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Reduction of distance between the ship fl oor and the seabed when a ship is moving forward 
is called squat. Squat causes grounding of the ship that may result in severe damage to the ship 
and in extreme cases may lead to complete loss of port or channel capabilities. If a ship moves in 
the shallow waters then the velocity of the fl uid fl ow at the bottom of the ship increases and the 
pressure decreases which in turn leads to the decrease of buoyancy force and the increase of 
the ship draught. The purpose of the presented research was to determine the squat for vessels 
with the Series-60 hull forms in various depths by experimental methods. For this reason, a set of 
facilities for testing the ship movement in shallow waters were prepared and then the measurement 
tools were calibrated. A series of models of the vessel were manufactured and many tests were 
carried out. Disregarding the non-acceptable data, the test results were analyzed in various depths 
and draughts. To generalize the test results, some new non-dimensional squat parameters were 
introduced. The examination of the test data through regression analysis resulted in an empirical 
equation for ship squat as a function of ship parameters as well as depth of the water. 
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Parametarska analiza brodske slege (dodatni zagaz) u plitkoj vodi 
provođenjem modelskih ispitivanja

Stručni rad

Smanjenje udaljenosti između dna broda i dna mora pri gibanju broda naziva se brodskom 
slegom. Uzrokuje nasukavanje broda koje može rezultirati ozbiljnim oštećenjima broda te u krajnjim 
slučajevima može dovesti do oštećenja luke ili kanala.

Ukoliko brod plovi na području plitke vode tada brzina strujanja fl uida na dnu broda raste a 
tlak pada što vodi do smanjenja sile uzgona i porasta gaza. Svrha ovog istraživanja je bila odrediti 
karakteristike brodske slege za brod forme Serija – 60 za različite dubine primjenom eksperimen-
talne metode. Stoga je pripremljen set pokusa za ispitivanje gibanja broda u plitkoj vodi te su 
umjereni mjerni uređaji. Izrađeni su odgovarajući modeli broda te je proveden velik broj pokusa. 
Neprihvatljivi rezultati su zanemareni, te su analizirani rezultati ispitivanja pri različitim dubinama i 
gazovima. Kako bi se poopćili rezultati ispitivanja uvedeni su neki novi bezdimenzionalni parametri. 
Provjera podataka primjenom regresijske analize je rezultirala empirijskom formulom za brodsku 
slegu kao funkcija parametara broda kao i dubine vode. 

Ključne riječi: brodska slega, plitka voda, kanal, eksperimentalne metode, modelska ispiti-
vanja
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1 Introduction

Squat is defi ned as the increase of the draught of a vessel 
due to its movement in shallow water [1]. One can calculate ship 
squat in shallow water by a number of methods such as analytical 
method [2], numerical and experimental methods [3] and [4]. Due 
to the existence of complicated three-dimensional fl ow around 
the ship in shallow water, experimental methods are the most 
viable option and the most accurate method. 

Kreitner [5] was the fi rst who calculated the squat of a given 
vessel by fundamentals of fl uid mechanics. Havelock [6] obtai-
ned the squat of a boat with an elliptic hull form by analytical 
aproach. Constantine [7] obtained some results for the squat by 

one dimensional hydraulics theory. Naghdi and Rubin [8] calcu-
lated the squat for a certain ship by two-dimensional hydraulics 
method and verifi ed their results by experimental means. Barras 
[1] introduced experimental formulas for real vessels that now 
have applications for determining the squat in shallow and narrow 
canals. Tuck [9, 10] obtained another experimental formula for 
calculating the squat that has limited application and is not suita-
ble for all ships and velocities. Due to the squat effect in shallow 
water, the resistance of a ship increases [11]. This phenomenon 
may be measured by testing a model and determining the extra 
force needed for towing the model in shallow water.

In very shallow water or canal, nobody cares about the resi-
stance increase but about colliding of the ship fl oor and the seabed 
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is highly concerned. This article deals with such a condition and 
discusses avoidance of ship grounding due to squat in shallow 
water by experimental methods.

In this research the authors introduced a new formula for the 
squat of commercial vessels for block coeffi cient, C

B
, ranging 

from 0.6 to 0.8, in shallow water.

2  Fundamentals of model testing for ship 
squat 

For the assessment of the ship behaviour by model test, one 
should establish geometrical, kinematical and dynamical simila-
rities between the ship and its model. If all the ship dimensions 
are scaled down by a certain values and all angles of the model 
are kept the same as the ship, then the geometrical similarity is 
achieved as:

(1)

 
where:
l: Scale, L: Length, A: Area, —: Displacement and subscripts “s” 
and “m” refer to the ship and its model respectively.

