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Abstract 

The study of ship-induced waves is essential to prevent bank erosion and optimize the ship’s maneuverability. Inland ship-induced waves 
are in general affected by many factors divided into ship related parameters (form, draft, speed, drift, and navigation environment parameters 
(depth, distance to banks, and offset of the sailing line from the channel middle). Based on a set of towing tank experiments, this article depicts 
the effects of a number of these parameters on inland ship generated waves. To account for real navigation conditions, the ship speed is chosen 
so as to comply with the regular range of inland navigation speed which is close enough from the maximum allowable speed supported by the 
experimental setup. To study the effect of ship form, the experiment was carried out on a containership, a pusher-barge and a pusher-two barges. 
The study is achieved for two different ship’s draft (T =0.1 m and T=0.04 m) and repeated for different configurations of water depth (h between 
0.24 m and 0.12 m). The lateral confinement is studied by varying the channel width (W=2.88 m, 1.44 m and 0.72 m). Special attention is paid 
to the study of a restricted waterway combining both depth and lateral confinement. Besides, to identify the influence of drift, three drift angles 
were imposed (between 0 and 5°). Finally, the influence of the eccentricity is identified through varying the offset distance (offset = 0.44 m and 
0.55 m). The ship wave maximum amplitude is validated by comparison to literature.

Keywords: Ship induced waves; Towing tank experiments; Confinement effect; Ship speed effect; Ship drift; Ship-bank distance effect; Ship form 
effect

Introduction

Inland navigation is strongly affected by restricted waters. 
Due to the huge increase of resistance observed when the depth to 
draft ratio decreases and the increase of the interaction between 
the hull-propeller and rudder [1], the ship’s safety could rapidly 
become endangered because of the difficulty of maneuvering. In 
fact, the increase on resistance is in part a result of the increase 
in wave making resistance provoked principally by the ship 
waves [2]. In addition, the ship bank interaction is also known to 
affect the steering ability [3]. Combining these two phenomena 
is a very interesting case to be considered carefully in order to 
ensure the safety of inland navigation and to improve inland 
navigation simulators. Moreover, the ship waves are according 
to [4-7] one of the main causes of bank degradation and erosion 
of bottom. Indeed, in order to overcome the resistance force, 
the ship transfers energy to water through the generated waves 
and the water is displaced from the front to the back of the ship  

 
which provokes return currents that erode the banks. In addition  
to this, the significant drawdown and surge of water caused by  
the ship wake induces the increase in bottom water velocity and 
results on sediment suspension. Besides, unlike river currents or 
wind driven waves, ship wakes can attack all banks and are often 
focused on the soft sediment on the inside of bends and not only 
the outside of bends. Indeed, a correlation between the maximum 
suspended sediment concentration and maximum ship-induced 
drawdown height is highlighted by [8]. For all these reasons, ship 
waves are regarded as a very interesting research issue.

Previous Studies

Ship induced wave analysis review shows that the waves are 
affected both by the ship characteristics including hull form, speed, 
load condition and draft and by environmental factors such as 
water depth, distance to banks, currents, tidal movement [9] and 
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even vegetation [10]. In 1972 [11] applied a wave pattern analysis 
in order to suggest form improvement of the ship. Using towing 
tank experiments, Toda et al. [12] investigated that the influence 
of the propeller on the generated waves depends on the distance 
from the propeller. Indeed, they showed that the effect of the 
propeller is felt starting from a distance of about two diameters 
upstream of the propeller. The wave profiles were captured 
through visual observation techniques using both 35mm and video 
cameras. With the development in photo-analysis technology, 
this method was employed by [13] to study the generated waves 
by conventional and high speed ferries, and more recently by 
[14] to obtain divergent wave angles of a fishing vessel using 
field measurements in a river. During the experiments, the ship 
was subject to tidal rise and fall, currents and wind. This optical 
method has the advantage of being non-intrusive. In order to 
enhance this method, suspended particles in association to a laser 
projection are employed by [15]. Restricted to measuring steady 
ship waves, another technique used by [16] relies on sequentially 
projecting laser sheet into the water surface and using the fixed 
cameras to measure the point of impact. To study the ship wakes 
from a distance, some authors used radar to estimate free surface 
elevation [17]. Others used satellite photography to characterize 
the ship wake. For instance, using this technique, [18] showed 
that the apparent wake angle is inverse proportional to the speed 
of the ship. Other authors like [19-20] used a submerged pressure 
measuring technique to study the ship waves.

A different category of measuring techniques relies on using 
wave probes to measure the wave elevation. This method consists 
in registering water elevation at a single point over time which 
gives a cross section of the ship’s wake in the direction of the sailing 
line. For instance, relying on this method [21] characterized wave 
of highspeed patrol. [22] used a wave slope meter to apply this 
technique. This choice was due to the high sampling rate of the 
wave slope meter (400 Hz). An echo-sounder was employed by 
[23-24]. Although it can be used to record autonomously a large 
amount of data, the echo-sounder has a very low sampling rate (5 
Hz). [25] presents a database for resistance, squat, ship wave and 
wake of a DTMB 5415 model benchmarked by the ITTC and the 
wave elevation was recorded using capacitance probes. According 
to [25] the use of capacitance probes at high Froude number is 
not advised because of the occurrence of intense wave breaking 
phenomena. However, this type of probes allows to measure the 
elevation of large amplitude waves. [26] studied the effect of 
limited distance to banks using field observation on Shingashi river 
and a 2D numerical model. [27] has also carried an experimental 
study on VLCC ship in shallow, medium and infinite water depth. 
Its main interest was on characterizing the hydrodynamic forces 
applied on the ship at various ship speeds and drift angles. The 
wave cut profiles have been registered using capacitance probes 
but not deeply analyzed. Another valuable study by [28], shows 
the effect of shallow water and speed variation on ship wakes and 
the wave half angle.

