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1. Purpose. This manual provides guidance for planning, |ayout, and design
of small boat harbor projects

1. Applicability. This manual applies to all HQUSACE/ OCE el enents and field
operating activities having responsibility for the design of civil works
proj ects.

3. Ceneral. Hydraulic design features for small boat harbors are discussed
inthis manual. The goal of a good design is to provide a safe and efficient
smal | boat harbor at mnimm cost with consideration given to social and

envi ronnental factors.
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CHAPTER 1
| NTRODUCTI ON

1-1. Purpose and Scope. This manual provides guidance for planning, |ayout,
and design of small boat harbor projects. These projects include boat basins,
boat ranps, and channels. Small boats are classified as recreational craft,
fishing boats, or other small conmercial craft with lengths | ess than 100 ft.
The goal of a good design is to provide a safe, efficient, and econonical proj-
ect for small vessels, wth consideration to social and environmental factors.

1-2.  Applicability. This manual applies to all HQ USACE/ CCE el enents and all
field operating activities having responsibility for the design of civil works
proj ects.

1-3. References.
a. EM 1110-2-1612, Ice Engineering.
b. EM 1110-2-2904, Design of Breakwaters and Jetties.
¢. EM 1110-2-5025, Dredging and Dredged Material Disposal.

d. Coastal Engineering Research Center, CE, "Shore Protection Mnual,"
Volumes |, Il, and Ill, 1977, U S. Arny Engi neer Waterways Experinent Sta-
tion, P. O Box 631, Vicksburg, M 39180.

e. ASCE--Mnual s and Reports on Engineering Practice--No. 50, Report on
Smal | Craft Harbors, 1969, Anerican Society of Civil Engineers, 345 East 47th
Street, New York, NY 10017.

f. Coastal Engineering Research Center, CE, "Special Report No. 2, Small-
Craft Harbors: Design, Construction, and Operation", 1974, U S. Arny Engi-
neer Waterways Experinment Station, Vicksburg, M 39180.

1-4. Bibliography. Bibliographic itens are indicated throughout this manual
by the author's nanme and the date of publication. In publications where au-
thors are not indicated, the organization and date of publication are given.
These publications are listed in al phabetical order in Appendix B and are
avail abl e for | oan upon request to the Technical Information Center Library,
U S. Arny Engi neer Waterways Experinment Station (WES), P. O Box 631, Vicks-
burg, M5 39180.

1-5.  Synbol s. For conveni ence, synbols and unusual abbreviations are |isted
and defined in the Notation (Appendix C).

1-6. Terminology. Terms used in connection with small boat harbor projects
are presented in Appendix D.
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1-7.  Background. In the past 80 years, the Corps of Engineers has designed
over 400 small boat harbors. These projects are located on ocean coasts, estu-
aries, lakes, and rivers. Some of these projects are designed for seasonal
harbors of refuge, while others are for permanent year round noorage. This
manual will present the Corps accumul ated know edge on successful design, prob-
| em areas, nodel test evaluation, and other studies applicable for successful
harbor desi gn.
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CHAPTER 2
DESI GN FACTORS

2-1. Design Rationale. The plan fornulation process wll predict the nunber
and size of boats which are expected to use the harbor during its project

life. The benefits then can be estimated. Generally, several basin and en-
trance channel configurations, with cost estinmates, will be needed to indicate
the optinum plan. Each | ayout nust acconmopdate the expected fleet and provide
equal protection to make valid conparisons. |f benefits exceed costs for
these configurations, then the reconmended site should be selected by the plan
fornulation process. This process considers initial cost, naintenance cost,
and social and environnental aspects. |f costs exceed benefits, a reduced
basin size for fewer boats or stage construction could be considered.

2-2. Typical Project Elenments. The followi ng project features are normally
the responsibility of the Corps:

a. Entrance Channel. Channel connecting the basin with deep water.

h. Breakwater. Bottom connected or floating structures which reduce the
i nci dent wave height to acceptable levels inside the basin.

c. Access Channel. A channel which provides access fromthe entrance
channel to the noorage area and turning basin.

d. Turning Basin. Area provided for vessels to safely change direc-
tions. It is usually located at or near the upper end of the access channel.
One or nore turning areas may be provided for |ong access channels.

e. Morage or Anchorage Areas. These are normally the responsibility of
the local sponsor for recreational craft; however, the Corps will provide
these areas for comercial craft.

f. Special Features. Special features for site-specific problens can
also be included with the project design. The features could be wave ab-
sorbers, ice control neasures, water quality inprovement, shoaling reduction
features, sand bypass systens, or erosion control structures.

2-3. Physical Data to be Evaluated. The design of a small boat harbor proj-
ect will require an analysis and eval uation of information on the follow ng:

a. \Weather.
(1) Wnd

(2) Waves

2-1
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(3) Visibility (rain, snpg, fog, snow)
(4) lce

b. Site Characteristics.

(1) Currents (tidal, river, seiche, wave generated)

(2) Sedinent novenent or |ongshore drift

(3) Type of bottom (soft or hard)

(4) Water depths and water level fluctuations

(5) Obstructions (sunken vessels, abandoned structures, etc.)

(6) Existing bridge crossings (location, type clearance)
The factors |isted above provide the basis for selecting the project design
conditions. These design conditions must reflect weather and site conditions

which are infrequently exceeded during the navigation season. Extrenme weather
conditions are to be evaluated and estimates of project damage presented.

2-2
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CHAPTER 3
DESI GN STUDI ES
3-1. General. The design of small boat harbor projects requires an under-

standing of the problem assenbly and evaluation of all pertinent facts, and
devel opment of a rational plan. The design engineer is responsible for devel-
oping the design rationale and sufficient alternative plans so that the econom
ically optimumplan is evident and the recomrended plan is substantiated. Ap-
plicable Corps of Engineers guidance is considered in the design. Pertinent
t ext books, research reports, or expertise from other agencies may be used as
source information. The usual necessary steps leading to a sound plan are out-
lined below

a. Review appropriate ER's, EMs, ETL's and other published infornation.

h. Assenble and analyze pertinent factors and environmental data.

¢c. Conduct baseline surveys.

d. Select a rational set of design conditions.

e. Develop several alternative layouts with annual costs.

f. Select an economcally optinmm plan.

g. Assess environnmental and other inpacts.

h.  Devel op recomrended plan.

|.  Devel op operation and nmintenance plan.

3-2.  Typical Engineering Studies. The following studies are normally con-
sidered for snall boat harbor project design.

a. Water levels and datuns

b. Waves

¢c. Currents

d. Shoreline changes

e. Sediment budget and channel shoaling

f.  Design vessel or vessels

3-1
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g. Baseline surveys

h. Design life, degree of protection, and design conditions
Channel width

j.  Channel depth

k.  Channel alignnent

. Turning basin

m Basin and breakwater |ayout

n.  Breakwater design

0. Dredging and disposal

p.  Environnental inpact

g. Model studies

r.  Operation and naintenance

3-3. Water Levels and Datuns.

a. General. Bot h maxi num and m ni num water |evels and frequency, dura-
tion, and anplitudes of water-level fluctuations are needed for design of snall
boat harbor projects. \ater levels can be affected by storm surges, seiches,
river discharges, natural |ake fluctuations, reservoir storage limts, and
ocean tides. Hgh water levels are used for prediction of wave penetration
and breakwater heights. Low water |levels are used to determnine channel and
moorage area water depth and breakwater toe design.

h. Tide Predictions. The National Ocean Survey (NOS) publishes tide
height predictions and tide ranges. Figure 3-1 shows spring tide ranges for
the continental United States. Published tide predictions are sufficient for
most project designs; however, prototype observations usually will be required
for verification of physical or nunerical hydraulic nodels when used.

¢c. Datum Planes. Small boat harbor project features will be referred to
appropriate |owwater datum planes. The relationship of the | ow water datum
to the National Geodetic Vertical Datum (NGVD) will be needed for vertical con-
trol of construction. The lowwater datumfor the Atlantic and Gulf Coast is
present|ly being converted to nean lower low water (mlw). Until the conver-
sion is conplete, the use of nean low water (mw for the Atlantic and Qulf

3-2
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NOTE: TIDE RANGES FROM NOS
1974 TIDE TABLES

SPRING TIDE RANGE ON
ATLANTIC AND PACIFIC

MIXED TIDES

DIUANAL TIDE RANGE ON GULF

e TIDE STATION

5.2 TIDE RANGE FT

20 DEC 1974
SCALE' McCARTNEY

100 0 100 200 300 400 SO0 M|
[ oo owem  ow

Figure 3-1. (Ccean tide ranges.

Coast Low Water Datum (GCLWD)

is acceptable. Oher |owwater datuns are:

Paci fi c Coast

Mean |ower |ow water (mlw)

G eat Lakes - International Geat Lakes Datum (1 G.D)
Rivers - River, Low Water Datum Pl anes (Local)
Reservoirs - Recreation Pool Levels
3-4.  \ves.
a. Ceneral.

Natural 'y occurring wind waves and vessel generated waves
require analysis and prediction. \Wave conditions are needed for various ele-

ments of the project design. This allows reduction of channel dinensions
where wave effects on vessel maneuverability dimnish.

h. Wnd Waves. Prediction of wind wave heights and periods can he made
using techniques presented in the Shore Protection Manual (referenced), or

the report titled “Determ ning Sheltered Water Wave Characteristics” (Vincent
and Lockhart, 1983) Another source is wave hindcast information published by
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the \Waterways Experiment Station (Resio and Vincent, January 1976, March 1976
Novermber 1976, 1977, 1978) (Corson and Resio, 1981) (Corson, et al., 1981
Corson, et al., 1982) (Corson, Resio, and Vincent 1980). These hindcast wave
hei ghts and periods are applicable for deep water and require refraction and
diffraction analysis to devel op wave characteristics at the project site. The
Shore Protection Manual (reference d) presents a nmethod for calculating re-
fraction and diffraction effects. |If feasible, installation of wind and wave
gages at the project site is strongly recommended. One year of wind and wave
records is considered a mnimumto verify or adjust wave predictions before
the design is finalized

C.  Vessel Cenerated Waves. Passing vessels may generate |arger waves
than the wind. This is particularly true for boat harbors or ranps on rivers
where passing deep draft vessels or barges nay generate danmging waves. The
hei ght of waves generated by a moving vessel is dependent on the follow ng:

(1) Vessel speed

(2) Vessel draft and hull shape

(3) Water depth

(4) Blockage ratio of ship to channel cross section

The effects of waves will depend on the height of the wave generated and the
di stance between the ship and the project site. An estimte of the height of
a ship-generated wave can be obtained by assumi ng the wave height (crest to
trough) will be equal to twce the amount of vessel squat. The wave height at
the shore is then conputed using refraction and diffraction techniques (refer-
ence d). The wave length woul d be equal to approximately one third of the
vessel length. The nethod used to predict vessel squat is presented in para-
graph 3-12. |If vessel generated waves are considered the design wave, nodel
tests or prototype nmeasurenments will be needed to verify or adjust the pre-
dictions. Additional information on the possible inpact of vessel wakes may
be obtained from (Canfield, Ray, and Eckert, 1980).

d.  Selection of Test Waves from Prototype Data. Measured prototype wave
data on which a conprehensive statistical analysis of wave conditions can be
based are usually unavailable for various project areas. However, statistica
or deepwater wave hindcast data representative of these areas are normally ob-
tained. Wave data used for various study sites along the Atlantic, @l f, and
Pacific Coast frequently can be obtained from the follow ng:

(1) National Marine Consultants (1960)
(2) Surface Marine (nservations (National Cimte Center, 1976)

(3) Fleet Numerical Wather Center (1977)
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(4) Meteorology International (1977)

(5) Saville (Novenber 1954)

(6) Marine Advisors (1961)

(7) Synoptic Meteorological Coservations (1971)
(8) Marine Advisors, Inc. (1964)

(99 U S. Navy Hydrographic Office (1950)

(10) Bretschneider (1970)

(11) Corson, et al., (January 1981)

Wave data conmonly used for study sites on the Great Lakes can be obtained
fromthe follow ng:

(1) Resio and Vincent (January 1976, March 1976, Novenber 1976, 1977,
1978)

(2) Saville (1953)

(3) Sverdrup and Monk (1947)

(4) Arthur (1948)

(5) Bretschneider (1970)

(6) Cole and Hilfiker (1970)
3-5.  Currents.

a. Ceneral. Currents can be tidal, river, or seiche induced. The cur-
rents can have a beneficial effect by pronoting boat basin flushing. However,
if the currents are too strong, then they can adversely affect vessel nmaneuver-
ability in the channels and turning basins and cause problems with noored or
anchored vessels. Current forces are also required for floating breakwater
mooring system design. Prediction of current strength and duration is needed
for selection of the design conditions. Prototype neasurenents are usually
needed before the final design is conplete.

h. Tidal Currents. Tidal currents for nost coastal areas are published
by the NOS. This information is sufficient for prelinminary design. However,
prot otype neasurenments are needed for final design.
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¢c. River Currents. River currents can be estimated by backwater conpu-
tations of various flood discharges and verified by prototype neasurenent.
Figure 3-2 depicts danmge caused by floods and Figure 3-3 shows a method to
separate river currents from a boat basin.

d. Seiche Currents. Large bodies of water like the Geat Lakes can have
seiches which produce currents in inlets or harbors with constricted entrances.
These currents at nine harbors on the Geat Lakes are discussed in Seelig and
Sorensen (1977).

3-6.  Shoreline Changes.

a. GCeneral. The natural growth or recession of the shoreline and off-
shore hydrography are needed to predict the inpact of a project. If the proj-
ect creates adverse inmpacts such as accretion or erosion, suitable mtigation
measures such as sand bypassing or beach protection structures may be
required.

Figure 3-2. River flood damage at Ventura Marina, California.
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Figure 3-3. Separation of river flow from boat basin at Marina Del Ray,
Los Angeles County, California.

h. Evaluation Methods. Hi storic changes can be obtained fromold charts
or photographs. The NOS survey sheets are a good source of information since
they show actual soundings of npbst coastal areas dating bark to the early
1800's.  Care nust be taken when conparing old survey data to assure horizon-
tal and vertical control are corrected to a conmmon reference. A d photographs
can give approximate indications of changes; however, quantitative conparisons
are difficult because water levels (tide, |ake fluctuations, or river stages)
are usually unknown.

3-7.  Sedinent Budget and Channel Shoaling.

a. CGeneral. A sedinent budget and channel shoaling estimate is needed
to estimte maintenance dredging volumes and costs. The sedinent budget will
also indicate potential beach erosion areas.

