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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 50
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 proposals to construct offshore
reefs in exposed locations require a conscientious engineering
evaluation of environmental lcads 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 tires 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 in a variety of ways to provide attractive habitats 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 with micro- and macro-organisms, thereby
providing an important 1ink in the food-chain.

The Port of Umpqua, Oregon has proposed to construct an artificial
reef fabricated from scrap tires at the 27 fathom contour off the coast.
The intended purpose of the reef is to restore recreational bottom
fishing to this éoasta] area by enhancing habitats for bottom and reef
fishes. This coastal area experiences wave heights which 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 provide
a stable yet economical reef design 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 investigate
fundamental questions required to minimize construction costs and
environmental risks while maximizing reef fishery production.
Experimental studies were conducted in a large wave channel at the
Oregon State University Wave 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 information on the bahavior and management of artificial
reefs. Biological 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. [ Carlisle et al.(1964), Parker et al.{1974), Aska(1978) ]
Parker et al.(1974) 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 artificial reef designs, Tittle
work has been completed beyond general considerations for the stability
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 quantitative studies have been reported
which permit a design engineer to select the appropriate ballast to
resist loads induced by a specified 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-dimensional objects, (2) most artificial
reefs are not fixed on the ocean bottom, thus they are vulnerable to
1ifting, sliding and relling if appropriate ballast is not.provided,
and (3) their response to the waves tends to be elastic as opposed to
rigid.

Numerous studies have quantified hydrodynamic forces on submerged
bodies such as circular cylinders and spheres, following the work of
Morison, et al.(1950). Studies on bodies 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 interpreting the results for artificial

reef components.

1.3 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:

1. Determination of maximum force coefficients for tire units in order
to provide a rapid reef design precedure.

2. Determination 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.
In 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.



IT. 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 estabiish force
relationships to compare to the behavior of other submerged bodies. The
first section introduces established semi-impirical force prediction
models. Section 2.2 and 2.3 discuss numerical procedures required to
~ determine force coefficients from measured force and kinematic data.
Force coefficient dependence on various parameters is summarized in
Section 2.4 and 2.5 for horizontal circular cylinders subjected to

periodic flow.

2.1 Hydrodynamic Forces on a Submerged Body

Steady Flow Forces

Steady flow exists when the fluid velocity at any point remains
constant over a specified length of time. The flow-induced force on a
submerged object is known as the drag force and represented by the

symbo1l FD:

P
- AU (2-1)

where o is mass density of the fluid, A is the projected area of the
body in the direction of flow, U is the steady-state flow velocity, and

C. is the drag coefficient.[Ippen(1966)] This formula may be derived

D



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 form) 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 halves of the body. The percentage partitioning of the total drag
force between these two components varies as a function of Reynolds
Number. For the circular cylinder, the contribution of the skin
friction drag to total drag varies from 6 percent(at Re = 5 x 103) to 1
percent(at Re = 2 x 10° ).[Achenbach(1968)]

A number of experiments have been conducted to evaluate drag
coefficients for objects of familiar shape such as circular cylinders
and spheres. It has been determined that the choice of CD for a
¢ircular cyiinder in a particular steady flow design situation must take |
into account the following factors: the scale and intensity of
turbulance 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

- U-1D
R = (2-2)

where v 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 [senlichting(1955]]

steady flow as shown in Fig. 2-1. An abrupt drop in the drag coefficient
observed at Reynolds number between IOs 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 Tocation termed the
separation point, part of a separation Tine. A wake region is formed
within the separation 1ine 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 critical 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 pressure drag,



and the combined effect results a sudden drop in the total drag force.
There are limited data available on drag coefficients for Reynolds
numbers exceeding 105.

Because of symmetry, there exists no lateral, or 1ift force to the
flow direction unless the body is so close to another body that the fiow

around it becomes asymmetrical.

Unsteady or Accelerating Potential Flow Forces

The concept of potential flow is based on the assumption of an
ideal 1iquid which has no viscosity, described as being inviscid.
A1though 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 conditions.

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 & 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 fiuid.

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



10

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 Fy, exerted on 2 body submerged in a accelerating potential

flow. This force is simply an expression of Newton's Second Law,

pydl (2-3)

FI O V|

I

where @ 1is mass density of the fluid, V is the volume displaced by the
body, %% js the acceleration of the fluid, and CI is the inertia or
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 CI =1 + Cm, in which Cm denotes the added mass coefficient.
If 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. With potential flow theory, added mass
coefficients can be analytically determined by integrating the pressure
distribution over the surface of the body. The resulting 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 ancther body or selid surface.
Recent studies show that cylinders placed on or near a boundary
experience considerable 1ift forces.[Jones(1978)] However, Tift forces
may not be significant for reef stability due to the permeable nature of

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



11

on submerged reefs is excluded in this study.

Wave Forces

The flow under waves is unsteady and oscillatory. A submerged body
experiences time-varying velocity 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 flow. 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 friction
force becomes a significant part of the total force on the body. Then
flow separation occurs, and the pressure drag becomes a major part of the
total force. Because 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 on 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 flow is very long, the flow will be
quasi-steady and drag forces will dominate the total force. For flow
periods between these extremes, both the inertia and drag force wilti
contribute 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 Morison equation:[Morison et al.(1950)]
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i)

0 oV (2-4)

F=¢ Aujul +¢

I

where F = Fy + F, 1s the total force on the body, and U = g%- is

instantaneous acceleration of the fiuid. U|U| has been introduced in
place of u? in order to ensure that the drag force is applied in the
same direction as the instantaneous fluid velocity U. Other terms are
as previously defined. The work of Morison et al.(1950), which led to
Eq.{2-4), is based on the assumption that the total force can be obtained
by adding the two components of force linearly, a drag force analogous
to drag in steady flow and an inertia force as in potential flow. Their
work was for cylindrical, vertical piles. They found that for any
specific experiment with specific wave parameters, values of CD and CI
could be chosen such that Eq.{2-4) gave good agreement with the time
history of the measured force. The maximum forces occur at the instant
when the vector sum of the drag and 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 inertia force
alone. Morison and his co-workers did not give any information on how
CD and CI varied with experimental parameters.

Near-bottom water motion under the waves is parallei 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 < 1.5, D being the
diameter of the pipe. Until the instant of flow separation, the real

fluid effects are minimal and the flow-induced force on the cylinder can
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be predicted based on potential flow concepts, and the first term of
Eq.(2-4) can be neglected.

A designer may be more interested in the maximun value 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.[Sarpkaya{1976), Grace(1977}] The maximum design

force is defined as

2

A Unax {2-5)

M| ©

Fmax = Cf

Eq.(2-5) is the form of the drag force in a steady flow expressed by
Eq.(2-1), even though coefficients in both equatibns are quite different.
However, under the longer waves where separation occurs and flow is
quasi-steady, the inertia force is negligible in Eg.(2-4) and the maximum
force coefficient C¢ may be identical with the drag coefficient Cp in

Eq. (2-4). Under intermediate wave length conditions, the maximum force
may not be achieved at the same instant as the maximum velocity.
Nevertheless, Eq. (2-5) may be used to determine the magnitude of the

maximum force.

2.2 Determination of Drag and Inertia Coefficients

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.
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For the circular cylindrical pipe, the general form of the Morison
equation, £q. (2-4), becomes

2 -
F= g(n L) U |u|+pr(-TI;4£)£U (2-6)

Co
where D, 2 is the outer diameter and length of the cylinder, respectively,
and U being the instantaneous velocity of the ambient flow. It was
recognized that the drag and inertia coefficients in Eq. (2-6) are not
constant throughout the wave cycle. [Sarpkaya(1976)] At the initial
instants of flow, CD 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 C, 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 flow. 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 point in question, S. If the theoretical kinematics are
used, the resuiting values of CD and CI are associated uniquely with the
particular wave theory and attempts to use these values with other wave
theories may resuit in large errors.

Three methods are available to determine CD and CI for a submerged
body under unsteady flow: 1) least square, 2} maximum value,
and 3) Fourier [Sarpkaya(1974)] decomposition methods. The two most

common methods are described in the following paragraphs.
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Least Square Method

The method of least-squares consists of the minimization of the
error between the measured and calculated forces. The coefficients CD
and CI are chosen so that there is a minimum mean square error between
predicted and actual force traces over a wave cycle. Letting Fp
represent the instantaneous measured force and F. the force calculated

through the use of Eq. (2-6), and writing

-f.) (2-7)

A total squared error can be obtained by integrating Eq. (2-7) with
respect to time over one complete cycle of the wave motion. The

equation becomes .

T T
2 2 2
L e dt = J;(Fm +F, -2 F Fc)dt (2-8)

T being the period of wave motion. Taking the derivatives of Eq. {2-8)
with respect to CD and CI’ and setting the result to zero, one will
minimize the square of the total error between the predicted and the

measured forces:

e dt {2-9a)

)
e
Lo}
L é:__“‘
M
1]
(o }

d 2

o

Since Eq. (2-9) is a function of C and C;, one can finally solve the
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equation to obtain CD and CI:

[T T., f T

FU{UdtIU dt - UUl:Idth U dt

Cp = | . 0 m (2-10a)
-p-m.[fu dthdt fUIUIUdt]

.
fF Udth dt - [ Ulu]dtfuuﬂdt
R O'HZ (2-10b)
%n‘Dg[[Udthdt-(fU-]UlUdt)]
0 0

Maximum Yalue Method

Another approach to the drag and inertia coefficients is basad 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 inertia 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 CI
can be determined by relating the maximum peak values of the velocity
and acceleration of the ambient fliow with the corresponding forces at
each instant. The coefficients are given as:

(t,)

Cp = m (2-11a)

D 0 2
2 D zumax

Fm (tZ)
5 -
Ewnzﬁumax

(2-11b)

C1
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where tl’ t2 are the time at which the velocity and the acceleration

are at their maxima, Umax’ Uma respectively and Fm(tl)’ Fm(tz) are the

X
measured forces at the point of time t1 and tz' respectively. The
inertia force is always in phase with the acceleration of the flow.
The inertia force is zero when the acceleration becomes zero. Therefore,
the drag coefficients calculated by Eq. {2-1la) 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 formétion 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, instead 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(1976)] The observed phase-lag may introduce errors in

the evaluation of the inertia coefficients.

2.3 Determination of Maximum Force Coefficients

As previously mentioned, the peak value of the measured force can
be simply related to the maximum velocity of the ambient flow obtained
either from direct measurement Or from a suitable wave theory. Then,
the measured maximum force coefficient, denoted by €

f(mes)’ 18

calculated as

Maximum of the measured force in a cycle (2-12)

Cf(mes) N 0 ,
E-A U
max



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 8 = 2 7t/T, T being the period
of oscillation, the least squares values of CD and CI for circular

cylinders, Eq.(2-10), become [ Sarpkaya(1976) ]

-
F_cosg [cosd|
8 m
C. = - —— dg {2-13a)
D 3Tl'j D Upax
0
and on
ZAV F o sin
¢ = Ta"[ T —— ds (2-13b)
T D pDe U,

. . s 2 . .
= S0 g
in which Fm represents the measured force. Since U T Umax sind , it

can be shown that the Morison Equation, Eq. (2-4) yields

ch

T

I 1 2
F .= [Ci+ ( )]
max D 4CD Umax T/D

2

% D2y (2-14)

Comparing Eq. (2-14) with Eq. (2-5), the calculated maximum force

can be written as

coefficient, dencted by Cf(caT)
ucz
C e+ —/ L (2-15)

in which K-C = Umax‘T/D = 2a/D, a being the half amplitude of water

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



19

Carpenter number which will be discussed further in the following
section. For this particular case of sinusoidal oscillation, Cf(mes)
is not necessarily egqual to either Cf(ca]) or to a similar coefficient
obtained through the use of the semi-peak-to-peak value of the measured

force.[Sarpkaya(1976)]

2.4 Governing Parameters
Past studies indicate that wave forces on submerged objects such as
¢ircular cylinders, spheres and discs are in general dependent on the

following parameters

F = f(t’ T’ Umax, D’ p’ \Y] ) (2-16)

where ¢ , v are the mass density and kinematic viscosity of the fluid,
respectively and T is the period of oscillation. Grouping the variables

on the basis of dimensional analysis [Sarpkaya(1976)]

_F (b, mx max__ (2-17)

2p, 0
7 Y 2 Ynax

or introducing the phase angle g= 2 nt/T,

= £ (8, KC, Re) (2-18)

£
2 D2 Umax

Umax D

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

K-C = max___ {2-19)

For the objects of other shapes such as tire reef components, D may be
defind as the length of the objects along the direction of ambient
fluid velocity U.(See Section 3.1)

Equation(2-18), combined with Eq. (2-4), yields

)
]

= f,( 8, K-Cy RY) (2-20a)

(]
1l

fol 0, K-C, R,) (2-20b)

The phase parameter can be eliminated by considering time-invariant

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

o]

= f,(K-C, R 2-21
CIl 1 o) (2-21)

2.5 Coefficient Dependence on Governing Parameters

Several researchers have made extensive studies to clarify the
variation of Ch and CI as functions of the Reynolds number and/or
period parameter based on the Morison equation. Keulegan and Carpenter
(1958) studied the forcé 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 location 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 paraneter, K-C=Umax'T/D. They found that for small values of

the period parameter(K-C< 3) the force was accurately given by the
potential flow solution, namely, by the second term of Eq. (2-4) with

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

Sarpkaya(1975) 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.(1977) 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 cobtain data over a range of high-
Reynolds numbers and their results are presented in Fig. 2-2 with 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(1976) 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 Re < 10" but in the range 10 < Re< 2.5 x 10" some

dramatic varijations take place. At values of Re > 2.5 x 10" the
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variation is again gradual and appears to approach a constant value at
high Reynolds number. At low values of Reynolds number CI tends to be
independent of the Reynoids number but highly 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, CD and CI
tend to their potential flow value of zero and 2.0, respectively.
However, at Reynolds nﬁmber greater than 5 x 10°, drag coefficients tend
to increase while inertia coefficients tend to decrease.

Sarpkaya(1976) presented the results of a comprehensive and detailed
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 détermine
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, Sarbkaya used a dimensioniess parameter termed "frequency
parameter”, which is the Reynolds number divided by the period

parameter, and is denoted by

R
B:—:

e D’
RC - ST (2-22)
Since T was fixed at the natural period of the water tunnel,
measurements were obtained as a function of K-C for fixed B for each
cylinder. Fig. 2-3 shows the variation of CD and CI as functions of K-C
taking Reynolds number and 8 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.
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For large g, CI lies close to 2 for all K-C. The drag coefficient
passes through a maximum and then decreases with increasing K-C. For Re
smaller than 3500, the maximum values of CD and the minimum values of
CI appear in the range 10< K-C < 15.

