a�b�i�l�i�t�i�e�s� �i�n� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�.� �O�n�c�e� �a� �s�u�i�t�a�b�l�e� �g�e�o�m�e�t�r�i�c� �m�o�d�e�l� �i�s� �c�r�e�a�t�e�d�,� �w�o�r�k� �o�n� �t�h�e� 

�a�c�t�u�a�l� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �i�s� �p�o�s�s�i�b�l�e�.� 
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�O�n�e� �o�f� �t�h�e� �f�i�r�s�t� �i�s�s�u�e�s� �t�o� �a�r�i�s�e� �i�n� �c�o�m�p�u�t�i�n�g� �t�h�e� �f�r�e�q�u�e�n�c�y� �b�a�s�e�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �i�s� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �w�h�i�c�h� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d�,� �T�h�e� �f�i�r�s�t� �a�n�d� �m�o�s�t� �o�b�v�i�o�u�s� �c�u�t�-�o�f�f� �i�s� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �c�o�n�t�e�n�t� �o�f� �t�h�e� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t�.� �I�f� �t�h�e� �e�f�f�e�c�t�i�v�e� �e�n�e�r�g�y� �c�o�n�t�e�n�t� �a�t� �a� �p�a�r�t�i�c�u�l�a�r� 

�f�r�e�q�u�e�n�c�y� �i�s� �n�e�a�r�l�y� �z�e�r�o�,� �t�h�e�n� �t�h�e� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �a�t� �t�h�a�t� �f�r�e�q�u�e�n�c�y� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�y�.� �F�o�r� 

�t�h�e� �T�A�P�S� �d�a�t�a� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�,� �s�i�g�n�i�f�i�c�a�n�t� �w�a�v�e� �e�n�e�r�g�y� �o�c�c�u�r�s� �i�n� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�b�a�n�d� �o�f� �(�)�.�0�5� �t�o� �0�.�3� �H�z� �(�w�i�t�h� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �e�x�c�e�s�s� �c�o�m�p�u�t�i�n�g� �p�o�w�e�r�,� �a� �m�o�r�e� 

�c�o�n�s�e�r�v�a�t�i�v�e� �b�a�n�d� �w�o�u�l�d� �b�e� �0�.�0�3� �t�o� �0�.�5� �H�z�)�.� �I�f� �c�a�l�c�u�l�a�t�i�o�n�s� �s�t�r�i�c�t�l�y� �f�o�r� �b�e�n�d�i�n�g� �m�o�m�e�n�t� 

�a�r�e� �b�e�i�n�g� �m�a�d�e�,� �t�h�e� �u�p�p�e�r� �c�u�t�-�o�f�f� �c�a�n� �b�e� �r�e�d�u�c�e�d� �s�u�b�s�t�a�n�t�i�a�l�l�y�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �i�s� �p�o�s�s�i�b�l�e� 

�b�e�c�a�u�s�e� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� �o�f� �m�a�n�y� �h�i�g�h�-�f�r�e�q�u�e�n�c�y�/�s�h�o�r�t�-�p�e�r�i�o�d� �w�a�v�e�s� �t�e�n�d�s� �t�o�w�a�r�d�s� �z�e�r�o� �f�o�r� 

�o�v�e�r�-�a�l�l� �h�u�l�l� �g�i�r�d�e�r� �q�u�a�n�t�i�t�i�e�s� �(�s�e�e� �a�g�a�i�n� �F�i�g�u�r�e� �3�.�1�)�.� �A�n� �i�n�t�u�i�t�i�v�e� �g�u�i�d�e�l�i�n�e� �f�o�r� �s�u�c�h� �a� �l�i�m�i�t� 

�i�s� 

�L� �s�h�i� 
�d� �w�a�v�e� �=� �0�.� �(�4�.�1�)� 

�w�h�e�r�e�:� �A�w�a�v�e� �i�s� �t�h�e� �l�e�n�g�t�h� �o�f� �a� �s�i�n�g�l�e� �w�a�v�e� 

�L� �s�h�i�p� �1�s� �t�h�e� �w�a�t�e�r�l�i�n�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�h�i�p� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �T�A�P�S� �t�a�n�k�e�r�s� �t�h�i�s� �w�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �u�p�p�e�r� �b�a�n�d� �l�i�m�i�t� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�0�.�2�5� �H�z�.� �I�f� �a� �m�o�r�e� �g�e�n�e�r�a�l� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d�,� �t�h�e�r�e� �i�s� �n�o� �a�d�v�a�n�t�a�g�e� �t�o� �s�u�c�h� �a� 

�r�e�d�u�c�t�i�o�n�;� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �w�a�v�e�s� �a�r�e� �i�m�p�o�r�t�a�n�t� �t�o� �l�o�c�a�l� �s�t�r�u�c�t�u�r�a�l� �f�a�t�i�g�u�e� �a�n�d� �t�h�e� 

�b�e�n�d�i�n�g� �m�o�m�e�n�t� �f�o�r� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �w�a�v�e�s� �i�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �l�i�t�t�l�e� �e�x�t�r�a� �c�o�s�t�.� 

�F�u�r�t�h�e�r� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �i�s� �p�r�e�d�i�c�a�t�e�d� �b�y� �S�A�M�P� �b�e�i�n�g� �a� �t�i�m�e�-� 

�d�o�m�a�i�n� �c�a�l�c�u�l�a�t�i�o�n�.� �T�h�e�r�e� �a�r�e� �t�h�u�s� �t�w�o� �m�a�n�n�e�r�s� �i�n� �w�h�i�c�h� �t�o� �p�r�o�c�e�e�d�.� �T�h�e� �m�o�s�t� �i�n�t�u�i�t�i�v�e� 

�f�a�s�h�i�o�n� �m�a�y� �b�e� �t�o� �p�e�r�f�o�r�m� �a� �s�e�p�a�r�a�t�e� �a�n�a�l�y�s�i�s� �f�o�r� �s�e�v�e�r�a�l� �r�e�g�u�l�a�r� �w�a�v�e�s� �a�n�d� �i�n�t�e�r�p�o�l�a�t�e� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �f�r�o�m� �t�h�e�s�e� �p�o�i�n�t�s�.� �P�o�s�s�i�b�l�y� �a� �m�o�r�e� �e�f�f�i�c�i�e�n�t� �a�n�d� �m�o�r�e� 

�c�o�m�p�r�e�h�e�n�s�i�v�e� �m�e�t�h�o�d� �i�s� �t�o� �u�s�e� �a� �r�a�n�d�o�m� �w�a�v�e� �m�a�d�e� �u�p� �o�f� �c�o�m�p�o�n�e�n�t�s� �f�r�o�m� �t�h�e� �s�a�m�e� 
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�f�r�e�q�u�e�n�c�y� �b�a�n�d� �a�s� �t�h�e� �d�e�s�i�r�e�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �r�e�s�p�o�n�s�e� �h�i�s�t�o�r�y� �c�a�n� �t�h�e�n� �b�e� 

�a�n�a�l�y�z�e�d� �b�y� �F�o�u�r�i�e�r� �m�e�t�h�o�d�s� �t�o� �y�i�e�l�d� �t�h�e� �r�e�q�u�i�r�e�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�.� �T�h�e� �a�u�t�h�o�r� �h�a�s� 

�c�h�o�s�e�n� �t�h�e� �f�i�r�s�t� �m�e�t�h�o�d� �b�e�c�a�u�s�e� �o�f� �i�t�s� �s�i�m�p�l�e� �a�n�d� �d�i�r�e�c�t� �n�a�t�u�r�e�.� �I�n� �f�u�t�u�r�e� �e�f�f�o�r�t�s� �t�h�e� 

�s�e�c�o�n�d� �m�e�t�h�o�d� �s�h�o�u�l�d� �b�e� �i�m�p�l�e�m�e�n�t�e�d� �d�u�e� �t�o� �i�t�s� �p�o�t�e�n�t�i�a�l� �f�o�r� �c�o�m�p�u�t�a�t�i�o�n�a�l� �s�a�v�i�n�g�s�.� 

�W�h�e�n� �u�s�i�n�g� �d�i�s�c�r�e�t�e� �w�a�v�e�s�,� �j�u�d�g�m�e�n�t� �m�u�s�t� �b�e� �a�p�p�l�i�e�d� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� 

�f�r�e�q�u�e�n�c�y� �p�o�i�n�t�s� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �a�n�a�l�y�s�i�s� �u�s�e�s� �1�0� �p�o�i�n�t�s� �a�s� �a� �s�t�a�n�d�a�r�d� �b�a�s�i�s�;� �t�h�e� �f�i�g�u�r�e� �i�s� 

�r�e�d�u�c�e�d� �o�r� �i�n�c�r�e�a�s�e�d� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �s�m�o�o�t�h�n�e�s�s� �o�f� �t�h�e� �p�r�o�c�e�s�s�.� 

�S�e�v�e�r�a�l� �o�f� �t�h�e� �m�o�d�e�l�i�n�g� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �S�A�M�P� �m�u�s�t� �b�e� �m�o�d�i�f�i�e�d� �t�o� �r�e�f�l�e�c�t� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�o�f� �t�h�e� �i�n�c�o�m�i�n�g� �w�a�v�e�,� �t�h�e� �s�h�i�p�'�s� �f�o�r�w�a�r�d� �s�p�e�e�d� �a�n�d� �t�h�e� �s�h�i�p�'�s� �h�e�a�d�i�n�g�.� �T�h�e� �f�i�r�s�t� �p�a�r�a�m�e�t�e�r� 

�t�o� �c�o�n�s�i�d�e�r� �i�s� �t�h�e� �t�i�m�e� �s�t�e�p�.� �L�i�n� �s�p�e�c�i�f�i�e�s� �t�h�a�t� �3�0� �t�i�m�e� �s�t�e�p�s� �p�e�r� �i�n�c�i�d�e�n�t� �w�a�v�e� �a�r�e� �"�m�o�r�e� 

�t�h�a�n� �a�d�e�q�u�a�t�e�"�[�7�]�.� �A� �p�a�r�a�m�e�t�e�r� �h�e�a�v�i�l�y� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �t�i�m�e� �s�t�e�p� �s�i�z�e� �i�s� �t�h�e� �m�e�m�o�r�y� 

�l�e�n�g�t�h�.� �S�A�M�P� �c�a�l�c�u�l�a�t�e�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� �h�u�l�l� �g�e�n�e�r�a�t�e�d� �w�a�v�e�s� �f�o�r� �a� �s�p�e�c�i�f�i�e�d� �n�u�m�b�e�r� �o�f� 

�t�i�m�e� �s�t�e�p�s� �a�f�t�e�r� �t�h�e�y� �a�r�e� �g�e�n�e�r�a�t�e�d�.� �L�i�n� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �m�e�m�o�r�y� �e�f�f�e�c�t� �s�h�o�u�l�d� �b�e� �a�t� �l�e�a�s�t� 

�a�s� �l�o�n�g� �a�s� �i�t� �t�a�k�e�s� �t�h�e� �s�h�i�p� �t�o� �m�o�v�e� �o�n�e� �s�h�i�p� �l�e�n�g�t�h�.� �T�h�e�r�e�f�o�r�e� �t�o� �a�n�a�l�y�z�e� �a�n� �8�5�0� �f�o�o�t� �s�h�i�p� 

�m�o�v�i�n�g� �a�t� �1�5� �k�n�o�t�s� �i�n�t�o� �a� �0�.�0�5� �H�z� �w�a�v�e� �r�e�q�u�i�r�e�s� �a� �t�i�m�e� �s�t�e�p� �o�f� �0�.�6�7� �s�e�c� �a�n�d� �a� �m�e�m�o�r�y� 

�e�f�f�e�c�t� �o�f� �5�1� �s�t�e�p�s� �(�3�4� �s�e�c�/�0�.�6�7� �s�e�c�)�.� �T�h�e� �s�a�m�e� �s�h�i�p� �h�e�a�d�i�n�g� �i�n�t�o� �a� �0�.�2�5� �H�z� �w�a�v�e� �r�e�q�u�i�r�e�s� 

�a� �t�i�m�e� �s�t�e�p� �o�f� �0�.�1�3� �s�e�c� �a�n�d� �a� �m�e�m�o�r�y� �e�f�f�e�c�t� �o�f� �2�5�5� �s�t�e�p�s�.� �T�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �c�a�l�c�u�l�a�t�i�o�n� �i�s� 

�d�o�m�i�n�a�t�e�d� �b�y� �t�h�e� �e�f�f�o�r�t� �r�e�q�u�i�r�e�d� �t�o� �c�o�m�p�u�t�e� �t�h�e� �m�e�m�o�r�y� �e�f�f�e�c�t�;� �c�o�m�p�u�t�a�t�i�o�n� �t�i�m�e� �w�i�l�l� �b�e� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �f�i�v�e� �t�i�m�e�s� �l�o�n�g�e�r� �f�o�r� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �w�a�v�e�,� �a�n�d� �t�e�m�p�o�r�a�r�y� �d�i�s�k� �s�t�o�r�a�g�e� 

�o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �M�b� �i�s� �r�e�q�u�i�r�e�d�.� 

�A� �f�i�n�a�l� �p�a�r�a�m�e�t�e�r� �d�r�i�v�i�n�g� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �S�A�M�P� �c�a�l�c�u�l�a�t�i�o�n�s� �i�s� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �t�i�m�e� 

�s�t�e�p�s� �r�e�q�u�i�r�e�d�.� �T�h�e� �S�A�M�P� �c�a�l�c�u�l�a�t�i�o�n� �e�f�f�e�c�t�i�v�e�l�y� �s�t�a�r�t�s� �w�i�t�h� �t�h�e� �s�h�i�p� �a�t� �r�e�s�t� �a�n�d� �a�b�r�u�p�t�l�y� 

�i�m�p�o�s�e�s� �a� �w�a�v�e� �f�i�e�l�d�.� �T�h�i�s� �i�s� �q�u�i�t�e� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �a� �s�h�i�p� �i�n� �a� �r�e�a�l�i�s�t�i�c� �n�a�r�r�o�w� �b�a�n�d�e�d� �s�e�a�,� 

�w�h�e�r�e� �t�h�e� �a�m�p�l�i�t�u�d�e� �a�n�d� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �i�n�c�o�m�i�n�g� �w�a�v�e� �c�o�n�t�e�n�t� �t�e�n�d�s� �t�o� �v�a�r�y� �s�l�o�w�l�y� �i�n� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �3�8



�t�i�m�e�.� �T�h�e� �s�u�d�d�e�n� �i�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �w�a�v�e� �f�o�r�c�e�s� �w�i�l�l� �c�a�u�s�e� �t�r�a�n�s�i�e�n�t� �m�o�t�i�o�n�s� �a�n�d� �l�o�a�d�s� �a�t� 

�t�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �t�h�e� �b�u�o�y�a�n�t� �s�y�s�t�e�m�.� �T�h�e� �S�A�M�P� �a�n�a�l�y�s�i�s� �m�u�s�t� �b�e� �p�e�r�f�o�r�m�e�d� �f�o�r� 

�e�n�o�u�g�h� �t�o�t�a�l� �t�i�m�e� �s�t�e�p�s� �f�o�r� �t�h�e�s�e� �t�r�a�n�s�i�e�n�t� �m�o�t�i�o�n�s� �t�o� �d�a�m�p� �o�u�t�.� �F�o�r� �l�o�w� �f�r�e�q�u�e�n�c�y� �w�a�v�e�s� 

�t�h�i�s� �m�a�y� �t�a�k�e� �a�s� �m�a�n�y� �a�s� �4� �o�r� �5� �w�a�v�e� �c�r�e�s�t�s�.� �T�h�u�s� �a�g�a�i�n� �f�o�r� �a� �0�.�0�5� �H�z� �w�a�v�e�,� �t�h�e� �f�i�r�s�t� �8�0� 

�s�e�c�o�n�d�s� �o�r� �1�2�0� �t�i�m�e� �s�t�e�p�s� �i�s� �d�i�s�c�a�r�d�e�d� �b�e�c�a�u�s�e� �o�f� �t�r�a�n�s�i�e�n�t� �m�o�t�i�o�n�s�.� �T�h�e� �t�o�t�a�l� �a�n�a�l�y�s�i�s� �f�o�r� 

�t�h�e� �0�.�0�5� �H�z� �w�a�v�e� �t�h�e�n� �c�o�n�s�i�s�t�s� �o�f� �2�4�0� �t�i�m�e� �s�t�e�p�s� �o�f� �0�.�6�7� �s�e�c�o�n�d�s� �e�a�c�h� �a�n�d� �a� �m�e�m�o�r�y� 

�e�f�f�e�c�t� �o�f� �5�0� �s�t�e�p�s�.� �O�n� �a� �4�8�6� �b�a�s�e�d� �P�C� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �w�o�u�l�d� �t�a�k�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �h�o�u�r�s�.� 

�F�o�r� �t�h�e� �0�.�2�5� �H�z� �w�a�v�e�,� �t�r�a�n�s�i�e�n�t� �m�o�t�i�o�n�s� �a�r�e� �i�n�s�i�g�n�i�f�i�c�a�n�t�.� �T�h�e� �a�n�a�l�y�s�i�s� �r�e�q�u�i�r�e�s� �3�0�0� �t�i�m�e� 