3-7
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b. Coastal Sedinment Budget. Coastal sedinent is noved primrily by
waves. Therefore, a wave clinate assessment and beach conposition are re-
quired. The budget will identify sediment sources, volunmes noved, reversals

and sinks (shoaling areas). The coastal sedinment budget analysis nethod is
described in reference d.

c. River Sedinent Budget. A river sediment budget is simlar to the
coastal budget except the transport mechanismis river current and there are
no reversals. The budget will identify sedi ment sources, volunes noved, and
sinks (shoaling areas).

d. Channel Shoaling. The sedinent budget wll indicate approximte
vol umes of channel and nooring area shoaling. Movable bed physical nodels or
mat hemati cal mobdels may be needed to refine shoaling estinates.

3-8. Design Vessel or Vessels. The design vessel or vessels are selected
from conprehensive studies of the various types and sizes of vessels expected
to use the project during its design life. There may be different design
vessel s for various project features. For exanple, sail boats may have the
deepest draft for channel depth design, whereas fishing boats may have the

wi dest beam for channel width design. The design vessel or vessels are identi-
fied as to various paraneters affecting their maneuverability. There is con-
siderable variation in the length, beam and draft relationships of small craft
The following sources will help identify typical vessel dinensions

a. “Boating Statistics,” report of accidents, nunbering, and rel ated
activities, published twice annually by the U S. Coast Guard, 1300 E. Street
N.W, Wshington, D. C 20591

h. “Boat and Mdtor Dealer,” published nmonthly by Dietneier-Van Zevern
Publ i cati ons, 344 Linden Ave., Wlnette, IL 60091

“Boat Builder.” published twice annually by Davis Publications, Inc.,
229 Park Avenue South, New York, NY 10003

d. “Boating Industry,” published nonthly by Whitney Communications,
850 3rd Ave., New York, NY 10022

3-9. Baseline Surveys. Physical and environmental surveys of the project.
site are needed during the preconstruction design phase. Hydrographic and
hydraulic survey data are also to be used for nmpbdel construction and
verification. The follow ng surveys are usually needed

a. Hydrographic

h. Beach profile
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¢c. \Waves: height, period, direction and duration (spectral distribution
of wave energy may be needed)

d. Currents: velocity, direction, and duration
e.  Sedinent: suspended and bedl oad
f.  Beach conposition
g. Foundation conditions
h.  Wnd: speed, direction, and duration
| ce: frequency, duration, and thickness
j. Biological population: type, density distribution, and migration
k. Water quality

Dredge naterial water disposal sites will usually need a, d, j, and k baseline
surveys

3-10. Design Life, Level of Protection, and Design Conditions. The project
design life and design |level of protection are required before the design
conditions can be selected. The econonic design life of nmbst small boat
projects is 50 years. Level of protection during the 50-year period is usually
sel ected by an optim zation process of frequency of damages when wave hei ghts
exceed the design wave and the cost of protection. The elenents that are to

be considered in an econonic optimzation or life cycle analysis are

a. Project econonic life

h. Construction cost for various design |evels

¢. Mintenance and repair cost for various design |levels

d. Replacenent cost for various design |evels

e. Benefits for various design levels

f. Probability for exceedance for various design |levels
The design level for a small boat harbor is usually related to wave heights
and water levels. The severity of these events has a statistical distribution

that can be ordered into a probability of exceedance. The exceedance prob-
ability is plotted against the design level (Figure 3-4). A series of project
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DESIGN LEVEL

1 1 J
0.0l 0.5 0.99

EXCEEDANCE PROBABILITY

Figure 3-4. Exceedance probability versus design |evel

designs and cost estimates are devel oped for various design |levels (wave

hei ghts) . Construction cost is than converted to annual cost. Mintenance
costs can be estimated by nmultiplying the exceedance probability of the design
|l evel by the construction first cost. The mmintenance and repair cost should
be conpared with maintenance and repair cost for similar existing projects to
assure realistic values. Sone designs may call for partial or total replace-
ment of a project feature one or nore times during the project economic life.
Aver age annual replacenent costs are obtained by estimating the replacenent
years, deternmining replacenment cost, and converting to present worth. The
present worth value of the replacenent cost is then converted to average annual
cost by using appropriate interest rates and economc project life. The proj-
ect cost curves usually look like Figure 3-5. Project benefits are conpared
with project cost to determine the economc optinmum design level. Figure 3-6
shows this benefit cost conparison.

MAINTENANCE

DESIGN LEVEL ————

Figure 3-5. Project cost curves
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BENEFITS

e

v
s

-
&TOTAL COST

\BENEFITS

DESIGN LEVEL ———

Figure 3-6. Benefits and cost versus design |evel

A separate analysis (Figures 3-5 and 3-6) wll be needed for each alternative
structure or project layout. Nornmally, the design level associated with the
maxi num net benefits will be selected for project design. Exceptions could

be for harbors of refuge where a mninum design level is established or because
of environmental concerns. If the net benefit point is not well defined, it
may be prudent to select a higher design |evel.

3-11. Channel Wdth. A rational design is needed to allow safe and efficient
passage of the vessels expected to use the project. Factors to be considered
are:

a. Vessel size

h. Vessel nmneuverability

c. Traffic congestion

d. Effects of wi nd, waves, and currents

Table 3-1 lists the recommended channel width elenents as a percent of vessel
beam for various degrees of vessel controllability (vessel steerage
capability).
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TABLE 3-1

M ni mum Channel Elenent Wdths (Committee on Tidal Hydraulics, 1965)

M ni mum Channel Wdths Needed in Percent of Beam
Vessel Controllability

Locati on Very Cood Good Poor
Maneuvering Lane,
Strai ght Channel 160 180 200
Bend, 26-degree Turn 325 370 415
Bend, 40-degree Turn 385 440 490
Vessel C earance 80 80 80
Bank C earance 60 60 plus 60 plus

These wi dths can be increased for adverse wi nd, wave and current conditions,
or for high traffic volumes (congestion). An exanple of a congested entrance
woul d be a large recreation marina where nost of the boats |eave on a week-end
morning and return in the evening (See Figure 3-7).

Figure 3-7. Entrance to Newport Bay, California
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Interior channels generally need | ess width than entrance channel s because
wind, waves, and currents are less severe due to sheltered conditions. Wden-
ing on bends is usually required to allow safe turns. Physical hydraulic
nodels with radio controlled nodel vessels or mathematical vessel simulator
model s can be used to evaluate the adequacy of channel wi dths.

3-12.  Channel Depth.

a. General = Channel depths should be adequate for vessel draft and
squat, wave conditions, and safety clearances. Additional depth is allowed in
construction due to dredging inaccuracies. Overdepth dredging nay also be in-
cluded as an advance maintenance procedure. Vessel sinkage in fresh-water my
also be a depth consideration. This sinkage is due to the density difference
between fresh and salt water. The less dense fresh water will allow the boat
to sink to a greater draft. Channel depths are usually neasured from a suitable
| ow-water datum  An extreme lowwater |evel, such as a minus tide, may be used
to increase the design channel depth when economically justified. Interior
channel depths normally are not as deep as entrance channel s because the wave
action adjustment is normally less.. The type of dredge or other excavation
equi pnent nust be indicated to assure that it can operate in the selected
channel depths. Tidal channel dinensions nust be evaluated for stability to
assure that rapid shoaling or erosion will not occur. Entrance channel and
interior channel depth considerations are shown in Figures 3-8 and 3-9.

DATUM

—— \
= LOW WATER LEVEL )
DRAFT & TRIM "
WAVE ALLOWANCE =

souar — 3
SAFETY CLEARANCE ————

—7/DE WAVE

——AUTHORIZED PROJECT DEPTH

ADVANCED MAINTENANCE DREDGING

— DREDGING TOL ERANCE
~——___CHANNEL BOTTOM

_—

Figure 3-8. Entrance channel with wave effects.

h. Sqguat. Squat for small recreation craft noving at reasonable speed
in entrance channels is generally taken to be one foot. Squat at |ow speed in
interior channels, noorage areas, and turning basins is about 0.5 foot. Squat
for large displacement hulls, such as fishing boats or ferries, is to be calcu-
lated. A ship in notion will cause a lowering of the water surface because of
the change in velocity about the vessel, causing it to be |owered wth respect
to the bottom Although this phenonenon al so affects the ship's trim the ef-
fect is mnor and normally is neglected. The anount of lowering referred to
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DATUM
[
—7/0E

= LOW WATER LEVEL
DRAFT & rﬁmﬁ:
WAVE ALLOWANCE
sQuAT — 7

WAave

[ ——— SAFETY CLEARANCE

—_ — 3+ AUTHORIZED PROJECT DEPTH
ADVANCED MAINTENANCE DREDGING
-
————0DREDGING TOLERANCE CHANNEL BOTTOM

N—-W\
Figure 3-09. Interior protected channel.

as "squat" will depend on several factors, including the speed of the vessel,
characteristics of the channel and vessel, and interaction wth another
vessel .  The anount of additional channel depth to be provided for squat can
be approximated using the follow ng steps:

(1) Determine blockage ratio(s) of vessel subnerged cross section to
channel cross section froms = AJ/W{ where A, is vessel submerged cross
section in square feet, Wis average width of channel in feet, and H. is
channel water depth in feet. A semiconfined channel (i.e., one in which the
top of the dredged channel side slope is under water) is assumed to have the
same cross section as a confined channel. This assunption wll produce con-
servative results.

v
(2) Determine Froude number (F) fromF = ., where V, i s vessel

VgHC

speed in feet per second, g 1is acceleration due to gravity (32.2 ft/sec?).

(3) Apply calculated values of s and F to Figure 3-10 to obtain
d, a dinensionless squat.

(4) Using the d value obtained from Figure 3-10, conpute squat (2)
in feet fromd = 2/H or Z =dH, , where H, is depth of channel water.
Squat will be greater when vessels are passing because the total blockage
ratio is larger and nust be considered in the design of channels for two-way
traffic. In unrestricted waterways and open seas, squat is nmuch less than in
confined waterways because the submerged cross section of the vessel becones a
very small percentage of the waterway cross section,

c. Wave Conditions. Channel depth increase for wave action (wave allow
ance) is generally one-half the design wave height for small recreational craft.
Pitch, roll, and heave nust be evaluated al so for |arger vessels that use the
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Figure 3-10. Dinensionless squat as a function of the Froude nunber.
(From Cormittee on Tidal Hydraulics, Report 3).

channel.  Vessel notions can be determined by prototype observations, physical
nodel s, or vessel-sinulator nathematical nodels. The larger of the two wave
al l owances is to be used.

d. Safety Cearance. In the interest of safety, a clearance m nimum of
2 ft is needed for channels with soft bottons, such as sand or silt. Wen the
channel bottomis hard, like rock or coral, a three-foot mninmum clearance is

required. The additional one foot is to conpensate for the greater danmge ex-
pected for vessels which strike a hard channel bottom

e. Dredging Tolerance. In consideration of the inherent mechanical inac-
curacies of dredges working in the hostile environment of adverse currents,
fluctuating water surfaces, and non-hombgeneous material, an additional seg-
ment of the channel cross-section referred to as dredging tol erance, is recog-
nized. Dredging tolerance is not taken into account in theoretical channel
design where a neat line is assumed; however, contract specifications nust
take it into account. Site conditions and presuned construction equi pnent
should all be considered in assigning a value. Usually the value ranges from
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one to three feet, and the anount actually dredged in the tolerance zone is
paid for at the sane rate as for other pay segnents.

f.  Advanced Maintenance. Channel nmaintenance usually consists of re-

novi ng sediment deposits on the channel bed. In channels where shoaling is
continuous, overdredging is a neans of reducing the frequency of dredging and
still providing reliable channel depth over |onger periods. Advance nainte-

nance consists of dredgi ng deeper than the channel design depth to provide for
the accunul ation and storage of sedinment. Justification for advanced nainte-
nance i s based on channel depth reliability and econony of |ess frequent
dredging. Estimates of channel shoaling rates (discussed in paragraph 3-7)
are used in the justification for advanced naintenance dredging. Severa
dept hs shoul d be considered to optinize the advanced naintenance al |l owance,
but it nust be noted that deeper channels will tend to be more efficient sedi-
ment traps and could shoal nore rapidly.

g. Sinkage in Fresh-water. Sinkage will be a channel depth factor for
| arge design vessels (fishing boats or other commercial craft) which pass from
seawater into freshwater. The submerged depth is increased by 3 percent in
freshwat er because the density of seawater is 1.026 (64 pounds per cubic foot)
and fresh water is 0.999 (62.4 pounds per cubic foot). Mst small boat proj-
ects can delete this consideration because of their vessel's sizes. For
exanmpl e, a design vessel with a draft of 6 feet in salt water will have a
draft of 6.2 feet in fresh-water.

3-13.  Channel Alignnent.

a. Entrance Channels. Entrance channels normally follow the course of
the deepest bottom contours. This alignnent usually requires the |east ini-
tial construction dredging, and currents often follow this path, which is de-
sirable for navigation. An alternative alignment woul d be the shortest route
to deep water. Layout of the entrance channel alignnent should consider di-
rection of predonmi nant wind and waves and their effect on navigation. Channe
alignments dredged through shoals or bars tend to shoal rapidly and generally
shoul d be avoided, if possible. Alignnents should avoid the insides of river
bends because of high shoaling rates. Breakwaters or jetties paralleling the
channel may be required to maintain a desired alignment and their design may
require a physical nodel investigation. Myvable bed physical nodels can be
used to estimate relative shoaling rates for various channel alignnents. Fixed
bed physical hydraulic nodels, wth radio controlled vessels and inposed waves
or vessel simulator nodels, can assess transit safety of alternative alignnents.
Al'ignments shoul d mininize the nunber of bends. This will ease navigation and
reduce the nunber of aids to navigation.

h. Access Channels. Interior channels generally provide access fromthe
entrance channel to the turning basin and noorage area. Therefore, |ayout of
these elements nust be coordinated
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3-14.  Turning Basin.

a. General. The turning basin is generally provided to allow vessels to
change direction without having to back for long distances. The basins are
usually located at the end of interior access channels and/or at boat ranps.

h.  Turning Basin Size. The size of the basin will depend on the maneu-
verability of vessels using the basin. It should be large enough to allow
turning of small recreational craft without backing, (vessel turning radius).
This distance can be obtained from observation. Larger commercial vessels may
be required to maneuver forward and reverse several tinmes to turn if such
traffic is infrequent. Turning basins at boat ranps may require additional
space to allow waiting areas for several boats while the ramp is occupied.

c. Turning Basin Depth. Depths should be consistent with connecting
channel s and provi de adequate all owances for squat, wave action, and safety
clearance. Squat of about one-half foot is normally adequate.

3-15. Moorage or Anchorage Area.

a. Size. Mborage areas need sufficient area to allow berthing piers and
interior channels to accommodate the intended fleet. Anchorage areas nust
safely accommpdate the intended fleet considering vessel novenent when at
anchor.  Maxi num al | owabl e wave heights generally are linmted to one foot in
berthing and two feet in anchorage areas.

h. Depth. Depth should accommmdate draft, trim wave action, |ow tide,
and a mninum one-foot safety clearance.

