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ABSTRACT 

Extensive field monitoring programmes were implemented to 
study the behaviour of deep-draught ships in the entrance 
channels to two major South African ports.  These pro- 
grammes form part of a study to assess the future accessi- 
bility of these ports to ships of greater draught. 

This paper describes briefly the monitoring techniques and 
methods of data analysis used, and reviews the results with 
regard to the environmental conditions during the monitor- 
ing operations. 

The prototype results on ship response to waves will 
provide valuable data for the calibration and validation of 
both mathematical and physical models.  The results are 
also used to establish allowance criteria based on safe 
underkeel allowances for ships presently using these 
harbours. 

1.   INTRODUCTION 

In 1978 the Ship Dynamics Division of the National Research 
Institute for Oceanology started an extensive study, on 
behalf of the South African Transport Services, to deter- 
mine criteria for optimum use by deep-draught ships of the 
entrance channels to the two major South African export 
harbours under adverse sea conditions. 

The coal harbour at Richards Bay on the east coast present- 
ly handles bulk carriers of up to 150 000 dwt (17 m 
draught in an outer channel depth of -24,0 m CD (Chart 
Datum)) while the ore harbour at Saldanha Bay on the west 
coast frequently accommodates vessels of up to 270 000 dwt 
(21 m draught in an outer channel depth of -23,7 m CD). 
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Safe use of the entrances with respect to underkeel allow- 
ance during adverse sea conditions has become a matter of 
considerable importance in the light of demands for hand- 
ling larger ships and of the high costs involved in deepen- 
ing the channels. 

As part of the overall study, field monitoring programmes 
were implemented at these harbours to record the behaviour 
of the larger ships using the entrance channels under 
various environmental conditions.  The data are needed to 
calibrate and validate the mathematical and physical models 
to be used in future studies and, also to update the provi- 
sional allowance criteria used at present which were based 
on limited results of earlier model studies. 

This paper describes briefly the monitoring techniques and 
methods of data analysis (covered in detail by Zwamborn and 
Van Wyk, 1981) and reviews the results with regard to the 
wave conditions during the monitoring operations.  Since 
the emphasis is entirely on wave-induced vertical motions, 
horizontal behaviour of the ship is considered only in 
order to determine the direction of wave approach relative 
to the ship. 

2.   FIELD MONITORING 

Ship behaviour is recorded by a method of discrete time- 
interval photography.  The monitoring technique, basically, 
comprises taking photographs, from a land-based station, at 
2 s intervals, of each ship during her transit of the 
entrance channel.  The photographic equipment consists of a 
motorized 35 mm camera fitted with a telephoto lens which 
enables behaviour of the ship to be monitored over a dis- 
tance of roughly 2 km in the channel.  Recording is there- 
fore limited to daylight hours and when visibility is 
satisfactory. 

The environmental conditions recorded during each event 
comprise the wind, the tide and, particularly, the waves. 
A waverider system provides, during monitoring, a conti- 
nuous record of the waves in the vicinity of the entrance 
channel while the dominant wave direction is obtained from 
clinometer observations, radar wave images or pilot boat 
observations. 

Each ship is also visited after arrival or before departure 
to obtain essential geometric details of the ship as well 
as the loading condition at the time of sailing. 

Since August 1978 just over 200 different shipping events 
have been monitored, about 90 per cent of them at Richards 
Bay.  These events were rated according to the severity 
of the wave climate as well as quality and extent of the 
records. 
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3.   DATA PROCESSING AND ANALYSIS 

3.1  Film Processing 

To date the photographic records of the 70 top-rated events 
(all of which were recorded at Richards Bay) have been 
processed using a simple photogramraetric technique.  The 
procedure consists of digitizing target points on the 
images of the ship on each film negative relative to a 
fixed coordinate system. 

These coordinates, together with the geometry of the ship, 
are used to compute: 

(i)  the vertical motions of the target points on, and 

(ii)  the route, heading and speed of each ship. 

