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WAVE FORCES ON SUBMERGED ARTIFICIAL REEFS
FABRICATED FROM SCRAP TIRES

I. INTRODUCTION

1. 1 Background

The value and productivity of marine artificial reefs as fish

havens have been recognized by fishermen and scientists for more than SO

years. Increasing demands on fish stocks by recreational and commercial

fisheries as well as the degradation of many natural marine habitats

has stimulated interest in artificial reefs. Artificial reefs have been

constructed in the United States since the 1930's, and over 200 permits

for reefs have been issued by the Corps of Engineers. These reefs have

been constructed in relatively sheltered locations and have experienced

varying degrees of success. Current proposal s to construct offshore

reefs in exposed locations require a conscientious engineering

evaluation of environmental loads and ballast requirements to ensure

stable and durable reefs.

A variety of scrap materials have been used to construct reefs.

Auto bodies have proved impractical due to the costs of cleaning and

transportation and their rapid deterioration rate. Ship hulls provide

good stable habitats, but require massive amounts of ballast to resist

motion due to currents and waves. Tires, rock, concrete rubble and other

scrap materials are effective and durable. Tires are plentiful, cheap

and relatively easy to handle and transport to the reef site. At



present, more than 200 million tires are scrapped annually in the

United States, Less than 10 percent are reused. The remaining t1res may

be obtained in bulk at almost no cost.

Rubber tires are essentially inert in salt water, with a

deterioration half life of approximately 50 years. Thus, they may be

temporarily stored in a marine environment and reclaimed within 50 years

if a commercial value should develop. Tires may be configured and

ballasted 1n a variety of ways to provide attractive hab1tats to many

pelagic species. Configurations are selected to provide spaces which

are large enough to admit prey fish but small enough to exclude predator

fish. They quickly encrust wi th micro- and macro-organisms, thereby

providing an important link in the food-chain.

The Port of Umpqua, Oregon has proposed to construct an artificial

reef fabricated from scrap tires at the Z7 fathom contour off the coast.

The intended purpose of the reef is to restore recreational bottom

f1shing to this coastal area by enhancing habi tats for bottom and reef

f1shes. This coastal area experiences wave heights wh1ch exceed 30 feet

annually. The forces associated with these waves are very large compared

to those experienced at other reported reef sites. In order to prov1de

a stable yet economical reef des1gn for this site, some basic information

relating forces to wave induced water motions is required. This research

has been funded by the Port of Umpqua and Sea Grant to 1nvestigate

fundamental questions required to minimize construction costs and

environmental risks while maximizing reef fishery production.

Experimental studies were conducted 1n a large wave channel at the

Oregon State University Rave Research Facility to evaluate wave force

coefficients and bottom friction coefficients for reef components



fabricated from tires. The results of the study are not site specific.

The experimentally determined force coefficients may be applied to any

location where design wave conditions are known.

1.2 Previous Work

The scientific study of marine artificial reefs has a relatively

short history. Since 1960, considerable efforts have been made by

oceanographers and sea-related public organizations to provide

descriptive i nformation on the bahavior and management of artificial

reefs. Hiological productivity studies have been made for shallow water

sheltered reef sites by several researchers. General considerations for

selecting reef sites, construction materials, shape and size of the reef

components and its effects on fish ecology have been discussed by many

investigators. I Carlisle et al. �964!, Parker et a1. �914!, Aska�978! !

Parker et al. �914! examined the techniques and costs of reef

construction with various materials. They proposed a variety of

configurations and fabricating procedures for scrap tires to maximize

utility as fish habitats.

Regarding engineering aspects of ar tificial reef designs, little

work has been completed beyond general considerations for the stabi li ty

of reefs on the ocean bottom. Even though the effects of the water

depth, sedimentation, currents and waves on the utility and stability of

the reefs were recognized, no quanti tative studies have been reported

which permi t a design engineer to select the appropriate ballast to

resist loads induced by a specifi ed marine environment at the reef site.

There are three unique features to be mentioned in designing

artificial reefs:   1! most artificial reefs have irregular shapes and



can be considered as three-dimens1onal objects, �! most ar tificial

reefs are not f1xed on the ocean bottom, thus they are vulnerable to

l1fting, sliding and rolling if appropriate ballast is not provided,

and �! their response to the waves tends to be elastic as opposed to

rigid.

Numerous studies have quantified hydrodynam1c forces on submerged

bodies such as circular cylinders and spheres, following the work of

Morison, et al,�950!. Studies on bod1es of other shapes are limited

and the general applicability of the concept of Morison is still

questioned. However, the results of previous investigations for

circular cylinders are useful for 1nterpreting the results for art1ficial

reef components.

I.3 Scope

This report summarizes the results of laboratory experiments to

establish design criteria for a submerged artificial reef located in

offshore regions with severe wave and current conditions. Various rubber

tire reef components are tested under wave conditions varying from

shallow to deep water. The results of the study are presented so that

they may be generally applied to any site where wave, current and

sediment conditions are known.

Three major objectives were sought:

I. Determination of maximum force coefficients for tire units in order

to provide a rapid reef design precedure.

2. Oetermination of drag and inertia coefficients for various tire

configurations in order to examine the applicability of the Morison

equation in predicting horizontal hydrodynamic forces on tire units.



3. Evaluation of frictional resistance of tire units in contact with

sea-bed materials in order to determine ballast requirements for

reef stability.

ln addition, observed wave profiles and kinematics of

monochromatic waves in the laboratory were compared to theoretical

values predicted by Dean's Stream-function theory and Airy wave theory.



II. THEORY

Introduction

The characteristics of hydrodynamic forces on submerged objects in

steady and unsteady flow regimes are briefly discussed in this chapter.

This review is intended to provide the necessary background to understand

wave forces on tire reef components and will establish force

relationships to compare to the behavior of other submerged bod1es. The

first sect1on introduces established semi-impirica'] force pred1ction

models. Section 2.2 and 2.3 discuss numerical procedures required to

determine force coefficients from measured force and kinemati c data.

Force coefficient dependence on various parameters is suneari zed in

Section 2. 4 and 2. 5 for horizontal circular cylinders subjected to

period1c flow.

2. 1 Hydrodynamic Forces on a Submerged Body

Stead Flow Forces

Steady flow exists when the fluid velocity at any point remains

constant. over a specified length of time. The flow-1nduced force on a

submerged object is known as the drag force and represented by the

symbol FD'.

p 2
F =C � AU

0 D 2

where a is mass dens1ty of the fluid, A is the projected area of the

body in the direction of flow, 0 is the steady-state flow velocity, and

is the drag coefficient.I.Ippen  1966!] This formula may be derived



from dimensional analysis and is consistent with known relationships

for turbulent shear stresses on flat plates and pipe walls.

The drag force on an object consists of two parts: the frictional

drag and the pressure or farm! drag. The friction existing between the

flow and the surface of the body produces a shear stress and resulting

force which has a component in the direction of the incident flow. The

pressure drag is due to the differences in pressure over the front and

back hal ves of the body. The percentage parti ti oning of the total drag

force between these two components varies as a function of Reynolds

Number. For the circu'lar cylinder, the contribution of the skin
3

friction drag to total drag varies from 6 percent at Re = 5 x 10 ! to 1
6

percent at Re = 2 x 10 !.!Achenbach�968!j

A number of experiments have been conducted to evaluate drag

coetfi cients for objects of familiar shape such as circular cylinders

and spheres. !t has been determined that the choice of CD for a

circular cylinder in a particular steady flow design situation must take

into account the following factors: the scale and intensity of

tur bulance in the approaching flow; the roughness of the cylinder

surface, the proximity of a wall to the cylinder, vibration of the

cylinder, and the nature of the flow. The last factor is represented in

parametric form by the Reynolds number written

R U D
e �-2!

where u is the kinematic viscosity of the flowing water, D is the

diameter of the object. The drag coefficient variation as a function of

Reynolds number is well established for the case of a smooth cylinder in
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Fig. 2-1 Drag Coefficient. vs. Reynolds Number, Smooth
Cylinder in Steady Flow [Schlichting�955!]

steady flow as shown in Fig. 2-1. An abrupt drop in the drag coefficient
$ 6observed at Reynolds number between 10 and 10 is called "the critical

point". This is due to the considerable decrease of the pressure drag

resulting from the alteration in the flow pattern. In general, flow

around a body separates from the object at a location termed the

separation point, part of a separation line. A wake region is formed

wi thin the separation line on the down stream side of the object. In

this zone there exists low pressure which accounts for much of the

pressure drag on the object. Near the cri tica1 Reynolds number, the

separation points move further towards the rear of the object and the

zone of low pressure is greatly reduced, in turn reducing the pressure

drag. Although the skin friction drag increases during the process, its

increase is far less than the accompanying decrease in the pr essure drag,



and the combined effect results a sudden drop in the total drag force,

There are limited data available on drag coefficients for Reynolds

6
numbers exceeding 10 .

Because of symmetry, there exists no lateral, or lift force to the

flow direction unless the body is so close to another body that the flow

around it becomes asymmetrical.

Unstead or Acceleratin Potential Flow Forces

The concept of potential flow is based on the assumption of an

ideal liquid which has no viscosi ty, described as being inviscid.

Although such a fluid does not exist in nature, there are circumstances

in the flow of real liquids wherein the effects of viscosity are of

secondary importance and thus predictions based on potential flow are

very close to actual hydrodynamic condi tions.

In the absence of viscosity no shear stress is developed by the

motion of fluid past a submerged body. Only pressure forces can

contribute to the drag force on a body submerged in an ideal fluid. In

the case of steady potential flow, however, the fluid particles flowing

near the surface of the object do not separate to form a wake, and thus

the pressure distribution would be symmetrical fore and aft.

Theoretically, a body submerged in a steady-state potential flow can

experience no net force on it by the motion of the ambient fluid.

But in an accelerating potential flow, there can be a force. This

consists of two parts, the first of which is the buoyancy-like force due

to the pressure gradient between upstream and downstream sides of the

body. This force is equal to the product of the displaced mass and the

fluid acceleration. The second part of the force accounts for the
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added mass effect and is due to the distortion of the flow field around

the body. Any body held in the accelerating fluid is subjected to this

force which can be expressed in terms of the mass of fluid displaced by

the body. The combined effects yield an expression of inertia force,

denoted by F1, exerted on a body submerged in a accelerating potential
flow. This force is simply an expression of Newton's Second Law,

=cpv- dU
! ! dt

�-3!

where P is mass density of the fluid, Y is the volume displaced by the

body, � is the acceleration of the fluid, and C! is the inertia ordU

mass coefficient. The contribution of the added mass to the total

inertia force can be thought of as a fraction of the displaced mass and

called the added mass coefficient. The inertia coefficient can be

defined as C = I + C, in which C denotes the added mass coefficient.
! m' m

! f a massless body is accelerated in still fluid, the first part of the

inertia force is absent and inertia coefficient should be identical to

the added mass coefficient. kith potential flow theory, added mass

coefficients can be analytically determined by integrating the pressure

distribution over the surface of the body. The resu'Iting values are

1.0 for an infinitely long cylinder and 0.5 for a sphere. Because of

symmetry, there is no inertia force perpendicular to the flow direction

unless the body is placed close to another body or solid surface.

Recent studies show that cylinders placed on or near a boundary

experience considerable lift forces. [Jones�978!] However, lift forces

may not be significant for reef stability due to the permeable nature of

most reef components. For this reason, the analysis of lift forces



an submerged reefs is excluded in this study.

Wave Forces

The flow under waves is unsteady and oscillatory. 0 submerged body

experiences time-varying veloci ty and acceleration of the flow over a

wave cycle. If the fluid around a fixed body starts to move, initially

the flow pattern about the body closely resembles potential flaw. The

fluid travels along the surface of the body and no separation occurs.

If the flow continues to move in one direction for a period of time, a

boundary layer develops along the surface of the body, and the triction

force becomes a significant part of the total force on the body. Then

flow separation occurs, and the pressure drag becomes a major par t of the

total force. Recause the flow is oscillatory, the process described

above is interrupted when the direction of flow reverses . After the

flow reverses, the entire process begins on the opposite side of the

body until the next flow reversal and so forth.

The basic nature of the flow pattern depends an the period of time

for which the flow continues in one direction before it reverses. If

the period is very short, the flow about the body will be very close to

inviscid, potential flow and inertia forces will govern the total force

on the body. If the period of flaw is very long, the flaw will be

quasi-steady and drag forces will dominate the total force. For flow

periods between these extremes, both the inertia and drag farce will

contr~bute to the total force on the body. The widely used semi-

empirical formulations used for estimating the wave force on a fixed

body is the so-called Norisan equation: Parison et al. I950!]
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F=C � AUIUl+C PVU
D 2 I

�-~!

where F = F + F 1s the total force on the body, and U = � is
~ dU

D I dt

instantaneous acceleration of the fluid. U~U~ has been introduced 1n
2

place of U in order to ensure that the drag force is applied in the

specific experiment with specif1c wave parameters, values of CD and C<

could be chosen such that Eq.�-4! gave good agreement with the t1me

history of the measured force. The maximum forces occur at the instant

when the vector sum of the drag an/ inertia forces reaches its maximum.

in most cases, the maximum force experienced by an object is

considerably higher than either the drag force or the 1nertia force

alone. Morison and his co-workers did not give any information on how

CD and CI varied w1th experimental parameters.

Near-bottom water motion under the waves is parallel to the bottom

and oscillatory. Theoretical studies have shown that a double amplitude

distance of water movement, 2a, is necessary before flow separation from

an object occurs. Yamamoto and Nath  1976!, for example, have estimated

the no-separation condition for pipes as 2a/D < l.5, D being the

diameter of the pipe. Until the instant of flow separation, the rea1

fluid effects are minimal and the flow-induced force on the cylinder can

same direction as the instantaneous fluid velocity U. Other terms are

as previously defined. The work of Norfson et al. �950!, wh1ch led to

Eq. �-4!, is based on the assumption that the total force can be obtained

by adding the two components of force 11nearly, a drag force analogous

to drag in steady flow and an 1nert1a force as in potential flow. Their

work was for cylindrical, vertical piles. They found that for any
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be predicted based on potential f1ow concepts, and the first term of

Eq. �-4! can be neglected.

A designer may be more interested in the maximum va1ue rather

than in the time history of wave forces on an object under the selected

design wave conditions. For design purposes, the maximum force

coefficient ~ denoted by Cf, has been successfully introduced by

several investigators.LSarpkaya�976!, Grace�977!] The maximum design

force is defined as

p 2

max f 2 max

Eq. �-5! is the form of the drag force in a steady flow expressed by

Eq. �-1!, even though coefficients in both equations are quite different.

However, under the longer waves where separation occurs and flow is

quasi-steady, the inertia force is negligible in Eq.�-4! and the maximum

force coefficient Cf may be identical with the drag coefficient C in

Eq. �-4!. Under intermediate wave length conditions, the maximum force

may not be achieved at the same instant as the maximum velocity.

Nevertheless. Eq. �-5! may be used to determine the magnitude of the

maximum force.

2.2 Determination of Drag and Inertia Coeffic~ents

Based on Morison's formula, many experimental works have been

performed to determine the drag and inertia coefficients for submerged

bodies of familiar shape such as circular cylinders and spheres. The

results have been presented as a function of' any parameter of

significance, e.g., the Reynolds number or the Keulegan-Carpenter number.



For the circu1ar cylindrical pipe, the general form of the Norison

equation, Eq. �-4!, becomes

2

F=CO 2 D R! U  Ul+CIp�! au �-6!

Three methods are availab1e to determine CD and CI for a submerged
body under unsteady flow: 1! least square, 2! maximum value,

and 3! Fourier [Sarpkaya  1974! ] decomposi tion methods. The two most

common methods are described in the following paragraphs.

where 0, K is the outer diameter and length of the cylinder, respectively,

and 0 being the instantaneous velocity of the ambient flow. It was

recogni zed that the drag and inertia coefficients in Eq. �-6! are not

constant throughout the wave cycle. Earpkaya�976! j At the initial

instants of flow, C is equal to its steady state value and CI = 2 as

obtained from potential flow conditions. As time progresses neither CD

nor CI remains the same and changes with the changes in the flow,
reflecting the past history and affected by the gross features of the

current state. However, the coefficients C> and CI are assumed constant

over a wave cycle for the convenience of application. To determine the

coefficients CD and CI, the measured forces are related with either
measured or theoretical kinematics of the ambient f1ow. Various

theories can be used to predict the required kinematics from a given

wave height H, wave period T, water depth h, and distance up from the

sea floor to the po~nt in question, S. If the theoretical kinematics are

used, the resulting values of C and C are associated uniquely with the

particu1ar wave theory and attempts to use these values with other wave

theories may result in large errors.
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Least S uare Method

The method of least,-squares consists of the minimization of the

error between the measured and calculated forces. The coefficients CD

and C< are chosen so that there is a minimum mean square error between
predicted and actual force traces over a wave cycle. Letting Fm

represent the instantaneous measured force and Fc the force calculated

through the use of Eq. �-6!, and writing

A total squared error can be obtained by integrating Eq. �-7! with

respect to time over one complete cycle of the wave motion. The

equation becomes

r T T
~ dt=  F +F -2F F!dt

m c m c

0 0

T being the period of wave motion. Taking the derivatives of Eq. �-8!

wi th respect to CD and C<, and setting the result to zero, one will
minimize the square of the total error between the predicted and the

measured forces:

d

dCD
2

c.dt=0 �-ga!

2
ddt=0d

dCI
�-9b!

Since Eq. �-9! is a function of C and C, one can finally solve the
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equation to obtain CD and C>.'

�-10a!CD-

�-l.ab!C

Maximum Value Method

Another approach to the drag and inertia coefficients is based on

the following fact: the acceleration of the ambient flow is maximum

when the velocity is zero, and it is zero when the velocity is maximum.

