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Intro duc tion
The National Shore line Ero sion

Con trol Devel op ment and Dem on -
stra tion Pro gram of the U.S. Army
Corps of Engi neers was estab lished
by Sec tion 227 of the U.S. Water
Resources and Devel op ment Act
(WRDA) of 1996 with ini tial fund ing
appro pri ated in FY00. Sec tion 227 is 
autho rized as a 6-year research and 
devel op ment effort that pro vides a
means by which the Corps can
 evaluate the func tional per for mance
of inno va tive or nontraditional
approaches for abat ing coastal
 erosion and improv ing shore line
 sediment reten tion at pro to type-
scale. A vari ety of shore pro tec tion
devices and meth ods will be con -
structed, mon i tored, and eval u ated
at sites that rep re sent vary ing
energy con di tions and shore line
morphologies. This pro gram builds
upon the expe ri ence and les sons of
the “Low Cost Shore Pro tec tion
Dem on stra tion Pro gram (Sec tion
54)” of the 1970s. The Sec tion 54
Pro gram, autho rized by WRDA
1974, focused on test ing tech nol o -
gies for sur viv abil ity in low-wave
energy envi ron ments (Head quar ters, 

U.S. Army Corps of Engi neers
1981).

Objec tives of Sec tion 227 are to
assess and advance the state of the 
art of shore line ero sion con trol tech -
nol ogy, encour age the devel op ment
of inno va tive solu tions to the shore -
line ero sion con trol chal lenge, and
com mu ni cate find ings to the public.
Through an exten sive tech ni cal
trans fer effort, the research and
devel op ment pro gram will pro vide a
means for fur ther ing the use of
well-engineered alter na tive
approaches to shore line ero sion
con trol. Empha sis will be placed on
the eval u a tion of tech nol o gies from
both func tional and struc tural per -
spec tives, and will include
bioengineered approaches.

The pro gram has three tiers of
inves ti ga tion. At the high est level of
par tic i pa tion, Sec tion 227 will con -
trib ute fund ing for design, con struc -
tion, and eval u a tion of a dem on stra -
tion pro ject. There will be a min i -
mum of seven sites. In addi tion to
con structed dem on stra tion sites, the
pro gram will also take advan tage of
“tar gets-of-opportunity” to mon i tor
sites where inno va tive shore

pro tec tion approaches may be
installed through the spon sor ship of
others (e.g., a site where another
Fed eral or non-Federal orga ni za tion
has imple mented an approach which 
shows engi neer ing prom ise, but is
not plan ning to exten sively mon i tor
or doc u ment pro ject per for mance).
At the third tier of inves ti ga tion, the
pro gram will spon sor the devel op -
ment of a data base that doc u ments
instal la tions and case exam ple
reports.

Pro ject Cri te ria
The Sec tion 227 autho ri za tion

states that a min i mum of seven
dem on stra tion pro jects will be con -
structed on var i ous coast lines
around the nation: two on the Atlan -
tic coast, one on the Gulf coast, two 
on the Pacific coast, and two on the
Great Lakes. Pro ject loca tions must
be expe ri enc ing shore line ero sion at 
a man age able rate, and have suf fi -
cient shore line length to dem on -
strate the func tional per for mance of
the tech nol ogy selected for test ing at 
that site. Addi tionally, sites must
have suit able base line con trol data
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or preproject mon i tor ing records, and 
have iden ti fi able spa tial and tem po -
ral scales asso ci ated with local ized
coastal pro cesses.

Selec tion cri te ria for dem on stra -
tion tech nol o gies include appli ca bil ity 
to pro ject site, suit able and quan ti fi -
able per for mance pre dic tion met rics, 
sound engi neer ing design, and eco -
nomic fea si bil ity of con struc tion and
main te nance. Spe cific tech nol o gies
iden ti fied as having a high pri or ity
for test ing include inno va tive groin
geom e tries and per me able groins,
reef break wa ters and break wa ter
con fig u ra tion, armor ing alter na tives,
bioengineered and veg e ta tive
approaches, cohe sive and bluff
shore treat ments, and other sand
reten tion meth ods and site man age -
ment strat e gies. All dem on stra tion
pro jects must meet local per mit ting
and reg u la tory require ments.

Nom i na tions for dem on stra tion
sites and tech no log i cal appli ca tions
are being coor di nated through the
coastal U.S. Army Corps of Engi -
neers (USACE) Dis trict and Divi sion
offices. The Sec tion 227 over sight
com mit tee (con sist ing of the civil ian
mem bers of the Coastal Engi neering 
Research Board, USACE Head quar -
ters and U.S. Army Engi neer

Research and Devel op ment Center
(ERDC) staff) reviewed the sub mit -
ted site nom i na tion pack ages and
iden ti fied spe cific sites appro pri ate
for fur ther con sid er ation. Thirty-
seven nom i na tion pack ages were
orig i nally sub mit ted by 17 coastal
Corps Dis tricts. Tech no log i cal
advancements will be selected for
dem on stra tion by the com mit tee
based on sci en tific and engi neer ing
valid ity and on eco nom ics. Per for -
mance of the applied tech nol o gies
will be eval u ated as related to inter -
ac tion with the coastal system and
other engi neer ing con sid er ations
such as constructability, struc tural
sta bil ity, and life-cycle costs. The
per for mance of all dem on stra tion
pro jects will be mon i tored under
Sec tion 227 for a min i mum of
3 years. Eval u a tion of func tional per -
for mance will be doc u mented and
widely dis sem i nated to the coastal
engi neer ing com mu nity.

Pro ject Imple men ta tion, 
Fiscal Year 2000

During fiscal year 2000, pri mary
sites were selected for pro ject imple -
men ta tion plan devel op ment
includ ing:

U.S. Army Engi neer Dis trict,
Phil a del phia, Cape May Pont, NJ.
The bor ough of Cape May Point, NJ, 
was spec i fied in the appro pri a tions
lan guage of Sec tion 227. Cape May
Point is a 1.8-km-long beach front
com mu nity located on the south ern
tip of New Jersey. Cape May Point
is par tic u larly vul ner a ble to storm
damage due to expo sure to waves
from both the Atlan tic Ocean and
the Del a ware Bay. Existing shore
pro tec tion struc tures along the
shore line at Cape May Point include 
a series of nine groins with a spac -
ing that varies from 150-300 m, and
a rubble revet ment armor ing the
shore line in the east ern most groin
cell (Figure 1). While these engi -
neered efforts have “held the line” in 
most sec tions with regard to ero sion, 
that “line” is at a crit i cal posi tion and 
the width of the back beach is
severely com pro mised. There is vir -
tu ally no buffer from storm events
that can severely damage the area,
and this absence also con trib utes to
salt wa ter intru sion of a nearby crit i -
cal fresh wa ter wet land.

The com part men tal ized beach at
Cape May Point pres ents an oppor -
tu nity for research ers to eval u ate the 
effec tive ness of nar row-crested sub -
merged break wa ters such as the
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Figure 1. Borough of Cape May Point, NJ. Narrow-crested submerged reef structures (Beachsaver™) will enclose groin cells
to be used to retain beach-fill material



Beachsaver™ (Figure 2) and sills to
retain sed i ment on the active beach
pro file. In coop er a tion with the State
of New Jersey, Depart ment of Envi -
ron men tal Pro tec tion, a pro ject
imple men ta tion plan was approved
and con struc tion was ini ti ated for
con tin u ous sub merged break wa ters
and sills across selected groin com -
part ments in an effort to retain
beach-fill mate rial. An assess ment
will be made to deter mine the effec -
tive ness of these struc tures when
used to extend the renour ish ment
inter val by retain ing sand on the
active pro files con tained in the groin
cells. Dis trict POCs: Randall A. Wise 
(Randall.A.Wise@nap02.usace.
army.mil) and Susan S. Lucas
(Susan.S.Lucas@nap02.usace.
army.mil).

U.S. Army Engi neer Dis trict,
Galveston, Jef fer son County, TX.
The second dem on stra tion site to be 

ini ti ated is located on the Gulf Coast 
in Jef fer son County, TX, about
50 km west of the Texas-Louisiana
border. The beach is rep re sen ta tive
of beaches of the west ern Gulf
Coast, which vary in tex ture and
com po si tion from mud or thin sand
veneer over mud with high con cen -
tra tions of caliche nod ules and shell
mate rial to dom i nantly sand with
minor shell mate rial. Typ i cal topog ra -
phy con sists of a flat-sloped near -
shore, a steep beach, and a wash-
over ter race. The ele va tion of this
wash-over ter race, which is the high -
est point on the shore, is slightly
above normal high-tide ele va tion.
Pre vi ous shore pro tec tion attempts
(e.g., sheet pile or wooden bulk -
heads) have since been removed by 
coastal storms.

The prin ci pal cause for shore line
reces sion in the area is storm-
related ero sion. Under storm

con di tions, the pro tec tive veneer of
sand is eroded and the under ly ing
mud beach is exposed to waves for
fur ther ero sion (Figure 3). Due to a
def i cit of sand in the lit to ral system
and storm-related downcutting of the 
cohe sive mate rial, the eroded pro file 
never recov ers to its post-storm
state. The phe nom e non of cohe sive
pro file downcutting is not unique to
the west ern Gulf Coast as it also
occurs in the Great Lakes and bay
envi ron ments of the Atlan tic and
Pacific coasts.

In coop er a tion with the State of
Texas Gen eral Land Office, the Jef -
fer son County dem on stra tion site will 
be designed with two pri mary shore -
line ero sion abate ment goals in
mind: pre ven tion of cohe sive bottom 
downcutting and pre ven tion of
overwash. It is expected that these
goals will be addressed though a
com bined use of geotextile
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Figure 2. Beachsaver™ reef units to be implemented at Cape May Point, NJ, demonstration site. The narrow-crested precast
concrete units will enclose groin cells to serve as sediment retaining structures



struc tures, beach nour ish ment, and
veg e ta tive meth ods. Dis trict POCs:
Robert K. Sherwood (robert.k.
sherwood@swg02.usace.army.mil)
and Rich ard Medina (rich ard.
medina@swg02.usace.army.mil).

U.S. Army Engi neer Dis trict,
Detroit, Allegan County, MI. The
shore line at Allegan County, MI, is
rep re sen ta tive of many in the Great
Lakes region. Receding bluffs
carved into gla cial tills or lac us trine
depos its occupy over 60 per cent of

the shore line (Figure 4). Till bluffs
exist also along the New Eng land
coast, in river val leys, and in count -
less lakes and res er voirs through out 
the north ern U.S. and Canada. In
coastal sce nar ios, the blame for
most slope move ments is com monly 
placed on toe ero sion cre ated by
storm waves. Although other fac tors
(nota bly ground wa ter) are con tri bu -
tors to slope insta bil ity, they are typ i -
cally ignored when ero sion abate -
ment strat e gies are planned. At this

loca tion, lake level reced ing from the 
toe of the actively erod ing bluff
results in ground wa ter being a sig -
nif i cantly con trib ut ing factor to slope
insta bil ity.

The pro ject area has been mon i -
tored for the past five years with
respect to slope dis place ments
versus caus ative fac tors by inves ti -
ga tors at West ern Mich i gan Uni ver -
sity (WMU). Study results dem on -
strate the sig nif i cance of ground wa -
ter activ ity as the prime con trib u tor
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Figure 3. Lowlying upland areas and cohesive material outcrop on Jefferson County, TX, beach. Innovative measures will be 
implemented at this site to prevent the landward overwash of beach sand, and to prevent erosion of the emergent and
submerged beach profile



to bluff move ments, and that slumps 
are most prev a lent when perched
groundwater levels are high regard -
less of wave activ ity or lake level. In
part ner ship with the WMU and the
State of Mich i gan, bluff dewatering
tech nol ogy will be eval u ated at this
loca tion to reduce or elim i nate
coastal bluff insta bil ity. If proven
func tional, the dewatering of shore -
line bluffs will be an inex pen sive,
noninvasive, and effec tive method of 
ero sion con trol. Dis trict POCs:
James P. Selegean (James.P.
Selegean@1re02.usace.army.mil)
and Scott J. Thieme (Scott.J.
Thieme@1re02.usace.army.mil).

U.S. Army Engi neer Dis trict,
New York, Bab y lon, NY (optional).
Gilgo Beach, located in the com mu -
nity of Bab y lon on Jones Island, NY, 
is a 4.8-km-long por tion of a bar rier
beach located on the south shore of
Long Island between Jones and Fire 
Island Inlets. North easters and

hur ri canes peri od i cally impact the
south ern shores of Long Island.
These storms pro duce tides and
waves which cause dune ero sion.
The only exist ing form of beach ero -
sion con trol at Gilgo Beach is the
place ment of sand mate rial removed 
from Fire Island Inlet every 2 to 3
years. An engi neered berm with an
ele va tion of approx i mately 3.6 m
above mean sea level, pro vides pro -
tec tion to a road way located imme di -
ately land ward of the beach. Shore
pro tec tion struc tures such as timber
groins and bulk heads have been
destroyed by wave action.

