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TABLE XVIII

SHIP PASSAGES

Ship Type Number of Passages*
Bulk Carriers 10
Container Vessels 2
Tankers 3
Car Carriers 1
Naval frigates 5
Naval destroyers 1
Naval supply ships 2

*Note: Observed passages only for this study and are not

representative of total shipping on the lower
Columbia River. oOnly some of these ship events
were also analyzed for sediment transport.

data collected by Sorensen (1973) and further calibrated

using laboratory data of Das (1969) by Sorensen and Weggell

(1984). Variables were converted into dimensionless units

using a denominator of volume (L3; I=length units); the

ship's displacement.

H

I

ship generated wave height (L)
d = water depth (L)

¥ = distance to sailing line (L)

V = ship velocity (L/T)

SD = ship displacement (L?%)

SL = ship length (L)

SB = ship beam (L)

SS = ship draft (L)
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L

length units
T = time units
Dimensionless Variables as defined by Sorensen and Weggell

(1984) are listed below:

F = V/(gd)o'5 = Froude number

H* = u/sp’-* = dimensionless wave height

xX* = x/SDO'33 = dimensionless distance from
sailing line

d* = d/sp’ ¥ = dimensionless depth

SL* = sL/sp’* = dimensionless ship length

SB*x = SB/SDO‘33 = dimensionless ship beam

SS* = ss/sp’3 = dimensionless ship draft

Equation (9) is the general expression to predict ship wave
height is (Sorensen and Weggell, 1984):
H*x = ax*" (9)

where n = ﬁ(d*)6

B = -0.225F%%% 0,20 .LE. (F) .LE. 0.55

B = -0.3420.55 .LE. (F) .LE. 0.80

§ = -0.118F%%% .20 .LE. (F) .LE. 0.55

§ = -0.1460.55 .LE. (F) .LE. 0.80

loga = a + b(log(d*)) + c(log?(d*)) (10)
a = -0.6F

b = 0.75F 1%

c = 2.653F 1%

The final calculated value of (H*) was corrected (Sorensen

and Weggell, 1984) to measured model values (Das, 1969)
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using the following linear equations dependent on the model

hull configuration:

Box Hull:

H* . =2.427H*_, = 0.0728 (11)
Cruiser (Broad beam):

H* _,=3.158H*_, - 0.1105 (12)

Mariner (most streamlined):

H* ,=0.835H*_,, = 0.0225 (13)

cale

The derivation for ship wave height presented by Saunders

(1975) is presented in Equation (14):

H = kw[(B/LE) * (V%/2q)] (14)
where: kw = coefficient (used 1.0)
SB = ship beam

LE = distance from bow to midbody
V = ship velocity
g = acceleration due to gravity

Terms for Table XIX:

Hl = wave height predicted without linear
correction (Sorensen & Weggell, 1984)

H2 = wave height predicted (Saunders, 1975)

H3 = measured wave height , m = meters, others

defined above
The results of these ship wave prediction
calculations are presented in Figure 73. Observed drawdown

sometimes (though uncommon) exceeded predicted drawdown



TABLE XIX

CALCULATED VALUES OF SECONDARY SHIP WAVE HEIGHT

Ship
Ocean Beauty

Chevron
Oregon

Magnolia
Kee Lung
Luna II
Lake River
Leandros

European
Highway

Coast Range
Ocean Jade

Verrazan?
Bridge

Verrazano
Bridge
Indah Fuji
USN Chandler
USN Ford
USN Thach
USN Gray!
USN Gray’

USN Ramsey
USCG Boutwell

UscG Iris

! = inbound

SD F
16636 .46 -.
37602 .27 -.
30127 .37 -.
22612 .41 -.
33381 .37 -.
38815 .42 -.
34446 .36 -.
12437 .35 -.
27685 .38 -.
28950 .28 -.
18176 .38 -.
31638 .40 -.
16714 .40 -.

6210 .38 -.

2750 .42 -.

2750 .37 -.

3011 .41 -.

3011 .34 -.

2640 .38 -.

3050 .42 -.

935 .31 -.

2 = outbound

n Q H* Hl
43 .064 .024 .61
68 .015 .004 .13
53 .040 .013 .41
41 .050 .018 .49
53 .042 .014 .45
49 .064 .024 .81_
51 .039 .014 .45
52 .025 .007 .17
52 .042 .014 .42
65 .015 .004 .12
50 .037 .012 .31
50 .052 .018 .58
48 .043 .014 .37
48 .029 .008 .15
42 .038 .011 .16
46 .024 .006 .09
43 .035 .010 .15
49 .018 .004 .06
45 .027 .007 .10
43 .038 .011 .16
49 .012 .002 .02

H2

.34

.13
.24
.30
.26
.30

.22

.26
.25

.14

.21

.23
.30
.17
.21
.17
.22
.15
.27
.24

.23
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H3 Hull
.27 C
.17 C
.38 C
.15 C
.31 C
.16 C
.15 C
.30 c
.11 C
.28 &
.19 C
.61 C
.19 C
.21 M
.42 M
.08 M
.43 M
.36 M
.38 M
.34 M
.23 C
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Figqure 73. Predicted versus measured ship wave

heights.

which should always have been greater then drawdown at the

shore.

Ships transiting the lower Columbia River often have
draft to depths approaching the maintained channel depth.
The ratio of ship cross-sectional areas to channel cross-
sectional area at the Puget Island site range from 0.09 to
4.50 (blockage factor). Figure 74 is a scale diagram of
the bulk carrier "Magnolia"™ moving through the Columbia

channel adjacent to the Puget Island site and illustrates
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the size ratio of the ships to the navigation channel. The
hull outline behind Magnolia's (Figure 74) shows how big
some of the ships transiting the lower Columbia get.

Figure 75 presents the wave created by the Magnolia, as
recorded at the Puget Island site. Figure 76 presents the
wave generated by the container vessel Verrazano Bridge.
The sequence of events or waves that occur as a ship moves
past a site are presented in Figure 77.

