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We present a simulation model for long-term optimal design of channel depths in which the risk of
ship grounding due to wave impacts can be assessed for every ship transit. This new model includes
four main components: (1) an exponential probability law for the number of ship departures� (2)
a parametric model of the wave-induced ship motions� (3) modeling effects of tidal variations on
the channel performance� and (4) a Poisson probability law for the grounding model in a single
random ship departure. A key procedure of the simulation process is to define a minimum underkeel
clearance allowance for ship entrance and simultaneously determine downtimes that correspond to
an acceptable grounding risk for a specified ship and a generated environment condition. The final
results derived from the simulation model can be considered as the key parameters in analysis and
selection of an optimal depth. The model has been applied to the entrance channel of Cam Pha
Coal Port, Vietnam, as a case study.

Keywords: Ship grounding, risk modeling, simulation model, entrance channel, underkeel clearance

1. Introduction

Simulation-based optimization techniques are frequently
used for many applications in different systems, includ-
ing urban, economic and transportation areas. In the mar-
itime field, simulation models have been used for port op-
erations and ship traffic flow. Most of the existing traffic
simulations place the emphasis on the study of traffic rules
and the entrance regime on port capacity, with very little
attention on the safety aspect of a particular transit [1–3].
The environmental conditions for which a ship transit is
considered safe or unsafe are referred to as the ‘channel
entrance policy’. If the channel is designed to allow ship
navigation in more severe environmental conditions, wait-
ing time (downtime) will be reduced but dredging cost will
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be rise. Alternatively, starting from a maximum accept-
able waiting time and an investment policy with a level of
navigation safety, the simulation can estimate a maximum
channel capacity as the basis for a trade-off between cost
and benefit. The optimization of channel depths therefore
aims to determine a depth to balance between the benefit
of transport increment, downtime reduction and increase
in costs of initial/maintenance dredging for a long-term
channel project.

It should be realized that the optimization of channel
depths requires guidance for minimum underkeel clear-
ance allowances for the entrance accessibility to facilitate
a required navigation safety. The safety for the entrance
accessibility, in this context, can mainly be expressed in
terms of probability of ship grounding.

However, the present design guidelines for underkeel
clearance allowances for coastal entrance channels and
shallow waterways are not comprehensive or practical [4].
A simple general guideline for minimum depth clearance
requirements in channels influenced by waves is given
by the Permanent International Association of Navigation
Congress (PIANC) [1]. It is defined by ratios of water
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depth to ship draft, which should be 1.3 when Hs (sig-
nificant wave height) is not higher than 1 m and at least
1.5 when Hs is higher than 1 m and wave periods and
directions are unfavorable. This guideline gives a rather
unrealistically large depth under moderate wave actions.
Alternatively, the US Army Corps of Engineers [5] states
that “net depth allowance for waves is 1.2 Hs for deep-
draft and 0.5 Hs for shallow-draft channels”. Briggs et al.
[6] applied this simplistic relation to the probability as-
sessment of the ship grounding risk at the entrance chan-
nel of Barbers Point Harbor.

Recent efforts have focused on developing a model for
prediction and assessment of ship grounding risk using ei-
ther physical models or real time-measured wave data in
combination with a numerical model of ship motion [7,
8]. However, both approaches cannot be used for a long-
term study of the channel project because only a limited
number of navigation conditions can be investigated.

There are two objectives of this paper. The first is to
establish an entrance policy that a simulation model can
use to check whether a transit condition is allowed before
leaving the port. This entrance policy can not only be used
for the optimal design but also for the operation of naviga-
tion depth by pilots. It should be noted that the wave pe-
riod contributes a significant effect on ship motion. Hence,
an adequate guidance for ship accessibility should con-
sider wave conditions (both Hs and wave period Tz) in
association with transit conditions (sailing speed and min-
imum underkeel clearance) for navigational safety. The
second is to optimize channel depths in the long term con-
sidering an acceptable probability of the ship grounding
on the basis of the established entrance policy. The study
is however confined to one failure mechanism, which is
the event of ships touching the channel bottom induced by
waves (viewed as grounding).