For harmonic motion, it follows that the inert~a force is maximum when

the drag force is zero and it is zero when the drag force is maximum.

The maximum value method is simple to use. The coefficients CD and C>

can be determined by relating the maximum peak values of the velocity

and acceleration of the ambient flow with the corresponding forces at

each instant. The coefficients are given as:

CD = I'- 0 a U'
2 max

Fm  t2!

4 max
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where t, t are the time at which the velocity and the acceleration

are at their maxima, LI, U respectively and F  tl!, F  t ! are themax' max m 1 ' m 2

measured forces at the point of time t and t, respectively. The

inertia force is always in phase with the acceleration of the flow,

2.3 Determination of Max1mum Force Coefficients

As previously ment1oned, the peak value of the measured for ce can

be simply related to the maximum velocity of the ambient flow obtained

either from di rect measurement or from a suitable wave theory. Then,

the measured maximum force coefficient, denoted by Cf. .. isf mes!'

calculated as

Maximum of the measured force 1n a c cle
f mes! =

A U
max

�-12!

The inertia force is zero when the acceleration becomes zero. Therefore,

the drag coefficients calculated by Eq. �-lla! would exclude the effect

of inertial forces. However, there is a phase-lag between the drag

force and the velocity of the flow because the formation of a wake at the

rear side of the object does not coincide with the wave cycle.

Consequently, when the inertia force is maximum, the drag force still

has some value, 1nstead of zero as the theory predicts.

Though it is possible utilizing Fourier analysis procedures, there

is no easy way to separate the drag component from the inertia component.

[Nath, Yamamoto�976!] The observed phase-lag may introduce errors in

the evaluation of the inertia coefficients.



18

Another approach is possible for the simple-harmonic wave condition

predicted by Airy wave theory. For a sinusoidally oscillating flow

represented by U = -U cos 6, with ~ = 2 >t/T, T being the period

of oscillation, the least squares values of C and CI for circular

cylinders, Eq. �-10!, become l Sarpkaya�976! ]

2Tr

F cose [cosef
m

de
max

8
D 3v

�-i3a!

21T
F sin

m

p DKU

max
C

I
�-13b!

4C
vr I 1 ~ P
4C U T/D j 2 maxmax D

D max

�-14!

Comparing Eq. �-14! with Eq. �-5!, the calculated maximum force

coefficient, denoted by Cf  1! can be written as

4 2
C

4 C  K-C!
D

�-iS!

'n hich K-C = U 'T/D = 2a/D, a being the half amplitude of waterin w ic

particle motion. The period parameter K-C is known as Keulegan-

in which F represents the measured force. Since U = ~T U �sin~, it
m

can be shown that the Morison Equation, Eq. �-4! yields
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Carpenter number which will be discussed further in the following

section. For this particular case of sinusoidal oscillation, Cf 
f mes

is not necessarily equal to either Cf 1! or to a similar coefficientf cal

obtained through the use of the semi-peak-to-peak value of the measured

force.LSarpkaya  l976!f

2.4 Governing Parameters

Past studies indicate that. wave forces on submerged objects such as

circular cylinders, spheres and discs are in general dependent on the

following parameters

' = ' ' ' Um x ' ' ' '

where p, ~ are the mass density and kinematic viscosity of the f1uid,

respectively and T is the period of oscillation. Grouping the variables

on the basis of dimensional analysis LSarpkaya�976!j

U T U 0F f   t max max
0 j

~ max

or introducing the phase angle 8 = 2 mt/T.

f  S,ZC,Re!
< OgU
2 max

where R = is the Reynolds number and K-C is Keulegan-Carpenter
e v
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number or period parameter defined by

U T
K C = max

D

�-19!

For the objects of other shapes such as t1re reef components, D may be

def1nd as the length of' the objects along the direction of ambient

fluid velocity U.  See Section 3.1!

Equation�-18!, combined with Eq. �-4!, yields

C = f   e, K-C, R !

C1 = f2  8, K-C, R !

�-20a!

�-20b!

The phase parameter can be eliminated by considering time-invariant

averages of the force coeff1cients. Thus, Eq. 2-20 gives

=f KC,R!1 ' e
�-21!

C1

2. 5 Coeff1 cient Dependence on Governing Parameters

Several researchers have made extensive studies to clarify the

variation of CD and C> as functions of the Reynolds number and/or
period parameter based on the Norison equat1on. Keulegan and Carpenter

  1958! studied the force on a horizontally placed circular cylinder in

two-dimensional flow oscillating with simple sinusoidal motion. They

placed a cylinder at the node point of a standing wave so that the fluid

motion at the locat1on of the test cylinder was sinusoidal and in the

horizontal direction only. The drag and inertia coefficients obtained
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from the experiments were presented as smoothly varying functions of the

period parameter, K-C=U 'T/D. They found that for small values of
max

the period parameter K-C< 3! the force was accurately given by the

potential flow solution, name'ly, by the second term of Eq. �-4! with

C equal to 2 for a cylinder and 1 for a plate.

Sarpkaya�975! carried out tests similar to Keulegan and Carpenter

using a U-tube oscillator instead of a standing wave oscillator. The

drag and inertia coefficients, plotted as functions of the period

parameter, were generally similar to those of the previous investigation.

Garrison et al.�977! used a different type of test apparatus to

investigate the effect of both Reynolds number and the period parameter

in sinusoidally oscillating flow. The test cylinder was suspended from

a carriage by struts into a water channel and the carriage was driven

in sinusoidal motion by a linkage connected eccentrically to a flywheel.

With this device they were able to obtain data over a range of high

Reynolds numbers and their results are presented in Fig. 2-2 wi th those

obtained by reploting the data of Keulegan and Carpenter. The period

parameter K-C is equal to 2a/D, a being the half amplitude of the fluid

motion, or in this case, the half amplitude of the cylinder oscillation.

Yamamoto and Nath�976! also performed a similar test to that of

Garrison et al. The test cylinder was connected to a carriage which was

driven at speeds sufficient to yeild Reynolds number up to 10 . Their

results are shown in Fig, 2-2 along with the results of other

investigators.

The drag coefficient shown in Fig. 2-2a appears to vary slowly with

Reynolds number for R < 10 but in the range 10 < R < 2.5 x 10 some
e e

dramatic variations take place. At values of R > 2.5 x 10 the
e
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R
8 = � =e

K-C vT �-22!

Since T was fixed at the natural period of the water tunnel,

measurements were obtained as a function of K-C for fixed g for each

cylinder. Fig. 2-3 shows the variation of C and CI as functions of K-C

taking Reynolds number and I as independent variables. For small K-C

{less than 3!, values of CI measured by Sarpkaya lie close to the

potential flow value of 2, as was determined by Keulegan and Carpenter.

variation is again gradua1 and appears to approach a constant value at

high Reynolds number. At low values of Reynolds number C tends to be

independent of the Reynolds number but high1y dependent upon 2a/D. The

results pass through a region of extreme variations in the 10 - 3 x 10'

Reynolds number range and tend to increase to constant values at high

Reynolds number. As the Keulegan-Carpenter number decreases. C and C

tend to their potential flow value of zero and 2.0, respectively.
5

However, at Reynolds number greater than 5 x 10, drag coefficients tend

to increase while inertia coefficients tend to decrease.

Sarpkaya�976! presented the results of a comprehensive and detai1ed

series of tests of two-demensional oscillatory flow forces on circular

cylinders. He used a large U-shaped water tunnel, 16 ft high and 30 ft

wide. The in-line force data was sufficiently comprehensive to determine

CD and CI as functions of both the period parameter and a viscosity

parameter. Instead of using the usual Reynolds number as a viscosity

parameter, Sarpkaya used a dimensionless parameter termed "frequency

parameter", which is the Reynolds number divided by the period

parameter, and is denoted by



24

3.0

co
1.0

0.5

2.5 10 50 IOO 200

K-C = Um~�T/D

 a!

3.0

10 100 200

Fig. 2-3  a! Drag and  b! Inertia Coefficients vs. Keulegan-
Carpenter Number for Particular Values of Re and g
$Sarp kaya �976!

C!
1.0

50

~ = Umax. T/D
 b!



k
G =

D
�-23>

The proximity effect of a cylinder can be expressed in dimensionless

parametric form as

J = e D �-24!

where e is the distance between the wall and the nearest edge of the

circular cylinder. The roughness effect. on circular cylinder under the

steady flaw has two distinct features. First, the critical Reynolds

number, R, decreases as the roughness on an object surface of specified
c

size and shape is increased, Second, C progressively increases with

increasing relative roughness.

For oscillating flows about rough cylinders, the drag and inertia

coefficients may be assumed to be functions of three parameters, namely

CD

Cl
= f R , K-C, k/D! �-25!

For large 8, C> lies close to 2 for all K-C. The drag coefficient

passes through a maximum and then decreases with increasing K-C. For R
e

smaller than 3500, the maximum values of CD and the minimum values of

C> appear in the range 10< K-C < l5.

Other important factors that influence drag and inertia

coeffic~ents are roughness on the surface of the body and proximity of

a p'fane wall to the body. The cylinder surface roughness is represented

by k, the average height of protuberances on the surface, and the

dimensionless parameter describing relative roughness for a cylinder is
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Sarpkaya�976! studied the effect of the varying roughness of a cylinder

on C and C as the functions of Reynolds number by maintaining K-C

constant under the flow of simple harmonic oscillation. The volume of

his data enabled him to obtain the following conclusions: for large

values of K-C, the drag coefficient for a rough cylinder is larger than

that for a smooth cylinder and does not vary appreciable with K-C. The

inertia coefficient is considerably lower than that for a smooth cylinder

and it too does not appreciably vary with K-C for sufficiently large

values of K-C > 25.

The proximity effect in a steady flow has been investigated in some

detail by Jones�971!. He found that variat~ons in e/D from 0.0 to 0.16!
had no discernible effect on CD. Nath and Yamamoto and others�974,
1976! carried out a series of theoretical and experimental studies on the

proximity effect for the case of oscillatory flow. For the range of
small values of period parameter K-C ~ 2! in which drag force is

negligible and wave forces can be predicted by potential theory, the

inertia coefficient rapidly reduces from 3.5 at e/D=O! to 2.0 e/D=0.5! as

e/D increases. The value of C increases as the cylinder approaches the

boundary. It is noticable that the value of C for the near boundary

flow e/D=0.083! is about two times as large as that for the free stream

flow. This is probably due to the flow blockage effect of the plane

boundary.

The maximum force coefficient defined by Eq. �-12! was shown to be

strongly period parameter dependent by Sarpkaya�976! and Grace�979!.
From the measured force data in the laboratory U-tube, Sarpkaya obtained

a unique rea1tionship between the measured maximum force coefficient,

Cf. ~, and Keulegan-Carpenter period parameter as shown in Fig. 2-4a.
f mes!'
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bmax
U

U ~ D
bmax

�-26!

where Ub and U represent the maximum velocity and the maximum
bmax bmax

acceleration, respectively, at a point very near the ocean bottom. For

simple harmonic oscillation, g is the Keulegan-Carpenter number divided

by 2> so that for simple harmonic motion,

�-27!

His results are shown in Fig. 2-4b. The measured maximum force

coefficient exponentially decays as the Keulegan-Carpenter number or the

measured period parameter! increases. The magnitude increases

significantly as the cylinder orientation becomes perpendicular to the

incident waves, The results of Sarpkaya and Grace show that the measured

maximum force coefficients for circular cylinders are strongly dependent

on the Keulegan-Carpenter number, varying as an inverse exponential

It shows that in the drag dominated region of the flow k-C <10! the

constant lines are very similar to those shown in Fig. 2-3a for the drag

coefficient. In the inertia dominated region, the maximum force

coefficient is nearly independent of R and increases with decreasing K-C.
e

Grace carried out a field study of ocean wave forces on a cylinder

placed on the ocean bottom and subjected to swell with several different

incident angles relative to the axis of the pipe. The measured peak

horizontal forces were directly correlated wi th measured maximum

horizontal veloci ty to yield maximum force coefficients by Eq. 2-12. He

used a measured period parameter, p , as defined by



function.

The maximum force coefficient dependence on the Keulegan-Carpenter

period parameter for other submerged object shapes has not been clarified

in the literature. However, one may expect a simila~ trend for the case

of three dimensional bodies such as rubber tire configurations. While

thr ee dimensional bodies bear little geometric similarity to cylinders,

the dependence of wave forces on the length of the fluid path trajectory

relative to the body dimension is still expected to be important.

Furthermore, surface roughness and proximity effects are expected to

produce proportional changes in three dimensional bodies.
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I I I. EXPERIMENTAL APPARATUS AND PROCEDURES

Introduction

Laboratory tests were conducted in a wave channel to obtain force

data on ti re configurations of various sizes and shapes. The force data

were collected concurrently with surface wave profiles and water particle

kinematics so that force coefficients and their dependence on the

governing parameters could be determined. A test for determination of

resistance coefficients of tire configurations in contact with marine

sediments was comp1eted so that ballast requirements could be calculated

to resist wave forces on the various tire configurations. This chapter

describes test materials and laboratory equipment as well as discusses

methodology uti1ized in the experiments.

3. 1 Tire Configurations

A variety of scrap rubber tires can be utilized as reef' material.

Passenger car tires are the most plentiful resource and are available in

a range of sizes. The outer diameter of most passenger car tires varies

between 19 inches and 27 inches and inner wheel! diameter varies between

10 inches and 15 inches. Truck tires are also avaiable in great

quanti ties with outer diameters varying from 24 to 60 inches and wheel

diameters from 14 to 36 ' 5 inches.

The experiments conducted in this study utilized six different tire
3 II 3 II 3 II 3 I I

diameters, specifically, 12", 158, 174, 224, 37" and 42> . Their

dimensions are shown in Fig. 3-1. The first four tire sizes were used

in laboratory experiments and the remaining two sizes were used for field

experiments. The smaller tires were used in the laboratory experiments
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Fig. 3- 1 Properties of Tires Used in the Experiment

to avoid blockage effects across the two dimensional cross section.

Each individual tire has three major orientaions as reef' components:
/vvaves�! flag ~on the ocean bottom, �! paral 1 el < or �!

perpendicular to the direction of wave propagation. The projected

area of each case is given for tires of all sizes. In Fig. 3-1, the outer

diameter is identified as D, the inner diameter as D.. the tread width as
i

Dt. and the casing depth as B. Mean values of the ratios D,./D, Dt/D,
8/Dt of six sample tires were found to be 0.515, 0.265 and 0.92,
respectively.

The weight of tire is a function of D, D,./D, 8/Dt, thickness and

densi ty of the rubber casing. The weight in air is compared with that in

water in Fig. 3-2 for sample tires of six different outer diameter, The

submerged weight is only 13.5 to 16 percent of the dry weight. The unit

weight of the rubber tire material was evaluated to be 73 to 74 lbs/ft
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yielding a specific gravity of 1.14 to 1.16. This indicates that rubber

tires require additional ballast to significantly increase the submerged

weight. The weight of concrete ballast available in the cylindrical

segment between the tire bead and tread is ident~f~ed in the last column

of Fig. 3-1.

Using the sample tires, seven different unit configurations were

selected according to the recommendations of marine biologists.L Ref. 4

and 22 j The selection criteria were: 1! to provide a variety of

habitat sizes to attract a variety of bottom fish, 2! to maximize

surface area for marine growth, 3! to minimize frontal area to reduce

wave and current loads, 4! to maximize bottom surface area to increase

bottom friction resistance and 5! to utilize combinations which are

100

50

0.20

0.16 ~
0.16
0.15

14 o

012

10

5

1.0

0.5

3.02.0

D  ft!

1.0

Fig. 3-2 Weight of Tire in Air and in Fresh Water
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Table l. Effective Diameter D' ! and Projected Area A! of Tire
Units

De .896 ftD ~1.479 ft Average0=1.O ff 0=1,283 ft
Configuration

A/ � D
4

A/ � D~
4A/ � D

4 A/$.0 A/ � 0
4D/D D/D D/DD/D D/D

Wavee
1.0 0.337

I.O 0.337

0.282 0,810

1.0 0.332

I.O 0.332

G 277 0.673

1.0 0.335

0235

1.0 0.321

1.0 0,321

0.267 0.747

I,O 0,642

1.0

0.280 0.748

0.674

0.674

I.O

1.0

0.554

0.663 1,0

1.0

0.6691,0

1,0

0.564

0.663

0,673

0.6691.0

0.535

0.642

0.747 0.810

1,0 1348

I.O 1.348

1,128 0,810

2.72 3.463

2.72 3,463

1.0 1,3261,0 1.283

1.0 1.283

1.070 0.747

1.3261.0

1,108 0,673

 A!

 B!

3.56 4.53 3.56 4.53

1.0 0.648

0.839 0.881

1.0 0.595

0.824 0.896

I.O 0,709

0.854 0.866

1.165 1.739 1.165 1,739

relatively simple and economical to construct. The stability of each

unit configuration was tested for tires of varying sizes and differ ent

orientations. Table 1 shows projected areas of each tire unit

configuration according to its orientation. An effective diameter of

the tire units, D', in Table l is defined as the length of the tire units

in the direction of wave propagation and D is the outer diameter of the

component tires. D' is identical to D for the first three configurations

with orientations l! and �! in Table l. The effective diameter of each

tire unit was used for calculation of Keulegan-Carpenter period

1.0 0.348

1.0 0.348

0.292 0.760

1.0 0.695

1,0 0,695

0.584 0.760

1.0 1.390

1.0 1.390

1.168 0.760

2.72 3.463

2.72 3.463

0,559 0,748

1.0 1.337

1.0 1.337

1.118 0.748

2.72 3.463

2,.72 3.463
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Fig. 3-3 Dimensions of Complex Tire Configurations
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parameter and Reynolds number represented by K-C=U~ 7/D' andbmax

Re=Ub D'/~, respectively.