The interaction between ship waves and the shore can
often be dramatic, as illustrated in Figures 78, 79, 80,
and 81, which show the attack of a plunging secondary ship
wave near highest high tide at Puget profile PU-9.

Appendix C presents other visual examples of ship waves
along some of study sites.

Ship wave records (Appendix C) for merchant ships are
summarized in Table XX.

Previous work examining the impact of ships waves on
shoreline erosion used the analogy that work expended on a
shore bank would be directly proportional to the banks
erosion; erosion is a function of the work done (Ofuya,
1970). Calculating the rate in which ship waves deliver
energy to the shore could allow one to evaluate the erosion
along a particular bank. Equation (15) was utilized to
calculate the energy in the secondary wave train (Ippen,
1966; Ofuya, 1970):

w, = s HET Q (15)
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Figure 77. Observed sequence of ship waves.

Observed along shores of lower Columbia River.









TABLE XX

WAVE DESCRIPTION, MERCHANT SHIP PASSAGES

Parameters

mean ship draft
ship length.
ship beam...

ship displacement

Range of Values Observed

4 - 12m*
160.0 - 264.5m**
23.4 - 32.2m**

12,437 - 61,161 tonnes**

Vieooooonnns 5.2 - 8.0m/s
dd.......... 27 - 57cm

Hpax (mea) * 8.0 - 38.1cm

Thage e oo oees 2.5 - 4.5sec
Bevenneonans 0° -~ 21°
bf.......... .009 - .045
Beweeesenean 1:30.0 - 1:13.0
1< AN .13 - .47m
Qpevvevonnns .11 - .44m
Bppeovonosss 22 - 539 W/m

* mean drafts as reported from CRPA (1987-88)
%% ship dimensions from Lloyd's (1987)
where:

V., = ship velocity

dd = drawdown; E

B = beach slope;

bf = blockage factor; d, = depth at breaker line

mq

H, = height of breaking wave

T = max. meas. period

max

H

max(mea)

= max. measured wave height

142

= mean wave energy in Watts/meter



where X is

(feet); for

Based on th
observed me
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where:

max
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angle of incident wave on shoreline

= ship wave energy
= slope of average maximum power versus energy

curve for ship waves 1l/sec.

i

0.038 - (5.05)107° X_
the distance from sailing line, 0 < x < 5000
all values of V, (ship velocity).

= average maximum wave height

= average maximum wave period

= rate of ships passing per hour

e average secondary wave trains of fourteen

rchant ships:

241.7 [(ft lbs/hr)/ft shoreline]

1,075 [ (N m/hr)/m shoreline]

il

0.3 [ Watts/m shoreline]

0.09 sec™

E = 21 Hn Tn = 0.93 m'sec

i

0.42 hr'!

This estimated average work done by secondary ship waves

lies within the domain of values derived in Ofuya‘s (1970)

study of navigation channels. The value presented does not

account for energy imparted to the shore by the drawdown

and transversal stern waves.
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SEDIMENT TRANSPORT

Process Delineation and Transport Prediction

The first step in evaluating sediment transport is to
define the hydraulic conditions that occur in the study
region and which will instigate sediment motion. Once
hydraulic conditions are distinguished, the likely range
(magnitude) of these is estimated. The processes can then
be analyzed by applying established theoretical and
empirical relationships to determine the possible extent of
sediment transport. Using these hydraulic "transport
threshold" relationships, projections can be made of the
hydraulic actions likely to have the most impact and those
likely to have little or no impact. These projections will
be compared to actual field measurements. Finally boundary
conditions will be established for a descriptive model of
the system.

The threshold of particle movement under a
unidirectional current can be predicted using criteria
presented by several authors (Shields, 1936; Hjulstronm,
1939; Yalin, 1972; Miller and others, 1977). Table XXII
presents velocities needed to create sufficient shear
stress to mobilize sediment grains (in Macdonald, 1983), as
based on horizontal drag forces and critical drag forces

due to eddies in the flow (Goncharov, 1938).
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TABLE XXI
CRITICAL UNIDIRECTIONAL FLOW VELOCITIES

Average Particle

diameter (mm) Velocity (m/s)
0.10 0.27
0.25 0.31
0.50 0.36
1.00 0.45
2.50 0.65
5.00 0.85
10.00 1.00

Shields' parameter (Shields, 1936) has been a
commonly used measure of sediment motion in fluvial
hydraulics. Shield's parameter is a ratio of the driving
(shear forces) to the stabilizing (gravity forces). TIf the
forces acting on a sediment grain are examined
instantaneously, then Shield's approach is also valid for

oscillatory flow (Madsen and Grant, 1975).

Effect of Tidal/River Currents

Currents driven by the tide and river discharge are
modeled as unidirectional flows. The Hjulstrom curve
presented in Figure 81 can be used to evaluate the
approximate current necessary to move standard quartz
grains (specific gravity of 2.65). Velocities at the

Puget Island site were evaluated using a surface floater.
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The surface velocity of a river by theory is greater than
that found at the bed (Bagnold, 1966; Streeter and Wylie,
1979), thus it is assumed near bed velocities would be
below those found at the surface.

Peak surface velocities observed during maximum ebb
current on June 8, 1988 (month of maximum discharge for
Columbia in 1988) were about 35 cm/sec where depth was 138
cm; up to 21 cm/sec where depth was 95 cm; and 19 cm/sec
where depth was 70 cm. These surface velocities would
generate the shear sufficient to instigate motion, but are
low enough that near-bed velocities would have little
impact. Hydraulic studies and Price meter data collected
by the Portland District of the U.S. Army Corps of
Engineers in the lower Columbia suggest that the near bed
velocities associated with the above surface velocities
would be found to fall below the needed threshold velocity
of about 15-20 cm/sec. In depths less than 1.5 meters,
tidal and river currents have a minimal potential for
sediment transport. Further evidence for this is found in
sedimentary structures. 1In depths of 1.5 meters or
greater, asymmetrical current ripples were often observed
forming in the direction of flow. These are very distinct
from the smaller oscillatory wave ripples found in depths
less than 1.5 meters that form from wind waves.