2. Methodology

The optimization of channel depths should be considered
a two-stage process, as described in Figure 1. The first part
involves establishing an entrance guidance to facilitate re-
quired navigation safety with respect to the possibility of
touching the channel bed, as discussed previously. To do
this, the model of ship vertical motion responses due to
wave effects should be defined. This step is the so-called
short-term establishment of accessibility policy for safe
navigation.

Secondly, using the Monte Carlo method and based
on the established entrance policy, a simulation model
is developed to define a minimum underkeel clearance
allowance and simultaneously determine downtimes that
correspond to an acceptable grounding risk for a specified
ship and a generated sea state. The process can be re-
peated for a given time period and for all possible alter-
natives of the channel depths. To enable this, stochastic
models of the environmental conditions and ship arrivals

Figure 1. Two-stage process of channel depth optimization

have to be set up on the basis of historical records or fore-
cast data. The advantage is that since the ship motion re-
sponse is defined as a function of the transit conditions
and sea states, the model uncertainties can be assessed and
included in the simulation. The final results derived from
the simulation model can be considered as the key para-
meters in analysis and selection of an optimal depth. This
approach was applied to Cam Pha Coal Port in Vietnam,
and is described in detail in the following.

3. The Case Study

3.1 Project Description

Cam Pha Coal Port in the North Sea of Vietnam is the
country’s largest specialized port serving export of coal
to Europe, Japan and China. In recent years, the demand
on coal export to Europe and Japan has increased rapidly
and ships entering the port are becoming larger and are
in a fully-loaded state beyond the present capacity of the
entrance channel of the port. Therefore, in 2001, Vietnam
Coal Incorporation initiated an expansion project of the
port [9] in which the entrance channel was to be enlarged
to allow ships of up to 65 000 DWT (fully loaded) us-
ing a tide up for leaving the port. However, at the time of
writing, the rehabilitation of the channel has not yet com-
menced. The main reason for this delay is that a part of
the channel of length 12 km is very shallow (only –10 m
from the sea datum), resulting in very expensive dredging
work. Hence, economic and environmental pressures have
acknowledged the need to minimize the dredging when
determining the depth of the entrance channel. Establish-
ment of an appropriate and reliable policy for the ship en-
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trance also provides an opportunity to reduce the dredging
depth requirement. This study, as a part of the previously-
mentioned project, discusses the rehabilitation of the en-
trance channel.

3.2 Present Operational Procedure

Since the port is solely used for export of coal, all the ships
entering the port are empty with a ballast draft. Such bal-
lasted ships can use the channel at mean low water level.
On arrival at berth, the ship anchors or secures and waits
for permission to load. For the study of the channel dimen-
sions only, the model does not include the downtime due
to waiting for berth availability, loading equipment and
other delays, which can be considered in a port simulation
model [10].

There are two possible options of loading the ship:
fully loaded and partly loaded. The port authority will de-
termine a maximum possible tidal window available dur-
ing the following few days, taking into account the loading
time at berth to decide how much coal should be loaded
into the ship. After the completion of the loading (fully
or partly), the ship may have to remain at the waiting
area, located in front of the berth, before it can sail out.
In case of no tidal window being available for full loading
at the berth, the ship can continue to an anchorage area
near buoy No. 0 at the end of the outer entrance channel
to receive a topping up of coal from a fleet of 500 DWT
barges. The additional cost for this floating loading oper-
ation is US $20 per ton, in comparison with loading at the
quay.

3.3 Deterministic Method of Existing Admittance
Policy

Until now, a deterministic admittance policy has been used
for Cam Pha Coal Port. The entrance admittance of ships
is based on a fixed underkeel clearance ratio as recom-
mended by PIANC guidelines. The relations between the
minimal underkeel clearance and the maximum draft have
been calculated by adding the squat, wave allowance and
other effects to establish the clearance. As a rule, the ra-
tio between the gross underkeel clearance and the max-
imum draught should be 25% of the maximum draft for
a 65 000 DWT bulk carrier using the outer area of this
channel exposed to the open sea, where the bottom is
composed of soft soil. Using this ratio the accessibility of
the channel can be determined, adapting to a certain wa-
ter level. Obviously, this entrance policy considered water
level deviations and the ship draft, but does not make any
distinction regarding other ship characteristics and wave
conditions.

