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PREFACE

A request for the U. S. Army Engineer Waterways Experiment Station

(WEB ) to conduct a numerical harbor oscillation study of a proposed

deep—draft harbor at Barbers Point , Oahu , was made by the U. S. Army

Engineer Division , Pacific Ocean (POD), in a letter dated 13 August

1976. Funds were authorized by POD on 23 December 1977.

This study was conducted during the period 1 January 1977 to

1 April 1977 in the Hydraulics Laboratory, WES, under the direction of
Mr. H. B. Simmons , Chief of the Hydraulics Laboratory, Dr. B. W. Whalin,

Chief of the Wave Dynamics Division (WDD), and Mr. C. E. Chathain, Chief
of the Harbor Wave Action Branch . Mr. D. L. Durham conducted the study
and prepared this report.

Mr. B. B. Bottin (WDD ) prepared the finite element numerical grid.

Mr. K. A. Turner (WDD ) developed the computer plotting programs for the

frequency response curves and assisted in reduction and computer graph-

ics of the numerical model results. Mr. J. R. Houston (WDD) assisted in

conversion of computer programs to a CDC—T600 computer at the Air Force

Weapons Laboratory at Kirtland., New Mexico.

Commander and Director of WES during the conduct of the study and
the preparation and publication of this report was COL John L. Cannon,

CE. Technical Director was Mr. F. B. Brown.
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC (S I )
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be

converted to metric (si ) units as follow:

Multiply By To Obtain

acres )4O~46.856 square metres

cubic feet 0.02831685 cubic metres

feet 0.30148 metres

feet per second 0.30148 metres per second

feet per second. per second. 0.30148 metres per second per second

miles (U. S. statute) 1.60931414 kilometres

square feet 0.0929030 14 square metres
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NUMERICAL MTALYSIS OF HARBOR OSCILLATIONS FOR

BARBERS POINT DEEP—DRAFT HARBOR

PART I : INTRODU CTI ON

BackEr oun d

1. Oahu’s economy is integrated. with the other islands of Hawaii

and with the national economy of the continental United States. The

local and State economy depends on waterborne commerce as the primary

source of transport. Although waterborne commerce will continue to be

• centered around Honolulu Harbor, the projected volume of waterborne

commerce for Oahu reveals a need to provide a second harbor at Barbers

Point by 1995 to accommodate containerized cargo that cannot be handled

by Honolulu Harbor and thus provide the facilities necessary to accom—

modate an efficient and. uninterrupted flow of goods in and out of Oahu.1

2. The existing barge harbor at Barbers Point is located at the

southern extent of the west coast of the Island of Oahu, Hawaii, and is

approximately 16 miles* west of Honolulu (Figure 1). This existing har-

bor is an L—shaped area which was dredged in the coral formation of the

flat coastal plain by private interests in 1960. The existing harbor

has horizontal dimensions of 520 ft by TOO ft with a depth of 21 ft.

