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The need for engineering solutions to problems of
clironic coastal erosion was recognized nationally
in 1930 when the United States Congress autho-
rized formation of the Beach Erosion Board

 BEB! and designated the U.S. Army Corps of
Engineers as the Federal entity responsible for
shore protection. In 1954, the BEB published
Technical Report Number 4  TR4!, entitled Shore
Protection, Planning and Design  BEB 1954!,
with revised editions appearing in 1957, 1961,
and 1966. TR4 was a milestone publication that
defined and consolidated the state of knowledge
on shore protection. In 1963, Congressional ac-
tion created the Coastal Engineering Research

Center  CERC! to supersede the BEB, and TR4
was replaced by the more comprehensive Shore
Protection Manual  SPM!, issued by CERC in
1973 and revised in 1984  SPM 1984!. The SPM
serves as the authoritative reference on shore pro-
tection and coastal sediment processes and is
used as a text book and design manual around the
world. Recognizing many recent scientific devel-
oprnents and advances in engineering practice in
the area of shore protection, CERC is planning a
new publication tentatively called the Coastal
Engi neering Manual  CEM! that will supersede
the SPM and expand into other areas of coastal
engineering. The CEM will incorporate recent
advances in information processing to facilitate
periodic transfer of technology to coastal engi-
neering researchers and practitioners as advances
are inade in this rapidly developing field.

One of the first activities of the BEB was to

investigate severe erosion that was occurring
along the northern New Jersey coast and the
southern shore of Long Island, New York. In the
past and again in 1938 and in the mid-1950s to

inid-1960s, these coasts had experienced devas-
tating hurricanes and storms that greatly eroded
beaches, inundated and breached barrier islands,

and even created a major tidal inlet at Shinnecock
Inlet, New York. Loss of beaches was com-
pounded by several factors: natural depletion of
coastal bluffs along the New Jersey coast; reten-
tion of sand behind seawalls and revetments that

would normally be released to the littoral system
by the formerly eroding coastline they protected;
and stabilization of inlets with jetties that blocked
longshore movement of sand. These types of ero-
sional events have occuried many times and at
many locations on the U,S. shoreline. The U.S.
Geological Survey  Williams et al. 1991! esti-
inatcs that most of the coastline of the lower 48

states is experiencing moderate to severe erosion.
The relative magnitude and distribution of %is
coastal erosion is shown in figure I, adapted from
Williams et al. �991!,

Examples of erosion in the Pacific Northwest
are the short epochs that occuried in the winter of
1977-1978, when four severe storins attacked the

Oregon coast, one during a Spring high tide that
caused breaching of Nestucca Spit  Komar 1978!.
Another epoch occurred in the winier of 1982-
1983, when both high water levels and storm
waves associated with El Nii'io  the [Christmasl

Child! occurred, El Nitlo is a large-scale climato-
logical event that periodically originates off Peru
around the Christmas season. El Nino has been

associated with severe erosion and large-scale
longshore translation of beach sediments  Komar
1986; Komar and Good 1989; Komar, Good, and
Shih 1989!. All coasts experience adjustment of
the shoreline through long-tenn, short-term, and
cyclical erosion and accretion events; as a coast
such as Oregon's is used more, these changes be-

come more apparent and of concern.
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Figure i. Coastal erosion around the continental United Stares  aper Williams el al. 199I!,

Erosion of the shore and beaches was first per-
ceived on a regional scale in the vicinity of inajor
coastal metropolitan atlas relatively early in the
century  the massive seawall built in the late
1800s along the north New Jersey coast !. Ero-
sion and inundation ate now becoming concens
in other states as coastal property is developed or
a desi' exists to maintain natural beaches, Many
states passed coastal zone management legisla-
tion in the 1970s to regulate coastal usage. These
policies are typically under active debate by com-
peting interests and undergo increasing scrutiny
as both specialists and the public gain knowledge
of the particular coast and better understand
shore-protection measures.

Although the basic physical processes govern-
ing wave and current motion, sediment transport,
and beach change are the same on all coasts, their
manifestation and the relative impose of indi-
vidual components can be quite different, as can
be the geology and geomorphology of the coast.
For example, the east coast of Florida is typified
by long stretches of sandy beaches terminated by
inlets, whereas the coast of Oregon is typified by

relatively short pocket beaches terminated by
head!ands that effectively block sand from mov-

ing to adjacent coinpartments  for example,
Koinar 1991!. Waves and wind, backshore and
offshore topography, sediment supply, and rela-
tive sea-level rise, among other factors, also vary
between coasts and, indeed, along adjacent sec-
tions of coast.

Given the preceding as backdrop, it is clear
that a specific shore-protection design on one
coast will probably not translate directly to an-
other coast. Nevertheless, a body of knowledge
exists on shore-protection methods, It is thc in-
tent of this paper to review these basic coastal
engineering approaches and tools; they are the
orthodox and generaHy accepted procedures for
dealing with coastal erosion. In the paper, wc re-
view selected coastal sediment processes as
background for the material on shore-protection
methods. We then review some of the elements

of shore-protection planning to establish a frame-
work for a morc specific discussion oi' shore-pro-
tection inethods.



This paper is written from the perspective of
functional design, a term expressing formulation
and evaluation of a project by the functioning or
perfonnance of the design plan. Only occasional
reference will be made to economics and con-

struction details. Numerical simulation modeling
is a useful tool in evaluating alternative designs
and optimizing the final functional design. Al-
though we do not discuss modeling in detail, we
do give selected results and citations to the litera-
ture. A collection of papers on shoreline change
and profile change inodeling as currently per-
formed at CERC can be found in Kraus �990!.

FIements of Shore-Protection Planning

ln this section we touch on key points in the
process of planning, designing, and evaluating the
performance of a shore-protection project. All
possible options should be available in the first
stage, or reconnaissance level, of planning in de-
termining possible shore-protection solutions. At
the feasibility level of planting, which leads to
the final design through intensive study and corn-
parison of alternative plans, an optimal plan is
developed. Here the optimal plan is taken to be
the shore-protection plan that accomplishes the
design objectives for the least cost and in accor-
dance with management policies for the particu-
lai' coast,

The aforementioned planning process for a
shore-protection project is summarized in the fol-
lowing steps inodified from Kraus �989!:

I, Identify the functionality requiiements, iden-
tify constraints, and develop criteria for judg-
ing the performance or objectives of the
project.

2. Assemble and analyze relevant data.
3. Determine project alternatives.
4. Select and optimize project design.  Return

to step I, as necessary.!
5. Consuuct the project.
6. Monitor and maintain the project  fine-tuning

as necessary!.
7. Evaluate the project according to criteria in

step 1, and report the results.

The steps are more or less self-explanatory.
Here, an attempt is made to encapsulize the
engineering planning process in five principles.

1. Plan regionally, engineer locally

The functionality requirements and constraints

 step 1! will usually encompass diverse space and
time scales, requiring comprehensive planning as
opposed to sing le-proj ect planning. It is essential
to embed the project in the regional processes of
the coast, for example, over the littoral cell con-
taining the project,

Exainple I: A series of groins constructed by a
group of homeowners inay protect their proper-
ties but trap sand and deprive downdrift property
owners. The problem statement in such a situa-
tion should include downdrift impacts, which
may expand the region that should be considered,
as well as the local project area.

Exainple 2: If a telatively undeveloped coast is
experiencing a tendency for long-term erosion,
such as from subsidence or loss of sand supply, it
may be best to rigorously enforce set-back lines
rather than attempt to hold the position ot' the
shoreline with structures. These types of consid-
erations typify the approach of planning region-
ally and engineering locally.

2. Shore retention and shore protection

Share retention specifically refers to the main-
tenance of a beach, whereas shore protection in

the present context means shore retention and
protection of the backland. More will be said
about this below. In order to maintain a beach,

one inust explicitly include shore-retention con-
siderations in the shore-protection planning.

3. Compare alternatives objectively
It is wise to evaluate and compare alternative

shore-protection designs for their local and
regional functioning. For larger projects, num-
erical simulation inodeling is often conducted to
compare alternative designs. Each alternative is
thereby evaluated in the same way. Such results
are then interpreted through experience along the
coast to determine the appropriate final plan.
After planners evaluate the alternatives, they
modify their plans; and the objective of their
project may change somewhat as they leam inorc
about the problem and its possible solutions  step
4 to step 1!.

4. Be innovative

Most sites and projects have unique features
that make direct transfer of solutions fioin one



coast to another infeasible. Although solutions of
a similar nature may be appropriate along the
saine coastline, modification of the design will
probably be required to suit the local conditions.
The features of projects that perform well  as de-
termined by following steps 6 and 7! can be
adopted and modified as necessary to suit condi-
tions at the new site. In the process of evaluating
alternatives, engineers may develop new or supe-
rior designs that had not previously been consid-
ered as options.

5. Fine-tune

Monitoring a project  step 6! allows us to un-
derhand its performance and maintain the re-
quired level and longevity of protection. It may
be necessary to fin-tune the design, and it is

common to put a project in place at miniinal cost
for thc level of protection and build in triggers to
signal that some action should be taken. For ex-
arnple, the replenishment schedule for a feeder
beach  a sacrificial beach fill that is expected to
erode and nourish downdrift beaches! may be ini-
tially set at the longest estimated acceptable tune
interval with the contingency to replenish it more
frequently according to some criterion established
at downdrift shores.

Physical Processes

General Processes

The success of a shore-protection design de-
pends on understanding the driving and control-
ling mechanisms of sediment transport. As a
means of providing background and uniformity to
the discussion, we will analyze the functioning of
shore-protection structures in terms of the major
sediment transport processes and constraints.

It is convenient, but somewhat arbitmy, to
classify sediment transport direction as being ei-
ther alongshore or across-shore. Longshore trans-
port denotes sediment movement parallel to the

coast. On an open coast, it is mainly produced by
wave breaking, which stirs and suspends the sedi-
ment and makes it available for transport by the
longshore current. Waves breaking at an angle to
the shoreline produce such a current, Other
mechanisms producing longshore transport are
barriers to waves, such as an island, jetty, or

breakwater, that create a "diffraclion current" by
decreasing wave height and directing waves and
the current into the shadow zone of the blocking
object. Wind also can produce substantial
longshore currents. Longshore transport is gener-
ally most intense in the surf zone, where wave

breaking is active and greatly decreases in magni-
tude with distance seaward frnm Ihe surf zone.

Because longshore currents are persistent,, long-
tcnn change in the beach planform is almost al-
ways related to the longshore current and
associated longshore sediment transport,

Longshore trarisport on a coa~t is often de-
scribed in terms of the net and grrrss rates of
transport, An observer standing on the coast can
distinguish the transport along the coast by the
sand moving to the right or left, both quantities
considered as heing positive. The net transport
rale is then the right-moving transport minus the
left-moving transport. Some authors include the
sign  if the right-moving is greater than the left-
moving transport, the nct is to the right and posi-
tive; if the left-moving is greater than the
right-moving transport, the net is to the left and
negative!. Other authors defin the net as the

magnitude of the difference  always positive!,
The gross transport rate is the sum of the left-

moving and right-moving truisport and is always
positive. Shoreline change due to longshore trans-
port is controlled by the net transport, whereas thc
volume of sand aimually entering or being
trapped hy a navigation channel is related to the
gross transport rate  the channel accepts material
from both left and right!, unless sand is unequally
blocked from the sides, as from jetties ol unequal
length,

Cross-shore transport is further classified as
onshore transport and offshore transport. Impor-
tant beach change phenoinena associated with
cross-shore transport are scasona! changes in
beach width, storm-induced erosion, and post-
storm recovery. Erosion by cross-shore transpr>rt

is promoted by higher water levels and higher,
steeper waves. Higher water levels can bc pro-
duced by onshore winds, stomi surge  rise in wa-

ter level accompanying storms and produced by
strong wind and differences in atmospheric pres-
sure!, wave-induced setup, and long-period wave
motions such as surf beai., as well as hy the tide.



High water levels allow waves to act on portions
of the profile not preconditioned to wave action,
leading to erosion. Waves will typically have
greatest steepness  wave height divided by the
wave length! at the peak of a storm and produce
greater offshore transport  erosion!; some of this
material is returned onshore under the lower

steepness post-storm  recovery! waves, as hap-
pens as well during the surnrner. Kraus, Larson,
and Kriebel �99 1! review the status of simple
predictions of direction of cross-shore sand
trJnsport.

