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Introduction

Ship stability is ultimately about judgment—knowing not only what a number is, but
what it means when a vessel is alongside, underway, or fighting weather on the bar.
This book aims to bridge the gap between equations and decisions by pairing intuitive
theory with step-by-step worked examples. From calm-water loading checks to
survivability in rough seas, the focus is on building mental models you can trust and
procedures you can repeat.

It is written for junior naval architects and marine engineers, as well as designers
transitioning from small craft to larger commercial vessels. If you have basic statics
and an appetite for practical problem solving, you have the prerequisites. Each
chapter is crafted to illuminate why a method works, not just how to push buttons in
software. Where formal derivations matter for understanding, they are kept clear and
purposeful; where rules govern outcomes, they are translated into engineer-friendly
checklists.

The scope spans fundamental hydrostatic calculations, intact and damage stability
criteria, and the preparation of stability booklets that stand up to scrutiny. You will
learn how to generate and use hydrostatic curves, convert cross curves into righting-
arm data, evaluate free-surface penalties, and interpret external heeling moments
from wind, crowding, or towing. Damage-stability chapters move from compartment
definition and permeability to flooding progression and equalization, culminating in
probabilistic assessments and design trade-offs.

Because most real projects rely on digital tools, the book emphasizes software
workflows and, critically, verification and validation. You will practice constructing
independent cross-checks—hand estimates, bounding cases, conservation tests, and
mesh-independence studies—so that results are explainable, reproducible, and robust.
Rather than prescribe a single program, we focus on methods that are tool-agnostic
and transferable, helping you confirm that any solver you use is giving physics-
consistent answers.

The chapters are organized to mirror the design process. Early sections help you set
frames of reference, choose sign conventions, and create reliable geometric models.
Mid-book topics tackle loading conditions, trim and equilibrium, and the generation of
righting-arm curves that reflect real tanks, weights, and operational envelopes. Later,
we turn to assembling stability booklets that communicate clearly to crews and
assessors alike, with an eye toward approval and safe operations.

Throughout, the examples are chosen to be representative and reproducible. You will
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see small craft and workboats first—where geometry and loading are intuitive—before
moving to tankers, bulk carriers, passenger vessels, and specialized craft like tugs and
high-speed units. Each worked problem concludes with a verification section that
shows multiple ways to sanity-check the outcome, highlighting common pitfalls and
the signatures of bad data or flawed assumptions.

Finally, a word about rules and reality. Criteria are necessary but not sufficient; they
formalize minimum expectations, yet good design requires margin, sensitivity studies,
and operational thinking. Where regulations change, the underlying physics and
reasoning presented here remain valuable. Treat every computed result as a
hypothesis about how the vessel will behave—and use the methods in the following
pages to test, challenge, and refine that hypothesis until you are confident enough to
sign your name.

If you bring curiosity and discipline, this book will help you convert hydrostatic

numbers into ship-sense—so that when conditions shift from calm to rough, your
designs and your decisions remain steady.
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CHAPTER ONE: Foundations of Hydrostatics:
Definitions, Frames, and Sign Conventions

Before we can predict how a ship will behave, we must establish a common language
and a consistent framework. This chapter lays the groundwork for understanding the
forces at play, defining key terms, and setting up the coordinate systems and sign
conventions that will guide us through every subsequent calculation. Think of it as
preparing your toolkit - without the right tools, and knowing how to use them, even
the simplest task becomes a frustrating ordeal. We'll begin with the very basics: what
exactly is hydrostatics, and why should a ship designer care? It's not just about
floating; it's about floating correctly, predictably, and safely, under all anticipated
conditions.

Hydrostatics, in essence, is the study of fluids at rest and the pressures they exert. For
ships, this primarily means water - a fluid that, while seemingly benign, possesses
immense power and demands respect. The principles of hydrostatics are rooted in
Archimedes' principle, a concept as old as ancient Greece but as relevant today as
ever. This principle states that any body wholly or partially submerged in a fluid is
buoyed up by a force equal to the weight of the fluid displaced by the body. This
buoyant force is the fundamental counterpoint to the ship's weight, dictating whether
it floats, sinks, or is in equilibrium. Understanding this balance is the very first step in
mastering ship stability.

