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ABSTRACT 

Changes in the vibration frequencies and mode shapes of fixed offshore platforms can 

be used to detect damage. The selected vibration properties of an offshore platform model 

were studied considering both damaged and undamaged conditions. The platform model 

was a 1I50th scale, three dimensional tower possessing the key features of a typical, eight 

legged, k-braced steel offshore platform. In this study, for the first time, quantitative infor

mation on mode shapes was utilized leading to improved damage detection capabilities. 

The scaling considerations, the model and the experimental method are described. 

The experimental results are complemented with analytical results and show excellent corre

lation. In general, emphasis is placed on the vibration frequencies and deck modal displace

ments of the first two translational modes and the first torsional mode. The effects of a 

variation in deck mass are assessed both experimentally and analytically. Also, the effects of 

shifts in the position of the deck center of mass are assessed analytically. 

Both experimental and analytical results support the potential application of mode 

shape monitoring to detect structural damage. Results demonstrate that modal displace

ments of the deck and the vibration frequencies for the first two translational modes and the 

first torsional mode of the structure are sufficient for monitoring structural integrity. Find

ings show that frequency changes of only a few percent are accompanied by changes of more 

than 30% in the normalized modal displacements of the deck when certain members are 

damaged. Because the ability to detect damage through changes in vibration properties is 

potentially hampered by significant variations not related to damage, it is important that such 

variations be distinguishable from changes caused by damage. This study is an illustration 

that when both frequencies and mode shapes are considered, damage related changes differ 

in characteristics from variations not related to damage. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

The discovery of offshore oil and gas reservoirs and the increased demand for energy 

in recent decades have caused considerable efforts to explore, drill, and develop these 

offshore resources. In the last decade oil production in the North Sea has had a significant 

positive impact on the economy of the western European nations. Meanwhile, the increased 

production in North American waters has also been notable. Increased development of 

offshore oil and gas resources is apt to continue in North American waters and worldwide. 

Most offshore oil production facilities are installed on steel towers which are supported 

by the ocean floor or seabed. The steel towers or platforms, considered in this study, are 

three dimensional trusses constructed from tubular members with circular cross sections. 

These structures serve as drilling and/or production platforms, and house the necessary 

plant facilities at several deck levels located at their uppermost part. Furthermore, they pro

vide lateral support at different levels along their height for the conductor pipes which house 

the production risers that extend from the ocean floor to the deck level. The main body of 

these towers, called the jacket (Fig. 1.1), is secured to the ocean floor by means of piles. 

Some piles are driven through the hollow legs into the ocean floor (leg piles), and others 

(skirt piles) through sleeves that are connected to the lower portion of the jacket (Fig. 1.1). 

Although grouting is used to bond the skirt piles to their sleeves, it is not always used for 

the leg piles to which the deck assembly (truss cap, refer to Fig. 1.1) is welded. 

These structures are proportioned to withstand expected environmental loads [1] which 

vary depending on geographic location; e.g., for towers in the Gulf of Mexico wave and 

wind loads generated by hurricanes need to be considered, for those in the Gulf of Alaska 
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forces due to waves and winds generated by extra tropical storms should be taken into 

account, and for towers in seismic regions, such as the coastal waters of California or 

Alaska, loads caused by earthquakes of certain intensity and duration (possessing certain 

spectral characteristics) need to be considered. During the life of a platform the environ

mental loads may cause structural damage in the tower, notably fatigue. In addition, unex

pected accidents during erection, pile driving, or the final stages of construction at the ocean 

site could also cause damage. Further, a tower is not immune to damage in the event of 

collision with a ship or an iceberg. 

Higher towers are being constructed as the search for offshore gas and oil is pursued 

into deeper waters and more hostile environments. Platforms subjected to more arduous 

conditions have a higher probability of structural failure and are more difficult to repair. 

The increased capital cost of these towers and the consequences of a catastrophic failure 

make a strong appeal for any technique that will give advance warning of failures that could 

possibly lead to total loss of the platform. In addition to the significant economic losses, 

safety of personnel and environmental considerations dictate that platforms be safe from col

lapse. Damage detection techniques will allow the implementation of procedures both to 

safeguard personnel and to protect the environment when collapse is imminent. In addition, 

repairs can be carried out in a timely fashion to prevent further damage or collapse. Such 

techniques will considerably benefit the planning and control of production processes, partic

ularly for those platforms which are in remote locations [2]. Damage detection at earlier 

stages will greatly facilitate undersea repairs and reduce repair costs and other economic 

losses. 

In the past, periodic subsea divings have been used for detecting damage to offshore 

towers. Despite improvements in diving equipment and expertise, the technique has its lim

itations. It cannot guarantee a thorough and reliable inspection of any tower. The 

effectiveness is limited by hostile environments and it cannot be pursued at very great 

depths. 
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The dynamic characteristics of an offshore platform, such as natural frequencies of 

vibration and mode shapes, depend upon the tower stiffness and mass distribution. Failure 

of any structural member can alter the platform stiffness and dynamic characteristics; so that 

a change in the dynamic characteristics can be used to infer damage to the integrity of the 

structure. To be useful, such changes must be significant enough to be detected with ease. 

In addition, changes not due to damage, such as variations in the deck mass, and marine 

growth, could affect the dynamic characteristics, so one must be able to distinguish changes 

caused by damage from those not caused by damage. 

Dynamic characteristics of a structure can be evaluated either by performing a con

trolled test and analyzing the resulting response, or by analyzing the structure's response to 

a broad spectrum of random, dynamic loads due to waves and wind. In either case, the 

vibration information is evaluated with respect to the vibration modes which are excited. In 

general, vibration monitoring can be effective and easier to apply if waves, which are the 

most commonly encountered input, excite the vibratory response. However, it must be 

realized that in areas where the sea is generally calm (Gulf of Mexico and coastal waters of 

Southern California) little dynamic excitation is to be expected most of the time, and for 

this reason forced excitation may be necessary. 

When the vibration information is to be obtained by performing a dynamic test, 

several factors must be considered prior to selecting the type of test. Generally these factors 

include some prior knowledge of the features and properties of the structure (which can be 

obtained by preliminary tests), and the specific dynamic characteristics that are to be 

evaluated. For example, depending on the need and also the practicality, one may cause 

significant excitation in a single mode only, by performing a snapback type of test. Like

wise, one may excite several modes at the same time by inducing shock, or one may meas

ure the steady state response of a tower to resonant excitation and obtain transfer functions 

which are functions of the natural frequencies, their associated mode shapes, and their 

damping [3}. The vibratory response to ambient excitation is generally sufficient for evaluat-
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ing the characteristics of at least several vibration modes and can be used for continuous 

monitoring of these characteristics. 

By using measurements at appropriate locations on a tower in its ambient vibration 

state or during a well planned, controlled dynamic test, one can obtain quantitative informa

tion on the dynamic characteristics of the structure. If the data are gathered at appropriately 

selected locations, information may be obtained which is pronounced and sensitive to dam

age. By examining relevant characteristics one could be in a position to infer damage by 

observing the changes in these quantities. 

1.2 Background 

In this report the term "monitoring" implies keeping track of the changes or lack of 

change in the appropriate dynamic properties of a tower to infer damage. Frequencies 

(periods) and mode shape information may be monitored for this purpose. Properties of 

global modes, which are mainly the lower modes, as well as higher modes of local nature, 

may be used in the monitoring. 

In general, breakage or complete severance of a leg or of a vertical or diagonal 

member, which functions as one of the lateral stiffness and load resisting elements in the 

tower, can cause changes in the global mode characteristics [4,5,6,7]. Local cracks (usually 

near the joints in the braces), which cause flooding, have practically no effect on the overall 

lateral stiffness of the steel towers, but cause a local increase in the mass of the tower. This 

type of damage may cause detectable changes in some of the higher global modes of the 

structure but generally not in the lower ones [41. Stress concentrations in the cracked areas 

and the corrosive environment can cause progression in the crack and lead to complete sev

erance. On the other hand, local cracks which affect the end condition of members and 

change their effective mass, can be detected by monitoring the local modes [4]. 

There has been considerable industrial research to gain experience and to examine the 

feasibility of integrity monitoring of existing towers. Investigators have obtained natural 
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vibration frequencies of offshore platforms from vibration measurements and have 

attempted to detect and observe changes in the frequency values. Most of the investigators 

have relied on ambient excitation of the vibratory response. Forced vibrations, which have 

been commonly carried out on buildings [8,9,10], have also been employed [3]; boat impact 

and pulling have also been used to excite towers [I I]. 

Spectral methods appropriate for the analysis of random data [I 2, 13, 14, 15] have been 

employed to obtain and evaluate vibration information from ambient acceleration measure

ments. The task of evaluating vibration frequencies by such techniques is practical and easy 

[I6]. Accelerations measured at a single location can provide several vibration frequencies, 

and measurements at only a few locations suffice to evaluate frequencies of the excited 

modes and to identify their mode shapes. 

Earlier investigations have been mainly concerned with the lower modes of vibration 

n 6,17,181, and have relied on measurements taken at the deck and above the water level. 

This is in part due to the fact that for the usual towers the ocean waves and the ambient 

conditions easily excite these modes, and the accelerations (as well as the displacements and 

velocities) resulting from the fundamental vibrations are largest at the deck level, which is 

the most convenient location for taking measurements. In later investigations, attempts 

were made to obtain and to identify higher modal frequencies. The vibration measurements 

taken on the deck and above the water level, were complemented with below water meas

urements [3,4]. Mathematical models were developed in conjunction with these studies and 

were refined to correlate better with the observations. These computer models served as the 

primary means of assessing the quantitative frequency changes in case relevant members 

were completely severed because of the scarcity of opportunities resulting from modification, 

repairs, or for other reasons [4,6]. Recently attention was diverted to local frequency moni

toring [3,4], an area in which there is continuing research. 

An early study by Vandiver in 1974, which was used to confirm the lack of member 

breakage in a 150 foot tall Coast Guard tower standing in 70 feet of water, showed that it 
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was possible to detect damage by employing vibration frequency values [17]. Later, investi

gations of three platforms in 100 feet of water demonstrated that frequencies of the lowest 

translational modes along with some higher modes, which could include up to the third 

translational modes, could be obtained from measurements at the deck level (above water) 

[161. These frequencies were in the 0.4 to 10 Hz range, and were stable to within 3%. A 

minor modification to one of these towers resulted in frequency changes of up to 15%. 

Later work, reported in 1978, examined the natural periods of four towers in deeper waters 

(up to 373 feet) and compared measured results with analytical results [Ill. The analytical 

investigation included parametric studies of deck mass and pile stiffness variations to evalu

ate their effect on vibration periods. 

In a later investigation, a platform owned by Shell Oil Company in 327 feet of water 

was studied extensively [5]. It was instrumented at 17 locations above the water level for 

ambient vibration measurements. Twenty-four modes were detected, ranging from 0.65 to 

4.5 Hz. These included the fundamental up to the third translational modes and other com

plex modes. Uncertainties in the parameters affecting the vibration periods were discussed. 

The thresholds for damage detection were believed to be about 1% for the fundamental fre

quencies and about 2% for frequencies of well-identified higher modes. That is, changes 

larger than these values would indicate more than 90% likelihood of failure. Measured fre

quencies of the fundamental modes in rough seas were 1 to 2% lower than those measured 

in calm seas. For a given sea state the frequencies were detectable to within 0.5 to 0.8%. 

An analytical model of the tower was developed and was successively refined. Failure stu

dies on the refined analytical model were conducted. It was concluded that breakage of 

some vertical diagonals on the periphery of the jacket or failure of a leg pile could be 

detected from shifts in the frequency values. 

In another investigation, three towers in 212 feet, 375 feet, and 213 feet of water -

referred to here as the first, second, and third towers, respectively - were studied [61. Data 

were gathered on these platforms during several visits and were evaluated using spectral 
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techniques. Ambient measurements on the first tower showed an excellent stability of fre

quencies for the different visits. For the second tower machinery noise dominated the 

measurements and no conclusions were made concerning the frequency stability. In the 

third platform three bracing members were replaced. Ambient measurements were taken 

before the repairs were carried out as well as during the intervals when members were 

removed, and after the new members were installed. This tower was modeled analytically 

and the analytical model was tuned to correlate better with the observed properties. Param

eter studies and member removal analyses (which included the members that were replaced) 

were carried out. The considered frequencies ranged from about 0.65 to 4.60 Hz. The 

analysis indicated significant changes in the higher frequencies, and in some cases in the 

order of some of the higher modes, (IS a result of damage. Some limited modal information 

for the response shapes was obtained by applying the data analysis technique described in 

Reference 19 to the ambient measurements. The investigators encountered some problems 

in correlating the analytical frequencies to the results from measurements, but this perhaps 

was related to the mass modeling at the deck. The tower had a large oil storage tank located 

eccentrically at its uppermost deck. The tank when full, weighed 2100 K, which was a sub

stantial portion of the total deck weight. With the fundamental frequencies ranging from 

about 0.65 to 1.0 Hz, shifts by as much as about 10% were observed. However, the investi

gators were unable to detect removal of bracing members from their ambient vibration (fre

quency) results. 

The removal of a four-legged gas producing platform from the North Sea provided 

another good opportunity to assess the effectiveness of vibration monitoring. The tower was 

located in about 75 feet of water and was about 170 feet high. It was not a typical platform. 

The feasibility of both local monitoring and global monitoring for this tower was investigated 

[4]. Ambient vibration measurements were taken before and after a member was com

pletely severed at one end. Intermediate measurements mainly for monitoring the local 

modes were taken as the member was progressively cut. The tower was instrumented both 
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above and below water level. Eight below-water level accelerometers were placed on a 

group of four members in the panel where the member was to be cut. These were located 

in groups of two, on the individual members (and between the joints) to detect local in

plane and out-of-plane modes of vibration. The measured global frequencies, which 

included the second group of frequencies, ranged from about 1.3 Hz to 4.0 Hz and were 

believed to be stable and accurate to within 1% to 2%. Two separate analytical models were 

used. One was used to study relevant local modes ([41, p. 113), and the other was used for 

the global modal analysis. The flooding as the member was being cut was easily detected by 

the changes in the frequencies of the local modes. These frequencies, which were analyti

cally determined to within 3%, changed more than 12%. Severance (a complete cut), as well 

as some general conclusions regarding its general location, were also easily confirmed by 

using the global modes. Measured changes in the frequencies of the fundamental modes 

were as large as 15%. 

Very limited work has been done to employ quantitative mode shape information for 

monitoring purposes. A method described in Reference 19 uses the matrix of cross and 

auto spectral density functions [121 (which can be obtained from random data measurements 

in the ambient state) to obtain quantitative information on the response shapes at the fre

quencies where peaks occur in the spectra. The results are obtained iteratively using a least 

squares method. In application [6,191 some difficulties were reported with closely spaced 

modes or where two modes make significant contributions; the method was otherwise satis

factory in obtaining good estimates of mode shape information. 

Collectively the investigations reported show that for some smaller towers global fre

quency monitoring above the water can be used successfully to identify damage. However, 

it provides little help for inferring damage in deep water platforms. This is principally due 

to the fact that changes in these frequencies resulting from damage are small, and that small 

variations in dynamic parameters, such as deck mass, also cause frequency shifts. The glo

bal frequency changes due to damage are directly related to the change in the overall 
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stiffness of the platform. For higher towers the reduction in the overall lateral as well as in 

the torsional stiffness, resulting from severance of a single member, will be smaller. 

Thereby, the global frequency monitoring method is successful in detecting damage only 

with smaller towers. 

So far the effects of damage on quantitative mode shape information have not been 

investigated. Mode shape information has been used qualitatively in general for the purpose 

of modal identification. How large are the quantitative changes in mode shape information 

when damage occurs? Are there also relatively significant variations due to non-damage 

phenomena, such as alterations in the deck mass? If the changes due to damage are large 

they will also provide some latitude to distinguish significant non-damage type variations 

from those resulting from damage. Hence, these concepts are important and should be 

investigated. 

1.3 Objectives 

The purpose of the program described in this report was to study mode shapes and fre

quencies under undamaged and damaged conditions using a three dimensional laboratory 

model. The laboratory model was designed so that it possessed the key features and proper

ties of a typical steel offshore platform. The specific objectives of this program are listed as 

follows: 

1. To assess the possibility of inferring damage by observing the changes in the 

vibratory characteristics, namely the frequencies and mode shapes, of the tower. 

2. To assess the relative usefulness of mode shapes and frequencies in detecting 

damage by comparing the quantitative changes in the frequencies with the quanti

tative changes in the mode shapes when damage occurs. 

3. To assess what the above changes can reveal as to location of damage. 

4. To examine how well the changes can be predicted analytically. 
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5. To examine the effect of deck mass on these characteristics and their variation as 

a result of damage. 

6. To observe and! or examine other phenomena, such as the effect of submergence 

on the dynamic characteristics (frequencies and mode shape, for example) and 

how well they correlate with analytical predictions, when such prediction oppor

tunities are provided. 

7. To provide some information and also gain insight on some of the local vibration 

phenomena that are relevant to integrity monitoring. 

1.4 Method and Scope 

A typical steel offshore tower was chosen and the portion above the skirt pile section 

(to which the skirt pile sleeves were connected, refer to Fig 1.1) was selected as the proto

type of the test structure. Then a three dimensional laboratory model based on the proto

type was designed and constructed. Finally a mathematical model of the laboratory structure 

was formulated for analytical correlation. 

The study encompassed the complete severance of one bracing member for each dam

age case considered. During the test program, four diagonal bracing members were severed, 

one at a time, by removing a small section near the lower end to simulate complete failure 

of the member. In the undamaged case and in the four damaged cases the tower was sub

merged. Two deck mass conditions, namely the maximum and the minimum loadings, were 

considered in each case. In all cases these masses were non-eccentric (i.e., in plan view the 

position of the center of mass of the deck coincided with the center of rigidity of the 

undamaged structure). Both frequency and mode shape information were considered in the 

study. Emphasis was placed on the three fundamental modes (two translational and one tor

sional), considering their mode shapes as indicated by deck displacement measurements. 

The effect of submergence on the dynamic characteristics was assessed for the tower in 

the (undamaged) minimum deck mass condition. The effect of deck mass eccentricity as 
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well as an additional case of damage was examined analytically by using the mathematical 

model. Further details of the research program are presented in Chapters 2 through 5. 



2.1 Introduction 
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CHAPTER 2 

THE EXPERIMENTAL MODEL 

Experimentations on actual structures, to better understand their behavior, is generally 

impractical when it involves modifying or damaging the structure. In many engineering 

applications small scale replicas (models) of actual structures (the prototypes) are employed 

instead for this purpose. Generally the model is much more economical to construct and 

easier to test, and its behavior reveals the (key) features of the prototype behavior. These 

concepts were pertinent to this investigation, in which a small scale three-dimensional model 

was to be employed in place of a full scale steel platform. The model was to be tested in a 

ship model towing tank which could hold water up to a depth of 5.5 feet, while the water 

depth for the (typical) prototype was to be greater than 200 feet. Considering the overall as 

well as the typical member sizes in offshore platforms, the size of the testing facilities 

(which included the water depth in the tank and the room required for the base apparatus 

onto which the model was to be fixed), the available material properties and also tubing 

sizes that could be used to construct a model, a geometric scale of 1/ 50th was selected. In 

using such a small model, concepts related to scaling had to be considered. 

The purpose behind designing the model was to come up with a test structure which 

possessed the important features common to the class of platforms the model was to 

represent. To meet this purpose a typical steel offshore platform was selected as prototype, 

but the scaling (similitude) requirements, which render an exact one-to-one correspondence 

of every important variable in the prototype and its model, were used only as a general 

guide in designing the model. Hence the model was not intended to simulate the behavior 

of the particular steel tower selected, but only to behave similarly to a typical structure. 

In this chapter basic concepts related to scaling are summarized, and the necessary 

similitude requirements for a model structure are presented. The guidelines followed in 
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designing the experimental model are described. Also, the selection of material for con

structing the model is discussed. Finally, the model structure is described and its relevant 

features are discussed with reference to the corresponding features in the selected full scale 

structure. 

2.2 Basic Concepts 

Similarity of a model and its prototype implies a one-to-one correspondence in their 

key properties and behavior. Every value of a key variable in the model, such as time, 

corresponds to a unique value of the similar variable in its prototype. These corresponding 

values are defined as homologs. The ratios of homologous parameters are constants called 

scale factors. They are defined here as the ratio of the variable in the prototype to its homo

log in the model. 

Allowing length, time, and mass to be the three fundamental dimensional quantities of 

mechanics, all other dimensional quantities can then be expressed in terms of these three, 

denoted by the symbols L, T, and M. Using the list of all variables that can have a bearing 

on the behavior of a prototype, a set of independent, dimensionless terms called Pi terms 

can be formed, where each Pi term is formed by the products and ratios of a subset of the 

variables. 