The entrance has dimensions of 1100 ft by 220 ft with a controlling

depth of 22 ft. The construction of a deep—draft harbor at Barbers

Point was authorized by Section 301 of the River and Harbor Act of

~~~1 . . .19o5. The authorized plan of improvement , ar described in the Chief

of Engineers report dated 5 October 19614, provides for a 1450—ft--wide,

142—ft—deep entrance channel to a 38—ft—deep , 146—acre harbor basin

which could accommodate a 633—ft—long C—14 class vessel and met the 1965

commerce needs for a harbor at Barbers Point . A hydraulic model

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.

E 
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investigation2 of the Barbers Point Harbor Project was conducted in

1967—1968 by the Look Laboratory of the University of Hawaii. These

model studies indicated a nearly trapezoidal shaped , 38—ft—deep, 77—acre

basin with a 1450—ft—wide, 142—ft—deep entrance channel was a most effec—

tive harbor and. would adequately serve the 1968 shipping needs.

3. Because of the long time interval between authorization of the

project in 1965 and changes in the economic and environmental conditions

of the project area as well as in Corps water resource planning poli-

cies , a post—authorization study
1 was conducted by the U. S. Army Engi-

neer District , Honolulu, to assess the past basic planning decisions for

Barbers Point deep—draft harbor and to provide a harbor project which

could respond to these changes. This post—authorization study indicated

a need3 for a basin which is larger than the original design of the

deep—draft harbor for Barbers Point and would be capable of accommo-

dating the Enterprise class (720 ft long) container vessels as well as

future 900—ft—long container ships. Using concepts resulting from the

1968 hydraulic model study
2 of the original deep—draft harbor design ,

a new harbor plan (Figure 2) was developed by the U. S. Army Engineer

Division, Pacific Ocean (POD). This plan provides for an entrance chan-

nel 14,280 ft long, 14~o ft wide , and. 142 to 38 f t  deep with a 914—acre

harbor basin 38 ft deep. The alignment of the entrance channel allows

the incorporation of a major portion of the existing barge harbor. The

proposed harbor configuration can provide approximately 14,1400 u n  ft  of

docks with a 14,800—ft—long section of the northwest and southeast sides

• of the entrance channel and. basin having wave absorbers.

14. With the post—authorization study indicating a need and design

for a harbor basin which is larger than previously analyzed and. model—

tested ,2 POD requested that the U. S. Army Engineer Waterways Experiment

Station (wEs ) determine the effects of the basin enlargement on surging
in the proposed deep—draft harbor. From historical data, the existing

barge harbor has experienced long—period. surging problems of about 2—mm

wave periods. Therefore, the proposed deep—draft harbor can be expected
to be subjected. to long—period wave energy of at least 2 m m .  The nat-

ural oscillation periods , in particular the fundamental oscillation , of

6
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the proposed. deep—draft harbor need to be defined to determine potential

harbor resonance especially near oscillation periods of 2 miri.

Harbor Oscillation Problem

5. A harbor excited by long waves with a period close to its nat-

ural oscillation period experienc~es a resonant reaction that may produce

wave height s in the harbor far greater than the incident wave heights.

Generally, the vertical movement of water in the harbor is still only a
few tenths of a foot due to the very small incident long—wave heights.

However, the horizontal movement of water may cover a much greater dis-

tance (up to two orders of magnitude) as a result of the long wavelength

of the incident waves. Such horizontal water movements cause surge and

sway motion of moored ships that may hamper unloading operations and

damage mooring facilities.

6. A few of the harbors on the west coast of the continental

• United States and in the Hawaiian Islands have histories of ship motion

problems resulting from resonant harbor oscillations. It is likely that

• the long—period waves responsible for exciting harbor oscillations per-

meate the Pacific Basin. Lack of modern harbor development may prevent

the occurrence of significant problems for most coastal areas of the
Pacific. Many places that have a problem may merely tolerate it thr-~ugh

ignorance of possible remedial measures with the result that the problem
goes unreported.

• 7. The generating mechanism of the very small amplitude long waves

that excite harbors is still unknown . However, Munk ’s surf—beat theory

suggested an atractive explanation of the origin of these waves. Surf

beats result from the superposition of two trains of waves of slightly

different period. The beats are an amplitude modulation of a shorter

period wave train. Swell, for example, almost always exhibits an irreg-

ular beating up to several minutes in period.

8. Carr5 argued that local surf beat could not cause the long—
period waves known to excite harbors . Although the surf—beat process

produces a long—period vertical water motion , the really important

8
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factor of long—period. horizontal water motion is lacking in surf beats.

Severe harbor surging also is known to occur during otherwise calm seas

with identical long—period wave activity reported along hundreds of

miles of a coastline. Carr maintained that such activity is not com-

patible with long—period wave generation by local surf beat.

9. True long—period wave trains may be generated from surf beats