4. Risk-Based Model

The simulation model developed in this paper is character-
ized by the inclusion of modeling the wave-induced ship

motions and its effect on the risk of ship grounding. The
key element of the risk model, which is based on a prob-
abilistic method, is a determination of the probability of
touching the bottom during a transit. This therefore re-
quires reliable estimation of the ship vertical motion re-
sponse due to the wave effects, as has been discussed in
the following.

4.1 Modeling of Ship Motion Response

The response of the wave-induced motions (or motion
spectrum) Sr (�e) can be achieved either from towing tank
experiments or by numerical models based on the ordinary
or the modified strip theory [11]. The response spectrum
is, however, only obtainable for a particular transit condi-
tion and a specified sea state. For a long-term assessment
of a ship response, much broader sea states and continu-
ous variation of the parameters V (ship speed) and T (ship
draft) are required [12]. Moreover, these two approaches
cannot account for uncertainty in these parameters in cal-
culating the response spectrum and in application to per-
formance of risk analysis.

A demand is therefore emerging for a high resolution
and continuous description of the response spectrum for
the problem at hand. At least three studies with differ-
ent application purposes could be found. A simple lin-
ear regression model of the response spectrum related to
the frequency wave spectrum was presented by Savenije
[2]. The regression coefficients of the model depending on
the transit conditions are defined by minimizing the mean
squared error between the observed data and the predicted
model values. This model is currently used in the com-
puter program HARAP (HARbourAPproach) [13] for op-
timal design and operation of navigation channel depths
in the port of Rotterdam [14]. Recently, US Army Engi-
neer (USACE) Research and Development Center have
been developing a ship motion response model to use
on the ship simulator [15]. However, as pointed out, this
model is still considered a research tool and needs further
verification. Moreover, no numerically measured error for
the qualification of these models has been found in the
published papers.

The more advanced model used in this article has been
developed by the authors applying a parametric model-
ing method [16]. The model can allow us to determine the
ship motion directly, from any wave spectrum, for a cer-
tain navigation condition. Obviously, this approach pro-
vides the results more accurately than from the regression
model, as can be seen in Figure 2.

It was confirmed [16] that this new model with its para-
meters expressed by polynomial functions represents well
the behavior of the ship motion response in the linear wave
motion system. As an example, the estimated response
spectrum from this model is comparable to that obtained
from the numerical ship motion model, SEAWAY [17], as
shown in Figure 3. The average fit coefficient of determi-
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Figure 2. Determination of ship motion response from wave and navigation conditions

Figure 3. Comparison of estimated response spectrum with numerical model (SEAWAY)

nation is 0.988 and the smallest coefficient is 0.9716 for
this case study.

4.2 Modeling Grounding Risk: First-Passage Failure

A widely accepted model of ship grounding risk is first-
passage failure. The first-passage failure is an event that a
random process X(t) crosses a level x = � (m) once during
a period T0 (s). It is frequently used to estimate the prob-
ability of the ship touching the bottom, which is assumed
as a measure of the risk of ship grounding. This method

is based on the assumption that successive up-crossings of
a specified level are independent and constitute a Poisson
process [18]. Under this assumption the probability of the
first-passage failure P(�,T0) of a response X(t) when is a
stationary can be estimated by:

P��� T0� � 1� exp����T0� (1)

where v� is the mean rate of crossing with a level �. If
the response X(t) has the Gaussian distribution and zero
mean, v� can then be expressed as:
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where m0 and m2 represent zero and second moments of
the response, respectively, determined by:
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0
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�2
e Sr��e�d�e� (4)

In Equation (4), Sr(�e) is the response spectrum intro-
duced in the previous section.