The motions of the target points are used to derive: 

(a) the three principal motions, namely, roll, pitch and 
heave, and 

(b) the vertical wave-induced motions at the perpen- 
diculars, shoulders and quarters of the ship due to 
roll, pitch and heave. 
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Figure 1.1   Ship trajectory for event R065 
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Examples of the results for a typical case study (event 
R065) are shown in Figures 1.1 and 1.2.  Ship positioning 
relative to the channel coordinate system is believed to be 
accurate to within 50 m longitudinal and 10 m transverse. 
Heading angles relative to the channel orientation are 
accurate to about 1,5° and the speed of the ship averaged 
over intervals of 14 s is accurate to about 0,05 m/s.  The 
vertical motions are subject to random measuring errors of 
about 0,1 m to 0,3 m depending on the distance from the 
camera to the ship (1 000 m to 3 000 m). 

Since certain target points, particularly those chosen on 
the bow of departing ships, were frequently obscured from 
view, all three principal motions, and, consequently, the 
combined motions at the perpendiculars and shoulders of the 
ships, could not always be calculated.  For the majority of 
the events the motions of only the port and starboard tips 
of the bridge superstructure and the stern of the departing 
ship could be obtained.  The bridge motions, however, could 
be taken as approximately those of the ship's quarters 
since the bridge tips more or less coincide with the hull 
quarter points, the bridge width being equal to the beam of 
the ship. 

3.2 Probabilistic Analysis 

The motion time series, being, on average, of about 8 min 
duration, were accepted to be representative samples of a 
stationary random process so that the standard deviation of 
motion, s, could be used to characterise each record. 

Normalized distributions of motion amplitude were derived 
for the motions at each target point and were compared with 
the well-known Rayleigh distribution given by 

P(a) = exp (-Valf)2) ••• 1 

where a is the apparent amplitude of motion. 

The calculated distributions were found to fit the Rayleigh 
distribution very well as is shown, for example, by the 
exceedence distribution of motion amplitudes at the port 
quarters of 70 different ships in Figure 2. 

Longuet-Higgins (1952) postulated that the expected maximum 
amplitude, E{amax}, in a given sample record with known 
standard deviation, s, and with Rayleigh-distributed appa- 
rent amplitudes, depends only on the record duration (num- 
ber of oscillations, N) and is found from the relationship 

E(aMX}/s =  2[(lnN)V2+ V2 W lnN)" V2 ]       ... 2 

with v = 0,5772 (Euler's constant). 
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MOTION AMPLITUDE /STANDARD DEVIATION 

Figure 2  Distribution of motion amplitudes at port quarter 

Using Equation 2, expected maximum motion amplitudes were 
calculated for 35 different records of from 20 to 50 
oscillations and were compared with the recorded maxima as 
shown in Figure 3.  Since Equation 2 apparently predicts 
the maximum motion amplitude well even for records of short 
length, this approach was adopted to estimate maxima from 
the sample standard deviations of motion and assuming that 
on average the ship underwent 100 oscillations for the 
period that she remained in the channel.  Equation 2 then 
becomes 

E(amax} - 3,22 s 3 
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Figure 3 Expected versus recorded maximum motion amplitudes 

3.3  Frequency Domain Analysis 

For a selected number of events the incident wave records 
and ship motion records were spectrally analysed using a 
frequency resolution of 0,005 Hz. 

The incident wave spectrum, S(f), was transformed to an 
apparent wave spectrum, Se(fe) the wave spectrum 
encountered by the ship, using the relationships 

(fe) = S(f) U 4a 

and 

= f - 4b 

where V is the ship's speed, \  is the incident wavelength 
and a is the angle of wave incidence relative to the ship. 

The incident and apparent wave spectra for event R065 are 
shown in Figure 4.  The incident waves show a typical 1,7 m 
swell peaking at 15,4 s.  with the dominant angle of wave 
incidence of 220° and taking the average speed of the ship 
to be 5 m/s (the ship in fact increased speed from 4,3 m/s 
to 5,5 m/s over a distance of roughly 2 km) the ship would 
have encountered the peak of the swell at about 12,2 s. 
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Figure 4  Incident and apparent wave spectra for event R065 

Figure 5 illustrates the motion spectra of the ship, 
Ss(fe for roll, pitch and heave and the combined 
motions were converted to translatory vertical motions at 
the ship's quarters. 