Sediment volumes moved during diurnal ebb currents

must be evaluated to make conclusions on the relative
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importance of each major sediment transport process. An
array of three sediment traps were aligned normal to the
shoreline to sample peak ebb flow transport during a time
in which no ships passed the site. The traps were in the
water for 10 minutes on June 14, 1988. The surface
velocity of the river was 27.5 cm/sec at the deepest sample
trap location. Measured transport increased with distance
from the shoreline. Each of the trap arrays suggested all
sediment transport occurred as bedload. To extrapolate
this measured flux to an annual rate, it was assumed that
flow conditions necessary to generate the conditions
measured exist for 6 hours per day for 365 days a year.
Such conditions probably rarely exceed 6 hours per day
(USACE, 1988). Table XXIII presented the measured fluxes
at the Puget Island site.

Using the values in Table XXIII, a bed width of 11
meters was used to extrapolate annual flux, derived using
the existing beach slope, ©, and the zone from a depth of
0.9 m to 1.5 m.

The estimate of sediment transport rate was
calculated in the following method, where a nearshore cell
of active transport was derived based on recorded data and
observations:

e = 3°

(2.0/tan ) - (0.9/tan 6) = 21 meters

(.006 kg/m*min) (60min/hr*8hr/day*365day/year)
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TABLE XXIT
RIVER-TIDAL SEDIMENT TRANSPORT
During Ebb Flow, 11:10-11:22 14JUNS8S8
45 minutes after low low tide
NGVD = 0.57m

Surface water velocity = 27.5 cm/s in depth of 122cm

Estimate of sediment flux

Depth Sediment Flux

0.73m 0.000 kg/m*min
0.94m 0.003 kg/m*min
1.19m 0.006 kg/m*min

= 788.4 kg/(yr*unit length(m)) * 21 m

= 16,556 kg/yr

= 11.8 m’/yr
A volume of 11.8 cubic meters per year was extrapolated
using the simple, static conditions represented by those
measured for a one year period. No dynamic changes were
accounted for in this derivation. The boundaries of the
cell of sediment transport were based on the depth of
initial sand movement as measured by trap and the deepwater
edge of the shallow water zone defined in this study. The
river discharge during this sampling was above the annual
mean for 1988, but almost one half that during May of 1987.
This is a source of potential error, for times of high
discharge correspond to times of greatest sediment

transport. Anomalous high discharges, such as flood events
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can account for more than 80 percent of annual sediment
transport in rivers (Dyer, 1986). Even though these
anomalous events have been dampened by human modifications,
flood events greater than 300,000 cubic feet per second
(8495 m’/s), begin to instigate the majority of bedload
transport in the lower Columbia River (Beeman, 1985a, b:

USACE, 1986).

Effect of Ship Drawdown Wave

Drawdown from ship waves can be used to estimate the
magnitude of sheet (plane of water moving downslope) flow
down the shore face. Equation (16) was used to estimate
maximum near-bed velocities during the drawdown:

Vpp = (DD,.,/sin B8)/ty,,  [L/T] (16)
where:

Voo = velocity of water moving offshore during

drawdown event

DD,,, = measured drawdown (cm)
B = shore slope (on which DD occurs)
o = time of drawdown event

The velocity of water moving down the beach, V,,, can be
compared to threshold conditions, or bed shear, was
significant enough to move the sand grains, simply by
plotting on Hjulstrom's curve. Drawdown velocities were

found to range from 0.0 to 70 cm/sec, thus at times they
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surpass the critical (point of movement) sediment threshold
velocity, as suggested by observations and video records.

Predictions of near-bed velocities can be calculated
using linear wave theory, treating the drawdown event as a
large period wave. Even a small drawdown of 8 cm and
period of 22.4 seconds at a depth of 1.5 meters on a 1:10

slope there is a near-bed orbital velocity, u_ , of 24 cm/s;

o
a velocity sufficient to begin to move some of the sand.

It is apparent that the long period drawdown wave generates
orbital velocities which can instigate sediment motion in
relatively deep water, as presented in Table XXIIT.

The passage of a ship can generate a surge (commonly
associated with the transverse stern wave) that acts as a
turbulent bore front and is often visually observed to
entrain sand. This bore moves with a celerity (wave form
velocity) far in excess of orbital velocities. Transverse

ship waves have a celerity equal to the ship's velocity in

deepwater.

Effect of Secondary Ship Waves

Linear wave theory suggests that the secondary waves
generated by ships can generate near-bed orbital velocities
well in excess of the threshold conditions of the Columbia
River sand. Table XXIV presents an example linear wave
prediction based on the maximum secondary wave, H,, of the

ship Veranzano Bridge (13JUN88).



TABLE XXITI

PREDICTED THRESHOLD VELOCITIES AND DEPTHS

Lower Columbia River Sand, D;; = 0.3mm
Linear Wave Theory,

Wave Period, T
sec

20
20
20
20
20
20
20
20

20

40
40
40
40
40

40

Wave Height
(cm)

5
10
15
20
25
30
35
40

45

15
20
25
30
35
40

45

Drawdown Wave Range

Depth
(cm)

8.1
32.4
72.7
128.8
200.3
286.7
387.6
502.3
630.1
770.4

20.5

46.0

81.7
127.6
183.6
249.6

325.6
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Threshold orbital
velocity (cm/s)

27.

27.

27.

27.

27.

27.

27.

27.

27.

27 .

5

5

34.