The tire casing volume is defined so that inertia coefficients may

be calculated for each tire unit configuration. For the first three

configurations in Table 1, the volumes are defined by

7r 2
V =  -D! D !

4 t
for orientation  l! and �! �-la!

= mV = �  D -D.! D ! n
4 i t

for orientation�! �-1b!

number of tires in the rosette. The triangle configuration is made of
3 II

four tires of D = 22 � and takes its projected area as approximately 75
4

percent of the rectangle formed by its width and height. Its volume is

defined as approximately 85 percent of a triangular column formed by its

width, height and length along the direction of wave propagation.

Previously defined projected area A! and volume of tire casing V! and

effective diameter D'! of each tire unit are maintained throughout all

where n is the number of tires used.

The projected area and the volume of tire casings for the other

four configurations are calculated from the geometries of the tire units

as shown in Fig. 3-3. The projected areas of two stuffed tires are

calculated as the area of a cross Orientation A! and ellipse�rientationB!.

The volume of tire casing is calculated as 1.5 times that of a single

tire . The projected area for rosette configurations is calculated

as the outer diameter of the tires multiplied by the outer diameter

of the resulting rosette. The volume of a rosette configuration is

calculated as the volume of one tire casing multiplied by the total



walls. The top hole is for escape of entrapped air inside the tire
3 I I

casing when submerged. A steel pipe of � diameter is fixed through the
4

center of the concrete ballast to fix the tire on the dynamometer test

table. Each tire was ballasted by fil'ling with concrete up to the

bottom level of the bead as shown in Fig. 3-4. For connection with
$ I Iother tires, bolts of ~ diameter with 2" washers and nuts were used as

shown in Fig. 3-4.

Air escape hole

Connection hole
 both sides!

$ 5/8 Steel pipe oncrete

Connection bolts,
nuts 8 washers

Conc
ba I 1

Dynamometer table

Fig. 3-4 Drilling and Fabrication of Tire Units

calculations of CD C~ Cf ~ Y C and Re.

Holes were drilled in each tire to facilitate fabrication and

submersion of reef components. Six holes are drilled in each tire: One

at the bottom, one on top and other four at quarter points on both side
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3.2 Wave Research Facility

The experiments were conducted at the Oregon State University Wave

Research Facility. Fig. 3-S shows the dimensions and physical layout of

the wave channel. The hydraulic wave generator is a flap-type board

which is hinged at the bottom. It is activated by a 150 horsepower, 76

gallon per minute pump and is controlled by a hydraulic servo-mechanism

which is coupled to an electronic function generator. This facility is

capable of producing solitary, periodic, and random waves with breaking

wave heights up to 5 feet.

A dynamometer table was placed at the test site to measure the

horizontal force exerted on the various tire units attached to the table

surface. The false bottom of the channel was located flush with the

dynamometer table by placing concrete slabs on steel angles attached to

either side of the channel. A water depth of 10 feet above the false

bottom was maintained during the test.

Monochromatic waves with amplitudes up to 7S percent of the

theoretical breaking height were utilized in the test. Seven different

wave periods{1.98 to 9.88 seconds! were chosen to match specified cases

 Case 4 to Case 8! in Dean's Stream-function wave theory. Table 2 shows

the test wave condi tions and associated wave kinematics at the channel

bottom as predicted by Airy theory. The selected wave conditions span a

range of relative depths from deep to shallow water. Sixteen waves wi th

various wave periods and wave heights form a test set for each tire

configuration. A total of 656 runs were made to complete the stabi lity

study of 41 cases made from seven different configurations, four

different tire sizes and three different orientations.
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Table 2. Test Wave Conditions  h 10 pft!
A1ry's Theoryh/Lp H L

 ft!  ft!
Case

 y- Theory!
T

 sec! 2a ft!

8-A0. 84 20. 3 0. 11

8-B0.23

0.34

21. 20. 50 1. 68

2. 52

1. 98

8-C22. 5

0.08 0.48

0.72

2. 36

0. 12

7-A0.81l. 56

7-B1. 62

2. 43

0.20 3.123. 13

7-C4. 69

6. 5-A

6. 5-B

0.03 1. 22

0. 06 2. 44

1. 06

2. 12

0 15 1 73 55 4
3. 47 57. 7

3. 61

71. 8

74. 4

0.03 1.76

0.05 3.16

1. 29l. 83
4. 42 0. 10 6-82. 59

5-A108.2

110.1

0.02 3 ~ 11

0. 02 4. 36

1. 56l. 95

005 2 676. 25 2.14

4-A0.02 1.95 179.3 0.01 5. 27 1. 689. 88

* Mid point of Case 5-B and 5-C

Lo =  g/2 >!T L = Lp tanh� Tl/L! h

"b

1
a

2 max

1.13 28.3

0.35 2.26 28.3

3.38 28.8

45. 0

46 ~ 6

49. 1

0. 04 0. 07

0. 08 0. 16

0. 11 0. 26

0. 04 0. 24

0.04 0.82

0.07 1.63

0.10 2.36

0.32 7.5-A

0.64 7.5-B

0 ' 96 7.5-C



3.3 Measurement Techniques

The wave surface profile was sensed by a Sonic Systems Model 86

acoustic profiler. This instrument senses distance by measuring the

delay time for a pulsed acoustic signal to propagate to the water

surface and reflect back to the transducer head. The product of delay

time wi th the speed of sound is equa1 to twice the distance to the water

surface. Signal conditioning within the instrument prov~des a

calibrated voltage output which is proportional to the distance to the

water surface. The output is recorded on a visicorder oscillograph

simultaneously with wave force and velocity measurements. The instrument

samples the distance at 60 cycles per second, yielding a nearly

continuous wave record.

The horizontal wave forces on the various tire configurations were

sensed by the strain gages attached to four legs of the dynamometer

table. The detailed structure of the dynamometer table is shown in
I" , I" I"

Fig. 3-6. The table is made of 3' - 10- x 3' � 8- x � aluminum plate
4 2 2

and is connected to four legs of I" aluminum rod through pinned rod ends.

Thus the top of the support legs experience no resisting moment when

displaced horizontally by any force acting upon the table. The
I I I

aluminum rods are rigidly welded 5" x 2" x � steel channel. Stra~n
4

gages are attached to each leg three inches off bottom and are referred

to as Gage A, B wave board side! and Gage C, D beach side!. The

dynamometer table was isolated on four sides by a sealed wooden

enclosure to minimize extraneous forces caused by the movement of water

between the bottom of wave channel and the false bottom. The table

plate has holes of one inch diameter dri11ed at three inch centers to

relieve the vertical forces on the table caused by wave induced bottom



Waves~ wood

-91rZ

Fig. 3-6 Details of Test Section

pressures.

A Novar Nodel 403, low Speed Streamflo propeller current meter was

used to measure the near bottom water particle velocity at the test

location. The speed of propeller rotation is converted to a voltage

level proportional to the water particle velocity and the resulting

voltage level was recorded on the oscil1ograph along with the surface
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�-2a!U ft/sec! = 5.224 E volts!

and

24. 04
A

E8

EC

ED

FA

F8

'c

FO

23. 28

�-2b!
25.48

24. 26

where F is the horizontal force on tire units in pounds, E is the

measured voltage in volts. A, S, C, !3 designate the identity of each

gage attached to each leg of the dynamometer table.

A sample record of surface wave profile  q !, near bottom water

par ticle velocity Ub! and horizontal forces on tire unit F! is shown in

wave profile and horizontal forces. The distance between the meter and

the false bottom was adjusted to be between three and eleven inches

according to the size of the tire units being tested. The elevation of

the ve1ocity measurement was adjusted to coincide with the geometric

center of the tire units. This type of velocity indicator is limited to

speed measurements; direction cannot be inferred from the records.

The calibration curves for horizonta1 force and near bottom water

particle velocity are given in Fig. 3-7. Force calibrations were

accomplished by displacing the dynamometer table with a cab1e and weight

system, and recording the magnitude of resulting voltage at each strain

gage pair. Calibration for water particle ve1ocity was performed by

pulling the velocity meter in a still water at five different speeds and

recording the magnitude of resulting voltage in each step. The

relationship obtained from the calibration can be written as
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H =1.74 ftT = 3.13 sec
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Fig. 3-8 Sample Records of Hydrodynamic Data for
 a!T=3. 13 sec.  b! T=6.25 sec.
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Fig. 3-8 for the wave periods of 3. 13 seconds and 6.25 seconds. All

hydrodynamic data signals were recorded on a Honeywell Mode'I 1508

Visicorder oscillograph. This system is capable of recording up to six

channels at one time, utilizing light sensitive graph paper. The chart

speeds range from 0. 1 to 80 inches per second. Zero output responses are

recorded for all channels prior to the initiation of each test run.

This is to establish a datum from which maximum positive and negative

displacements are determined. Horizontal forces of most test runs were

sensed by the strain gage A and C. F and F are the horizontal forces
ml m2

at the point of maximum velocity and maximum acce'leration zero velocity!

respectively. They are used in determining drag and inertia coefficients

as represented by Eq. 2-11.

A test without ti res on the dynamometer table revealed that the

table experiences measurable horizontal wave forces in the absence of

tires. This may be due to pressure gradients and shear stresses on the

table plate by the surrounding fluid motion. The wave forces wi thout

tires on the table are given in Table 3. The net horizontal force on

tire units should be the F in Eq. 3-2b less the corr esponding force in

Table 3.



Table 3. Horizontal 'Nave Forces on the Dynamometer
Table with No Tire Array

Force at Ub.Ubaa� <~LMaximum Force Lbs!lkeasured

U~ � ~!
H

{<t!
T

{sec! Gage A Gage CGage A Gage C

0. 93 0.15 0. 24 0. 260. 37 0. 38

0.380.32

0.29

0. 53

0. 77

0.490. 27

0. 49

1. 771. 98

2. 53 0. 330. 56

0. 40 0. 38

0.66 0.89

1.01 1.15

0. 88 0. 820. 48

0. 86

1. 70

1.40

1.91

l. 252. 572.36

2.04

0.77

1.79

2.88

0. 660. 98 1. 02

2.97 2.20

3.80 3.19

l. 54

2. 66

3. 31

l. 02

l. 53

2. 88

1. 061. 51

2. 20

1. 73

2. 523. 61 l. 86

3. 003. 69 3. 19

1.23

2.88

l. 33
4. 42

3. 21

l. 752. 11
6. 25

2. 90 2. 15

1.87 1.569. 88

3.33 1.16

1..63 0.82

3,03 1.88

4. 77 2. 54

2. 05 1. 24

3. 02 1. 91

4.57 2.67

1.93 1.23

3.93 2.67

l. 49 0. 97

l. 86 l. 61

0.66 0.49

1.00 0.84

2.16 2 ' 50

1.33 0.79

1.66 1.43

0.56 0.41
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3.4 bottom Resistance Pleasurements

The horizontal force on tire reefs should be ultimately resisted by

bottom fri ction on tire surfaces in contact with marine sediments so

that

�-3!F<f'W
sub

where F is the net horizontal force on a tire unit, W b is the submerged
sub

weight of a tire unit including ballast and f is the bottom resistance

coefficient, The value of f depends mainly upon the area of contact,

roughness of the tire surface and grain size distribution of bottom

sediments. Fine sand is the most common materiaI on the near shore

ocean bottom. The bottom resistance coefficients f are evaluated for

two bottom conditions, namely, fine sands and a concrete su~face.

An artificial ocean bottom was formed by speading fine sands on the

bottom of wave channel to a depth of six inches. In water, each tire

unit was placed on the sand and pulled horizontalIy until it began to

move. The force necessary to move the tire unit divided by the

submerged weight of the tire unit yields the bottom resistance

coefficients. In a similar manner, bottom resistance coefficients

for a finished concrete surface were also determined.

The sands used in the experiment were taken fr om Warrenton Sand Pit,

Warrenton, Oregon which was shown to have similar sand properties to

the sea-bed materials sampled at 27 fathom contour off the Umpqua coast.

The grain size distributions of test materials is shown in Appendix B

along with that of sea-bed sediment off the Umpqua coast.
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IV. RESULTS AND DISCUSSION

Introduction

In this chapter, the measured surface wave profiles, near bottom

water particle velocities and maximum accelerations are compared with

theoretical values utilizing linear wave theory and Dean's Stream-

function theory to evaluate the validity of experimental data for wave

kinematics. The maximum force coefficients are presented and correlated

with the Keulegan-Carpenter period parameter. The drag and inertia

coeffi cients based on the Norison equation were evaluated using the

maximum value method. The measured force history for several tire unit

configurations are compared with the values calculated by using the drag

and inertia coefficients to evaluate the validity of the Morison

equation for tire r eef components, A general procedure for tire reef

design which utilizes the results of this study is summarized at the

end of this chapter.

4. 1 Observed Wave Profile and Kinematics

Surface Wave Profile

A sample comparison of observed and theoretical values of the

surface wave profile, n , during one wave cycle is given in Fig. 4-1 for

waves of four different periods and heights. According to linear wave

theory [Airy  1845!j the surface profile of a wave at a given location is

a sinusoid represented as
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0
 fi!

0
 fi!

0

 tt! Fig. 4-1 Comparisons between Observed Wave Profile and
Theoretical Values for  a! T=1.98 sec.
 b! T=3.61 sec.  c! T=6.25 sec.
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where H, T represent the wave amplitude and period, respectively.

Dean's Stream-function theory [Dean�966]] has provided a more

rigorous description of water wave properties. Accordingly, the

surface wave profile as a function of time is given as

n t! = � 'Yn - � p I  n! sinh � n h + n! cos n � " tT T 2Tr 2ir
L L L T

where NN is the order of the representation, and h is water depth, vq

represents the constant value of the Stream-function on the free surface

and L, X n! represent the undetermined wave length and coefficients

respectively. For a specified wave height, period and water depth, the

parameters L and X n!'s are chosen to minimize the error in the dynamic

free surface boundary condition. Oean  1974! presented his theoretical

dynamic and kinematic computations in dimensionless form for 40 cases of

wave conditions consisting of different h/L and H/H>,I Ref. 6]where
0

2
L = 9T /2> , the linear wave theory deep water wave length, and H

represents the breaking wave height. The value of h/L ranges from

.002 Case 1! to 2 Case 10! while H/HB= 0. 25, 0. 50, 0. 75, 1. 00

corresponding to Case A, B, C, D respectively.

As shown in Fig. 4-1, linear wave theory underpredicts at the

crest and overpredicts at the trough and the error becomes greater as

wave period increases -49% at T=6.25 sec.!. Dean's stream function

theory slightly underpredicts at the crest of short waves -1.9% at

T=1.98 sec.!, however, it overpredicts at the crest of longer waves.

Nevertheless, the error is below 10%. Stream-function theory generally

concurs wi th measured values under the trough for all the waves.
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Near Bo t tom Water Parti c 1 e Ve1 ac i t

U  t! = >HT 2m

b 2, T
~ sin � t

sinh L h
�-3!

The maximum value, Ub, occurs under both the wave crest and troughbmax '

where sin ~T t = 1.0, then2

�-4!U
bmax

sinh ~L

where L = ~» tanh L h is the wave length at depth h.T 2

Dean's Stream-function theory evaluates the bottom velocity as

NN

Jb t! = - g x nj «~ ' cos n~ t
n= j.

�-5!

and the maximum value occurs under the crest with a magnitude of

NN

Ub = - g K n![ ~<]
n=I

�-S!

The measured Ub's for four selected waves are shown in Fig. 4-2

along with the theoretical values computed from Eq. 4-3 and Eq. 4-5 for

Water particles oscillate back and forth close to the bottom of a

wave channel or on the sea floor as waves propagate over the water

surface. The near bottom velocity of water particle motion is given by

linear wave theory as
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specific values of H, T and h. As shown in Fig. 4-2, linear wave

theory correlates better with bottom velocities under shorter waves

 T 4.42 sec.!. However, Stream-function theory correlates better with

bottom ve 1 oci ti es under longer waves  T ~ 6. 25 sec. ! .

A phase lag is observed between the surface profile and the

measured bottom velocity. The reason for this apparent phase 'lag is not

certain, however, it is probable due to a slow frequency response in the

current meter. The magnitude of phase lag decreases from an ensemble

average of 26 at T=1.98 sec.! to 9  at T=9.88 sec.!. This phase lag, if

it is due to the response of the ve1ocity measurement system, may

considerably alter the magnitudes of the drag and inertia coefficients

calculated by the maximum value method, as discussed in Section 2.2. The

frequency response- characteristics of the Novar Model 403 Streamflo

propeller current meter has been reported. Kobune�978! has determined

that this meter experiences no phase lag or amplitude attenuation for

periods in excess of three seconds: shorter periods were not examined.

The measured velocity and force profi1es were used without any

modification in calculating the drag and inertia coefficients and the

results are discussed in Section 4.3.

Another striking feature is that the measured maximum velocities do

not occur under the wave crest for shorter waves T=1.98-4.42 sec.!.

Instead, they occur uncer the trough. This observation is contrary to

theory but reported in some other experiments. [Jensen�978!, Goda  1964!j

To understand this unusual phanomenon more clearly, the ratios of

theoretical Ub and averaged values of measured Ub for particular
bmax bmax

wave periods are plotted in Fig. 4-3 for the observed range of wave

2 2"frequency represented by a h/g, where O'= T being wave frequency. For



short wave periods T 3,61 sec, or o h/g'O,g4!, the measured values of

U are greater than the theoretical values and the difference
bmax

increases as T decreases. For longer wave periods T - 4. 42 sec. or

a h/g = 0.63!, the measured values are smaller than the theoretical

values and the difference incr eases as T increases.

