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SYNOPSIS 

The aim of this thesis was to measure the forces due to breaking waves on a 

pipeline, raiseJ a small d·,stance above the sea-bed, in a physical model. 

The main purpose was rn construct a system which could reliably and accurately 

measure these forcl!s . 

Preliminary tests were then canied out, using this system, to determine whetier 

there is a sudden increase in the forces as the pipeline is moved from just sea-ward 

of the breaker zone, into the breaker zone. 

A literature study indicated that a fact,~.- of 2 to 3 should be allowed, for the increase 

in the forces under breaking waves, when compared to the forces under non

breaking waves of the same height and period. 

Because of the possibility of these breaking waves imparting an impact force to the 

measuring system, a major part of the study was devoted to the development of a 

measuring system with a high frequency response, which would be able to respond 

to these high pressure forces of short duration 

Due to the time limitation, only exploratory tests on the forces under breaking 

waves could be carried out. These tests were carried out in the I m. wide by 40 m 

long wave flume of the University of Stellenbosch. Only the case of tl1e pipeline 

parallel to the wave crests was investigated. 

Based on these initial tests the following conclusions were drawn: 

(i) Breaking waves do not impart an impact force to a pipeline, raised a 

small distance above the sea-floor, if that pipeline remains below the 

water surface. 

(ii) Breaking wave forces should not be calculated using the Morison 

equation with wave dynamics predicted by the Airy, Vocoidal, and 

Dean Stream Function theories. 

' . 
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(iii) The horizontal and vertical forces unde1 waves that were just about to 

break, were consistently larger than the forces under breaking and/or 

broken waves. One recording of an abnormally large vertical force under 

a plunging breaker raises the possibility of the existence of vertical forces 

that are considerably larger than the average forces measured. 

It is recommended that: 

• 

(i) Further tests be carried out using the measuring system. 

(ii) Tests be carried out in a larger wave tank, on a uniform slope which 

might allow for a relatively more consistent positioning of thl.! point of 

breaking, as well as a more regular wave shape. Scale effect~ can then 

also checked. 

(iii) Attempts should be made to measure the velocity and acceleration of the 

local particles around the cylinder, under a breaking wave. 

(iv) A study should be made into the high intensity turbulence found under 

a plunging breaker, as well as the possible adaption of turbulence 

models, that have been developed for sediment movement, for use in the 

structural field. 

ii 
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SINOPSIS 

Die doel van hierdie tesis is om die kragte wat deur brekende golwe op 'n pyplyn 

naby die seebodem uitgeoefen word, te meet. 

Die hoofdoel is om 'n meetstelsel saam te stcl waannee hierdie kragte betroubaar en 

akkuraat gemeet kan word. 

Voorlopige toetse met hierdie stelsel is daama uitgevoer om vas te stel of daar 'n 

skielike toename in die krag is wanneer die pyplyn verskuif word vanaf net 

seewaa.-1s van die brekersone tot binne die brekersone. 

Literatuurstudies wys daarop dat 'n faktor van 2 tot 3 in die toename van die krag 

onder golwe wat breek toegelaat moet word in vergelyking met die krag onder nie

brekende golwe van dieselfde hoogte en periode. 

Aar1gesien hierdie golwe wat breek moontlik 'n impul .1crag mag uitoefen, is 'n groot 

deel van die studie gewy aan die ontwikkeling ,,.-.n 1
'1 meetstelsel met 'n hoe 

frekwensieaksie wat sal kan r~ageer op hierdie hoc: L ag van korte duur. 

As gevolg van die tydsbeperking, l·on slegs voorlop1ge toetse op kragte onder 

brekende golwe uitgevoer word. Hierdie toetse het plaasgevind in die 1 meter brel! 

by 40 meter lange golfkanaal van die Universiteit van Stellenbosch. Slegs pyplyne 

wat parallel met die golfkruin was, is ondersoek. 

Die volgende afleidings is gemaak na die eerste aantal toetse: 

(i) Golwe wat breek, veroorsaak nie impak kragte op 'n pyplyn wat effer~ 

opgelig is van die seebodem nie, indien daardie pyplyn onder ,1Je 

wateroppervlakte bly. 

(ii) Kragte uitgeoefen deur golwe wat breek, behoort nie bereken te woid 

met die Morison vergelyking en golfdinamika soos beskryf deur Airy, 

VocoidaJ rn Dean Stream Function-teoriee nie. 

Ill 
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(iii) Die horisontale en vertikale kragte onder golwe wat op die punt staan om 

te breek was deurgaans groter as die kragte onder golwc wat breek en/of 

golwe wat reeds gebreek het. 'n Enkel meting van 'n besonder gi 1ot 

vertikale krag onder 'n plonsende golf wat gebreek het, het die 

moontlikheid laat ontstaan dat daar moontlik vertikale kragte bestaan wat 

aanstenlik groter is as die gemiddelde kragte wat gemee, is. 

Die volgende word aanbeveel: 

(i) Die mectstelsel moet gebruik word om verdere toetse uit te voer. 

(ii) fol:!tse mo':'t it1 'n groter golftenk uitgevoer word op 'n konstante helling 

wat 'n vaster po .. isionering van die breekpunt sowel as 'n meer konstante 

golfvon"'1 toelaat. L'ie uitwerking van die skaal kan dan ook gekontrolecr 

word. 

(iii) Daar moet gepoog word om die snelheid e11 versnelling van die plaaslike 

deeltjies rondom die silind~. <mder 'n golf wat breek te meet. 

(iv) 'n Studie moet gem~a!~ word van die hol. intensiteit turbulensie wat onder 

'n plonsende breki. 1.-f,. golf aangetref word sowel as die moontlike 

aanpassing van turbuknsiemodelle, wat ontwikkel is vir u~wegmg van 

die sediment, vir gebruik in die strukturele veld. 

IV 
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CHAPTER l~ 

INTRODUCTION 

In South Africa marine pipelines are often used for the transport of oil and gas, as 

wel1 as for the offshore disposal of sewage. These pipelines are CQr.nected to Jn on

shore facility, and will therefore need to pass through the breaker zone. Because of 

the r.iagnitude of the forces under breaking waves, it is normal practice to either 

encase the pipeline in concrete or to bury it below the sea-floor, in the breaker zone. 

The extent of the breaker zone, which is dependent on factors such as wave height, 

wave period and the slope of the sea-floor in that area, is not uniquely defined, anc! 

it is therefore difficult to determine to where u1e pipeline should be encased or 

buried. 

Under extreme design conditions, very wide breaker zones are experienced, 

particularly in exposed areas. For example, along the coastline of the South Western 

Cape, where a design significant wave height condition of 12 m can be expected, 

the maximum waves, under such conditions, break at a water depth of 

approximately 30 m .. It becomes a very costly exercise to bury the pipeline, or 

encase it in concrete up to this depth. Parts of the pipelines are therefore often left 

exposed, but are designed to allow for some breaking under extreme conditions. 

In Green Point, off Cape Town, the sewage pipeline failed on two occasions. On 

each occasion the failure was under extreme wave conditions, at a point seaward of 

the encased section of the pipeline. These incidents have highlighted the need for 

some guidelines on the forces that are present under breaking waves, to assist in the 

design of the exposed sections of the pipelines. 

A literature review revealed that .here is not much clarity on the magnitude of the 

forces one can expect under a breaking wave, nor is there much agreement as to the 

procedure that should be followed for the design of pipelines in the breaker zone. 

The Det Nors1 I! Veritas, "Rules for submarine pipelines", ( 1982), recommends that 

1-1 
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the forces should be increased by a factor of no less than 3, while Sarpkaya ( 1978), 

believes that a factor of around 3 .17 should be used Grace ( 1978), on the other 

hand, in his study on a prd otype, suggests that the horizontal forces under a 

breaking wave are twice the horizontal forces under a non-breaking wave, while the 

vertical forces are 1.2 times larger than those under a non-breaking wave of the 

same height and period. 

In order to obtain some clarity on the above, exploratory studies were undertaken, 

by Mr. S. A. Mann at th.! University of Stellenbosch, in the fonn of an 

w1dergraduate thesis. He set up a model to study the horizontal forces on a pipeline 

that was raised a small distance above the sea-floor, in the transitional, shallow and 

breaker zones. His main objective was to test whether there was a sudden 

"explosion" of forces as the pipeline was moved from just outside the breaker zone 

into the breaker zone. 

This thesis is a continuation of these preliminary studies, and it's main aim is to: 

measure the forces under breaking waves on a pipeline raised a small distance 

above the sea-floor, in a physical model. The main objective is the 

construction of a measuring system which would be able to measure these 

forces accurately and reliably. 

In carrying out this study the following procedure was followed: 

(i) infonnation was gathered through a literature study on the subject. 

(ii) Mann's experiment was replicated, with some adjustments to the stiffness 

of his measuring system. 

(iii) the measuring equipment was further modified to enable it to respond to 

the possibility of the breaking wave imparting an impact force to the 

system. An impact force is a high prt:ssure force of very shott duration. 
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(iv) a great deal of time was spent on the construction and subsequent 

calibration of this equipment, and after three attempts a suitable measuring 

system was found. 

( v) this measuring system was then placeii in the wave tank and the 

experimental procedure followed by Mann was again replicated. In th~se 

exploratory tests, particular attention was paid to the response of the 

system in the zone just prior to breaking, and in the breaker zone. 

(vi) conclur · :ms, based on the results of the exploratory tests, are drawn, along 

with recommendations as to the possible furtherance of the study. 
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CHAPTER2 

BACKGROUND 

The purpose of this chapter is to provide some background in to the standard 

procedure for calculating wave forces on pipelines and the wave kinematics used in 

the process. 

A general ov~rview of the chapter 1s given. followed by a detailed description of 

each section. 

2.1. A GE 'ERAL OVERVIEW 

The empirical Morison equation, derived from the flow physics around a cylinder in 

a uniform honzontal steady flow, 1s used to calculate the horizontal arid vertical 

wave forces on a cylinder in deep, transitional aml shallow water. Force coefficients 

in the equation compensate for the osc11latory fl0w caused by the wave, as well as 

the changr in flow physics as the cylinder's clearance from the sea floor changes. 

A wave passing over a pipeline generates forces on that pipeline by causing local 

water parucles to displace from their equilibnum position, thus giving them an 

acceleration 1nd a velocity. 

The Airy the Jry is one amongst many wave theories that can be used to predict 

these local vdocities and accelerations in deep and transitional water. 

ln shallow wc1ter the Dean Stream Function wave theory or the Vocoidal theory 

could be used to predict the local water dynamics. These predictions, along with 

suitable force coet1;f.ients, are then used in the Morison equation to estimate the 

wave forces. 

No theory seems able to predict the local water partide dynamics under a breaking 

wave. 

In order to be able to measure the forces under a breaking wave, a reliable and 
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accurate measuring system needed to be constructed. This system is in the form of a 

cylinder supported by two horizontal arms. Strain gauges placed on the arms 

measure the magnitude of the bending of the system under the applied forces. 

Because of the possibility of the forces being of the impact type, 1t is necessary for 

this measuring system to have a high fiequency response. The dynamic response of 

the system will mean that the forc.:s shown by the measming system will differ from 

the forces applied to the system, and it is therefore necesslll) to calculate the 

applied forces by numerically model!ing the measuring system. 

2.2 THE MORISON EQUATION. 

It is widely accepted that the Morison equation snould be used to calculate the 

horizontal wave ft.,rces on cylinders, parallel to the wave crests, in deep, 

transitional and shallow water This equation, incorporating local particle velocities 

and accelerations, 1s based on the fluid physics that <,ccur around a stationary 

circular cylinder suspended in a unifom1, non-osci llating stream of real fluid. A 

Morison-type formulation 1s used to calculate the vertical wave forces. 

The Morison equation considers the total horizontal force on the cylinder as the sum 

of the horizontal drag and the horizontal inertia forces. 

Total horizontal force: Ft = Fd + Fi 

where: 

2.2. I The drag force 

Fd = Horizontal drag force. 

Fi - Horizontal inertia force. 

(I) 

The drag force is caused by the pressure variation due to the separation of the 

streamlines, resul•ing in a wake fonning beltind the cylinder as the stream 
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moves past it: 

0mg force per metre length: Fd = 0.5 Cd p D u2 

v,here: D = pipe diameter 

p = density of sea water - I 025 kg/mj 

Cd drag force coeffi~ie11t 

u = hnrizc,ntal water pa,1icle velocity 

(predicted hy a suitable w,tve theory) 

Thus the drag force is dependant on the flow velocity around tht cylinder. 

2 2.2. The ine:1ial force. 

A stationery cylindet unmem;d in an accelerat:ng viscous flow field 

experiences an inertial force 

rnertia force per metre length. Fi , Ci p 1t D1 a I 4 

where: Ci = inertia force coefficient 

a = horizontal Wdter pa1ticle acceleration 

(predicted by a suitable wav~ theory) 

(3) 

To get the tutal horizontal force the drag and inertia forces are added tog ther: 

However, because there is a phase difference between the maximum values of 

the drag and inertia forces. they do not occur simultaneously and therefore 

cannot be added together to get the maximum total horizontal force. It is 

necessary to calculate the forces at short time intervals over the \\-hole wave 

cycle. 
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2.2.3. The lift force. 

A Morison-type of fonnulation is suggested to calculate the lift force. 

There arc two types of lift forces, the tin force due to vortex shedding and the 

lift force due to flow asymmetry 

(a) Lift force due to vortex shedding: 

This is caused by the vortices in the cylinder wake giv: ,g rise to a force 

nonnal to the drag force. This force which is dependant on the velocity of 

the local particles, acts alternatively in an upward and downward direction. 

(\,) Lift force due to flow asymmetry: 

According to Davis ( 1976), this force acts nonnal to the horizontal direction 

of flow, and is generated by the flow asymmetry that occurs as the cylinder 

is brought near to the se?-floor. This force acts m a downward direction, but 

at !>ome stage changes to a lift force in an upward direction when the 

cylinder nears the sea-floor. When the cylinder rests on the sea-floor the 

flow beneath the cylinder stops and the flow over me cylinder "auses a lift 

force that is entirely in an upward direction. This force is nl:!gligible if the 

gap between the pipeline and the sea-floor is greater than double the 

cylinder's diameter. For the purpose of this paper, the lift force that will be 

referred to, is due to the flow asymmetry. 

Lift force per metre length: Fl = 0.5 Cl p D u2 

where: Cl = lift force coefficient 

2.2.4. The force coefficients. 

The force coefficients have been denved from laboratory experiments. 
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Because of the differences between the laboratory and prototype conditions, 

guidelines have been compiled to assist in the selection of force coefficien!s 

that are beyond the range of the laboratory tests Each guideline is drawn up 

for use in conjunction with a specific wave theory. (See section 2.2.5.) 

The cylinder's distance from the sea-floor plays a major part in the selection 

of the force coefficients: 

(a) if the e/O (the ratio of the distance between the cylinder and the sea-floor 

to the diameter of the cylinder) is greater than 2, then the force cc-efficients 

are dependant on the Reynolds number, the Keulegan-Carpenter number, 

relative roughness of the cylinder, and the wave period. 

(b) if the cylinder is resting on the sea-floor i.e. e/D ; 0, then the force 

coefficients art dependent on the wave height, the wave length, U,e water 

depth and the diameter of the cylinder. 

(c) if the e/D is less than 2 but greater than 0, then the force coefficients are 

dependent on the Reynolds number, the Keulegan-Carpenter number and 

the size of e/D. (Sarpkaya and Isaacson t 98 t ). 

In this study the e/D is always less than 2 but greater than 0, so particular 

attention will be paid to the force coefficients in this range. 

2.?..5. Local fluid dynamics. 

As the wave moves in the horizontal direction it causes local water particles to 

be displaced from their equilibrium pC"'Si~;vn Th 0 se particles move in a 

circular or elliptical path, their velocity ana -:.;~~1°,"tton fluctuating from a 

maximum to a minimum back to a maximum, or visa versa, with the passing 

of one wavelength. 

There is a wide range of wave theories that can be used to predict the size and 
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magnitude of the acceleration and velocity of thesr partides. The acceL 

and velocity of each wave particle is dependent on the wave height, \v.., ,t: 

period, the water depth and the elevation of the particle below the still water 

level. In this thesis, three theories will be used to predict local particle 

dynamics for use in the Morison equation. 

(a) The Airy theory. 