6



TABLE XXIII

PREDICTED THRESHOLD VELOCITIES AND DEPTHS
(Continued)

Lower Columbia River Sand, D;; = 0.3mm
Linear Wave Theory, Drawdown Wave Range

Wave Period, T Wave Height Depth
sec {cm) {cm)
60 20 62.4
60 25 97.5
60 30 140.4
60 35 191.0
60 40 249.4
60 45 315.4
60 50 389.2
TABLE XXIV
LINEAR WAVE PREDICTIONS
Given
H .. (measured)
Tma X
a (wave incidence)
d,.. (depth measured)
B (shore slope)
Calculated
H, (deep water wave height)
T, (deep water wave period)
L

a

o]

152

Threshold orbital
velocity (cm/s)

39.

39.

39.

39.

39.

39.

39.

6

6

= 42cm

= 4.6secC

= 41cm

= 4,6secC
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TABLE XXIV

LINEAR WAVE PREDICTIONS

(Continued)

C = 7.2 m/s
H, (breaker height) = 54cm
d, (breaker depth) = 43cm
L, (wavelength at breaking) = 9.3m
a = 5.6°
C = 1.98 m/s
u, (orbital velocity near bed at

breaking) = 163 cm/s
u, (at d=3.0m) = 87 cm/s
u, (at d=6.1m) = 58 cm/s
u, (at d=9.1m) = 38 cm/s

(USACE, 1985)

Sediment threshold predictions under waves were also
made using a program modified from one written by Komar and
Miller (1975). Table XXV presents program output using the
mean grain density, the mean grain size, and the range of
wave sizes observed at the Puget Island study site.

Sediment transport by ship waves measured at the
Puget Island site is presented in Appendix D.

Table XXV illustrates that higher period waves need a
higher near-bed orbital velocity to reach the grains'
threshold of motion, but that for the same depth water, a

higher period wave generates a higher near-bed velocity.
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TABLE XXV

PREDICTED THRESHOLD VELOCITIES AND
DEPTHS FOR LOWER COLUMBIA RIVER SAND

grain density =2.6g/cm’, Dgy = 0.3mm
Linear Wave Theory, Secondary Wave Range

Wave Period, T Wave Height Depth Threshold orbital
sec {cm) (cm) velocity (cm/s)
3.0 10 86.9 14.6
3.0 15 154.2 14.6
3.0 20 212.5 14.6
3.0 25 263.1 14.6
3.0 30 306.1 14.6
3.0 35 343.0 14.6
3.0 40 375.1 14.6
3.0 45 403.3 14.6
3.5 10 85.2 15.4
3.5 15 158.0 15.4
3.5 20 230.8 15.4
3.5 25 294.5 15.4
3.5 30 350.8 15.4
3.5 40 400.1 15.4
3.5 45 443 .4 15.4
3.5 50 481.9 15.4
4.0 10 82.2 16.1
4.0 15 159.7 l16.1
4.0 20 237.2 l16.1
4.0 25 317.4 16.1

4.0 30 386.3 l6.1
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TABLE XXV
PREDICTED THRESHOLD VELOCITIES AND
DEPTHS FOR LOWER COLUMBIA RIVER SAND
(Continued)

grain density =2.6g/cm3, Di, = 0.3mm
Linear Wave Theory, Secondary Wave Range

Wave Period, T Wave Height Depth Threshold orbital
sec {cm) (cm) velocity (cm/s)
4.0 35 448.3 16.1
4.0 40 503.8 16.1
4.0 45 553.5 16.1
4.0 50 598.3 16.1
4.5 10 78.8 16.7
4.5 15 158.0 16.7
4.5 20 244.6 16.7
4.5 25 335.4 16.7
4.5 30 413.5 16.7
4.5 35 487.5 16.7
4.5 40 555.2 16.7
4.5 45 616.8 16.7
4.5 50 672.8 16.7

Table XXV also shows us that higher period waves begin to
"feel" the bottom in deeper water than lower period waves,
given the same wave height. These predictions of the
maximum depths of motion help to establish boundary limits
when constructing a model of sediment transport in the

nearshore zone by waves. Using the wave parameters of T =



156
3.76 and H ,= 25cm for the observations of this study, the
maximum depth at which grains begin to move is
approximately three meters. Thus, the 3 meter depth could
be modeled as the boundary at which sediment flux is zero.
Equation (17) defines the threshold condition for
sand motion:

u

[8 (§,/6-1) g Dy, 1°° (17)

(8((2.65/1.026)-1)(9.81) (.0003)1%°

max (-d)

19.3 cm/sec

Thus, for the mean grain size of the lower Columbia River
sands in the Puget Island region, a near-bed velocity of
19.3 cm/sec 1s necessary to move the sand, a velocity close
to those presented by Hjulstrom's curve.

Figure 82 presents a graph of sediment threshold
prediction using small amplitude wave theory. The maximum
depth of sediment motion is plotted as a function of wave
heights (in the domain of values observed ) and wavelengths
in Figure 82.

The maximum depth of sediment (of mean grain size,
D;;) entrainment under the actions of water waves of the
range observed at the Puget Island site, with a period of
3.5 seconds, wavelengths between 7 and 21 meters and wave
heights between 10 and 60cm range from about 0.5m to ém.
The most common waves had heights between 0.2 and 0.3
meters and wavelengths between 7 and 11 meters, which begin

to move sediment in depths less than 2 meters. Using the



157

Sediment Threshold Predictions

Small Amplitude Wove Theory
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Figure 82. Estimating sediment motion. Effect

of water waves using small amplitude linear wave

theory (USACE, 1984).
mean observed wave height of 25 cm and wavelengths of about
14 m, sediment motion can be at a maximum water depth of 2
meters. These estimates offer a means to establish a
riverward boundary condition of sediment motion for a near-
shore shallow water sediment transport model.