Judging from these observations, one might hypothesize the

existence of a near bottom current which flows in opposition to the wave,

i,e., toward the wave generator. Because the wave flume is a closed

system, waves breaking on the beach may cause a return flow down the

beach and towards the wave generator. This near bottom return current,

if present, would reduce the actual velocity under the crest

1.4

0.6

0.4 0.1 0.5 I.
~2h/g

Fig. 4-3 Compar isons between Neasured Naximum Water
Particle Velocity and Theoretical Values at
Elevation near Channel Bottom



Near Bottom Water Particle Accler ation

According to linear wave theory, water particle accleration at the

bottom of the wave channel or sea floor is given by

2 2

U {t! = cos � t
2it HT

27sinh ~L
 s-s!

and its maximum value, U~ , occurs under both the down-crossing andbmax'

the up-crossing point of surface wave profile where the horizontal

velocity is zero. Its magnitude is

2 2

2> H/T ~2'
T bmax

sinh L h
bmax

{4-s!

and enhance that under the trough for all waves.

According to finite amplitude wave theories, the difference

between the maximum velocity under the crest and trough is small for

short waves large h/L ! and increases as the wave period increases at
0

a given depth. Thus, a return current may have a more pronounced effect,

on short waves. For longer waves, e. g. T > 6. 25 sec., Ub sti1 1 occurs
bmax

under the crest because the difference between the crest and trough

velocities exceeds the magnitude of the return current.

In spite of the anomalous behavior at high wave frequencies, the

results of Fig. 4-3 indicate that linear wave theory provides a useful

prediction for maximum bottom ve1ocities at intermediate and low wave

frequencies. This result has been confi rmed by several investigators.

LLe Mehau te et al . �968!, Gr ace �976! ]
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Dean's Stream-function theory evaluates the bottom water particle

acceleration as

NN

U  t! = Q X n!  T n! < n] s1n nT t
n=I

where NN, X n!, T and L are as previously defined in Eq. 4-2.

For the present study, near bottom water particle accelerations

were not measured directly in the laboratory. Instead, maximum values
+

 U ! were determined graphically by evaluating the maximum slope of
bmax

the velocity records so that

d Ub <Ub
bmax dt max h t max

1.4

rn 1.2

E

1.0

a. O.S

0.6 0.1 1,00,5 cr h/g2

Fig. 4-4 Comparison between Measured Maximum
ACceleratiOn and TheOretical Values
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It was found that the maximum slope does occur at the instant when Ub=0.

As shown in Fig. 4-2, however, Ub occurs at the up-crossing point of
bmax

the velocity curve for all of the waves exam1ned.

Fig. 4-4 shows a comparison between the mean values of measured

U and two theoretical values. Stream-function theory provides a
bmax

better predicted value for bottom water particle acceleration than linear

wave theory for all wave condit1ons considered. The errors are, however,

below 20 percent for both theories.

4. 2 Maximum Force Coeff1c1ents

Measured maximum forces are correlated with measured maximum near

bottom water particle velocities to yield maximum force coefficients as

�-11!C
f mes!

2'A Ubmax

where F �  ! is taken as the average of the horizontal net forces
experienced simultaneously by four strain gages which were attached to

each leg of the dynamometer table. Most force records were obtained by

using both Gage A and C at the same time. The water temperature was

respectively. The projected areas A! are as defined in Table 1.

The resulting max1mum force coeff1cients show dependence both on

Reynolds number and Keulegan-Carpenter period parameter, however, a more

0
ma1ntained about 20 C during the test yielding the density of water, p,

3 -5 2
and kinematic viscosity, >, to be 1.937 slugs/ft and 1.06 x 10 ft /sec,
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definitive relationship was observed v!ith respect to the period

parameter, The Reynolds number ranged from 1.1 x 10 to 1.2 x 10 and

the period parameter from 0.2 to 20. Refer Section 3. 1 concerning the

defini tions of parameters! The maximum force coeffi cients for various

tire configurations and different orientations are given in Fig. 4-5 to

Fig. 4-11 as functions of Keulegan-Carpenter period parameter. Instead

of Cf ,, a simplified notation Cf is used hereafter to represent thef mes!'

measured maximum force coefficients in this section. The plots of the

measured maximum force coefficients vs. Reynolds number are not given in

this report.

The maximum force coefficients display an exponential decay

 maximum 40 to minimum 1. I! as the value of the period parameter

increases over the observed range. Fig. 4-5 to Fig. 4-9a illustrate the

maximum force coefficients of all tire sizes together for the first three

tire configurations shown in Table 1. There exist minor increases in Cf

as tire size increases, however, the size effects on Cf are insignifi cant

for all cases considered. The case with one tire set perpendicular to the

direction of wave propagation Fig. 4-5a! is of particular interest. This

case yields the largest K-C number up to 50! because D' is the smallest

of all cases tested. The tail of the maximum force coeffici ents curve

shows an apparent leveling off trend as K-C number increases. This is

similar to repor ted results for circular cylinders. ISarpkaya�976!,

Grace�979!] This behavior may help one to extrapolate C values at

slightly larger K-C numbers than that observed in the model tests.

Two stuffed tires with D=l. 9 ft have almost the same magnitude of Cf

as those of four tires fabricated in a triangular form as shown in

Fig. 4-9b. However, the values of Cf are lower than those of any
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other configuration fabricated from two tires. Two stuffed tires with

D=1.0 ft show lower Cf values than the same configuration with D=l.gft.

[See Appendix A or Fig. 4-12j
Fig. 4-10 illustrates various combinations and orientat1ons of tires

with 0=1.9 ft:  a! variation of Cf relative to orientation for a four
tire array,  b! variation of Cf relative to number of tires. All curves
d1splay similar slopes. However, the max1mum force coefficients

obtained from a parallel orientation�! ISee Fig. 4-10aI yield higher

values of Cf, compared to the other two orientations. For a specified
orientation, the maximum force coefficients increase as the number of

tires increases as shown 1n Fig. 4-10b. The tendency shown in Fig. 4-10

is general for other configurations and orientations.

The maximum force coefficients for rosette configurations is given

in Fig. 4-9b and again compared with another configuration in Fig. 4-lib.

Three features are unique with rosette shape tire configurations: first,

slopes of the Cf curves are less than those of other conf1gurations;

second, the s1ope becomes less as D' of the rosette increases; third,

the magnitude of Cf increases as D' of the rosette increases. Rosettes

made of ten tires were tested in two orientations which d~ffer by 18 in

rotation as shown in Fig. 4-9b. No distinguishable difference in Cf was

observed between the two orientations. As shown in Fig. 4-11b, the

rosette configurations display significantly smaller values of Cf than

any other configurations of same tire size for Ileulegan-Carpenter number

smaller than 1.0.

For the convenience of further comparisons, the mean lines of

maximum force coefficient data for all cases tested are shown together

in Fig. 4-12 with the results of a field experiment for circular cylinders
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4.3 Drag and Inertia Coefficients for Tire Units

Drag and i nertia coefficients for each tire unit configuration of

specified orientation were determinded utilizing the maximum value method

as previously di scussed in Section 2.2. Eq. 2-11 can be written again

for tire configurations as

F
C = ml

2 bmax

�-12a!

F
C = m2

PVU
bmax

�-12b!

where F 1 and F 2 are the measured horizontal net forces at the time of
ml m2

Ub= Ub and U = 0 or Ub= Ub !, respectively, as shown in Fig. 3-8.
bmax b b bmax '

A and Y are the projected area and volume of tire casing as listed in

Table 1 and presented Fig. 3-3. The maximum near bottom velocities,

under ocean waves.[Grace  1979!, See Fig.2-4bj It is interesting that

the majority of the mean Iines, wi th the exception of the rosette shape,

have approximately the same slope as they decay exponentially with

increasing Keulegan-Carpenter period parameter. The values of Cf display

a mild leveling-off as period parameter exceeds seven. The present

results appear to show similar variations of exponential decay as the

circular cylinders do and have lower values of Cf in the observed range

of Keulegan-Carpenter number. The Cf curves for circular cylinder

level-off at higher K-C numbers than those of tire configurations.
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Ub, are measured direct1y from the records and the maximum waterbmax'

particle accelerations, U~ , are graphically determined from the slopebmax'

of the velocity records as discussed in Section 4. 1.

The result1ng C and C are found to be both Reynolds number

dependent and Keulegan-Carpenter number dependent. However,

definitive relationship was obtained relative to the K-C period

parameter. The drag and inertia coefficients for se1ected tire uni t

configurations are shown in Fig. 4-13 to Fig. 4-16 as funct1ons of

Keulegar!-Carpenter period parameter. The plots of CD and C> as function

of Reynolds number are not presented here. Although it was not expected

that the force coefficients for tire configurations would show any

strong correlation wi th those for circular cylinders, the results of CD

and CI for tire configurations are somewhat similar to that which has

been observed ior c'ircular cylinders. [Sarpkaya�976!, Garrison et a'I.

�977!] The drag coefficients decay as the period parameter increases

and attain minimum values at 1ntermediate values of the period parameter.

Beyond the minimum drag coefficient, values increase rapidly as the

period parameter increases to the lim1t of the observed range. Inertia

coefficients show gradual increases beginning between 0.5 and 0.9 and

reaching relative maxima between 1.3 and 2.8 as the period parameter

increases over the observed range.

The effect of tire size on CD and C> is presented 1n Fig. 4-13.

For the case of maximum force coefficients, the effect of tire size on

Cf~ was almost negligible. However, larger tires experiencef mesj

genera11y higher CD and C> va1ues than smaller ones, although this

tendency is not consistent with all configurations. Another noticable

feature is that the drag coefficients attain a relative minima at lower
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K-C numbers as the tire size increases.

Fig. 4-14 shows the effect of orientation on CDand CI. No

consistent trends can be found. For four tire arrays, the perpendicular

orientation�! yields the lowest values of CD and CI among the three
orientations. However, this is not the case wi th two tire arrays.

The effect of the number of tires used on C0 and CI is shown in
Fig. 4-15. For the case of 0=1.9 ft, CD and CI increase as the number of
tires increases. This trend is not evident with tires of 0=1.0 ft.

Fig. 4-16a illustrates CD and CI of two stuffed tires and four
tires fabricated form a triangular shape. The latter yields higher CD

and CI than the former, and the magnitudes of CD and CI are similar to
those of four tires of the same size oriented parallel to the waves, as

shown in the same figure. The drag coefficients of rosette shaped

configurations decay less rapidly than other configurations and rosettes

with bigger D' yield higher drag coefficients as shown in Fig. 4. 16b.

It is also apparent that the inertia coefficients increase as 0' of the

rosette increases.

For the convenience of further comparisons, the mean values of CD

CI for various configurations and orientations are graphed as curves in
Fig. 4-17 and Fig. 4-18. Orag coefficients vary between 7.6 and 0. 17,
with minimum coefficients occurring between K-C=4 and K-C=15. Rosette

configurations display unique variations of C and CI, consistent, wi th
the maximum force coefficients. This is probably due to the somewhat

arbitrary definition for D'. The mean values of inertia coefficients of

all the cases graphed in Fig. 4-18 show slight decreasing trends at

large values of the K-C parameter. Also, the slope of the inertia
coefficient curves is slightly steeper at very low values of the K-C
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parameter.

It is interesti ng to compare the obtained results wi th those of

circular cylinders. For this purpose, values of CD and CI for several

tire configur ati ons are plotted in Fig. 4-19 and Fig. 4-20 along wi th

those obtained by Garrison et al. �977! and Sarpkaya�976!  See Fig. 2-2
and Fig. 2-3! . Ehe open points o. e, a, 9 etc.! represent the values of

C and C for tire configurations as functions of either Reynolds number

or Keulegan-Carpenter number. The closed points e, <, <,P etc. j

represent the values of C and CI for circular cylinders if they were
placed under a flow condition with the same Reynolds number and Keulegan-

Carpenter number.

The drag coefficients as a function of Reynold number show a similar

exponential decay trend compared to that of circular cylinders at
4Re >1.0 x 10 . However, the values of CD are lower or higher than those

of circular cylinders depending on the specific tire configuration. The

inertia coefficients as a function of Reynolds number increase as Reynolds

number increases and the magnitudes are lower or higher than those of

circular cylinders depending on the specific tire configuration.

The drag and inertia coefficients for several tire configurations

in Fig. 4-20 show lower values than those of circular cylind .rs observed

by Sarpkaya. While CD for circular cylinders display a mild convex peaks
at approximately K-C=10, C for tire configurations display prominent

D

concave peaks at K-C=13. Inertia coefficients for tire configurations

generally follow the increasing trend of Sarpkaya's data as Keulegan-

Carpenter number increases. However, the values are lower than those of

circular cylinders. Further comparison for lower values of Reynolds

number in Fig. 4-20 is limited because of the relatively high Reynolds



number of tire configurations over the range of Keu1egan-Carpenter

number consi dered.

The differences in CD and C> between tire configurations and circular
cylinders would not be surprising if one considers the inherent difference

in the shape of the two bodies and flow pattern around the bodies.

However, it is concluded that results of hydrodynamic force studies for

circular cylinders are useful for interpreting the results for artificial

reef components.

U = Ub sin ~t �-13a!

and
dU 2~ 2'U = � = � U
dt T bmax T

cos � t �-13b!

4.4 Validity of the Morison Equation

The Norison equation, Eq. 2-4, has been widely accepted as a useful

too1 for the prediction of in-line wave forces on a submerged body. Past

studies have indicated favorable correlations between wave force histories

predicted by the Norison equation and actual force records on circular

cylinders which are fixed or oscillating in water. However, the validi ty

of the Norison equation is not assured for the case of elastic three-

dimensional bodies such as reef tire configurations, responding to ocean

waves.

To examine this aspect with tire configuraions, the measured force

records were compared with calculated force histories. The forces were

calculated from Eq.2-4 by using previously obtained drag and inertia

coefficients. Water particle velocities are assumed to be sinusoidal

with amplitudes equal to the measured maximum velocity, Ub , so that
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The results are shown from Fig. 4-2' to Fig. 4-23 for six wave

periods. Tire configurations and wave heights are arbitrarily chosen

for each period. The error between the measured maximum force Fmax mesj

and the calculated force F , 1! is defined asmax cal

�-14!x 100 X!

F max mes!

Calculated force histories show good agreement in phase and magnitude

for waves with period T < 3.61 seconds. However, some discrepancies in

magnitude are found for longer waves. The calculated forces lead the

measured forces in phase for most cases except that of T=2.36 seconds,

however, the phase lags are below 20o, with the exception of

T=4.42 seconds�8 !. The errors between F , , and Fmax mesj max cal

vary from 12.8X to 23.4K.

It can be concluded that the Horison equation estimates of dynamic

in-line wave forces on ti re units are approximate and some improvements

in the evaluation of the drag and inertia coefficients may be required

to improve the predicted force time history.

If the observed phase lags between surface wave profile and

horizontal velocities are due to the frequency response of' the velocity

measurement system, and modifications were made to correct the velocity

data, the resulting drag and inertia coefficients evaluated by the

maximum value method could be considerably different. l<ithout a

velocity phase lag, the drag coefficients tend to be larger than those

presently obtained values and the inertia coefficients tend to be smaller

for the waves with wave periods longer than 2.36 seconds. For the waves
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with wave periods less than or equal to 2.36 seconds, the opposite may

occur, because the force lag exceeds the velocity phase lag.  See Fig.3-8

and Figs. 4-19, 20, 21!

It is likely that the errors between predicted and measured force

records could be further reduced by utilizing least squares procedures

 See Section 2.2! to evaluate CD and CI. However, this improvement

should also utilize relative velocities and accelerations, thereby

necessitating an evaluation of tire unit displacements as a function of

time. The latter is clearly beyond the scope of this study and probably

exceeds practical engineering design needs. Design requirements are

limited to static predictions of the maximum destabilizing force causing

the onset of motion, not a time history of the dynamic force response.

The maximum force is adequately evaluated by the maximum force

coefficient.

The noticable disagreements between measured and calculated force

history for the cases of T=4. 42-9. 88 seconds may be due to the elastic

response of the tire reefs to the longer waves. Based on the present

velocity measurements records, the maximum forces occur near the points

of zero velocity, i. e., at the points of maximum acceleration. This

behavior was verified theoretically using the Norison equation and the

experimentally determined drag and inertia coefficients. It may be

concluded that inertia forces dominate drag forces in Eq, 2-4 for all

tire configurations and wave conditions considered in this study.

The phase differences between maximum velocity and maximum measured

force, denoted by g, are also shown in Fig. 4-21 to Fig. 4-23. The

phase lag is defined according to:
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U or ~ ! = Unlax or ii �! sin T t
2'

�-15a!

and
F = F sin  � t +4!2

max T
�-15b!

wave crest, then F wi 11 occur between the trough and the up-crossing
max

point. The latter will yield 4 between the up-crossing phase angle and

180 , which concurs with the data points corresponding to T=1,98-4.24

seconds in Fig. 4-22. However, there are some exceptions for the waves

with T=4.42 seconds. Even though the maximum velocity occurs under the

trough, data of many runs wi th thi s wave period show that the maximum

As discussed in Section 4. 1, maximum velocities occur under the trough

for the waves wi th T=1.98-4.42 seconds, and occur under the crest for

the waves wi th T=6.25&.88 seconds. Naximum velocities lead maximum

forces for the waves with T=1.98-4.42 seconds, and the opposite occurs

for the waves with 7=6.25-9.88 seconds. However, ! is always referenced

from the wave crest as defined in Eq. 4-15. The phase lags obtained

from the force records are plotted against the Keulegan-Carpenter number

in Fig. 4-24. Phase differences tend to decrease as the K-C number

i ncreases . For the waves wi th T < 4.42 seconds, the magnitude of

ranges from 50 to 120 . For the waves with T ~ 6.25 seconds, the

magnitude of $ ranges from 18 to 50 .