�s�t�e�p�s� �o�f� �0�.�1�3� �s�e�c�o�n�d�s� �a�n�d� �a� �m�e�m�o�r�y� �e�f�f�e�c�t� �o�f� �2�5�5� �s�t�e�p�s�.� �O�n� �t�h�e� �s�a�m�e� �4�8�6� �P�C� �t�h�e� 

�c�o�m�p�u�t�a�t�i�o�n� �t�i�m�e� �i�s� �i�n�c�r�e�a�s�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4� �h�o�u�r�s�.� 

�A�f�t�e�r� �c�o�m�p�l�e�t�i�o�n� �o�f� �e�n�o�u�g�h� �S�A�M�P� �r�u�n�s� �t�o� �s�u�f�f�i�c�i�e�n�t�l�y� �d�e�s�c�r�i�b�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �o�f� 

�i�n�t�e�r�e�s�t�,� �t�h�e� �f�i�n�a�l� �s�t�a�g�e� �o�f� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �i�s� �t�o� �d�e�v�e�l�o�p� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� 

�t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �(�F�T�F�)� �b�e�t�w�e�e�n� �w�a�v�e� �h�e�i�g�h�t� �a�n�d� �l�o�a�d�.� �T�h�e� �S�A�M�P� �p�r�o�g�r�a�m� �i�t�s�e�l�f� 

�g�e�n�e�r�a�t�e�s� �a� �t�i�m�e� �h�i�s�t�o�r�y�,� �f�o�r� �e�a�c�h� �w�a�v�e� �r�u�n�,� �o�f� �v�e�r�t�i�c�a�l� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �a�t� �a�n�y� �d�e�s�i�r�e�d� 

�c�r�o�s�s� �s�e�c�t�i�o�n�.� �I�t� �i�s� �a� �s�i�m�p�l�e� �m�a�t�t�e�r� �t�o� �t�h�e�n� �e�x�t�r�a�c�t� �t�h�e� �r�e�s�p�o�n�s�e� �a�m�p�l�i�t�u�d�e� �a�t� �a� �w�a�v�e� 

�f�r�e�q�u�e�n�c�y� �e�i�t�h�e�r� �d�i�r�e�c�t�l�y� �f�r�o�m� �t�h�e� �t�i�m�e� �h�i�s�t�o�r�y� �o�r� �b�y� �t�r�a�n�s�f�o�r�m�i�n�g� �t�h�e� �t�i�m�e� �h�i�s�t�o�r�y� �t�o� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� �a�n�d� �e�x�a�m�i�n�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e� �p�e�a�k� �(�t�h�e� �r�e�s�p�o�n�s�e� �p�e�a�k� �s�h�o�u�l�d� �o�c�c�u�r� �a�t� 

�w�a�v�e� �e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y�)�.� 

�C�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �p�a�n�e�l� �p�r�e�s�s�u�r�e� �F�T�F� �t�s� �s�l�i�g�h�t�l�y� �l�e�s�s� �d�i�r�e�c�t�.� �S�A�M�P� �d�o�e�s� �n�o�t� �r�e�c�o�r�d� �t�o�t�a�l� 

�p�r�e�s�s�u�r�e�s�;� �i�n�s�t�e�a�d�,� �a� �t�i�m�e� �h�i�s�t�o�r�y� �o�f� �t�h�e� �l�o�c�a�t�i�o�n� �a�n�d� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �s�h�i�p�'�s� �c�e�n�t�e�r� �o�f� 

�g�r�a�v�i�t�y� �i�s� �s�t�o�r�e�d� �a�l�o�n�g� �w�i�t�h� �t�h�e� �p�e�r�t�u�r�b�a�t�i�o�n� �p�r�e�s�s�u�r�e� �f�o�r� �e�a�c�h� �p�a�n�e�l�.� �S�u�c�h� �p�e�r�t�u�r�b�a�t�i�o�n� 

�p�r�e�s�s�u�r�e�s� �a�r�e� �t�h�e� �p�r�e�s�s�u�r�e�s� �c�a�u�s�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �h�u�l�l� �i�n� �t�h�e� �o�t�h�e�r�w�i�s�e� �u�n�d�i�s�t�u�r�b�e�d� 

�w�a�v�e�.� �F�o�r� �t�h�e� �l�i�n�e�a�r� �t�h�e�o�r�y� �o�f� �s�h�i�p� �m�o�t�i�o�n�s�,� �t�w�o� �o�t�h�e�r� �p�r�e�s�s�u�r�e�s� �a�r�e� �p�r�e�s�e�n�t�:� �t�h�e� 

�h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �d�u�e� �t�o� �t�h�e� �p�a�n�e�l� �c�o�n�t�r�o�l� �p�o�i�n�t�'�s� �i�n�s�t�a�n�t�a�n�e�o�u�s� �d�e�p�t�h� �b�e�n�e�a�t�h� �t�h�e� �m�e�a�n� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �3�9



�w�a�t�e�r� �s�u�r�f�a�c�e�,� �a�n�d� �t�h�e� �F�r�o�u�d�e�-�K�r�y�l�o�v� �p�r�e�s�s�u�r�e� �o�r� �t�h�e� �i�n�t�e�r�n�a�l� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� �u�n�d�i�s�t�u�r�b�e�d� 

�w�a�v�e� �d�u�e� �t�o� �p�a�r�t�i�c�l�e� �m�o�t�i�o�n�s�.� �T�h�e� �s�e�c�o�n�d� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �o�f� �p�r�e�s�s�u�r�e�,� �w�h�i�c�h� �a�r�e� 

�i�n�c�l�u�d�e�d� �i�n� �S�A�M�P�'�s� �e�q�u�a�t�i�o�n�s� �o�f� �m�o�t�i�o�n�,� �b�u�t� �a�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �d�i�s�c�a�r�d�e�d�,� �a�r�e� �r�e�c�o�m�p�u�t�e�d� 

�b�y� �a� �p�o�s�t� �p�r�o�c�e�s�s�o�r� �t�o� �S�A�M�P� �a�n�d� �a�d�d�e�d� �t�o� �t�h�e� �f�i�r�s�t� �c�o�m�p�o�n�e�n�t� �t�o� �g�e�n�e�r�a�t�e� �a� �t�i�m�e� �h�i�s�t�o�r�y� 

�o�f� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �a�t� �a�n�y� �r�e�q�u�e�s�t�e�d� �p�o�i�n�t�.� 

�T�h�e� �p�o�s�t� �p�r�o�c�e�s�s�o�r� �i�n�t�e�r�p�o�l�a�t�e�s� �p�r�e�s�s�u�r�e�s� �f�o�r� �a�n�y� �p�o�i�n�t� �o�n� �t�h�e� �h�u�l�l� �b�e�l�o�w� �t�h�e� �m�e�a�n� 

�w�a�t�e�r�l�i�n�e�.� �T�h�i�s� �i�n�t�e�r�p�o�l�a�t�i�o�n� �p�r�o�c�e�s�s� �a�l�l�o�w�s� �t�h�e� �p�a�n�e�l�s� �u�s�e�d� �i�n� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �m�o�d�e�l� 

�a�n�d� �t�h�o�s�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �m�o�d�e�l� �t�o� �b�e� �e�s�s�e�n�t�i�a�l�l�y� �i�n�d�e�p�e�n�d�e�n�t�;� �n�o� �o�n�e�-�t�o�-�o�n�e� 

�c�o�r�r�e�s�p�o�n�d�e�n�c�e� �o�f� �p�a�n�e�l�s� �i�s� �n�e�e�d�e�d�,� �b�u�t� �o�n�l�y� �a�n� �o�v�e�r�-�a�l�l� �e�q�u�i�v�a�l�e�n�c�e� �o�f� �t�h�e� �u�n�d�e�r�w�a�t�e�r� 

�g�e�o�m�e�t�r�y�.� 

�T�h�e�r�e� �a�r�e� �t�w�o� �r�e�a�d�i�l�y� �i�d�e�n�t�i�f�i�a�b�l�e� �p�r�o�b�l�e�m�s� �w�i�t�h� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �j�u�s�t� �d�e�s�c�r�i�b�e�d�.� 

�F�i�r�s�t�,� �t�h�e� �w�i�d�e�l�y� �r�e�c�o�g�n�i�z�e�d� �n�o�n�-�l�i�n�e�a�r� �r�o�l�l� �d�a�m�p�i�n�g�,� �w�h�i�c�h� �a�f�f�e�c�t�s� �n�o�t� �o�n�l�y� �r�o�l�l�,� �b�u�t� �a�l�s�o� 

�t�h�e� �c�o�u�p�l�e�d� �m�o�t�i�o�n�s� �o�f� �s�w�a�y� �a�n�d� �y�a�w�,� �i�s� �n�o�t� �i�n�c�l�u�d�e�d�.� �S�e�c�o�n�d�l�y�,� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �w�a�v�e� 

�a�n�a�l�y�s�i�s� �i�s� �e�x�c�e�s�s�i�v�e�l�y� �e�x�p�e�n�s�i�v�e�;� �t�h�e�r�e� �a�r�e� �l�i�t�t�l�e� �o�r� �n�o� �s�h�i�p� �m�o�t�i�o�n�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �t�h�e� �h�i�g�h� 

�f�r�e�q�u�e�n�c�y� �w�a�v�e�s�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �m�u�c�h� �o�f� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �e�f�f�o�r�t� �o�f� �a� �s�h�i�p� �m�o�t�i�o�n�s� 

�p�a�c�k�a�g�e� �i�s� �u�n�n�e�c�e�s�s�a�r�y�.� �I�n� �t�h�e� �a�n�a�l�y�s�i�s� �t�o� �f�o�l�l�o�w�,� �a�n� �a�t�t�e�m�p�t� �w�i�l�l� �b�e� �m�a�d�e� �t�o� �a�d�d�r�e�s�s� �b�o�t�h� 

�i�s�s�u�e�s� �w�i�t�h� �a� �s�i�n�g�l�e� �s�o�l�u�t�i�o�n�.� 

�S�A�M�P� �i�s� �b�a�s�e�d� �o�n� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �t�h�e�o�r�y�.� �T�h�e� �f�o�r�c�e�s� �a�r�i�s�i�n�g� �f�r�o�m� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �d�o�m�i�n�a�t�e� 

�m�o�t�i�o�n� �i�n� �a�t� �l�e�a�s�t� �t�h�r�e�e� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m�:� �s�u�r�g�e�,� �h�e�a�v�e� �a�n�d� �p�i�t�c�h�.� �F�o�r� �r�o�l�l�,� �a�n�d� �t�h�e� 

�c�o�u�p�l�e�d� �m�o�t�i�o�n�s� �o�f� �s�w�a�y� �a�n�d� �y�a�w�,� �v�i�s�c�o�u�s� �f�o�r�c�e�s� �b�e�c�o�m�e� �i�m�p�o�r�t�a�n�t�.� �A�l�t�h�o�u�g�h� �S�A�M�P� 

�w�i�l�l� �i�n� �t�h�e� �f�u�t�u�r�e� �h�a�v�e� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �o�f� �u�s�i�n�g� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �f�o�r�m�u�l�a�e� �t�o� �c�a�l�c�u�l�a�t�e� �v�i�s�c�o�u�s� 

�e�f�f�e�c�t�s�,� �t�h�e� �c�u�r�r�e�n�t� �v�e�r�s�i�o�n� �d�o�e�s� �n�o�t�.� �T�h�e� �U�S� �N�a�v�y�'�s� �S�h�i�p� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m� �(�S�M�P�)� �d�o�e�s� 

�i�n�c�o�r�p�o�r�a�t�e� �v�i�s�c�o�u�s� �e�f�f�e�c�t�s� �i�n�t�o� �a�n� �o�v�e�r�a�l�l� �s�t�r�i�p� �t�h�e�o�r�y� �s�o�l�u�t�i�o�n�.� �L�a�t�e�r� �o�n� �i�n� �t�h�i�s� 

�d�i�s�s�e�r�t�a�t�i�o�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� �r�e�s�u�l�t�s� �o�f� �S�M�P� �w�i�l�l� �b�e� �u�s�e�d� �t�o� �g�e�n�e�r�a�t�e� �a� �t�i�m�e� �h�i�s�t�o�r�y� �o�f� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �4�0



�s�h�i�p� �m�o�t�i�o�n�s�.� �T�h�e� �p�o�s�t� �p�r�o�c�e�s�s�o�r� �f�o�r� �S�A�M�P� �i�s� �t�h�e�n� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �t�w�o� �c�o�m�p�o�n�e�n�t�s� 

�o�f� �p�r�e�s�s�u�r�e� �-�-� �t�h�e� �c�y�c�l�i�c� �h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �a�n�d� �t�h�e� �w�a�v�e� �p�r�e�s�s�u�r�e� �(�F�r�o�u�d�e�-�K�r�y�l�o�v�)� �-�-� 

�t�h�a�t� �a�r�e� �b�a�s�e�d� �s�i�m�p�l�y� �o�n� �t�h�e� �r�e�l�a�t�i�v�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �s�h�i�p� �a�n�d� �w�a�v�e�.� �T�h�e�s�e� �t�w�o� 

�c�o�m�p�o�n�e�n�t�s� �a�r�e� �a� �g�o�o�d� �e�s�t�i�m�a�t�e�,� �e�s�p�e�c�i�a�l�l�y� �a�t� �h�i�g�h� �w�a�v�e� �f�r�e�q�u�e�n�c�i�e�s�,� �o�f� �t�o�t�a�l� �p�r�e�s�s�u�r�e� �o�n� 

�a� �p�a�n�e�l�.� 

�I�n� �t�h�e� �u�s�e� �o�f� �S�M�P�,� �t�h�e� �a�n�a�l�y�s�i�s� �m�u�s�t� �c�o�n�s�i�d�e�r� �t�h�e� �n�o�n�-�l�i�n�e�a�r�i�t�y� �o�f� �r�o�l�l� �m�o�t�i�o�n�s� �i�n� �t�e�r�m�s� �o�f� 

�w�a�v�e� �h�e�i�g�h�t�.� �I�n� �l�i�n�e�a�r� �t�h�e�o�r�y� �i�t� �i�s� �o�f�t�e�n� �c�o�n�s�i�d�e�r�e�d� �t�h�a�t� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �o�f� �r�o�l�l� 

�m�o�t�i�o�n�s� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �l�i�n�e�a�r� �w�i�t�h� �w�a�v�e� �h�e�i�g�h�t� �f�o�r� �a� �s�p�e�c�i�f�i�c� �s�h�o�r�t� �t�e�r�m� �s�e�a� �s�p�e�c�t�r�u�m� 

�(�o�n�e� �s�e�a� �s�t�a�t�e�,� �o�n�e� �w�a�v�e� �h�e�a�d�i�n�g� �o�n�e� �s�h�i�p� �s�p�e�e�d�)�.� �F�o�r� �t�h�i�s� �s�e�a� �s�p�e�c�t�r�u�m� �a�n� �e�q�u�i�v�a�l�e�n�t� 

�l�i�n�e�a�r� �d�a�m�p�i�n�g� �i�s� �c�o�m�p�u�t�e�d� �a�n�d� �l�i�n�e�a�r� �a�n�a�l�y�s�i�s� �p�r�o�c�e�e�d�s�.� �A� �c�o�m�p�r�e�h�e�n�s�i�v�e� �a�n�a�l�y�s�i�s� �t�h�u�s� 

�r�e�q�u�i�r�e�s� �a� �d�i�f�f�e�r�e�n�t� �l�o�a�d� �F�T�F� �f�o�r� �e�a�c�h� �s�e�a� �s�t�a�t�e�;� �t�h�i�s� �i�s� �t�h�e� �q�u�a�s�i�-�l�i�n�e�a�r� �a�n�a�l�y�s�i�s� �d�i�s�c�u�s�s�e�d� 

�b�r�i�e�f�l�y� �i�n� �C�h�a�p�t�e�r� �1�.� �H�o�w�e�v�e�r�,� �t�h�e� �v�a�s�t� �m�a�j�o�r�i�t�y� �o�f� �f�a�t�i�g�u�e� �o�c�c�u�r�s� �i�n� �t�h�e� �l�e�s�s� �s�e�v�e�r�e� �s�e�a� 

�s�t�a�t�e�s� �a�n�d� �r�o�l�l� �r�e�s�p�o�n�s�e� �m�a�y� �b�e� �v�e�r�y� �n�e�a�r�l�y� �l�i�n�e�a�r� �i�n� �t�h�i�s� �d�o�m�a�i�n�.� �F�o�r� �t�h�e� �A�t�i�g�u�n� �P�a�s�s� 

�t�a�n�k�e�r� �s�t�u�d�i�e�d� �i�n� �t�h�e� �e�x�a�m�p�l�e� �s�e�c�t�i�o�n�,� �t�h�e�r�e� �w�a�s� �l�e�s�s� �t�h�a�n� �5�%� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �r�e�s�p�o�n�s�e� 

�a�m�p�l�i�t�u�d�e� �o�p�e�r�a�t�o�r�s� �p�r�e�d�i�c�t�e�d� �b�y� �S�M�P� �f�o�r� �s�i�g�n�i�f�i�c�a�n�t� �w�a�v�e� �h�e�i�g�h�t�s� �r�a�n�g�i�n�g� �b�e�t�w�e�e�n� �|� �a�n�d� 