through nonlinear processes in the surf zone . Munk estimated that

beaches reflected. 1 percent of the energy incident upon them in the form

of these long—period waves. It is perhaps these waves reflected from

distant shores of the Pacific which cause oscillation problems in har-

bors on the west coast of the continental United. States and in the

• Hawaiian Islands. Long—period wave activity would then increase after
• distant storms of the south or west Pacific Ocean created large swell

conditions and the resulting surf beat generated. long—period wave

trains in the surf zone which reflected. off shorelines . Wilson has

noted that oscillations in Los Angeles and Long Beach Harbors have

seasonal fluctuations of frequency and intensity which are greatest

during the summer months and least during the winter. He noted. that

such a pattern is almost identical wi th  that found for Table Bay Harbor ,

Cape Town , South Afr ica , and suggests that the storms in the Southern

Hemisphere are responsible for the long—period waves .

10. Evidence that long—period wave trains exist from time to

time as a general ocean condition and are not generated by local surf

beats comes from a harbor study for San Nicholas Bay , Peru. 7 It was

concluded from horizontal water velocity measurements that long—period

waves affect ing San Nicholas Harbor were progressive waves unassociated

with the concurrent swell waves. In addition , a recent study8 of pro-

totype wave energy in the Los Angeles and Long Beach Harbors indicates

ship movement in the sheltered East Channel of Los Angeles Harbor was

correlated witl-i long—period ( 2 . 2  and 6.5 m m )  harbor oscillations.

Furthermore, observed energy levels in long—period harbor oscillations

within the harbors were correlated with energy levels in inciden t long—

period. waves.

9
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Purpose of Study

11. The purpose of this study is to investigate harbor oscilla—

tions excited by long waves with periods from 20 sec to 10—15 mm ( fun-

damental mode) using a finite element numerical model . The new harbor

configuration (known as Plan 3 in “Design Memorandum No. 1, Plan Formu—

lation”1) of the proposed deep—draft harbor at Barbers Point was studied

to ensure that the expansion would not cause undesirable oscillations in
the exist ing barge harbor or characteristic oscillations of its own that
were undesirable.

12. The amplification peaks predicted by the numerical model may

be much larger than the peaks which actually occur in nature , since the

model neglects all dissipative processes except radiation of energy by

a harbor. However, the model adequately predicts the relative severity

of various modes of oscillation . Therefore, the results could be used
to compare oscillation characteristics in the vicinity of the barge har-

bor with the proposed. deep—draft harbor installed with oscillations

characterizing only the existing barge h~rbor , provided such information

is available . In addition , model results for currents in areas of the

proposed. deep—draft harbor , as well as the barge harbor , can be used to
• indicate docking areas which may have potential ship motion problems .

Ship movement associated with slow—drift oscillation of the ship mooring

system to amplitude modulation of swell cannot be detected. from results

of this numerical model.

10
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PART II: NUMERICAL MODEL

Theory

13. The response , n ( x ,y, w ) * , of the proposed deep—draft harbor

(Figure 2) at Barbers Point to long—wave excitation was determined by

using a hybrid finite element numerical model developed recently by Chen

and Mei at the Massachusetts Institute of Technology.9 The model solves

the following generalized Helirtholtz equation :

V . [h(x ,y)V~ (x ,y)] + ~~~~ ~ (x ,y)  = 0 (1)

where ~ (x ,y)  is the velocity potential defined by U(x,y) = —V~~(x ,y )

with U(x,y) being a two—dimensional velocity vector and u an angular

frequency , h ( x ,y) is the water depth , and g is the acceleration due

to gravity . Equation 1 governs small amplitude undamped oscillations

of water in a basin of arbitrary shape and variable depth forced by

periodic long waves. This equation is derived from the linearized long—

wave equation assuming irrotational flow and harmonic motion . The

boundary condition along the shoreline and/or harbor perimeter is that

the normal component of the velocity be equal to zero.

l~4. The Helxnholtz equation :

2
2V ~ (x ,y) + —

~~
- 
~(x,y) = 0 (2)

is the governing equation for a constant—depth ocean region outside the

basin.

15. For a harbor in a semi—infinite ocean with a straight coast—

line , there is an incident , reflected, and scattered wave. The scat—

tered. wave has a velocity potential c~ given by

* For convenience , symbols and unusual abbreviations are l isted id
defined.  in the Notation ( Appendix A ) .

11
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= a H (kr ) cos nO ( 3 )
~ n O  n n

where a are unknown coefficients and H (kr) are Hankel functions ofn n
the first order n

16. 
~ 

satisfies the radiation condition that the scattered wave

must behave as an outgoing wave at infinity . This condition is known as

the Sommerfeld. radiation condition and may be expressed mathematically

as follows :

( 1 4 )

17. Chen and. Mei used a calculus of variations approach and. ob-

tained a Euler—Lagrang e formulation of the boundary value problem . The

following functional with the property that it is stationary with re-

spect to arbitrary first variations of q (x,y) was constructed by Chen

and Mei:

F(~~) = !f 1/2 [hV ~~
2 

- 
w
2 

~2] ~~

r - 
~~ 

)1 - 
~~ )1

+ 1/2 
~ 

Lh(~ 
- 