As long as the corresponding Pi terms in a prototype and its model have the same 

values, the model will simulate the prototype behavior. The only restriction will be on the 

values of the Pi terms in the model and not on the values of individual variables. So that 

for a given geometric scale factor, any set of scale factors for the homo logs that provides the 

required Pi term values is permissible. This set of scale factors defines the similitude 

requirements and is used for designing a model. For a model that is designed to simulate 

the vibratory properties of its prototype, and that complies with the necessary similitude 

requirements, homologous parts will experience homologous forces at homologous times, 

and corresponding forces will have the same ratio in the model and prototype. A 

comprehensive presentation of the theory of models, and a strategy for deriving Pi terms 
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and similitude requirements Gin he found in I{derences 20, 21, and 22. 

To derive Pi terms for the study of mode shapes ;lIld frequencies of a platform, the 

variables that afllxt the quantities under study <Ire needed. The length, w<lll thickness, outer 

di<lmder for every member, and the elastic modulus control the stilfness or the tower and 

the distil' forces during vibr<ltions. The m<lss distribution of the tower will then be defined 

by the llIass density for tile members and the mass or the deck (which will be designed and 

also assumed to beh<l ve <IS <I rigid uni tin this progr<lm). The inert ial cont ribul ions from the 

fluid in which the tower is submerged are dependent on the outer diameters of the tubular 

members (also inner di;lI11ders for the llooded legs) in the structure, and the mass density 

of the lluid. The preceding completes the list of important variables in the study. 

The l{eYl1olds number which defines the ratio of inertial forces to viscous forces in the 

lluid medium 1231 could not be the same for a prototype and its model in this study, due to 

the fad that ll:sts l'Oldd be carried out in wall:r only (insll:ad of a fluid with a much smaller 

uw/Jicient of kinematic viscosity 123,24/), and therefore, forces arising from the fluid 

viscosity would be exaggeLlted. Viscosity had a very sm;t11 ellecl, if any, on the vibration 

mode shapes and frequencies of the platform, which was subjected to small amplitude vibra

tions during the tests, <llthough it may have contributed in damping out the vibrations or the 

model platform. Ilowever, damping measurements in both air and water indicated less than 

one percent of critical d;lI11ping in the model for the primary vibration modes. This amount 

of damping alkcts the undamped vibration frequencies by less than O.005(YtJ, docs not alh:cl 

the mode shapes, and is thererore not a concern in the study. 

The list of important variables in the study can be summarized as follows: 
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Parameter 

Independent variables 

Tower deck mass 

Mass density of the material 

for structural members 

Length for members 

Outer diameter for members 

Wall thickness for members 

Modulus of elasticity for members 

Mass density of the fluid medium 

Dependent variables 

Vibration frequencies 

Normalized modal displacements 

(non-dimensional) 

The six Pi terms: PI Ps 

PI 

D P2 =-
I 

Symbol Dimension 

m M 

Ps M L-3 

L 

D L 

L 

E M L-1 T-2 

PI M L-3 

f T-1 

P3 

P5 = {f.JP; I )/.JE and P6 = ¢ can be obtained from these. 

Since water is used for simulating the fluid environment 

( PI) model = P 1m = _1_ = 1 
( PI) prototype Pip P Ir 
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and from the first Pi term [~I -[~I is required. Therefore 
P f model - P f prototype 

P sr = P sp / P sm = P fp / P fm = P fr = 1 will demand the same mass densities for the 

members in the prototype and its model. Using the chosen geometric scale lr = 50, the 

second and also the third Pi terms, Dr = lr = tr = 50 will be required. Similarly, using 

P4, mr = P fr ( Ir)3 = 503 is demanded for the deck mass. So that ~r = 1 (the same 

normalized modal displacements in the model and prototype) and 

50 

will hold true for the model. The preceding comments are summarized in Tables 2.1 and 

2.2. 

According to this analysis there is no restriction on the value of E for the model. To 

choose this value, the acceleration of gravity is added to the list of variables. The accelera-

tion of gravity g, controls the fluid motions near the water surface. This variable will have 

some influence on the hydrodynamic inertial forces (i.e. the inertial contributions from the 

water) that act on the members near the free water surface during vibrations of the plat-

form. This is a minor effect for the type of platform considered and causes very small 

amplitude waves that propagate radially outward from the legs (and bracing members), at 

the free water surface, during the platform vibrations. By including g, the additional Pi term 

P7 = ( g I P f )/E results from which Er = gr P fr lr = 0)(1)50 = 50 will be 

desired. 

2.3 Material Selection 

As noted above, a 600 Ksi (30,000/50 Ksi) modulus of elasticity is desirable for a 1/50 

- geometric scale model. However, it was difficult to obtain a material with a modulus of 

exactly 600 Ksi. Further, it was also impractical to expect the member wall thicknesses to 

be as thin as lIS0th of those in a prototype; therefore a modulus lower than 600 Ksi would 

be suitable to compensate for the resulting increase in the stiffness of the model due to the 
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thicker member walls. These limitations confine the choice of model material to plastics, 

which have moduli that can range from 270 to 600 Ksi. It should be borne in mind that the 

material should have linear elastic behavior during the testing. Two materials were con

sidered suitable: acrylic resin (Plexiglas) or polycarbonate. 

All plastics can show creep behavior under sustained stresses, particularly at elevated 

temperatures. In vibration problems, however, plastics can behave practically as linear elas

tic material. Previously Plexiglas had been used in laboratory tests at the University labora

tories. It was known that in vibration problems Plexiglas behaves as a material whose 

modulus is frequency dependent below some frequency and independent of frequency above 

this value [25]. 

Preliminary tests of limited scope were carried out to assess the general behavior of 

polycarbonate, so that from knowledge of the general behavior of both polycarbonate and 

Plexiglas the material which was suited best for use could be selected. Two polycarbonate 

specimens and one Plexiglas specimen were tested under sinusoidal axial forces. Each tubu

lar specimen had an outer diameter of 3/4" and a wall thickness of 1/16". By means of an 

oscilloscope equipped with a camera, traces of axial force versus axial strain were photo

graphed. These defined the elastic modulus, since the specimen cross sectional areas were 

known. The accuracy of the calculated moduli was estimated to be 7% to 5%. Because tem

peratures within 60° to 65° F. were expected in the towing tank, where the model was to be 

tested, the specimens were submerged in a water bath with a controlled temperature during 

these tests. For each cyclic test, the frequency of the simusoidal force was also controlled. 

Test frequencies ranged from 0.1 Hz to 20 Hz during which the polycarbonate speci

mens showed linear elastic behavior. Test results showing the measured moduli for the 

Plexiglas as well as one of the poly carbonate specimens, are presented in Fig. 2.1. During 

these tests the temperature was held between 60° and 64° F for the Plexiglas specimen, and 

within 60° F to 63° F for the polycarbonate specimen. Subsequently, the polycarbonate 

specimen was also tested at temperatures of 59° F, 62° F, and 65° F respectively. At each 
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temperature, as illustrated in Fig. 2.2, four cyclic tests at different frequencies, ranging from 

0.1 Hz to 15 Hz, were performed. The measured moduli were within 5% of the mean value 

of modulus for the first test (60° F to 63° F), and indicated no decrease in modulus as the 

temperature increased. Tests on the second polycarbonate specimen, with the temperature 

ranging from 60° to 69° F, indicated moduli within 5% of a mean of 333 Ksi. This specimen 

indicated the same type of behavior as the first polycarbonate specimen (refer to Fig. 2.2). 

Several tests were carried out on both the Plexiglas and polycarbonate specimens to 

compare their material damping character. Using the log-decrement method [26] the poly

carbonate was found to exhibit the lower material damping of the two. 

Based on these findings it was concluded that polycarbonate behaves as a linear elastic 

material for frequencies higher than 0.1 Hz. It was also concluded that its modulus could be 

assumed constant for temperatures ranging from 60° F to 70° F. A further conclusion was 

that for frequencies above 6 Hz the value of the modulus for polycarbonate was considerably 

lower than that for Plexiglas. Even though the value of the modulus can vary somewhat 

from one tube to another, because this depends on the manufacturing processes, the preced

ing conclusion held true. Later, static tests on the model, taking up to ten minutes from 

loading to unloading, also confirmed the behavior of polycarbonate as being practically linear 

elastic. The preliminary dynamic tests on the model (and tubes used for its construction) 

also confirmed the aforementioned conclusions. 

The vibration frequencies of the model were expected to be higher than 6.0 Hz. For 

these frequencies, as discussed above, the value of modulus for Plexiglas was expected to be 

close to the value desired (600 Ksi) for a 1I50th geometric scale model, whereas the 

modulus for polycarbonate was considerably lower than this value. Further, the available 

wall thicknesses for both polycarbonate and Plexiglas tubing were greater than what a 11 50th 

geometric scale demanded, and hence tended to provide a mode! that was stiffer than 

desired; Therefore, it was better to use polycarbonate (for the model) which had the lower 

modulus, to compensate for the resulting increase in stiffness of the model due to the 
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thicker member walls. In addition, desirable preliminary quasi-static verification tests (to 

verify the mathematical modelling of the structure with linear elastic material properties) 

could be carried out with a polycarbonate model, but not with a Plexiglas model, because 

Plexiglas behaves as a linear elastic material only in vibration tests with frequencies above 

approximately 5.0 Hz. In addition, the expected temperature range when testing the model 

in air was 66° F to 69° F, i.e., higher than the expected 60° to 65° F range when testing the 

model in water, and test results (described above) clearly indicated that the modulus of 

polycarbonate was not affected by the temperature in the 60° to 69° F range. Based on all of 

the preceding comments, polycarbonate was selected for constructing the model. 

2.4 Selected Full Scale Tower and Description of the Model Platform 

Design drawings from several typical towers were reviewed. The jacket of an eight 

legged, K-braced tower in 284 feet to 290 feet of water (slanted mudline) owned by Shell 

Oil Co. was chosen as the basic system. The portion above the 218-foot below water level, 

that is above the skirt pile section (refer to Fig. l.1), was selected as the prototype to serve 

as a guide in designing the model platform. 

The design of the model was aimed at a 1/ 50 reduction in the overall dimensions of 

the jacket and also in the outer diameters of its members. When designing the model, cer

tain simplifications were made. The regions where the conductor guide framing was located, 

and also where secondary bracing members required for launching were located, were 

simplified rather than duplicated exactly. 

Using polycarbonate tubes, the jacket of the model was designed to meet the design 

objectives to the best possible extent. These tubes, from which the members were cut, were 

8 feet long and were supplied by different manufacturers. A specimen cut from each 8-foot 

length was tested to determine the elastic modulus for that tube. The test specimens were 

clamped rigidly at one end as cantilever beams (of known length). Employing a vibration 

spectrum analyser the fundamental frequencies of the cantilevers were measured, and know

ing their section properties and mass densities, their moduli were determined [26,27]. The 
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diagonal bracing members were cut from the same tubing in groups of at least two, so that 

despite the possible differences in the moduli rotational symmetry about a vertical axis was 

preserved. Referring to Figs. 2.3 through 2.5, Frame A was the duplicate of Frame B, 

Frames 1 and 4 were also duplicates, and so were Frames 2 and 3 On both geometric proper

ties and member moduli). 

The member working lines in the designed model formed a 1/50 (geometric) scale 

reduction of those in the prototype. Figs. 2.3 through 2.6 illustrate the outer diameter, wall 

thickness, and also the modulus of every member in the jacket of the model. Principal 

lengths, including the overall dimensions for the model, are also supplied in these Figures. 

The given moduli are accurate to within 5%. Table 2.3 summarizes the member outer diam

eters and wall thicknesses in the prototype, the corresponding dimensions demanded by a 

1/50 geometric scale, and also those actually used in the model. The minimum available 

wall thickness for polycarbonate tubing was 1/16 inches. The wall thicknesses in the full 

scale tower members are increased at the joints, but in the model they were not. 

The member outer diameters used in the model (with the exception of a few horizon

tal bracing members) were within 6% of what a 1/ 50 scale reduction demanded. In the pro

totype, the member wall thicknesses were basically 5/8" for the legs (with the exception of 

two legs on the broad side which had thicker walls for launching purposes), 5/8" and 3/4" 

for the vertical diagonal braces, and mostly 1/2" for the secondary horizontal braces. Thus, 

with the 1/16" wall thickness (minimum thickness available) used in the model, the wall 

thicknesses in the model were considerably larger than required by a 1/50 scale reduction. 

They were 5 times as large for the 5/8" thick (prototype) walls, 4.2 times as large for the 

3/4" walls, and 6 times for the 0.5" thick walls. The effect of these thicker walls in increas

ing the stiffness of the model is partially compensated by the less than 600 Ksi moduli of 

the polycarbonate members. These actual moduli varied from 270 Ksi to 370 Ksi and hence 

the model was still stiffer than desired. The distortion in stiffness controls the resulting 

model to prototype frequency ratios and has a small influence on the fundamental mode 
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shapes. 

Despite the thicker member walls in the model Clisted in Table 2.3), the masses of the 

members in the model were 4% to 40% less than the scale value for the legs (with 5/S" wall 

thickness) and most of the diagonal bracing members. This was due to the fact that the 

(volumetric) mass density required for the replica members was to be the same as that in its 

prototype, while the mass density for polycarbonate was only 1.2 times that of water. How

ever, when the members are submerged, their effective mass for the jacket (including the 

added mass of the water) is closer to that required. For motions normal to the axis of 

members the effective mass, which includes the displaced water mass and internal fluid 

(when applicable) [23,24], is basically SO% of that demanded for the legs and 90% to 95% of 

that demanded for the diagonal bracing members. The model has a jacket which is lighter 

than required. During vibrations in air, the inertial effects arising from the jacket mass are 

smaller than required by similitude. However, during vibrations in water, the total inertial 

effects due to both the jacket mass and the water will be closer to that desired. Hence the 

model is more sensitive to submergence. This (intended) desirable feature provides a good 

opportunity to assess how well the inertial effects due to submergence can be predicted by 

theory. 

The deck was designed and constructed as a box reinforced with webs. Polycarbonate 

plates were used for its fabrication. Eight aluminum plates were attached to the deck by 

means of machine screws. Four of these were intended for accommodating the attachment 

of accelerometers and the other four were used to accommodate the mounting of four 

removable steel blocks, which were used to stimulate the maximum deck mass condition. 

The deck box was designed to act as a rigid unit during vibrations in the fundamental 

modes. This type of behavior was verified by preliminary dynamic tests. Figures 2.7 and 

2.S illustrate the deck and provide some details as well as its overall dimensions. 

Without the removable steel blocks the (minimum) deck mass was 0.065 lb - S2 lin 

(center of mass at Elevation 67.1", Ref. to Fig. 2.3) during testing, weighing 25.0 lbs which 
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corresponds to a prototype deck mass of 3,130 K. And with all four steel blocks mounted, 

the (maximum) deck mass was 0.267 lb - S2 lin (center of mass at 69.4" Elevation; see Fig. 

2.3) weighing 103.0 Ibs which corresponds to a prototype deck mass of 12,880 K. (refer to 

Table 2.4). 

With the jacket and deck joined together and the legs fixed (at the bottom), the model 

possesses the most important features common to typical, 8-legged, K-brace towers. 

2.5 Assembly of the Model 

The bracing members were prepared for assembly by machining the radius of the legs 

at their ends. Each radius was cut by using a milling cutter set at the appropriate angles. 

The required angles were calculated to the nearest 1/360 of a degree. The appropriate 

lengths were calculated and specified to the nearest 0.001". The bracing members and legs 

were joined using solvent type cement. Inspections of the jacket, during the completion 

phase indicated that the appropriate lengths were within ±0.02" of the design specifications. 

The out-of-roundness tolerances for the legs and diagonal bracing members were ±0.007". 

Fig. 2.9 shows typical joint details (see also Figs. 2.3, 2.5 and 2.10). 

The webs of the deck were joined to the top and bottom plates of the deck using 

adhesive. The completed deck was attached to the jacket using (epoxy) adhesive. Fig. 2.11 

illustrates a typical leg-to-deck connection. The completed model on its base system (for 

testing) are shown in Figs. 2.12 and 2.13. 
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CHAPTER 3 

EXPERIMENTAL PROGRAM 

When a structure is dynamically excited, acceleration measurements can be taken at 

appropriate locations in order to evaluate characteristics of the natural modes of vibration 

[26,27] that are produced. The frequencies of these modes, quantitative or qualitative mode 

shape information, and the damping in these modes can be evaluated from the measurements, 

whether the excitation is the ambient condition or is induced by means of controlled dynamic 

tests [3,9,10,13,18,281. 

In general, when dynamic testing is employed several test options are possible. Consider

ing the information required, the prior knowledge of frequencies as well as damping, and the 

relative convenience in employing the different test options, the appropriate dynamic test pro

cedure can be selected to accomplish the objectives [28,29,30,31,32]. 

In conducting the present test, it was necessary to use a forced excitation; i.e., dynamic 

testing. Two options were available: one was to induce excitation by means of shock, the other 

was to use a forced resonant excitation [8], produced by an electromechanical shaker. 

Preliminary dynamic tests were carried out using both options. The second option 

(resonant excitation) was more time consuming, and rather difficult to use due to the very low 

damping in the modes of the tower. A shock excitation imparted at the deck could be used to 

excite the tower into free vibration. Several global and some local modes of vibration could be 

excited in this manner. Further, by imparting the impact from different directions, at different 

locations, the desired modes could be emphasized in each test. Due to the low damping, infor

mation on both mode shape and frequency could be evaluated (with sufficient resolution) for at 

least one fundamental mode, and at the same time frequencies of (some) local modes could 
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also be obtained from a single test, where the duration of each test was less than 24 seconds. 

Since considerably less time was required to complete the shock tests, and this was highly desir-

able, shock testing was employed. 

The theoretical basis for evaluating the vibratory characteristics of the model is presented 

in the following sections. Further information on subjects related to the dynamic tests can be 

found in Refs. 33 and 34. 

The instrumentation of the model, the experimental setup and the testing procedures are 

described at the end of this chapter. 

3.1.2 Spectral Analysis of Transient Response 

After a structure is excited into free vibration by impact, its accelerations during the tran-

sient response can be written as 

~ () I,n C A -~.w.f ( ) a t = . <l> . e J J sin w'D t + (} . 
J J J J ,t~O (3.1) 

j=! 

where the n-dynamic degrees of freedom [26] are sufficient to describe the accelerations at any 

location on the structure and where 

a (t) = The acceleration vector (n-dynamic degrees of freedom) 

A 

<l> j The jth mode shape vector 

t' Time from initiation of impact 

ti Some time after completion of wave propagation phenomena 

which follows the termination of impact 

= t*- ti 

W j = Natural frequency of mode j 

g j = Damping ratio (percent of critical damping) for mode j 

WjD = Wj.Jl-gJ:::::Wj for gj«l 

(} j = Phase angle for mode j 

Cj ~ 0, a constant 
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The magnitude of Cj depends on the extent to which the jth mode is excited by the shock. 

The acceleration at some location p on the structure during the transient response (refer 

to equation 3.1) can be written as 

or 

where 

n -I;.w.( 
apC t) = L djp e J J sin ( W jD t + e) 

j=1 

n 
apCr) = L djp b/t) 

j=1 
, t~O 

,t~O 

( ) 
-(; ·w·{ ( ) 

bj t - e J J sin W jD t + e j j = 1, n 

j = 1, n 

0.2) 

0.3a) 

(3.3b) 

The ~p coefficients are constants that are linearly proportional to both Cj and the ele

ments of <1> j. The finite Fourier transform [34] of equation (3.3a), defined as the transient 

response (or acceleration) spectrum, will be 

where 

T 

Ap(w) - f ap(t) e-iW{dt 
o 

n T n 

= L dip f bit) e-iW{dt = L diP Hi ( w) 
j=1 0 j=1 

W~O 

i=~ 

0.4) 

and T is taken large enough so that e-l;jwjT:::::: 0 for j = l,n. That is, by time T the accelera-

tions have essentially decayed to zero. For accelerations at locations m and I the ratio 

djm Hj ( w) = djm 

dj / Hi W ) djl 
0.5) 

will provide quantitative information for mode j. In particular, if the accelerations correspond 
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to the g and h degrees of freedom, then (see Eqs. 3.1 and 3.2) for mode j 

(3.6) 

for modal displacements corresponding to the g and h degrees of freedom. 