�7� �m�e�t�e�r�s�.� �F�u�l�l� �l�i�n�e�a�r� �a�n�a�l�y�s�i�s� �w�a�s� �t�h�e�r�e�f�o�r�e� �p�e�r�f�o�r�m�e�d�.� 

�S�t�r�u�c�t�u�r�a�l� �A�n�a�l�y�s�i�s� 

�T�h�e� �f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �o�f� �l�o�a�d� �g�e�n�e�r�a�t�e�d� �a�b�o�v�e� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �l�o�a�d� 

�c�a�u�s�e�d� �b�y� �a� �u�n�i�t� �a�m�p�l�i�t�u�d�e� �w�a�v�e� �v�s�.� �e�i�t�h�e�r� �w�a�v�e� �f�r�e�q�u�e�n�c�y� �o�r� �e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y�.� �F�r�o�m� 

�t�h�e� �g�e�n�e�r�a�l� �f�i�e�l�d� �o�f� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s�,� �s�u�c�h� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �a�r�e� �o�f�t�e�n� �d�e�s�i�g�n�a�t�e�d� �a�s� �H�/�2�(�f�)�,� 

�w�h�e�r�e� 

�S�i�(�f�)� �H�i� �(�f�)�=�<� �G� �(�4�.�2�)� 

�C�h�a�p�t�e�r� �4�:� �A� �F�a�t�i�g�u�e� �D�e�s�i�g�n�/�A�n�a�l�y�s�i�s� �M�e�t�h�o�d� �A�l



�a�n�d� 

�S�}�(�f�)� �i�s� �t�h�e� �l�o�a�d� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� 

�S�y�/�(�f�)� �i�s� �t�h�e� �w�a�v�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� 

�A�s� �i�m�p�l�i�e�d� �b�y� �t�h�e� �p�o�w�e�r� �o�f� �t�w�o�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �i�s� �a�c�t�u�a�l�l�y� �t�h�e� 

�s�q�u�a�r�e� �o�f� �t�h�e� �l�o�a�d� �p�e�r� �u�n�i�t� �w�a�v�e� �h�e�i�g�h�t�.� �I�n� �g�e�n�e�r�a�l� �a� �s�e�c�o�n�d� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �m�u�s�t� �b�e� 

�d�e�t�e�r�m�i�n�e�d�,� �H�g ��(�f�)�,� �w�h�e�r�e� 

�H�2�(�4�)�=� �5�0�D� �(�4�.�3�)� 
�S�/�(�f�)� 

�S�g�(�f�)� �i�s� �t�h�e� �s�t�r�e�s�s� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�,� �o�r� �t�h�e� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�u�m� �o�f� �s�t�r�e�s�s�.� 

�B�y� �c�o�m�b�i�n�i�n�g� �E�q�u�a�t�i�o�n�s� �4�.�2� �a�n�d� �4�.�3�,� �w�e� �g�e�t� �a�n� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� 

�s�p�e�c�t�r�u�m� �o�f� �s�t�r�e�s�s� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �l�o�a�d� �s�p�e�c�t�r�u�m�.� 

�S�o�(�f�)�=� �H�E� �(�A�H�?� �(�F�)�S�w�(�F�)� �(�4�.�4�)� 

�W�h�e�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �l�o�a�d�i�n�g� �i�s� �v�e�r�y� �l�o�w� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� 
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�[�2�2�]�.� 
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�A�(�m�, ¬�)� �=� �a�(�m�)� �+�[�1 ��-�a�(�m�)�]�a �� �2�)� �2!"� �(�4�.�1�4�)� 

�w�h�e�r�e�:� 

�a�(�m�)� �=� �0�.�9�2�6�  �� �0�.�3�3�3�m� 

�b�(�m�)� �=� �1�.�5�8�7�m�  �� �2�.�3�2�3� 
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�4� 
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�n�j� �=� �A� �T�i�e� �m�0�)� �(�8�:� �"�a�r�t� �+�2�)� �(�4�.�1�5�)� 
�C� �m�y� �2� 
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�T�a�b�l�e� �4�.�1�:� �T�h�e� �W�e�l�d�i�n�g� �R�e�s�e�a�r�c�h� �I�n�s�t�i�t�u�t�e� �S�-�N� �P�a�r�a�m�e�t�e�r�s� 
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�J�o�i�n�t� �|� �l�o�g� �C� �(�f�o�r� �N�/�m�m�2�)� �l�o�g� �C� �(�f�o�r� �p�s�i�)� �m� 

�C�l�a�s�s� �|� �M�e�a�n� �|�-�1�S�D� �|�-�2�S�D� �|� �M�e�a�n� �|� �-�1� �S�D� �|� �-�2�S�D� 

�B� �1�5�.�3�7� �|� �1�5�.�1�9� �|� �1�5�.�0�1� �|� �2�4�.�0�2� �|� �2�3�.�8�4� �|� �2�3�.�6�5� �|� �4�.�0� 

�C�c� �1�4�.�0�3� �|� �1�3�.�8�3� �|� �1�3�.�6�3� �|� �2�1�.�6�0� �|� �2�1�.�4�0� �|� �2�1�.�1�9� �|� �3�.�5� 

�D� �1�2�.�6�0� �|� �1�2�.�3�9� �|� �1�2�.�1�8� �|� �1�9�.�0�9� �|� �1�8�.�8�8� �|� �1�8�.�6�7� �|� �3�.�0� 

�E� �1�2�.�5�2� �|� �1�2�.�2�7� �|� �1�2�.�0�2� �|� �1�9�.�0�0� �|� �1�8�.�7�5� �|� �1�8�.�5�0� �|� �3�.�0� 

�F� �1�2�.�2�4� �|� �1�2�.�0�2� �|� �1�1�.�8�0� �|� �1�8�.�7�2� �|� �1�8�.�5�0� �|� �1�8�.�2�9� �|� �3�.�0� 

�F�2� �1�2�.�0�9� �|� �1�1�.�8�6� �|� �1�1�.�6�3� �|� �1�8�.�5�8� �|� �1�8�.�3�5� �|� �1�8�.�1�2� �|� �3�.�0� 

�G� �1�1�.�7�5� �|� �1�1�.�5�7� �|� �1�1�.�3�9� �|� �1�8�.�2�4� �|� �1�8�.�0�6� �|� �1�7�.�8�8� �|� �3�.�0� 

�W� �1�1�.�5�7� �|� �1�1�.�3�8� �|� �1�1�.�2�0� �|� �1�8�.�0�5� �|� �1�7�.�8�7� �|� �1�7�.�6�8� �|� �3�.�0� 

�X� �1�4�.�5�7� �2�3�.�4�3� �|� �4�.�1� � � � � 

�N�o�t�e�:� �O�f�t�e�n� �o�n�l�y� �t�h�e� �c�o�l�u�m�n� �o�f� �-�2� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� �i�s� �r�e�p�o�r�t�e�d� �(�-�2� �S�D�)�.� �T�h�e�s�e� �a�r�e� �t�h�e� 
�v�a�l�u�e�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �d�e�s�i�g�n�.� �T�h�e� �m�e�a�n� �v�a�l�u�e�s� �w�e�r�e� �u�s�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�i�s� �p�r�o�j�e�c�t� 
�s�o� �t�h�a�t� �t�h�e� �c�o�m�p�u�t�e�d� �f�a�t�i�g�u�e� �l�i�f�e� �w�o�u�l�d� �b�e� �c�o�m�p�a�r�a�b�l�e� �w�i�t�h� �t�h�a�t� �a�c�t�u�a�l�l�y� �o�b�s�e�r�v�e�d� 
�i�n� �s�e�r�v�i�c�e�.� 
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�C�h�a�p�t�e�r� �5�:� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�h�a�p�t�e�r�,� �t�h�r�e�e� �s�a�m�p�l�e� �m�e�m�b�e�r�s� �f�r�o�m� �t�h�e� �E�x�x�o�n� �B�e�n�i�c�i�a� �w�i�l�l� �b�e� �a�n�a�l�y�z�e�d�.� 

�T�h�i�s� �a�n�a�l�y�s�i�s� �w�i�l�l� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �l�e�v�e�l� �o�f� �e�f�f�o�r�t� �t�h�a�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �f�o�r� �t�h�e� �v�a�s�t� �n�u�m�b�e�r� �o�f� 

�s�t�r�u�c�t�u�r�a�l� �m�e�m�b�e�r�s� �w�h�i�c�h� �m�u�s�t� �b�e� �s�i�z�e�d� �d�u�r�i�n�g� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n�.� �A�l�t�h�o�u�g�h� �i�t� �i�s� 

�i�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �a�c�c�u�r�a�t�e�l�y� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �f�a�t�i�g�u�e� �l�i�f�e� �o�f� �a� �t�y�p�i�c�a�l� �m�e�m�b�e�r� �w�i�t�h� 

�t�y�p�i�c�a�l� �c�o�n�n�e�c�t�i�o�n� �d�e�t�a�i�l�s�,� �t�h�e� �i�n�t�e�n�t� �i�s� �n�o�t� �t�o� �p�r�e�d�i�c�t� �t�h�e� �p�r�e�c�i�s�e� �f�a�t�i�g�u�e� �l�i�f�e� �o�f� �a� �s�p�e�c�i�f�i�c� 

�d�e�s�i�g�n� �d�e�t�a�i�l� �o�r� �m�o�d�i�f�i�c�a�t�i�o�n� �t�o� �s�u�c�h� �d�e�t�a�i�l�.� �F�o�r� �a� �p�r�e�c�i�s�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �i�n�-�s�e�r�v�i�c�e� �d�e�t�a�i�l�s� 

�t�h�e� �r�e�a�d�e�r� �i�s� �d�i�r�e�c�t�e�d� �t�o� �t�h�e� �w�o�r�k� �o�f� �e�i�t�h�e�r� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �C�a�l�i�f�o�r�n�i�a� �a�t� �B�e�r�k�e�l�e�y� �S�h�i�p� 

�M�a�i�n�t�e�n�a�n�c�e� �P�r�o�j�e�c�t� �[�2�6�]� �o�r� �S�u�c�h�a�r�s�k�i� �a�n�d� �C�h�e�u�n�g� �[�9�]�.� 

�T�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �m�e�m�b�e�r�s� �a�n�a�l�y�z�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �i�n�c�l�u�d�e�s� �a� �w�a�t�e�r�l�i�n�e� �l�o�n�g�i�t�u�d�i�n�a�l� �(�L�4�2�)�,� 

�a� �l�o�w�e�r� �s�i�d�e� �l�o�n�g�i�t�u�d�i�n�a�l� �(�L�3�0�)� �a�n�d� �a� �t�y�p�i�c�a�l� �b�o�t�t�o�m� �l�o�n�g�i�t�u�d�i�n�a�l� �(�L�1�0�)�.� �A�l�l� �t�h�r�e�e� �a�r�e� 

�p�i�c�t�u�r�e�d� �i�n� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �F�i�g�u�r�e� �5�.�1�.� �C�r�a�c�k�i�n�g� �f�o�r� �b�o�t�h� �s�i�d�e� �s�h�e�l�l� �l�o�n�g�i�t�u�d�i�n�a�l�s� �i�s� 

�a�s�s�u�m�e�d� �t�o� �o�r�i�g�i�n�a�t�e� �i�n� �t�h�e� �w�e�b� �a�t� �t�h�e� �t�o�e� �o�f� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �f�r�a�m�e� �b�r�a�c�k�e�t�.� �F�o�r� �t�h�e� �b�o�t�t�o�m� 

�l�o�n�g�i�t�u�d�i�n�a�l�,� �c�r�a�c�k�i�n�g� �i�n� �t�h�e� �w�e�b� �t�o� �s�h�e�l�l� �p�l�a�t�i�n�g� �w�e�l�d� �i�n� �t�h�e� �w�a�y� �o�f� �a� �l�i�m�b�e�r� �h�o�l�e� �i�s� 

�c�o�n�s�i�d�e�r�e�d�.� 

�T�h�e� �f�i�r�s�t� �s�e�t� �o�f� �a�n�a�l�y�s�e�s� �w�i�l�l� �c�o�n�s�i�d�e�r� �t�h�e� �c�a�s�e� �o�f� �h�e�a�d� �s�e�a�s�.� �H�e�a�d� �s�e�a�s� �a�r�e� �o�f�t�e�n� �u�s�e�d� �i�n� 

�t�h�e� �s�t�r�u�c�t�u�r�a�l� �a�n�a�l�y�s�i�s� �o�f� �s�h�i�p�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �e�x�t�r�e�m�e� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� �l�o�a�d�s� �t�h�a�t� �r�e�s�u�l�t�.� 

�H�e�a�d� �s�e�a�s� �a�l�s�o� �h�a�v�e� �t�h�e� �a�d�v�a�n�t�a�g�e� �t�h�a�t� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �s�h�i�p� �m�o�t�i�o�n�s�,� �h�e�a�v�e�,� �s�u�r�g�e� �a�n�d� 

�p�i�t�c�h�,� �a�r�e� �l�i�n�e�a�r� �w�i�t�h� �w�a�v�e� �h�e�i�g�h�t� �a�n�d� �c�a�n� �b�e� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t�e�d� �u�s�i�n�g� �t�h�e� �p�o�t�e�n�t�i�a�l� �f�l�o�w� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �4�8



�p�r�o�g�r�a�m� �S�A�M�P�.� �F�o�r� �t�h�e� �h�e�a�d� �s�e�a�s� �c�a�s�e� �t�h�e� �a�n�a�l�y�s�i�s� �w�i�l�l� �b�e� �p�e�r�f�o�r�m�e�d� �c�o�n�s�i�d�e�r�i�n�g� �b�o�t�h� 

�t�h�e� �g�l�o�b�a�l� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� �l�o�a�d�s� �a�n�d� �l�o�c�a�l� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�.� 

�I�n� �o�r�d�e�r� �t�o� �b�e�t�t�e�r� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �l�i�f�e�t�i�m�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �c�o�n�t�r�i�b�u�t�i�o�n� �d�u�e� �t�o� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�s�,� �a� �s�e�c�o�n�d� �a�n�a�l�y�s�i�s� �w�i�l�l� �b�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �t�h�r�e�e� �r�e�l�a�t�i�v�e� �w�a�v�e� �h�e�a�d�i�n�g�s�:� �h�e�a�d�,� �b�o�w� 

�q�u�a�r�t�e�r� �a�n�d� �b�e�a�m�.� �T�h�e�s�e� �a�n�a�l�y�s�e�s� �w�i�l�l� �s�u�b�s�t�i�t�u�t�e� �t�h�e� �U�S� �N�a�v�y�'�s� �S�h�i�p� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m� 

�(�S�M�P�)� �f�o�r� �S�A�M�P� �a�n�d� �c�a�l�c�u�l�a�t�e� �a�n� �e�s�t�i�m�a�t�e� �o�f� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �d�a�t�a�,� �d�e�s�c�r�i�b�i�n�g� �a� �F�e�b�r�u�a�r�y� �1�9�9�2� �v�o�y�a�g�e� �f�r�o�m� �V�a�l�d�e�z� �t�o� �S�a�n� �F�r�a�n�c�i�s�c�o�,� �w�i�l�l� 

�b�e� �u�s�e�d� �f�o�r� �a�l�l� �e�x�a�m�p�l�e� �c�a�l�c�u�l�a�t�i�o�n�s�.� 

�V�s�h�i�p� �=� �1�5� �k�n�o�t�s� 
�D�r�a�f�t� �=� �5�0� �f�t� 
�L�i�g�h�t� �S�h�i�p� �=� �2�4�7�0�7� �L�T� 
�D�i�s�p�l�a�c�e�m�e�n�t� �=� �1�6�8�9�5�6� �L�T� 
�L�e�g� �(�f�r�o�m� �A�.�P�.�)� �=� �4�5�6�.�1�6� �f�t� 

�V�e�g� �(�a�b�o�v�e� �k�e�e�l�)� �=� �4�0�.�7�3� �f�t� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �m�a�s�s� �m�o�m�e�n�t�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �b�a�s�e�d� �o�n� �t�h�e� �k�n�o�w�n� �c�a�r�g�o� �l�o�a�d� �a�n�d� �a�n� 

�a�s�s�u�m�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �l�i�g�h�t� �s�h�i�p� �m�a�s�s�:� 

�l�b�-� �s�e�c�?� 
�I�.�.�.� �=� �3�.�6�5�x�1�0�1�1� �i�n� �i�n�?� 

�l�b�-�s�e�c�?� �,� 
�I�y�y� �=� �5�.�6�5�x�1�0�)�*�  ��j�a�i�n�?� 

�l�b�-�s�e�c�?� 
�I�z�2� �=� �5�.�7�1�x�1�0�'�2�  ��G�T�- ��-�i�n�?� 

�5�.�1� �E�x�a�m�p�l�e� �1�:� �P�a�n�e�l� �P�r�e�s�s�u�r�e�,� �L�o�w�e�r� �S�i�d�e� �L�o�n�g�i�t�u�d�i�n�a�l� �(�L�3�0�)� 

�L�o�n�g�i�t�u�d�i�n�a�l� �3�0� �i�s� �i�n� �t�h�e� �l�o�w�e�r� �s�i�d�e� �s�h�e�l�l� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9�7�"� �a�b�o�v�e� �t�h�e� �b�a�s�e�l�i�n�e�.� �B�e�c�a�u�s�e� 