The presence of sand in the sediment traps showed
consistently that wave orbital velocities were sufficient
to move sand. Point sampling with a array of sediment
traps measured cumulative sediment flux for some time, t,
at 2 depths for transport; parallel to the shoreline

(longshore component) and perpendicular to the shoreline
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(on and offshore components). Table XXVI presents an
example of transport measured for a upstream passage
(Magnolia, 17SEPT87). Note that at depths of 48 cm,
outside the breaker zone, sand moves both on- and off-
shore, but that the offshore component of transport exceeds
that moving onshore. This is consistent with most of the
ship wave sediment transport observed, suggesting a net

erosion of the beach face.

Longshore Currents by Secondary Ship Waves

Longshore currents are those that move parallel to a
shoreline and which are for significant sand transport in
many coastal settings (Komar, 1976). At the Puget Island
site longshore currents generated by ship waves, such as
that observed during the passage of the ship Magnolia on
September 17, 1987 (Table XXVI), can result in the most
sediment moved at a single point in the nearshore zone, but
because longshore currents are limited to a relatively
narrow zone of about 5-10 meters perpendicular to the
shoreline, they may not move the most sediment in a beach
cell (section of beach). It was clear from reviewing of
aerial imagery of the Puget Island site over the last fifty
years, during which time the accretionary lobe developed
north of the site, that longshore currents, either by: ebb

flows, wind waves (little evidence), or ship waves or a
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TABLE XXVI

SEDIMENT TRANSPORT DATA COLLECTED BY
SHALLOW WATER SEDIMENT TRAP ARRAY FOR THE
UPSTREAM PASSAGE OF THE BULK CARRIER, MAGNOLIA, 17SEPT87

Longshore transport was zero in the downstream
Direction, LONG = upstream longshore transport
ON=onshore OFF=offshore

Water Sample Sediment Transport Mean Settling

Depth Depth Dry Weight in Grams Velocity (cm/s)

(cm) (cm) ON OFF LONG ON OFF LONG
20 Bed 5.1 31.4 186.0 3.2 3.6 3.3
20 9.5 1.0 13.9 117.7 3.0 3.2 3.2
20 17.1 0.1 4.4 74.5 2.9 3.2 3.5
48 Bed 26.1 36.0 - 3.9 3.5 -
48 9.5 4.0 5.4 - 3.2 3.2 -
48 17.1 1.8 3.0 - 3.2 3.2 -

combination are responsible for significant sediment
transport.

Longshore currents generated by waves on a beach have
been extensively investigated by several researchers:
Longuet-Higgins, 1970a, 1971; Longuet-Higgins and Steward,
1962, 1964; Komar, 1975, 1979; Komar and Inman, 1970;
Galvin, 1972b; Galvin and Eagleson, 1965. The research of
these authors and others has resulted in the derivation of
analytical and empirical solutions for estimating longshore
currents.

The most important variable controlling longshore

currents for a given set of wave heights and period is the



160
angle of incidence at which the wave fronts attack the
shoreline (obligue-wave approach). The longshore current
is produced by wave set-up, edge waves, and obligque-wave
approach. An empirical derivation of longshore current was
presented by Komar and Inman (1970) in Equation (18):

vy = 2.7 u, sin §; cos 6y (18)
Equation (18) gives a maximum longshore velocity, v,, at €

= 45 degrees.

where: u, = maximum orbital velocity at breaking point
= [(2E;) /Hg]"® (19)
Hg = wave height at breaking
Eg = waveienergy at breaking
A = wave incidence at breaking

Komar (1975) presented Equation (20) in which longshore
velocity can be derived based only on the breaking wave
height and wave incidence at breaking:
\'2 = l.l7(gHB)o'5 sin 6y cos €y (20)

Figure 83 presents a plot of the estimated longshore
current derived using Equation (20); with a range of wave
heights and incident angles. The domain of values observed
at the Puget Island site include: wave heights from 10 to
50 cm and incident angles from 0 to 21 degrees. Waves with
an incidence of 10 or more degrees that surpass the
sediment threshold velocity and would be expected to move
sand. Sediment trap data and visual observation showed

that increased incidence of the waves increased the shore



le61

Empirical Estimate of
Longshore Current Velocity

160 '
a=30°
v
D 440 P
& et
E — a=21’
v 120 / =2
- / G :19°
§ L7 /// L/——’ a-= 150
= 80 iy 7/’// L —
s | / ‘/ I
v / T o=
o [
z% ?%;‘///7 —_a= 5°
€ g0 ——
(o] 7 —
w—d —
00 20 40 60 80 100
Wave HEighf, cm O=apgl9 of wave
incidence
Figure 83. Predicted longshore current

velocities, as estimated by Equation (20)

(Komar, 1975).
transport. Waves with an incidence of 5 degrees or less
had little to no longshore transport component as measured
by trap.

Muir Wood and Fleming (1981, p.122) present a method
to calculate the longshore velocity distribution in the
surf zone. A short BASIC program was written using the
technique and Figure 84 graphs the results after entering

representative ship wave data into the program. Figure 84
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illustrates the range of longshore current velocity through
the surf zone and the zone in which sediment transport is
most likely to occur. Using data representative of
observations at the Puget Island site, this analytical
solution (Muir Wood and Fleming, 1981) produced velocities
great enough that transport would be expected for incident
wave angles of 8 degrees or more in the surf zone. These
derivations allow limits or boundaries to be estimated for

a zone or corridor of longshore sediment transport.

Field Sampling

The results of the sediment trap array system show
distinct components of sediment transport in shallow water
zones along the lower Columbia River (Appendix D).

The processes instigating sediment transport in the
near-shore zone during the passage of a large vessel in the
Columbia are illustrated in Figure 85, a time-sequential
cartoon of the processes. This set of processes move as a
group along the river bank at approximately the same
velocity as the ship. The processes are similar to the
sequence listed in the Table IV. To better understand this
set of processes, they are examined as individual actions,
and then modeled by using existing theory of analogous
processes common in the coastal environment. The primary
difference between ship waves and those waves that have

been studied in theory and coastal environments is the time
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Figure 85. Ship drawdown wave. Sheet flow off
the shore slope. Bulk carrier "Coast Range."

dimension and the distribution of wave forms in the set of
waves. Wave sets for a given time period in theoretical
and natural settings tend to be modeled as a group of
individuals with similar dimensions, whereas ship waves
are a set of distinctly different waves. Separating the
ship waves out into distinct subéets, evaluation by analogy
provides a means of analyzing the interaction between ship
waves and a shore slope.