For kinematic and dynamic similarities, the Froude, Strouhal, 
Webber and Reynolds numbers should be the same for the ship 
and its model: 

(2)

where:
Fn

h
: Froude Number based on water depth

W
e
: Weber Number

Sh: Strouhal Number 
Re: Reynolds Number
V: Ship speed
l: Ship length
n: Kinematic viscosity
h: Water depth
r: Water density
s

n
: Surface tension

w: Vortex shedding frequency

In order to reduce the risk of large errors due to inequality 
of Webber and Reynolds numbers, the size of the models should 
be large enough.

The Froude law of similarity is satisfi ed for a model in shallow 
water, which means that the Froude number of the ship and its 
model are the same. This condition is used for determining the 
speed of the model,

(3)

where, subscript “m” refers to the model and “s” refers to the 
ship.

In reality, some errors occur when the model test results are 
extrapolated for the ship, which is the so called scale effect. This 
is due to the inequality of the other non-dimensional numbers of 
the model and the ship.

3  Manufacturing the model and equipping 
the laboratory

Several tests were planned for the experimental analysis of 
the squat effect of vessels in shallow water. These tests were 
carried out at the marine laboratory of the Sharif University 
of Technology. To perform the tests, some models were built, 
a shallow water tank was prepared and measurement and data 
recording tools were provided.

Two models with the series 60 hull form and block coeffi cient 
of C

B
=0.7 and C

B
=0.75 and with the scale of 1:40 and 1:70 were 

precisely manufactured. The main particulars of the models are 
presented in Table 1. The models which were built of fi berglass 
are shown in Figures 1 and 2.

Table 1  Models’ properties
Tablica 1  Značajke modela

No. Length [m] Beam [m] C
B

Model Type

1 2.5 0.31 0.7 commercial

2 2.38 0.323 0.75 commercial

Figure 1  Model with block coeffi cient of 0.7
Slika 1    Model koefi cijenta punoće istisnine 0,7

Figure 2   Model with block coeffi cient of 0.75 
Slika 2     Model koefi cijenta punoće istisnine 0,75

The water lines, aft perpendicular, fore perpendicular and the 
location of the theoretical frame are marked on the models. The 
water lines on the model are also marked by different colour.

In order to facilitate a shallow water condition with an exact 
gap between the model fl oor and the tank bottom, an adjustable 
false fl oor is installed in the tank. The movable false bottom 
enables us to adjust the gap by accuracy of 0.5 millimetres.

The squat is measured by recording the images of the vertical 
position of the model at amidship by a digital camera. For this 
purpose, a measurement indicator at the tank window is installed. 
These indicators are calibrated by 0.5 mm and installed at two 
places. When the model passes the window it is in steady state 
condition and its draught at amidship in comparison with the 
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static draught indicates its squat. Figure 3 shows the measure-
ment indicator.

Figure 3  Measurement indicator
Slika 3     Mjerni pokazatelj

4  Method of testing

The existing measurement system of the laboratory is only sui-
table for recording the resistance of the model. However, for car-
rying out other tests such as a shallow water test one should adopt 
other method. The tests were carried out at four different dimen-

sionless water depths such as  h
T

h
T

h
T

= = =1 05 1 10 1 15. , . .   ,    

and 
h
T

= 1 20. , where h is the depth of the shallow water and T 

is the draught of the model. The tests were initially performed 
at a speed of 0.2 meters per seconds and then continued by the 
steps of 0.2 meters per seconds for low speeds and 0.1 meters 
per seconds for high speeds. The test parameters for model with 
C

B
=0.7 and C

B
=0.75 are shown in Tables 2 and 3 respectively. 

Following the advice of the International Towing Tank Conferen-
ce, ITTC, each test was carried out three times and was repeated 
if the error was considerable.

Table 2  Test parameters of model with C
B
=0.75

Tablica 2  Ispitne značajke modela s C
B
=0,75

h [cm] T [cm]
h____
T

     h - Td - _______
    h

16.8 16 1.05 0.0476

17.6 16 1.1 0.091

18.4 16 1.15 0.13

19.2 16 1.2 0.1667

Table 3  Test parameters of model with C
B
=0.7

Tablica 3  Ispitne značajke modela s C
B
=0,7

h [cm] T [cm]
h____
T

     h - Td - _______
    h

9.45 9 1.05 0.0476

9.9 9 1.1 0.091

10.35 9 1.15 0.13

10.8 9 1.2 0.1667

5  Test results

5.1 Introducing dimensionless parameters

Because of the relationship between the squat and the block 
coeffi cient of the vessel (Varyani [12]), the tests were carried 
out with two models C

B
=0.7 and C

B
=0.75 and the results were 

recorded. 
After recording the fi rst set of the results and plotting them, 

they seemed meaningless and no interpretation could be extracted 
from them. By careful considerations, the authors generalized 
their results by introducing new dimensionless parameters. These 
parameters are S*, dimensionless squat, and d, dimensionless gap 
between the seabed and the model fl oor. The above dimensionless 
parameters in conjunction with hydraulics Froude number (Fn

h
) 

were used for further analysis. The parameters as defi ned above 
are as follow:

 
(4)

where h is the depth of water, V is the speed of the model, g is the 
gravity acceleration, T is the draught, and S is the squat.