When waves approach the coast at a small
angle, rip currents  strong and narrow currents
that flow offshore! will form, and their strength
depends on the height of the incident waves. Rip
currents remove sand from the beach face and

surf zone and carry it offshore, beyond the region
of breaking waves, This inaterial may then slowly
return to the surf zone or be deposited offshore.
Rips tend to forin in the vicinity of structures that
penetrate into the surf zone or beyond, such as

groins and jetties. They also tend to appear at
discontinuities in the shoieline, such as at the

ends of a seawall if it projects into the surf zone
 McDougal, Sturtevant, and Komar 1987! or at
changes in the nearshore bathymetry such as de-

tertnined by the geological structure  for ex-
ample, at a transition from rocky to sandy beach!.
On a long, sandy coast, during days of near-nor-
mal wave incidence, rip currents tend to occur
with a longshore spacing of about one to four
times the width of the surf zone.

One other general concept entering our discus-
sion of shore protection is that of the li ttoral cell.
The word "littoral" refers to the active movement

of sediment in the nearshore zone. A regional unit
where the littoral zone is hounded laterally  along
the coast! is called a littoral cell. Boundaries of

littoral cells are commonly large headlands and
jetties, inlets, and bays. Sometimes a littoral cell
can be divided into smaller units called subcells.

Typically, subcells aie bounded by sinall head-
lands or changes in shoreline orientation that re-
duce, but do not completely stop, longshore
movement of sediment.

Major sediment transport processes and con-
straints that can control the transport are �!
waves, �! wind, �! currents, �! water level,

�! water runoff and water table  concerning cliff

erosion!, �! sediment supply, �! geornoiphic
controls  such as inlets and headlands!,  8! geo-
logic controls, and  9! engineering controls
 structures!. An example of a geologic control on
sediment transport is an effectively nonerodible
ricky headland that might prevent sediment
movement past it. The corresponding engineering
control is a long jetty.

Beach response to a shore-protection project
extended into the surf zone may be expressed
qualitatively as

Beach Response = F  wave and water

level parameters; sediment, geologic,
and geomorphic parameters;
engineering activities!

where F means "a function of' and the phrase

engineering activities refers to actual structure
 groin, breakwater, jetty!, beach nourishment, and
siinilar wo6cs. In most cases, the planner or engi-
neer can control only paraineters related to engi-
neering activities, but as much information as
possible must be gathered about the first two
groups of parJmeters on both the local and re-
gional level to determine the optimal engineering

design.

Oregon Coast

The Oregon coast is a high-wave energy coast,
and it is remarkable that it exhibits only moderate
beach erosion over most of its reach, the excep-
tions occurring mainly at spits, As an example,
according to wave hindcasts performed by
CERC's Wave Information Study  WIS! group
 Jensen, Hubertz, and Paine 1989!, at one WIS
station off Yaquina Head, in water 33 feet deep,
the average significant wave height for the 20-
year hindcast period 1956- 1975 was 9 feet, the
highest significant wave was 24 feet, and the av-
erage period of the most energetic waves was
11.2 seconds.  Significant wave height is the av-
erage height of the highest one-third of the waves
in a wave observation.! The occurrence of large
waves at Newport is also supported by ineasuie.�
inents made at the Oregon State University Ma-
rine Science Center. In contrast, representative
average annual wave height and period on the
mid-Atlantic coast are 3 feet and 8 seconds.



Clemens and Komar �988! provide an expla-
nation for the stability of Oregon beaches by the
complete blockage of longshore movement of
sediment by headlands. Much of the Oregon
coast is formed of pocket beaches that can be
considered individual littoral cells with little or no

exchange of sediment between cells. Seasonal
shifts in wave direction move sediments along-
shore in an up- and down-coast motion with a
potentially high gross transport rate, but the net
longshore drift is close to zero. The implication of
this physical situation is that a shore-protection or
navigation structure that may intercept longshore
transport would cause the least disturbance if it is
close to a headland terminus of the littoral cell. In

contrast, such a structure located in the middle of
the cell would cause maximum disturbance by
interception of material fiom either the left or
right that inoves over a substantial portion of the
total cell.

It is also interesting that inost of Oregon's
sandy beaches consist of fine-to-medium sand.
Beaches on high-energy coasts usually consist of
coarser sand than those on moderate or low-wave

energy coasts. Yet the grain size on Oregon
beaches is in the range of 0.2 to 0.3 mm, similar
to that on the east coast of the United States. 'Ihe

explanation probably lies in sediment supply,
since the sands available to the Oregon coast are
fine-to-medium grained.

Rip currents on the Pacific coast can be very
strong and have the potential to transport large
amounts of sand from nearshore to the offshore,

causing local erosion or an embayment. This phe-
nomenon has been docuinented by, for exainple,
Koinar and Rae �976!  Siletz Spit! and Komar,
Good, and Shih �989!  Netarts Spit!. Sand spits,
formed by sediments that inove alongshore from
the coast of the mainland, are typically low lying,
and embayments carved out by rip currents that
tend to persist at certain locations on these spits
weaken the already fragile system,

Finally, bluffs and cliffs aie major features
along the coast of Oregon, and they are often de-
veloped for residential meas and recreational
commercial property such as hotels, restaurants,
and condominiums, Komar and Shih �991! pro-
vide an up-to-date and authoritative description of
sea-cliff erosion along the Oregon coast  see

Sunamura, 1984, for more general discussion of
the physical processes of cliff erosion!. Sea-cliff
composition is an example of the importance of
the geologic setting of a site. Tectonic settling,
cliff coinposition, presence or absence of a pro-
tective fronting beach to inhibit wave action, fre-
quency of storm occurience, disposition of
rainwater runoff, and presence of rip currents are
among the factors contiolling cliff erosion. Prop-
erly engineered shoreline stabilization structures
can provide cliff toe protection. However, enclo-
sure of cliff sediments by seawalls arid rubble-
mound barriers blocks inaterial that would

naturally erode, enter the littoral systein, and con-
tribute to the volume of the adjacent beaches.
Typically only a sinall percentage of a cliff s vol-
uine is beach-quality material. Fine particles
originating from cliff erosion will move offshore
and out of the littoral system, and large rocks will
remain in place. Water runoff from the top of a
cliff is a geotechnical engineering problein that
can induce upper cliff failure by creating channels
and washing away material to gradually produce
structural defects, Water also increases the weight
of the soil and usually decreases its strength.
Parking Iot and street runoff, as well as runoff
from house roof tops and similar large volumes
of controllable drainage water, should he directed
mound or t1uuugh cliffs so as not to cause erosion
or slope failuies.

Shore-Protection Measures

To begin, we note that there are only four gen-
eral shore-protection responses to coastal

erosion:

1, Relocation

2. Nourishment

3. Stabilization structures

4. Combinations of elements of the above

These responses, of which the first ttuee are
ordered from the most passive to the inost active
in terms of hardening of the coast with structures,
are discussed individually below. In any case,
sl iore-protection responses are an integral coinpo-
nent in the overall sand management policy for
the coast and should not be implemented in

isolation.
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The phrase "shore protection" is a generic tenn
that can refer to either beach stabilization or

backshore protection, or to both, Beach stabiliza-
lion can mean maintenance of a beach, that is,

promoting the existence of a beach  shore reten-
tion!, or it can mean shoreline stabilization, which

implies fixing the position of the shoreline with-
out specific regard to the condition of the beach,
Backshore protection refers to protection of life
and backland property from waves, flooding, and
erosion. A particular shore-protection response
wiw probably not serve all functions, and so in
selecting the response or combination of re-
sponses, it is vital that one be aware of the advan-
tages and disadvantages of the response as beach
stabilization and backshore protection.

Shore protection includes the concept of life
cycle, that is, a shoie-protection structure has a
certain service life. Typically, structures such as
roads, bridges, and buildings have a design life of
about 50 years, and it is part of the project plan to
maintain the structure over its expected life

through periodic inspection and repairs. Many lay
persons believe that coastal engineering activities
 for example, structures, beach nourishment! are
in some sense permanent. This is not the case.
For example, coastal structures are built to with-
stand a certain average condition without notable
degradation and to survive the oceanic environ-
ment up to a certain extreme condition called the
design condition. However, routine inspeclion
and maintenance of coastal structures are re-

quired. The design condition may be the 50-year
storm  wave and water level conditions which

occur on the average of once every 50 years!. A
structure may be damaged or fail if the design
condition is exceeded  arrival of the 100-year
storm or arrival of two 50-year storms in the
same year!, and extensive repairs may he
required.

The concept of a life cycle for structures is im-
portant, but difficult to quantify on the coast,
where oceanic and meteorological conditions,
and hence erosion, are highly variable and not
fully predictable. Beach change can have a long-
term contribution, for example, gradual erosion
owing to loss of updrift sediment supply, and an
episodic short-term contribution  stortn-induced

erosion!. The formulation of design condition is

based on risk to human life and the value of the

resources protected or developed, and an effort
must be made to account for both short- and long-
term factors that may influence coastal evolution.

For example, in the Netherlands, sea dikes and
coastal dunes were designed to withstand the one
in 100,000-year conditions. This level of protec-
tion is justified when entire cities lie behind the
coastal defenses but is absurd for designing a
beach fill to protect a parking lot on a recreational
beach. Erosion is often episodic and beaches do
usually fully recover, and the design life of a
beach fiill may be only five years, with replenish-
inent to be considered on an as-need basis  fline-

tuning!. In summary, the level of protection and
life cycle inust suit project needs, and monitoring
and maintenance schedules are important ele-
ments of an overall plan.

Relocation

Relocation is moving existing resources, such
as residences, coinmercial buildings, and roads,
landward to maintain a certain minimum distance

between the resource and the location of the erod-

ing coastline. The response of relocation is some-
times called "retreat," an emotiona1 synonym

with the nuance of liinitcd planning and prepara-

tion. As a planning concept and tool, relocation
implies that permanent structures must be built
beyond some predetermined line.

Set-back lines can be defined for both sandy
beaches and cliffs, and relocation may be formal-
ized by a management policy that establishes
such a line along the coast, The set-back line may
he referenced to an erosion i@e or to an inunda-

tion level  surge elevation associated with a storm
of certain frequency of occurrence!, or a combi-
nation. A requirement for new construction to be
landward of the present shoreline position plus a
distance that will be reached in, say, 30 years, as
determined by the local long-term recession rate,
is consistent with the concept of a human genera-
tion of 30 years or a structure life of about 50

years.

The State of Florida legislated a set-back line
in 1970 as an interim measure while a study was
underway to establish what is now called in
Florida a "coastal construction control line"

 CCCL!. The objective was to determine the

85



CCCL based on sound technical criteria that had

to be developed for the purpose. The CCCL de-
fines a zone of jurisdiction for the impact of the
100-year hurricane and is determined, in part, by
numerical modeling of storm-induced beach ero-
sion and the required wave and water levels. The
CCCL is applied on a county-by-county basis to
take into account differences in regional trends.
 Note that the Florida Division of Natural Re-
sources restricts its jurisdiction to sandy beaches
and bluffs and does not include Federal land, har-

bor complexes, and other developed coastal ar-
eas.! Construction seaward of the CCCL requires
a permit, and no new iesidence is allowed within
the 30-year, long-term erosion limit. In principle,
the 30-year limit is to be coinputed each time a
permit is issued to take into account most recent
monitoring data and calculation procedures.

Typically, one must design a shore-protection
structure, say a seawall, to withstand a 50-year or
100-year hurricane. In an interesting twist of the
conventional concept, present coastal zone regu-
lations in Florida may now be replaced by the re-
quirement that such a structure withstand only a
minor storm  pertiaps a 5- or 10-year storm! and
fail for a larger storm. The idea is that the natural
force of a inajor storin or hurricane should be al-
lowed to reshape the coast uniformly. For ex-
ample, if a property on the coast is protected by a
well-engineered seawall and survives the 100-
year event while adjacent beaches erode, the wall
might becoine a littoral barrier interrupting conti-
nuity of the beach both for humans and sediment
transport. Eventually, such a bamer would prob-
ably he abandoned by the property owner if it be-
came stranded in the surf zone.