�l�o�n�g�i�t�u�d�i�n�a�l� �3�0� �i�s� �i�n� �t�h�e� �s�i�d�e� �s�h�e�l�l� �a�n�d� �a�t� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �h�u�l�l�'�s� �n�e�u�t�r�a�l� �a�x�i�s�,� 

�i�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �t�o� �e�x�p�e�c�t� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �d�u�e� �t�o� �b�o�t�h� �p�a�n�e�l� �p�r�e�s�s�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� �a�n�d� �h�u�l�l� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �4�9



�g�i�r�d�e�r� �b�e�n�d�i�n�g�.� �T�h�e� �e�x�a�m�p�l�e� �c�o�n�s�i�d�e�r�s� �t�h�e� �w�e�l�d�e�d� �j�o�i�n�t� �b�e�t�w�e�e�n� �t�h�e� �o�u�t�e�r� �e�d�g�e� �o�f� �t�h�e� 

�w�e�b� �o�f� �t�h�e� �s�i�d�e� �l�o�n�g�i�t�u�d�i�n�a�l� �a�n�d� �t�h�e� �f�l�a�t� �b�a�r� �b�r�a�c�k�e�t� �a�t� �a� �t�y�p�i�c�a�l� �w�e�b� �f�r�a�m�e� �(�s�e�e� �F�i�g�u�r�e� 

�2�.�4�)�.� �T�h�e� �f�i�r�s�t� �e�x�a�m�p�l�e� �c�a�l�c�u�l�a�t�i�o�n� �c�o�m�p�u�t�e�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �l�o�c�a�l� �p�r�e�s�s�u�r�e� 

�f�l�u�c�t�u�a�t�i�o�n�s� �t�o� �f�a�t�i�g�u�e� �d�a�m�a�g�e�.� �E�x�a�m�p�l�e� �2� �w�i�l�l� �e�x�a�m�i�n�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �d�u�e� �t�o� �h�u�l�l� �g�i�r�d�e�r� 

�b�e�n�d�i�n�g� �a�t� �t�h�i�s� �s�a�m�e� �l�o�c�a�t�i�o�n�.� �S�i�n�c�e� �t�h�e� �p�u�r�p�o�s�e� �i�s� �s�i�m�p�l�y� �t�o� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �m�e�t�h�o�d�,� �b�o�t�h� 

�c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �d�o�n�e� �f�o�r� �o�n�l�y� �o�n�e� �h�e�a�d�i�n�g�.� 

�P�r�e�s�s�u�r�e� �T�r�a�n�s�f�e�r� �F�u�n�c�t�i�o�n� 

�A� �s�i�n�g�l�e� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�,� �H�(�f�e�)�,� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n�.� �D�u�e� �t�o� �t�h�e� �e�n�e�r�g�y� 

�c�o�n�t�e�n�t� �o�f� �t�h�e� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t�,� �a� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �r�a�n�g�e� �f�y�,� �=� �0�.�0�4� �t�o� 

�0�.�2�0� �H�z� �i�s� �s�u�f�f�i�c�i�e�n�t�.� �T�h�e� �p�a�n�e�l� �g�e�o�m�e�t�r�y� �u�s�e�d� �f�o�r� �t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �a�n�a�l�y�s�i�s� �u�s�e�s� �2�0�7� 

�p�a�n�e�l�s� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �s�u�b�m�e�r�g�e�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �h�u�l�l�.� �T�i�m�e� �h�i�s�t�o�r�i�e�s� �o�f� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�,� 

�s�e�e� �f�o�r� �e�x�a�m�p�l�e� �F�i�g�u�r�e� �5�.�2�,� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �a� �s�e�r�i�e�s� �o�f� �r�e�g�u�l�a�r� �w�a�v�e�s� �u�s�i�n�g� �t�h�e� �l�i�n�e�a�r� 

�h�y�d�r�o�d�y�n�a�m�i�c�s� �p�r�o�g�r�a�m� �S�A�M�P� �a�n�d� �a� �p�o�s�t� �p�r�o�c�e�s�s�o�r� �s�u�p�p�l�i�e�d� �w�i�t�h� �S�A�M�P� �w�h�i�c�h� 

�i�n�t�e�r�p�o�l�a�t�e�s� �p�r�e�s�s�u�r�e�s� �f�o�r� �a�n�y� �d�e�s�i�r�e�d� �p�o�i�n�t� �o�n� �t�h�e� �h�u�l�l� �s�u�r�f�a�c�e�.� �T�h�e� �S�A�M�P� �n�u�n�s� �u�s�e� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �p�a�r�a�m�e�t�e�r�s�:� 

�1�5� �v�a�l�u�e�s� �o�f� �f�,� �f�r�o�m� �0�.�0�4� �t�o� �0�.�2�0� �H�z� 

�W�a�v�e� �A�m�p�l�i�t�u�d�e� �=� �7�2� �i�n� 

�F�o�r� �e�a�c�h� �t�i�m�e� �h�i�s�t�o�r�y� �a� �F�a�s�t� �F�o�u�r�i�e�r� �T�r�a�n�s�f�o�r�m� �(�F�F�T�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�p�r�e�s�s�u�r�e� �r�e�s�p�o�n�s�e� �a�m�p�l�i�t�u�d�e� �a�t� �w�a�v�e� �e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �q�u�a�n�t�i�t�y� 

�P� �2� 
 ��_�a�m�p�_�_� 
�(�w�a�n�)� 

�C�h�a�p�t�e�r� �5�.� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �5�0



�i�s� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �w�a�v�e� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �r�e�s�u�l�t� �i�s� �F�i�g�u�r�e� �5�.�3�,� �a� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �f�o�r� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�.� 

�S�t�r�e�s�s� �T�r�a�n�s�f�e�r� �F�u�n�c�t�i�o�n� 

�F�o�r� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �f�r�e�q�u�e�n�c�y� �p�r�e�s�s�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� �n�o�r�m�a�l�l�y� �c�o�n�s�i�d�e�r�e�d�,� �a� �s�t�a�t�i�c� �s�t�r�e�s�s� 

�a�n�a�l�y�s�i�s� �i�s� �s�u�f�f�i�c�i�e�n�t�.� �T�h�e� �o�v�e�r�a�l�l� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d� �p�r�o�p�o�s�e�d� �h�e�r�e�i�n� �n�o�r�m�a�l�l�y� �u�s�e�s� 

�M�A�E�S�T�R�O� �o�n� �a� �P�C� �o�r� �w�o�r�k�s�t�a�t�i�o�n� �t�o� �r�a�p�i�d�l�y� �g�e�n�e�r�a�t�e� �a� �w�h�o�l�e� �s�h�i�p� �s�t�r�u�c�t�u�r�a�l� �m�o�d�e�l�,� �a�n�d� 

�t�o� �o�b�t�a�i�n� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�r� �"�f�i�e�l�d�"� �s�t�r�e�s�s�e�s� �i�n� �a�l�l� �p�r�i�n�c�i�p�a�l� �s�t�r�u�c�t�u�r�a�l� �m�e�m�b�e�r�s� �(�b�u�t� �n�o�t� 

�h�o�t�s�p�o�t� �s�t�r�e�s�s�e�s�)�.� �T�h�i�s� �e�n�a�b�l�e�s� �t�h�e� �a�n�a�l�y�s�t� �t�o� �a�c�c�u�r�a�t�e�l�y� �a�s�s�e�s�s� �m�e�m�b�e�r� �f�i�e�l�d� �s�t�r�e�s�s�e�s� �f�o�r� �a� 

�g�i�v�e�n� �l�o�a�d� �w�i�t�h� �t�h�e� �a�s�s�u�r�a�n�c�e� �t�h�a�t� �t�h�e� �l�o�c�a�l� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �c�o�m�p�l�e�t�e� �a�n�d� �c�o�r�r�e�c�t�.� 

�H�o�w�e�v�e�r�,� �e�v�e�n� �t�h�i�s� �s�i�m�p�l�e� �P�C�-�b�a�s�e�d� �a�n�a�l�y�s�i�s� �w�a�s� �n�o�t� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �s�i�d�e� �l�o�n�g�i�t�u�d�i�n�a�l�s� 

�c�o�n�s�i�d�e�r�e�d� �h�e�r�e�i�n�,� �b�e�c�a�u�s�e� �e�a�c�h� �s�e�g�m�e�n�t� �b�e�t�w�e�e�n� �t�r�a�n�s�v�e�r�s�e� �f�r�a�m�e�s� �i�s� �n�o�t�h�i�n�g� �m�o�r�e� �t�h�a�n� 

�a� �c�l�a�m�p�e�d� �b�e�a�m� �s�u�b�j�e�c�t�e�d� �t�o� �a� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�e�d� �l�o�a�d�.� �T�h�e�r�e�f�o�r�e� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�n� �t�h�e� 

�o�u�t�e�r� �e�d�g�e� �o�f� �t�h�e� �w�e�b� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �b�e�a�m� �t�h�e�o�r�y�,� �a�l�l�o�w�i�n�g� �f�o�r� �t�h�e� �a�s�y�m�m�e�t�r�y� �o�f� 

�t�h�e� �f�l�a�n�g�e� �(�A�p�p�e�n�d�i�x� �B� �p�r�o�v�i�d�e�s� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �s�t�r�e�s�s� �a�n�a�l�y�s�i�s� �f�o�r� �a�l�l� �m�e�m�b�e�r�s�)�.� �T�h�e� 

�r�e�s�u�l�t�i�n�g� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� 

�S�a�m�p� 
�W�a�v�e�a�m�p� 

�i�s� �g�i�v�e�n� �b�y� �F�i�g�u�r�e� �5�.�4�.� 

�W�a�v�e� �S�p�e�c�t�r�u�m� 

�T�h�e� �T�A�P�S� �T�a�n�k�e�r� �r�o�u�t�e� �a�n�d� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �f�o�u�r� �b�u�o�y�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �c�h�o�s�e�n� �t�o� 

�d�e�s�c�r�i�b�e� �t�h�e� �w�a�v�e� �e�n�v�i�r�o�n�m�e�n�t� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �A�-�1� �o�f� �A�p�p�e�n�d�i�x� �A�.� �T�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� 

�r�o�u�t�e� �d�e�f�i�n�e�d� �b�y� �e�a�c�h� �b�u�o�y� �w�a�s� �s�c�a�l�e�d� �f�r�o�m� �t�h�e� �m�a�p� �a�n�d� �d�i�v�i�d�e�d� �b�y� �t�o�t�a�l� �r�o�u�t�e� �l�e�n�g�t�h� �t�o� 

�c�o�m�p�u�t�e� �t�h�e� �l�o�c�a�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �i�n� �T�a�b�l�e� �5�.�1�.� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �S�l



�T�h�e� �w�a�v�e� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �b�u�o�y�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �t�h�e� �O�c�h�i� �p�a�r�a�m�e�t�e�r�s� �g�i�v�e�n� �i�n� 

�A�p�p�e�n�d�i�x� �A�.� �S�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�5� �i�s� �t�h�e� �w�a�v�e� �f�r�e�q�u�e�n�c�y� �s�p�e�c�t�r�u�m� �f�o�r� �B�u�o�y� �4�6�0�0�2� �a�t� 

�H�m�,� �=� �4�.�0� �m� �a�n�d� �F�i�g�u�r�e� �5�.�6� �i�s� �t�h�e� �e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y� �s�p�e�c�t�r�u�m�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� 

�t�w�o� �f�i�g�u�r�e�s� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �e�n�c�o�u�n�t�e�r� �f�r�e�q�u�e�n�c�y� �m�o�d�i�f�i�c�a�t�i�o�n�.� 

�R�e�s�p�o�n�s�e� �S�p�e�c�t�r�u�m� 

�2� 
�F�o�r� �e�a�c�h� �s�e�a� �s�t�a�t�e� �o�f� �c�o�n�c�e�r�n�,� �H�y�;�,�=� �1�.�0� �t�o� �1�3�.�0� �m�,� �t�h�e� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �H� �S� �i�s� �m�u�l�t�i�p�l�i�e�d� 

�b�y� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �w�a�v�e� �s�p�e�c�t�r�u�m� �S�w�(�f�e�)�.� �T�h�e� �s�p�e�c�t�r�a�l� �m�o�m�e�n�t�s�,� �m�Q� �a�n�d� �m�2�,� �o�f� �t�h�e� 

�r�e�s�u�l�t�i�n�g� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�u�m� �S�o�(�f�e�)� �a�r�e� �t�h�e�n� �c�a�l�c�u�l�a�t�e�d�.� �A�s� �a�n� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e� �r�e�s�u�l�t�s�,� �a� �s�i�n�g�l�e� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�u�m� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �5�.�7�.� 

�D�a�m�a�g�e� �R�a�t�i�o� 

�T�h�e� �d�a�m�a�g�e� �r�a�t�i�o�,� �1�)�,� �i�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �c�o�m�b�i�n�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�a�l� �m�o�m�e�n�t�,� �m�Q� �w�i�t�h� 

�t�h�e� �p�a�r�a�m�e�t�e�r�s� �C� �a�n�d� �m� �(�w�h�i�c�h� �d�e�s�c�r�i�b�e� �a�n� �S�-�N� �c�u�r�v�e�)� �i�n� �E�q�u�a�t�i�o�n� �1�6�.� �T�h�e� �v�a�l�u�e�s� �o�f� �C� 

�a�n�d� �m� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �j�o�i�n�t� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m� �o�f� �t�h�e� �W�e�l�d�i�n�g� �I�n�s�t�i�t�u�t�e� �[�1�9�]�.� �F�o�r� �t�h�e� 

�b�r�a�c�k�e�t�e�d� �e�n�d� �c�o�n�n�e�c�t�i�o�n� �o�f� �t�h�e� �s�i�d�e� �s�h�e�l�l� �l�o�n�g�i�t�u�d�i�n�a�l�s� �t�o� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �w�e�b� �f�r�a�m�e�,� �t�h�e� 

�j�o�i�n�t� �t�y�p�e� �i�s� �4�.�2� �a�n�d� �t�h�e� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �i�s� �G�.� �T�h�e� �S�-�N� �c�u�r�v�e� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �t�h�u�s�,� �C� �=� 

�1�.�7�3�8�x�1�0�!�8� �a�n�d� �m� �=� �3�.�0�.� �T�h�e� �o�p�e�r�a�t�i�n�g� �l�i�f�e�t�i�m�e� �u�s�e�d� �i�n� �t�h�e� �e�x�a�m�p�l�e� �i�s� �T�l�i�f�e� �=� �2�0� �y�e�a�r�s� 

�a�n�d� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �e�a�c�h� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�u�m� �i�s� �c�a�l�c�u�l�a�t�e�d� �i�n� �T�a�b�l�e� �5�.�2�.� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�p�e�c�t�r�u�m� �p�r�o�b�a�b�i�l�i�t�i�e�s� �o�f� �T�a�b�l�e� �5�.�2�,� �t�h�e� �s�p�e�c�t�r�a�l� �m�o�m�e�n�t�s� �a�n�d� �t�h�e� �f�a�t�i�g�u�e� 

�s�t�r�e�n�g�t�h� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �a�l�l� �c�o�m�b�i�n�e�d� �t�o� �c�o�m�p�u�t�e� �t�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �r�a�t�i�o� �o�f� �a� �s�i�n�g�l�e� 

�s�p�e�c�t�r�u�m�.� �T�a�b�l�e� �5�.�3� �s�h�o�w�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �n� �f�o�r� �1�1� �d�i�f�f�e�r�e�n�t� �s�e�a� �s�t�a�t�e�s�.� �E�a�c�h� 

�c�o�n�t�r�i�b�u�t�i�o�n� �r�e�p�r�e�s�e�n�t�s� �o�n�l�y� �t�h�e� �d�a�m�a�g�e� �a�c�c�u�m�u�l�a�t�e�d� �d�u�r�i�n�g� �a� �s�i�n�g�l�e� �s�e�a� �s�t�a�t�e�,� �l�o�c�a�t�i�o�n�,� 

�d�r�a�f�t�,� �h�e�a�d�i�n�g� �a�n�d� �s�p�e�e�d� �c�o�m�b�i�n�a�t�i�o�n�.� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �5�2



�5�.�2� �E�x�a�m�p�l�e� �2�:� �H�u�l�l� �G�i�r�d�e�r� �B�e�n�d�i�n�g�,� �L�o�w�e�r� �S�i�d�e� �L�o�n�g�i�t�u�d�i�n�a�l� �(�L�3�0�)� 

�T�h�i�s� �e�x�e�m�p�l�e� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �t�e�c�h�n�i�q�u�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �d�u�e� �t�o� �h�u�l�l� 

�g�i�r�d�e�r� �b�e�n�d�i�n�g� �a�t� �t�h�e� �s�a�m�e� �l�o�c�a�t�i�o�n� �a�s� �i�n� �E�x�a�m�p�l�e� �1�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�a�m�a�g�e� �c�a�n� �t�h�u�s� �b�e� 

�a�l�g�e�b�r�a�i�c�a�l�l�y� �a�d�d�e�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �p�a�n�e�l� �p�r�e�s�s�u�r�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n� �f�o�r� �t�h�i�s� �e�x�a�m�p�l�e� �i�s� �a�g�a�i�n�:� �l�o�a�d�e�d�,� �f�o�r�w�a�r�d� �s�p�e�e�d� �o�f� �1�5� �k�n�o�t�s� �a�n�d� �h�e�a�d� �s�e�a�s�.� �T�h�e� 

