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Intro duc tion and
Over view

A revised Coastal Engi neering
Pros pect Course was con ducted by
the U.S. Army Engi neer Research
and Devel op ment Center (ERDC) at
the Water ways Exper i ment Sta tion in 
Vicksburg, MS, on Feb ru ary 1-10,
2000.  This eight-day train ing course 
was devel oped around the new
Coastal Engi neering Manual (CEM),
which is replac ing the ven er a ble
Shore Pro tec tion Manual (SPM). 
The Coastal Engi neering course was 
attended by 10 engi neers from
Corps Dis trict offices, a civil/ocean
engi neer from the U.S. Coast Guard, 
and an envi ron men tal engi neer from 
the New York State Depart ment of
Envi ron men tal Con ser va tion.

This new pros pect course com -
bined topics pre vi ously cov ered in
two sep a rate one-week courses. 
The expanded dura tion of the new
Coastal Engi neering course allowed
a coor di nated and com pre hen sive
in-depth tech ni cal study of nearly all
aspects of coastal engi neer ing cov -
ered in the new CEM.  The course
was aimed at engi neers involved in
coastal engi neer ing design, pro ject
con struc tion, pro ject man age ment,
and oper a tions and main te nance. 
(A com pan ion five-day course,
“Coastal Pro ject Planning,” pro vides
a less tech ni cal over view of coastal
engi neer ing issues for plan ners and
man ag ers who over see coastal pro -
jects and must under stand issues
faced by coastal engi neers.)

Course Topics
One key objec tive in devel op ing

the new Coastal Engi neering pros -
pect course was assur ing a log i cal
arrange ment of related topics sep a -
rated into half-day instruc tion mod -
ules.  Many of the half-day mod ules
are com pre hen sive enough to be
pre sented as stand-alone ses sions. 
A chro no log i cal list ing of the course
mod ules and the asso ci ated instruc -
tion topics is given in the table. The
mod u lar ity of the instruc tion topics
pro vides flex i bil ity in pre sent ing the
pros pect course in the future
because some mod ules can be
moved around in the sched ule to
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accom mo date class needs and
instruc tor avail abil ity.

Excur sions and Tours
Class room lec tures and design

exer cises were com ple mented with
excur sions to the lab o ra tory model
facil i ties and to the ship sim u la tor
located at ERDC. At the ship sim u la -
tor, prin ci pal inves ti ga tor Dennis
Webb explained the oper a tion of the 
com puter-driven sim u la tor, then stu -
dents were given an oppor tu nity to
steer (and some times run aground)
a large bulk car rier as it entered a
nav i ga tion chan nel.

The lab o ra tory tour was led by
Dennis Markle, and it fea tured stops 
at the Los Angeles/Long Beach
Harbor model, the test ing facil ity for
the Rapidly Installed Break wa ter
System, the Bar ber’s Point Harbor
model, a flume study of break wa ter
sta bil ity, and the generic inlet model
facil ity.

Tech nol ogy Trans fer Fair
Through out the course, stu dents

were intro duced to var i ous com -
puter-based tools devel oped by CHL 
and made avail able for Corps use. 
The “Tech nol ogy Trans fer Fair,” an
infor mal event held on the final
morn ing of the short course, pro -
vided the stu dents an oppor tu nity to
gain hands-on expe ri ence with most
of the PC-based soft ware dem on -
strated ear lier in the course. 
Experts were on hand to instruct in
pro gram usage, to give guid ance on
pro gram appli ca bil ity for var i ous
prob lems, and to answer ques tions
about how to obtain and install the
pro grams.  Stu dents moved around
the room to the var i ous com put ers
accord ing to their inter ests and
needs.  In addi tion to learn ing more
about avail able com puter tools, they
estab lished con tacts with the CHL
engi neers and sci en tists who are
respon si ble for assur ing the pro -
grams meet the needs of the field. 
This will pro mote a two-way infor ma -
tion exchange between the pro gram
devel op ers and the end-users which 
will be mutu ally ben e fi cial.

Instruction Modules in Coastal Engineering Prospect Course
Day 1: Overview of Coastal Hydrodynamics
Morning Module: Introduction to Coastal Engineering and Water Waves

Course Preliminaries, Pre-Test
Introduction to Coastal Engineering
Waves and Wave Theories

Afternoon Module: Long Wave Processes
Wave Prediction and Transormation for Engineering Design
Water Levels and Long Waves
Harbor Hydrodynamics
Hydrodynamics for Design

Day 2: Project Planning
Morning Module: Elements of Project Planning

Geological Setting and Diversities
Overview of Sediment Transport
Project Development
Site Characterization

Afternoon Module: Functional Design Issues
Shore Protection
Navigation
Environmental/Restoration
Navigation at Entrances (Ship Simulator Tour)

Day 3: Design of Sloping-Front Structures
Morning Module: Fundamentals of Design

Structure Types and Failure Modes
Wave Runup and Overtopping
Wave Transmission and Reflection
Rubble-Mound Structure Stability

Afternoon Module: Sloping-Front Structure Risk Analysis and Construction Materials
Concrete Armor Units
Incorporating Risk into Design
Construction Materials
Composite Design Example

Day 4: Design of Vertical-Front Structures
Morning Module: Fundamentals of Design

Wave Runup, Overtopping, Transmission, Reflection
Toe Stability/Filter Layer Design
Forces on Structures
Caisson Stability

Afternoon Module: Foundations, Scour, and Construction Materials
Floating Structures (tour of RIBS laboratory facility)
Coastal Structure Foundations
Scour and Scour Protection
Jet Scour at Inlets

Day 5: Beach Fills and Shoreline Change
Morning Module: Engineering Problems and Design of Beach Fills

Sediment Transport Processes in the Coastal Zone
Introduction to Beach Nourishment Design
Design of Beach Fill Cross Section
Beach Fill Planform Design Considerations

Afternoon Module: Example Applications
Construction and Monitoring of Beach Fills
Sediment Budget Analysis
Beach Fill Design Example
Dune Design Example

Day 6: Inlet Engineering
Morning Module: Tools for Inlet Engineering

Inlet Processes
Inlets Online
Sediment Budgets at Inlets
Waves and Currents at Inlets

Afternoon Module: Inlet Example Applications
Field Measurements at Inlets
Sediment Budget Example
Tidal Circulation Example
Inlet Geomorphology and Predictive Models

Day 7: Project Maintenance and Review of Design Tools
Morning Module: Dredging and Project Maintenance

Dredging Fundamentals
Coastal Aspects of Dredging
Sand Bypassing Issues
Monitoring and Rehabilitation

Afternoon Module: Overview of Design Examples
Physical Modeling
Tour of Physical Model Areas
Automated Coastal Engineering System
Overview of Available Tools

Day 8: Technology Transfer
Morning: Technology Transfer Fair



Sum mary
The 12 engi neers in the FY2000

edi tion of the Coastal Engi neering
Pros pect Course dis tin guished them -
selves by their enthu si asm, atten -
tive ness, and prac ti cal engi neer ing
slant they brought to the pros pect
course.  A tre men dous amount of
tech ni cal mate rial was pre sented
over the eight days of the Coastal
Engi neering course, and the stu -
dents took home an equally large
amount of engi neer ing guid ance that 
will serve them in their careers.  The 
Corps Dis tricts should be proud of
the high qual ity of these young engi -
neers who will become the future
tech ni cal lead ers in the field of
coastal engi neer ing.

Next offer ing of the
Coastal Engi neering
Pros pect Course

The Coastal Engi neering Pros -
pect Course is sched uled for pre -
sen ta tion at two-year inter vals with
the next course being offered in
winter of FY2002.  For fur ther infor -
ma tion about this pros pect course,
con tact Dr. Steven Hughes at e-mail 
address: HughesS@wes.army.mil.
(See the adja cent box for details
about spe cial ized onsite CEM short
courses.)
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An ad di tional ben e fit of mod u lar
course de sign used in the Coastal
 Engineering Pros pect Course (and also 
in the Coastal Pro ject Planning Course) 
is that CHL can eas ily de velop and
pres ent cus tom ized short courses at
Dis trict of fices. Such a short course
would con sist of a sub set of the mod -
ules listed in the ta ble that are of spe -
cific in ter est to a par tic u lar Dis trict. For
ex am ple, a Dis trict could de sign a
two-day course that fo cuses on beach
fills and shore line change. In ad di tion to 
Corps staff, the Dis trict might want to
in vite en gi neers from state and lo cal
 jurisdictions and AE firms. This would
be a cost-effective way to pro vide
needed spe cial ized train ing to those
en gi neers who will most di rectly ben e fit.

