CHAPTER 133

HARBOR STUDY FOR SAN NICOLAS BAY, PERU

By James M Keith! and Emmett J Murphy?2

ABSTRACT

A pair of ducted tmpeller current meters, one mounted vertically and the
other horizontally, were used to measure wave action at San Nicolas Harbor,
Peru The horizontal water velocity records are superior to conventional
wave records because they measure directly the wave property which induces
adverse horizontal ship motion, and provide directional wave data  Spec-
tral analysis methods proved well-suited to detailed interpretation of the
particle velocity records, while considerable i1nsight 1nto the wave phenom=~
ena was gained by simple, rational inspections and interpretations of the
records Time-lapse movies of a moored ship, when correlated with simul~
taneous water particle velocity records, provided an exceptionally clear
picture of ship response to wave action, and led to the rather surprising
observation that long-period ship motion 1s not necessarily caused by
long=-period waves The foregoing ship response was duplicated i1n hydrau-
lic model tests

INTRODUCT ION

The results of a study program were used to determine the source of dif-
ficulties 1n mooring ore carrters at Marcona Mining Company's i1ron ore
loading facility at San Nicolas Harbor, Peru Observations of wave ac-
tion were primarily obtained by time-lapse movies of a moored ship and
by an orbital velocity meter consisting of two ducted impeller current
meters, one mounted vertically and the other horizontally The horizon-
tal water velocity records are superior to conventional wave height rec-
ords In two Important respects (1) They provide direct data regarding
the wave property most directly affecting horizontal ship movement, and
(2) they provide directional wave data

Analyses were performed I1n two distinct stages A direct, rational appli-
cation of the records as a time-history of the horizontal water velocity
was used to derive the time-history of horizontal water displacement
Using this approach, a mechanism was established whereby a relatively
short-period swell of 16 sec induced long-period (50 sec to 150 sec)
ship motion transverse to the pier Spectral analyses by digital com-
puter were then employed to derive a clear insight into the various wave
trains existing at particular times, and to quantitatively evaluate the
relative energy contents of selected wave frequencies Simple hydraulic
model tests were utilized to verify that swell generated periodic trans-
verse ship motions having a period many times longer than the period of
the swell This occurred when a quartering stern swell acted on a ship
moored with slack elastic mooring lines to a pter with elastic fenders

1 Vice President, John A Blume & Associates, Engineers, San Francisco,
Califorma
2 Project Manager, Marcona Corporation, San Francisco, California
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BACKGROUNO

The port at San Nicolas Bay 1s utilized by Marcona for the annual ship-
ment of approximately 9 million tons of iron ore concentrates and pellets
The bay 1s a typical hooked embayment not fully protected from the ocean
At times, serious mooring problems have been experienced at the pier due
to adverse water motion which has resulted i1n the breaking of many moor-
ing lines and damage to the pier by the ship's impact (see Fig 1) In-
dividual ships have broken more than twenty mooring lines and some of the
impacts against the pier have been estimated to exceed the pier's design
load by a substantial margin

In general, rough water conditions 1h the bay occur during the winter
months when storms In the lower southern latitudes frequently cause heavy
swells along the coast Ouring these periods, which vary from a few
hours to three or four days, ships are forced to anchor well out from
the pier awaiting calmer water, and many ships have been delayed in this
manner

The pirer deck (see Fig 2) 1s constructed of prestressed concrete sec~
tions supported on prestressed concrete piling The fender system con-
sists of hollow, end-loaded rubber cylinder buffers 18 1n 0D, 9 1n |0,
by 21 1n long for energy absorption Timber piles bear on the outer
ends of rubber cylinders and support 12-in x 12-in rubbing timbers

Fig 3 1s a map of San Nicolas Bay showing the pier projecting into the
bay from the south shore line The harbor 1s relatively deep, water
depth at the pier when the latter was completed in 1962 was 45 ft at the
south end and 59 ft at the north end

