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COURSE OBJECTIVES 
CHAPTER 8 

 
8. SEAKEEPING  
 
 1. Be qualitatively familiar with the creation of waves including: 
  a. The effects of wind strength, wind duration, water depth and fetch 
  b. The wave creation sequence 
  c. The superposition theorem and considering a sea as a wave spectrum 
 
 2. Be qualitatively familiar with simple harmonic motions including: 
  a. Free oscillations 
  b. Effect of damping 
  c. Forced oscillations and the effects of forcing function frequency on 

motion amplitude 
  d. Resonance 
 
 3. Calculate the ship-wave encounter frequency with a known ship speed and 

heading and known wave frequency and direction 
 
 4. Identify the 6 rigid body ship motions of Surge, Sway, Heave, Roll, Pitch and 

Yaw.   
 
 5. Qualitatively describe why heave, roll and pitch are simple harmonic motions 
 
 6. Qualitatively describe and calculate when rigid body motion resonance will occur 
 
 7. Qualitatively describe the structural response of a ship including: 
  a. Longitudinal bending 
  b. Torsional twisting 
  c. Transverse stressing 
 

8. Qualitatively describe non-oscillatory dynamic responses including: 
  a. Shipping water 
  b. Forefoot emergence 
  c. Slamming 
  d. Racing 
  e. Added power 
  f. Broaching 
  g. Loss of stability 
 
 9. Qualitatively describe the way ship response can be improved including: 
  a. Different hull shape 

b. Passive and active anti-roll devices 
c. Ship operation 
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8.1 Introduction  
 
So far in this course we have considered the ship to be in calm water. All the hydrostatic data 
such as TPI and MT1" are calculated for the ship at level trim in calm water. The curve of intact 
statical stability is produced assuming level trim and calm conditions. Even powering 
calculations such as the Froude expansion assumes calm water. Unfortunately, this is true for 
only a small percentage of a ship’s operating life, the majority of the time it will encounter some 
sort of wave system. 
 
In the most simple of models, the ship can be considered as a system that is excited by external 
moments and forces. The ship then responds to these external influences. Figure 8.1 shows the 
block diagram of this system. 
 

 
 

Figure 8.1  Block Diagram of Ship Response Model 
 

For a ship, the external influences will be wind, waves, current and other natural phenomena. 
The responses of the ship will be the motions we associate with a ship underway such as roll, 
pitch, and slamming and its structural loads. 
 
This chapter will examine the way the sea influences ship response, which responses are the 
most damaging to its operation and what the ship operator can do to reduce them. It will become 
evident that response will depend upon:   

1. The size, direction and frequency of the external moments and forces.   
 2. The seakeeping and structural characteristics of the ship. 
 
Only by considering the interaction of the two, will an understanding of the ship response be 
achieved. 
 
 

INPUT: 
waves or wind SYSTEM: ship 

OUTPUT: 
motion or 
structural loads 
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8.2 Waves  
 
As seen, the excitation forces and moments in the ship system shown at Figure 8.1 will be 
generated by wind and waves. Wind will play an important part in the response of any vessels 
that have significant height above the waterline; the motions of off shore structures are 
influenced by the direction and characteristics of the wind. It is also fairly obvious that the 
seakeeping and dynamic responses of yachts are wind dependent. However, to reduce the 
complexities of the study of ship response, we shall limit our examination of excitation forces 
and moments to those produced by wave systems. 
 
Wave systems themselves can be very complicated. However, an understanding of them is vital 
if we are to predict ship responses with any level of accuracy. 
 
8.2.1 Wave Creation  
 
Waves will be created by anything that supplies energy to the water surface. Consequently, 
sources of wave systems are numerous. From our own experience we know that throwing a stone 
into a pool will generate a circular wave pattern. We also saw in the last chapter that a ship will 
generate several wave systems when traveling through water. The faster the ship speed, the 
larger the waves generated. It was also observed that the larger wave systems caused by higher 
ship speeds required an ever increasing amount of energy. This resulted in the rapid increase in 
EHP at high ship speeds. This phenomenon is caused by the relationship between wave height 
and wave energy. 
 
 
 

Wave Energy = f(Wave Height)2 

 
 
 

Hence a doubling in wave height is indicative of a quadrupling of wave energy. This explains the 
rapid increase in Cw, and in turn, EHP at high ship speeds. Conversely, this relationship also tells 
us that the energy content of a wave increases rapidly with wave height. 
 
8.2.1.1 Wave Energy Sources  
 
The wave systems generated by a ship are insignificant compared with those found at sea. These 
systems must be generated by much larger energy sources. 
 

• Wind   Wind is probably the most common wave system energy source.  
    Waves created by wind will be examined in detail in the next  
    section. 

 
 

• Geological Events Seismic activity on the sea bed can input significant quantities of  
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energy into the sea system and generate waves.  Tsunamis (tidal 
waves) are the result of seismic activity in the deep ocean. 

 
• Currents  The interaction of ocean currents can create very large wave  
    systems. These systems are usually created by the shape of the  
    coastline and are often highly localized. The interaction of ocean  
    currents explains the large wave systems that can occur at the Cape  
    of Good Hope and Cape Horn.  

 
8.2.1.2 Wind Generated Wave Systems  
 
We have seen that the most common energy source of wave systems is the wind. Hence we will 
limit our discussion to wind generated wave systems. The size of these systems is dependent 
upon a number of factors. 
 

• Wind Strength Obviously the energy content of the wind is a function of its  
    strength or speed. The faster the wind speed, the larger its energy  

content and so the more energy is transferred to the sea. Quite 
simply, large waves are created by strong winds. 

 
• Wind Duration The length of time a wind has input energy into a sea will effect  
   the energy content and hence the height of the wave system. As we  
   will see, the longer the wind blows the greater the time the sea has  
   to become fully developed at that wind speed. 

 
• Water Depth  Although not covered in this course, the equations for deep water 
   and shallow water waves are very different. Consequently, water  
   depth can have a significant effect on wave height. This is easily  
   verified by observing the ever increasing height of a wave as it  
   travels from deep water to the shallow water of a beach. 