For more in for ma tion about onsite
CEM-related short courses, con tact
Dr. Ste ven Hughes at e-mail ad dress:
HughesS@wes.army.mil.
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Sim u la tion of Flow in Hydrau lic Struc tures Using ADH
Rich ard L. Stockstill1 and R. C. Berger1

Intro duc tion
This paper describes a pro cess of 

mod el ing flow in hydrau lic struc tures.  
In par tic u lar, appli ca tion is made
with the unstruc tured flow solver,
ADH (ADaptive Hydrology model). 
ADH also con tains solv ers for
ground wa ter and two-dimensional
shal low water flows.  It is capa ble of 
refin ing or coars en ing the grid based 
on error esti mates during flow cal cu -
la tions.  Modeling of hydrau lic struc -
tures pres ents many com pu ta tional
chal lenges to design/eval u a tion engi -
neers.  Hydrau lic struc tures often
have com po nents con tain ing inter nal 
(pres sure) flow while other com po -
nents hold exter nal (free-surface)
flow.  There fore, three-dimensional
(non-hydrostatic) codes must
account for both regions of fixed
domain limits and regions that have
time-varying domains due to move -
ment of the free sur face.  Mul ti ple
regions of rapid accel er a tions also
char ac ter ize hydrau lic struc tures as
water passes from slow res er voir
flow to high-velocity con duit flow. 
This dif fer ence trans lates to sig nif i -
cant dif fer ences in Reynolds number 
over var i ous por tions of the mod eled 
flow field.  Free-surface appli ca tions
to steep chan nels such as chutes
require a model that pro duces stable 
solu tions for a large range of Froude 
num bers.  The model must solve
subcritical and super criti cal flow
fields and resolve any tran si tions
between these regimes.  These flow 
fields may con tain shocks such as
oblique stand ing waves and hydrau -
lic jumps.  These solu tions may
include a highly con torted free sur -
face, and thus requires a robust
free-surface model.  Finally, the geo -
met ric com plex ity of most hydrau lic
struc tures neces si tates the use of
CAD (Computer Aided Design/

Drafting) mod el ing which leads to a
need for a CAD-to-grid gen er a tor
inter face.  Visu al iza tion, of course, is 
also impor tant for the engi neer to
exam ine the geo met ric design and
the result ing hydrau lic con di tions.

Modeling Pro ce dure
The pro cess of devel op ing com -

pu ta tional models of hydrau lic struc -
tures begins with a three-dimen -
sional CAD descrip tion of the
param e ter-based geom e try.  This
CAD infor ma tion is then fed to a grid 
gen er a tor where the domain is
discretized into a tet ra he dral mesh
required by ADH.  The result ing
mesh in con junc tion with spec i fied
bound ary con di tions are then
passed as input to the flow solver. 
The result ing solu tion must next be
trans ferred to a visu al iza tion tool to
facil i tate the eval u a tion of the
hydrau lic con di tions within the struc -
ture.  The flow solver is capa ble of
deter min ing the inter nal pres sure
and ele va tion of the free sur face in
con junc tion with the three veloc ity
com po nents with out assum ing
hydro static pres sure dis tri bu tion. 
The ADH code is writ ten to take
advan tage of the newest mul ti ple-
pro ces sor machines of the Major
Shared Resource Center (MSRC).

Appli ca tions
Appli ca tion of ADH has been

made to hydrau lic struc tures vary ing 
from high-velocity chan nels to nav i -
ga tion com po nents.  This paper
pres ents three appli ca tions as dem -
on stra tions of the mod el ing pro cess, 
and it doc u ments the model’s fea -
tures and capa bil i ties.

CAD-to-Grid Pro cess Applied
to an Intake

The first appli ca tion is a model of
the Marmet Nav i ga tion Lock intake
struc ture.  The multiported intake
model dem on strates the required
CAD-to-Grid pro cess for com pli cated 
geom e tries.  The intake mod eled
about 215 m of the upper approach,
the upper miter gates and recesses,
the intake ports, and fill ing system
cul verts as shown in the CAD draw -
ing pro vided in Figure 1.  The tet ra -
he dral mesh, shown on Figure 2,
had 20,194 nodes and 87,953 ele -
ments.  Figure 3 shows the details
of the discretization near the intake
ports.  Flow in the approach chan nel 
is slow and deep.  The flow accel er -
ates as it enters the intake ports. 
Fur ther accel er a tions occur as the
port flows com bine into a single cul -
vert on each half of the struc ture. 
These accel er a tions are shown in
the veloc ity and pres sure con tours
along a plane located in the center
of the cul vert begin ning at the port
faces (Fig ures 4 and 5,
respec tively).

Scalability Dem on strated with 
Outlet Man i fold

Next, the par al lel per for mance of
the ADH code is shown by appli ca -
tion of the flow model to a
multiported nav i ga tion lock outlet.
The outlet model is an appli ca tion
requir ing high res o lu tion to describe
the port shapes as shown on the
sur face mesh of Figure 6.  The tet -
ra he dral mesh had 48,000 nodes
and 244,000 ele ments.  Ini tial runs
were made to obtain com pu ta tional
timing infor ma tion for doc u men ta tion 
of ADH’s scalability.  The model was 
run on a Depart ment of Defense
(DoD) High-Performance Com puting

1 Research Hydraulic Engineer, U.S. Army Engineer Research and Development Center, Coastal and Hydraulics
Laboratory, 3909 Halls Ferry Road, Vicksburg, MS 39180-6199.
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Cen ter’s Cray T3E.  The mul ti ple
pro ces sor speedups are illus trated
by the tim ings pre sented in Figure 7. 
Sig nif i cant speedups were obtained
when up to 64 pro ces sors were
used.  Addi tional pro ces sors did not
speed up the com pu ta tion time in
this appli ca tion due to the larger rel -
a tive com mu ni ca tion time required
between pro ces sors.  This is a rel a -
tively small test case.  Par al lel per -
for mance will be even better for
larger prob lems.  The flow solu tion
is shown on the veloc ity con tours
plot ted on a hor i zon tal plane through 
the center of the struc ture (Figure
8).

Free-Surface Capa bil ity
Dem on strated with
Super criti cal Flow Con trac tion

Finally, free-surface capa bil i ties
are dem on strated by appli ca tion to a 

super criti cal flow con trac tion having
an approach Froude number of 4. 
This appli ca tion dem on strates ADH’s 
free-surface mod el ing capa bil i ties in
flow fields having mul ti ple shocks. 
The free-surface solu tion is chal leng -
ing due to the pres ence of oblique
stand ing waves within and down -
stream of the tran si tion.  The flow
solu tion is pre sented on the steady-
state finite ele ment mesh shown in
Figure 9.  The top of the mesh
maps the oblique stand ing waves
gen er ated within the con trac tion.

Sum mary and
Con clu sions

The ADH flow solver will pro vide
a rapid and eco nom i cal method of
pre dict ing the hydro dy namic con di -
tions in and around hydrau lic struc -
tures.  The par al lel code allows

rea son able com pu ta tional time
require ments for extremely large
prob lems.

Rec om men da tions for
Fur ther Research

Accu rate mod el ing of hydrau lic
struc tures requires account ing for
tur bu lence effects.  Shear stresses
gen er ated at fixed bound aries play
an impor tant role in the com po si tion
of flow in con duits and chan nels. 
Future efforts should include the
devel op ment of a tur bu lence model
within ADH.

Acknowl edg ments
Funding for this effort is pro vided

by the DoD High Per for mance Com -
puting Mod ern iza tion Office through
the Common High-Performance
Soft ware Sup port Ini tia tive (CHSSI).