This theory is usually used to predict the tor.al fluid dynamics under small 

wavrs in deep and transitional water. Deep water conditions occur when the 

water depth to wavelength ratio is greater than 2, i.e. d/L > 1/2. The 

influence of the wave decreases with depth, and a water particle just above 

the sea-floor in deep water is unlikely to be affected by the passing wave 

and will therefore not induce any forces on a cylinder in this position. But, 

as the same cylinder moves into transitional water, the passing wave will 

affect the local water particles that are just above the sea-floor, causing 

them to displace from their equilibrium position. The transitional depth is 

classified to be within the following range: 1/25 < d/L < 1/2. 

As the depth gets shallower, (d/L < 1/25), the Airy theo,y tends to break 

down, although the prediction of the maximum forces remain fairly 

accurate, and higher order wave theories rue used to predict locaJ particle 

dynamics. 

(b) The Vocoidal and Dean Stream Function wave theories. 

These two higher order wave theories are used by the C.S.J.R. in 

Stellenbosch, in a com uter program, to calculate the locaJ particle 

dynamics in shallow " •ft>; ir ~hould be noted however, that the Vocoidal 

theory tends to overec;iuuale the acceleration of the particles, thus causing 

an incorrect prediction of inertia force dominance. 
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(c) There is no theory available that can be used to predict the local particle 

dynamics under breaking waves. The procedure in the past has been to 

adapt a higher order theory that is applicable to the area just prior to 

breaking, and use it to estimate the dynamics in the breaker zone. 

In this thesis, the above three theories will be used to predict local particle 

dynamics for use in the Morison equation, in transitional and shallow water. 

"fhey will also be used to predict the dynamics under breaking waves. A 

comparison will be made between the theoretical results and recorded 

experimental results. 

2.3. BREAKING WAVES. 

A wave will break when the water particle velocity at the wave crest exceeds that of 

the wave velocity. In deep water this will occur when the wavelength is 

approximately seven times the wave height. As the wave moves into shallower 

water the point of breaking becomes a function of the deep water wave height, the 

wavelength, the water depth and the beach slope. The breaking point is a point 

tJetween tht first stage of instability and the are& of complete breaking. There is no 

particular theory available which can accurately and consistently predict this point 

of breaking. 

2.3. I. Breaker types. 

There are three distinct categories of breaking waves: 

(a) Spilling breaker - usually occurs on a relatively flat, less than 1/50, slope. 

They are recognised by the continual crumbling down the front face of the 

wave as it dissipates. 
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(b) Plu11ging breaker - found on a slope between 1/20 and 1/ 10. The wave 

front is steeper and the crest curls foreward plunging into it's own wave 

face as it moves foreward. 

(c) Surging breaker - usually found on slopes greater than 1/ 10. The wave 

front and the beach slope are at their steepest. The crest behaves in the 

same way as the plunging wave, but before it can plunge, the base moves 

foreward and surges up the beach. 

A collapsing breaker is sometimes used to describe breakers in the transition 

stage between a plunging and a surging breaker. 

The breaker ~ pe is only dependant on the deep water wave steepness and the 

beach slope. 

2.4. DYNAMIC RESPONSE OF A SYSTEM TO AN IMPACT FORCE. 

In this section the types of forces lhat can be expected under a breaking wave are 

discussed, as well as the equipment that is needed and the procedure that is 

followed in order to measure these forces. 

2.4.1. The forces under a breaking wave. 

The forces under breaking waves are higher in magnitude and much shorter in 

duration than the forces wider a non-breaking wave. As will be seen in 

Chapter 3 section 3.2., research has shown that a breaking wave can inflict an 

impact load on a structure that is exposed above the still water level. 
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FIGlJRF, 2.1 (rt). OVl:RI 11:AD VIEW OF l\1EASURI G SYSTEM 

FIGURE 2.1 (h). IDE VIL' ,,2,\ SURING SYSTEl\t 
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An impact force is a high pressure force of very short duration. AJpet and 

Piorewicz ( 1987) found in their experiment on breaking wave forces on 

vertical cylinders, that the time taken for an impact force under a breaking 

wave to reach it's maximum (termed the rise time), is in the order of 10 

milliseconds. 

If the structure remains below the water surface, the plunging jet of the 

breaking wave, is cushioned by the water between the breaker and the 

structure and the effects of the wave forces are reduced. It is uncertain 

whether these forces are still of the impact type or not. 

2.4.2. The measuring system. 

To be able to measure these forces, with some degree of accuracy, the 

measuring system needs to be able to respond to the short duration of the 

force. Jn order to do this, it is essential that the system has a high frequency 

response. This is obtained by ensuring that the measuring system is of a 

relatively small mass, but with a high degree of stiffness. 

A simplified description of the measuring equipment, used in the experiment, 

will help towards the: understanding of this concept. (See the diagram ir. 

FIGURE 5.1. on page 5-4). 

The equipment is made up of a 0.5 m long cyhnder supported on either side 

by two short arms. These anns are in tum hinged into fixed sockets. Strain 

gauges are placed on une of the arms to measure the strain on the system 

when a force is applied. FIGURE 2.1 (a) is a photograph of the equipment, 

highlighting one of the support arms. FIGURE 2. l (b) is a photograph of the 

complete measuring 5ystem as it will be used in the wave flume. 

A force is applied to the measuring system by means of a pendulum of 
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known mass and acceleration. The relatively large size, and very short rise 

time, of this applied force, ensures that it i!. an impact force. FIGURE 2.2 

shows the plot of the acceleration of the pendulum as it strikes the 

measuring system. The pendulum, mass of 0.198 kg, reaches a maximum 

acceleration of 63 mls2
, in a rise time of 0.008 seconds, exerting a force of 

12.5 N, before bouncing off the measuring system. 

70 

N' 60 t 
< "' so t a .._, 

9 
- IO 

N 
0 

I ACCELERATION 

TIME IN SECONDS 

FIGURE 2.l. ACCELERATION OF THE PENDULUM. 

At this stage it is necessary to define the various force tenns that will be used 

in this thesis: 

(i) Applied forces: these are the forces that are applied to the measuring 

system. 

(ii) Recorded forces: these are the forces that the measuring system records 

when the force is applied. 

(iii) Pendulum forces · these are the known forces that are applied by the 

pendulum and are calculated by using the following equation: 
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Force = m x a. 

where: 

(5). 

m = the mass of the pendulum. 

a = the acceleration of the pendulum. 

(iv) Theoretical forces · these are the wave forces calculated using the 

Morison equations 

Depending on the stiffness of the measuring system. three situations could 

arise. FIGURE 2.3 shows the plots of the reaction of three measuring systems 

with differing stiffnesses. 

, 
0 _..._ .......... .. ...... ....,., ...... , -·-- __,.. •• --,--.... -;-~·---

# • 0 . ! . . 
: .. a 

0 0 

.. 1 
g .. UOIDSYSTtM 

lol .., 
a: .. 
2 

.,. ·-
•I! ~ 

I .... ..,. 

,. l 
TIME IN SEC'O'"DS 

FIGURE 2.3. COMPARISON OF THREE SYSTEMS WITH DIFFERENT 

STIFFNESSES. 

(a) A rigid measuring system: 

This is an ideal system where the response of the measuring system 'llirrors 
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the shape of the acceleration curve exactly, and the recorded forces will 

1he1efore be l!qual to the forces calculat~d by using equation (5). 

As can be seen by the plot of the rigid system in Figure 2.3, the curve 

mirrors the shape Clf ,he acceleration curve exactly, and there 1s no 

oscillation of the system around the x-axis once the force L removed. 

(b) A measuring system that is not stifl enough: 

lf the measuring system is not sufficiently stiff, it will not be able to 

respond to the short duration '>f the applied force, 2nd will not give any 

indication a:; to the size and duration of the force: As can be seen by the 

plot in Fi1~ure 2.3, the impact force merely sta11s the measuring system 

osc11lating at it's natural frequency abont the x-axis. 

(c) A measuring system thal is riot rigid, but is stiff enough to enable the 

impact force to be calculated. 

This is a situation that is most likely to arise with the experimental set-up in 

this thesis Becau~e the measuring S} stem is in the fonn of .m elastically 

supi1m1ed cylinder, 1t will not be completely rigid. The aim then would be 

to construct a measuring system that is as stiff as possible with the materials 

available, but within the sens•tivily range of the strain gauges, which 

measur e the bending of the support ams when the force is applied. If the 

n,easuring system is too stiff the t..:1,<.! 16 of the support anns will be too 

slight for the strain gauges, and they will only rei;;ister a very small signal, 

which would ther. have to be amplified. l l11s will increase the risk of noise 

a.nd other intcrferenc'~S of the signal. 

Once the balance between the stiffness and the sensitivity ,s found, the 

applied forces can be calculated from the recorded forces. 

With the tnPasu, m6 system not being rigid, the elastici~ of the supports 

\, ill always mean thal thert! will be a difTere11ct> between the ouqmt frnm the 
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measuring system, (the recorded forces), and the applied forces. 

2.4.3 . The computer program. 

A computer program, developed by Holtzhausen ( 1992), makes use of three 

parameters to calculate the applied forces from the recorded forces . The three 

parameters are: 

( a) the time history of the applied force, 

(b) the natural frequency of the measuring system, 

(c) the damping of the system. This is caused by the friction due to the 

viscosity of the sunounding fluid and the resistance to movement within 

the system. 

APPENDIX A is a printout of the computer program. 

2.4.4. The procedure followed to calculate the avplied forces . 

The applied forces are calculated by the computer program from the output of 

the recorded forces. 

(a) The recorded forces. 

FIGURE 2.4 shows a plot of the recorded forces, a graphical representatio=i 

of the reaction of the measuring system to a force applied by the pendulum. 

(This is an enlargement of the same reaction as plotted for the "correct 

stiffness' ,n Ftgure 2.3.). 
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FIGURE 2.4. RECORDED FORCES. 

As can be seen from Figure 2.4 the curve is not completely smooth, 

showing areas where there is some interference with the signal. Before 

entering tht output data from the measuring system into the Holtzhausen 

computer program, the curve is smoothed by the polynomial best-fit 

method. 

(b) The applied forces. 

The s•"'oothed data, along with the natural frequency and damping of the 

system, is used by the computer program to calculate the size and time 

history of the applied force. FIGURE 2.5 shows !...'1e calculated applied 

fo1 ces compared t() the recorded forces that wt>re seen in Figure 2.4. 
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FIGURE 2.5. RECORDED FORCES vs. APPLIED FORCE5. 

The m:iplied force curve is a lot smoother and flatter than the · t:corded force 

curve. Although this is a far more realistic model of the applied force curve, 

there is still some oscillation about the x-axis, once the force is removed. 

The ideal plot can be seen for &.0 "rigid system", shown in Figure 2.3 which 

shows no oscillations. However, because of a possible combination of 

measuring inaccuracies, electronic noise and a deviation of the system's 

response from the assumed damped sine c.urve (Holtzhausen, personal 

communication), these oscillations should be expected, and only have a 

minimal effect on the ac1.uracy of the calculations of the maximum force. 

This accuracy can then be checked against the pendulum force~ calculated 

by using equation (5). 

(c) Dcuble checking. 

The accuracy of the res tits is then checked by usmg another Holtzhausen 

computer program which docs the inverse of the above. The recorded for'-=es 
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for the measuring system were modelled by e11tering the calculated applied 

forces into the program. If the output resembled that seen in Figure 2.4 then 

the modelling was accurate. 

If the results did not correlate it would mean that the stiffne$S of the 

measu1ing system was too low, and that the high level noise interference of 

the relatively low level output signal mr.idc 1' i!"!)OSsibte for the system to be 

modelled by the computer program. 

On the other hand, as will be seen later in the text, Aded forces, 

for a system that is sufficiently stift: a11f the "t':"lied forces do noL differ at 

all, then it can be safe to assume that tht. t" w l-•istory of the applied force is 

long enough for it not be considered as li'l impact force. Thi., then means 

that thP. recorded forces are the actual applied f :,rces anJ that the dynamic 

response of the system does not need to be included m the calculations. 

Once at had been confinned that the measuring system would be ablt! to respond to 

an impact force, and that the computer program could calculate the applied forces 

from the recorded force response of the system, then the system could be used to 

measure the forces under breaking waves. 
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CIIAPTER3 

A SUMMARY OF P'lEVIOlJS RESEARCH 

A great deal of literatlire is availahle on the forces on pipelines in deep, transitional 

and shallow water. Most of the research revolves around the quest to find a suitable 

wave the-ory to describe the local particle dynamics, along with the appropriate 

coefficients, for application in the Morison equation. Grace ( 197:) uses the Airy 

theory in the: Morison equation to predict forces on a pipeline, raised a small 

distance above the sea-floor, in transitional water. Dean ( 1986) with support in his 

text from H mo and Kashiwayanagi ( I 979) confirms that the Dean Stream Function 

wave theory provides the most suitable predictions for the wave dynamics for a near 

breaking wave. Apelt and Piorewicz ( 1987) agree that the higher order stream 

functions should be used in the region just before breaking. 

There is not much literature available on forces on pipelines raised a small distance 

above the s~ , :>or, under breaking waves. It was felt therefore, that in order to 

assist in the investigation of the forces and the effects thereof under a breaking 

wave, an understanding of the mechanics and the dynamics of the breaking process 

was needed. 

3. 1. THE BREAKfNG WAVE. 

Various laboratory studies have been unde11aken in order to clmify the stages that 

occur in the formation of a breaking wave. According to Okayasu et al ( 1986 ), 

Svendsen et al separated the surf zone into three regions: 

(i) the outer region - where the rapid transition of the wave shape, particularly 

in plunging breakers. occurs. 

(ii) the inner region - 111 which the breaking wave propagates forcward in a 
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'bore-like' defonnatior.. 

(iii) the run-up (which will not be investigated in this study). 

3.1.1. Th~ outer region. 

Mizuguchi ( 1986) found that the crest of the fore ward inclined wave b~comes 

sharper, and parts of the wave become vertical, as it moves through the outer 

regiott. At the point of breaking, both horizontally converging and vertically 

upwelling flow beneath the face, is seen. A plunging jet is fonned from a part 

of the sharp crest, while the rest of the wave continues to propagate foreward 

independently. There is, however, no theory available which describes this 

process, nor is there one able to pinpoint where the first stage of instability 

and the breaking point, occurs. Al pet and Piorewicz ( 1987) 

3.1.2 The inner region. 

The jet plunges into the front face of it's own wave. Using numerical 

simulation methods, Sakai et al ( 1986) found that the maximum particle 

velocity is reached in the tip of the jet just before it strikes the trough surface. 

This velocity is three times the long wave propagation velocity. (Easso11 and 

Greated ( 1984) claimerl that the velocities were twice those found in a non

breaking wave). 

At this stage the wave still maintains it's characteristic shape. 

As the jet penetrates the surf ace, a large vortex-like motion along with 

turbulence is created at this point. This vortex, having a horizontal axis, is 

generated by the strong shear near the surface 111 which the jet appears to flow 

over the surface. It seems that the surface particles do not penetrate deeply 

into the wate, , and some splash will also occur as the jet bounces off the 

water. The surface generated vo11icity and turbulence do not reach the sea-
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floor. However, Mizuguchi ( I 986), found that the fluctuatio1. in pres~ure may 

cause some turbulence on the bottom. 

A second and third horizontal vortex-like motion develops while the first 

vortex is diminishing. These vortices are due to the air bubbles penetrating the 

wrf zone. They do not have as large an angular acceleration as the first 

vortex, but a greater circular motion. The vortices and turbulence move 

foreward in a bore-like motion as the broken wave dissipates and the crest 

moves away. Sakai et al ( I 986). 

3.2. BREAKfNG WAVE FORCES ON ~. rRl 1CTURES ABOVE THE STILL 

WATER LEVEL. 

If a structure is at any stage above tht' still water level, three situations can occur 

when a breaking wave impinges on the structure: 

(i) a hammer shock occurs when a falling jet strikes the object with both faces 

parallel, so that no air is involved. 

(ii) if air is trapped between the wave and the obstruction, a compression 

shock will occur 

(iii) if air can escape during impact then it is a ventilated ~hock 

The widespread use of pile-supported off-shore strnctures has led to some research 

on breaking wave forces on vertical cylinders. As these strucnires are situated above 

the water level, the information is based on the wave breaking directly onto the 

vertical supports that pi~rce the free water surface. Although these impact forces 

will not be tempered b} any form of water cushion, it is still only possible to 

determine the size of the breaking force by experiment. There is no theory available 

to calculate the size of these forces. (Al pet and Piorewicz, I 987). 

Easson and Greated ( 1984) found that, by suspending a cylinder horizontally above 
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the mean water level, the maximum wave force occurred when the plunging crest of 

the wave 1s nearest •" being in line with the cylinder's horizontal axis. This force 

was fow1d to be five times greater than the force in a non-breaking wave. On the 

other hand, if a cylinder, lying on or near the sea floor, was expused directly to a 

breaking wave, then tne size of the impact force is dependant on the breaker type 

and the depth of the aerated backrush under the jct. Ftirbotcr ( 1987). 