To illustrate how the ratios in Eqs. 3.5 and 3.6 (modal displacement ratios) can be 

evaluated from the transient acceleration spectra (Eq. 3.4) it is necessary to examine the pro-

perties of B/w). From Eqs. 3.4 and 3.3b 

(3.7) 

Using the identity [35] 

in Eq (3.7) leads to 

= ~ (-

so that 

(3.8) 

Since T is taken large enough so that the accelerations have essentially decayed to zero and 
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e -t;;wjT ;::::: 0 for j = l,n, Eq. 3.8 reduces to 

(3.9) 

Multiplication and division of each term on the right hand side of Eq. 3.9 by the complex con-

jugate of its denominator gives 

(3.10) 

For low values of damping (say g j < 0.02) W jD = W j .J l-g J ;::::: W j and expression 

3.10 reduces to 

[ 

t·w· - i( W - W.) [ '0 I r" } } } I j 

- )2 )2 e 
(w-Wj +(gjWj 

(3.11) 

(W - w) 
Let Il· = where Il j ~ -1. Dividing the numerator and denominator of the two 

} Wj 

terms in Eq. 3.11 by W j and expressing the result in terms of Il j yields 

B Il· ;:::::-- e J_ () i I [ g j - i(2 + Il) I -;0. [ 

} } 2 W j (2 + Il) 2 + g j 2 
0.12) 

Defining 

O.13a) 

(3.13b) 

where Il j ~ 1 , and also 
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( ) i iO· 
- Vlj () j, Vlj = -2- e J Vlj 

Wj 

expression 3.12 can then be written as 

B/ a j ):::::: V2j ( () j, V2j) + Vlj ( () j, Vlj) 

(3.14a) 

(3.14b) 

(3.15) 

Thus Bj is the sum of two vectors ( V2j and Vlj ) in the complex plane. From Eq. 

3.14, the orientation of these vectors in the complex plane is such that their angular separation 

depends on the value of (j j [35]. For a given acceleration record the value of () j will depend on 

ti (refer to Eqs. 3.1 and 3.2). From Eq. 3.14 

In addition, for g j ~ 0.01 Eq. 3.13b can be: well approximated by 

- i(2 + Il) 
(2 + aj )2 

-i 

(2 + a) 

(3.16) 

(3.17) 

Fig. 3.1 illustrates I V2j I , I vlj I and how they vary with a j . Clearly I Vlj I is con

siderably larger than I V2j I ( I Vlj I is considerably larger than I V2j I , see Eq. 3.16) espe-

cially near a j = O. This implies that the magnitude (and also the angle, in the complex 

plane) of Bj is strongly controlled by V1j , and so the influence of Ii on I Bj j is small. Fig. 

3.1 illustrates that for a lower value of damping (g j ) , the peak value of I Vlj I (therefore 

peak values for I Vlj I and B), as well as the values of I Vlj I (also IB) in the vicinity of 

a j = 0 (i.e., W = W j ), will be higher. Whereas I V2j I , and I vlj I (also I Bj I ) in the 

range defined by I a j I ~ 0.07 , are essentially independent of g j. 

Referring to Fig. 3.1, the sharp peak in a plot of I B/ W ) I vs. W (see Eqs. 3.11 and 

3.12), which can also appear as a sharp peak in the acceleration spectra (Eq. 3.4), will mark the 

frequency W j • The large value of I B/ (U ) I for (U:::::: (U j also implies a large 

I djp B/w :::::: w) I value (for location p) and the latter is used when evaluating the mode 
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shape information (refer to Eqs. 3.4, 3.5 and 3.6). 

Fig. 3.2 illustrates how the angle a v
lj 

of Vlj (in the complex plane) varies with fl.) 

(or (J). Where the reference angle (i.e., a = 0) corresponds to the angle of VI) (fl.) = 0). 

Although Fig. 3.2 demonstrates the properties for g=O.OI, it possesses the general characteris-

tics that are common to the curves with g:::;;O.Ol. Two plateaus can be observed which are 

separated by nearly 180°. As illustrated, the angle a v
lj 

approaches the two plateaus at 90°, 

and -90°, as fl. j , increases from zero, or decreased from zero value, respectively. The lower 

the damping, the more rapidly the angles approach the two plateaus as fl. ) increases, or 

decreases from zero. 

Fig. 3.2 also illustrates the upper and lower bounds on the possible range of the angle a B
j 

of B). The angle aB is defined by Vlj and V2) (see Eqs. 3.14 and 3.15). So that the magni-
J 

tudes of VI), v2), and the angle 0) determine the value of a B.. As shown in Fig. 3.2, the max
J 

imum possible difference between the angles a B. and a VI. is less than a few degrees in the 
J J 

vicinities where the plateaus are reached from fl.) = O. In particular, for I fl.) I :::;; 0.1 (i.e., 

I VI) I Vlj I - - -;--~. > 18 I V2) I - V2) I , g :::;; 0.01 

and the angle between B) and VI) (see Eq. 3.15) will be at most ±3 0. Therefore the direc

tion and magnitude of B) is nearly the same as that of Vlj in the range I fl.) I :::;; 0.1 . 

Further, the maximum possible value of I a VI. - a B I is essentially independent of the low 
J J 

value of g in the range defined by I fl.) I> 0.07 and depends on 0) (Eqs. 3.14, 3.15), which 

means that the values of a B could be evaluated, if needed, from information at the vicinity of 
J 

(J) = (J) j' Information on a B. (or a VI) on the fl. »0 side, or on the fl. j<O side, is sufficient 
J J 

for determining the angles of the two plateaus (also 0) ). In the transient response spectra, this 

information can be obtained with sufficient accuracy near the peaks. 



··30 -

When only a single mode of vibration, k, is excited, Eq. 3.4 reduces to 

f1 

Ap(w) = I. djp Bj ( W ) = dkp Bk(w) 
j=1 

and the task of obtaining modal displacement ratios is trivial. Further, by virtue of the proper-

ties of Bj, when g ~ 0.01 for all the excited modes the peaks in the Ap(w) spectrum (see Eq. 

3.4) are narrow and as long as 

f1 

dkp I Bk(Wk) I» I. djp I B/ Wk) I 
j=1 , jr=k 

Eq. 3.4 reduces to 

f1 

Ap( Wk) = I. djp B/ Wk) ::::: dkp Bk( Wk) 
j=1 

and can be used directly to evaluate modal displacement ratios. 

3.1.3 Signal Separation in the Spectral Anallysis of Transient Response 

(3.19) 

The finite Fourier transform of accelerations, at any location p, recorded during the tran-

sient response, was described by Eq. 3.4. This transform (Ap(w» could be thought of as a 

summation of signals djp Bj ( W ) • Each signal, j, is produced by one of the excited modes, for 

which djp ~ 0 , and possesses the properties that were described in the preceding section. In 

order to obtain accurate modal displacement ratios for mode k, djp B;C W k) for j = any other 

significantly excited mode (j ~ k) must be subtracted from Ap(w k) (refer to Eqs. 3.4, 3.5 and 

3.6). To accomplish this, Bj ( w) must be obtained for these modes. This task can be 

separated into two parts; one part will be obtaining I B/ W ) I (for the frequency range 

desired), the other will be determining the plateaus for the angles of B/ W ) in the complex 

plane. 

I B/w) I 
To obtain I B/ w) I, I *) I must first be obtained, where w; is the frequency 

B/wj 

that corresponds to the peak in the descretized spectrum. Noting that 

I B/w) I 
I B/ w;) I 

I djp B/ W ) I 
I djp B/ w;) I 

(3.20) 
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this can be obtained from a spectrum in which signal j is strongly dominant. Where the loca-

tion of the accelerometers and the mode shapes are key factors, this can generally be accom-

plished and can involve adding or subtracting accelerations recorded in two (different) locations 

in order to obtain the desired spectrum. Such spectra may be obtained from separate tests so 

long as ~ j has the same value. As discussed earlier the value of () j has a very small effect on 

I B/ w ) I and is generally not a concern. However, should the value of () j be important, a 

spectrum with the desired () j value can be obtained by varying fi (see Eqs. 3.1 through 3.4). 

In the case of low damping (~ ::;; 0.01) the peaks, in the plot of I ApC w) I against w, 

defined as magnitude spectra, are narrow. Among the spectra from which the modal displace-

ment ratios are to be evaluated, the spectrum, m, which exhibits the most pronounced peak 

associated with mode j is best for obtaining the angles of the plateaus (discussed earlier) for 

Bi w) . As discussed earlier, the information on the angles of Am( w) in the vicinity of such 

peaks reveals the angles for the plateaus (and therefore ()) of djm B/ w) (and therefore 

Bi w ». 

The I djp B) w j*) I value, of each significant signal j ~ k , is generally considerably 

larger than the contributions of other modes to I Ap( w j*) I and consequently it is adequate to 

I I I 
• I I Bj ( w ) I 

estimate djp B/ w ) by Ap ( W j) I Bi w;) I for subtraction purposes. With the 

angles of the plateaus already determined, the contribution of signal j can be subtracted at the 

frequencies of interest, Wk' 

Preliminary testing and analysis indicated that in the first translational mode the tower dis-

places in the y direction (refer to Fig 3.3 through 3.8) and to a smaller extent in the x direc-

tion. Similarly, the modal displacements in the second translational mode were primarily in the 

x direction but had a small amount of displacement in the y direction. Generally, an impact 

parallel in direction to the x (or y) axis, and imparted at the deck, excited primarily the second 

(or the first) translational mode, and also to a much lesser extent the first (or the second) 

translational mode. The tests in which the direction of impact was parallel to the x axis will be 
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referred to as the x-impact tests, and the tests referred to as the y-impact tests will be those in 

which the direction of impact was parallel to the Y axis. If the location (j.e., the line) of impact 

had an eccentricity with respect to the deck center line, the first torsional mode was also 

excited. 

By summing and differencing the acceleration time histories, measured by parallel 

accelerometers that were located at two extremes of the deck, the signal from the torsional 

mode could be separated from signals of the translational modes. The spectrum for which the 

torsional mode was isolated could be used to obtain the normalized form of I Bj ( W ) I , 

where j = the first torsional mode, for the frequency range in concern. The corresponding nor-

mali zed forms of I H/ W ) I for the translational modes were obtained from the acceleration 

time histories recorded by the accelerometers which were oriented in the direction of significant 

translation. For the Bj ( W ) of the first translational mode (the fundamental Y sway mode) the 

finite Fourier transform of the acceleration time histories, from the y-impact tests, measured by 

the two accelerometers oriented in the y direction were used. Similarly, for the B/ w) of the 

second translational mode (fundamental x sway mode), the acceleration time histories recorded 

in the x-impact tests by the accelerometer which was oriented in the x direction, were used. 

The measured damping ratios, t (using the log-decrement method), in the two sway and 

the torsional modes were less than 0.01. The signals Bj ( w) in the transforms of the accela-

tion time histories were such that the peaks were large and narrow, and revealed angles of the 

plateaus (and therefore () j) for H/ W ). For the excited modes j, showing significant peaks, 

the value of djp H/ w;) ( w; being the frequency that corresponds to the maximum ampli-

tude ordinate in the Fast Fourier transform) could be well approximated by using the ordinate 

of the peak A/w;) (as discussed earlier). So that the magnitudes for the expression 

djp H/ w) could be obtained, from the available normalized 
I H/ w) I 
I H/ w;) I 

, by 

I () I - I (. I I B/ w ) I 
djp Hj w - Ap w j ) I B.( w ~) I ' and the angles of the plateaus for Hj (obtained 

J J 

from the peak caused by mode j). These approximations to djp B/ w) could then be used 
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for the subtraction from ApCw:) to obtain dkp Bk(w:) with sufficient accuracy, which in turn 

were used for obtaining the quantitative mode shape information (equation 2.6). 

3.2 Experimental Setup 

Square polycarbonate plates were attached to the bottom of the tower legs using epoxy 

adhesive. By means of four bolts (refer to Fig. 3.9) through each plate, the legs were attached 

to a steel base frame. The base frame was rigidly locked into a steel base box by means of 

bolts. The complete system (weighing 1300 IbsJ was placed in the towing tank for testing in 

the submerged condition. The required position of the stationary water level was marked on 

the four corner legs and the base system was properly placed and adjusted so that the water 

level coincided with the marks on the legs. A 1/16 inch hole was drilled at the bottom as well 

at the top of each leg through its wall to allow flooding of the legs. The system was also used 

for the dynamic tests in air. Figs. 2.12 and 2.13 illustrate the model and the base system. 

3.3 Instrumentation and Data Recording 

Nine accelerometers were employed to record accelerations on the tower during the tests. 

Three strain gauge type (Statham model A39TC-5-350) accelerometers were placed on the deck 

as shown in Figs. 3.3 and 3.10. These were used to measure the modal displacements of the 

deck which behaves as a rigid unit during vibrations in the fundamental modes. Preliminary 

testing and analysis indicated that in order to obtain frequency information on the second tor

sional and the second translational modes, it was best to monitor the horizontal accelerations 

(on the joints) at the 30" Elevation (see Fig. 3.6), since the modal displacements in these 

modes would be significant at this level. Furthermore, accelerometers placed at these locations 

were used to evaluate the modal displacements of the joints. 

Three accelerometers also were placed on members midway between the joints, with the 

intent to gain some insight on characteristics of local modes. In general, the local mode shapes 

are characterized by significant (flexural) deformations of at least one member and may involve 

up to several members which are connected to the same joint at one of their boundaries. 
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Hence the modal deformations are largest at the midspan of said members, and verifying and 

measuring frequencies of these modes is accomplished most easily when the accelerometers are 

placed at midspan. It was also of interest to observe whether any vibrations would result at 

neighboring joints and legs when the local modes, involving vibration of the diagonal bracing 

members, are excited. This concept is of importance to local mode monitoring for the purpose 

of verifying structural integrity. 

To meet the above objectives the remaining six accelerometers were placed on the struc

ture underwater as shown in Figs. 3.4 through 3.8 (see also Figs. 3.11 and 3.12). These were 

piezoelectric (Unholtz Dickie Model 75 D 21) accelerometers. Silicone paste (a heavy lubri

cant) was used to cover the wire leads connecting to these underwater accelerometers to pro

vide the necessary waterproofing. As shown in Figs. 3.6 through 3.8 (see also Figs. 3.11 and 

3.12), six steel weights were also placed on the jacket to preserve rotational symmetry in the 

mass distribution of the jacket. The accelerations, measured by the nine accelerometers during 

testing, were recorded simultaneously on magnetic tape by using a portable data acquisition sys

tem (Kinemetrics Digital Data System, Model DDS-llOJ). The amplified analog acceleration 

signals were directly converted and recorded in digital form on magnetic tape, and were then 

processed at a later time. 

3.4 Testing Procedure 

The shock excitation of the vibratory response was induced by manually imparting an 

impact to the deck (to the side of the top plate of the deck) in the two horizontal directions "S

Y" and "S-X", as illustrated in Fig. 3.3. The hammer used for the impact was a steel cylinder 

with a rubber tip, suspended at the appropriate level by strings. After positioning, the hammer 

was pulled back an appropriate distance, as illustrated in Fig. 3.13, and then released to provide 

the desired impact. After impact, the hammer bounced away from the deck and was caught to 

avoid any further contact. During each impact, several vibration modes of the tower were 

excited. 
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Data recording was initiated prior to the release of the hammer, and continued generally 

for about 20 seconds. However, the time period (window) that was used for evaluating the 

response spectra, i.e., the time during which the tower was undergoing free vibrations was 

about 10 seconds of the record. The actual data period was selected later during the data reduc

tion phase; it contained the desired transient acceleration records. 

During the tests, two oscilloscopes and a (frequency) spectrum analyser were used for 

monitoring the (magnitude of) accelerations, and vibration frequencies, respectively. The 

"scopes" were also used to confirm the lack of any accelerations (vibratory response) prior to 

excitation. 

The tower was tested in the towing tank (submerged in water) and also in air in its 

undamaged condition. In its damaged conditions it was only tested in the towing tank. For 

each damage condition one of the four selected bracing members (Members 107, 94, 116 and 

55 in Figs. 3.4 and 3.5) were severed. This was done by removing a slice of about 1/2" in 

width from the member near its lower (end) joint as illustrated in Figs. 3.4 and 3.5. After test

ing the member was repaired by replacing a slice of tubing, (with a close fit) that matched the 

cross section (and material property) of the member, attaching it with epoxy adhesive (see Fig. 

3.14). The subsequent damage conditions were simulated for testing (and repaired) in the 

same fashion. 

The two deck mass (a parameter in the consideration) cases considered for each test con

dition were simulated by mounting and removing the Four steel blocks, which could be locked 

to the deck at the appropriate locations (refer to Figs. 2.7 and 3.15). 
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CHAlf»TER 4 

EXPERIMENTAL RESULTS 

This chapter presents the results of experimental studies of the vibratory properties of 

the model structure. General aspects are presented and discussed first, and are followed by 

the presentation of both the global vibration frequencies and mode shape information for 

the undamaged model. Subsequently, the measured changes in global frequencies and mode 

shapes of the model, when the selected members were sequentially damaged, are presented 

for each damage case. For both damaged and undamaged conditions observations on several 

local modes as well as a higher mode of vibration are also summarized. The measured glo

bal vibration frequencies and mode shape characteristics of the undamaged model in air are 

presented last. Finally, the important findings are summarized. 

4.2 Overview 

The vibration frequencies of interest, for all of the cases considered, were expected to 

be less than 50 Hz. A sampling rate of 200 Hz was used for evaluation of the acceleration 

spectra. The resulting folding frequency, Nt of 100 Hz [12] was found to be satisfactory 

since the frequency and mode shape evaluation were not jeopardized by aliasing [12]. The 

few cases of aliased frequencies were related to the AC power supply. 

The damping in the lower modes of vibration of the model was evaluated based on the 

logarithmic decrement method [26]. Continuously recorded time histories of acceleration 

were employed. The logarithm of the peak (acceleration) amplitudes of every other fifth 

cycle, for anywhere from 45 to 65 cycles of the records, were plotted against their cycle 

numbers. The straight line fitted to the plotted points was used to evaluate the damping 

values. This procedure yields accurate results when the vibration mode, for which the 

damping is evaluated, is the only excited mode. If any other modes are also excited, beating 

patterns can result which might lead to inaccuracy in the calculated damping values. For the 
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second translational mode (Mode Ix) the direction of vibrations (motions) were primarily in 

the x direction (see Figs. 3.4 and 3.5) and the acceleration time histories measured by 

accelerometer (no.) 2 (see Fig. 3.3) had to be employed to evaluate damping. It was 

difficult to eliminate response in the first torsional (Mode 1 t) as well as the first sway (Mode 

ly) mode (in order to evaluate the damping with sufficient accuracy), when exciting the 

second translational mode, and several trial tests were required. Due to this difficulty and 

also the time limitations in the schedule of tests, the damping in the second sway mode was 

measured only for the tower in air. To evaluate the damping in the first translational mode, 

the acceleration measured by accelerometer (no.) 1 (see Fig 3.3) was subtracted from that 

measured by accelerometer (no.) 3. This eliminated any signal that was caused by vibrations 

in the first torsional mode, since the resulting quantity was equal to twice the y-acceleration 

(at the center) of the deck. Similarly, the sum of the accelerations measured by accelerome

ters 1 and 3 was a measure of the rotation of the deck about a vertical axis through the 

center of the deck, and was employed to evaluate the damping in the first torsional mode. 

Table 4.1 summarizes the measured damping values. These values are based on free 

vibration decay in the undamaged model. In all cases the measured damping values were 

less than 0.01 (i.e., less than 1% of critical damping). The increase in the mass of the deck 

(maximum deck mass case) lowered the damping values. As illustrated in Table 4.1, sub

mergence of the model in water slightly increased the damping values. In the case of a full 

scale structure the effects due to fluid viscosity are less pronounced (Reynolds number in 

the model is over 200 times that in a prototype) and any increase in damping values of the 

full scale structure due to the viscosity of water would be less than the measured increase in 

(the corresponding) damping values of the model. 

The Fast Fourier Transform (FFT) method [I2,34} was used to evaluate the finite 

Fourier transforms (spectra) of the acceleration time histories (transient response). Each 

spectrum was the FFT of a selected 10.24 second time period, called the time window, from 

an acceleration time history. The 0.0976 Hz frequency resolution in the spectra, which 
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results from transforming a time window of 10.24 seconds, was adequate for the evaluation 

of the vibratory properties of the structure. The beginning of the time windows were gen

erally 0.5 seconds after the initiation of impact. This initial time selection was such that the 

acceleration records of the free vibration response did not contain undesirable high fre

quency modes, because they damped out quickly. 

The natural frequencies of vibration were easily evaluated by an inspection of the max

ima in the amplitude spectra. This evaluation will be illustrated in sections 4.3 and 4.5, for 

selected examples. 

The evaluation of mode shapes was based on the theory presented in Chapter 3. 