~~~ ~n 
I da - § 

[h~ 
~n 

I j da

— tji )
— § h~ ~~~~~~~~ da + § h~1 

B I da (5)
a a

where

A = the reg ion inside the harbor

§ = the line integral

= far field. velocity potential

= velocity potential of the incident wave

n = unit normal vector outward from region A
a.
a = boundary of region A

= total velocity potential evaluated on boundary a

18. Proof was given by Chen and Mei that the stat ionari ty of this

functional is equivalent to the original boundary value problem .

12
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19. The integral equation obtained from extreniizing the functional

is solved. by utilizing the finite element method. This method is a

technique of numerical approximation that involves dividing a domain

• into a number of nonoverlapping subdomains which are called elements.

20. The solution of the problem is approximate within each element

by suitable interpolation functions in terms of a f ini te  number of Un—

• known parameters. These unkr~ wn parameters are the values of the field
• var iable ~(x ,y) at a f inite number of points which are called nodes.

The relations for individual elements are combined. into a system of

equations for all unknown parameters.

21. In the region outside the basin, the velocity potentials are

solved. analytically in terms of unknown coefficients .  The reg ion is

considered. a single element with an “ interpolation function” given by
Equation 3. The infinite series is terminated at some f ini te  value such
that the addition of further terms does not significantly influence the

calculated values of c~(x ,y) . The resulting equation is combined with
the system of equations for unknown parameters at nodal points within

the basin and this complete system is solved. using Gaussian elimination

matrix methods.
22. n (x,y) is related to 4(x,y) through the linearized dynamic

free surface boundary condition

n (x,y) = - I ~~~(x ,y )

23. The horizontal velocity components have the following form:

u (x ,y) = -~~~~~ ~n ( x ,y)  ; v (x ,y) ~~ ~~~~~ ( 7 )

2 14. The hybrid. f in i te  element method (so named by Chen and Mei
because the method involves the combination of analytical and f in i te
element numerical solutions) is a steady—state solution of the boundary

value problem . The response of a harbor to an arbitrary forcing func-
tion can be easily determined. within the framework of a linearized

theory. For example , an arbitrary incident wave at the harbor mouth

13 
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in the absence of the harbor can be Fourier decomposed as follows :

b (t )  = b ( u ) e
_
~~

t 
do (8)

If n(x,y,u) is the response amplitude at any point (x,y) inside the

harbor due to an incident plane wave of unit amplitude and frequency

w , then the response of the harbor to the arbitrary inciden t wave
b0(t) is given by

~(x,y, t) = R [ ~~~f b(w) n(x ,y,u)e~~
Wt 

du] ( 9 )

where the operation R [  ] takes the real part of the bracketed quan-
tity . Therefore , as soon as n (x ,y, w )  is known for all w , the harbor
response to an arbitrary incident wave can be calculated.

25. Velocities10 are calculated using the expressions in Equation

7. The slope of ri may be obtained at any point (x,y) within an elLe—

ment through the matrix equation

an
ax

= G(n) e 
(10)

an
ay

where the matrix vector ( 1)e is defined as

n i
e( n )  = n~ (11)

nk

and. the coordinates of the three nodes (i , j , k )  forming the elements are
defined as (x~ ,y. ) , (X j~ Yj )~ and (x kyk ) .

26. G is the element slope matrix defined as

114
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ax ax ax
— G =  (12)

aN .
~~~~~~

aN
k

~~~~ay~~~~~

and matrix N is known as the “interpolation” function and is defined
as

N = (I
~i~

N
j~

I
~k
) (13)

where

N . = [ (x kY~ 
— x .y

k
) + 

~~k 
— y . ) x  + (x . - x~ )y]/2A

= similar expressions obtained by the cyclical permutation of
i , j , and k

A = area of the element Ae

27. The (~~) e matrix is known from the f ini te  element computa-

tions. Together with the interpolation function N , the horizontal

velocity at any point (x,y) within an element can be determined. Vel—

ocities presented in this report were calculated at element centers .

Application

28. The surface area of the proposed (Plan 3) deep—draft harbor
including entrance channel and existing barge harbor was discretized

using 2,3314 elements with 1,277 nodal points. The finite element grid

approximating the proposed. harbor is presented in Plate 1. The elements

are all triangular and frequently equilateral . The lengths of the tri-

angle sides were selected such that the largest elements had lengths

equal to or less than one—eighth of the local wavelength for a 20—sec
wave . Such element lengths were judged. to provide suf f ic ien t  accuracy~’~
for this study . Smaller dimensions were selected for elements along

docking facilities and. wave absorbers as well as in the vicini ty of

changes in depth and alignment of channels and basins . These smaller

15
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elements were chosen to allow spatial resolution of geometric changes or

variations in water depths .

29. The water depths in the entrance channel and basins were rep-
resented by discrete values at the centroid of each element. For each

element , the chosen water depth represented. an average value over the

element. These discret e depths were taken from Plate 2 of “Design

Memorandum No. 1, Plan Formulation.”
1

30. Waves incident from a direction parallel to the axis of the

ent rance chann el (approximately S)45°W ) with periods from 15 sec to 27
mm were considered. in this study. Wave amplitudes at each nodal point

and current velocities at the centroid of each element were calculated

for various increments in wave period. The initial values for the wave
period. increment over specified period ranges are presented in Table 1.
For example , wave amplitudes and current velocities were calculated

every 1 sec for the period range of 20 to 68 sec . Resonant peaks within
each period range were defined by considering incident wave periods in

increments of 0.02 sec to 0.1 sec depending on period range. The finite

element numerical model has several important advantages compared with
other numerical harbor oscillation models (i.e. Lee and Raichlen12 ) .
The numerical model allows a variable depth and excellent geometric

resolution . Furthermore , the computational time requirement for the

model is substantially less than computational times required by other

numerical models.~~ It is the only numerical harbor oscillation model

presently available that can economically calculate resonance effects
in large complex harbors.

16
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PART III: RESULTS

31. The harbor response is calculated. for each incident wave by

the numerical harbor oscillation model with results available for wave

amplitude at each nodal point and current velocity at each element cen—

troid.. These data from the large finite element grid for Barbers Point

deep—draft harbor are voluminous. Therefore, 30 node points and. element

centroids were chosen for which wave oo~p1itud.es and current velocities

for each incident wave were saved. These nodes and. elements were chosen

such that their locations were in harbor areas of major interest for

ship docking and navigation . The location and station number for the

30 node points and element centroiis are presented in Plates 2 and 3,

respectively .