At Gilgo Beach, it is antic i pated
that the State of New York, Depart -
ment of Envi ron men tal Con ser va tion, 
will serve as a coop er at ing part ner.
Two meth ods of open-coast dune
res to ra tion and sta bi li za tion are pro -
posed for inves ti ga tion: The first is a 
com bi na tion of a timber or recy cled
plas tic hor i zon tal lat tice struc ture

and dune grass plantings (Dune
Ladder™, Figure 5). The con -
cave-shaped lat tice struc ture will be
located in the sea ward face of the
dune. Veg e ta tion will be planted
between the plank mem bers. The
second method of dune sta bi li za tion
to be inves ti gated will be an expand -
able three-dimensional sand con fine -
ment grid system adapted from use
in inland flood con trol (Rapidly
Deployed Flood Wall™ (RDFW),
Figure 6). The geosynthetic grid
cells will pro vide a pro tec tive frame -
work for the engi neered dune, and
dune grass will be planted within the 
cells of the struc ture. Dune res to ra -
tion via use of recy cled glass com -
bined with veg e ta tive plantings may
also be con sid ered for dem on stra -
tion at this site. Dis trict POCs: Odile
Accilien (Odile.Accilien@nan02.
usace.army.mil) and Lynn M.
Bocamazo (Lynn.M.Bocamazo@
nan02.usace.army.mil).
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Figure 4. Frozen perched groundwater seeps at Allegan County, MI, on the eastern shore of Lake Michigan. Bluff dewatering
measures will be implemented to reduce coastal bluff instability caused by perched groundwater effects



6

Figure 5. Dune Ladder™, which will be implemented at Gilgo Beach, Jones Island, NY, combines a structural and vegetative
approach to prevent coastal dune erosion

Figure 6. Conceptual drawing of the Rapidly Deployed Flood Wall™ (RDFW) to be implemented at Gilgo Beach, Jones Island, 
NY. The project will combine structural and vegetative methods to prevent coastal dune erosion



U.S. Army Engi neer Dis trict,
Jack son ville, Miami Beach, FL.
The City of Miami Beach was spec i -
fied in an amend ment to the autho -
riz ing lan guage as a dem on stra tion
site for imple men ta tion of inno va tive
ero sion con trol meth ods. An
 erosional “hot spot” dem on stra tion
pro ject site at the City of Miami
 provides an excel lent oppor tu nity to
address hot spot issues that are
expe ri enced in many Fed eral and
non-Federal shore pro tec tion
 projects. Three reaches of beach
can be described as ero sional hot
spots within the Fed erally autho rized 
Dade County Beach Ero sion and
Hur ri cane Pro tec tion Pro ject
(Figure 7). Shore line reces sion in
this area is directly cor re lated with
local impacts of trop i cal and
extratropical storm events. The
autho rized pro ject is designed to

pro vide a spe cific level of storm
damage reduc tion and rec re ation
ben e fit through the estab lish ment
and main te nance of a design
 template. This design tem plate must 
pro vide pro tec tion for the life of the
pro ject for real iza tion of a sat is fac -
tory return on Fed eral and
non-Federal invest ments. A vari ety
of approaches are being con sid ered, 
includ ing use of nearshore
 submerged break wa ters and
nearshore sand place ment
 strategies. The objec tive of the
struc tural approaches will be to
main tain the design tem plate by
retain ing sand on the shore. Dis trict
POC: Thomas D. Smith (Thomas.D.
Smith@saj02.usace.army.mil).

Pro ject Imple men ta tion, 
Fiscal Year 2001

During fiscal year 2001, the Sec -
tion 227 Pro gram will com plete con -
struc tion at the Cape May Point, NJ, 
pro ject loca tion, and ini ti ate con -
struc tion at a second loca tion (upon
sat is fac tory review of pro ject imple -
men ta tion plans). Also during fiscal
year 2001, other pro jects will be
devel oped for sev eral sites,
includ ing:

U.S. Army Engi neer Dis tricts,
Bal ti more and Nor folk (optional).
Mon i toring and doc u men ta tion of
nearly two dozen com pleted T-head
groins, sub merged break wa ters,
head land break wa ters, and other
classes of pro jects located on Mary -
land and Vir ginia shores of the
Ches a peake Bay. Dis trict POCs:
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Figure 7. Example of erosional hot spot area at Miami Beach, FL. Note the encroachment of the shoreline on the coastal
dunes at the apex of the hot spot. Innovative structural measures will be implemented to retain beach fill in these areas to
maintain the design beach-fill profile



Mark H. Hudgins (Nor folk) (Mark.H.
Hudgins@nao02.usace.army.mil)
and Greg ory P. Bass (Bal ti more)
(Greg ory.P.Bass@nab02.usace.
army.mil).

U.S. Army Engi neer Dis trict,
San Fran cisco. Con struc tion at a
tidal wet land envi ron ment located in
east San Fran cisco Bay, CA, that is
expe ri enc ing loss of sub strate due to 
tidal cur rents and waves gen er ated
by wind and vessel traf fic (Figure 8). 
The abate ment of coastal wet land
ero sion is a chal lenge due to the
envi ron men tal and visual effects of
tra di tional shore pro tec tion meth ods. 
Since the site is cur rently an envi -
ron men tally healthy marsh system, a 
shore pro tec tion device that can be
installed with lim ited col lat eral
damage is needed. Knowl edge
gained at this site will be appli ca ble

to other wave-influenced wet land
envi ron ments whether they are
located in bays, on lakes, or in other 
low-energy ocean envi ron ments.
Dis trict POC: John H. Winkleman
(John.H.Winkleman@spd02.usace.
army.mil).

U.S. Army Engi neer Dis trict,
Los Angeles. Con struc tion in San
Diego County, CA, in coop er a tion
with the State of Cal i for nia and the
San Diego Asso ci a tion of Gov ern -
ments beach-fill pro gram. The objec -
tive of the pro ject will be to imple -
ment an inno va tive struc tural alter -
na tive that will retain sand on the
beach and extend the renour ish ment 
inter val. Dis trict POCs: Chuck Mesa
(Chuck.Mesa@sp101.usace.army.
mil) and Arthur T. Shak (Arthur.T.
Shak@sp101.usace.army.mil).

U.S. Army Engi neer Dis trict,
Los Angeles. Mon i toring at Ventura, 
CA, where a high-density poly eth yl -
ene reef (Highwave™) will be con -
structed for the pur pose of retain ing
sed i ment on the shore line, enhanc -
ing rec re ational surf ing con di tions,
and pro vid ing marine hab i tat
(Figure 9). Pri vate ven ture cap i tal
will fund design, con struc tion, and
main te nance of the struc ture. Dis trict 
POCs: Chuck Mesa (Chuck.Mesa@
sp101.usace.army.mil) and Arthur T. 
Shak (Arthur.T.Shak@sp101.usace.
army.mil).

U.S. Army Engi neer Dis trict,
Buf falo. Con struc tion of a lim -
ited-length sub merged break wa ter
and lake bed paving (i.e., beach
nour ish ment using a range of coarse 
grain sizes) at the Shel don Marsh
Nature Pre serve, Huron, OH
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Figure 8. Wetland and coastal bank erosion in east San Francisco Bay, along the Pickleweed Trail, Martinez, CA.
Environmentally- and aesthetically-desirable methods will be demonstrated to prevent bank erosion in this region of
moderate wave energy and high-tide range



(Figure 10). This pro ject site will
 provide an oppor tu nity to eval u ate
inno va tive soft shore pro tec tion in
con junc tion with an unob tru sive

struc ture to pro tect por tions of a
cohe sive bar rier beach and wet land
sub strate. If this sub merged
 breakwater and lake bed paving

proves effec tive, sim i lar shore
 protection could have exten sive
appli ca tion along former bar rier
beaches and wetlands in west ern
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Figure 9. Conceptual drawing of the high-density, polyethylene Highwave™ to be constructed at Ventura, CA. The project
will be monitored to evaluate the response of the beach planform to the structure, and for structural stability

Figure 10. Sheldon Marsh, Huron, OH, is protected by a narrow barrier beach. Use of coarse-grained beach fill (commonly
called lake bed paving) and submerged structures will be implemented to prevent loss of wetland substrate and erosion of
the cohesive lake bed



Lake Erie and other Great Lakes
sites. Dis trict POCs: Thomas J.
Bender (Thomas. J.Bender@lrb01.
usace.army.mil) and Michael C.
Mohr (Michael.C.Mohr@lrb01.
usace.army.mil).

Request for Data base
Input

A data base is being devel oped to 
doc u ment instal la tions and case
exam ples of inno va tive shore line
ero sion con trol meth ods. This
 database and infor ma tion on
 individual study dem on stra tion sites
will be avail able through the
 program Web site. In devel op ing the 
data base, the Sec tion 227 Pro gram
has sur veyed aca demic insti tu tions,
Fed eral and State agen cies, and
 private con sul tants regard ing recent
advance ments in shore line ero sion
con trol tech nol o gies. The data base
should serve as a clear ing house for
inno va tive coastal ero sion con trol
infor ma tion. It will be pop u lated with
infor ma tion such as meth ods or
prod uct descrip tions, func tional
 performance sum ma ries, ref er ences
doc u ment ing lab o ra tory or field

eval u a tions, graph ics, links to
related Web sites, points of con tact,
etc. Three classes of tech nol ogy
solu tions include coastal armor ing
(e.g., revet ment/ armor units,
 seawalls/retain ing walls), sed i ment
reten tion devices (e.g., break wa ters/ 
reefs, groins, head land struc tures)
and “soft” solu tions (e.g., beach
nour ish ment, beach dewatering,
 bioengineering). Included in the
data base will be infor ma tion
 regarding inno va tive con struc tion
tech niques and mate ri als for the
three classes of solu tions.

Anyone who has par tic i pated in
the eval u a tion or imple men ta tion of
inno va tive or non tra di tional meth ods
of coastal shore line sta bi li za tion or
has knowl edge of field appli ca tion of 
unique approaches, and desires to
con trib ute to this impor tant
 database, is urged to con tact:

U.S. Army Engi neer Research and
Devel op ment Center
Coastal and Hydrau lics Lab o ra tory
(CEERD-HC-S)
3909 Halls Ferry Road
Attn: CEERD-HC-S, Mr. Ryan Winz
Vicksburg, MS 39180
Email: winzr@wes.army.mil

Expressed per mis sion from the
appro pri ate source will be obtained
by ERDC before any pro pri etary or
copy righted mate rial is included in
the data base. The infor ma tion
 provided to the data base will be of
emi nent ser vice to coastal engi neers, 
sci en tists, public offi cials, and coastal 
man ag ers in eval u at ing the
 applicability of inno va tive solu tions to 
coastal ero sion chal lenges.

Addi tional Infor ma tion
Addi tional infor ma tion regard ing

the National Shore line Ero sion
 Control Devel op ment and
 Demonstration may be accessed via 
the Internet at http://chl.wes.army.
mil/research/cstructures/section227/.

Cita tions
Head quar ters, U.S. Army Corps of

Engi neers. (1981). “Low-cost
shore pro tec tion: Final report on
the Shore line Ero sion Con trol
Dem on stra tion Pro gram (Sec tion
54),” Wash ing ton, DC.
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The U.S. Army Corps of Engi neers’ Field Research
Facil ity: More Than Two Decades of Coastal
Research
Wil liam A. Birkemeier1 and K. Todd Hol land2

Abstract
The Field Research Facil ity

(FRF), located on the Atlan tic Ocean 
in Duck, NC, was estab lished by the 
U.S. Army Corps of Engi neers in
1977 to sup port the Corps’ coastal
engi neer ing research require ments.
The facil ity con sists of a 560-m-
(l,840-ft-) long research pier, a main
office build ing, field sup port build ing, 
and a 40-m- (130-ft-) high obser va -
tion tower. Since its cre ation, the
FRF has main tained a com pre hen -
sive, long-term mon i tor ing pro gram
of the coastal ocean includ ing
waves, tides, cur rents, local mete o -
rol ogy, and the con com i tant beach
response. This mon i tor ing pro gram
is sup ported by a small,
highly-skilled field staff and sev eral
unique vehi cles that permit suc cess -
ful oper a tions in the tur bu lent surf
zone. These capa bil i ties have also
sup ported a series of multiagency
multiinvestigator exper i ments that
have led to the Duck beach becom -
ing the best-studied beach in the
world. To date, approx i mately 150
jour nal arti cles, 108 reports, and 84
con fer ence pro ceed ings papers have 
been pub lished using FRF data by
more than 200 authors. This paper
sum ma rizes the capa bil i ties of the
FRF and reviews the impact of its
first 23 years of oper a tion.

Intro duc tion
The U.S. Army Corps of Engi -

neers’ Field Research Facil ity (FRF)
in Duck, NC, was offi cially ded i cated 
by Con gress man Walter Jones, Sr.,
in 1980, thereby ush er ing in a new
era of nearshore research and dis -
cov ery. Since its ear lier con struc tion
in 1977 (Figure 1), the FRF has pro -
vided the Corps and the world wide
coastal research com mu nity with the 
capa bil ity of con duct ing com plex and 
com pre hen sive nearshore research
and engi neer ing stud ies. Through its 
long-term mea sure ment pro gram
and series of com pre hen sive
multiagency multiinvestigator exper i -
ments, the FRF has con trib uted sig -
nif i cantly to under stand ing the
nearshore zone, an active area of
the coast included in all shore pro -
tec tion and nav i ga tion pro jects.
Because the Duck site is rep re sen -
ta tive of many U.S. coastal loca -
tions, FRF data are help ing to meet
the need for field data to cal i brate
and verify the accu racy of ana lyt i cal, 
numer i cal, and phys i cal model pre -
dic tions. Because of the ready avail -
abil ity and high qual ity of FRF
ground-truth data, Duck has also
been the site of a wide range of
equip ment and devel op ment efforts,
par tic u larly in remote sens ing.