Even with the great progress in CFD methods and computing 

capacities, the experimental approaches are still widely requested 
today as they are indispensable for results validation. This article 
represents a contribution to the experimental database on ship 
waves’ analysis for the case of a 135m inland containership, a 
104.5m length pusher-barge and a 181m pusher-two barges 
system under different channel configurations, ship speed and 
load. This will allow the study of ship form effects on generated 
waves and verify which parameters are best suited to characterize 
the shape of the hull. Besides, in order to permit a better accuracy 
and control of the experiment, the wave height measurements 
were carried out using capacitance probes. The ship’s speed is 
imposed using a traction trolley and varied between 0.22 and 
0.89 m/s (corresponding to real ship speed between 0.38 knots 
and 8.65 knots) such as to avoid grounding and to respect the 
limits of inland navigation speed. The study is carried out for 
two different ship’s draft (T equal 0.1 m and 0.04 m) obtained 
by modifying the loading condition of the ship. And repeated for 
different configurations of water depth (h varying between 0.24 
m and 0.12 m). The depth confinement is characterized using the 
ratio h/T relating the water depth to the ship’s draft and the depth 
Froude number or the dimensionless depth parameter. The lateral 
confinement is studied by varying the channel width (W=2.88 m, 
1.44 m and 0.72 m). By using the blockage coefficient, it is possible 
to characterize the lateral confinement. Special attention is paid 
to the study of a restricted waterway combining both depth and 
lateral confinement. To identify the influence of drift, three drift 
angles were imposed (between zero and five degrees) and to 
characterize it, a modified Froude number was used. Finally, the 
influence of the ship’s offset from the middle of the channel is 
identified through varying the offset distance (offset = 0.44 m and 
0.55 m).

Ship Geometries

Three geometries were used to investigate the free surface 
elevation under different configurations. These, fabricated out 
of polyurethane foam and fiberglass at a scale of 1:25, include a 
pusher barge, a pusher-two barges system and a containership 
(Figure 1). The pusher and the barge lines are shown in (Figure 
2) while these of the containership are given in (Figure 3). All the 
ship models are tested under two different load conditions. Those 
are given in Table 1 along with ship’ characteristics. 

Experimental Test Procedure and Uncertainty 
Assessment 

Conducted at University of Liège towing tank, the experiments 
were carried out under different channel configurations. This 
towing tank is characterized by the following dimensions:

• Length = 100 m

• Width = 6 m

• Depth = 3.5 m

The tank is equipped with an automated trolley to pull the 
model hull with a constant speed. In order to fix the water depth 
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of the tank, a movable aluminum bottom of 30 m length was used 
and to set the distance to banks, PVC sponge layers were chosen 
for their capacity to reduce the reflection at the tank walls (Figure 
4). These artificial banks are placed on the bottom and fixed 
using triangle supports enabling the modification of the bank 
angle (Figure 5). In this study, the channel slope α is set to 2:1 
(27°). A towing system to tow the models at the desired speed is 
needed. For this purpose an electric winch connected to a grooved 
drum was used. The measures start after insuring a uniform ship 

speed. The wave elevation measurement was achieved using three 
capacitance probes placed at the center of the channel respectively 
at a transversal distance of D1, D2 and D3 from the ship’s gravity 
center. These distances are adjustable using a movable cross 
slide positioned transversally to the direction of the ship, and 
on which the sensors are assembled (Figure 6). A diagram of the 
experimental setup is given in (Figure 7). It is assumed that the 
origin of the tank-fixed reference frame is fixed at the mean water 
level.

Table 1: Model ship characteristics.

Symbol Containership Pusher-Barge Pusher-Two Barges

Length(m) L 5.4

4.18 with 7.24

Pusher 1.12 Pusher 1.12

Barge 3.06 Barge 3.06

Breadth (m) B 0 .456
Pusher 0.38 Pusher 0.38

Barge 0.456 Barges 0.456

Draft (m) T Full load 0.10 Full load 0.10 Full load 0.10

medium load 0.04 medium load 0.04 medium load 0.04

Block coefficient (-) Cb 0.899 0.85 0.85

weight (Kg) ∆ 223.79\ 80.07 144.11/54.77 265.22/102.81

Figure 1: Ship geometries from bottom to top: containership, pusher-barge, pusher-two barges.

Figure 2: Pusher and barge bodylines.
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Figure 3: Containership’s bodylines.

Figure 4: Towing tank of University of Liège.

Figure 5: Tank’s middle section equipped with a movable bottom and tank.

Figure 6: support of wave probes and acquisition system of free surface elevation.
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Figure 7: Experimental setup.