32. For each of the 30 node points , a wave—height amplification

fac tor was determined for wave periods from 15 sec to 27 m m .  The wave—

height amplification factor is defined.  at any point inside the harbor as

the wave height at that point divUel by twice the incident wave height.

This traditional definition results from the fact that the standing wave

height for a straight coast with no harbor woult be twice the incident

wave height due to the superposition of the inc ilen t  ant reflected

waves. Plots of wave—height ampl i f ica tion  fac tors  versus wave period

for each of the 30 node points are presented in Plates 14—63. For con-

venience of graphic display , the wave periods have been divided into

two ranges of 15 sec to 70 sec and 70 sec to 27 m m .  Thus, each eleva-

tion station or node point has plots of wave—height amplification fac—

tors over each of the two wave period ranges.

33. For each of the 30 element centroids , a normalized maximum

current velocity was determined for each wave period from 15 sec to

27 m m .  The normalized. maximum current velocity at any point in the

harbor is defined as the maximum current velocity over one period of

the standing wave (oscillation) in the harbor divided by the amplitude

of the incident wave. Since the numerical harbor oscillation model

is based on the linearized long—wave equation , the velocities have no

vertical variation. In addition , the mathematical form of the current

17
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velocity of a harmonic , long—period wave is directly proportional to the

amplitude of the long—period wave in the harbor. Hence , the current

velocity associated with the harbor oscillation can be normalized for

convenience by the incident wave amplitude. Therefore , the normalized

maximum current velocity at any point in the harbor multiplied by the

incident wave amplitude in feet gives maximum current velocity in feet

per second. For each of the 30 velocity stations or element centroids ,

plots of the normalized. maximum current velocity versus wave period are

presented in Plates 614—123 with each velocity station having plots over

the two wave period ranges of 15 sec to 70 sec and TO sec to 27 m m .

314. Based on the frequency (wave period) response curves for wave—

height amplification factors and normalized maximum current velocity,

the wave periods of peak responses can be determined. These peak re-

sponses represent resonant effects of the harbor response to incident

long—period wave energy . The wave periods of the more important reso-

nant peaks between 20 sec and 27 mm are listed in Table 2. For each

resonant peak , the maximum wave—height amplification factor in the har-

bor also is listed in Table 2.

35. The most prominent characteristic of the deep—draft harbor ’s

response is the main resonant peak occurring at a period of 799.0 sec .

This peak is a very broad peak in its response over wave periods . Its

broadness is characterized by the wave—height amplification response

being larger than 1.0 over the wave period range of 9 mm to 27 m m .

This broad response over wave period is characteristic of the forced

harbor response whose period is approximately equal to the fundamental

period of the natural oscillation of the harbor . The broad character-

istic of this resonant peak is very important in determining the harbor

response since it allows amplification of incoming wave energy over a
very broad band of wave periods . For this resonant response the deep—

draft harbor is experiencing a “pumping mode” type oscillation in which

the water—surface level inside the deep—draft harbor rises and falls

almost uniformly . This type of movement in the water surface can be
detected. by comparing the magnitude of the wave—height amplification

factors at elevation stations 1 through 18 for the wave period of

18
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799.0 sec. Minimal differences in wave—height amplification exist

throughout the deep—draft harbor. In contrast, comparison of wave—

height ampl i f icat ion along the axis of the entrance channel (elevation

stations 9—23) shows a major decrease in wave—height amplif ication as

the mouth of the entrance channel is approached. A comparison of wave—

height amplification in the barge harbor (elevation stations 214_30) in-

dicates only small or minor differences throughout the barge harbor .

36. Contours of wave—height amplification factors over the entire

grid are an excellent technique of representing the modal configuration

of a harbor response. This graphic technique depicts very well the

spatial variation of wave—height amplification throughout the harbor .

Contours of wave—height amplification for the 799.0—sec incident wave

are presented in Plate 1214. Contours of wave—height amplification for

other resonant peaks (listed in Table 2) are presented in Plates 125—

1148. For the 799.0—sec harbor oscillation , contours of wave—height

amplification vividly indicate the changes in wave—height amplification

in the deep—draft harbor, entrance channel, and barge harbor without

considering individually the changes at each elevation station . The

“pumping mode” effect of the deep—draft harbor is illustrated in these

contours by the water—surface elevations changing nearly simultaneously

throughout the basin and. having nearly the same relative magnitude of

7.5 to 8.5. A large change in water—surface elevation exists in the

entrance channel as evidenced. by rapid. changes in relative magnitudes

(7.0 to 2.0) of wave—height amplification factors. In the barge harbor ,

changes (14.0 to 5.0) in relative magnitudes of wave—height amplifica—

tion are less than in the entrance channel and are nearly the same over

much of the basin.