Other important factors that influence drag and inertia
coefficients are roughness on the surface of the body and proximity of
a plane 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

- Kk
6= 3 (2-23)

The proximity effect of a cylinder can be expressed in dimensionless

parametric form as

= £ -
J= 7 (2-24)

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 flow has two distinct features. First, the critical Reynolds
number, RC, decreases as the roughness on an object surface of specified
size and shape is increased. Second, CD 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

Cp

¢ = f(Re, K-C, k/D) (2-25)
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Sarpkaya(1976) studied the effect of the varying roughness of a cylinder
on CD and CI as the functions of Reynolds number by maintaining K-C
constant under the flow of simple harmonic osciliation. 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 cyiinder 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(1971). He found that variations in e/D{from 0.0 to 0.16)
had no discernible effect on Cy. Nath and Yamamoto and others(1974,
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=0) to 2.0{e/D=0.5) as
e/D increases. The value of CD increases as the cylinder approaches the
boundary. It is noticable that the value of CD 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. (2-12} was shown to be
strongly period parameter dependent by Sarpkaya(1976) and Grace(1979).
From the measured force data in the laboratory U-tube, Sarpkaya obtained
a unique realtionship between the measured maximum force coefficient,

Cf(mes)’ and Keulegan-Carpenter period parameter as shown in Fig. 2-4a.
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[+ 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 Re and increases with decreasing K-C.
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
horizonfa] forces were directly correlated with measured maximum
horizontal velocity to yield maximum force coefficients by Eq. 2-12. He

used a measured period parameter, ¢ , as defined by

s

U
p o= —Dmax (2-26)
Ubmax ~ D
where meax and meax represent the maximum velocity and the maximum

acceleration, respectively, at a point very near the ocean bottom. For
simple harmonic oscillation, ¢ is the Keulegan-Carpenter number divided

by 27 so that for simpie harmonic motion,
K-C=2TW¥ (2-27)

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
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function,

The maximum force coefficient dependence on the Keulegan-Carpenter
neriod parameter for other submerged object shapes has not been clarified
in the literature. However, one may expect a similar tremd for the case
of three dimensional hodies such as rubber tire configurations. While
three 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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II1I. EXPERIMENTAL APPARATUS AND PROCEDURES

Introduction

Laboratory tests were conducted in a wave channel to obtain force
data on tire 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 completed 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 utilized 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 passehger 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
quantities 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
diameters, specifically, 12', 153 , 173 , 223 , 37" and 425, 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



31

Fig. 3-1 Properties of Tires Used in the Experiment

°
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to avoid blockage effects across the two dimensional cross section.

Fach individual tire has three major orientaions as reef components:

(1) ﬂat(w%:”’)on the ocean bottom, (2) parallel (-:,@,) or (3)
perpendicu]ar(g”) 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 Di’ the tread width as
Dt’ and the casing depth as B. Mean values of the ratios Di/D, Dt/D,
B/i'.lt 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, Di/D, B/Dt, thickness and
density 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 identified in the last column
of Fig. 3-1.

Using the sample tires, seven different unit configurations were
selected according to the recommendations of marine bioTogists.[Ref. 4
and 22 1 The selection criteria were: 1) to provide a variety of
habjtat 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

T I T T T T
100~ Symbel
- © Weight in Air
&0k A Weight in Water
T X Wegter/ Wair
F
= 10—
= =
e 5
> L
g e
1.0
0.5
I
o

‘ D {ft)

Fig. 3-2 Weight of Tire in Air and in Fresh Water
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Table 1. Effective Diameter(D') and Projected Area(A) of Tire
Units

D=0 D=1.283 D=1479 t 0=1.9926 Average

Configuration
DD |a/ZD%! O/0 |A/F0%| D/D {a/Z0%| DVD m%i;\2 D/D A/%D2

~ 0| 10 |0348! 10 |0321 | 10 |0337| 10 |0332] 10 | 0335
S @l 1o |o3es| 10 [o0321| 10 (033 10 |0332] 10 | 0335
4 o292 | 0760 | 0267 | 0.747 | 0.282 | 08I0 | Q277 | 0673 | 0.280 | 0.748

”~ 10 | 0695 | 10 [0642{ 10 | 0674 | 1O | 0663 | 10 | 0669
i 0 (0695 1.0 |0642] 10 | 0674 | 1.0 | 0683 | 1O | 0689
[ 0.584 | 0.760 | 0535 | 0.747 | 0.564 | 0.810 | 0.554 | 0673 | 0.559 | 0.748

il 1O 1.390 1.0 1.283 .G 1.348 1.0 1.326 1.0 1.337
o] 1.390 1.0 1.283 .G 1.348 1.0 1.326 1.0 1.337
1.168 | O.76C | 1.OTO | O.747 | 1.128 | O8I0 | 1108 | Q673 | LN8 | O.748

(A 272 | 3463 - - 272 | 3463 - - 272 | 3463

C
% w| 272 | 3463 | - - | 272 | 3483 | - - 272 | 3463

- - - | 356|453 | - - 1 - | - | 356 453
- wl o |o709] - - - - | 10 |o0s95| 107 | 0s4s

% w0854 |0866| - | - - - |os24 | 0896|0839 | 088
- - - - - - - |iies | 1739 | ries | 1739

relatively simple and economical to construct. The stability of each
unit configuration was tested for tires of varying sizes and different
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 1 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 jdentical to D for the first three configurations
with orientations(1) and (2) in Table 1. The effective diameter of each

tire unit was used for calculation of Keulegan-Carpenter period



Fig. 3-3 Dimensions of Complex Tire Configurations
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parameter and Reynolds number represented by K-C=meax' T/B"' and
Re=Uppmay” D'/ Vv » 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

s
Vo= {-’D)(ot) - for orientation{1l) and (2) (3-1a)

-
1]

2 2
&F(D -0;){D,)  n for orientation(3) (3-1b})

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{OrientationB).
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
number of tires in the rosette. The triangle configuration is made of
four tires of D = ZZ%F and takes its projected area as approximately 75
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
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calculations of CD’ CI, Cf, K-C and R..

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
walls. The top hole is for escape of entrapped air inside the tire
casing when submerged. A steel pipe of %P diameter is fixed through the
center of the concrete ballast to fix the tire on the dynamometer test
table. Each tire was ballasted by filling with concrete up to the
bottom level of the bead as shown in Fig. 3-4. For connection with
other tires, bolts of %ﬂ diameter with 2" washers and nuts were used as

shown in Fig. 3-4.

/Air escape hole

Connection hole
(both sides)

Concrete

¢ 5/8" Steel pipe

Connection bolts,
nuts, 8 washers

1954
e

Concrate
ballast

Dynamometer table

Fig. 3-4 Drilling and Fabrication of Tire Units
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3.2 Wave Research Facility

The experiments were conducted at the QOregon State University Wave
Research Facility. Fig. 3-5 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 75 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 conditions 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 with
various wave periods and wave heights form a test set for each tire
configuration. A total of 656 runs were made to complete the stability
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= 10.0ft)

T {n/to| H L | H/L | _AIry's Theory | (ase
(sec) (ft) | (ft) 23(Ft) [y ™/8) (¥-Theary)
0.84]20.3|0.04|0.07]0.11] 8-a
1.98 | 0.50! 1.68| 21.2| 0.08 ] 0.16 | 0.23 | 8-B
2521 22.5(0.1110.26 | 0.3a | 8-C
1.13] 28.3| 0.04 | 0.24 | 0.32 | 7.5-A
2.36|0.35] 2.26| 28.3| 0.08| 0.48 | 0.64 | 7.5-8
3.38128.810.12] 0.72 | 0.96 | 7.5-C
1.561 45.0| 0.04] 0.82]0.81| 7-A
3.13} 0.20] 3.12| 26.6] 0.07| 1.63{ 1.62| 7-8B
4.69| 49.1] 0.10] 2.361 2.43| 7-C
261l 0.15] 1-73] 55.4{ 0.03] 1.2 1.06 | 6.5-A
3.47| 57.71 0.061 2.44] 2.12 { 6.5-8
1.83] 71.810.03{1.761 1.29| 6-A
4.4210.10) 3 ¢6l 74.4} 0.05| 3.16| 2.59] -8B
1.95(108.2] 0.02| 3.11| 1.56 | 5-A
6.2510.05]| 5 g71110.1{ 0.02{ 4.36| 2.14| 5-*
9.881 0.02| 1.950179.3] 0.01{ 5.27| 1.68| 4-A

* Mid point of Case 5-B and 5-C
Lo = (g/2™)T L = Lo tanh(2 T/L)h
TH sin(27/T).t

Up = 7 ~snh(ar/00N
a =3 Ubdt 2 Tfubmax

0
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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 with the speed of sound is equal to twice the distance to the water
syrface. Signal conditioning within the instrument provides a
ca1ibrated 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 & 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
Fig. 3-6. The table is made of 3' - 10} x 3' - 8% x 3 aluminun plate
and is connected to four legs of 1" 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

aluminum rods are rigidly welded 5" x 2" x‘%

stee]l channel. Strain
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 drilled at three inch centers to

relieve the vertical forces on the table caused by wave induced bottom
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Fig. 3-6 Details of Test Section

pressures,

A Novar Model 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 resuliting

voltage level was reccorded on the oscillograph along with the surface
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wave profile and horizontal f&rces. 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 velocity 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 horizontal force and near bottom water
particle velocity are given in Fig. 3-7. Force calibrations were
accomplished by displacing the dynamometer table with a cable and weight
system, and recording the magnitude of resulting voltage at each strain
gage pair. Calibration for water particle velocity 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

U(ft/sec) = 5.224 E(volts) (3-2a)
and

FA 24.04 EA

FB 23.28 EB

Fo | T l2s.e8) | Eg (3-2b)

FD 24.26 ED

where F is the horizontal force on tire units in pounds, E is the
measured voltage in volts. A, B, C, D designate the identity of each
gage attached to each leg of the dynamometer table.

A sample record of surface wave profile( n), near bottom water

particle ve]ocity(Ub) and horizontal forces on tire unit(F) is shown in
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Fig. 3-7 Calibration Curves for (a) Near Bottom Water
Particle Velocity (b) Horizontal Force
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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. Al
hydrodynamic data signals were recorded on a Honeywell Model 1508
Visicorder oscillograph. This system is capable of recording up to six
channels at one time, utilizing 1ight 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 faorces of most test runs were
sensed by the strain gage A and C. le and sz are the horizontal forces
at the point of maximum velocity and maximum acceleration(zero velocity)
respectively. They are used in determining drag and inertia coefficients
as represented by £q. 2-11.

A test without tires 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 without
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 corresponding force in

Table 3.



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

. H Measured | Maximum Force{lbs) |[Force at EJb’meax“'m
(sec) (ft) Unmax( e/ Gage A | Gage C |Gage A | Gage C
0.93 0.15 0.37 0.38 0.24 0.26
1.98 1.77 g.27 0.53 0.49 0.32 0.38
2.53 0.49 0.77 0.56 0.29 0.33
1.70 0.48 0.88 0.82 0.40 0.38
2.36 2.57 0.86 1.25 1.40 0.66 0.89
3.33 1.16 2.04 1.91 1.01 1.15
1.63 0.82 0,98 1.02 0.66 0.77
3.31 3.03 1.88 2.97 2.20 1.54 1.79
4,77 2.54 3.80 3.19 2.66 2.88
2.05 1.24 1.73 1.51 1.06 1.02
3.61 3.02 1.91 2.52 2.20 1.86 1.583
4,57 2.67 3.69 3.19 3.00 2.88
4.42 1.93 1.23 1.33 1.23 1.00 0.84
3.93 2.67 3.21 2.88 2.16 2.50
z2.11 1.7 1.49 0.97 1.33 0.79
6.25 | 590 | 2.15 | 1.86 | 1.61 | 1.66 | 1.43
9.88 1.87 1.56 0.66 0.49 0.56 0.41
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3.4 Bottom Resistance Measurements

The horizontal force on tire reefs should be ultimately resisted by
bottom friction on tire surfaces in contact with marine sediments so
that

F<f W (3-3)

sub

where F is the net horizontal force on a tire unit, wsub is the submerged
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 material on the near shore

ocean bottom. The bottom resistance coefficients f are evaluated for,
two bottom conditions, namely, fine sands and a concrete surface.

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 horizontally 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 from 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 Umpgqua 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
coefficients based on the Morison 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 reef 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 Tinear wave
theory [Airy(1845)] the surface profile of a wave at a given location is

a sinusoid represented as

]

T

n(t) = g sin 7 t (4-1)
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(o) T=1.98sec
H=2.52 ft (H/Hg=0.75)

e 3 g@rved profite
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]
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(b) T = 3.6! sec
H = 3.30ft (H/Hg = 0.48)

S 1-49.0%

Fig. 4-1

Comparisons between Observed Wave Profile and
Theoratical 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(IQSSﬂ has provided & more
rigorous description of water wave properties. Accordingly, the

surface wave profile as a function of time is given as

NN
T .
ne) = f - LY um sinn fhalh ) eos gty (6-2)

where NN is the order of the representation, and h is water depth, ¥n
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. Dean{1974) presented his theoretical
dynamic and kinematic computations in dimensionless form for 40 cases of
wave conditions consisting of different h/L0 and H/Hg,[Ref. 6]where
L0 = gTZIZW , the linear wave theory deep water wave length, and HB
represents the breaking wave height. The value of h/L0 ranges from
.002(Case 1) to 2{Case 10) while H/Hp= 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 Tonger waves.
Nevertheless, the error is below 10%. Stream-function theory generally

concurs with measured values under the trough for all the waves.
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Near Bottom Water Particle Velocity

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

u (1) = —ZHI— . sin 27 (4-3)
sinh %ﬂh

The maximum value, U s Occurs under both the wave crest and trough

bmax
where sin %ﬂ = 1.0, then

[ =

1]
puu
-t

bmax (4-4)

sinh

[ [pS]
=

2
where L = %% tanh %Ih is the wave length at depth h.

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

Ub(t) = - X(n) %ﬂn ' CO0S n%ﬂt (4-5)

and the maximum value occurs under the c¢rest with a magnitude of

NN
Uhmax * © L X oy (4-6)

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
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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 velocities under longer waves(T 2 6.25 sec.).

A phase lag is observed between the surface profile and the
measured bottom veiocity. The reason for this apparent phase lag is not
certain, however, it is probable due to a slow fregquency 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 velocity 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
propel ler current meter has been reported. Kobune(1978) 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 profiles 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(7=1.98-4.42 sec.).
Instead, they occur uncer the trough. This observation is contrary to
theory but reported in some other experiments. [rensen(1978), Goda(1964 )]

To understand this unusual phanomenon more clearly, the ratios of

for particular

theoretical meax and averaged values of measured meax

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

frequency represented by czh/g, where (3=-%3 being wave frequency. For
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short wave periods(TS 3.61sec. or o'h/g20,94), the measured values of
meax are greater than the theoretical values and the difference
increases as T decreases. For longer wave periods(T Z 4.42 sec. or

o'h/g s 0.63), the measured values are smaller than the theoretical
values and the difference increases as T increases.

Judging from these observations, one might hypothesize the
existence of a near bottom current which flows in opposition to the wave,
j.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

16 T T T T 1T T 1 Y T
Rty
.25 50 75

14 a Y Theory = & s 7]

Lineor Wave o a o

T
|
!
|
]
o ]
@ | Theory
2 1.2} ' s -
e | .
3 7 i 5 | :
o [ 4
3 | ¢
Da 08 meax at crest ——-—-l—-—- : -
I meax at trouagh ]
06k ! .
!
|
04 L L P YT I I 3 1 : ]
0. 05 1.0 5
c2h/g

Fig. 4-3 Comparisons between Measured Maximum Water
Particle Velocity and Theoretical Values at
Elevation near Channel Bottom
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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/Lo) and increases as the wave period increases at
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., U still 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 Tinear wave theory provides a useful

prediction for maximum bottom velocities at intermediate and Tow wave
frequencies. This result has been confirmed by several investigators.