3.3. BREAKING WAVE FORCES ON STRUCTURES THAT REMAIN BELOW 

THE WATER SURFACE. 

In this study, the experimental set-up is such that the model cylinder is unlikely to 

be exposed above the water level. 

The plunging jet from a break mg wave does not penetrate too deeply into the water, 

(Mizuguchi 1986), but it is necessary to assume that some of the turbulence and Jet 

force is likely to strike the horizontal cylinder, lying c-n or near the sea-floor. Swart 

( 1983) identified that the drag, inertia and lift forces do act on the pipeline in this 

zone. He found that the various force coefficients were not constant but varied 

across the wave period, with the lift force coefficient being negative for a cylinder 

raised a "small distru1ct! above the bed". He concluded that the most consistent 

answers were obtained by using the Grace and Zee techmque while using the wave 

kinematics obtained from the Vocoidal theory. 

The Det Norske Ventas, Rules for Subn1 arine Pipelines ( 1982) rccommenci that a 

slamming force coefficient (Cs), from a b1eakin!~ wave, of no less than 3, be used in 

the following equation· 

F~ - n.5 r Cs V1 D 

"here: 

Fs = the slamming force per metre length m the direction 
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of the velocity 

p = density of the sea water 

Cs = slamming coefficient 

D = cylinder diameter 

V = velocity of t11e v. ater surface nonnal to the surface of 

the pipe. 

Nonnally the vertical water surface velocity will apply. 

They note that the slamming force is "impulsive", and that dynamic amplification 

factors in the range of I to 2, should be included in the equation when cakulating 

the response. (see section 2.4.) 

Grace ( 1978) found that by calculating the maximum horizontal and vertical forces 

under a hypothetical non-breaking wave with a breaking wave height, he would 

have to multiply the horizontal force by 2.0 and the vertical force by 1.2 to get the 

breaking wave forces. 

Endresen and To111m ( 1992) found in their studies on wave forces on pipelines in 

the swf zone, that the forces under breaking waves were intennittent and irregular, 

and do not all resemble Morison type forces with periods equal to wave periods. 

They believe t.1at the mechanism behind the fairly large forces is due to the high 

intensity turbulence, and in particular, due to the high acceleration of the water 

particles during the turbulence process. 

However it is genera!ly accented thdt there is no universal theory 01 application that 

can be used to calculate the forces on pipelines in the breaker zone. In their 

laboratory study of breaking waves on vertical cylinders in shallow water, Al pet and 

Piorewicz ( l 987) concluded that breaking wave forces can on!y tJe detennined by 

experiment. They derived some empirical fonnulae based on their experimental 

results, but they warned mat it would be incorrect to generalise the fonnulae, and 

attempt to adapt them to situations that differed from tlu.ir experiments. 

In this experiment, there is no attempt to constmct the model to any scaled 
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prototype. It is a study simply to compare the forces just outside the breaker zone to 

those in the breaker zone. There is therefore no need to investigate any scale effects. 

These effects can be investigated in later studies. 
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CHAPTER 4. 

THE FIRST EXPERIMENT. 

The initial exploratory studies of breaking wave forces on pipelines, at the 

University of Stellenbosch, were undertaken by S. A. Mann for his undergraduate 

thesis. He examined the difference between the size of the horizontal wave forces 

just outside the breaker zone to those inside the breaker zone. 

For the first experimental phase of this thesis, the objective was to ieplicate Mann's 

tests, after having made a few adjustments to the stiffness of his measuring system. 

The two sets of results were compared. A comparison was also made between 

results from the author's experiment, termed Attwood's First Experiment, and 

theoretical results calculated by using ti,<! Morison equation. 

What follows is a description of the procedure follo\\-ed by Mann, the adjustments 

mad'! to his measuring system, the re:;ults of Attwood's First Experiment, and the 

comparisons and conclusions drawn. 

4 . 1. THE MANN EXPERIMENT. 

The aim of Mann's experiment was to dctcnninc the horizontal forces on a pipeline 

in the breaker zone by means of a model study. He was to compare the horizontal 

forces on the pipeline in the area just prior to breaking, to the horizontal forces on 

the pipeline under a breaking wave, testing wheth~r there was a sudden increase in 

th'! y ave forces. He would also c.ompare the experimental forces to the theoretir,al 

forces . 

His study was earned out in the I m wide by 40 m long wave flume. m the 

hydraulics le>' ')ratory at the University of Stellenbosch. Waves were propagated in a 

water depth of 0.8 m by a three paddle wave machine. The wave period and 

wavelength were regulated by a Seasim sine wave generator. The profile m· the 
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wave tank is shown in FIGURE 4. 1 The measuring rqll.lpment was tested under 

wave periods ranging from I to 2 seconds at various depths, t!1e positions of which 

are also indicated on Figure 4. 1. 

4. 1.1. The measuring system. 

FIGURE 4.2 is a diagram of h:s measuring system. A 0.98 m !ong, 0.05 m 

diameter P. V.C. water filled cylinder was suspended, by means of a 0.95 m 

long by 0.016 m diameter steel rod, from a mobile trolley on rails above the 

wave tank. Strain ~auges were placed on the steel rod at a distance of 0.45 m 

above the P. V.C. cylinder. The natural frequency of this measuring system 

was 2.6 Hz .. 

4. 1.2. The experimental procedure. 

The measuring system was calibrated statically. The cylinder was then placed 

in the wave flume, the cylinder 0.0lm above the sea floor and parallel to the 

wave fronts. Tests were carried out along th~ length of the wave tank, at 2 m 

intervals, starting at the transitional water depth of 0.8 m , moving through the 

shallow water into the br..::akn zone, ending at a depth of 0.21 m. Six tests 

were carried out at each location, with the wave period being varied over a 

range of I to 2 seconds, with intervals of 0.2 seconrls. The wave forces, as 

well as the wave heights, were plotted on a Hewlett Packard recorder. The 

results from these tests were then compared to the theoretical forces for that 

particular wave height, obtained using the Morison equation, encompassing 

wave dynamics from the Airy theory and force coefficients from the 

Keulegan-Carpenter tables. He also made a comparison between the. . .!corded 

forces in the transitional water and the recorded forces under breaking waves. 
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4.1.3. Results. 

Mann found that hts recorded values were consistently higher than the 

theoretical values, by a factor of on average 1.55. He also found that, a<: can 

be expected, there was an increase in the horizontal wave forces as the 

cylinder moved f1om the transitional water, through the shallow water into the 

breake1 zone. However he concluded that there was not a sudden "explosion" 

of forces as the cylinder was moved from just outside the breaker zone into 

the breaker zone 

4 2. ATTWOOD'S FIRST EXPERIMENT. 

The aim of this first experiment was to replicate Mann's experiment to confinn his 

results, and if need be, make some improvements. 

4.2. I. The mcasunng s~tt'llh 

It was felt that the natural trequency of Mann's measuring system of 2.6 Hz, 

was too low. In order to stiffen up the system, the strain gauges were lowered 

to a position of O 185 m above the P. V C'. cylinder on the steel rod. The 

section of the steel rod above the strain gauges, was then clamped finnly into 

a section of angle iron This angle iron was fastened to the mobile trolley, as 

well as being supported by a strut which was clamped to the rear of the 

trolley. FIGURE 4.3 shows the adjustments that were made. These 

adjustments raised the natural frequency of the measuring system to IO I lz. 
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4.2.2. The procedure. 

The test procedure as described in section 4.1.2. was followed exactly. 

(a) The theoretical calculations. 

The Morison equation was once again used to calculate the theoretical 

forces on the measuring system. However, three theories were used to 

estimate the wave dynamics; the Airy theory, the Vocoidal theory and 

Dean's Stream Function theory. (A computer program designed by the 

C.S.I.R., based on various tables, was used to calculate the forces. The 

Dean theory tends towards the Airy theory in deep water.). The force 

coefficients, Cd = 1.5 and Ci 2.4, for an e/D of 0.2, were obtained from 

the Design Aid III (Davis et al. 1976), shown in APPENDIX I, which was 

compiled with the purpose of being used in conjunction with the Airy 

theory. It is not the intention of this paper to seek force coefficients which 

are applicable to each theory, so the coefficients from Design Aid III were 

used in conjunction with the other two theories as well . A comparison of 

the wave forces recorded in the experiment, was made to the theoretical 

forces for each wave theory, using the same force coeffic;ents of Cd = 1.5 

and Ci -" 2.4, in the Morison equation. 

(b) Comparison between the Attwood First Experiment and Mann's 

experiment. 

A comparison between the recorded results from the Attwood and Mann 

experiments, for each wave period was drawn up. 
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4.2 .3. Results. 

(a) The wave shape. 

The transitional water wave was seen to be almost sinusoidal in shape. As 

the wave moved into the shallower water the shape changed, with the crests 

much sharper, and the troughs longer and flatter. The degree of instability 

of the wave crest would then detennine the type of breaker. 

(b) Breaking waves. 

Breaking can be considered to be the point at which the wave crest is no 

longer stable. This can be seen in the fonn of foam crumbling down the 

front of the wave or in a distinct concave shape as seen in a plunging 

breaker. In the experiment with the wave period of I second the first signs 

of instability, in the fonn of crumbling, was seen at a depth of 

approximately 0.36 m. on the I in 86 slope. This wave fonn never 

developed into a plunging breaker but merely propagated foreward, with an 

unstable crest. 

As the wave period was increased the breaking waves had the more distinct, 

plunging breaker shape. J .e position of the point of breaking was now 

found to be between the 0.25 m depth on the l in 12.5 slope, and the 0.23 m 

depth on the I in 130 siope. 

At a wave period of 2 seconds somt! of the waves did not break. They were 

of the surging type. 

(c) Attwood's results compared to Mann's results. 

FIGURE 4.4 (a) and (b) are a series of graphs comparing the maximum 
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recorded horizontal forces from the Attwood and Mann experiments. The 

forces are plotted against the water depth for the different wave periods. 

The depth is plotted from the left starting with the transitional water at 0.8 

m, and ending at the minimum depth of 0.2 m on the right. The breaker 

zone is to the right of tht" arrow 

As can be seen from Figure 4.4 (a) and (b), Mann's recorded forces are 

consistently higher than Attwood's The cylinder type, diameter and length, 

as well as tht: experimental procedure followed by Att\vood did no~ differ 

from Mann's, and it is therefore safe to assume that the differences in th, 

size of the forces u n be attributed to the stiffening up of the measuring 

equipment by Attwood. A possible conf1mtation of this, is the similarity of 

the f.,'lot shapes for each wave period. 

APPE1 DIX B gives the recorded forces of both tht At1wo0t1 ancl Mann's 

experimrnts in tabula, form , 

( c) The thr.oretical results of Att\.vood's experiment. 

:GURF 4.5 (a) and (b) show the plots of the recorded horizontal forces 

, •amst the theoretic~! fm ces. calculated using the Morison equation, for 

h different wave theory The water depth is plotted from left to right 

along the x-axis, starting with the transitional depth at 0.8 m. The area t" 

the right of the arrow is the breaker zone. 

(i) The transitional and shallow water zones. 

As can be seen from each graph the shape of the recorded force plots for 

each period are similar to the theoretical plots, in the transitional and 

shallow water zones. Because the force coefficients are generalised, the 

differences in magnitude are not of great importance - the force 
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coefficients can be adjusted to suit each wave theory. The forces 

calculated usmg the Vocoidal theory are consistently larger. 

This. according to Dr. J. Rossouw of the University of Stellenbosch, in a 

pe1sonal communication, is due to the over prediction of particle 

accelerations, by the Vocoidal theory. The Airy and Dean Stream 

function show a close correlation in these zones. 

APPENDIX C shows a tabulation of the theoretical results calculated by 

the C.S.I.R computer program, for the Airy, Vocoidal and Dean Stream 

Function theories using Ci=2.4 and Cd= l.5. The forces at the two 

significant depths are shown; the transitional water depth of 0.8 m and 

the 0.23 m depth where breaking occurred. (The asterisk indicates where 

the Dean theory tended to the Airy theory in the deep water.). An 

example of the calculation procedure for the Airy theory is shown in 

APPE1 DIX D with details of the dynamics for some of the different time 

phases, for the Airy theory, shown in APPENDIX E. The details of the 

higher order wave theories, the Vocoidal and Dean theories, are not 

shown. 

(ii) The breaker zone. 

The size of the recorded forces in the breaker zone are dependant on the 

breaker type. The forces shown in the breaker zone in Figure 4.5 (a) do 

not show a significant increase on the forces in the zone just prior to 

breaking. Here the breaking waves were of the spilling type. The 

theoretical forces do give a reasonable prediction of the plot shape in this 

zone. 

In Figure 4.5 (b) the recorded forces in the breaker zone are significantly 

larger than the forces in the zone just prior to breaking. The breaking 

waves were more of the plunging type for these periods. The three 
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theories tend to break down in their predictions of the wave forces under 

these breaking waves. 

TABLE 4.1 shows some of the larger recorded forces compared to the 

theoretical forces for the different wave theories in the breaker zone. 

WATER DEPTH (m) 0.210 0.230 0.230 0 3IO 0 23C 0.230 0.230 0.230 
WAVE HEIGi IT (m) 0 l l(l 0 .130 0130 0 131 0 150 0 l5R 0160 0160 

AIRY (N) 6 100 7400 7 200 6.200 9 300 10400 II 000 l0.400 
VOCOIDAI (N) 12.000 12 700 l:l 300 8600 15600 17 000 17 7()() 17 000 

DEAN (N) 8 100 8800 9 100 6 100 9400 
MAX RECORDED (N) 14 000 11 000 14 000 10 000 IHX)() 9 (XX) lHX)() 12 000 

TABLE 4.1. ATTWOOD'S FIRST EXPERIMENT: A COMPARJSON OF THE 

LARGER RECORDED HORIZONTAL WA VE fORCES TO THE 

THEORETICAL FORCES USING Ci = 2.4 AND Cd = t .5 

FIGURE 4.6 is the plot of Table I. The wave height is plotted on the x

axis against the recorded forces on the y-axis. 

The erratic nature of the plot of the recorded horizontal breaking wave 

forces, seen in Figure 4.6, shows the difficulty in finding a theory which 

ca · be used to predict these forces. All the forces were under plunging 

waves. The Vocoidal theory shows a good comparison for the breaking 

wave heights between 0.1 t and 0. 158 m. Beyond that range, the Airy 

theory seems to make the best predictions. However, there is not enough 

information available to decide whether these specific solutions for this 

particula case can be used to make significant conclusions. 
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(iii)_Deviatlon factcrs between recorded forces and theorettcal forces. 

As in Mann's experiment, an attempt 1s made to find the maximum 

deviation factor between the recorded forces and the theoretical forces. 

EXAMPLE: Airy theory: 

average difference between recorded forces and theoretical 

tran. itional water forces 

max deviation from theory: 

0.959 

= 2.3 

at a depth of 0.21 m and a period of 2.0 seconds. 

max. recorded force at this point = 14 N. 

theoretical forct: at this point = 6.1 N 
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adjust to compensate for transit:ionaJ water deviation of 

theory: 

max. deviation factor in the breaker zone 

which gives the following results: 

a) Airy theory = 2.4 

b) Vocoidal = I 5 

c) Dean ::- 1.9 

= 14 / (0.959 x 6 I} 

= 2.39 

Mann found a factor of 1.3, using the Airy theory. This difference is 

smaller tJrnn the 2.4 found by Attwood, due to Mann using different force 

coefficients for each wave penod, based on the Keulegan-Carpenter 

number and the Reynolds number. These coefficients were in general 

much larger than those used by Attwood. 

(e) Comparison of the wave forces in the zone just before breaking to those in 

the breaker zone. 

FIGURE 4. 7 shows the plots of the recorded horizontal forces just before 

the breaker zone compared to the maximum recorded horizontal forces in 

the breaker zone. The forces to the left of the arrow are under spilling 

breakers, while the forces to the right of the arrow are under plunging 

brea.'<ers. 
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The average difference between the two sets of forces is a factor of 1.82. 

The average difference between the forces under the spilling breaker, i.e. to 

the left of the arrow, is 1.6. However the average difference between the 

fo1 ces to the right of the arrow is 2.1 with the maximum difference being 

2.3. This cannot be consid,•red to be an explosion of forces, but is close to 

the horizontal force factor of 2.0 as suggested by Grace. (see section 

3.3.).There is, however, not enough information to determine any trends or 

to make any significant conclusions. 