37. At any point in the harbor , horizontal velocities (Equation 7)

can be calculated from the pressure gradients associated with the spa-

tial changes of the water—surface elevations or wave—height amplifica-

tion factors. For each of the resonant peaks , listed in Table 2, vector

plots of the normalized maximum current velocities throughout the harbor

are plotted in Plates 1149—173. The velocities are represented by arrows

whose centers lie at the element centroids . Water particles move

19



horizontally back and. forth in a direction parallel to the arrows. The

total length of the two vectors is equal to twice the velocity magni-

tude. Since the velocities have been normalized by the amplitude of the

incident wave, the velocities are in units of feet per second per foot

of incident wave amplitude . For the 799.0—sec harbor oscillation , the

velocity vector plot in Plate 1149 indicates strong velocities (25 to 30

fps/ft of incident wave amplitude) in the entrance channel and much

smaller velocities in the deep—draft harbor. Normalized velocities in

the deep—draft harbor vary from 0.5 to 1.0 fps/ft along the UE and SE

berthing areas and 2 to 10 fps/ft along the SW berthing area. In the

barge harbor , normalized velocities vary from 2.5 to 15 ops/ft with

velocities near the entrance channel having magnitudes greater than

20 fps/ft. These normalized velocities appear upon first inspection to

be extremely large. However, to obtain absolute velocity magnitudes ,

these normalized velocities must be multiplied by the amplitude of the

incident wave. For long—period waves (greater than 25— to 30—sec wave

periods ) excluding tsunamis, the incident wave energy and/or amplitude
8is extremely low and generally not known . Durham et al. measured

incident long—period wave energy at the breakwater of Los Angeles and
-
• 

Long Beach Harbors and estimated such energy to be approximately of the

order of 10 sq ft or less. Using these estimates, the associated wave

heights would be approximately 0.01 ft or less. Thercfore , maximum

velocities for the 799—sec oscillation , excited by such incident wave

energy, could be expected. to have magnitudes less than 0.50 fps. How—

ever , for extreme energy levels in incident long—period waves , such as

a tsunami, this broad resonant peak of 799.0 sec (13.32 m m )  has the

potential to produce not only relatively large fluctuations in water—

sur face elevat ions but large velocities throughout the harbor .

38. The 799.0—sec harbor oscillation produces a “pumping mode”

type response in the deep—draft harbor and has an average wave—height

amplification factor of approximately 7.5 throughout the deep—draft har-

bor. Such a response over a large surface area of 914 acres produces a

relatively large exchange of water between the deep—draft harbor and the

ocean. A rough estimate of the total water volume exchanged during one

• 

. 
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complete cycle (799.0 sec or 13.32 m m )  of this harbor oscillation is

approximately 60 x 106 cu ft of water for a 1—ft incident wave ampli-

tude. For incident wave amplitudes of 0.01 ft , the exchanged water

volume would be approximately 600,000 cu ft which is still a significant

amount of water. Such volume transports of water should benefit the

flushing and circulation of the deep—draft harbor (provided such long—

period wave energy exists to excite this harbor oscil lation).  It is

anticipated from Reference 8 that such small energy levels exist prac-

tically all the time. Consequently, it is reasonable to assume an ex-

change of water of approximately 600,000 cu ft every 13.32 mm due to

the response of the 799.0 sec mode of oscillation to the background
• . — 1 4 2long—period energy level of about 10 ft

39. Detailed information about ship movement in the deep—draft

harbor cannot be obtained. from the resonant response of the harbor with-

out knowledge of the incident wave spectrum and the moored ship response

as a function of wave amplitude and period. However , general informa—

F- tion concerning potential ship motion within the deep—draft harbor can

be inferred from resonant responses of the harbor and available infor-

mation8 concerning moored ship motion. Although the precise degrees of

ship movement cannot be inferred , potential surge and sway motion can

be inferred from velocity patterns in each berthing area. Velocity

vectors parallel to the berths can potentially cause surge movement

while vectors perpendicular can cause sway movement . The amount of such

movement depends upon the mooring response of ship and incident wave

energy. Except for extreme levels of incident wave energy , the ship

movement in the deep—draft harbor for the 799.0—sec oscillation will be

dominated by surge movement which should be relatively small along the

NE and SE berthing areas with an increase in surge movement along the

SW berthing area. In the barge harbor, both surge and sway motion may

exist and could be substantially larger for barges and smaller vessels

than ship movement in the deep—draft harbor.

140. For each resonant response of the deep—draft harbor, the con—

tours of wave—height amplification factors and vector plots of normal—

ized maximum current velocity can be utilized. to deduce information

21
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similar to the above information for the 799.0—sec resonant oscillation .