3-16. Basin and Breakwater Layout.

a. Ceneral. The basin layout will include breakwaters, piers, turning
basin, interior channels, boat ranps, anchorage areas, and other marine fea-
tures. The layout nmust show that the anticipated fleet can be adequately
acconodated. Appendi x A presents an inventory and details of boat basin |ay-
outs which have been nodel tested.

b. Breakwater Layout. Breakwaters, if needed, Wl provide protection
to interior channels, noorage areas, and other basin elements. Several break-
water |layouts, and the associated costs, usually will be needed to indicate
the optinum arrangement. Allowabl e wave heights may be different in various
basin elenents. For exanple, a two-foot wave may be acceptable in noorage
areas for large fishing vessels, where a one-foot wave nmay be the maxi num ac-
ceptable at a boat ranp. The acceptable wave heights will depend on the vessel
sizes and types of noorage (piers or anchorage). \Wave penetration studies are
required to show expected wave conditions in all channel and basin areas.
Waves inside the basin can result fromrefraction, diffraction, and breakwater
overtopping and/or transmssion. Mdel studies (physical or mathematical) can
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be used to determi ne optimum entrance configuration and wave hei ghts inside
the basin. Figure 3-71 shows a typical three-dinensional harbor nodel.
Ref erence d presents anal ytical methods used to predict wave refraction and

di ffraction.

-

) n"AJﬂ

Figure 3-11. Mdel study for proposed harbor at Port San Luis, California.
Note how proposed breakwaters attenuate waves from the South.

c. Long-Period Wave Amplification or GCscillation. An analysis of wave
anplification or oscillation nodes may be required on ocean coasts where |ong-
period waves are prevalent. Certain geonetric configurations may result in
damagi ng wave conditions inside the basin and/or treacherous currents in the
entrance channel. Procedures outlined in reference d can be used to evaluate
anplification and harnonic oscillations. If an analysis determnes this my
be a problem a physical nodel or a mathematical nodel investigation can be
used to verify the problem and investigate solutions. A case history of surg-
ing in a small boat basin and the solution devel oped with nodel tests is pre-
sented in Weggel and Sorensen (1980).

d. Pier Layout. Cuidance for minimm clearances for piers and interior
channels is presented in references e and f. The detail necessary for the
pier layout is shown in Figure 3-12.

3-17.  Breakwater Design.

a. GCeneral. Breakwat ers should be stable for all inposed design |oads
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Figure 3-12. Schematic layout of a marina (for illustration only;

not a recomended |ayout).

including waves, ice, and inpact from debris and/or vessels. The design condi-
tions are determined from the optinization process described in paragraph 3-10.

b. Types. Typical types of breakwaters used are rubble mound, tinber
pile, cellular sheet-pile, and floating structures (reference b and d). Bottom
connect ed breakwaters can be designed to either prevent overtopping or allow
some overtopping for harbor flushing. These breakwaters require firm bottom
conditions to sustain their weight. Water depths are usually linmted to 30 feet
or less due to the high construction cost for these structures in deep water.

Fl oating breakwaters can be used for sites with deep water, poor foundations,
and/or where water circulation (i.e., inproved water quality? is desirable.
However, present designs are linmted to design waves equal to or |ess than
about 4 feet high with 4 seconds or less periods (Hales, 1981). Design pro-
cedures for various breakwater types are presented in references b and d.
General |y two or three suitable breakwater types should be designed and cost
estimates prepared to show the least cost alternative. For a valid conparison,
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estimates nust include construction, maintenance, and repl acenent annual cost
The use of published stability coefficients are acceptable for prelimnary
design; however, final design will usually require two- and/or three-dinensiona
physical nodel tests constructed at a scale large enough to insure negligible
scale effects.

3-18. | ce.

a. Ceneral. Ice may be the controlling factor for site selection, |ay-
out, and structural design of snmall-boat harbors in northern regions. \Werever
ice can occur the followi ng should be considered. (Qccasionally historical data
will be sufficient, but usually water tenperature, ice thickness, and tide and
seiche effects on water |evels nust be neasured. |Ice can danmge spring piles,
finger piers and the other light construction in a small-boat harbor and this
shoul d be brought to the attention of the operator. In sone areas ice may be-
come so thick that continued use of the harbor is unecononm cal and the harbor
must close for a portion of the year. However, with proper design considera-
tion, the length of this period of closure can be ninimzed. Physical nodeling
of some sites may be necessary to determine ice novement and accurul ation
patterns. Reference a provides information on ice forces and ice contro
measur es.

b. Site Consideration. Open coast harbors built seaward from the shore-
line and protected by massive breakwaters are seldom affected to any large ex-
tent by ice. Longshore currents or prevailing winds will cause ice transport
and the breakwater design should be such that this ice will not be trapped
If trapped, it should be easily flushed out by tides and currents. Break-
waters designed to withstand | arge waves are usually not damaged by ice with
the exception of walls, railings, lights, or other structures on top of the
breakwat er that can be severely danaged when ice rides over the breakwater.

Ice forces may be the controlling design |oad for breakwaters built in mld
wave environments. Harbors built inland experience additional ice problens.
Protection may be needed at moorings for very thin fresh water ice flow ng
downstream with each ebb tide. The incoming seawater nay have a tenperature
as low as 29 deg F. This heat sink combined with very cold nights results in
fresh water ice on the order of 1/2 inch thick which may damage hulls and noor-
ing lines. Consideration nmust be given not only to the river ice which cones
down during spring break-up but also those floes floated off the tidal flats
during unusually high tides. Some sites such as Cattaraugus Creek (page A-50)
have obstructions at the river mouth which trigger ice jamrm ng and subsequent
inland flooding. Even without a harbor-nouth bar, the ice may pile-up al ong
the shoreline, sometimes called a windrow, and create the sane effect. Con-
struction of an offshore, detatched breakwater to force the w ndrow fornmations
further seaward/| akeward and create two channel entrances has hel ped this prob-
lem Where icebreaker services are available, the design should be coordi-
nated with the provider to ensure that adequate depth and maneuvering room

will exist for these specialized vessels.
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c. lce Forces. Lightly loaded piles can be jacked up when ice which is

frozen to the pile is subject to vertical novenent by tides and seiche as
shown in Figure 3-13. The long period oscillations allow the sheet ice to

Figure 3-13. Dammge to piles caused by the vertical novenment of ice.

freeze at the pile and buoyancy forces acting on the entire sheet may lift the
pile before the ice fails. Unfortunately, it takes a larger force to drive
the pile so the second half of the oscillation does not return the pile to its
original position. Figure 3-14 shows a typical pile driven narrow end down.

A vertical fiberglass, PVC or plastic vertical sided sleeve, as shown on the
right side of the figure, provides a surface along which the ice can slip. A
more detailed discussion of the jackets and their performance is found in ref-
erence a. Figure 3-15 shows how a nunber of piles can protect each other when
| ocated on the order of less than 20 to 25 feet apart as long as the end piles
are deep or well |oaded. Here jackets nay not be needed. Wthin a protected
harbor, horizontal ice forces are not normally a problem  Thermal expansion
of the ice cover is small and the structures are usually sufficiently stable.

d. I ce Control Methods. Bubbl ers, boons, air screens, warm effluent,
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Figure 3-14. Typical pile driven (narrow end down) showi ng protection and
nonprotection from ice.

piles, detached breakwaters, and artificial islands are all schenmes to control
ice. These nethods are briefly described bel ow

(1) Bubblers. Bubblers discharge air at some depth, usually the harbor
bottom As the air rises to the surface, the bubblers entrain the warnmer,
wat er which has been trapped at the bottom during surface freezing. This warm
wat er prevents additional ice fornmation or nay keep the area above the bubbler
ice free. Bubbl ers are used to protect docks, noored boats, and piles from
ice action. Since they depend on warmer bottom water which is not always
present, due to mixing in rivers or the presence of seawater, one nust nea-
sure water tenperatures before considering their use. It nust be realized
that only a finite amount of heat exists in the water and bottom sedi nents.
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Figure 3-15. Contour lines of stress.

(2) Boons. Boons axe installed to retain noving ice, usually on rivers.
Large tinbers or pontoons are connected to wire ropes and anchored across a
portion of, or the entire stream During nornal flow the ice floes will be
retained and subsequently freeze together to form an intact ice cover. During
a heavy ice run such as spring breakup, the ice will ride over and beneath
these pontoons and so the boom is usually self-protecting. Boons are used
prinmarily to forman ice cover in reaches where the ice cover needs nore
stability and support. A primary benefit is that the river water is insulated
fromrapid cooling and the growth of frazil ice is mnimzed. | ce booms are
the primary means of ice control on rivers with winter navigation.

(3) Air Screens. Wien the need arises to divert, rather than retain,
noving ice and at the same tinme pernit vessel passage, an air screen works very
well. Like a bubbler, air is discharged at sonme depth but in nuch |arger
vol unes. The large volunes of water entrained, form an outward current upon
reaching the surface. A line of air holes fornms a line of diverging current
on the surface across which ice passage is prevented under favorable conditions.
Air screens also work well against debris but have not been successful in
streans where the velocity exceeds 1.5 feet per second.

(4) Warm Water. Warm effluents, if available, are often thought to be
the panacea for ice problens. It should be remenbered that the effluent will
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quickly mx with the colder water. Warm effluent can be used effectively with
a bubbler. A point to renenber, for those designing for cold climates, is that
cold air on top of warnmer open water makes fog. A thin layer of ice through
which boats can nove if often preferable to conpletely open water.

(5) Piles. Pile clusters, rock filled cribs, and tire or |og booms can
be used effectively as an ice control neasure as shown in Figures 3-16 and
3-17.

(6) Detached Breakwaters and Artificial |slands. These features can be
used to divert drift ice away from moored or anchored vessels.

3-19. Dredging and Disposal.

a. Ceneral. When dredging is required, a study is needed to determne
the dredging, transport method, and the short and |ong-term disposal inpacts.
Beneficial uses of dredge material should be evaluated. GQuidance on dredging,
di sposal, and beneficial uses can be obtained from reference c.

h. Dredges. Suitable types of dredge equipnent should be specified to
determine their capability of operating in the shallow project dinmensions that
are often specified for small boat projects. Pipeline dredges are normally
used for soft nmaterials; and blasting, with clam shell shovel renoval, is used
for rock or coral excavations.

c. Disposal Methods. Dredge material can be disposed of in open water
or behind confinenent dikes. These disposal areas can be in water areas or
upland sites. Contami nated dredge material is generally disposed of behind
containment dikes with careful monitoring of return water quality.

3-20. Sand Bypassing.

a. General. Sand bypassing should be considered when evaluating various
harbor layouts and their potential inpacts. Although sand bypassing has been
used primarily at harbors on open coasts, its principles and many operational
techniques apply to riverine harbors as well.

h. Types of Bypassing.

(1) Natural. One goal of the harbor design should be to maxim ze natu-
ral bypassing. Moddel investigations with tracer material or a novable bed can
provide val uable information on the natural bypassing potentials of different
harbor configurations. (Melton and Franco 1979) describe some general investi-
gations of this type regarding riverine harbor designs.

(2) Artificial. Artificial bypassing, when used, is usually installed

after the harbor has been in place |ong enough to deternmne the harbor's inter-
actions with its surroundings. However, the possible need for artificial
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bypassing can be evaluated during the design process. Provisions for future
artificial bypassing can be incorporated into the harbor |ayout.

¢c. Mdes of Operation. Natural bypassing requires continuity of sedi-
ment transport to sone degree. [f the harbor |ayout produces a drastic or
abrupt alteration in sedinent flow patterns, natural bypassing my be re-
stricted forever or inpeded for some tine while the adjacent shoreline or
river bed adjusts. In general, harbor structures will reduce natural bypass-
ing if they are placed perpendicular to sedinment flow paths or if they extend
into water too deep or too slow for normal sedinent transport. Wde or deep
navi gati on channels or detached breakwaters on open coasts also will [linit
natural bypassing. Artificial bypassing can be acconplished by intercepting
movi ng sand or by removing deposited sand from a particul ar area. (Ri chardson
and MNair 1981) discuss these nodes of operation and other concepts involved
in planning an artificial bypassing system In small-boat harbor design, pro-
visions can be made for artificial bypassing by creating zones where sedi nment
novenent will be channelized close to harbor structures or by designing for
sedi ment deposition in particular |ocations. In coastal harbor design, weir
sections in conjunction with jetties are sometimes used to trap sand within
harbor structures for artificial bypassing (Wggel 1981). Detached breakwaters
can performa sinilar function.

d. Frequency. Both natural and artificial bypassing can be on a peri-
odic or relatively continuous basis. Sedinent novenent nmay be blocked by a
harbor under normal conditions, but natural periodic bypassing may occur dur-
ing storns or times of high sediment transport rates. Artificial bypassing is
usual ly associated with removing sand from a deposition area. Artificial by-
passing may be periodic or continuous. At harbors where sedinment transport is
moderate and predictable, periodic artificial bypassing can be cost-effective.
By providing deposition areas at several harbors in the sane region, one by-
passi ng system such as a dredge can be noved from harbor to harbor, performng
periodic artificial bypassing at each.

e. Types of Artificial Bypassing Systens.

(1) Fixed. Bypassing systemis fixed at one location in or adjacent to
the harbor. This type systemusually operates in an intercepting node on a
relatively continuous basis.

(2) Mbile. Entire systemcan be noved to different areas of the harbor
or to other harbors. Such systens usually act on a periodic basis to renove
deposited sand.

(3) Seminobile. System has mobility within a well-defined area of the
harbor. This type system may operate in several conbinations of npdes and
frequenci es.

f. Equipnent for Artificial Bypassing. Al nost any item of equipnent
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capabl e of excavating and/or transporting sedinment mnight be used in an artifi-
cial bypassing system  Equi pment commonly used includes:

(1) Hydraulic Dredges. Hydraulic pipeline dredges are probably the
equi pment nost frequently used for artificial bypassing. They are al nost
al ways used for nobile periodic bypassing. They usually operate in deposition
areas such as inpoundnment basins behind weirs and detached breakwaters and
from navigation channels. They also can be used to mine sedinent accunul ations
adj acent to harbors. (Savage 1957) gives a description of such an operation.
Flexibility and high capacity are advantages of such equi pment, while suscepti -
bility to wave action, navigation interference, and potentially high nobiliza-
tion and denobilization costs are some disadvantages. Trailing suction hopper
dredges can al so be used for bypassing shoal material from navigation channels.
Wth a punpout capability, they can nmove sand fromtheir hoppers through a
pipeline. Smaller split-hull hopper dredges can sonetines be used to dunp
dredged material in shallow water as a means of artificial bypassing
(Sanderson 1976).