Usually, maximum forces occur at some point, between maximum velocity

and maximum acceleration where the algebraic sum of drag force and

inertia force in Eq. 2-4 reaches its maximum. If the maximum velocity

occurs at the crest, then F.� � leads U � and 0'< ! <90 . This concurs
with the data points corresponding to T=6.2~.88 seconds in Fig. 4-24.

If the maximum velocity occurs at the trough but, 4 is referenced to the
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4.5 Bottom Resistance Coefficients

Bottom resistance coefficients were obtained utilizing the

laboratory procedures described in Section 3.4. Each tire unit was

pulled horizontally in water both on fine sand and on a concrete

surface unti l motion was initiated. The bottom friction coefficients

were calculated according to

f =

sub

where FH is the horizontal force required to move the tire unit and
W is the submerged weight of tire unit including any added ballast.

sub

The results are shown in Table 4. The magnitude of f varies

between 0.80 and 1. 28 on fine sand and between 0.46 and 0.74 on a

finished concrete surface. The effect of orientation on f can be seen

for each tire configurations. Orientation�! promotes the highest

values because of the relatively large contact area. Orientation�!

provides the lowest values due to rounded contact edges. For rosette

shape and stuffed configurations, orientation 8! induces higher f.

Bottom friction coefficients tend to decrease as tire size and number of

tires increase.

Valent�979! performed a friction test wi th sea-bed materials

collected at various water depths. The specimens were displaced under

normal loads in a direct shear test machine in contact with rough and

smooth steel or rough and smooth concrete. The maximum friction

coefficients vary between 0. 55 and 0.65 according to the sand properties.

Two test results of Valent are shown in Appendix B along with sample

fricti on test records for t«o tire configurations.
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4.6 Field Application

In this sect~on, the results of the present study are integrated to

provide a design procedure for submerged artificial reefs fabricated

from rubber tires. The required information for reef design includes:

design wave conditions wave period T, offshore wave he1ght H !, water

depth at the reef site h!, physical character1stics of sea bottom mater1als,

and tire sizes and confi gurations to be used. The design wave height in

deep water, H , may be taken as the significant wave height H ! or
0 5

average wave height of highest l0 percent of all waves HI0!. H or H>0s

are used to allow occasional unit motion for the design storm without

excessive ballast requirements. The deep water wave he1ght, H, should
0

be mod1fied to the actual wave height at the reef site, H by considering

shoaling, refraction and breaking of the incident waves.

Th1s wave condition combined with water depth at the reef site

enables the designer to predict the near bottom kinematics of water

particles utilizing available wave theories. As discussed in Section 3.1,

linear wave theory adequately predicts maximum sea floor water particle

velocities and may be used 1n reef design. A dimensionless maximum

water particle velocity at the sea floor U / L /T! is given in
bmax o

Fig. 4-25 as a function of dimensionless wave height H/L ! and water
0

depth h/L ! in accordance with linear wave theory. L represents the
0 0

2
deep water wave length for waves with per1od T, L =gT /2m.

0

A reef should be configured and ballasted so that it will remain

stable under the maximum horizontal forces imposed upon 1t by the design

wave. Naximum horizontal wave forces on tire reefs of specified size

and configuration can be pred1cted in two ways: first, by using Eq.2-5

with maximum force coefficient Cf! and maximum near bottom water
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Fig. 4-25 Maximum Bottom Velocity by Linear Wave
Theory for Specified Wave Height and
Water Depth

particle velocity U !, second, by using the Morison equation Eq. 2-4!bmax '

with drag and inertia coefficients CD and C>! and time-varying near

bottom water particle velocity Ub! and acceleration Ub!. However, the

former method is recommended because a designer needs the maximum force

rather than a time history of force. Another reason is that predictions

by the Morison equation may be accompanied by considerable errors in

maximum values as was discussed in Section 4.4.

The following procedures can be used to complete a design:

  1! Predict the maximum sea floor water particle velocity Ub �! from

the design wave height H!, wave period T! and water depth h! by
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using Fig. 4-25.

�! Select the maximum force coefficients Cf! and bottom resistance
coefficient f! for the tire unit configuration and orientation in

question by calculating the Keulegan-Carpenter parameter and

utilizing Fig. 4-12 and Table 4.

�! Calculate the maximum horizontal force on the tire unit as
p 2

F =C � AU
max f 2 bmax'

�! Calculate the required submerged weight of the tir e unit to

resist the maximum horizontal forces as,

Required W = F /f.
sub max

�! Calculate the ballast required to obtain stability as

W ll t per tire!= Required W !/ No. of tires!-Submerged
weight of single tire

The submerged weight of tire units of specified size can be

obtained from Fig. 3-2.

Table 5 shows the allowable deep water wave height for design waves

with periods of 10, 14 and 18 seconds at six different water depths,

assumming that each tire is ballasted to the bead by concrete as shown

in Fig. 3-1. The allowable maximum water particle velocity is

calculated by

AIlowable Ubmbmax

where W = ballast in water from Fig. 3-1! + submerged weight of tire
sub

units from Fig. 3-2!. Cf,, is the lowest maximum force coefficient
f min!

from Fig. 4- 12 experienced by each tire unit of a specified

configuration and orientation. Lowest values are taken because the

resulting Keulegan-Carpenter numbers under the severe wave conditions in
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field are typically high enough to exceed the highest K-C values covered

by maximum force coefficients curves in Fig. 4-12.

Linear wave theory maximum sea floor water particle velocities are

given by Eq. 4-4. The allowable wave height in deep water can be

calculated as

Allowable H = � sinh � h  Allowable U !/KT . 2m
o m L bmax s

�.18!

where K is the shoaling coefficient and represents the variation of'

wave height as waves approach shore. The effects of refraction and

reflection of waves are not considered in Table 5. The resul ts show

that tire reefs manufactured from most configurations can tolerate waves

with periods up to 18 seconds and heights up to 15 feet at a water depth

of 150 feet when ballasted by concrete to the level of the tire bead.

However, additional ballast is required to obtain stability at shallower

depths under severe waves. Similar tables can be presented for tire

reefs with other ballast levels.
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V. CONCLUSIONS

5. 1 Summa ry

Engineering studies have been conducted to provide bas1c

information required to design stable artificial reefs fabricated from

scrap tires. Large scale laboratory experiments were conducted to

determine maximum force coefficients, drag and inertia coeff1cients, and

bottom friction coefficients for seven tire unit configurations and

various orientations. The force coefficients are utilized to predict

wave and current induced loads on individual units while the bottom

friction coefficients are utilized to predict ballast requirements for

resisting wave and current loads. Monochromatic waves ranging from

shallow to deep water, low amplitude to breaking waves in a model depth of

10 feet were utilized in the test.

The results presented herein conf1rm the following conclusions:

�! The resulting force coefficients, relating forces to wave-
current velocities, depend both on Reynolds number and Keulegan-

Carpenter period parameter, however, a more definitive
relationship was observed with respect to the period parameter.

�! The maximum force coef'fici ents exponentially decay as the period
parameter increases over the observed range max1mum 40 to
min1mum 1. 1!. The effect of tire size on the maximum force
coeff1cients of a specified conf1guration is almost negligible.

�! The drag and 1nertia coefficients based on Morison equation
analysis vary uniquely as a function of period parameter. The
drag coefficients decay to a min~mum value at an intermediate
per1od parameter� to 7! and rapidly increase as the value of
the per1od parameter increases further, Inertia coefficients
increase gradually from 0.6 up to 3.0 as the period parameter
increases over the observed range.
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�! The force h~stories from the Morison equation using previously

obtained drag and inertia coefficients agree well with measured

force records, but shorter waves give better agreement than

longer waves. The differ ence between the calculated maximum

forces and measured values ranged 12.8 to 23.4 percent.

Throughout the observed range of Reynolds number and Keulegan-
Garpenter parameter, inertia forces dominate drag forces for all

tire configurations.

�! The Norison equation may be used to predict the force history on

tire reefs in spite of their three-demensional shape and elastic
response to the waves. However, maximum design forces may be
predicted with confidence by using maximum force coefficients
rather than using the Morison equation.

�! The bottom resistance coef'ficients of tire units in contact with
fine sands wer e found to vary between 0.75 and 1.20, gradually

decreasing with increasing tire size.

�! Observed surface wave profiles show that the experimentally
generated waves were nonlinear and the Stream-function theory
provided better correlation wi th experiments than the linear wave
theory. The differences between observed profiles and those of
Stream-function theory were less than 6.3 percent at the crest

and 4.2 percent at the trough.

 8! Linear wave theory yields better maximum near bottom velocities
than Stream-function theory. The differences between the observed
values and those of linear wave theory were up to 20 percent

except the case of very short waves with T= 2.0 seconds.
However, Stream-function theory yields better maximum bottom

water particle acceleration than linear wave theory. The

differences between observed values and theoretical values are

less than 20 percent for both theories.
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5. 2 App1 i ca ti on of Res ul ts

Practical application of the study results has been discussed in

detail in Section 4.6 and may be briefly summarized as outlined below.

�!

�!

�!

�!

�!

 8!

 9!

�O!

�1!

�2!

Predict significant wave height and period for return period
equal to desi red design life of reef using established wave
forcasting techniques.

Shoal, refract and deffract the wave height to the reef si te.

Tolerate same reef unit motion by using significant wave

properti es rather than the average of the highest 10% or 1$ of
the waves.

Calculate maximum bottom velocity using the linear wave theory

combi ned wi th water depth, wave hei g ht and per~ od.

Select a variety of configuration shapes to provide a diverse

habitat for a range of fish sizes.

Evaluate the Keulegan-Carpenter period parameter.

Refer to the experimental results of Cf vs. K-C to obtain Cf for
each configuration.

2
Evaluate F = Cf A U � /2, utilizing A from TabIe 1., Cf
from Step�! and Umax from Step�!.
Refer to Table 4 to obtain the bottom friction coefficient, f,
for each configuration. Use the lesser of the two values one for
sand surface, the other for finished concrete surface! if the

bottom properties are unknown.

Calculate Wsub = Fmax/f.
Add sufficient ballast to each tire to increase the total submerged

weight of configuration to W ub.sub

Repeat Step�!-�1! for each configuration.
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5.3 Future Studies

This study has responded to the need for basic engineering

information required to design a stable artificial reef fabricated from

scrap tires. However, additional studies could provide further

refinements and increase our understanding of' artificial reef behavior.

Suggested additional research topics include:

  1! Extend the range of the Keulegan-Carpenter period parameter by

repeating the tests conducted in this study at the same large

wave scale but with tires of smaller diameter. For this study,

a smaller and more sensitive dynamometer table must, be

constructed.

�! Evaluate lift coefficients for tire uni t configrations . Then

evaluate the phase difference between the maximum lift force

and the maximum horizontal force to determine if lift forces

reduce the effective submerged weight of tires. This study

requires construction of a sophisticated tire support and strain

gage system.

�! Evaluate bottom resistance coefficients f! for a range of sea

bottom materials with various soil properties .

�! Repeat the tests for additional uni t configurations of interest.

�! Monitor the elastic response of tire configurations to water

particle motion and use least-squares or Fourier decomposition

techniques to evaluate drag and inert~a coeffici ents. With the

results of this study, a precise force-time history could be

predicted utilizing the Morison equation.

�! Yerify the frequency response of the Novar Model 403 Streamflo

propeller current meter.
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Resulted Force Coefficients
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Governin Parameters

Farce Coefficients

 Eq. O-12a!

where p = 1.936 slugs/ft  at 70 F!
~ = 1 059 x 10 ft/sec  at 70 F!

wave%
CASE A-L 0'a.O ft PA/2> 2643 ~  D*L,O ft!

R6 xlo ! K-CCfFITS loe!Ugmex  ft/S!7  SeC! H  ft!
.67
.93

5.96
8.39

~ 32
.44

.18
5Z

, 34
. 47

1.88
2.69I.98

1.15
1 ' 97
2.39

7.51
3. Ll
2.63

.46

. 79-.
1. 08

,47
.58
.90

.49

.84
1.14

1.81
2.80
3.60

2.36

5. 67
1+ 92
1.42

2.34
5.64
8.18

.71
1.70
2.47

.84
1,65
2.56

,75
1.80
2.61

1,80
3.59
5.07

4.62
7.07

10.54

1.21
1. 85
2,76

1.50
L. 83
1. 43

.65
1.86
3.22

L.ZS
1. 96
2.92

2 ~ L8
3.27
4.76

3.6l

2.62
1. 12

1.14
2

1.02
2. 13

1.21
2.68

2 ~ 05
4. 284.42

1.42
2.04

2.03
1. 56

1. 22
1. 92

1.50
Z.L6

2, 16
.. 926,25

15,461,481.34.Sj1.579.88 2.00

bmax
Reynolds Numbe~: R

u

bmax
Keulegan-Carpenter Number: K-C =

F

maximum Force Coefficients: Cf p 4 U /
bmax

Fm1
Drag Coefficients: CD= p 4 U

bmax

F  
1nertia Coefficients: C =

bmax

 Eq. 2->!

 Eq. 2-19!

5. 36
11.85

9.40
13.48
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CASE ~2 6'= 292ft pA/2 = .5a5o V* 17gft

max
 Iba!

R
X-C

 xIO>
Cf CO cbma

 ft/5!
89
82

.33

.55
30

1. 60
1,73
2.49

.36

.86
.13
.28

6.85
4.52

2,47
L. 47

.08

.16
2.04
3.87

.30

.57
.75

1.02I.98

2.36

.14

.25

3. 6l

68
53

.34

.68
17. 75
37. 58

2.37
3.00

1.47
1.21

. 18

.32
.15

1. 18
1.54
3,20

1,62
4 ' 37

1. 91
4.07

.24
2.48

1. SO
3 ~ 134. 42

6 .45
4L .59

35. 14
46. 07

2 ~ 5Q
3.00

.27
,61

1.14
1.28

.43
1.66

1.54
2.76

L.o4
2.15

1.79
3 47

1. 80
2,70

2.10
2.80

9,88 . 45 55. 55102 ~ 37.35.56 1.211. 30 821.64 1.502.00

RUh NO. So 66 79 84

CASE >-3 0 ~L-pft PA/2' ' 64 V> 2 ft ~G Dil,o ft!

bma bma max m 'I m 2
 ft!  ft/a!  ft/aa!  Iba!  Iba!  Iba!

Cf C ! C K-C

. 30

.47
.63
,99

.58

.64
12.9 5.50
10. 1 3. 03

.15

.20
.23
,34

.35
,67

.32,90

.50 1.20
96
89

1. 77
2.60

9.1 -.00
3.5 1.49
2. 2 1,01

1.70 .41 1.03
2.o3 .90 1.90
3,33 1.16 2,30

2.36

3. 42 1. 02
1 ~ 6 .28
1.1 .21

~ 80 102
.Bo
. 90

1. 70,84 1, op
3.27 1.71 3.29
4.93 2.67 5-00

3.t 3

~ 80 LOZ
,Z4 .94 Sg
.LS 1.20

2,07 1.21 1, 95
3.03 1.78 2.90
4.57 2.77 4.10

6.19
1L. 36

1.32
2,43

1.7
1.01

.3 1.00
~ 19 1.00

.15
~ 33

,84
1,69

63
65

1.93 L.40 1.90
,13 2.57 3.80

.90
1.75

'. 49
Z,QS

9. 88
13.75

.22 1.13

.23 1.25
1.3
1.2

,80
1.22

50
41

.15

.29
6 25 1.80 1.5a 1.6O

2 ' 90 2.20 2.20

9.88 1.91 1.64 1.05

.89
1.57

1. 55 16, 20.56 .9 .27 1 2Q 32,oa ~ 19

RUh NO. 67-7S, 85-90

7
 aec!

T
 aec!

H
 ft!

1,67
2.67
3,27

1,65
3.40
4.87

2. 03
3.07
4,47

,48
.86

1.22

.86
l,.o7
2~47

1.22
1.87
2 67

Ub
 ft/I !

1,22
1.99
2.60

1,60
3,25
4,25

2.19
2.90
4.25

. 70
1.20
1,70

1.03
2.72
4.10

1. 53
2,79
7 ~ 3

.41

.76
F 80

.o4
1.30
2.08

,72
1.25
3,17

F
ml

 Iba!

.15

. 30

.31

. 17
,33
.57

.18

.32

. 36

,19
~ 22
. 40

.16

.20

.36

m2
 Iba!

.67
1.15
1.64

.98
2.36
3.91

1.49
Z.ZS
2.89

.31

.73

. 77

,56
1.25
2,00

,69
1. 20
2.13

5.20
2.77
1.95

2.39
1.66
1. 15

1.77
1.36
1.78

1 ~ 86
1.5
1.56

1. 11
39

. 36

.32

.16

.18

.20
,16
.16

1.60
1.70
1.65

1.80
2.40
2.70

2.00
2 ~ 30
2.QO

.68

.87

.76

95
95
77

80
67
62

74
68
66

91
91
98

.13

.24

. 34

.24

.46

.68

.34

.52

.74

Re
 x IOB

. 39

.85
1, 10

.79
1.62

. 52

1.14
l,o8
2.62

3.89
6.96
9.87

9. 23
17. 92
26.51

15. 10
23. 15
33. 05

,97
2. 12
2,7-

2, 03
5.35
8.36

4 ' 37
o,43

10.00



105

CASE B-L 0 iwaft PA/2~ .5eo5 D '5 ft!
Re  x l03!CfUbmax  ft/5! Fmas  Ibs!7  sec! H  ft!