The distinct subsets of ship waves observed at the
study sites are as follows:

The first action that occurs on the shore is the

drawdown wave, a rapid removal of water off the shore when
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the ship is approximately normal to the shoreline. As a
ship "pulls" itself through the water with its screw
(propeller), similar to a screw driven into wood, the ship
pushes up a mound of water in front of its bow. This bow
wave increases in size as the ship increases its speed
(Constantine, 1960, 1961) and the water surface around the
ship drops relative to the surrounding mean water level,
bringing the ship closer to the bed of the channel. The
phenomenon in which the ship's keel approaches the channel
bed with increasing speeds is called "ship squat" and is
believed to be the driving mechanism behind the drawdown
that occurs at the shoreline. The depression in the water
surface around the ship creates a head differential with
the surrounding water and thus water moves toward that low.
The greater the ship squat and the closer to shore the
ship, the greater the drawdown wave will be. One of the
most detailed analyses and empirical solutions of ship
squat was done by Barrass (1979). Barrass's method was
used to predict squat for the observed ships during this
study. Barrass (1979) found that squat is primarily a
function of speed, but is also dependent on channel cross-
sectional area and mid-ship cross-sectional area of the
ship. Figure 3-67 shows the drawdown for the bulk carrier
"Coast Range." The drawdown waves had periods of
approximately 40-60 seconds and were followed by

replacement of the displaced water back onto the shore.
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The surge or transverse stern wave that replaced the
water back onto the beach face move diagonally up the beach
face, in the direction of ship passage. This contrasts
with drawdown which moves water directly down-slope. After
the transverse stern wave, the water level returns to near
mean conditions, "quiescence" in this study.

The last wave event is often the most obvious, the
secondary wave train of the ship. This group of waves had
an incidence from 0 to 21 degrees upon the shoreline. The
secondary wave train most often broke as plunging breakers.
Sediment trap data and visual observation showed that the
greater the incident angle of these waves, the greater the
longshore transport. The angle of incidence is controlled
by the shoreline configuration and offshore bathymetry.

The river channel nearshore morphology directly controls
the manner in which waves refract and thus wave incidence
along the shoreline. Figures 86 and 87 illustrate the
assault of a plunging secondary ship breaking wave at Puget
Island and associated sediment plumes. The sediment plumes
are portions of the bed that have been brought into
suspension by water particles accelerating under the wave.
As the sediment is lifted up into the wave, the faster
moving water particles can continue the sediment plume's
upward motion. Water mass has a net movement shoreward in
shallow water and the breaking wave cascades much of this

water momentum toward the shore, carrying the sediment









169
plume with it. The plunging mass of water scours into the
bed, moving more sediment which is subsequently deposited
in the lower energy zone just riverward of the plunge line.

The water mass moved up the shore after the wave breaks
retreats off the shore, carrying sediment with it in a
sheet flow action similar to the ship's drawdown.

Sediment flux through the water column at a point was
determined using sediment trap data. Each individual trap
sediment sample in an array was normalized to mass per unit
width and plotted versus the mid-trap elevation above the
bed. The three points of each array were then fitted with
a exponential line of best fit. This method was chosen
because on established sediment distributions above a
boundary (Einstein, 1972; Bagnold, 1966; King, 1972). The
area under best fit curve was than used to estimate the
total sediment quantity moving over a unit width of bed
during the event in the measured direction. That sediment
quantity moving at that point was then compared with the
quantities moving at other measured points. The net motion
and distribution of transport in the nearshore zone was
used to extrapolate the volume of sand moved along, on, or
off the shore.

Figure 88 shows the results of measuring sediment
transport during the passage of the bulk carrier
"Leandros." The curves show a significant longshore

transport component at the point closest to the shoreline,
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in the surf zone. Offshore transport of sand in the surf
zone exceeded onshore transport and the drawdown event
moved 44% of the total quantity measured offshore. In
deeper water where the on-and off-shore components would be
expected to be similar due to the oscillatory currents on a
wave, it is seen that the two measured gquantities are
similar.

Figure 89 displays the sediment transport during
passage of the bulk carrier "Coast Range." For "Coast
Range" offshore transport exceeded onshore transport just
outside the surf zone (in a depth of 34 cm). The drawdown
event for "Coast Range" was minor, accounting for only 5%
of the offshore transport.

Figure 90 presents the results from a large wave
trained generated by the U.S. Naval ship "Gray" (#1054). At
a depth of 44 cm the waves created an offshore sediment
transport of 62.1 kg/m per event and an onshore transport
of 24.0 kg/m per event. The ship "Gray" resulted in a net
offshore removal of sand of 38.1 kg/m during the event.
This data suggests that the high velocity of the Gray, 15.7

knots and resulting H, of 43 cm in 2 meters of water

X
instigated sediment flux far in excess of most sediment
transport rates instigated during the passage of observed
merchant vessels. The "Gray" did not create a large

drawdown because of its small size compared to merchant

vessels.
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Merchant vessels observed had a mean velocity of 12.5
knots, ranging from 10.0 to 14.6 knots (14 ships) and a
mean wave height of 21 cm. The naval vessels observed
transiting the lower Columbia for the 1988 Rose Festival in
Portland, Oregon, had a mean velocity of 14.2 knots and a
mean wave height of 29.7 cm. Because the naval vessels are
an anomaly, with about a dozen ships transiting the lower
Columbia during a 2 to 3 day period twice year (in and
outbound passages during the Portland, Oregon Rose Festival
in June), the actions of their waves were not used to
extrapolate annual transport rates. The erosion caused by
the naval ship waves did show what can occur when ships
move at higher velocities, as evidenced by the work of
Ofuya (1970) and Sorensen and Weggell (1984). Both primary
and secondary ship wave heights are proportional to
velocity squared (Barrass, 1979; Sorensen and Weggell,
1984 ; respectively).