To quantify these forces and understand their interplay, we need a standardized
system of reference. Ships are complex three-dimensional objects, and their behavior
is influenced by their orientation in space. Therefore, we must define a coordinate
system that allows us to describe the vessel's position, its dimensions, and the
distribution of forces acting upon it. This system will serve as our universal grid,
enabling us to pinpoint locations, measure volumes, and track movements with
precision. Without a consistent frame of reference, our calculations would be like
trying to navigate without a compass or a map - chaotic and unreliable.

The primary frame of reference for a ship is typically aligned with the vessel itself. We
establish three mutually perpendicular axes: longitudinal, transverse, and vertical. The
longitudinal axis runs from the bow to the stern, generally along the ship's centerline.
The transverse axis runs from the centerline out to the ship's side (port or starboard),
perpendicular to the longitudinal axis. Finally, the vertical axis runs from the keel
upwards, perpendicular to both the longitudinal and transverse axes. These axes
provide the fundamental structure for all our spatial descriptions and calculations.
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Our longitudinal axis, often denoted as the x-axis, is usually directed forward from the
midpoint of the ship's length. The transverse axis, the y-axis, is directed to starboard
(right) when viewed from astern. The vertical axis, the z-axis, is directed upwards from
a reference plane. The precise origin of this system can vary, but it is most commonly
placed at the intersection of the ship's centerline, the perpendicular at the forward
perpendicular (FP), and the keel. Consistency in defining this origin is paramount to
avoiding errors.

Sign conventions are equally critical. For forces and displacements, a common
convention is that forward, starboard, and upward are positive. Thus, a movement
forward along the longitudinal axis is positive, a movement to starboard along the
transverse axis is positive, and an upward movement along the vertical axis is
positive. This might seem arbitrary, but adhering to a defined convention eliminates
ambiguity and ensures that everyone working with the data is speaking the same
numerical language. Deviating from these conventions is a sure path to calculation
errors and, potentially, design flaws.

When we talk about the center of gravity (G) of a ship, we mean the point where the
entire weight of the vessel is considered to act. This is a conceptual point, the balance
point of the ship, and its location depends on the distribution of all weights onboard -
hull, machinery, cargo, stores, and crew. The weight of the ship, often denoted by 'W',
acts downwards through this center of gravity. This is a force we must always balance
with an upward force for the ship to float.

The buoyant force, denoted by 'B', acts upwards through the center of buoyancy (B).
The center of buoyancy is the geometric center of the submerged volume of the hull.
Imagine the submerged part of the hull filled with water; the center of buoyancy is the
centroid of that water volume. As the ship heels or trims, the shape of the submerged
volume changes, and consequently, the position of the center of buoyancy shifts. This
dynamic shift is a core element of stability analysis.

For a ship to be in equilibrium (floating upright and not moving), two conditions must
be met: the total weight must equal the total buoyant force (W = B), and the center of
gravity (G) and the center of buoyancy (B) must lie on the same vertical line. If these
conditions are satisfied, the ship will float in a stable attitude. If the weight exceeds
the buoyant force, the ship will sink. If they are equal but G and B are not vertically
aligned, the ship will list or trim until they are.

The concept of displacement (A) is closely related to weight and buoyancy.
Displacement is defined as the weight of water the ship displaces. Since the ship floats
in equilibrium, its total weight must be equal to the weight of the water it displaces.
Therefore, displacement is a direct measure of the ship's weight. It is usually
expressed in tonnes or long tons. Understanding displacement is fundamental to
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calculating the ship's draft, its buoyancy, and the overall forces acting upon it.