Relocation can be promoted in erosion-prone
areas by zoning coastal lots to be of sufficient
landward length to allow relocation over one or
two anticipated life cycles. This policy is a kind
of preventive medicine that a priori recognizes
the potential for that coast to erode, Where practi-
cable  recognizing that econoinics, politics, and
nature, among other factors, define what is practi-
cable!, relocation is becoming the preferred ero-
sion solution on lightly developed coasts. For the
public and for the property owner, relocation pre-
serves the natural state of the coast and allows

access to it. From the regional peispcctive, eroded

sediment contributes to the littoral system,
thereby helping to retaitl erosion elsewhere. In
principle, alinost any structure can be relocated, If
the cost is prohibitive, however, or if the cultural
value of the resource  an old fort, a lighthouse,
and so on! is attached to its location, other shore-
protection measures might be considered.

Nourishment

Nourishment is the only form of shore protec-
tion that will maintain a shoreline that appears
natural. The Federal Government has tradition-

ally nourished beaches for storm and hurricane
protection, but not solely for recreational benefit.
The fill material may be emplaced by trucking
from an upland source; hy pumping through a
pipeline from an inlet, navigation channel, or
hack hay; or by dredging offshore and pumping
the sediment onshore. Bypassing at inlets or any
littoral discontinuity in the shoreline  see the re-
view by Richardson [1991]! is a way of control-
ling placement of sand on the beach and can be
done according to a predetermined schedule, for
example as a function of the ainount impounded
at the updrift jetty of a channel. Clausncr et al.
�991! describe the functioning of a bypassing
plant at Indian River, Delaware, that exceeded the
project goal of bypassing 100,000 cubic yards per
year across the inlet. The bypassing rat.e is heing
managed to balance the need for a recreational
beach on the updrift  south! beach at the inlet and
beach nourishinent needs on the receding
downdrift  north! side of the inlet. Sand can also
be "backpassed," that is, returned updrift from a
downdrift impoundment area, and recycled into
the littoral system. Such a solution inay be appro-
priate for a spit receding because of longshore
transport or the alongshore inigration of a barrier
island,

As with any construction project, the signifi-
cant mobilization expense associated with nour-
ishment makes it cost effective to place the
maximum volume of material possible in a single

operation, There are physical reasons for placing
a substanlial fill as well. If other factors  waves,

thickness of fill! m equal, the longevity of a fill
is proportional to the square of its length  Dean
1984; Larson, Hanson, and Kraus 1987!. Benefits
of a fill extend past its original lateral boundaries
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as the fill spreads  figure 2!, Dean �984! sug-
gests the formation of "erosion control districts"

through which several communities cooperate in
placing fili over several miles. Ideally, the project
should extend over a littoral cell or subcell.

Figure 2. P/an view of a beach nourishmeru project.

It is possible to create a littoral subcell at a
nourishment project by enclosing the fill in
groins. These terminal groins, which function as
short headlands, slow and reduce longshore
spreading of the fill. In a situation where the eiod-
ing beach is downdrift of a littoral barrier such as

a jetty or large inlet, a groin field  series of
groins! may be placed with the fill. Groins are
discussed below.

Beach nourishment material should be similar

to the native sediment in the littoral system. If it is
finer, the fill will tend to move offshore; if it is

coarser, the beach profile will resist erosion and
remain in place longer than the native material. In
any case, as shown in figure 3, the profile of a
nourished beach will adjust from the constructed

shape to a natural equilibrium shape according to
the incident waves and sediinent grain size. Dean
�991! provides a review of concepts of equilib-
rium beach profiles. The public may perceive the
apparent diminishing of the visible portion of a
beach fill as a "loss." This may not be the case if
the fill is simply moving out on the profile to
achieve an equilibriuin shape. The response of a

beach nourishment project to both typical and
storm waves has become an active area of re-

search. Numerical simulation models are being

developed as design tools for estimating project
performance. Larson and Kraus �991! review
the status of both longshore and cross-shore rnod-
eling of beach fill, One goal is prediction of the
initial adjustment of the fill to the design profile,
but the major objective is evaluation of potential

catastrophic dune erosion and inundation  Kraus
and Larson 1988; Larson and Kraus 1989a,

1989b!.

Beach nourishinent can be used to construct. or

maintain a recreational beach, protect hard coastal
structures such as seawalls, provide an erosion
buffer for the backshore, and protect the backland
fiom storm inundation, ln the latter case, nourish-

inent can be used for dune building � placement

of sand on the beach as a foredune and then pro-

inoting its growth through the placement of sand
fences to capture wind-blown sand  see Hotta,
Kraus, and Horikawa 1987, 1991 for reviews!

and planting of vegetation  Corps of Engineers

1972; SPM 1984!. On a clinically eroding
coast, dunes must be allowed to migrate landward
by wind-blown sand or they will be undercut like
cliffs and erode.

The cost of a nourishment project is closely
related to the distance to the borrow source for

beach-quality material. Coaxer inaterial is ex-
pected to last longer, and this consideration is bal-
anced by haul distance. Often the source is
obvious, such as littoral material that has shoaled

into a navigation channel and is removed as part
of maintenance dredging, If this dredging is per-
formed by the Corps of Engineers, then any in-
crease in cost incurred by placement of the
material on the beach beyond the least-cost han-
dling procedure  the least-cost restriction man-

dated by Congress! must be home by the local
sponsor.

Finally, a recent developinent in beach nour-
islunent practice is renewed interest and research
in shallow-water placement of beach-quality
dredged material  see McLellan [1990] for a
review and engineering details!. In this proce-
dure, which may be inuch less expensive than

-30
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direct placement on the beach, dredged material
is deposited in shallow water  typically, by split-
hull harges!, in the form of a long linear ridge that
is like a naturally occurring longshore sand bar.
Benefits may be direct  when the material inoves
onto the beach! or indirect  when the material
causes storm waves to break farther offshore!.
McLellan and Kraus �991! describe preliminary
design criteria for shallow-water material
placeinent.

Stabilization Structures

There are a variety of structural alternatives for
stabilizing shorelines. These arc often referred to
as hard structures. Hard structures establish a

fixed or approximately fixed position for the
shoreline defense. The position of the natural
shoreline is dynamic, It can change with storms
and season and have a general trend over long

periods. Placing permanent structures such as
houses, hotels, roads, and bridges on the beach
conflicts with the dynamic response of the shore-
line. A structure that establishes a fixed line of

defense must have sufficient structural integrity
to withstand large waves, hence the term "hard
structure," A soft structure, such as a beach fill, is
much more compliant. It will experience large

displacements and possibly niajor erosion during
a design event.

In this section we review the functional behav-

ior of several types of hard structures commonly
used to provide shore protection  see also Dean
[1986]!. These are, in order of coverage, revet-
ments, seawalls, groins, detached breakwaters,
floating breakwaters, and coinhination structures,
typically with beach fill. Wc consider fully engi-
neered structures, and not low-cost shore-pro-

tection measures  Corps of Engineers 1980!
that are not expected to have a long life cycle.

stones. A variety of concrete armor units are
available as alternatives to stone. These units are

employed in very large wave conditions or in
situations where stone of sufficient size or quality
is not available. The availability of stone gener-
ally inakes it the cost-effective alternative for
typical revetinents in Oregon.

Care must be exercised in the selection and

placement of armor stones. The stone must bc
durable and free from cracks, and materials that

weather, ahrade, cheinically degrade, and so on,
should be avoided. Rounded stones, such as river

boulders, stones with one very short axis, and
stones with one very long axis, shouM also he
avoided. These shapes correspond to spheres,
plates, and rods; unless very special placement
techniques are employed, these odd-shaped
stones will remit in low levels of stability. The
SPM �984! provides guidelines for the specifica-
tion of armor stone, Armor stones should be

placed, not dumped, If stones are dumped on a
slope, they will segregate by size with the larger
stones being at the toe. Standard practice is to
nest the armor stones in a layer two stones thick,

In thc U,S� the required size of armor stone is
determined using Hudson's equation  SPM
l 984!. If the revetment is built with angular
quarry stones at a slope of' I V:1.5H, then the re-
quired stone weight is approximately

W = 16'~"

in which Wis the weight inpounds and d is the
water depth at the revetment toe in feet. The
depth is lor the high-water storm condition and
must include storm surge, astronomical tide, and

Revetments

Riprap reveiments are the most common
hard structure employed for shoreline stabili-
zation on the Oregon coast, A typical revet-
ment is shown in figure 4, It consists of
several key components: filter fabric or bed-
ding layer, armor stones, toe trench, sand top-
ping, beach grass, and backshore drainage.
The most conspicuous component is the
armor layer that. is constructed from large Figure 4. Schenua'ic of a typical revetment.
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scour. This simplified equation is valid only for
structures shoreward of the wave breaker line  the

typical situation in Oregon!. If the total design
depth is 3 feet, a stone weight of approximately
430 pounds would be stable. If the depth is 6 or
10 feet, the resulting weights are approxiinately
3,500 and l6,000 pounds. This simple example
clearly demonstrates the importance of water
depth on design and stability of the structure. The
higher the revetment can be placed on the beach
profile, the more s~ble it will be for a given stone
size because it is not attacked by large waves.

The filter fabric, or bedding layer, performs
two functions. It prevents the armor stones froin
sinking into the sand, and the perineability of this
underlayer allows pore-water pressure beneath
the revetment to be released. If a fabric is used, it

shouM have a pore size that will contain the un-

derlying beach sand, have a high permeability,
not degrade in ultraviolet light, and have suffi-
cient puncture strength not to be damaged by the
amor stones.

The toe trench is an essential component of the
revetment. Under storm wave conditions, much

of the sand fronting the structure may be re-
moved. Without a toe trench the revetment would

be undermined and collapse. A rule of thumb for
the depth of the toe trcnch is that it be excavated
either down to bed rock or to the water table.

When either of these condi-

tions is encountered, the costs

associated with continued ex-

cavation are prohibitive for
most sinall revetments.

Topping the structure with
sand and planting beach grass
alinost eliminate adverse visual

impacts, Most of the time the
revetment will appear as a

steep slope vegetated with
beach grass, Under storin con-
ditions, sand and grass on the
lower structure will erode, ex-

posing the armor. Details re-
garding planting and care of
beach grass are given in Corps
of Engineers �972!.

Seawalls

The terms seawall, bulkhead, and retaining
wall are often used interchangeably. To be inore
precise, a seawall provides stability against
waves, a retaining wall provides geotechnical sta-
bility for a slope, and a bulkhead provides both
functions. We will use the term seawall as it is

coimnonly used in Oregon to encoinpass all of
these cases. There are several circumstances un-

der which the selection of a seawall may be the

appropriate snuctural alternative:  I! There is in-
sufficient space between the zone line and struc-
tures on the property to install a sloped revetment.
�! The bluffs behind the seawalls aie unstable
and susceptible to slope failure or landslides.
�! The developer wants to extend the lot seaward
by filling behind the seawall.

Seawalls may be built in several ways, gener-
ally as cantilevered structures  sheet piling! or
gravity structures  concrete seawall!. Several
types of structures are shown in figure 5. The
pile-type seawall may be constructed using tiin-
ber, concrete, or steel. For the timber case, piles
are driven and planks are placed across the piles.
Concrete or steel H-piles may be used with con-

crete panels or timber placed in the slots within
piles. Conventional steel sheet piling may also be
used. Tie-backs may be used to reduce the bend-
ing inoment in the piles. Gravity seawalls inay be
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built that have a large cross-section and inaintain
stability through their self-weight. Gravity
structures reduce or eliminate the need for driving
piles. However, the material requirements ate
much more substantial. Gravity structures may be
constructed from concrete or geotextile bags
filled with sand or gravel and stacked to form the
structiuc. Bag and tube seawalls have been suc-
cessfully employed but are susceptible to damage
from drifting logs  a coinmon piublem in the Pa-
cific Northwest! and vandalism.

Wave forces acting on a seawall can be sub-
stantial, When a wave strikes the wall, large
flows are directed both up and over the structure,
and down towaid the bottom. The upward flow
may result in undesired spray and even green wa-
ter over the top of the structure. For this reason,
some seawalls are slightly curved seaward to di-
rect the upwash away from the shore. At the toe,
the structure is exposed to large hydraulic forces,
often making it necessary to place rubble to pre-
vent erosion or a scour pit, Toe scour is a corn-
mon mode of failure for seawalls.