The range in magnitude of sediment transport caused
by the waves generated by merchant ships are presented in
Table XXVII.

Sediment transport distribution across the beach face
(perpendicular to the shoreline) was measured for the ship
"Coast Range," and found to vary greatly for the points
sampled. Figure 91 displays the sediment flux distribution
based on the points sampled during the passage of "Coast

Range." Sediment flux increases approaching the breaker
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TABLE XXVII

SHALLOW WATER SEDIMENT TRANSPORT BY
' MERCHANT SHIP WAVES

Minimum Maximum Net §1ux
Grea{KG/m) Qe (KG/M) {m7)
depth .18m .33m
Onshore = .42 = 12.5 23,397
depth .18m .33m
Offshore = 1.0 = 15.9 29,761
depth - .10m
Longshore = 0.0 = 18.2

zone. This observation is supported by the work by the
Beach Erosion Board (1933; in: King, 1972), that showed an
increase in sediment flux and suspension in proximity to
the surf zone during ocean wave assault (Figure 92). Using
the analogy to previous work (King, 1972) and shallow water
sediment trap data, it is suggested that most sand
transport by ship waves in the lower Columbia will occur in
proximity to the surf zone.

To model sediment transport in the shallow water near-
shore zone, sediment trap data was extrapolated in the
following manner.

The measured points in the water column were fit with
an exponential line of best-fit based on exponential
current and sediment transport distributions above a

boundary (Bagnold, 1966; Kraus, 1987; King, 1972). This
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plot was then integrated using the bed and water surface as
boundary limits to give an estimate of the total sediment
flux at that point. Equation (21) presents the simple

integration to determine sediment flux during a single

event.
h
Aea = S k, * exp(-k,z)dz
) [kg/m*d ] (21)
10
where: h = water depth
g = sediment flux
k, = constants of integration
z = elevation above the bed

To derive the estimated annual sediment transport rate from
the net sediment transport on- or offshore as derived from
Equation (21), the quantity was extrapolated for the total
number of events during the year, the entire length of the
Puget Island beach cell, and divided by the sediment's bulk
density. Equation (22) used the annual number of ship
passages, the sediment bulk density, and the shore

dimensions of the sediment cell in question:

3
R Ty e

where: g = sediment flux
X, = beach cell length
Q, = rate of ship passage

M = total estimate of annual sediment flux
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Sediment trap data reveals that drawdown only trans-
ports sediment along the bed (none in suspension), but can
account for about half of the sediment mass moved offshore
during the entire set of ship waves.

The relative importance of a ship's displacement
within a confined channel can be mathematically represented
in the blockage factor, bf. Blockage factor is a measure
of the ship hull cross-sectional area's percentage of total
channel cross-sectional area (the ship's mid-sectional
cross-sectional area divided by the channel cross-sectional
area). Brebner and others (1966) suggested that if bf > 1-
2% for ships moving at or above an established velocity
then the ship drawdown or removal of water off the beach
may become the dominant erosive agent. For most merchant
ships drafting 6 m and more in the Columbia, the blockage
factor ranges from 0.9-4.5% (Abbe, 1988b). Ships observed
with blockage factors of .009 caused only slight drawdowns
moving at the same or greater velocities (naval frigates)
as larger merchant ships with blockage factors of 0.02 or
more.

Trap data showed a general trend toward a net off-
shore sediment flux in water less than 1lm in depth.
Longshore transport can far exceed onshore and offshore
transport components, but was heavily dependent on the wave
incidence and shore morphology. When wave incidence became

negligible, the longshore transport likewise became
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negligible. Field data showed that all longshore transport
during ship passage occurs in the direction of ship motion.

A simple geometric model to illustrate hypothetical
sediment transport during ship wave assault is presented in
Figure 93. The model is based on the sediment flux samples
measured by the traps and boundary conditions established
from wave parameters and theory. The maximum measured
flux, q,.,, 1s used as the maximum flux, q,.,, along the
beach, an estimate that is most likely below the real

maximum flux, Sediment flux done beach slope

qrmax °
gradient is greatly simplified in the model as a set of
linear functions increasing to some point near the breaker

zone and decreasing seaward of some peak position and

L.}

INCREASING
SEDIMENT FLUX !D!CREAMNG SEDIMENT FLUX

Erosion

F

Deposition

"run up n T ?

BEACH
FACE
\_DA&EL’——/T‘ Yy !

Figure 93. Simple linear model illustrating
ship wave sediment transport in shallow water
as measured by shallow trap array.
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representing the erosion/deposition on the beach face. The
model assumptions include:

no net sediment motion preceding the measured
ship wave assault; sediment trap data is
representative of the real world system;

the maximum measured sediment flux is close to
the real maximum flux for some beach cell, but
probably is less than the actual peak flux,
(thus a conservative measure) ;

qrmax

the beach is smooth and continuous for the
entire cell; the change in water level up and
down the beach does not alter the processes that
occur, Jjust where they will occur;

the shoreline and bathymetry of the beach cell
is linear, thus neglecting wave refraction and
localized current amplification or dampening;
the data is representative of all ships drafting
more than 5.8 meters;

and that the measured sediment transport
direction is representative.

The boundary conditions are established using the
maximum depth of critical velocities generated by passing
waves and the maximum runup onto the beach by these waves.