[Le Mehaute et al1.{1968), Grace(1976)]

Near Bottom Water Particle Accleration

According to linear wave theory, water particle accleration at the

bottom of the wave channel or sea floor is given by

. 2 2
Up(t) = 2T HT o %Et (4-7)
sinh %Eh

and its maximum value, meax’ occurs under both the down-c¢rossing and
the up-crossing point of surface wave profile where the horizontal

velocity is zero. Its magnitude is

2 2
_ 2T W _ 2 i
Upmax o T Ypmax (4-8)
sinh —h

L
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Dean's Stream-function theory evaluates the bottom water particle

acceleration as

b(t—%(z“ 2T 1) sin nélt (4-9)
b ) = o> X{n) (T— n)(t— n) sin nF— -9

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

bmax) were determined graphically by evaluating the maximum slope of

the veloc¢ity records so that

. d Ub AU
= S -1
meax dt | max At |max (4-10)
|-4 T L T T L 1 1 L} | Lal 1
b=
e
-
§ I.e . g —
E & § R . .
2 - 2 a e
5 1.0 ﬁ Y - Sa—
bt
3 . g
g Hbe
_Da C.8} .25 .50 .75 -]
m & & ¢ Theory
0O A © Linear Wave Theory
06 1 1 1 1 L 1 L1 I 1 i

(o8 05 1.0 4

crzh /g

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, ﬁbmax occurs at the up-crossing point of
the velocity curve for all of the waves examined.

Fig. 4-4 shows a comparison between the mean values of measured
ﬂ and two theoretical values. Stream-function theory provides a

bmax
better predicted value for bottom water particle acceleration than Tinear

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

below 20 percent for both theories.

4.2 Maximum Force Coefficients

Measured maximum forces are correlated with measured maximum near

bottom water particle velocities to yield maximum force coefficients as

= Fmax(mes) (4-11)
p 2
2 A Ubmax

Cf(mes)

where F is taken as the average of the horizontal net forces

max (mes)
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
maintained about 20 ¢ during the test yielding the density of water,p,
and kinematic viscosity,v , to be 1.937 slugs/ff and 1.06 x 10 ft /sec,
respectively. The projected areas{A) are as defined in Table 1.

The resulting maximum force coefficients show dependence both on

Reynolds number and Keulegan-Carpenter period parameter, however, a more
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definitive relationship was observed with 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
definitions of parameters) The maximum force coefficients 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( , & simplified notation Cf is used hereafter to represent the

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 1.1) 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 insignificant
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 coefficients curve
shows an apparent leveling off trend as K-C number increases. This is
similar to reported results for ¢ircular cylinders. [Sarpkaya(1976),
Grace(1979)] This behavior may help one to extrapolate Cf values at
siightly larger K-C numbers than that observed in the model tests.

Two stuffed tires with D=1.9 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 iower Cf values than the same configuration with D=1.9ft.
[See Appendix A or Fig. 4-12]

Fig. 4-10 illustrates various combinations and orientations of tires
with D=1.9 ft: (a) variation of C; relative to orientation for a four
tire array, (b) variation of Cf relative to number of tires. All curves
display similar slopes. However, the maximum force coefficients
obtained from a parallel orientation(2)[See Fig. 4-103] 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 in 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. 4-11b.
Three features are unique with rosette shape tire configurations: first,
slopes of the Cf curves are less than those of other configurations;
second, the slope 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 differ 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 Keulegan-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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under ocean waves. [Grace(1979), See Fig.2-4b] It is interesting that

the majority of the mean 1ines, with 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 Ce 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.

4.3 Drag and Inertia Coefficients for Tire Units

Drag and inertia coefficients for each tire unit configuration of
specified orientation were determinded utilizing the maximum value method
as previously discussed in Section 2.2. Eq. 2-11 can be written again

for tire configurations as

le
CD S R (4-12a)
5 A Upnax
F
¢, = —H— (4-12b)
Py meax

whera Fm and sz are the measured horizontzl net forces at the time of

1

Ub’= meax b

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

and Ub= O(or ﬁ = |J ), respectively, as shown in Fig. 3-8.

bmax

Table 1 and presented Fig. 3-3. The maximum near bottom velocities,
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U , are measured directly from the records and the maximum water

bmax
particle accelerations, meax’ are graphically determined from the slope
of the velocity records as discussed in Section 4.1.

The resuiting CD and CI are found to be both Reynolds number
dependent and Keulegan-Carpenter number dependent. However, a more

definitive relationship was obtained relative to the K-C period

parameter. The drag and inertia coefficients for selected tire unit
configurations are shown in Fig, 4-13 to Fig. 4-16 as functions of
Keulegan-Carpenter period parameter. The plots of CD and CI 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 with those for circular cylinders, the results of Cp
and CI for tire configurations are somewhat similar to that which has
been observed for circular cy]inders.[Sarpkaya(1976), Garrison et al.
(1977ﬂ The drag coefficients decay as the period parameter increases
and attain minimum values at intermediate values of the period parameter,
Beyond the minimum drag coefficient, values increase rapidly as the
period parameter increases to the limit 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 CI is presented in Fig. 4-13.
For the case of maximum force coefficients, the effect of tire size on
Cf(mes) was almost negligibie. However, larger tires experience
generally higher CD and CI values 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



IO_I]II[ 1 1 L] T I'I[Ill!_
=N 3
5 .
Cp
& |0k —
c; im. ]
0.5+ == 3 "
W - I.,_,{
B aves D N |
B 1Tire
Symbol D(ft)
| Cg Ct -
[« ] 1.0
-——-—0 i 1.5
—_—— 0 A 1.9
0|1111I 1 Lod a1 11l 1 [ S T B B
0.5 .0 5 [o} 50
K C'meox T/0
(a)
0 T T TTTTT T T T T T 7]
: a 3
5 N -
N
- \- kY =~
Cp
& Lo
¢t ¢
0.5F Wavas é
| 4 Tires
Symbol
N Co C1 -
— 0 % L0
—— 0 1.5
—_———A A 1.9
0.l ] L4 o1 a1l ] U N B I |
0.1 0.5 1.0 5 10
K_C'meax T/D
{b)

Fig, 4-13 Drag and Inertia Coefficients vs. K-C Number for
(a) One Tire Set Perpendicular to the Waves
(b) Four Tires Set Parallel to the Waves

70



IOIIII{ 1 VT T T I LI

T
L Symbol Orientgtion -
o Cp Cp 5] =
B Waves __ - n
5 -—-o = s (1)

2 Tires
D=1.0ft

o
.
|
<
N
1

1

III!II

1

L 11l 1 £ 11l ] [ T I
0'|0.5 1.0
e) T
L1 -
Cp
& 1.0 —
CI : -
C.5 -
B Symbel Orieatation \&Aﬁ =
| Cp C; 4
Waves
——ag =u - u (1
[~ 4 Tires - -
Del9H ° ¢ -&z@:(z}
—_———A A - n {3)
0.l 1 1 [ A 1 i 1ot 1gal
0.l 0.5 1.0 5 10
K-C=meux'T/D or meax-T/D'
{b)

Fig. 4-14 Drag and Inertia Coefficients vs. K-C Number for
{a) Two Tires with Different Orientations (b) Four
Tires with Different Qrientations



72

IO_ I I Lj T T rTg ) L T I L | 1 -
C ]
= -1
5 " -
o
& 1O —
C .
¢; [ & j
0.5+ T, I
Symbol \\
i Co C1 woves e B
e —— 0 - 52 {) Tire) -
—— ] : g {2 Tires) ) D=1.0ft 25 -
—_—— A A ”@F (4 Tires)
0.l 1 1 [ | |! i L.t .11 1t
Q.l Q.5 5 10
K- c UbTaxT/D
10 C T I B | T T T T T TTT] ]
: -"EI-.\ -
L S ~. -
5F Ny 4
vd
Cp ;
8 1.0p- -
Cy n .
0.5k -
i Confiquration -
Cp C; Waoves_
o -_—0 * (;2 [1Tira) -
B —-———0 B - g [2 Tiras) D=L9ft i
——a A - HQ' (4 Tiras}
1 1 L1 1o 1 1 L1 vl
O'IO.I Q.5 1.O 5 10
K=C2Upmax T/D
(b)
Fig. 4-15 Drag and Inertia Coefficients vs. K-C Number for

Parallel Array with Different Numbers of Tires



73

10 T T T T 1Ty T | I I A -
C N N
5+ LS .
| ~. N
- 7
o
8 1.0 - —
- A —
CI — -~ ]
0.5 : Symbol Confiqurofio:n :
s © C1 e L0 oo -
— o0 o Mver g (2 Tires)
| ~--0 = —-”@’ {4 Tires) ) D=9 |
——a A - @ {4 Tieos)
0.1 L I N O N 1 L& 1 e
(o} 05 10 5 10
K=C=Upmax' T/ D'
(a)
10 & T T T TTTT] T T T T T TTT]

L1 iid

| i 11l | ] Lt 1 a1l

0.1

Fig. 4-16

0.5 1.0 5 10
K-C = Ubmox T/ D'

)

Drag and Inertia Coefficients vs. K-C Number for
(a) Two Tires Stuffed (b) Rosette Shape Configurations



74

Jaquny J-Y *SA SIUBLOL 307 Beaq 40 SdULY uedy  /T1-7 ‘6L4

Q/1-¥PWa8n g0 q/L-¥PWAn = 9oy
o'l S0 I'Q

[TT T T 1T 1T 1 T I'0

-4s0
/
(,01=0)

/
(st=ay 7

(,61=Q)

\, 4

— Ol

(,€1=Q)

%,m

§

|

0l



2 JOQUNN J-Y SA SIUIEDLJ)30) BLIJBU 4O SBup] uedy  8T-p ‘6i4
371-¥°%An 40 g/ 1 ¥MAn 25y
oS o] g 0 50 I'o.
I L 1 1 | LA AL T [T 1 T 10
(.61
b hoOq—"
i 4 - ™ I..l....l...lnh.\\
— . . -
[ A.o‘—ucu‘.-m_ ov .n.-lll\-.\lnhlll.‘
|- = ..l.\\
o (01=0) | TS eSS T =2~
E —— \\\
__o._.n_//... _
| (1= 0) ¥ e
{G1=0)—
C(0120) o) e
\ L0181 (61:0) ]
L L‘ g
e _o -
f— ~
T el L1 1 l ] Lo o4 1 g 1 _




76

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(3) yields the lowest values of CD and CI among the three
orientations. However, this is not the case with two tire arrays.

The effect of the number of tires used on CD and CI is shown in
Fig. 4-15. For the case of D=1.9 ft, CD and CI increase as the number of
tires increases. This trend is not evident with tires of D=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 1nerfia coefficients increase as D' 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. Drag 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 CD and CI’ consistent with
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 de;reasing 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.

1t is interesting to compare the obtained results with those of
circular cylinders. For this purpose, values of CD and CI for several
tire configurations are plotted in Fig. 4-19 and Fig. 4-20 along with
those obtained by Garrison et al.(1977) and Sarpkaya(1976) (See Fig. 2-2
and Fig. 2-3). The open points{oc, o, a, ¢ etc.) represent the values of

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

D I
or Keulegan-Carpenter number. The closed points{e, =, & .4 etc. )
represent the values of CD 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
Re>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 cylinders observed

by Sarpkaya. While C, for circular cylinders display a mild convex peaks

D
at approximately K-C=10, CD for tire configurations display prominent
concave peaks at X-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
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number of tire configurations cver the range of Keulegan-Carpenter
number considered,

The differences in CD and CI 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 resuits for artificial

reef components.

4.4 Validity of the Morison Equation

The Morison equation, Eq. 2-4, has been widely accepted as a useful
tool for the prediction of in-line wave forces on a submerged body. Past
studies have indicated favorable correlations between wave force histories
praedicted by the Morison equation and actual force records on circular
cylinders which are fixed or oscillating in water. However, the validity
of the Morison equation is not assured for the case of etastic 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, meax’ so that

- o 2T
U=U . sin Ft {4-13a)
and
_dy _ 27 21
U=35°7 meax cos 3 t (4-13b)
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The results are shown from Fig., 4-21 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(mes)
and the calculated force Fmax(ca1) is defined as
Fmax(mes) B Fmax(cal)
AF = x 100(%) (4-14}

Fmax(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 20°, with the exception of

T=4.42 seconds(28°). The errors between F ) and F

)s )L*s

max {mes max(cal

vary from 12.8% to 23.4%.

It can be concluded that the Morison equation estimates of dynamic
in=-Tine wave forces on tire 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. Without a
velocity phase Tag, 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 Tess than or equal to 2.36 seconds, the opposite may
occur, because the force lag exceeds the velocity phase 1ag.(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
Timited 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 Morison 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 ¢ , are also shown in Fig. 4-21 to Fig. 4-23. The

phase lag is defined according to:
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2

Ulorn ) = U__ (orn__.) sin {-’t (4-15a)

max max

and

- (2 i}
F=F. sin(Ft+¢) (4-15b)

As discussed in Section 4.1, maximum velocities occur under the trough
for the waves with T=1.98~4.42 seconds, and occur under the crest for
the waves with T7=6.25~9.88 seconds. Maximum velocities Tead maximum
forces for the waves with T=1.98~4.42 seconds, and the opposite occurs
for the waves with T=6.25-9.88 seconds. However, ¢ is always referenced
from the wave crest as defined in Eq. 4-15. The phase Tags 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
increases. For the waves with T24.42 seconds, the magnitude of ¢
ranges from 50° to 120°. For the waves with T26.25 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
jnertia force in Eq. 2-4 reaches its maximum. If the maximum velocity
occurs at the crest, then Emax leads Umax and 0°< ¢ <90°. This concurs
with the data points corresponding to T=6.25-9.88 seconds in Fig. 4-24.
If the maximum velocity occurs at the trough but ¢ is referenced to the
wave crest, then Fmax will occur between the trough and the up-crossing
point. The latter will yield ¢ 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 with this wave period show that the maximum
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forces occur between the up-crossing points and the wave crests.
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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 until motion was initiated. The bottom friction coefficients
were calculated according to
F

f= 0 (4-16)
sub

where FH is the horizontal force required to move the tire unit and
Nsub is the submerged weight of tire unit including any added ballast.
The results are shown in Table 4. The magnitude of f varijes
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(l) promotes the highest
values because of the relatively iarge contact area. Orientation(2)
provides the lowest values due to rounded contact edges. For rosette
shape and stuffed configurations, orientation(B) induces higher f.

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

tires intrease.

Valent(1979) performed a friction test with sea-bed materials
collected at variocus 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 resuits of Valent are shown in Appendix B along with sample

“friction test records for two tire configurations.
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4.6 Field Application

In this section, 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 incTudes:
design wave conditions{wave period T, offshore wave height Ho), water
depth at the reef site(h), physical characteristics of sea bottom materials,
and tire sizes and configurations to be used. The design wave height in
deep water, Ho’ may be taken as the significant wave height(Hs) or
average wave height of highest 10 percent of all waves(HlO). HS or Hlo
are used to allow occasional unit motion for the design storm without
excessive ballast requirements. The deep water wave height, Ho’ should
be modified to the actual wave height at the reef site, H.by considering
shoaling, refraction and breaking of the incident waves.

This 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 in reef design. A dimensionless maximum

water particle velocity at the sea floor U /(LO/T) is given in

bma x
Fig. 4-25 as a function of dimensionless wave height(H/Lo) and water
depth(h/Lo) in accordance with linear wave theory. L0 represents the
deep water wave length for waves with period T, L0=gT2/2n.

A reef should be configured and ballasted so that it will remain
stable under the maximum horizontal forces imposed upon it by the design
wave. Maximum horizontal wave forces on tire reefs of specified size

and configuration can be predicted in two ways: first, by using £q.2-5

with maximum force coefficient(cf) and maximum near bottom water
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particle velocity(U ), second, by using the Morison equation(Eq. 2-4)

bmax
with drag and inertia coefficients(cD and CI) and time-varying near

bottom water particle ve1oc1ty(ub) and acceleration(ﬁb). 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 considerabie 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 ve]ocity(meax) from

the design wave height{H}, wave period(T) and water depth(h) by
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using Fig. 4-25.

(2) 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.

(3) Calculate the mz;imum horizontal force on the tire unit as
=c_ P
Fmax =l 3 A meax'
(4) Calculate the required submerged weight of the tire unit to
resist the maximum horizontal forces as,

Required wsub /f.