4.3. CONCLUSIONS. 

a) By replicating the experimental procedure followed by Mann as well as 

using a system with a cylinder of similar length and diameter, it was 

possible to ensure that the wave forces on each measuring system would be 
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the same. However the output of the measuring systems, the recorded 

forces, were different. Mann's measuring system was the less stiffer of the 

two, but he recorded higher forces . This difference in the outputs, for what 

were basically the same applied forces, is highly unsatisfactory, and it 

meant that there was no way of knowing which system was giving the 

correct output. This dernanded that a proper and proven measwing system 

be constructed, so that it would be possible to be able to get a reliable 

measurement of the applied forces. 

b) Although the quality of both measuring systems was now in doubt, it was 

still possible to look at some of the results in a positive light. 

(i) The fluctuations seen in the plot of the recorded horizontal forces in the 

breaker zone, in Figure 4.6, show that H is almost impossible to finct one 

wave theo1y which is able to predict the wave dyndmics for use in the 

Morison equation. The plots of the three wave theories, show that 

although the theoretical forces differ in magnitude, the plot shapes are 

similar. This shape is, however, very different to the shape of the 

recorded force curve and it seems that onJy specific force coefficients for 

each individual condition, will produce a theoretical plot of wave forces 

similar to the plot of the recorded wave forces. 

(ii) There is a definite increase in the size of the wave forces as the 

measuring system moves from the zone just pric,r to breaking, into the 

breaker zone. This increase is in the order of 1.82. But a distinction 

needs to be made between the breaker types, where it is seen ;n Figure 

4.7, that the plunging waves show a greater increase, of the order of 2. 1, 

in the forces as the system moves from the zone just prior to breaking 

into the breaker zone. 

4-18 

• 

Stellenbosch University https://scholar.sun.ac.za



4.4. RECOMMENDATIONS 

It was necessary to construct a measuring system that is able to give a reliable 

measurement of the applied forces. With this in mind it was also necec;sary to create 

a system which would be able to respond to the impulsive nature of the impact force 

which a breaking wave was likely to exert on the system. This measuring system 

would have to be a combination of a small mass with a high degree of stiffness to be 

able to respond accurately to an impact force. 
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CHAPTER 5. 

CONSTRUCTION AND CALIBRATION OF MEASURING EQUIPMENT. 

The difference in the two sets of results from the Mann and Attwood's First 

Experiment, made it necessary to constrJct a measuring system that could reliably 

and accurately measure the fcrces under breaking waves. The appmach was to do 

away with the measuring system described in Chapter 4, which was a horizontal 

cylinder suspended by a vertical rod from a mobile trolley. The objective was to 

construct a system which was similar to that shown in Figures 2.1 (a) and (b), which 

was made up of a horizontal cylinder supported by two horizontal arms. The forces 

on the cylinder would be measured by a system of strain gauges placed on the 

supporting arms. 

5.1. THE AIM. 

The aim was to construct a measuring system that was able to provtde an accurate 

measurement of the applied forces, as well as being able to respond accurately to 

the impulsive nature of an impact force. 

5.2. BACKGROUND. 

As was pointed out previously (see Chapter 2 section 2.4), it would not be possible 

to construct a system that would be able to give an output of the exact applied 

forces, i.e. a rigid measuring system, but the goal would be to create a measuring 

system that would provide an output which could be modelled in the Holtzhausen 

computer program, to calculate the applied forces. 

This system should therefore be as stiff as possible within the limitations posed by 
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the size of the cylinder and the type of materials used, as well as the sensitivity of 

the strain gauges. 

Previous research on breaking waves on vertical sea-walls found that a measurir~ 

system with a natural frequency of I 00 Hz and a damping criteria of J > 0.2 would 

be able to respond accurately to the impact force of a breaking wave. (Holtzhausen 

I 992). Because the size and rise time of the breaking wave forces on a cylinder a 

small distance from the sea-floor was not known, and because the construction of 

the system could not guarantee a damping factor of J > 0.2, it was decided that the 

aim would be to design a measuring system with a natural frequency of 200 Hz. 

(Holtzhausen, in a personal communication, found that it was impractical to try and 

increase the accuracy of the measurement by increasing the damping factor.). 

A frequency of this magnitude is obtained by a combination of two factors: keepmg 

the mass of the measuring system as small as possible, while keeping it as stiff as 

possible. 

5.2. 1. The mass. 

The mass of the measuring system is governed by the size of the cylinder as 

well as the material used for the cylinder and it's supporting arms. Because 

there was no attempt to scale the experiment to a prototype, it was not 

necessary to find a cylinder , 1hich was of a certain diameter, but one which 

would be sufficiently large to 1llow for the proper recording of the wave 

forces. 

5.2.2. The stiffness. 

The measuring system would be made up of a horizontal cylinder supported 

by two horizontal arms. The force would .1e applied to the cylinder. The 

bending of the cylinder under the applied force would be measured by a set of 
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strain gauges placed on one of the anns. Because the arms will be the flexible 

part of the system, the obj'!ctive would be to keep them as short as possible. 

However, because the strain gauges measure the bending of the system under 

the applied force, the length of the anns will also be dependant on the 

sensitivity and quality of the strain gauges. The more sensitive the strain 

gauges, the shorter the anns, and therefore the stiffer the system. 

5.3. PROCEDURE. 

Once the measuring system had been constructed, it was necessary to first calibrate 

it statically, and then test it's response to a known impact force out of the water. 

Once this was completed it co11ld only then be placed under waves in the wave 

flume. 

Three systems were constructed and tested before one was selected. What follows is 

a description of each system, along with the calibration and the impact loading 

results, and the reasons for using or rejecting it. 

5.4. THE FIRST MEASURING SYSTEM. 

5.4.1. The aim. 

The aim was to construct a measuring system which had a frequency of 

a.ound 200 Hz., calibrate it statically, investigate it's response to an impact 

force, the size and rise time of which is known, and finally place it in the 

wave flume to measure the wave forces . 

5.4.2. The equipment. 

FIGURE 5.1 is a diagram of the set up of the equipment for the measuring 
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system. It shows a cylinder divided into three sections, the central section 

being supported by two horizontal arms housed in the outer two sections. The 

outer two sections are strapped onto a 0.98 m long by 0.3 m wide by 0.01 m 

thick steel plate. There is a 0.0 l m clearan~e between the cylinder and the 

plate. 

(a) The cylinder. 

The cylinder is aluminium with an outer diameter of 0.032 m and an inner 

diameter of 0.0028 m. It is 0. 98 m long and is divided into three sections. 

The central 0.5 m is the only section that can move, while the sections on 

either side are strapped down, and provide a uniform cylindrical front for 

the wave. 

(b) The supporting arms. 

The central section is supported by two stainless steel arms, 0.06 m long 

and 0.008 m in diameter. One end of the arm is. fixed into the central 

section, while the other end is in the shape of a ball. This end is then placed 

in a socket which is in a housing fixed in the outer section. A screw in the 

supporting arm prevents the central section from rolling, and a i,crew in the 

baJI and socket prevents any lateral sliding. 

( c) The strain gauges. 

Because of the symmetry of the set up, it was necessary to place the strain 

gauges on only one supporting arm. FIGURE 5.2 is a close up photograph 

of the strain gauges on the one support arm. The bending in both the 

vertical and horizontal directions was to be measured. Two strain iauges 

were placed in a half- bridge formation on the x-axis, and two were placed 

on the y-axis. The signal from each half bridge was amplified. 
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(d) Data collection. 

The amplified signal response from the impact force for each half bridge 

was gathered and processed by using the "IMPACT" computer program. 

( Dunaisk1 ). This program, set ofT by a trigger mechanism, is able to gather 

a l?.rge number of readings in a very short time period. (In this case 2250 

readings over a period of 0.21 seconds) The data is then converted into the 

necessruy units and stored. Tht "IMPLOT" program (Dunaiski 1988) was 

then used to plot the relevant data, an example of which can be seen in 

FIGURE 5 3 (a) and (b) Figure 5 3 (a) shows the shape and time history of 

the acceleration of the applied force, and Figure 5.3 (b) shows the recorded 

response of both the x and y-axes of the measunng system. 

5.4.3. The static calibration. 

In orde1 to be able to convert the signals from each half bridge into units of 

force, it was necessary to calibrate the readings statically. 

A 0.5 kg. mass was hung from the centre of the cylinder. To establish the 

exact positioning of the x and y axes, the cylinder was rotated until a position 

was found where the reading on the amplifier did not change, whether the 

load was on the cylinder or not. This meant that there was no her.ding in that 

axis, while the bending would be at 3 maximwn in the other axis. Once the 

positioning of the axes had been established, the mass was hung in the plane 

of each axis. Loads were added in increments of 0.5 kg to a maximum of 2 

kg., so that the response of the strain gauges could be checked, as well as the 

change in the level of voltage in each axis, for each load. 
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Once the size of the meas~• ing syc;tcm's response to the static loadmg was 

known, it was possible to enter the mfonnation mto the computer for use in 

the impact load investigation 

5.4.4. fhe impact load testing. 

r'Lr' J Rf ' 5 4 shows a picture of the test set-I p. 

To test the response of the me~~wing sy~tl!1,1 to an impact force the cylinder 

was struck by a pendulum of known mass. The duration and size of the 

applied force is known by the us\! nf an accelerc,met p scrr.wed mto the back 

of the pendulum. 

(a) The pendulum. 

The pendulum \\·as n steel md 0.08 m long and 0.015 m in diameter. It had 

a mass of O 19~ kg .. It 'was suspended in the horizontal plane. A disc of 

medium density foam rubber was stuck to the nose of the pendulum, while 

an acceleromet::r of tl,r. HBM 912/5('0 t pe was srrewed into the back end 

of the pendulum. 

(b) Activating the IMPACT program. 

In order to activate the IMPACT program, a trigger mechanism, in the fonn 

of a hght beam needs to he broken. A plate was attached to the pendulum 

which would break the light beam just before the pendulum !>tl Jck the 

cylinder IMPACT would then gather the readings from the acv·l..:rometer, 

the forces on both the x and y-axes, in three separate cl1anm Is, 

simultaneously. 
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(c) The accelerometer. 

By using the accelerometer It was possible to detem1ine the time history 

and size of the applied force The time history is the time period for which 

the pendulum is in contact with the cylinder i. e. the time from when the 

pendulum's foam rubber no~e first stnkes the cylmder, the nose to be 

squashed to it's maximum dcns1t} up against the cylinder, (acceleration 

reaches it's ma ·imurn ) and then for the pendulu~ 1 to bounce back from the 

rylmder The sofler the nose rubber, the longer the pendulum stays in 

contact with the cylinder and therefore the longer the time history. 

The maximum pendulum force on the cylinder is calculated using 

equation (5). 

At thi stage it is important to again distinguish between the three types of 

forces that are involved in these calculations: the pendulum forces, the 

recorded forces and the applied forces. 

i} The pendulum forces are the known forces that rue applied to the 

measuring system by the pendulum. The acceleration of the pendulum 

as well as the mass 1.H t11e pendulum are known and therefore the 

penaulum force can be calculated. 

ii) The recorded forces are the response of the measuring system to the 

pendulum striking the cylinder. They are the internal forces 

experienced by the strain gauges. 

iii) The applied forces are the forces that are calculated from the recorded 

forces using the Holtzhauscn dynamic response computer program. 

The applied forces and the pendulum forces will be of the same 

m:ig111tude if the measuring system has the ability to respond 
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accurately to the impact force from the pendulum and if it 's response 

clo!>ely resembles a damped sme curve. 

( d) The procedure 

The freely hanging pendulum is !med up with the nose almost touching the 

middle of the cylinder. Care 1s taken to ensure that the pendulum will be 

horizontal when it strikes the cylinder, and that it will strike on the 

horizontal axis. 

The pendulum 1s then drawn back from the cylmder and released The plate 

breaks the ltght beam of the tngger mechanism, ju~t before the pendulum 

strikes the cylinder, thus activating the IMPACT program. Data points are 

collected every 0.00005 seconds for a period of 0. I 2 seconds, for a total of 

2250 data points. This means that 750 data points are collected from each 

of the three channels; i.e. the accelerometer, the strain gauge readings from 

the x-axis and the strain gauge reading from the y-axis. 

The density of the foam rubber nose as changed from a soft rubber to a 

harder rubber, to test the measuring system's reaction to impact forces with 

diflt:ring rise times. The softer rubh-!r will stay on the cylinder for a longer 

penod and will take a longe1 time to ,each it's peak force, (the nse time), 

while the harder rubber, while still bemg driven by forces of sirmlar 

magnitude, wall have a shorter and sharper rise time. 

The strain gauge readings, (or the recorded forces), are the internal forces 

of the measuring system. It is now possible to draw a comparison between 

the known pendulum forces e:-,d th!' r .:,;,; I .:d fo:-c-:s of the measuring 

S) stem. These result are then ccm1, •re<l ,o the applied forces which are 

calculated by the Holtzhausen ccmputer program from the recorded forces. 

to check whether the measuring system is able to respond to the impact 

force . 
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5.4.5. Results. 

(a) The frequency. 

The frequency was measure<l by inverting the period of one wavelength of 

the oscillation of the system about the x-axis once the force had been 

applied. The frequency of the system was found to vary between 128 Hz 

and 138 Hz, with the average being 136 Hz. This is not quite the 200 Hz 

which had been designed for, but the lower frequency could be due to the 

difficult) i11 constructing an accurate ball and socket joint for the 

supporting anns. 

The relative damping of the system was calculated in the following manner: 

6 - In ( xi / x i+ I) (6) 

where: xi and xi+ I arc two consecutive maximum 

deviations of the oscillations about the x-axis once 

the force has been applied. 

The relative damping, J, is therefore: 

J - 6 / ((4 7t 2 6 2 ) /\ 0.5) (7) 

The relative damping was found to be J - 0 159 which was less than the 0.2 

rc.-comme"ded t, ' Holtzhausen. 

APPENDIA I ,. "' .. the measurements used 
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(b) Softer nose. 

FIGURE 5 5 shows a plot of the results of the impact loading tests for the 

first measuring system, using the softer foam rubber on the nose of the 

pendulum. The results are tabulated in TABLE 5.1, the final column 

showing the percentage difference between the pendulum forces and the 

applied forces. As can be seen by these results and the plot, the recorded 

forces are consistently larger than both the pendulum forces and the applied 

forces, but the point of interest is the similarity between the pendulum 

forces and the applied forces. This means that the measuring system is able 

to respond to the impact forces from the pendulum with the softer nose, in 

such a way that it is possible to calculate the applied forces accurately from 

the output from the strain gauges. 
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( c) Harder nose. 

At this stage, "·' hindsight, it would not have been incorrect to place the 

measuri:1g system in the wave tank, and use it to measure wave forces. 

However, it w1s decided to test the system by using a harder rubber on the 

nose of the pendulum. 

35.00 
I 

10 ()0 

25 ()() t 

~ 2000 I • I RECORDED 

0 
-0 APPLIED j 

~ l'iOO • 
II. I PENDULUM 

IOOO ! -0 

,~. r 
O.C'O I 

4HI 88 20 111.82 

ACCELERATION (m/s"2) 

FIGURE 5.6. PLOTS OF FIRST CALIB~ATION lHARDER NOSE). 

The profile of the pendulum forces with the harder rubher nose, were much 

sharper tl1an the profilec; seerJ with the softer rubber no~e. This meant that 
• - ... .. · • -· .. ... __ ...._ ·-· • .,,41 . "':.- - · · ---- -- ---~~ . ........ _ .. 

the nse times were shorter, o the order uf 0.0033 seconds compared to the 

0.0053 seconds for the softer nosed pendulum, but the pendulum forces 

were no largrr than the forces applied by the softer nosed pendulwn. 

However, the results seen i11 FIGURE 5.6 or in the last colwnn in the 

second table in Table 5. I, ~how that there is a large difference bf'tween the 
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pendulum forces and the applied forces. 

These differences in the results are believed to be ca-used by two things: 

1) the system not being stiff enough 

ii) the impact force causing a shock wave to travel laterally along the 

cylinder, which interferes with the natural bending of the cylinder 

Th:s was cause for a great concern, in that it meant that the measuring 

system would not be able to respontl accurately to an impact force with a 

rise time of less than 0.0033 seconds. If the rise time for a breaking wave 

was less than 0.00~3 seconds then this measuring system would be of no 

- Uie. 

There was therefore a need for further modifications and adjustments to thl! 

measunng system. 

5 .4 6 . Conclusions. 

At this stage it \\as felt that tile measuring system, a~ it is, would not be able to 

respond accurately to an impact force with a rise time of less than 0.0033 seconds. 