Seawalls can provide a high level of protection
for the property backing the structuK. However, a
seawall provides no protection for the beach, and
the location of a seawall relative to the shoreline

is an important parameter  Weg gel 1988!. Sea-
walls and revetments may have several adverse
impacts on the littoral sys~. An overview of the
effects of seawalls on beaches is given in Kraus
�987, 1988!, and an edited collection of papers
on this topic is contained in Kraus and Pilkey
�988!. The universal effect is that sand im-

pounded behind the structure cannot participate in

10 10
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bar development during storms, The formation

during storms of a large breakpoint bar  built
from inaterial from the upper profile! is the usual
storm response of the beach. In front of a seawall
or revetment, sand to develop a bar may come
from unprotected properties adjacent to the struc-
ture. Therefore, the structure may increase ero-
sion on adjacent properties, as shown in figure 6.
This has been observed in the laboratory and after
humcanes on the Gulf coast  Walton and
Sensabaugh 1978; McDougal et al. 1987!. How-
ever, a five-year program currently underway
monitoring ievetments and seawalls in Oregon
does not support this observation. The Oregon
coast has many areas with high, weakly cemented
bluffs that ate often oversteepened by wave-in-
duced erosion at the toe. The bluff face then

sluffs or is winnowed away by wind and rain. A
seawall or revetment reduces or eliminates toe

erosion and also reduces winnowing of the bluff
face. Some of this benefit extends to the adjacent
unprotected properties. Preliminary field results
suggest that this stabilizing effect is more impor-
tant than the demand for sand for bar develop-
ment during storms. Griggs et al. �991! discuss
the results of a four-year seawall monitoring pro-
graru along a pocket beach in southern California.
Komar and McDougal �988! describe observa-
tions of seawall and beach interaction on the Or-

egon coast.

A natural location for beach access trails is at

the end of seawalls and revetments. In these ar-

eas, beach grass is desttoyed and the dune and
upper beach profile elevations are reduced, This
weakened location will be inore susceptible to
erosion during storms. Since the ends of struc-

tures are already a vulnerable location, beach
trails should not be developed in these areas.

Groins

A groin is a thin, long structure oriented nor-
inal or nearly normal to the shoreline. In soine
areas of the U,S�groins are colloquially referred
to as "jetties" by the lay person, but this usage is
not correct; a jetty is a structure built normal or
nearly normal to the shoreline at an inlet to pro-

vide wave, current, and sediment transport reduc-
tion for vessel navigation. Therefore, jetties are
located exclusively next to entrance channels, and
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their primary purpose is navigation-related and
not shore protection. A straight groin is the siin-
plest and most common kind. Various lateral
appendages can be included to form T-shaped

groins, spur groins, and so on  SPM 1984!. Such
appendages shadow a portion of the shoreline
from diiect wave action, acting like a breakwater.

They may also reduce offshore loss of sediment
carried by the seaward fiow of rip currents near
shore-normal structures. Here we restrict discus-

sion to straight groins aligned norinal to the
shoreline.

A summary on the functioning of groins and
the response of the shoreline to them is contained
in the SPM �984!, with a useful compilation of
information given in Balsille and Berg �972!.
Although a groin appears to be a simple structure,
the interaction of the driving forces  waves and
currents! with the beach and groin is surprisingly
complex. At present, available guidance on groin
functioning is empirically based and must be em-
ployed with caution. Research at CERC has re-

cently been initiated to use numerical modeling
of shoreline changes  Hanson and Kraus 1989;
Gravens and Kraus 1989; Hanson and Kraus

1991b! to develop more widely applicable and
reliable design guidance. 'Hiis work is being veri-

fied with field data. As an example, in the CERC
modeling investigation, 20 variables have been
identified as being in the schematic equation �!
relating beach response to forcing, beach, and
structure groups of variables.

A groin performs its protective function by
extending into the surf zone to intercept a portion
of the longshore sand transport. Intercepted or
trapped sand is no longer available to downdrift
beaches. Therefore, as shown in figure 7, if the
predoruinant direction of transport is to
the left, a fillet will form on the right
side of the groin, and erosion will occur
on the left, with the "shoreline signa-
ture" being approxiinately an inverted
version of the signature of the fillet  a
slight. difference may occur due to
wave diffraction and rip currents, ne-
glected here for simplicity!. Typically,
the beach slope along the accreted area
will be milder than along Ihe original
beach, whereas along the eroded sec-

tion the beach slope will be steeper. On the
updrift side of a groin, the longshore current must
be tumed offshore and probably carries some
sediment with it. Also, a rip current may form at

the groin.
Groins are relatively ineffectual if there is a

strong component of cross-shore transport, such

as on the Great Lakes. There, frequent suinmer
and winter squalls and the recovery waves that
follow readily inove sediment across the profile.
Once offshore and beyond the tips of groins, the
sediment can move alongshore.

The offshore and longshore extent of the fillet
 and, conversely, the landward and longshore ex-
tent of the downdrift eroded area! will depend on
the length of the groin, It logically follows that
the longer the groiir, the greater the extent of the
accreted and eroded areas. In principle, sediment
can move alongshore and past a groin in four
ways: �! passing around it on the seaward end

 bypassing!, �! passing over it, �! passing
through it, and �! passing behind it. The latter
situation of sediment passing behind a groin
ineans the groin has been flanked and is undesir-
able because the groin can become isolated.
Therefore, groins must be built far enough land-
ward to prevent this occurrence.

Movement of sediment over a groin is con-
tiolled by its crest elevation relative to the water
level and depends on the groin elevation, tide
level, and wave height and direction. Movement
through the groin depends on the groin's perme-
ability  amount of void space that allows water
and sediment through!. Well-engineered, imper-
rneable groins usually have an elevation that de-
creases with distance offshore to allow

overtopping of water and sediment as a way of
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allowing some sediment to move alongshore.
Groins constructed hy the Corps of Engineers
typically are rubble-mound structures with an
impemieahle core and have a relatively long de-

sign life.
Durable king-pile groins have been con-

structed consisting of concrete pilings into which
planks can be stacked from the sea bed upward,
with the elevation contrulled hy thc number of
plairks. In principle, the amount of material pass-
ing over and through such a groin can he con-
trolled. In pnictice, however, adjustment and
replacement of the planks is not easy, Neverthe-

less, on a city or state level, the use of devices
that have a fine-tuning mechanism incorporated
in their design is recommended. Such structures
are limited to relatively low-wave energy envi-
ronrnents in which construction equipment can
operate. Groins have also been constructed using
timber, steel, and concrete sheet piling and sand-
filled coffer dams.

Arl irlterestirlg political and legal qucstlOn that
has arisen with adjustable structures is, who is
responsible for adjusting the groins'? It is a prob-
lem because of all the associated economics, per-
mitting, and legal consequcnccs that would result
should updrift or downdrift shorelines erode. This
type of pmhlem is a challenge to coastal manage-
ment. policy.

Groins are typically built in "fields," meaning
two or more groins in series. Groin fields might
he particularly appropriate downdrift of long jet-
ties or headlands that intercept the longshore
mOVCmenr Of Sedimelrt. The Objective is to pro-
tect the beach in thc compartments between the
groiris and mitigate impacts on the adjacent
beaches. Figure 8 shows long groins off Newport,
California, holding a protective beach for the
coastal highway, and figurc 9 shows a part of the

Figure 8. Groins at newport, California. IV orth is to the
right in this figure.  Courtesy of A. Shak, U.5. Arm>
Fngineer District, Los Angeles,!

Figttre 9, C~roins at Long Beach, Long Island, Yew York.
Fast i s to the right in this fig ure.  Courtesy of G,?rlersesi an,
U.5. Arniy Engineer District, IVe~ York.!

groin field at Long Beach, Long Island, New
York. It is standard practice to place a beach fill
in groin compartments, and possibly a feeder
beach so that the groin field will not entrap sand
moving along the coast, However, some accumu-
lation updrift of the groin field can be expected,
The conceptual solution, shown in figure l0, is to
taper the groins with gradual reduction in effec-
tive groin length towards the ends of the field.
"Effective groin length" mearis the length in thc
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active surf zone. If there is substantial net trans-

port to the left and right, the tapering should be
done on both ends of the groin field.

The two questions asked early in the process
of functional design of groin fields are �! how
long should the groins be? and �! what should
the spacing between groins he? These are central
questions to be answered hy numerical modeling
now underway at CERC. For the present, the con-
ventional answers are that the effective groin

length should be approximately & to 60 percent
of the width of the average surf zone, and the
spacing between groins should be about four
times thc effective length. Numerical modeling
results are expected to refine this simple guidance
by incorporating other inajor factors appearing in
equation l.

As previously mentioned, it is recoinmendcd
practice to fill groin compartments during con-
struction; the fiHing starts at the most downdrift
end of the beach segment to be protected and pio-
ceeds in the updrift direction that is occurring
during the period of construction.  Note: the
updrift direction depends on the wave direction
during the season of construction and is not nec-
essarily the predominant direction of drift, which
is an annual average.! Also, a feeder beach may
hc placed at the downdri ft cnd of the field to pro-
vide material to the adjacent, nongioined beach
until the shoreline position comes into dynamic
equilibrium with the groin field.

Detached Breakwaters

Detached breakwaters am structures that are
built offshore and are almost always aligned par-
allel to the trend of the local shoreline. Detached

breakwaters are somctiines referred to as "off-

shore breakwaters." Because most coastal

structures are, in some sense, located off-
shore, this expression is soinewhat inappro-
priate. Detached breakwaters are built for
two, usually independent, purposes:  I! as
breakwaters to improve navigation and
�! as shore-protection devices. The first
type of application priinarily concerns wave
sheltering at the entrance to a large harbor.
The breakwater is typically several hundred
to a few thousand feet long and may he lo-
cated thousands of feet offshore in rcla-

tivel y deep water. If there is a beach in the lee of
the breakwater, thc shoreline may respond to the
presence of the structure because of its great
wave shadowing  the desired feature for naviga-
tion safety!, This type of breakwater is not con-
structed for shoreline protection and will not he

discussed further.

As a shore-protection device, a detached
breakwater is typically 100 to 300 feet long. and
is usually placed somewhat farther offshore than
the average width of the surf zone. The important
concept is that the structure is detached or sepa-
rated fmm the shoreline and hence, in principle,
sediment can pass alongshore between it and thc
shoreline. The amount of sediment that passes is

an important factor in the functional design of a
hreakwater. Detached breakwaters can be built

alongshore in series, analogous to a field of
groins, to protect a long stretch of shoreline. Such
multiple detached breakwater systems are te-
feried to as segmented detached breakwaters.
The length of the gap between breakwater seg-
ments becomes an important paratneter, together
with the length of the breakwater, its distance off-
shore  or, equivalently, the depth at thc structure!,
and the wave transinission at. the stnicture, which

is discussed further below.

There are three general shoreline responses to
a detached breakwater, as shown schematically in
figure 11. These are a tombolo, a salient, and lirn-
ited response. A tombolo is a word of Italian ori-
gin that refers to the bridge of sand or sediment
that grows from the mainland beach to a detached
breakwater  or to a small island or a rock outcrop
that is located relatively near to shore!. A salient
is a structure-induced beach cusp that grows out
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from the beach but reaches equilibrium size be-
fore reaching the breakwater. Limited response
denotes either that there is no change of engineer-
ing significance in shoreline position or that there
is small salient growth that is either transient or
seasonal. At the beginning stage of shoreline re-
sponse to a detached breakwater, the shoreline
directly opposite both ends of the structure can
erode. As the shoreline-breakwater system ap-
proaches equi librium, the etoded areas will tend
to fill in. If the length of the detached breakwater
is large in comparison to the width of the surf
zone, salients or tombolos may form at each end.

From about the 1960s, numerous detached

breakwaters have been built in Japan as a pre-
ferred shore-protection measure, although in the
United States a limited number of such structures

were built as early as the 1930s. After a decline in
use in the United States, soine substantial de-

tached breakwater projects are now being built on
relatively low-wave energy coasts � 6 breakwa-
ters at Holly Beach, Louisiana  Nakashima et al.
1987, Hanson, Kraus, and Nakashima 1989! and
58 breakwaters under construction at Presque
Isle, Ohio  Mohr and Ippolito 1991!.

Detached breakwaters have a number of ad-

vantages over groins as a shore-protection device.

If a tombolo is required  as can be created by
beach fill, a common method of construction in

the Chesapeake estuary, Virginia!, an artificial
headland is formed, If a salient is required and
approximately formed by placing fill on the
beach behind the structure, the majority of sand
moving alongshore can pass the breakwater and
move to downdri ft beaches, Detached breakwa-

ters can provide a sheltered area in the ocean
beach environment for waders and swimmers

who desire calmer water than that on the open
coast away from the breakwater, however, a
strong diffraction current directed offshore should
be avoided in such an application. The diffraction
current can be reduced by increasing wave trans-
mission at the breakwater. Detached breakwaters

made of rubble mound or armor blacks tend to

enhance sea life and fishing, although fishing
from or near breakwaters may be hazardous.