Using a single insulated wire partially submerged in water, the 
capacitance probe works by measuring the capacitance based on 
the linear relationship between capacitance and surface height. 
The displacement accuracy of the probes is estimated to 1 mm. 
With a frequency of 100 Hz, the acquisition starts at the time that 
the ship passes by the ideal line of the probes giving a time history 
of the wave elevation signal at the transversal position on which 
the probe is fixed. The signal recorded by each probe is filtered 
and converted from volts to meters using MATLAB. To ensure 
calm water conditions, a sufficient time was accorded between 
successive runs. To convert the time history into longitudinal 
displacement, the following expression is used: where and are 
the initial position and corresponding time. The longitudinal 

displacement is then expressed under dimensionless form by 
dividing it by the ship length.

This protocol is repeated for various conditions of ship load, 
water depth, distance to banks, speed and hull geometries. Note 
that the maximum speed is set up to almost the maximum speed 
offered by the facility. This set of experiments is presented in 
Table2. The drift effect is also investigated by testing three drift 
angle values on pusher-barge system under both medium and full 
scale load conditions without any offset of the sailing line from 
the middle of the channel (Table 3). Furthermore, to study the 
effect of sailing line offset, additional tests are carried out on the 
containership as shown in Table 4. In these cases, the ship’s sailing 
line is moved away from the center of the channel.

Table 2: Different parameters of experiment for a straight forward sailing boat placed in the center of the channel.

Ship Con-
tainer

Load De-
scription T (m) h (m) W (m) V (m/s) D1 (m) D2 (m) D3 (m)

 Medium 
load 0.04

0.24 2.88 0.44/0.56/0.67 1.45 1.59  

0.24 1.44 0.44/0.56/0.67/0.89 0.7 0.84  

0.24 0.72 0.44/0.56/0.67/0.89 0.37 0.51  

0.2 2.88 0.44/0.56/0.67/0.89 0.325 0.46 0.605

0.2 1.44 0.44/0.56/0.67/0.89 0.68 0.815 0.965

0.2 0.72 0.67/0.56/0.44/0.33 0.325 0.46 0.605

0.18 2.88 0.44/0.56/0.67/0.89 1.38 1.52 1.67

0.18 1.44 0.44/0.56/0.67/0.78 0.665 0.795 0.95

0.18 0.72 0.33/0.44/0.56/0.67 0.325 0.46 0.605

Full load 0.1

0.24 2.88 0.44/0.56/0.67/0.78 1.42 1.56  

0.24 1.44 0.33/0.44/0.56/0.67 0.705 0.845  

0.24 0.72 0.22/0.33/0.44/0.56 0.31 0.45  

0.2 2.88 0.44/0.56/0.67/0.78 1.305 1.45 1.595

0.2 1.44 0.22/0.33/0.44/0.56 0.68 0.815 0.965

0.2 0.72 0.22/0.33/0.44/0.56 0.325 0.46 0.61

0.18 2.88 0.33 1.38 1.52 1.67

0.18 1.44 0.22 1.38 1.52 1.67
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Pusher-barge

Medium 
load 0.04

0.24 2.88 0.44/0.67/0.78/0.89 1.5375 1.6875  

0.24 1.44 0.44/0.67/0.78/0.89 0.8175 0.9675  

0. 18 0.72 0.44/0.56/0.67/0.78 0.3975 0.5475  

0.18 1.44 0.44/0.67/0.78/0.89 0.7275 0.8775  

0.18 2.88 0.44/0.67/0.78/0.89 1.4775 1.6375  

Full load 0.1

0.24 2.88 0.44/0.67/0.78/0.89 1.5275 1.6775  

0.24 1.44 0.44/0.67/0.78/0.89 0.8175 0.9675  

0.24 0.72 0.33/0.44/0.56/0.78 0.4375 0.5975  

0.18 2.88 0.44/0.67/0.78/0.89 1.4375 1.5875  

0.18 1.44 0.33/0.44/0.56/0.78 0.7375 0.8875  

0.18 0.72 0.22/0.33/0.44/0.56 0.3975 0.5475  

0.12 2.88 0.44/0.56/0.67/0.89 1.4675 1.6175  

0.12 1.44 0.33/0.44/0.56/0.78 0.7275 0.8775  

0.12 0.72 0.22/0.33/0.44/0.56/0.78 0.3775 0.5275  

Pusher-two 
barges

Medium 
load 0.04

0.12 2.88 0.44/0.56/0.67/0.89 1.4675 1.6175  

0.12 1.44 0.44/0.56/0.67/0.78 0.7425 0.8925  

0.18 2.88 0.44/0.67/0.78/0.89 1.4775 1.6275  

0.18 1.44 0.22/0.33/0.44/0.56/0.67 0.3875 0.5375  

0.18 0.72 0.44/0.56/0.67/0.78 0.3875 0.5375  

Full load 0.1

0.18 2.88 0.44/0.67/0.78/0.89 1.4725 1.6225  

0.18 1.44 0.33/0.44/0.56/0.78 0.7375 0.8875  

0.18 0.72 0.22/0.33/0.44/0.56 0.4775 0.6275  

0.24 2.88 0.33/0.44/0.56/0.78 1.6575 1.5075  

0.24 1.44 0.44/0.67/0.78/0.89 1.5125 1.6625  

0.24 0.72 0.33/0.44/0.56/0.78 0.4675 0.6175  

Table 3: Measurements configurations for a pusher-barge towed with different drift angles.

