CHAPTER 139

NEAR~BOTTOM WATER MOTION UNDER OCEAN WAVES
by

Robert A. Grace#*

SUMMARY

A two-year ocean experiment involving wave~induced forces on a test pipe
mounted on the sea floor [Grace and Nicinski (1976)] involved the measurement
of various quantities other than the pipe forces per se. A pair of these in-
volved surface wave characteristics and wave-induced water motion at the level
of the pipe centerline but off to one end of the pipe. These wave-kinematics
data have been combined, and the results of this work make up this paper in
which the emphasis is on the deterministic approach to data interpretation.
Presented are comparisons of the velocity and acceleration data with the pre-
dictions of Airy and stream function theories plus discussion of the dispersion
of the field data. The primary intent of the paper is to suggest to designers
of bottom—laid structures, such as pipes, how values of the peak velocity and
maximum acceleration of the water motion associated with a non~breaking design
wave of specified characteristics can be chosen.

TEST SITE AND WAVE CONDITIONS

A site was chosen on a moderately level area of coral rock bottom 1400
feet from the reclaimed shoreline near Kewalo Basin, the fishing and tour boat
harbor for Honolulu, where the water depth was 37 feet. Peak~to-trough tidal
variations in Hawaiian waters are in the l-to-2-foot range, so that the depth
can be considered constant for all practical purposes.

We installed at this test site various structures. The major one related
to the topic of this paper consisted of a heavy base composed of steel I beams
and a wave mast bolted to it. This mast consisted of two parts; the lower one
remained vertical and occupied approximately half the water column, whereas
the upper one tilted down when not deployed and vertically upwards when a
buoyancy chamber mounted permanently on it was blown. Both 3-inch and 2-inch-
diameter steel pipe were used in the mast. The graduated upper part of the
mast in part resembled the mast of a sailboat. A line over a pulley enabled us
to pull the top of a 15-foot-long, wire-wound electrical wave staff to the
summit; an acme thread bracket well down the tilting mast portion permitted
us to then tighten the staff parallel to the mast. A cable ran from an oscil-
lator at the top of the staff over the water to the project boat where suitable
power supply and recording instrumentation were available. The boat, inciden~
tally, was a 31-foot-long catamaran with 12-foot beam, an excellent work platform
for our purposes.

A ducted-impeller velocity sensor was attached, by means of U bolts, to a
small pipe cantilevered out from the end of the base for the 16-inch test pipe.
The sensor was always located 15 inches from the bottom and 38 1/2 inches from
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the end of the test pipe. The latter dimension was a compromise (for the pipe
force work) between having the sensor close enough to represent the water
motion incident upon the test pipe and yet far enough away not to be influenced
by water motion around the end of it. A cable extended from the current

meter up to associated d.c. power supply and recorder in the instrument shack
on the boat.

We gathered concurrent data for waves and associated water motion on twelve
different occasions, and the peak wave height measured overall was about 12 1/2
feet., However, we did encounter waves too big to measure accurately; one of
these, a fluke, overtopped everything by quite a margin, severely bent the
wave mast even though stiffened by a stout line from its top, and gave us all
a fright; another snapped off the whole (repaired) mast at the base, along
with all five stays set seaward, and wrote an end to wave-measuring for the
remainder of the project.

Our test waves arrived between March and September of 1975 and 1976. The
origin of these swells was in the Southern Hemisphere chiefly in the Tasman Sea
as well as in the Pacific and Great Southern Ocean east of New Zealand. Swell
from the latter source is generally the larger in Hawaii. Measured periods
ran from 7 to 19 seconds, but by far the bulk of the observations lay in the
range between 12 and 17 seconds.

PAST RELATED WORK

We were by no means the first to carry out at-sea measurements of waves and
wave-induced water motion in the sea. Various types of field investigations have
been run, and these are typified by Inman and Nasu (1956), Shonting (1967a, b)
and Thornton and Krapohl (1974). A considerable amount of laboratory research
has also been carried out on wave-induced water motion, Perhaps the most
significant of such studies was the work of Goda (1964), and a particularly
relevant part of his data, as far as this project is concerned, is shown in
Tables 1 and 2. These data were kindly supplied to the writer by Goda for re-
working.