Figure 1. Three-dimensional CAD model of lock intake
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Figure 2. Surface mesh of lock intake

Figure 3. Surface model at the port faces
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Figure 4. Velocity contours on a plane through center of intake and culverts

Figure 5. Pressure contours on a plane through center of intake and culverts
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Figure 6. Surface mesh inside multiported outlet

Figure 7. Computational timings for lock outlet manifold model
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Figure 8. Velocity contours on a plane through center of outlet manifold

Figure 9. Computational mesh resulting from supercritical flow in a contraction



Entrance Chan nel Oscil la tions, Willapa Bay, Wash ing ton
Edward B. Hands1 and Vladi mir Shepsis2

Abstract
Nav i ga tion through Willapa Bay,

WA, is com pli cated by con stantly
chang ing align ments and posi tions
of the main entrance chan nel.  Mas -
sive sed i ment move ment in the
entrance cor re lates with El Niños. 
When spit elon ga tion deflects the
chan nel and other con di tions are
met, El Niño-related pro cesses seem 
to trig ger a new outlet.  The pri mary
fac tors in addi tion to El Niño are ebb 
chan nel inef fi cien cies, rates of spit
exten sion and ero sion, and sed i ment 
recy cling within the entrance.
Though inlet dynam ics are not
among the many phe nom ena
already linked to El Niños, this cou -
pling, if valid for Willapa Bay, should 
apply to cer tain other inlets world -
wide.  Under stand ing how chan nels
respond to quasi-predictable phe -
nom ena will improve guid ance for
man age ment of the affected inlets. 
This arti cle was extracted from
Hands and Shepsis (1999).

Willapa Bay
Willapa Bay is the second larg est 

bay on the Pacific Coast of the
United States after San Fran cisco
Bay.  Willapa Bay lies approx i mately 
45 km (28 miles) north of the mouth
of the Colum bia River and 19 km
(12 miles) south of the entrance to
Grays Harbor (Figure 1).  Willapa
Bay has served ocean go ing ves sels
for nearly two cen tu ries, but pas -
sage in and out of the bay has
always been treach er ous due to
intense waves and cur rents at its
unstruc tured entrance.  The con -
stantly chang ing con fig u ra tion of the
chan nel fur ther hin ders nav i ga tion. 
In a single month, the outer chan nel
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Figure 1. Location map

1 Research Scientist, U.S. Army Engineer Research and Development Center, 3909 Halls Ferry Road, Vicksburg, MS 
39180-6199

2 Senior Scientist, Pacific International EngineeringPLLC, 144 Railroad Ave., Suite 310, Edmonds, WA  98020



often migrates 125 m (400 ft) along
the coast.  In storms, chan nels can
move more than 300 m (1,000 ft)
(Pacific Inter na tional Engi neering
1996).  Net dis place ments over a
decade are on the order of 6 km
(20,000 ft).  These morphologic
changes, although large and com -
plex, do include a long-term
repeated pat tern related to tidal
shoal dynam ics.  Off Cape Shoal -
water, a large sub merged shore-tied 
spit grows south ward from year to
year along the outer margin of the
ebb shoal.  As the spit grows, it
pushes the North Fair way chan nel
ahead of it and deflects the chan nel
ori en ta tion through 140 deg on a
decadal scale.  During eval u a tion of
the fea si bil ity of relo cat ing the chan -
nel to a less dynamic part of the
11-km (7-mile)-wide entrance, an
appar ent cor re la tion between cycles
of chan nel reori en ta tion and past
El Niño South ern Oscil la tion (ENSO) 
events was iden ti fied.

Bay Hydro dy nam ics
The Willapa Bay entrance is com -

posed of broad, shal low to supratidal 
flats dis sected by a system of tidal
chan nels.  In dif fer ent years, there
have been as many as three major
tidal chan nels through the entrance.  
These chan nels fall into three
regions referred to as North, South,
and Middle Fair ways (Figure 2).  For 
at least the last 146 years, the chan -
nel in the North Fair way has always
cap tured the major ity of the bay’s
tidal dis charge.

Jarrett (1976) reports that Willapa 
Bay’s tidal prism is about 6 × 108 m3

(2 × 1010 ft3) making it one of the
larg est in the con ti nen tal United
States.  Willapa’s prism-to-bay
volume ratio is also extremely large.  
About 45 per cent of the
below-mean-sea-level bay volume is 
exchanged during each tidal cycle. 
This large tidal prism enters and
exits the  bay twice daily, cre at ing
pow er ful cur rents that reach 2.5 to
3.0 m/sec (5-6 knots) on a reg u lar
basis and 4.5 m/sec (8 knots) during 
extreme tides.  Pre lim i nary esti mates 
of peak dis charge, based on recent
acous tic-doppler cur rent pro files, are 
about 33,500 m3 (43,800 yd3) per

second during a 3-m (10-ft) fall of
tide (Kurrus et al. 1999).

Cross ing the entrance, one
encoun ters large unbro ken waves,
break ers, and reformed ocean
waves.  Wave action in the entrance 
is com pli cated by super po si tion of
local wind waves gen er ated over the 
siz able inner bay on top of the
ocean waves trav el ing along the
chan nel, and ocean waves refracted 
and trans formed over the chan -
nel-margin shoals.  Winter is the
season of the high est and lon -
gest-period ocean waves (heights
often near 8 m or 26 ft, with peri ods
near 13 sec, occa sional heights over 
10 m).  These large winter waves
arrive from the south west.  Summer
waves are smaller (≈ 2 m or 6 ft),
and arrive out of the north.  Thus,
the net long shore trans port is
directed north ward along the open
coast.

Bathymetric Data base
The bathymetric data were

extracted from the U.S. Army Engi -
neer Dis trict, Seat tle, archives and
com bined with recent sur veys com -
pleted under a new Willapa Nav i ga -
tion Chan nel Fea si bil ity Study
(Kraus, editor, 2000).  The early
U.S. Coast Survey and the Seat tle
Dis trict con ducted hun dreds of
hydro graphic sur veys of Willapa Bay 
over the last cen tury and a half. 
Sixty his tor i cal charts were selected
to rep re sent changes from 1852 to
1985.  The more recent years were
rep re sented using the Corps’ dig i tal
data from 1993, 1996, 1997, and
1998.  Sup ple men tary infor ma tion
on shoal posi tions was taken from a
set of high-altitude images cov er ing
the years 1950-1998.

The Corps of Engi neers dredged
the entrance from 1931 to 1941,
1949 to 1974, and in 1997, to create 
a small test chan nel in the Middle
Fair way.  This main te nance dredg ing 
typ i cally removed less than
268,000 m3 (350,000 yd3) per
dredg ing year.  A total of 4.3 106 m3

(6 106 yd3) was dredged between
1951 and 1997.

Geomorphic Cycles
A com pi la tion of 1:60,000-scale

charts (U.S. Army Engi neer Dis trict,
Seat tle, 1949) sug gests there has
long been an aware ness that
Willapa chan nels follow a pat tern,
even though this did not appear in
the early pub lished lit er a ture. 
Andrews (1965) and Terich and
Levenseller (1986) pointed out that
the chan nel migrates south ward, but 
doc u men ta tion and anal y sis of this
pat tern was still lack ing.  Recent
inspec tion of the bathymetry record
allows full doc u men ta tion (at 1-year
inter vals) of five com plete cycles of
spit dis sec tion and chan nel migra -
tion between 1941 and 1999.  Addi -
tional cycles are indi cated in the ear -
lier part of the record, where they
are less fully recorded because sur -
veys were con ducted less fre quently 
prior to 1920.

In 1887, a prom i nent sub merged
spit extended south and oceanward
from Cape Shoal water.  Growth of
this spit deflected the North Chan nel 
dis charge from just off Cape Shoal -
water to south of Leadbetter Point
before allow ing open com mu ni ca tion 
between the North Chan nel and the
ocean.  When the sub merged spit
extends far to the south, (as it did
then and repeat edly later) it is sub -
ject to breach ing by a new outlet
located near the north shore.  The
new outlet allows ebb cur rents to
flow directly sea ward.  Even tually
this north ern outlet cap tures the
major ity of the tidal exchange.  The
distal rem nant of the spit migrates
south east ward as an iso lated shoal,
even tu ally merg ing with other
bay-mouth shoals.  The pat tern
repeats itself as the spit grows and
deflects the North Chan nel to the
south again.

The south ern most chan nels tend
to be best devel oped about a quar -
ter of the way into the spit exten sion 
cycle.  Spit dis sec tion starts at one
to four loca tions.  Ero sion of the new 
out lets always begins on the land -
ward side of the spit, pre sum ably
where accel er a tion of the dis charge
peaks because the flow must either
turn along the spit or increase speed 
over it.  Sev eral years of sea ward
cut ting are typ i cally nec es sary
before one of the new out lets
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Figure 2. Fairways schema (loci of historic channels)



captures the majority of the North
Channel discharge; then the other
outlets shoal. The outlet that pre-
vails is usually the one located near
latitude 46° 43′ N, not where the
freeboard over the spit is greatest,
but where the momentum of ebb
flow against the spit is highest.
Though the older, still dominant,
outlet may have an azimuth less
than 180 deg, the new outlet that
will prevail has an azimuth greater
than 270 deg.