Some adjustments needed to be made so that the inaccuracies seen in the harder 

rubber nose results could be eliminated. 

It seemed that the best way of doing this was to accept that the lateral shock wave 

was aJways likely to occur, and that it could only be eliminated through manual 

calculations. Therefore to accormnodate this lateral shock wave, the two hinged 

-ends of ~upporting aims were fixed, and each strain gauge was connect\!d to a 

single output channel. By doing this it would be pos~ible to separate the cylinder's 

stress diagram into it's component stresses, eliminate the stress caused by the lateral 

shock wave, and then get the true internal reaction of the measuring system to the 

impact force . 
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5.5. THE SECOND MEASURING SYSTEM. 

5.5.1. The aim. 

The a;,m was , -,nstruct a measuring system with fixed support.mg anns, so 

that the stress caused by the lateral shock wave, mduced t>y the harder nosed 

pendulum in impact tests, can be isolated from the true stress components. 

The system would be calibrated statically, it's reaction to impact loading 

tested, and then it would be used to measure forces under waves 

5.5.2. TI1e equipment. 

The supporting rods were now fixed into the sockets. Their leagth was 

reduced from 0.5 m to 0.035 m and the strain gaizges. each connected to one 

channel, were placed on the one rod, 0 023 m from the fixed end. 

5.5.3. Procedure. 

Static calibration of this system was earned out using the same method as 

followed for the first measuring sy!ltem. (see 5.4.3 ). 

5.5.4. Results. 

After a series of static loads it was noticed that something was seriously 

amiss. The amplified readmg ~rom each strain gauge were extremely small 

and were badly affected by noise interference It was not possible to calibrat~ 

the measuring system. 
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5.5.5 . Explanation. 

FIGURE 5. 7 (1) shows a simplified diagram of the measuring 5ystem with the 

bending moment diagram in FIGURE 5.7 (b). 

(a) Maximum bending 

If a force i.; ctpplied to the centre of the cylinder (e. g. hanging a 0.5 kg 

mass from the middle), the maximum bending of the cylinder will be i11 the 

centre. For this particular system, the maximum bending will be 142.5 

times the applied force. 

(b) Bendmg at the fixed ends. 

The l,ending at the fixed ends of the system •.viii be 27.6 times the applied 

force. Tins 1s 19.4 percent of the maximum bending. 

(c) Bending at the strain g:.uges 

As can be :;een from the bending moment diagram, the bending goes from 

positive to negative, passing through zero at 0.055 m from the fixed end of the 

system. If the strair ·~&uges had been positioned 0.055 m from the fixed end, 

chey would not :1,,,. registered any bending when the load ,..,as applied. 

Ho.....,ever, the strain 1.~auges were positioned 0.023 m from the fixed end, not 

very far from this zc10 µoint, and they were only able to measure at the most 

I ' percent of the maximum bending n,ornent This is only 0 16 Nm for a load 

of I kg. This is a very small deviation and the strain gauges that were bemg 

used were not sensitive enough to be able to 1nov,de a s1~1: .. I that was of any 

use. The signal reeded to be ami1hfied to such an extent that any 
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external noise or movement, interfered with the signal, and this made the 

calibration impossible. 

5.5.6. Conclusions. 

The inability to calibrate this measunng system meant that there was no point 

in continuing with the testing of it, and 1t was rejected. 

At this stage it was decided that in order to maintain some momentJm in this 

study, the Jiigh stiffness requirement in the measun!1g system, should be 

waivered, and that a measuring system be constructed, calibrated and placed 

in the wate1 hrnk Just in order to get some idea of it's behaviour under 

breaking waves. 

5 6 THE THIRD AND flNAL MEASURfNG SYSTEM. 

5 6. 1. The aim. 

The aim was to construct a measuring system with a frequency of around 50 

Hz, calibratr it statically, test u's response to impact force/: and finaJly place 1t 

in the wave flume to measure the wave forces. 

5.6.2. The equipment. 

A hinged support system similar to that used for the first measurmg system, 

(see section 5 4.2.), was constructed. The pictures in Figures 2. l(a) and (b) 

are of tl1e third measuririg system. 
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(a) The cylinder. 

The cylinder was again made up of three sections; the outer two sections 

providing the housing for the sockets for the hinged ends of the supporting 

anns, as well as providing a uniform cylindncal front for the wave forces. 

The supporting anns held the 0.5 m long central section of the cylinder, 

O O I m above the steel plate. 

(b) The suppo1ting am1s. 

The stainless steel supporting arms were 0.08 m in diameter, but were now 

0. I ()5 m long. One end of each arm was fixed into the cenn·al section of the 

cylinder while the other end was m a ball shape to fit into the sockets 

housed in the outer cylinders. 

( c) The strain gauges. 

The strain gauges, placed on only one ann, were returned to their half 

bridge formations. The two strain gauges from each axis being connected 

up to a single channel 

5.6.3. Static r.alihration. 

The procedure described in section 5.4.3. was followed. The positioning of 

the axes was established and then a series of 0.5 kg masses were hung from 

the centre of the cylinder, and the output noted. 
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5.6.4. Impact load testing. 

The procedure as described in section 5.4.4. was followed. 

(a) The pendulum. 

The 0.015 m diamet:r pe:idulu-• · 

It's mass was now 0.953 k~ co, 

(b) Tht pendulum's n0•·,._ _ 

.1~hencd from 0.08 m to 0.37 m. 

,he 0.198 kg., pn. viously. 

This time a series of softe1 noses of varying lengths were used. The density 

of the foam rubber was reduced, and the following lengths were used: 0.02 

m; 0.04 m; 0.055 m; 0.06 m and 0.07 m. The results of the different tests 

are tabulated as well as being shown in graphical form. The results were 

sorted according to the acceleration of the pendulum and not the r1ose 

length. 

By increasing the mass of the pendulum and softening the nose, the impact 

force wiil have a much longer rise time than the short sharp forces seen in 

the earlier tests. This al~o seems to be a better representation of the impact 

forces one would expect below Lhe water surface, under a breaking wave. 

( c) The procedure. 

The impact load testing was earned out as before, with the results being 

accumulated and processed oy the IMPACT computer program. A 

graphical comparison is again dra\.\'n between the pendulum. recorded and 

applied forces. 
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(d) Results. 

i) Frequency of the system. 

The frequ~ncy Jf the system was found by measuring the periods 

between successive wavelengths of the oscillations about the x-a',JS. It 

varied between 28 Hz and 35 Hz, with an average of 33 Hz. This is a 

little lower than expected, but the blame can again be put at the 

inaccur:tcy of the ball and socket construction. 

T>e relative <lamping, J = 0.0057, was calculated in the same manner as 

described in section 5.4.5. (a) 

ii) The rise times. 

The shortest rise time was 0.026 seconds for the 0.02 m nose and the 

longest rise time was 0.063 seconds for the 0.07 m nose. In the first 

measuring system tl1e average rise time for the softer nose was 0.0055 

seconds, while for the harder nose the rise time was 0.0033 seconds. 

iii) The forces. 

TABLE 5.2 shows the forces in tabular fonn, with FIGURE 5.8 showing 

the plot of the results. As can be seen in Figure 5.8, the recorded forces are 

once again consistently larger than the pendulum and applied fotces. 

However it is encouraging to note the close similarities of the pendulum 

forces and the applied forces which ha\-e been calculated using the 

recorded forces. 
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MASS OF PENDULl'M 
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TABLE 5.2. 
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3.00 0.04 14.94 16.,1 14 12 14 30 
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FIGURE 5.8. THIRD MEASURING SYSTEM. PLOT OF 
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5-25 

- • - APPLIED 

• - PfNOl'llf\l 

Stellenbosch University https://scholar.sun.ac.za



FIGURE 5.9 (a) shows the accrlcratinn ~r the: pendulum with a 0.020 m 

long nose, plotted against the recorded forces registered by the measuring 

system. 

FIGURE 5.9 (b) show~ the applied forces, calculated using the 

Holtzhausen computer program, plotted against the record~d forces . 

The plots seen in Figure 5.9 (a) and (b) confinn that the measuring 

system can be used to measure impact forces with rise times that are 

longer than 0.026 seconds, because of the similarity in the profiles of the 

plot of the pendulum's acceleration and the calculated applied forces. 

5. 7. CONCLUSION~. 

The results confirm that the measuring system is able to respond to the impact 

forces from th.! pendulum, which have a rise time greater than 0.026 seconds 

If the nsc times of the break mg wave forces are greater than 0.026 seconds then this 

measuring system should be able to provide accurate and reliable results for the 

forces u'lder a breakrng wave. 
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CHAPTER 6. 

THE SECOND ~xr~RIMENT. 

The measuring system had been successfully calibrated, and it had been shown to be 

able to respond accurately to impact forces with a rise time of greai.cr than 0.026 

seconds. Therefore, if the nse times of the breaking wave forces on the measuring 

system, raised a small distance above the sea-floor, was greater than 0.026 seconds, 

then the system was likely to be able to provide r~liable results when used to 

measure these forces. 

The measuring system was then placed in the wave flume and results were gathered 

from some preliminary tests, by following the same procedure as used in the Mann 

and Attwood's First experiments. What follows is a description of Attwood's Second 

Experiment, with the results and the conclusions drawn. 

6.1. TIIE AIM. 

The aim of this experiment was to undertake preliminary measurements of wave 

forces on a pip!linc raised a small distance above the sea-floor. The experimental 

procedure as described in section 4.1.2. was followed, although particular attention 

was paid to the \.\ave forces on the pipeline in the zone just before breaking, and in 

the breaker zone. 

6.2. THE EQUIPMENT. 

6.2. I. The rr.easuring system. 

The system used to measure che wave forces was the "Third measunng 

system" as desr;ribed in section 5.6. 
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6.2.2. Data collectton. 

The IMPACT computer program was used to gather the readings from both 

the horizontal and vertical axes, as well as the deviations of the water surface 

from the still water level. These deviations were measured by a wave height 

reader which was placed directly above the cylinder of the measuring system. 

Because the pendJlum was not being used, the IMPAC:: program had to be 

activated manually. 

6.3. THE EXPERIMENTAL P~OCEDURE. 

The main area of interest was in and around the breaker zone. lt was decided to start 

the testing here and then move out into the transitional water zone. 

o.3.1. The breaker zone. 

The measuring system was pla\;ed parallel to the wave fronts, on the wave 

flume floor at the 0.21 m depth, on a 1 in 130 slope. Tests were carried out 

with the wave period once again being varied fiom 1 !,econd to 2 !)econds at 

0.2 second interval<;. For each wave penod the [MPACT prog1am was 

activated fairly early on in a wave train, to avoid any possible reflections from 

the wave absorber at the end of the tank, as well as avoiding any back 

currents. Attempts were made to take readings of waves that appeared as if 

they were li~ely to break just before, or directly onto the measuring system. 

The measu, ing system was moved around m the breaker 1..one in combmation 

with a variety of wave periods, in an attempt to find a position which would 

consistently provide high force readings. As has happened previously, due to 

the erratic nature of the breaking wave, this proved to he unsuccessful. 

Furthe.· readings, for the same wave periods, were taken at the 0.23 m depth, 
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also on the I in 130 slope. The waves in this depth were mainly unbroken or 

just about to break, depending on the wave period. 

6.3.2. The transitional water. 

The tests in the transitional water revealed extremely low forces under the 

non-breaking waves. FIGURE 6.1 (a) shows a profile of the wave heights for 

a wave with a period of I second at a depth of 0.8 m. The plot of the vertical 

and horizontal wave forces in FIGURE 6.1 (b) show extremely small forces, 

with a great deal of distortion of the signal. These results were then compared 

to the theoretical forces calculated once again by using the Morison equation 

with particle dynamics from the Airy, Voco1dal and Dean Stream Function 

theories. They al~o I evealed extremely small forces, and because of the small 

nature of these forces. the distortion of the signal lead to wide discrepancies in 

the comparative results No conclusions could be drawn as to the accuracy of 

the measuring system at this depth, nor as to the accuracy of the theoretical 

calculations. No further tests were canied out at this depth. 
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6.4. ANALYSIS OF THE TEST DAT A. 

6.4. I. Testing the dynamic response of the measunng system to f<,rc~s under 

breaking waves. 

If, as had always been suspected, the breaking wave impmed an impact fore .. 

on ihe cylinder, then it would be necessary to include the dyr-amic response of 

the measuring system in the calculations of the applied forces. To calculate 

the dynamic response, the vertical or horizontal recorded force protile for one 

breaking wave was entered into the Holtzhausen computer program. The 

output from that program would be the applied force. i. e. the true force under 

the breaking wave. [At this stage it should be pointed out that there wac; found 

to oe no difference between the recorded forces and the applied forc<'s (st!e 

section 6.5. I.) - therefore no adjustments needed to be made to the rccordt:d 

forces in the following comparisons.]. 

The following comparisons were made: 

(a) between the recorrletl forces and the theoretical forces using the Morison 

equation, with the Wi\Ve dynamics being predicted by the Airy, Vocoidal 

and Dean Stream Fu11ct1on theorie5. The same horizontal force coefficients 

were used, as before. 1. c drag force coefficient Cd = 1.5 and the inertia 

force coefficient Ci = 2.4 . Because the vertical force was measured it was 

necessary to find an appropriate force coefficient for the lift force. As was 

mentioned earlier, a cylinder raised a "small distance" ( the clearance to 

diameter ratio, e/D, is less than 2.0) above the sea bed, will exp · ~nee a 

downward force. Design Aid Ill (Davis et al), shown in APPENDIX I, 

which is drawn up to be used in conjunction with the Airy theory, gives a 

Cl of - 0.5 for a clearance to diameter ratio of 0.3 1. ( a 0.032 m diameter 
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cylinder with & 0.01 m clearance). However in the course of the 

calculations this was found to be too small, so a general lift coefficient of -

I was used in conjunction with all three theories. 

(b) between the recorded horizontal and vertical wave forces at the :>.23 and 

0.21 111 depths. 

Conclusions were then drawn. 

6.5. RESULTS. 

FIGURE 6.2 (a) and (b) show an example of plots of the dat11 from t>a:::h of the three 

channels. Figure 6 2 (a) shows the plunging breaker profile at the 0.2 J m depth for a 

wave period of 2 Sc!concfs, while Figure 6.2 (b) is a plot of the forcu. wider thP. 

breaking wave, on both tht: hc,rizontal and vertical axes. 

FIGURE 6.3 shows the plot of the recorded horizontal force, (seen ir. Figure 6.2 

(b)), against t11e plot of the appli~d horizontal fo1ce, calculated by using t i,, data 

from the recorded horizontal force, by the Holtzhauscn computer program. 

6.5. I Frequency and dAmpmg of tile measuring system in l'1~ w~ter. 

By measuring the pt:riods between the oscillations of the 1; ·•asul'ing sys11.•m 

the i:-,equency was found to be on average, 3] Hz out of the waicr. The same 

procedure was used to measure the frequency of ihc •·vstem in waH'r. r.fter 

administrating a light blow. The frequency was found to ~'f- 33 Hz., as v, ,•f 1. 

This is relatively higher than expected because the density 0f tli\) water shoulo 

cause a reduction in the frequency. 
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The relative damping, J, which is a measure of tht: forces resisting the 

movement of the system once the force has been applied, was foWld to be 

0.031 in the water compared to the 0.0056 found in the air. The method of 

calculation was the same as described in section 5.4.5. (a). The above results 

represent very light damping, and their difference is negligible. 

6.5.2. Dynamic response of the •neasuring system. 

The plunging breaker seen in Figure 6.2 (a) does not impart an impact force to 

the measuring system. This conclusion can be made for the following reasons: 

(a) The profile of the recorded horizontal force plotted against the profile of 

the applied horizontal force, calculated by using the Holtzhausen computer 

program, shown in Figure 6.3, do not differ in any respect. This means that 

there is no need to include the dynamic response of the system in the 

calculations of the recorded forces. The applied forces can therefore be 

read directly from the output of the meJsuring system, i.e. the recorded 

forces. 

(b) No oscillation of the recorded results about the horizontal axis is seen in 

Figure 6.2 (b). If this profil ;s then compared to Figure 5.9 (a), which is 

the reaction of this measuring system to an impact force, it will be seen that 

the system does oscillate about the x-axis after the impact force has been 

applied. It is safe therefore to conclude that the breaking wave does not 

impart an impact force to the cylinder. 