�w�a�v�e� �s�p�e�c�t�r�a� �a�r�e� �a�l�s�o� �i�d�e�n�t�i�c�a�l�.� �T�h�e� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �5�.�8�.� 

�T�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �h�u�l�l� �g�i�r�d�e�r� �a�n�d� �p�a�n�e�l� �p�r�e�s�s�u�r�e� �r�e�s�p�o�n�s�e�,� �w�e� 

�e�x�a�m�i�n�e� �F�i�g�u�r�e�s� �5�.�4� �a�n�d� �5�.�8� �w�h�i�c�h� �g�i�v�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �o�f� �s�t�r�e�s�s� 

�i�n� �a� �s�i�d�e� �s�h�e�l�l� �l�o�n�g�i�t�u�d�i�n�a�l� �d�u�e� �t�o� �b�o�t�h�.� �E�a�c�h� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �h�a�s� �a� �d�i�s�t�i�n�c�t� �p�e�a�k� 

�w�h�i�c�h� �e�s�s�e�n�t�i�a�l�l�y� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �p�e�a�k� �i�n� �t�h�e� �o�v�e�r�a�l�l� �s�h�i�p� �m�o�t�i�o�n� �r�e�s�p�o�n�s�e�.� �T�h�e� �t�r�a�n�s�f�e�r� 

�f�u�n�c�t�i�o�n� �f�o�r� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�,� �h�o�w�e�v�e�r�,� �h�a�s� �a� �m�u�c�h� �s�t�e�e�p�e�r� �d�e�c�a�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �a�t� �f�e� �=� 

�0�.�2� �H�z� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �r�e�s�p�o�n�s�e� �f�u�n�c�t�i�o�n� �f�o�r� �p�r�e�s�s�u�r�e� �i�s� �s�t�i�l�l� �a�t� �2�5�%� �o�f� �i�t�s� �p�e�a�k� �v�a�l�u�e� 

�w�h�e�r�e�a�s� �t�h�e� �v�a�l�u�e� �f�o�r� �h�u�l�l� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �i�s� �a�t� �1�%�.� �T�h�e� �d�i�s�c�r�e�p�a�n�c�y� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� 

�t�y�p�e�s� �o�f� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �b�e�c�o�m�e�s� �e�v�e�n� �g�r�e�a�t�e�r� �f�o�r� �m�e�m�b�e�r�s� �n�e�a�r� �t�h�e� �m�e�a�n� �w�a�t�e�r�l�i�n�e�.� 

�B�e�c�a�u�s�e� �t�h�e� �b�a�s�i�c� �n�a�t�u�r�e� �o�f� �t�h�e� �t�w�o� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n�s� �i�s� �q�u�i�t�e� �d�i�f�f�e�r�e�n�t�,� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� 

�a�c�c�u�r�a�t�e�l�y� �d�e�r�i�v�e� �t�h�e� �f�u�n�c�t�i�o�n� �f�o�r� �p�a�n�e�l� �p�r�e�s�s�u�r�e� �b�y� �s�c�a�l�i�n�g� �t�h�e� �f�u�n�c�t�i�o�n� �f�o�r� �m�i�d�s�h�i�p� 

�b�e�n�d�i�n�g� �m�o�m�e�n�t�,� �w�h�i�c�h� �h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �(�s�e�e� �f�o�r� �i�n�s�t�a�n�c�e� �[�3�0�]�)�.� 

�A�s� �i�n� �E�x�a�m�p�l�e� �1�,� �t�h�e� �j�o�i�n�t� �t�y�p�e� �i�s� �4�.�2�,� �t�h�e� �c�l�a�s�s� �i�s� �G� �a�n�d� �t�h�e� �S�-�N� �c�u�r�v�e� �p�a�r�a�m�e�t�e�r�s� �a�r�e� 

�C� �=� �1�.�7�3�8�x�1�0�!�8� �a�n�d� �m� �=� �3�.�0�.� �T�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �r�a�t�i�o� �f�o�r� �e�a�c�h� �s�e�a� �s�t�a�t�e� �i�s� �s�u�m�m�a�r�i�z�e�d� 

�i�n� �T�a�b�l�e� �5�.�4�.� �A�g�a�i�n� �t�h�e� �t�o�t�a�l� �f�r�o�m� �T�a�b�l�e� �5�.�4� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �f�a�t�i�g�u�e� 

�d�a�m�a�g�e� �r�a�t�i�o� �d�u�e� �t�o� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� �f�o�r� �a� �s�i�n�g�l�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n� �a�n�d� �a� �s�i�n�g�l�e� �b�u�o�y� 

�l�o�c�a�t�i�o�n�.� �A� �c�o�m�p�l�e�t�e� �a�n�a�l�y�s�i�s� �w�o�u�l�d� �p�r�o�c�e�e�d� �t�o� �e�v�a�l�u�a�t�e� �a�l�l� �o�t�h�e�r� �o�p�e�r�a�t�i�n�g� �h�e�a�d�i�n�g�s� �a�s� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �5�3�3



�w�e�l�l� �a�s� �e�a�c�h� �b�u�o�y� �l�o�c�a�t�i�o�n�,� �b�u�t� �a�s� �e�x�p�l�a�i�n�e�d� �e�a�r�l�i�e�r�,� �i�t� �i�s� �n�o�t� �y�e�t� �p�o�s�s�i�b�l�e� �t�o� �o�b�t�a�i�n� �r�e�s�u�l�t�s� 

�f�o�r� �a�l�l� �h�e�a�d�i�n�g�s�.� 

�5�.�3� �E�x�a�m�p�l�e� �3�:� �P�a�n�e�l� �P�r�e�s�s�u�r�e�,� �M�i�d�h�e�i�g�h�t� �S�i�d�e� �L�o�n�g�i�t�u�d�i�n�a�l� �(�L�4�2�)� 

�L�o�n�g�i�t�u�d�i�n�a�l� �4�2� �i�s� �l�o�c�a�t�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �a�t� �t�h�e� �s�h�i�p�'�s� �d�e�s�i�g�n� �w�a�t�e�r� �l�i�n�e� �a�n�d� �t�h�u�s� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�s� �d�o� �n�o�t� �d�e�c�a�y� �a�s� �q�u�i�c�k�l�y�,� �i�n� �c�o�m�p�a�r�i�s�o�n� �t�o� �l�o�n�g�i�t�u�d�i�n�a�l� �3�0�,� �w�i�t�h� �w�a�v�e� �f�r�e�q�u�e�n�c�y�.� 

�I�t� �s�h�o�u�l�d� �a�l�s�o� �b�e� �n�o�t�e�d� �t�h�a�t� �l�o�n�g�i�t�u�d�i�n�a�l� �4�2� �i�s� �d�e�s�i�g�n�e�d� �f�o�r� �a� �s�m�a�l�l�e�r� �h�y�d�r�o�s�t�a�t�i�c� �h�e�a�d� �t�h�a�n� 

�l�o�n�g�i�t�u�d�i�n�a�l� �3�0� �a�n�d� �a�c�c�o�r�d�i�n�g�l�y� �a� �s�m�a�l�l�e�r� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a� �i�s� �u�s�e�d�.� �T�h�e� �r�e�s�u�l�t� �i�s� �h�i�g�h�e�r� 

�s�t�r�e�s�s�e�s� �i�n� �l�o�n�g�i�t�u�d�i�n�a�l� �4�2� �f�o�r� �e�q�u�i�v�a�l�e�n�t� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�.� �F�i�g�u�r�e� �5�.�9� �s�h�o�w�s� �t�h�e� �e�n�c�o�u�n�t�e�r� 

�f�r�e�q�u�e�n�c�y� �t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �o�f� �o�u�t�e�r� �w�e�b� �s�t�r�e�s�s� �f�o�r� �L�4�2�.� 

�T�h�e� �s�t�r�e�s�s� �v�a�l�u�e� �f�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �3�0� �s�t�a�r�t�s� �a�t� �a� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �v�a�l�u�e� �a�n�d� �d�e�c�a�y�s� �t�o� �a�n� 

�i�n�s�i�g�n�i�f�i�c�a�n�t� �q�u�a�n�t�i�t�y� �w�i�t�h�i�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �o�f� �s�i�g�n�i�f�i�c�a�n�t� �w�a�v�e� �e�n�e�r�g�y�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�t�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �f�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �4�2� �s�t�a�r�t�s� �a�t� �a� �l�a�r�g�e� �v�a�l�u�e� �a�n�d� �r�e�m�a�i�n�s� �s�i�g�n�i�f�i�c�a�n�t� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e�.� �T�h�e� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �f�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �4�2� �i�s� �p�e�r�f�o�r�m�e�d� �i�n� 

�a�n� �i�d�e�n�t�i�c�a�l� �m�a�n�n�e�r� �t�o� �t�h�a�t� �s�h�o�w�n� �f�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �3�0�.� �T�h�e� �j�o�i�n�t� �t�y�p�e� �a�n�d� �c�l�a�s�s� �a�r�e� �a�g�a�i�n� 

�4�.�2� �a�n�d� �G�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�e�r�t�i�n�e�n�t� �d�a�t�a� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�5�.� 

�T�h�e� �f�i�n�a�l� �r�e�s�u�l�t� �o�f� �T�a�b�l�e� �5�.�5� �i�s� �a� �d�a�m�a�g�e� �r�a�t�i�o� �o�f� �0�.�0�6�8�,� �o�r� �2�5� �t�i�m�e�s� �t�h�e� �d�a�m�a�g�e� �d�u�e� �t�o� 

�p�r�e�s�s�u�r�e� �i�n� �l�o�n�g�i�t�u�d�i�n�a�l� �3�0� �f�o�r� �t�h�e� �s�a�m�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�.� �T�h�i�s� �v�a�l�u�e� �i�s� �f�o�r� �1� �o�u�t� �o�f� �6�4� 

�l�i�f�e�t�i�m�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �r�e�p�r�e�s�e�n�t�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o�w�a�r�d�s� �a� 

�p�o�s�s�i�b�l�e� �f�a�t�i�g�u�e� �f�a�i�l�u�r�e�.� �F�o�r� �b�o�t�h� �l�o�n�g�i�t�u�d�i�n�a�l�s� �3�0� �a�n�d� �4�2�,� �o�t�h�e�r� �h�e�a�d�i�n�g�s� �i�n�v�o�l�v�e� �m�u�c�h� 

�m�o�r�e� �r�o�l�l�i�n�g�,� �a�n�d� �r�o�l�l�i�n�g� �c�a�n� �t�y�p�i�c�a�l�l�y� �i�n�c�r�e�a�s�e� �t�h�e� �t�i�m�e�-�v�a�r�y�i�n�g� �d�y�n�a�m�i�c� �c�o�m�p�o�n�e�n�t� �o�f� 

�p�r�e�s�s�u�r�e� �o�n� �a� �s�h�i�p�'�s� �s�i�d�e� �b�y� �a� �f�a�c�t�o�r� �o�f� �t�w�o� �o�r� �m�o�r�e�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �d�e�g�r�e�e� �o�f� �r�o�l�l�i�n�g�.� 

�I�t� �i�s� �a�l�s�o� �i�m�p�o�r�t�a�n�t� �t�o� �n�o�t�e� �t�h�a�t� �l�o�n�g�i�t�u�d�i�n�a�l� �4�2� �i�s� �n�e�a�r� �t�h�e� �s�h�i�p�'�s� �n�e�u�t�r�a�l� �a�x�i�s�.� �A�n�y� �a�n�a�l�y�s�i�s� 

�p�r�o�c�e�d�u�r�e� �w�h�i�c�h� �r�e�l�i�e�s� �e�x�c�l�u�s�i�v�e�l�y� �o�n� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� �w�o�u�l�d� �p�r�e�d�i�c�t� �l�i�t�t�l�e� �o�r� �n�o� �f�a�t�i�g�u�e� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �5�4



�d�a�m�a�g�e� �t�o� �s�u�c�h� �a� �m�e�m�b�e�r�.� �T�h�i�s� �e�x�a�m�p�l�e� �s�h�o�w�s� �t�h�a�t� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �d�u�e� �t�o� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�s� �c�a�n� �b�e� �q�u�i�t�e� �s�i�g�n�i�f�i�c�a�n�t�.� �T�h�e�r�e�f�o�r�e� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �a�n�y� �r�a�t�i�o�n�a�l�l�y�-�b�a�s�e�d� �a�n�a�l�y�s�i�s� �o�r� 

�d�e�s�i�g�n� �p�r�o�c�e�d�u�r�e� �m�u�s�t� �c�o�n�s�i�d�e�r� �n�o�t� �j�u�s�t� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�,� �b�u�t� �a�l�s�o� �t�h�e� �d�y�n�a�m�i�c� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�s� �d�u�e� �t�o� �w�a�v�e�s� �a�n�d� �s�h�i�p� �m�o�t�i�o�n�s�,� �i�n�c�l�u�d�i�n�g� �r�o�l�l�.� 

�5�.�4� �E�x�a�m�p�l�e� �4�:� �B�o�t�t�o�m� �L�o�n�g�i�t�u�d�i�n�a�l�;� �W�e�b� �t�o� �P�l�a�t�i�n�g� �W�e�l�d� 

�T�h�e� �U�S� �C�o�a�s�t� �G�u�a�r�d� �f�o�l�l�o�w�-�u�p� �r�e�p�o�r�t� �[�8�]� �s�t�a�t�e�d� �t�h�a�t� �t�h�e� �A�t�i�g�u�n� �P�a�s�s� �c�l�a�s�s� �w�a�s� �s�u�b�j�e�c�t� �t�o� 

�v�a�r�i�o�u�s� �f�r�a�c�t�u�r�e�s� �o�f� �t�h�e� �b�o�t�t�o�m� �l�o�n�g�i�t�u�d�i�n�a�l�s� �i�n� �w�a�y� �o�f� �l�i�m�b�e�r� �h�o�l�e�s�/�e�r�e�c�t�i�o�n� �b�u�t�t� �w�e�l�d�s�.� 

�T�h�e� �s�h�e�l�l� �b�o�t�t�o�m� �p�a�n�e�l�s� �a�r�e� �n�o�t� �s�u�b�j�e�c�t� �t�o� �s�i�g�n�i�f�i�c�a�n�t� �w�a�v�e� �f�r�e�q�u�e�n�c�y� �l�o�c�a�l� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�s�,� �s�o� �i�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �t�h�e� �d�o�m�i�n�a�n�t� �c�a�u�s�e� �o�f� �t�h�e�s�e� �f�r�a�c�t�u�r�e�s� �i�s� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �e�x�a�m�p�l�e� �w�i�l�l� �e�x�a�m�i�n�e� �a� �t�y�p�i�c�a�l� �s�h�e�l�l� �b�o�t�t�o�m� �l�o�n�g�i�t�u�d�i�n�a�l� �i�n� �t�e�r�m�s� �o�f� �h�u�l�l� 

�g�i�r�d�e�r� �b�e�n�d�i�n�g�.� 

�J�o�i�n�t� �t�y�p�e� �6�.�5�,� �a� �c�l�a�s�s� �F� �j�o�i�n�t�,� �i�s� �s�p�e�c�i�f�i�e�d� �f�o�r� �t�h�e� �e�n�d� �r�e�g�i�o�n� �o�f� �a� �w�e�b� �t�o� �f�l�a�n�g�e� �w�e�l�d�.� 

�I�n�c�l�u�d�e�d� �i�n� �t�h�e� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �i�s� �t�h�e� �S�C�F� �f�o�r� �a� �s�m�a�l�l� �c�o�p�e� �h�o�l�e� �i�n� �t�h�e� �w�e�b�.� �T�a�b�l�e� �5�.�6� �d�e�t�a�i�l�s� 

�t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �c�a�l�c�u�l�a�t�i�o�n�.� �A�g�a�i�n� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n� �i�s� �c�o�m�p�u�t�e�d� �f�o�r� �a� 

�s�i�n�g�l�e� �w�a�v�e� �b�u�o�y� �l�o�c�a�t�i�o�n� �a�n�d� �s�h�i�p� �h�e�a�d�i�n�g�.� 

�S�u�m�m�a�r�y� �o�f� �S�A�M�P� �B�a�s�e�d� �F�a�t�i�g�u�e� �C�a�l�c�u�l�a�t�i�o�n�s� 

�T�h�e� �a�u�t�h�o�r� �h�a�s� �w�r�i�t�t�e�n� �s�e�v�e�r�a�l� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m�s� �w�h�i�c�h� �a�u�t�o�m�a�t�e� �t�h�e� �f�a�t�i�g�u�e� �c�a�l�c�u�l�a�t�i�o�n�.� 

�T�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �t�h�i�s� �s�o�f�t�w�a�r�e�,� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �e�x�a�m�p�l�e�s� �|� �t�o� �4� �w�e�r�e� �r�e�p�e�a�t�e�d� �f�o�r� 

�t�h�e� �r�e�m�a�i�n�i�n�g� �3� �b�u�o�y� �l�o�c�a�t�i�o�n�s�.� �T�a�b�l�e� �5�.�7� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �f�a�t�i�g�u�e� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �a�l�l� �o�f� 