- Fmax
(5) Calculate the ballast required to obtain stability as
wba11ast(per tire)=(Required wsub)/(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

W
- [_f sub
Allowable meax o c

2 f(min)

(4-17)

where wsub = ballast in water(from Fig. 3-1) + submerged weight of tire
units{from Fig. 3-2). Cf(min) is the lowest maximum force coefficient
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



83

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

T .. 2m, .
Allowable Ho— - sinh f_h {Allowable meax)/l(s (4.18)

where Ks 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 results show
that tire reefs manufactured from most configurations can tolerate waves
with periods up to 18 seconds and heights up to 16 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 shaliower
depths under severe waves. Similar tables can be presented for tire

reefs with other ballast Tevels.
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V. CONCLUSIONS

5.1 Summary

Engineering studies have been conducted to provide basic
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 coefficients, 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 confirm the following conclusions:

(1) 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.

(2} The maximum force coefficients exponentially decay as the period
parameter increases over the observed range{maximum 40 to
minimum 1.1}. The effect of tire size on the maximum force
coefficients of a specified configuration is almost negligible.

(3} The drag and inertia coefficients based on Morison equation
analysis vary uniquely as a function of period parameter. The
drag coefficients decay to a minimum value at an intermediate
period parameter{2 to 7) and rapidly increase as the value of
the period parameter increases further. Inertia coefficients
increase gradually from 0.6 up to 3.0 as the period parameter
increases over the observed range.



(4)

(5)

(6)

(7)

(8)
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The force histories 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 difference between the calculated maximum
forces and measured values ranged 12.8 to 23.4 percent.
Throughout the observed range of Reynolds number and Keulegan-
Carpenter parameter, inertia forces dominate drag forces for all
tire configurations.

The Morison 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 coefficients of tire units in contact with
fine sands were 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 with 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.

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 Application of Results
Practical application of the study results has been discussed in
detail in Section 4.6 and may be briefly summarized as outlined below.

(1) Predict significant wave height and period for return period
equal to desired design life of reef using established wave
forcasting techniques.

(2) Shoal, refract and deffract the wave height to the reef site.

(3) Tolerate same reef unit motion by using significant wave
properties rather than the average of the highest 10% or 1% of
the waves.

(4) Calculate maximum bottom velocity using the 1inear wave theory
combined with water depth, wave height and period.

(5) Select a variety of configuration shapes to provide a diverse
habitat for a range of fish sizes.

(6) Evaluate the Keulegan-Carpenter period parameter.

(7) Refer to the experimental results of Cf vs.K-C to obtain Cf for
each configuration,

(8) Evaluate F . = e A U;ax /2 , utilizing A from Table 1., C.

from Step(7) and Upax from Step(4).
(9) 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.

/f.

(11) Add sufficient ballast to each tire to increase the total submerged
weight of configuration to “sub'

(10) Calculate wsub = Fmax

(12) Repeat Step(5)-(11) for each configuration.



98

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)

(6)

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.

Fvaluate 1ift coefficients for tire unit configrations. Then
evaluate the phase difference between the maximum 1ift force

and the maximum horizontal force to determine if 1ift 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 unit 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 inertia coefficients. With the
results of this study, a precise force-time history could be
predicted utilizing the Morison equation.

Verify the freguency response of the Novar Model 403 Streamflo
propeller current meter.
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APPENDIX A

Tables of Measured Data and
Resulted Force Coefficients
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Governing Parameters

U -D!
] _ “bmax
Reynolds Number: Re R (Eq. 2-2)
meax.T
Keulegan-Carpenter Number: K-C = —pr— {Eq. 2-19)
Force Coefficients
. . Fmax
Maximum Force Coefficients: Cf_-‘p A U; 72 (Eq. 4-11)
le max
Drag Coefficients: C = T (Eq. 4-12a)
D PA meax/2
sz
Inertia Coefficients: C;= ———— (Eq. 4-12b)}
Py meax
where p = 1.936 slugs/ft  (at 70°F)
v = 1.059 x 107 ft/sec (at 70°F)
CASE a-1 D'n.oft pA/2s .2643 v - (D= o ft)
T(sec) | H(ft) |Upmax(f¥/s) Fmax(Ibs) Cy R (x10%)| K-¢C
. . . .96 . .6
o8 | 35S a7 32 8.3 3 ‘63
1.81 .49 .47 7,51 1] 1.15
2.35 2.80 .84 .58 3.11 79 1.97
3.00 1.14 .90 2.53 1.08 2.39
1.80 73 B4 3.67 .71 2.34
313 3.59 1.80 1,63 1.92 1.70 5.64
5.07 2.81 2.56 1.42 2.47T 3.18
2.18 1.238 .85 1.50 1.21 4,582
3.61 3,27 1.96 1.86 1.83 1.85 7.07
4.78 2.92 3,22 1.43 2,76 10.354
2.05 1.21 1.02 2.62 1.14 5.36
442 5 o8 2.68 223 1.12 2.53 11.85
2,15 1.50 1,22 2.03 1.42 9,40
8.25 3.;2 2.16 1.92 1.56 2.04 13.48
9,88 2.00 1.57 .a7 1.34 1.48 13.48




CASE a.z  D'=-292ft  pA/2=.sess  Va-176ff ~8 (D=t.o f1)

T H memiubmm] Fmax | Fm1 | Fma2 Ci | Cp | C Re K=0
{see) | {f1) [(tt78){ire7u®)] (Ibs) | (ibs} | (Ibs) (*) {x105)

.98 1,73 .301 .75 .36 .13 .33 6.85]2.4711.30] 89 .08 | 2.0¢

. 2,48 .5711.02 .36 .23 .55 1 4.52]1.47|1.60§ A2 .18 | a3.az

1.57| .48 |1.22 .70 .15 .67 1 5.2011.11]|1.80) 95 .13 3,89

2.368 |2.67| .86|1.92] 1.20 .30 1.15]|2.77] .89)1.70) 95 .24 6.96

3.271.222.80]) 1.70 .31 | 1.64 | 1.95{ .36)1.85( 77 .34 | 9.a87

1.65] .ss|1.60] 1.03 14 .98 | 2.29] .32{1.80| &0 .24 | 9.23

3.13 |3,401.67(3.25 | 2.72 25 | 2.36 | 1.68| .1s|z2.a0| 87 ].:6 |17.92

4.8712.474.25| 4.10 64 a.91 ) 1.15] .18]2.70| 62 .68 |256.51

2.031{1.22]2.19| 1.53 17 | 1,491 1.77] .20[z2.00] 74 .24 |15.10

3.6l |3.07{1.37|2.90 | 2.7¢92 .33 2.28 ] 1.38] .1i8{z.30| 68 .32 23,15

4,47 12.6714.25 | 7.43 .37 | 2.88 | 1.78] .18{2.001 66 .74 {233,05

1.91(1L.2311.80 | L.82 .15 1.54 ] 1.47] .1a8(2.37] 58 .34 117,75

4.4214 072,483,213 4.37 |1.18 | 3.20] 1.21§ .32|3.00( 53 |[.68 |37.58

2.10[1.84|1.80] 1.79 .43 | 1.54] 1.14] .27[2.30( 36 .45 35,19

6.25 {2 a0z 151070 3,47 |1.86 | 2.75] 1.24] .s1|3.00] 41 [.ss |46.07

9.88|2.00l1.64l1.50] 1.30 | .38 | 2.20| 82l .3slz.37] 10 |.45 |55.53

Run No. 55-85, 79-34
CASE 4-3  D'=i.0ft pA/2% -2643 V3229 ~@) (D=1.0ft)

T H Poma blht;l] Frnox II:rni Fm2 Cf CD CI ¢ Re K=C
(see) | (#1) jtetzsd|eesady| (1bs) | (1bs) | (1bs) (*) {(x105)

.98 1.77) .32] .90 .35 .15 .23 l12.3d 5.801 .58]| 8e .30 .63

* 2.60] .5Q(|1.20 \B7 .20 .34 {(10.19 3.03] .64| 89 .47 .9%

1.70] .41}1.¢3 41 .13 .31 | a.14 2.00f .88| 91 .39 .97

2.36 |2.53) .s0(1.30 .76 .32 .73 ] 2.53 1.49 .87| o1 .85 2.12

3,33)1.16(2.2 .BO .36 .77 | 2.24] 1.01} .75] 98 1.19| 2.7«

1.70| .84|1.50 .64 .19 .56 { 3.42 1.02} .20|1ipz L7 2.383

3.13 [3.27f1.71(3.29]| 1.30 ,22 {t.25 | 1.63 .28t .35| 34 [1l.582] 5.35

4.93)2.87|5.00| 2.08 .40 |z.00 | 1.10 .21} .90] ma z.352| 8.38

2.07]|t.21|1.95 .72 .16 .69 | 1.88] .40f .80f1p2 1.1a| 4.37

3.6l |a3.03|z.78]2.00] 1.2 | .20 |1.20 | 1.500 .24{ .94] ag | 1.98] 3.43

4.570z.7714.10| 3.17 .36 [2.13 | L.58 .15‘1.20 4 2.52| 10.00

4 1.,93)1.40{%.80 .90 .15 84 | 1.74 .30*1.00 53 1.32| &.19

42127 73l2.57(3.80| 1.75| .33 [1.89 | 1.0 .19l t.00| &5 {2.a3|11.36

6.25 1.80f1.58|1.60| .89 .15 .80 (| 1.34 .2201.13] so 1.49) 9.88

. 2.90l2.20(2.20! 1.87 20 t1,22 { .23 .e23fi.z2%| 41 P z.cs|l13.7S

988 |1.91|1.64]1.05 -1 .19 .36 o8] .27l 1.20] az 1.35[ 16.20

Run No. 57-73, 85-90
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CASE 3-1 D'susmft PA/2= -5605 - (D=l-5ft)
T (sec) H{ft) [Usmax(t/s)| Fmgx(ibs) Ce R.(xIO"’) K=C
1.80 . 40 .87 9.71 " .58 .54
1.98 2.53 47 1,49 12.06 .66 .63
1.71 .48 1.55 13.63 .63 .72
2.36 2.80 . 80 2.77 7.73 1.12 1.28
3.65 1,22 3.55 4.26 1.70 1.95
1.73 .75 2.29 7.27 1.05 1.539
3.13 3.40 1.95 5.72 2.08 2.72 4.13
5.03 2.54 7.24 2.00 3,55 5.38
2.26 1.23 3,07 3.62 1.72 3.00
3.6 3.20 2.09 4.64 1.88 2.92 5.10
4.82 2.38 8,51 1.33 4.02 7.03
2.00 1.28 2.88 3.13 1.79 3.a3
4.42 4.40 2.86 6.39 1.39 3.39 8.55
2.17 1.63 2.68 1.80 2,28 6,89
6.25 3.03 2.10 4.56 1.84 2.93 8.87
9.88 1.42 1.58 1.88 1.34 2,21 10,386
Run No. 372-387
13 ) -
_ 417 5 ,580 3 .3
CASE z-2 D'z.urft PA/231.3465 Vs 1 m(o 51,3 ft)
T H meol*ubmn! Fmax Frni Fm2 o CD Cy P | Re K=C
(sec) | (1) |tstss)itr/a®)] (Ibs) | (Ibs) | (1bs) (*) _[ix10%)
1.98 1.70} ,28; .8&5 .94 .40 .79|8.92fa.79| .53 96 .11 .33
. 2.72] .55fj1.20] 2.01 .43 1.56|4.94f1.131.23] 39 .22 1 2.61
1.70] .s2|1.10]| t.9a 47| 1.48)5.44]r.29]1.20]| 8t .21 ] 2.95
2.36 ] 2.54] .o8lz.00| 3.38] .94 | 3.:17|2.78] .77 |1.41| 89 .37 | 5.38
3.37|11.22] 2.40| 3.92| 1L.20 3.e5|1.96| .604l.42; 77 .48 § 6,91
2.13f1.03]1.85] 4.01 .50 3.43{2.81}) .s01.65| 80 S BN I X
3.3 | 3.30]1.78|3.30| 7.23l 1,23 e.57{1.73| .29 fr.80| 62 | .e9 3.2z
a.s50|2.738ls.57|13.06} 2.33 | 10.76[1.25 z7la, 10| 87 |1.09 20,38
2.07|1.25|2.101 4.48 .53 | 4.24|z2.10] .32 l1.80| 85 .30 10.91
3.81 | 3.10|2.0012.90| &.55| 1.54 §.84]1.59 28 f2.10 | 74 .79 07.33
3.50{2.8314.60]17.99| 2.71 | 11.335]|2.098] .31 j2.20| 66 1,00 P1.92
1.85|1.29|1.380| 3.84 .78 2,75)1,71| .as [1.a5 | 684 .51 R3.38
4.42 ). 13|2 8ala.20l13.07) 3.07 | 10.92|1.35] .42 |p.32] 46 |L.06 p3.43
2.07{1.3a|1.85] 4.87| 1.24 | 3.90l1.95| .50 |1.88 | 32 .54 pO.<0
6.28 | z.z0|z2.00]2.55] 8.71| 2z.79 3.5211.82 52 12.31 a2 .79 i1.00
988 |s.c5|z. 331,13 a.11 | 2.75 | 2.96(L.13| .77 j2.29 | 20 g4 |B.353
Run No. 3434, 57-102
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. -
CASE 3-3 Daizoft pA/2=s60s "@, {D=1.5 ft)
Trsee) | B [Ubmax (F78) Fmanllbs)|  Cq | Re(xIO®)] X-C
|08 1.69 .29 .72 15.23 .41 .39
- 2,63 .53 1.85 10.89% .77 .74
1,564 .43 1.25 12,07 .60 .89
2 38 2.62 .88 2.08 4,79 1.23 1.40
3.33 1.16 2.77 3.68 1.62 1.85
1.55 .75 1.33 4.87 1.05 1.59
3.13 3.23 1.74 3.80 2.12 2.43 3.68
4,93 2,82 5.11 1,44 3.82 5.33
2.03 1.28 1.74 1.96 1.76 3.08
3.61 3.07 1.33 2.37 1.45% 2.63 4.59
4.53 2.79 6,42 1.47 3.90 6.81
1.33 1.37 2.08 1.8 1.91 4.08
4.42 4.20 2.58 +.59 1.23 3.80 7.71
528 2.10 1.48 2.09 1.71 2.07 6,25
: 2,87 2.13 3.37 1.33 2.98 2.00
9.88 1.97 1.55 1.19 .88 2.17 10.35
Run No. 45-35, 103-108
i
CASE ©¢-t D 21.assft PA/2= . 906 - (D= :,9oft)
Tisec) | Hft) |Upmos(#/8) Fmax{ibs) C4 Re(x10%)] K-¢C
1.98 1.81 .32 1.67 17.51 .38 .34
' 2.63 .52 3a.os 12.7§ .93 .54
1.80 .38 2.82 2.27 1.04 .72
2.36 2.79 .80 5.31 9.07 1.44, 1.00
3.56 1.15 6.73 5.62 2.06 1,43
1.30 72 4.53 9.7% 1.28 1.18
3.i3 3,47 1.83 $.34 3.09 3.27 3.0z
5.23 z2.70 15.22 2.30 4.84 4,46
2.17 1.40 8.18 3.50 2.30 2.83
3.6 3.15 2.26 9,27 2.00 4.05 +.31
4.31 3.02 17,84 2,14 3.41 5.73
4.42 2.00 1.47 5.08 2,50 2.583 3.az
) 4.32 2.77 11.75 1.6%9 4.96 6.45
6.25 2.18 1.83 5.67 1.87 3.27 5.03
' 2.90 2.04 3.08 2.14 3.86 3.74
9.88 2.04 1.58 3.76 1.66 2.83 3.25