His tory of the FRF
In the 1960s little was known

about the dynam ics of the surf zone. 
Except for the clas sic stud ies of
O’Brien, Shepard, Bascom and
others during the Second World War 
(see Bascom 1987 for insight into
these early exper i ments; Moore and
Moore 1991), most field stud ies of
the surf zone were con ducted from
fish ing piers, includ ing sev eral in
North Carolina. Coastal sci en tists
and engi neers con duct ing research
in the harsh envi ron ment of the
coastal zone faced par tic u larly dif fi -
cult data col lec tion prob lems such
as instal la tion of instru ments under
less than ideal con di tions and expo -
sure to a vari ety of haz ards, includ -
ing storms and hur ri canes. Accu rate
bottom sur veys made by indi vid u als
wading through the surf zone or by
amphib i ous mil i tary craft were
extremely dif fi cult or impos si ble to
obtain. Because of these prob lems
in col lect ing com pre hen sive and
accu rate field mea sure ments, the
state of the art of coastal engi neer -
ing was slow to advance.

In response, the con cept for a
field research facil ity was pro posed
in 1963 by Mr. Rudolph Savage,
Chief of the Research Divi sion of the 
Coastal Engi neering Research
Center (CERC).3 The recently cre -
ated CERC was learn ing how dif fi -
cult field data col lec tion was through 
an ambi tious wave mea sure ment
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1 U.S. Army Corps of Engineers, 1261 Duck Road, Kitty Hawk, NC

2 Naval Research Laboratory, Stennis Space Center, MS

3 The Coastal Engineering Research Center (CERC) was created by Congress in 1963, replacing the Beach
Erosion Board (BEB). In 1997 CERC merged with the Hydraulics Laboratory to create the Coastal and
Hydraulics Laboratory (CHL).



pro gram. Storms could not be well
doc u mented because the piers on
which the gauges were mounted
were either destroyed or were too
shal low to mea sure unbro ken
waves. Estab lish ment of the FRF
would com ple ment CERC’s phys i cal
mod el ing facil i ties and serve the fol -
low ing func tions (Mason 1979):
! Pro vide a rigid plat form from land, 

across the dunes, beach, and
surf zone out to the 6-m (20-ft)
wa ter depth from which waves,
cur rents, wa ter lev els, and bot tom 
el e va tions could be mea sured,
es pe cially dur ing se vere storms.

! Serve as a per ma nent base of
oper a tions for phys i cal and bio -
log i cal stud ies of the site, the
adja cent sound and ocean region 
by the Corps, other Fed eral agen -
cies, uni ver si ties, and pri vate
indus try.

! Pro vide the Corps with field expe -
ri ence and data that would com -
ple ment lab o ra tory and ana lyt i cal
stud ies and pro vide a better
under stand ing of the influ ence of
field con di tions on mea sure ments 
and design prac tices.

! Pro vide a field facil ity for eval u at -
ing new instru men ta tion.

The pri mary facil ity would be a
con crete and steel pier con structed
suf fi ciently high to be above
expected storm waves and surge,
and long enough to cross the most
active zone of sed i ment trans port.
The search for a suit able site con -
sid ered a large number of cri te ria
includ ing:
! Sand size typ i cal of U.S. coasts

and suf fi cient depth of sand to
pre vent underlayer ex po sure.

! Wave cli mate and storm expo sure 
rep re sen ta tive of U.S. coasts.

! Reg u lar off shore bottom topog ra -
phy free of fea tures that may alter 
the wave cli mate.

! Tidal range of 0.5 to 2.0 m (1.5 to 
6 ft).

! Rep re sen ta tive nearshore slope
with the 6-m- (18-ft-) depth con -
tour within 600 m (2,000 ft) of
shore.

! A straight coast line out side the
range of the effects of any sig nif i -
cant lit to ral bar rier.

! Con trol of the sur round ing area to 
avoid inter rup tions in research
pro grams.

! An adja cent sound or estu ary
area.

! Avail abil ity of com mer cial power
and com mu ni ca tion facil i ties.

! Usually free of fog or cloud cover
to allow fre quent use of aerial
remote sens ing.

! A stable coast line (on a time
scale of 50 years)

! Nat u ral dunes.

The FRF became a real ity
through the efforts of Col o nel
Donald S. McCoy, then com mander
of CERC (Moore and Moore 1991).
Sites all along the east ern coast of
the United States were con sid ered
and orig i nally a site within the
Assateague National Sea shore in
Mary land was selected. How ever,
the site was changed to Duck, NC,
when the National Park Ser vice
retracted their endorse ment of the
pro ject.

Though more remote, the Duck
site sat is fied all cri te ria, except pos -
si bly the sed i ment one. Duck beach
sands are typ i cally bimodal
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Figure 1. Aerial view of the Field Research Facility showing pier, buildings, and observation tower



com prised of a coarse (~1 mm) frac -
tion with finer (~0.3 mm) sands. Off -
shore sed i ments are uni form and
fine, decreas ing to ~0.125 mm,
1000 m (3,300 ft) from shore.

The Duck site was pre vi ously
occu pied by the U.S. Navy as a
target range for pilots oper at ing out
of the Oceana Naval Air Sta tion in
nearby Vir ginia. The Navy had
recently decom mis sioned the site
and the 176-acre prop erty was
trans ferred to the Corps. Appro pri -
ately, research into dune sta bi li za -
tion using veg e ta tion to reduce
aeolian move ment of sand from
uncov er ing buried ord nance was
already being con ducted on the site.

Facil ities
The FRF facil ity includes the

560-m- (l,840-ft-) long research pier, 
a main office build ing, field sup port
build ing, and an obser va tion tower
(Figure 1). The research pier is a
rein forced con crete struc ture sup -
ported on steel pil ings spaced

12.2 m (40 ft) apart on center along
the pier length, and 4.6 m (l5 ft)
apart across the width (Figure 2).
The pier deck is 6.1 m (20 ft) wide
and extends from behind the dune
to a nom i nal depth of 6 m (20 ft), at
a height of 7.6 m (25 ft) above the
National Geo detic Ver ti cal Datum of
1929 (NGVD). The influ ence of the
pier on the adja cent bathymetry and
pro cesses is a con cern exam ined by 
Miller et al. (1983) and Elgar et al.
(2001). These stud ies con cluded
that the pier had an effect that
varied with wave and cur rent con di -
tions and dis tance from the pier.

Located on the pier is the Sensor 
Inser tion System (SIS), added in
1990 (Figure 3). The crane-like SIS
can be moved to any loca tion on the 
pier and is equipped with wave
gauges, cur rent meters, and sed i -
ment-transport sen sors (Miller 2000). 
It can be oper ated in 5-m (16-ft)
waves and is able to reach 15 to
24 m (50 to 75 ft) out from the pier
to min i mize the local influ ence of the 
pier on the mea sure ments. The SIS

was orig i nally devel oped to mea sure 
sed i ment trans port during storms but 
it has also found use as an ideal
diverless-platform to tem po rarily
deploy or test ocean o graphic
sen sors.

The main FRF build ing was com -
pleted in 1980 with accom mo da tion
for a per ma nent staff of two and vis -
it ing sci en tists. Ori ginally designed
around a cen tral garage to house a
planned, but never con structed
precursor to the SIS, the main build -
ing imme di ately required mod i fi ca -
tions to adjust for changes in equip -
ment and a per ma nent staff of 10.
The dining room and bunk rooms
were turned into offices, the large
garage went through sev eral dif fer -
ent con fig u ra tions until it was con -
verted into offices, an elec tron ics
shop, and stor age; and the kitchen
was con ve niently moved into an
area that orig i nally held shower
stalls. In 1982, a vehi cle garage was 
added to the facil ity, and in 1991 the 
garage was expanded to include a
class room, tech ni cal library, machine 
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Figure 2. Concrete abrasion collar being placed over a piling during pier construction. The collars protect the piling from
erosion at the sand/water interface



shop, dive locker, and gen eral work
space. The 40-m- (130-ft-) tall
climbable obser va tion tower to sup -
port video remote sens ing obser va -
tions and to hold radio anten nas
was added in 1986. With great cer e -
mony, the tower was chris tened with 
a bottle of cham pagne dropped from 
the top deck, and bets were taken
as to whether it would break or
not—it did.

The FRF is prob a bly best known
for the CRAB or Coastal Research
Amphib i ous Buggy (Birkemeier and
Mason 1984). Designed and con -
structed by the U.S. Army Engi neer
Dis trict, Wilmington, the CRAB
arrived at the FRF in 1978 to con -
duct some of the first sur veys of the
bathymetry near the pier. At that
time it was not tall enough to drive
around the pier, and became stuck
on occa sion trying to go under it.
The height of the CRAB was later

increased by 3 m (10 ft) to 11 m
(35 ft), suf fi cient to pass around the
pier, and it became a per ma nent
part of the FRF in 1981. The CRAB
is an alu mi num tripod pow ered by a
light weight diesel engine that drives
the vari able stroke pump that
powers the three hydrau lic wheel
motors (Figure 4). It is mod eled after 
a sim i lar look ing vehi cle designed by 
R.A. Stearn Inc. (Stur geon Bay, WI)
and con structed by Marine Travelift
and Engi neering for mon i tor ing
beach nour ish ment pro jects. Though 
pri mar ily serv ing as a survey vehi -
cle, the CRAB sup ports other tasks
in the nearshore, such as: instru -
ment deploy ments and main te nance; 
sand sam pling and vibracoring;
cable laying and retriev ing; towing
instru mented sleds; con duct ing
sensor main te nance, and func tion ing 
as a mobile plat form for diving oper -
a tions. Top speed of the CRAB is
3 kph (2 mph) and it can be

oper ated in waves up to 2 m (7 ft)
high. Many oper a tions at the FRF
have only been pos si ble because of
the CRAB. In rec og ni tion of the
value of the CRAB to surf zone
oper a tions, Dutch research ers, after
vis it ing the FRF, have con structed a
sim i lar mobile plat form, the WESP
(http:// www.frw.ruu.nl/fg/wesp.html).

Two recon di tioned LARC-V
(Lighter Amphib i ous Resup ply
Cargo) vehi cles sup port oper a tions
in deeper water or remote from the
FRF. Ori ginally built for the U.S.
Army to trans port cargo between
ships and land, these vehi cles sup -
port diving oper a tions; tow sidescan
and sub-bottom seis mic instru ments; 
lay and retrieve cables; and deploy
and main tain buoys and instru ments. 
One LARC has been con verted from 
the orig i nal mechan i cal drive to
hydrau lic drive for greater speed and 
reli abil ity. It has also been equipped
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Figure 3. Sensor Insertion System (SIS) with instrumented boom deployed during storm conditions



with a cabin and AC power to sup -
port data col lec tion and survey work
(Figure 5).

Per son nel
The FRF staff includes three sci -

en tists, one engi neer, two com puter
spe cial ists, two civil engi neer ing
tech ni cians, one equip ment spe cial -
ist, two elec tri cal tech ni cians, and an 
office admin is tra tor. They are well
known for their exper tise in con duct -
ing coastal field research and col lec -
tively have nearly 200 years of
expe ri ence con duct ing exper i ments
at the FRF and else where. Six of

the orig i nal 10 staff mem bers1

(Figure 6) are still work ing at the
FRF, and four of the cur rent staff
began work in 1985 or 19862. Part
of the attrac tion of work ing at the
FRF is the lack of a usual rou tine.
Every staff member has mul ti ple
respon si bil i ties, and every day is dif -
fer ent–from res cu ing boats at sea, to 
pre par ing the facil ity for hur ri cane
evac u a tion or an inva sion of sci en -
tists, to right ing the CRAB after it
turned over (only once, Octo ber
1987). In addi tion to con duct ing their 
own research, the staff also helps
vis it ing sci en tists plan their exper i -
ments at the facil ity. Through their
inti mate con tact with the

envi ron ment, the staff has a unique
sense of the con di tions to expect
and they have the knowl edge of how 
to suc cess fully deploy instru ments in 
the surf zone so they sur vive.