The mooring problem at San Nicolas Bay 1s further complicated by the large
vessels currently using the pier facilities Marcona Corporation owns
and operates a fleet of the largest dry bulk, ore, and combination ore-
otl carriers available These carriers are used to transport Peruvian
iron ore mined and concentrated by Marcona to Japan To date, ships of
over 100,000 OWT have been loaded at San Nicolas pier, by early 1970,
ships of 130,000 OWT will be 1n service Use of carriers exceeding
150,000 OWT s foreseen in the future, and the west side of the pier,
where ships are moored for loading, has been dredged to 57 ft to meet
the draft requirements for vessels of this size Table 1 shows typical
dimensions of bulk and ore carriers

The economic advantage of larger ships 1s easily demonstrated by compa-
rison of crew requirements and tonnage capacities A crew of 45 was re-
quired to man a 10,000-ton Liberty ship, the highly automated 100,000~
ton ships of today require 35-man crews The 10-knot Liberty ship could
make about four Peru-Japan voyages per year for a total annual ore lift
of about 39,000 tons, or about 850 tons for each crew member, the 16-
knot 100,000 OWT ore carrier can average about 6-1/4 voyages per year,
11 fting about 635,000 tons annually or over 18,000 tons per year for
each crew member, 21 times the rate of the Liberty ship
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SAN NICOLAS BAY

POINT SAN Nu)gs

L

FIG 3 - SAN NICOLAS BAY, PERU
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TABLE 1 - TYPICAL DIMENSIONS, BULK AND ORE CARRIERS
Length Draft
Vessel Vessel Displace-| overall, |Beam, in}{ Depth, 1n| summer,
type size, DWT ment in feet | feet and | feet and in feet
and inches{ inches inches l|and i1nches
(1) (2) (3) (4) (5) (6) (7)
Liberty 10,800 14,100 hir-6 56-11 37-4 27-8
Oread 31,662 h,6M 655-0 87-0 46-6 34-2
San Juan
Pathfinder 71,205 89,122 835-0 106-~0 65-0 4h-9
San Juan
Exporter 106,000 123,852 865-3 124-8 68-11 50-10
- 130,0002 154,400 948-2 138-10 74-2 51~-9
- ]50,000b 180,000 1,014-0 150-0 75-0 53-0

@ Under construction
b possible design
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Considering the trend toward larger ships and the problems encountered in
mooring ships currently 1n service, Marcona Corporation retained John A
Blume & Associates, Engineers, to conduct a study to define wave action

in the harbor This Information was considered essential to an evaluation
of various proposals for 1mprovement of the harbor

Initial observations suggested that the ship motion to and from the pier
was caused by harbor surge, since the period of motion ranged from 1 min
to 3 min, and since the pier tide gage indicated occurrence of long-per-
1od waves ranging up to 20 min  Some ships at anchor appeared to swing
on their anchors at periods approximately 20 min, an additional indica-
tion of surge Discussion of the problem with local pilots indicated
that swell might be a dominant factor i1n disturbances to moored vessels
The pilots relied upon the height of breakers on the north side of Point
San Nicolas and the height of the surf along the beach southeast of the
pler to estimate mooring conditions It was therefore evident that 1f
surge was the problem, 1t occurred only during periods of adverse weather
as evidenced by the heavy swell

The offshore swell approaching San Nicolas Bay from the south and south-
west 1s refracted around Point San Nicolas and directed toward the pier

from a northwesterly direction It was noted that placement of a break-
water west of the pier would provide an excellent means of shielding the
prer from the swell Additional information, however, was needed to de-

termine the effects of the breakwater on ship motion caused by surge,
since a breakwater might well have little effect on reducing a long-per-
1od surge An observation program was initiated to determine whether
swell, surge, or a combination of these forces was causing the adverse
motion

OBSERVATION PROGRAM

Most conventional wave instruments record only wave height, and additional
observations must be made to determine wave direction Since wave direc-
tion at San Nicolas Bay s difficult to observe because of relatively iow
heights of swell and surge, a method of measurement was required which
would eliminate the need to determine horizontal water motion from wave
height data and observations of wave direction Horizontal water motion
from the swell or surge or both of these was the dominant factor causing
ship motion, the most promising approach to the problem, therefore, was
to measure this motion directly at the pier location