The underwater volume is the volume of the hull that is submerged below the
waterline. This volume is directly responsible for generating the buoyant force. As the
draft of the ship increases, the underwater volume increases, leading to a larger
buoyant force. Conversely, as the draft decreases, the underwater volume and
buoyant force decrease. The shape of this underwater volume is crucial, as its
geometric centroid determines the location of the center of buoyancy.

The waterplane is the area of the ship's surface that is intersected by the surface of
the water when the ship is floating. This area plays a vital role in determining how the
ship reacts to small heeling angles. A larger waterplane area generally leads to
greater initial stability, as a small heel causes a larger shift in the center of buoyancy.
Conversely, a very small waterplane area, such as on a pencil-like hull, would offer
very little initial resistance to heeling.

To properly quantify the geometry of the hull and the submerged volume, we often
use a system of transverse sections or "stations." These are imaginary planes
perpendicular to the ship's longitudinal axis at specified intervals along its length. By
analyzing the shape and area of these stations at different heights, we can calculate
the underwater volume, the position of the center of buoyancy, and other crucial
hydrostatic properties. The accuracy of our hydrostatic calculations hinges on the
fidelity with which we can represent the hull's shape.

Each station represents a slice of the ship's hull. The shape of these stations changes
along the length of the vessel, transitioning from the fine lines of the bow and stern to
the fuller sections amidships. Naval architects meticulously define these shapes, often
using mathematical curves, to accurately represent the hull form. The more stations
we define, and the more precisely their shapes are described, the more accurate our
calculations of volume, centroids, and other hydrostatic parameters will be.

The lines plan is a set of drawings that graphically represents the hull form of a ship. It
typically includes the sheer plan (profile view), the body plan (showing the transverse
sections), and the water plan (showing the waterlines). This plan is the blueprint from
which all hydrostatic data is derived. Understanding how to read and interpret a lines
plan is essential for anyone involved in ship design and stability calculations. It's the
visual translation of the ship's underwater geometry.

When we discuss "frames of reference," we are referring to the coordinate systems we
use. As mentioned, we have the ship's coordinate system, fixed to the vessel itself.
However, we also need to consider an external or fixed frame of reference,
representing the earth and its gravitational field. This external frame is crucial when
analyzing forces like wind and waves, which act upon the ship from the environment.
Our calculations will often involve transforming quantities between these two frames.
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The fore-and-aft perpendicular (F.P.) and after-perpendicular (A.P.) are important
reference lines, particularly in length definitions. The F.P. is a line perpendicular to the
keel, passing through the point where the stem intersects the summer load waterline.
The A.P. is a similar line at the stern. The distance between them, known as the length
between perpendiculars (LBP), is a standard dimension used in many ship calculations
and regulatory contexts. Their exact definition can vary slightly for different ship

types.

The midship perpendicular is typically defined as the perpendicular erected at the
midpoint of the length between the F.P. and A.P. It's a useful reference for defining the
widest part of the vessel, or the location of the midship section, which often has the
largest transverse area. Many hydrostatic calculations are referenced from the
midship section, making this perpendicular a key landmark in the ship's geometry.

The keel is the structural backbone of the ship, running along the bottom of the hull.
The keel line is the line formed by the intersection of the keel with the vertical plane of
symmetry. For simplicity in calculations, the baseline is often taken as a horizontal line
coinciding with the top of the keel, or at some consistent distance below it. All vertical
measurements are then taken relative to this baseline. It provides a fundamental
horizontal datum for our vertical measurements.

The draft of a ship is the vertical distance from the baseline to the waterline. It
indicates how deep the ship sits in the water. The mean draft is the average of the
drafts measured at the bow and stern. When a ship is upright, the mean draft is simply
the distance from the baseline to the single waterline. Understanding draft is crucial
for determining the underwater volume and, consequently, the buoyant force and
displacement.

Freeboard is the vertical distance from the waterline to the main deck or bulwark at
the side of the ship. A sufficient freeboard is essential for ensuring that the deck is not
submerged during normal operation or in moderate sea conditions, which would
compromise the vessel's seaworthiness and increase the risk of flooding. Freeboard is
a key indicator of reserve buoyancy and intact stability.