Ship Push-
er-barge

Load Drift β (°) h(m) W(m) V(m/s) D1(m) D2(m) D3(m)

medium 2.5 0.18 1.44 0.44/0.67/0.78/0.89 0.7275 0.8775  

full 2.5 0.18 1.44 0.33/0.44/0.67/0.78 0.7275 0.8775  

medium 5 0.18 1.44 0.44/0.67/0.78/0.89 0.7275 0.8775  

full 5 0.18 1.44 0.33/0.44/0.67/0.78 0.7275 0.8775  

Table 4: Sailing line offset from the center for the containership.

Load Offset(m) h(m) W(m) V(m/s) D1(m) D2(m) D3(m)

medium 0.4 0.24 1.44 0.44/0.56/0.67/0.89 0.31 0.45  

full 0.4 0.24 1.44 0.33/0.44/0.56/0.67 0.31 0.45  

medium 0.55 0.24 1.44 0.44/0.56/0.67/0.89 0.31 0.45  

full 0.55 0.24 1.44 0.33/0.44/0.56/0.67 0.31 0.45  

Experimental Results

The free surface deformation is induced by the fluid motion. 
The difference in wave behavior at different length scales is 
due to the fact that short waves are closely related to surface 
tension whereas the gravity is very important for long waves. 
Both capillarity tension (described by the Weber number) and 

gravity (described through the Froude number) tend to exert 
a stabilization effect against the disrupting effect produced by 
turbulence kinetic energy [27]. The Froude and Weber numbers 
are given below: 

L
VFr
gL

=
 

2V LWe ρ
σ

=
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Where g is the gravity acceleration andσ is the surface 
tension. For the studied problem, the Weber number is very 
high so that the inertial effects outweigh the capillary effects. 
Whereas, the Froude number is relatively small meaning that the 
gravitational energy overcomes the kinetic energy produced by 
inertial effects, which means that the ship wake is mainly caused 
by gravitational waves. The analysis of ship waves can be handled 
using different methods. These latter can be classified according 
to [20] into global ship wave pattern interpreting methods and 
separating ship wave patterns into primary and secondary wave 
system methods. Indeed, the wave train generated by the ship is 

composed of primary and secondary waves. The primary wave 
system is characterized by a significant water level depression. 
The secondary waves system, caused by pressure variation 
due to the discontinuities in the hull shape, is composed of 
transverse and divergent waves. In general, to characterize vessel 
wave wakes, it is possible to rely on two important parameters: 
maximum wave height “Hm” and its wave period “Tm”. The wave 
period is calculated as twice the time between a consecutive crest 
and trough (Figure 8). In addition to these parameters, the wave 
profiles are also characterized by a significant depression of water 
level called the mean water level drawdown and referred to as 
“Hd”.

Figure 8: Primary and secondary wave system [55].

Ship speed effect

The ship’s speed is usually characterized using the Froude 
number. Three regime types are identified according to [30] 
depending on length-based Froude number. These regimes are 
planning hull (FrL>0.5), semi-displacement hull (FrL=0.5) and 
displacement hull (FrL<0.399). Since the length-based Froude 
number doesn’t exceed 0.2 for all the studied cases, the regime is 
considered a displacement hull. To investigate the effect of speed 
variation on ship waves, a cut of the wave elevations at different 
FrL is presented in (Figure 9) for respectively two channel depths 
and at constant ship draft (T=0.04m). The data presented here 
concern mainly the containership. Unfortunately, only a fraction 
of the wave train is captured for h/T=4.5.

A look at the figure shows that a small change in speed 
results in large modifications of wave amplitude. This fits well 
the remarks of [31]. The ship’s speed variation affects also the 
wave period. Indeed, when the speed increases, the length-based 

Froude number increases and the period decreases. In addition to 
this, the drawdown of the water level increases with the increase 
of length-based Froude number. In fact, at a constant draft, when 
the water depth decreases from 0.2 to 0.18 m, the ratio h/T 
varies between 5 and 4.5 and the mean water level drawdown 
decrease when the length Froude number varies from 0.122 to 
0.06 is estimated to 1.36 times. At a constant Froude number, 
the maximum wave amplitude increases with the water depth 
increase. It is estimated, when h/T decreases from 5 to 4.5 and 
when the Froude number is equal to 0.122, to a factor of 1.02 for 
the primary waves and a factor of 1.99 for secondary waves. To 
look more closely at the effect of speed variation both on deep 
and medium shallow water, (Figure 10) presents a comparison of 
wave cuts at two length-based Froude numbers (FrL=0.077 and 
FrL=0.092).