Run No. +20-435



CASE c-2 D'=5254¢ PA/Z'-’ 1.8a02 V=998 ft 1(0 1.9 ft)
T H meelluhmn! max Frm sz Cf CD CI Re K=-C
(see) | (1) ltfess)terse?l] (1bs) | (ibs) | (1bs) (° 1 (x105)
1,75} .az| .90 .59 .75 | 1.55(8.42 | 4.0 .89 75. .13 1.21
.98 | 2. s506] .47 - - - - - - - - .23l 1.77
1.70| .a311.10| 2.96 .46 | 2.45(8.71 | 1.39 1.15} 78 .21 t.93
2.36 | 2.54] .s7|z2.00] 5.94| .84 | 5.41]4.26 .60 1.49| s0 .43] 3.91
3.53]1.15{2.40] 7.75] 1.13 | 6.94[3.19 .46 1.50| an .57 5017
1.33] .79[1.865| 4.47 .58 | 4.45f3.89| .51 1.40 s0 .39 4.71
313 |3.2711,81f3.86{12.19]| 1.76 |11.34]|2.02 .29 1.50 &3 .20} 10,79
4,73|2.70|4.30{21.41] 6.68 [14.87|1.60| .50 1.79 €4 1.34] 15.10
2.0311.23]2.00] 6.54} 1.05 | 5.95{2.35 .38 1,54 g5 .61 8,45
3 61 |3.09l1.97[3.00|12.70| 1.98 |10.45]1.78 .27 1.80] vz L98] 13,55
4.857{2.79f4.40|25.31 | .00 | 16.34}1.77 .42l 1.92] 59 1.38] 19.18
4.42 | 1-93|1.27]1.90} 5.74 .75 | 2.17{1.93| .28 1.43 3% .63 10.69
' a.aole.s?13.50|20.08] 5.52 |13.22]1.65 .45 1.95] 82 1,27{ 21.64
2.13|1.61[1.75] 7.24| 2.49 | 5.25|1.32 .52l 1.55] a2 T30 19,17
6.2% | 2.80]z.22|2.a0]12.72 5.24 | 9.33}1.40 .58 2,01 3z 1.10| 26.43
9.88]2.07|1.51|1.20] 5.84| 3.11 4.65|1.39 .744 2,00 25 ,75| 28.42
Run No. 12-22, 1l0%-11l4
1
CASE c-3 D'n.oseft  PA/2= .908 Vasosft —@©(D=1.2f)
T H memiubmul Frnox | Fmt | Fm2 C | Cp | C4 P | Rely_¢
(sec) | (#1) [(#t7slieese®) (1bs) | (1bs) | (Ibs) {*) [(xt0O%)
1.77| .22 .8c} 1.68 .56 | 1.07 l18.06] 4.00] .56 96 .57 .33
1.98 |2 53| _s7l1.15f 2.94 §1.08 | 2.37] 2,00t 2.09| .72 | 84 |1i.02] .60
1,630 .48|1.05| 4.35 .72 | 2.10 f20.34] 1.65| .70 | 106 .a6| .50
2.36 |2.64] .90|1.85] 3.82 .95 | 3,93| 7.93|1.:7] .7 101 }i.s1|1.12
z2.30|1.2012.30| 7.86 .50 | 5.771s.02| .s1| .87 a6 |z2.15/1.49
1.70| .a0|1.60} 3.02 .38 | 2.91| 5.2011.17) .34 93 {1.a3}1.32
313 |3.48(1.7213.20] 7.78 .93 7.7C | 2.901 .35{ .84 a2 3.08|2.84
.77 |2.5414.45{13.11 | z.10 jr2.02 | 2.08| .33|.94 75 }4.7314.36
2.03]1.31})2.05] 5.98 72 | 2.89| 3.35] .48[.80 94 |2.35]2.49
3.6 |3.12(1.94]3.00] 8.41 | 1.00 | 7.71] 2.47 .30 .30 g8 [3.47013.69
a.58l2.7414.40 |14.27 | 2.71 [12.18{ 2.08| .40 .96 78 |4.21]5.22
z2.00l1.24|L.2801 3.92 .55 | 4.29| 2.82] .39|.83 68 |2.22]2.39
442 |4.27]2.6713.80f10.09 | 1.59 3.32 L.56 .?u .76 cg |4.78]6.22
2,11 f1.49|1.30] 3.92 81 | 3.82 | 1.95] .40] -83 25 | 2.571%. 50
6.23 s.87l2.15|2.20f 6.35 | 1.78 | 5.90] 1.52] .=2|.93 24 |3.85|7.09
9.88|1.251.50(1.20] 2.75 | 1.27 2.44 | 1.35 .e2§.71 a3z |2.69{7.82
Run No. 23-233, 115-119
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. 1
CASE D-1  D'sioft  PA/2= spps V=2 ft — g (D=0 f)

T H meaxlubmx‘ qux Fm'l FmZ Cf CD CI ¢ Re K=C

{sec) | (ft} [(F/sllcerss®)] {ibs) | (1bs) | (1bs) {*) {(x10%Y
1.81) .24) .o0| 1.43} .30 | .55 |14.0d 2.93f .81 &9 .42 a7
98 1o 771 .aal|1.20| 1.63) .34 | .96 [13.35 2.79f .90 89 .a5| .95
1.85( .s0|1.25] t.53{ .32 |1.00 j11.s86| 2.42] .90] &3 .47l 1.18
2.36 |2.30( .e5l1.90] 2.26 | .63 [2.03 | s.92[ 1.65| .99 101 .a0] 2.01
3.5291.27]|2.48| 2.38| .77 |2.50 | 3.03 .sol1.15}101 |i.20| 3.00
1.80f .éz2|1.70] 1.90} .32z |1.3% | 9.33 1.48] .33} 93 59| 1,94
313 |3.2701.62(3.50] 3.94 | .88 (3.70 | 2.85 .s3[1.23} 3as |:.33] 5.07
s.07l2.355|a.80] 8.00 f1.a5 I5.75 | z2.27] .s1{1.35| 62 |=z2.24] s.08
2.20lt.a2f2.16| 2.77 | .35 {2.31 | 2.60c] .s2{1.20} 78 |1.3a{ 5.13
3.8l |3.271{2.15|3.16 | 4.45 | .36 {3.84 | 1.82] .as|1.30] 74 |z2.03] 7.7¢
s.9113.31]a.80| 6.98 | 2.32 |5.75 | 1.2t] .40{1.39) 72 [2.13|11.93
z.0011.50|z.00| 2.25{ .38 |z.13 | 1.39} .3z{1.20} sz |[1i.42] s6.53
442 V4.395|2.88(3.80| 4.92 | 1.84 |4.76 1.12} .=2|1.42) 56 [2.72|12.73
.28 [2-18[1.74 1. 76 { 2.30 | .36 [2.09 |1.44] .35[1.34] 34 }1.64|10.85
) 2.9al2.z20tz.40| 3.37 | .77 {3.22 |1.32] .30|1.51| 32 [=2.08{13.75
9.88B|lz.009(1.65|1.24 | L.03 .71 1,51 1.34) .30[1.48] 28 |1.36(16.30

Run No. 328-343
3
CASE D-2 D'=z.s83 f¢ PA/2= 5856 Ve.as3ft ~g (Do f)

T H meuajubmo:l Frax Fm1 Fm2 Cy | Cp | Cy d’ Re K-C

(sec) | ($1) [(ersdfirrrs®) (1bs) | Cibs) [ (ibs) (*) {xiO5)
198 (-85 .29| .oof .s2| .15} .49 | 1.073.03| .80 -- a5 Lo
: 2.531 .s0|t.29| 1.27] .2 .33 | 2.89 2.00{ 1.00] 89 .28] 1.70
1.78] .avli,1s] .sst .17 { .73 |s.35 1.30] .o9| 89 .28 1.s0
2.36 |z.73| .95{t.95] t.90j .30 {1.31 | 3.39| .57 1.35| &9 .521 3.384
3.a7|1.22|2.aa| 2.35 ] _as {2.25 | 2.69] .42(1.35| 71 .37 4.94
2.5011.332.44{ 2,539 .30 [2.67 2.60] .z2811.80| 62 LT3 7.14
313 {2.39]1.97[3.90] 4.82 .48 |a.83 | 2.12] .zifr.70] 75 1.09f10.57
a.e7le.72la.72} 5.99 | .70 |s.az | 1.338] .1s]t.s0| &2 1.30)14.¢80
2.11|1.27{1.98 | 2.15{ .28 {2.00 | 2.28 .30f1.50| 74 .70l 7.3s
381 |s.10(z2.10(2.05{ 3.56 | .44 13.29 [1.38 .17f1.73] 71 [1.18|13.00
4.37|3.03la,70] 5.87 | .as |s.71 [ i.28 .i8|1.78] 68 l1.s57)18.75
1.e6(1.40|t.83] 1.85 ) .zo |i1.85 | 1.7Cf .18]1.50%f 69 .77 10,61
4.42 |4,33]2.77|a.co| 4,35 | .a0 |4.30 | 1.11} .i18|1.78] 56 |1.53]20.99
z,1782.621.70) 1,29 .38 |1.73 | 1.30] .37|i.49] 24 .89 17.33
6.2512.5712.0712.50) 3.a6 | .33 |3.31 | 1.38| .33l2.00] 32 |1.1s4|22.18
9.8812.00{1.55(1.20 1.50] .s0 |i.31 } 1,13 .3s{i.s0f 33 .35{26.25
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CASE p-z D'sicft pPA/2%sess V=.sse ft “m@"(Dn.c ft)
T H Uhmm{”bmuxl Frnux le FmZ Cy CD CI ¢ Re K=C
{sec) | (f1) [{#t/s}lt2/e%) (Ibs) | (1bs) | (Ibs} {*) {x105}
Log |t-73| 33| .s0f .70 .25 .a713.69 4.34 .352f 89 .31l .88
. 2.63| .s35|t1.20} 1.54} .48 34| .53 3.0d .60f 89 .52 1.09
1.731 .30ft.20| 1.12] .28 .77) 3.a9 2.1d .62 80 .47l 1.13
23662571 .aslz.0ocl 1.76| .30 | 1.16] 4.19q .03 .sg| sa .82 2.10
5 a0l1.1slz.sc| 2.33| .s3 | 1.s:{ 3.1 .7y .o 38 |1.12] 2.52
1,57 .aalr.72] 1.38| .20 | 1.08| 4.1d .s4 .70| a0 .78 2.53
303 |3 37]1.84]3.40} 3.54] .43 | 2.41| 1,04 .24 .80 75 |1.74] 5.75
« 32)2.55(2.39) 5.74} .86 | 3.51| 1.9d4 .25| .90 65 | z2.41] 7.98
2.11l1.2012.29| 1.53| .25 | t.38| 2.01 .33 .77] 86 |1.13] 1.33
3.681 |3.0012.063]3.22] 3,34 .30 2,371 1.5 .27 e T 1,92] 7.33
s a7lz 0ala.35| s.00| .os | 3.4a| 1.5y .21 .s9f &5 | z2.78f10.81
1.9101.23|1.96) 1,661 .23 | 1.31] 2.07 .28 .s2] 39 |1.18] 3.44
4.42 V4 18|z 67(3.92] 3.17| .so | 2.98| 1.3 .23 .s5| 62 |=2.52{11.80
>.15|1.39]1.80] 1.61| .40 | 1.60] 1.58 .3g{1.00] 32 {1.42] 9.38
6.28 - 20li 50l1.83] 2.00] .33 | 1.82] 1.75{ .28 1.0c{ 36 |1.31] 8.49
9.8811.47| .90| .78| .ea| .15 | .s7| 1.80 .35] .97{ 39 35] 8.89
Run No. 221-136
CASE E-t D'n.srsft  PA/231.1209 =, (D=L.5 ft}
1.80 .37 2.26 14.70 .52 .50
t.s8 2.51 .58 - 4,25 11.27 .31 .78
1.73 .32 3.35 11,72 .73 .33
2.36 2.76 .85 6.16 7,81 1.19 1.36
. 3.67 1.08 3.68 6.59 1.50 1.72
1.71 .77 5.52 8.23 1.08 1.64
313 3.53 1.54 11,16 3.70 2.29 3,47
5.10 2.24 17.34 3.09 3.12 4.7
z.13 1.17 7.83 5.15% 1.63 2.34
3.6l 3.20 1.77 11,30 3,23 2,47 4.31
4.78 2.65 20.98 2.67 3.70 §.47
2.00 1.24 5.73 .31 1.74 3,71
4.42 4.35 2.33 15.28 2.13 3.53 7.55
2.10 1.42 7,08 2.13 1.99 .00
6.25 2,93 1.53 10.32 2,74 2.5 7.75
9.88 _— —— 4.48 —— — —
Run No. 3sg-403
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CASE E-2  D'=sssft  pQA/2=1.3465 8 (Dsi.sft)
Tisec) | H{ft) [Upmax(F/8)] Fnax(Ibs) Cy Re(x10%)| x-cC
1.98 1.80 .35 1.74 10.52 .28 .83
2.67 .37 3.14 7.17 .45 1.38

1.73 .48 2.981 9.39 .38 1.356

2.36 2,73 .93 5.26 4,52 .73 2.63
3.40 1.30 7.15 3.14 1.02 3.58

1.73 .35 3.98 4.10 .57 3.13

3.3 3.47 1.88 10.32 2.17 1,45 7.06
4.93 2.87 18.67 1,74 2.10 10.03

2.15 .33 5.4 2.30 1.05 5.76

3.61 3.30 2.11 11.35 1.93 1.68 9,1+
£,32 2.8% 21.03 1,91 2,325 12,329

442 2.05 1.350 5.13 1.69 1.18 7.96
4.27 2.78 16.43 1.358 2,19 14.75

6.25 2.15 1.50 5.57 z2.17 1.18 11.25
: 2.87 2,07 11.19 1.94 1.83 15.53
9.88 2.00 1.62 4,95 1.40 1.27 19.22

Run No. 18s-154

CASE g-3 D'=.<79f¢ PA/2= 1.1209 (D=L.5 §t)
T(sac) H(fT) megg{fvs;[ Fmg‘“bS) cf RQ(X'OS) K=-C
1.87 .31 2.0% 19,37 .33 .42