Modal displacement ratios were calculated for the selected locations where accelerometers 

were placed, and for the directions in which the accelerometers were oriented, as was dis

cussed in Chapter 3. As mentioned earlier, the vibration shape of the model in its first 

translational mode exhibited significant displacement in the (global) x direction (refer to 

Figs. 3.4 and 3.5). In a similar manner the second translational mode (Mode Ix) exhibited 

motions that were skewed with respect to the global X and Y axes with a predominant x 

component of motion. The first torsional mode shape indicated rotation of the deck about a 

vertical axis through its center. As mentioned in section 3.1.3 the s-x tests (refer to Section 

3.4) caused predominant excitation in Modes Ix and It, whereas the s-y tests caused 

predominant excitation in Modes ly and I t. The modal displacement ratios for the ly and 

I t Modes were evaluated from the spectral amplitudes (magnitudes) and phase angles (in 

the complex plane) of the transform functions (at the discrete frequencies) of s-y tests. The 

modal displacement ratios for Mode Ix as well as for Mode It could be evaluated from the 

spectral amplitudes and phase angles of the transform functions of s-x tests. In general, the 

subtraction procedure (for interfering signals from excited modes) discussed in section 3.1.3 

was necessary to evaluate the modal displacement ratios accurately. The procedure is illus

trated in Appendix A. 

In both of the s-x and s-y tests, some higher global modes as well as some local modes 
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were also excited. These modes will be discussed in sections 4.3 and 4.5. The vibration fre

quencies of these modes are evaluated and their mode shapes are described qualitatively. 

The results of the experimental study of the vibration mode shapes and frequencies of 

the tower are presented in Sections 4.3 through 4.6. In these sections the (global) axes, 

accelerometer numbers as well as their location on the structure (such as locations A, B, C 

or joints 54 and 49), and member numbers will be referred to frequently. The joint 

numbering and member numbering is compatible with the node and member numbering in 

the analytical model of the platform (to be discussed in Chapter 5). The reader should refer 

to sections 3.3, 3.4, and Figs. 3.3 through 3.8, which identify the locations and members 

referred to and illustrate the directions in which accelerations were measured. 

4.3 Vibratory Characteristics of the Global modes of the Model 

4.3.1 Maximum Deck Mass Case 

Figs. 4.1 through 4.12 illustrate a set of typical amplitude spectra for the frequency 

range of 3.0 Hz to 45.0 Hz. These spectra were evaluated from the transient acceleration 

time histories measured during s-y and s-x tests and are similar in their characteristics to the 

spectra of other s-y and s-x tests. The important differences among spectra were due to the 

changes in frequency and mode shape caused by damage to the structure. 

The maxima at 7.1 Hz in the spectra of Figs. 4.1 through 4.6 are due to the excitation 

of Mode ly (first sway mode). Inspection of the magnitudes of these maxima in Figs. 4.1 

through 4.3 reveals that the largest displacements in this mode were measured by 

Accelerometers 1 and 3, which were located at the deck. Accelerometer 1 was oriented in 

the -y direction at location A (see Fig. 3.3), whereas Accelerometer 3 was oriented in the 

+y direction at location C. Fig. 4.1 indicates that Accelerometer 2, which was oriented in 

the -x direction at location B on the deck (Fig. 3.3), measured a small amount of x displace

ment in this mode. Further, inspection of Fig. 4.2 reveals that the modal displacements, 

(measured) in Mode ly, on the joints of the tower, had a larger component in the y direc-
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tion and a smaller component in the x direction. However, the y and x displacements are 

largest at the deck. Phase angles of the peaks indicated that all motions in the -x and y 

directions were in phase with each other for this mode. A comparison of the magnitudes of 

maxima in Figs. 4.1 and 4.4 reveals that this mode was strongly excited in the s-y test but 

weakly excited in the s-x test. 

The modal displacement ratios for Mode ly (first translational mode) were evaluated 

from the spectra of s-y tests. Modal displacement ratios (for the undamaged tower) were 

measured for three tests (Tests 144, 145, and 146) and are summarized in Table 4.2. The 

evaluated modal displacements in the three tests are almost identical, and indicate excellent 

repeatability in test results. The uncertainty in these values is less than ±0.02 (i.e., 2% of 

the value of maximum modal displacement). 

The maxima at 7.7 Hz in the spectra of Figs. 4.1 through 4.6 are due to the excitation 

of the second translational mode (Mode Ix). The magnitudes (spectral amplitudes) of these 

maxima, in Figs. 4.4 through 4.6, reveal that the displacements in this mode had a larger 

component in the x direction and a smaller component in the y direction. The phase angles 

of these peaks indicated that all motions in the x and y directions were in phase during 

vibrations. An examination of Figs. 4.1 and 4.4 reveals that, for this mode, the level of 

excitation in the s-x test was considerably higher than the level of excitation in the s-y test. 

The normalized modal displacement ratios of Mode Ix were evaluated from the spectra 

of s-x tests. Results from two s-x tests are summarized in Table 4.3. The mode shape 

measurements made by the two tests are in excellent agreement with each other. 

The maxima at 11.2 Hz in the spectra of Figs. 4.1 through 4.6 are the indication of 

response in the first torsional mode. As illustrated in these Figs., this mode was strongly 

excited in both the s-x and s-y tests. The modal displacement ratios evaluated for this mode 

are summarized in Table 4.4. As shown in Table 4.4, the results of the three s-y tests and 

the two s-x tests are identical (maximum uncertainty in the values is ±O.02). 
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In Figs. 4.8, 4.9, 4.11 and 4.12 a peak caused by a single maximum ordinate at 20.0 Hz 

can be observed. This peak was due to noise generated by the (AC) power supply. The 

noise was introduced by a non-sinusoidal periodic variation in voltage, with a frequency of 

60 Hz, superimposed on the analog signals. This noise caused maxima to appear in the 

spectra, which were different in characteristics from the maxima caused by the transient 

response of the tower. The maxima (due to noise) appeared at 60 Hz, and occasionally at 

120 Hz and 180 Hz which were aliased at 80 Hz and 20 Hz in the evaluated spectra. The 

available low-pass analog filters for the piezoelectric accelerometers filtered signals above 375 

Hz and this allowed a 180 Hz signal to be aliased at 20 Hz. The 20 Hz noise was present in 

only a few cases and did not interfere with the evaluation of results. 

The second translational mode in the y direction was also excited in the tests. Spectra 

of time windows that began earlier in the acceleration time histories (beginning of time win

dow less than 0.5 sec. from initiation of impact) indicated large modal displacements in the y 

direction at joints 49 and 54, as compared to small (modal) y displacements at locations A 

and C at the deck. The measured y displacements at the deck were opposite in direction to 

the y displacements at joints 49 and 54. A small component of motion in the x direction 

was also measured by Accelerometer 5, on joint 54. The frequency of vibration of this 

mode measured 26.8 Hz. Inspection of the maxima at 26.8 Hz in Figs. 4.8 and 4.11 reveals 

that the level of excitation in this mode was much lower in the s-x tests. 

The s-y tests induced a higher level of excitation in the second torsional mode (Mode 

2t) than the s-x tests (see maxima at 28.5 Hz in Figs. 4.8 and 4.11). The modal displace

ments of this mode in the y direction on joints 49 and 54 were larger than those in the y 

direction at locations A and C (see maxima at 28.5 Hz in Figs. 4.7 and 4.8). The vibration 

frequency of this mode (21) measured 28.5 Hz. 

There was no indication of excitation in the second translational mode in the x direc

tion in the spectra of either s-x or s-y tests. 

The vibration frequencies of the excited global modes of the undamage tower are 
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summarized in Table 4.5. 

4.3.2 Minimum Deck Mass Case 

The same qualitative descriptions of the vibration shapes, for Modes Iy, lx, It, 2yand 

2t, and also the same generalizations regarding the relative level of excitation (of the vibra

tory response) of these modes in the s-x and s-y tests, described for the maximum deck 

mass case (Section 4.3.1), apply to the minimum deck mass case. 

To have the same magnitudes of acceleration in the minimum and maximum deck 

mass cases, the energy input by the shock that was necessary to excite the vibratory 

response of the tower had to be considerably less in the minimum deck mass case. Figs. 

4.13 through 4.24 illustrate a set of typical amplitude spectra for the frequency range of 3.0 

Hz to 45.0 Hz. These spectra were evaluated from the transient acceleration measurements 

of s-x and s-y tests in the minimum deck mass case and can be compared with the spectra of 

the maximum deck mass case in Figs. 4.1 through 4.12 

The measured vibration frequencies of the global modes of the (undamaged) model in 

its minimum deck mass case are summarized in Table 4.5. The normalized modal displace

ment ratios evaluated for Modes Iy, lx, and It of the undamaged model for the minimum 

deck mass case are summarized in Table 4.7 through 4.9. 

The increase in the values of vibration frequencies, due to the decrease in deck mass, 

were over 75% for modes ly, Ix and It, but less than 15% for modes 2y and 2t. The vibra

tion shapes of modes Iy, Ix and It were also affected by the decrease in deck mass. Larger 

normalized modal displacements were measured at joints 54 and 49 in all three modes. The 

following descriptions summarize the changes in the frequencies and mode shapes of the 

tower resulting from the decrease in the deck mass. 

In the minimum deck mass case, the frequency of mode ly measured 13.48 Hz, which 

is 89% higher than the value measured in the maximum deck mass case. Also, the normal

ized x displacement component at the deck center in Mode ly was larger for the minimum 
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deck mass case than for the maximum deck mass case. 

The frequency of mode Ix measured 14.35 Hz in the minimum deck mass case, which 

was 1.86 times the value measured in the maximum deck mass case. The maxima of the 

spectra, at 14.4 Hz, in Figs. 4.13 through 4.18 are due to the vibratory response of Mode Ix. 

In this mode, also, the perpendicular (y) component of motion increased with the reduction 

of deck mass. 

The decrease in deck mass increased the frequency of Mode 1 t by 78%. The spectral 

maxima at 20.0 Hz in Figs. 4.13 through 4.18 are due to the vibratory response of Mode 1 t. 

Accelerometer 8 measured large modal displacements on Member 60 (see Fig. 3.5). This 

large displacement was due to the closeness of the vibration frequency for Mode 1 t and for a 

local mode in which Member 60 (and 109) vibrated. 

In both deck mass cases vibratory responses of the second y-translational and the 

second torsional modes were excited by the impacts at the deck level. However, the vibra

tory response of Mode 2x was excited by the impacts only in the minimum deck mass case. 

This lack of excitation in the maximum deck mass case was related to the larger deck mass 

to jacket mass ra~io for this case, which affected the vibration shape for mode 2x. For the 

minimum deck mass case the vibration frequencies were 28.5 Hz, 30.6 Hz and 32.5 Hz for 

Modes 2y, 2x and 2t respectively. The increases in vibration frequency values due to the 

decrease in deck mass were 6% for Mode 2y and 14% for Mode 2t. Maxima in the spectra 

of Figs. 4.19 through 4.24 at 28.5 Hz, 30.6 Hz and 32.5 Hz are due to the vibratory response 

of Modes 2y, 2x and 2t respectively. 

4.4 Effects of Damage on the Vibratory Characteristics of Global Modes 

The severance of a diagonal member in Frames B or A (see Fig. 3.4) reduces both the 

overall lateral stiffness of the model in the global x direction and the overall torsional 

stiffness of the model. In addition, the damage shifts the center of rigidity of the platform 

away from the frame in which the damage has occurred. The reduction in the lateral 
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stiffness can cause detectable reductions in the vibration frequencies for Modes Ix and 2x, 

whereas the reduction in the torsional stiffness can result in detectable reductions in the fre

quencies for Modes I t and 2t. The shift in the center of rigidity (away from the deck center 

of mass) of the platform introduces a x component of modal displacement at the deck center 

during vibrations in Mode I t as well as a rotation of the deck about a vertical axis (through 

the deck center) during the vibratory response of Mode Ix. The latter can be measured as a 

difference in the modal y displacements at locations A and C (see Fig. 3.3). 

Severance of a diagonal brace in Frames 4 or I reduces the overall lateral stiffness in 

the y direction and also the overall torsional stiffness of the model. Further, the damage 

will shift the center of rigidity of the platform away from the damaged frame (4 or 1) and 

hence away from the center of Mass of the deck. The reductions in stiffness cause detect

able reductions in the vibration frequencies of Modes Jy, 2y, I t and 21. The shift in the 

center of rigidity of the platform introduces a y component of modal displacement at the 

deck center during the vibratory response of Mode I t and a rotation of the deck (about the 

vertical axis) during the vibratory response of Mode ly. In general, when the damage has 

occurred in Frames 1 or 4 the reductions in the overall torsional stiffness and the shifts in 

the center of rigidity of the platform are more pronounced than the changes due to damage 

in Frames A or B, leading to larger effects on the vibratory properties. This is because 

Frames 1 and 4 are furthest from the center of rigidity of the platform. 

The measured natural vibration frequencies for the global modes of the tower, for all 

cases tested, are summarized in Table 4.5. The measured shifts in frequencies, expressed in 

percent of the frequency for the undamaged tower, are summarized in Table 4.6 for values 

greater than 1%. The normalized modal displacements evaluated for Modes ly, Ix and It, 

for all the damaged cases, are summarized in Tables 4.2 through 4.4 (maximum deck mass 

case), and Tables 4.7 through 4.9 (minimum deck mass case). The difference in the modal 

y displacements at locations A and C (see Fig. 3.3) divided by 2, is a measure of the rota

tion of the deck about the vertical axis (through the deck center) and is denoted by the 
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quantity in Tables 4.2 through 4.4, and 4.7 through 4.9. 

Severance of the members had little effect on the vibration frequencies of Modes 2y, 

2x and 2t. In only four cases were the measured reductions in the natural frequency of 

these modes greater than 1 %. In all cases, member severance had a pronounced effect on 

the normalized x and y components of modal displacement measured at the deck for Modes 

ly and Ix. This sensitivity of modal displacement ratios at the deck to member severance, 

is a property of K-braced platforms. The following descriptions summarized the effects of 

member severance on the vibration mode shapes and frequencies of the global modes of the 

model. 

4.4.1 Changes Due to Severance of Member 107 

The severance of Member 107, located in Frame B of the jacket (see Fig. 3.4), reduces 

the overall stiffness of the model in the x direction. In the maximum deck mass case this 

damage reduced the measured frequency of Mode Ix by 2.6% (see Tables 4.5 and 4.6). In 

the minimum deck mass case the frequency reduction in Mode Ix was 2.0% and the fre-

quency of Mode 2x was reduced by 1 %. 

In Mode ly, the normalized modal x displacement of the deck center increased by 36% 

and 60% for the maximum and minimum deck mass cases respectively, due to the damage. 

In Mode lx, the normalized modal y displacement of the deck center increased by 

more than 29% and 82% for the maximum and minimum deck mass cases respectively. In 

addition, the reduction in stiffness of Frame B in the x direction, due to the severance of 

Member 107, was the main factor causing a 25% and a 15% increase in the value of the nor-

malized modal x displacement of joint 54 for the maximum and minimum deck mass cases 

respectively (see Tables 4.3 and 4.8). Accelerometers I and 3 measured different y dispJace-

ments (a rotation of the deck about the vertical axis) during the vibratory response of Mode 

Ix (see in Tables 4.3 and 4.8). 
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In Mode 1 t, the damage introduced x-components of modal displacement at the deck 

center for both deck mass cases. The modal x displacements of joint 54 increased 27% and 

more than 15% for the maximum and minimum deck mass cases respectively (see Tables 

4.4 and 4.9), mainly due to the reduction of stiffness in Frame B in the x direction. 

4.4.2 Changes Due to Severance of Member 94 

The severance of Member 94 caused a reduction in the stiffness of Frame B (see Fig. 

3.4). This reduced the lateral stiffness of the tower in the x direction, as well as its torsional 

stiffness. The measured decreases in frequency for the maximum deck mass case were 2.6% 

for Mode Ix and 1.7% for Mode 1 t. In the minimum deck mass case the frequencies of 

Modes Ix and It were reduced by 2.71Jio and 1.9% respectively. 

Modal displacements of Mode ly indicated that the normalized x components of modal 

displacement for the deck center increased by 93%, and over 150% for the maximum and 

minimum deck mass cases respectively. Also, a rotation of the deck about the vertical axis 

was measured during the vibratory response of Mode 1y in the minimum deck mass case 

(Table 4.7). In Mode lx, the measurements indicated that the normalized y component of 

modal displacement at the deck center increased by more than 86% and 157% for the max-

imum and minimum deck mass cases respectively (see Tables 4.3 and 4.8). 

measurements by Accelerometers 1 and 3 indicated a rotation of the deck about the vertical 

axis during the vibratory response of Mode 1 x. In Mode I t, the damage (to Member 94) 

introduced a x component of modal displacement at the deck center (see Tables 4.4 and 

4.9). 

4.4.3 Changes Due to Severance of Member 116 

The severance of this member caused a reduction in the stiffness of Frame B (Fig. 

3.4), which resulted in a decrease in the lateral stiffness of the model in the x direction as 

well as a decrease in its torsional stiffness. In the maximum deck mass case the measured 

decreases in frequency resulting from damage were 2.6% for Mode lx, as well as for Mode 
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1 t. In the minimum deck mass case the damage reduced the vibration frequencies of Modes 

lx, 1t and 2t by 2%, 1% and 1% respectively (see Tables 4.5 and 4.6). 

In Mode Iy, the normalized x components of modal displacement at the deck center 

increased by 100% and more than 60% for the maximum and minimum deck mass cases 

respectively, due to severance of this member (see Tables 4.2 and 4.7). For Mode lx, the 

increases in the normalized y component of modal displacement at the deck center were 

more than 100% for the maximum deck mass case and 27% for the minimum deck mass 

case (see Tables 4.3 and 4.8). During the vibratory response of Mode lx, Accelerometers 1 

and 3 measured a rotation of the deck about the vertical axis (see 
YA - Yc 

2 in Tables 4.3 

and 4.8). In Mode 3 (It) a x component of modal displacement was introduced at the deck 

center by the damage (this component was small in the minimum deck mass case); the nor-

malized modal x displacement of joint 54 decreased by 20% for both deck mass cases (see 

Tables 4.4 and 4.9). 

4.4.4 Changes Due to Severance of Member 55 

The severance of Member 55 in Frame 4 (see Fig. 3.5) reduced both the lateral 

stiffness of the model in the y direction, as well as its torsional stiffness. In the maximum 

deck mass case, the resulting decreases in the vibration frequencies were 5.5% for Mode Iy, 

10.4% for Mode It and 1.1% for Mode 21. In the minimum deck mass case the frequency 

reductions were 4.4% for Mode ly, 7.3% for Mode It and 1.3% for Mode 2t. 

In Mode Iy the normalized x components of modal displacement at the deck center 

decreased by over 57% in the minimum deck mass case, and by 57% in the maximum deck 

mass case. In addition, during the vibratory response of Mode 1y a rotation of the deck 

about the vertical axis through the deck center was measured (see 
Y A -Yc 

2 in Tables 4.2 

and 4.7) for both deck mass cases. In Mode lx, the normalized y displacements of deck 

center decreased in value, by more than 38% for the maximum deck mass case and 54% for 

the minimum deck mass case (see Tables 4.3 and 4.8). A rotation of the deck about the 
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vertical axis was also detected during the vibratory response of Mode Ix in both deck mass 

cases (Tables 4.3 and 4.8) 

In Mode 1 t, modal y displacements were introduced at the deck center in both deck 

mass cases (Tables 4.4 and 4.9). In this mode, for both deck mass cases, the decrease in 

the normalized y displacement at joint 54 and the (new) modal y displacements at the deck, 

were related to each other. 

4.5 Observations on Excited Local Modes 

Measurements taken by accelerometers on the jacket during the tests indicated that the 

impacts, imparted at the deck, excited the vibratory response of several local modes of the 

jacket. Some of these modes were consistently excited in at least one of the s-x or s-y tests, 

whereas others were only weakly excited in a few of the tests and are not considered here. 

This section summarizes the observations pertinent to local vibration monitoring. 

Members 60, 62, and 109 (see Fig 3.5) showed a tendency for vibrations in the 20 Hz 

to 24 Hz frequency range. This condition allowed these members to couple their vibrations 

and form local modes. Measurements of vibratory response by Accelerometers 8 (on 

Member 60) and 9 (on Member 109, see Fig. 3.5) indicated two modes that involved cou

pled vibrations of Members 109 and 60. In one of these modes (Mode L8/9-l) the y com

ponent of vibrations on Members 109 and 62 were in phase with each other, whereas in the 

other mode (Mode L8/9-2) the y components of vibration were (180°) out of phase. The 

vibration frequency of Mode L8/9-1 was 20.8 Hz in the maximum deck mass case and 21.1 

Hz in the minimum deck mass case. The vibration frequency of Mode L8/9-2 was 24.2 Hz 

and 24.4 Hz in the maximum and minimum deck mass cases respectively. These frequency 

values indicated that the change of deck mass had little influence on the vibration frequen

cies of the two modes. Independence of vibration frequency from the deck mass condition 

is a typical feature of modes which have only localized modal displacements on the jacket. 