�t�h�e� �b�u�o�y� �l�o�c�a�t�i�o�n�s�.� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �5�5



�A�l�l� �o�f� �t�h�e� �e�x�a�m�p�l�e�s� �h�a�v�e� �a�c�c�u�m�u�l�a�t�e�d� �s�i�g�n�i�f�i�c�a�n�t� �f�a�t�i�g�u�e� �d�a�m�a�g�e� �d�u�r�i�n�g� �j�u�s�t� �u�n�d�e�r� �6�%� �o�f� 

�t�h�e�i�r� �2�0� �y�e�a�r� �o�p�e�r�a�t�i�n�g� �l�i�f�e�.� �I�t� �a�p�p�e�a�r�s� �t�h�a�t� �d�a�m�a�g�e� �i�n� �L�4�2� �d�u�e� �t�o� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �a�n�d� 

�d�a�m�a�g�e� �i�n� �L�3�0� �a�n�d� �a� �t�y�p�i�c�a�l� �b�o�t�t�o�m� �l�o�n�g�i�t�u�d�i�n�a�l� �d�u�e� �t�o� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� �a�r�e� �o�f� �t�h�e� 

�s�a�m�e� �m�a�g�n�i�t�u�d�e�.� �I�t� �i�s� �t�e�m�p�t�i�n�g� �a�t� �t�h�i�s� �p�o�i�n�t� �t�o� �e�x�t�r�a�p�o�l�a�t�e� �b�e�y�o�n�d� �t�h�e� �6�%� �o�f� �o�p�e�r�a�t�i�n�g� �l�i�f�e� 

�c�o�n�s�i�d�e�r�e�d�;� �f�o�r� �e�x�a�m�p�l�e� �2�,� �0�.�0�1�5�/�0�.�0�6� �=� �2�.�5� �o�r� �a� �f�a�t�i�g�u�e� �l�i�f�e� �o�f� �2�0�/�2�.�5� �=� �8� �y�e�a�r�s�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �f�a�t�i�g�u�e� �l�i�v�e�s� �c�a�l�c�u�l�a�t�e�d� �i�n� �t�h�i�s� �m�a�n�n�e�r� �i�n� �T�a�b�l�e� �5�.�8� �a�r�e� �s�i�m�p�l�y� �b�o�u�n�d�s� �(�e�i�t�h�e�r� 

�u�p�p�e�r� �o�r� �l�o�w�e�r� �a�s� �d�e�s�c�r�i�b�e�d� �b�e�l�o�w�)� �o�n� �t�h�e� �f�a�t�i�g�u�e� �l�i�f�e� �c�a�l�c�u�l�a�t�i�o�n�.� 

�T�h�e� �f�a�t�i�g�u�e� �l�i�f�e� �g�i�v�e�n� �i�n� �t�h�e� �f�i�n�a�l� �c�o�l�u�m�n� �o�f� �T�a�b�l�e� �5�.�8� �i�s� �l�a�b�e�l�e�d� �a�s� �a� �b�o�u�n�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� 

�s�h�i�p� �h�e�a�d�i�n�g� �c�o�n�s�i�d�e�r�e�d�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�,� �t�h�e� �6�%� �o�f� �v�e�s�s�e�l� �l�i�f�e� 

�c�o�n�s�i�d�e�r�e�d� �(�h�e�a�d� �s�e�a�s�)� �l�e�a�d�s� �t�o� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�u�c�t�u�r�a�l� �l�o�a�d�s�.� �T�h�u�s� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� 

�f�a�t�i�g�u�e� �l�i�f�e� �i�s� �b�a�s�e�d� �o�n� �a� �w�o�r�s�t� �c�a�s�e� �s�c�e�n�a�r�i�o� �a�n�d� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�n� �u�p�p�e�r� �b�o�u�n�d�.� �F�o�r� 

�p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �a�l�t�e�r�n�a�t�i�n�g� �p�r�e�s�s�u�r�e�s� �i�s� �m�i�n�i�m�u�m� �i�n� �h�e�a�d� �s�e�a�s� �(�i�n� �t�h�e� 

�a�b�s�e�n�c�e� �o�f� �r�o�l�l�)�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �l�i�f�e� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �b�e�s�t� �(�l�e�a�s�t� �s�e�v�e�r�e�)� �6�%� �o�f� 

�s�h�i�p� �l�i�f�e� �a�n�d� �i�s� �t�h�u�s� �a� �l�o�w�e�r� �b�o�u�n�d�.� �F�r�o�m� �s�u�c�h� �c�o�m�p�a�r�i�s�o�n�s� �i�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �t�o� �e�x�p�e�c�t� �t�h�a�t� 

�i�n� �a� �f�u�l�l� �a�n�a�l�y�s�i�s�,� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �w�i�l�l� �b�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�o�n�c�e�r�n�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n� 

�e�x�a�m�p�l�e�s� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �t�o� �c�l�a�r�i�f�y� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�.� 

�T�h�r�e�e�-�H�e�a�d�i�n�g� �A�n�a�l�y�s�i�s� 

�I�n� �t�h�e� �p�r�i�o�r� �s�e�c�t�i�o�n� �f�a�t�i�g�u�e� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �t�h�e� �6�%� �o�f� �s�h�i�p� �l�i�f�e� �t�h�a�t� �i�n�v�o�l�v�e�s� 

�h�e�a�d� �s�e�a�s� �d�u�r�i�n�g� �a� �c�a�r�g�o� �v�o�y�a�g�e�.� �T�o� �e�x�t�e�n�d� �t�h�e� �a�n�a�l�y�s�i�s� �t�o� �a� �m�o�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �c�r�o�s�s� 

�s�e�c�t�i�o�n� �o�f� �t�h�e� �s�h�i�p�'�s� �l�i�f�e� �r�e�q�u�i�r�e�s� �c�o�n�s�i�d�e�r�a�t�i�o�n� �o�f� �r�o�l�l� �m�o�t�i�o�n�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �w�a�v�e� �l�o�a�d�s�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �c�u�r�r�e�n�t� �v�e�r�s�i�o�n� �o�f� �S�A�M�P�,� �t�h�e� �g�e�n�e�r�a�l� �3�-�D� �h�y�d�r�o�d�y�n�a�m�i�c�s� �p�a�c�k�a�g�e� �u�s�e�d� �f�o�r� 

�t�h�e� �h�e�a�d� �s�e�a�s� �a�n�a�l�y�s�i�s�,� �i�s� �n�o�t� �c�a�p�a�b�l�e� �o�f� �g�e�n�e�r�a�t�i�n�g� �r�e�a�l�i�s�t�i�c� �r�o�l�l� �d�a�m�p�i�n�g� �f�o�r�c�e�s�,� �i�t� �i�s� 

�C�h�a�p�t�e�r� �5�.� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �5�6



�p�o�s�s�i�b�l�e� �t�o� �e�s�t�i�m�a�t�e� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �b�a�s�e�d� �o�n� �s�h�i�p� �m�o�t�i�o�n�s� �f�r�o�m� �t�h�e� �U�S� �N�a�v�y�'�s� �S�h�i�p� 

�M�o�t�i�o�n�s� �P�r�o�g�r�a�m� �(�S�M�P�)�.� 

�T�h�e� �t�e�c�h�n�i�q�u�e� �b�e�h�i�n�d� �t�h�i�s� �e�s�t�i�m�a�t�i�o�n� �i�s� �c�o�v�e�r�e�d� �i�n� �m�o�r�e� �d�e�p�t�h� �i�n� �C�h�a�p�t�e�r� �4�.� �I�n� �b�r�i�e�f�,� �S�M�P� 

�i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �R�e�s�p�o�n�s�e� �A�m�p�l�i�t�u�d�e� �O�p�e�r�a�t�o�r� �(�R�A�O�)� �f�o�r� �6� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m� �o�f� 

�s�h�i�p� �m�o�v�e�m�e�n�t�.� �T�h�e� �R�A�O�'�s� �a�r�e� �u�s�e�d� �t�o� �p�o�s�i�t�i�o�n� �a�n�d� �o�r�i�e�n�t� �t�h�e� �s�h�i�p� �w�i�t�h�i�n� �a� �r�e�g�u�l�a�r� �w�a�v�e�.� 

�T�w�o� �c�o�m�p�o�n�e�n�t�s� �o�f� �p�a�n�e�l� �p�r�e�s�s�u�r�e� �a�r�e� �t�h�e�n� �e�a�s�i�l�y� �c�o�m�p�u�t�e�d�.� �T�h�e� �f�i�r�s�t� �i�s� �t�h�e� �h�y�d�r�o�s�t�a�t�i�c� 

�c�o�m�p�o�n�e�n�t�,� �o�r� �t�h�e� �p�r�e�s�s�u�r�e� �d�u�e� �t�o� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �d�e�p�t�h� �o�f� �a� �p�a�n�e�l� �c�e�n�t�e�r� �b�e�n�e�a�t�h� �t�h�e� 

�m�e�a�n� �w�a�t�e�r�l�i�n�e�.� �T�h�e� �s�e�c�o�n�d� �c�o�m�p�o�n�e�n�t� �o�f� �p�r�e�s�s�u�r�e�,� �t�e�r�m�e�d� �t�h�e� �F�r�o�u�d�e�-�K�r�y�l�o�v�,� �i�s� �t�h�e� 

�i�n�t�e�r�n�a�l� �w�a�v�e� �p�r�e�s�s�u�r�e� �d�u�e� �t�o� �t�h�e� �o�r�b�i�t�a�l� �m�o�t�i�o�n� �o�f� �w�a�t�e�r� �p�a�r�t�i�c�l�e�s�.� �T�h�e� �t�h�i�r�d� �c�o�m�p�o�n�e�n�t� 

�o�f� �p�r�e�s�s�u�r�e�,� �t�h�e� �p�e�r�t�u�r�b�a�t�i�o�n� �e�f�f�e�c�t� �o�f� �t�h�e� �s�h�i�p� �o�n� �t�h�e� �w�a�v�e�,� �i�s� �o�m�i�t�t�e�d� �i�n� �t�h�i�s� �p�r�o�c�e�d�u�r�e�.� 

�F�i�g�u�r�e� �5�.�1�0� �c�o�m�p�a�r�e�s� �t�h�e� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �c�o�m�p�u�t�e�d� �b�y� �S�A�M�P� �a�n�d� �b�y� �u�s�i�n�g� �t�h�e� �2�-� 

�c�o�m�p�o�n�e�n�t� �e�s�t�i�m�a�t�e�.� �A�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �m�e�t�h�o�d�s� �i�s� �g�o�o�d�,� �e�s�p�e�c�i�a�l�l�y� �a�t� �r�e�l�a�t�i�v�e�l�y� 

�h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s� �w�h�e�r�e� �t�h�e� �S�A�M�P� �c�o�m�p�u�t�a�t�i�o�n� �b�e�c�o�m�e�s� �q�u�i�t�e� �e�x�p�e�n�s�i�v�e�.� 

�E�x�a�m�p�l�e�s� �|� �a�n�d� �3� �a�r�e� �r�e�c�o�n�s�i�d�e�r�e�d�,� �b�u�t� �n�o�w� �f�o�r� �t�h�r�e�e� �w�a�v�e� �d�i�r�e�c�t�i�o�n�s�:� �h�e�a�d�,� �s�t�a�r�b�o�a�r�d�-� 

�b�o�w� �q�u�a�r�t�e�r� �a�n�d� �s�t�a�r�b�o�a�r�d� �b�e�a�m�.� �A�g�a�i�n� �o�n�l�y� �t�h�e� �l�o�a�d�e�d� �c�o�n�d�i�t�i�o�n� �i�s� �a�n�a�l�y�z�e�d�,� �b�u�t� �n�o�w� 

�t�h�e� �s�e�g�m�e�n�t� �o�f� �s�h�i�p�'�s� �l�i�f�e� �c�o�n�s�i�d�e�r�e�d� �i�s� �u�p� �t�o� �2�4�%�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �b�o�t�h� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� 

�g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�9�.� 

�E�x�t�e�n�d�i�n�g� �t�h�e� �a�n�a�l�y�s�i�s� �b�e�y�o�n�d� �h�e�a�d� �s�e�a�s� �f�u�r�t�h�e�r� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �p�a�n�e�l� 

�p�r�e�s�s�u�r�e�s�.� �N�o�w� �t�h�e� �p�r�e�d�i�c�t�e�d� �f�a�t�i�g�u�e� �l�i�f�e� �f�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �4�2� �i�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� �s�h�o�r�t�e�r� �t�h�a�n� 

�e�v�e�n� �t�h�e� �w�o�r�s�t� �o�f� �t�h�e� �h�u�l�l� �g�i�r�d�e�r� �d�o�m�i�n�a�t�e�d� �f�a�t�i�g�u�e� �l�i�v�e�s�.� �F�o�r� �L�3�0� �t�h�e� �2�0� �y�e�a�r� �d�a�m�a�g�e� 

�r�a�t�i�o� �f�o�r� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �i�s� �a�p�p�r�o�a�c�h�i�n�g� �|�,� �w�h�i�c�h� �m�e�a�n�s� �t�h�a�t� �t�h�e�r�e� �i�s� �l�i�t�t�l�e� �f�a�t�i�g�u�e� �l�i�f�e� 

�a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �l�o�c�a�l�l�y� �m�o�r�e� �s�e�v�e�r�e� �c�a�s�e� �o�f� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�.� 
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�S�u�m�m�a�r�y� �o�f� �R�e�s�u�l�t�s� 

�T�h�r�e�e� �s�p�e�c�i�f�i�c� �s�t�r�u�c�t�u�r�a�l� �m�e�m�b�e�r�s� �h�a�v�e� �b�e�e�n� �a�n�a�l�y�z�e�d� �f�o�r� �f�a�t�i�g�u�e�.� �I�n� �a�l�l� �c�a�s�e�s� �t�h�e� 

�m�e�m�b�e�r�s� �w�e�r�e� �f�o�u�n�d� �t�o� �h�a�v�e� �f�a�t�i�g�u�e� �l�i�v�e�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� �s�h�o�r�t�e�r� �t�h�a�n� �p�r�o�j�e�c�t�e�d� �s�h�i�p� �l�i�f�e�.� 

�S�i�n�c�e� �i�n� �a�l�l� �t�h�r�e�e� �c�a�s�e�s� �s�u�b�s�t�a�n�t�i�a�l� �n�u�m�b�e�r�s� �o�f� �f�a�t�i�g�u�e� �c�r�a�c�k�s� �h�a�v�e� �a�p�p�e�a�r�e�d� �i�n� �u�n�d�e�r� �1�0� 

�y�e�a�r�s�,� �t�h�e� �a�n�a�l�y�s�i�s� �p�e�r�f�o�r�m�e�d� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �o�f� �g�r�e�a�t� �b�e�n�e�f�i�t� �i�f� �p�e�r�f�o�r�m�e�d� �d�u�r�i�n�g� 

�p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n�.� �M�o�s�t� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �w�a�t�e�r�l�i�n�e� �l�o�n�g�i�t�u�d�i�n�a�l�s�,� �f�o�r� 

�w�h�i�c�h� �h�u�l�l� �g�i�r�d�e�r� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �p�r�e�d�i�c�t�s� �a�l�m�o�s�t� �n�o� �d�a�m�a�g�e�,� �p�r�e�d�i�c�t�s� �a� �f�a�t�i�g�u�e� �l�i�f�e� �o�f� �j�u�s�t� 

�o�v�e�r� �3� �o�p�e�r�a�t�i�n�g� �y�e�a�r�s�.� 
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�E�x�.� �M�e�m�b�e�r� �H�e�a�d� �Q�u�a�r�t�e�r� �|� �B�e�a�m� �T�o�t�a�l� �P�(�o�c�c�)� 
�S�e�a� �S�e�a� �S�e�a� �n� 

�n� �n� �n� 
�l� �L�3�0� �0�2�6� �.�0�6�7� �O�8�9� �0�.�1�8�2� �0�.�2�4� 
�3� �L�A�2� �.�4�0�9� �6�5�1� �1�.�7�8�2� �2�.�8�4� �0�.�2�4� � � 
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�T�a�b�l�e� �5�.�1�0�:� �E�x�t�r�a�p�o�l�a�t�e�d� �r�e�s�u�l�t�s� �o�f� �2�-�c�o�m�p�o�n�e�n�t� �a�n�a�l�y�s�i�s�.� 
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�E�x�.� �M�e�m�b�e�r� �E�x�t�r�a�p�.� �|� �E�x�t�r�a�p� �|� �A�d�j�.� �|� �E�x�p�e�c�t�e�d� 
�n� �L�i�f�e� �L�i�f�e� 