 
• Fetch   Fetch is the area or expanse of water that is being influenced by the  
   wind. The larger the fetch, the more efficient the energy transfer  
   between the wind and sea. Hence large expanses of water will be  
   rougher than small areas when subjected to the same wind. 

 
The combination of these factors will then relate to the magnitude of the generated wave system.  
 
8.2.1.3 Wave Creation Sequence  
 
When examining the wave system creation sequence, it is important to be aware of the energy 
transfer that is constantly occurring in a wave. The energy of a wave is always being dissipated 
by the viscous friction forces associated with the viscosity of the sea. This energy dissipation 
increases with wave height. For the wave to be maintained, the energy being dissipated must be 
replaced by the energy source of the wave - the wind. Hence, without the continued presence of 
the wind, the wave system will die. Figure 8.2 demonstrates this principle. 
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Figure 8.2  The Wave Energy Cycle 

 
The sequence of events in creating a wave system is as follows. 
 

• Initial   At first, the action of the wind over the water surface creates small  
    ripples or high frequency, low wave length waves. 

 
• Growing  As the wind continues to blow, the wave frequency reduces and  
    wave length increases with the energy content of the wave system. 
 

Wind Energy > Wave Energy Dissipation 
 
• Fully Developed In this condition, the sea has stopped growing and wave height and  
    energy content is maximized. 
 

Wind Energy = Wave Energy Dissipation 
 
• Reducing  When the wind begins to reduce, the wave system can no longer be  
    maintained. High frequency waves disappear first with ever lower  
    frequency waves disappearing along with the system’s energy. 
 

Wind Energy < Wave Energy Dissipation 
 

• Swell   Eventually, the wave system consists of the low frequency, long  
    wave length waves associated with an ocean swell. 

 
8.2.2 Wave Interaction  
 
Unfortunately, the true shape and configuration of the sea is far more complicated than described 
above due to the interaction of several different wave systems.  Observing an area of sea would 
lead us to believe that wave height and direction of travel is completely random.  See an example 
in Figure 8.3.  

Energy in = Energy Out 

Energy 
Dissipation 

Wind 
Energy 
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Figure 8.3  Topological Sketch of the North Atlantic  

“Principles of Naval Architecture: Vol III” by SNAME 
 
8.2.2.1 Superposition Theorem  
 
The confused state of the sea at any point can be modeled as the destructive and constructive 
interference pattern created between several wave systems. These wave systems are often at 
different phases in their development and at differing distances from the observation point. This 
modeling of the sea is made possible by the Superposition Theorem that implies that the  
complicated sea wave system is made up of many sinusoidal wave components superimposed 
upon each other. Each component sine wave has its own wavelength, speed and amplitude and is 
created from one of the wave energy sources. This is shown diagrammatically in Figure 8.4. 

 
 

Figure 8.4  Wave Creation from Superposition Theorem 
 
  

 

Wave 3 
Wave 2 

Waves 
1+2+3 

FREQUENCY 
DOMAIN 

TIME 
DOMAIN 

Wave 1 



 8 - 6 

8.2.3 Wave Spectrum  
 

Figure 8.4 also shows that it is also possible to analyze the sea in the frequency domain. This is 
called the Sea Spectrum. Figure 8.5 shows a typical sea spectrum obtained through analysis of 
wave measurements (using accelerometers) 
 

               

 
 
 

Figure 8.5  Typical Spectrum of a fully developed sea 
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8.2.4 Wave Data 
 
Examination of sea spectra such as this allows the creation of tables of sea characteristics such as 
the NATO Unclassified table reproduced below. 
 

Sea State 
Number 

Significant Wave 
Height (ft) 

Sustained Wind 
Speed (Kts) 

Percentage 
Probability 
of Sea State 

Modal Wave Period (s) 

Range Most 
Probable Range Mean Range Mean 

0-1 0-0.3 0.2 0-6 3 0 - - 

2 0.3-1.5 1.0 7-10 8.5 7.2 3.3-12.8 7.5 

3 1.5-4 2.9 11-16 13.5 22.4 5.0-14.8 7.5 

4 4-8 6.2 17-21 19 28.7 6.1-15.2 8.8 

5 8-13 10.7 22-27 24.5 15.5 8.3-15.5 9.7 

6 13-20 16.4 28-47 37.5 18.7 9.8-16.2 12.4 

7 20-30 24.6 48-55 51.5 6.1 11.8-18.5 15.0 

8 30-45 37.7 56-63 59.5 1.2 14.2-18.6 16.4 

>8 >45 >45 >63 >63 <0.05 15.7-23.7 20.0 

 
Table 8.1  NATO Sea State Numeral Table for the Open Ocean North Atlantic. 

 
Table 8.1 gives very useful information regarding likely wave system characteristics at different 
sea states. The modal wave periods are easily converted to modal wave frequencies via the 
following relationship. 

T
2πωw =  

 
Wave frequency can then be used in further calculations (see 8.4.1). 
 
The figure for significant wave height is often used to describe the height of the wave system. It 
corresponds to the average of the 1/3 highest waves. This value is typically estimated by 
observers of wave systems for the average wave height. 
 
It is clear that although the sea appears very complicated, for each sea state there is a 
predominant modal frequency and wave height associated with that sea. Also, it is usual for these 
modal conditions to be generated by the wave energy source closest to the point of observation, 
this will almost always be the wind being experienced at the observation point. Consequently, as 
well as the modal period and wave height being known, its direction of movement will be in the 
same direction as the wind. 
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So the first part of the jig-saw is now in place. We know how to predict the magnitude, direction 
and frequency of excitation forces and moments in our simplified ship system discussed earlier. 
We now must study the way ships respond to these excitation forces and moments. However 
before we can proceed, we need to quickly review our knowledge of Simple Harmonic Motion. 
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8.3 Simple Harmonic Motion  
 
Simple Harmonic Motion (SHM) is a natural motion that occurs in many engineering fields. 
Naval Engineering is no exception. A system will exhibit SHM when any displacement from its 
resting location causes it to experience a linear restoring force or moment. 
 

•  Linear  The size of force or moment must be proportional to the size of  
    displacement. 