1.98 3.53 .60 3,70 9.17 34 .30
1.77 .55 3.36 9.92 .77 .38

2. 36 2.80 .90 5.53 &.09 1.26 1.44
: 2.40 1.21 7.27 4.43 1.69 1,93
L.76 .88 .14 .77 1,23 1.88

3.13 3.52 1.88 1G. 53 2,49 2.33 3.08
.08 2.64 16.07 2,08 3.69 5.39

2,22 1.31 6.18 3,21 1.33 3.20

3.61 3.25 2.05 10.10 z.14 2.86 5.C00
4.77 3.18 18.52 1.52 3,45 7.79

4.42 2.07 1.48 5.52 2.35 2.04 +.35
4.29 2.73 15.78 1.39 3.81 3.18

.19 1.68 5.15 1.83 2.35 T.1C

6.25 2,98 2.24 9,51 1.71 3.13 9.47
9.88 2,09 1.58 4,33 1.43 2.35 i1.22

Run No. 1s53-158
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1
CASE F-1 D =.sseft pA/Zsl_-Slz_l —_pm {D=z o f1)
T(sec) | H(f1) [Unmax(f/s){ Fmax(lbs) C¢ Re(x109)| K-C
1.98 1.87 .31 4,70 27.34 .55 .3z
2.77 .45 7.94 21.74 .80 .47
1,80 - 44 7.72 22.11 .79 .53
2.36 2.69 .87 13.57 9.97 1,55 1.08
3.48 1.25 19,82 5,96 2,25 1.56
1.73 .43 10.88 8.82 1.48 1.36
3.13 3.49 1.95 26,83 3,90 3.49 3.2z
5,13 2.68 39.00 3.00 4.80 4,42
2.20 1.44 16.79 4,49 2,57 2.74
3.6l 3.19 1.83 26,34 4,35 3,27 3,43
4,73 3.07 43,91 2,57 5.30 5.85
4.42 1.97 1.54 13.04 3.05 2.75 3.58
' 2,40 2,92 31,00 1,34 5.23 5.81
6.25 2.18 1.28 14.13 4,80 2.28 4,20
: 2.98 1.96 20.66 2.97 3.51 6.46
8.88 1.97 1.34 8.57 2.68 2.39 6.87
Run NO. 435-451
CASE r-2 D'=r.05 $¢ PA/2:1.3402 "g (DaL.9 ft)
T (sac) H(ft) {Upmax(f1/s) Fmax(IDS) Cs R,(xlo-") K=-C
98 1,90 .34 4.13 19.42 .18 .64
I 2,53 .60 7.10 10.72 .60 1.13
1.87 .50 5.09 11.08 .50 1.12
2.36 2.89 1.00 9.77 5.31 .99 2.25
3.67 1.24 17.01 3.0% 1.23 2.79
1.79 .83 8.67 6.84 .32 2.47
3.13 3.353 1.90 20.78 3,13 1.88 5.67
4.93 2.96 a2.97 2.05 2,94 8.82
2,20 1.25 11,72 4,08 1.24 4,30
3.61 3.27 2.05 20,05 2.59 2.03 7.05
4,70 2.90 37.z27 2.41 2,88 3,97
2,11 1.43 10.45 2.82 1.41 5,38
4.42 4.27 2.86 27,85 1.35 2.34 12.04
2.23 1.60 12.48 2.55 .59 9,52
6.25 3.00 2,156 18.08 2,11 2.14 12. 236
9.88 1.98 1,68 8.76 1.69 1.57 13.31

Run Ng.z01-216
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- ’—b
CASE F-3  D'siassft PA/22 15121 V3z2sea ft “@HD=1.o f)
T H meoJmegJ Fmax F:n'n Y Cs 1 Cp | G @ | Re K~C
(see) | (#1) |(frzsdtress®) (ibs) | (1bs) | (ibs) {*) {x10%)
o8 {1-90{ .32j1.00f11.92] 1,29 [ 3.33|64256.25 LT3[ 96 .57§ .33
’ 2.69] .s7r1.2s5|16.1a8| 2.93 | 3.84|27.48|4.98] .95| 104 |1.02| .s0
1.34| .4m]1.38]11.853) 2.07 | 9.19]|27.35|+.96] 9 1j 102 .86] .80
2.36 | 5. g2 .oslz.00|20.18] 2.30 | 16.45|1158|1.33|%. 28] 109 [1.76] 1 22
3.53(2.13/2.80]28.11| 3.10 | 19.30(1258 1.34|1 20 92 |2.02]1.41
1.801 .a85)1.79|12.06 .25 | 11.0C| 2.24 19| .e7Qitz ]1.52{ 1.a0C
313 [3.51|1.85]3.30|33.75) 5.97 | 29.51| 3544 ,96|1.47] 98 [3.31] 3.05
s.06lz.73l4.70]|52.90|13.90 | 46.73] 3.58/1.02]1.73( 39 [a.s9]<4.51
2,180 1.2511.90|18,.57 ) 2.60 [ 13.83| 5,56] .92]1.28] 90 |2.24] .38
3.6 §3.25/1.98[3.00|35.24| 5.60 j20.54| 53 071 .79(1.78] as |[3.55]3.77
4,750 2.,86[4.20]52.03 (12,43 [ 43.55( 3.53] .82|1.35] 32 |[5.12]5.45
4.42 2.,03]1.35{1.85|15.66{ 2.90 | 314.87] 4.74] .88|L.40] &2 2. 42 3.15
. 4.29|2.83212.90|41.95 |14.90 | 35.30] z,91]1.04]1.581| 54 5.05|6.57
6.2% 2.20|1.75{1.7013.83% 4.55 | 11.50| 2.49] .82|1.18{ 39 |[3.13]8.77
. z.97lz2.2712.80)22.60} 9.00 | 19.48] z,az|1.05|1.21 | 34 4.06[7.498
9.881{=2.03]1.50{1.20f 2.34} 4.73 7.511 2,34]1.16|1.09 28 2.560|7.82
Run No. 185-200
CASE 1-1 D'::..eas ft PA/z-.- 1.56069 - ﬁ (D=1.3 fﬂ
T (sec) H{ft) lUbmax(ft/s} Fmex(!bs) o R.(xlos) K-C
1.98 1.95 .37 3.13 14.78 .44 .56
2.54 .63 5.15 49,16 .76 .97
1.93 .62 5.87 5.62 .78 1.13
2.36 2.81 .97 9,96 &.64 1.17 1.78
3.53 1.25 13.21 5.23 1.52 2,31
1.80 .84 8.25 7.26 1,02 2.03
3.13 3.55 1.8% 20,94 3.79 2.23 4.52
4,55 2.21 32.92 4,21 2.67 5.28
2.17 1.24 11.21 4.33 1.59 3,49
36! 3.20 1.96 20,99 3.40 2.37 3,51
4,435 2.21 32.92 .21 2.02 7.02
4.42 2,13 1.231 10.85 3.39 1.58 1,50
4,32 2,37 36.22 4.01 2,87 5.16
§.25 2.1¢ 1.70 11.92 2.57 2.05 8.27
) a3 2.21 22.49 2.87 2.87 10.75
9.88 2.01 1.55 §.22 2,12 1.88 11.87

Run No. s28-643
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. -
CASE 1-2  D'=uift  pA/2s s B, (D=1.381)
1.98 1.80 .24 2.05 38.04 .31 .35
) 2.48 .54 3,72 12.48 .70 .78
1.84 .41 3.93 25,39 .53 .70
2.36 2,73 .83 6.20 7.71 1.20 1.5¢9
3.58 1.22 6.95 4,99 1.58 2,10
1.70 .77 5.28 9,58 1.00 1,75
213 3,41 1.8a 11.33 3.43 2.43 4.28
4.61 2.48 17.75 3.08 3.22 £.56
2,19 1.20 7.59 5.62 1.56 3.16
3.6 3.26 2.04 16.27 4,19 2.54 5.36
4.21 2.67 19,38 2,98 3.4% 7.02
4.42 2.10 1.31 5.07 3.31 1.69 4.20
: 4,23 2.70 17.64 2.59 3.50 8.68
.25 2.07 1.51 7.08 2.91 2,09 7.34
* 2.90 1.97 11.72 .22 2.56 8.98
9.88 2.00 1.50 5.85 2.68 1.95 10,81
Run Ng.ss4-659
[ —r
CASE 1-3 D'=283ft PA/23%1 6069 @2 (Dal3 ft)
T (sec) H (f*) mea: (f,/s’l Fmgn“bS) Cf Rg (x 105) K=C
1.85 .31 3.83 23.33 .38 .48
1.98 2.57 .41 6.19 22.57 .30 .64
1.83 .38 6.56 28.84 .46 .70
2.26 2.a3 .78 10.79 10.92 .95 1.44
3.37 1.24 11.79 4,76 1.5C 2.28
1.77 .75 8.29 9.17 .91 1.83
3.13 3.38 1.88 17.52 3.08 2.28 4.59
4,57 2,58 29,41 2.79 3.10 7.20
2.23 1.21 10.83 4.52 1.48 3.40
3.6) 3.2z 1.89 17.71 3.07 z2.29 5.33
4.43 2.56 29.41 2.79 3.10 7.20
4.42 2.07 1.39 8.76 2.82 1.69 4.79
4.30 2.48 27.88 2.82 3.01 8.53
2,21 1.60 10.11 2.46 1.94 7.79
6.25 2,93 2.12 15.46 2,14 2.57 10.34
$.88 2,07 1.54 6.99 1.85 1.86 11,82

Run No. s50-575
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CASE -1 D'siott pA/2=1.0571 ~3. (D= 1.0ft)
T (3“) H (ft) meqg (ff/s’ Fmgx “bS) cf R.{x 105) K=C
98 1.80 .30 1.71 17.92 .ag .59
I 2.57 .55 3,33 10.41 .32 1.09
1,75 W47 2,87 11,44 .44 1.11
2.28 2.67 .95 a.9% 5.18 .90 2.24
3.40 1.38 5.68 2.82 1.30 3.26
1.70 .80 3.50 5,33 .75 2.350
313 3.47 1.88 7.12 1.%0 1.78 5.88
4,95 2.68 12.18 1.60 2.53 8,39
2,03 1,28 5.07 2.93 1.231 4,52
3.61 3.20 2.12 8.43 1.77 2.00 7.65
4,83 2.98 16,54 1.76 2.81 10.76
4.42 1.93 1,33 5.77 3.09 1.26 5.88
4,33 2.75 13.73 1,72 2,60 12.16
6.25 2.12 1.66 5.43 1.86 1.57 10.38
2.59 2.30 8.01 1.43 2,17 14.38
9.88 2.00 1.49 4.59 1.96 1.41 14.72
Run No. 314-3s9
] —

CASE ;-2 D'=serft  pA/2= .s856 % {(D=z1.0ft)
Tisec) | H(F) {Upmax(F/8) Fmox(Ibs) Cs Re(x10%)| K-cC
198 1.77 .26 .92 23.27 .29 L 44
. 2,55 .55 1.35 7.30 .61 .83

1.81 .46 1.48 11.90 .51 .93

2.36 2,76 .87 3.23 7.29 , 906 1.76
3,39 1.24 4.40 4,88 1.37 2,51

1.7 L B5 2.34 8,00 .94 2.28

113 3.45 1.89 $.39 3.06 2.08 3.07
4.97 2.52 9.34 2.84 2.78 6.76

2,12 1.22 a.23 3.71 1.34 3.78

3.61 3.16 2,00 5,16 2.53 2,20 .19
5.689 2,33 10,49 2.24 3,22 4,55

2,02 1,20 2,34 .38 1.32 4,55

4.42 4,22 z.57 7.72 2.00 2.83 9.74
6.25 2.11 1.28 3.61 3.88 1.39 5.75
' 2.91 1,87 6.92 2.94 2.06 10.02
9.88 2,07 1.30 2,46 2.91 1,32 10.15

Run No. 233-248



CASE J-3 D'aloft PA/2sl.0571 V= 916 ft "(D- 1.0¢4)
T H 4Uhmx{ max Frrn sz (:‘f CD (_':l R,.'a K=C
{sec) | (f1} (ft/s}(fu {ibs} | (1bs) | (Ibs) { ) [x1QO%)
1,83} .33 1,56} .z5{ t.23)13zslz.17| .80 | 82 | .3L} .85
.98 |z sof .51 1.15 2.84| .57} 2.11| 723fr.esfr.03| 75 | .s8|1.21
1.76] .50]1.15] 3.05] .42 | 2.05li1ss{i.selto0} 77 | .47 ]1.18
238 ] 2,89 .o6|1.55} s.78| .52 4.49}1593] .70(L.30) 77 | .81 ]2.27
5 6al1.27|2.50] 7.34| .87 | s.04|430]| .40 f1.36| 60 [1.20]3.00
L.3z| .sali.7s| 4.88] .38 | a.17)ss1) 51t.34 s2 | .79 )2.53
303 |a2.5911.9013.50{ 9.30] 1.22 9,.00{257]| .32 |1.45 65 |1.79(5.9%
iv.97{2.73|4.75}17.75| 2.20 | 15.34| 225] .28 |L.82| 66 [2.58 | 3.55
>.2311.27| 2.10] 6.45| .51 | 5.97)j37e| .30}1.60] 74 [1.20}4.59
3 61 | 3.23|2.05|3.00{10.69| 1.18 | 9.86| 241 .27 1,85 70 [1.947.40
a.57|2.88la.00{21.20) 3.53 {14.17| 245 | .40 .00 | &7 [2.70 0.33
a.42 | 2-09|1.43 1.88! s.50| .s4 | s.41}25s| .25pn.65] &7 {1.35 [4.32
. 2.2702.78]3.80)17.73| 3.32 |13.82} 2a8| .40 .05 | 61 .83 p2.29
g.28 | 2-21]1.69|1.70| 6.08 1.25 1 a.s2] 201 .41 f1.63| a1 [+.60 pO.36
@9, | 5 a5l2.28l2.45|10.83| 3.20 | 8.78{187| .58 .02 ] 29 [2.i5 §4.25
988 1.97/1.55|1.20}) 5.197 2.43 3.90| 205| .96 1.a3 37 j1.46 15.31
Run No, z17-232
CASE x-1  D'sWisft pA/2= 2.2410 "R (D=5
Tisec) | H(f) [Ubmox(ft/s} Fmax(lbS) Cq Re(x10%)| k-c¢
198 1.85 .26 5.82 39.564 .36 .34
. 2.77 .30 10,36 13.01 .83 .80
1.77 .44 9.4l 21.29 .62 .71
2 36 2.80 .92 17.34 9,18 1.28 1,47
3.55 1.23 24.68 7.30 1.72 1.96
1.74 .80 12,72 8.78 1.12 1.70
3.13 3,60 1.97 32.77 3.77 2.75 4,17
5,11 2.75 45,47 2.68 3.35 5.83
2,20 1.29 18,07 4.34 1.80 3.15
3.6l a.27 2.07 29.46 3.05 2.30 5.06
4,83 3.13 53,46 2,43 4.38 7.65
4.42 1.99 1.28 14,37 3.94 1.78 3.81
. 4,33 2,98 43.76 2.25 4.11 8.80
2.18 1,44 14.35 3,10 2.01 6.07
6.25 2.95 2.13 24,90 2.48 2,97 8.983
9.88 z.08 1.37 10.72 2,53 1.92 9,18
Run No. 104-418
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1 —
CASE k-2 D'=.ss7ft  PA/221.3465 i {D=1.5ft)
198 1.85 .28 3.43 32.52 .44 .34
: 2.65 .60 5.91 12.19 .34 .71
1.77 .42 5.18 21.79 .56 .60
2.26 2,70 .83 3.82 10,59 1.31 1,20
3.50 1.26 13.98 6.54 1.98 1.80
1.69 .80 8,55 7.93 1,42 1.70
3.13 3.53 1.90 20.48 4.21 2.99 3.60
5.07 2.70 31,99 3,26 4.25 5,10
2,13 1.26 11,85 5.54 1.98 2.70
3.6l 3,33 2.15 20.75 3.33 3.38 4.70
4.77 3.00 37,23 3.07 4,72 6,50
4.42 2.07 1.30 9,93 4,37 2.05 3,40
. §.27 2.77 27.82 2.69 4,36 7.30
6.25 2.17 1.72 11.98 3.01 2.71 5.40
. z.95% z.28 15.80 2,69 3.59 .50
9.88 2.08 1.67 8.62 2.30 2.63 9,90
Run No. 264-279
CASE x-3 D'z.ersft  PA/222.2419  Vaeeft ~Qy" (D=1.5§1)
T H Ubﬂ'\ﬂllubmﬂzll Fnax Fa1 | Fm2 Ce | Cp i Oy $ | Re K-C
{sec) | (£} |(ft/editerss®) (Ibs) | {1bs) { (ibs) (*) J(xi0%Y
Log | +-82] .30 .s7| 5.25) 1.55 | 3.69126.0|7.68{ .76 g2 42t .40
2.731 _.ssli.20l 9.86] 2.17 | 6.76|14.513.201.02| a4 | TT}] .74
1.730 .sof1.1s} s.s85| 1.92 | 6.av|15.43.43[t.08] a3 | .70 .80
2.36 | 2.7z .sol1.90{17.00| 3.54 | 14.20]9.36 {2.00(1.35] 83 [1.26] l.44
3.a8} 1.26] 2.45[24.75| 5.41 | 20.38(6.95{1.52 [1.5¢] at [1.76] 2.01
1.73( .79 1.70] 14.22) 2.03 1 13.17t10.2[1.45|1.40( as [1.101% 1.67
313 {3.47|1,39| 3.40|36.27] 7.25 | 33.02{4.53| .90 J1.75] s5 [2.64 | 4.00
5.071 2.37| a.80|52.18] s.50 | 51.58|4.14| .68 [1.94] g2 |[3.31|5.02
s.17 1.26] 2.10l 21,39 4.%0 | 19.23{5.95(|1.38 J1.65| 78 [1L.75 | 3.08
23681 | 3.1al2.1712.95{35.23! o.80 | 32.70{3.34[ .92 (2.00{ s5 |3.03 | 5.30
4.73| 2.58| 4.08{57.98112.98 | a8.26(3.89| .87 |2.15| -- [3.60} .30
4,42 | 209 1-93] 1.85]17.24| .00 17.47|3.741,0911.70 | 69 [2.00 ] 4.27
. 2.28]2.51] 3.80{46.75|11.86 § 45.35(3.31| .84 [2.15] -~ |3.51}7.50
6.2% | 2-32{ 1.55[ 1.70{17.458| 4.15 16.2513.24] .77 l1.72| 20 j2.17 ] 6.55
: 2.83 1.95} 2.45|29.62| 8.18 | 27.73(3.47| .96 [2.04| -- l2.72 | 8&.24
9.881 1.21 1.49[1.20 12,76} 5.53 ] 10.16]2.56 (1.11 |1.53 24 [2.08 | 2.95
Run No. 249-263
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CASE 1.1