The main disadvantages of detached breakwa-
ters are that they are expensive to construct, they
are considered by many to be unaesthetic, they

may reduce water quality, they prevent some por-
tion of sand from reaching the downdrift coast,
and they are a hazard to or prevent some recre-
ational activities such as surfing. The construction
costs are high because work must usually be done
froin a barge or trestle. In low-wave environ-
ments and seasons, it is feasible to construct a

breakwater by building a sand road from shore to
the site, then operating a crane from the end of
the road to place the construction material. The

inaterial making up the road can then be removed
or redistributed as initial fill. View degradation

may be reduced by using submerged detached
breakwaters  Ahrens 1989!. However, wave pro-
tection decreases as the depth of submergence
increases.

The wave transmission eoegcient K, of a
breakwater is defined as the ratio of the height of
the waves just seaward of the structure to the
height on the landward side. The value K,= 0 im-
plies that no waves pass over or through the
breakwater, and a value of K dose to unity iin-
plies that the structure has little effect on the
waves. Breakwaters built to shelter navigation are

typically high and imperineable  for example,
inade of sand-filled concrete caissons!, whereas
detached breakwaters built for protecting the
shore are usually designed to have some wave
transmission by �! setting the crest elevation to
allow a portion of the higher waves to pass over,
and �! making the breakwater permeable to al-
low wave energy to pass ttuuugh. Breakwaters
that have low transmission coefficients experi-
ence less wave force and tend to last longer. Also,
because the cost of the material composing a
breakwater is proportional to the volume of the
structure, hence roughly proportional to the cube
of its elevation, it is economically advantageous
to build low breakwaters. Figure 12 shows nu-
rnerical simulations of shoreline planform behind
a detached breakwater as a function of the trans-

mission coefficient  Hanson and Kraus 1989,
1990!.

Water quality problems may be reduced by
increasing the gap size between breakwater seg-
ments. Areas with both low waves and low tides,

such as the Mediterranean, are susceptible to wa-
ter quality deterioration because of a lack of
flushing. Sand blockage problems can be reduced
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by  I! placing fill from an upland or off-
shore source behind the breakwaters, �!
increasing the gap size to allow more wave
energy to pass shoreward, and �! placing
the breakwaters in shallower water so that

sand bypasses alongshore and around the
outside of the structures during storms.

For the beach response to detached
breakwaters, at least 14 parameters enter
equation �!  Hanson and Kraus 1990!. The
engineer can control only those parameters
associated with the structure  except for
sediment supply if a fill is added!, and Hanson
and Kraus found useful nondimensional param-
eters to be the length of the structure relative X to
the length of the average waves at the structure L,
and incident wave height in deep water H, rela-
tive to water depth at the structure 6, and the
wave transmission coefficient K�Figure 13
shows the results of intensive numerical simula-

tions of shoreline change with many combina-
tions of these variables  Hanson and Kraus 1990!.
It is seen that tombolo formation, salient forma-

tion, and limited shoreline response fall into dis-

tinct regions. By using this figure, prepared for a
beach with 0.2-mm mean diameter sand, the

planner or engineer can make a first estiinate of
the functional design of a detached breakwater
according to the wave climate and beach slope of
concern.

Sources of information on shoreline response
to detached breakwaters and their functional de-

sign include the SPM �984!, Dally and Pope
�986!, and Pope and Dean �986!. Recent nu-
rnerical modeling simulation advances in shore-
line response to detached breakwaters are
described by Hanson and Kraus �989, 1990,
1991a, 1991b!,

Floating Breakwaters

Floating breakwaters have been used on
low-wave energy coastlines with some suc-
cess to provide shoreline stabilization  Hales

1981!. Floating breakwaters work by either
reflecting or dissipating waves. Typical float-
ing breakwaters are shown in figurc 14. An
example of a reflective floating breakwater is
the pontoon section, which can be fabricated
from steel, concrete, or wood. It is typically a

100 200 300 400 500
Distance Alongshore  m!

large box section which has a draft of approxi-
rnately 5 feet, This type of structure is reasonably
effective at reflecting small waves. The floating
tire breakwater is an example of a dissipative
breakwater. Used tires are connected to form a

buoyant mat, These mats of tires are then moored
to float on the free surface. As the water flows

through the tire modules, incident wave energy is
dissipated as turbulence.

Many other types of floating breakwaters have

been proposed, including subinerged flaps,
spheres, A-frames, and inclined pontoons. These
structures have been found to be effective for

relatively narrow ranges of wave conditions.
Floating breakwaters are generally less expen-

sive to construct than conventional fixed struc-

tures such as revetments, seawalls, and rubble

breakwaters. They also have the advantage of
fabrication on land for-towing into position.
Floating breakwaters may be installed quickly to
provide a rapid response to the need for
protection. They may also be removed and
installed seasonally, a particularly useful feature
in areas where freezing occurs. Disadvantages of
floating breakwaters are that they do not provide

0.2 0.4 0 6 0.8 1 1.2 1.4 1.6
Relatise Wave Height  t � KT ! tto/0
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protection for long-period waves, they are very
difficult to moor in large seas, and they have
higher maintenance iequirements than other
methods of stabilization. For these reasons,

floating breakwaters are not a viable alternative
for open-ocean applications on the Oregon coast.

Combinations of Shore-Protection Responses
Combined shore-protection measures are be-

COming a mOre COmmOn deSign alternatiV, due
in part to a comprehension of the needs of both
shore retention and backshore protection, and to
our increased capability to develop successful
functional designs. Two major examples are the
combination of beach fills and groins, and beach
fills and detached breakwaters. As discussed

above, a groin field in which the compartments
are not filled with sand will result in a significant
reduction of sediment supply to the downdrift
beaches. The same downdrift losses of sediment

will also occur for offshor breakwaters that are

not properly filled with sediment For these two
structural alternatives to be viable in comprehen-

sive planning, they must he coinhined with beach
fills.

Another combination example is a perched
beach. In this case a very low subinerged break-
water, or sill, is built in the offshore. This small

structure will somewhat reduce incident wave

energy into the surf zone, tending to stabilize the
sand on the beach. In addition, a beach fill is

placed so that its seaward end is supported by the
sill or submerged breakwater, as sketched in fig-
ure l5. The perch can be constructed as a rubble
structure or as a concrete structure using prefabri-
cated modules. However, sand moving offshore
and over the sill cannot jump the sill and return.

A low breakwater supporting a perched beach
will not significantly reduce large waves, In this
case, a substantial portion of the fill may be lost,
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and the backshore may erode. Therefore, a small
revetment can be placed beneath the fill that
would be visible and provide protection only in
extreme events. Because the waves are somewhat

reduced by the submerged breakwater, the size of
the revetment could be less substantial than an

exposed revetment. For relatively low energy
conditions, a nuinber of commercially available
prefabricated concrete mats are available. They
may be installed by hand before the fill is placed.

Structures at the ends of littoral cells can re-

duce loss of sand froin the cell, and some portion
of this sand can be either bypassed or backpassed,
according to the situation. Beach-quality sand
dredged from navigation channels may be placed
directly on shore or in the form of linear bars in
the offshore. Such mounds of sand function simi-

lar to a highly transmissive detached breakwater,
but one that inay also deflate and supply sand to
the littora] system and beach.

Concluding Discussion

This paper has given an integrated overview of
shore-protection engineering alternative. Cita-
tions in the text direct the interested reader to

more detailed technical inforination. Most alter-

natives have a large experience base in case stud-
ies, and literature on numerical sunulation of
beach evolution under single and combined alter-

natives is also available.

In approaching a shore-protection problem,
planners should determine whether they want a
shore-protection alternative to function as shore

retention or backland protection. Table l below

summarizes the applicability of each major
category of alternative, together with an estimate
of the relative cost for typical situations, Site-
specific circumstances  for example, availability
of material such as fill and accessibility to the
site! may alter the relative cost.

In a comprehensive coastal management plan,
which is one that covers a regional scale  at least
the littoral encompassing the site and a reasonable
project life cycle!, a combination of the above
alternatives is probably necessary for a balance
between shore retention and backland protection,
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Relocation, the first of the four general shore-pro-
tection iesponses discussed in the previous paper,
hy Kraus and McDougal, can he broadened to
more clearly include planning and management
options such as setback lines, which are discussed
elsewhere in the paper, Relocation implies that
the facility was planned for a location sufficiently
threatened by erosion to eventually require move-
ment to a less hazardous location. Avoidance is a

broader category that can include initial siting de-
cisions to �! avoid the hazard for the useful life

of the facility, �! avoid the hazard for a planned
period, at which time relocation can be used to
extend the functional life of the facility, or  '3! re-
locate to avoid the hazard if there was no plan-
ning or if the hazard was initially underestimated,

As discussed by the previous authors, design
lifetimes of 50 years are often used in building
codes and coastal protection designs. However, a
design lifetime is often different from a useful

lifetime, For example, many buildings are de-
signed for 5 @year wind speeds. After determin-
ing the predicted forces, the designer adds a
safety factor to the forces before selecting proper
materials and sizes, The designer, at least for
buildings, gives his or her assurance that the
building should withstand reasonably predicted
conditions for at least 50 years. Because of the
safety factors, the ultimate strength of the build-

ing can be expected to survive inuch worse
conditions.

One practical effect for buildings is that they
often last longer than a 50-year design life. The
average useful lifetime of a wood-fraine house in
the U.S. is about 70 years  Anderson 1978! and
slightly longer for larger buildings or other con-
struction materials.

Either voluntary or regulatory setbacks based
on predicted erosion rates are clearly useful tools

to avoid the need for other shore-protection alter-
natives. To be effective, the setbacks must be

large enough to protect the buiMing for its entire
useful life. Given the uncertainties of long-term
erosion prediction, a significant safety factor  for
example, an increased setback distance! should
be included. For a wood-frame house with a 70-

year useful lifetime, a 100-year erosion setback

might be an appropriate minimum to effectively
use avoidance for shore protection.

For a variety of practical and political reasons,
such large setbacks are not feasible on inany
shorelines with significant erosion rates. Reloca-
tion must therefore be anticipated when smaller
setbacks are used. For example, North Carolina's
coastal management regulations require mini-
muin oceanfront setbacks of 30 times the annual

erosion rate for small buildings and 60 times for
large buildings. Congress is currently considering
similar legislation as an ainendment to the Na-
tional Hood Insurance Pmgram. Small buildings
can be designed to be relatively easy to relocate,
A larger setback is imposed on larger buildings
because of the greater engineering difficulty and
the cost of relocation.

Small buildings have been moved away from
erosion threats routinely in North Carolina. To
date, no large buildings have been sufficiently
threatened to justi fy moving. With a 60-year set-
back and North Camlina's ban on stabilization

structures, it is inevitable that the regulations will
be tested by threatened large buildings in the
future.

Minimum erosion-based setback lines clearly
force some development farther away from the
shoreline. But setbacks can have other less obvi-

ous and sometimes undesirable effects as well.

Stutts, Siderelis, and Rogers �985! looked at
property owner response to the first two years of
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the 30-year setback in four North Carolina corn-
munities. By measuring the actual distance own-
ers chose as a setback and dividing by the annual
erosion rate, the researchers determined the rela-

tive level of erosion safety for each new building.
Thirty percent of the owners chose to build as
close as possible on the 30-year minimum. Half
the owners chose to build with fewer than 35

years of erosion safety, as shown in figure I.
Only 3 percent located with erosion safety levels
greater than 70 years. In some cases the property
lacked sufficient depth to locate farther landward,
But where room was available, three-quarters of
the owners chose to use xnoxe of the extra build-

able depth to build farther away from the street
setback than from the ocean setback.

Many factors, including the perceived threat
of erosion, influence the decision on where to.

locate developnient on a specific property. One
of the undesirable effects of establishing regu-
lated setbacks significantly less than the useful
life of the building is that some owners will be
encouraged to build farther seaward. It is coin-
mon in many forms of regulation that when
minimum standards are established, they become
the standard, neglecting the minimum intent If
the level of the standard is high compaxed to the
useful life of the action, there are few problems.
For example, a l 00-year flood design or, with

appropriate safety factors, a 50-year wind design,
compares well with the 70-year average useful
lifetime of a house. The 30-year erosion setback
is far less than the useful life. Property owners
appear to reason that "If the regulafions allow us
to build this close to the ocean, it must be safe,"

rather than "If located here, the building will fall
in the ocean in 30 years." Regardless of the edu-
cational efforts of the regulators, the minimuin
seems to become the norm.