 
•  Restoring The force or moment must oppose the direction of displacement. 

 
 
A commonly used example of a system that exhibits SHM is the spring, mass, damper shown in 
Figure 8.6. 
 

 
 

Figure 8.6  Spring-Mass-Damper System 
 
If the mass is displaced in either direction, the spring will either be compressed or placed in 
tension. This will generate a force that will try to return the mass to its original location - a 
restoring force. Provided the spring remains within its linear operating region, the size of the 
force will be proportional to the amount of displacement - a linear force.  
 
If the mass is let go, the linear restoring force will act to bring the mass back to its original 
location. However, because of inertia effects, the mass will overshoot its original position and be 
displaced to the other side. At this point the spring creates another linear restoring force in the 
opposite direction, again acting to restore the mass to its central position. 
 
This motion is repeated until the effects of the damper dissipate the energy stored by the system 
oscillations. The important point to note is that no matter which side the mass moves, the mass 
always experiences a linear restoring force - it exhibits SHM. 
 
  

MASS (m) 

SPRING (k) DAMPER (b) 

DISPLACEMENT (z) 
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The mathematics behind the motion involves the analysis of a differential equation involving 
displacement (z) with respect to time (t). 
 
 If the effects of the damper are ignored: 
 

02

2

=+ kz
dt

zdm  

 
 the solution is a simple cosine. 
 

)(0 tCosZZ nω=  
 

 where Z0 is the initial displacement and ωn is the natural frequency of the system, t is 
time. 
 
Figure 8.7 plots displacement (z) against time (t).  

 

 
Figure 8.7  Displacement vs Time Plot Without Damping 

 
 
From this plot it is possible to find the period (T) of the system motion and from this calculate 
the natural frequency. It is also possible to check the observed natural frequency against the 
known system parameters, mass (m) and spring constant (k). 

 

m
k

T nn == ωω π2  

 
8.3.1 Damping  
 
In reality, the amplitude of oscillation of the spring, mass, damper system plotted in Figure 8.7 
will reduce with time due to damping effects. The damper works by dissipating the energy of the 
system to zero. 
 
Changing the viscosity of the fluid in the damper the level of damping can be altered. A low 
level of damping will allow several oscillations before the system comes to rest. In this instance 

T (s) 

t (s) Z 
(in

, f
t) 

Z0 
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the system is under damped. An important level of damping to the control engineer is critical 
damping where the system is allowed to overshoot once and then return to rest. Critically 
damped system return to rest in the shortest period of time. Large amounts of damping will cause 
the system to be over damped. No oscillations occur; the motion is a slow return to the resting 
position. Figure 8.8 shows a displacement v time plot for the 3 levels of damping. 
 
 

 
 
 

Figure 8.8  Displacement vs Time Plots for the three types of damping 
 

  

t
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t
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t
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8.3.2 Forcing Function and Resonance  
 
The plots in Figures 8.7 and 8.8 consider SHM without any external exciting force or moment 
(apart from the force that initially displaces the system). To enable the spring, mass damper 
system to remain oscillating, it is necessary to inject energy into the system. This energy is 
required to overcome the energy being dissipated by the damper. In this system it would be 
applied as an external force, often called an external forcing function. Unfortunately, the 
presence of an external forcing function adds further complications to the analysis of system.  
 
To create maximum displacement, the forcing function has to inject its energy to coincide with 
the movement of the mass, otherwise it is likely to inhibit oscillation rather than encourage it. So 
to maintain system oscillation, a cyclical force is required that is at the same frequency as the 
SHM system. When this occurs, the system is at resonance and maximum amplitude oscillations 
will occur. If the forcing function is applied at any other frequency, the amplitude of oscillation 
is diminished. 
 
A mathematical analysis of the equations of motion supports this. The differential equation for 
the mass-spring system with forcing function (assuming the effects of the damper are ignored) 
becomes: 

tFCoskz
dt

zdm ω2

2

=+  

 
 

 where F is the size of the forcing function and ω is the frequency at which it is applied. 
 
The solution becomes: 
 

tCos
K
FZ

n

ω
)

ω
ω(1

1
2−

=  

 
 
   when ω << ωn   Z = F/K 

   when ω >> ωn   Z = 0 

   when ω = ωn   Z = ∞ 
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Figure 8.9 shows a plot of system motion amplitude against the frequency of the forcing 
function. It is obvious where the natural frequency of the system falls.  
 

 
Figure 8.9  Motion Amplitude vs. Forcing Function Frequency 

 
 

Figure 8.10 compares this type of plot for a system that is sharply tuned and one that is not. In 
general, SHM systems that are lightly damped will be more sharply tuned than those possessing 
higher levels of damping.  Lightly damped systems are far more sensitive to the frequency of the 
forcing function.  
 

 
Figure 8.10  Comparison of Frequency Response between  

Lightly and more Heavily Damped Systems 
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8.4 Ship Response  
 
The predictions of ship response when encountering a wave system is very complicated due to 
the confused state of typical wave systems. However, in most seas it is possible to determine the 
predominant direction of wave travel and a wave period. See Table 8.1. With this known, it is 
possible to work out ship response. 
 
8.4.1 Encounter Frequency  
 
When we examined the SHM of a mass, spring, damper system we saw that the motion created 
by the excitation force was dependent upon the magnitude of the excitation force and its 
frequency. The response of a ship to its excitation force is no different. However, the frequency 
of the excitation force is not only dependent upon wave frequency and direction, but also the 
speed and heading of the ship. The important parameter is the encounter frequency ωe that 
allows for the relative velocity of the ship and sea waves. 
 
 

𝜔𝜔𝑒𝑒 = 𝜔𝜔𝑤𝑤 −
𝜔𝜔𝑊𝑊
2 ∙ 𝑉𝑉𝑆𝑆 ∙ cos (𝜇𝜇)

𝑔𝑔
 

 
  where  VS is the ship speed in ft/s 

µ is the heading of the ship relative to the direction of the sea (° Rel)  
 
Figure 8.11 shows the value of µ for different sea - ship orientations. Hence for a given wave 
frequency (ωw), the ship handler can alter ωe by changing course or speed.  µ = 0° when the ship 
direction and the wave direction are the same.  Note: due to the symmetry of the cosine function, 
it is sufficient to find µ as the smaller angle formed from placing the ship’s heading vector tail-
to-tail with the vector representing the wave direction.  [cos(𝜇𝜇) = cos(360° −  𝜇𝜇) ].  If you find 
µ > 180°, use the reflex angle (the balance of the circle). 