9.71
12. 06

. 54

.63
.87

1. 49I.98

.63
L.12
l. 70

1.55
2 ' 77
3.55

13.63
7.73
4.26

.72
1.26
l. 952. 36

2,29
5.72
7,24

7.27
2.68
2.00

L. 59
4.13
5.38

1.05
2.72
3.553.�

L.72
2.92
4,02

3. 00
F 10
7.03

3.62
L.B9
L.B3

3.07
4.64
8,51

3.6 I

3. 83
8.55

1.79
3.99

2.88
6.39

3. 13
1.394.42

eo89
8.87

2.68
4.56

1. 80
1.84

2,28
2.936.25

10 ~ 56L.34 2,211 ~ 881 ~ 581.429.88

Run NO. 372-387

CASE 9-2 0'> <»ft PA/2> 1.3465 V»~ ft >  9 el ~ = ft!

mme bma max.
 ft/s! Itt/s !  I be!

x-c
 xIO<Cf co c

1, 70
2.72

3.79 .83
1.13 1.23

.11
~ 22

.40

.4o
,79

1.66I.98

1.48
3.17
3.85

1.29 1.20
.77 1.41
.60 1 ~ 42

.21

.37

.48

.47

.94
1.20

1. 70
2.64
3.37

2.36

.41 7.74

.69 13.22
1.09 0.88

1.03 1.85 4.01
1.76 3.30 7.23
2.78 4.57 13.06

,40 l.oo
. 29 1,60
. ~ 7 2.10

3. I 3

.32 1.80
,28 2.10
.31 2.20

1.26 2.10 4.48
2.00 2. 90 8.55
2.53 4.60 17.99

.50

.79
1.00

2.10
1.59
2-09

3. 6I

.35 1.85
,42 .32

.51
1.06

1.71
1.35

1.29 1.80 3 ~ 84
2.58 4.20 13.074. 42

.54 0.40

. 79 30.00
.50 1.88
.52 .31

.77 2.29 20 33. o52.96 1.151.53 1.15 4.11 ~ o9.BB

Run No, 3~44, 97-lo2

T
 sec!

2.13
3.40
4.50

2 07
3.1Q
4.50

1. 85
~ 13

2.07
0

1.80
2.53

1. 71
2.80
3.65

1.?3
3.40
5.03

2.26
3.20
4.82

2.00
4, 40

2. 17
3.03

.28 .85
,55 1.20

.52 1. 10

.95 2.00
1,22 2.40

1. 3o l. 85
2.00 2.55

.45

.80
1.22

~ 75
1.95
2.54

1.23
2.09
2.88

1.28
2.86

1.63
2.10

.94
2.01

1. 98
3.38
3.92

4.87
8,71

Fml
 Ibs!

.50
1,23
2.33

.03
1. 54
2. 71

. 78
4.07

l. 24
2.79

F

 lbs!

3 43
6.67

10.76

4.24
6.84

11.35

3.75
10,92

3.90
6.62

8 92
4.94

5.44
2.?B
1. 96

2 ~ BL
1.?3
1.25

1.95
~ 82

.56

. 66

96
39

91
89
77

BO
62
67

85
74
66

32
32

,33
2.61

2.95
5.38
6.91

0. 91
7.33
1.92

3.68
8 ~ 43



CASE 8-3 D'<~9ft PA/2=Z605 o <D�, ft!
Ub  ft/s! Gf R8 xlO !F'max  lbs!7  sec! H  ft! K � C

,39
,74

.41

.77
15. 23
10. 89

.72
1.85

1 . 6,9
2 . 6 3

79
.5oI.98

2.38

'7 5
l. 74
2,52

4, 04
7.71

1.98
1.23

l. 91
3.60

Z.OB
4 ' 59

1.37
2.58

1.93
4,204.42

2.07
2.98

l. 71
1.33

2.09
3.37

l. 48
2. 13

2, 10
2, 676.25

9.88 2.17. 881 ~ 191. 55l. 97

Rgrl Nd. 45-55, 103-108

D - -~~ft PA/2> 906CASE 0-1 �* .9ft!

Re x lo~!Cf7  sec! H  ft! Uymax ft/s! K-C

,58
93

17. 51
12 78

.34

.54
.32
.52

1.81
2.63I.98

3.!3

2, 63
4,96

3 «2
6. 46

2,50
1,69

1.47
2.77

5.08
11.75

2.00
4 ~ 32

o.03
6.74

3.27
3.66

1,87
2.14

1.83
2.04

5.o7
3.08

2. 18
2.906. 25

9,S8 8. 252.831.663. 761.580

Ruh Nd. 420-435

l,o4
2. 62
3,33

1,65
3. 33
4, 93

2,03
F 07
4.53

1.80
2.79
3.56

l. 80
3.47
5.23

2.17
3. 15
4.81

43
.88

l. 16

1.26
1 «88
2.79

.58

.80
1. 15

.72
1.83
2.70

1.40
2.26
3.02

1.25
2.08
2 ' 77

1.53
3.60
5.11

'-. 74
2 ~ 37
6. 42

Fm9x  lbs!
l. 67
3.09

2,8Z
5.31
6.73

4. 53
9.34

15.22

6. 18
9.27

17.84

12,07
4,79
3.68

4. 87
2,12
1.44

1.96
1.45
1,47

9 27
9. 07
5. 62

9. 75
3.09
2.30

3.50
2.QO
Z.lo

.60
1.23
1.6Z

1,05
2.43
3.52

1.76
2.63
3.90

1.04
1,44,
2.06

1. 28
3. 27
4. 84

2,50
4.05
5. 41

.69
1.40
1. 85

l. 59
3.68
5.33

3.08
4.59
6.81

6.25
9.00

10. 35

.72
1.00
1.43

1.18
3.02
4.46

o5
4.31
5.75
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J   D = x . s ft!CASE C-2 D'~5>Sft pA/2 o 1.8402 V =. 8 ft
R e K C

 x 105CiCoCf

.84.01.55 6 ~ 42,59 .75 75..90
1.98 .23

R.36

.39 4,71
,oo 10,79

1.34 16.103.1 3

.61 B. 46
, 98 13. 55

1. 38 19. 183. 61

,63 10,69
1 27 21 64

0 19.1
1.10 Z6,436,25

9.88 .75 28.422 F 00~ 71.394.653. 11$.841.512.07 1.20 25

109-114RUh NO. 12

CASK 0-3 9 <.~+4ft PA/2 < 906 V ~-ts< ft D=l 9 ft!

'H a b max m1 m2
 ft}  ft/8! 1ft/8'}  lbs!  lbs}  lbs}

Cf C ! Ci K-C

1. 07 16. 06 4. 00 . 56
2.37 9. 9 2.09 . 72

.32 .80
,57 1.151.98

2 ~ 10 20 ~ 84 1.65 .70
3.93 7.93 1. 7 .74
5.77 6.02 .61 .87

1, 63 . 48 1.05
2.64 . 90 1.85
3.40 F 20 2.30

2.36

5.20 1.17 .o4
2.9C .35 .84
2 08 ~ 33 ~ 94

1.70 .80 1.60 3.02
3.4o 1.72 3.20 7.78
4.77 2.64 4.45 13.11

3.13

.48 . 80

.30 . 90
,40,96

2.03 1.31 2.05 5.98
3 61 3.11 1.94 3.00 8.41

4.58 2.74 4.40 14.17

,39 ,83
.70 .76

2.00 1.24 1.80 3.92
4.42 4 ' 27 2 ' 67 3,80 10.09

3.82 1 452. ll 1.49 l. oo 3. 92 .81

2 ~ 87 2. 15 Z. ZO 6. 35 1 ~ 76 5. 90 l. 52 ~ 42 3.8$ 7.09

9.88 1.95 1.50 1.20 2.75 1.27 2 ' 44 1.35 .62 .71 33 2. 69 ?. 82

RUh NO. 23-33, 115-119

T
 sec!

T
 sec!

1.75
2.60

1.70
2.64
3.53

1.63
3.27
4.73

2.03
3.09
4.$7

1.93
F 80

2.13
2.80

1.77
2,53

bene
 ft/s}

~ 32
.47

. 43

.87
l. 15

,79
1.81
2.70

1.23
l. 97
2. 79

l. 27
2.57

1. 61
2-22

Ub
 f t/a~!

1.10
2.00
2.40

l.oS
3.86
4.30

2.00
3.00
4,40

1. 90
3.50

1.75
Z.40

Fmax
 lbs}

2.96
5.94
7.75

4.47
12.19
21. 41

6.$4
12.70
25,31

5.?4
20.08

7.24
12. 72

1 68
2. 94

4. 3S
5.82
7 ' 86

F
ml

 lbs!

.46
, 84

1.13

.58
1.76
6.68

1.05
l. 98
o,oo

'7 5
$. 52

2.49
5.24

.56
1.08

.72

.9$

.80

.58

.93
2.10

.72
1.00
2,71

.55
1.69

Fmz
 lbs!

2,45
5 41
6.94

4.45
11.34
14. 87

$. 95
10.45
16.34

2.17
13 22

5. 25
9. 33

2. 91
7. 7C

12.02

4.89
7.71

12.18

4. 29
8.32

8 ' 71
4. 26
3 ~ 19

3. 89
2,02
1.60

2.35
1.78
1,77

1. 93
1.65

l. 52
1. 40

3.85
2.47
2.08

2.SZ
l.S6

1.3
.6
.4

,5
.2
.5

,3
.2

42

.2

.4

.52
~ 5

1 ~ 15
1I40
1.50

1.40
1.60
1.7

l. 54
1.80
1.92

1 43
1 ~ 96

1. 55
2.01

8

93

78
90
90

60
63
64

65
72
69

>0
62

32
32

96
84

106
101

96

93
82
75

94
98
78

68
50

.21

. 43

.57

Re
 x 105

. 5?
1 02

.86
1. 61
2.15

1.43
3.08
4.73

2,35
3. 47
4. 91

2.22
4.78

l. 21
1 ~ 77

1. 93
3.91
F 17

.33

.Bo

.00
1.12
1.49

1.32
2.84
4.36

2.49
3. 69
5.22

2 ~ 59
6.22
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CASE 0-1 0' 1' ff pA/2=.5285 V= -- ff ~ Dw,Q ff!

a brna max
 ff!  ff/a! <ftis !  lba!

K-C
 x IOW

mt m2
F

 Iba!  Iba!
Co

.30 .66

.34 .96
.44 .90
.48 1.20

.42 .S7

.45 . 95I.98

L,SS ,so 1.25
2.36 2 ~ 80 . 85 1. 90

3,52 1.27 2.45

11. 56 2. 42 . 90 83
5.92 1.65 . 99 101
3.03 .90 1.15 101

9.33 1.48 .83
2.85 .63 1.23
2.27 .41 1.35

1,80 .o2 1,70
3.47 1.62 3.40
5,07 Z.SS 4,80

.52 1,20

.35 1.30

.40 1,39

2.20 1.42 Z.16
3.Z7 2.15 3 16
4.91 3.31 4.80

1,34 5.13
2.03 7.76
3.13 11,95

3.6I

.32 1.20
~ 42 1,42

1.42 6.63
2.72 12.73

Z.QQ 1.50 2.00
442 4 39 2. 88 3, 80

.35 1.34

.30 1.51
2.09 1.44
3.22 1.32

1,74 1,76
2.20 2.40

1.64 10.88
Z.QB 13 ' 756.2S

9.88 2.09 1 ~ 65 1. 14 1. 93 . 71 1. 51 1.34 .50 L. 49 28 1. 56 16.30

RUB NO. 328-343

V* "ft' ~ D*L.«f!D m.zas ft pA/2 s . 5856CASK 0-2

Cf c K � C

89I.98

3. I 3

4. 42

6.25

9.88 33L.SS2.00 1. ZO 26, 251.13 .35 1.601.60 1.31

Run No,

7
 see!

T
 sec!

1.81
2.77

2,16
2.93

H
 ft!

85
2.63

1. 8
Z. 73
3.47

2.oo
3.89

o7

2.11
3.10
4.87

', 96
4. 33

2. 17
2 ' 87

ma
 ffxs!

.29

.50

.47

.95
1.22

1.33
1.97
2 ' 72

J. 27
2.10
3.03

1.40
2.77

~ 62
2.07

Ubma
 fr/s~!

~ 90
1.29

1. 15
1.95
2.44

2.44
3.90
4.72

1. 95
2. 95
4, 7Q

1.83
4.00

1.70
2.50

l. 43
1,63

1,53
2. 26
2,56

l. 90
3.94
8,00

2. 77
4.45
6, 98

2 ' 25
4. 92

2.30
3 ' 37

max
 Iba!

52
1.27

.85
1.90
2.35

2.59
4.S2
5.99

2.15
3.56
6.87

1. 95
4. 95

l. 99
3. 46

,32
.63
,77

.3Z
~ SS

1.45

.55
,86

2.32

.38
1.84

, 56
.77

F

 Iba!

.15
A 9

.17

.30

.35

.30

.48

.70

.ZB
,44
.96

.20

.80

.58

. 83

1.00
2.03
2,5Q

1.39
3. 7Q
5. 75

2. 31
3.64
5. 75

2. 13
4. 76

Fm2
 Iba!

.49

.83

. 73
1.81
2.25

2.67
4.53
5.82

2.00
3.49
5.71

1.86
4.30

1.73
3,41

14.0
13.3

2.6G
1.82
1.21

1.89
1. 12

1.07
3.6

6,55
3.59
2.69

2.60
1 2

1. 38

2.28
1.38
1.28

1.70
1.11

1.30
1 ' 38

2. 93
2.7

3.03
:.. QG

1.30
,57
.4Z

.28

.21

.16

.30

.17

.18

.18

.18

.37
~ 33

.81

. 90

. BQ
1.00

99
1. 35
1,35

1.60
1.70
'.80

1. 50
1,73
1.78

1. 50
1.75

1.49
2.00

89
89

93
35
62

78
74
72

62
56

34
32

89
89
71

62
75
62

74
71
68

69
56

34
32

. 47

.80
1.20

.59
1.53

44

Re
 x I05

.16

.28

,26
.52
. o7

.73
1.09
1.50

.70
L.L6
1.67

.77
1.53

.89
1.14

1. 18
2.01
3.00

1.94
5.07
8.08

.98
1.70

1.9Q
3.54
4.94

7.14
10.57
14.oo

'7. 86
13. QQ
18. 75

10. o1
20.99

17.3o
22. 18
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CASE 0 . D'~L.Oft PA/2> Szss V=-->< ft ~O D >L.Q ft!

ma bma max
 ftls! 0'~>a*!  Ibs!  Ibs!

C Cf Cg

4.3
3.0

.37

.54
.79

L.54
.25
.48

.GS
1.09

13.6
9.6

o2
.6

.31

. 52
89
89

,33 .80
,55 1.20

1. 73
2.63I.98

1.13
2,10

2 1
.9
.7

2.36 .o5
.68 o ~ o*

3.13 1.9
1,9

3 47
4 32

3.6I

59
62

1.16
2.52

5.44
11. BQ

.28 .82
.85

1.31
2.95

L.o6
5.17

Q
1.3i

.23

.80
1.23 L.96
2.67 3.92

1 91
4.164.42

32
36

.3

.2
1.5
1.7

1.42
1.31

l. 00
1 OC

9.38
B. o9

1.60
1.62

1.39 1.80
1.50 1 ~ 83

1.61
2.09

.40

.33
2. 15
Z.206.25

9.88 .o51.6 .35 39.67 8.8968 .97.L51.47 .90 .78

Rgg NQ 121-136

CASE F-1 D ai.craft pA//el. 1209  D ~' ft!

R  x�5!CfUb~x f<S ~max  IbS!T  sec! H   f t ! K-C

.37

.58
2.26
4.25

14.70
11.27

.52

.Bl
1.80
2.51

.50

.78I.98

11.72
7,61
6.og

.73
l. 19
l. 50

.33
1.36
1.722. 36

8.23
3.70
3.09

1.64
3.47
4.73

1.08
2.29
3. 12

5.52
ll. Le
17,34

3. I 3

5.15
3 23
2 ~ 67

1.63
2,47
3.70

2.34
4.31
6.47

7.83
11.30
20.98

3.6 I

3.3L
Z. 13

1.24
2 ~ o3

Z,QO
4.35

3.71
7.55

l. 74
3. 53

5.73
15.ZB4.42

3.13
2.74

1.42
1.53

7,08
10. 32

4,48

2.10
2.93

6.00
7.76

1.99
2.566.25

9.88

Run NO. 388-403

T
 sec!

H
 rt!

L. 73
Z.o7
3.40

2.11
3.00
4.47

.50 1.40
,89 Z.QG

1.19 Z.SQ

,34 1.72
1.84 3.40
2.55 4.39

1.20 2.19
2.03 3.32
2.94 4.35

l. 73
2. 76
3.67

1,71
3.53
5. 10

=", 13
3.20
4,78

L.L2
1.76
2.33

l. 55
3.54
o.74

1.53
3.34
6.90

.52

.85
1.08

.77
1.64
2.24

1.17
1.77
2.o5

.28

.40

.53

. 20

.43

.86

.25

.30

.95

Imz
 Ibe!

. 77
1.16
1. 51

1. 06
2. 41
3.51

1.48
2.57
3.44

3. 55
8.16
8.68

8.4
a
3. 1

2.0
~ 5
1.5

.5

.25

33
~ Zl
.2

. 70

. 80

.90

.77
oO

~ 89

80
88
84

80
75
65

Be
TQ
65

Re
 x IOO

.47

.84
1.12

.79
1.74
2.41

1.13
1.92
2.78

2.63
5.,5
7.98

4.33
7.33

10.61
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CASE E-2 D =.~.~ f t pA/2 ~ 1-3485  D" ft!

Ri x I05! I- CCfUb~ox  ft/s! F~zx lbs!T  sec! H ft!