The frequencies of Modes L8/9-1 and L8/9-2 measured in all damage cases, for both of the 

deck mass conditions, are summarized in Table. 4.10. 
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The severance of the four braces (discussed previously) had little influence, if any, on 

the end conditions of Members 109, 60, and 62, and for this reason did not affect the vibra

tion frequencies of Modes L8/9-1 and L8/9-2. 

The maxima at 20.8 Hz in Fig. 4.9, and at 21.1 Hz in Figs. 4.15 and 4.18, are due to 

the vibratory response of Mode L8/9-1. The maxima at 24.2 Hz in Figs. 4.9 and 4.12, and 

at 24.4 Hz in Figs. 4.21 and 4.24, are due to the vibratory response of Mode L8/9-2. The 

level of excitation of the vibratory response of these two modes was generally higher in the 

s-y tests. The response spectra did not indicate vibrations at joint 54 (or 49) due to the 

vibratory response of Modes L8/9-1 and L8/9-2. 

Vibration measurements by Accelerometers 5 and 9 (see Fig. 3.4) indicated a higher 

mode in which joint 54 vibrated in the x direction and Member 109 vibrated with a com

ponent of motion in the x direction. The x component of vibrations on Member 109 and 

the vibrations of joint 54 in the x direction were in phase with each other. Small amplitude 

vibrations of Member 96 were also detected occasionally. The s-x impacts always excited 

this mode (Mode H 5/9) in the minimum deck mass case but not always in the maximum 

deck mass case. The frequencies of this mode were observed to range from 31.2 Hz to 31.6 

Hz in the minimum deck mass case (see maxima at 31.6 Hz in Figs. 4.20, 4.21, 4.23 and 

4.24) and are summarized in Table 4.11. The measurements in the minimum deck mass 

case indicated no significant change in the frequency for Mode H 5/9 due to severance of 

Members 107, 94, and 116. However, the severance of Member 55 reduced the frequency 

of this mode by 1 %. 

Preliminary testing indicated two local vibration modes in which vibrations of 

Members 107 and 96 were coupled with each other in the plane of Frame B. In one of 

these modes (Mode L 7-2) Members 107 and 96 vibrated out of phase (deflecting towards 

and away from each other during the vibrations) and in the other mode (Mode L 7 -1) the 

members vibrated in phase with each other. Whereas both of these vibration modes were 

excited in the maximum deck mass case, only one was excited in the minimum deck mass 
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case (see Figs. 4.21 and 4.24). When the vibratory response of both of the modes was 

excited there was no difficulty in measuring the frequency with one accelerometer on 

Member 96, since the vibration frequency for Mode L 7-2 is always higher than that for 

Mode L7-1. However, when only one of these vibration modes was excited, it was neces

sary to use an additional accelerometer on Member 107 to determine which mode was being 

excited. 

In the maximum deck mass case the vibratory response of both Modes L 7 -1 and L 7 -2 

(which involved significant vibrations of Member 96) were excited and caused two maxima 

to appear in the amplitude spectra evaluated from the acceleration time histories recorded by 

Accelerometer 7 as show in Figs. 4.9 and 4.12. The measured vibration frequencies of both 

modes, for all cases tested in the maximum deck mass case, are summarized in Table 4.11. 

Severance of Members 116 and 55 did not affect the end conditions of Members 107 and 

96, and did not influence the frequency values for Modes L7-1 and L7-2 or their response 

spectra significantly (see Figs. 4.25 and 4.26). Member 107 which was free at its lower end 

and partially flooded by water, due to the severance, could still couple its vibrations with the 

vibrations of Member 96, and form new local modes. However, the shapes of the new 

vibration modes were such that the shocks could significantly excite the vibratory response 

in only one of the new modes. This resulted in the appearance of a single large peak when 

Member 107 was severed (instead of two large peaks prior to the severance of Member 107 

and after its repair) as illustrated in Figs. 4.25 and 4.26. The severance of Member 94 

caused noticeable change in the spectra of the accelerations measured by Accelerometer 7 as 

illustrated in Figs. 4.25 and 4.26. The severance of Member 94 (at its lower end, see Fig. 

3.4) red~ced the vibration frequency (Le., the fundamental frequency of Member 94 

severed at one end) below 40 Hz, and allowed it to couple its vibrations through Member 95 

with the vibrations of Member 96. This affected the response spectra of the accelerations 

recorded on Member 96. 
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4.6 Vibratory Characterisics Evaluated for the Model in Air 

Vibration frequency and modal displacement measurements were made on the tower in 

air for two reasons: to determine the effect of submergence on the vibration frequencies of 

Modes Iy, Ix and It for both deck mass cases, and to examine the capabilities of the 

mathematical modelling of hydrodynamic effects due to submergence through a correlative 

analytical study (presented in Chapter 5). 

The same s-x and s-y shocks used for testing the model in water (the submerged con

dition) were applied to test the model in air. The vibration frequencies for Modes ly, Ix 

and 1 t for both the maximum and minimum deck mass conditions were measured and are 

summarized in Table 4.12. The normalized modal displacement ratios for Modes ly, Ix and 

It were evaluated for the minimum deck mass case, as summarized in Table 4.13. 

The submergence of the model reduced the vibration frequency values in the max

imum deck mass condition by 0.10 Hz, 0.15 Hz and 0.25 Hz for Modes ly, Ix and It 

respectively. In the minimum deck mass condition the reductions in frequency due to the 

submergence of the model were 1.10 Hz, 1.20 Hz and 3.60 Hz for Modes ly, Ix and It 

respectively (see Table 4.12). 

Since the vibratory properties of the model in its minimum deck mass condition are 

more sensitive to the effects of submergence, the mode shapes and frequencies in the 

minimum deck mass case are more appropriate for use to assess how well the analytical 

modelling accounts for the hydrodynamic effects on the vibration frequencies and mode 

shapes of the model. The evaluated normalized modal displacement ratios and frequencies 

will be used for this purpose in Chapter 5. 

4.7 Summary 

The vibration frequencies of Modes ly, Ix and It of the model in both air and water 

were measured for the minimum as well as the maximum deck mass condition. In air the 

normalized modal displacement ratios of the 3 modes were measured for the minimum deck 
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mass condition, whereas in water they were measured for both deck mass conditions. In 

water, the vibration frequencies of Modes 2y, 2x and 2t in the minimum deck mass condi

tion, and those for Modes 2y and 2t in the maximum deck mass condition were also meas

ured. The same measurements taken in the undamaged condition in water were also taken 

when each of the four selected diagonal members were damaged, in turn, to assess the 

effects of damage in the submerged condition 

Several local modes and one higher mode of vibration were also observed throughout 

the testing in water. The measurements of vibration frequencies of these modes, their 

description, and the effects of deck mass reduction and damage (if any) on these modes 

were summarized. 

Based on the findings in this chapter, and also on the rotational symmetry of the 

model about the vertical axis through the deck center, the following generalizations and con

clusions can be stated: 

1. The relative change, due to damage, in the normalized modal displacements were 

considerably larger than the relative changes in the measured frequencies. 

2. The severance of Members 107, 94 and 116 in Frame B of the model (which 

caused reductions in the overall torsional stiffness of the model, as well as in the 

lateral stiffness in the x direction), reduced the vibration frequencies by less than 

3% for Modes Ix and It in both deck mass conditions, and had little effect on the 

vibration frequencies of Modes 2y, 2x and 2t. 

3. The severance of Member 55 in Frame 4 of the model, which caused reductions 

in the torsional stiffness and lateral y direction stiffness of the model, reduced 

the vibration frequencies of Mode Iy by about 5% and the frequency of Mode It 

by 10.4% and 7.3% for the maximum and minimum deck mass conditions respec

tively, but caused a reduction of only 1% in the frequency for Mode 21. 
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4. Severance of Members 107, 94 and 116 in Frame B increased the y displacement 

to x displacement ratios at the deck center in Mode 1x by 27% to 157% and 

introduced a difference in the y displacements at Locations A and C for Mode 

lx, in the sense specified by (the sign in) Tables 4.3 and 4.8. In addition, these 

damages increased the x displacement to y displacement ratios at the deck center 

in Mode ly by 36% to 150%. The severance of these members also introduced a 

x component of vibration at the deck center, in the direction given in Tables 4.4 

and 4.9, during the vibratory response of Mode 1 t. 

5. A cut in Member 55 decreased the x displacement to y displacement ratios at the 

deck center in Mode Iy (for both deck mass cases) by over 55% and introduced a 

rotation of the deck about the vertical axis as shown in Tables 4.2 and 4.7. The 

cut also reduced the y displacement to x displacement ratios at the deck center in 

Mode Ix by over 38% and introduced a small rotation of the deck about the vert

ical axis in this mode. In Mode It, the damage introduced a y component of 

modal displacement at the deck center in the sense specified in Tables 4.4 and 

4.9. 

6. Due to the rotational symmetry of the tower about the vertical axis (through the 

deck center) the effects of severance of Members 2, 15, 36 and 52 (see Figs. 3.7 

and 3.8) on the vibration frequencies of the model would be identical to those 

found for Members 107, 94, 116, and 55 respectively. However, for changes in 

mode shapes due to damage, the effects of severance in Members 2, 15, 36 and 

52 will be identical to those measured for Members 107, 94, 116 and 55 respec

tively, except that all rotations (about the vertical axis) introduced at the deck, as 

well as all modal x and y displacements introduced at the deck center in Mode 1 t, 

will be opposite in sense. 
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CHAPTER 5 

MATHEMATICAL STUDIES 

5.1 Introduction 

This chapter presents the analytically evaluated vibration frequencies and mode shapes 

of the tested laboratory platform. The analytical evaluations were based on the finite ele

ment modeling of the laboratory platform in the tested conditions. Finite element models 

were developed for the maximum and minimum deck mass cases and, in each case, for the 

undamaged and damaged conditions of the platform structure. The hydrodynamic inertial 

effects due to submergence of the platform structure in water were also accounted for in the 

mathematical formulations. 

As discussed in Chapter 4, normalized modal displacement ratios were measured for 

vibration Modes ly, Ix and It (two translational and first torsional modes). Damage to the 

tower caused significant variations in the normalized modal displacement ratios of Modes Iy 

and Ix. Further, the damages reduced the vibration frequencies of Modes It, and Ix or Iy 

by over I (Yo in value, but had little influence on the measured frequencies of Modes 2t, 2y 

and 2x. The formulation of the mathematical model of the structure (the degree of 

refinement in the finite element model), to be described in Section 5.2, was aimed at simu

lating the vibratory properties of the structure in Modes Iy, Ix and It with sufficient accu-

racy. 

Following the analytical correlation studies, the mathematical model was employed to 

assess the effect of severing Member 62 on Modes ly, Ix and It of the structure. The 

analytical model was also used to assess the effects of an induced deck mass eccentricity on 

the vibratory properties of the undamaged structure as well as the effect of damage on the 

vibratory properties of the structure given the eccentricity in the deck mass. The eccentri

city was induced by shifting the deck center of mass by 3.6" in the +x direction. Results of 

these analytical assessments are summarized and discussed following the presentation of the 
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mathematical correlation studies. 

5.2 Mathematical Modeling and Eigenproblem Solution 

SAP IV [36], a general purpose computer program, was employed to model the struc

ture mathematically. The members and legs of the tower were idealized as three dimen

sional beam elements interconnected at nodes. The nodes were located at the intersections 

of the centroidal axes of the bracing members and legs, as well as at the base and deck con

nections. 

The vibratory properties of several higher modes of local nature, excited during the 

shock tests, were described in Chapter 4. The vibration frequencies of two of these modes 

were lower than the frequencies of global Modes 2y, 2x and 2t. To accurately account for 

the vibratory characteristics of Modes 2y, 2x and 2t, and also to account for other higher 

vibration modes, it would have been necessary to refine the mathematical model further by 

adding nodes along the span of the bracing members and legs. However, the addition of 

these degrees of freedom would have increased the computation time, and therefore the cost 

of the vibration analysis. Therefore, because the purpose of the mathematical modeling was 

to accurately simulate the vibratory properties only of Modes ly, 1 x and 1 t, nodes were not 

used within the spans between joints. Fig. 5.1, which shows Frame 4 of the structure in the 

finite element model, illustrates the typical modeling scheme used in the mathematical for

mulation. 

The moduli of elasticity and geometric cross section properties for the bracing 

members and legs of the tower were described in Chapter 2 (see Figs. 2.3 through 2.6). 

The mass density of the polycarbonate used for constructing the structure was 

O.1125xlO-3{b_s2j in4 (specific gravity = 1.202). 

For the members and nodes referred to in this chapter the reader should refer to Figs. 

3.4 through 3.8. 

The deck (see Figs. 2.7 and 2.8) was idealized as a rigid unit and modeled as a master 
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node. The legs of the model were assumed fully fixed to the deck and so the degrees of 

freedom of the nodes located at the intersections of the leg center lines and the deck were 

assumed to be dependent on the degrees of freedom of the deck master node. The inertial 

properties of the master node were evaluated by taking into account the inertial properties of 

all components of the deck, including the lumped member masses at the intersections of the 

legs with the deck and the mass of the accelerometers on the deck. The master node was 

located at the center of mass of the deck, which in plan view coincides with the geometric 

center of the deck (intersection of centerlines). The inertial properties and the vertical posi-

tion (Elevation, see Fig. 3.7) of the master node for the maximum and minimum deck mass 

cases are summarized in Table 5.1. The eight nodes located at the bottom of the tower legs 

(Elev. -3/8", see Fig. 3.4) were assumed to be fully clamped against any motion. 

The severance of a member was simulated by removing the member in the finite ele-

ment model and making necessary adjustments to the lumped masses of the nodes to which 

the member was connected. 

For every submerged member the added mass of water was assumed to be equal to the 

mass of fluid displaced by the member [24,371. The added mass effect was assumed to be 

felt by a submerged member only for accelerations normal to its axis. That is, for every 

submerged member, the inertial resistance due to the added mass of the fluid applied only 

to the components of acceleration normal to the axis of the member. It was judged 

sufficient to account for the inertial effects of the fluid inside a leg only for accelerations 

normal to the axis of the leg. The orientation of a submerged member with respect to the 

global axes can be defined by the vector 

cos () y cos () z 

where (J x, (J y , and e z are the direction angles for the member [38]. If the acceleration at 

node i of the member is {zi then the component of acceleration normal to the member is 

(z. = ( 1- n n T ) a· 
In I 
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where I is the 3 x 3 identity matrix. The inertial force associated with the acceleration due 

to the hydrodynamic added mass will therefore be 

Iii = - mi ain = - mi (I - n n T ) ai 

where mi is the lumped added mass of water at node i. To account for the hydrodynamic 

inertial effects in Modes ly, Ix and it, it was judged sufficient to account for the diagonal 

terms and ignore the off-diagonal terms when evaluating the global mass matrix. The result-

ing diagonal mass terms (translational inertia) for node i of a submerged member were 

mx mi sin 2() x 

my mi sin 2(} y 

mz mi sin 2() z 

The finite element model had a total of 85 nodes, over 140 members, and 222 degrees 

of freedom (equation numbers) with a band width of 96. The vibration frequencies and 

mode shapes were evaluated using the subspace iteration procedure [36], where four or five 

iterations were carried out in a subspace of dimension 21. 

5.3 Static Behavior of Model 

The mathematical model of the structure demonstrated that the principal axes of the 

structure were not parallel to the global x and y axes. The principal axes are defined as the 

directions in which a unit lateral load will cause the least and the greatest lateral displace-

ment of the structure. If the direction of the applied load does not coincide with a principal 

axis, the direction of the resulting lateral displacement will not coincide with the direction of 

the applied load. Static analysis indicated that a lateral load applied to the deck master node 

in the (global) y direction displaced the master node in both the y and x directions, where 

the ratio of the x displacement to the y displacement was -0.019. Similarly, a lateral load 

applied at the master node in the x direction displaced the master node with a component in 

the y direction, where the ratio of the y displacement to the x displacement was -0.022. 

This behavior is due to the arrangement of the diagonal bracing members in the periphery 
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of the jacket which renders the structure unsymmetric about any vertical plane but with 

rotational symmetry. The results of the static analysis satisfied Maxwell and Betti's Laws of 

reciprocal displacements. 

During static tests the tower was loaded at the deck, laterally in the x and y directions, 

and the displacements in the direction of the applied load were measured on the side of the 

top plate of the deck. These measurements compared well with the analytical predictions. 

The results of these tests and the analytical predictions are presented in Figs. 5.2 and 5.3. 

5.4 Eigenproblem Results of the CorrelatiLon Study 

5.4.1 Undamaged Structure with Minimum Deck Mass 

The evaluated and measured (frequency resolution = 0.05 Hz) vibration frequencies 

for Modes Iy, Ix and It of the undamaged structure with minimum deck mass in air as well 

as in water are summarized in Table 5.2. The corresponding evaluated and measured nor

malized modal displacements at the deck and at Nodes 54 and 49 (see Fig. 3.6) for Modes 

Iy, Ix and It are summarized in Table 5..3. the predicted and measured (frequency resolu

tion = 0.098 Hz) vibration frequencies for Modes 2y, 2x and 2t of the submerged undam

aged structure with minimum deck mass are given in Table 5.4. 

The vibration frequency values predicted by the mathematical model were only slightly 

lower than the measured values for the first three modes. The predicted frequencies were 2 

to 3% lower than the measured values for Modes Iy and Ix and 5% lower for Mode It, 

whether the structure was in air or in water (Table 5.2). However, the predicted vibration 

frequencies for Modes 2y, 2x and 2t were over 14% higher than measured, primarily due to 

the degree of refinement in the mathematical model which was not sufficient for accurately 

simulating these modes. 

The predicted normalized modal displacements for Modes Iy, Ix and It were in good 

agreement with the measured values (Table 5.3). The good agreement between the experi

mental and analytical results indicates that the mathematical models of the structure were 
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capable of simulating the vibratory properties of Modes ly, Ix and 1 t accurately for the 

structure in air or in water. 

The mathematical modelling of hydrodynamic effects, accurately predicted how placing 

the structure in water affected the vibratory properties of Modes I y, 1 x and 1 t. The finite 

element models predicted reductions of 1.2, 1.3 and 3.5 Hz in the vibration frequencies of 

Modes ly, Ix and It respectively (see Table 5.2) if the structure was placed in water (and 

water was allowed to fill its legs). Whereas the measured reductions in the vibration fre

quencies of Modes ly, Ix and It, due to submergence, were 1.1, 1.2 and 3.6 Hz respec

tively. In addition, the predicted changes in mode shape agreed closely with the measured 

changes, for Modes 1y, Ix and It, when placing the structure in water (see Table 5.3). 

The analytical results indicated both x and y components of modal displacement at all 

nodes for Modes Iy and lx, but one component of modal displacement was larger than the 

other. These relative values were similar to the relative components of modal displacement 

at the deck or at Node 54. 

Inspection of the analytical results revealed that for mode shapes Iy, Ix and It the 

mathematical model predicted very little distortion in the horizontal cross sections of the 

jacket at the levels where the joints were located. These distortions in cross sections were 

caused by small discrepancies between the distorted and undistorted cross section. These 

discrepancies, if any, were generally less than 8% of the maximum modal displacement at 

the top of the jacket. 

Figs. 5.4 through 5.6 illustrate the analytical mode shapes for Modes ly, Ix and It of 

the structure in water. The corresponding predicted modal displacements of the deck in plan 

view are shown in Fig. 5.7. The corresponding measured modal displacement shapes of the 

deck in plan view practically overlap those given in Fig. 5.7 (see Table 5.3). 

The analysis predicted lateral y - translations of the tower in Mode 2y and lateral x -

translations in Mode 2x, whereas measurements taken during tests indicated lateral modal 

displacements in both the x and y directions for Mode 2y as well as for Mode 2x. As 
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mentioned earlier this discrepancy is related to the refinement in the mathematical model. 

Analytical results indicated that the general characteristics of Mode shapes ly, Ix and 

It were not changed by placing the structure in water. 

5.4.2 Undamaged Structure in Water with Maximum Deck Mass 

The predicted, and measured vibration frequencies of the structure for this case are 

summarized in Table 5.6. The predicted as well as measured normalized modal displace

ments of the deck and of Nodes 54 and 49 (see Fig. 3.6) for Modes ly, Ix and It of the 

undamaged structure in water with maximum deck mass are summarized in Tables 5.8 

through 5.10. In the maximum deck mass case the analysis predicted a vertical mode with a 

vibration frequency of 28 Hz. 