The variables shown in Tables 1 and 2 are as follows: H is the average

and Sy the unbiased standard deviation of a sample of ten ostensibly identical

waves of period T; d is the water depth; g is the acceleration due to gravity;

cAiry and LAiry are the wave celerity and wave length predicted by Airy wave

theory; u and u are the peak horizontal flow speeds under the waves,
Airy s.f.

for a measurement location off the bottom of 0.13 times the depth, predicted by

Airy and stream function theories; Uc and 8, are the mean and standard deviation

of the sample of ten measured peak flow velocities for each wave, and Tay is the

product-moment correlation coefficient between measured wave heights and
velocities,



Table 1:
Test No. H (cm)

44 36.1
45 52,7
46 58.5
47 34.6
48 55.9
49 28.6
50 47.0
51 64.5
52 57.3
53 64.3
54 77.2

NEAR-BOTTOM WATER MOTION

Characteristics of Selected Waves from Goda (1964)

B/d
0.24
0.35

0.39

0.43

0.43

0.51

Sy (cm) T (sec)
0.6 2.38
1.0 2.36
1.1 2.43
0.7 2.98
0.8 3.14
0.2 4,15
0.3 4.16
0.6 4,17
0.8 5.77
0.6 7.89
1.2 7.90
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T¢§7E CAiry(Cm/sec)
6.09 316
6.04 315
6.21 318
7.62 340
8.03 344
10,61 361
10.64 361
10.66 361
14.76 372
20.18 377
20.20 377
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Goda's data appear to show clearly that the predictions of the stream func~
tion theory [Dean (1965, 1974), Dalrymple (1974)] are too high when long waves
are involved. Le Mchauté et al (1968) have concluded, on the basis of labora-
tory experiments, that the Airy theory provides the best estimate of near-bottom
peak velocity of a number of classical theories.

BACKGROUND TO DATA

The pulse output of the velocity sensor and the stepped history of the
wave staff were recorded on the same d.c. chart recorder. We found it easier
to calibrate the staff against the graduated wave mast than by noting readings
on the digital readout which was updated at a rate of ten per second. There
were various problems with the wave staff but by and large these were compen-
sated for in some way - e.g. by using the staff in a potentiometer arrangement,
by reading trough values from the mast in cases when there were aberrations
in wave staff behavior, and in reading crest levels from the mast when a
particularly large wave went above the top of the staff.

The velocity history, a series of pulses whenever one blade magnet of
the three-bladed impeller passed a reed switch enclosure on the side of the
duct, was translated into a velocity history as follows. A sequence of between-
pulse times was first lightly smoothed. The starting point for the translation
of pulse history into a velocity trace was at the shortest interval or intervals
within a trough or crest where the steady-state calibration of the sensor
should be best represented. The rectangular-area rule was used until the
between-pulse time changed. From then on the trapezoidal-area rule was followed
- until the last (or first) pulse before (after) the change in flow direction.
Points worked forward in time from a trough and backwards in time from a
following crest were joined with a smooth curve whose maximum slope provided our
best estimate of the peak acceleration under the wave.

The major advantage to the ducted meter is that it works - and one can
see easily whether it is working or not. However, one pays a price for this.
First, there is the time-consuming translation of the pulse history into a
smooth velocity trace as outlined above. A second problem could concern off-
angle use of the ducted meter., However, we oriented our meter directly into
the approaching swell (as judged by the feel of the water motion and the move-
ment of sand along the sea floor) and so there should be a minimal problem of
this nature.

There are mixed emotions about the electromagnetic current meter. Some
researchers feel that it is a first-class measuring device and various others
are diametrically opposed. On one occasion we borrowed an electromagnetic
sensor (spherical) and its owner-operator in order to compare the output of the
ducted and electromagnetic types. I mounted these two meters side by side
myself. Subsequently, the ducted meter ran perfectly; the electromagnetic
meter yielded a trace that was very much in step with the output of the ducted
meter but one that had nothing to do with the supposed calibration of the
instrument,



2376 COASTAL ENGINEERING-1976

VELOCITIES: DETERMINISTIC APPROACH

The comparisons between theoretical and measured kinematics data are shown
in Figures 1 through 4, The sample size for the velocity data is 236, for the
acceleration data 171. .