.35
,57

l. 74
3. 14

.83
1.35

10 ~ 52
7.17

.28

.45
1.80
2.67

l.98

1. 73
2.73
3.40

.48
,93

1.30

2.91
5,26
7.15

.38

.73
1.02

1.36
2.63
3.68

9. 39
4. 52
3. 14

2.36

3.1 ~
7.06

10.03

.85
1.88
2 o7

3.98
10.32
16.67

~ 37
1. 48
2.10

4. 10
2,17
1.74

I.73
3»7
». 93

3. I 3

l. 05
1.6o

o5

1.33
2. 11
2, 86

5. 48
11. 85
21. 03

2.15
3.30

82

2.30
1,93
1, 91

9.1»
12.39

3,6l

7. 96
14. 75

p5
4 27

1.18
2.19

l,op
2.78

1,69
1. 58

4.42

11.25
15.53

1.18
1.63

2.15
2. 37

1.50
2,07

6.25

19.221.271.62QQ

RUh HO, lv9-184

CASE z 3 D'~.-78t ICrA/2> 1.1209 <0"' rri
R, xlo'!Cf K-C

19.37
9.17

2.09
3.70

.31

.60
1.87

,03
,4Z
.80i.se

.77
1.26
'.69

.88
1.44
1,93

9.92
6.09

43

3. 36
5.53
7.27

.55

.90
1.21

1. 77
2.80
3. 40

2.36

1.86
3. 98
5.59

1 23
.63

3.69

4. 77
-, o9
2.06

4.14
10.65
16.07

.88
1.88
2.64

3.52
5.08

3. I 3

2.22
3 ' 25
-'.. 77

1.33
2,86
4.'6

3. 20
5.00
7.79

3. 21
:-. 14
1.62

1.31
2.05
3.19

6.18
10, 10
18.52

4. 3o
$. lo

2.35
1.39

2.04
3.61

2.07
4.29

1.4o
2.73

5.o2
15.78

4.42

2.35
3.13

7. 1C
9.47

5,15
9. 31

1 ~ 63
1.71

1.68:-. 19
:-. 986.25 2 24

11,222.351.431. oa"-. 099.88

RUA HO. 153 168

5. 13
16.43

6.57
11. 19

4. 95

T  sec! H  f t! Ubmax  ft/s! ~max  ebs!

1 7
1,94

1. 40



D'~. aaaf t p A/2 IL. 81»  D~.9 ft!CaSE ~-L

R  x105!CtT sec! H  ft! Ub~ox ft/s! F~ex lbs!
.32
.47

4.70
7,94

.31

.45
,65
F 80

27.34
21 ~ 74

1,87
2. 77

1.9B

2.36

3.13

3,61

3.58
6.81

2.75
5 ~ 23

3.05
1.34

1.54
2.92

1.97
� ". 40

4.42

4 ' 20
6.46

2.28
3.51

4. 80
2. 97

1.28
1. 96

2.18
2.98

6.25

9.88 6.972.393.688.671,341.97

Run NO. 436-451

CASE ~-2 D ~'» ft PA/2*1.8402 ~ O~.9 «!
R, xIO~! K- GCfUbeox  ft/s! Fmax  Ibs!T  sec! H  ft!

19.42
10.72

.18

.60
4,13
7.10

.34

.60
.64

1.13
1. 90
2.63I.9B

2.36

3.13

3.61

2.82
1.85

1,41
2. 84

10.45
27,85

l. 43
2.86

2,11
4.274.42

2.65
2.11

1.60
2. 16

1.59
2.14

12. 48
18-08

2.23
3. 006,25

9.88 l. 67 15.818.76 1.691.681.98

R~~ N0.201-216

1.80
2,69
3.48

1.73
3,49
5.13

2. 20
3.19
4.73

1.87
2.89
3.67

1.79
3.53
4.93

2.20
3.27
4.70

. 44

.87
1. 25

.83
1.95
2.68

1.44
1.83
3.07

. 50
1.00
1.24

~ 83
1. 90
2. 96

1.25
2.05
2.90

7.72
13.57
19.82

10.88
26.83
39.00

16.79
25.34
43, 91

13. 04
31.00

14. 13
20 ~ 66

5.09
9.77

17.01

8.67
20.78
32.97

11,72
20.05
37.27

22.11
9.97
5.96

8.82
3.90
3.00

4.49
4,35
2.57

11.06
5.31
6.01

5.84
3 ' 13
2.05

4.08
2.59
2.41

.79
1.55
2.25

1.48
3.49
4.80

57
3,27
5.5Q

.50

.99
1.23

.82
1.88
2.94

1.24
2.03
3.88

.55
1.08
1. 56

l. 36
3.22
4.42

2.74
3,43
5.85

1.12
2.25
2.79

2. 47
5.67
8. 82

4. 30
7.05
9.97

5. 98
12.04

9, 52
12. 86
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O'=473f t PA/2 <, 9351CASE i-2

c,Ubmax ft/S! ~max ITS!T  sec! H ft! K � C

I.98

2.36

3. I 3

3.6I

4.42

9.88 .955.65 10.812.681.502 . Op

Run No.644 659

CASK L-3 0 *L2BZft PA/2* $.6069  o

T sec! H ft! Ubma  ft/s! Fm ax   lbs!

l.&8

2.36

3.I3

3.6l

6.25

9.88 1.54 1 ~ 856.99 11.821.86

Run No. eeo-e7s

L.BO
2.48

1.84
2,73
3. 58

1.70
3,41
4.61

2.19
3.26
4.21

2.10
4.23

2.07
9P

1.85
2.57

1,83
2. 8-3
3.37

l. 77
3,48
4. 57

2. 23
3. 22
4. 43

2.07
4,30

2.21
2. 93

.24

. 54

.41

.93
1.22

. 77
1.SS
2.48

1.20
2.04
2.67

1.31
2.70

1.61
1.97

.31

.41

.38

.78
1.24

.75
1.88
Z ~ 56

l. 21
1.89
2.56

1 ~ 39
2. 48

1.60
2.12

2.05
3.72

3 ~ 93
6.20
6.95

5 ' 28
11.33
17.75

7.59
16.27
19,38

5.07
17.64

7.08
11.72

3 ~ 83
6. 19

6.66
10.79
11. 79

8.29
17. 52
29.4L

LO. 83
17.71
29.41

8.76
27.68

10. 11
15.46

38.04
L3.48

25. 39
7.71
4.99

9. 58
3. 43
3.08

5.62
4.19
2.98

3.81
2 59

2. 91
3.22

24. 33
22.57

28.84
10.92

4.76

9.17
3.08
2.79

4.62
3.07
Z ~ 79

2.62
2.82

2.46
2.L4

R, xIO'!
.31
.70

.53
1.20
1.58

1.00
2.43
3.22

1.56
2.64
3.46

1. 69
3. 50

2.09
2.56

R. xlo~!
.38
.50

. 46

. 9.5
1 . 50

.91
2.28
3.10

l.. 46
2.29
3.10

1.69
3.01

1.94
2.57

.35

.78

.70
1,59
2. 10

1.75
4.28
5.66

3.16
5. 36
7 ~ 02

4.20
8.68

7.34
8.98

.48

.64

.70
1 . 44
2.25

1.83
4.59
7.20

3.40
5.33
7 20

4.79
8.55

7. 79
10. 34



CASK J-1 D'=g.P ft IOA/2=1.0571 M  D= 1'ft!
Ra x IO~! K- CCg

.28
S2

.S9
1.09

17.92
10.41

1.71
3.33

~ 30
.55

1. 80
2.57I.98

1 76
2.67
3.40

2.67
4.95
5.68

.44

.90
1.30

1. 11
2.24
3. 26

11.44
5.18
2.82

,47
,95

1.38
2.36

2.50
5.88
8.39

~ 76
l. 78
2.53

3.60
7,12

12.18

3,33
1.90
1.6Q

l. 70
3,47
4.98

. 80
1. 88
2.68

1.21
2.00
2.81

4. 62
7. 65

10.76

2. 93
1.77
1.76

5.07
8,43

'6.54

Q3
3.20
4. 83

1.28
2,12
2.98

3.6 I

1.26
2.60

3.09
1. 72

1. 93
4. 33

5.77
13. 73

1.33
2. 75

4.42

1.57
2. 17

1.86
1. 43

5.43
8. 01

2. 12
2.89

1.66
2.30

6.2S

1.414.59 1.962.00 1. 49

Run No. 344 359

Rv n N o. 2»-2 «

T  88c! H  f t! Ub1ng~  ft/s! Fn1a~  II3$!

CASK J-2 0 galft pA/2= .sasa

S.BB
12, lo

10.38
14.38

14, 72
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D' i o ff pA/2 l.osgg V ~ gtgft'~o D: i.ofttCASE ~-3

a ITIOX
 ft/s!  ftia'!  iba!

F~2
 I be!

R6
 X l06

cCf C~ K-C

13.7 9 2. 17
723 1.45

,31
.58

~ 33 F 87
.61 I ~ 15

LL $6 1 ~ 59
523 .70
4 20 ~ 40

,47
.9L

1.20

~ 50 1.15
.96 I ~ 95

1.27 2.50
2.36

4 ~ 17
F 00

1' 34

.79
1. 79
2,5S

.84 1.75 4 So
1.90 3.50 9.80
2.73 4.75 17.75

62
S6
66

3. I 3

4 ' 59
7,40
0 ' 33

1.20
1.94
Z ~ 70

5 ' 97
9 ' 86

14.17

30
~ 27
~ 40

1 ~ 27 2 ~ 10 6 ~ 45
2,05 F 00 1' 69
Z.B6 4.00 21.20

3.6f

os 32
2.29

1.35
o3

5 ~ 41
13.82

1.43 F 85 5 ' 50
2 ' 78 3.80 17 ' 73

67
614.42

0 o6
4 25

~ 41
~ 58

4. 92
8 ~ 78

I ~ 69 F 70 6 F 08
2 ' 28 2.45 10 ' 83

41
296.25,

5.311.46
9. 88 372r05 .96 I. 833 ' 902 ' 431,55 1.20 5.191 ~ 97

RUh NO, 217-232

CASK K-I D *>79ft PA/2= 2.2419  O= I ~ ft!

R6  r l06!T  sec! H  n! CfFmox  ~b8!
1 ~ 85
2 ' 77

39 ~ 64
13.pl

5 ~ 82
10.36

~ 36
,83

.34
F 80I.98

1.77
2.80
3 ' Do

21.29
9 L6
7.30

9.41
17.34
24 ' 68

,02
1.28
I, TZ

.71
1. 47
1. 962.36

1 ~ 74
3 ~ 60
5.11

ISO
I ~ 97
2.75

12 ' 72
32.77
45.47

1, 70
4 ~ 17
5,83

ST 78
3.77
2 ' 68

1.1Z
2.75
3 85

3. I 3

?,20
3 ' 27
4 ' S3

1,29
2.07
3 ' 13

18 ~ 07
29.46
53.46

3,15
5 ~ 06
7,65

l. 80
2 ~ 90
4.38

4 ' 84
3.05
2 ' 43

3.6 I

L. 99
4 ' 33

1,28
2 ' 95

14, 37
43 ~ 76

1 ' 78
4 ' LL

3 ' 94
2 ' 25

3,81
8 ~ Bp4.42

'4.3a
24 ' 90

Z ~ li5
F 95

I ~ 44
2.13

6 ' 07
S,98

F 01
2.976,25

9. 88 I ~ 372.08 2 ' 5310 ~ 7? 9,181.92

Run NO. 404 419

T
 sec!

H
 ft!

1,83
2.op

1,76
2 ' 89
3.63

1.32
3 ' 59
4 ' 97

2 ~ 23
F 23
4 ' 67

2 ~ 09
4 ' 27

2.21
2.82

1,59
2 ' 84

F 05
F 78
7,34

~ 26
~ oO

.44
~ 92

1.23

Fm~
 ebs!

,25
~ 57

~ 42
69

,67

~ 36
1 ~ 22
2 ' 20

,51
I ~ 18
3 53

~ 54
3.32

I ~ 25
3 ' 20

l. 23
2.11

2 ~ 05
4 F 49
6 ' 04

S'IL
2w7
225

3.79
2AL
2AS

235
2 J.B

ZDL
187

3.10
2 ' 46

~ 51
~ 32
F 28

.25
~ 40

.80
1.03

1.00
1 ~ 30
I ~ 36

1.34
1.45
l. 82

I ~ 60
1,85

.00

1 ~ 65
.05

l. 63
.02

82
75

77
77
60

74
70
67

1.60
.15

,65
F 21

1.18
2.27
3.00

2.03
5.95
8.55
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CASK L-3 D'~-»<ft P4/2*3.oz42 v ~ sED ft .e D ~ L.9 ff!
bmo max e I

F

 fr!  fr/8!  freya'!  Ibs! <Ibs!
CDCf K-C

.79
1. 13

1 ~ 85
2 ~ 67

F 44 ,90
,63 F 15

,69
1.21
1.56

.99
1 ~ 74
2 F24

15. 80
31 ~ 00
45. 56

L.SO . 55 1 15
2.83 .97 1.90
3.55 1.25 2.70

2.36

1.52
3 ' 44
4 ' 78

l. 40
3. 17
4. 41

25.08
69. 42
98m 92

1.80 .85 1-70 38 ' 2
3 ' 49 1.92 3.40 S0.5
5.00 2.67 4.80 138.5

3,I 3

2. 55
4. 19
5.78

2.40
3 ' 94
5.25

2.20 1.34 2 ~ 16 51,1
3 ~ 34 2.30 3i20 Sli3
4.82 2.93 4.70 130e5

74
3. 6 I

3.59
6.83

2 ~ 76
5 ~ 25

2,17 1 54 1 ~ 90 45.2
4 ' 27 2 ' 93 F 80 103,84.42

3.17
4.03

5.84
? F 42

35.80
61.83

2.24 1.77 1.90
2,97 2.25 2.508.25

9.88 2.07 1.77 1.20 28.5 L1.63 9.223.171 ~ 521.26 2.5 1 02

RUII NO. 296~311

CASE "-' D' a.7ao f~fttA/2 ~ t'~~ V=~ ~tft � O D ~ ~ 0 ftt
III I m2

F

 Ibs!  Ibm!

R 8
 x I05!Cf Cg Cimc

 f tie! ff I/ei!

. 40

.68
7. 96 1. 53
$.00 .80

1.03 .29
1.74 .49I.98

1.25 ~ 42
2.50 ~ 84
3.02 1,02

7 72 1 22 90
3.74 ~ 58 .96
3.27 .50 1.02

.76 4.39
1.44 8,06
1.84 10.81

1 ~ 10
1.90
2 ~ 40

. 49

.97
1 ~ 18

2.36

2.01 ,90
4I?0 2.10
6.71 3.01

,72 1.10
.56 1.31
.40 1.60

1.60
3.20

~ 70

1.17 7.84
4,89 iS.55

14 ' 62 33 F 42

.78
1.83

.ol
3. I 3

3.45 1,78
5.11 2.64
7.55 3.90

.47 1.21

.44 l ~ 39

.52 1.72

2.22 10.73
4,59 20.59

11.'77 33,55

2. 73
2.62
2.44

2.00
3.35

40

2. 97
7.36
5 F 61

3. 61

3.54 3.69
7.22 4.57

.54 1.31

.58 1.97
2.26
2.14

2.70 10.50
12,00 34, 10

1. BO
90

1.30
4.46

.BZ 1 $0

.89 1.76
1,97
2 ~ 10

2 13
2.83

6.25 12.97
11.84 21.8S

4 ~ 93
7.83

3. 90
5. 166.25

9. 88 1.73 .86 1.59 Z5 4.15 5,86

RUII NO. 468-<83

3. oo.23 1.84.03 ,61 3.88

T
 SeC!

7
�8C!

H
 fr!

1. 85
2.63

l. 73
2.69
3. 51

1.73
3.45
5.12

2. 13
3.'9
4.73

2.04
.?5

.34
,99
~ 94

.38

.81

.70
25

. 90
1.25

.95

.SO

13.7
27,5

20 ~ 8
47.2
64.0

40 0
64.2

III 0 X
 I ha!

3. 39
6.07

4.80
9.31
1.87

8.01
3. 93
4 ' 72

6 F 20
7 ' 73

4. 83
LB. 03
25 ~ 85

9.35
13,75
42o43

I.O ~ $0
28.15

Ll ~ 45
28 09

,65
.97

Fm2
 Ibs!
9 ' 53

16 ~ 08

43. 48
79.14
109 ~ 9

40; 28
81.50

2,80
4.66

19. 5
19. L

18.8
13.8
11.3

14 ~ 5
6.0
5.3

7.8
4.6
4.1

5 2
3.3

3 ' 5
3.5

4 ~ 95
2.?2
2. 49

5 ~ 2
3 ' 4

3 ' 4
1,8
1.3

1 8
1.2
1.0

1 ~
~ 9

1 ~ 36

1 22
.9

1 0
1.42

C,

+92
22

1.20
1.40
L.47

1 29
1. 78
l ~ 80

1. 75
1 ' S7
2.00

1 ~ 85
1.87

1 ~ 64
2 15

,70
.84

96
90

80
84

55
50

46
34

94
69

83
72
.59

63
62
63

56
72
66

68
41

3".
29

Rs
xlo

o
5,77

.46

.66
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D' ~ z,tz tt  tzA/2 ~ 2,"zz V*z.zsft' O Dos.o ft!CASK ~z

b max mI
 ft!  ft/s! ift/s'I  Iba!  Ibs!