�(�y�e�a�r�)� �(�y�e�a�r�)� 
�!� �L�3�0� �0�.�7�7� �2�6� �1� �2�6� 
�3� �L�4�2� �1�2�.�0� �1�.�7� �2� �3�.�3� � � � � � � � � � � � � 
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�N�o�t�e�:� �E�s�t�i�m�a�t�e�s� �o�f� �f�a�t�i�g�u�e� �l�i�f�e� �b�a�s�e�d� �o�n� �c�o�v�e�r�i�n�g� �2�4�%� �o�f� �2�0� �y�e�a�r� �s�h�i�p� �l�i�f�e�.� �E�x�t�r�a�p�o�l�a�t�e�d� 
�1� �i�s� �c�o�m�p�u�t�e�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �t�o�t�a�l� �7� �c�a�l�c�u�l�a�t�e�d� �b�y� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �2�0� �y�e�a�r� �l�i�f�e� 
�c�o�n�s�i�d�e�r�e�d�.� �F�a�t�i�g�u�e� �l�i�f�e� �i�n� �y�e�a�r�s� �i�s� �f�o�u�n�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �1� �i�n�t�o� �a� �2�0� 
�y�e�a�r� �l�i�f�e�.� �E�x�a�m�p�l�e� �3� �c�o�n�t�a�i�n�s� �a�n� �a�d�j�u�s�t�m�e�n�t� �f�a�c�t�o�r� �b�e�c�a�u�s�e� �L�4�2� �i�s� �a�c�t�u�a�l�l�y� �a�b�o�v�e� 
�t�h�e� �w�a�t�e�r�l�i�n�e� �d�u�r�i�n�g� �b�a�l�l�a�s�t� �v�o�y�a�g�e�s� �a�n�d� �a�c�c�u�m�u�l�a�t�e�s� �n�o� �d�a�m�a�g�e� �d�u�r�i�n�g� �t�h�i�s� �t�i�m�e� 
�p�e�r�i�o�d�.� 

�C�h�a�p�t�e�r� �5�,� �E�x�a�m�p�l�e�s� �f�r�o�m� �A�t�i�g�u�n� �P�a�s�s� �7�4



�C�h�a�p�t�e�r� �6�:� �C�o�n�c�l�u�s�i�o�n�s� 

�T�h�e� �c�o�s�t�l�y� �a�n�d� �w�e�l�l� �p�u�b�l�i�c�i�z�e�d� �f�a�t�i�g�u�e� �f�r�a�c�t�u�r�e�s� �w�h�i�c�h� �h�a�v�e� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �T�A�P�S� �t�a�n�k�e�r�s� 

�h�a�v�e� �c�o�n�c�e�n�t�r�a�t�e�d� �c�o�n�s�i�d�e�r�a�b�l�e� �a�t�t�e�n�t�i�o�n� �o�n� �t�h�e� �t�o�p�i�c� �o�f� �s�h�i�p� �s�t�r�u�c�t�u�r�a�l� �f�a�t�i�g�u�e�.� �S�e�v�e�r�a�l� 

�r�e�s�e�a�r�c�h� �e�f�f�o�r�t�s� �h�a�v�e� �b�e�e�n� �i�n�i�t�i�a�t�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �i�n�-�s�e�r�v�i�c�e� �l�i�f�e� �o�f� �v�a�r�i�o�u�s� �s�t�r�u�c�t�u�r�a�l� 

�d�e�t�a�i�l�s� �a�n�d� �g�e�n�e�r�a�t�e� �r�e�t�r�o�-�f�i�t� �s�o�l�u�t�i�o�n�s�.� �O�t�h�e�r� �c�o�s�t�l�y� �r�e�p�e�r�c�u�s�s�i�o�n�s� �o�f� �t�h�e� �T�A�P�S� �f�a�t�i�g�u�e� 

�p�r�o�b�l�e�m� �i�n�c�l�u�d�e� �t�h�e� �e�x�t�r�a� �r�e�g�u�l�a�t�o�r�y� �e�f�f�o�r�t� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �U�S� �C�o�a�s�t� �G�u�a�r�d� �a�n�d� �a�d�d�i�t�i�o�n�a�l� 

�o�p�e�r�a�t�i�n�g� �c�o�s�t�s� �i�n�c�u�r�r�e�d� �b�y� �o�w�n�e�r�s� �a�n�d� �o�p�e�r�a�t�o�r�s�.� 

�I�n� �r�e�s�p�o�n�s�e� �t�o� �t�h�e�s�e� �c�o�s�t�s�,� �i�t� �s�e�e�m�s� �a�s�s�u�r�e�d� �t�h�a�t� �s�o�m�e� �l�e�v�e�l� �o�f� �f�a�t�i�g�u�e� �d�e�s�i�g�n� �w�i�l�l� �b�e� 

�r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �t�a�n�k�e�r�s� �y�e�t� �t�o� �b�e� �b�u�i�l�t�.� �I�n� �o�r�d�e�r� �t�o� �a�v�o�i�d� �a� �l�e�n�g�t�h�y� �t�r�i�a�l� �a�n�d� 

�e�r�r�o�r� �p�r�o�c�e�s�s�,� �i�t� �1�s� �c�r�i�t�i�c�a�l� �f�o�r� �t�h�e� �s�h�i�p� �s�t�r�u�c�t�u�r�e�s� �c�o�m�m�u�n�i�t�y� �t�o� �d�e�v�e�l�o�p� �a�n� �i�n�f�o�r�m�e�d� 

�c�o�n�s�e�n�s�u�s� �a�b�o�u�t� �t�h�e� �m�a�k�e�u�p� �o�f� �a�n�y� �s�u�c�h� �n�e�w� �d�e�s�i�g�n� �t�e�c�h�n�i�q�u�e�.� 

�T�h�e� �g�r�e�a�t�e�s�t� �a�m�o�u�n�t� �o�f� �e�f�f�o�r�t� �t�h�a�t� �i�s� �c�u�r�r�e�n�t�l�y� �b�e�i�n�g� �e�x�p�e�n�d�e�d� �o�n� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �i�s� �f�o�r� �t�h�e� 

�i�n�-�s�e�r�v�i�c�e� �f�a�t�i�g�u�e� �l�i�f�e� �o�f� �s�p�e�c�i�f�i�c� �d�e�s�i�g�n� �d�e�t�a�i�l�s�.� �S�u�c�h� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �e�x�p�e�n�s�i�v�e� �a�n�d� 

�i�n�c�o�r�p�o�r�a�t�e� �e�l�e�g�a�n�t� �F�E� �m�o�d�e�l�s�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �a�l�s�o� �t�e�n�d� �t�o� �b�e� �w�e�l�l� �f�u�n�d�e�d�;� �f�o�r� �m�a�n�y� 

�t�a�n�k�e�r� �o�p�e�r�a�t�o�r�s� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �e�x�i�s�t�i�n�g� �f�l�e�e�t� �i�s� �p�a�r�a�m�o�u�n�t�.� �T�h�e� �e�c�o�n�o�m�i�c�s� �o�f� 

�s�p�e�n�d�i�n�g� �a� �f�e�w� �e�n�g�i�n�e�e�r�i�n�g� �d�o�l�l�a�r�s� �t�o� �s�a�v�e� �m�a�n�y� �i�n� �o�p�e�r�a�t�i�o�n�s� �(�i�n� �a� �r�e�l�a�t�i�v�e�l�y� �s�h�o�r�t� �t�i�m�e�)� 

�h�a�s� �b�e�e�n� �r�e�l�a�t�i�v�e�l�y� �e�a�s�y� �t�o� �s�e�l�l�.� 

�T�h�i�s� �p�r�o�j�e�c�t� �h�a�s�,� �h�o�w�e�v�e�r�,� �d�e�a�l�t� �w�i�t�h� �a� �s�l�i�g�h�t�l�y� �d�i�f�f�e�r�e�n�t� �i�s�s�u�e�.� �C�a�n� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n�,� 

�a�n�d� �t�h�u�s� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �s�t�a�g�e�s� �o�f� �d�e�t�a�i�l� �d�e�s�i�g�n� �a�n�d� �o�p�e�r�a�t�i�o�n�s�/�m�a�i�n�t�e�n�a�n�c�e�,� �b�e�n�e�f�i�t� �f�r�o�m� 

�C�h�a�p�t�e�r� �6�:� �C�o�n�c�l�u�s�i�o�n� �7�5



�i�n�e�x�p�e�n�s�i�v�e� �f�a�t�i�g�u�e� �l�i�f�e� �c�a�l�c�u�l�a�t�i�o�n�s�?� �I�f� �t�h�e� �a�n�s�w�e�r� �i�s� �y�e�s�,� �w�h�a�t� �l�e�v�e�l� �o�f� �e�f�f�o�r�t� �i�s� �r�e�q�u�i�r�e�d�?� 

�A�r�e� �t�h�e�r�e� �f�a�c�t�o�r�s� �i�n� �s�u�c�h� �a�n� �a�n�a�l�y�s�i�s� �w�h�i�c�h� �m�a�y� �b�e� �o�v�e�r�l�o�o�k�e�d�?� 

�I�t� �i�s� �e�v�i�d�e�n�t� �f�r�o�m� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �5�,� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �c�u�r�r�e�n�t� �T�A�P�S� 

�t�a�n�k�e�r�s� �w�o�u�l�d� �h�a�v�e� �b�e�n�e�f�i�t�e�d� �s�u�b�s�t�a�n�t�i�a�l�l�y� �f�r�o�m� �a� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �t�h�a�t� �i�n�c�l�u�d�e�d� 

�f�a�t�i�g�u�e�.� �I�m�p�r�o�v�i�n�g� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �d�e�t�a�i�l�s� �w�i�l�l� �g�i�v�e� �s�o�m�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�a�t�i�g�u�e� �l�i�f�e� �o�f� 

�v�a�r�i�o�u�s� �c�o�n�n�e�c�t�i�o�n�s� �w�i�t�h�i�n� �t�h�e�s�e� �s�h�i�p�s�,� �b�u�t� �i�t� �w�i�l�l� �n�o�t� �c�u�r�e� �t�h�e� �p�r�o�b�l�e�m�.� �T�h�e� �c�y�c�l�i�c� 

�m�e�m�b�e�r� �s�t�r�e�s�s� �l�e�v�e�l�s� �w�h�i�c�h� �c�u�r�r�e�n�t�l�y� �r�e�s�u�l�t� �i�n� �a� �f�r�a�c�t�u�r�e� �e�v�e�r�y� �3� �t�o� �5� �y�e�a�r�s� �w�i�l�l� �c�o�n�t�i�n�u�e� �t�o� 

�l�e�a�d� �t�o� �u�n�a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�s� �o�f� �f�a�t�i�g�u�e� �d�a�m�a�g�e�.� 

�F�o�r� �n�e�w� �s�h�i�p�s� �t�h�e� �b�a�l�a�n�c�e� �b�e�t�w�e�e�n� �d�e�t�a�i�l� �a�n�d� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �b�e�c�o�m�e�s� �e�v�e�n� �m�o�r�e� 

�e�v�i�d�e�n�t�.� �J�u�s�t� �o�n�e� �a�s�p�e�c�t� �i�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �c�o�m�p�a�r�e� �t�h�e� �c�o�s�t� �b�e�t�w�e�e�n� �i�n�c�r�e�a�s�i�n�g� �m�e�m�b�e�r� 

�s�c�a�n�t�l�i�n�g�s� �a�n�d� �i�m�p�r�o�v�i�n�g� �d�e�t�a�i�l� �d�e�s�i�g�n� �a�n�d� �c�o�n�s�t�r�u�c�t�i�o�n� �p�r�a�c�t�i�c�e�s�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �a�s�p�e�c�t� �i�s� 

�t�h�e� �d�e�s�i�g�n� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �r�o�b�u�s�t�n�e�s�s�;� �a� �d�e�s�i�g�n� �t�h�a�t� �c�o�n�c�e�n�t�r�a�t�e�s� �s�t�r�i�c�t�l�y� �o�n� �a� �m�i�n�i�m�u�m� 

�S�C�F� �f�o�r� �f�a�t�i�g�u�e� �c�o�n�t�r�o�l� �w�i�l�l� �b�e� �v�e�r�y� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �f�a�t�i�g�u�e� �f�a�i�l�u�r�e�s� �c�a�u�s�e�d� �b�y� �l�o�c�a�l�i�z�e�d� 

�i�m�p�e�r�f�e�c�t�i�o�n�s� �(�e�i�t�h�e�r� �c�o�n�s�t�r�u�c�t�i�o�n� �d�e�f�e�c�t�s� �o�r� �p�o�s�t� �c�o�n�s�t�r�u�c�t�i�o�n� �c�h�a�n�g�e�s� �s�u�c�h� �a�s� �c�o�r�r�o�s�i�o�n� 

�a�n�d� �m�o�d�i�f�i�c�a�t�i�o�n�s�)�.� 

�A�l�s�o� �e�v�i�d�e�n�t� �f�r�o�m� �C�h�a�p�t�e�r� �5� �i�s� �t�h�a�t� �f�a�t�i�g�u�e� �a�n�a�l�y�s�i�s� �a�s� �a� �s�i�m�p�l�e� �e�x�t�e�n�s�i�o�n� �o�f� �e�x�t�r�e�m�e� �l�o�a�d� 

�a�n�a�l�y�s�i�s� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t�.� �M�a�n�y� �o�f� �t�h�e� �e�x�i�s�t�i�n�g� �t�a�n�k�e�r� �f�a�t�i�g�u�e� �s�t�u�d�i�e�s� �h�a�v�e� �c�o�n�c�e�n�t�r�a�t�e�d� �o�n� 

�g�l�o�b�a�l� �e�f�f�e�c�t�s� �s�u�c�h� �a�s� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�.� �T�h�i�s� �i�s� �a� �d�i�r�e�c�t� �i�n�f�l�u�e�n�c�e� �o�f� �t�r�a�d�i�t�i�o�n�a�l� �e�x�t�r�e�m�e� 

�l�o�a�d� �c�a�l�c�u�l�a�t�i�o�n�s�,� �w�h�e�r�e� �s�i�m�p�l�e� �h�u�l�l� �g�i�r�d�e�r� �c�a�l�c�u�l�a�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�m�i�d�-�b�o�d�y� �c�r�o�s�s� �s�e�c�t�i�o�n�.� 

�I�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �e�m�p�h�a�s�i�s� �o�n� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g�,� �t�h�i�s� �s�t�u�d�y� �s�h�o�w�s� �t�h�a�t� �t�h�e�r�e� �i�s� �s�i�g�n�i�f�i�c�a�n�t� 

�f�a�t�i�g�u�e� �d�a�m�a�g�e� �i�n� �t�h�e� �s�i�d�e� �s�h�e�l�l� �d�u�e� �t�o� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s�.� �T�h�e�s�e� �p�a�n�e�l� �p�r�e�s�s�u�r�e�s� �a�r�e� �n�o�t� �a�s� 

�c�o�m�m�o�n�l�y� �c�o�m�p�u�t�e�d� �a�s� �h�u�l�l� �g�i�r�d�e�r� �b�e�n�d�i�n�g� �m�o�m�e�n�t�s�,� �b�u�t� �t�h�e�r�e� �h�a�v�e� �b�e�e�n� �r�e�c�e�n�t� �a�n�d� 
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�s�u�b�s�t�a�n�t�i�a�l� �i�m�p�r�o�v�e�m�e�n�t�s� �i�n� �t�h�e� �r�e�q�u�i�r�e�d� �c�o�m�p�u�t�a�t�i�o�n�a�l� �m�e�t�h�o�d�s�.� �C�o�n�t�i�n�u�e�d� 

�i�m�p�r�o�v�e�m�e�n�t�s� �i�n� �s�u�c�h� �h�y�d�r�o�d�y�n�a�m�i�c� �l�o�a�d� �m�e�t�h�o�d�s� �s�h�o�u�l�d� �b�e� �p�u�r�s�u�e�d� �w�i�t�h� �t�h�e� �a�i�m� �o�f� 

�d�e�l�i�v�e�r�i�n�g� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �a�n�d� �r�e�a�d�y�-�t�o�-�u�s�e� �p�a�c�k�a�g�e� �t�o� �t�h�e� �s�h�i�p� �s�t�r�u�c�t�u�r�e�s� �c�o�m�m�u�n�i�t�y�.� 

�I�n� �s�u�m�m�a�r�y�,� �c�o�m�p�l�e�t�e� �a�n�d� �e�f�f�e�c�t�i�v�e� �f�a�t�i�g�u�e� �d�e�s�i�g�n� �s�h�o�u�l�d� �b�e� �a� �t�w�o� �p�a�r�t� �p�r�o�c�e�s�s�.� �D�u�r�i�n�g� 

�p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �e�f�f�o�r�t� �s�h�o�u�l�d� �b�e� �e�x�p�e�n�d�e�d� �t�o� �e�n�s�u�r�e� �c�y�c�l�i�c� �m�e�m�b�e�r� �s�t�r�e�s�s�e�s� �a�r�e� �a�t� �l�e�v�e�l�s� 

�f�o�r� �w�h�i�c�h� �u�n�r�e�a�s�o�n�a�b�l�e� �d�e�t�a�i�l� �d�e�s�i�g�n� �w�i�l�l� �n�o�t� �b�e� �r�e�q�u�i�r�e�d�.� �T�h�e� �d�e�t�a�i�l� �d�e�s�i�g�n� �p�r�o�c�e�s�s� �m�u�s�t� 

�e�s�t�a�b�l�i�s�h� �s�e�r�v�i�c�e�a�b�l�e� �c�o�n�n�e�c�t�i�o�n� �d�e�t�a�i�l�s� �w�i�t�h� �v�a�l�u�e�s� �o�f� �S�C�F� �t�h�a�t� �r�e�s�u�l�t� �i�n� �t�h�e� �d�e�s�i�r�e�d� 