The other resonant peaks have responses over a much narrower wave period

ban d than the fundamental (799.0 see) harbor response. The resonant

peak a.t the 1145.O—sec wave period is slightly broader than the remaining

peaks but is much smaller in response amplitude in the deep—draft har-

bor. However , for the barge harbo , this resonant peak has wave—height

amplification factors equal to those of the 799.0—sec harbor response.

All remaining resonant peaks, especially resonant peaks below 100.0—sec

wave periods, are extremely narrow and sharp and will amplify only small
amounts of incoming wave energy. Therefore , these very sharp resonant

peaks are probably not important in deep—draft loading and unloading

operations. The first five resonant peaks in Table 2 have relatively

• simple oscillation patterns with resonant peaks below 100.0 sec produc-

ing more complex patterns . For the deep—draft harbor , 129.5—sec and.

81.9—sec resonant oscillations produce wave—height amplifications of

9.5 to 11.0. Very narrow peaks at 145.85, 140.805, 23.0, and. 22.~-~R sec

produce amplifications of 12 to 20 in the deep—draft harbor . The re-

maining resonant peaks produce amplification factors of 9 or less in

the deep—draft harbor.

141. For the barge harbor, the f i rst  four resonant peaks produce

wave—height amplification factors of 14 . 5 to 5.5. The largest amplifi-

cation factors of 114.5 and 15.03 in the barge harbor are produced. by

the 81.9— and. l9.14—sec resonant peaks. The remaining 19 resonant peaks ,

which are very narrow , produce amplification factors of 2 or less in

the barge harbor with the exceptions of 63.0— , 35.92— , 314.92—, 23.0— ,

22.148— , and 19.6—sec peaks which produce maximum amplfications of 6.3,

10.22, 12.93, 7.714, 5.0 , and 8. 146, respectively . Since the barge harbor

has experienced 2—mm oscillations in past history , resonant peaks at

1145.0, 129.5, and 107.2 sec can be expected to be excited. by incident

long—period wave energy . In addition , resonant peaks near the f i rs t

(1 m m )  and second (30 see ) harmonics of the 2—mm oscillations may also

be exci ted. Such oscillations, including the relatively large 81.9—sec

oscillat ion , have the potential to produce ship movement (surge and

sway) which for smaller vessels such as barges , may be adverse to cargo

• 22
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handling . If the response of the existing barge harbor without the con-

struction of the deep—draft harbor were known, a comparison of the har-

bor response from this study with the existing barge harbor response

would. be very beneficial in evaluating the relative effects of construc-

tion of the deep—draft harbor on the response in the barge harbor.
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PART IV: CONCLUSIONS

142. Investigation of the response of the proposed Barbers Point

deep—draf t harbor by use of a hybrid finite—element variable depth nu-

merical model has resulted in the following conclusions :

a. Twenty—five resonant peaks ranging in period from 19. 14 to
799 .0 sec were ident i f ied..

I. The deep—draft harbor is characterized by a predominant
resonant peak at 799.0 sec (13.32 mm ) .  This peak ex-
hibits amplification factors from 7.5 to 8.5 throughout
the deep—draft harbor and represents a “pumping mode ” type
of harbor response. This peak has a half—width (width of
the frequency band. for which the response is at least half
the peak response) of about 14—5 m m ;  consequently , it will
respond to a wide range of wave periods.

c. Flushing and circulation in the deep—draft harbor should
be aided by the characteristic ( 799.0 see ) resonant peak.
This “pumping mode ” will aid in flushing the harbor by
exchanging water between the harbor and the ocean . The
magnitude of this exchange is not possible to assess;
however , it was shown that it is reasonable to expect
water exchange of 600,000 cu ft per wave period (every
13.32 mm ).

ci. Resonant peaks were identified at periods of 114 5 .0 , 129.5,
107.2 , and. 81.9 sec. These peaks are all close enough to
observed. oscillations in the existing barge harbor of
about 2 mm to potentially be excitable. However , the
bandwidth of the 129.50— and the 81.90—sec peaks (maximum
wave—height amplification of 10.92 and. 114.145, respec-
tively) is so small that they probably pose little poten-
tial problem . Only incident energy within a very narrow
frequency band would be amplified by these modes with
their maximum response containing little energy. The
1145.0— and 107.2—sec peaks are slightly broader in band-
width and., consequently, will respond to a broader band-
width of incident excitation . However , their maximum
wave—height amplification is only 14.35 and 5.50, respec-
tively. Therefore, it is concluded that these four reso-
nant peaks probably do not pose a serious threat to day—
to—day operation of the proposed deep—draft harbor .