In engineering design, it is highly desirable to know a
certain level of underkeel clearance for which probabil-
ity of first-passage failure is smaller than an acceptable
value 	. For example, before the ship entrance we wish to
know a specified level of the vertical motion correspond-
ing to an acceptable probability of the ship grounding,
	. From P(�,T0) = 	 and Equations (1) and (2), cross-
ing level for probability of first-passage failure 	 can be
expressed [19]:

� � �m0

�
�2 ln

�
� ln �1� 	� 
 T 2

0

2�

�
m2

m0

�� 1
2

� (5)

For navigational safety, � must be smaller than avail-
able average instantaneous underkeel clearance, kc.

5. Simulation Model

The simulation model has been designed in the MATLAB
programming language by the authors. This model is a
discrete-event and compressed-time-stepping traffic sim-
ulation for the navigation channel exposed to the open sea
where the safety of ship navigation is threatened by wave
impacts. Stochastic variables of environmental conditions
and ship arrivals are generated as input data for the model.

The simulation model, as outlined in Figure 4, consists
of several components. First, the data of ships, tidal and
wave conditions are generated as the input of the simu-
lation. The risk-based model described in Equation (5) is
used to determine whether a ship entrance is allowed by
comparing a calculated � with the kc for a level of the
risk acceptance, 	. The core element is a calculation pro-
gram that will provide various results of the simulation
for the optimal process of channel depths. Some selected
important elements have been explained in detail in the
following sections.

5.1 Departure Pattern of the Ship

The model assumes that the ship departure follows an ex-
ponential distribution function of the form

f �t� � 1� e��t (6)

where � is the departure rate calculated from the histor-
ical data and t is the time of ship departure. The simu-
lation begins by generating a date and a time of the first
ship after receiving permission to load. On the basis of
the possible maximum tidal window to be found available
in the next few days, the model calculates a value of the
draft to which the ship shall be loaded. The other dimen-
sions of the ship have, of course, to be available in advance
for definition of the ship motion response. The ship speed
is considered to be constant over the complete passage.
Specifications of the design ship are presented in the Ap-
pendix in Table A.3.

5.2 Tide Generation

Tidal data for the study period have to be available and
stored in the model. There are two types of water level:
astronomic and meteorological. The predicted astronom-
ical water level for a given period of calculation should
be available as a function of date and time. Meteorologi-
cal water level is defined as the difference (predicted er-
ror) between astronomical water level and real water level
measured during the same period. A certain water level
regarded as the real water level is determined by adding
astronomical water level and a predicted error [20]. In this
case study, a Gaussian distribution function of the pre-
dicted error with parameter mean value 22.3 mm and stan-
dard deviation 132 mm was found based on the statistical
water level data recorded during the past 30 years. A cer-
tain tidal level will be defined and assigned to the ship
transit based on the date and time of the ship departure. It
can also be changed dynamically in the model during the
ship transit along the channel.

5.3 Wave Generation

Two parameters of the Pierson-Moskowitz spectrum, Hs
and Tz , have been proposed to calculate the ship motions.
Sets of characteristic wave data values can be grouped and
arranged as in Tables A.1 and A.2 for all wave directions.
The number in each cell table indicates the probability that
a significant wave height is between the values in the left
column and in the range of wave periods listed at the top
of the table.

The Gamma distribution has been found to fit fairly
well with the frequency of the significant wave heights in
all direction classes (last column of Table A.1), as shown
in Figure 5. Based on this distribution we can first gener-
ate stochastically a value of significant wave height, Hs .
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Figure 4. Main components of the simulation model

Figure 5. Frequency of the wave heights fitted with Gamma
distribution

A uniform random number can then be generated to ob-
tain a desired direction class by using the inverse trans-
formation method [21]. Finally, a wave period Tz can be

determined using a conditional distribution between the
parameters Hs and Tz [22, 23].

5.4 Calculation Program

The core of this simulation model is a calculation pro-
gram. Attention is paid to a successful approach [7] on
which the calculation program described in this section is
based. The program consists of the following calculation
steps.