The figure shows that, for h/T=2.4, the primary wave 
amplitude increases 1.53 times whereas its period decreases 
1.45 times when the length-based Froude number increases from 
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0.077 to 0.092. In addition to this, the maximum amplitude of 
secondary waves increases 1.99 times and its period increases 
1.11 times. When the draft decreases to 0.04m, (i.e. h/T=6), 
the ship is navigating in deep water. Under these conditions, 
the primary wave amplitude increase between FrL=0.077 and 
FrL=0.092 is estimated to 1.56 times against 1.54 times for 
the shorter secondary waves. And their corresponding period 
decreases respectively by 1.71 times and 1.23 times for the same 
range of length-based Froude numbers. The change in frequency 
and the modification in wave elevation when the speed is varied 
can be explained by the increase in displaced water volume when 
the speed increases. The influence of turbulence at higher speeds 
can also contribute to these effects. Besides, the difference on the 
mean water level drawdown for respectively 0.077 and FrL=0.092 
is shown to increase 2.8 times when the ratio of water depth to 
ship’s draft decreases from h/T=6 to h/T=2.4. Also a comparison 
of maximum wave amplitude at FrL=0.092, shows that it increases 
three times when the draft varies from 0.04 m to 0.1 m. The 
maximum wave elevation is extracted and shown in Table 5 for 
different Froude numbers and compared to BAWAK correlation 
given here below (Federal Institute of Hydrology Koblenz & 

Federal Waterways Engineering and Research Institute Karlsruhe, 
November 2016) [32]: 

8
3

max 4 1
3 3( )2

w cr
VH A f

wg
=

With V is the ship speed, g is the gravity, w is the distance to 
banks, sy is the lateral distance from the measurement point to 
the vessel sailing line and , crf is a correction to the increasing of 
speed influence in critical regime. For the studied speed range, it 
is supposed equal to 1. is the wave height coefficient related to the 
ship’s shape, draft and water depth. For the containership sailing 
in deep water and medium load (i.e. h/T=5), Aw is supposed 
equal to 0.22. The coefficient wA is proven to decrease when h/T 
increases. Indeed it is estimated to 0.14 for h/T=6 and to 0.78 
for h/T=2. The comparison between experimental results of 
maximum wave height and the correlation of BAWAK, shows a 
good agreement in general. It is also noticed that the error seems 
to decrease when the Froude number increases. The maximum 
wave height increases with the increase of Froude number which 
joins the earlier remarks. 

Figure 9: Effect of speed variation on containership’ waves for a 2.88 width channel respectively at h/T=5 and h/T=4.5.

Table 5: Maximum wave height for h/T=5, w=2.88 m for the containership using sensor 3 measurements.

Froude Hmax correlation (m) Hmax experimental (m) Relative error (%)

0,0604 0.0011 0.0011 5.812

0,0769 0.0021 0.0021 0.548

0,0920 0.0034 0.0034 2.391

0,1222 0.0072 0.0074 2.687
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Figure 10: Effect of speed variation on containership’ waves for a 2.88 channel width at respectively h/T=2.4 and h/T=6.

Channel water depth and ship’s draft effects

Based on [33], the effect of water depth and the change in 
draft are described using the ratio h/T. For h/T>5, the ship is 
travelling in deep waters. When this ratio is about 3, the ship is 
sailing in intermediate water. When this ratio decreases further 
(less than 2), the bottom effect increases and starts to affect 
significantly the ship resistance. The characterization of the water 
depth effect relies not only on h/T, but also on the depth Froude 

number. For small depth Froude number (Frh<0.6), the regime is 
subcritical. For (0.6<Frh<1.2), near critical regime is observed. 
When Frh increases further, the supercritical regime takes place 
[34]. Since the maximum studied Frh is not greater than 0.67, the 
supercritical regime is not discussed in this article. [35] define 
also the finite water depth starting a dimensionless depth:

2 3h gd
V
⋅

= <

Figure 11: Containership’ wave cuts at y=0.6 m for a channel W/B=3.1578 and respectively FrL=0.0769.
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Based on the previously presented adimensional numbers, a 
summary of the obtained data from ship induced wave’s analysis 
for the containership is presented in Table 6 for different depth 
and draft configurations at a constant channel width. A look at 
cases 10 and 12 shows that for similar depth Froude numbers, a 
great increase is registered in the maximum wave amplitude. This 
implies that the depth Froude number is insufficient to characterize 
the confinement of a channel. The same applies to the coefficient 
h/T (see cases 12 and 2) and to the coefficient d (see cases 4 and 
9). A good characterization relies on the combination of two of 
these three parameters including inevitably the coefficient h/T. 
(Figure 11) shows wave cuts of the containership at y/L=0.1 in 
subcritical regime (0.36<Frh<0.42) at different configuration of 
channel depth and draft for a distance to banks equals to 1.44 
m. The features of ship induced waves in shallow channels differ 
from those created in deep open water [26]. This is slightly seen 
when comparing the wave cuts at h/T=6 and h/T=2.

As expected, the wave elevation shows in general a nonlinear 
increase with the decrease of depth to draft ratio. It increases by 
85.1% between h/T=6 and h/T=4.5 against an increase of 138.2% 
between 4.5 and 2. This increase is closely related to the increase 

of the immersed volume of the ship when the draft increases. This 
induces the increase of the volume of water displaced by the ship 
motion compared to the total volume of water in the channel. 
When the water depth decreases at a constant draft, (blue, red 
and black curves), the area of the channel cross-section decreases. 
This increases the drawdown and return flow which explains 
the increase in wave amplitude. With the decrease of water 
depth, the period also decreases. Yet the change in period is less 
spectacular than the change in maximum wave elevation when 
the depth Froude number changes. Indeed, it is estimated to 2.8 
seconds for h/T=4.5. The estimation increases to 3.6s for h/T=6. 
In attempt to examine the near critical regime, (Figure 12) shows 
two wave cuts for respectively the pusher-1 barge and pusher-
two barges at two different depth based Froude numbers for h/
T=2.4 and at W=1.44m. The waves generated by these two ships 
are quite similar. They both show a change in the wave feature 
between subcritical and near-critical regimes. Indeed, in the case 
of subcritical regime, the wave amplitudes are much smaller than 
in near-critical regime characterized by v shaped waves [36]. This 
shape can be explained by the difference in wave periods.