During the final month and a half of the project, much of the higher veloc-
ity information in Figures 1 and 2 was obtained., Before these data were
gathered and processed, it appeared that Airy theory provided predictions that
were not only very good but also superior to those of the stream function
theory. However, it is clear from Figures 1 and 2 that Airy theory tends to
underestimate the high speeds while the stream function theory overestimates
them. The Airy theory still provides the lower standard error of estimate, s,

(0.43 versus 0.54 fps), for the data, but such a measure of fit is of course
biased by whatever data constitute the sample - i.e. high or low speeds.

Even if the data for higher flow speeds (Figure 1) were to lie along the
line as for the lower speeds, it is still obvious that the peak flow Speed
for any particular wave can exceed that predicted by Airy theory by approximately
up to 40%. 1In the past it was suggested [e.g. Grace and Rocheleau (1973)] that
a powerful approach to the prediction of extreme peak flow speeds would be to
use the Airy theory predictions and then to tack on a probabilistically-chosen
residual, It was suggested that the distribution of residuals be considered
Gaussian with zero mean and a standard deviation given by 0,007 times the Airy
theory celerity of the wave. Although the number 0.007 was based on field
work, the same figure applies in an average sense to the data of Goda (1964)
in Table 2.

Figure 1 indicates, however, that for ocean swell approaching those used
in design the above approach may be unworkable. For this reason, since the
stream function theory predictions provide a vague upper boundary for the
velocity data (Figure 2), it is suggested that the predictions of this theory
be used as the best theoretical estimate of Umax , the value near the top of

max
the distribution for the true peak horizontal, near~bottom flow speed. An
alternate approach would be to use 1.4 times u .
Airy

ACCLERATIONS

The standard errors of estimate for the acceleration predictions of Airy
theory (Figure 3) and the stream function thoery (Figure 4) are respectively
0.56 and Q.48 ft/sec2. It is clear from the Figures that both theories under-
estimate ﬁmax for the higher waves, a failing of some considerable import in

engineering design situations. A line given by the equation Umax = 2.5 umaxAiry

provideg an upper envelope to the Figure 3 data, and it is provisionally
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suggested that non-breaking wave near-bottom accelerations for design (Umax )
max
be adopted by using this equation when 0.05 g d/LAiry £ 0.10.

Graphical differentiation of the near-bottom (S/d = 0.05) velocity plots
in Iwagaki and Sakai (1970) have resulted in the data shown in Table 3.* There
is substantial scatter in these data due to the double-humped nature of some
of the waves and conceivably also to the technique used by the researchers in
linking forward-flow and rearward-flow parts of the hot film anemometer velocity
traces. But it is fairly clear that there is a general tendency for R to grow

with increasing d/LAiry and that the numbers obtained largely mirror those found
in this field investigation.

VELOCITIES: STOCHASTIC APPROACH

Consider three ocean waves with the same gross characteristics of height,
period and water depth. Classical wave theory predicts the same near-bottom
peak flow velocity and acceleration for all three waves.

There is virtually an infinity of possible water surface configurations
that could exist between vertical constraints (wave height) and horizontal
constraints (wave length, inferred from wave period and water depth), and there
is no reason to suppose that three real waves of identical gross characteristics
would have the same near~bottom maximum flow velocity and acceleration. See
Figure 5.

A sample of n waves with the same H, T and d would give n values of Umax

and n values of ﬁmax' This dispersion can be accounted for with a deterministic

wave model either by taking account of the actual surface profile (rare, and not
applicable in design) or by using the theoretical prediction as an initial
estimate and then adding on a probabilistically-chosen residual as remarked
earlier.

The standard modern method for accounting for dispersion, however, involves
the use of a probabilistic approach, the so~called Gaussian wave model, An
infinity of independent, infinitesimal-mean-square sinusoids is assumed to be
propagating in the same direction. A Gaussian distribution then applies to the
overall surface wave ordinate; the same probability density function also applies
to the (horizontal, near-bottom) flow speeds and accelerations due to the linear
relationship between such quantities and the wave ordinate according to the
Airy theory which applies to sinusoidal waves.,

#0ther laboratory data such as those of Elliot (1953) (referenced in Wiegel
(1964)), Le Méhauté et al (1968) and Tsuchiya and Yamaguchi (1972) do not yield
near-bottom acclerations.
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The mean-square spectral density, commonly called the spectrum, of surface
wave ordinate displays the absolute amounts of mean-square value contributed by
the different-frequency components in the sea surface. Such a measured spectrum
can be transformed analytically into one for the near-bottom water particle flow
speed by using the (frequency-dependent) Airy theory transformation factor.