 
Figure 8.11  Values of µ for Different Ship Orientations  

µ = 135° 

µ = 180° 

µ = 90° 

µ = 0° 

Wave Direction 
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Example 8.1 A ship traveling at 20 knots on a course of 120 degrees is encountering waves 
coming from the north with a wave period of 12 seconds. What is the encounter  
frequency?  (1 kt = 1.689 ft/s) 

 
Solution: 
 

rad/s52.0
12
π2π2ω ===
sTW  

 
 
 

The difference between the sea heading (180 degrees) and the ship heading (120 degrees) is 60 
degrees. 
 

sft
kt

sft
ktsValso S /78.33

1
/689.1

2060μ =⋅==⇒   

 

g
VCosW

we
μω

ωω
2

−=  

 

2

2

/17.32
)60cos()/78.33()/52.0(

/52.0ω
sft

sftsrad
srade −=  

 
sradsradsrade /38.014.052.0ω =−=  

 
With the encounter frequency known it is possible to make a prediction about ship responses. 
They can be grouped into 3 major sets. 
  

• Rigid Body Motions. 
 

• Structural Responses. 
 

• Non-oscillatory Dynamic Responses. 
 

8.4.2 Rigid Body Motions  
 
You may recall that the ship has 6 degrees of freedom about the xyz axis system, 3 rotary and 3 
translatory.  Figure 8.12 illustrates them, all can be considered as rigid body motions. 
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Figure 8.12  The 6 Degrees of Freedom 
 
 
Of the 6 rigid body motions, 3 exhibit SHM because they experience a linear restoring force. 
They are the motions of Heave, Pitch and Roll. Each will be examined in turn. 
 
8.4.2.1 Heave  
 
The action of the sea can cause the ship to move bodily out of the water or sink below its 
waterline. This causes an imbalance between displacement and the buoyant force that creates a 
resultant force which attempts to restore the ship to its original waterline. Figure 8.13 illustrates 
the generation of the restoring force.  

 
 

∆  = F B 
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Figure 8.13  Generation of Heave Restoring Force 
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The restoring force is proportional to the distance displaced since the disparity between 
displacement and buoyant force is linear for different waterlines. The quantity that measures this 
force directly is the TPI of the ship. 
 
Hence, heave motion has a linear restoring force. It is a SHM.  
 
The up and down motion is completely analogous to the mass, spring, damper system we have 
studied. 
 

Spring Constant (𝑘𝑘) ≡ 𝑇𝑇𝑇𝑇𝑇𝑇                   Mass (𝑚𝑚) ≡
𝛥𝛥
𝑔𝑔

 

So taking this analogy further, it is possible to predict the natural heave frequency (ωheave) of a 
ship. 
 

Δ
TPIω heave ∝  

 
 

It should also be apparent that the TPI is heavily dependent upon the AWP at the DWL, in fact the 
following relationship exists. 
 
 

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝜌𝜌𝑔𝑔𝐴𝐴𝑊𝑊𝑃𝑃

2240 × 12
                   𝑇𝑇𝑇𝑇𝑇𝑇 ∝ 𝐴𝐴𝑊𝑊𝑃𝑃 at DWL 

 
 
 You may recall that TPI and AWP are read off the same line on the curves of form. 
 
Consequently, ships that have a large water plane area for their displacement will experience 
much greater heave restoring forces than ships with small water plane areas. So ‘beamy’ ships 
such as tugs and fishing vessels will suffer short period heave oscillations and high heave 
accelerations. Conversely, ships with small water plane areas will have much longer heave 
periods and experience lower heave accelerations. In general the lower the motion acceleration, 
the more comfortable the ride and the less chance of damage to equipment and personnel. This 
concept is taken to extremes in the case of off-shore floating platforms that have very small AWP 
compared to their displacement. 
 
The heave motion is quite heavily damped as the energy of the ship moving up and down creates 
waves that quickly dissipate the energy of the system away. 
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8.4.2.2 Roll  
 
The rolling of ships has been studied in depth in earlier chapters so you should be aware that any 
transverse misalignment of B and G will create an internal righting moment. The misalignment 
can be created by a wave slope. Figure 8.14 refers. 
 

 
 

Figure 8.14  The Creation of the Internal Righting Moment 
 
The magnitude of this righting moment depends upon the righting arm and ship displacement. 
 

𝑅𝑅𝑅𝑅 = ∆ ∙ 𝐺𝐺𝐺𝐺���� 
 

For small angles (φ < 10°) this becomes: 
 

𝑅𝑅𝑅𝑅 = ∆ ∙ 𝐺𝐺𝑅𝑅�����𝑇𝑇 ∙ 𝜙𝜙 
 
 
So this time we see the creation of a linear restoring moment, and hence the presence of 
rotational SHM. Hence roll is also analogous to the linear motion of the mass, spring, damper 
system. 
 

Spring Constant (𝑘𝑘) ≡ Δ ∙ 𝐺𝐺𝑅𝑅�����𝑇𝑇                            Mass(𝑚𝑚) ≡ 𝑇𝑇𝑋𝑋𝑋𝑋 
 
 
Taking this analogy a little further we can find an expression for the natural roll frequency (ωroll). 
 
 

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∝ �Δ ∙  𝐺𝐺𝑅𝑅
�����𝑇𝑇
𝑇𝑇𝑋𝑋𝑋𝑋
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By rearranging this expression and knowing the relationship between natural roll frequency 
(ωroll) and period of roll Troll. 
 