(2) Fixed Punping Plants. The second nost frequently used type of arti-
ficial bypassing equipnent is the fixed punping plant. In its sinplest form
this plant consists of a solids-handling punmp, a suction pipe extending into
the water, and a discharge pipe to carry sedinment past the harbor. Such
plants are usually used to intercept noving sand and are operated relatively
continuously. The plants are |located nost often on a harbor structure such as
a jetty. A nunber of authors describe fixed punping plants at various sites
(Cal dwel | 1950, Senour and Bardes 1959, Rolland 1951, De G oot 1973, MDonal d
and Sturgeon 1956, U S. Arny Corps of Engineers 1956). Potential advantages
of fixed pumping plants are | ow operating cost and dependability. Disadvant-
ages include linmted reach and lack of flexibility. Fixed punping plants nust
be located and sized with extreme caution to insure that they receive adequate
suppl i es of noving sedi nent but do not becone "landl ocked" by deposited
sedi nent

(3) Jet Punp Systems. Jet punp artificial bypassing systens were devel -
oped in the 1970's to fill the void between snall fixed punping plants and
large hydraulic dredges. Such systems use one or nore jet punps (also called
eductors) located on or below the bottom The jet punps are driven by centrif-
ugal water punps and operate by diggi ng cone-shaped craters in the bottom
These craters act as deposition areas for noving sedinent. A sinple jet punp
system usual Iy includes a dredge punp to boost sand through the discharge
pipe. ne mmjor advantage of a jet punp systemis flexibility. The jet punps
can be either fixed or noved about in a wide variety of configurations to suit
project requirements. The centrifugal punp, dredge punp, and other major
plant itens can be located on |and, on harbor structures, or on floating plat-
forms. The systemis relatively resistant to wave action and can be config-
ured to avoid navigation interference. (R chardson 1980) describes a trailer-
mount ed portable jet punp system designed to service several small harbors in
the Geat Lakes. Disadvantages of a jet punp artificial bypassing system
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i nclude power inefficiency, limted reach fromshore, and susceptibility to
debris plugging the jet pump suction. (Richardson and MNair 1981) provide
detailed information for planning and sizing a jet punp artificial bypassing
system

g. Exanples. The followi ng exanple projects illustrate a w de range of
characteristics, conditions, and equipnent in sand bypassing.

(1) Santa Cruz, California. Figure 3-18 illustrates the layout of harbor
structures at Santa Cruz, the nature of shoaling in the channel, and the
type of artificial bypassing equipment used. Harbor shoaling occurs rapidly
at Santa Cruz, wusually in the winter. By late winter or early spring, the har-
bor entrance is conpletely closed and natural bypassing takes pl ace. In the
spring, a mediumsize hydraulic dredge is placed in the harbor and begins
removing the shoal, bypassing it to the downdrift beach. This operation takes
approxi mately two nonths and by-passes 90-100,000 cubic yards of sand. By the
time boat traffic demand becones large, the harbor is clear and remains so for
the summer and fall. Santa Cruz is an exanple of both natural and artificia
bypassing on a periodic basis. Artificial bypassing is acconplished by nobile
equi pnent (a hyraulic dredge) removing sand froma deposition area (the naviga-
tion channel).

(2) Marina di Carrara, Italy. Figure 3-19 shows the general |ayout of
the Marina di Carrara harbor structures and artificial bypassing system  Sedi-
nment transport at Marina di Carrara is noderate, relatively regular, and
mostly in one direction as shown. The harbor structures were built seaward
from the shoreline and form an alnost conplete barrier to natural bypassing
The fixed bypassing systemshown in Figure 3-19 was installed to nove sand past
the harbor to eroding beaches downdrift. It consists of a device simlar to a
dredge but nounted above the water surface on a circular concrete pier. This
"rotating dredge" can punp sand up to four nmiles through a discharge pipe with
four booster punp stations. Average punping capacity is 130 cubic yards per
hour, and the system operates relatively continuously. See DeGoot (1973) for
more det ail

(3) Rudee Inlet, Virginia. Rudee Inlet has been the site for a fixed
artificial bypassing system (MDonald and Sturgeon 1956), a nobile one (a hy-
draulic dredge), and a sem-mobile system The seni-nobile system and present
harbor structure |layout are shown in Figure 3-20. The harbor incorporates a
weir section in one of the jetties and a deposition area i medi ately behind
the weir. Sedinent transport is nostly in the direction shown at the rate of
70-120,000 cubic yards per year. A large portion of the total sedinment |oad
moves over the weir into the harbor, but some natural bypassing probably occurs
along a bar seaward of the harbor entrance. The seni-nobile artificial bypass-
ing systemwas installed as an experinent in 1975 and left there to be operated
by local authorities. It consisted of two jet punp modules (Richardson and
McNai r 1981) which could swing in large arcs to renove sand fromthe deposition
area, a punp house on shore, and a discharge pipe carrying sand to downdrift
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Figure 3-20. Bypass System Rudee Inlet, Virginia

beaches. The punp house contained centrifugal water punps to drive the jet
punps and a dredge punp to boost sand through the discharge pipe. The sys-
tem coul d cover nost of the deposition area and renpve sand at an average rate
of 150 cubic yards per hour. Such a systemcould operate either periodically
if the desposition area was cleaned initially by a hydraulic dredge or on a
relatively continuous basis.

3-21. Environnental |npacts.

a. General.  Environmental inpacts generally fall into three categories
(1) dredging and disposal , (2) water quality inpact of project during norma
operation, and (3) induced erosion or accretion. Inpacts of dredging and dis-

posal are discussed in paragraph 3-18 and reference c.

h. Water Quality. Changes in the water circulation and basin flushing
rate (water exchange) primarily inpacts water quality in small-boat harbors
Changes in dissolved oxygen, tenperature, nutrients, and toxic conmpounds al so
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may be a problem  Water circulation and flushing rates usually can be pre-
dicted in physical nodels. |f adverse water quality is predicted, the bio-

| ogi cal inpact on affected organisms is needed. |f inpact is substantial,
mtigation measures, with cost, nust be devel oped. | mpl ementation of a mti-
gation neasure wll depend on cost of nitigation, extent of inpact, and the
species affected. Flushing and circulation can be enhanced by rounding the
corners of basins, sloping or stepping basins downward toward the entrance
channel, designing for a length/width ratio close to one, and minimzing depth
to the point of adequate navigability. Floating breakwaters may be desirable
to nmitigate water quality problems. Water exchange culverts from basins to
adj acent water bodies should allow open channel flow because subnerged culverts
result in lower discharges than open channel culverts for the sane head differ-
ence. Leaving a gap between the breakwater and the shore can inprove water
circulation and exchange rates, and reduce cost. This design also allows un-
bl ocked migration routes for some fish species.

¢c. FErosion and Accretion. Boat basin breakwaters and entrance channels
can block littoral drift novement. The result is generally accretion behind
the breakwater on the updrift side, possible channel shoaling, and downdrift
er osi on. Prediction of the erosion and accretion magnitude is needed and cost
of suitable mitigation nmeasures nust be devel oped. I npl erentation of mtiga-
tion measures will depend on cost and value of property affected.

3-22. Physical Mdels.

a. GCeneral. As a general rule, physical mdel studies are needed for
final design of small boat navigation projects. These mbdel studies optinize
the design and verify suitable project performance. Physical nodel investiga-
tions of small-craft harbors generally are conducted to do the follow ng:

(1) Determne the nost econonmical breakwater configurations that wll
provi de adequate wave protection for snmall craft in the harbor.

(2) Quantify wave heights in the harbor.

(3) Alleviate undesirable wave and current conditions in the harbor en-
trance and provide harbor circulation.

(4) Provide qualitative information on the effects of structures on the
littoral processes.

(5) Study flood and ice flow conditions.
(6) Study shoaling conditions at the harbor entrance.
(7) Study long-period oscillations in the harbor.

(8) Study tidal currents or seiche generated currents in the harbor.
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(9) Stabilize inlet entrances.

(10) Develop remedial plans for alleviation of undesirable conditions as
found necessary.

(11) Determine if nodifications to existing projects could be nmade that
woul d reduce construction cost significantly and still provide adequate harbor
protection.

h. Scale Selection. During the planning and desi gn phases of a physica
model investigation of harbor problens, the npdel scale nust be deternined
Scal e selection normally is based on the follow ng factors:

(1) Depth of water required in the nodel to prevent excessive bottom
friction effects

(2) Absolute size of nodel waves.

(3) Available shelter dinensions and area required for nodel
construction

(4) Efficiency of npdel operation.
(5) Avail abl e wave-generating and wave-measuring equi pnent.
(6) Mbdel construction costs.

Nornal Iy, geonetrically undistorted nodels (i.e., both the vertical and hori-
zontal scale are the sane) are necessary to ensure accurate reproduction of
short-period wave and current patterns (i.e., sinultaneous reproduction of
both wave refraction and wave diffraction).

c. Exanple of Design Optim zation. The Port Ontario Harbor project is
an excell ent exanple of how physical nodels can optinize design. A three-
di nensi onal harbor nodel (Figure 3-21), which tested 11 different |ayouts, was
used to determine the best plan for econony, wave protection, and channe
shoaling (Bottin 1977). Two-di nensional nodel tests of breakwater stability
and overtopping (Figure 3-22) also were conducted. Three breakwater plans
were tested which indicated that the crest width could be reduced from four-
stone diameter to three-stone dianeter wi thout sacraficing stability (Carver
and Markle 1981). This change resulted in a substantial cost savings. A lay-
out of the recomended plan is shown in Figure 3-23

3-23. Mathematical Models. Mat hemati cal nmodel s are generally used to eval u-
ate the foll ow ng:

a. Basin layout (long-period wave penetration)
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Figure 3-21.
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answers, are appropriate for prelimnary design and screening alternatives,
and allow examination of conditions within a framework of physical nodels.

3-24. Lessons Lear ned.

a. General. Various harbor sites studied are categorized into the fol-
| owi ng classifications:

(1) Open coast harbors built seaward/lakeward from the shoreline and
protected by breakwaters.

(2) Harbors built inland with an entrance through the shoreline.

(3) Harbors built inside a river/stream nouth.

(4) Entrance/lnlet harbors.
Sone advant ages and di sadvant ages of each harbor classification considering
both functional and economic aspects are discussed below. Al so addressed are
typical problens frequently encountered for each harbor classification along

with some potential problens and/or considerations to be aware of.

b. Har bor C asses.

(1) Open Coast Harbors Built Seaward/Lakeward From the Shoreline and
Protected by Breakwaters. Numerous harbors of this type are situated al ong
the ocean coastlines and the Geat Lakes (Figure 3-24). Sone harbors are built
along a straight shoreline and protected entirely by breakwaters while others
are constructed in coves or irregularities in the shoreline. Harbors con-
structed seaward/| akeward fromthe shoreline generally require |ess dredging
than harbors built through the shoreline since their entrances and basins are
nornally in deeper water. Due to the greater depths, however, nore stone is
usual ly required for construction of protective breakwaters. Cenerally, when
breakwaters enclosing a harbor extend and termnate in relatively deep water,
shoaling in the entrance channel is nininized and the requirement for

Shoreline

Breakwaters

Figure 3-24. Exanple of a typical open coast harbor built seaward/| akeward
from shoreline and protected by breakwaters.
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mai nt enance dredging is reduced or elimnated. A study of the littoral pro-
cesses should be conducted, however, since breakwaters extending into deep
water may prevent natural bypassing and result in sedinent accretion on the
updrift side and erosion on the downdrift side if the net |ongshore transport
rate is not zero. Harbors of this type often are built in coves or irregulari-
ties in the shoreline where natural land features aid in providing wave protec-
tion and reduction of breakwater |engths. In many cases, the construction of
a single structure to provide protection for waves from the predoni nant direc-
tion of storm wave attack is satisfactory. Caution nust be exercised before
using a single strucutre, however, in that it could intercept the novenment of
sediment for less frequent waves from other directions and result in harbor
shoal i ng.

(2) Harbors Built Inland Wth an Entrance Through the Shoreline. Many
harbors of this type are located along the Geat Lakes and ocean shorelines
(Figure 3-25). In nost instances, an existing |ake, enbaynment, marsh area
etc., situated close to the shoreline is used as the harbor with the entrance
being dredged from the shoreline to the enbaynent, |ake, etc. Harbors con-
structed inland with entrances through the shoreline normally require nore
dredgi ng than other harbor classes. In many instances, however, a channel may
be dredged from the shoreline to the existing |ake, enbayment, |agoon, etc.
and result in mninal dredging. Since the harbor is located inland, it is
sheltered from storm wave activity, and normally only mnimum breakwat er
l engths constructed in relatively shallow water are required to provide wave
protection to the entrance. Common probl ens, however, with breakwaters terni-
nating in shallow water (in the breaker zone) are (1) shoaling of the entrance
and (2) undesirable crosscurrents in the entrance both of which could be poten-
tially hazardous to snmall-craft navigation. These factors nust be addressed
prior to harbor construction.

(3) Harbors Built Inside River/Stream Mouths. Numerous snall-boat har-
bors are situated in river nouths along the shorelines of the Geat Lakes and
oceans (Figure 3-26). These harbors normally require a mnimm of dredging.
Smal | -boats are usually sheltered from large waves and, |ike harbors built
inland, normally m nimum breakwater |engths constructed in shallow water are
required to provide wave protection to the entrance. Problems with entrance
shoal i ng and undesirable cross-currents in the entrance caused by wave action
or tidal currents may be experienced and shoaling due to sedi ment transported
downstream may occur. The structures nust be positioned so they do not inter-
fere with the passage of flood and/or ice flows in the river/stream The har-
bor al so should be located inside the river/streamnouth so that it is
protected fromflood flows (high velocity river/streamcurrents) which may
result in damage to small boats and/or harbor facilities.

(4) Entrance/lnlet Harbors. Numerous snall-boat harbors are located in
inlets along the ocean coasts (Figure 3-27). These harbors are normally
protected from heavy wave action. Dredging requirenents nornally exist at the
inlet opening, and usually only minimm breakwater |engths constructed in
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Harbor

Figure 3-25. Exanple of a typical harbor built inland with entrance
t hrough shoreline.

Shoreline

Figure 3-26. Exanple of a typical harbor built inside a river nouth.

Figure 3-27. Exanple of a typical entrance/ inlet hrbor |ocated
within a |agoon.
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shal l ow water are required to provide wave protection to the entrance. In

sonme cases, however, jetties nust be |ong enough to extend beyond the ebb

tidal deltas. Again shoaling problens and currents may be encountered in the
entrance due to wave action and tides resulting in navigational difficulties.
Stabilization of the inlet opening is a major concern for these studies. Tidal
exchange between the ocean and enbaynent or |agoon may create high velocity
flood and ebb currents through the entrance. Sedinents moving alongshore are

i nfluenced by these currents and create a neandering unstable entrance. In
some cases, weirs are installed in jetties in conjunction with dredged
deposition basins. These systens are designed to intercept material noving

al ongshore and prevent sedinents fromnoving into the inlet entrance where they
may come under the influence of tidal currents. Deposition basins require
periodi ¢ maintenance dredging to remain effective. Sone sand bypassing schenmes
are discussed in paragraph 3-19.