Several marine instrument manufacturers were contacted for proposals to
supply instrumentation which would record horizontal water particle di-
rection and velocity Two ducted impeller current meters arranged ortho-
gonally on vertical and horizontal axes (see Fig 4) were purchased from
Marine Advisors, Inc  These meters were suspended approximately 10 ft
below the low tide water surface and readings from each were simultaneously
recorded on strip charts A direction-sensing vane was installed in addi-
tion to the meters, and data from the vane was also recorded on a strip
chart Fig 5 shows the instruments being placed off the north end of

the pier
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Marine Advisors, Inc indicated that threshold current velocity for oper-
ation of the meters would be less than 3 cm per sec (0 06 knots), and that
the meters would have a response time of 40 msec to 70 msec and a direc-
tional response approaching a cosine function of the angle between the
meters' axes and the direction of water motion Development data for
these meters . eovatlable 1n another publication (3)

Since conditions caus'ng mooring problems occurred relatively infrequently,
readings were only caken during the rough sea periods Recordings were
made at 30° increments for six successive headings from 270° to 60°, with
a b-hr recoraing period tor each heading On Apri1 8, April 15, and April
19, 158, reccrdings of moderately rough conditions considered typical of
problem-type ctorms were obtained On July 26-27, 1968, recordings of

the most severe wave disturbances since construction of the pier were ob-
tained  These disturbances were considerably worse than any conditions
previously expzrienced at the pier The storm generating these waves
caused damage to many marine installations along the Chilean and Peruvian
coasts In addition to the instrument records, a time-lapse motion pic-
ture study was filmed on April 19, 1968, of an ore carrier of 74,730 tons
displacement inoored at the pier The camera mounted on the mole at the
south end of the pirer and focused on the bow of the ship recorded one
frame every two seconds Data from the wave instruments and the camera
recoras were used to analyze water motion conditions within the harbor

INITIAL ANALYSIS

The 1nitial data analysis was a noncomputerized, rational comparison of
the time-lapse movie and the horizontal water velocity record as shown
in Fig 6  The movement of the ship's bow was obtained by plotting se-
quential positions of a point on the ship's bow as the film was projec-
ted one frame at a time The horizontal movement of a water particle
was obtained by integrating the horizontal velocity record Integration
was done by measuring the area between the velocity curve and the zero
line with a planimeter The ship's bow movement consisted of a clock-
wise circular motion which showed excellent correlation with the swell
period, but which was distorted by a long-period motion toward and away
from the pier Although the horizontal water motion also has a long-
period component, the correlation between the long-period motions of
the ship and the water was very poor

In seeking an explanation of the long-period ship movements, the follow-
ing hypothesis was proposed the ship, fender system, and mooring lines
comprised a vibrating system wherein the fender and the mooring 1lines
were springs having slack or free travel space and the ship represented
a mass having circular motion excited by the swell Figs 7 and 8 de-
pict the i1dealized system A model test was run 1n a University of
California wave tank to confirm this hypothesis The model simulated
the conditions depicted by Fig 8 at a linear scale of 1 to 159 Movies
of the bow of the model ship indicated that a motion very similar to
that shown In the lower portion of Fig 8 could be generated in the
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mode | It was also noted that the amount of slack in the mooring lines
directly controlled the period of the transverse excursions of the model
ship Another interesting observation was that a nonelastic or energy
dissipating fender system attenuated the long-period excursions irrespec=
tive of the amount of slack 1n the mooring lines

The directional response of the ducted impellers of the current meters was
essentially flat for a 60° sector centered parallel to the duct's axis,
with the duct's axis at right angles to the water movement, however, a
good null was obtained Direction was thus shown more clearly by a null
position than by a centered position An inspection of the April, 1968,
recordings confirmed the assumed swell approach azimuth of +300°

Upon completion of the water motion analysis and the model test observa-
tions, 1t was concluded that the major cause of the adverse ship motion
was swell and not surge While the possibility of a surge problem could
not be completely discounted, 1t was simply evident that swell was the
greatest contributor to the ship motion problem The model tests con-
firmed also that the direction of swell approach to the pier caused the
ship to oscillate with a yawing motion, and elastic fenders and mooring
lines accentuated the problem

Additionally, 1t was established by calculation and model testing that
this swell could be effectively attenuated by the construction of a break-
water