Figure 12: comparison of Frh effect on wave cut at y/L=0.29 at the same depth and lateral confinement for respectively the pusher-barge 
and pusher-two barges.
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Distance to banks effects

The ship’s distance to banks affects the lateral confinement. 
The latter is characterized by the blockage coefficient defined as 
the ratio of the ship’s underwater cross section to the section of 
the waterway. According to the ITTC [37], the confinement effect 
can be neglected if: 1

200
xAblockage

Wh
= <

where xA B T= ⋅ is the effective midship section area, W is the 
width of the towing tank and h is the water depth. For a constant 
h/T ratio, it is possible to use the ratio W/B to characterize the 
blockage. In this study, three values of w were tested for both a 
fully loaded and medium loaded containership (Table 7). The 
corresponding wave cuts are presented in (Figures 13 & 14) for 
two different speeds. It is observed that for a constant speed (FrL 
is constant), when the blockage coefficient increases, the wave 
amplitude increases too while the wave period remains almost 
constant. For more details, the maximum amplitudes of secondary 
waves are estimated in Table 8 for different blockage coefficients. 

For instance, the wave amplitude is estimated at FrL=0.06045 to 
increase 11.6 times when the blockage coefficient increases from 
0.0264 to 0.3166 (cases 1 and 11 in Table 8). Cases 12 and 13 
corresponding to blue dashed and purple dash-dotted curves in 
(Figure 14), show some discrepancies to the earlier mentioned 
features. Indeed, the registered secondary wave amplitudes 
are higher when the blockage decreases. These results are not 
physical and should be due to certain perturbations occurring 
during the experiment. At a constant depth, draft and speed 
(example: cases 1, 2 and 5), the lateral confinement have no 
effect on wave period. Cases 4 and 15 shows that at a constant 
channel width (W/B is constant) and for the same depth to draft 
ratio, when the dimensionless water depth d increases, the wave 
amplitude decreases and the period increases slightly. Now if 
W/B is constant at different (h/T) (see for example cases 3 and 
4), when the blockage decreases, the period increases and the 
amplitude decreases. Cases 12, 16 and 19 are an exception to the 
previous statement probably due to some perturbations during 
the experiment.

Table 6: Summary of observed data for constant distance to banks equals to 2.88m.

Case N° Frh h/T d Hm (m) Tm (s)

1 0.669 4.5 2.23 0.00778 3.6

2 0.635 5 2.48 0.00741 2.698

3 0.557 2 3.22 0.0125 6.298

4 0.508 2.4 6.32 0.01002 6.598

5 0.504 4.5 3.93 0.00415 5.698

6 0.478 5 4.37 0.00346 6.898

7 0.436 6 5.24 0.00149 3.59

8 0.421 4.5 5.63 0.00347 6.298

9 0.399 5 6.26 0.0021 5.698

10 0.365 6 7.51 0.00136 2

11 0.331 4.5 9.12 0.00149 6.298

12 0.314 5 10.1 0.00104 2.4

13 0.287 6 12.2 0.00087 1.5

Table 7: Blockage coefficient estimations for some studied configurations of the navigation channel in the case of the containership.

containership

W (m) h(m)

Blockage Coefficient

Full load Medium load

0.72 0.2 0.3166 0.1266

1.44 0.2 0.1583 0.0633

2.88 0.2 0.0791 0.0316
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Figure 13: Blockage effect on containership’s induced waves for FrL=0.06045 and Frh=0.3141.

Figure 14: Blockage effect on containership’s induced waves for FrL=0.0769 and Frh=0.3141.

Besides, it is clearly seen that the speed increase generates 
a huge increase in wave amplitudes and affects slightly the 
amplitudes resulting in a small decrease of this quantity. This is 
mainly caused by the strong increase in the interaction between 
the ship and the banks. Also, interferences caused by the wave 
reflections on the banks increase when the blockage increase. To 
study the effect of the ship geometry on the ship generated waves 
under different water restriction, the same tests were carried out 
on a pusher –barge, a pusher two barge and the containership. 
Cuts of the ship waves at blockage coefficients of 0.1407, 0.0704 
and 0.0352 are presented in (Figures 9 &10) for length Froude 
numbers of 0.06 and 0.092. According to the present experimental 
results, comparing the wave train generated by the studied 
containership, pusher-barge and pusher-two barges by relying 

only on the block coefficient as a unique parameter to characterize 
the geometry seems unsatisfactory. Indeed, the pusher-barge and 
pusher-two-barges configurations have the same block coefficient. 
The block coefficient of the containership is slightly bigger. It is 
expected based on the previous remarks to observe almost three 
superposed waves. However, it can be seen from (Figures 15 & 
16), that the three geometries don’t have exactly the same wave 
profiles. It is the pusher-two barges that has the greatest wave 
amplitude. This is probably due to the difference in T/L and B/L 
ratios (Table 9). As a matter of fact, the increase of the waterline 
length is responsible for the increase in wave amplitude. This is 
supported by the remarks of [38] who describes the maximum 
wave height as a function of length displacement ratio.
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Table 8: Summary of observed data at different blockage conditions and speeds for the containership sailing at medium and deep water conditions.