Mea sure ment Pro gram
Cen tral to all stud ies at the FRF

are the long-term mea sure ments
that began in 1977 (Miller 1980).
This pro gram has evolved with the
addi tion of new instru ments and col -
lec tion tech niques. Mea sure ments
cur rently being made include:
! Wave height, pe riod, and di rec -

tion  at 8- and 16-m (26- and
52-ft) depths;
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Figure 4. Coastal Research Amphibious Buggy (CRAB) preparing to deploy Naval Postgraduate School instrumented sled
during DUCK94 experiment

1  Eugene Bichner, William Birkemeier, William Grogg, Michael Leffler, Carl Miller, Raymond Townsend

2  Clifford Baron, Kent Hathaway, Charles Long, Brian Scarborough



16

Figure 5. One of the Field Research Facility’s Lighter Amphibious Resupply Cargo (LARC-V) vehicles conducting a
bathymetric survey

Figure 6. Original Field Research Facility staff. Left to right (bottom row): Bill Grogg, Harriet Klein, Carl Miller (seated), Curtis 
Mason, Gene Bichner, and Mike Leffler. (Top row): William Birkemeier and Ray Townsend



! Wave height and period (three
points along the pier);

! Ver ti cal cur rent pro file at 8-m
(26-ft) depth;

! Water level (four loca tions and
Na tional Oce anic and At mo -
spheric Ad min is tra tion/Na tional
Ocean Ser vice pri mary tide sta -
tion);

! Water tem per a ture, vis i bil ity,
salin ity (sur face and daily pro file);

! Wind speed and direc tion;
! Atmo spheric pres sure, air tem per -

a ture, humid ity, pre cip i ta tion;
! Bathymetry (bi weekly);
! Annual aerial pho tog ra phy; hourly 

video imag ery

Wave mea sure ments have
always been a pri mary inter est.
Buoy 44014 main tained by the
NOAA/National Data Buoy Center
(NDBC) pro vides direc tional wave
mea sure ments 94 km (58 mi) from
shore in 47-m (150-ft) water depth,
near the edge of the con ti nen tal
shelf. A Datawell® Direc tional
Waverider Buoy mea sures
nonbreaking wave con di tions 4 km
(2.5 mi) off shore in 16 m (52 ft) of
water. Fur ther inshore, the full

direc tional wave spec trum is deter -
mined from the FRF’s 8-m Direc -
tional Wave Array com posed of 16
bot tom-mounted pres sure sen sors
arranged in a shore-parallel,
shore-normal cross (Long and
Oltman-Shay 1991). This array was
deployed in 1986 and designed by
Dr. Joan Oltman-Shay with the
capa bil ity to resolve a uni di rec tional
wave train to within 5 deg and two
wave trains at the same fre quency if 
they differ by 15 deg in direc tion. It
may be the lon gest run ning
high-resolution direc tional wave
gauge in the world (Figure 7).

In order to main tain real-time
obser va tions, most FRF instru ments
are wired to the main build ing via a
net work of armored cables. Although 
the data from some sen sors are col -
lected dig i tally, most sen sors, includ -
ing the 8-m Direc tional Wave Array
sen sors, pro vide a con tin u ous
analog volt age output that is dig i -
tized at the com puter. A Global
Posi tioning System (GPS) time -
server con trols the digitization so
that the phase rela tion ship between
sen sors can be pre cisely mea sured.
Ori ginally, data from all analog sen -
sors were recorded at a 2-Hz

sample rate for 34 min every 6 hr,
except during storms when data
were recorded hourly. Improve ments 
in data col lec tion com put ers and
stor age capac ity allowed for near
con tin u ous data col lec tion start ing in 
1987. Raw time series, com puted
sta tis tics and spec tra are archived
for each sensor and col lec tion
period.

Instru ment obser va tions are sup -
ple mented by a daily series of visual 
obser va tions of param e ters like
cloud cover, air and water vis i bil ity,
breaker type, along shore sur face
cur rents, surf zone width, and rip
cur rent pres ence.

A NOAA/National Ocean Ser vice
(NOS) pri mary tide sta tion (number
865-1370), located at the sea ward
end of the pier col lects water-level
data every 6 min. NOS has care fully 
mon i tored and main tained the tide
gauge since instal la tion in 1977 and, 
as a result, an excel lent record of
sea level rise, and water-level vari a -
tion, has been obtained. During the
period, NOS con verted from their
tra di tional punch paper tape mea sur -
ing system to their next gen er a tion
water-level sta tion, based largely on
devel op ment and per for mance tests
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Figure 7. Directional wave spectra collected at the 8-m Directional Wave Array during the passage of Hurricane Bonnie.
These data show the significant and rapid changes in the distribution of wave energy reaching the beach



con ducted at the FRF. In 1995,
NDBC, in coop er a tion with the FRF,
added a per ma nent Coastal-Marine
Auto mated Net work (C-MAN)
weather sta tion to the end of the
pier as part of a new Ocean Sensor
Test Facil ity for the long-term test ing 
of ocean o graphic sen sors deployed
by the Corps or on NDBC’s ocean
buoys (Woody et al. 1997).

Equally impor tant to the FRF
mea sure ment respon si bil i ties is the
sur vey ing pro gram using the CRAB
to obtain cen ti me ter-accurate mea -
sure ments through the breaker zone 
and across the inner shoreface.
Four pro file lines extend ing sea ward 
to the 9-m (30-ft) depth con tour are
sur veyed biweekly, and a region 1
km by 1 km cen tered on the pier is
sur veyed monthly. The pro gram has
bene fited from advances in sur vey -
ing tech nol ogy through the evo lu tion 
of four dif fer ent sys tems. Early sur -
veys used a sur vey ing level to read
a large stadia board mounted on the 
back of the CRAB. Hand writ ten
notes, weather, biting flies, and
read ing errors made these data
error prone. The level was soon
replaced with a Zeiss Elta-2s elec -
tronic sur vey ing system, (Birkemeier
and Mason 1984). With the Elta-2s,
a typ i cal survey of 50 points could
be con ducted in about 45 min with
an accu racy of 3 cm hor i zon tally and 
ver ti cally.

In 1990, the Elta-2s was replaced 
with a Geodimeter 140-T
self-tracking total sta tion capa ble of
fol low ing the CRAB as it moved and 
acquir ing data every second. For the 
first time, suf fi cient data points were
obtained to fully define the curves
and shapes of the nearshore. In
fact, some of the ear li est evi dence
of mega-ripples was observed even
with the large wheel size of the
CRAB. Because the Zeiss and
Geodimeter instru ments are both
range-azimuth sys tems, their accu -
racy decreases with dis tance from
the instru ment, and they are there -
fore least accu rate at the off shore
extent of the sur veys, where
changes are typ i cally small but can
be sig nif i cant. This prob lem was
resolved in 1996 with the adop tion
of a Real-Time Kine matic (RTK)
GPS system. This system has pro -
duced the most con sis tently

accu rate data to date and has the
added advan tage of requir ing only a
single oper a tor to drive the CRAB
and col lect the data. By com bin ing
the RTK GPS system with a dig i tal
echosounder and using the LARC
as a plat form, the sur veys can now
be extended into deeper water while 
main tain ing nearly the same
accu racy.

The sur veys are not fre quent
enough to cap ture the dynamic
nature of the beach and inner sand
bar zone (changes in the fore shore
pro file of up to 0.8 m have been
observed over a single tidal cycle,
Hol land and Puleo (in prep a ra tion)).
This region is mon i tored remotely
with video cam eras mounted on the
obser va tion tower using tech niques
orig i nally devel oped by Dr. Robert
Holman of Oregon State Uni ver sity.
Daily images from a single camera
began to be col lected in 1986.
Today the images from eight cam -
eras are obtained hourly and used
to create rec ti fied mosaic images,
equiv a lent to a ver ti cal aerial pho to -
graph, for a 2-km (1.2-mile) stretch
of coast line, cen tered on the
research pier.

Exper i ments
To fully uti lize the unique poten -

tial of the facil ity and to obtain as
many ben e fits to the Corps and the
nation as pos si ble, non-Corps use of 
the facil ity and its data has always
been encour aged. This policy has
led to one of the most pro duc tive
accom plish ments of the FRF, serv -
ing as a site for coop er a tive exper i -
ments where resources (funds,
labor, instru ments, and data) are
pooled to inves ti gate com plex
coastal pro cesses. A sequence of
such stud ies has been con ducted at
the FRF result ing in a wealth of new 
coastal knowl edge. In addi tion,
these exper i ments have also cre ated 
a core group of spon sors (U.S. Army 
Corps of Engi neers, Office of Naval
Research, and the U.S. Geo log i cal
Survey) and research ers who have
helped to estab lish the FRF as a
pre mier research facil ity.

In l978, DUCK-X brought together 
24 par tic i pants to eval u ate the use
of remote sens ing for coastal stud -
ies, par tic u larly the capa bil i ties of
the SEASAT-A sat el lite. Ground

truth data from the FRF proved
extremely useful in ver i fy ing syn -
thetic aper ture radar images sent
from the sat el lite. The Atlan tic
Remote Sensing Land and Ocean
Exper i ment (ARSLOE) fol lowed in
Octo ber l980, and included 3l U.S.
par tic i pants and four for eign
research ers. In addi tion to eval u at -
ing remote sens ing tech niques,
wave trans for ma tion the o ries were
tested and direc tional wave mea sur -
ing sys tems eval u ated (Baer and
Vin cent 1983).

In the fall of l98l, A Shoreface
EXper i ment (ASEX) brought sev eral
inves ti ga tors to the FRF to deter -
mine the spa tial and tem po ral vari -
abil ity in sed i ment char ac ter is tics,
and to relate changes in these char -
ac ter is tics to hydro dy namic pro -
cesses. This was the first exper i -
ment to make exten sive use of the
CRAB both to survey sev eral
cross-shore pro files and to col lect a
unique series of cross-shore
vibracores. Though ASEX included
only lim ited mon i tor ing of mor phol -
ogy and surf zone dynam ics, the
obser va tions fore shad owed the
focus of the fol low ing exper i ments:
the com plex inter ac tion between
hydro dy nam ics and sed i ment related 
pro cesses includ ing mor phol ogy
change. ASEX was the first of many 
Duck exper i ments that Dr. Asbury
Sallenger (U.S. Geo log i cal Survey)
par tic i pated in. ASEX was unique in
being the only exper i ment held
south of the pier.

It was during ASEX that plans
devel oped for DUCK82 held in the
fall of l982 (Mason et al. 1985). FRF 
sci en tists and research ers from the
U.S. Geo log i cal Survey, and Oregon 
State Uni ver sity con ducted a com -
pre hen sive month-long study of
nearshore pro cesses and mor pho -
log i cal change to test models of
cres cen tic sand bar gen er a tion
(Bowen and Inman 1971). Movie
cam eras, cur rent meters and wave
gauges on the pier, a
mobile-instrumented sled and the
CRAB were used to col lect wave,
cur rent, and bathymetric data. It was 
during DUCK82 that Dr. Robert
Holman from Oregon State Uni ver -
sity began his long rela tion ship with
the FRF, bring ing his remote
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sens ing tech niques and stu dents to
Duck.

The DUCK82 exper i ment began
to define the format and logis tics of
the exper i ments that fol lowed. In
each, the CRAB was used to
water-jet pre cisely located long pipes 
or pipe frames into the bottom to
sup port the instru ments which were
cabled back to col lect ing sys tems on 
shore. Typically the number of
instru ments was thought to be suf fi -
cient, based on the under stand ing of 
the dom i nant pro cesses at the time.
As the under stand ing of the pro -
cesses improved, the number of
instru ment loca tions or nodes and
the number of instru ments at each
node increased (Table 1). Instru -
ments were deployed during the
mild con di tions of late summer in
order to be ready to mea sure the
changes caused by the first fall
storms of Sep tem ber or Octo ber.
Instru ments in the surf zone require
a high level of atten tion and main te -
nance. There fore, the exper i ments
gen er ally lasted only a few weeks to 
two months to obtain obser va tions
under a range of con di tions includ -
ing storms and to have suf fi cient

time to remove the instru ments
before winter weather set in. Sur -
veys by the CRAB pro vided fre quent 
updates of the mor phol ogy sur -
round ing the instru ments. As the
exper i ments became larger and
more com plex, one key to their suc -
cess was the devel op ing expe ri ence 
being gained by the FRF and by
repeat ing par tic i pants.

Table 1. Instrument Nodes
During the Duck Experiments

Experiment Instrument Nodes1

ASEX 0, instrumented sled

DUCK82 7, instrumented sled

DUCK85 17

SUPERDUCK 30, instrumented sled

DELILAH 19, instrumented sled

DUCK94 41, instrumented sled

SandyDuck 105, instrumented sled

1 Nodes held one or multiple instruments

The DUCK82 exper i ment was
also a land mark in reveal ing both
the impor tance of sand bar mor phol -
ogy to nearshore dynam ics and the

incred i ble speed and com plex ity at
which sand bars evolve during a
storm. Because of the cir cu la tion
asso ci ated with the devel op ment of
migrat ing rip chan nels, adja cent pro -
file lines showed oppo site trends
with off shore bar migra tion on one,
and accre tion on the other. Since
the cross-shore focus of DUCK82 
did not fully resolve this com plex ity,
the DUCK85 exper i ment was
planned with more fre quent sur veys
and a larger array of instru ments.
DUCK85 dif fered some what by
having a sep a rate mild wave phase
in Sep tem ber focus sing on sed i -
ment-transport mea sure ments
(Figure 8), and a storm wave phase
in Octo ber that pro vided some of the 
best quan ti ta tive data on the rapid
changes that occur during storms
(Mason et al. 1987). In fact, the
CRAB sur veys during DUCK85
uniquely cap tured the ini tial, and
subtle, devel op ment of a rip cur rent
through a linear sand bar (Howd and 
Birkemeier 1987). DUCK85 and the
exper i ments that fol lowed  pro vided
train ing oppor tu ni ties for Corps office 
staff. During DUCK85, more than 15 
Dis trict engi neers and sci en tists
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Figure 8. DUCK85 sediment transport experiment, directed by Dr. Nicholas Kraus (CHL). The researchers are tending
sediment traps facing into the longshore current which is being measured by the two current meters located to their right.
Further to the right, the line of “photopoles” was observed by movie cameras to measure wave conditions



par tic i pated for 2 weeks each. For
the sur vey ors and CRAB oper a tors,
DUCK85 was also note wor thy as the 
first and only exper i ment where the
CRAB was oper ated through the
night. It was quickly learned that the
added data did not jus tify the
extraor di nary demand on the driv ers.