From the assumption that a ship can be regarded as a linear 
system, the amplitude response function, R(fe), for each 
of the motions was calculated using the relationship 

R(fe) = [Ss(fe)/Se(fe)]
1/2 

The amplitude response functions for roll, pitch and heave 
and for the combined vertical motions at the quarters for 
the ship monitored during event R065 are shown in Figure 6. 
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Figure 5   Sample ship motion spectra for event R065 
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Figure 6 Sample amplitude response functions for event R065 
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4.   DISCUSSION AND INTERPRETATION OF RESDLTS 

4.1  Maximum Ship Motions Versus Significant Wave Height 

The expected maximum motion amplitudes calculated from the 
records with the largest standard deviations for each of 
the 70 processed events are shown plotted against signifi- 
cant wave height. Hmo in Figure 7. The 18 events 
labelled with run numbers all took place under particularly 
adverse wave conditions. 

2 3 

SIGNIFICANT  WAVE   HEIGHT,   Hmo    (m ) 

Figure 7   Maximum motion amplitude versus significant wave 
height 
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Gradients of 1:1, 3:2 and 2:1 were included showing that 
about 24 per cent of the data falls above the 3:2 gradient 
with significant wave heights generally less than 2 m.  For 
larger wave heights the data always remained below the 3:2 
gradient. 

Inspection of the data enables the large variation in ship 
response to be attributed to a number of possible causes: 

(i)  Variability of incident wave fields:  The wave spectra 
showed various stages of wind-generated seas and swells and 
were often composed of both.  Swells approaching the 
channel varied in direction by as much as 70° and peaked at 
periods ranging from 11 s to well over 16 s.  Heavy seas 
resulting from strong local winds were either beam-on or 
parallel to the channel line of orientation.  The wind 
fields were, at times, of sufficient duration and strength 
to generate appreciable wave energy at periods of up to 
12 s. 

(ii)  Variations in ship's speed and heading:  Speeds 
ranged between 3 m/s (6 kn) and 6 m/s (12 kn) while ships, 
on leaving port, often increased speed by about 1 m/s to 
2 m/s over a distance of 2 km.  Angles of wave incidence 
relative to the ship also varied considerably due to varia- 
tions in the ship's course.  Figure 8 summarizes ship speed 
and angle of wave incidence for the 70 events considered in 
Figure 7. 

(iii)  Differences in ship geometry and size:  The ships 
ranged in size from 95 000 dwt to 160 000 dwt and showed 
large variations in principal dimensions even for ships of 
equal displacement.  Lengths between perpendiculars ranged 
from 240 m to 290 m and beams ranged from 37 m to 45 m. 

(iv)  Differences in ship loading:  Ships leaving port were 
carrying from 100 000 t to just over 150 000 t of coal and 
had draughts ranging from 14 m to just over 17 m.  The 
occasional entering ship was either in ballast or partly 
loaded. 

Table I summarizes the principal ship dimensions and 
loading conditions for 18 of the 70 events (those numbered 
in Figure 7). 
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Figure 8   Range of apparent wave angles and ship speeds 
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4.2  Hull Points of Maximum Vertical Motion 

The wave-induced vertical motions at the perpendiculars, 
shoulders and quarters of the ships could be calculated 
from the measured target motions for 25 of the 70 processed 
events. 

For these events expected maximum motion amplitudes at both 
starboard shoulders and starboard quarters (thus, on the 
weather side of the ship) were, at times, up to about 50 
per cent larger than the motions at their port-side coun- 
terparts (Figures 9a and b).  A comparison of the starboard 
motions at the quarters and shoulders of these ships (Fig- 
ure 9c), however, showed no tendency for motions at one 
point to be consistently larger than those at the other 
point. 

Motions at the forward perpendiculars (resulting purely 
from heave and pitch), moreover, were of the same order of 
magnitude as those at the shoulders and quarters (which 
also include roll). Figure 9d.  This emphasizes the fact 
that, in the majority of cases, wave encounter was such as 
to also stimulate ship motions in the pitch mode. 