The offshore sediment flux can be compared to the
actual sediment volume changes at the study beach. The
total changes in sediment storage along the shore of the
study beach to a minimum elevation of approximately -1.0
NGVD (low low water) were computed using 2-D computerized
cell changes (Birkemeier, 1988) of field surveys (Abbe,
1989). After the 1987 nourishment at the Puget site, from
July 31, 1987 to June 7, 1988 the loss of sand was 26,197

m (Abbe, 1989), about twenty seven percent of the 97,903
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m® quantity placed at the site during the July 24-29, 1987
nourishment.

The maximum net (ABS[offshore-onshore]) sediment flux
component of the trap data suggests that for 3,600 merchant
ships (in- and outbound traffic) with drafts of 6 meters or
more moving past the Puget Island Site, the generated waves
(acting on a smooth beach face) can account for the

3

transport of a minimum sand volume of 1,086 m°~ to a maximum

of 6,364 m°

moved offshore in shallow water. The average
duration during which the actions of merchant ship waves
act the shoreline is 176 seconds, thus the maximum measured
offshore sediment flux is 1.2 kg/m per minute. Because of
the exponential distribution of sediment transport through
the surf zone, I believe the maximum estimate is well below
the actual offshore transport occurring in the surf zone.
By examining sediment transport caused by the waves of
naval ships, I believe a more representative upper limit of
sediment flux out of the beach cell can be estimated.
Assuming the impact of the waves generated by a passing
naval frigate is representative of all deep draft ship
waves during a year, the estimated maximum net transport
(using the maximum measured transport during passage of the
"US Gray") comes to 73,478 m’ per year offshore; a value

3 volume of sand at the

that exceeds the eroded 26,197 m
Puget Island site by 2.8 times. The average duration of

naval ship wave actions on a shore was 63 seconds. The "US
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Gray" caused a flux of 59.1 kg/m per minute offshore and
22.9 kg/m per minute onshore; a maximum net offshore
sediment flux of 36.2 kg/m per minute. These calculations
offer a range of sediment transport that encompasses the
measured volume of sand that eroded from the Puget Island
beach cell.

The model and extrapolations of sediment transport
based on measured values suggests erosion transgresses up
the beach face and deposition occurs on the lower beach in
shallow water depths offshore. The effect is a lowering of
beach slope. Profiling showed erosion of the upper beach,
deposition in the shallow water depths of the lower beach
and an overall lowering of the beach slope.

The net longshore sediment transport component
generated by ship waves over time is downstream because of
the significant increase in ship drafts on the outbound
(downstream) passages, as presented in Figure 94. It is a
conclusion that there is a definite longshore and offshore
transport of sand in the shallow near shore zone at the

Puget Island site.

SEDIMENT CHARACTER

The sand of the Puget Island Reach was analyzed for
grain size distributions by mechanical sieving and settling
tube. Settling tube analysis most accurately presents the

settling velocity distributions of the grain populations,
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Comparison of Vessel Draft In and Out of the Columbia

1981 River
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Figure 94. Ship passages in the lower Columbia
River.

with size estimation made after calibrating the tube.
Calibration results for Columbia River sands of the Puget
Island region appear in Figure 95 (calibration curves). 1In
the Puget Island Reach of the Lower Columbia the sediment
particles are primarily fine and medium sand (0.25 - 0.50

mm) , angular and with an approximate density of 2.60 g/cm3.
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Sediment Density

The density of common sands is presented in Table
XXVIII (USACE, 1984, table 4-2). Table XXIX lists the dry
and wet densities and porosities of sand populations along
on the Puget Island site (RK 62) and the Gull Island site
(RK 88). Knowledge of the density of the shore sands is
necessary when a model is constructed to extrapolate
volumes of sand moved along the beach. The value of 1,400
kg/m3 will be used as the representative bulk density for

Puget Island sand.

Sediment Size Distribution

The Lower Columbia River sediment is angular
plagioclase rich fine to medium sized sand (Figure 96 and
Appendix E). The small grain size and relatively low
density of the Columbia sand examined indicates that this
sediment is easily moved, as based on Shields, Yalin's, or
Hjulstrom's sediment motion threshold curves (Shields,
1936; Yalin, 1972; Sundborg and Norrman, 1968;
respectively). Sand samples from beach scarp faces eroding
into original disposal sites were used to represent the
sand making up the shore upon which all physical processes
will subseguently interact.

The graphical statistics of sand at the Puget Island

site (Folk and Ward, 1957) are presented in Table XXX.
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TABLE XXVIII
SEDIMENT DENSITIES

Specific Gravity (dimensionless)

Quartz 2.65
Calcite 2.72
Heavy Minerals >2.87 (commonly 2.87-3.33)

Unit Weight kg/m3
Sand Dry Saturated

Uniform sand
loose 1442 1890
dense 1746 2082

Mixed sand

loose 1586 1986

dense 1858 2163
Clay

stiff glacial - 2066

soft, very organic - 1426

(from Terzaghi and Peck, 1967: in USACE, 1984)
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TABLE XXIX
PUGET ISLAND SAND CHARACTERISTICS

Examined for grain density, bulk
densities, and porosity

Dry loose uni§ Average Sp.
Sand weight, kg/m Gravity

PUGET ISLAND

Channel Dredge

porosity = 0.46 1390 2.60

Beach Face

porosity = 0.46 1410 2.59

Dune Crest (eolian)

porosity = 0.44 1450 2.57

Dune Trough ( " )

porosity = 0.45 1400 2.53
GULL ISLAND

Active beach face

porosity = 0.48 1360 2.64

porosity = 0.42 1380 2.39
MEAN OF SAMPLES

(excluding dune sand)

mean porosity = 0.46 1385 2.56

Sieved Versus Settling Tube Grain Size Analysis

Calibration of the settling tube was compared to the
sieve analyses. There is a difference between the two
types of analyses, with the settling tube giving a finer
distribution than the sieved distribution. The settling
tube also suggested a more normal distribution with a
slightly positive skew (®), not distinguishing a slightly

bimodal character of the sediment population which was