Figure 3 illustrates part of one of
these cycles starting with initial dis-
section of a mature submerged spit

in 1941, through shoal isolation in
1945, and merging of the spit-
derived shoal with inner mouth
shoals in 1949. The next northern
outlet began to cut directly seaward
at the same location in 1954. The
details of the five cycles docu-
mented thus far are illustrated in
1-year increments in Hands (2000).
The duration of the cycles varied
from 8 to 27 years. The northern
root of the spit never was without a
supply of sand. So, the shore-tied
spit continually pushed southward
repeatedly deflecting the main

channel into a hydraulically ineffi-
cient, almost north-south orientation.

Timing of Climatic and
Geomorphic Events

The sstoi index is a sea surface
temperature anomaly for various
areas of the equatorial Pacific calcu-
lated by the National Oceanic and
Atmospheric Administration’s
(NOAA) Climate Prediction Center.
Monthly sstoi indices for East Pacific
region Nino 1+2 (0-10S, 90W-80W)
are shown as points in Figure 4
together with a smoothed curve fit to
this data. Positive anomalies indi-
cate unusually warm water. So,
according to this index, periods
when the curve is above zero corre-
spond to El Niños. The sstoi time
series dates back only to 1950.

Willapa charts clearly display two
earlier complete episodes of channel
realignment that began in 1933 and
1941 before the earliest sstoi index.
So, in the lower half of Figure 4, a
second El Niño index is plotted.
This second index was developed
by Quinn et al. (1978). For his pur-
pose, precision was less important
than obtaining a comprehensive
long-term index. So, Quinn derived
an index that combined many fac-
tors and sources of information on
global pressure systems and coastal
South American rainfall, fisheries,
sea surface temperatures, and sea
bird reports dating back to the
1700s. Quinn’s index is widely cited
by climatologists and even used by
coastal engineers (e.g., Seymour
1998). Quinn’s index is adopted
here to investigate the earlier epi-
sodes of channel reorientation.

Quinn’s index does not specify
the month of initiation and the dura-
tion of El Niños. A modification was
adapted for use in Figure 4 that rep-
resents the time and intensity of
Quinn’s index with bars. The bars
were centered on December 31
because the typical El Niño causes
warmest water temperatures in the
tropical east Pacific during the
Northern Hemisphere’s winter. Bar
widths were arbitrarily set to span
the six months from October 1 to
March 31. The actual onset and
duration of El Niños varies as
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indi cated by changes  in peaks of
the smoothed sstoi curve.  Heights
of the bars reflect Quinn’s inten sity
cat e go ries.  Pre-1980 gaps between 
the bars indi cate low inten sity El
Niño-, neu tral-, or La Niña-years. 
Note that where they over lap, all of
Quinn’s bars align with a peak in the 
sstoi index. All chan nel reori en ta -
tions began during an El Niño time.

A spe cific year was assigned to
the ini ti a tion of each chan nel ori en -
ta tion based pri mar ily on anal y sis of
charted bathymetry. Each pri mary
North Chan nel was traced back to
its first appear ance as a small outlet 
on an annual chart (i.e., the prior
year chart would have no indi ca tion
that a new outlet was being cut).
The bars indi cat ing ini ti a tion of a
new cycle in Figure 4 have a left
edge aligned with mid-October (end
of the survey season) of the year
pre ced ing outlet rec og ni tion and a
right edge aligned with the fol low ing
mid-October. The bar thus spans the 
1-year period during which ero sion
of the new outlet started. With one
excep tion, the year of the ear li est
chart depict ing a new outlet was

selected to indi cate the begin ning of
a new chan nel cycle. The excep tion
was for 1969. The main outlet of the 
1980s can be traced back to a large 
sec ond ary outlet on the 1971 chart,
a minor niche on the 1970 chart,
and com plete absence of any outlet
on the 1969 chart. Though not really 
an outlet, the 1970 niche was inter -
preted as the begin ning of the next
cycle because it was in the posi tion
where a siz able outlet was charted
the next year, and also because the
Octo ber 1969 aerial pho to graphs
reveal at that loca tion a sub stan tial
gap in a line of break ers out lin ing
the spit. Only a niche had been
charted in the summer of 1970, but
the gap in the break ers on the
mid-October 1969 aeri als, indi cated
ini ti a tion of the new outlet had
begun. This is the only instance
where ini ti a tion of the new outlet
was not clear on the annual
bathymetric chart for the indi cated
year.

Figure 4 thus reveals a strong
cor re la tion between chan nel reori en -
ta tion and El Niños. Less than half
of the El Niños, how ever, were

accom pa nied by chan nel reori en ta -
tions. If spit elon ga tion reaches an
unsta ble stage, then El Niño-related
con di tions seem to increase the
chance that a breach will be ini ti -
ated. Spit elon ga tion is the more
basic pre req ui site, per haps because
it cre ates an increas ingly unsta ble
con straint on the ebb jet, which has
already been forced west ward by
con fron ta tion with the north ern bay
shore.

Con clu sions
His torically, ini ti a tions of major

realign ments of the Willapa Chan nel 
coin cide with El Niño con di tions in
the trop ics. The time that elapses
between ini ti a tion and the full devel -
op ment of a new outlet is longer
than the El Niño per tur ba tion. A
six-month relax ation time for a small 
ini tial cut into the land ward side of
the spit is, how ever, con sis tent with
forc ing by El Niño. There are many
more El Niños than chan nel cycles.
A con cep tual frame work guid ing fur -
ther inves ti ga tion of this cycle con -
sists of three pro cesses-response
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cou plings at dif fer ent time-space
scales.

First, deflec tion of the North
Chan nel to a nearly north-south
align ment is a pre req ui site for ini ti a -
tion of a viable new outlet by pro -
cesses that act over a period of
months related to El Niño. Once ini -
ti ated, if the outlet is near 46° 43’ N
lat i tude and has an azi muth greater
than 270 deg, it will con tinue to
deepen, widen, and extend sea ward.

Outlet expan sion con tin ues for
sev eral years until it com pletely dis -
sects the Cape Shoal water sub -
merged spit and cap tures the pri -
mary tidal flow in and out of the
North Chan nel. During this 2- to
4-year phase, the prin ci pal forces
are the momen tum of ebb cur rents
and the greater hydrau lic head
across the spit rather than along the 
north-south outlet.

The third phase is per sis tent
south ward chan nel migra tion, which
lasts 10 to 30 years. Inves ti ga tion of 
this lon gest phase will con cen trate
on pro cesses con trol ling sed i ment
recy cling within the entrance and
pos si ble local rever sal of long shore
trans port toward the entrance from
the north shore.

The abil ity to pre dict nat u ral
interannual chan nel cycles would
expand the poten tial eco nomic strat -
e gies for main tain ing safe inlet nav i -
ga tion. Until the mech a nisms con -
nect ing El Niño to local hydro dy nam -
ics are better known, how ever, too
many uncer tain ties exist to pres ently 
rely on fore casts of remote phe nom -
ena to pre dict a new cycle at
Willapa Bay.

Acknowl edge ments
An agree ment between the U.S.

Army Dis trict, Seat tle, and the Port
of Willapa Harbor to par tic i pate in
the Willapa Chan nel Fea si bil ity
Study made this research pos si ble.
Assis tance in this inves ti ga tion by
Evan Ham il ton, Inc. and Pacific
Inter na tional Engi neering, Inc. is
grate fully acknowl edged.

Ref er ences
Andrews, R. S. (1965). “Modern sed i -

ments of Willapa Bay, Wash ing -
ton: A coastal plain estu ary,”
TR 188, Depart ment of Ocean og -
ra phy, Uni ver sity of Wash ing ton,
Seat tle, WA.

Hands, E. B. (2000). “Study of nav i -
ga tion chan nel fea si bil ity, Willapa
Bay, Wash ing ton, Chap ter 3: Geo -
mor phol ogy,” Edited by N. C.
Kraus, ERCD/CHL TR-00-6, U.S.
Army Engi neer Research and
Devel op ment Center, Vicksburg,
MS.

Hands, E. B., and Shepsis, V. (1999). 
“Cyclic chan nel move ment at the
entrance to Willapa Bay, Wash ing -
ton, USA,” Pro ceed ings, Coastal
Sed i ments ‘99. Amer i can Soci ety
of Civil Engi neers, Hauppauge,
Long Island, NY, 2, 1,522-1,536.