4 .3  Ship Response Functions 

Ship response functions were calculated from the motion 
spectra and wave spectra for the 18 events identified in 
Figure 7.  The ship particulars are listed in Table I and 
the wave and ship response data are summarized in Table II. 

Observations of dominant wave directions were often limited 
to visual clinometer measurements only and could, some- 
times, be very misleading, particularly with strong winds 
which caused very confused sea states.  Thus, verification 
of the primary wave fields was obtained by relating inci- 
dent wave spectra to meteorological conditions prior to and 
during these events.  The synoptic weather charts were 
found to be useful for delineating the primary sources of 
wave generation and to confirm the deep-sea swell direc- 
tions.  These were then converted to wave directions in and 
around the channel by means of appropriate refraction 
diagrams, and the results were checked against the local 
observations. 

The extreme swells recorded during these events can be seen 
to have propagated from three primary directions, these 
being SSW/SW'ly, S'ly and SSE'ly.  The peak swell periods 
ranged from 11,7 s to as long as 17,8 s and significant 
wave heights ranged from 1,2 m to 3,0 m. 

These swells were refracted considerably while approaching 
the channel because of the coastal bathymetry and this 
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resulted in channel wave directions being confined to a 
narrower sector ranging from 130° to 160° TN. 

When allowance was made for the ship's heading relative to 
the channel orientation, the angles of wave incidence to 
the ships while leaving port ranged from about 190° to 235° 
(bow waves) and depended both on the directions and periods 
of the swells.  The periods of wave encounter thus were 
shorter than those of the incident waves.  Both ships 
entering port (events R041 and R070) encountered quartering 
waves with the resultant periods of wave encounter being 
much longer than those of the incident waves. 

The motion amplitude response functions for the ships are 
characterised by the maximum amplitude response and corres- 
ponding period in Table II. 

Maximum response ranged between 2,5 and 5,3 for roll at 
periods of wave encounter between 11 s and 12 s.  Pitch and 
heave response could be assessed only for a limited number 
of these ships.  Pitch resonance seemed to occur at periods 
between 10 s and 11 s.  Maximum response factors at these 
periods were usually large, a value of 7 having been recor- 
ded at one occasion.  Heave response, however, showed 
little, if any, gain at the normal periods of wave encoun- 
ter. 

Maximum amplitude response at the port and starboard 
quarters of the ships showed values of up to 4, but 
generally remained below 3. 

Motion amplitude response due to combined roll, pitch and 
heave motions were much less than would have resulted from 
simply adding the contributions algebraically.  This indi- 
cates strong phase dependence between the three principal 
motions. 

5.   CONCLUSIONS 

The field monitoring programmes have been successful in 
providing useful data on wave-induced vertical ship motions 
as well as on ship speeds and ship trajectories under a 
variety of wave conditions. 

The data, particularly the amplitude response functions, 
will prove valuable for the calibration of both mathema- 
tical and physical models which are presently being 
developed and which will be deployed to assess harbour 
accessibility for future deeper-draught ships.  The 
measurements are also useful in verifying and updating 
existing allowance criteria based on limited earlier model 
tests. 
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Since vertical wave-induced ship motions are intrinsically 
narrow-banded and amplitudes are found to be Rayleigh- 
distributed, maxima can be estimated well by means of the 
Longuet-Higgins approach. 

Though plots of expected maximum motion amplitude versus 
significant wave height showed large variations due to 
differences in both the wave conditions and ship charac- 
teristics, maximum amplitudes were shown to never exceed 
twice the significant wave height in magnitude. 

Starboard motions were frequently larger than port side 
motions while motions at the perpendiculars of the ships 
were often of the same order of magnitude.  It became 
evident that both pitch and roll contributed largely to the 
vertical hull motions while a strong phase dependence 
exists between all three principal motions. 

The longer period swells (14 s to 16 s) proved to be most 
critical with regard to vertical ship motions for ships 
leaving port since these ships tended to encounter the 
waves at periods close to their natural resonance periods. 
These swells, however, would have less effect on ships 
entering port since the periods of wave encounter would 
then be far removed from their own natural periods of 
oscillation. 
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