As in the minimum deck mass case, the analytically predicted vibration frequencies for 

Modes ly, Ix and It agreed closely with experimental measurements. The predicted fre

quencies of Modes Iy and Ix were only 3% lower than the measured values, whereas the 

predicted frequency of Mode It was 4% lower than measured. However, for Modes 2y and 

2t the vibration frequencies predicted by the finite element model were 8% and 25% higher 

in value than the measured frequencies respectively, due to the refinement in the 

mathematical model which was not sufficient to accurately predict these frequencies. 

The predicted normalized modal displacements were in good agreement with the meas

ured modal displacements (Tables 5.8 through 5.10) for Modes ly, Ix and It of the undam

aged structure. Although the predicted normalized modal y displacements at Nodes Goints) 

49 and 54 in Mode I t were higher than measured as found for the minimum deck mass 

case, the mathematical model of the structure simulated the vibratory characteristics of the 

first three modes with good accuracy. 

The vibration shapes of the first three modes, predicted by the finite element modeJ, 

possessed the same general characteristics found in the minimum deck mass case but with 

the following differences: 
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The normalized modal displacements of the nodes Goints) on the jacket were lower 

than in the minimum deck mass case. This difference was more pronounced for nodes 

below the 55" Elevation (see Figs. 3.4 through 3.7), and is attributable to the larger 

ratio of deck mass to jacket mass. Also, at all nodes in the case of the maximum deck 

mass, the ratio of the x displacement to the y displacement for Mode ly, as well as the 

ratio of the y displacement to x displacement for Mode lx, were smaller than in the 

minimum deck mass case. Further, in the maximum deck mass case, the normalized 

(normalized with respect to the maximum translation of the master node in the x or y 

direction) modal rotation of the deck about the x axis in Mode ly and the normalized 

modal rotation of the deck about the y axis in Mode Ix were 32% and 13% larger than 

in the minimum deck mass case respectively. 

Fig. 5.8 illustrates the predicted modal displacements of the deck in plan view for the 

undamaged structure in water with maximum deck mass loading. The measured modal dis

placement shapes of the deck practically overlap the corresponding predicted shapes in Fig. 

5.8. 

5.4.3 Damaged Structure in Water 

The predicted and measured vibration frequencies for all damage cases considered in 

the experimental program are summarized in Tables 5.4 and 5.6. The predicted and meas

ured percentage reductions in the frequencies due to damage, for the first three modes are 

summarized in Tables 5.5 and 5.7. The predicted, as well as measured normalized modal 

displacements of the deck and of Nodes 54 and 49 for Modes ly, Ix and 1 t of the structure 

in its damaged as well as undamaged conditions are summarized in Tables 5.8 through 5.10, 

and Tables 5.11 through 5.13 for the maximum and minimum deck mass cases respectively. 

The member numbers, node (joint) numbers and locations referred to are illustrated in Figs. 

3.3 through 3.8. 

The predicted vibration frequency values for the first three modes of the structure in 

its damaged conditions for both deck mass cases agreed well with the values measured 
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during the experimental program (Tables 5.4 and 5.6). Considering the 0.1 Hz resolution in 

the frequency measurements, the predicted reductions in frequency values resulting from 

damage were in good agreement with the observed reductions (Tables 5.5 and 5.7). 

In the maximum deck mass case the predicted normalized modal y displacements at 

Nodes 49 and 54 for Mode It were larger than the measured values. This difference for 

Mode I t was also observed in the undamaged case and the predicted changes in these quan

tities due to damage agreed well with those indicated by measurements (see Table 5.10). 

In the case of damage to Member 116, the analytical normalized modal y displace

ments of the deck and Node 54, in Mode Ix of the tower with minimum deck mass were 

larger than measured. 

In the case of damage to Member 94 (see Fig. 3.4) several predicted normalized modal 

displacements were larger than measured during the experimental program. These were: 

the modal x displacements of the deck and Node 54 in Mode ly of the tower with 

minimum deck mass, the modal y displacements of the deck and Node 49 in Mode Ix 

for the minimum deck mass case, and the modal x displacement of Node 54 in Mode 

1 x in the maximum deck mass case. 

The analytical normalized y displacement of the deck in Mode Ix of the tower with 

minimum deck mass and Member 107 damaged was lower than the value measured. 

In all cases other than those mentioned above, the analytical normalized modal dis

placements of the first three modes had close agreement with the experimental results. Col

lectively, the analytical results indicated that the mathematical models of the structure were 

capable of simulating the effects of damage properly and with reasonably good accuracy. 

The predicted modal displacements of the deck in plan view for the damaged condi

tions considered in the experimental program are illustrated in Fig. 5.9 through 5.12, and 

Figs. 5.13 through 5.16 for the maximum and minimum deck mass cases respectively. To 

illustrate the effects of damage the modal displacements of the deck for the corresponding 
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undamaged cases have also been included in these Figures. Plots of the measured deck 

modal displacement shapes for the damaged cases generally agree closely with the predicted 

shapes, or practically overlap them. Tables 5.8 through 5.13 should be used for making 

comparisons between the predicted and measured modal displacements of the deck. 

5.5 Severance of Member 62 

As illustrated in Fig. 3.5, Member 62 is located in Frame 4 of the structure and there

fore contributes to the lateral stiffness of the tower in the y direction as well as its torsional 

stiffness. In previous studies of damage, only one of the considered members (Member 55 

in Frame 4) contributed to both the lateral stiffness of the tower in the y direction and its 

overail torsional stiffness. The mathematical model of the structure was employed to assess 

how severance of Member 62 affected the vibratory properties of the structure. The results 

of this theoretical assessment are presented here and illustrate that the changes in vibratory 

properties of the structure are similar when either Member 62 or 55 is damaged. 

The predicted frequencies of Modes ly, Ix and 1 t, after severance of Member 62, are 

summarized in Tables 5.4 and 5.6 for the minimum and maximum deck mass cases respec

tively. In the minimum deck mass case the frequencies of Modes ly and 1 t were predicted 

to decrease by 8.3% and 15.8% respectively (Table 5.,5). In the maximum deck mass case 

the analysis indicated reductions of 2.7% and 8.8% in the frequencies of Modes ly and 1 t 

respectively (Table 5.7). As discussed previously, the mathematical model accurately simu

lated the properties of the first three modes and provided only rough estimates of frequen

cies for Modes 2y, 2x and 2t. The estimated frequencies of Modes 2y and 2t indicated that 

damage to Member 62 could strongly affect the frequencies of Modes 2y and 2t for both 

deck mass conditions. 

The analytical normalized modal displacement ratios of the deck and Nodes Goints) 54 

and 49 for the structure for both deck mass conditions with Member 62 damaged are sum

marized in Tables 5.8 through 5.13. 
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The analysis predicted the following changes in the shape of Mode 1y due to severance 

of member 62: a) 66% and 34% reductions in the normalized modal x displacements of the 

deck for the minimum and maximum deck mass cases respectively, b) significant distortion 

in the displaced shape of the jacket cross section at the 3~'' Elevation (Fig. 5.17) with over 

100% increase in the normalized modal y displacement of joint 54 for both deck mass cases, 

due to the dramatic decrease in the y direction stiffness of Frame 4 caused by the damage 

(see Fig. 3.5), and c) a new rotation of the deck about the vertical axis (different modal y 

displacements at deck sides) for both deck mass cases, as illustrated in Tables 5.8 and 5.1l. 

The predicted changes in the normalized displacements of Mode Ix were: a) 83% and 

36% reductions in the normalized modal y displacements of the deck for the minimum and 

maximum deck mass cases respectively, b) different modal y displacements at deck sides 

(due to rotation of the deck about the vertical axis) as indicated in Tables 5.9 and 5.12 for 

the two deck mass cases, and c) over 50% increase in the normalized modal y displacement 

of joint 54, for both deck mass cases, due to the softening of Frame 4 in the y direction 

resulting from the damage. 

In Mode It the analysis indicated the introduction of modal y displacements at the 

deck center for both deck mass conditions as indicated in Tables 5.10 and 5.13. Further, as 

in the case of Mode Iy, the shape of the jacket cross section at the 30.0" Elevation (Fig. 3.6) 

in Mode 1 t was predicted to distort dramatically with over 100% increase in the normalized 

modal y displacements at joint 54 Gn this mode) for both deck mass cases. This was due to 

the softening of Frame 4 in the y direction caused by the damage. 

Figs. 5.17 and 5.18 illustrate the predicted distortions in the cross section of the jacket 

at the 30" Elevation, for the first and third mode shapes, caused by the damage. As men

tioned above, these distortions were attributed to the drastic reduction in the stiffness of 

Frame 4 and of joint 54 in the y direction caused by severance of Member 62. 

The changes in the normalized modal displacement ratios of the deck, summarized 

above, due to severance of Member 62, were similar to the changes caused by severance of 
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Member 54, but with different magnitudes. Figs 5.19 and 5.20 illustrate the effects of dam-

age in Member 62 on the modal displacements of the deck in plan view. 

5.6 Effect of Deck Mass Eccentricity 

The mathematical model was employed to assess what changes occur in the vibratory 

properties of the structure when the position of the deck center of mass shifts by 3.6" in the 

+x direction (see Figs. 2.7 and 3.4). In all cases considered previously, the deck center of 

mass coincided with the deck geometric center in plan view. The analytical assessment 

encompassed the effects of the eccentricity on the vibratory properties of Modes ly, Ix and 

It. The 3.6" eccentricity was 10% of the breadth of the jacket at its top 00% of the distance 

between Frames 1 and 4 at the 64.32" Elevation, see Fig. 2.3) and was believed to be a large 

eccentricity. Results of the evaluation are summarized in this section. 

5.6.1 Undamaged Structure 

The predicted vibration frequencies of the undamaged structure for the eccentric deck 

mass case are summarized in Table 5.14. In both deck mass cases the eccentricity reduced 

the frequency of Mode ly but increased the frequency of Mode It (see predicted vibration 

frequencies for the undamaged cases in Tables 5.4, 5.6 and 5.14), 

The predicted normalized modal displacements of the deck and of joints 54 and 49 for 

the eccentric deck mass case with no damage are summarized in Tables 5. 16 through 5.l8 

for Modes ly, Ix and It respectively. 

In Mode 1y the deck mass eccentricity increased the predicted normalized modal dis-

placements on the side towards which the deck center of mass was shifted, and decreased 

the normalized modal displacements on the opposite side. This was reflected in the larger 

normalized modal y displacements at joint 54 as compared to those at joint 49, which were 

smaller (see Tables 5.8, 5.11 and 5.16). Further, the resulting modal rotation of the deck 

about the vertical axis in Mode ly, caused by the deck mass eccentricity, was relatively large 

for both deck mass cases (see 
YA - Yc 

2 in Tables 5.8,5.11 and 5.16). 
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At the deck, the eccentricity decreased the ratio of modal x displacement to y displace-

ment in Mode ly and also the ratio of modal y displacement to x displacement in Mode Ix 

for both deck mass cases. However, these predicted decreases were generally considerably 

smaller than the similar predicted decreases when Members 55 and 62 were severed in the 

non-eccentric deck mass case (see Tables 5.8,5.9,5.11,5.12,5.16 and 5.17). 

In both deck mass cases relatively large normalized modal y displacements were intro-

duced at the deck center in Mode 1 t as well as normalized 
Y A - Yc 

2 in Mode ly due to 

the deck mass eccentricity. When smaller magnitudes of normalized modal y displacement 

were introduced at the deck center in Mode 1 t or the same magnitudes of normalized 

Y A ~ Y c were introduced in Mode ly due to damage in the non-eccentric deck mass 

case, they were accompanied with dramatic reductions in the frequency of Mode It. But, as 

mentioned earlier, the analysis predicted the deck mass eccentricity to increase the fre-

quency of Mode 1 t. 

5.6.2 Damaged Structure 

The effect of damage on the vibration frequencies and shapes of Modes ly, Ix and It 

of the structure having the eccentricity in its deck mass were evaluated analytically. For the 

minimum deck mass case all damage cases considered previously (in Section 5.4.3) were 

also considered here. However, for the maximum deck mass case, the severance of 

Members 55 and 107 were considered. The predicted vibration frequencies are summarized 

in Table 5.14 and the predicted shifts in the frequencies, expressed in percent of the fre-

quency for the undamaged tower, are summarized in Table 5.15 for values greater than 1%. 

The analytical normalized modal displacements of the deck and of joints 54 and 49, for the 

damaged structure, are summarized in Tables 5.16 through 5.18 for Modes ly, 1 x and 1 t 

respectively. 

The predicted changes in frequencies due to damage were similar to those predicted 

and measured for the non-eccentric deck mass case (see Tables 5.15,5.5 and 5.7): in either 
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deck mass case there were reductions greater than 1 % in the frequency of Mode I x and pos-

sibly of Mode It when Members 107, 94 and 116 were severed, and also reductions of 

greater than 1% in the frequencies of Modes Iy and It when Members 55 or 62 were 

severed. In addition, a 1.3% reduction in the frequency of Mode Iy was predicted if 

Member 94 was severed. This could be related to the presence of torsional behavior in 

Mode Iy of the undamaged structure, which was caused by the deck mass eccentricity. 

The predicted changes in the normalized modal displacement ratios due to damage 

were also similar to those predicted and observed in the non-eccentric deck mass case. 

The results indicated that damage to Members 107, 94 and 116 caused dramatic (rela-

tive) increases in the ratio of the modal x displacement to y displacement at the deck center 

in Mode Iy and also in the ratio of the modal y displacement to x displacement at the deck 

center in Mode Ix. Further, in these damage cases the normalized 
YA-Yc . 

2 Increased 

(positive increase) in Mode Ix (i.e., as shown in Table 5.17), and the normalized modal x 

displacement at the deck center in Mode It generally decreased. 

The results indicated that for the modal displacements at the deck center damage to 

Member 55 or 62 caused dramatic (relative) decreases in the (magnitude of) ratio of modal 

x displacement to y displacement in Mode Iy and also in the ratio of modal y displacement 

to x displacement in Mode Ix. Further, the normalized 
Y A - Y c 

2 decreased (negative 

increase) in Mode Iy <Table 5.16), and the normalized modal y displacement at the deck 

center increased in Mode It, due to severance of Member 55 or 62. 

5.7 Summary 

Mathematical models of the tested structure were formulated for analytical correlation 

studies. These models were designed to simulate the conditions under which the structure 

was tested. Frequencies and mode shapes were evaluated for the tower, in water, in its 

undamaged as well as damaged conditions, considering both the maximum and minimum 
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deck mass cases. Frequency and mode shapes were also evaluated for the undamaged tower 

in air with minimum deck mass loading. Based on how the analytical results compared with 

the experimental results (in Chapter 4) the following could be stated: 

1. The mathematical models were capable of simulating the properties of vibration 

Modes ly, Ix and It of the structure with reasonably good accuracy. 

2. The degree of refinement in the finite element models was sufficient for accu

rately assessing the characteristics of the first three vibration modes. 

3. The mathematical modeling of the hydrodynamic added mass accurately 

accounted for the changes in the frequencies and mode shapes of the structure 

when it was placed in water. 

4. Due to its capability to simulate the effects of damage on the properties of the 

first three vibration modes of the structure, it is concluded that the mathematical 

model could be used in place of the actual structure for additional case studies. 

The mathematical model of the structure was used to assess the effect of a cut in 

Member 62 on the vibratory properties of Modes ly, Ix and 1 t, and was also used to study 

the vibratory properties of the undamaged structure when the position of the deck center of 

mass shifted in the +x direction. Finally, the effects of damage on the first three vibration 

modes of the structure with the eccentric deck mass were assessed analytically. The results 

of these studies were summarized and discussed. The important observations were: 

1. The severance of Members 62 and 55 had similar effects on the vibration proper

ties of the first three vibration modes of the structure as indicated by the deck 

modal displacements, where the important changes in mode shape fell under the 

same classification. 

2. Dramatic distortions occurred in the mode shapes at the jacket cross section at 

the 30" Elevation due to the reduction of stiffness at joint 54 in the y direction 

caused by severance of Member 62. 
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3. The deck mass eccentricity decreased the frequency of Mode ly but increased the 

frequency of Mode It. This was different from the frequency changes due to 

damage in the non-eccentric deck mass case. 

4. Considering both the mode shape and frequency information, changes due to the 

deck mass eccentricity in the undamaged structure were different from the 

changes due to damage in the non-eccentric deck mass case. The most important 

difference was that when damage in the non-eccentric deck mass case caused a 

normalized 
YA - Yc 

2 in Mode ly of the same magnitude as that caused by 

deck mass eccentricity (in the undamaged structure) it also caused a significant 

reduction in the frequency of Mode 1 t, whereas the deck mass eccentricity 

caused an increase in the frequency of this mode. 

5. The changes in the frequency and normalized modal displacements of the deck 

center for Modes ly, Ix and It resulting from damage were very similar whether 

the deck mass had an eccentricity or not. 
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CHAIllTER 6 

CONCIJUSIONS 

Experimental and analytical studies were conducted to assess the effects of damage on 

the frequencies and mode shapes of a K-braced platform model. The model was carefully 

prepared to possess the important dynamic features of a typical K-braced steel offshore plat

form. Five bracing members located in the periphery of the jacket were considered in study

ing the effects of damage. The effects of a variation in deck mass were assessed by consid

ering two deck mass conditions in all cases, both experimentally and analytically. The 

effects of eccentricity in the location of deck mass were considered analytically. Experimen

tal and analytical results of the study are presented and summarized in Chapters 4 and 5, 

respectively. The important findings and conclusions can be summarized as follows. 

6.1.1 Damage Effects 

A. Damage could be detected by changes in the vibratory characteristics of the first 

three modes (Modes ly, 1x and It) of the platform. Reductions in the vibration 

frequencies and changes in the normalized modal displacements of the deck in 

the first three modes, as indicated by three accelerometers located on the deck, 

were sufficient for inferring damage. The normalized modal displacements of the 

deck center in the global x and y directions (ratio of modal x displacement to 

modal y displacement in Mode ly and the inverse of this ratio in Mode Ix) and 

the difference in the normalized modal y displacements of two opposite sides of 

the deck were employed in the damage assessment strategy. 

B. Changes in the normalized modal displacements of the deck were more useful in 

detecting damage than changes in the vibration frequencies because the percen

tage changes in the normalized modal x and y displacements of the deck center 

Gn Modes ly and Ix) were considerably larger than the percentage reductions in 
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frequencies caused by damage. Typically, damage reduced the vibration frequen

cies by only a few percent while it caused changes of over 30% (which in a few 

instances were over 100%) in the normalized modal x and y displacements of the 

deck center. From the changes in the normalized modal displacements of the 

deck it was possible to infer in which one of the four frames (A, B, 1 or 4) form

ing the periphery of the jacket the severed member was located, whereas changes 

in the frequencies could only indicate whether the damaged member was oriented 

in the global x direction or in the global y direction. 

C. Damaged braces in Frame 4 (a) reduced the frequencies of Modes ly and 1 t by 

over 2% and 7%, respectively; (b) dramatically reduced the normalized modal x 

and y displacements of the deck center in Modes ly and lx, respectively (by over 

33%); Cc) caused larger normalized modal y displacements at the deck side above 

Frame 4 than those at the opposite side above Frame 1 during vibrations in 

Mode ly; and (d) introduced (or increased the) normalized modal y

displacements at the deck center in Mode 1 t for clockwise rotation of the deck 

about the vertical axis. 

The reductions in the frequencies of Modes Iy and I t are attributed to decreases 

in the lateral y direction stiffness of the lower, and in torsional stiffness. The 

larger normalized modal y displacements of the deck above Frame 4 in Mode ly 

as well as the normalized modal y displacements of the deck center in Mode It 

are attributed to the shift of the center of rigidity of the platform away from 

Frame 4. It appears that the reductions in the normalized modal x and y dis

placements of the deck center in Modes ly and lx, respectively, were due to the 

decrease in the overall lateral stiffness of the tower in the y direction. 

D. Because of the rotational symmetry of the tower about the vertical axis, damage 

to diagonal bracing members in Frame 1 causes reductions in frequencies as well 

as in the normalized modal x and y displacements of the deck center in Modes ly 
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and lx, respectively, similar to those observed when bracing members of Frame 

4 were damaged. However, in this case the changes in the difference between 

normalized modal y displacements above Frames 1 and 4 on the deck in Mode 

Iy, as well as the induced normalized y displacements at the deck center in Mode 

It, are opposite in sense to those observed when damage occurred in Frame 4. 

This is because the center of rigidity of the platform shifts away from Frame 1 

(and towards Frame 4). 