SPECTRAL ANALYSIS

In comparing the April storms and the July storm, 1t was noted that the
July storm contatned significant long-period wave action of high energy
content  This surge was not evident during the April storms Because
the July storm was of such exceptional intensity, a rather complete anal-
ysis of the water motion records was warranted

To precisely interpret this July record, a more sophisticated approach
based on computer analysis was used The first objective was to obtain

a power spectral density analysis for each direction of the horizontal
velocity sensor by use of a digital computer Essentially, the computer
program splits the total energy in the record into a number of frequency
bands, and determines the uniform sinusoidal motion 1n every frequency
band which would have the same power as the original record had 1n each
band  When performed on an analog computer, the analysis 1s more readily
understood Here the input signal 1s an electrical current wherein volt-
age represents the quantity being measured, and the computer consists of
a series of narrow band pass filters which i1deally have square cut-offs
The signal passing each filter 1s squared and averaged for the duration
of the record to give a measure of the power in the original record which
was contained i1n each frequency band Spectral analyses were computed

by FORTRAN program ACAPS (Auto Correlation and Power Spectrum) (1) on a
CDC 6600 computer
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For the program used, the equivalent uniform sinusoidal motton could be
calculated from

Viax = ZVSBe = maximum velocity (m
Vmax = d 1
D=2 £ = displacement (2)
_2n _
and T= = period 1n seconds (3)
in which S = spectral density, B_ = bandwidth 1n radians per second, and

w = md-frequency of the band 1n radians per second The equivalence can
be applied to each bandwidth, i1ndividual peaks, or a group of peaks

Record input for the spectral density calculation consists of discrete
values of the velocity determined at a constant time interval, At, the
sampling interval  The number of ''lags'' used in the calculation, m, s
predetermined The selection of total record length to be analyzed
{which must be continuous), the sampling interval, and the number of
lags are influenced by the following factors

1 The maximum period for which the spectral density can be calculated
with reasonable accuracy 1s approximately 1/10 of the total record
time

2  The minimum period for which the spectral density can be calculated
is 2 times the sampling interval

3 The number of frequency bands 1s equal to the number of lags

Lk The bandwidth 1s w/(mAt) or |/m times the frequency of the minimum
calculated period

5  The maximum calculated period (i1rrespective of accuracy of computa-
tion) s ZmAt

6 The sampling interval, At, should be not more than approximately 1/k
of the minimum period in the record that contains a significant pro-
portion of the total energy in the record

If criterion 6 1s not observed, the energy In these shorter periods will
show up at spurious frequencies of longer period For the instrument
location at San Nicolas Harbor, the prevailing wind 1s offshore This
limits the fetch for local wind waves and gives assurance that the energy
content 1n waves of less than 10-sec period i1s nominal On this basis,

a sampling interval of 3 sec was considered 1deal

For all wave records taken to date at San Nicolas Harbor, an attempt was
made to obtain 4 hr of continuous record for each orientation of the hori-
zontal velocity sensor This method was based on the assumption that
periods up to 24 min would be of interest Subsequent studies have shown
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that only tsunamis such as from the Alaskan earthquake 1n 1964 have signif-
1cant velocities 1n this period range, and that an upper period limit of 6
min 1s reasonable for all wave action except tsunamis On this basis, one
hour of record was considered i1deal for each spectral analysis

Analyses were run with 720 lags and 360 lags for comparison The 720-lag
solution gave better definition of the component peaks, showed essentially
the same total energy content, and was used for most of the data analysis

Fig 9 1s a typical spectral density plot for the horizontal water motion
of the seven successive headings for the July 26-27 wave conditions

CROSS SPECTRAL ANALYSIS

A further development of spectral analysis 1s the cross-spectral analysis,
in which two separate records are analyzed Output of this analysis in-
cludes the spectral densities of each record, the cross-spectra consisting
of two parts, real and imaginary, the coherence, and the phase coherence

The cross-spectral analyses were computed for the study by FORTRAN program
CROSPEC on a CDC 6600 computer  CROSPEC computes cross-correlation and
cross-power spectral density functions for two or more time-series, and
was developed from subroutines published by Robinson (2)

Cross-spectral analyses were run on the simultaneous vertical and hori-
zontal velocity records for the 270° heading of July 26, and for the simul-
taneous ship's horizontal bow velocity and the horizontal water velocity

of Apri1 19 For the latter analysis, the displacement plots from the
time-lapse movie sequence were converted to horizontal velocity rates by
determining the horizontal distance moved every 2 sec