Use of a minimum setback when there is room

farther landward on the property can cause prob-
lems even for owners committed to avoidance or

relocation. On property lacking unlimited depth
for relocation, leaving smaller distances on the
landward side of the building may make it
unfeasible to use the area when relocation is

eventually needed. Initial construction as far
landward as possible might provide an additional
5 or 10 years of use beyond the miniinum
setback location. But once a building is con-
structed at the minimum, the owner cannot jus-
tify the expense of relocating it the short distance
to the back of the property. Relocation would
then require purchase of another building site.
When relocating a building, the owner usually
must comply with the erosion setbacks at the
tiine of the tnove. By the tixne relocabon is nec-
essary, erosion can move the minimum setback



far enough inland to prohibit relocation on the
same lot even if the owner wishes to relocate

there.

The use of erosion setbacks significantly
smaller than the lifetime of the development is
often a political reality, given the shallow build-
able depth available along much of the subdi-
vided shoreline and given the desire to avoid
legal challenges an the taking issue. To make the
best use of avoidance or relocation regulations, it
is more effective to require setbacks cotuparable
ta the lifetime of the development, but, if neces-
sary, to make exceptions that allow owners ta
build farther seaward when the building is
planned as far landward as the property will
a! low.

Avoidance can be broadly interpreted to in-
clude the use of appropriate construction tech-
niques that an: not explicitly addressed in the four
possible shore-protection responses. Erosion-
based setbacks are not effective in preventing
datnage to coastal buildings during quent but
extreme storm events, particularly in areas with
low long-term erosion or on low ground eleva-
tions likely to be overtopped by storm conditions

 Rogers 1990!. For example, without stringent
construction standards, there is na safe place to
build on spits or barriers. However, in such cases
properly designed methods for building construc-
tion or other shore-protection options can be
effecfive.

Extreme storm events cause waves, storm

tides, and erosion at locations well inland from

areas of narmal shoreline fluctuations. The nar-

rnal design philosophy for extreme events,

particularly in small buildings, can be considered
avoidance of waves. Typical designs incorporate
open piling foundations above any anticipated
wave action and enough piling penetration to tol-
erate any wave-induced erosion.

In summary, avoidance using erosion-based
setbacks can be a useful tool for shore protection.
However, the use of setbacks with shorter life-

tirnes than the useful lifetime of the development
is often misunderstood by owners and may en-
courage some to locate as far seaward as the
minimum setback will allow. For avoidance to be

effective, owners must truly understand the ero-
sion hazard and have a plan for relocating when
necessary. At locations whete smaller setbacks
must be applied, it is better to use the maximum
feasible setback and thus use the assets of the

property to best advantage.
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Introduction

Figure I.
Oc.eanfront home
development along
the cligand beach
of southern
Californi a near
Mali bu,

Thc geological hazards along the coastlines of
California and Oregon are similar in many re-
spects. Earthquakes and tsunamis represent large-
scale threats that occur relatively infrequently.
Bluff failutc, shoreline erosion, and storm wave

inundation, on the other hand, produce less over-
all damage per event, but are tnore frequent oc-
currences. One major difference between the two
states is that California has 10 times as many
people �990 census of just over 30,000,000! and
that the oceanfront area of southern and much of

central California has been intensively developed
 figure I!, The Oregon coast, in contrast, has
been, until recently, relatively undeveloped, al-
though this has slowly begun to change,

The goal of all of those involved with coastal
geologic hazards should hc to reduce the number
ol people, as well as dwellings, structures, and
utilities, both public and private, directly exposed

to the hazards of shoreline erosion, wave impxt,
and inundation. Although progress has been
made in reducing both public and private expo-
sure to coastal hazards in California over the past
several dccadcs, patticularly since the passage of
the California Coastal Initiative in 1972, major
problems remain. Serious policy gaps exist in the
State Coastal Act. State agencies continue to fund
or undertake questionable coastal protection
projects. Wide variation in interpretation and
implementation of the Coastal Act by local gov-
emments raises important questions regarding the
actual level of coastal resource protection
achicvcd under current state policies.

At thc time the Coastal Initiative was passed
by the California voters, it was widely acknowl-
edged that local governments, acting incremen-
tally and in isolation from each other, couM not
adequately address the various problems occur-
ring along the state's ocean sho reline. It was this
very fact that led to the creation of the California



Figure 2. Beat h
levels have been
lowered
approxi niately five
feet due to o
combtnat ton of high
tides and storm
waves lo undercut
this deck and
expose foundations
in northern
Monterey Bay,
California.
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Coastal Zone Conservation Commission and its

mandate to prepare a statewide plan for the per-
manent protection ol' thc remaining natural and
scenic resources of the coastline.

California's coastal hazards and its policies
relating to coastal hazards and hazard prvtection
have been the subjects ol considerable recent re-

search  Griggs et al. 1991; Griggs and Fulton-
Bennett 1988; Griggs 1987a; Fulton-Bennett and
Griggs 1986; Griggs and Savoy 1985!, lt is be-
lieved that the experience gained from California
should be of value to coastal hazard geologists,
coastal engineers, an� coaslal planners in
Oregon.

Hazardous Coastal Environments

Thc coastline is a dynamic and ever-changing

environment. Changes occur both over short time
intervals  for example, the changes from a single
storm! and over longer intervals  the progressive
erosion of a particular unstable bluff area over a
number of years, lor example!. Both types of
changes can affect a property or building, and
individuals should seriously evaluate both before
investing their life savings. The wide protective
summer beach can disappear quickly during a
major storm, and bet'ore long the concrete patio

or redwood deck has been undercut by waves
 t>gure 2!. Many oceattfront residents have dis-
covered too late that sliding glass doors and half-
inch thick plywood siding are no match for the
large driftwood logs thrown about by the surf
crashing through their front yanls.

Two areas of major concern that need to bc
addressed arc thc particular site itself and the
structure, either existing or proposed. Consider-
ing both the hazards that affect coastal areas and

the very high cost of oceanfront property, anyone
contemplating such an investment is stn>ngiy ad-
vised to hire a professional with experience in the
coastal zone to cvaluatc thc stability of thc prop-
erty and its structures. Along the California coast
there are three particular physical environments
where widespread development has taken place
but that are potentially hazardous. These same
environments occur along the coast of Oregon.

They are �! the beach, �! the dunes, and �!
eroding cliffs or unstable bluff tops,

Identifying Coastal Hazards

With any oceatKront area or environment,
there are two different situations to consider

undeveloped property and developed property.
With undeveloped property, the opportunity



exists to carefully evaluate the hazards, both short
and long term, and the risks they pose prior to any
development of the land. In California, the nature
and the scope of the site investigation that is re-
quired prior to approval of any oceanfront devel-
opment are legislated by local governments,
although in principle, these are, over time, sup-
posed to come into conformance with the State
Coastal Act. In a detailed investigation of state
coastal hazard policies in California  Griggs et al.
1991!, it became clear that the 15 counties and 35
cities had established very different requirements,
standards, policies, and practices, as a result of
the paucity of state coastal hazards policy and the
considerable ambiguity and latitude of applicable
state guidelines. As a result there is a wide variety
of approaches to coastal natural hazards among
local govcmments as well as slate agencies,

Nonetheless, with adequate and competent site
investigation, the hazards and risks posed by geo-
logic processes to any oceanfront parcel, whether
it be beach, dune, or bluff, can be identified,

evaluated, and incorporated into the planning pro-
cess. With adequate safeguards, which may in-
clude a range of approaches, including setbacks,
engineered foundations, elevating, runoff, and
groundwater control, or complete relocation,
these risks can be reduced to an acceptable level.
ln this way, we can eliminate the need for a
coastal protection structure or an emergency ie-
sponse in the future. This is clearly the favored
approach and would result in the lowest long-
term public and private costs. In California, over
the past decade, the losses and costs of shoreline
protection, storm damage, and other expenses re-
lated to oceanfront development have averaged
nearly $100 million annually. These are losses
and expenses that Oregon can avoid with careful
siting of any new development, whether public or
private.

In contrast to undeveloped land are those prop-
erties which are already developed in potentially
hazardous oceanfront locations. A careful look at

the Oregon coast will make it clear that, even
with a relatively undeveloped shoreline, there aie
a number of old and also recent. examples where
the hazardous nature of the site either was not

recogiuzed or was disregarded in the siting of de-

velopment.

Responses to Coastal Hazards

Over the past 50 years, the principal response
to coastal hazards in California has been the con-

struction of structures � seawalls and rip-rap re-
vetments for the inost part � designed to protect
eroding or wave-affected shorelines. Protective
devices have usually been constructed only after
existing shoreline development have become at
risk. Rarely in the past did such a protection strat-

egy precede developinent. At present, however,
some of California's coastal municipalities re-
quire a protective structure as a condition for de-
velopment of oceanfront property. In striking
contrast, other communities will not allow devel-

opment in locations where a protective device
would be necessary in order to insure the survival
of the property through the design life of the
structure.

In recent years, the growing recognition of the
limitations and impacts of "hard" protective
structures or armor has led to the consideration

and implementation of "soft" approaches, such as
beach nourishment, Moreover, the high capital
and maintenance cosLs of protective structures
have led to the economic justification of physi-
cally relocating structures away from hazardous
areas  Griggs 1986!.

Development Relocation
Relocation of oceanfront structures or utilities

is being given increasing consideration in a num-
ber of situations. Where a parcel is large enough,
a threatened structure can be moved landward on

the same property to extend the period of protec-
tion, depending on the erosion rates. In many
cases this will not be possible, and relocation will
require acquisition of a separate lot. Recent com-
parisons of the cost of relocation or reconstruc-
tion and the cost of protection have indicated that
in the long run, relocation may be far less expen-

sive  Griggs 1986!. Typical house-moving costs
for a moderate-sized residential structure may be
in the range of $10,000 to $25,000, whereas can-
struction and maintenance of a protective seawall
may be several or up to 10 times as high over the
life of the residence. It is likely that this option
has not been seriously considered by most threat-
ened oceanfront property owners, simply because
of the desire to protect their home and view at
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Figure 3.
The eonslruelion
of eonlinuous
seawalls has
laken plane al lhe
base of ibis devel-
oped soulhern
California bluff.
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any cost. Some coastal communities have begun
lo require that shorefront homes bc designed and
built in such a manner that they can be easily re-
located or moved in the future, thus reducing the
cost of this approach.

Beach Nourishment

Nourishment, or bcacls rcplenislunent, has
cmcrgcd as an appealing "soft" approach to deal-
ing with the problems of shoreline erosion. On
the surface this strategy presents an attractive
compromise to the extremes of abandoning the
shoreline on the onc hand, or armoring it with
concrete or rock on thc other, The beach is nour-

ished or replenished with sand from either an off-
shore or inland source. The goal is to increase the
width of the beach such that it serves as amore

el'I'ective buffer and pnttccts thc shoreline from
wave attack, thcrcby reducing erosion,

While in theory beach nourishment represents
a more "natural" approach to the problem of
shoreline erosion, there are many considerations
that owners must address before embarking on
any large-scale nourishment project  Leonard et
al. 1989!. Availability of large volumes of sand of
the appropriate grain size is one of thc first issues
to hc resolved, as is the impact of sand removal
and transport. In order to add a volume of sand to
a beach equivalent to a typical California amtual
littoral drilt rate ol 300,000 cubic yards, a 10-cu-
bic-yard dump truck delivering sand 24 hours a

day, 365 days a year, would have to arrive every
17 minutes, The economics of a large-scale beach
nourishment effort and the distribution of costs

also pose major questions for this approach to
coastal pn>tection.

The most accepted view at present is that Or-
egon beaches are parts of individual littoral cells
trapped between major volcanic headlands, and
that little littoral trat1sport or exchange of sand
takes place bclwccn cells. If this is ttue then rc-
plcnishing sand might be a more reasonable ap-
proach in Oregon, whcrc sand would have a
longer lifespan, than on California beaches, with
their high rate of littoral drift. Sand presumably
continues to reach the shoreline today from river
and cliff sources, yet thc hcachcs are not growing
wider. There are clearly sinks for this littoral
sand, and these sinks  whether onshore or off-
shore! need to be carefully studied and the mtes
of loss quantified to thc dcgrce possible, prior to
co11sidcIlflg nouflshlncnt Bs a solution to
Oregon's shoreline erosion problems.