6.5.3. The comparison between the recorded forces and the theoretical forces . 

APPENDIX F gives the theoretical forces in tabular form. The forces were 
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calculated by the computer program created by the C.S.I.R, using the Morison 

equation with the particle dynamics predicted by the •\irv, Vocoidal and Dean 

Stream Function theories. The force coefficients wcr..: ,....d - 1.5, Ci = 2.4 and 

Cl = -1. 

These theoretical horizontal and vertical results are then plotted, in FIGURE 

6.4, against the recorded horizontal and vertical forces for the 0.23 m and the 

0.21 m depths. 

There are four different graphs in Figw-e 6.4, each of the plot of thr ,. pee 

against the wave height. 

(a) Figure 6.4 (i): Horizontal forces at 0.21 m. 

The waves recorded at this depth were either breakir.g or had broken. 

The maximum recorded horizon -11 wave forces at the water depth of 0.21 

m, show a very erratic pattern. 

The theoretical force profiles 1.ow shapes that are similar to each other, 

with the Vocoid•\I theory once again consistently predicting larger forces. 

While the other two theories show an even spread of either drag or inertia 

dominated forces, seen in Appendix F, the Vocoidal theory predicts that the 

inertia forces will dominate throughout. This is once again due to the over 

prediction of the acceleration of the local water particles, by the Vocoidal 

theory. 

The recorded horizontal forces were on average 1.6 rimes larg~r than the 

forces predicted by the Airy theory, 1.1 times larger than ••,.,, • hco;dal 

theory, and 1.5 times larger than the Dean theory. 

However, none of the theories are able to predict the erratic nature of fr.-: 

recorded forces. 
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(b) Figure 6.4 (ii): Vertical forces at 0.21 m 

The maximum recordeJ vertical wave forces at the water depth of 0.21 m 

show great unpredictability. The theoretical vertical fo1ces, calculated 

using the lift coefficient of - 1, are too small. A larger negative lift 

coefficient will shift the theoretical forces up the y-axis, as shown by the 

dotted line, but they are unable to follow the erratic pattern of the recorded 

forces. This is probably due to the forceful downward motion of the 

breaking or broken wave, which the theoretical forces are unable to predi, t 

because their denvation is based on the horizontal movement of the water. 

li is interesting to note that all three of the theories are very close together 

in iheir vertical force predictions. The recorded vertical forces wert on 

averah~ 3.4 times larger than th:! forces predicted by the Airy theory, 3.3 

times la •~er than the Vocoidal theory, and 3.5 times larger than the Dean 

theory. 

(c) Figu,e 6.4 (lli).I :orizontal fvrces at 0.23 m 

Most of 1hr wave~ recorded at this depth were Just about to break, except 

for the reading at the 0.14 m wave height This wave, with a period of 1 

second, was of the spilling breaker type and h<\d already broken. The rest of 

the maximum recorded horizontal forces show, except for this reading, a 

far less erratic plot than that seen at the 0.21 m depth. 

The Airy and Dean theories show inertia ciominated forces for the smaller 

wave heights (to the left of the 0. 14 m wave height r\. -;ording), and drag 

dominated forces for the larger wave heights. The Yocoidal theory shows 

inertia dominated forces throughout. 

Adjustments to the horizontal force cotl'ficicnts will increase ti1r magni:ude 

of the forces predicted by the wave theorie~. which will ~ring them closer 
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to the recorded forces. The recorded horizontal forces were on average I. 7 

times larger than the forces predicted by the Airy theory, 1.3 times larger 

than the Yocoidal theory, and 1.9 times larger than the Dean theory. 

The 0.23 m depth is in a zone which could be termed a "grey area". Some 

of the waves, depending on their period, are either unbroken, just about to 

break or have broken, (in the case of the spilling breaker). The Dean theory 

shows a profile which is similar to that shown by the recorded force 

profile, and if the correct horizontal force coefficients were used, may give 

the best predictions of the wave forces. 

(d) Figure 6.4 (iv): Vertical forces at 0.23 m. 

Here the waves are mainly unbroken or just about to break except for the 

reading at the 0. 14 m wave height, which was a spilling breaker. There is 

no forceful downward motion w1der these aves, as was seen under the 

plunging breakers. The general movement under these waves is still 

predominately in the horizontal direction and therefore the theoretical 

vertical force predictions are still valid. This can be seen in similarity of all 

three theoretical plots to the recorded force plot. 

Although the lift coefficient of - I is too small, the shape of the recorded 

vertical forces graph is fairly closely mirrored by all three of the wave 

theories. The recorded vertical forces were on average 2.2 times larger than 

the forces predicted by the Airy theory, 2.3 times larger than the Yocoidal 

theory, and 2. 7 times larger than the Dean theory. 

Not one of the wave theories was able to provide reliable predictions for either the 

horizontal and vertical wave forces, at the 0.21 m depth. Here all the waves are 

either broken or are breaking, and as was expected the wave theories, which are 

used to predict wave particle dynamics sea-ward of the breaker zone, fail. 
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The recorded horizontal and vertical forces, at the 0.23 m depth are less erratic than 

those seen at the 0.21 m depth. Most of the waves at this depth are unbroken or just 

about to break. The wave theories, which are fonnulated for non-breaking waves, 

perform better in the 0.23 m. water depth. The Dean Stream Function theory, in 

particular, shows profiles that are similar to both the horizontal and vertical 

recorded forces, and with the correct force coefficients may be able to show 

satisfactory predictions of the wave forces . 

A point of interest is the simiiarity of all three theories in their predictions of 

vertical forces for each water depth. 

6.5.5. Comparison of the wave forces just before breaking and under breaking 

waves. 

(a) Maximum recorded horizontal forces. 

FIGURE 6.5 (a) shows the plot of the comparison between the maximum 

recorded horizontal wave forces at the 0.23 m and at 0.21 m depth, for each 

■n:vwmHQMJIDNJAI MJltC!3 A[&J t ■ A:\Vd:Il.1Ja 

~ - • -•1•1~J 
~-~I.Of 

IJ I • I• I f l 

• PUOO•u--) 

6.5 (a). 

RfCPBPffl YQWC,.l mBCQAJUIMANDA.Tl l:a 

1 J I • I♦ I ♦ I 

ratODfu .... 

6.5 (b). 

FIGURE 6.5. ATTWOOD'S SECOND EXPERlMENT. COMPARJSON OF THE 

RECORDED FORCES AT DEPTHS OF 0.23 m AND 0.21 m. 
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wave period. The horizontal forces, without excephon, are larger in the 

area just prior to breaking (at 0.23 m depth). They are calculated to be on 

average 1.9 times larger than the forces at the 0.2 l m depth. 

(b) Maximum recorded vertical forces. 

FIGURE 6.5 (b) shows the plot of the comparison of the maximum 

recorded vertical wave forces at the 0.23 m and the 0.21 m depth, for each 

wave period. Although the vertical forces are consistently larger at the 0.23 

m depth, (on average 1.2 times), the point of interest is the vertical force at 

the 0.21 m depth for the wave period of 2 seconds. This force is 1. 7 times 

larger than the force at the 0.23 m depth. This should then be compared to 

the horizontal forces at the same depths, for the 2 second wave period in 

Figure 6.5 (a). The horizontal force at the 0.21 m depth is still less than the 

horizontal force at the 0.23 m depth, and it is not significantly larger than 

the other horizontal forces for the other wave periods at the 0.21 m depth. 

FIGURE 6.6 (a) and (b) show the plots of this particular case. 

The left hand peak in Figure 6.6 (a) shows the prnfil!" of the plunging 

breaker for this particular case. As can be seen, the wave is in the process 

of breaking and it does not have tht' peak that is seen in it's successor. 

Figure 6.6 (b) shows the recorded forces on both the horizontal and vertical 

axes. The vertical force is significantly larger than the horizontal force. 

This is not an impact force, but it is believed that this larger than expected 

vertical force is due to the cylinder being in a position at which the 

downward turbulent motion of the plunging wave strikes the cylinder 

exactly. Unfortunately because of the unpredictability and erntic nature of 

the breaking wave, all attempts at replicating this situation, failed. The 

difficulty in predicting the point of breaking, as well as the accuracy 
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needed for the positioning of the cylinder under the breaking wave made 

the search for another force of this s.ize, a bit of a hit and miss affair, and 

was unsuccessful. 

It is therefore not possible to say whether this is the maximum vertical 

force that wa occur, or whether this is an experimental errm . Only further 

experimentatior. will tell. 

6.6. CONCLUSIONS. 

It must be stressed that all the above preliminary tests were undertaken in order to 

investigate the reaction of the measurir.g system to forces under breaking waves. 

The conclusions drawn are based on these few tests and should be reviewed once 

further detailed and comprehensive tests md measurements have be-en carried out. 

a) The breaking wave, at the depth of 0.21 m on a slope of 1 in 130, did not 

impart an impact force on the cylinder, raised a small distance above the 

sea-floor. The cylinder remained below the water surface all the time, so 

the impact force of the plunging breaker was probably cushioned by the 

water above the cylinder. 

b) The Morison equation, encompassmg theories for the local particle 

dynamics, from Airy, Yocoidal and D~an had great difficulty in predicting 

both the very erratic honzontal and verticol breaking wave forces that were 

recorded It is unlikely that a general adjustment to the force coefficients 

would increase the accuracy of the predictions. 

The lift force coefficient of -1, derived from water particle motions in 

horizontally moving water, was tar too small to predict the large downward 

force of the water under the plunging breaker. 

However the more consistent horizontal and vertical forces recorded in the 
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waves that were just about to break, showed that the Dean theory, along 

with the appropriate force coefficients, could be used in the Morison 

equation to predict the forces on both axes, in this region. 

Once again the lift force coefficient of -1 was too small to predict the 

forces under the waves that were just about to break. Here the theories 

performed better but a lift force coefficient of -2.3 would have been more 

appropriate. This is a coefficient that is a great deal larger than that 

recommended for a cylinder raised a small distance above the sea-floor, by 

both Davis ( 1976) and Det Norske Ventas ( 1982), although relatively 

accurate when compared to the coefficients recommended by Sarpkaya and 

Isaacson ( 1981 ). 

c) The ve11ical and horizontal wave forces were consistently larger at the 0.23 

m depth (just before breaking), than the vertical and horizontal forces for 

the same wave periods at the 0.21 m depth, (breaking or broken). There 

was however one exception; a larger than expected vertical force under a 

plunging breaker with a period of 2 seconds. Unfortunately because of the 

intermittent and erratic nature of the breaking waves, aJI fu1ther attempts to 

replicate the fore· , failed. 

However, ignoring the possibility of experimental error, the abnormal force 

could be of some importance. It was not an impact force, but it raises the 

possibility that if the positioning of the measuring system was perfected, a 

larger than normal vertical downward force could be measured, under a 

plunging breaker. Further experimental work is needed to support or refute 

this possibility. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS. 

The aim of this thesis was to investigate the breaking wave forces on a pipeline 

which is raised a small distance above the sea-floor, by means of a model study. 

The main objective was to construct a system which could measure these forces 

accurately and reliably. 

The following is a summary of the study, as well as the conclusivns drawn from it: 

7. 1. SUMMARY. 

(a) The literature investigation revealed that there is nc,t much infonnation 

available on the forces on pi:elines that are raised a small distance above 

the sea-floor, in the breaker zone. However the following were discovered. 

(i) The Morison equation, with appropriate force coefficients used in 

conjw1ction with various wave theories to estimate the local particle 

dynamics, is used to predict forces under waves. It is openly 

acknowledged tl."t although the use of the above equation is sufficient in 

the deep water (depth to wavelength ratio: d/L > 1/2), transitional water, 

(1/25 < d/L < 1/2), and shallow water (d/L < 1/25) zones, it is inadequate 

in predicting the wave forces in the breaker zone. 

(ii) A breaking wave is likely to exert an impact force on to a submarin,! 

pipeline. In order to measure these forces it may be necessary to include 

the dynamic response of the measuring system in the calculations of the 

breaking wave forces. 

(b) The initial part of the study of the forces on pipelines under breaking 
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waves. undertaken by S. A. Mann, was replicated, with a few adjustments 

to the stiffness of his measuring system. This then a11owed for comparisons 

to be drawn between two sets of measuring systems, which had different 

stiffnesses. The discrepancies in the sets of results demanded that a more 

reliable measuring system be constructed. 

( c) The new measuring system, required a combination of a small mass and a 

high stiffness, to enable it to respond accurately to the possibility of an 

impact force from a breaking wave. 

After three attempts a suitable system was found. This measuring system 

was subjected to impact loads, out of the water, the time history and 

magnitude of which were known. The reaction of the system to these 

impact loads, was checked by the use of a dynamic response computer 

program. 

(d) The above measuring system was then placed in the wave flume and 

exploratory tests were undertaken to measure the reaction of the system to 

the forces under waves. Particular attention was paid to the forces under 

waves just pn<'r to breaking and under breaking waves. 

(e) The results from the above preliminary experiments, revealed the 

following: 

(i) A plunging breaker in a water depth of 0.21 m on a slope of I in 130, 

does not exert an impact force on a cylinder which remains below the 

water swface at all times. 

(ii) The Morison equation, encompassing particle dynamics predicted by the 

Airy, Vocoidal and Dean Stream Function wave theories, is unable to 

accurately estimate the vertical and horizontal forces under a breaking 
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wave. 

(iii) The use of generalised force coefficients is unlikely to assist in the 

accurate prediction of these breaking wave forces. The lift force 

coefficient of - I was extremely inadequate to predict the lift forces under 

both the breaking waves and the waves that were about to break. Because 

of the iarge downward motion of the water under the breaking wave this 

coefficient is understandably too small. Only the design procedure 

recommended by Sarpkaya and Isaacson ( 1981 ), for a cylinder raised a 

small distance above the sea-floor, allowed for the lift force coefficient 

of about -2.3, under the waves that were just about to break. 

(v) The forces on the cylinder under waves that were just about to break 

were consistently larger than those under waves that were breaking er 

were broken. The one spilling breaker recorded at the 0.23 m depth 

showeL1 forces which were a lot smaller than the forces seen under the 

waves ·.hat were just about to break, at this depth. 

However in the course of the experiment, one vertical force reading 

under a plunging breaker, at the 0.21 m depth on a slope of 1 in 130, was 

abnonna1ly larger than all the rest of the vertical forces. Because of the 

erratic nature of breaking waves this could not be replicated, but it is 

believed that if the positioning of the measuring system is perfected, a 

force of this size could be measured again. This should be investigated 

further. 

It should be emphasised t!:at these conclusions are drawn up from a 

minimal amount of preliminary tests, and need to be re-assessed once 

fu11her detailed and comprehensive tests have been can-ied vut. 
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7.2. CONCLUSIONS. 

The following conclusions were made from the preliminary investigations: 

(a) The present measuring system is reliable and accurate. 

(b) The Morison equation, encompassing local particle dynamics predicted by 

the Airy, Vocoidal and Dean Stream Function wave theories, should not be 

used to predict breaking wave forces on a pipeline raised a small distance 

above the sea-floor. 

(c) A plunging breaker, at a depth of 0.21 m on a slope of 1 in 130, does not 

impart an impact force on a pipeline that remains below the water surface. 

However the vertical forces caused by the breaking wave need closer 

investigation. 

(d) Although the forces were consistently larger und.,:- waves that were just 

about to break, there is still the possibility, that if the positioning of the 

measuring system is perfected, an abnonnally large vertical force may be 

measured under a plunging breaker. 
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CHAPTERS 

RECOMMENDATIONS. 

If the research into breaking wave forces on pipelines raised a small distance above 

the sea-floor is to be continued, the following is suggested: 

(a) The measuring system used in the second experiment should be used to 

investigate the following: 

(i) The wave forces in the zones at which the first i'lstability of the wave 

occurs, up to the zone where the wave is just about to break. 

(ii) The possibility nf larger than average vertical forces occurring under 

breaking waves. 

(iii) The possibility of measuring the velocity and acceleration of the local 

fluid particles around the cylinder under a breaking wave. 

(b) Further investigations should be carried out in a larger wave flume where: 

(i) A unifonn steep ~lope should be constructed which would allow for 

plunging waves that are relatively more consistent in their shape and the 

positioning of the point of breaking. 

(ii) The scale effects can then be measured by using the results from the 

smaller wave flume and comparing them to results from the larger wave 

flume. 

( c) A study should also be made into the high intensity turbulence found by 

Endresen and Torum ( 1982) under plunging breakers, as well as. an 

investigation into the possible adapti01. of some of the turbulence mudels, 

8-1 

Stellenbosch University https://scholar.sun.ac.za



. ' 

. ' \ 

formulated for use in the sediment movement field, for use in the structural 

field in the breaker zone. 
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APPENDIX A. 

Printout of the Holtzhausen computer program. 