Jarrett, J. T. (1976). “Tidal prism-inlet 
area rela tion ships,” GITI Report 3,
U.S. Army Engi neer Water ways
Exper i ment Sta tion, Vicksburg,
MS.

Kraus, N. C. (1998). “Inlet cross-
 sectional area cal cu lated by pro -
cess-based model.” Pro ceed ings,
Inter na tional Con fer ence on

Coastal Engi neering.  Amer i can
Soci ety of Civil Engi neers, Copen -
ha gen, Den mark, 3, 3,265-78.

Kraus, N. C., editor. (2000). “Study of 
nav i ga tion chan nel fea si bil ity,
Willapa Bay, Wash ing ton.”
ERDC/CHL TR-00-6, U.S. Army
Engi neer Research and Devel op -
ment Center, Vicksburg, MS.

Kurras, K., Titus, C., Fitz Ger ald, K.,
and Giles, S. (2000). “Study of
nav i ga tion chan nel fea si bil ity,
Willapa Bay, Wash ing ton, Chap ter 
4: Field data col lec tion and anal y -
sis.” Edited by N. C. Kraus. U.S.
Army Engi neer Research and
Devel op ment Center, Vicksburg,
MS.

Pacific Inter na tional Engi neering.
(1996). “Willapa Bay chan nel res -
to ra tion pro ject, Pacific County,
Wash ing ton,” Con tract Report,
PIE, Inc., Seat tle, WA.

Quinn, W. H., Zopf, K. S., Short, K.
S., and Kuo-Yang, R. T. W.
(1978). “His tor i cal trends and sta -
tis tics of the South ern Oscil la tion,
El Niño, and Indo ne sian droughts,” 
Fish eries Bul le tin, 76, 665-73.

Sey mour, R. J. (1998). “Effects of El
Niño on the west coast wave cli -
mate,” Shore & Beach, 66 (3), 3-6.

Terich, T., and Levenseller, T.
(1986). “The severe ero sion of
Cape Shoal water, Wash ing ton,”
Jour nal of Coastal Research, 2
(4), 465-77.

U.S. Army Engi neer Dis trict, Seat tle.
(1949). “Willapa Harbor, Wash ing -
ton: Sur veys of bar chan nels from
1852 to 1931," File E/4/2/49, Seat -
tle, WA.

17



Wave Damage on Rub ble-Mound Break wa ters
J. A. Melby1 and N. Kobayashi2

Abstract
Phys i cal-model lab o ra tory exper i -

ments are described con sist ing of
seven rel a tively long-duration rub -
ble-mound break wa ter damage test
series which were con ducted in a
flume using irreg u lar waves. New
damage mea sure ment tech niques
were devel oped, and damage devel -
op ment data were acquired for
break ing wave con di tions. Wave
height, wave period, water depth,
storm dura tion, storm sequenc ing,
and stone gra da tion were all varied
sys tem at i cally. The exper i ment
yielded rela tion ships for both tem po -
ral and spa tial damage devel op ment 
although only the spa tial aspects are 
described herein. It is shown that
the dam aged pro file can be
described by the eroded area Ae,
max i mum eroded depth de, min i mum 
cover depth dc, and max i mum
eroded length le. These param e ters
are nor mal ized as S = Ae/D2

n50, E =
de/Dn50, C = dc/Dn50, and L = le/Dn50, 
and the mean and stan dard devi a -
tion of each are shown to be a func -
tion of the mean damage S. This
arti cle is extracted from Melby and
Kobayashi (1999).

Intro duc tion
Con tem po rary rub ble-mound

break wa ter armor sta bil ity design is
founded on the well-known works of
Iribarren and Hudson con ducted
over sev eral years. Much work has
been done to extend these sta bil ity
models for no-damage design con di -
tions, but little work has been done
to quan tify damage pro gres sion.
With only lim ited knowl edge of
damage pro gres sion, it is dif fi cult to
ratio nally deter mine life cycle costs

or to eval u ate and pri or i tize main te -
nance require ments for var i ous pro -
jects. Fur ther, deter min ing the reli -
abil ity with ade quate accu racy for a
par tic u lar design is impos si ble with -
out pre dic tion models for damage
pro gres sion.

Existing sta bil ity for mu las are lim -
ited to con stant wave con di tions
[e.g., Hudson (1959) and van der
Meer (1988)]. They are pri mar ily
intended to give a stable armor layer 
for a design-level storm. These
exist ing for mu las can be used to
design a new armor layer, but are
not suf fi cient to pre dict life-cycle
costs or to deter mine main te nance
require ments for dam aged rubble
mounds. Van der Meer (1988)
showed that the shape of the eroded 
pro file may be impor tant in assess -
ing the remain ing capac ity of an
armor layer. Man sard et al. (1996)
uti lized the min i mum cover layer
thick ness to describe fail ure of an
armor layer. Melby and Kobayashi
(1998a, 1998b) showed that this
cover layer thick ness as well as the
depth and extent of ero sion can be
used to char ac ter ize the pro file, and
all are quite vari able along the
slope.

Phys i cal Model
Exper i ments

Phys i cal model exper i ments were 
designed to pro vide the basis for an
empir i cal model for spa tial and tem -
po ral break wa ter damage devel op -
ment. The exper i men tal design was
focused on quan ti fy ing damage for
long dura tion tests com posed of
sequences of storms. The objec tives 
of the exper i ments were to (a) quan -
tify the pro gres sion of damage for

mul ti ple storm events, with water
level, break ing wave height at the
toe, and storm dura tion being the
pri mary vari ables (wave period and
stone gra da tion were also varied
sys tem at i cally), (b) quan tify the
uncer tainty or scat ter in damage due 
to nat u ral vari abil ity, and (c) deter -
mine whether the order ing of storm
events affects the ulti mate damage
level.

The exper i ments uti lized two rub -
ble-mound break wa ter sec tions in a
wave flume. Figure 1 shows the
flume pro file, and Figure 2 shows a
typ i cal struc ture cross sec tion. A
total of seven irreg u lar wave test
series were con ducted, shown in
Table 1. Each series was com posed 
of a sequence of storms of vary ing
wave height and water level. Param -
e ters varied sys tem at i cally from
series to series were storm dura tion, 
storm order ing, wave height, water
depth, wave period, and armor gra -
da tion. The struc tures were pro filed
using a newly devel oped auto mated
profiler (Winkelman 1998). The pro -
files were used to deter mine the
eroded cross-sectional area and pro -
file char ac ter is tics.

The exper i ment was con ducted in 
a 61-m-long by 1.5-m-wide by
2-m-deep flume, with a beach slope
of 1V:20H. Two side-by-side iden ti -
cal con ven tional rub ble-mound cross 
sec tions were con structed with sea -
ward slopes 1V:2H, crest heights
30.5 cm, and angu lar armor stone.
Irreg u lar waves cor re spond ing to the 
Texel, Marsen, Arsloe (TMA) spec -
trum were run in bursts of 15 min.
The undam aged underlayer and
armor layer for the two iden ti cal
struc tures were pro filed before each
series. Then both struc tures were
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pro filed after each 30 min of irreg u -
lar waves.

The seven test series were
designed to define spa tial and tem -
po ral damage devel op ment under
irreg u lar depth-limited break ing wave 
con di tions. Series A′, last ing a total
of 28.5 hr, was run until fail ure of
the armor layer occurred, where fail -
ure was defined as expo sure of the
underlayer through a hole of diam e -
ter of at least Dn50. This series was
intended to define the long-term
response of a struc ture. Series A′
was run once yield ing 16 along shore 
pro files every 30 min. Series B′, C′,
D′, E′, F′, and G′, each last ing
approx i mately 9 hr, were run twice
pro duc ing 32 along shore pro files per 

30 min. These latter series were not
run to fail ure, but were intended to
define the damage devel op ment for
var i ous con di tions. Series B′ and C′
were designed to inves ti gate storm
sequenc ing by run ning low water
first then high water in B′, and then
revers ing the water levels in C′.
Series B′, D′, and E′ inves ti gated
period effects, each having a dif fer -
ent peak period. Series F′ and G′
inves ti gated stone gra da tion effects.
The aver age damage, S, and the
stan dard devi a tion of damage, σS,
were com puted using the 16 or 32
pro files after each 30 min of waves.