DUCK85 was designed as a pre -
lim i nary exper i ment to SUPERDUCK
in 1986, which again included a
morphologic and sed i ment trans port
com po nent, and a hydro dy namic
com po nent, this time includ ing a
509-m (1670-ft) long shore linear
array of elec tro mag netic cur rent
meters (Crowson et al. 1988;
Birkemeier et al. 1989). The pri mary
pur pose of this array had been to
mea sure the dynam ics of edge
waves on a barred beach pro file, a
nat u ral exten sion of edge wave work 
on unbarred Cal i for nia beaches
(Oltman-Shay and Guza 1987).
While edge waves were indeed
observed, the most star tling result of 
SUPERDUCK was the dis cov ery of
shear waves, large fluc tu a tions in
what should have been steady long -
shore cur rents (Oltman-Shay, Howd, 
and Birkemeier 1989). SUPERDUCK 
also saw the first appear ance of Dr.
Edward Thorn ton of the Naval Post -
grad u ate School, an FRF exper i -
ment reg u lar, col lect ing data from
his first mobile instru mented sled.

The 1990 DELILAH exper i ment
was essen tially an exper i ment of
oppor tu nity, pro vid ing an inshore
com pan ion to SAMSON, a land and
ocean exper i ment into the causes
and impor tance of ocean bottom
microseisms. Planning was com -
pressed into the avail able 9-month
prep a ra tion period and the focus
was placed on hydro dy nam ics of the 
newly dis cov ered shear waves and
their rela tion ship to the long shore
cur rent pro file. Cross-shore and
long shore arrays mea sured waves,
cur rents, and swash dynam ics
(Birkemeier et al. 1997). These mea -
sure ments also con firmed that, on a
barred beach, the peak in the long -
shore cur rent occurs over the
nearshore trough, not over the bar
crest as was pre dicted by theory at
the time. The impor tance of large
mega-ripples to sed i ment move ment 
was also observed. DELILAH saw
Dr. Robert Guza of the Scripps

Insti tu tion of Ocean og ra phy, and Dr. 
Steven Elgar, now at the Woods
Hole Ocean o graphic Insti tute, join
the ranks of exper i ment reg u lars.

The hydro dy namic suc cess of
DELILAH, and the need for more
detailed infor ma tion about sed i ment
trans port and morphologic evo lu tion
led to a plan for two addi tional field
exper i ments with added com po nents 
to resolve sed i ment trans port and
morphologic evo lu tion at bed form
scales from rip ples to nearshore
bars. The first, DUCK94 (Birkemeier
and Thorn ton 1994), was intended
as a test run for the new instru men -
ta tion, more formal orga ni za tion, and 
more com pli cated logis tics to be
exer cised during the second exper i -
ment, SandyDuck ’97. DUCK94 was 
held during August and Octo ber
1994 to take advan tage of the syn -
ergy offered by the National Sci ence 
Foun da tion’s Coastal Ocean Pro -
cesses (CoOP) exper i ment (Butman
1994), being con ducted at the FRF
during that time. DUCK94 also saw
the first par tic i pa tion by the Cana -
dian research group of Drs. Tony
Bowen and Alex Hay and their intro -
duc tion of scan ning sonars tech nol o -
gies to bed form stud ies. During
these two exper i ments, hun dreds of
sen sors and instru ments were
deployed in the surf zone, from
instru mented sleds pulled off shore,
from the pier, and from the obser va -
tion tower. The cen ter piece of
DUCK94 was a pri mary cross-shore
array of instru ments that included
wave gauges, cur rent meters, and
acous tic altim e ters to mea sure
real-time bed level changes
(Figure 9). Addi tional instru ments
mea sured sus pended sed i ments,
bottom bedforms, and other param e -
ters (Birkemeier, Long, and
Hathaway 1997). The suc cess of the 
DUCK94 array led to the larger spa -
tial array deployed during
SandyDuck (see Table 1). Both
exper i ments bene fited from the
involve ment of a large seg ment of
the North Amer i can nearshore
research com mu nity in the ini tial
plan ning of the objec tives and the
com plex logis tics required to define
require ments and resource use
(CRAB, boats, com put ers, office
space, etc.). In turn, SandyDuck ‘97
became the larg est coastal field
exper i ment ever with par tic i pants

from 18 uni ver si ties; six Fed eral
agen cies; two pri vate com pa nies,
and three for eign coun tries, con duct -
ing 30 sep a rate exper i ments.
Results of SandyDuck ‘97 are just
now reach ing pub li ca tion.

One little rec og nized but impor -
tant ben e fit of these exper i ments
was the oppor tu nity for inter ac tion
among the par tic i pants. The exper i -
ments brought together research ers
that typ i cally meet only at con fer -
ences per haps once or twice a year. 
For an extended period of 1 to 6
months, these sci en tists and engi -
neers, together with their stu dents
and tech ni cal sup port staff, shared
space, resources, and ideas. In
addi tion to deploy ing instru ments
and col lect ing data, meet ings and
sem i nars were held; hypoth e ses
were pro posed and dis cussed;
abstracts and papers were writ ten;
and sci ence was advanced.
DUCK94 was so intense and inter -
est ing an expe ri ence, that it was
high lighted in a chap ter by Dean
(1999). SandyDuck ’97 received
national rec og ni tion by being fea -
tured on the Cable News Net work
(CNN), the Weather Chan nel, and in 
USA Today.

SandyDuck was fol lowed by
SHOWEX, the Shoal ing Waves
Exper i ment, in the fall of 1999.
SHOWEX was spon sored by the
Office of Naval Research and
designed to improve the sci en tific
under stand ing of the prop er ties and
evo lu tion of sur face grav ity waves
typ i cal of inner con ti nen tal shelves
up to the edge of the surf zone. The 
FRF pro vided logis tic sup port for the 
shore-based oper a tions includ ing
sev eral surf zone com po nents.

In addi tion to the major exper i -
ments, the FRF has also hosted a
large number of smaller spe cialty
exper i ments for users who ben e fit
from the logis tic sup port, field exper -
tise of the staff, and avail able data.
These stud ies, which have usu ally
been sup ported by the Navy or
Army, have cov ered a wide range of 
topics. These include atmo spheric
aero sols; mine detec tion and coun -
ter mea sures; remote sens ing ground 
truth; sur vey ing tech niques; ocean
wave reflectance; wave growth and
trans for ma tion; dune and marsh
veg e ta tion stud ies; and radar
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detec tion of waves and cur rents.
These stud ies are always inter est ing 
because they pres ent new chal -
lenges, broaden the FRF’s logis tic
expe ri ence, and often intro duce new 
state-of-the-art field instru men ta tion.

Impact on Research
The Field Research Facil ity has

played a sig nif i cant role in the
advance ment of nearshore sci ence
as evi denced by the number of pub -
li ca tions per tain ing to research con -
ducted there. A recent com pi la tion of 
bib lio graphic ref er ences indi cates
that more pub li ca tions have been
writ ten describ ing obser va tions
obtained at Duck than for any other
coastal facil ity world wide. In addi tion 
to the hun dreds of con fer ence pre -
sen ta tions given, approx i mately 150
jour nal arti cles, 108 reports, and 84
con fer ence Pro ceed ings papers

have been pub lished, and using
FRF data by more than 200 authors
rep re sent ing 42 sep a rate orga ni za -
tions and 16 dif fer ent nation al i ties.
Topics cov ered include acous tics,
sand bar sys tems, beach cusps, bed
forms, bottom bound ary layers,
coastal struc tures, direc tional spec -
tra, edge waves, exper i ment sum -
ma ries, equip ment descrip tions,
facil ity guides, infragravity motions,
morphodynamics, sed i ment trans -
port, shear waves, sur face grav ity
waves, swash pro cesses, and
wind-driven flows. A list ing of these
pub li ca tions is avail able online at
http://frf.usace.army.mil/biblio/pubs2.
stm.

Many of these pub li ca tions serve
as pri mary ref er ences in the topics
of nearshore ocean og ra phy and
coastal engi neer ing (sev eral papers
have been cited more than 40
times). Others stand as cre ative or
inno va tive appli ca tions of tech nol ogy 

towards resolv ing dif fi cult research
ques tions. For exam ple, there have
been a number of pub li ca tions
(includ ing Birkemeier 1984;
Lippmann and Holman 1993; Larson 
and Kraus 1994; Plant et al. 1999)
per tain ing to nearshore pro file evo lu -
tion data col lected by the CRAB
(Figure 10). Another sig nif i cant
series of pub li ca tions relat ing to
shear waves (Figure 11) can be
traced to their obser va tion by
Oltman-Shay et al. (1989) during
SUPERDUCK. Shear waves are
gen er ated by a shear insta bil ity of
the mean long shore cur rent. Sim i -
larly, over a dozen arti cles have
been pub lished estab lish ing the use -
ful ness of video (Figure 12) for
making long-term, spa tially exten sive 
mea sure ments of sand bar behav ior
(start ing with Lippmann and Holman
1990) and beach pro files (e.g.,
Holman et al. 1991; Plant and
Holman 1997; Stockdon and Holman 
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Figure 9. DUCK94 primary cross-shore instrument array being serviced. Unlike during DUCK85 (Figure 8), to provide
continuous coverage even during storms, sediment-transport measurements during DUCK94 and SandyDuck were made
with in situ instruments
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Figure 10. Envelope of cross-section surveys during the SandyDuck experiment showing large variations of bottom
topography. During this period the sand bar was initially at location a, migrated onshore to location b, then moved offshore
to location c during a passing storm

Figure 11. Evidence of shear waves found in 1986 during the SUPERDUCK experiment. Note the development of
large-amplitude long-period wave forms after about 120 min, when the longshore velocity increased above 4 m/sec (after
Hathaway et al. 1998)



2000). Other authors devel oped
novel meth ods for using sonars to
accu rately mon i tor bottom bed forms 
(Gallagher et al. 1998b; Thorn ton et
al. 1998).

The Duck loca tion has served as
an ideal site for the exten sion of
these find ings to other locales world -
wide. The vari abil ity in waves, cur -
rents, and mor phol ogy at Duck has
allowed hypoth e ses devel oped using 
data from the FRF to be val i dated
else where. For exam ple, the fact
that Duck expe ri ences both reflec -
tive and dissipative con di tions
allowed the estab lish ment of a rel a -
tive scal ing for infragravity motions
with respect to off shore inci dent
wave con di tions (e.g., Holman and
Sallenger 1985; Howd et al. 1991;
Hol land and Holman 1999). Inter pre -
ta tion of the exten sive data col lected 

during FRF exper i ments has also
spurred the devel op ment and val i da -
tion of models for along shore
momen tum bal ances (Feddersen et
al. 1998; Lentz et al. 1999), sand
bar gen er a tion and migra tion
(Sallenger et al. 1985; Holman and
Sallenger 1993; Thorn ton et al.
1996; Gallagher et al. 1998a), wave
energy trans for ma tion (Lippmann,
Brookins, and Thorn ton 1996; Elgar
et al. 1997), and the ver ti cal struc -
ture of cross-shore cur rents (Haines
and Sallenger 1994; Faria et al.
2000). There is little doubt that the
exis tence of the FRF has resulted in 
pub li ca tions that have extended our
under stand ing of the com plex inter -
ac tions between hydro dy namic and
morphodynamic pro cesses.

Impor tantly, this research is lead -
ing to improved tech nol ogy,

pro ce dures, and models for use by
the Corps. For exam ple, FRF data
were used in the devel op ment and
val i da tion of the SBEACH (Larson
and Kraus 1989) pro file change
model and GEN E SIS (Hanson and
Kraus 1989) a shore line change
model. Corps Dis tricts use soft ware
and survey pro ce dures devel oped or 
tested at the FRF. Wave obser va -
tions have con trib uted to more real -
is tic wave mod el ing. Instru ment tests 
and eval u a tions con ducted at the
FRF have led to more robust and
reli able gaug ing at remote Corps
sites. Video tech niques devel oped at 
the FRF are being used in inno va -
tive ways to address unique Corps
prob lems. Con tinued use of the
Duck data set will raise the level of
sophis ti ca tion of the next gen er a tion
of Corps nearshore numer i cal
models.
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Figure 12. Diagram of beach states using time exposure video images modified from Lippmann and Holman (1990). Numbers 
indicate the percent of time that the nearshore morphology is unbarred, linear, mildly crescentic, or crescentic



A final, increas ingly valu able
aspect of FRF activ i ties is the ongo -
ing col lec tion of long-time series of
beach vari abil ity at a rep re sen ta tive
nearshore site. Only in the last
decade has the exis tence and
impor tance of interannual beach
changes become appar ent (Wijnberg 
and Terwindt 1995; Plant et al.
1999). Bathymetry and wave records 
from the FRF are one of only three
long data records world wide
(Aarninkhof and Holman 1999;
Wijnberg and Terwindt 1995) with
which these phe nom ena can be
stud ied.

Data Access
FRF data have always been

acces si ble. For many years, the
data were pub lished in series of
monthly pre lim i nary data sum ma ries
and annual reports (Leffler et al.
1998). Asso ci a tion of the FRF with
uni ver si ties had an added ben e fit in
1994 when research ers from the
Scripps Insti tu tion of Ocean og ra phy
cre ated the first FRF Web site to
dis trib ute infor ma tion and data
during DUCK94. The Web site
quickly became the prin ci ple mech a -
nism for dis trib ut ing obser va tions
and video imag ery in real time,
along with his toric data. Most FRF
data are now avail able online includ -
ing the major data sets from
DELILAH and DUCK94. Print able
ver sions of the monthly reports,
climatalogical sum ma ries of FRF
data, descrip tions of instru ments,
and infor ma tion about the facil i ties,
vehi cles and equip ment are also
avail able. The FRF Web site
(http://frf.usace.army.mil) has been
very suc cess ful and cur rently aver -
ages 5,700 users per month.