Stellenbosch University https://scholar.sun.ac.za



els 
open "i",#l,"c:\excel\f1l.dat" 
aper "o",#2,"c:\excel\al.dat" 

dt=0.00016 

H=l 
input "frequency=";a 
input "xi=";zl 
input "xi+l=";z'2 
g=zl/z2 
d=log (g) 
print "rt=";c 
j=d/(((d-2)+39.4784)-.5) 
k=((a-2)*39.4784)/((l-(j-2))) 
cstar-(4*k*m) -.5 
c=(12.566*j*a)/((l-(j-2))-.5) 

PRINT USING "Stiffness =#######.~#~";k 
PRI~T USING "Damping= #.##";J 
PRINT USING "C= 1##.##";c 
'END 

'Assign values to constants 
factl=(H/ DT-2)+(C/(2*DT) ) 
fa~t2=K -(2 *M/DT-2) 
fact3=(M/OT-2)-(C/(2*DT)) 

'Assign values at T=O 
t = ') 

Xr:l=li 
Xl=O 

10 'Read values of FX(T) 
IF EOF(l) THEN GOTO 40 
INPUT #l,FX2 
X2=FX2/K 

FOl=FACTl*(X2)+FACT2*(Xl)+FACT3*(XO) 
COSUB 30 

'Adjust X-values 
t="'+dt 
XO=Xl 
Xl=X2 
GOTO 10 

30 PRINT #2, USING "###.###1## ";FOl 
LOCATE 15,1:PRINT USING"\ DONE =###";T*lO~/DUR 

RETURN 

40 PRINT "PROGRAM COMPLETED" 
END 
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APPENDIX 8. 

Mann and Attwood's First Experimer.t: Recorded horizontal forces on water filled 

P. V.C. cylinder. 
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APPENDIX C. 

Attwood's First Experiment: Theoretical results using the Airy, Vocoidal and Dean 

theones with Cd t .5 and Ci - 2.4. 
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APPENDIX D. 

An example of the wave force calculations using the Ai1y theory. 
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WA VE PERIOD (1) 2 
WATER DEPTH (d) 021m 
PIPE DIAMETER (D) 0.032 m 
WAVE HEIGHT(H) 0.143 m 
(4 pi"2dY(sT"2) 0.211 
lanh(x) 0.208 
WAVELENGTH (L) 2.85 

LOCAL PARTICU: Vt;LOCITY u • (gHT/2L) cos((2pi x/L)-(2pi t/T)) (cosh[2pi (z+dYl,J)/(cosh(2pi d/L)) 
1.0CAL PART!CI.F. Aq;:i:;1,!:;~TlO;'i a • (gHpi L) sln((2pi x/l.)-(2pi t/T)) (cush[2pi (z-dYL,])/(cosh(2pi d/L)) 

where: z • distance below S.W.L • -0.184 m 
,c • horizontal dislJlnce 
t • time 

(2pi d/L) 0.463 
cosh(yJ 1.109 
2 pi (zT<I), L 0 057 
cosh(q) 1.002 
CLEARANCE TO DIAMETER c/0 0.313 
DRAG COEFFICIENT Cd I.S 
INERTIA COEFFICIENT Ci 2.4 
LIIT COEFFICIENT Cl • I 

THETA • ((2pi x/L)-(201 Ill")) VEL. ACCEL. Fd Fi Ftouil Fl 
0 0.445 0 2.431 0 2.431 -1.62 

45 0314 0.988 1.216 0.977 2.193 -0.81 
90 0 1.397 0 1.382 1.382 0 

135 -0 314 0.988 -1.22 0.977 -0.24 --0.81 
180 -0.445 0 -2.43 0 -2.43 -1.62 
22S -0.314 --0.99 -1.22 -0.98 ·2.19 -0.81 
270 0 -1.4 0 -1.38 -1.38 0 
315 0.314 -0.99 1.216 -0.98 0.239 -0.SI 
360 0.445 0 2.431 0 2.431 -1.62 

MAXJMVM 0.445 1.397 2.431 1.382 2.431 -1.62 

MA:X, RECORDED FORCE HORIZ VERT. 
4 .5 -4 .8 

DIFFERENCE 1.85 I 2.962 

Stellenbosch University https://scholar.sun.ac.za



APPENDIX E. 

Attwood's First Experiment: Theoretical horizontal force results using the Airy 

theory, calculated by following the procedure seen in Appendix D. 
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PERIOD I I 2 14 16 11 l 
WATER DEPrn(d) 01 01 01 01 01 01 
PIPE DIAMETER (0) oos oos oos oos oos oos 
NAVEHEIGITT{H) 016 0IS. 014 012S 012 0 II 
( 4 '(Pl())"2•d)'(T·2•&) 3219 : ;_)6 1641 I 2SI 099-l 0IOS 
ur,h(x) 0997 09"', 0921 0IS 07S9 0667 
WAVELENGTil(L) I \S9 2123 :941 )616 4 407 SI 
(1"Pl•dll.) ) !1\ 2 261 I 70S 1\64 I 141 09% 
eo&h(y) 12S9 41S ll42 :on in4 I S:6 
2"Pl"(z<,d)'l 0 141 0099 007S 006 oos oon 
<OOl(B9) I 01 I OOS I 003 11>.)2 l 001 I 001 
REYNOl.O'S NO 1910 ~ 5613 620 6110 6169 
KEU'.i .CARP NO 0IOI 200i J 222 4096 5026 s ss 
e/0 om 0 17S om 017S 0 17S 017S 
Cd I S IS I S IS IS IS 
c, ' 4 H :4 24 H 24 
TilETA V-C IFd F, Flot va ACC Fd F, FIOI VEL At:C Fd F, F1'>t VEL At:C fd F, Flot VEL ACC Fd F, Ftut VEl. ACC Fd F, FLOt 

• 010063 0 0061 0Oll 0 0267 0 0267 0IU 0 0S09 0 0509 0121 0 06) 0 061 014 0 0749 0 0749 0139 0 074 0 O H 

; ;;,,I .. ~11 0167 0191 00S9 0309 "1.14 1491 I 62S ODIi 0l6S 0 2S4 I 76-1 2011 009 l) )\~ o JIS 1 717 2 OJI 0099 0 l4S o 1;s 1664 20)9 00?1 OlOI OP 1419 1159 
0 2SA 2E-:M I 226 I 2:.6 SE-II 0437 IE-ll 2109 l 109 7E-11 0 Sl6 2E-J) 2 ◄9-4 2494 IE-II 0 SOI 2£.)) 2421 24:S 9E-ll 0417 JE-31 2 JS4 1354 IE-II 0436 JE-JJ 2 106 2 106 
0 179 -'l0J 0167 ous .()('6 0309 -0 13 14~1 I JSI -OOI 036S ..o:~ 1164 1 S09 -009 0ISS -0 31 I 717 I 402 -0 I o 34S -0 )7 1664 129 -0 1 OlOI -0 37 1 419 I 119 
11,.. 17 .(,1)11 2E-16 -006 -OOI SE-17 -0 27 JE-16 -0 27 -0 12 6E-17 -0 SI JE-16 -0 SI .() 13 6E-17 -06) JE-11> -061 -0 14 6E-17 -0 7S lE-16 -01S -0 14 SE!7 -074 JE-16 -014 

,. ' II -Olll -017 -09 -006 -0 Jl -0 13 ., 49 -162 .OOI -0 )7 .() 2S -176 -10~ .()09 ~36 -0 31 -172 -201 -0 1 -0:M .() )7 •l 66 -2.04 .() 1 -0 JI .() )7 -1 49 -116 

2701 s 'J -123 -1 23 0 .() 44 0 -2 II -2 11 0 -052 0 -l 49 -2 49 0 .() s 0 -Hl -20 0 .()49 0 -2 JS -llS 0 -044 0 -2 11 .: I I 

JIS 00 ~1-011 oc·, .()17 .01-4 0OS9 -0 31 o:3-1 •• 49 -1 36 01111 -037 02S4 -176 -1 SI 009 .u l6 0JIS ., 72 -14 0 09'1 -0 34 ons -166 .) :9 0091 -0 31 0)7 •• 49 -1 12 
16(,1 00.. 0 o, 0 0063 0Oll 0 0267 0 0267 0 llS 0 0S09 0 0S09 0121 0 063 0 061 014 0 0 74'1 0 0749 01)9 0 074 0 074 

HAXIMUM I C 041 . S4 006) 11.26 1 226 0OSJ 007 0267 2109 2109 0 llS 0S16 0S09 2 ◄~ H94 0121 0 SOl 06) HU 2421 0 14 0◄17 0749 ll~ 2JS4 0 139 006 074 l 106 2 106 

MAXIMUM HORlZ FORCE 1226 2109 2494 24?1 2JS~ 2106 

RECORDED RESUI. TS 1 11 2 l 1 14 :? : 
OIFFS BETWEEN RECORDED 
AND TIIEORETlCAL I 0116 0ISJ 0l02 016\ 1 (l2 l 04S 
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APPENDIX F. 

Attwood's Second Experiment: Theoretical results from the Airy, Vocoidal and 

Dean theories using Cd = 1.5, Ci = 2.4 and Cl = -1, at the 0.21 m and 0.23 m 

depths. 
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Attwood's Second Experiment Theoretical r,.~ults from the Airy theory using Cd = 

1.5, Ci = 2 4 and Cl -= -1, at the 0.21 m and 0.23 m depths. 

I 
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WAlER DFPTII 0 210 0230 
WAVE PERIOD I 000 I 200 I 400 I 600 I 800 2 000 2 000 2 ()(I() 2 000 HlOO 2 <X>O I 000 I 200 I 400 I 600 I 800 2 000 
WAVEHEIGIIT(m) 0082 0098 0 107 0 118 0 .138 0 141 0 094 0. 139 0IM 01411 O I IS 0 135 0 124 0 190 0 1S2 0 1S8 0 130 
COEFFICIENT C1 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 2 400 
COEFFICIENT Cd I 500 I S00 I S00 I 500 I 500 1.500 I 500 I 500 I 500 I 500 I SOO I 500 I S:>o I 500 I S00 I S00 I S00 
COEFFICIENT Cl -1 OCY.) -1 000 -1 000 -1 000 -1 000 -I 000 - I 000 -1 000 -I 000 -1 000 -1.000 -1 000 -I 000 -1 000 -1 000 -1 000 -1 000 

AIRY THEORY 

MAX HORIZONTAL VELOCITY 0 202 0 270 0320 0 360 0 430 0 450 0 299 0 140 0 SlO 0.470 0170 0 310 0320 0 520 0 440 0 470 0 390 
MAX I IORIZONT AL ACCEL I 270 1 410 I 410 I 410 I 510 I 400 0 940 1.190 16(,0 1.500 I ISO I 900 I 700 2350 I 720 I 630 I 230 
MAX DRAG FORCE 0 470 0 8S0 I 200 I 600 2 300 2 S00 I.I 00 2 400 1.SOO 2 700 1.700 I 200 I 300 3400 2400 2 700 1.900 
MAX INERTIA FORCE I 200 I 400 I 400 I 400 I 500 I 400 0 .900 I 400 I 600 I 400 1.100 I 900 I 600 2100 I 700 1600 I 200 
MAX TOT Al HORI/.< >NT AL FORCE I 300 I 400 I 600 I 900 2 S00 2 700 I 300 2(,00 l 600 2 900 I 800 2000 I 800 3 1100 2 600 2 900 2WO 
MAX LrFT F,Ji ~E --0 335 ..J.598 -0 840 -1 063 -1 516 -1 661 -0 733 -1 SKII -2 103 -1 Kl I -1.123 --0 788 --0 840 -2.217 - I 588 -1 811 -1 247 

DIFFS BETWEEN RECORDED AND 
HILOR HORIZONTAL FORCE 0 923 I 271 I 725 0 921 I 284 I 796 3 100 I 7ll I 222 I 855 2 050 I 050 2 167 I.JOB 2 035 I 700 2032 

AVERAGE I 625 AVERAGE I ,'; I 'i 

DlFFS BETWEEN RECORDED AND 
TIIEOR VERTICAL FORCE 3 288 .1 011 1 216 26'5 1 71U 3.150 8 18S 2 709 1.780 2 96~ 4 793 2 2114 2 977 I.JS.3 2 142 I 656 2 806 

AVERAGE J 410 AVERAGE 2 201 

MAX RECORDED 1 200 1.780 2 760 I 750 3 2IO 41150 ◄ 030 4 ~00 4400 5 3110 3 690 2 100 3 900 4 970 5 290 4 930 4 470 

H<lRIZONTAL FORCE 

MAX RECORDED -I 100 -1 80': -2 71JO -2 KOO -2 700 .5 210 -0 000 -4 l(_)(J -4 Ill() -S 370 -5 18() -1 1(()(1 -2 500 -3 000 -3 400 -3 000 -3 500 

VERTICAL FORCE 
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Attwood's Second Experiment: Theoretical results f:-om the Vocoidal thecry using 

C<l = I .5, Ci --= 2.4 and Cl = -1. nt the 0.21 m and 0.23 m depths. 
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~TERDEPIB 0 .210 0.230 
VF fERJOD 1.000 1.200 1.400 1600 1.800 2 000 2.000 2.0('0 2.000 2000 2 .000 1.000 1.200 \.400 1.600 1.800 2.000 
VE HE!mIT rm) 0.082 0.098 0.107 0. 118 0.138 0 ,143 0.094 0 .139 0. 166 0.148 0. 115 0.135 0.124 0.190 0 152 0 158 0 .130 

COEFFlciENT C1 2 400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2400 2.400 2.400 
COEFFICIENT Cd I 500 1.500 1.500 1.500 1.500 1.500 I 500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 I 500 
COEFFJCIENT Cl -1.000 -1 000 -1.000 -1.000 -I 000 -1.000 -1 000 -1 000 -1.000 -I 000 -1.000 - 1 000 -1. )I)(; -1.000 -1000 -1 .000 -1 000 

VOCOIDAL THEORY 

MAX HORIZONTAL VELOCITY 0 .190 0.268 0.320 0.360 0.440 0.470 0 314 0.460 0.530 0.490 0 .370 0.280 0.310 0.5 10 0.450 0.480 0 400 
MAX rfOR!ZONT AL ACCEL. 1.740 2030 2.7.60 2.600 3.250 3.400 I 930 3.300 4.040 3.601) 2.520 3.000 2.500 4.500 3.300 3.450 2.620 
MAX Dl<.AG FORCE 0 .400 0.900 1.300 1.600 2.400 2.700 1.200 2.500 3,500 2.900 1.700 1.000 1.200 3.200 2400 2.800 1.900 
MAX INERTIA FORCE 1.700 2.000 2.200 2.500 3.200 3 400 1.900 3.300 4.000 3.500 2.500 3.000 2.500 4.500 3.200 3.400 2.600 
l...tAX TOT AL HORIZONTAL FORCE 1.700 2.000 2.300 2.600 3.500 3.800 2.100 3.700 4.500 4 .000 2.800 2.900 2.400 4.500 3.400 3.700 2.900 
MAX LIFT FORCE -0.295 --0.589 -0.840 -1.063 -1.588 -1.811 --0.808 -1.735 -2.303 -1.969, -1 123 -0.643 --0.788 -2.133 -1.66 I -1 .889 -1.312 -
DIFFS BETWl::tN RECORDED AND 

TifEOR. HORIZONTAL FORCE 0 .706 0.890 1.200 0673 0.9l7 1.276 1.919 1.216 0.978 1.345 1.318 0.724 1.625 1.104 1.556 1.332 ! 541 
AVERAGE 1.131 AVERAGE 1.314 

DIFFS BETWEEN RECORDED AND 
TI-IEOR VERTICAL FORCE 3.724 3.056 3.216 2.635 1.701 2887 7.421 :! 478 1.7&0 2.728 4.793 2 800 3.173 1.407 2.048 1.588 2.668 

AVERAGE 3 .31 I AVERAGE 2.280 

· MAX RECORDED 1.200 1.780 2.760 1.750 3.210 4.850 4.030 4.500 4.400 5.380 3.690 2. 100 3.900 4.970 5.290 4.930 4.470 
HORIZONTAL FORCE 

MAX RECORDED -I 100 -1.800 -2.700 -2.800 -2.700 -5.230 -6.000 --uoo -4.100 -5.370 -5 380 -1.8()0 -2.500 -3.000 -3.400 -3.000 -3.500 
VERTICAL FORCE 
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• .. ~ • , • - '" • I._ .~ oc•, •,1 ~: "•/ ' •' .... ,. ... ? 

~ • . ,~ ,• "°' ·,--· .;., •• • . I 
' . .( ·~~:.. •. ~ #;...~ ~~..t, "- ...... 