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
𝐶𝐶𝐶𝐶

�𝐺𝐺𝑅𝑅�����𝑇𝑇
 

 
 
where:  B is the ship’s Beam (ft) 
  GMT is the transverse metacentric height (ft) 
  C  is a constant whose value can range from 0.35 - 0.55 (s/ft½) when GMT 

and beam are measured in ft. The value of C is dependent upon the roll 
damping of the ship. When unknown, a value of 0.44 gives good results. 

 
The equation shows that ships with large transverse metacentric heights will experience small 
period oscillations, large restoring forces and large transverse angular accelerations. As with the 
other rigid body motions, the high accelerations are more likely to cause damage to equipment 
and personnel. 
 
You may recall that the GMT can be found by measuring the slope of the GZ curve at the origin. 
Hence stiff  GZ curves are indicative of large GMT, tender GZ curves indicate small GMT. 
Figure 8.15 indicates the difference between the 2 types. So stiff ships will tend to have violent  

roll motions. This is typical of short ‘beamy’ ships that have low length to beam ratios.   
 

 
Righting 
Arm, GZ 

Angle of Heel,  φ  (Degrees) 

Stiff GZ Curve - Large GM T 
__ 

 

Tender GZ Curve - Small GM T 
 __ 

(ft) 
__ 

__ 

 
           

Figure 8.15  Comparison of Stiff and Tender Curves of Intact Statical Stability 
 
From this you should realize that the ideal value of GMT for a ship is a compromise between 
good sea keeping qualities (small GMT) and good stability characteristics (large GMT). This 
compromise is a common feature in many engineering fields. In this instance, the naval 
aArchitect aims for a GMT of between 5 - 8% of a ship’s beam. This offers a good compromise 
between seakeeping and stability. 
 
Unlike the SHM of heave and pitch, roll motion experiences low damping effects because only 
low amplitude wave systems are generated by roll. 
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 “Sallying” Experiment - The equation for roll period above has another use in the 
‘sallying’ experiment. It is possible to induce roll motion in a ship by the cyclical 
transverse movement of personnel, known as ‘sallying the ship’. Recording the roll 
period then allows an estimation of GMT to be made.  

 
8.4.2.3 Pitch  
 
A ship heading into a sea (or in a stern sea) is liable to have situations where the slope of the 
waterline causes a movement in the center of buoyancy either forward or aft. This immediately 
creates an internal righting moment that attempts to restore the vertical alignment of B and G. 
Figure 8.16 illustrates this point. 

 

 
 

Figure 8.16  Generation of Pitch Restoring Moment 
 
The internal righting moment is always acting to restore the ship and it is linear because it is 
dependent upon the MT1" value for the hull form. Hence, pitch motion is SHM. 
 
Once again the situation is analogous to the mass, spring, damper system although we are now 
comparing angular motion with linear. 
 

Spring Const (𝑘𝑘) ≡ 𝑅𝑅𝑇𝑇1″                      𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀(𝑚𝑚) ≡ 𝑇𝑇𝑦𝑦𝑦𝑦 
 
Ships that have large MT1" when compared with Iyy will experience large pitch restoring 
moments and as a consequence, large angular pitch accelerations. This will occur with ships that 
are long and slender and have the majority of their weight close to midships. 
 
As with heave, pitch motions are quickly damped as the oscillation causes the generation of large 
wave systems pulling energy from the SHM. 

! 
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8.4.2.4 Resonance  
 
 
You will recall that a SHM system will  
experience maximum amplitude  
oscillations when the frequency of the  
forcing function is equal to the natural  
frequency of the system. This condition  
is called resonance. So to reduce the  
amount of motion it is important to  
ensure that resonance does not occur.  
 
This can be applied to a ship. We have  
seen that the rigid body motions of  
heave, pitch and roll are SHMs and  
that it is possible to estimate their  
natural frequencies, ωheave, ωpitch and  
ωroll respectively. To limit ship motion  
it is important that these do not  
coincide with the frequency of the  
ships forcing function, the encounter  
frequency (ωe). 
 
Fortunately, the SHMs of pitch and  
heave are well damped and as such are  
not sharply tuned. However, the low  
damping experienced by roll motion  
cause it to be sharply tuned and very  
susceptible to ωe. Figure 8.17 indicates  
the differences between the 3 motions. 
 
Resonance can occur with all of them,  
however, extreme motions are more  
likely to occur with roll than pitch and  
heave. 
 
Because of relatively small restoring  
forces and its sharply tuned response  
characteristic, many devices are used to  
try and limit the roll motion. These  
‘anti-roll’ devices will be examined  
later in this chapter. 
     Figure 8.17  Comparison of the Frequency Response 
                           of the Motions of Heave, Pitch & Roll 
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8.4.3 Structural Responses  
 
We have already seen that the sea can have a considerable effect upon the stresses that a ship 
structure has to withstand. These include: 
 

1. Longitudinal bending caused by the ship being placed in a ‘sagging’ or ‘hogging’ 
condition by the position of wave crests. 

 
 2. Torsion. Waves systems can create a twisting effect upon the ship structure. This 

is particularly evident in ships with large hold openings such as container ships. 
 
 3. Transverse stresses caused by the hydrostatic pressure of the sea. 
 
Due to the cyclical nature of the external forces and moments generated by the wave system, the 
ship structure is subjected to these stresses listed above in a cyclical manner, the frequency of 
which being equivalent to the encounter frequency (ωe). 
 
As with any structure, the ship structure will have its own natural frequency. In fact it will have 
many, one associated with each of the major loads - longitudinal bending, torsion and transverse 
stresses. It will also have numerous others associated with the elements of ship structure such as 
stiffeners plates, machinery mounts etc. Just as with the rigid body motions, the amplitude of 
structural oscillations will be maximized when their natural frequency coincide with the 
encounter frequency (ωe). This must be avoided otherwise it is possible that yield stresses and 
endurance limits will be exceeded causing plastic deformation and a much higher risk of fatigue 
failure. 
 
8.4.4 Non-Oscillatory Dynamic Responses  
 
In addition to the oscillatory responses discussed above, the ship will experience a number of 
other dynamic responses. These are typically non-oscillatory and are caused by the relative 
motions of the ship and sea. The relative motions can be extreme. They are maximized when a 
movement of the ship out of the water due to heave, pitch or roll combines with a lowering of the 
sea surface (a trough) or vice versa. When this occurs the following severe non-oscillatory 
dynamic responses may result. 
 