The Web site also serves the
public pro vid ing real-time ocean con -
di tions and a “vir tual” tour of the
facil ity. Many vis i tors get an up-close 
look at the FRF by taking one of the 
well-attended summer tours or vis it -
ing with a group. The FRF is also a
pop u lar stop for coastal field trips
along the Outer Banks for every one
from third grad ers to grad u ate stu -
dents and sci ence teach ers.

Future Activ ities
Mason (1979) com piled a list of

29 poten tial stud ies to be con ducted 

at the FRF. Many of these have now 
been accom plished, some more
than once. Rel e vant among the
remain ing stud ies is the move ment
of nearshore placed mate rial for
beach nour ish ment, an exper i ment
that is pres ently being dis cussed.
Many topics not on the orig i nal list
are now fea si ble to study owing to
new instru ments and tech nol o gies.
Some sub jects are wave break ing,
sed i ment trans port (to include size
frac tional rates), and the influ ence of 
cur rents com bined with waves. Con -
trib uting tech nol o gies include acous -
tic cur rent meters, dig i tal video cam -
eras, small rotary side-scan sonars,
bot tom-mounted acous tic altim e ters,
and new sed i ment trans port sen -
sors. High-resolution and spa tially
exten sive remote sens ing tech niques 
are being devel oped which require
ver i fi ca tion with good ground truth
data. These tech niques, com bined
with the exper tise of the FRF, will
also be useful as the Corps’
research pro gram shifts to focus on
ques tions related to the regional
man age ment of sed i ment.

The role of the FRF con tin ues to
evolve. It will be part of the new
Inte grated Ocean Observing System 
devel op ing under the aus pices of
the National Oceanographic Part ner -
ship Pro gram (http://www.nopp.org)
and the Ocean.US office
(http://www.ocean.us.net). This pro -
gram is help ing to inte grate the
ocean research inter ests of 14 Fed -
eral agen cies and rec og nizes the
value of data from facil i ties like the
FRF to sup port the gen eral knowl -
edge of the ocean along with pro vid -
ing the wide spa tial obser va tions
required for regional and global
ocean models. The 23-year-long
FRF data set will allow new, cli ma tic 
change ques tions to be addressed
and the interannual vari abil ity in
coastal dynam ics and mor phol ogy to 
be stud ied. The national value of
sites such as the FRF is being rec -
og nized (Woods Hole Ocean o -
graphic Insti tu tion 2000) and a new
con sor tium of East Coast facil i ties is 
devel op ing to share data and
resources.

Epi logue
This paper has reviewed the

capa bil i ties and prog ress of the Field 
Research Facil ity, estab lished by the 
U.S. Army Corps of Engi neers in
1977 to sup port their coastal
research require ments. Through the
unique com bi na tion of facil i ties, vehi -
cles, long-term mea sure ments, staff
exper tise, and a large and ener getic
com mu nity of users, the orig i nal
objec tives of the FRF cre ators have
been exceeded. If any thing, the first
23 years of the FRF have shown
that, although much has been
explained, even more remains to be
learned. Our expe ri ence has been
that improve ments in obser va tions
usu ally chal lenge our exist ing under -
stand ing and raises new ques tions
to be answered. The pro cess of dis -
cov ery is incre men tal, not easily
rushed, and is con tin u ing in Duck,
NC at the U.S. Army Corps of Engi -
neers’ Field Research Facil ity.
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Inlet Entrance Hydro dy namics, Grays Harbor,
Wash ing ton
Mary A. Cialone1 and Nich o las C. Kraus2

Abstract
An exten sive field data col lec tion

effort was under taken during the fall
of 1999 to exam ine wave prop a ga -
tion and cur rents through an inlet
entrance. These data sup port a cir -
cu la tion and wave model for Grays
Harbor, WA, a jettied entrance with
a large tidal prism. Both the field
data and model results show wave
atten u a tion in the inlet entrance,
flood cur rents stron gest on the north 
side of the inlet, and ebb cur rents
more uni formly dis trib uted. The influ -
ence of the tidal cur rent and water
level on wave trans for ma tion was
also exam ined. Ebb cur rent pro -
duces the great est change at the
inlet entrance, increas ing wave
heights by as much as 0.5-1.5 m.
Flood cur rent increases wave height 
at the sea ward end of the entrance
due to the ebb shoal redi rect ing flow 
off shore, but reduces wave height in 
the inlet throat. Water level has a
min i mal impact on wave height in
the inlet entrance, but does con trol
wave height in the back bay.

Intro duc tion
Grays Harbor is one of the larg -

est inlets in the United States with a 
spring tidal prism of 5.5 x 108 m3.
Approx i mately 160 km2 of 240 km2

of bay area is emer gent at low tide,
indic a tive of expan sive tidal flats.
The entrance chan nel is approx i -
mately 9-12 m deep rel a tive to mean 
lower low water, and the Fed eral
nav i ga tion chan nel main tained on
the south side of the inlet entrance

is 12-13 m deep. As part of a U.S.
Army Corps of Engi neers nav i ga tion
study, data were col lected at seven
loca tions extend ing from sea ward of
Grays Harbor and through the
entrance to record sur face wave
prop a ga tion and cur rent through the
inlet (Figure 1). These mea sure -
ments cap ture tidal flow and change 
of water level by tide and wind, as
well as wave dif frac tion into the bay, 
pro cesses that trans port sed i ment
into the nav i ga tion chan nel and over 
oys ter-grounds leas ing areas.
Numer i cal models of waves and cur -
rents have been estab lished for the
entrance and bay at Grays Harbor
as part of this study. This paper
describes wave and cur rent mea -
sure ments and model sim u la tions
con ducted to exam ine sur face wave
prop a ga tion through the inlet, includ -
ing the mod i fi ca tion of the waves by
the tidal cur rent and water level.

Field Data Col lec tion
The data-collection pro gram con -

sisted of bathymetry sur veys in the
off shore and along main tained and
nat u ral chan nels; a Light Detec tion
and Ranging (LIDAR) survey and
con trolled aerial pho tog ra phy of land 
and tidal flats during lower tide in
the bay; mea sure ment of water level 
at five loca tions around the bay
periph ery, wind and bar o met ric pres -
sure at a nearshore tower; and
waves, water level, tidal cur rent
through the water column, and sus -
pended sed i ment con cen tra tion at
seven bot tom-residing tri pods. The
tripod deploy ment inter val of

mid-September to mid-November
1999 spanned two lunar months
(Hericks and Simpson 2000).

The tri pods were deployed along
or near the nav i ga tion chan nel
(Figure 1). Sta tions 1 through 6
extend from the entrance, through
the inlet, and into the bay. Each
tripod was con fig ured with a SonTek 
Hydra, func tion ing as a direc tional
wave gauge and an up-looking
1,500-kHz Acous tic-Doppler Profiler
(Figure 2). The Hydras con tained a
down-looking Acous tic-Doppler
Velocimeter Ocean Probe, a
high-resolution Res o nant Pres sure
Trans ducer, and two opti cal
backscatterence sen sors. This
instru ment suite doc u mented the
waves, cur rent near the bottom, and 
water level; the cur rent through the
water column in 0.5-m bins; and the
sus pended-sediment con cen tra tion
through the inlet entrance. Sta tion 0
(the sea ward-most loca tion) was
con fig ured with an Ocean Probe and 
an RDI Sen ti nel ADCP with direc -
tional wave-spectra firm ware to
deter mine if com pa ra ble data are
derived from the two dif fer ent mea -
sure ment meth ods.

Numer i cal Sim u la tions
The field-data col lec tion sup ports

both cir cu la tion and wave numer i cal
models for Grays Harbor. The
ADvanced CIR Cu la tion (ADCIRC)
long-wave hydro dy namic model can
define the cir cu la tion and water level 
asso ci ated with both tide and wind
(Luettich, Westerink, and Scheffner
1992). A two-dimensional

1 Research Hydraulic Engineer, U.S. Army Engineer Research and Development Center, Coastal and
Hydraulics Laboratory, 3909 Halls Ferry Road, Vicksburg, MS

2 Senior Scientist, U.S. Army Engineer Research and Development Center, Coastal and Hydraulics
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(depth-averaged) ver sion of ADCIRC 
was applied. The Corps’ Coastal
Inlets Research Pro gram (CIRP) has 
enhanced ADCIRC to include flood -
ing and drying, and it has exer cised
the model in shal low water estuarine 
con di tions such as at Willapa Bay,
WA and as a recon nais sance-level
study at Grays Harbor, WA. The
recon nais sance-level appli ca tion of
the ADCIRC model at Grays Harbor
was enhanced and refined with field
data col lected in the Corps’ nav i ga -
tion study.

The steady-state spec tral wave
model STWAVE has been mod i fied
in the CIRP to rep re sent the
wave-current inter ac tion includ ing
the wave-action equa tion, cur -
rent-induced break ing, and wave
block ing by a cur rent (Smith, Resio,
and Zundel 1999). Com mu ni ca tion
between ADCIRC and STWAVE is
nec es sary in this study for com put -
ing wave-generated cur rents through 
the trans fer of the radi a tion stresses
from STWAVE to ADCIRC and the
trans fer of tide-, wind-, and
wave-generated cur rents from
ADCIRC to STWAVE. In addi tion to

improved wave mod el ing in the
pres ence of a strong cur rent,
STWAVE will give reli able esti mates 
of sea-state in the chan nel. It can
also quan tify storm wave con di tions
as a func tion of the wind. The CIRP
is pres ently upgrad ing STWAVE to
include dif frac tion through a gap, as
found at the Grays Harbor jet ties
that open to the bay.

Tidal Cir cu la tion Modeling
A finite-element grid was devel -

oped for the ADCIRC model to sim -
u late water-surface ele va tion and cir -
cu la tion as a func tion of tidal and
wind forc ing over the entire Grays
Harbor region (Figure 3). The
ADCIRC grid con tains 31,838 ele -
ments and 16,916 nodes, with the
finest res o lu tion along the Fed eral
nav i ga tion chan nel. The shore line
north of Grays Harbor (known as
Ocean Shores) also shows fine grid
res o lu tion and is part of another
coastal study. The ADCIRC model
was driven with the Le Pro vost et al
(1994) tidal con stit u ent data base for
the field-data col lec tion time period
(Sep tem ber to Novem ber 1999).

Figure 4 is a time-series of water
sur face ele va tion from the field data
col lec tion time period and com pu ta -
tions at South Bay and Aberdeen
(see Figure 1 for loca tions). Model
results cor re spond to the field data
both in ampli tude and phase at both
the south ern and east ern ends of
the bay. Figure 5 is a time-series of
cur rent speed from the field data
col lec tion time period and com pu ta -
tions at Inlet sta tions 2 and 4. Com -
pu ta tions cor re spond to the field
data in ampli tude with slight phase
dif fer ences, attrib ut able to
bathymetric inac cu ra cies. Ebb and
flood cur rent data and model results
show the stron gest flood cur rents
are on the north side of the inlet.
Ebb cur rents are more uni formly dis -
trib uted (Figure  6).

Wave Prop a ga tion Modeling
A com pu ta tional grid for the

region shown in Figure 7 was devel -
oped for the Steady-State Spec tral
Wave Model (STWAVE), which com -
putes nearshore wind-wave growth
and prop a ga tion (Resio 1987,
1988a, 1988b; Davis 1992). (This
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Figure 1. Grays Harbor, WA, location map and field-data collection schematic
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Figure 2. Instrument tripod
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Figure 3. ADCIRC computation grid and details of Grays Harbor, WA



appli ca tion did not con sider
wind-wave growth because the 9-km 
fetch had a lim ited effect on wave
height, typ i cally less than 15 per -
cent.) Bathymetric data were
obtained from the U.S. Army Engi -
neer Dis trict, Seat tle, 1999 annual
survey and from the GEO phys i cal
DAta System GEODAS data base of
Hydro graphic Survey Data (National
Geo phys i cal Data Center of National 
Oce anic and Atmo spheric Admin is -
tra tion (NOAA)). The ver ti cal datum
was adjusted from mean lower low
water to mean tide level with the
Westport (Figure 1) tidal bench mark
adjust ment of 1.5 m. Tidal ele va tion
data were added to the mean tide
level bathymetry for each sim u la tion
where the influ ence of tide level was 
con sid ered. The grid ori en ta tion is

10 deg west of north to align the
long shore axis with the off shore
bathymetric con tours (Figure 7). The 
STWAVE grid had 341 cells in the
cross-shore direc tion and 588 cells
in the long shore direc tion with a cell
size of 50 x 50 m.