The results of this analysis are shown in Figs 10, 11, and 12 Fig 10
shows the power spectrum of each motion plotted on the same graph  The
excellent correlation 1n the range of periods for swell i1s readily appar-
ent, while in the long-period range, especrally from 90 sec to 110 sec,
the ship motion has considerably more energy than the water motion These
results are also shown 1n Fig 11, which presents a tabulation of the
equivalent uniform sinusoidal motions corresponding to the energy peaks

of the two spectra

Fig 12 shows the coherence and phase coherence from this analysis For
the coherence between the two records, a value of 1 0 shows excellent
correlation and a value of 0 0 represents a completely random relation-
ship Here again, good coherence 1s shown In the swell range, some co-
herence 1n the 90-sec to 110-sec range, and an essentially random rela-
tionship 1n all other frequencies

The phase coherence shows consistent values only in the swell range where
the phase-angle values are clustered close to 0° There 1s actually a
90° phase lag i1n the ship's response to the swell, but this phase differ-
ence was compensated by a time shift in the input data for the ship's
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motion Elsewhere, the phase-angle relationship 1s essentially random ex-
cept for a tendency of values to cluster around 180° at 90 sec to 110 sec
No firm explanation 1s offered for this last trend, but 1t might be that
the time shift from 90° to 0° i1n the (nput data for the periods for swell
may have shifted the long-period coherence in a direction opposite to the
anticipated value of 90° No clear physical significance of the real and
imaginary cross-spectral functions could be determined, hence, plots of
these values are not shown

The results for the vertical and horizontal water velocity cross-spectral
analyses were not as consistent as analysis results for the ship motion
and horizontal water motion Fig 13 shows a dual plot of the spectral
densities for both the horizontal and the vertical water velocities, and
Fig 14 shows a plot of the equivalent sinusoidal wave components corres-

ponding to the peaks 1n each power spectrum In Fig 13, the spectral
density scale for the vertical velocity 1s expanded to better 11lustrate
the correlation between the two It can be noted that the period range

for sweil again has good correlation, but the long-period correlation 1s
rather 1nconsistent Especially significant are a few frequencies, such
az those near 36 sec, where the vertical spectral density function value
«~ proportionally higher than elsewhere This relationship could be 1n-
wrpreted 1n three possible ways

1 The instrument was near an anti-node of a standing wave For such a
wave the water particle motion would be vertical only and a corres-
oonding horizontal peak would not exist

2 An incident wave of that period passed at right angles to the hori-
zontal sensor In this null direction, the horizontal velocity com-
ponent would not register

3 The relatively high horizontal velocities, combined with floating sea-
weed caught on the instrument supporting pipe, deflected the vertical
duct out of plumb and thereby caused the vertical sensor to register
some of the horizonta: velocity as a false downward component  For
3 heavy swell, the false velocity component would not reverse since
the False downward component would not be affected by the direction
in which the i1nstrument was out of plumb  Such behavior would show
up &s an unduly high peak i1n ihe power spectrum of the vertical
relocity, tndicating a false downward displacement

“hi1s last interpretation was believed to be correct, since the displace-
m.pt plot derived from the vertical velocity record also showed a false
dcwnward moverent of the water surface considerably greater than that
norma'ly expected Fig 15 shows the displacement plot and the horizontal
v~locity record to the same time scale Ccrrelation between the rate of
a1y ward d.splacemert and the magnitude of horizontal velocity Is Insuf-
i crent for this condicion to be interpreted as the sole cause of the ano-
‘¢ s peaks 'r the ~ower spectium of the vertical velocity record The
a' vo.o 1ty “¢~arnys, however, were deemed unreliable due to the
ar dowl sa1d ~eading and no further analysis was done using the vertical
veiucl v records in further applications, this problem could probably be
¢ 1 mated by mod:ificatior of the instrument mounting arrangement
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A primary purpose of the analysis of the July 26-27 data was to determine
the magnitude and type of long-period waves The magnitude as shown by
the power spectra of the horizontal velocity records left no doubt as to
the importance of the long-period waves Energy content was nearly as
high as that of the swell, and the energy content recorded for both long-
period waves and swell depicted conditions much too rough for mooring a
large ship alongside the pirer The cross-spectral analysis of the vertical
and horizontal velocity records was expected to provide a major contribu-
tion 1n determiring whether long-period waves were 1ncident waves similar
to the swell, resonant or standing waves, or a combination of 1ncident
and reflected waves Stnce the questionable validity of the vertical
velocity readings eliminated this possibility, the power spectra of the
horizontal velocities were used instead