In Figure 6 a surface wave ordinate spectrum is presented. In addition,
there are two near-bottom flow speed spectra shown, one theoretical and the
other measured. It is clear that the theoretical curve has only about half
the mean-square content of the measured one; in addition the theoretical peak
is about 257 less than that for the measured data. Thus, although the
probabilistic wave model yields dispersion, its predictions for relatively
shallow water swell are out of line with reality, at least according to our
results.

ACKNOWLEDGEMENTS

The National Oceanic and Atmospheric Administration, National Sea Grant
Programs, provided the basic funding for this project. Matching funds were
provided by the State of Hawaii. I am very grateful for this financial support
and for the physical support of the following project members: Henry Ho;
Frederick Casciano; Steven Nicinski; Arthur Shak; Wilfred Ii; Elizabeth Leis;
Sylvia Khong; Kent Reinhard; Gabriel Zee; Charles Schuster; James Sands;

Shepard Williams; Edward Noda; Michael Rayfuse; Joseph Castiel; Edgar Bilderback.
Jacques Legrand assisted in processing data from other sources.

REFERENCES

Dalrymple, R. A., "A Finite Amplitude Wave on a Linear Shear Current," Journal
of Geophysical Research, Vol. 79, 1974, pp. 4498-4504,

Dean, R. G., "Stream Function Representation of Nonlinear Ocean Waves," Journal
of Geophysical Research, Vol. 70, 1965, pp. 4561-4572.

Dean, R. G., "Evaluation and Development of Water Wave Theories for Engineering
Application," U.S. Army, Corps of Engineers, Coastal Engineering Research
Center, Fort Belvoir, Virginia, Special Report No. 1, November, 1974, 2 Vols.

Elliot, J. G., Interim Report, California Institute of Technology, Pasadena,
California, Hydrodynamics Laboratory, July, 1953.

Goda, Y., "Wave Forces on a Vertical Circular Cylinder: Experiments and a
Proposed Method of Wave Force Computation,'" Port and Harbour Technical
Research Institute, Yokosuka, Japan, Report No. 8, August, 1964,

Grace, R. A., and Nicinski, S. A., "Wave Force Coefficients from Pipeline Research
in the Ocean," Proceedings, Eighth Annual Offshore Technology Conference,
Houston, Texas, May, 1976, Vol. 3, pp. 681-694.



2380 COASTAL ENGINEERING-1976

Grace, R. A., and Rocheleau, R. Y,, "Near-Bottom Velocities under Waikiki Swell,"
University of Hawaii, Honolulu, Look Laboratory of Oceanographic
Engineering, Technical Report No. 31, October, 1973,

Inman, D. L., and Nasu, N,, "Orbital Velocity Associated with Wave Action Near
the Breaker Zone," U,S. Army, Corps of Engineers, Beach Erosion Board,
Washington, D. C., Technical Memorandum No. 79, March, 1956.

Iwagaki, Y., and Sakai, T., '"Horizontal Water Particle Velocity of Finite
Amplitude Waves," Proceedings, Twelfth Coastal Engineering Conference,
Washington, D. C., September, 1970, pp. 309-326.

Le Méhauté, B., Divoky, D., and Lin, A,, "Shallow Water Waves: A Comparison of
Theories and Experiments," Proceedings, Eleventh Conference on Coastal
Engineering, London, England, September, 1968, pp, 86-107.

Shonting, D, H.,, "Measurements of Particle Motions in Ocean Waves," Journal of
Marine Research, Vol. 25, No. 2, 1967a, pp. 162-181.

Shonting, D. H., "Observations of Particle Motions in Ocean Waves," Naval
Underwater Weapons Research and Engineering Station, Newport, Rhode
Island, Technical Memorandum No. 377, July, 1967b, 2 Vols.

Thornton, E. B., and Krapohl, R. F., '"Water Particle Velocities Measured under
Ocean Waves,” Journal of Geophysical Research, Oceans and Atmospheres,
Vol. 79, 1974, pp. 847-852.