�f�a�t�i�g�u�e� �r�e�s�i�s�t�a�n�c�e�.� �I�n� �b�o�t�h� �l�e�v�e�l�s� �o�f� �d�e�s�i�g�n�,� �a�l�l� �s�i�g�n�i�f�i�c�a�n�t� �s�o�u�r�c�e�s� �o�f� �a�l�t�e�r�n�a�t�i�n�g� �s�t�r�u�c�t�u�r�a�l� 

�l�o�a�d�s� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �P�r�e�l�i�m�i�n�a�r�y� �f�a�t�i�g�u�e� �d�e�s�i�g�n� �i�n�c�l�u�d�i�n�g� �r�e�l�a�t�i�v�e�l�y� �i�n�e�x�p�e�n�s�i�v�e� 

�c�o�n�s�i�d�e�r�a�t�i�o�n� �o�f� �l�o�c�a�l� �a�n�d� �g�l�o�b�a�l� �l�o�a�d�s� �i�s� �b�o�t�h� �p�o�s�s�i�b�l�e� �a�n�d� �n�e�c�e�s�s�a�r�y�.� 
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�R�e�f�e�r�e�n�c�e�s� 

�1�0�.� 

�A�l�.� 

�1�2�.� 

�1�3�.� 

�R�e�p�o�r�t� �o�n� �t�h�e� �T�r�a�n�s�-�A�l�a�s�k�a� �P�i�p�e�l�i�n�e� �S�e�r�v�i�c�e� �(�T�A�P�S�)� �T�a�n�k�e�r� �S�t�r�u�c�t�u�r�a�l� �F�a�i�l�u�r�e� �S�t�u�d�y�,� �U�n�i�t�e�d� �S�t�a�t�e�s� 
�C�o�a�s�t� �G�u�a�r�d� �R�e�p�o�r�t�,� �J�u�n�e� �2�5�,� �1�9�0�0�.� 

�R�a�d�a�j�.� �D�i�e�t�e�r�,� �D�e�s�i�g�n� �a�n�d� �A�n�a�l�y�s�i�s� �o�f� �F�a�t�i�g�u�e� �R�e�s�i�s�t�a�n�t� �W�e�l�d�e�d� �S�t�r�u�c�t�u�r�e�s�,� �H�a�l�s�t�e�d� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� 
�N�Y�,� �1�9�9�0�.� 

�C�h�e�n�,� �Y�.�N�.� �a�n�d� �M�a�v�r�a�k�i�s�,� �S�.�A�.�,� �"�C�l�o�s�e�d�-�F�o�r�m� �S�p�e�c�t�r�a�l� �A�n�a�l�y�s�i�s� �f�o�r� �C�o�m�p�l�i�a�n�t� �O�f�f�s�h�o�r�e� �S�t�r�u�c�t�u�r�e�s�"�,� 
�J�o�u�r�n�a�l� �o�f� �S�h�i�p� �R�e�s�e�a�r�c�h�,� �3�2� �(�4�)�,� �D�e�c�.� �1�9�8�8�,� �p�p�.� �2�9�7�-�3�0�4�.� 

�R�u�t�h�e�r�f�o�r�d�,� �S�.�E�.� �a�n�d� �C�l�a�d�w�e�l�l�,� �J�.�B�.�,� �"�U�l�t�i�m�a�t�e� �L�o�n�g�i�t�u�d�i�n�a�l� �S�t�r�e�n�g�t�h� �o�f� �S�h�i�p�s�:� �A� �C�a�s�e� �S�t�u�d�y�"�,� 
�S�N�A�M�E� �A�n�n�u�a�l� �M�e�e�t�i�n�g� �1�9�9�0�,� �S�N�A�M�E�,� �J�e�r�s�e�y� �C�i�t�y�,� �N�J�,� �1�9�9�0�.� 

�L�a�c�e�y�,� �P�.� �a�n�d� �E�d�w�a�r�d�s�,� �R�.�,� �"�A�R�C�O� �T�a�n�k�e�r� �S�l�a�m�m�i�n�g� �S�t�u�d�y�, �� �M�a�r�i�n�e� �T�e�c�h�n�o�l�o�g�y�,� �3�0� �(�3�)�,� �J�u�l�y� �1�9�9�3�,� 
�p�p�.� �1�3�5�-�1�4�7�.� 

�H�u�g�h�e�s�,� �O�.�F�.�,� �S�h�i�p� �S�t�r�u�c�t�u�r�a�l� �D�e�s�i�g�n�,� �A� �R�a�t�i�o�n�a�l�l�y�-�B�a�s�e�d�,� �C�o�m�p�u�t�e�r�-�A�i�d�e�d�,� �O�p�t�i�m�i�z�a�t�i�o�n� �A�p�p�r�o�a�c�h�,� 
�S�N�A�M�E�,� �J�e�r�s�e�y� �C�i�t�y�,� �N�J�,� �1�9�8�8�.� 

�L�i�n�,� �W�.� �a�n�d� �Y�u�e�,� �D�.�,� �"�N�u�m�e�r�i�c�a�l� �S�o�l�u�t�i�o�n�s� �f�o�r� �L�a�r�g�e�-�A�m�p�l�i�t�u�d�e� �S�h�i�p� �M�o�t�i�o�n�s� �i�n� �t�h�e� �T�i�m�e� �D�o�m�a�i�n ��,� 
�T�h�e� �E�i�g�h�t�e�e�n�t�h� �S�y�m�p�o�s�i�u�m� �o�n� �N�a�v�a�l� �H�y�d�r�o�d�y�n�a�m�i�c�s�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �M�i�c�h�i�g�a�n�,� �A�n�n� �A�r�b�o�r� �M�i�c�h�i�g�a�n�,� 
�A�u�g�u�s�t� �1�9�,� �1�9�9�0�.� 

�T�r�a�n�s�-�A�l�a�s�k�a� �P�i�p�e�l�i�n�e� �S�e�r�v�i�c�e� �(�T�A�P�S�)� �T�a�n�k�e�r� �S�t�r�u�c�t�u�r�a�l� �F�a�i�l�u�r�e� �S�t�u�d�y�,� �F�o�l�l�o�w�-�U�p� �R�e�p�o�r�t�,� �U�n�i�t�e�d� 
�S�t�a�t�e�s� �C�o�a�s�t� �G�u�a�r�d� �R�e�p�o�r�t�,� �M�a�y� �1�9�9�1�.� 

�S�u�c�h�a�r�s�k�i�,� �D�.� �a�n�d� �C�h�e�u�n�g�,� �M�.�C�.�,� �"�A�p�p�l�i�c�a�t�i�o�n�s� �o�f� �S�p�e�c�t�r�a�l� �F�a�t�i�g�u�e� �A�n�a�l�y�s�i�s� �t�o� �t�h�e� �A�R�C�O� �1�9�0� �M�d�w�t� 
�T�a�n�k�e�r�s�"�,� �P�r�o�c�e�e�d�i�n�g�s�,� �S�h�i�p� �S�t�r�u�c�t�u�r�e� �S�y�m�p�o�s�i�u�m� �'�9�3�,� �S�N�A�M�E�/�S�S�C�,� �J�e�r�s�e�y� �C�i�t�y�,� �N�J�,� �N�o�v�.� �1�9�9�3�.� 

�S�t�.� �D�e�n�i�s�,� �M�.� �a�n�d� �W�.�J�.� �P�i�e�r�s�o�n�,� �"�O�n� �t�h�e� �M�o�t�i�o�n�s� �o�f� �S�h�i�p�s� �i�n� �C�o�n�f�u�s�e�d� �S�e�a�s�,�"� �T�r�a�n�s�.� �S�N�A�M�E�,� �6�1�,� 
�1�9�5�3�.� 

�B�u�c�k�l�e�y�,� �W�.�H�.�,� �"�T�h�e� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �S�h�i�p� �L�o�a�d�s� �a�n�d� �M�o�t�i�o�n�s�:� �A� �R�e�c�o�m�m�e�n�d�e�d� �E�n�g�i�n�e�e�r�i�n�g� 
�A�p�p�r�o�a�c�h�,�"� �N�a�v�a�l� �E�n�g�i�n�e�e�r�s� �J�o�u�r�n�a�l�,� �M�a�y� �1�9�9�0�,� �p�p�.� �2�0�9�-�2�2�7�.� 

�H�o�g�b�e�n�,� �N�.� �a�n�d� �F�.�E�.� �L�u�m�b�,� �O�c�e�a�n� �W�a�v�e� �S�t�a�t�i�s�t�i�c�s�,� �N�a�t�i�o�n�a�l� �P�h�y�s�i�c�a�l� �L�a�b�o�r�a�t�o�r�y�,� �H�.� �M�.� �S�t�a�t�i�o�n�e�r�y� 
�O�f�f�i�c�e�.� �L�o�n�d�o�n�,� �1�9�6�7�.� 

�W�a�l�d�e�n�,� �H�.�,� �"�D�i�e� �E�i�g�e�n�c�h�a�f�t�e�n� �d�e�r� �M�e�e�r�s�w�e�l�l�e�n� �i�n� �N�o�r�d�a�t�l�a�n�t�i�s�c�h�e�n� �O�z�e�a�n�,�"� �D�e�u�t�s�c�h�e�r� 

�W�e�t�t�e�r�d�i�e�n�s�t�,� �E�i�n�z�e�l�v�e�r�o�f�f�e�n�t�l�i�c�h�u�n�g�e�n�,� �N�o�.� �1�4�,� �1�9�6�4� �(�i�n� �G�e�r�m�a�n�)�.� 
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�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�5�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�2�9�.� 

�3�0�.� 

�C�u�m�m�i�n�s�,� �W�.�E�.�,� �S�.�L�.� �B�a�l�e�s� �a�n�d� �D�.�M�.� �G�e�n�t�i�l�e�,� �"�H�i�n�d�c�a�s�t�i�n�g� �W�a�v�e�s� �f�o�r� �E�n�g�i�n�e�e�r�i�n�g� �A�p�p�l�i�c�a�t�i�o�n�s�,�"� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �S�y�m�p�o�s�i�u�m� �o�n� �H�y�d�r�o�d�y�n�a�m�i�c�s� �i�n� �O�c�e�a�n� �E�n�g�i�n�e�e�r�i�n�g�,� �N�o�r�w�e�g�i�a�n� �H�y�d�r�o�d�y�n�a�m�i�c� 
�L�a�b�o�r�a�t�o�r�i�e�s�,� �T�r�o�n�d�h�e�i�m�,� �N�o�r�w�a�y�,� �1�9�8�1�.� 

�M�e�y�e�r�s�,� �W�.�G�.�,� �A�p�p�l�e�b�e�e�,� �T�.�R�.� �a�n�d� �B�a�i�t�i�s�,� �A�.�E�.�,� �"�U�s�e�r�s� �M�a�n�u�a�l� �f�o�r� �t�h�e� �S�t�a�n�d�a�r�d� �S�h�i�p� �M�o�t�i�o�n� 
�P�r�o�g�r�a�m�,� �S�M�P�"�,� �D�I�N�S�R�D�C� �R�e�p�o�r�t� �S�P�D�-�0�9�3�6�-�0�1�.� 

�L�i�n�,� �W�.� �a�n�d� �M�e�i�n�h�o�l�d�,� �M�.�J�.� �"�S�A�M�P�/�L�A�M�P� �S�m�a�l�l� �A�m�p�l�i�t�u�d�e� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m� �a�n�d� �L�a�r�g�e� 
�A�m�p�l�i�t�u�d�e� �M�o�t�i�o�n�s� �P�r�o�g�r�a�m�,� �V�e�r�s�i�o�n� �2�.�1�"�,� �S�A�I�C� �M�a�r�i�n�e� �H�y�d�r�o�d�y�n�a�m�i�c�s� �D�i�v�i�s�i�o�n�,� �A�n�n�a�p�o�l�i�s�,� �M�D�,� 
�S�e�p�t�.� �2�7�,� �1�9�9�3�.� 

�P�a�l�m�e�g�r�e�n�,� �A�.�,� �"�D�i�e� �L�e�b�e�n�s�t�a�u�e�r� �v�o�n� �K�u�g�e�l�l�a�g�e�r�n�, �� �Z�V�D�I�,� �6�8�,� �1�9�2�4�,� �p�.� �3�3�9�.� 

�M�i�n�e�r�,� �M�.�A�.�,� �"�C�u�m�u�l�a�t�i�v�e� �D�a�m�a�g�e� �i�n� �F�a�t�i�g�u�e�,�"� �J�o�u�r�n�a�l� �o�f� �A�p�p�l�i�e�d� �M�e�c�h�a�n�i�c�s�,� �1�2�,� �1�9�4�5�,� �p�.� �A�-�1�5�9�.� 

�W�e�l�d�i�n�g� �I�n�s�t�i�t�u�t�e� �R�e�s�e�a�r�c�h� �B�u�l�l�e�t�i�n�,� �1�7� �(�5�)�,� �M�a�y� �1�9�7�6�.� 

�G�u�r�n�e�y�,� �T�.�R�.�,� �F�a�t�i�g�u�e� �o�f� �W�e�l�d�e�d� �S�t�r�u�c�t�u�r�e�s�,� �C�a�m�b�r�i�d�g�e� �U�n�i�v�e�r�s�i�t�y� �P�r�e�s�s�,� �C�a�m�b�r�i�d�g�e�,� �1�9�7�9�.� 
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�0�-�0�.�5� �6�1� �0�.�2�2� 
�0�.�5�-�1�.�5� �1�8�.�4�3� �1�8�.�4�2� 
�1�.�5�-�2�.�5� �3�2�.�1� �2�9�.�2�1� 
�2�.�5�-�3�.�5� �2�3�.�8�4� �2�3�.�0�8� 
�3�.�5�-�4�.�5� �1�3�.�4�4� �1�4�.�7�8� 
�4�.�5�-�5�.�5� �6�.�6�3� �7�.�9�2� 
�5�.�5�-�6�.�5� �2�.�7�4� �3�.�8�2� 
�6�.�5�-�7�.�5� �1�.�3�0� �1�.�5�6� 
�7�.�5�-�8�.�5� �0�.�5�7� �6� 
�8�.�5�-�9�.�5� �0�.�2�3� �2�1� 

�9�.�5�-�1�0�.�0� �0�.�0�2� �.�0�5� 
�>�1�0�.�0� �0�.�0�9� �1�3� � � � � � � � � 

�T�a�b�l�e� �A�-�2�:� �P�e�r�c�e�n�t�a�g�e� �O�c�c�u�r�r�e�n�c�e� �o�f� �S�i�g�n�i�f�i�c�a�n�t� �W�a�v�e� �H�e�i�g�h�t�s� �a�t� 
�W�e�s�t� �C�o�a�s�t� �L�o�n�g� �P�e�r�i�o�d� �B�u�o�y� �S�t�a�t�i�o�n�s� 
� � 

� � 

� � � � � � 

�H�m�o� �S�t�a� �4�6�0�0�2� �S�t�a� �4�6�0�0�5� 
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�0�-�0�.�5� �.�0�3� �0�.�1�4� 
�0�.�5�-�1�.�5� �1�9�.�0�5� �2�2�.�9�2� 
�1�.�5�-�2�.�5� �3�1�.�7�1� �3�0�.�3�5� 
�2�.�5�-�3�.�5� �2�3�.�2�3� �2�1�.�5�9� 
�3�.�5�-�4�.�5� �1�4�.�5�5� �1�3�.�7�2� 
�4�.�5�-�5�.�5� �6�.�6�7� �6�.�7�2� 
�5�.�5�-�6�.�5� �2�.�7�8� �2�.�6�7� 
�6�.�5�-�7�.�5� �1�.�1�3� �1�.�0�7� 
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�H�m�o� �k� �f�p�r� �r� �A�m�p� 
�(�m�)� �(�H�z�)� 

�1�.�0� �1�.�0�0� �0�.�1�3�9�1� �0�.�6�1�6� �0�.�1�5�7�4� 
�2�.�0� �1�.�0�0� �0�.�1�1�6�0� �0�.�7�0�7� �0�.�1�8�8�3� 

�3�.�0� �1�.�0�0� �0�.�0�9�8�1� �0�.�7�5�4� �0�.�2�0�5�5� 
�4�.�0� �1�.�0�0� �0�.�0�8�9�5� �0�.�7�8�4� �0�.�2�1�7�0� 

�5�.�0� �1�.�0�0� �0�.�0�8�3�4� �0�.�8�0�7� �0�.�2�2�6�1� 
�6�.�0� �1�.�0�0� �0�.�0�7�8�7� �0�.�8�2�4� �0�.�2�3�2�9� 

�7�.�0� �1�.�0�0� �0�.�0�7�5�0� �0�.�8�4�0� �0�.�2�3�9�5� 
�8�.�0� �1�.�0�0� �0�.�0�7�1�9� �0�.�8�5�3� �0�.�2�4�4�9� 
�9�.�0� �1�.�0�0� �0�.�0�6�9�2� �0�.�8�6�2� �0�.�2�4�8�8� 

�1�0�.�0� �1�.�0�0� �0�.�0�6�6�9� �0�.�8�6�8� �0�.�2�5�1�3� 

�1�0�.�9� �1�.�0�0� �0�.�0�6�5�2� �0�.�8�7�5� �0�.�2�5�4�3� 
�1�2�.�3� �1�.�0�0� �0�.�0�6�2�8� �0�.�8�8�6� �0�.�2�5�9�1� 
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