e. The other 20 resonant peaks identified range in period
from 63.00 to 19 . 140 see , and ni ne of these peaks ( 5 6 . 5 5 ,
145.85, 140.805, 35.92, 31 4.92, 23.0 , t~2 .14 8, 19.6 , and 19.14)
have wave—height amplification factors between 8.5 and
~9.62. All nine of these peaks are relatively narrow in
bandwidth and probably do not pose a serious potential
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ha zard to deep—draft loading and unloading . Any future
expansions and modifications of the deep—draft harbor
should. consider these peaks during the design phase.

f .  Ni ne resonant peaks occur between 19.140 sec and 23. 140 sec
wi th f ive of these having amplif icat ion fac t or s below
3.75. However , the resonant peaks at 23.0 , 22. 148 , 19.6 ,
and. 19.14 sec have amplification factors of 19.62, 13.75,
8.146, and 15.03, respectively . The background energy
level of the ocean will certainly be greater in this fre-
quency range than for longer period waves since frequency
dispersion from swell will undoubtedly transfer energy
to these wave periods . Since some smaller shallow—draft
ships ( such as banana—boats) respond to energy in these
relat ively low wave periods , there may be some potential
for occasional mooring problems for smaller ships (e.g.
RoRo). However , if such problems arise, they can probably
be handled by special mooring methods or by mooring in
locations where velocities from these resonant modes are
minimal.

N 
~~
. A potential for flooding is i ndicated as a result of the

response of the proposed deep--draft harbor to incident
tsunami energy . The predominant resonant peak of 13.32
mm (Item b above ) with an amplification factor of 7.5 to
8.5 throughout most of the deep—draft harbor could create
a situation wherein the harbor ’s response to incident
tsunami energy is such that water elevations will rise
above the docks, flood dockside facili t ies, and inundate
adjacent low—lying areas . This potential flooding situa-
tion should be studied. further to quantify the potential
hazard from a ts mami similar to the 1914 6 Aleutian tsunami
which had its major energy centered near this resonant
f requency . There have been at least four occurrences
(1868, 19146 , 1952 , and. 1957) of tsunamis recorded since
about 1837 in the vicinity of Honolulu with periods around
13 mm and wave heights approximately 1 ft or higher.

143. To summarize , all 25 resonant peaks between 19.140 sec and the

characteristic “pumping mode ” of the proposed deep—draft harbor have
been identified.. It has been determined that probably none of these
peaks will pose a serious threat to operation of the harbor . The
“pumping mode,” 13.32 mm , will aid in flushing the harbor and improv-
ing water quality of the harbor. However, the broad response (half—

width of about 5 m m )  of the harbor centered at 13.32 mm poses a very

serious potent ial threat to damage of proper ty f r om a tsunami similar
to the 19146 Aleutian tsunami .13
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Table 1

• Initial Wave Period. Increments

t~T , sec Range of Wave Periods , sec

1 15—68

2 70—100

2.5 102 .5—200

5 205—360

10 370—720

20 71~O_l62O

1
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Table 2

Peak Responses of Harbor Oscillations

Nearest
Period , sec Maximum Amplification Gage*

799.00 8.58 5
1145.00 14.35 26

129.50 10.92 13

107.20 5.50 27

81.90 114.145 27

63.00 6.30 27

58.60 5.99 5

s6.ss 8.63 13

145.85 11.51 5
140.805 13.71 15

35.92 10.22 29
314.92 12.93 29
33.05 3.00 D.D.

30.314 6.00 5

29.142 14.00 3

26.82 6.00 D.D.

23.140 3.50 5

23.00 19.62 13

22.148 13.75 5

22.02 3.75 5

21.12 3.00 D.D.

20.78 3.00 1

20.114 3.00 18

19.60 8.146 28

19.140 15.03 29

* Maximum amplificat ion values in this table do not agree
exactly with those plotted in Plates 14—123 because selected
gages did not necessarily coincide exactly with amplifica-
tion peaks.I, 
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AYPENDIX A: NOTATION

a Boundary of region

A Region inside harbor

b (w) Amplitude of frequency component w

Incident wave amplitude

g Acceleration due to gravity , 32.2 ft/sec
2

G Element slope matrix

h Water depth, ft

H Hankel function of the first kind of order n
n

i Imaginary number

k Wave number

n Integer

N Interpolation function

n Unit normal vector outward from region A
a

r Spherical coordinate , ft

S Real number
e

t Time, sec

u Velocity in x—direction , fps

U Total horizontal velocity , fps

v Velocity in y—direetion , fps

x Cartesian coordinate, ft

y Cartesian coordinate , ft

Unknown coefficient
n

~ Area of element

- —1V Gradient operator, ft

Al
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0 Spherical coordinate , radians

~ Response of harbor

4 Total velocity potential, ft
2
/sec

Total velocity potential evaluated on boundary a , ft
2
/sec

Velocity potential of incident wave , ft
2
/sec

~R 
Far—field velocity potential, ft

2
/sec

Scattered wave velocity potential , ft
2
/sec

w Angular frequency , radians/sec

A2 
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