STWAVE sim u la tions of the first
month (11 Sep tem ber –14 Octo ber)
of the 2-month period of field-data
col lec tion (11 Sep tem ber through 17 
Novem ber 1999) were accom plished 
by driv ing the model with the Grays
Harbor Coastal Data Infor ma tion
Pro gram (CDIP) buoy wave spec tra
at 3-hr inter vals. The CDIP buoy is
located at 46° 51.47’ north lat i tude
and 124° 14.64’ west lon gi tude,
approx i mately 9 km south west of the 
entrance to Grays Harbor in a depth 

of 40-42 m. One-dimensional fre -
quency spec tra from the CDIP
datawell buoy at Grays Harbor
(03601) were obtained from the
CDIP Web site. A the o ret i cal direc -
tional spread was applied to the fre -
quency spec tra to create 2-D spec -
tra for input to the STWAVE model.
The two-dimensional spec tra were
rotated 10 deg west of north to cor -
re spond with the grid ori en ta tion.
Tide ele va tion data from water level
sta tion 1 were used to modify depth
for each 3–hr time period to account 
for water level (and depth) fluc tu a -
tions of the tide.

Model val i da tion with the field
data shows good cor re la tion. A pre -
lim i nary com par i son of wave height
at seven wave gauge loca tions 
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Figure 4. Measured water levels and ADCIRC model results at bay stations 2 and 4

Figure 5. Measured currents and ADCIRC model results at inlet stations 2 and 4



(sta tions 0 through 6 in Figure 1) to
the model results at these loca tions
is given in Figure  8. Wave
 attenuation from sta tion 0, to sta tion
2, to sta tion 3, to sta tion 6 is clearly
evi dent. The max i mum wave height
at sta tions 0 through 2 is over 4 m.
Wave heights at sta tions 4 and 5 (in 
the inlet throat) do not exceed 2.8 m 
during this same time period. Wave
height at sta tion 3 does not exceed

1.2 m and at sta tion 6 (most bay -
ward) does not exceed 0.4 m. All
sta tions show some evi dence of tidal 
influ ence, with the most pre dom i nant 
influ ence at the inte rior sta tions  (sta -
tions 3 and 6). The dif fer ence
between mea sured and cal cu lated
wave height shows that model
results are typ i cally within 0.5 m of
the mea sure ments.

Impacts of Cur rents
and Water Level on
Wave Trans for ma tion

Cli ma to log i cal con di tions were
deter mined from the CDIP buoy data 
(August 1993 through Novem ber
1999). The wave cli mate was
divided into 6 height, 5 period, and 6 
sig nif i cant angle bands to drive the
STWAVE model, for a total of 180
STWAVE sim u la tions (Table 1).
Wave con di tions were first run at
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Figure 6. Average peak ebb and flood currents (cm/sec) for first month of field-data collection



mean tide level (mtl) with no cur rent. 
These base con di tion results were
mon i tored at all inlet data-collection
loca tions (Figure 1). The major ity
(45.1 percent) of the waves are in
the 1-2 m range and result in waves 
at the entrance to Grays Harbor of
approx i mately 0.5 to 2 m. Wave
heights in the 2-3 m range at the
CDIP buoy have a 24.7 percent

occur rence, pro duc ing waves of
0.5-3 m at Grays Harbor entrance.
The larg est waves (>6.5 m) have a
prob a bil ity of occur rence of less than 
1 per cent, but result in wave heights 
of 1-8 m in the inlet entrance. Wave
heights at tripod sta tion 3 (bayward
side of the inlet entrance) have an
80 per cent prob a bil ity of being less
than 1 m.

The cli ma tol ogy sim u la tions were
then made at dif fer ent tide stages
and cur rents. Con di tions were
selected based on anal y sis of data,
which showed that slack cur rents in
the inlet occur near the time of
mean high water and mean low
water and max i mum cur rents occur
near the time of mtl. Ebb and flood
cur rents were obtained from an
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Figure 7. STWAVE model domain used in navigation study

Table 1. Wave Conditions from Grays Harbor Wave Climate (1993-1999)

Significant Wave Height,
m

Peak Period, 
sec

Wave Direction, 
Deg from North Compass Direction

0.5 6 202.5 SSW

1.5 8 225.0 SW

2.5 12 247.5 WSW

3.5 16 270.0 W

5.0 20 292.5 WNW

6.5 315.0 NW
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Figure 8. Measured wave height and STWAVE model results



ADCIRC sim u la tion and inter po lated
onto the STWAVE grid. Peak cur -
rents, on the order of 0.8-0.9 m/sec,
were selected for a typ i cal mean tide 
cycle and do not rep re sent max i -
mum con di tions that can occur at
Grays Harbor. (The max i mum cur -
rent at the entrance during the first
deploy ment period was 1.7 m/sec.)
The tide range was approx i mately
2.1-2.2 m, which is equiv a lent to the 
mean tide range, whereas the spring 
tide range is on the order of 3 m.
These sim u la tions dem on strate the
influ ence of water level and cur rent
on waves in the Grays Harbor
entrance. Fig ures 9 and 10 show dif -
fer ences in wave height at sta tion 2
for the var i ous cur rents and water
levels versus wave heights with no
cur rent or water level vari a tion.
Water level has min i mal influ ence on 
wave height in the inlet entrance
under most con di tions. Flood cur -
rents increase wave height at sta -
tion 1 (due to the ebb shoal

bathymetry redi rect ing flow off shore), 
but reduce wave height at sta tions 2 
and 3. Ebb cur rents cause a sig nif i -
cant increase in wave height at all
sta tions for most wave con di tions.

Con clu sions
An exten sive hydro dy namic study 

of Grays Harbor, WA was con ducted 
includ ing data col lec tion in fall 1999
and numer i cal model sim u la tions.
The mea sure ments show con sid er -
able wave atten u a tion through the
inlet throat (factor of 10 decrease),
flood cur rents stron gest on the north 
side of the inlet, and ebb cur rents
more uni formly dis trib uted. The
numer i cal models include wave and
tidal cir cu la tion sim u la tions and the
effects of tidal cur rents and change
in water level on waves in an inlet
entrance. Ebb cur rents have the
great est influ ence and increase
wave height 0.5-1.5 m. Flood

cur rents increase wave height at the 
sea ward end of the entrance due to
a local bathymetry-induced flow
rever sal and reduce wave height
(flat ten waves) fur ther inside the
inlet entrance. Water level has a
min i mal impact on waves in the inlet 
entrance, but does con trol wave
trans for ma tion in the back bay.
Exam i na tion of the effect of tidal cur -
rents on wave trans for ma tion and
the mod i fi ca tion of the cur rent
through wave radi a tion stresses will
be exam ined in the next stage of
dynamic link ing of models through
the CIRP steering module.
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Figure 9. Influence of current on wave height. Each group of 30 wave conditions includes 5 wave periods and 6 wave
directions
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directions
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Developing a Lock Oper a tion Strat egy for Pool
Lowering
Rich ard L. Stockstill1

Abstract
The pool low er ing capa bil ity of

Locks and Dam 1, Mis sis sippi River, 
can be increased if the lock fill ing
and emp ty ing system is used as a
dis charge outlet. How ever, the
steady-state con di tions of pass ing
flow through the lock system and the 
con di tions during the accel er a tion to
steady state can include exces sively 
low pres sures down stream of the fill -
ing and emp ty ing valves. A lock
valve oper a tion scheme that pro -
vided accept able flow con di tions in
the lock system was devel oped
using a numer i cal flow model of the
lock fill ing and emp ty ing sys tems
cou pled with com mer cial opti mi za -
tion soft ware. The flow model was
val i dated with field data obtained at
the Lock 1 pro to type. The result ing

mod el ing system deter mined the
opti mum valve oper a tions to obtain
steady-state con di tions and pro vided 
the head-discharge rela tion ship for
the lock.

Intro duc tion
A valve oper a tion scheme is

devel oped for pass ing flow through
the fill ing and emp ty ing system of
Lock 1, Mis sis sippi River. The Locks 
and Dam 1 pro ject is located at Mis -
sis sippi River mile 847.6 above the
mouth of the Ohio River between
the cities of St. Paul and Min ne ap o -
lis, MN. The orig i nal lock and dam
was opened to nav i ga tion in 1917.
The dam is a 175-m over flow struc -
ture having a pri vately owned hydro
power sta tion. Con struc tion of a new 

lock was com pleted in 1930. A
second lock, land ward from the first, 
was com pleted in 1932. The lock
cham ber is 17.1 m wide by 121.9 m
long and has a design lift of 11.6 m. 
Reha bil i ta tion of the land ward lock,
the sub ject of this study, was com -
pleted in 1981. Details of the fill ing
and emp ty ing system are pro vided
on the plan and ele va tion draw ing of 
Figure 1. The need to pro vide a
means of pool low er ing has led to
the idea of using the lock cul vert
system as a pool out flow struc ture.
The ques tions to be answered are
what is the best manner in which to
oper ate the valve and what is the
head-discharge rela tion ship for the
lock system.

The pur pose of this study is to
develop a lock oper a tion scheme for 

Figure 1. Plan and profile of landward lock, Lock and Dam 1, Mississippi River

1 Research Hydraulic Engineer, U.S. Army Engineer Research and Development Center, Coastal and
Hydraulics Laboratory, 3909 Halls Ferry Road, Vicksburg, MS.



pool low er ing. Pro ject per son nel
want the option of using the lock’s
fill ing and emp ty ing system during
emer gen cies which require rapid
pool low er ing. Guide lines and oper a -
tion pro ce dures are needed to pro -
vide lock oper a tors instruc tion for
lock valve oper a tion during an emer -
gency. An ear lier hydrau lic model
study (Ables 1979) found that low
pres sures exist in the lock cul vert
during the unsteady flow of lock
oper a tions, which might induce cav i -
ta tion in the cul vert system. The
objec tive of the pres ent study is to
com pute a head-discharge rela tion
for the cul vert system and to
develop a safe oper a tion pro ce dure
that avoids exces sively low pres -
sures and that swiftly reaches
steady state. First, a numer i cal
model of the fill ing and emp ty ing
system was con structed. The numer -
i cal model pro vided infor ma tion for
sim u la tions of dif fer ent head and
tailwater con di tions. The com puted
dis charge and pres sures were val i -
dated with pro to type data. Infor ma -
tion needed for numer i cal model val -
i da tion were the tem po ral vari a tions
of the upper and lower pool, the lock 
cham ber water sur face, the gate
posi tion, and the lock cul vert pres -
sures down stream of the fill ing and
emp ty ing valves. The val i dated
model was then cou pled with opti mi -
za tion soft ware to deter mine the
best method of using the lock cul vert 
system to pass flow in the event that 
pool low er ing is required. The study
deter mines if the lock system can be 
used as an outlet struc ture and the
opti mum oper a tion scheme for pool
low er ing. This paper describes the
devel op ment of the lock model and
the deter mi na tion of the opti mum
valve oper a tion. The opti mi za tion
model min i mizes the time required
to reach steady-state flow while
max i miz ing the min i mum cav i ta tion
indexes down stream of the oper at -
ing valves during the tran sient con di -
tions of steady flow estab lish ment.

Lock System Model
The numer i cal flow model,

LOCKSIM (Schohl 1999) serves as
an eval u a tion tool for lock fill ing and
emp ty ing system designs. LOCKSIM 
cou ples the unsteady pres sure-flow

equa tions, which are appli ca ble to
the con duits within the system; with
the free-surface equa tions describ ing 
the approach res er voirs, valve wells, 
and lock cham ber. The model com -
putes pres sures and flow dis tri bu -
tions through out a lock system. Dis -
charge and piezometric head in the
lock system com po nents are com -
puted by numer i cally solv ing par tial
dif fer en tial equa tions for
one-dimensional unsteady flow. The
rela tion ships between dis charge and 
piezometric head dif fer ence for
valves and cul vert losses are
described by alge braic energy equa -
tions. The posi tion of a valve is pre -
scribed as a func tion of sim u la tion
time. Func tions are also used for
man i fold com po nents, which sim u -
late com bin ing and divid ing flow, to
describe the vari a tion of the branch
head loss coef fi cients with the ratios 
of the indi vid ual branch dis charges
to the com bined dis charge. Avail able 
time-varying numer i cal results
include pres sure, hydrau lic grade
line ele va tion, and dis charge at all
com pu ta tional points. The stage,
veloc ity, depth, top width, and chan -
nel area are pro vided at each com -
pu ta tional point within the
free-surface com po nents and the
veloc ity, shear stress, and vapor
cavity volume are given for each
com pu ta tional point within the
closed-conduit com po nents. The
min i mum pres sures and cav i ta tion
indi ces in the wakes of reverse
tainter valves are also com puted.

This study’s prin ci pal objec tive is
to con struct a model of the Lock 1
system and then develop an oper a -
tional scheme that would tran si tion
the flow from unsteady to steady
state for pass ing dis charge through
the system. The numer i cal model
repro duced the entire fill ing and
emp ty ing system includ ing the
intakes, valves, cul verts, lock cham -
ber, and out lets. Field data
(Stockstill, Fagerburg, and Waller
2000) were used to quan tify loss
coef fi cients of the lock system.
Energy loss coef fi cients were deter -
mined for pri mary com po nents of the 
system for which there is lim ited
pub lished data. Both the fill ing com -
po nents and the emp ty ing com po -
nents of the lock system were val i -
dated with field data. The loca tion of 
the pres sure cells used in the data

col lec tion are shown on Figure 1.
The pres sure cells pro vided tem po -
ral vari a tions of the water sur face in
the upper and lower approaches, in
the lock cham ber, and in the valve
wells. The pres sure cells also mea -
sured the soffit pres sure down -
stream of the valves during lock
oper a tions.