Armoring or Hard Protection Structures
Historically, the most common approach to

protecting private or public structures or utilities
from coastal emsion has been thc construclion of

some type of "hard" protection structure. In Cali-
fomia, as of 1990, 130 miles, or 12% ol the entire

shoreline, had been armored or protected by some
form of hard protective structure  figure 3!.



Concrete Rubble

I'igttre 4.
Construe ti on if u
curved-face
cortcrete se<twall
near ianta Cruz at
a cost of
approxi rrtately
$3000 front foot.
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Protc~>ve structures can vary considerably in
cost, size, effectiveness, and life span  Fulton-
Bcnnctt and Grigg» 1986!. At one extrcme, slabs

of broken concrclc or a»phalt or other conslruc-

lion materials have simply been dumped at the
base of cliffs in an attempt to reduce the impact
of waves, Most efforts of this sort have been rela-

tively futile or very»hiirt livctl. At the iithcr ex-
trcme are massive, carefully engineered and
CxpCnSive COnCrele SeawallS, whiCh Inay stand fnr
30 or 40 years or more  figure 4!. What should be
made clear at the onset, however, is that on a rap-
idly eroding shoreline, any protective structure
built to withstand direct wave attack will prob-
ably fail eventually. Even a well-dc»igncd struc-
ture is likely to fail once its design life has bccn

exceeded, especially il it has not been properly
maintained. Engineers Commonly think in ternr»
of a 20- lo 25-year life of a coastal protcclion
structure. This should bc clearly understood by
the homeowner, but often is not.

Spending large amounts of money on the in-
stallation of a coastal engineering structure does
Ilol guar"Jrrtcc lorlg-lcfI11, of rn»orle c Jscs, cvcn

ShorHCfm, proteetiorl IOf hOrne iuld prOperly, The

CxpOSure Of a piopcil.y tO wave attaCk, lhC prC»-
ence and width of a protective beach, and the spe-
cific design, construction, and dimensions of the
structure will all influence it» effectiveness.

During exceptional high tide and storm wave
Conditions, such as those during the El Nirio of

the 1982-83 winier, proteclive structures which
have survived for decades may fail virtually over-
night. Some protective structures have fared far
better than others. Our research in California indi-

cates that for most types of structures, there are a
number of precautions, allcralions, or design cri-
teria which, if used, carl significantly imprtivc the
structure's effectiveness or extend its lifespan,

Broken concrete and other construction debris

are some of the oldest and cheapest, but least ef-
fcctivc, material» that have bccn dumped over
»caclifls and onto beaches with thc intcnl of pro-
tecting coastal property, These materials gener-
ally consist ol loose dirt, flat concrete or asphalt
slabs of various sizes, or smallstones or bricks.

At some places, concrete slurry has been added to
thc debris, increasing its strength bul nol neces-
sarily its stability.

BeCauSC IubblC iS Often uSed during CrnCr-
gency situations and is seldom engineered, its
CO»IS are difficull. tO dCtenninc. Since the material

is usually free and is oflcn simply dumped at lhc
ShOrelirlC, ilS COSl. dependS primarily On the price
of hauling the material to the site, However, ex-
cept during Iow wave conditions, or where very



large volumes ate used, the benefits of this type
of "protection" are also very low. It fact, the use
of concrete rubble may generate unexpected
costs, first because it gives the appearance of pm-
tection, leading to a false sense of securil.y and
greater investment in endangered property, and
second, because it must often be removed before
any engineered slruclure can be built at the site,
Iis use as a core stone in riprap walls is also of
questionable value, unless its size and shape can
be carefully controlled, Even then, it may be eas-
ily displaced or removed. when the armor rock
shifts or seltles.

Riprap

Riprap rcvctincnts  cnginecred and nonengi-
nccrcd! arc hy far the most common structures

used for protecling coaslal property along the
California coast. In this paper, riprap is used as a
general term, referring to any large  usually 1- to
5-ton! rocks used for coastal protection. Until the
late 1970s, such rocks were often just dumped
over seacliffs or on top of the sand in front of
endangered coastal property. This practice is still
common during emergency situations. The re-
sulting structures are usually referred to as ruhhle
revctments or riprap seawalls, or as noncngi-
neered riprap. Engineered riprap, in contrast,
incoiIxirates a carefully excavated foundation or
kcyway, filter clolh, and carefully placed layers
of different sizes of rock. It has been used and

required with increasing frequency over the past
decade, Engineered riprap is normally designed
according to explicit assumptions regarding storm
waves, scour depths, and water levels. Although
nonengineered riprap is more likely to hc struc-
turally dainaged over time, both types can be
susceptible to the same types of failure during
storms.

In general, along the central California coast,
we observed that the success rate of riprap walls
is marred hy relatively high repair and mainte-
nance requirements and by the fact that signifi-
cant property damage often occurs when these
walls suffer even partial failure  Fulton-Bennett
and Griggs 1985!. At virtually every location
where riprap has been founded on sand, in con-
trast to a bediock foundation, it has settled into

that sand over time. This settlement is often ac-

coinpanied by a seaward movcmcnt of rocks at

the toe of the structure. Such seaward movement

is lhe result of a gradual or rapid undermining of
the toe stones, which causes them to rotate sea-

ward  fligure 5!. Thc rotc and amount of riprap
settling vary considerably from oiic location to
aniilher. Olten, comers, end sections, and other

localized segments of a single wall will settle,
while the rest of the wall remains more or less

intact.

The second common failure mode for riprap

has been described as sliding, toppling, rolling, or
plucking, aiid occurs when waves mobilize one or
more armor stones in a wall, allowing them to
move down lo a new position of temporary stabil-
ity. To prevent this type of failure, Moffat and
Nichols �983! recommend avoiding smooth,
rounded, elongate, or flattened stones, and care-
fully placing rocks so that they interlock with one
another and do not protrude from the face of the
sttucturc morc than 18 inches. The Shore Prorec-

tioli Manual  U.S. Army Corps of Fngineers
1977! recommends that all riprap subject lo
breaking waves hc stacked at a slope no stccpcr
than 1.5: I �.5 horizontal to 1 vertical, or 35 de-
grees!. Although a steeper wall will encroach less
far onto the beach and iriitially will require less
rock, such a wall is much more prune to toppling

or plucking and subsequent collapse.
From an evaluation of a large number of riprap

revelments along the central Califoinia coast, a
number of conclusions have been reached

 Fulton-Bennett and Gnggs 1986!:
1! Riprap revetments do not always exhibit the

"flexibility" portrayed in some engineering publi-
cations. Instead of settling as a cohesive unit, in-
dividual stones tend to separate as they rotate or
setfle, often moving seaward in the process

 figure 5!.
2! Riprap walls niay fail quite rapidly, often

leaving behind gaps or arcuate, landslidelike
scarps of ovcrsteepened riprap or exposed fill.
Because many walls are designed as low as pos-
sible to minimize costs, even minor settling can

allow significant overtopping, erosion, and dam-
age behind the wall.

3! Riprap revetments built over steep, loosely
coiisolidated materials require carefully planned
drainage systems to avoid erosion of inaterial be-
hind the rock, Numerous riprap walls were out-



Figure 5, Failure of a
rt'prap revetment due
to scour at fhe toe.
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flanked or partially failed because of erosion from
uncontrolled runoff flowing behind or around
them.

4! Although placing new rocks on top of old,
settle ones is relatively simple, repairing an old
riprap wall while it is being overwashcd during a
storm is extremely difficult and dangerous. At
many sites, access is impossible under these
conditions,

5! Although a riprap wall absorbs more wave
energy than do impermeable seawalls, it does
have a sloping scawatd face. Because not all of
the wave energy is absorbed under high tide and
storm wave contiitions, waves running up and
overtopping a riprap revetment can damage
houses  figure 6! or eiode fill behind the riprap.

6! Where inaintained and founded on bedrock,

riprap has proven relatively effective in slowing
erosion, but maintenance costs, even for engi-
neered riprap, are usually quite high. The total
amount of tock required in California today to
protect a single ocean-front lot ranges froin 500
to 2000 tons, or appioxunately 10 to 25 tons per
foot of ocean frontage, At average prices of $35
to $45 or more per ton, these walls can cost
$25,000 to $100,000. However, after a storm of

roughly 10-year recurrence interval, engineered
structures along the central California coast re-
quired repairs totalling 20% to 40% of their con-
struction casts, and nonengineercd structures
required repairs totalling between 50% and 150%
of construction costs.



Figure 6. Dantage to
ocean Jrt>nt /u>rrtes
dae to high tides and
storm waves over-
topping a riprap
revetnien! during the
wiruet <>f i Ã3 along
the central California
coast.

Concrete Seawalls

Concrete scawalis are con-

tinuous, rigid structures whose
vertical or concave faces reflect

wave energy upward, down-
ward, and back out to sea.

There are tlu'ee major types
i,if concrete seawalls: gravity
walls, self-supported structures
which balance anticipated hori-
zontal forces by their sheer
mass; cantilevered walls, which

rely on support from a deep
foundation; and. tie-hack walls,

which arc braced by cables or

rods tied to anchors in the fill behind them, The

U.S, Army Corps of Engineers �981! lists the
following as typical causes of failure I' or concrete
seawalls fronting the Great Lakes:

a! loss of foundation support
b! inadequate penetration
c,! scour at toe
d! outflanking

e! inadequate height

These causes of failure arc also typical for
west coast walls. Loss of flll and, thcrelorc, sup-
port belund walls duc to piping  thc subsurface
removal of loose sediment, soil, sand, or fill,

caused by water flowing through holes or voids!,
gullying, or undermining are also prevalent.

Scour or undermining at the toe of a concrete
seawall has been a common concern and has led

to the loss of foundation support for a number of
walls in the past. This has been a problem for
walls founded on either sand or bedrock at the

time the material is either eroded or remrived.

Most concrete walls studied in central California

 I.ulton-Bcnnctt and Crigg» 1975! toppled sea-
ward when they failed, because of erosion of sand
or bedrock at their toes, or the active pressures of
fill and water behind them.

Concrete seawalls built on sandy beaches lost
flll both from undemcath when sand levels

dropped and from behind the wall by piping. This
piping takes place after fill behind the wall be-
comes saturated by wave splash, spray, and in
some cases, groundwater. Under such saturated
conditions, piping occurs because of the

concentration of flow at small openings, and the
resulting tluid velocities are great enough to
erode granular material, Where drains or weep
holes have been included within a seawall to al-

low for drainage from behind the wall, or where
partially Operl joirlLS CxiSt bet Weeil parle IS, it iS
critical that a system be used that prevents piping
of sand or fill through these openings, Some com-
bination of graded rock or gravel fill and filter
cloth as well as perforated cap» iir plugs over tlie
weep holes is strongly rccornmendcd in onlcr ki
minimize or eliininate piping under conditions of
severe wave surge and overtopping,

Concrete walls, in general, have proved to be
the most durable type of protection along the cen-
tral Calilomia coast. Although their initial costs
may be somewhat higher than riprap and wooden
wallS, if they are well deSignCd, thCir maintcnarlce
cosLs may hc rclativcly low, Along the central
California coast typical concrete seawall costs
have ranged from $750 to almost '$3 XX! per lin-
ear foot,

The relatively high cosLs of well-engineered
concrete seawalls, which extend both high
enough to prevent significant overtopping and
deep enough so that they are not undermined by
scour, have almost eliminated this type of struc-
t.ure from consideration hy the individual
homeowner. In some cases where puhlic services,
such as streeLs and utility lines, are involved,
horrlCOWner grOupS and aSSeSSment diStriCtS have
coopcratcd with public agencies to finance and
build projects of this sort. It is important to stress
here the need for a continuous coherent wall or
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l'igure 7, Loss of ftll
behind upper portion
of seawall due to
piping> through weep
h<rl< s..<it rrrn wave
inrpaet against
ttnsttpportetl wall led
to erat king arul
failure <rf portions of
thisj ust < <rrnpleted,
thtn < oru rete
searvalL

Wooden '<>eawalls

approach in contrast io individual hotncowncrs'
building a scrics of different types of walls, Iii
such a situation, the entire structure is only as
strong as thc weakest link, Once an individual
segment of a seawall is damaged or dcstroycd
and the supporting fill begins to hc removed fri>m
bcluiid tlic wall, then tlic integrity of the entire
structure is threatened.