The extreme squat may result in colliding of the ship with 
the sea bed. The speed of a model, at which, the model collides 
with the tank bottom is named crucial speed. The crucial speed 
of the model is also studied in this research.

5.2 Calibrating the tests and the instruments 

In order to validate the accuracy of the tests and limit the 
errors associated with the equipment and operators, the results 
obtained in this study are compared with the result of other 
researches.  In Figures 4 and 5, the results of the present study 
are compared with the result of Olivieri [3] and Kriebel [13], 
which is reproduced by the aid of the above-mentioned non-
dimensional parameters. However, the Olivieri and Kriebel 
results refer to the ship with a block coeffi cient of 0.506 and 
0.6 respectively, while this study analyzes the squat for the 
block coeffi cients of 0.7 and 0.75. The general conclusion is 
that the recorded data of this study follow the same trend as 
the other two. On this basis, it is concluded that this test result 
is quite reliable.

δ = − = =h T
h

Fn V
gh

S S
hh, , *      
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Figure 4  Comparison of the obtained results with the results by 
Olivieri [3]

Slika 4 Usporedba dobivenih rezultata s metodom prema Ol-
ivieriu [3]

Figure 5  Comparison of the obtained results with the results by 
Kriebel [13]

Slika 5 Usporedba dobivenih rezultata s metodom prema Krie-
belu [13]

5.3  The test results

The tests were carried out for two models at four different 
depths. The dimensionless squat versus the Froude number (see (4)) 
for different cases of C

B
=0.7 and C

B
=0.75 are shown in Figures 6 

and 7. Due to interaction between bottom of the tank and the model 
fl oor, the increase in speed of the model leads to more squat.

As speed of the model increases the squat also increases 
unless the fl oor of the model collides with the tank bottom (cru-
cial speed). The magnitude of the crucial speed increases when 
d  increases too. 

Figures 8, 9, 10 and 11 show the comparison of the dimen-
sionless squat for different d. The interesting observation is that 
the squat for a larger C

B
 is greater than for a smaller C

B
. The 

difference between the dimensionless squat for C
B
=0.75 and 

C
B
=0.7 is relatively large. This difference increases more rapidly 

by increasing the Froude number.
Figure 12 shows the crucial speed versus the dimensionless 

gap d. According to the results of the model experiment, with the 
increase of d, the crucial speed increases too. General form of 
this curve is more or less similar to s-curve. It means that for a 
small d  the rate of the crucial speed increase is lower, while for 
the medium d  the crucial speed increase rate is highly increasing. 
For a large d  the rate is getting a moderate form as in the case 
of a small d. 

Figure 6  Demonstration of test results for C
B
=0.75 at four different 

depths
Slika 6  Prikaz rezultata pokusa za C

B
=0,75 pri četiri različite 

dubine

Figure 7  Demonstration of test results for C
B
=0.7 at four different 

depths
Slika 7  Prikaz rezultata pokusa za C

B
 =0,7 pri četiri različite 

dubine

Figure 8  Demonstration of the dimensionless squat for C
B
=0.75 

and C
B
=0.7 at d = 0.0476 

Slika 8     Prikaz bezdimenzionalne vrijednosti slege za C
B
=0,75 i 

C
B
=0,7 pri d = 0.0476 
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Figure 9  Demonstration of the dimensionless squat for C
B
=0.75 

and C
B
=0.7 at d = 0.091 

Slika 9     Prikaz bezdimenzionalne vrijednosti slege za C
B
=0,75 

i C
B
=0,7 pri d = 0.091

Figure 10 Demonstration of the dimensionless squat for C
B
=0.75 

and C
B
=0.7 at d = 0.13 

Slika 10 Prikaz bezdimenzionalne vrijednosti slege za C
B
=0,75 i 

C
B
=0,7 pri d = 0.13 

Figure 11 Demonstration of the dimensionless squat for C
B
=0.75 

and C
B
=0.7 for d = 0.0.1667 

Slika 11 Prikaz bezdimenzionalne vrijednosti slege za C
B
=0,75 i 

C
B
=0,7 za d = 0.0.1667 

Figure 12 Demonstration of result of crucial Froude Number for 
C

B
=0.75 and C

B
=0.7

Slika 12 Prikaz rezultata pri ključnom Fr broju za C
B
=0,75 i 

C
B
=0,7

6  Introducing an empirical formula by 
regression method

By analyzing the results obtained, one can state that the squat 
of the vessel is dependant on the water depth, speed of the model, 
and the block coeffi cient. Representing the non-dimensional squat, 
S*, by non-dimensional parameters such as d, Fn

h
 and CB enables 

us to fi nd an appropriate empirical formula. A general form of the 
empirical formula that defi nes the effect of each non-dimensional 
parameter on the squat independently is given in (5).