Model Param e ters and
Loss Coef fi cients

The con trac tion coef fi cient is a
param e ter used to cal cu late the
piezometric head at the cul vert soffit 
imme di ately down stream of the fill ing 
and emp ty ing valves and the cav i ta -
tion index for the low-pressure
region down stream of the valves.
Pub lished data quan ti fy ing the con -
trac tion coef fi cient for reverse tainter 
valves shows con sid er able scat ter
(Engi neer Manual 1110-2-1610). The 
coef fi cient of con trac tion for the
reverse tainter valves was spec i fied
as a fourth-order poly no mial func tion 
in terms of the rel a tive valve open -
ing. This func tion is a best fit of the
pro to type data pre sented in
EM 1110-2-1610 “Hydrau lic Design
of Lock Cul vert Valves” (Schohl
1999). The con trac tion coef fi cient for 
a reverse tainter valve is very sen si -
tive to the shape of the bottom edge 
of the valve, there fore there is no
uni ver sal descrip tion of con trac tion
coef fi cients for reverse tainter
valves. How ever, the values used
for this study are believed to be ade -
quate for esti mat ing the lowest pres -
sures at par tial gate open ings.

Field data obtained during lock
oper a tions were used to deter mine
energy loss coef fi cients on the
 components for which no pub lished
data are avail able. Loss coef fi cients
for many hydrau lic com po nents are
well estab lished and are readily
avail able in the lit er a ture (e.g., Miller 
1990; U.S. Army Corps of Engi neers 
1952). How ever, lock cul vert system 
com po nents are often unique to a
par tic u lar pro ject and the loss
 coefficients have not been
 determined. The unknown
 coefficients were deter mined from
field data using the opti mi za tion
tech niques pro vided in the
 commercial-software pack age
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iSIGHT1. This involved link ing the
numer i cal model of Lock 1 with
iSIGHT. The opti mi za tion rou tine
was devel oped to auto mat i cally
change the spec i fied coef fi cients in
the model input file, exe cute the
LOCKSIM pro gram, read the flow
solu tion, and com pute error indi ca -
tors. The error indi ca tors were
chosen to be the dif fer ences in com -
puted and observed oper a tion time,
pres sure down stream of the valve
and the water sur face in the valve
well at crit i cal times during the oper -
a tion. The opti mi za tion scheme
drove these error indi ca tors toward
zero by adjust ing the spec i fied
energy loss coef fi cients. Tech niques 
of both exploit ative and explor atory
opti mi za tion were used. The explor -
atory tech niques, which are numer i -
cal opti mi za tion tech niques, pro vided 
minimization of an objec tive func tion, 
while explo ra tion was used to find

opti mum solu tions through out the
param e ter space. The numer i cal
opti mi za tion tech niques employed
were of the direct meth ods type.
Spe cifically, the method of fea si ble
direc tions and mod i fied method of
fea si ble direc tions were used to find
local optima. Global opti mi za tion
was achieved using the explorative
tech niques of genetic algo rithm and
adap tive sim u lated anneal ing. Model 
sim u la tion runs were com pleted in
an auto matic fash ion for both the fill -
ing system and the emp ty ing system 
in order to estab lish the loss
coef fi cients.

Fill ing System
Deter mi na tion of the loss coef fi -

cients for fill ing system com po nents
used the field data recorded for a
sin gle-valve fill ing oper a tion

(landside cul vert). Par tic u lar empha -
sis was the deter mi na tion of appro -
pri ate loss coef fi cient values for the
intakes and the “chute” ver ti cal tran -
si tion. This tran si tion involves two
ver ti cal curves and a 9.1-m drop in
cul vert ele va tion imme di ately
upstream of the fill ing valves. The
field data were used to estab lish the 
values of these loss coef fi cients by
inte gra tion of the numer i cal model
with the opti mi za tion soft ware in the
manner pre vi ously described. The
results of the adjusted model are
shown on Figure 2. The model
repro duces the field data quite well
except for the pres sures down -
stream of the fill ing valve during the
first 50 sec of the fill ing oper a tion.
The valve opens about 55 percent
during this period. Early in the oper -
a tion, the com puted pres sures are
sig nif i cantly higher than the mea -
sured values due to the errors in the 
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Figure 2. Model validation results for single-valve-filling operation, upper pool 221.4, lower pool 210.1

1  Engineous Software, Inc.  No endorsement of this product is made or implied in this paper.



con trac tion coef fi cient at small valve
open ings. How ever, the con trac tion
coef fi cient pro duces accu rate esti -
mates of the cul vert pres sures at the 
crit i cal period and accu rately cap -
tures the lowest pres sures during
the fill ing oper a tion.

Emptying System
The loss coef fi cients asso ci ated

with the emp ty ing system were
deter mined using the data from a
sin gle-valve emp ty ing oper a tion.
These runs were used to quan tify
loss coef fi cients for the side wall
ports acting as intakes and the
outlet man i folds. The field data indi -
cated that the emp ty ing valve never
reached the full open posi tion (i.e.,
b/B = 1.0, where b is the valve
open ing height and B is the cul vert
height). The data show sig nif i cant
head loss across the valve, when in
the full open posi tion. Adjust ment of

the mod eled max i mum valve open -
ing led to the con clu sion that the
emp ty ing valve reaches a max i mum
open ing of 97 per cent (b/B = 0.97).

The auto matic error-minimization
pro cess that cou ples the lock model
with opti mi za tion soft ware found the
loss coef fi cients appro pri ate for the
emp ty ing system com po nents.
Model results for the adjusted emp -
ty ing system model are pro vided in
Figure 3. The com puted emp ty ing
curve and the pres sures down -
stream of the emp ty ing valve
matched the field data well during
the crit i cal period of low pres sure.
As with the fill ing valves, the soffit
pres sure down stream of the empty
valves are higher than those
observed in the pro to type for valve
open ings less than 50 percent. The
model pres sures are in rea son able
agree ment with the field data at the
time in which the pres sures are
lowest.

Flow Pas sage Through
the Lock System

The steady-state dis charge
through the lock fill ing and emp ty ing
system is quan ti fied with a dis charge 
coef fi cient to pro vide a
head-discharge rela tion in the form:

Q C A gHd V= 2 2 (1)

Here, Q is the dis charge through
the lock, Cd is the lock dis charge
coef fi cient, AV is the valve area, g is 
the grav i ta tional accel er a tion, and H
is the lock lift, which is the dif fer ence 
between upper and lower pools. The 
selec tion of valve area as rep re sent -
ing the flow area is a common
choice in lock design and eval u a tion. 
Steady-state solu tions were com -
puted by sim u lat ing 80 min of lock
oper a tion begin ning with the lock full 
and both the fill ing and emp ty ing
valves closed. First, the fill ing valves 
were fully opened in 83 sec. Then
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Figure 3. Model validation results for single-valve-emptying operation, upper pool 221.4, lower pool 210.2



the emp ty ing valves were fully
opened (actual b/B of 97 percent as
explained pre vi ously) in 480 sec.
The field exper i ments found the
83-sec valve time to be the pro ject’s 
normal valve open ing time and the
480-sec valve time was taken from
the rec om men da tions of the phys i cal 
model study. As the cham ber water
sur face fell, the flow evolved to a
steady state with flow in the intakes
and out the dis charge lat er als.
Steady state was deter mined by a
con ti nu ity check of the lock system.
When the dif fer ence in dis charge in
and out of the system was insig nif i -
cant, the model was con sid ered at
steady state. The model results at
steady state were then used to
deter mine a dis charge coef fi cient for 
the lock system. A dis charge-rating
curve for the lock system is pro vided 
in Figure 4. The dis charge coef fi -
cient for the lock system is con stant
for the heads eval u ated. The lock
dis charge coef fi cient, which was
deter mined to be 0.55, can be used
to com pute other head-discharge
rela tions for flow through the lock,

within the range of lifts antic i pated at 
the pro ject.

These sim u la tions showed that
although the steady-state pres sures
down stream of the fill ing and emp ty -
ing valves were accept able, pres -
sures down stream of the emp ty ing
valves were quite low during valve
oper a tion. The lowest pres sures
occurred when the valve was
between 50 per cent and 70 per cent
open. These low pres sures could
lead to cav i ta tion, the poten tial of
which is quan ti fied using the cav i ta -
tion index, σ, expressed as:

( )σ =
+ −P P P

V
g

a v
2

2

(2)

where, P is the gage pres sure head
at the top of the vena contracta of the 
jet emerg ing from the par tially open
valve, Pa is the atmo spheric pres sure 
head, Pv is the vapor pres sure head
of water, and V is the veloc ity in the
vena contracta of the jet emerg ing
from the par tially open valve. A value 
of 10.15 m was used for the term Pa - 
Pv. There has been much dis cus sion

regard ing the cav i ta tion index value
that is asso ci ated with incip i ent cav i -
ta tion in unvented sys tems. A value
of 0.61 has been used by many and
this value is sub stan ti ated by the pro -
to type study of Bay Springs Lock
(McGee 1989). The air vents down -
stream of the valves at Lock 1 are in
ques tion able con di tion. There fore,
this study adopted main tain ing a cav -
i ta tion index above 0.61.

Valve Oper a tion Opti mi za tion
The opti mi za tion soft ware was

pro grammed to run the model from
ini tial con di tions of an empty lock
cham ber with fill ing and emp ty ing
valves closed, to the steady-state
con di tion with the valves fully open.
The oper a tion con straints were the
max i mi za tion of the min i mum cav i ta -
tion index below both the fill ing and
emp ty ing valves during the estab -
lish ment of steady flow. A rule was
imposed that elim i nated the con sid -
er ation of any valve oper a tions that
pro duced min i mum cav i ta tion
indexes lower than 0.61. Oper a tion
rates of both the fill ing and the
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Figure 4. Lock discharge rating curve, all tainter valves fully open and miter gates closed



emp ty ing valves and the lag
between ini ti a tion of the emp ty ing
valve oper a tion were varied. The
pool con di tions selected for this lock 
oper a tion opti mi za tion was an upper 
pool ele va tion (el) 221.41 and a
lower pool ele va tion (el) 209.5. A
total of 551 lock oper a tion sim u la -
tions found the opti mum valve con -
fig u ra tion that included minimization
of the time required to reach the
steady-state flow con di tion and that
pro duced accept able min i mum cav i -
ta tion indexes for both the fill ing and 
the emp ty ing valves. The opti mum
valve sched ule used a 591.9-sec fill -
ing-valve time, a 160.0-sec emp ty -
ing-valve time, and a 90.0-sec lag
between valve oper a tions. Both
exploit ative and explor atory opti mi -
za tion tech niques were used to glob -
ally resolve the objec tive func tion,
which was max i mi za tion of the min i -
mum cav i ta tion index and

minimization of the time required to
steady state. This valve scheme pro -
duced steady-state flow con di tions in 
about 23 min. Tim ings were rounded 
to the near est 0.5 min. This resulted 
in a fill ing valve oper a tion time of
10.0 min, a 2.5-min emp ty ing valve
open ing time, and a lag of 1.5 min
between ini ti a tion of the fill ing valve
and emp ty ing valve oper a tions
(Figure 5). The results of these sim -
u la tions are shown in Fig ures 6-8.
The steady-state dis charge at this
head is 93.5 m3/s (Figure 6) and the 
lock cham ber water sur face remains 
at el 214.4 (Figure 7). The min i mum
cav i ta tion index down stream of the
fill ing valves was 1.6 and the min i -
mum cav i ta tion index down stream of 
the emp ty ing valves was 0.71
(Figure 8). This sim u la tion dem on -
strates an oper a tion sched ule that
meets the cav i ta tion index guid ance
for the low tailwater of el 209.5.

Sum mary and
Con clu sions

This eval u a tion of the Lock 1 fill -
ing and emp ty ing system deter mined 
the dis charge capac ity of the lock
system with var i ous valve and pool
con fig u ra tions. The dis charge coef fi -
cient of the lock system was deter -
mined to be 0.55 with the valve fully 
open. The field data pro vided the
infor ma tion needed to val i date the
numer i cal model. The numer i cal
model results indi cate that steady
flow through the lock system is best
main tained with both the fill ing and
emp ty ing valves fully opened. Valve
oper a tion opti mi za tion pro duced a
valve sched ule that pro vided accept -
able pres sures below the valves
while estab lish ing the steady state
most rap idly (about 23 min). The
oper a tion used 10-min fill ing valves,
2.5-min emp ty ing valves, and a
1.5-min lag between ini ti a tion of the
fill ing valve and emp ty ing valve
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Figure 5. Valve schedule for establishment of steady flow, lock chamber initially empty

1 All elevations (el) cited herein are in meters referenced to the National Geodetic Vertical Datum.
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Figure 6. History of discharge, 10-min filling valve, 2.5-min emptying valve, emptying valve begins opening 1.5 min after
initiation of filling valve operation, upper pool 221.4, lower pool 209.5

Figure 7. History of pressures and water-surface elevation, 10-min filling valve, 2.5-min emptying valve, emptying valve
begins opening 1.5 min after initiation of filling valve operation, upper pool 221.4, lower pool 209.5



oper a tions (Figure 5). Although the
opti mi za tion was con ducted for a
single lift of 11.9 m (upper pool el
221.4 and lower pool el 209.5), this
is a high lift for this pro ject and the
opti mum valve con fig u ra tion is
believed to be appli ca ble to other
lifts.
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Figure 8. History of cavitation index below valves, 10-min filling valve, 2.5-min emptying valve, emptying valve begins
opening 1.5 min after initiation of filling valve operation, upper pool 221.4, lower pool 209.5
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