.. ' .,.. "l .., .. ... l • 

Attwood's Second Experiment: Theoretical results from the Dean theory using (',t =: 

1.5, Ci = 2.4 and Cl = -1, at the 0.'.) I m anf~ n.;:. m depths. 

. ·. . . ., ( ... 
. h • . • , • , • . . . . . .. • . ... 
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WATER DEPTII 0 210 0230 
~ 

WAVE PERIOD I 000 I 200 I 400 1600 I 800 2 000 2 000 2 000 2 000 2.000 2 000 I 000 I 200 I 400 1600 1.800 2 000 
WAVE HEIGITT(m) 0082 0J98 0 10"1 0 118 0 DII 0 IJ3 0094 o n9 0.166 0 148 0 115 0135 0 124 0 I !:'a 0. 152 0 158 0 .130 
COEFFICCF.NT C1 2400 2400 2400 2 40<1 2 400 2400 2400 2400 2400 2 400 2 400 2400 2 400 2400 2400 2400 2 400 
COEFFICIENT Cd I 500 I 500 I 500 I 500 I 500 I 500 I 500 I 'i0O 1.500 I 500 I 500 1.500 1.500 I SOO I 500 I 500 1.500 
COEFFICCF.NT "I -I ooo -1000 - I OI)() -1 000 -1 000 -1 000 -I 000 -1 000 -1000 -I 000 - I 000 -1 ()(X) -1000 -1 000 -1 0()0 -I 000 -1 000 

DEAN THEORY 

MAX HORIZONTAL VL~OCITY 0 197 0 268 0 "llO 0 .370 041U 0430 OHO 0424 • 0440 0 380 0 270 0 3IO • 0 4CJ 0.430 0 .400 
MAX HORJZONT AL ACCEL l 150 1 280 1.320 I 440 1.500 I 500 I 080 l 500 • 1.570 I 300 I 500 1490 • I 560 I 560 1.350 
MAX DRAG FORCE ll 470 0 900 I 200 I 700 2()()() 2 200 I 300 2 200 • 2 300 I 800 0 900 I 200 • 1.900 2.300 2000 
MAX INERTIA FORCE I 100 I ,oo I 300 1400 I 5oO I 500 I 100 I 500 • l 600 I 300 I 500 I 'i()() • I 500 I 500 I .JOO 
MAX TOTAJ. HORIZONTAL FORCE I 200 I 500 I 700 2 200 :! '-00 2 700 1.700 2 700 • 2800 2 200 I 600 I 700 • 2.400 2.700 2 400 
MAX LITT FO~CE -0 318 -0 589 -0 788 -1.123 -I.J78 -1 5" -0 893 -1 474 • -1 588 -1 184 -0.5911 -0 788 • -I 312 -I 516 -1.312 

l>IFFS BETWEEN RECORDED AND 
I HIEOR HORIZONTAL FORCE 1.000 I 187 I 624 0 795 I 284 17% 2 371 1667 • I 921 1677 1.313 2 294 • 2 204 1.826 I 863 

AVERAGE I 532 AVER;..;[ 1.900 

DIFFS BETWEEN RECORDED AND 
TiiEOR VERTICAL F<1RCF 3 457 3 056 3 426 2 494 1.959 3449 6 719 2 917 • 3.383 4 544 3 011 3.173 • 2.591 I 979 2 668 

AVERAGE 3 5-10 AVERAGE 2.684 

MAX RECORilED I 200 I .,80 2 760 1.750 3 210 4 850 4 030 4 500 4 400 5.380 3 690 2 100 3,900 4 .970 5 290 4 930 4470 

HORIZONTAL FORCE 

MAX RECORDED -1.100 -I 800 -2 700 -2800 -2.700 -5 230 ~000 4 "lO(I -4 100 -5.370 -5.380 -1.800 -2.500 -3.000 -3 400 -3.000 -3 500 

VERTICAL FORCE 

•Please: nole The astl!nsl.. mdicates where the Dean Theon· falls be\ood the ranRe of the: C SIR tables 
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APPENDIXG. 

Attwood's Second Experiment: Theoretical results using the Airy theory calculated 

by following the procedure seen in Appendix D. 

• t ' ' 

, . . • . . ·. . . . ·~: '. . . . . • ,r ' • . . . -. . • : . .;, . . . . • • • • . . , . . , :. .• • ·: . . • 
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PCRIOO I I l I< 
WAT'Ell 0!7Tl-d) 0 21 0 11 t•1 
Pll'I OIAMl:T'Ell {D) 00)2 IOll OU'? 
MASS Of PIP6 (a) 0, o, .. 
WA VEHEIOHT(ll) OW' ION °'°' (<"(Pl()r?"d►r,:-a) OIOI t ,.., 0 ,31: -•) ... , .,.,. 0400) 
WA VtlDIOT\i (L) lltl6 1Ull I tl07 
(l'Pl•d,t.) I Olll ..... 16':'M 
<ooh(y) I Sol l.l4<J I:,•, 
l"Pl"\t',I~ 0 IZil 0 I OOl)7 
"""(1191 I OOI IOU I OOlJ 
~1'V1'1<'10-SHn 62Al' .,.22 H)J I 
KEIIO-CMP NO •>< .. ttOO) I) 162 
o,D 0 )1..l 0)1:S 0 ll:l 
Cd I l I j I l 
Cl 1, :., H 
C, •I • I •I 
na1A \U ACC Fd F, n« n VEl. ACC F• F, n« n \U ~ IFd ,, FIOI. n 

0 0 lffl 0 0 491 0 0'92 -0 lll .,.. 0 OIH 0 '"' .om 0:!'ll' 0 I 1'7 • I 147 .. ,., 
4l 0 1414 ·-... , on 11U .. , .. OIN7 un Ult °'" 1 lM -011, 0 11, ,,., 0 l7◄ °'" lll2 .. Jr. 
,0 i.r .... 1, 1 ::.14 l£.)) IZO 1 :A) •l£.ll .z.1• I ll2 )E.)) 116' 1167 -:5-)) ::E-1" I 171 ,1-11 1 llO 1.))6 .j(",..l) 

llJ ..0141 o• -0 ,.., on 00) .. , .. .. '" '"" .. ,:, ,,., tlll -Ol:16 -t:16 ,,., .. ,.. 
"" O.>U -t.lr. 

IIO -0 l :£-1• .o,n ::li-16 -t•n ->r.t -0:,&4 :£-16 .. .,, :S.16 .. .,, -OS"l .. ,., :S.16 •I 14'7 S-16 -1 14'! ... ., 
r.l .. '◄ I ..... "~,, -017' •I IJJ .. 1 .. ·• 111 .o,n -0 ◄2' .. ,., -1:19' .. 216 -0216 -09't .. ,, .. .. ,,, -1m -O)l'l 
ro ◄&,. 11 •IU. .l.l,)l -110 I loll •IE-ll .. , .. • I ll2 .J,E.)2 • I l67 • I 16; .1£.): ..fE-17 ., 111 ◄£.)2 •I llO •I llO ,)6.)2 
JU O 1414 ... 02'4 .. ..,, -OU) -01 .. . '"' -o,n 042' .. ,., -0 lll .Ol:16 • :16 .. ,., om .. ,,, -0 lll .. ll2 
MO O lffl -'.IE-161 O<t: -11'- 16 ••r. .. ):I 0~ -1£,.16 OIS1 •lll-16 . ., .... -0 ,r. t ,.,. ., .. ,. I 14"' -1£.16 I 1,, -0 • ., 

\of A.~ 0 , ... 1::.14 0491 IZH 110 .. ):■ 0:,&4 lll'l .. ,, "" l)M .. ,-:: . ,.,. I J'11 I 141 I llO 1m -0 • ., 

l:l<l'tltlMD,'1" Al. IHOA l\lll I IHOI. VDt I HOI. l\'Ul ,._~,.n I I ! I • I I I I 1"'1 . i,sl l '"•I -1, I 
DOTIJt.D,CE IO MS.I l JUI I I :"kl 100:I I 111'll1 l lll 

POUOO " II l 
IIIAT'Ell DEl"Tl~d) 0 ll o,• 0 21 
PIP£ DIAMF:T'Ell (D ) OOll 0 011 0 0•2 
MA.U 0, PIPE (,o) •• ., 0, 
WA\'EHEIOIIT(lll 0 I 11 0 llf 110 
W1Plf)r2°d►1T•2•p lllOI ·- 0 llll 
IIM(•) 01116 O U!I 0 llll2 
WA VUE>o<llli (L) l 2J'2 lS\0 2 .. 9' 
(2'1'l"d.\.) 0 , .. 1 1 11 .. , .. 1 
<°""lrl I 11)9 I 1161 I lt91 
l"Pl"f t',l ►t. OOTJA ''"' .. ,, 
<oolt(llt) I 00'.!6 I 00, I 0016 
IIEYNOl.ll'S NO , .... ., Ill~ llr't 
K£UO -C MP NO 17 ◄91 2l6l' :,,-
•D Oll:J 0 ll:J 0 JIU 
Cd I! II II 
Cl 2 . 2. l' 
C, •I I • I 
OGlTA VEI. ACC Fd F, Fl« ., vn. ACC F• F, Flot n '/El. ,.cc ,d ,, Fl<ll f1 • 01, 0 1,00 0 I SO. • I 00◄ 0,211, 0 l UJ 0 1..17' -10 °'"' 0 :HJ\ 0 2.01 -1 ,11 

0 0 l,17) otr. 0 71) OMI I 114 .. ,02 O?t"'• 10)1 IOII I 02' 111, .. ~) 0 )l,M ... 1216 0,7' l.ltl .... 
,0 :C.!' l)'"-1 61:-ll I lJ7 1)19 -'C.ll Jt.17 .... I&-)) I •l: I •ll . tt-Jl .1£.1· l>Y ,C.)) 1,r. I ,r. .a:.n 

Il l .. 24• ··~ -0 ,s, t KI 0 20t .. ,OJ .. ,,.. I Oll •IOII I 02' .... , -om -0 )14 ... • I 216 om .. 2), ... , 
IIO -t ll 2£.16 ,I'°' lE-16 ,,.. -1 00◄ .f ◄ll S-16 . 1 ,.,, ::£-16 -1171 .,.., .... , 2£.16 -2-01 2£..16 -2.◄ll • I UI 
ru , z.t" .. rn .. ,,, -OKI ol 114 .. ~"'l -om • • 0)1 • IOII -I 0:, -2 114 .... ., ·O )I◄ .. ,.. • I 116 -o,n -11tl .... 
l'O 6E.-17 -1 )'"◄ , J&.)2 • I )St . , )St ,111,12 -1£.17 • I ◄61 . '.'li,Jl - IOl -102 •'ll->2 1£.17 -I >ti -111,)2 -Ull . , ll2 .,g.Jl 
JI\ 1 ~47) .o,-, 17S) -tMI -021)1 .. ,o: 13'"4 -IOll ·- • I 02' 1061 .. ru 01144 .... I 216 .. ,,., O!lt -0 II 
)6,) 0 ll .)£..1, I l06 .,e.11 , .... • I 00◄ 04101 ... , ... l 17\ --tit-II l Pl ·1 .. , u .. , •lll-16 l◄ll .\ft..lt l ◄ll -1,11 

MA..~l\ifl.'M 0 ll I l"4 , .... I ),t I "'If I 00◄ t ◄lG\ "" 11"\ I ◄'1 11"'\ • IH ..... I )ti l◄31 l'.ltl l ◄ll d&:I 

EXPflUME>IT Al. HOR l\'Ul I IH<>fl VDt I HOR IVDt 
IIUl'lTS 17\I . , .. , I I ) :1 ·'"' l,Mt-&,l Dl~CF 102'1'1'1 :·01 I 1,1,i 11:WI I UI 1 .. : 
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APPENDIX H. 

Calculation~ of the frequency and the relative damping. 
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i \ I\ I\ r-,.._ X _,-., V c, 

0
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~-,.-------.... V w',:,\$~c:v~--

o O 0 

~ : l O O 0 

~ -~ l 
-10 

::: l 
-16 

TIME IN SECONDS 

NATURAL FREQUENCY - I I (y-x) 

RELATIVE DAMPING J = d I l(( 4 pi,...2) + d,...2)"0.5) 

where d • ln (a/ b) 

. , 
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APPENDIX I. 

Design aids used to obtain the drag, inertia and lift coefficients, for use m the 

Morison equation. 
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ii• pu,ic111n l'l1l·rcf11rl·, iltl• HCUlfllfH lhlt.:d r.n-.!c. "' J1.\1;.:n \.'l lu,:\ 1 .. r r,J '"' .. cvlinJcr 

n,•r the 1, .. 1111m, a shu-..•n ,n n,\li;n ,\1J 111 P,r••• ode fnr the foll rJr-cc n1 fl .; c/O c; 2. 

It ,s rccommcnJc<l that J~•~luc bctwccn(D( ,c:-mot.c frnm butwm: ,n-GCthc 
m~rn,um fur cont1ct w,th'fottoml be uscJ for .lcs,~n 

The npcrrmcntll rcsul 1, of \' J T11m11tl' ,·t JI. ( 197 J) :1n,I Sd11I:, r \ I 9 71) 

rhoui:h snn,c,~hJt l1m11,,I ,nth,· r111i:,· •f ,•/I} ,.ol,.c> in,-·su~ .11,,I h n,11,1 )upp,,rt 
rill· r,·,ult) ,,l,1;i1m·ol trun, p111cn11JI tl11w :th,1111 ,-~ 1111,'.:· 11,· • .1 1,,,.,;,.1_,,, \ln11I ,1<l,l,• 
1111nJI cxp,·runcnt:il dJtJ hclton,n Jv:11l.1hlc, 11" n·, . ·11m,·11,l,•,I .,..,ti, ,crt.1111 r,''<'"'" 

lluns statcJ uclow - th1t the d,·s,i;ner use the C.1 ""'' CW\ v1lul·s rrc)l'ntcJ m l')c-:,,~n 
A1J 111. 

Design Aid Ill for Ct u based on potcnti:a.l flow solutions Th~ curve for c1 
decreases from 3. 3 (to 4.S) for e/O • 0 (cylinder in conuct with bottom) to 2.0 for 
c/O • 2 (cylrnd,r remote fri,m bottom). 

It ~:1oul<l be rec:a.lled from the discussion of force coc!fic1ents on tylrndcrs 

remote from :1. bound:i.ry that a Ith force occurs which is :i.ttribuut:lc to vortex sheddin&, 
Until experimcnt:a.l d:i.u. :i.rc 1va..ilable whteh prove otherwise, the s:i.me should be assumed 
for cylinders ne:i.r a bou:iduy. The choice of lift coefficient due to vortex shedding 
should be made by the procedure outlined in the d iscussion of cylinders remote from 
the boundary. 

Note that small g:i.p-to-diameter nuos (0.1 or less) leac. to high neg:u,ve v:a.lucs 
for CL.A. The designer is cautioned, however, :1.g:1.inst using large ncg:i.uvc CL.A values. 
Scour or deposition could curly widen or close the &'P· As would be expected, the 
curve an Design Ard Ill for CL uymptotic:i..lly :i.pproachcs a v:a.lue of Ou e/0 increases. 

FINDINGS 

l. For the prediction o( wave force:, on )Jbmuine prpelmcs, the Murison equation for 
horiz;ont:a.l forces and the lift equauon for vcmca.J forces have been broadly accepted u 
reasonable for design. 

2 It 1s gcner:i..lly &£recd that the expressions for puuclc velocity and accelcracon 
denvcd from the Airy wave theory, despite their limrtauons. uc useful for the pred1c· 
tion of wave k.memuics for use m wave force estimates. Most researchers hiive used 
this theury to analyze wave force data and to Jcrrve wave force coefficients. 

3. The use of force equations requires empmc.J estimates of wave force coefficients. 
However, very little rfau ts av:uh.blc for wave forces on submerged pipelines from which 
these cocfficrcna e::in be determined. All of the pertinent dau were obu.ined dunng 
sma.11-se:a.lc test~ conducted ir, :he l1bor1tory. There arc disagrccmenu and inconsis• 
tcnc1cs in some of the existi"g dau which arc :i.ttribuuble to poor test uchnic:ucs, 
questionable data analysrs, or the limited range of test va~ablcs.. 

4. Potential flow theory for \.l\tform and accelerated now p:ut horitont::il cylinders has 
been used with some success co reveal trends from which lrh and inertial w2vc force 
coefficients for pir,c:linc. can be csumated. 
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Figure S. Ocsi1n Aid 111 - force coefficients for pipe ncu bottom. 
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