Cf

.35 .80
,45 1.13

1.79 .39 1.00 5.18
2.36 2 ~ 90 ~ 94 2 PQ 9s72

3. 60 1. 18 2. 60 13. L7

8.95 1.50
8.14 7.93
2. 16 . 15 ~ 20

1.80 .77 L.60
3. I 3 3. 60 l. 96 3. 40

5.03 2.72 4.70

2. 20 1,31 2. 19 14. 51
2.68 1.44 2.80 3.10
4.80 3.00 4.70 0.35

612. 49 3 ~ 28

2.38 17 ' 90

3.6960 2. h42. 302.00 1.44

4.27 .74 7.05 4.46.902.64

l. 79 l. 64 l. 89 7.01
2.31 19 2.50 2.08

9 68 2,00 1.60 1.23 2.42 7 ~ 63 1,83 1 L3 1.61 4. 128.76

Run Na. «4-4»

CASE v-t D' ~ s.oz+o  otA/2 ~ s oso V zos ft'-@ D *i.s ftt
FmZ

  Iba!  Iba! aec!
cf co c

 tt/s*! ft/s!

10.00 13.7
18,35 11.4I.98

18. 08 12. 13 1.30 L.Q3
32.25 8.31 .78 1.22
43.73 5.29 .66 L.31

2.36

78 1.20
.64 1. 50
.58 L.60

3.47 .71
7.70 1.58

X!.67 2.19
3. I 3

5.22 1.23
8.11 1.92

12,16 2.88

,75 1.42
.54 1.50
.74 1.80

3. 6I

5,57 1.61
.41 3.02

.90 1.40

.99 2.094.42

6.05 2.48
7,93 3.25

4 F 03 .84 1.94
3.91 1.27 2.136.25

L.ZO1.571.96 25 48 30. L1 3. 11 1.80 L.BL 18 5 95 3.85

Run NO, 500-5»

43.99.88

T
 a@c!

L. 80
2. 52

H
 ft!

1. 87
2. 81

1.73
2,75
3.53

1.74
3.65
5. Ll

2. 20
3.30
4.79

2.00
4.28

2.13
2.88

.37

. 56

.54

.95
1.31

.91
2.03
2.81

1. 37
2.14
3 ' 20

1.47
2.74

1.59
2.09

1.80

3.90

.90
1.20

L. L5
90

2.40

1.70
3.25
6.10

L. 90
3.20
4 F 20

1.85
3. 80

L. 90
2,70

2.64
4.71

max
 Iba!

10.9
20.5

20 ' 2
43.2
51.9

34,0
88.2

142.2

54.6
93.0

L65.2

47.2
144.3

58,8
98.3

1.09
1.43

.84
1.84
2.51

2,57
3.80

20.63

7.06
18. 79

2.32
2 ' 89

2.19
4 06
6,47

3.71
5,28
6.30

8.13
4.32
3.63

L. 19
2.75

12.20
l. 79

Fmz
 Ibs!

2 ' 75
4 ' 38

4.43
9.00

12 ' 50

7.52
22.54
35.35

12.65
19.85
41.00

11. 18

31. 90

12. 10
16.43

28. 34
65 ~ 32

,48

37,38
66.54

5, Lp

35.95
110. 15

51 05
79.68

8s48
Ss86

3.14
4.22
3.62

5.69
2,77
2.69

3.30
6,09
2. 54

2. 42
2.54

7,07
3.73
3 ' 13

5.03
3.5
2. 80

3. 81
3. 33

cg

3.48
2,69

2.13
.80
.69

.95
78

,78

.57
1.39

.87

L,OO
1.49

2,95
1. 60

CI

.77

.87

L. 00
1.01
l. PQ

1.06
1. 49
1.70

1 ~ 30
1. 60
1. 97

1. 40

1 ~ 84

1. 44
l. 48

F 80
. 96

81
95

84
83
71

71
63
59

62
74
68

29
20

90
76

86
91
98

80
69
66

70
74
69

88
61

36
26

Ra
 xIO

F 89
1. 15

.99
2.40
3.02

1.99
5.04
6. 98

3.35
3.69
7.72

4. 20
5.62

R e
 xIDS

1,41
2.12

2,04
3.61
4.96

.25

.33

. 34

.81
1.02

.89
2. 26
3.13

1. 73
1,91
3.99

3.76
6.48

. 18

.28

.32

.56

.77



CASE ~-2 D'=4 o2 =: PA/2 '7«V=7 16ft-+ D='5 ft!

If t/s'!

F
ml

 Iba!

F

 Iba!

Re
 xioO

mar
 Ibs!

H
{ft!

T
 sec!

CO CgCfbma
 ft/s!

K-C

l. 39
Z. 46

.18

.32
.89

1.16
85
81

34. 58
8.34

2. 32
3.63

3,00
1. 50

.37

.65
L1.2
20.1

9.92
20.06

,80
1.25

1.81
.60I.98

, 29
~ D7
.72

2.36

3. 6I

5. 46
.40

1. 58
3. 30

1.35
2.02

3.93
2 72

.90
,85

10.70
44.09

62
38

46,6
141.1

1.44
3.00

1. 90
4. 10

2.01
.434,42

32
27

2,54
3. 40

6,21
8.31

3.65
3.38

1.62
1.93

1.20
1,33

18,59
50. 34

56. 1
93. 2

l. 90
2. 70

1.64
2,19

2,16
2.92

6.25

3.936.079.88 1,72 1.7729.96 2. 8825.3342. 31.221.601.93

516-531

CASE 0 0 '4.75 rt PA/2W 675 V*8~9ft-  D» 3 ft!

Fmtt Fml Fm2
 Ibs!  ibs!  Ibs!

R S
 x l08

T
 sec!

H bms
 ft!  ft/a!

Cf Cg CI
 ft/S'

5.44 9.00 .84
0 ' 86 5 F 00 1 ~ 13

1,83
2,69

11. 5
22.4

13.5
2S,Z

5.09
7 ' 07

1.37
2.19

.31, 80

.49 1.15
.13
.20

96
89I.98

10.l5 1 ~ 99 4.81 1.06
39.9 9.57 Z.BO 1.22
57.7 S.S4 2.20 1.40 71

1. 90 .48 1. 10
2.36 2, 93 . 97 1. 90

3.43 1.20 2.40

3.06 3.20 1.43
7.95 2.14 1,74
6.99 1.68 1.80

11.74 34.4
33.53 89.7
46.28 130.2

3.54 .52
7.32 1,08
9.67 1.42

1.73 .79 1.40 46.1
3.I 3 3,51 1,63 3, QO 120.2

4.60 2.16 4.20 184.3 63

2Z.65 54.9 9.11 2.50 l.oO
34.40 96.8 8.85 2.02 1.79
50.63 L43.95 9.SB 1.70 1.90

5. 57, 94
7.63 1.29

.11 1.71

2.18 1.24 2.00 79.6
3.6I 3. 25 1.70 3. 15 145.0

4. 29 2. 25 4. 40 84. 7

2 ~ 07 1 34 2+10 73 ~ 3 1 ~ 45 53 ~ 5 7 20 ~ Q3 1 ~ 4S

4.4Z 4. 30 2. 39 3. 60 309.3 63.87 104 ~ 3 9 ~ 56 1 ~ 90 1,68
6.01 1.25

JQ. Ll 1. 71

6. 74 1. 98
8.50 2.49

66
62

6,12 2.00 1.83
6.64 2.29 2.08

26. 48
48. 24

2.21 1.50 2,00 78.4
2 97 1. 89 2. 70 135. 1

62,9
96. 7

1,37 1.33 1.20 61.2 31.68 1.3 6.13 3.0 2.00 5.95 2.74

Run Na. el2-e27

1.83
2.87
3.oQ

1.80
3.61
4.99

2.13
3.Z4
4. 83

.SC

.97
1.23

.87
l. 96
2.55

1.37
2.22
3.07

1. 15
1.95
Z.o3

1. 50
3.00
4.40

2.00
3,30
4.25

20.9
39.6
53.8

31.4
90.6

138.4

49.9
92.8

161. 2

29. 1
50. 7
72. 3

3,16
6.00
9.03

5.05
15.16
22.33

10.35
22.67
40,48

6.50
15.54
18.70

18. 56
34, 00
49.29

27.39
68.81

122.16

42.73
82.37

122.65

35.54
114.90

42.80
72,ZS

Jk, 78
7.39
6.21

7.27
4. 08
3. 69

4.oQ
3.28
2,97

2.20
1.11
1.04

1:16
.68
.60

,96
.80
.75

1 ~ 16
1.26
l. 35

1,32
1.65
2.00

l. 54
1.80
2.08

90
89
77

71
60
67

67
67
65

72
7o
66

1. 86
3, 67
4,66

3.29
7. 46
9.70

5,22
8.43

,66

2.17
4.33
5.39

.68
l. 53
1. 99

l. 23
l. 99
2.70

.24
,48
.60
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9 s 1.»' pA/2s.533  D sl.O e~!CASK .-1

R, x�8! X- CCgUbmox  ft/S! l max  lbS!H ft!T  sec!

.27
~ 50

.78

.83
1.90
2.60

20. 38
6.40

.25

. 47
.53
.98I.98

.BB
1.23

1. 93
2.72
3.60

2.38

1. 80
3. 58
4. 67

3. I 3

2.27
3.2 I.
4,93

3,6I

5.77
13 02

1.23
2.78

l. 36
. 92

l. 22
4. 17

l. 31
2,95

2.03
4.63

'1. 63
2.08

1. 58
1. 33

2.48
3.42

1.73
2.21

2.07
2. 9I.

6.25

9.88 l. 511.231.601.95

Run Np, 58o--95

CASK I'-2 D's.854 rt. pA/2s .659 ys,344--t ~ D sl.p +!

"b mex
If«s'!  Ibs!  Ibs!

H bm
 tr!  rr/s!

Cg Cp Ci

7.56 5.79
3.87 3.59

.55 ~ 78
.95

EBB
1.46.94

9
3.15 1.81
1.48 .67

1.43 .54
2.75 .82
3.60 1,33

2.36

1 77 .83
3.53 1.90
4.77 2,73

3.I3

2.23 1,32
3 ' 35 2.08
4.83 2.94

1. 55
1.26

.28
,36

68
56

l. 13
.20

7.27
14.35

l. BQ
4. 76

.36
1.SO

~ 23
.74

2.20 2.01
4. 10 6. 35

2.07 1.41
4.67 2.77

,39
. 46

13.15
16.02

1.26
1.36

1.45
1.77

1.98
3.08

36
32

~ 83
1.46

2,2p 1.80
3.04 2.19

.75

.85

1.50 1.34 .BS 1. 28 8.3629.97 ~ 809.88 z.oa 1.59

RUh Np, 596-611

T
 s»c}

2.01
2.73

.38

.53

.81
l. 89
2.56

1.06
2.11
2.69

1.15 .72
l. 40 1. 01

1. 10 .99
1.80 1.41
2.70 I..73

1.70 1.54
3.40 2.69
5.10 4 ' 36

2.40 2.08
3.60 4.05
4,50 6.70

1.70 2.67
Z.50 4.28

1.25 2.22

.58

.80

. '78

.35

.83
1.47

.35

.75
1.57

.89
1.43
1.88

'.21
3.44
4.78

1.51
2.67
5.15

Fm2
 Ibs!

.60

.89

.66
1.3Q
1 ' 60

1.30
2,50
4.10

1.88
3. 56
4.80

3.36
1.13

.89

1.80
1. 43
l. 18

B.ol
3.51
2. 35

3.51
1.82
1.39

2.56
I.. 14
1 3Q

.78

. 35

.30

.30

.26

.28

~ 90
~ 08
.89

.15

.10

.21

.18
,48
.60

.43

.83
1. 16

.77
1.79
2.42

l.po
1.99
2.54

89
89
96

82
70
72

R»
x I05

. 31

.51

.43
,66
,07

.67
1.53

.20

1.07
1.68

.37

1.09
2.08
2.91

2.54
5.93
B.ol

3.83
7.61
9. 71

10.81
13.79

15. 81

1.25
2.27
3,09

3.06
6.96
0.00

5.59
8.75

13.43
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CASK a-L 0'= - ~ 563«PA/2= L,627  G=L.gft!

C< R, xIO5!T sec! H  ft! Ub � ftzs! F,� Ibs!
1. 77
2. 67

.36

.58
4.08
6.41

~ 52
.85

19. 89
11. 91

.4S

.73I.98

11.17
6.80
4.26

.89
1. 43
2 ~ 03

6. 56
10 ' 33
13.07

2.36

1.33
Z ~ 78
3.97

13.44
21.91
33.84

10.22
3,79
2.88

3.I3

2.09
3.01
4.12

3.54
3.13
2.58

11.49
21.16
32.84

3.6I

4.25
8.00

2.22
4.17

Z. 46
2.22

9.06
28 ~ 88

2.00
4,62

1+50
2.834.42

6. 66
9.68

2.46
3.57

1.91
1.87

8.61
17. 72

7 ' 39

1.67
2.42

2.20
2.936.25

10. 342.419.88 1.702. 0' 7 1,64

Run NO, 548-563

CASK 0-2 O'=L-4»«PA]g*2.449 y=2.223ft ~Dgl,gft!

bm mo max
 ftfs!  I' t/s !  Ibs!

F
rnl

 Ibs!
Cl CO

8.70 1.91
4 ' 56 1.16

.SL

.85
.65
.76

82
75

.49
~ Bl

.37 .95

.61 1.20
2.67
3.74

2.86
4,10

.64
1.06

2.00
2.63

5.77 1.03
3.15 .70
2.34 .SZ

. 58 1.15 4 ~ 67

.97 1.90 7.20
1.33 2.80 10.18

2.36

3 ' 94
1.85
l.77

.79 1,55 6.09
1.92 3.40 16.77
2.60 4.30 28.3S

,86
2.80
7.50

3. I 3

.90
1.00
1 20

2.20
1.74
1.60

1.36 2.29 9,96
2.04 3.40 17.71
2.96 4.70 34.38

3.6I

05 4. 39
3 ~ 89 8 ~ 33

.31

.49
~ 90

1.30
1 ~ 74
1.65

7.95
22, 42

2. Lo
4. 80

1,65
9. 40

1.47 2.0S 9.18
2.79 4.00 31.454,42

2.30 6.96
3,12 9

.60

.73
1.20
l. 40

1.67
1.77

9.85
16.54

30
20

1.65 L.90 11.06
2,23 2.74 21.S7

4.00
8.94

2 16
2.95

6. 25

2 28 X!. 929. SS 7. 84 l. 40 ~ 70 L. 404.831.64 1 30 9.172.15

Run No. 564-579

T
 see!

1,92
2.97
3.81

1.73
3.57
4.90

2.22
3.39
4.80

1.69
2 ' 73
4.04

1. 83
3.6Z
4 9Z

2.23
3 ' 27
4.91

.60

. 97
1 37

.90
1 ' 89
2.69

L.41
2.04
2,80

.85
1. 60
2.26

1 I 64
3.90
9.42

F

 Ibs!

3.79
6.70
9.50

5,36
13,79
20.35

6 F 84
14.61
24.18

.57

.30

.46

.36

.38

.43

.77

.82

.79

~ 80
.94

1.10

95
89
95

71
77
62

66
66
65

.91
1.46
2.08

1. 80
3.78
5.39

3.26
4.72
6.46

R e
 x IOS

.80 .92
1.35
1 ~ S6

1.11 1 68
2.68 4 07
3.63 5.50

1,90 3.31
2.85 4.97
4-13 7.22
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CASE R-1 0'~ ~ 208 << PA/2 > 4»3 V ~ 78ft -Q  D» 9 ft!

bma max
 freya*!  lba!

H
 fr!  fr/a!

Cf

,609.57 31,3
20.54 26.75F 81!.98 F 50

14. 19 25.62
27.61 11.6
39.96 So3

l. 87, 41
2.59 .BS
3.34 1.18

2.36

1.70 28.75
F 20 See 55
4.25 135.85

25.00 11.7
54,57 5.17
78,06 4,10

1.77 .72
3.38 1.90
4,43 2.64

3. I 3

2.10 45,85
3.00 77.26
4 10 137

2.20 1.24
3.15 2.02
4.40 2.85

3.6t

1. 93 1. 37
4,23 2.344,42

2.20 1.57
2.87 2,166.25

3.OO 6.431.22 .57 2392ze,7z 12.08 20,221.97 1,449. 88

Run No. 676-691

T
 aea!

1. 95
2 57

.29

.41
.95

1.18

1.25
1.90
2.60

1.90
4.00

1.65
2. 60

12,2
20.8i

20. 1
39,6
55 ~ 7-

36. 7
93,80

38.9
67,52

Fm!
 !ba!

3.08
7,67

12. 12

6.65
23,70
34.90

11.90
21,90
33.83

10, 45
53,09

20.10
4S .00

Fm2
 !ba!

33.77
54.54
d4. 84

30. 48
85. 16

32. 87
57.33

6.26
3.99
3.57

4. 11
3.61

3.33
3.05

Cp C 

.90

.07

3.86 .13
2.24 .30
1.83 .38

2.70 .31
1,37 ,53
1.05 .64

1.63 .44
l. 13 .63

.88 .85

l. 17 .44
2.04 .90

l. 71 .76
2.08 .97

79
82

88
71
76

77
66
62

82
78
78

59
46

30
21

R
K-C

 x10

.26

.36

.85 .44
1.75 . 90
2.47 1,26

1.50 l. 02
3.96 2.69
5.50 3,74

59 2,Q3
4. 21 3 ~ 30
5.94 4,65

2.86 2.74
4.87 4.58

3.27 4.44
4.49 6.10



APPENDIX B
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j.. Grain Size Distribution of Warrenton Sands Compared with Sea-
bed Materials at 27 Fathoms off Umpqua Coast

2. Sample Records of Hottom Resistance Test
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3. Friction Tests Source: Civil Engineering Laboratory,
TN no. N-1542,1979!

 a! Grain Size D~str~bution of Soil Materials Used

 b! Friction Tests of Soil Samples on Rough Steel or Smooth Concrete
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