(5)

With the aid of (5) and regression analysis of the test results, 
including the results of Olivieri [3] and Kriebel [13], one may 
obtain more general equation for the squat:

(6)

6.1 Verifying the empirical formula

To verify the accuracy of the proposed empirical formula, the 
squat for different depths were calculated by (6) and compared 
with the test results. 

Furthermore, the results of the test cases are shown in Figures 
8, 9, 10 and 11 while the results of (6) are shown in Figures 13, 
14, 15, 16 and 17. It is clear that (6) approximates very well the 
squat of commercial vessels with different speed, block coeffi -
cients and shallow water depth.

Figure 13 Demonstration of result of empirical formula for d = 
0.0476 

Slika 13  Prikaz rezultata dobivenih primjenom empirijske formule 
za d = 0.0476 

S f f Fn f Ch B
* ( ). ( ). ( )= 1 2 3δ

S C FnB h
* .= −( )1 501383 1 2δ
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Figure 14 Demonstration of result of empirical formula for d = 
0.091 

Slika 14 Prikaz rezultata dobivenih primjenom empirijske formule 
za d = 0.091 

Figure 15 Demonstration of result of empirical formula for d = 
0.13

Slika 15 Prikaz rezultata dobivenih primjenom empirijske formule 
za d = 0.13 

Figure 16 Demonstration of result of empirical formula for d = 
0.1667

Slika 16 Prikaz rezultata dobivenih primjenom empirijske formule 
za d = 0.1667 

Figure 17 Demonstration of result of empirical formula for d = 0.13 
and C

B
 = 0.6 to

 
0.8

 
 

Slika 17 Prikaz rezultata dobivenih primjenom empirijske formule 
za d = 0.13 i C

B
 = 0.6 to

 
0.8

 
 

Table 4 shows the relative error of the empirical formula 
in comparison with the test results for a certain case that is d = 
0.13 and C

B
=0.75. The Root Mean Square of the error, RMS, is 

given by (7):

(7)

where:
S*: non-dimensional squat by (6)
S*

Ex
: non-dimensional squat by model experiment

n: number of data.

For the above case, the RMS based (7) is equal to 
0.009483709. Comparison shows a very good agreement between 
the (6) and the test results. For other cases, the relative error is 
almost the same.

Table 4  Calculation of Relative Error of (6) by (7) at C
B
=0.75 and 

d = 0.13 
Tablica 4 Izračun relativne greške jednadžbe (6) preko jednadžbe 

(7) za C
B
=0,75 i dd = 0.13 

Empirical Formula Test result Product

d = 0.13 d = 0.13  

Fn S* Fn S*
Ex (S* - S*

Ex
)2

0.000001 9.797E-13 0.000001 0 9.59741E-25

0.062118 0.0037802 0.062118 0.0009 8.29541E-06

0.103531 0.0105007 0.103531 0.01321 7.34037E-06

0.144943 0.0205812 0.144943 0.019744 7.00961E-07

0.186355 0.0340219 0.186355 0.03 1.6176E-05

0.227767 0.0508228 0.227767 0.0455 2.83321E-05

0.269179 0.0709838 0.269179 0.06 0.000120644

0.289886 0.0823249 0.289886 0.071 0.000128254

0.310592 0.0945056 0.310592 0.084 0.000110367

0.331298 0.1075263 0.331298 0.107 2.76954E-07

0.352004 0.121387 0.352004 0.119368 4.0763E-06

0.37271 0.1360877 0.37271 0.146586 0.000110213

0.393416 0.1516285 0.393416 0.161 8.78242E-05

0.414122 0.1680094 0.414122 0.185 0.000288681

0.434828 0.1852303 0.434828 0.201 0.000248685

0.455534 0.2032912 0.455534 0.22 0.000279185

7 Conclusions 

To ensure the safe passage of commercial vessels in territo-
rial waters, one should determine the crucial speed of a ship in 
shallow water. In this research, this has been accomplished by 
the model test and the following results and conclusions have 
been obtained:
-  An empirical formula, i.e. (6), is introduced to calculate squat 

of commercial vessel and it has been validated.
-  The dimensionless squat S*, dimensionless gap d and the 

crucial ship speed are introduced.

RMS
S S

n
Exi

n

=
−( )=∑ * *

1

2
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-  The dimensionless squat is a linear function of the ship block 
coeffi cient.

-  The dimensionless squat is a linear function of the dimen-
sionless gap.

-  The dimensionless squat is proportional to the square of 
Froude number.
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