FrL Case N° Blockage W/B h/T Frh d Tm (s) Hm (m)

0.06045

1 0.3166 1.5789 2 0.3141 10.1343 6 0.00859

2 0.1583 3.1578 2 0.3141 10.1343 6 0.00531

3 0.1407 1.5789 4.5 0.3311 9.12087 6.32 0.00246

4 0.1266 1.5789 5 0.3141 10.1343 6.398 0.00224

5 0.0791 6.3157 2 0.3141 10.1343 6 0.00242

6 0.0704 3.1578 4.5 0.3311 9.12087 6.32 0.00184

7 0.0633 3.1578 5 0.3141 10.1343 6.398 0.00173

8 0.0528 3.1578 6 0.2867 12.1611 6.4 0.00136

9 0.0352 6.3157 4.5 0.3311 9.12087 6.32 0.00132

10 0.0316 6.3157 5 0.3141 10.1343 6.398 0.00104

11 0.0264 6.3157 6 0.2867 12.1611 6.4 0.00074

0.0769

12 0.3166 1.5789 2 0.3998 6.25638 6.4/6.396 0.01058

13 0.1583 3.1578 2 0.3998 6.25638 5.596 0.01298

14 0.1407 1.5789 4.5 0.4214 5.63074 6 0.00528

15 0.1266 1.5789 5 0.3998 6.25638 5.998 0.00492

16 0.0791 6.3157 2 0.3998 6.25638 6.4/6.396 0.00586

17 0.0704 3.1578 4.5 0.4214 5.63074 5.998 0.00462

18 0.0633 3.1578 5 0.0769 6.25638 5.998 0.00408

19 0.0352 6.3157 4.5 0.4214 5.63074 6.398 0.00311

20 0.0316 6.3157 5 0.3998 6.25638 5.998 0.00281

21 0.0264 6.3157 6 0.365 7.50765 5.998 0.00136

Figure 15: Wave cuts for FrL=0.092 and for respectively from top to bottom a blockage coefficient of 0.14, O.07 and 0.035.
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Figure 16: wave cuts for FrL=0.06 and for respectively from top to bottom a blockage coefficient of 0.14, O.07 and 0.035.

Table 9: Geometric parameters of the studied ships.

 Containership Pusher-Barge Pusher-Two Barges

T/L 0.0074 0.0091 0.0055

B/L 0.0844 0.1036 0.0633

Drift effect

Accurate estimation of the hydrodynamic forces, when a ship 
is operating at a certain angle of drift, is essential to estimate the 
ship’s course keeping ability and so, its maneuvering quality. Yet, 
an accurate estimation of the hydrodynamic forces includes a good 
estimation of the ship’s wake. According to [39], even when a ship 
is sailing straight stretch, it is common that a nautical drift angle 
(about 1 or 2° according to the ship’s form) is observed between 

the ship’s axis and the channel axis. This angle can reach much 
higher values when the ship is undertaking a bend trajectory. 
To study the effect of the drift on the ship’s wake, wave cuts of a 
pusher-barge system at different drift angles and speed are given 
in (Figure 17). To characterize the influence of the drift angle, 
the wave elevation is drown as a function of a modified Froude 
number inspired from [40]. It is defined as:

. LFr*=Fr /cos ( )β

Figure 17: Wave cuts generated by pusher-barge motion at h/T=4.5 and W/B=3.1578.
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With β  is the drift angle. Another, possibility to characterize 
the effect of drift, is to use the notionally enlarged plunged 
midship section ,modxA  defined as:

,mod
0.25 sin

x x
B LA A

B
β+

=

Where B is the beam of the ship, L is its length, β is the drift 
angle and xA is the plunged midship section.

This number decreases when the speed and the drift decreases. 
The figure shows that the wave amplitude seems to increase 
when the modified Froude number increases and the wave period 
decreases. To confirm these observations the maximum amplitude 
and its corresponding period are shown in Table 10. For instance, 

the wave amplitude increases 13.2 times when Fr* increases from 
0.0608 to 0.1227 (see cases 1 and 4). The period, on the other 
hand, decreases by a factor of 2. This is in good agreement with 
[40] remarks that investigated surface waves and heat transfer in 
inclined turbulent open channel water flows. In order to explain 
the increase observed in wave amplitude when the modified 
Froude number increases, it is possible to rely on the effect of 
both the drift and speed modification on the pressure distribution 
around the hull. Indeed, when the drift angle increases, the 
plunged ship’s cross-section is modified. Furthermore, when 
the speed increases, as explained in section 3.2, the frequency 
decreases as a natural response to wave dispersion. This means 
that low frequency waves travel faster than low frequency waves.

Table 10: Maximum wave amplitude and corresponding period at various modified Froude numbers.

Case N° Fr* Hm (m) Tm (s)

1 0.1227 0.016346 0.6

2 0.1072 0.008668 0.7

3 0.092 0.004706 0.8

4 0.0608 0.001238 1.2

Effect of waterline offset: eccentricity effect

Figure 18: Offset impact on ship waves at respectively a speed of 0.44 m/s W=1.44 m. h=0.24m for respectively a fully and a medium 
loaded containership.