• Shipping Water The relative motion of the ship and sea system can cause situations 
(“Green Deck”) where the bow of the ship becomes submerged. This is called  

    ‘shipping water’ or ‘deck wetness’. As well as the obvious safety  
    hazard to personnel, the extra weight of shipped water can place  
    considerable loads on the ship structure. 

 
• Forefoot Emergence This is the opposite case to ‘shipping water’ where the bow of the  
    ship is left unsupported. The lack of support creates severe  
    structural loads. 

 
• Slamming  Slamming is often the result of forefoot emergence. As the bow re- 
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    enters the sea, the sudden impact of flat horizontal surfaces in the  
    bow region creates a severe structural vibration felt through the  
    length of the ship.  See Figure 8.18. 

 
• Racing  Racing is the sterns version of forefoot emergence. It occurs when  
    the relative motion of ship and sea causes the propeller to leave the  
    water. The sudden reduction in resistance causes the whole ship  
    power train to race. This causes severe wear and tear on propulsion  
    machinery and auxiliaries. 

 
• Added Power  The effects of all these responses is to increase the effective  
    resistance of the hull, consequently more power is required to drive  
    the ship through the sea system. 

 
As mentioned, the non-oscillatory dynamic responses above are all a consequence of the relative 
motion of the ship and sea. In particular, the larger the amplitude of the ship’s heave and pitch 
motions the greater the possibility of shipping water, slamming etc. Hence, the frequency of 
these adverse ship responses can be reduced by making every attempt to reduce heave and pitch 
motions. This can be done by ensuring neither of these motions are at resonance. Changing the 
encounter frequency by alterations in course heading and speed may help. 

 
• Broaching   Broaching is the sudden and uncontrollable turning of a  

ship to a beam on orientation to the sea. If the sea is big  
enough and has sufficient wave slope, there is then a high 
risk of capsize. 

 
• Loss of Stability  In certain circumstances when in large sea systems, it is  

     possible for a ship to surf. The prolonged change in shape  
     of the water plane can have an adverse effect on stability. 
 
Both these responses are the result of the ship traveling in large following seas at speeds close to 
the wave celerity. This should be avoided if at all possible. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.18  SEAL Team 6 operators experience slamming in high-speed assault craft  
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8.5 Ship Response Reduction  
 
We have now examined the various responses associated with a ship when excited by a wave 
system’s forcing function. Unfortunately, the presence of this forcing function cannot be 
avoided, in fact it is very rare for there to be no forcing function.  See Table 8.1. Consequently, 
despite the Naval Architects best efforts, it is impossible to prevent ship response. However, 
there are a number of things that can be done to minimize it. 
 
8.5.1 Hull Shape  
 
When examining the simple harmonic rigid body responses of heave, pitch and roll, the type of 
hull shape particularly susceptible to each motion was considered. Taking this knowledge a little 
further, it is fairly obvious to deduce that the creation of a hull shape optimized for minimum 
response can be created. 
 
Traditionally, the seakeeping dynamics of the hull form have been considered at a lower level of 
importance than hull resistance, strength and space efficiency. The seakeeping characteristics of 
ships have been left to chance. This is unfortunate when one considers the impact poor 
seakeeping can have upon the operational effectiveness of the ship. 
 
This state of affairs was true for the design of USN ships until the arrival of DDG-51. This hull 
form was the first to be created with seakeeping considered as a high priority. The differences 
between the hull of the DDG-51 and hulls designed previously are obvious on comparison. 
  

• Forward and aft section are V shaped - limits MT1" reducing pitch accelerations. 
 

• Volume is distributed higher from keel - limits AWP and TPI reducing heave 
accelerations. 
 

• Large degree of flare in hull design - limits the half-breadths at the design waterline, 
which in turn limits Ixx, reducing the stiffness of the GZ curve, thereby reducing roll 
accelerations.   

 
The result is a ship that should have increased operability in heavy seas by a reduction in angular 
and vertical motion accelerations. There should also be a reduction in the frequency at which the 
non-oscillatory dynamic responses such as slamming occur due to the reduction in heave and 
pitch motions. 
 
8.5.2 Anti-Roll Devices  
 
When examining the roll response of a ship in 8.4.2.3, it was evident that the low level of 
damping experienced by roll caused it to have a highly tuned response characteristic. This made 
it highly susceptible to the encounter frequency of the ship. In an attempt to damp roll motion 
more effectively, a number of devices can be incorporated into the ship design. 
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8.5.2.1 Passive Anti-Roll Devices  
 
Passive devices are as named, devices that require no external input to damp roll motion.  
 

• Bilge Keel  Bilge keels are very common features on ships. They are typically 
    located in pairs port and starboard and consist of flat plates  
    projecting out from the hull at the point where the bilge turns up to 
    the side wall of the ship. They can be very effective, reducing roll  
    amplitudes by up to 35%. 

 
• Tank Stabilizers In chapter 4 we discovered that the presence of free fluid surfaces  

    have a detrimental effect upon ship stability by reducing the  
    effective transverse metacentric height. However, if the flow of  
    fluid from one side of the tank to the other is ‘throttled’, the  
    relative motion of the C of G of the fluid can damp roll motion.  
    The level of throttling is critical to the tank effectiveness and  
    usually has to be altered on a ‘suck it and see’ basis while the ship  
    is underway. The conventional shape of passive tank stabilizers are 
    long and fairly narrow orientated with their longest side   
    transversely. However, many other shapes have been tried,   
    including a ‘U’ tube running from the port side weather deck all  
    the way to the keel and back up to the starboard weather deck. 
 

• Others   Various other passive systems have been tried including delayed  
    swinging pendulums, shifting weights and large gyroscopes. All  
    suffer serious limitations with regard to the space they take up and  
    safety. 

 
 
 
 
 
 
 
 
 
 

Figure 8.19  Bilge Keels 
 
8.5.2.2 Active Stabilizers  
 
Active stabilizers rely on a control system that can detect ship motions and cause the stabilizer to 
respond with an action that limits the detected motions. 
 