D' 21896 §4

PA/23 3 6242

V 25,928t “g(D 519 ft)

117

T H meellubmafl Fenox le Fm2 C | Cp| € ¢ R°5 K-C
(sec) | (#1) |(rrzsdlirers®™ (ibs) | (1bs) | (Ibs) {*) [{x1Q=)
l.og | 1.87] .34 .90j11.1 | 2.39| 9.56[26.43[5.70| .93 | v | .51 .36
: 2.62| .sz|1.10]20.8 | 5.52 | 15.39|15.09|3.96(|2.30| g2 [1.10] .64
1.77] .30{1.1af18.9 | 4.52 | 28.28|2a.7 4,55 |t.40] 93 | .s0| .sz
2.36 | 2 7] .96/ 1.90|38.9 | s8.20| 31.45|1163l2.46[1.94| 52 |1.72] 1.20
3,27 1.31) 2.45| s4.9 |10.83 | 43.54] s.a9(1.74a{1.55| a7 |2.34| 1.63
1.71 .37l 1.80] 33.8 2.75 27.54|121331.00[1.50 as 1.58 1.44
313 | 3.33]1.98]3.20}70.5 | 8.78 | 39.07|3.00f .52{1.61| s0 |[3.54] 3.26
4,57 2.64] a.50lw9.7 [13.40 | 94.23|4.35] .53 |1.82] 89 |s.72| 4.a36
2.14| 1.4t} 1.90{42.5 | 5.55 | 33.75]|s.90( .77 |1.55| 8o |z.s52| 2.59
3.61 | 5.11|2.08} 2.95[¢é5.2 |10.30 | 58.24]4.12] .65 |1.72| 82 [3.74] 3.98
4.77]3.00) 4. 10f02.2 [17.93 | 84.30)3.12] .55 )1.7¢| 74 |[5.38) s.72
4 2.00|1.23)1.80{34.2 | 6.00 | 33.00]s.26|1.101.60]| &2 |2.20] 2.86
42| 4.2312.84]3.80{76.2 |20.20 | 72.40|2.60] .69 |1.66] s6 |5.09| .83
525 2.0341,7012.03134.7 7.50 | 32.8013.32 72 |11.41 39 3,04 ] 5.60
. 2.7512.09|2.50{54.2 | 9.24 | 51.71(2.43] .58 |t.80| 45 |8.74 | s.a0
9.88)2.03]1.47]1.20}20.1 7.13 | 16.95|2.57]| .91 1,23 | 32 |2.83 ] 7.88
Run No. 452-467
) i
CASE L-2  D's2.10ft PA/2%1.3302 V=992 ft ~ I{(D = oft)
T H meaj"bm?l Frox | Fmt1 | Fm2 Cs [ Cp | Cy ® | Re [k-g
{sec) | (#1) |(#t7sHteesst) (1bs) | {ibs) | (tbs) {*) Ux10%Y
Log | -8¢| 40| -83| s.19| .70 | 4.02[17.63 5.77 .s3] e6 .79| .z28
' 2.60| .83|1.20( 9.61| 2.24 | 6,65 [13.18] 3,071 .72 89 [1,25] .s9
1.78] .s0ft.20| 8.59 | 2.48 | 7.22 18,67 5,411 .78{ 101 .99 .34
2.36 | 2.78{ .s0}z.00|15.02| 2.90 [13.65 |10.20f 1.95] .ss8] 89 J1i.7e{1.01
3.50{1.12(2,70)22.44 | 2.80 |10.15| 9.721 1.21] .9sf B89 la2.22|1.26
1.77] .77l1.85[13.30| .85 [11.21 hz.1sf .78] .oz2] 78 {1.53]2.1s
313 |3.40{1.83[3.20|32.158 | 2.96 |25.40} 5.22| .s8/1.03] 80 |a.s3|z2.73
4.3682,.78|4,.6Q0 48,71 | 4.98 |44.23 ] 3.42 .40]| 1.24] 59 3.53114.14
2,07f1.22)2.10(22.01 | 1.50 |17.15] s.04]l .sa3|1.05) 75 |z.42]z.10
3.61 |3.2212.06]3.15(33.71 | 2.81 |29.17 | 4.32] .3s8/1.20] 78 |4.09|3.34
4.7013.00l4.50 55,28 | 8,48 |a6.16 ) 3,34 .s51{1.30] 70 |s.es|5.18
4.42|2.02{1.45]{2.03|15.00 | 1.70 |17.28| 4.91] .,a4|1.10f 68 |2.88|3.05
4.230|2.86(3.70[42.57 | 7.45 |39.85 2'83[ .49|1.39) =27 |s.87)6.02
G.om |2-10[2-55|1.80 18,47 [ 1.70 [15.05 4.18) .38{1.15{ 32 |3.07]4.61
. a2.,79|2.15)2.70[30.03 | 9.19 |28.53 | 3.53| L.08]1.40! 39 |4.28|6.40
g9.88|1.87|1.55]1.25|11.27 | 3.08 |10.61 | 2.55| .70l1,10f 36 [3.07]7.29
Run No. 312-327



]
CASEr-3  D'masssft pPA/233.5242 Vasomsft ~@P(De1.9ft)
FrTITrTYTTY
T H meuni"‘bma—:[Pmcx le sz C'f CD CI ¢ Re K-C
(sec) | (1) [(frz8)lirrzs®) (Ibs) | (Ibs) | {Ibs) {*) HxI05Y
1.85| .44| .90] 13.7] == 8.53|19.5¢ 5,200 .92 -= .79 .as
198 | 2 87| .s3ls.15) 27.5| - |16.08t19.1d 3.41 1.22] 31 1.13I .66
1.80| .s511.15] 20.6| -~ |15.80)18.3d 3.42 1.20] == .99 ,&9
2.36 | 2.83| .97{1.90| 47.2| 6.20{31.00[13.84 1.8 1.40| 96 ji,74/1.21
3.55t1.25|2.70| s4.0] 7.73j4s.s6|11.3Q 1.37 L.47] 90 | 2.24] 1.56
-.801 .88|1.70l 2a.2 | a4.83|25.08{14.59 1.84f 1,29 80 |1.52]1.40
313 |3.48)1.92|3.40] s0.5| 16.03|69.42)] 6,02 1.2t 1.78] 84 | 3.44| 3.17
5.00/2.67|4.801136.5 | 25.85|98.92]{ 5.36] L.0Q) L.80} == {4.73]4.41
z.20]1.34|2.16] 51.1| 9.35|43.43] 7.86 1.44 1.75| 74 | 2.40|2.55
3.6l | 3,34|2.3013.20| 81.3| 13,75/ 79.14| 4.8 .80 L.87] -- | 3.94|4.19
4.232|2.9314.70|130.5 | a2.43)109.9| 4.1¢8 1.36] 2.00] -~ | 5.25|5.78
4.42]2-27[1.54]1.90 as.2 | 10.50|40:28 " 5,26 1.22| 1.85] 55 |2,76{3.59
. 4.2712.93|3.80|103.8 | 28.15|81.50| 3.34 .90f 1.87| 50 |5.2516.83
g.o% | 2-24|1.77{1.50] 40.0 11.45{ 35.80| 3.5 1.04 1.64] 48 | 3.17}S.84
: 3,97)2.25{2.50 64.2 | 26.09|61.83| 3.50 1.4 2.15{ 34 | 4.03|7.42
9.838f2.0711.7711.20} 28.5| t1.63}21.26] 2.5y 1.02| 1.54{ 26 | 3.17)9.22
Run No. 296-311
CASE -1 D'sz.720 ftpA/23s2.633  V=2.29( — (D =1.0 f1)
T H mecniunm?l Frnox Fm1 sz Cs CD CI qb Re K=C
(sec) | (f1) [(fezsdleress®) {1bs) | (bs) | Uibs) {*) {x10%)
Log |L-85] -90| -90 | 3.39 .65| 2.80]7.96{1.53] .70| s4 {1.03| .29
. 2.631 .6811.25 | 6.07 .97 4.86 { 5.00{ .80| .34| 59 J1.74| .49
1.73| .491.10 | 4.80 .76 4.39 | 7.72/1.22| .90| 83 |i.25] .42
2.36 |2.89 | .97 j1.90 | 9.31 1.44| 8.06 | 3.74} .58] .86( 72 |2.50| .34
3.51 L.18f2.40 H1.87 | 1,84l10.81 ) 3.27] .s50(t.02{ 59 l3.02]|1l.02
1.73{ .78 [1.80 | 8.02 | 1.17| 7.34 | 4.95] .72{1.10] 63 |2.0l} .90
3.03 |3.45 .23 |3.20 p3.93 | 4.89f18.55 | 2.72] .s&f1.31] &2 [4.70}2.10
s.12 .51 l4.70 kae.72 |14.52 33,42 | 2.49| .40)1.60] 63 (6.7113.01
2.13 .34 2,00 p2.97 | 2.22110.73 | 2.73] .a47jr.21| 55 [3.45(1.78
36| |s.:9 p.99 [3.35 g7.36 | 4.59 |20.59 | 2.82] .44;1.39| 7?2 |S5.11)2.64
4.73 .94 k.40 B5.61 | 11,77 |33.55 | 2.44] .s2|1.72] 66 |7.55{3.30
2.04 h.38 |L.80 Ri.30 | z2.70110.50 ] 2.26] .54|1.31f &8 |3.54(3.69
442 15,25 .31 [3.90 B4.46 }12.001{34,10 [ 2.14] .58}L.97} 41 ]7.2214.57
2. 13 .70 1.95 R4.93 | 6.25 |12.97 | L.97| .82|L.5C| 3% [%-39]5 3¢
6.25 |2.83 .25 k.30 p7.83 |11.8a{21.98 |2.10} .89|1.78] 29 |3.77{ 14
9.88 |z, 03 p.51 p.23 L1.34 .88 3.56 | 1.73] .36(1.89| 25 |4.15|5.86

Run No. 468-183
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CASE M=2 D's2.72 £t pA/Z-a.eaa Vaa.29ft‘-%([}a.o ft)

T H mec-iubma:l Frmax Frns Fm2 C [ Cp | St $ | Re K-C
(sec) | (#t) |{stssMlittzs®)] (tbs) | (1bs) | (Ibs) {*) lx105)

| 1,30 .35 .s0| 2.84 | 1.09] 2.75| a.4a3|3.28] .77| 81 83| .25

98 15's2 | aslii13| .71 | 1.43| 4.38 | 5.86|2.69| .87| 95 l1.15] .33

1.79] .331.00]| 5.18 B4l 4,43 13,14/ 2.13|1.00l 834 09| .24

2.38(2.90| .9al2.00| 9.72§ 1.84| 9.00 | 4.22] .sol1i.01} 83 |z.40| .81

3.601.18l2.650 l13.17 | z.51|12.50 | 3.52| .s9l1.08% 71 |3.02|1.02

1.80] .77 11.601 a.95 | 1.5¢| 7.52 | 5.89| .9s]1.06} 71 |1,99] .89

303 |3.6011.96 3. 90 i28.14 7.93|22.54 [2.77] .78{1.48} 63 |s.04|2.26

5.032.72{4.70 |52.16 | 15.20{35.35 j 2,69 .78|1.70] 59 [6.98)3.13

2,20 {1.31{2.19 14,31 | 2,57 (12,85 | 3.30{ .57|1.30) 62 [3.35)1.73

2.6] |2.58 j1.44 |2.80 p3.10 | 3.80|19.85 [6.09}1.39|1.80] 74 [3.89(1.21

4.80 |3.0014.70 60.35 |{20.63(41.00 ) 2,54} .87|1.97| S8 |7.72{3.99

2,00 |1.44 |[L.30 p2.49 | 3.28(11.18|2.30| .s0|1.40| 61 [3.69(2.34

4.42 4.27 l2.7413.90 52.38 [17.90|31.90 | 2.54] .9¢c|1.84]| &4 [7.05]4.46

g.os |t.79 [1.6411.89 p7.01 | 7.06[12.10 [ 2.42{1.,00{1.44] 29 [4.20]3.76

. 2.3t .19 lz.50 B2.0os |18.79118.43 j2.54|1.49]1.48| 2C |5.62]6.48

9.88|z.00 1.501.23 hz,42 |77.63}1 8.76 | 1.83j1.13|1.81]| 28 {4.125.83

Run No, 484-499
CASE n-1 D'ss.02f¢ PA/285.760 V 2716 1~ (D 1.5 #t)

T H Ubrnmiubngqux Fm'l Fl'|'|2 Cy CD CI d’ R’s K-~C
(zec) [ 152) |(frsa¥iirrss®) (1os) | (1bs) | {lbs) {2} [(x10°)