E. Damage to the selected diagonal members of Frame B (a) reduced the frequency 

of Mode Ix by over 1% (but less than 4%) and also that of Mode 1t by less than 

3%; (b) dramatically increased the normalized modal x displacement and y dis

placement of the deck center in Modes Iy and lx, respectively (generally by 30% 

and over); (c) caused larger normalized modal y displacements at the side of the 

deck above Frame I compared with those on the side above Frame 4 for Mode 

Ix (deck rotation about the vertical axis); and (d) introduced a (or caused a 

change of) negative normalized modal x displacement at the deck center in Mode 

It for clockwise rotation of the deck about the vertical axis. 

The reductions in frequencies of Modes Ix and 1t were due to decreases in the 

lateral stiffness of the tower in the x direction and in torsional stiffness, respec

tively, caused by damage in Fram~~ B. In this case the shift in the center of rigi

dity of the platform away from Frame B caused the change in the normalized 

modal x displacement of the deck center in Mode 1 t, as well as larger normalized 

modal y displacements of the deck above Frame I than those above Frame 4 in 

Mode Ix. It appears that the dramatic increases in the normalized modal x and y 

displacements of the deck center in Modes ly and lx, respectively, were due to 

the decrease in the overall lateral stiffness of the tower in the x direction. 

F. Because of rotational symmetry of the tower about the vertical axis, damage to 

the diagonal members in Frame A causes reductions in frequencies of Modes Ix 
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and 1 t and dramatic increases in the normalized modal x and y displacements of 

the deck center in Modes Iyand lx, respectively, similar to those observed when 

members of Frame B were damaged. However, the changes related to the shift 

in the center of rigidity, which in this case is towards Frame B Gn plan view), are 

of the same magnitudes observed when damage was in Frame B but opposite in 

sign. 

G. The effects of reduction in overall torsional stiffness of the platform as well as 

the effects of shifts in the center of rigidity of the platform, were more pro

nounced when damage occurred in Frame 4 or I (as compared to the cases in 

which damage was in Frame B or A). This was primarily because Frames 1 and 4 

were further from the vertical axis through the deck center than were Frames B 

and A. 

6.1.2 Mass Effects 

A. The increase in deck mass (the maximum deck mass was 4.1 times the minimum 

deck mass) reduced the frequencies of Modes Iy, Ix and It by 47%, 46% and 

44%, respectively, and decreased both the normalized modal x displacement of 

the deck center in Mode ly and the normalized modal y displacement of the deck 

center in Mode 1 x by 53% and 59%, respectively. Unlike the above changes, 

damage reduced the frequency of only one of the Ix and ly Modes and the (per

centage) changes in the normalized modal displacement of the deck center were 

in general over 8 times the (percentage) changes in the frequencies of Modes Ix 

and ly when damage occurred. 

B. Based on analytical studies, shifting the deck center of mass in the +x direction 

to induce a deck mass eccentricity decreased the frequency of Mode ly by 2% 

and 1.4% in the maximum and minimum deck mass cases, respectively, but 

increased the frequency of Mode I t by 2% and 0.7% in the maximum and 

minimum deck mass cases, respectively. Further, the eccentricity decreased the 
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normalized modal x displacement of the deck center in Mode Iy by 14% and 20% 

in the maximum and minimum deck mass cases, respectively, and also decreased 

the normalized modal y displacement of the deck center in Mode Ix by 27% and 

26% for the maximum and minimum deck mass cases, respectively. When dam-

(YA-Yc ) 
age in the non-eccentric deck mass case introduced magnitudes of 2 

in Mode Iy comparable to that caused by the deck mass eccentricity, it intro-

duced smaller normalized modal y displacements at the deck center in Mode 1 t, 

caused considerably larger (over 40%) reductions in the normalized modal x and 

y displacements in Modes ly and lx, respectively, than caused by the deck mass 

eccentricity, and was accompanied by reductions of over 7% in the frequency of 

Mode 1 t contrary to the increases in the frequency of Mode 1t caused by the 

eccentricity. 

C. Damage in the tower with the eccentric deck mass had the same (genera!) effects 

on the frequencies and mode shapes of Modes Iy, 1 x and 1 t as those observed 

for the non-eccentric deck mass case. 

6.1.3 Hydrodynamic Effects 

A. The mathematical model of the structure accurately simulated the hydrodynamic 

inertial effects of the water surrounding the structure on the vibratory properties 

of Modes Iy, Ix and It. The vibratory properties of Modes Iy, Ix and It were 

accurately predicted by the mathematical model. 

B. In the minimum deck mass case submerging the tower in water, which increased 

the virtual mass [24] of the submerged bracing members and legs of the platform 

by over 1.5 times and over 6 times, respectively, reduced the frequencies of 

Modes Ix and Iy by 8% and that of Mode It by 15%, and increased the normal-

ized modal x displacement of the deck center in Mode Iy and the normalized 

modal y displacement of the deck center in Mode Ix by 76% and 94%, respec-
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tively. As discussed earlier, damage reduced the frequency of only one of the 

two translational modes ly and 1 x, whereas here the frequencies of both of these 

modes were reduced. 

6.2 Discussion and Recommendations 

During vibrations in the first as well as the second translational mode Oy and Ix) of 

the structure the deck center displaced in both the x and y directions (see Figs. 3.3 through 

3.6). Damage in the structure caused dramatic changes in the ratio of modal x to y displace

ment in Mode ly as well as in the ratio of modal y to x displacement in Mode lx at the 

deck center. These are properties that can be found in commonly used, 8-legged, K-braced, 

steel offshore platforms that are similar to the structure studied. Based on the findings of 

this study, making use of these properties can not only improve the damage detection capa

bilities for K-braced platforms, which have similar translational mode characteristics, but can 

also greatly simplify detecting damage since knowledge of modal displacements of the deck 

in one of the first two translational modes will be sufficient for detecting member severance. 

It is recommended that these properties also be studied in taller K-braced towers. 

Severance of a diagonal bracing member which contributes to the overall torsional 

stiffness of a platform shifts the center of rigidity of the tower at the deck level. The result

ing change in the distance between the centers of rigidity and mass introduces (or alters) 

normalized modal y (or x) displacements at the deck center in the first torsional mode, and 

increases the normalized modal y (or x) displacements on one side of the deck while 

decreasing them On the opposite side of the deck (due to rotation of the deck about the 

vertical axis) during vibrations in Mode ly (or Ix) where the x and y axes would be parallel 

to the orientation of the frames of the tower in plan view. These effects which made it pos

sible to identify in which one of the frames in the periphery of the structure (j.e., Frames 

A, B, 1 or 4 in Figs. 2.3 and 2.4) the damaged member was located, can be observed in all 

types of braced steel offshore platforms (4-legged or 8-legged, x-braced or K-braced plat

forms). In general, for a given tower, the effects are larger when the frame in which 
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damage has occurred is furthest from the center of rigidity. Further, for higher towers, sev

erance of a single member will have less pronounced effects, since the reduction in the 

overall lateral stiffness of the damaged frame will be less when the frame is taller and has 

more panels. Study of the effects of damage-induced-shifts in the center of rigidity for 

different K-braced and x-braced platforms wiJI provide useful information and is recom

mended. It is recommended that effects of member severance in interior frames of 8-legged 

platforms (see Frames 2 and 3 in Fig. 2.5) be investigated and the changes be compared 

with those caused by damage in the exterior frames which have a horizontal orientation 

parallel to that of the interior ones (see Frames 1 and 4 in Fig. 2.4), since magnitudes of the 

changes due to shifts in the center of rigidity will be larger for damage in the exterior frames 

and the information can be useful in distinguishing the effects of damage to the exterior 

frames from those caused by damage in the interior frames of 8-legged platforms. 

For the structure studied, changes in the vibratory properties due to marine growth 

would be similar to differences between the vibratory properties of the tower in water and in 

air. The results of the study indicated that when both mode shape and frequency informa

tion were used changes in the vibratory properties resulting from deck mass eccentricity, 

differences between the vibratory properties of the structure in air and water as well as the 

effects of increasing the deck mass could be distinguished from the effects of damage. 

Additional studies of the effects of variations in deck mass, marine growth and damage on 

both the normalized modal displacements at the deck and vibration frequencies in K-braced 

platforms will be useful in assessing the effectiveness of periodic inspections of vibration 

characteristics to confirm structural integrity. 

Based on the results of this study it is likely that for any platform an increase in deck 

mass eccentricity (distance between the centers of rigidity and deck mass) will increase the 

frequency of the first torsional mode while causing changes in mode shapes at the deck level 

similar to those caused by damage. This concept would be useful in damage detection and 

should be investigated further for different towers. 
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For a K-braced offshore platform the feasibility of detecting severance of diagonal 

bracing members from changes in the vibratory properties of the first three vibration modes 

can be confirmed by a mathematical study. Continuous monitoring of the deck modal dis

placements and the vibration frequencies for the first three modes is recommended for K

braced fixed offshore platforms. By using such a strategy the effects of marine growth which 

occurs gradually, and the effects of variations in the magnitude and distribution of deck 

mass, which can be correlated with the observed changes in mass at the deck, will not be 

confused with changes due to breakage of a member. 
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APPENDIX A 

EV ALUATION OF MODAL DISPLACEMENTS 

The theoretical basis for the evaluation of modal displacement ratios from transient 

response spectra was described in Chapter 3. Here the method is illustrated by demonstrating 

the evaluation of the deck modal displacements for Modes I x and It from spectra of one of the 

s-x tests (Test 147). 

Tables A.I through A.3 summarize the spectral amplitudes and phase angles of Fast 

Fourier Transform functions (FFT) from test 147 for the 6.0 Hz to 12.0 Hz range. These 

transform functions were evaluated from the time histories of the analog signals of acceleration 

outputted by Accelerometers I, 2, and 3 during the transient vibratory response of the model. 

The three accelerometers were calibrated using the acceleration of gravity (commonly used for 

strain gauge type accelerometers), to have a sensitivity of 45 volts/g. Therefore multiplication 

of the analog signals by c = 0.022 g/volt provided the values of acceleration. The amplitude 

spectra of acceleration corresponding to Tables A.I through A.3 are illustrated in Fig. 4.4 (for 

the 3.0 Hz to 19.0 Hz window). 

The deck modal displacements for Test 147 can be evaluated from the information in 

Tables A.I through A.3. Multiplication of the spectral amplitudes in these tables by c = 0.022 

g/volt provides the values of I Ap( W ) I. As discussed in chapter 3, the deck modal displace

ments can be evaluated from the I dkP Bk ( Wk') I values, where k=2 (Mode Ix) or 3 

(Mode It) and p corresponds to the locations of Accelerometers I, 2 and 3 (Locations A, B 

and C, see Fig. 3.3). To subtract diP B;C Wk') vectors (only if their magnitudes cannot be 

neglected) from A/ Wk' ) , where j ~ k, and evaluate dkp Bk ( Wk') with the desired 

level of accuracy, i.e., to carry out the subtraction procedure described in Section 3.1.3 when 

necessary, the normalized functions 
I B/ W) I 

I B( W .') I 
.I .I 

are needed. Figs. A.I through A.3 iIlus-
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trate the 
I B/ w) I 

functions for j=l, 2, and 3 (Modes ly, Ix and It respectively) which 
I B/ w/) I 

will be used to evaluate modal displacements. 

The 
I B/w) I 

I B/ w j ') I function for Mode ly was evaluated by differencing the acceleration 

time histories measured by Accelerometers 1 and 3 in Test 144 (one of the s-y tests) and using 

the FFT of the resulting acceleration record. The value of this function was interpolated in the 

1.07 to 1.1 zone as well as the 1.55 to 1.6 zone of the ~ domain. Similarly, the normal
WI 

ized function for Mode It G =3) was evaluated by summing the acceleration time histories 

measured by Accelerometers 1 and 3 in Test 144 and using the FFT of the resulting record. 

For Mode 2x G = 2) the normalized function was evaluated using the time history of accelera-

tion measured by Accelerometer 2 during Test 148 (one of the s-x tests). As summarized in 

Table 4.5 the natural frequencies in this case (undamaged structure with maximum deck mass) 

were: WI' = 7.129 Hz, W2' = 7.715 Hz and W3' = 11.23 Hz (see also Table A.3). 

A.l Evaluation of dkp Bk ( W k' ) 

a) Mode 2 

For Locations A and C (Le. p corresponding to locations A and C in Fig. 3.3) the values 

of djp B/ W2' ) , for j = 1 and 3 (Modes ly and It respectively), need to be subtracted from 

. . 
W2 W2 . 

ApC W2·). Since --.- = 1.08 and --.- = 0.69, from Fig. A.1 
WI W3 

From Table A.I, for location A, 

= 2.3 c volt-sec. 

where c = 0.022 g/volt and its phase angle, Le., the phase angle for the plateau of the signal 
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produced by Mode 1 on the w > w I side, is estimated from Table A.l to be at approximately 

160° (see phase angle at 7.22 Hz). Similarly, 

= 2.2 c volt-sec. 

and its phase angle is estimated to be 0° (see phase angles in the 9.5 Hz to 10.5 Hz range in 

Table A.l). Subtracting the preceding two vectors from 

3 

Ap( W2') = L djp Bj ( W2' ) 
j=l 

provides the estimate of d 2p Bi W2 *) for Location A. With I ApC W2' ) I = 20.9 c volt-sec. 

at 154.r, the magnitude of d 2p Bi W2') will be 20.6c volt-sec. and its phase angle will be 

156°. The preceding have been summarized in Table A.4. 

Similarly, for location C (using Table A.3) 

= 2.6 c volt-sec. 

and its phase angle is approximately 340°. Also, 

= 2.2 c volt-sec. 

with a phase angle of about 0°. As summarized in Table A.4 use of these two vectors leads to a 

magnitude of 25.1 volt-sec. and a phase angle of 336° for d2p B 2( W2') where p corresponds 

to Location C. 

For Location B (i.e., p corresponding to Location B) the subtraction procedure is not 
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b) Mode 3 

For Locations A and C d3p B 3( W3') ::::: Ap( W3 *) and the subtraction procedure is 

not necessary. However, for Location B, d2p B2( W3 * ) should be sbtracted from 

Ap( W3 *) in order to evaluate d 3p B3( W3 *) with good accuracy. 

W3* I B 2(W3') I 
Using -;;;; = 1.45 in Fig. A.2, I B

2
( W2 *) I = 0.018, and for Location B (using Table 

A.2) 

= 3.1 c volt-sec. 

with a phase angle of 250°. The d3p B3( W3 .) vector for Location B can be evaluated as 

summarized in Table A.5. 

A.2 Evaluation of Deck Modal Displacements 

As discussed in Chapter 3 the values of I dkp Bk ( Wk') I provide the modal displace-

ments. With the deck behaving as a rigid unit during vibrations in Modes 1y, Ix and It, the 

modal displacements of the deck can be evaluated as follows: 

a) Mode 2 (Ix) 

From Table A.4 the modal displacements for the deck (see Fig. 3.3) are: 

a) modal y displacement of deck center = (20.6 + 25.1) / 2 = 22.9 

b) (modal y displacement at A - modal y displacement at C) / 2 = 

(YA-Yc ) 
2 ,= (20.6 - 25.1) / 2 = -2.25 

c) modal x displacement of deck center = 

[ 
(YA-YC) 

modal x displacement at B - (6.28"/18.88") 2 

= 171.6 - 0.333 (-2.25) = 172.3 
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Normalizing the above quantities with respect to the modal x displacement of the deck 

center (j.e., dividing the quantities in (a) (b) and (c) by 172.3) gives the normalized modal dis

placements of the deck as summarized in Table 4.3 for Test (no.) 147. 

b) Mode 3 (It) 

From Table A.5 the modal displacements for the deck for Mode 1 tare: 

a) modal y displacement of deck center = (115.8 - 116.4) 1 2 = -0.3 

b) (YA;YC
) =(115.8+116.4)/2=116.1 

c) modal x displacement of deck center = 39.0 - 0.333 (116.1) = 0.3 

Dividing these quantities by 116.1 gives the normalized modal displacements of the deck 

as summarized in Table 4.4 for Test (no.) 147. 
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TABLE 2.1 Similitude Requirements 

~=-_~rameter _____ ~-;:~~~~~:d t~a~~~! 1 ) 
I Deck mass ratio I mr = 50 3 

Mass (volumetric) density 
ratio for members 

Length and outer diameter 
ratios for members 

Wall thickness ratios 
for members 

Modulus of elasticity 
ratio for members 

Psr = 1 

Dr = !/'r = 50 

tr = 50 

I Er , free to choose 
(no restriction) 

TABLE 2.2 Resulting Ratios (Prototype to Model) of 
Dependent Quantities used in the Investiga
tion 

I ___________________ +-R_a_t_i_o_s_T_h_a_t_W_i_l_l __ HO_l_d __ T_ru_e~ ~_ Parameter (Prototype to Model) 

II Normalized displacements 
for the modes of vibration 

'" = 1 '!I r 

~ibration frequencies of the L' fr 
natural modes 

________________ _ ________ --J 
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TABLE 2.4 Model Deck Mass Information (Includes the 
Mass of Three Accelerometers Used During 
Tests) and Corresponding Prototype Deck 
Weight 

Deck Mass Case 

Maximum 

Mass (lb-s 2 jin) 0.267 

Model Center of mass 69.4 
elevation (in) 

Weight (1 bs) 103.0 

Corresponding Weight ( K) 12,880. Prototype 

TABLE 2.5 Member Sizes and Moduli 

CD 1.25" O.D. 
E = 0.35 X 106 PSI 

CD 1.00" O.D. 
E = 0.37 X 106 PSI 

CD 0.75" O.D. 
E = 0.35 X 106 PSI 

CD 0.625" O.D. 
a. E = 0.27 X 106 PSI 
h. E = 0.28 X 106 PSI 

CD 0.50" O.D. 
a. E = 0.37 X 106 PSI 
b. E = 0.35 X 106 PSI 

CD 0.375" O.D. 
a. E = 0.36 X 106 PSI 
b. E = 0.37 X 106 PSI 
C. E = 0.28 X 106 PSI 

Minimum 

0.065 

67.1 

25.0 

3,130. 
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TABLE 4.1 Measured Damping Ratios in 
Percent of Critical Damping 

a) Model in Air 

Vibration Minimum Maximum 
Mode Deck Mass Case Deck Mass Case 

lY 0.33 0.28 

lX 0.44 0.36 

IT 0.35 0.32 

b) Model in Water 

Vibration Minimum Maximum 
Mode Deck Mass Case Deck Mass Case 

lY 0.58 0.50 

IT 0.56 0.49 
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TABLE 4.10 Measured Vibration Frequencies (Hz) 
of Local Modes L8/9-1 and L8/9-2 

-,~-- . "._. . __ .- '--.-."--_." -.. _----1'--'--' ----.. -.-.-.-.--- -... -------... -. 

" b--l~i~i::eJfL~~: i mum 

Mode L8/9-2 

S lem erd ~ Deck Mass DE~ck Mass 
evere Case I Case 

~----- ---·-··-·-··-·-·--·---t·· .. --------

No Damage· 21.1 20.8 

116 21.0 20.6 

Minimum , ~1aximum 
Deck Mass Deck Mass 

I Case Case 
.. t·-_·· 

I I 
24.4 24.2 
24.8 24.2 

107 21.1. 20.7 

,-__ 55 ____ ~_~_~ ___ L_~~-=-~ __ . 
94 21. 0 J -* 24.3 

24.7 24.5 
24.4 24.3 

20.5 

*Poor1y excited (possibly at 24.2 Hz) 

TABLE 4.11 Measured Vibration Frequencies (Hz) 
of Local Modes Consistently Excited 
in Only One Deck Mass Case 

1--~i~~1 --------rr·--· um , Maximum 

r---------,.-

Member 
Severed 

No Damage 

116 
94 

107 

55 

Deck Mass 

Mode H5 

31. 6 

31. 5 

31.4 

31.4 
31.2 

Case 

/9 

Deck Mass Case 

Mode L7-1 Mode L7-2 

38.0 38.8 

37.7 39.1 

38.1* 39.5* 

-* 39.2 

38.0 39.2 

*Significant change in the mode shapes and/or response 
spectra 
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TABLE 4.12 Measured Vibration Frequencies (Hz) 
of Model in Air and in Water with 
Frequency Resolution = 0.05 Hz 

Deck Vibration Model in Model in 
Mass Mode Air Water 

I ly 14.60 13.50 
I 
I 

Minimum lx I 15.60 14.40 

lt ~60 20.00 

I ly 7.20 7.10 

Maximum lx 7.85 7.70 

It 11.50 11.25 



V
ib

ra
ti

on
 

M
od

e 

ly
 

L lx
 

lt
 

TA
BL

E 
4.