We must also define a consistent way to measure angles and rotations. For stability,
we are primarily concerned with heeling (rotation about the longitudinal axis, causing
the ship to list to port or starboard) and trimming (rotation about the transverse axis,
causing the bow or stern to dip). We need conventions for measuring these angles.

When discussing heeling, we often consider angles of heel to starboard as positive and
to port as negative. Similarly, for trimming, a bow-up attitude might be considered
positive, and a bow-down attitude negative, or vice-versa, depending on the specific
context and the chosen convention for the longitudinal axis. The critical point is to
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state and adhere to the chosen convention rigorously throughout the analysis.

The concept of the center of flotation (LCF) is also important, although it's more
directly related to longitudinal stability, which we will explore in detail later. The LCF is
the center of area of the waterplane. When a ship trims, it pivots about the LCF. Its
position relative to the ship's centerline and its longitudinal position along the hull are
key parameters in trim calculations.

In stability calculations, it is often convenient to work with a coordinate system where
the origin is fixed at a specific point on the ship. A common choice is the intersection
of the forward perpendicular (F.P.), the ship's centerline, and the baseline. All
coordinates (x, y, z) for points on the ship - such as the center of gravity (G) or the
center of buoyancy (B) - are then measured relative to this origin. This ensures that
everyone calculating stability for the same design is using the same reference points.

Another key reference point is the center of gravity of the vessel as a whole (G). This

is the point through which the total weight of the ship acts. Its exact location depends
on the distribution of all weights onboard: the hull structure, machinery, fuel, ballast,

cargo, crew, and stores. As weights are added or removed, or their positions change,

the location of G shifts, directly impacting the ship's stability. Accurately determining

G is a critical task in naval architecture.

We also define the center of buoyancy (B) as the geometric centroid of the submerged
volume of the hull. The buoyant force, which counteracts the ship's weight, acts
vertically upwards through this point. As the ship heels or trims, the shape of the
submerged volume changes, causing the center of buoyancy to shift. This shift is
fundamental to understanding how a ship regains or loses stability.

The distance between the center of gravity (G) and the center of buoyancy (B) in the
vertical direction is particularly important. When the ship is upright, G and B lie on the
same vertical line. However, when the ship heels, the center of buoyancy moves
laterally, creating a righting arm that tends to bring the ship back upright, provided G
is sufficiently low. The precise vertical distance between G and B, and how B moves
with heel, dictates the magnitude of this stabilizing moment.

The metacentric height (GM) is a critical measure of initial stability for small angles of
heel. It is defined as the distance between the center of gravity (G) and the transverse
metacenter (M). The transverse metacenter is the point where the upward force
through the new center of buoyancy intersects the ship's centerline when the ship is
heeled by a small angle. A positive GM indicates that the ship is initially stable.

The transverse metacenter (M) is a key concept in initial stability. For small angles of

heel, it can be considered a fixed point. It is located vertically above the center of
buoyancy (B) at a distance equal to the transverse radius of gyration of the
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underwater volume divided by the underwater volume, or more simply, I/V where | is
the transverse second moment of area of the waterplane about the centerline and V is
the underwater volume. The position of M is determined solely by the hull geometry
and the waterline.

The longitudinal metacenter (M_L) is analogous to the transverse metacenter but for
trimming about the longitudinal axis. It is the point where the vertical line through the
new center of buoyancy intersects the ship's centerline when the ship trims by the
head or stern. The distance between the center of gravity (G) and the longitudinal
metacenter (M _L) is the longitudinal metacentric height (GM_L), which governs the
ship's initial resistance to pitching.

Understanding these fundamental definitions - weight, buoyancy, centers of gravity
and buoyancy, displacement, waterplane, and metacenters - is the essential starting
point for any stability analysis. Without a firm grasp of these concepts and a
consistent framework for applying them, we cannot proceed to more complex
calculations. This chapter has established that framework, providing the bedrock upon
which all subsequent stability principles will be built.
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