Two very dif fer ent armor stone
gra da tions were uti lized. The armor
stone for Series A′, B′, C′, D′, and

E′ was uni formly sized with a
median mass M50 = 128 g, nom i nal
diam e ter Dn50 = (M50/ρa)1/3 =
3.64 cm, stone den sity ρa =
2.66 g/cm3, and D85/D15 = 1.05,
where D85 and D15 are the nom i nal
diam e ters cor re spond ing to 85 and
15 per cent finer for the stone mass
dis tri bu tion, respec tively. The armor
stone for Series F′ and G′ was
widely graded riprap with a median
mass M50 = 256 g, nom i nal diam e ter 
Dn50 = (M50/ρa)1/3 = 4.58 cm, stone
den sity ρa = 2.66 g/cm3, and D85/D15
= 1.53. The riprap fol lowed the
widest rec om men da tion of the Shore 
Pro tec tion Manual (1984) of  approx -
i mately 0.125M50 < M < 4M50. For
all series, the underlayer had a gra -
da tion of D85/D15 = 1.32 and was
sized such that (M50)armor/(M50)filter =
25 and (D50)armor/(D50)filter = 2.9.

Damage can be defined accord -
ing to Broderick and Ahrens (1982)
as

S
A

D
e

n

=
50

2

where Ae = eroded volume per unit
length or cross-sectional eroded area 
(Figure 3). The eroded area was
mea sured using a profiler com posed
of eight rods which spanned a width
on one 35-cm struc ture. The along -
shore profiler rod spac ing was 5 cm.
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Figure 2. Model structure cross section for uniform stone

Table 1. Summary of Test Series

Test
Se ries Test Type Ar mor Type

Wa ter Level
Or der

Test
Du ra tion, hr

A′ Deterioration to Failure Uniform Low - High 28.5

B′ Storm Ordering Uniform Low - High  8.5

C′ Storm Ordering Uniform High - Low  9.0

D′ Wave Period Uniform Low - High  8.5

E′ Wave Period Uniform Low - High  8.5

F′ Gradation Riprap Low - High  8.5

G′ Gradation Riprap Low - High  8.5

Figure 1. Experimental wave flume profile



The width of one struc ture was
0.76 m so the pro filed sec tion did not
include the side wall effect. Each pro -
file rod had a sphere of diam e ter 3.64 
cm at the pro fil ing end that fol lowed
the slope as the profiler was moved
along the flume. The posi tion of each 
sphere was deter mined from dig i tal
mea sure ments of the angu lar rota tion 
of each pro file rod and translational
posi tion of the pro file car riage. This
tech nique pro vided an accu rate and
com plete pro file as the cross-shore
spa tial sam pling inter val was less
than 1 mm. The pro file points were
aver aged over a small cross-shore
spa tial inter val in order to elim i nate
con tri bu tions to the eroded area from 
minor down-slope shift ing of the
armor layer.

The eroded depth de, eroded
length le, and cover depth dc, were
used to define the pro file shape. The 
eroded depth de was com puted for
each pro file as the max i mum

dis tance between the eroded pro file
and the undam aged pro file, mea -
sured normal to the struc ture slope.
Sim i larly, dc was com puted as the
min i mum slope-normal dif fer ence
between the undam aged underlayer
slope and the dam aged pro file. The
eroded length was defined as le ≈
2Ae/de cor re spond ing to a roughly
tri an gu lar shaped region along
slope. The pro file param e ters were
nor mal ized to gen er al ize the test
results, as E = de/Dn50, C = dc/Dn50,
and L = le/Dn50. The mean values
were com puted and denoted as E ,
C, and L.

Inci dent wave sta tis tics for all
series are listed in Table 2. For all
tests, the struc ture toe water depths
were lim ited to ht = 11.9 and
15.8 cm. The com bi na tion of wave
peri ods and water depths pro duced
low depth-to-wavelength ratios which 
resulted in severely break ing waves
at the toe of the struc ture, which is

typ i cal of design con di tions on most
U.S. coast lines and rep re sents the
worst case for sta bil ity. In Table 2,
Tp = spec tral peak period, Hmo =
spec tral sig nif i cant wave height
defined as Hmo = 4mo

1/2 with mo =
zero moment of the inci dent wave
spec trum, R = [(mo)r/mo]1/2 = aver -
age reflec tion coef fi cient, with (mo)r
= zero moment of the reflected wave 
spec trum, Tm = mean wave period,
Hs = aver age height of the high est
1/3 of waves, H1/10 = aver age height 
of the high est 1/10 of waves, and
H2% = wave height exceeded by 2
per cent of the waves in the wave
height dis tri bu tion. Time domain sta -
tis tics Tm, Hs, H1/10, and H2% were
all com puted from a zero-upcrossing 
anal y sis.

Results
Melby and Kobayashi (1998a,

1998b) showed that the number of
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vari ables could be reduced because
the mean and stan dard devi a tion of
the pro file param e ters were a func -
tion of the mean damage. The rela -
tion for the eroded depth was E  =
0.44S0.52 indi cat ing that the shape of 
the eroded area remained geo met ri -
cally sim i lar during damage pro gres -
sion. Figure 4 shows E  for the four
new series as a func tion of S. The
nor mal ized eroded length fol lowed L
= 4.6S0.48. This rela tion is shown in
Figure 5. Finally, the mean cover
depth was shown to be described by 
the rela tion ( ) .C C S0 01− = , where
the sub script 0 indi cates the ini tial
value at S = 0. This rela tion pro vides 
a very good fit, as shown in
Figure 6.

These rela tion ships for the
damage vari ables as a func tion of
mean damage (Fig ures 4-6) allow
for pre dic tion of pro file shape and
along shore vari abil ity of damage.
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Table 2. Summary of Incident Wave Characteristics

Series Wave
Duration, 
hr Ht, cm Tp, sec Hmo, cm R Tm, sec Hs, cm

H1/10,
cm H2%, cm

A′ 1 1.5 11.9 2.48 9.78 0.46 1.76 9.38 11.50 12.80

2 1.5 11.9 2.48 12.40 0.47 1.69 11.60 13.80 15.37

3 7.5 11.9 2.48 14.20 0.48 1.74 13.20 15.70 17.30

4 1.0 15.8 2.59 10.50 0.52 1.73 10.10 12.72 14.30

5 6.0 15.8 2.59 13.60 0.51 1.67 13.00 15.97 17.80

6 11.0 15.8 2.59 15.80 0.51 1.66 14.90 18.00 19.30

B′ 1 0.5 11.9 2.48 9.78 0.46 1.76 9.38 11.50 12.80

2 2.0 11.9 2.48 12.40 0.47 1.69 11.60 13.80 15.37

3 2.0 11.9 2.48 14.20 0.48 1.74 13.20 15.70 17.30

5 2.0 15.8 2.59 13.60 0.51 1.67 13.00 15.97 17.80

6 2.0 15.8 2.59 15.80 0.51 1.66 14.90 18.00 19.30

C′ 4 1.0 15.8 2.59 10.50 0.52 1.73 10.10 12.72 14.30

5 2.0 15.8 2.59 13.60 0.51 1.67 13.00 15.97 17.80

6 2.0 15.8 2.59 15.80 0.51 1.66 14.90 18.00 19.30

2 2.0 11.9 2.48 12.40 0.47 1.69 11.60 13.80 15.37

3 2.0 11.9 2.48 14.20 0.48 1.74 13.20 15.70 17.30

D′ 7 0.5 11.9 1.97 6.13 0.44 1.64 6.05 7.62 8.36

8 2.0 11.9 1.97 9.88 0.38 1.54 9.88 12.48 13.59

9 2.0 11.9 1.97 13.11 0.33 1.44 13.18 16.14 17.11

10 2.0 15.8 2.02 9.62 0.38 1.61 9.74 12.48 14.00

11 2.0 15.8 2.02 12.83 0.34 1.55 13.21 16.80 17.87

E′ 12 0.5 11.9 1.53 5.05 0.38 1.29 5.05 6.72 7.75

13 2.0 11.9 1.53 7.13 0.35 1.29 7.26 9.70 11.11

14 2.0 11.9 1.53 9.93 0.31 1.23 10.19 13.38 14.90

15 2.0 15.8 1.48 6.60 0.34 1.30 6.58 8.15 8.78

16 2.0 15.8 1.48 9.41 0.32 1.26 9.53 12.03 13.34

F′ 17 0.5 11.9 2.48 7.21 0.49 1.72 6.96 8.68 9.61

18 2.0 11.9 2.48 11.68 0.42 1.56 11.51 14.39 15.63

19 2.0 11.9 2.48 15.33 0.37 1.39 14.95 18.09 19.39

20 2.0 15.8 2.59 6.43 0.47 1.80 6.18 7.78 8.58

21 2.0 15.8 2.59 8.82 0.44 1.72 8.54 10.95 12.45

G′ 22 0.5 11.9 1.97 7.62 0.42 1.50 7.53 9.53 10.62

23 2.0 11.9 1.97 12.07 0.37 1.36 11.99 14.93 16.22

24 2.0 11.9 1.97 15.42 0.35 1.30 15.21 17.95 18.99

25 2.0 15.8 2.02 11.92 0.37 1.44 11.98 15.06 16.67

26 2.0 15.8 2.02 15.34 0.35 1.34 15.36 18.64 20.03
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Figure 4. Mean normalized eroded depth as a function of mean damage
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Figure 6. Mean normalized cover depth as a function of mean damage