13
 

M
ea

su
re

d 
N

or
m

al
iz

ed
 M

od
al 

D
is

pl
ac

em
en

ts
 o

f 
U

nd
am

ag
ed

 
M

od
el 

in
 

A
ir

. 
M

in
im

um
 D

ec
k 

M
as

s 
C

as
e.

 

T
ra

ns
la

ti
on

s 
at

 
(D

if
fe

re
nc

e 
in

 y
-t

ra
n

sl
. 

Jo
in

t 
T

ra
ns

la
ti

on
s 

at
 D

ec
k 

S
id

es
)/

2 
-_ .

. 

D
ec

k 
C

en
te

r 
Y

 A
 -

Y C
 

Jo
i n

t 
54

 
Jo

in
t 

49
 

x
-d

ir
. 

y
-d

ir
. 

2 
x

-d
ir

. 
y

-d
ir

. 
y

-d
ir

. 

-0
. 1

7 
l.

0
0

 
0.

01
 

-0
.0

5 
0.

32
 

0.
27

 

1.
00

 
0.

17
 

-0
.0

2 
0.

29
 

0.
04

 
0.

05
 

-0
.0

3 
0.

01
 

l.
 00

 
0.

13
 

-0
.3

8 
0.

33
 

--

I -
'
 

o o I 



-101-

TABLE 5.1 Deck Master Node Inertial Properties and Elevation 

.-- --_ ... __ ._--_ .. _- -.-.-.,.-~ .. ~- --,,_._--_.--"---"-" ----.- _. -~'---'--' .. --.----.- .-. 

Deck Mass Mass "Rotational Inertia Elevation 
Case (lb-s 2 /in) (lb-s 2 -in) (in) 

Mrx Mry M rz 
, 

Minimum 0.0648 1.491 9.73 10.76 67.14 

Maximum 0.2667 7.094 42.90 48.49 69.42 

TABLE 5.2 Measured and Predicted Vibration 
Frequencies (Hz) of Undamaged Model 
with Minimum Deck Mass 

Vi brat i on Model in Model in 
Mode Air Water 

ly 14.20 13.02 

Predicted lx 15.25 13.90 (Analytical) 

1t 22.51 19.01 

ly 14.60 13.50 

Measured 1x 15.60 14.40 

It 23.60 20.00 
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FREQUENCY 
(HZ. ) 

5.<;57 
A .. 05;> 
lS.l!:? 
6.25(.) 
6.,'!4A 
6.445 
t5.543 
6.(541 
[,.7:':'ld 
f;.~J6 
f.<;34 
7.u:n 
7.129 
7.221 
7.324 
7.422 
7.52tl 
7.617 
7.715 
7.812 
7.910 
€.tHl8 
~.lU5 
e.2J3 
8.3tH 
8.3')3 
e.4C;ci 
~.5'14 
8.6<;1 
€.78"J 
8.887 
£l.t;P.4-
<;.(,182 
9.1 flU 
9.277 
9.';;\75 
c: .:\ 7 :1 
C;.57f) 
09.068 
9.166 
9.I.liS3 
',;0<:.61 

Itl.(!5q 
10.15ci 
10.254 
10.::152 
lU.449 
10 .. ~47 
1(f.c45 
H!.7~2 
iO.Sli-g 
1~.937 
11 .U .3 5 
11.133 
11 ... 230 
11 .. .328 
11 .426 
11 .5;;;5 
11.6?1 
11.71'1 
11. .tH6 
11.914 
1? ... ' 1 2 
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FFT OF TIlE ANALOG ACCELERATION SIGNALS 
FOR .~CCE1EROMETER NO. 1 

,-
SPECTRAL AMPLITUDE PHASE ANGLE 

(VOLT-SEC. ) (DEG. ) 
. 

.286'::E;+ol 11.909 

.361AE+\,l1 13.151 

.:;66uE+(11 8.995 

.3521) E' H:.1 e.781 

.3747E+ul \6.C;38 

.t!44bE+Ul 11.0SC; 

.5.1QIEH)1 12.845 
.5341E+Ol It.{W4 
.6BO>JE+(J1 i4.t:92 
• f' 3 7UE+Ol 16.652 
.1331E+iJ2 21 • .!3Q 
.2"3 7 7E+02 43.914 
.2648E+tl2 136.235 
.9B67E+Ol 157.tOa 
.5126E+Ol 153.804 
• .3777E+(11 135.148 
.4 749E +0 1 U 7.78'9 
.81511::+01 1"5.025 
.2 fJ90E+02 154.735 
.977!:E+(]1 225.077 
.5C't~2E+\~ 1 242.070 
.3554E+{J1 257.179 
.2607E+Ol 25E.C;09 
.1 ?'58EHH 262 .. 6Z1 
.18561::+01 281.<;54 
.1855E+Ol 2<;2.10<.5 
.17~4E+al 3(13.734 
• 1583E+(,i1 3CS.3eo 
.15G9E·+o 1 315.786 
.1629E+(l1 324.f08 
.1619E+O 1 ~21.se1 
.21~2EHH 332.572 
.1~78E+al 318.<567 
.23.39 E +111 334.011 
.2535E+Ol 334.56() 
.25."3f'E+Ol !35.751 
.24()OE+1)1 353.338 
.2819E+Ul 345.186 
.29()'{)E +~ 1 343.895 
.3216£:+(11 345.1<;;5 
.370:JE+O 1 347.506 
.3931E+Ol 350.119 
.4351EHll ..351.E52 
.4574EHH 3::3.952 
.4tl73E+(}1 3':2.G13 
.5694E +0.1 :35::l.038 
.6888E+Ol 352.250 
.1638E+Ql 355.-441 
.8712EHH 356.784-
.lV54EHl ~ 3:5C;.(H8 
.1349E+o2 .. 413 
.. 18(J\JE+(l2 2.??9 
.?6t)2E+02 7.(J08 
.·'i-S4i.lEh.,2 19.635 
.1158E+(J3 e 1. 185 
.5148E+02 14<;.667 
.2716E+(J2 162.779 
.1844E+lJ2 167.042 
.1393E+U2 169.1iJ8 
.1104EH'2 170.749 
.. 9426E+()J 172.858 
.8102E+gl 172.454 
.66fl3E+ul 173.7SS 



TABLE A.2 

FREQUENCY 
(HZ. ) 

!j.~:S7 
o • .J:J;;) 

001::J.c 
o.~~u 
t;.,j4e 
0.445 
t1.:;)'i,J 
0.041 
O.l.:Jd 
b.dJo 
tl • .,j<+ 
1.0,;)1 
l.l~ ~ 
1.2.21 
1.,j,4 
1.4'::<:: 
7 • .o.<!v 
I. oj, I 
1./15 
l.cH~ 
1."10 
d.Uvd 
e.l;)ti 
d.2",.;) 
t;; • .;)U,! 

d • .3-..ti 
d.4'':I0 
t;.::>,4 
u.b'll 
t.1d~ 
,;j.Bdl 
t:l.9d~ 
'.>i.Ucc:! 
.;; .1U'" 
9.2.11 
~ • .l7'.,j 
..;.-.1.3 
~.SllJ 
':J.boU 
g.loe 
.... dt)..) 
:Ii.9ti,L 

lV.U!;)"; 
I.U.l :;)0 

... 1.1.,,54 
1\).3::>2 
.U.449 
h).541 
Lo.04::> 
lU.llf':' 
11., .d .. ., 

/1,0.9..;7 
'j,L.O':~ 

L l. .1 J3 
.l.c:!.hj-

(11.32b 
ll.~~t: 

, .L ! • oJ 
L1.621 
11.7J.~ 
ii.dle 
lL.9L4 
12.0.12 
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FFT OF THE ANALOG ACCELERATION SIGNALS 
FOR ACCELEROMETER NO. 2 

SPECTRAL AMPLITUDE PHASE ANGLE 
( VOLT-SEC. ) (DEG. ) 

• .Jdltlt+Jl 70.602 
• 436Yc; I-IJ 1 74.~21 
.44 Lji:;;"U! 1.10099 
.4/t..2E.hH H .• toS 
.;'.i.~dE.+Ol fl.'dH'.: 
.5Sc6t::+Ul 7S. 0.32 
.01291::.+01 77.491 
.6504ct-U1 lCh5,50 
.1 bJ.:H:: +" 1 16.041 
.15,301::.+04, €.:l.;;;:4 
.c(;;541::+01 t;4.S40 
.c:H4.ot;+Q 1 ':>U.205 
• i H~dE. hl2 tU.7oS 
• 1561 E. .02 74.4<;7 
.ld41Ehl':: 1t..V'::O 
.~ .. .5UE.+02 17.~O.J 
• .Jo49t:tu2 1::4.428 
.68961::,"1,)2 <;;4.'32 
.1/ioE+OJ If3.c5(; 
.7116E."iJ~ Z2b.41~ 
.4;JSJt;;tQc:! 240.894 
• .:16.Ef-v2 ~41.4i15 
.li:lJ67t+O':: ':4S.tit.2 
.L08YE+O' ~.51.711 
• 141U(;1-02 255. ,1 20 
.116tiEt02 2::6.103 
.lv7tic"O' ~=o./!:l€ 
.~459E+ul. 2tl.tC;il 
.840dE.+Ol 257 0 .:;93 
.7700Et-OL 25S.016 
.liJS2E+Jt 4::59.244 
.6~15t;+Ol "t;4:.~Zu 
.bo62L+Ui. 2.t7.212 
.~j7,jEhH ~bO.S32 
.52oJ7Ef-OL "cb.52Q 
.:;.jl1Et~H 2ce.2S6 
• 5.L7UI:: +01 "t; 8 .4::41 
.4554E+O·1 ,;:cc.JEE 
.43801;:+0;. 269 • .325 
.40J.J.cf-UL 214 .... LL 
.4UhJE+.Jl ~7t.l\l1 
.4,j7.,3E+O":' ,71.127 
• .:l::'41E+U1 2.EO.U31 
.3dZot;+iJl 2E6. l20 
.4Lf:7t;hlL 21:0 .. "13 
.J12aEHH 2.S1 .. Uce 
• .J;;>JYt;;+;Jl "E~.JUfi 
• .Jj,eYE+UI. 2So.J26 
.";01\)l:;.t"'1 ;.305.3dl 
.42'='3EhH 3.Ll.363 
.4586t:+(,) l. ~~1.S24 
.o.::'.57E+Ol ~~7 .... 4j 
.t21'i:iE+OL ':5':.727 
• 1467t;; hJ" 11.667-<:... .... , 
• 35901:;1-02 E J. • .22L • 
.1616E+02 l.!tl.l32 
.9490EhH .15.137 
.6..; 1 U::+O L j,E'i.247 
.::>B50EhH ,"'4.224 
• 4S6::>E hl1 2U2.657 
.3dlU:.+Ol 2.J1.257 
.3100E+01 211.021 
.Jo05E+01 .2 ... 0.184 



TABLE A.3 

FREQUENCY 
(HZ. ) 

5.957 
6.055 
6.1!:2 
6.250 
6.349 
6.445 
t:.5'13 
6.641 
6.738 
6.8:36 
6.934 
7.0.31 
7.129 
7.227 
7.324 0.422 
7.520 
~617 

7.715 
7.812 
7.910 
e.O\)R 
8.1115 
8.203 
8.301 
8.398 
a.4~6 
8.594 
8.691 e-.tag 
8.SS7 
€.c;e4 
9.0-€!2 
9.130 
9.277 
9.375 
9.473 
C;.570 
9.668 
<;.766 
<;.8€3 

·9.961 
10.059 
10.156 
10.254-
10.352 
10.449 
10.541 
10.645 
10.142 
1(l.S4~ 

~O.9:;S7 
11.\>35 

~~1.133 
H .231J 

!~ 1.328 
lJ..4-26 

N 1.523 
11.621 
11.719 
11 .'316 
H.914 
12 .. 012 

-120-

FFT OF THE ANALOG ACCELERATION SIGNALS 
FOR ACCELEROMETER NO. 3 

SPECTRAL AMPLITUDE PHASE ANGLE 
(VOLT-SEC. ) (DEG. ) 

.a035E+OO 245.977 

.9573E+OO 238.894 

.118()E+\Jl 230.844 

.1319EHH 233.081 

.1559E+Ol 229.142 

.2022E+Ol 228.651 

.2236E +01 223.488 

.2947E+Ol 213.152 

.4272E+Ol 209 .• 347 

.6120E+Ol 20e .514 

.106.JE+02 209.610 

.2676E+02 22<;.43<) 

.293.JE+U2 ::1C;.168 

.12951:+02 ~42.652 

.8251E+Ol 338.941 

.6738E+Ol ~2<;.;f47 

.1362E +01 :315.476 

.1135E+02 2<;18.529 

.2971E+02 337.776 

.. 1489E+02 3t:.505 

.8652E +0 1 37.801 

.6604E+Ul 34.332 

.S37UE +0 1 :33.247 

.50 72E +01 2<;.750 

.4516E+(}1 27.261 

.4120E+Ol 22.652 

.4025E+Ol 22.8U5 

.3991E+Ol 19.060 

.3964E+Ol 16 .eo 1 

.3875E+,)l 18.681 

.3S07E+OI 15.106 

.3977EHH 16.1U7 

.3782E+()1 12.€53 

.~3689E+O 1 12.064 

.3841E+Ol 9.445 

.3980E+Ql 10.231 
.4021 E +0 1 7.03U 
.4297E+CU 9.232 
.4446E+Ol 7.934 
.4722E+Ol 5.171 
.4928E+Ul .J.ost) 
.4944EHU 5.429 
.S.37SE+Ol 4.194 
.,595<;E+ul 4 .. 822 
.6286E HH 2.046 
.6822E+Ol 3.262 
~7562E+tH ~.1()3 
.8588E Hll 1.161 
.. 9716E+(l1 2.361 
.. 11 53E +()2 3.018 
,,1408E+02 3.374 
.1864E+02 5.022 
.2701E+U2 8.432-
.4897E+(J2 1<';.158 
.1164E +03 8(t.619 
.5040E+Q2 1.48.614 
.2643E+02 16U.'I'32 
.. 1165E+02 164.601 
.1308E+02 lc5.7r;;2 
.1035E+02 Hi6.fe6 
.e5cHE+Ul 166.669 
.7418EHH 166.712 
.. 628 2E +0 1 167.771 
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SKIRT PILE 
SECTION 

LEG PILE 
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SKIRT PILE 

} DECK ASSEMBLY 

JACKET 

Fig. 1.1 Skirt pile section, jacket and deck assembly in a steel offshore platform 
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\0 [] 

600 D [] u 

6()G-64° F' 

500 

400 
) 0 o 0 00- 0 0 o 0 \i:_S30 F 

EAVE. = 380. KSI 
300 

cr = 2.3 KSI 

200 SPECIMEN 

0 POLYCARBONATE NO.1 

0 PLEXIGLAS 
100 

o ~------~------~------~------~---
o 5 10 15 20 

EXCITATION FREQUENCY (HZ.) 

Fig. 2.1 Measured modulus of elasticity vs. excitation frequency for a Plexiglas and a 
polycarbonate specimen 
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600 

POLYCARBONATE SPECIMEN NO. I 

500 0 59° F 

- 0 62°F 
(f) 

" 65°F 
~ 
....... 

400 L-...:B------~ 
0 

(f) 
"::) 
..J 
:J 
0 300 
0 
~ 

POLYCARBONATE SPECIMEN NO.2 
0 
W A 60°_ 69°F 
0:: 
:J 200 (J) 
« 
LU 
~ 

100 

o ~------~------~------~------~---
o 5 10 15 20 

EXCITATION FREQUENCY (HZ.) 

Fig. 2.2 Measured modulus of elasticity for the polycarbonate specimens 
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ELEV.64.32" 

2.0"++-
. I 

i ~.4'j f---IO.8" 

I i -r--T--- i 
! 4.5" I 

'I-----t-

360"---Jl.~"O" 

--14_41-10_8"-~~ 

ii II Ii I 1 

• I • 

9:1" ! 
I 12.0" 

ELEV 55.20" 
I I @a @a 

ELEV 52.32"~- -~~i1~ 

ELEV 43.20" 

ELEV 3000" 

ELEV.15.60" 

ELEV. 0.0" 

I 
i 

12.0" 

~
i PROJECTED r~ 

BATTER 

12.0 

! 

I 
13_2" , 

T't 
I 1~.4" 

I 

t 
1 I CD 
I 16_0" 

i I LL 

@a 

®a 

®a 

@a 

@a @a 

@a 

@ 
®a 

@a @a 

@a 

@ 

® 

®a 

@a 
~t 

(3/8") 
f-----16. 2" '--------> .. ~I .... -- 14.4 ,,--..... 4-I-.--~ 16.2" ---

f-------------- 46.9 ".---------------

ROW 'A' 

ROW'B' ~--~---~3~------{~1~------~ 

CD 

CD r ~ ® 
ROWB-crnl ,I 

ROWA-

Fig. 2.3 

Note: see Fig.2.9 for joint detail 

Note: see Table 2.5 for member sizes and moduli 

Configuration, member sizes and moduli of elasticity for Frames A and B of model 
platform 
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ELEV. 64.32" 

ELEV 55.20" 

ELEV 52.32" 

ELEV.43.20" 

69.2" 

ELEV 30.00" I 

ELEV 15.60" 

4.5 

+----1--
i I 

9.1" i 
12.0" 

i 
-.--- i 
l __ ._~l._~ 

12.0 

II 

t-· 
! 

13.2" 

I 

-t
I 

14.4" 

t 
16.0" 

----==:~ 

ELEV.O.O" II 
T 
(3/8") 

B------
I 
A------

Note: see Table 2.5 for member sizes and moduli 

®a 

@a 

@a 

®a 

@a 

" 29.30 

ROW CD 
ROW@ 

ROW ROW 

Cf 9 ~ ~ s-ITIJ 
A-

~I 
A 
I 
B 

Fig. 2.4 Configuration, member sizes and moduli of elasticity for Frames 1 and 4 of the 
model platform 



ELEV. 64.32" 

ELEV. 55.20" 

ELEV 52.32" 

ELEV 43.20" 

ELEV 30.00" 

ELEV 15.60" 

ELEV.O.O" 
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R-15.O'-' -~ 
r7.I'~1 f--10.S"---r t---7. I'i 

l-t"~ . 
ItT 

ROW ROW 

Y ~ ~ Cf B-ITIJ 

69.2" 

I 12.0 

ll~~ 
A--

I 
12.0" 

13.2" 

+-
I 

14.4" 

16.0" 

I 

j j 

I 
BATTER ,-

701 

®a 

r----- 29.30"-------I-1 
B .----ROW ® ------A 
1 I 
A ROW @ B 

Note: see Fig.2.9 for joint details 

Note: see Table 2.5 for member sizes and moduli 

Fig. 2.5 Configuration, member sizes and moduli of elasticity for Frames 2 and 3 of the 
model platform 
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(b) PLAN VIEW AT ELEVATION 55.2" 

:1::======-13-.7-1I~~~~~~-"':+-1-":--~~~~- ~~'.:'.', =====: ... :1= ... :====-1-3-.7-,-,------------" ..... ::1 
B 

A 

(a) PLAN VIEW AT ELEVATION 30.0" 

cp ~ 
ROW B - IJ----0----(:>----o 

ROW A -1J--..()..----(")--...r'1 

Note: see Table 2.5 for member sizes and moduli 

Fig. 2.6 Configuration, member sizes and moduli of elasticity for model platform jacket 
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Fig. 2. 11 Ph otograp h 01" typical leg-to-deck co nnection 
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Fig. 2.12 PhoiOgraph of model p/,nform on its base system, end-on view 
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Fig . 2.13 Photograph of' model platform on its base system, broad-side view 
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member numbers and global coordinate system 
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Fig. 3,9 Photograph or typical 111 otk I Icg-to-basc frame connec ll on 

Fig. 3. 10 Ph otograph 01" the acce lero me ters on the mode l dec k 
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a) Vic\v or 1l1l:l11bcr~ or I'rames I and J\ 

b) View or I11l.!l1lbcrs of Frames 4 and B 

hg.3. 11 Ph otograph., 01 tile instrumented jacket or the model 
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a) Accckromclcrs on Joint 54 

b) Accelerometer and ~(Ccl weigh! on Joinl 49 

Fig. 3.12 Pilotographs o r tile instrulllented joints or jacke t or the mode l 
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,,) "s- X" LCSL 

b) "5- Y" Lc" 

Fig. J .13 Ph otograph s illu~tratlng positioning of hammer and direction or impacts 
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Fig. 3. 14 Photograph of Mcmbcr 94 after repair 
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Fig. J. I 5 Photograph s o r model deck with and without the steel blocks 
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