.98 |1-87] -37{ .90| 10.9}2.32 [10.00113.79 2.95] .80| 90 |1.41f .18

. 2.81| .36|1.20] 20.5{ 2,898 |18.35|11.a1! 1.60] .96] 76 |z2.12| .28

1.73| .s54|1.15( 20.2}2.19 {1s.08(12.13] 1.30| 2.03| s8es |z.04] .3z

2.36 |2.75| .9s5|1.901 43.2 1 4.06 |32.25{ a.31] .78l 1.22] e1 [3.81] .56

2.5311.3112.401 51.2 | 6,47 [43.73 ] s5.29] .6s]1.31} o8 [4.96{ .77

1.7a] .otl1.70] 3a.0| 3.7t |28.3a} 7.071 .78l1.20{ 8o |3.47| .71

3.13 |3.65(|2.03|3.25| es.2 p5.28 65,32 3.73] .64§1.50( 89 |7.70]l.58

5.1112.8115,10|142.2 $6.30 he .48 | 3.13] .58/ 1.80] &5 {©0,57(2.19

2.20l1.37{1.90] s4.6 1 8.13 {37.38] 5.03] .7s|1.42] 70 |[s.22]1.23

3.61 |a.30{2.1443.20] 93.0 P4.32 [66.54 | 3.54 .54[/1.507 74 ([8.1i)1r.92

4.7913.20|4.20 165.2 h3.63 pos.10| 2.80] .74|1.80f se [|12.15{2.a38

2.001.47 1,85 7.2 tz.zg 35,95 | 3.81| .so{1.40] ss |s5.57]1.561

4,42 4. 2812.7413.80 |144.3 ke.75 Jw.15 | 3.33| .se{z2.09| 61 po.a1|3.02

2.13[1.59|1.90] 58.8 |12.20 |[s1.05 | 4.03f .s4|1.94| 33 {6.05|2.48

6.23 {2,538 |2.002.70 | 98.3 [31.79 [79.58 | 3.911.27{z2.13| 26 |7.93|3.25

988 |t.26 [1.57[t. 20} 43.9 [2848 [30.11 | 3.11|1.30|1.81| 18 |S.395(3.85

Run No, so0-513
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- - - 1 >
CASE N-2 D'=4.02 £t PA/2= 5.780 V.—.r.lsft——%(gn.,ﬂ)
T H Ubi'l'lﬂllubmdll Frnax Frn'l sz Cs CD CI ¢ Re K-C
{see) | (ft) lttss)teess®™ (1bs) | (lbs) | {Ibs) {*) {(x10%)
1.81 37 8ol 11.2] 2.32| 9.sz;m.38|3.00) .89] 85 |1.39 .1a
1.98 L a0 | o3l 1.2s] zo.1] 3.53 | 20.08|8.3af1.80}1.18| 81 [2.46] .32
1.83 .scl1.18] 20.9] 3,16} 18.56|w,.78|2.20}1.16] 90 |[1.88 .29
236 |2.87 .97l 1,05 39.8| 6.00| 34.00|7.39f1.12}1.26| 88 |[3.57 .57
2. 801 1.23] 2.83] s3.s| 9.02 | 49.2¢9]|s5.21[1.041.35] 77 [4.56 .72
1.80 .87l 1.50| 31.4| s.05| 27.39|7.27|1:262.32| 71 ]3.29 .68
313 |a.81 | 1.08] 3.00| 90.6|15.16 | 63.81|4.08| .58]1.65] 60 |[7.46 ] 1.53
4.99 | 2.55] 4.40| 135.4|22.33 [t22.158|3.89| .s0f2.00] 87 Jo.70] 1.99
>.13 [1.37] 2.00] a9.¢|10.35] a2.73[4.80] .9811.54] &7 |[5.22] 1.23
3.5 [3.24 | 2.220 3,30 9z.sjez.87 | 82.37{3.28| .801.80( &7 {8.43| 1.389
4.83 1 3.07 4.25{ 161.2140,48 [122.65|(2.97| .75[|2.08| &5 [M.66( 2.78
4.4 [2-01 | 1.44 1.90] 45.8 10.70 | 35.54(3.93| .90|1.35{ 62 [5.4G6] 1.58
. 2. 43 | 32,000 4.10| 141.1)44.09 [t1a.90l2.72] .a5{2.,02| a3s .40 | 3.30
€.o% 2,15 [ 1.6 ao| 36.1)18.59 | 42,20[3.865]1.20]1.62 32 [6.211} 2.54
’ 2.92 2,19 2.701 93.2|s50.34 | 72.28]3.38|1.,33(1.93 2¢ [8.31] 3.40
9881.93|1.80 1,22y 42.3|25.33 | 29.96|2.88|1.72|1.77 19 [6.07 ] 3.93
: Run No. 516~531
CASE o-! D'as7s £t PA/235.675 f1)
T H mecliub Frnax le Fm2 o K-C
{sec) | (1) [(frss)fietzsty {ths} | (ibs) | (1bs)
1.98 1.83| .31] .80 13.5 § s5.09| 11.52825.44 .13
- 2,69| .49|1.18| 28.2 § 7.07| 22.40R0.856 .20
1.90| .48 |1.101 29.1§ 6.50| 1¢.13p1.99 .24
2.36 f2.93| .97 |1.90 1% 50.7 §{15.54] 39.95 9.57 .48
3.43 |t.20l2.401 72.3 | L8.70)] 57.79 8.84 .60
1.73] .79]1.40 1 46.1 ] 11,74{ 34.45ft3.06]| 3.20|1.43} 32 |3.54] .52
3.13 |a.51|i.63{3.00 120.2 | 33.53{ s9.72 7.95|2.14|1.74{ 62 |7.32|1.08
4.6012.16 |4.20 |184.3 | 46.28 {130.29 .99 L.68|1.801 g3 19.87|1.a2
2.18 |1.24 [2.00 | 79.58 | 22.65| s4.94] 9,11} 2.30|1.80] 22 |5.57] .94
3.6 [3.25{1.70|3.15 |145.0 | 34.40| 96.84 a.s5|2.02|1.79| 72 |7.83(1.29
4,29 2,25 |[4.40 [284.7 |50.63 |143,905]| 9.88|1.70|1.20| g¢ pO.11{2.72
4.42 2,07 t.34l2.10| 73.3 | 21.45| 53.59 7.20| 2.03|1.48] g5 [B.01|1.25
* 4.30 [2.39 |3.50 {309.3 | 83.87 j10a.30] 9.56| L.90|1.68] 62 n,11{1.71
2,21 [1.5012. 00| 72.4 |26_.48| 62.95 5.12|2.c0[1.83} -~ [6.74|L1.98
8.28 |z.97 {1.89{2.70 [tas.1 las.2a| 96.781 6.64] 2.29|2.08] —— |3.50(2.49
9.88|; 37 t.331.20 | 51.2 {31.82| 41.30f 5.13] 3.04|2.00] -~ |5.,95]2.74

Run No.si2-627
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CASE P-1 D's1.0ft  PA/24%.533 ~ D (Da ose)
Tisec) | H(ft) [Upmox(f/s)] Fimax(lbs) Ct Ro(x10%)| x-¢
1.98 1,90 .27 .78 20.38 .25 .53
2.80 .50 .33 6.40 .47 .q8
1.93 . 46 .89 a.01 43 1,09
2.36 z2.72 .88 1.43 3.51 .83 2.08
3.60 1.23 1.88 2.35 1.16 2.9t
1.80 .81 1.21 3.51 77 2.34
3.13 3.58 1.8%9 3,44 1.82 1.79 5,93
4,67 2.56 4.78 1.39 2,42 8.0l
2.27 1.06 1.51 2.56 1.00 3.83
3.6l a.21 2.11 2.67 t.14 1.59 7.61
4,93 2.69 5,15 1.35 2,54 5,71
4.42 2.03 1.31 1.22 1,36 1.23 5,77
4,63 2,95 4.17 .92 2.78 13.02
8.28 .07 1.73 2.48 1.58 ‘1.63 10.81
' 2,81 2.21 3.42 1,33 2,08 13.79
9.88 1.95 1.60 1.86 1.23 1.51 15.81
Run Mo, 580-295
3
CASE p-2 D's.85¢ £t PA/23 659 Ve.3a4st —(Da1.0%)
T | H Um-i”a Fvax | Fmt | Fm2 | ¢, [ cp ) ¢y | ® | Rejk-c
(sec) | (#t) [(fa/s)|tress®) (ibs) | Libs} | {ibs) (*) [(x10%Y)
98 2.01} .38{1.15| .72 55| .60 ]7.56|s5.79| .78| -- ] .31 .ss
) 2.73} ,33|1.40]{1.01 .94 | .89 13.87(3.58] .95 | -= | .51 1.46
1.43] .54)1,10] .99 58 | .66 |D.49[2.04
236 |2.75| .82{1.80[1ia1 | lso{1l30 f3.15|1.e2 |39 ] 20 nd3 128
3.60(1.33[2.70]1.73 78 {1.60 [1.a8] .67 Fo00 | S0 122 1309
1,77 .83 1.70(1.54 .35 | 1.30 [3.36] .78 p,15 ) -- | .67 | 3.06
313 |3.523)1,90(3.4012.69 .83 |2.50 |1.13] .35 h. 10} -~ [L.33 |5.96
3.77l2.73t5.1014.36 | 1.47 | 4.20 | .392] .30p.21} 82 pR.2C Fo.oo
2.23|1.32]2.40|2.08 .35 {1.88 {i.80{ .30h.18| 82 |[L.07 | 5.59
3.6l 13.358(2.08]3.60(|4.05 ‘75 | 3.56 |1.43] .26 h 48| 70 [1.88 | a.79
3.83l2.94|l4.50|6.70 | 1.57 | 4.80 |t.18] .28 h.60| 72 [2.37 {12.43
2.0711.a41{2.20]|2.01 .36 | L.80 |i1.55] .28 1,23 | 68 .13 | 7.27
4.42|:67(2.77{4.10]/6.35 | 1.80 |4.76 |1.26| .36 1.74 { S& [2.20 [14.35
1
6 2.20|1.80|1.70]2.67 .83 | 1,08 {1.26{ .39 h.75 | 38 |[1.45 [13.15
.25 3.c4l2.19|2.50(4.28 1.45 | 3.08 [1.36 46 1 .85 az |1.77 @8.02
988]|z2.00|1.39|1.25]2.22 .87 [1.30 |1.34} .58 11.80 29 |1.28 18,38
Run No. 586-611
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CASE a-: D'=

1.563r+ pA/2= 1.627

,@, (D=1.97¢)

122

Tisee) | Hft) |Ubmax(f/8)| Fmox(ibs) Ce Re(x10%)] K-¢
|.98 1.77 .36 4.08 19,89 .52 .45
' 2.67 .58 6.41 11.81 .8s .73
1.89 .60 5.56 11.17 .89 .01
2.38 2,73 .97 10,33 6,80 1.43 1,46
4.04 1,37 13.07 4.26 2.03 2.08
1.83 .90 13.44 10.22 1.33 1.80
313 3.62 1.89 21,91 3,79 z2.78 3.78
4.92 2.69 33.84 2.88 3.97 5.39
2,23 1.41 11,49 3.54 2.09 3.26
3.6l 3.27 z.04 21.16 3.13 3,01 4,72
4.91 2,80 32,84 2.58 4.12 6.46
4.42 2.00 1.50 8.06 2,48 2,22 4.25
. 4,62 2.83 28.88 2.22 4,17 8.00
5 2.20 1.67 8.61 1.91 2.46 &.66
.25 2.33 2.42 17.72 1.87 3.57 9.5a
5.88 2.07 1,64 7.39 1.7¢ 2.41 10.3a
Run No. s48-583
CASE -2 D'=1.479ft DA/2=2.449 V=2.223ft).;mngl.9ft)
T H menuEmeaJ Foax | Fm1 [ Fm2 Cs | Co | Cf ¢ | Re K=C
{see) | (f13 |(#t/s)iter7set) (1bs) | (ibs) | (tbs) (*) UxIOSY
2.00| .37| .95| 2.86 | .84 | 2.67| 8.70] L.91] .&5] 82 .51] .49
.98 }2.63| .611.20| 4,10 | 1.06 | 3.74| 4.56|1.186] .76| 75 .85{ .81
1,92 .s8|1.15| 4.67 {1 .85 | 3.79| 5.77}1.03] .77] 95 .80 .oz
2.36 [2.97| .97 |1.00| 7.20 | 1.60 | 6.70| 3.15] .70| .s2| 89 |1.35|1.54
3.81lt1.23l2.80 1o 18 [2.26 | 9.50) 2.34] .s52] .79] 985 [1.86]23 13
1.73) .79l1.5516.09| .86 | 5.36 | 3.94] .57} .s0] 71 |1.11]1.58
3.13 |3.57|1.92(3.40 |1t6.77 { 2.80 |13,79 | L.85f .30} .94 77 |2.68{4,07
4,920 |2.60{4.30 26.35 | 7.50 |20.35 | L.77] .48[1.10] 62 |3.63}15 =0
z.2211.38612.29 ]| 9.96 | 1.64 | .84 | 2.20] .38 .90| 68 |1.90|a3,31
3.6! |a.392.04]3.40 |17.71 | 3.90 |14.61 | L.74] .38|1.00| 66 |2.85[a.97
4.80|2.5614.70 {34.3a | 9.42 |24.18| 1.50} .a3}1.20| 65 [4.13}7 22
4.42 |20 |t-47(2.05] 9,18 | 1.65 7.95 | 1.74] .31} .90| s [2.0s5]|%-39
. 4.80|z2.79l4.00[31.45 | 9.40 |22.42| 1.85] .49|1.30] 48 [3.8%9]|8.32
6.2% |2-16 [1.85[1.90 11.06 | 4.00 | 9.85] L.67 .60[1.20f 13n {2.30l&.96
) 2.9502.23|2.74 j21.57 | 8.94 |16.54 ] 1.77] .73|1.40f 20 |3.12|9.44
988 |2.15(1.64l1.30) 9.17 | 4.83 | 7.84| 1.401 .70t1.40| 1a |2.23|p.92

Run No. 564-579
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T H Yom bmc;:l Fman Fat { Fm2 Cs 1 Cp |l O Re K=C
(sec) | (1) |(ft/sd{terzad)] (1bs) | (1s) | (tbs) (*) i(x105Y

log |1-95] -22) .95 12.28 - 9.57 31,34 — |.s0 | 7o 80| .26

. 2.57) .41l1.18| 20.87 2.81|20.34]26.75 3.500.07 | 82 .84| .36

1.87 .a1|1.25{ 20.18 2.08{14.190|25.62} 3.86]L.13 | &8 .85] .as

2.368 |2.59] .85|1.901 39.53 7.67|27.51|11.64 2.240.30 | 71 1.75| .30

3.54|1.18]2.601 55.79 12.12|39.96 | 8.39 1.83).38 | 76 |2.47|1.25

1.771 .72|1.70] 28.751 &.s3)25.00 |11.738 2.70h.32 | 7 1.0} .02

3.13 |3,.3a|1.90|3.20} 88,85 23.70}54.37 | 5,17} 1.370.53 | s6 | 3.96]/2.69

4.43(2.6414.25|135.958] 34.90|78,06 | 4,10l 1.05}..64 | 62 |5.50]3.74

2.20]1.2412.10| 45.38% 11.90|33.77 )| 6.28] 1.631.44 | 82 |2.59|2.03

3.61 ba.15(2.0z2|3.00] 77.26] 21.9054.64 | 3.98] 1.131L.63 78 4.21]3.30

4.40]2.a54.10|137.79 33.83|34.84 | 2.57| .s8p.s85 | 78 | 3.24|4.85

1.93§1.3711.90| 36.79] 10.45{30.48 ] 4.11] 1.17h.44 | 89 |2.88|z.74

4.42|4.23)2.34|2.00| 93.30| 53.09]85.16{ 3,811 2.04).90 | 46 |4.87]4.83

2. 20|1.57]1.651 38.90{ 20.10]32.87| 3.33( 1,71L.76 | 30 | 3.27(4.44

6.25 |, a7z .15|2.60| 67.52} 46.00}57.33 | 3.08] 2.08k.97 | 21 |4.40(s5.10

gagl1.97]|1.44{1.25]| 28.72] 12.08|20.22 | 2. 92| 1.22.57 | 23 |3.00|8.43

Run No. 675-691



124

APPENDIX B

Friction Tests
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1. Grain Size Distribution of Warrenton Sands Compared with Sea-
bed Materials at 27 Fathoms off Umpqua Coast
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3.

Friction Tests({Source:

TN no. N-1542,1979)
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Civil Engineering Laboratory,

{a) Grain Size Distribution of Soil Materials Used
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(b} Friction Tests of Soil Samples on Rough Steel or Smooth Concrete
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