Figure 5. Mean normalized eroded length as a function of mean damage



Pres sure and Accel er a tion Tests, Lock and Dam
No. 1, Mis sis sippi River near St. Paul, MN
Tim Fagerburg1

Pur pose of Study
Pres sure and accel er a tions tests

were con ducted by the U.S. Army
Engi neer Research and Devel op -
ment Center during March 2000 to
deter mine the effects of cer tain
extreme flow regimes on the hydrau -
lic per for mance of Lock and Dam
No. 1 on the Mis sis sippi River,
located approx i mately 16.09 km (10
miles) south of St. Paul, MN. In
emer gency sit u a tions, this lock will
be used as a flow release mech a -
nism as the dam pres ently has an
uncon trolled spill way (inflat able
rubber dike). If, for exam ple, an
upstream bridge should fail, then the 
pool ele va tion would need to be sig -
nif i cantly low ered very rap idly to
expe dite reme dial oper a tions. Such
a rapid drawdown might induce
unac cept able (even cat a strophic)
vibra tions or pres sures within the
lock and dam struc ture.

Intro duc tion
Pres sure trans duc ers and accel -

er om e ters were installed at the
upper pool, lock cham ber, and
down stream pool loca tions. As each
trans ducer was installed, cables
were routed along the upper land
wall to the record ing area (Fig ures
1-3). The cables were con nected to
the data acqui si tion system (Figure
4). A triaxial accel er om e ter to mon i -
tor vibra tions was mounted on the
inter me di ate lock I-wall (Figure 5).

The sequence for the lock oper a -
tions per formed during the data col -
lec tion is listed in Table 1. The fol -
low ing pro ce dures for normal lock
oper a tions were fol lowed for each
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Figure 1. Upper pool water level pressure transducer location

Figure 2. Fill valve well water level pressure transducer

1 Research Hydraulic Engineer, Tidal Hydraulics Branch, Coastal and Hydraulics Laboratory, U.S. Army
Engineer Research and Development Center, Vicksburg, MS 39180



period of data record ing to pro vide
con sis tency in the data col lec tion
and to pro vide assur ance that all
instru ments were zeroed to a known 
ref er ence datum. Prior to any period 
of data col lec tion, the miter gates
(upper or lower, depend ing on the
lock cham ber water level) were
opened slightly to equal ize the water 
level in the lock cham ber and dis si -
pate any water sur face oscil la tions
result ing from the pre vi ous oper a -
tion. When the lock was empty (the
water sur face at the lower pool ele -
va tion), all instru ment read ings were 
set at zero for the exist ing lower
pool water level ele va tion. The data
acqui si tion system was acti vated to
begin record ing data for 30 sec to
col lect base line infor ma tion on all
instru ments. The miter gates were
closed and the oper a tion of the fill -
ing or emp ty ing valves was ini ti ated. 
Once the lock was empty or full, the 
miter gates were then opened
slightly to equal ize the water level in 
the lock cham ber and to dis si pate
any water sur face oscil la tions. When 
the lock cham ber water sur face
appeared to be calm, data record ing 
was stopped.

Normal Lock Oper a tions
Normal lock oper a tions for fill ing

and emp ty ing cycles were mon i tored 
to observe the pres sures, valve
move ments, and I-wall vibra tions for
the cur rently pro grammed valve
move ments and incre men tal valve
move ments. The cur rent pro -
grammed lock oper a tion for a fill ing
cycle is for the fill valve to stop at 25 
per cent open for approx i mately 15
sec, con tinue open ing, stop again at 
50 per cent open for approx i mately
60 sec, and then con tinue open ing
to 100 per cent (Figure 6). The
observed time for the valve oper a -
tion is 157 sec. During the empty
cycle of the pro grammed lock oper a -
tion, the open ing of the empty valve
is con tin u ous from the closed posi -
tion to the full open posi tion. The
empty valve open ing oper a tion time
was observed to be 83 sec. The
incre men tal valve open ing (as rec -
om mended by a pre vi ous model
study) con sists of open ing the fill
valve in 25 per cent incre ments and
hold ing for approx i mately 60 sec

before pro ceed ing to the next open -
ing, thus requir ing a total of 4 min to 
reach the full open posi tion (Figure
7). During a normal lock fill ing oper -
a tion, the cul vert soffit pres sures
imme di ately down stream of the fill
valve were observed to be lowest at
valve open ings of 50 per cent (Figure 
8). The great est drawdown of the

water level in the fill valve well was
observed to occur at 100 per cent
valve open ings (Figure 9).

Oper a tions of the fill and empty
valves were per formed to deter mine
the effect of clos ing the valves
during the period of lowest pres -
sures at the cul vert soffit. During
these oper a tions, the valves were
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Figure 3. Lower pool pressure transducer location in the ladder well recess on the 
land wall

Figure 4. Checking instruments at the data acquisition system location



oper ated nor mally, except that
imme di ately before the valves began 
to open from the 50 per cent incre -
ment, clos ing pro ce dures were ini ti -
ated to sim u late emer gency valve
clo sure oper a tions. The data
recorded by the incli nom eters indi -
cated no poten tial prob lem with
valve clo sure under these
cir cum stances.

Non-Normal Lock
Oper a tions

Non-normal lock oper a tions refer
to con di tions under which the lock
struc ture might be uti lized to pro vide 
addi tional dis charge capac ity during
emer gency pool drawdown pro ce -
dures (Fig ures 10 and 11). These
types of lock oper a tions were con -
ducted to deter mine the hydrau lic
con di tions that result from the var i -
ous con fig u ra tions of fill valves,
empty valves, and miter gates.

The first of a series of flow
releases using the lock struc ture cul -
vert system was per formed using
the same oper at ing pro ce dures that
had been used in pre vi ous oper a -
tions for flow releases. Ini tially a split 
head dif fer en tial was estab lished
between the upper pool and the
water level in the lock cham ber at
half-full (709.23 ft).1 The fill valves
and empty valves were opened to
the full open posi tion. The empty
valve open ing lagged 3 sec behind
the fill valve open ing. During the ini -
tial part of the flow release oper a -
tion, the fill valve remained in the full 
open posi tion and the water level in
the lock cham ber was con trolled
using the empty valve. During the
latter part of the oper a tion, adjust -
ments to both of the valves were
con tin u ously made to main tain the
water sur face in the lock cham ber at 
the half-full level. Figure 12 depicts
the time-history of this oper a tion.
The lowest pres sure down stream of
the empty valve was -11.6 ft (el
674.6) below the cul vert soffit. The
lowest pres sure recorded

down stream of the fill valve was 4.6
ft (el 690.8) above the cul vert soffit.
These low pres sures were instan ta -
neous responses to changes in the
valve open ings.