3-25. Qperation and Miintenance (M. A conprehensive plan of how the proj-
ect will be operated and nmaintained is required. This plan is presented in
support of the operation and maintenance costs. The following elements are
normal Iy included in the O&M plan.

a. Predicted Project Costs and Physical Changes. |Include the post con-
struction prediction of physical changes and anticipated O&M costs.

h. Surveillance Plan. Describe the type and frequency of post construc-
tion surveys. These coul d be hydrographic, beach profile, tide and wave
records, and jetty stability. The plan covers mnimum nonitoring of project
performance to verify safety and efficiency. Surveys may be needed to estab-
lish unacceptable project performance and the basis for corrective measures.
Surveys will also be needed before and after periods of mmintenance and
repair.

¢c. Analysis of Survey Data. Conparative studies of the survey data are
required. These conparative studies verify design infornmation such as rates
of erosion, shoaling, and jetty deterioration.

d. Periodic Inspections and Project Performance Assessment. Present a
tentative periodic inspection schedule. Inspections include a site assessnent.
and a conparison of survey data to project changes predicted during the design
effort. Conpare actual project O&M costs to predicted cost.
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APPENDI X A
SMALL- BOAT HARBOR MODEL TEST | NVENTORY

Section Al. Physical Mdel Investigations Conducted for
Various Snall-Boat Harbor Sites (dassifications)

A-1. General. This part of Appendix A lists snall-boat harbors for which
physi cal nodel investigations were conducted at WES. These sites are grouped
into the various harbor classifications (see paragraph 3-23 in main text) and
further divided by the nature of the problens studied.

A-2.  Open Coast Harbors Built Seaward/Lakeward fromthe Shoreline and Pro-
tected by Breakwaters. Subparagraphs a-e bel ow show the nature of specific
probl ens for which nodel investigations have been conducted for this class har-
bor site. Under each of these subparagraphs, a list of specific harbor sites
studied is shown.

a. Wave Action Studies (Short-Period Wave Protection).

(1) Cceanside Harbor, California (Curren and Chat ham 1980)*

(2) Port Washington Harbor, Wsconsin (Bottin 1976, 1977) (Fortson et al.
1951)

(3) Jubail Harbor, Saudi Arabia (G les and Chatham 1976)

(4) Wi anae Harbor, Hawaii (Bottin, Chatham and Carver 1976)
(5) Agana Harbor, Guam (Chatham 1975)

(6) Port Oford, Oegon (Gles and Chatham 1974)

(7) Tau Harbor, Anerican Sanpa (Crosby 1974)

(8) Crescent City Harbor, California (Senter 1971) (Senter and Brasfeild
1968)

(9) Port San Luis, California (Chatham and Brasfeild 1969)
(10) Monterey Harbor, California (Chatham 1968) (Fortson et al. 1949)
(11) Kawai hae Harbor, Hawaii (Brasfeild and Chatham 1967)

(12) Magic Island Conplex, Hawaii (Brasfeild and Chatham 1967)

* See Bibliography (Appendix B).
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(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

(21)

Santa Barbara Harbor, California (Brasfeild and Ball 1967)
Dana Point Harbor, California (WIson 1966)

Hal f - Moon Bay Harbor, California (WIson 1965)

Conneaut Harbor, Chio (Hudson and W/ son 1963)

Lorain Harbor, Chio (WIson, Hudson, and Housley 1963)

Bar cel ona Harbor, New York (Jackson, Hudson, and Housl ey 1959)
East Beaver Bay Harbor, M nnesota (Fortson et al. 1949)
Gswego Harbor, New York (Fortson et al. 1949)

Anahei m Bay, California (Brown, Hudson, and Jackson 1948)

Shoaling Studies (Shoaling Protection).

Cceansi de Harbor, California (Curren and Chatham 1980)
Wai anae Harbor, Hawaii (Bottin, Chatham and Carver 1976)
Port Oford, Oregon (G les and Chatham 1974)

Wave- I nduced GCirculation/Current Studies.

Port Washington, Wsconsin (Bottin 1977)

Agana Harbor, Guam (Chatham 1975)

Tau Harbor, American Sampa (Crosby 1974)

Kawai hae Harbor, Hawaii (Brasfeild and Chatham 1967)

Magi ¢ |sland Conplex, Hawaii (Brasfeild and Chatham 1967)
Mont erey Harbor, California (Chatham 1968)

Lorain Harbor, Chio (WIson, Hudson, and Housley 1963)

Long- Period Harbor Gscillation Studies.

Monterey Harbor, California (Chatham 1968) (Fortson et al. 1949)

Anahei m Bay, California (Brown, Hudson, and Jackson 1948)
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e. Standing Waves (Short-Period Generated).

(1) Port Washington Harbor, Wsconsin (Bottin 1976, 1977)

A-3.  Harbors Build Inland with an Entrance Through the Shoreline. Subpara-
graphs a-e below, give the nature of various problems for which nodel investi-
gations have been conducted for this class harbor site. These subparagraphs
are further divided to list the specific harbor sites studied.

a. Wave Action Studies (Short-Period Wave Protection).

(1) Geneva-on-the-Lake Harbor, Chio (Bottin 1982)
(2) Little Lake Harbor, M chigan (Seabergh and M Coy 1982)

(3) Mssion Bay Harbor, California (Curren 1983) (Ball and Brasfeild
1969)

(4) Kewal o Basin, Hawaii (G les 1975)

(5) Ludington Harbor, Mchigan (Crosby and Chat ham 1975)
(6) Hamlin Beach, New York (Brasfeild 1973)

(7) In-Shore Harbor, Site X, South China Sea (WIson 1966)
(8) Marina Del Rey, California (Brasfeild 1965)

(9) Grand Marais Harbor, M nnesota (Fenwi ck 1944)(Schroeder and Easterly
1941)

h. Shoaling Studies (Shoaling Protection).

(1) Geneva-on-the-Lake, Chio (Bottin 1982)
(2) Little Lake Harbor, M chigan (Seabergh and M:Coy 1982)
(3) Mssion Bay Harbor, California (Curren 1982)

¢c. Wave-Induced Circulation/Current Studies.

(1) Geneva-on-the-Lake, Chio (Bottin 1982)
(2) Little Lake Harbor, M chigan (Seabergh and MCoy 1982)

(3) Mssion Bay Harbor, California (Curren 1982)
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(4) Kewalo Basin, Hawaii (G 1les 1975)
(5) Ludington Harbor, Mchigan (Crosby and Chatham 1975)

d. Long-Period Harbor Gscillation Studies.

(1) Mssion Bay Harbor, California (Ball and Brasfeild 1969) (Curren 1982)
(2) Port Huenerme, California (Crosby, Durham and Chatham 1975)

e. Seiche Studies.

(1) Little Lake Harbor, M chigan (Seabergh and MCoy 1982)

A-4.  Harbors Built Inside a River/Stream Muth. Subpar agraphs a-e bel ow
depi ct the nature of various problens for which nodel tests have been con-
ducted for this class harbor site. Further division of these subparagraphs
lists specific harbor sites studied.

a. \Wave Action Studies (Short-Period \Wave Protection).

(1) Rogue River, Oregon (Bottin 1982)

(2) Port Ontario Harbor, New York (Bottin 1977)

(3) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)
(4) Chagrin River, Ohio (Chatham 1970)

(5) Vernmilion Harbor, Ohio (Brasfeild 1970)

(6) New Buffalo Harbor, Mchigan (Dai and WIson 1967)

(7) Noyo Harbor, California (WIlson 1967)

h. Shoaling Studies (Shoaling Protection).

(1) Rogue River, Oegon (Bottin 1982)

(2) Siuslaw River, Oegon (Bottin 1981)

(3) Port Ontario Harbor, New York (Bottin 1977)

(4) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

¢c. Wave-Induced Circulation/Current Studies.

(1) Rogue River, Oegon (Bottin 1982)
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(2) Port Ontario Harbor, New York (Bottin 1977)
(3) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)
(4) Chagrin River, Chio (Chatham 1970)

d. Ri verfl ow Fl ood Control Studies.

(1) Rogue River, Oegon (Bottin 1982)

(2) Port Ontario Harbor, New York (Bottin 1977)

(3) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)
(4) Chagrin River, Chio (Chatham 1970)

e. lce-jammng Studies.

(1) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

A-5. Entrance/lnlet Studies. Physical nodel investigations conducted for
this class of harbor site deal primarily with navigation at the entrance to
the inlet. Subparagraphs a-f below, show the nature of specific problenms for
whi ch nmodel investigations have been conducted for this class of harbor site.
These subparagraphs are further divided to depict specific harbor sites

st udi ed.

a. Wave Action Studies (Short-Period Waves in Entrance).

(1) Oregon Inlet, North Carolina (Seabergh, Hollyfield, and MCoy
1983)

(2) Newburyport Harbor, Mssachusetts (Curren and Chatham 1979)
(3) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)
(4) Wells Harbor, Mine (Bottin 1978)

(5) Little River Inlet, South Carolina (Seabergh and Lane 1977)

(6) Masonboro Inlet, North Carolina (Seabergh 1976)

(7) Barnegat Inlet, New Jersey (Sager and Hollyfield 1974)

(8) Nassau Harbor, Bahamas (Brasfeild 1965)
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h. Shoaling Studies (Entrance Shoaling Protection).

(1) Oegon Inlet, North Carolina (Seabergh, Hollyfield, and
McCoy 1982)

(2) Newburyport Harbor, Mssachusetts (Curren and Chatham 1979)
(3) Little River Inlet, South Carolina (Seabergh and Lane 1977)
(4) Masonboro Inlet, North Carolina (Seabergh 1976)

(5) Barnegat Inlet, New Jersey (Sager and Hollyfield 1974)

¢c. Wave-Induced Circulation/Current Studies.

(1) Newburyport Harbor, Mssachusetts (Curren and Chatham 1979)
(2) Wells Harbor, Mine (Bottin 1978)

d. Tidal Circulation/Flood and Ebb Currents.

(1) Oegon Inlet, North Carolina (Seabergh, Hollyfield, and
McCoy 1982)

(2) Newburyport Harbor, Massachusetts (Curren and Chat ham 1979)

(3) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)
(4) Wells Harbor, Mine (Bottin 1978)

(5) Little River Inlet, South Carolina (Seabergh and Lane 1977)

(6) Masonboro Inlet, North Carolina (Seabergh 1976)

(7) Barnegat Inlet, New Jersey (Sager and Hollyfield 1974)

(8) Nassau Harbor, Bahamas (Brasfeild 1965)

e. Tidal Elevation Studies (Water-Surface).

(1) Oregon Inlet, North Carolina (Seabergh, Hollyfield, and MCoy 1982)
(2) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)

(3) Little River Inlet, South Carolina (Seabergh and Lane 1977)

(4) Masonboro Inlet, North Carolina (Seabergh 1976)

(5) Barnegat Inlet, New Jersey (Sager and Hol | yfield 1974)
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f. Salinity Studies.
(1) Little River Inlet, South Carolina (Seabergh and Lane 1977)
Section All. Hydraulic Mdel Investigations Conducted
for Various Sites (Case Histories)
A-6. CGeneral. This section of Appendix A discusses typical small-boat harbors

in each harbor classification. Physical npdel investigations were conducted

to determne solutions for various problems for these harbors which are | ocated
on the various ocean coasts and/or the Geat Lakes. The sites discussed for
each harbor classification are as follows:

a. Open coast harbors built seaward/|akeward from the shoreline and pro-
tected by breakwaters.

(1) Dana Point Harbor, California (WIson 1966)

(2) Port Washington Harbor, Wsconsin (Bottin 1976, 1977)

h. Harbors built inland with an entrance through the shoreline.

(1) Mssion Bay Harbor, California (Curren 1982)

(2) Little Lake Harbor, M chigan (Seabergh and MCoy 1982)

¢c. Harbors built inside a river/stream nouth.

(1) Rogue River Harbor, Oregon (Bottin 1982)

(2) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

d. Entrance/inlet studies.

(1) Newburyport Harbor, Massachusetts (Curren and Chatham 1979)

(2) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)
A-7. (Qpen Coast Harbors Built Seaward/Lakeward fromthe Shoreline and Pro-
tected by Breakwaters. Numerous small-craft harbors of this type are con-
structed along the ocean coasts and Geat Lakes' shorelines. Dana Point Har-
bor, California, located on the Pacific Coast, and Port Washi ngton Harbor,

Wsconsin, situated on the western shore of Lake M chigan, were selected as
representative harbors under this classification and are discussed bel ow.

a. Dana Point Harbor, Dana Point, California (WIlson 1966).

(1) The Prototype. At the time of the hydraulic nodel investigation,
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Dana Point, California, was the proposed site for a snall-boat harbor, |ocated
in Orange County on the Southern California coast about 40 m|es southeast of
the Los Angel es-Long Beach harbors (Figure A l). The proposed harbor site was
in a sheltered cove in the |lee of the Dana Point pronontory. Dana Cove is a
very scenic area, and the existing pier and beach attract many sport fishernen,
sun bathers, and surfers. The proposed snall-boat harbor at Dana Point was
one of a chain of small-craft harbors to be constructed along the California
coast under the program of Federal and l|ocal governnent cosponsorship of small-
craft harbors and harbors of refuge. After ultimte devel opment, the enclosed
harbor would enclose an area of about 210 acres. Wthin this area, facilities
woul d acconpdate the berthing and servicing of about 2,150 snall boats.

(2) The Problem Dana Cove is protected fromnorthwest, north, and
northeast w ndstornms by comparatively high bluffs along the shoreline. The
Santa Catalina and San Clenente |slands al so provide sonme protection from

M-OSan Fernando

sudng .
~* San Bernardino©° -N-
Riverside o

Palm

LOS ANGELES :'_nLong Beach Springsc

1
L

Newport Beach
SANTA

CATALINA
AT D DANA POINT
HARBOR

O/"> Oceanside
(.

o

SAg TE Q‘\ ¢

M.

Y ;. SANDIEGO Attty
Figure A-I. Project location, Dana Point, California.
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storm waves from the west to southwest directions. The cove, however, is ex-
posed to stormwaves fromdirections ranging counterclockw se between sout h-
west and sout h-sout heast and to ocean swells fromthe south. Waves breaking
on the Dana Point shoreline normally range fromabout two to four feet. How
ever, waves ranging fromabout six to ten feet are not uncommon and may occur
during any season of the year. Over a 65-year period of record, waves reach-
ing Dana Cove attained a significant height of 16 feet twice and a significant
hei ght of 26 feet once.