This part of the study was carried on the containership (Table 
4). The flow induced by the proximity to the bank is asymmetrical 
around the ship. This is mainly due to the modification of the 

pressure distribution between the port and starboard sides 
which provokes a modification in the generated waves. Indeed, it 
is observed that the variation of the containership’s offset from 
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the middle of the canal affects the generated wave cuts. Some 
examples are shown in Figures 18 and 19 for a containership 
sailing at different speeds and draft conditions. It can be clearly 
observed that when the eccentricity increases the mean drawdown 
of water level is less significant and the wave seems to spread 
further away. This is mainly due to the dispersion phenomena 
related to the wavelength and wave direction [41]. The closer the 
ship to the bank, the shorter is the wave length and the higher 
is the hydraulic load. The latter is affected by the cross section 
area between vessel and bank compared to canal cross section. 
Moreover, the eccentricity impact depends also on the ship draft 
and its speed. In fact, (Figure 18) shows that, at constant speed, 
the difference in the mean water level drawdown between waves 
induced by a ship sailing respectively at a distance of 40 cm and 
of 55 cm from the center of the channel decreases 3.6 times when 
the draft decreases from 0.1 to 0.04 m. The delay in the wave 

amplitude between time profiles of the water surface elevation at 
a sailing distance of 55cm and 40 cm from the channel center is 
estimated to 0.3 s at a draft equal to 0.04 m whereas it is estimated 
to 0.2 s when the draft equals 0.1 m. These remarks demonstrate 
that the eccentricity effects are more pronounced when the ship’s 
draft increases. Similarly, for a constant draft, when the speed 
increases (Figure 19), the difference between the mean water 
level drawdown increases by 7.7 times when the speed goes from 
0.44 m/s to 0.56 m/s. The discrepancy in wave periods decreases 
from 0.3s to disappear completely starting a speed of 0.56 m/s. 
It is then possible to conclude that the eccentricity effects are 
more striking when the ship speed increases. The maximum wave 
height was compared to the following formula [39]: 

8
3

max 4 1
3 3( )

2

w
VH A Bg W D

=
− −

Figure 19: Offset impact on ship waves at respectively a speed of 0.44 and 0.56 m/s W=1.44 m. h=0.24m for medium loaded containership.

Where V is the ship speed, g the gravity, D the eccentricity, B the 
ship’s breadth and Aw a coefficient dependent on the ship form, its 
draft and the water depth in the channel. At h/T=2.4, and for the 
studied containership Aw=0.65. The comparison is shown in Table 
11. It shows a good agreement in general between experimental 
and empirical results with relative error ranging between roughly 

1% and 10%. A strong perturbation of the measures is suspected 
for the cases 7 and 8 explaining the slight increase in maximum 
secondary wave amplitude when the eccentricity increases which 
is against the general observation that the wave height increases 
as the distance to the nearest bank decreases [42-55].
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Table 11: Maximum wave height for h/T=2.4 and W=1.44m for the containership.

Case N° FrL D (m) Hmaxexp (m) Hmaxemp (m) Relative error (%)

1 0.0453 0.4 0.00177 0.001725 2.441

2 0.0453 0.55 0.00161 0.001685 -4.679

3 0.0604 0.4 0.00396 0.003716 6.216

4 0.0604 0.55 0.00371 0.003628 2.303

5 0.0769 0.4 0.00669 0.007069 -5.728

6 0.0769 0.55 0.00656 0.006903 -5.172

7 0.092 0.4 0.01034 0.011403 -10.242

8 0.092 0.55 0.01122 0.011136 0.761

Conclusion

Wave measurements are crucial to reduce the risk of bank 
wash and to ensure the safety of the ship. This experimental 
study allowed the identification of measure features of ship waves 
under different configuration of the channel and ship parameters. 
The study showed in particular that:

a) The ship’s speed is an important parameter that affects 
the propagation of lateral wave level depression and the shape of 
the wave. It is apprehended in this study using the depth Froude 
number.

b) The depth confinement is affected by a combination of 
water depth, draft, speed and ship’s length. The wave height is 
magnified when the length-based Froude number and the depth 
based Froude number increase and when the ratio of depth to 
draft decreases and the finite water depth confinement coefficient 
decreases below 3.

c) The lateral confinement is suitably described using 
the blockage coefficient. The speed is proven to affect the lateral 
confinement and increase the manifestation of huger wave 
amplitudes when the blockage increases.

d) The drift effect is described properly using drift modified 
Froude number. When the drift and/or the speed increase the 
modified Froude number increases resulting in higher amplitude 
waves with smaller periods.

e) The characterization of the hull’s shape is suitably 
performed when introducing the ratios T/L and B/L in addition 
to the block coefficient.

The present measurements represent a valuable database 
to be used in the validation of future numerical work. Although 
it permitted to draw the remarks above the need for numerical 
approaches is basically related to their ability to provide more 
information about the flow and the generated wake at the vicinity 
of the ship at a lower cost. It is possible, based on this work, to 
develop an empirical expression to estimate Aw as a function of 
ship form, its draft and the water depth.
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