A second oper a tion for flow
release using the lock cham ber was
per formed. For this oper a tion, the
lower miter gates were locked in the 
open posi tion, the lock cham ber
water sur face was at the lower pool

ele va tion, the empty valves were
closed, and then the fill gates were
opened in incre ments. The first open 
was set to 20 per cent for approx i -
mately 7.5 min. The fill valve was
then opened to 40 per cent for the
remain der of the oper a tion (Figure
13). Fill valve open ings above 40
per cent were pro hib ited for safety
rea sons. A require ment to per form
this type of oper a tion is that the
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Table 1. Lock Operation Schedule for Field Data Collection

Lock Operation Description Fill Empty
1. Normal Lock Fill and Empty Operation Procedures

 a. 4 min valve opening time (model study recommendation) X X

 b. Actual operation (modified valve schedule) 10-12 min fill time X X

 c. Same as a using only landside valves X X

 d. Same as b using only landside valves X X

2. Non-Normal Lock Operations

 a. Split head differential by partially filling lock (Lock ½ full)

  (1) 100% valve opening X

  (2) 60% valve opening X

  (3) 40% valve opening X

  (4) 20% valve opening X

 b. Passing of flow with lock empty and lower miter gates open

  (1) 40% valve opening X

  (2) 20% valve opening X

Total Number of Tests 14

Figure 5. Triaxial accelerometer mounted on the I-wall

1 All elevations (el) cited herein are in feet referenced to the National Geodetic Vertical Datum (NGVD). (To
convert feet to meters, multiply by 0.3048).



lower miter gates be locked in the
open posi tion by pin ning them to the 
wall in the miter gate recesses. As a 
pre cau tion ary mea sure, this pro ce -
dure is fol lowed to pre vent the gates 
from clos ing as a result of any sig -
nif i cant flow forces in the lock cham -
ber and gate recess areas. The flow 
pat terns and result ing forces that
could be gen er ated from this type of 
oper a tion could be sig nif i cant
enough to over power the gates’
hydrau lic oper at ing system. If this
were to occur, severe damage to the 
miter gates would result from the
uncon trolled clos ing. The lowest
pres sures recorded at the cul vert
soffit below the fill valve were
-12.3 ft (el 673.9) below the cul vert
soffit, and occurred when the valve
went past the 40 per cent valve open 
posi tion. No sig nif i cant pres sure fluc -
tu a tions were recorded during this
oper a tion. The aver age pres sure at
the 40 per cent valve open ing was
-10.6 ft (el 675.6) below the cul vert
soffit.

A third flow release oper a tion was 
per formed sim i lar to that described
in the first series above, with the fol -
low ing changes. Ini tially, the lock
cham ber was full (pool el 726.6), the 
fill valve was set at the full open 100 
per cent posi tion, and the empty
valve was opened in 10 per cent
incre ments. Each incre men tal open -
ing of the empty valve was held at
that posi tion for an aver age of 120
sec. Figure 14 pres ents the
time-histories of the cul vert pres -
sures, lock cham ber water sur face
ele va tions, and the empty valve
open ings for this flow release oper a -
tion. Cul vert soffit pres sures below
the fill valve fol lowed closely and
slightly lower than the lock cham ber
water sur face ele va tions. The lowest 
aver age pres sure recorded below
the fill valve was 13.0 ft above the
cul vert soffit (el 699.2). No static
pres sure con di tions were reached at 
this loca tion due to the con tin ual
low er ing of the lock cham ber water
sur face. The cul vert soffit pres sures
below the empty valve changed with 
each incre ment of valve open ing.
The lowest aver age pres sure below
the empty valve was -10.0 ft below
the cul vert soffit (el 676.2) and
occurred at the valve open ing of 70
per cent. No sig nif i cant fluc tu a tions
were evi dent in the recorded data.
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Figure 6. Time-history of sequential fill valve opening

Figure 7. Time-history of incremental fill valve opening during a normal lock
filling operation

Figure 8. Time-history of fill valve culvert soffit pressures and fill valve opening
during a normal lock filling operation (to convert feet to meters, multiply by
0.3048)



A fourth series of lock oper a tions
were then per formed using only the
land wall cul vert valves for the fill ing
and emp ty ing of the lock cham ber.
The valves were oper ated under two 
dif fer ent con di tions; (a) valve open -
ings with no pro grammed stops
during the open ing, and (b) open -
ings of 25 per cent incre ments over a 
4-min time period. The results of
lock oper a tions with valves opened
com pletely with no pro grammed
stops are shown in Fig ures 15 and
16. During the lock empty test, the
lowest empty valve cul vert soffit
pres sure was -8.2 ft (el 678.0) below 
the cul vert soffit and occurred at a
valve open ing of 50 per cent. The
lowest fill valve cul vert soffit pres -
sure during the lock fill ing oper a tion
was -14.3 ft (el 671.9) below the cul -
vert soffit. The results of single valve 
lock oper a tions, fill ing and emp ty ing, 
with the valves opened in 25 per cent 
incre ments are shown in Fig ures 17
and 18. The lowest recorded cul vert
soffit pres sures for the empty and fill 
oper a tions were -9.0 ft (el 677.2)
and -10.6 ft (el 675.6), respec tively.

Valve Move ment
In all the lock oper a tions where

the fill valve was at the 100 per cent
open posi tion, there appeared to be
sig nif i cant move ment of the valve
[3.3 deg or 0.1524 m (0.5 ft)] due to
the high veloc i ties and the low head
in the lock cham ber (Figure 19).
This con di tion would per sist for a
period of time (60 to 80 sec) until
suf fi cient water levels in the fill valve 
well and lock cham ber (el 712.0)
were reached and the veloc i ties at
the valve decreased. Visual obser -
va tions of the lift cable move ment
were noted during these peri ods of
valve move ment (approx i mately 3 to 
4 in. back and forth). This con di tion
may be the result of the valve lift ing
eye pro trud ing into the flow below
the ele va tion of the cul vert soffit,
and had been pre vi ously noted.
Vibra tions of the empty valve lift ing
cable also were observed during the 
lock emp ty ing oper a tions, although
these con di tions were not as
extreme as those for the fill valve.
Any long-term oper a tion of the
valves under these con di tions
should be avoided. Con sid er ation
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Figure 10. Time-history of fill valve opening and closing to simulate emergency
valve closing during a lock filling operation

Figure 11. Time-history of empty valve opening and closing to simulate
emergency valve closing during a lock emptying operation

Figure 9. Time-history of fill valve well pressures and fill valve opening during a
normal lock filling operation



should be given to deter mine if mod -
i fi ca tions can be made to increase
the limit set tings for the valve open -
ings to raise the valve lift ing beam
above the ele va tion of the cul vert
soffit.

I-Wall Vibra tions
As part of the over all data col lec -

tion pro gram, vibra tions of the I-wall
were mon i tored during all lock oper -
a tions. The inclu sion of vibra tion
mon i tor ing in the data col lec tion
resulted from obser va tions made by
the U.S. Army Engi neer Dis trict, St.
Paul, per son nel during pre vi ous lock 
oper a tions. These obser va tions were 
made during a period when the land 
lock cham ber fill ing system was
used to release water for an emer -
gency drawdown of the upper pool.
It was during this event that per son -
nel detected sig nif i cant vibra tions of
the I-wall. During this sub ject data
col lec tion effort, the flow con di tions
from the pre vi ous oper a tion could
not be dupli cated.

Con clu sions
No sig nif i cant vibra tion levels

were detected during the normal
lock oper a tions. Vibra tion levels
were very low, rang ing from 0.000 g
during the major ity of the oper a tion
to 0.012 g during non-normal lock
oper a tions. The acous tics from the
air being drawn into the bulk head
slots and the valve wells were the
most severe con di tions observed
during the var i ous oper a tions. This
con di tion was espe cially evi dent
during the single valve lock fill oper -
a tion. The air drawn into the cul vert
intake bulk head slots caused the
steel cover plat to deflect approx i -
mately one-half to three-quarters of
an inch. The noise level cre ated by
this oper a tion was sig nif i cantly
higher and more distrubing than the
struc tural vibra tion levels.
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Figure 13. Time-history of culvert soffit pressures and valve opening for flow
releases through lock culverts with the lower miter gates open

Figure 12. Time-history of culvert soffit pressures and valve openings for flow
releases through the lock culverts (Continued)

Figure 12. (Concluded)
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Figure 14. Time-history of culvert pressures, lock chamber water surface, and valve
opening for flow release operation (Continued)

Figure 14. (Continued)

Figure 14. (Concluded)
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Figure 17. (Concluded)Figure 17. Time-history of culvert pressure, empty valve well
water surface, lock chamber water surface and empty valve
openings for a single valve lock empty operation with
incremental valve opening (Continued)

Figure 15. Time-history of culvert pressure, lock chamber
water surface, empty valve well water surface, and empty
valve opening for a single valve lock emptying operation
(Continued)

Figure 15. (Concluded)

Figure 16. Time-history of culvert pressures, fill valve well
water surface, lock chamber water surface and fill valve
opening for a single valve lock filling operation (Continued)

Figure 16. (Concluded)
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Figure 18. Time-history of culvert pressure, fill valve well water surface, lock chamber
water surface and fill valve opening for a single valve lock filling operation with
incremental valve opening (Continued)

Figure 18. (Concluded)

Figure 19. Time-history of fill valve inclinometer indicating possible valve movement
during periods of extreme turbulence in the valve well area
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