(3) The Model and Test Conditions. A physical nodel investigation was
conducted to evaluate the adequacy of design of the proposed plan of harbor
devel opnent to ensure that optinum navigability, maneuverability, and wave pro-
tection were provided for pleasure craft during stormwave attack, all at mni-
mum cost. The Dana Point Harbor nodel (Figure A-2) was constructed to an un-
distorted linear scale of 1:100, nodel to prototype. Mdel test waves wth
periods ranging from5 to 18 seconds and heights ranging from7 to 16 feet are
shown in Table A-l. A still-water level of +6.0 feet m|w [mean higher high
water (+5.3 feet) plus a wind tide of 0.7 foot] also was used during node
testing.

€1 48000
°
£
€ 15640
Z - Fe——

AN
\ £L 60" MLLW LEGEND /

\ -~ /8- -DEPTH CONTOUR IN FEET BELOW MLLW
MLLW = MEAN LOWER LOW WATER LELLEDS
e o NOTE . FLANE COCRDINATES ARE BASED ON
\ WAVE - MACHINE SOUTH DIRECTION LAMBERT PROJECTION 2ONE 6 CA.- /
AN JFORNIA AS DESCRIBED iN SPECIAL
PUBLICATION NO 253 US COAST AND
e — GEODETK. SURVEY /
—_—
GEND —
LEGEND —— - p——
B WAVE GAGF e — —
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8 ) s
“ T Mot emm-- o 3
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L
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Figure A-2. Mdel layout, Dana Point Harbor.
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TABLE A-1

Test Waves Used in the Dana Point Harbor Model
(USAED, LA 1961) (Marine Advisors 1960, 1961)

Deepwat er Sel ected Test \Waves
Di rection Period (sec) Hei ght (ft)*
N 80° W 13 9
st 9 7, 11
18 7
S 70° w 10 7, 11
S 65° W 7 9
S 60° W 15 7
S 45° W 9 9
12 6, 14
S 25° W 12 7, 14
14 16
18 7
S 5° W 7 11
Sout h 11 7, 14
S 10° E 18 7
S 12° E 9 7, 13
S22 1/2° E 5 7
11 7, 14
S 30° E 7 10
S 40° E 9 7, 11

*Wave hei ghts shown are shal |l owwater values (adjusted as a result of
refraction-shoaling analysis).

A-10



EM 1110-2-1615
25 Sep 84

(4) Tests and Results.

(a) Existing Conditions. Prior to tests of the various inprovenent
plans, wave height tests were conducted to determne the general wave condi-
tions in the area proposed for the harbor. Results of these tests indicated
very rough and turbulent conditions in the area of the proposed harbor. \ave
hei ghts adjacent to an existing pier well within the proposed harbor were
al nost seven feet

(b) Inprovenent Plans. Wave height tests were conducted for 13 variations
in the design elenents of the basic inprovenent plan. Variations consisted of
changes in the breakwater cross-sections and alignments, installation of verti-
cal piers in the harbor, and the om ssion of the west-basin berthing devel op-
ment and nole section. Initially, tests were conducted for only the first
step in the devel opnent of the proposed harbor and consisted of an aggregate
length of breakwater structure of 7,750 feet (Figure A-3). Ovbservations of

Figure A-3. \Wave patterns for the initial step of devel opnent for
the proposed harbor, Dana Point nodel

these tests reveal ed significant overtopping of the structures and test re-
sults indicated the required four-foot wave height criteria in the approach
channel of the proposed harbor was exceeded. Next, the proposed inner harbor

conplex was installed in the nodel. This consisted of east and west berthing
areas, enclosed by nole sections, and connected by a 200-foot-wde, |o-foot-
deep navigation channel. A 350-foot-w de fairway channel, a ranp area, refuge

area, and recreational facilities were also included. Based on test results
nmodi fications were nade to the breakwater crest elevations, |engths, and align-
ments until a plan was devel oped that provi ded adequate wave Erotectlon in the
fairway and approach channels, ranp area, and mooring areas (Figure A-4

Tests were conducted in the nodel to determne the effect of a vertical face
pier installed in the western sector of the harbor. This pier would be used
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Figure A-4. \Wave patterns for the reconmended inprovement plan,
Dana Poi nt nodel .

as a boat repair facility should future need arise. As a result of this nodi-
fication it was determ ned that wave action would not significantly increase
in this section of the harbor. The west-basin berthing devel opment and nole
section were renoved to determine the amount of protection that woul d be pro-
vi ded agai nst storm waves from southwest should only the east basin berthing
area be constructed in the prototype. Test results indicated that wave pro-
tection in the harbor would be adequate for this harbor configuration. Sub-
sequent to the nodel investigation, the harbor was constructed in the proto-
type at Dana Point, California (Figure A-5) in accordance with recomrendations
provided, and has functioned quite well, as evidenced by its very heavy usage.

b. Port Washington Harbor, Wsconsin (Bottin 1976, 1977).

(1) The Prototype. Port Washington, Wsconsin, is located on the west
shore of Lake M chigan, about 29 niles north of MI|waukee and 27 miles south
of Sheboygan (Figure A-6). The city, which had a popul ation of 8,700 in 1970
(USAED-C, 1974) is a trading center and the seat of Ozaukee County. 1he down-
town portions of the business and manufacturing sections have been devel oped
around the harbor. The present harbor is entirely artificial and |ocated at
the outlet of a small stream known as Sauk Creek. The harbor area conprises
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Figure A-5. Aerial photo of Dana Point Harbor, California.
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Figure A-6. Project location, Port Washington Harbor, Wsconsin.
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approxi mately 60 acres and is enclosed by a 3500-foot-Iong breakwater system
(Figure A-7). The outer harbor is naintained at a project depth of 21 feet
and the inner harbor or slip area, is naintained at a project depth of 18 feet.

(2) The Problem  Port Washington Harbor is exposed to waves generated
by storms from northeast clockwi se to south-southeast. \Waves due to storms
fromthese directions have caused considerabl e damage to harbor facilities and
recreational boats and created difficulties for ships and recreational craft
navi gating the harbor entrance. Violent wave action, caused by waves re-
flected from vertical steel sheet-pile bul kheads, has resulted in wave heights
up to 12 feet in the slip areas of the inner harbor. Anchorage in the outer
basin is not safe for small boats because of the |ack of adequate wave protec-
tion. These conditions nade the harbor unsafe as a harbor-of-refuge for smal
boats, resulting in no adequate small-boat refuge between M I waukee and
Sheboygan, a distance of 56 mles. In addition, there was a lack of ade-
quately protected permanent nooring and docking facilities to acconodate the
great demand for such facilities in the Port Washington area.

[

1 1

Figure A-7. Aerial photograph of Port Washington Harbor
prior to inprovenents.
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(3) The Mdel and Test Conditions. A physical model investigation was
conducted to evaluate the effects of proposed harbor inprovements with respect
to wave and current conditions in the harbor while nininizing construction
costs. The primary inprovement was the construction of a small-boat harbor in
the northern portion of the existing outer harbor. The Port Washington Harbor
model (Figure A-S) was constructed to an undistorted |inear scale of 1:75,
model to prototype. Mdel test waves with periods ranging from5.5 to 10.4
seconds and heights ranging from3.4 to 14.7 feet are shown in Table A-2. A
still-water level of +3.9 feet Iwd (low water datum) was sel ected for use dur-
ing nmodel testing. This value was obtained fromlake stage frequency curves
for MIwaukee and Sturgeon Bay, Wsconsin, for a |o-year recurrence interva
during the boating season (My-Cctober). A water circulating system was used
in the nodel to reproduce to scale the intake and di scharge of cooling water
from the Wsconsin Electric Power Conpany plant. |gloo wave absorber units
were installed in the nodel to deternine wave conditions in the inner harbor
These units were tested also as an alternative to rubbl e-mund breakwaters and
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Figure A-8. Mdel layout, Port Washington Harbor.
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TABLE A-2
Test Waves Used in the Port Washi ngton Harbor Model
(Resio and Vincent, Nov 1976)
Wave Deepwat er Shal | ow-Water"  Recurrence
Deepwat er Shal | owwat er* Peri od Wave Wave I nterval
Di rection Direction (sec) Hei ght (ft) Hei ght (ft) (years)
NE & ENE N76°20' E 6.0 4.7 4.3 5.1
7.7 5.0 4.2 6.9
7.7 9.2 7.7 20
10. 4** 17. 1** 14, 7** 20
East S85°50' E 5.5 4.0 3.8 0.33
7.3 6.0 5.3 6.6
7.3 10. 8 9.6 20
8. 2%* 14, 8** 12, 7** 20
ESE S68°30' E 5.5 4.0 3.8 0.33
7.3 6.0 5.5 6.6
7.3 10. 8 9.9 20
8. 2%* 14, 8** 13. 5** 20
SE S50°45' E 5.5 4.0 3.8 0.33
7.3 6.0 5.5 6.6
7.3 10. 8 9.9 20
8. 2%* 14, 8** 13. 6%* 20
SSE S37°10' E 6.0 4.4 3.7 1.6
8.3 4.0 3.4 5.3
8.3 8.0 6.9 5.4
8.3 12.1 10. 4 20
9. 4*%* 15, 7** 13. 8** 20

* Shal | ow-water values result fromrefraction-shoaling analysis.
** \Wve characteristics for the entire year. Al others for spring and summer
only.
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absorbers in the proposed small-boat harbor. A general view of the nodel is
shown in Figure A-9.

AV

e

-.l'..“

Figure A-9. General view of nodel, Port Washington Harbor.

(4) Tests and Results.

(a) Existing Conditions. Prior to tests of various inprovenent plans,
conprehensi ve tests were conducted to determ ne wave and current conditions in
the existing harbor. Test results indicated rough and turbulent conditions in
the existing harbor while under storm wave attack, Wve heights in the mooring
area of the proposed snall-boat harbor exceeded 8 feet in some instances.

Al so, maxi num wave hei ghts in excess of 20 feet were recorded at the coal
wharf; and wave heights up to 15 feet were obtained in the inner slip areas of
the existing harbor.

(b) Inprovement Plans. Wave height tests were conducted for 32 varia-
tions of the originally proposed harbor design. Variations included nodi-
fications to that portion of the existing north breakwater adjacent to the
proposed snall-boat harbor and to the proposed east and west breakwaters.

Modi fications to the north breakwater included raising the crest elevation,
installing rubble-nmound absorber plans, using the existing breakwater as a
core for a rubble-nound breakwater, and installing a concrete parapet wall on
the existing breakwater. Mdifications to the proposed east and west
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breakwaters consisted of changes in the crest elevation, alignnents, breakwater
heads, cross sections of the structures, and the |engths. In addition, wave
hei ght tests were conducted for nine test plans which entailed the installation
of 1gloo absorber units at various locations in the slip areas and as alterna-
tives to the originally proposed rubble-nound breakwaters. (These tests were
conducted for N ppon Tetrapod Co., Ltd., after conmpletion of the Corps spon-
sored investigation.) \Wave heights obtained for the originally proposed plan
of inprovenent exceeded the established criteria (a maximum of 2.0 feet in the
turning basin and 1.0 foot in the mooring area) for test waves fromall test
directions. (hservations revealed this was due to overtopping of the existing
north breakwater (adjacent the harbor) and overtopping of and transnission
through the proposed east and west breakwaters. After nany alternatives were
tested, it was determned that the installation of the concrete parapet wall
on the existing north breakwater (adjacent to the harbor) and the nodification
of the new east and west breakwaters by raising and/or sealing (installing an
i npervious center) the structures were optinum with respect to econom cs and
wave protection. Also, the removal of 185 feet from the shore end of the west
breakwater increased circulation (which should aid in harbor flushing) without
increasing wave heights in the proposed harbor. The recomended i nprovenent
plan is shown in Figures A-10 and A-11. This plan resulted in wave heights at

v
. -
et A el - - -
- 2 ST T
ALy i il .

‘q‘n'-'ﬂ-'“*"? P

Figure A-10. \Wave patterns, current patterns, and current magnitudes (fps)
for the recommended inprovement plan, Port Washington nodel .
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Figure A-11. Coser view of recomended inprovenent plan,
Port Washington Harbor nodel.

the coal wharf conparable to those obtained for existing conditions; and wave
heights along the center line of the slips were, in general, reduced for the
recommended plan. Test results with the Igloo wave absorber units placed in
and around the slip areas of the existing harbor revealed significantly reduced
wave heights in those slips. However, using these units as alternatives to the
east and west breakwater revealed that they were not stable in that they re-
quired some sort of backing. Construction of the reconmended inprovement plan
in the prototype was conpleted in 1980 (Figure A-12), and subsequent storns
have tested its adequacy. According to the Ozaukee Press (1980) the new small -
boat harbor passed with flying colors. The newspaper termed the new harbor as
"an oasis of calmassaulted ineffectually by rough seas on three sides." The
ol der portions of the harbor were roiled by waves driven by strong onshore
winds, the article said.

A-8. Harbors Built Inland with an Entrance Through the Shoreline. Small-boat
harbors of this type are constructed al ong the ocean coasts and the G eat

Lakes' shorelines. M ssion Bay Harbor, California, |located on the Pacific
Coast, and Little Lake Harbor, Mchigan, situated on Lake Superior, are typical
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exanmpl es of small-craft harbors under this classification and are discussed
bel ow.

a. Mssion Bay Harbor, California (Curren 1982).

(1) The Prototype. M ssion Bay Harbor is located on the coast of south-
ern California about 10 miles north of the entrance to San Diego Bay (Figure
A-13). The coastline is characterized by gently sloping underwater contours

SAN CATALINA IS.

GULF OF
SANTA CATALINA

SAN CLEMENTE IS.
SAN DIEGO

PROJECT LOCATION

PAC/IFIC OCEAN

Figure A-13. Project location, Mssion Bay Harbor, California.

and sandy beaches. The harbor entrance is protected by two jetties (designated
north jetty and mddle jetty) extending approximtely 3,800 and 4,600 feet into
the bay, respectively. Adjacent to the mddle jetty is the San Diego River

Fl ood Control Channel which is bounded on the south by the south jetty (Figure
A-14). The bay has an effective area of 2,000acres of navigable water and an
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Figure A-14. Entrance to Mssion Bay Harbor and view of San Diego River
Fl ood Control Channel.

equal area of |and. It is essentially a shallowdraft harbor consisting en-
tirely of recreational and sport-fishing craft.

(2) The Problem There are basically three problens or potential prob-
| ems being experienced. They are as follows:

(a) Short-Period Waves. Short-period (less than 20 seconds) waves are
breaking in the entrance channel creating hazardous navigation and excessive
wave energy in Quivira and Mariners Basins.