Tsuchiya, Y., and Yamaguchi, M., "Horizontal and Vertical Water Particle
Velocities Induced by Waves," Proceedings, Thirteenth International
Conference on Coastal Engineering, Vancouver, Canada, 1972, Vol. 1, pp.
555-568.

Wiegel, R. L., Oceanographical Engineering, Prentice—ﬁill Book Co., Englewood
Cliffs, New Jersey, 1964.




NEAR-BOTTOM WATER MOTION 2381
? T 1 1 lj
e 4
)
& X
~— X X0
5 5T x x i
€ oo x * o
2 X X
X
X
41 % &o 7 7
@y x 9
X xox )Xéo 0<x
.3_ ° >9xx° X0 00
X %0 X ]
x Y0 X
o X x X X
X o x5 X
o [o] )ob& 23 o<x X -
Agﬁ )‘ o] (o]
aly s 70<T<11.4sec
I+ o 1.5<T<149sec. 7
x 15,0« T< 19.0sec.
O L i 1 1
0 2 3 5 - 6 7
u (fps)
mcmAiry
Figure |: Comparison of Measured Velocity Data with

Airy Theory Predictions



2382 COASTAL ENGINEERING-1976
7 T =T T T T
o]
. 6}
723
Q
s
93 X
g 5 °
s T X X
) [o} X [o}
o] 9 X
; x 0, g°
ak A 6@( X
x )
X%
X 0@ XOO (o] X’z(x
@xxzoxxo
L o X
3 )&% o§°°
oe‘ Xx X X
o 2 x :m;;ﬁ
2F A: 8x gi‘)\% Xxx o
1‘ X, x° xx
% IR
s, a4 70<T<I|14 sec
T o I1.5<T<l49sec.
x 15.0 < T<19.0sec.
o ] | 1 I | ]
o) 2 3 4 5 6

u (fps)
max ¢ ¢ P

Figure 2: Comparison of Measured Velocity Data with

Predictions of Stream Function Theory




(ft/sec?)

Umax

NEAR-BOTTOM WATER MOTION

2383

4.0 1 LN 1 1
X
3.5 4
(o]
3.0F x o
o )
2.5k ° =
(o] (o]
9,0 O
° x
2.0F a x0© x’b N
XX de [e)
XX X *(Q %2
(o]
I.5F L 5 ° ’§°Ao A -
x ,8 % x
xxx * o‘% A‘AAO
X XX M X AO
X B XX 9‘0‘2 *
i.0F X o @ : " i
>°)<(‘ foc” SV A
(o) Qxx 00
x % X A T7.0<T<«11.4 sec
- %, o I1.5€T%149sec. -
x 15.0<T<19.0sec
I 1 1 L 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Umax .. (ft/sec?)

Airy

Figure 3: Comparison of Measured Acceleration Data
with Airy Theory Predictions



2384

COASTAL ENGINEERING-1976

4.0
3.5t
™
2 3.0}
3
5
£ 25
Den )
2.0F

0.5

=

70<T< |14 sec
1.5 «T < 14.9 sec.
150 ¢ T < 19.0 sec

0.0

0.0

—l I

2.0 2.5 30
u (ft/sec?)

maxX ¢ ¢,

Figure 4: Comparison of Measured Acceleration Data
with Predictions of Stream Function Theory



NEAR-BOTTOM WATER MOTION

(feet)

03-152
- 03-110

} waves
50

1 L

2.0

U LOF

(fps) 40

-1.0

-20

1.O

0 0.5
(ft/sec?) 4,

s

t (sec)

0

2

) 1
6

4

L
8 10

12

14

]
16 I8

20

2385

Figure 5: Measured Ordinate, Velocity and Acceleration

Traces for Three 'Identical' Waves



2386

WAVE SPECTRUM (ft2sec)

COASTAL ENGINEERING-1976
50 ‘ 50
WAVE SPECTRUM
P REAL VELOCITY SPECTRUM
N\ - — THEORETICAL VELOCITY SPECTRUM | 45
a0} 440
25} 135
F
L
30} 430 ¢
=
&
25 425
2
Q.
w
20 Je0 &
(&4
o
5 dis >
10 0
5 -15
0 1 i B L | L - : |
0.0625 0.125 0.875 025 0.3125 0.3750 0.4875 05000

FREQUENCY (Hz)

Figure 6: Example Comparison of Measured and
Gaussian Wave Model Spectra