Fig 16 shows a tabulation of the equivalent uniform sinusoidal wave com-
ponents corresponding to each energy peak of the horizontal spectra in
the swell range, Fig 17 shows a similar tabulation for the energy peaks
of the horizontal spectra 1n the long-period range For each heading a
combined equivalent wave for each period range 1s also included

If the long-period waves were a resonance phenomenon, nearly identical
peaks would be expected, especially for waves approaching from azimuths
of 295° and 300°, and long-period waves caused by a beat generated by the
swell pertods would be expected to change 1n period 1n accordance with
shifts 1n the swell periods

A study of Fig 16 indicates that during the recorded interval

1 The periods of swell shifted towards the shorter range

2 The total swell energy decreased i1n magnitude by a little more than
4oy

3 Most of the swell approached the north end of the pier from an azimuth
of approximately 300°

L Several of the peak periods were present throughout the entire record-
ing period

A similar study of Fig 17 indicates that during this i1nterval

1 The energy content of the long-period waves decreased i1n magnitude by
approximately 80%

2 The null direction of the long-period waves was not as clearly defined
as for the swell, the dominant direction, however, was similar to the
direction of swell

3  Shifts 1n period were apparently rather random and did not correspond
to the shift to shorter periods of the swell

4 Very few of the peaks were apparent throughout the recording period
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These observations 1mplied that the long-period waves are progressive waves
originating from the same storm center as the swell, and that resonance of
the bay 1s probably not an important factor Unlike the energy of the swell,
very little of the long-period wave energy 1s dissipated 1n breakers on the
shore and most of the waves are reflected back to the ocean

Some of the long-period waves are probably reflected more than once before
returning to the ocean, which would explain their lack of a clear null di-
rection

APPLICATION TO HARBOR PROGRAM

Based on the preceding analysis, 1t was concluded that ocean swells re-
fracted around Point San Nicolas and approaching the pier from the +300°
azimuth were the primary source of adverse mooring conditions at the pier
A breakwater similar to that shown in Fig 18 1s currently under construc-
tion at San Nicolas The breakwater 1s expected to attenuate ocean swell
so that wave action in the swell range will no longer cause interpreta-
tions to ore loading operations  Attenuation of long-period waves of

high energy content will be nomnal, but for these unusual occurrences,
the breakwater will have some beneficial effect by reorienting these long-
period waves so that their horizontal water motion will be primarily north-
south or parallel to moored ships rather than east-west as at present

CONCLUSIONS

The age-old problems of harbor design are becoming increasingly complex
due to phenomenal increases iIn the sizes of modern ships Fortunately,
our burgeoning technology 1s developing many new and powerful tools which
can be applied 1n solving these problems The harbor study at San Nicolas
adequately defined wave movement so that an economical solution could be
obtained The full potential of the techniques used was not applied, but
expertence gained during the study indicates the capability for 1mproved
results 1n similar applications

Ducted impeller meters provided an extremely valuable means for studying
harbor wave action These instruments were especially useful 1n measuring
long-period swells and surges which were difficult to rdentify by sight

Spectral analysis methods proved well-sujted to detailed interpretation
of the particle velocity records, considerable i1nsight into the wave
phenomena was gained by simple, rational inspections and iInterpretations
of the records

Time-lapse movies of a moored ship in motion, when correlated with simul-
taneous water particle velocity records, provided an exceptionally clear
picture of ship response to wave action, and led to the rather surprising
observation that long-period ship motion 1s not necessarily caused by long-
period waves
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The usefulness of hydraulic model tests was again demonstrated, and it
should be noted that very useful results can be obtained from model tests
at modest expense 1f the test goals are clearly defined and the test work
performed simply and judiciously
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