(b) Long-Period Waves. Long-period (30-130 seconds) waves are creating
oscillations in Quivira and Mariners Basins which excite the floating dock
system causing damage to boats and docks, and revetnents.

(c) River Shoaling. The mouth of the San Diego River Flood Control Chan-
nel is usually blocked by a sand plug (Figure A-14). Normal river flows are
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too small to keep a channel open. However, the presence of the plug may be
potentially dangerous during a flood. It is uncertain whether the sandpl ug
will wash out rapidly during a flood, or whether the plug will cause a backup
of water, resulting in upstream flooding.

(3) The Mddel and Test Conditions. A physical npdel investigation was
conducted to evaluate the effect of an offshore breakwater on both |long and
short period wave energy entering the harbor and to evaluate various plans for
flood control. The Mssion Bay Harbor Mdel (Figure A-15) was constructed to
an undistorted linear scale of 1:100, nodel to prototype. Mddel test waves
are shown in Table A-3.

TABLE A-3

Test Waves Used in the Mssion Bay Harbor Mbdel
(National Marine Consultants, 1960, MNarine Advisors, 1961)

Sel ected Test Wve
Deepwat er Shal | ow Wt er Peri od Hei ght

Direction Direction sec (ft)

NW(310°) 295° 7

6

6
11 6
13 6,
15 6
17 6
19 6

W(270°) 267° 7

6

6
11 6
13 6,
15 6
17 6
19 6

SW(220°) 234° 7

6

6
11 6
13 6,
15 6
17 6
19 6
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Still water levels (swl) selected for use during nodel testing were 0.0 feet,
mlw (mean lower low water), +5.4 feet, nhhw (nmean hi gher high water), and
+2.7 feet used for nmaxi mum steady-state ebb and flood tidal flows. A water-
circulating systemwas used in the nodel to reproduce to scal e maxi num st eady-
state ebb and flood tidal flows and various river flood flows. River dis-
charges of 11,000-97,000 cubic feet per second were selected for testing in
the nodel. A general view of the model is shown in Figure A-16.

(4) Tests and Results -- The Harbor.

(a) Existing conditions. Prior to tests of various inprovenent plans,
conpr ehensive tests were performed for existing conditions to determ ne wave
and current conditions inside the harbor and current and shoaling conditions
outside the harbor. Existing conditions were characterized by strong | ong-
shore currents which are redirected seaward by the north and nmiddle jetties
for moderate to large wave conditions. In general, clockw se eddies form
north of the north jetty and counterclockw se eddies formsouth of the nmiddle
jetty. No shoaling of the harbor entrance was observed. Wave heights in the
entrance channel were frequently excessive but were |argely dissipated upon
reaching the small boat basins. Long-period wave tests reveal ed substanti al

- T2 TN
- P

Figure A-16. Ceneral view of nodel, Mssion Bay Harbor.
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oscillations in the entrance channel and the snall-boat basins for a nunber of
i nci dent wave peri ods.

(b) Inprovenment Plans. Tests were conducted for 30 inprovenent plans
usi ng various offshore breakwater designs (i.e., changes in the lengths, crest
el evations, positions, and porosity of the structure). The original offshore
breakwat er plan for wave protection at M ssion Bay Harbor was ineffective in

reduci ng wave heights within the bay to an acceptable level. Mving the break-
water into shallower water decreased wave heights in the entrance channel to a
more acceptable level, but the wave height criterion still was exceeded. It

was apparent that excessive wave energy was being transmtted through the voids
of the breakwater and by sealing the core of the offshore breakwater, this wave
energy was largely elimnated. O the plans tested, Plan 3G (a 1, 600-foot-1|ong
breakwater at a crest elevation of 17.5 feet) provided the nost effective re-
duction of wave energy with the |east volume of rock required for construction
(a reduction of 50 percent when conpared with the originally proposed struc-
ture). This plan was effective, even under the npbst extreme conditions (i.e.
removal of all revetment within the bay and an increase in swl to +7.6 feet.
This plan al so considerably reduced |ong-period waves (generally 50 percent or
more) in the channel and basins. No significant shoaling of the harbor en-
trance was noted (Figure A-17).

;gvﬁ.,
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Figure A-17. Typical tracer novenent for Plan 3G M ssion Bay Harbor
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(5) Tests and Results -- The River.

(a) Existing Conditions. Prior to tests of various inprovenent plans,
conprehensive tests were conducted for existing conditions to deternmine the
mechani sms by which sand is shoaling the river mouth and its effect on river
flood flows. The river channel at project depth is prone to severe shoaling
for waves from any direction, but particularly for waves from the southwest.
The river channel at project depth is also quite capable of discharging the
maxi mum flood flow tested (97,000 cfs) without causing flooding upstream
Tests of the river channel with a +l O-foot-elevation sediment plug, representa-
tive of that presently blocking the river mouth, indicated a flooding hazard
for the 49,000-cfs and 97,000-cfs river flows. Blowout tests al so indicated
potential shoaling of the south entrance to the bay (Figure A-18).

Figure A-18. Deposits at the entrance to M ssion Bay Harbor as a
result of blowout tests.
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(b) Inprovenent Plans. Tests were conducted for 29 inprovenent plans
using various south jetty extensions, weirs, and spur jetties. Non-structural
measures included incremental sedinent plug renoval s, el evation changes and
pilot channels A reduction of the elevation of the sediment plug to +6 feet
reduced the flooding hazard. However, this plan would be difficult to main-
tain. Renpval of sections of the sand plug by dredging proved quite effective
in reducing the flood hazard. Again, this plan my be difficult to maintain.
Tests conducted with a weir built into the mddle jetty for a +10 feet eleva-
tion sand plug showed significantly reduced water surface elevations. O the
pl ans tested to prevent the formation of the sand plug, a 2,373-foot-I|ong
jetty extension was effective in preventing all wave-induced river shoaling.
However, because of the length of structure required, this plan would be quite
expensi ve. A 1,273-foot-long jetty extension would elimnate channel shoaling
by nearshore material. Al plans involving a pilot channel cut into the sand
plug worked well in preventing river flooding. A 400-foot-long spur jetty was
the optinum plan tested for preventing shoaling of the south entrance to the
bay during flood conditions (Figure A-19). The optimum inprovenent plan recom
mended at M ssion Bay Harbor, considering wave action, shoaling, and flood con-
trol, is shown in Figure A-20.

Figure A-19. Deposits at the entrance with the 400-foot-|ong diversion
channel installed, Mssion Bay Harbor nodel.
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h. Little Lake Harbor, M chigan (Seabergh and MCoy 1982).

(1) The Prototype. Little Lake Harbor is a harbor of refuge |ocated on
Lake Superior (Figure A-21) about 21 miles west of Wiitefish Point and 30 mles

east of Gand Marais, Mchigan. The harbor is an inportant link in a chain of
harbors along the south coast of Lake Superior which provide refuge fromstorns

EAd 20
13 16
3
23 p 20
v a 10
\ 0 ENTRANCE CHANNEL
LA - S PROJECT DEPTH 12 FT g
? 12 600 12 N
S Voot 6 *
i
2! 16 ‘\
20 N /
, 4
2 EAST
20 16 BREAKWATER
2
6 10 s
w
B4
2
12 10
10
6
8
4 21
- 21
20 18
23 21
2 i
20
22 2
2 LITTLE 21
20 24
4 IGLD EL 6000 21
21
15
20
LAKE
12
VICINITY MAP 18 20
Laxe LITTLE LAKE ” 19
suremion (HAEBOR ' ™ 3 14 d
- CANADA I 21 - 4
MICHIGAN N 20 sl
! 10 20 - /
\ , ., y
/
15 /
14 /
14
12
LUCE COUNTY
L]
NOTE  PROJECT DEPTHS SOUNDINGS AND ELEVATIONS ARE
C— L REFERRED TO INTERNATIONAL GREAT LAKES DATUM 11955]
INDIANA OHIO FOR tAKE SUPERIOA, ELEVATION 6000 FT ABOVE MEAN
WATER LEVEL AT FATHER POINT, QUEBEC
scaLE \
190 L0 100 M1
C—— \

Figure A-21. Little Lake Harbor, M chigan.

A-30



EM 1110-2-1615
25 Sep 84

for light-draft vessels. Originally, no permanent channel connected Little
Lake with Lake Superior. Longshore sand novenent usually closed off comunica-
tion between the two bodies of water, except when sufficient rainfall raised
the water in Little Lake to cause a breach in the spit. The original project
(constructed between May 1962 and June 1964) consisted of two rubbl emound
breakwaters, wth the end of each term nated by steel sheet-pile cells to pro-
vide a safe and clearly defined entrance.

(2) The Problem  Severe shoaling occurs in the Little Lake Harbor en-
trance channel and required dredging has averaged 33,800 cubic yards per year.
Al information indicates heavy shoaling on the eastern side of the channel
between the two breakwaters. This heavy shoaling makes navigation to the pro-
tective harbor difficult, if not dangerous, even during relatively good
weat her conditions. Figure A-22 shows a fill and scour map for July 1979 to
Novernber 1979, indicating fill over nine feet in the entrance channel. The
sedi ment entering the channel at the east jetty location can presunably be
derived from both upcoast and downcoast sources. Sediments mgrating from west
to east around the west jetty structure under the influence of wave and w nd
generated currents, can nove shoreward and becone caught in a clockw se gyre

LITTLE LAKE
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Figure A-22. Fill and scour at entrance to Little Lake Harbor, M chigan
(July 1979 - Novenber 1979).
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in the lee of the west breakwater. This gyre has been observed during field
work, and, combined with the action of refracted and diffracted waves, is able
to nove sedinents toward the channel and cause shoaling. Also, any sedinents
whi ch have been brought fromeast to west toward the entrance channel can be
noved into the channel at this time, even though wave conditions are occurring
fromthe westerly directions. \Wen waves occur from the north to northeast
there appears to be a direct path of transport along the coast and into the
channel, wth an abundant supply of sand being derived fromthe sand cliffs
that, historically, have been eroding onto the beaches east of the harbor en-
trance.  Sediment transport through the west breakwater also has been noted

whi ch can cause nminor shoaling on the west side of the channel. Another aspect
of the dynamcs of the Little Lake Harbor area relates to the occurrence of
seiche activity in Lake Superior and the generation of currents through the
Little Lake Harbor entrance channel and bay. Seiche currents of up to 5 fps
can occur and influence sediment nmoverment in the area by augmenting the gyre
circulation patterns.

(3) The Model, Prototype Data, and Test Conditions. The Little Lake Har-
bor nodel was constructed in a concrete basin 150 feet long by 120 feet wide
by 2 feet deep to a 1:75 (undistorted) scale. About one mile of beachline
bot h upcoast and downcoast of the harbor was nodel ed, as seen in Figure A-23.
Prototype water |evel gages were installed in the sheltered bay and in the
open lake to evaluate seiche activity. Fromthese data it was determ ned that
the nost frequent seiche period was about 0.5 hour, which coincided with the
resonant Helnmholtz period. This type of oscillation is characterized by the
bay level rising uniformy, with the inlet channel water mass and the rise and
fall of the bay acting together as a spring-nmass system  \Waves selected for
testing for the base conditions are shown in Table A-4.

(4) Tests and Results. Testing performed for the nodel study primrily
involved tracer tests, in which sediment tracer material (crushed coal) was
injected into the surf and nearshore zones in the vicinity of the harbor for a
given wave condition. Each test was run for a sufficient length of time to
al l ow tracer novenment and deposition patterns to devel op, and a photograph
then was taken to illustrate test results. Also for given wave conditions, a
pattern of nmovement of the water mass in the nearshore zone adjacent to the
harbor was determned using dye. Point velocities at selected |ocations were
measured by timng the novenent of a patch of dye over a known distance, and
wave heights were nmeasured at sel ected locations for various wave conditions.
For sonme tracer tests, seiche oscillations were reproduced in addition to the
wave field. Also, seich oscillations were reproduced and velocity neasure-
ments were made with current nmeters in the entrance channel region. Surface
current photographs al so were obtained during seiche reproduction by making a
4-sec time exposure of the water surface covered with Styrofoam floats. The
testing program followed this sequence: base tests, using existing 1979 condi-
tions with the channel dredged; initial plan testing, in which five proposed
pl ans were exam ned; additional plan testing, in which plans were refined
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TABLE A-4
Test Waves Used in the Little Harbor Mbdel
(Resio and Vincent,
Test \Wave
Deepwat er Shal | ow Wt er Peri od Hei ght
Wave Direction Wave Test Direction (sec) (ft)
46.5 40 5 4
I 10
9 16
I 5 10
9 8, 16
0 359 5 4, 7
I 12
9 10, 21
330 330 5 4, 7
I 6, 12
9 10, 21
301 304 5 4, 7
I 5, 10
9 8, 17
272 278 5 4, 7
I 5, 10
9 8, 17
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based on what was learned fromthe initial plan testing; and final plan test-
ing, where the final plan was exam ned conprehensively for additional test
conditions. Base tests indicated the mechani sns by which the channel shoal ed
with sediment noving into the channel along the short east breakwater (Figure
A-24) regardless of direction. A variety of plans were examned, with the best

. . o

Figure A-24. Tracer deposits in the Little Lake Harbor nodel
for base tests.

plan seen in Figure A-25. This plan provided for good natural bypassing of
sediments for larger wave conditions. The gap between the new east structure
and the shore should eventually close with a natural accunul ation of sand and
was seen to do so in nodel tests (Figure A-26).

A-9. Harbors Built Inside a River/Stream Muth. Numerous rivers and streams
enpty into the oceans and Great Lakes. Many of-these locations are used as
smal | -boat harbor sites. Rogue River Harbor, Oegon, situated on the Pacific
coast, and Cattaraugus Creek Harbor, New York, |located on Lake Erie, were

sel ected as representative harbors under this classification and are di scussed
bel ow.
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Figure A-26.
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a. Rogue River Harbor, Oegon (Bottin 1982).

(1) The Prototype. The Rogue River originates in the Cascade Muntain
Range and flows generally westerly entering the Pacific Ocean on the O egon
coast approximately 30 miles north of the California border (Figure A-27).
The river is about 180 miles long and drains an area of approximtely 5,100
square mles (CTH 1970). The principal commnities at the nouth are Gold
Beach and \Wedderburn, located on the south and north banks, respectively.
These areas are devel oped for resort and recreational usage. Prior to im
provements, the river channel at the nouth neandered between two sand spits
and was seldom | ess than 200-feet wide at |ow water. Controlling depths over
the entrance bar ranged fromtw feet in late sunmer to nine feet in winter.
The River and Harbor Act of 1954 provided for the construction of parallel
jetties spaced approxinately 1000 feet apart at the nouth of the river. In
1971 and 1972, the Port of Gold Beach constructed a breakwater that extended
froma point on the south bank (about 1000 feet above the U S. 101 H ghway
bridge) downstream to the south jetty. A gap was left in the breakwater to
provi de access to harbor facilities.
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CALIFORNIA \ NEVADA

Figure A-27. Project location, Rogue River, Oregon.
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(2) The Problem Every year a persistent shoaling problem exists between
the Rogue River jetties. This shoal extends upstream along the inside of the
south jetty and across the harbor access channel (Figure A-28). This condition
makes mai ntenance dredging difficult and bl ocks navigation channels, thus re-
stricting vessel traffic between the ocean and port facilities. Rapid sumer-
time shoaling occurs (when river flows are normally low) during the peak boat-
ing and salnmon fishing seasons, causing unpredictable and hazardous entrance
conditions. Authorized channel dinensions cannot be naintained by dredging
due to the rapid shoaling rate. Annual maintenance dredging costs in excess
of $100,000 are expended with |arge backlogs of dredging to be done.