• Fin Stabilizers Fin stabilizers are very common systems found on many ships.  
    They are positioned in similar locations to bilge keels and work in  
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    pairs port and starboard. They incorporate their own control  
    circuitry that immediately detects when the ship begins to roll. A  
    control signal is then sent to the fin hydraulics that create an angle  
    of attack to the oncoming water. Lift is generated creating a  
    moment opposite in direction to the internal moment produced by  
    the transverse movement of B.  These were employed on the FFG- 
    7 class. 

 
• Others   There have been several other attempts including active tanks and  

   the hydraulic movement of weights within the hull. All incur the  
   same disadvantages suffered by weight shifting passive systems. 

 
 
 
 
 
 
 
 
 
 
 

Figure 8.20  Active Fin Stabilizers 
 

8.5.2.3 Stabilizer Effects  
 
The effect of both passive and active stabilizers are to lessen roll motion. Their presence lessens 
the extreme roll amplitudes that can be suffered by a ship by increasing roll damping. The 
increase in damping reduces the susceptibility of the ship to the encounter frequency of the ship. 
Resonance can still occur, however roll amplitude at resonance is reduced. 
 
As the name suggests, anti-roll devices have little impact upon the motions of heave and pitch. 
The heavily damped nature of these motions negate the need for any prescribed anti-heave or 
anti-pitch device. 
 
8.5.3 Ship Operation  
 
This chapter has demonstrated the responses associated with a ship excited by the sea’s forcing 
function. It should be apparent by now that nearly all responses are significantly influenced by 
the encounter frequency the ship is experiencing. If the encounter frequency is close to any of the 
rigid body natural frequencies significant angular or vertical accelerations can be experienced. 
This in turn can greatly increase the possibility of non-oscillatory dynamic motions. Similarly, 
structural loads can be severe if resonance occurs between their natural frequency and the 
encounter frequency. 
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As a consequence, the ship handler can have a significant effect upon the response of a ship by 
altering the encounter frequency. We have seen that encounter frequency (ωe) is given by: 
 

𝜔𝜔𝑒𝑒 = 𝜔𝜔𝑤𝑤 −
𝜔𝜔𝑤𝑤2 ∙ 𝑉𝑉𝑆𝑆 ∙ cos (𝜇𝜇)

𝑔𝑔
 

 
So by altering course or speed or both, the ship handler can reduce motion accelerations being 
created by the sea and structural loading. 
 
Once the ship has been designed and built, the naval architect has done their part. Ship response 
reduction is then up to the ship handler. It is in your hands! 
 



 8 - 29 

PROBLEMS - CHAPTER 8 
 
Section 8.2 - Waves 
 
1.  List 4 factors that affect the height of a wave system. For each factor explain how it 

affects the wave system. 
 
2.  You are the Master of a 20,000 LT merchant ship heading up the Chesapeake Bay bound 

for the Port of Baltimore. The ship has a draft of 26 feet, and you are experiencing 
westerly winds of 40 knots, gusting to 55 knots. You have a choice of three routes up the 
Bay: an exposed deep water route up the center of the Bay, or either of an eastern or 
western route that is more sheltered from the effects of the wind, but the water more 
shallow than the deep water route.  Which route would you choose? Explain your answer. 

 
3.  On the same sheet of graph paper plot the following sine waves. Or, you may program 

these waves into a spreadsheet and plot them. Assume all waves are in phase and have 
zero amplitude at time zero. 

 
 a.  Wave amplitude 10 ft, wave period 6 seconds. 
 
 b.  Wave amplitude 6 ft, wave period 4 seconds. 
 
 c.  Wave amplitude 4 ft, wave period 3 seconds. 
 
 d.  Using the superposition theorem, plot the wave that would be created by the  
  combining the three waves, assuming all waves are traveling in the same  
  direction. What is the maximum height of the resulting wave? 
 
Section 8.3 Simple Harmonic Motion 
 
4.  What are the two conditions that must be fulfilled for a motion to simple harmonic 

motion? Describe a condition that would produce simple harmonic motion. 
 
5.  In Chapter 7 we saw that ship resistance was a force that countered the thrust produced 

by the ship’s propellers. In other words, two opposing forces act in the direction of surge. 
However, surge motion is not a simple harmonic motion for ships. Explain why. 

 
6.   An object is moving with simple harmonic motion.  
 
 a.  For the motion to be maximized, what relationship must exist between the 

object’s motion and the forcing function? 
 

b.  What would happen if the magnitude of the forcing function were doubled? 
 
c.  What would happen if the frequency of the forcing function were doubled? 
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Section 8.4 Ship Response 
 
7.  A ship on a heading of 120°T at 16 knots experiences a wave system heading due south. 

The waves have a period of 5.2 seconds, and are 5 feet in height. At what frequency does 
the ship encounter these waves? 

 
8.  How does wave height affect the response of a ship?  
 
9.  What wave conditions would produce a maximum (resonant) response by a ship’s 

structure? 
 
10.  The Navigator of an FFG-7 class ship requires an emergency operation to remove a 

ruptured appendix. Unfortunately, the ship is currently in the teeth of a Nor’easter raging 
at a Nato classification of Sea State 8, and the ship cannot conduct flight operations for a 
medevac. Therefore, the operation must proceed onboard. The ship’s corpsman is 
confidant he can conduct the operation provided the ship does not move about too much. 
The DCA suggests a spot 20 ft aft of amidships on a deck close to the waterline would be 
the best location to conduct the operation. Comment on his reasoning. 

 
11.  A ship has the following rigid body motion and structural response frequencies: 
 
 ωheave = 0.42 rad/s  ωlongbend = 0.50 rad/s 
 ωpitch = 0.53 rad/s  ωtorsion = 0.41 rad/s 
 ωroll = 0.50 rad/s 
 
 The ship is currently traveling at 12 knots directly into a sea system rated at Sea State 7 

using the Nato classification table.  
 
 a.  Using Table 8.1, what is the modal wave frequency associated with this system? 
 
 b.  Comment on the motion being experienced by the ship. 
  

 c.  The ship is about to alter course by 45°. Comment on the feasibility of this course 
change. 