(1) Determination of the depth An instantaneous wa-
ter depth at the ship position is calculated based
on a generated departure time and a selected ship
speed, taking account of the local bottom depth and
the tidal data. For practical use in the grounding
model, the whole passage should be divided into
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Table 1. Matrix form of the encounter frequency transfer

Loading conditions (ship draft) Wave direction relative to the ship speed

�1 �2 � � � � i � i�1 �n

T 1 H1�1 H1�2 � � � H1�i H1�i�1 H1�n

T 2 H2�1 H2�2 � � � H2�i H2�i�1 H2�n

! ! ! � � � ! ! !

T 3 H i �1 H i �2 � � � H i �i H i �i�1 H i �n

T 4 H i�1�1 H i�1�2 � � � H i�1�i H i�1�i�1 H i�1�n

T m (fully loaded) Hm�1 Hm�2 � � � Hm�i Hm�i�1 Hm�n

sub-passages in which the water depth is approxi-
mately constant. The difference between the deep-
est and shallowest point of each sub-passage should
not exceed a limiting value. The actual water depth
h in each point of the passage is replaced by a cer-
tain minimum depth h j of the sub-passage.

(2) Estimation of squat When ship draft and water
depth in each sub-passage are available, a speed
value is selected to formulate a database of the nav-
igation (T, d and V). The empirical expression, pro-
posed by Barrass II in PIANC [1], has been used to
estimate the ship squat of a critical point on the ship
hull.

(3) Calculation of the motion characteristics For each
sub-passage and generated wave parameters Hs and
Tz , the Pierson-Moskowitz spectrum density will
be calculated. The response spectrum of the wave-
induced motions can then be defined for a given
generated wave direction and a loading condition as
[16]:

Sr ��e�Hs� Tz� V� kc�

� �H ��e�V� kc��2 S
 ��e�Hs� Tz� (7)

where Sr(�e) is the response spectrum of the wave-
induced motions, �e is the encounter frequency�
�H��e�� is the encounter frequency transfer� S
(�e)
is the wave spectrum at the encounter frequency� V
(m/s) is the forward speed of ship� kc (m) is the av-
erage instantaneous underkeel clearance.

The encounter frequency transfer is determined as the
function of a given generated wave direction and a loading
condition with the matrix form as presented in Table 1.

Since the transfer response functions have been formu-
lated into the parametric model in advance, the response
spectrum can therefore be computed for any generated
wave and certain navigation conditions during the simu-
lation process. This allows computation of the amplitude
characteristics of the ship vertical motion, as expressed in
Equations (3) and (4). The computation focused on the
hull motion at stern� the risk of touching the bottom is

most critical for this part of the ship where the outbound
ships loaded draft faces incoming waves [19].

(4) Calculation of a minimum safe underkeel clearance
A value � can be determined, considered as a min-
imum safe underkeel clearance for ship entrance.
This value will be compared to the available under-
keel clearance, kc, with the condition that kc � �.
If this is not satisfied, the ship has to wait at the an-
chor area. The model will accumulate the downtime
until achieving a higher tidal level and tidal window
to meet the condition.

5.5 Simulation Output

The simulation output contains: ship waiting time for each
transit and the total waiting time for the period of simula-
tion� average number of times and the average amount of
coal (m3) loaded onto ships at the floating point (when
there is no available water depth for ships loaded fully at
the quay)� channel utilization ratio, the ratio of the time
that ships occupy channel to the period of simulation� and
conversion of all of the above to monetary units if prices
are available.

5.6 Model Verification and Validation

For purposes of verification, the data of wave, tide and
ship arrival were generated from the generation models
as formulated above. The statistics for wave heights, tidal
levels and ship arrival times were then calculated. Finally,
probability density functions of the generated data were
determined and compared with those from the observa-
tion. Goodness-of-fit tests were found to verify that the
parameters fit reasonably well with the generated data.
Figure 6 displays an example for the wave performed.

For purposes of validation of the simulation model,
waiting times for 25 of the ship arrivals during the past
were gathered. This means that the simulation experiment
should be conducted for the existing condition of the port.
Figure 7 compares the relative histograms of waiting times
taken from the simulated data (number of runs 50) and the
observed data. The authors expect that the model would be
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