(3) The Model and Test Conditions. A physical nodel investigation was
conducted to study shoaling, wave, current, and riverflow conditions in the
| ower reaches of the Rogue River for existing conditions and proposed inprove-
ments. The Rogue River Harbor nodel (Figure A-29) was constructed to an undis-
torted linear scale of 1:100, nodel to prototype. Test waves used in the nodel
study with periods ranging from5 to 17 seconds and heights ranging from?7 to
29 feet are shown in Table A-5. A water circulating system was used to

Figure A-28. Aerial photograph of Rogue River nouth.

A-38



EM 1110-2- 1615
25 Sep 84

e __\
S
STILLING BASIN
o N
\\f',c_ B2l

o INCH PIPE BENEATH
MODEL CONTOURS

B
28,

2

=

& iNCH PIPE WaNIFOL D
DPENING DN 2 FT CENTERS

TTTT

T T YT

>

SOUTH-SOUTHWEST DIRECTION 1 "X

KAVE GENERATOR -

N

X

NOTE CENTOURS AND ELEVATIDNS SHOWN X \ e _
- § FEET REFEARED T MEAN LOWER SN )(/ ouer im0 1
oW WATER MLLW. X

5
7

e
x/(’e)\'o o INCH PIPE MANIFOLD,
* B, Gpemnc N 2FT CENTERS

Figure A-29.

Model layout, Rogue Rver, Oregon.

A-39



EM 1110-2-1615
25 Sep 84
TABLE A-5

Test Waves Used in the Rogue River Harbor Mdel (NMC, 1960)
(SMO, 1976) (FNWC, 1977)

Deepwat er Sel ected Test Waves
Direction Period (sec) Height (ft)*
Nor t h- nor t hwest 5 7, 12%
7 7, 12, 20%*
9 7, 12, 17, 27
11 7, 12, 19
13 7, 13, 21
15 7, 11, 17
17 7, 11
Viést 5 7, 1%+
7 7,12, 20**
9 7, 12, 23, 31
11 7, 12, 23, 31
13 7, 12, 21, 29
15 7, 12, 21, 29
17 7, 12, 17
Sout hwest 5 7, 12%*
7 7, 12, 20**
9 7, 13, 21, 27
11 7, 13, 21, 29
13 7, 13, 21, 27
15 7, 12, 17, 25
17 7, 12, 18
Sout h- sout hwest 5 7, 12%*
7 7, 12, 20**
9 1, 12, 17, 27
11 1, 12, 17, 27
13 7, 12, 21
15 7, 12, 23
17 7, 12, 18

* Wave heights shown are shall ow-water values (adjusted as a result of re-
fraction-shoaling analysis).
** Steepness limted waves.
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reproduce steady-state flows that corresponded to nmaxi mum fl ood and ebb tidal
flows or various river discharges. R ver discharges ranging from 50,000 to
350,000 cfs were reproduced in the nodel. A coal tracer material was used in
the model to qualitatively deternine the degree of shoaling at the river nouth.
Still-water levels of 0.0 foot (mlw), +1.5 feet (maximum ebb), +4.3 feet

(maxi mum flood), and +6.7 feet (mhhw) were used during nodel testing. An

aut omat ed data acquisition and control systemwas used to secure wave hei ght
data, and water-surface profiles for various river discharges were deternined
by recording el evation changes on point gages |located at various stations in
the river. A general view of the nodel is shown in Figure A-30.

(4) Tests and Results.

(a) Existing Conditions. Prior to tests of the various inprovenent
pl ans, conprehensive tests were conducted for existing conditions. \Wave-height
data, wave-induced current patterns and magni tudes, shoaling patterns, and wave
pattern photographs were obtained for representative test waves fromthe four
selected test directions. Water-surface elevations and river current vel oci -
ties also were obtained for the various river discharges. During the conduct

Figure A-30. General view of nodel, Rogue River, Oregon.
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of shoaling tests, tracer material was introduced into the nmobdel south of the
south jetty and north of the north jetty to represent sedinent from those shore-
lines, respectively. In addition, tracer was introduced seaward of the river
mouth to represent sediment washed out of the river and deposited by various
di scharges. Shoaling tests conducted for existing conditions indicated that
shoaling would occur in the |lower reaches of the river for various test waves
for each wave direction. Cenerally, material deposited in the southern por-
tion of the river adjacent to the south jetty. Under constant wave attack,
this material would congregate against the south jetty and nigrate upstream
across the entrance to the small-boat harbor (Figure A-31) forming a shoa
simlar to that of the prototype. It. was also noted that, when the shoal is
present, rough and turbulent wave conditions exist in the entrance (due to
waves breaking on the shoal) and higher than nornmal river stages and river-
current velocities may result for various discharges (since the shoal inter-
feres with the passage of flood flows). Wien the shoal is not present, in-
creased wave heights can be expected upstream of the snall-boat harbor
entrance.

(b) Inproverment Plans. Mddel tests were conducted for 58 variations in
the design elements of three basic renedial inprovement plans. Dikes in-
stalled within the existing entrance, extensions of the existing jetties, and

. v

Figure A-31. Shoal formed in the river entrance for existing
conditions, Rogue River, Oregon.
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an alternate harbor entrance were tested. \ave-height tests, wave-induced cur-
rent patterns and nmagnitudes, wave patterns, water-surface elevations, river
current Velocities, and/or shoaling tests were conducted for the various im
provenent plans. The first series of test plans included the installation of
dikes within the existing entrance. Both tinber-pile and rubble-mund dikes
were tested. Test results indicated shoaling of the small-boat harbor en-
trance would occur for test plans with the tinber-pile dikes installed. The
rubbl e-mound di ke configuration, however, intercepted the novement of tracer
material and prevented it from shoaling the harbor entrance. \Water-surface

el evations obtained for the dike plans indicated that river stages would in-
crease, when conpared to those for existing conditions, and potentially nay
contribute to flood problens. The installation of a weir section in the exist-
ing north jetty and a conveyance channel on the north overbank reduced river
stages upstream by less than one foot and therefore was not successful in de-
creasing water-surface profiles to desired levels. The next series of test
plans involved extensions of the existing jetties. One plan entailed extend-
ing the jetties on their original alignnent, another involved orienting the
extensions toward the west (on an azinmuth of S81°41' 30"W and still another
consi sted of orienting the extensions toward the south (on an azinmuth of
S16°23'22"W. Test results, with the extensions on the original jetty align-
ments, indicated that sediments fromthe river would forma shoal in the en-
trance adjacent to the south jetty that would extend upstream across the
smal | -boat harbor entrance sinmilar to existing conditions. Wth the test
plans involving jetty extensions oriented toward the west, sedinment fromthe
river would form shoals in the river entrance but would not extend upstream to
the small-boat basin entrance. Wth the test plans involving jetty extensions
to the south, sedinment fromthe river would result in a shoal along the south
jetty extension, extending northerly into the entrance. The shoals forned in
the river entrance for all three jetty extension plans were due to sedinent
being washed out of the river and mgrating back in, since each plan series
was nodified to provide shoaling protection from sedinent on the north and
south shorelines. The last series of test plans involved a new entrance south
of the existing river mouth. Test results indicated that this new jetty con-
figuration (Figure A-32) would provide shoaling protection for the new en-
trance from sediment on the north and south shorelines and sedinent deposited
seaward of the river entrance by various discharges. In addition, this plan
woul d provi de wave protection to the snall-craft harbor with nmaxi num wave
heights less than one foot.

b. Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

(1) The Prototype. Cattaraugus Creek drains an area of about 580 square
mles on the south shore of Lake Erie. The creek is approximately 70 miles
long and flows generally westward, entering the |ake about 24 niles southwest
of Buffalo Harbor, New York (Figure A-33). For about 17 niles near its nouth,
t opography of the creek valley is generally flat, with a valley bottomwidth
of 1 to 2 niles. The south side of the creek borders Hanover, Chautauqua
County, New York, and the north side borders Brant, Erie County. The
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Figure A-32. \Wave patterns for the new entrance and jetty configuration
installed south of the existing river muth, Rogue River,

Oregon.
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Figure A-33. Project location, Cattaraugus Creek Harbor, New York.

A-44



EM 1110-2-1615
25 Sep 84

Cattaraugus Reservation of The Seneca Nation of New York Indians occupies the
entire northern side of the creek within the study area. The present harbor
enconpasses the lower 3/4 nmile of the creek where over 400 boats are perna-
nently based at |ocal marinas. The econony of the immediate area is prinarily
recreational and nost of the residences are sumer cottages. Cattaraugus
Creek attracts patrons fromwell beyond the limts of the |ocal commnities
because of its location near good recreational fishing areas in Lake Erie and
the scarcity of simlar facilities to meet the increasing demands of small -
boat owners. Proposed inprovenents at Cattaraugus Creek included dredging of
an entrance channel and interior channel in the |ower reaches of the creek to
acconodate the nmoverments of small-craft and installation of breakwaters at the
creek mouth to provide wave and shoaling protection.

(2) The Problem  Flooding occurs al nost every year along the | ower
reaches of Cattaraugus Creek during |late winter and early spring, when the
creek is swollen by nmelting snow and spring rains, and frequently results in
damages in the summer resort area of Sunset Bay, the town of Hanover, and the
sumrer resort area in the Cattaraugus Indian Reservation. This flooding is
partially due to the linmted capacity of the existing creek channel, but the
maj or contributing factor is the presence of a restrictive sand and gravel bar
at the creek nouth (Figure A-34). This bar, formed mainly by littoral drift

Figure A-34. Aerial photograph of Cattaraugus Creek nouth
prior to inprovements.
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due to wave action, at tines virtually closes the outlet and provi des a natu-
ral barrier, encouraging the formation of ice jams. These ice jams result in
significantly higher stages and damages than those caused by discharge only.
Thus, consi derabl e damages occasionally occur with only noderate creek dis-
charges. Navigational difficulties are also experienced at the nouth of the
creek due to the shallow depths and the constant shifting of the bar across
the entrance. Boats |eaving the harbor under favorable weather conditions
find it difficult and dangerous to return over the shallow bar if wave action
increases while the boats are in the open |ake. Even experienced boaters who
are famliar with the harbor frequently encounter groundi ngs, which damage
propel lers, shafts, and rudders of the boats involved. At the end of the peak
navi gation season, when |ake levels are normally low, the outlet is al npst
conpletely closed to navigation. In sunmary, inprovenments are needed at the
entrance and | ower reaches of the creek to stabilize the nmouth, to provide
adequat e channel capacity for passage of flood flows and ice, to provide ade-
quat e depths throughout the navigation season for use of small craft, and to
provi de wave protection for boats npored in the harbor

(3) The Model and Test Conditions. A physical nodel investigation was
conducted to study shoaling, wave action, flood and ice flow conditions at the
har bor entrance and | ower reaches of the creek for existing conditions, and
proposed inprovenent plans. The Cattaraugus Creek Harbor Mdel (Figure A 35)
was constructed to an undistorted linear scale of 1:75, npbdel to prototype.
Test waves used during nodel operation with periods ranging from6 to 9 sec-
onds and heights ranging from4 to 14 feet are shown in Table A-6. A water
circulating systemwas used to reproduce steady-state flows through the creek
channel and outer harbor area that corresponded to prototype discharges rang-
ing from 5,000 to 57,900 cfs. Crushed coal and granul ated nylon nmaterials
were used in the nodel to qualitatively determ ne the degree of shoaling at
the creek nouth, and a | owdensity pol yethyl ene sheet material (recommended by
the Col d Regions Research and Engi neering Laboratory, Corps of Engineers) was
used to similate ice in the nodel. Still-water levels of +3.0 and +6.8 feet
were used during nodel testing. An automated data acquisition and control sys-
temwas used to secure wave heights and water-surface el evations at sel ected
locations in the nodel. A general view of the model is shown in Figure A-36.

(4) Tests and Results.

(a) Existing Conditions and Base Test. Prior to tests of various im
provenent plans, conprehensive tests were conducted for existing conditions
and a base test. The base test entailed the proposed dredged channels with no
breakwat ers and was used as a base to evaluate the effectiveness of the vari-
ous breakwater configurations. Existing conditions were sinulated by filling
t he dredged channel with sand in the entrance and | ower reaches of the creek
Shoal ing patterns and ice flows were obtained for existing conditions, while
wave height data, and wave-induced current patterns and magnitudes, water-
surface elevations, and creek current velocities were secured for base test
for representative test conditions. Shoaling tests conducted for existing
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TABLE A-4
Test Waves Used in the Cattaraugus Creek Harbor Model
(Saville 1953, Bretschneider 1970)
Deepwat er Shal | ow wat er Selected Test Waves
Direction Direction Period (sec) Hei ght (ft)*
Nor t hwest N 40° W 6 5
6 9
Vst N 79° W 6 7
6 14
9 7
9 14
* %
West - sout hwest " 6 4

o
W

Wave hei ghts shown are shal | owwater values (adjusted as a result of
refraction-shoaling analysis.
*% Locally generated wave.

Figure A-36. Ceneral view of nodel, Cattaraugus Creek, New York.
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conditions resulted in spits formng across the creek mouth. Vvarious creek

di scharges shifted these spits |akeward. Results of these tests generally indi-
cated that the nodel accurately reproduced the sedinent patterns observed in
the prototype. For existing conditions, sinulated ice material was placed in
the | ower reaches of the creek upstreamof the spit across the river entrance
and subjected to creek discharges of 5,000 and 10, 000 cfs. lce jans formed at
the nouth for each discharge and overbank fl oodi ng was observed. The 10, 000-
cfs discharge eventually eroded the spit and the ice material nmoved into the
lake. Wave height data obtained for base test (no breakwaters) reveal ed that
protection fromstormwaves is required for snall boats noored in the creek
during high lake levels. Wave heights exceeded the established wave- hei ght
criteria of 2.5 feet at the creek mouth and 0.5 feet in the | ower reaches of

t he creek

(b) Inprovement Plans. Mbdel tests were conducted for nine variations
in the design elements of tw