The two most critical problems observed in
concrete seawall design an: preventing loss of till
from behind, around, and undcmcath thc wall and

mairitaini»g ihc wall'S Stability and rigidiiy if
sucli loss dOeS OcCur  figure 7; FuliOn-Benneit
and Griggs 1985!. Concrete walls incorporating
deep  at least 8 to 10 feet below MLLW!, inter-
locking shcct pile» or panels have gcr>cally hccri
successful in sandy areas; walls based ori indi-
vidual pili»gs and those founded in exposed bed-
rock have proven less durable. The latter two
types have tended to lose fill or toundation sup-
port from undcmcath, as thc sand or bedrock is
removed hy wave action.

Wooden seawails are used for purposes similar
to concrete seawalls and may behave as bulk-
heads, holding hack till materials. They also suf-
 cr mar>y ot' thc sainc problems ol overtopping

arid undcnniiun< . They are typically cheaper to
install iliar i concrete, ho wc vcr, which probab! y
accounts for their continued usc.

Numerous designs for wood walls have been
tried over the years, including the use of railroad
ties and siccl H-piles as vertical supporLs. The

most c<>mnion design along the central California
coast incorporates vertical wooden pilings six to
eight feet apart, embedded in the sand with hori-
zontal h<>ards  called lagging!, usually 3 x 12 to 6
x 12 inches in cross-section, nailed or bolted to

ihc landward side of ihc pilings, In Ihe last de-
cade, such walls have also incorporated filter
cloth behind the horizontal wood planks, and of-
ten tiebacks into the fill behind the wall.

Even chemically treated wooden walls lend tu

decay an<1 dcicrioraic wiih cxposurc io salt water,
No matter how well dcsigncd, most wooden walls
will usually decay after 10 to 20 years in the surf
zone. Wooden walls are also highly vulnerable io
battering hy floating logs and debris, which is
common along thc iiorthcm Califori>ia arid Or-

egon coasts  Griggs 1987b!. Riprap placed in
front of a wooden wall may reduce this problem
at low tide or under moderate wave conditions,

but this battering problem has pn>ven to he a dif-
ficult onc to avoid urrdcr severe wave aitack  tig-
urcs 8 and 9!.

Damage to many wooden
walls has been initiated when

lloating debris  typically large
logs! cracked or broke horizon-
tal plariks or the pilings thcm-
sclvcs, allowiiig fill to bc
removed at these points  figurc
10!, despite the presence of fil-
ter cloth. Piping has also been a
problem when timber walls arc
ovcrtoppcd, Once ihc till begins
i.o erode frotn behind a wooden

wall, ihe uppemiost plat>ks are
almost immediately separated
from the pilings by waves, ei-
ther because bolts or nails arc

pulled out, or  morc commonly! the boards are
splinicrcd by wave forces. Tlus allows addiiiorial
overtopping to erode fill on either side of the
damaged area, causing gullying behind the wall
 figure 11!. However, where wooden walls are
1'ronted by riprap, even th<>u< h some fill may
cr<>dc, the planks often slay in place at levels bc-
l<>w the t<>p <>f thc riprap. One significant im-
prove<trent iii the cot>struction of timber seawalls
in recent years at some sites has been the use of
Epoxy-coated steel H-piles  which constrain the
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Figure g St<>rm waves
«arrying logs and debris
overtopping a low wood< n
seawall in n<rrthern
M<rnterey Bay during lhe
winter of l9g3.
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lagging, in colrtI Jst to»IInply
using wood piles! and  !-inch-
thick timber lagging. Walls ol'
this constnrction have proved to
he far more able t<> with»tand

the wave <uid dehris impact than

the pilirrg walls.

All shoreline protection

»tructurc» must he enginccrcd
and built to witl1»tar1d four basic

types of wave effects; over-
topping, undermining, out-
flanking, and impact.

Ovcrk>pping is defi»cd as the transport of sig-
nilicant quantitics of ocean water over the top of
a seawall as green water, splash, or spray.
Overtopping causes damage in seven� way», hy
exerting direct vertical and horizontal l'orce» and
by eroding material 1'r u11 behind walls. Iii »tost
coa»tal cnvrforlIIICI1ts rt rs riot practical to build a
seawall that will not be overtopped during severe
storm conditions. At many sites, cost is a limitin<
factor. In addition, fcw coastal re»ident» <>r citie»
are willing to build seawall» which will »igriiflr-
cantly block their view <>f thc  !ccair. Standard
run-up calculation» for seawalls typically

cor!sider only the frequency of overlopping hy
green water. The height ol this run-up is usually
calculated using cmpirieal or t1!e<>retical lornrulae
ha»ed on water depth, beach slope, significant
wave height, wave period, and maximum ex-
pected»ca level  which continues to change!.
Variabilities in the natural environment, however,

can produce a wide range in the maximum wave
run-up elevation» calculated u»ing this method,

Undermining ol'»cawalls occurs when founda-
tion material»  usually sand, fill, or rock! are re-
I1!ovcd hy wave action, Tliis may take place not
only when beach sand is scoured or fluidized, hut
also where bedrock erode» rapidly during»tonns.

Figure V. Wooden
seawall fr<>m figure
g following storni
wave atra«k.
>t pproxi-m<tt< ly 700
feel of sea>vaH was
deslroyed as the
[agging was
battered by logs and
fill was h>st. This
$1, S million wall
h<id been completed

just two nionth,s
before.



Figure l0.
Pron ssiv< failure
of a wooden
si. awall through
overtopping and
loss of fill,

Fig ure l l. Loss of
f li behind it
wooden seawall
due lo overtoppi ng
and undermining.
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ln either case, the result of undermining is of-
ten rapid loss of fill from behind a wall, and in
some cases, structure failure. Predicting the
level to which a beach may be scoured is a dif-
ficult task. Coastal engineers have used a vari-
ety of "scour depths" in designing seawalls.
Since there are no widely accepted formulas
I'or calculating these depths, estimates based
on field observations made during or  niorc
commonly! after storms are used. In areas

where bedrock is deep, borings are often used
tn determine the depth of storm lag deposits,
corrsisting of gravel and cobbles. However,
scvcral such layers may be encountered, anil in
the absence of accumte dating methods, the
selection of a design or expected scour depth
can he quite uncertain,

The depth l.o which scour occurs will de-
pend heavily on how I'ar landward or seaward
a strudure is located on the beach profile.
Within this zone, the depth of beach scour and
liquefaction should increase rapidly with in-
creasing distance seaward. Thus, there is an
inherenl. problem in any solution that involves
moving a structure seaward: the amount of en-

ergy it receives and the effects of that energy
will be greatly increased.

Outflanking occurs when malerial to either
side of a seawall erodes to a poinl where it



Figare l2. Riprap
has been oatflanked,
leading lo erosion
of anpr oteeted
property as well as
bluff behind riprap,

Cond usions

threatens or damages the wall itself, or the prop-
erty behind it. Along a progressively eroding
coast, all successful, isolated protection structures
will be gradually outflanked because the coastline
on either side will erode morc rapidly than that
behind the wall. This is a relatively predictable
process and should be planned for in the design
of any isolated wall in a rapidly eroding area.
Most often, it is taken into account through the
use of wing walls running landward fthm the
ends of the main structure. However, because of

high cosls and practical difficulties, such future
outflanking is usually ignored until it causes
property damage  figur 12!.

Often, outflanking of one wall leads to the
construction of additional walls

adjacent to the first. As the
amount of continuously pro-
tected coastline increases, out-

flai&ing becomes a problem in
the unprotected gaps. Nonethe-
less, both for isolated walls and

for gaps in protected coastlincs,
thc question must be asked: Do
sea walls increase erosion in

adjacent areas?
A recent four-year study

along the central California
coast was directed at document-

ing the effects of coastal protec-
lion structures  scawalls and

riprap revetments! on beaches  Griggs and Tait
1988; Tait and Griggs 1990!. A number of tem-
porary or seasonal cffccLs ol seawalls on the
fronting and adjacent beaches werc documented
in this fieM work. A zone of increased scour or

erosion was often observed downcoast from the

seawalls studied, and the extent of this erosion

appeared to he related to several factors � the
configuration of thc wing wall and its reflectivity,
the angle of wave approach, and the height and
period ol the waves. Waves were comtnonly ob-
served reflecting off the wing walls and were ca-
pable in one case of producing increased scour up
to 300 to 400 feet downcoast.

Of the three major types of protection, con-
crete walls generally have been most successful

in reducing erosion and property damage and
have been the most durable, over the long term.
However, tn survive, concrete walls supported on
discrete pilings have required moderate to high
maintenance in the form of riprap toe protection.
Riprap walls have fared less well than concrete
walls, but better than wooden walls. However,

their maintenance costs have often been much

higher than anticipated, particularly where placed
on deep sand beaches, Wooden walls have
proven to be least successful in preventing ero-
sion and damage, and most are easily damaged
by logs and debris during severe storms, Wooden
walls fronted entirely by riprap have been more
successful, as long as thc riprap docs not settle.

On the whole, fcw protective structures along
the central Califontia coast have stood the long-
temt tests of time, surviving unassisted and pre-
venting damage and erosion for more than 20
years or longer than their design life. Many struc-
tures have become structurally unsound, requited
considerable maintenance or repair, or failed to
adequately reduce property damage for more than
one severe storm period. Thus, the effective life-
time of a structure often depends on how many
mild winters pass before the next severe storm.
However, most of the structures have rcduccd

erosion rates, at least over the short tenn.

Their are a number of options � some struc-
tural, some nonstructural available for people

with threatened property. Before any protective
structure is designed and built, its iiubal costs, its
maintenance costs, its probable lifespan, its
technical merits and limitatiotts, and all of its
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potential iinpacts on the adjacent coastline need
to be fully considered.
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Shore pititection and engineering issues present a
number of challenges for local planners and other
regulatory officials. This brief discussion focuses
on shore protection issues encountered in the con-
text of the local land use and regulatory process
in thc State ol Oregon. Primary einphasis is on
the identification of policy questions to be ad-
dressed in developing a comprehensive approach
to shore protection management,

Planning vs. Engineering
ln their paper, Nicholas Kraus and William

McDougal advance the principle of "plan region-
ally, engineer locally" as a key to proper m anage-
ment of shoe protection. Unfortunately, this
sound concept has seen little application in Or-
egon. Shore protection projects are typically
planned on a single-purpose basis, and current
policy arid regulatory requirements neither re-
quire nor encourage the integration of these
projects into a regional context, The result is es-
sentially no consideration of regional impacts  for
exainple, the effects on a littoral cell! in the regu-
latory review of individual projects.

The Relationship between Shore Reten-
tion and Backland Protection

Kraus and McDougal discuss the distinction
between shore retention and backland protection.

separate concepts contained within the generic
term "shore protection." Oregon shore protection
efforts have focused atinost exclusively on
backland protection primarily thrtiugh various
structural means, Virtually no attention had been
paid to the role of beach stabili7.ation in address-
ing problems associated with shoreline recession.
The importance of an integrated approach to
shore proteclion, including consideration of both
shore retention and backland protection in the

context of structurd and nonstructural techniques

of protection, is a largely overlooked policy con-
sideration,

Kraus and McDougal go on to point out the
importance of integrating the various options in
shore protection techniques with the concept of
sand supply management on a littoral cell basis.
While existing policy expresses preferences for
nonstructural means of protection and attempLs to
liiuit the placement of hard structures, it fails to
inake any connection between these limitations
and the objective of overall sand supply manage-
inent within the littoral cell.

The development ol a coherent management
system for shore protection tnust begin with a
clear articulation of the goals and objectives of
such a management system. While it is clear that
known technical data on littoral cell dynamics
must be factored in to the development of any
management objectives, perhaps a more impor-
tant first step is the formulation of overall goals
for the management of our public beaches. Only
by knowing and clearly stating these goals can
we appropriately use our technical knowledge as
a base for devising a coherent management
program.

Once an overall policy framework is estab-
lished, specific management priorities need to be
developed on a subregional  or littoral cell! basis.
Many fwtors, including existing development
patterns, will influence to what extent and with
which management tools the overall goals can be
achieved. By developing oven]1 policy objectives
and then formulating implementation strategies
on the local level, we can put into practice the ad-
monition to "plan regionally, engineer locally,"