 
12.  A warship is underway on a course of 090°T at a speed of 14 knots. The ship is 465 feet 

in length, a displacement of 8,000 LT, and its center of gravity is located 19 feet above 
the keel. 

 
 The ship has the following natural frequencies of rigid body motion and structural 

response: 
 
  ωheave = 1.17 rad/s  ωlongbend = 1.05 rad/s 
  ωpitch = 1.07 rad/s  ωtorsion = 1.20 rad/s 
  ωroll = 0.69 rad/s 
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 The ship is steaming in waves coming from the west. Waves are 450 feet in length, 8 feet 
in height, and are at a period of 9.4 seconds. 

 
 a.  Calculate the ship’s encounter frequency and comment on the ship’s response at 

this frequency. 
 
b.  The ship turns to a course of 270°T. Determine the ship’s encounter frequency on 

this new course and comment on the ship’s response. 
 
c.  In order to conduct flight operations, the ship turns into the wind on a course of 

325°T. Calculate the new encounter frequency and comment on the motion of the 
ship. Flight operations require a steady deck … is this a good course for flight 
operations? 

 
d.  The Navigator realizes that the ship is 4 hours ahead of schedule and recommends 

slowing the ship to 6 knots. Is this a wise choice with flight operations in 
progress? 

 
e.  As the ship burns fuel, its center of gravity rises. What is happening to the ship’s 

metacentric height, stability, and roll response as fuel is burned? 
 

13.  An amphibious ship is on a course of 315°T at a speed of 14 knots while conducting 
flight operations. Winds are from the west at a speed of 10 knots and seas are from the 
east. Seas are at a height of 4 feet and have a period of 9.8 seconds and a length of 500 ft.  

 
 The ship is currently at a draft of 19 ft, and at this draft the ship has the following 

hydrostatic parameters and natural frequencies of rigid body and structural response: 
 
  Lpp = 580 ft   ωheave = 0.94 rad/s 
  B = 84 ft   ωpitch = 0.91 rad/s 
  T = 19 ft   ωroll = 0.57 rad/s 
  ∆ = 19,000 LT   ωlongbend = 1.04 rad/s 
  KMT = 25 ft   ωtorsion = 1.35 rad/s 
  KG = 21.3 ft 
 

a.  Calculate the frequency at which the ship is encountering waves while conducting 
flight operations. Comment on the ship’s rigid body and structural response. 

 
b.  While on 325°T, the ship slows to a speed of 4 knots in order to conduct wet well 

operations and launch LCAC’s. Determine the encounter frequency and comment 
on ship motions after slowing to 4 knots. Is 325°T a good course to launch 
LCAC’s? Explain your answer. 

 
c.  The ship turns to a course of 090°T, remaining at a speed of 4 knots. Calculate the 

new encounter frequency and comment how the ship will respond to waves on 
this new course. 
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d.  While on 090°T the ship adds ballast, increasing to a draft of 24 ft in order to 

launch AAV’s. Adding ballast lowers the center of gravity such that KG = 20.3 ft. 
Increasing draft to 24 ft reduces the ships waterplane area (well deck is flooded), 
and therefore KMT is reduced to 21.6 ft. How has ballasting the ship affected its 
stability and roll response? 

 
14.  This problem is designed to show the student how changing course and speed will affect 

a ships response in a seaway. Additionally, we will also look at how wavelength and 
period affect a ship’s encounter frequency. 

 
 For this problem, we will look at a cruise ship with the following parameters: 
 
  Lpp = 930 ft  ωroll = 0.49 rad/s  ωlongbend = 1.10 rad/s 
  B = 105 ft  ωpitch = 0.72 rad/s  ωtorsion = 0.83 rad/s 
  T = 32 ft  ωheave = 0.71 rad/s 
  ∆ = 47,000 LT 
 

a.  The ship is underway at its cruising speed of 26 knots in waves with a length of 
820 ft, and a period of 12.6 seconds. Calculate the ship’s encounter frequency 
with these seas for the following angles of encounter: 0°, 45°, 90°, 135°, and 
180°. How does each of these encounter angles affect the ship’s rigid body and 
structural response? 

 
b.  If the ship slows to 13 knots, calculate encounter frequencies for the same seas 

and encounter angles as in part (a). How does slowing speed affect the ship’s 
response? 

 
c.  Repeat parts (a) and (b) for the ship operating in waves that are 400 ft in length, 

and have a period of 8.84 seconds. 
 
d.  Repeat parts (a) and (b) for the ship operating in waves that are 200 ft in length, 

and have a period of 6.24 seconds. 
 
e.  How will wave height affect the ship’s response in each wave condition? 
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15.  A small frigate 340 feet in length is pursuing a target at a speed of 25 knots on a course of 
045°T. Seas, 350 feet in length, are from the southwest at a height of 8 feet and a period 
of 8.27 seconds. The ship has the following natural frequencies of rigid body and 
structural response: 

 
ωheave = 1.03 rad/s  ωlongbend = 0.75 rad/s 

  ωpitch = 1.21 rad/s  ωtorsion = 1.12 rad/s 
  ωroll = 0.67 rad/s 
 

a.  Determine the frigate’s frequency of encounter with the waves and comment on 
its rigid body and structural response. 

 
b.  On its current course and speed, how are the waves affecting the power required 

to achieve a speed of 25 knots? 
 
c.  Is the current course of 045°T a good course for the ship’s structure? Explain why 

or why not. 
   
16.  A young aviator who recently graduated from USNA is attempting to sleep in a rack that 

is resonating at about 110 Hz. The aviator, vaguely recalling that a ship’s course and 
speed affects frequency, calls the OOD and asks him to alter course or speed so that the 
ship’s encounter frequency will change and stop his rack from vibrating so badly. This 
would then allow the aviator to have a good night’s sleep and significantly improve his 
performance in the cockpit the following day. Comment on this proposal. 

 
17.  Describe one active and one passive anti-roll device commonly used on ships. Why are 

there no similar anti-heave or anti-pitch devices? 
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