1. Introduction

1.1. Ports and Harbours

Ports and harbours conduct four important functions: administrative (ensuring that the legal, socio-political and economic interests of the state and international maritime authorities are protected), development (ports are major promoters and instigators of a country’s or wider regional economy), industrial (major industries process the goods imported or exported in a port), and commercial (ports are international trade junction points where various modes of transport interchange; loading, discharging, transit of goods).

A port is a facility for receiving ships and transferring cargo. They are usually situated at the edge of an ocean, sea, river, or lake. Ports often have cargo-handling equipment such as cranes (operated by longshoremen) and forklifts for use in loading/unloading of ships, which may be provided by private interests or public bodies. Often, canneries or other processing facilities will be located nearby. Harbour pilots and tugboats are often used to maneuver large ships in tight quarters as they approach and leave the docks. Ports which handle international traffic have customs facilities.

The terms "port" and "seaport" are used for ports that handle ocean-going vessels, and "river port" is used for facilities that handle river traffic, such as barges and other shallow draft vessels. Some ports on a lake, river, or canal have access to a sea or ocean, and are sometimes called "inland ports". A "fishing port" is a type of port or harbor facility particularly suitable for landing and distributing fish. A "dry port" is a term sometimes used to describe a yard used to place containers or conventional bulk cargo, usually connected to a seaport by rail or road. A "warm water port" is a port where the water does not freeze in winter. Because they are available year-round, warm water ports can be of great geopolitical or economic interest, with the ports of Saint Petersburg and Valdez being notable examples. A "port of call" is an intermediate stop, for example to collect supplies or fuel.

Cargo containers allow efficient transport and distribution by eliminating loading of smaller packages at each transportation point, and allowing the shipping unit to be sealed for its entire journey. Standard containers can easily be loaded on a ship, train, truck, or airplane, greatly simplifying intermodal transfers. Cargo often arrives by train and truck to be consolidated at a port and loaded onto a large container ship for international transport. At the destination port, it is distributed by ground transport.

Below will be discussed various aspects of ports around the world (port structures, port terminals, basic port information, port regulations, etc.).

1. Port structures
The terms port, harbour and haven are more or less synonymous, but each of them also has specific meanings.

A harbour (US spelling "harbor") is a place of security and comfort, a small bay or other sheltered part of an area of water, usually well protected against high waves and strong currents, and deep enough to provide anchorage for ships and other craft. It is also a place where port facilities are provided, e.g. accommodation for ships and cargo handling facilities.

The term port or seaport normally includes the harbour and the adjacent town or city suitable for loading goods and embarking men. A haven is a type of harbor used in literature or in names and adds the idea of refuge.

Ships are accommodated and handled, i.e. loaded and unloaded, at such port structures as; wharfs or quays, piers and jetties, and sometimes alongside moles or breakwaters.

Any place where a ship can safely lie alongside a quay, pier or dock, at anchor or a buoy, and where she can carry out loading/discharge operations or embark and disembark passengers is called a berth

A dry dock is a type of dock consisting of a rectangular basin dug into the shore of a body of water and provided with a removable enclosure wall or gate on the side toward the water, used for major repairs and overhaul of vessels. When a ship is to be docked, the dry dock is flooded, and the gate removed (Fig. 1.1).
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Fig. 1.1 Floating drydock concept.

Wharf is the oldest term in English referring to port structures (Fig. 1.2). It denotes any structure of timber, masonry, cement, or other material built along or at an angle to the navigable waterway, with sufficient depth of water to accommodate vessels and receive and discharge cargo or passengers. The term can be substituted for quay when applied to great solid structures in large ports. The area between the quay wall (made of solid masonry) and the nearby warehouse or storage facility is ca1led the quay apron.
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Fig. 1.2 Quay/Wharf.



A pier is a construction work extending into the harbour with sufficient depth of water alongside to accommodate vessels, also used as a promenade or landing place for passengers. A jetty is a small pier, usually made of timber for boats, yachts or fishing boats (fisherman jetty), but it also refers to large ships (tanker jetty, T-jetty) (Fig. 1.3).
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Fig. 1.3 Oil jetty – Oil terminal

The term dock (Fig. 1.4) has a number of meanings. It is an artificially enclosed basin into which vessels are brought for inspection and repair. A dock is a place, usually man-made area of enclosed water, where ships are loaded, unloaded or repaired. Originally, it denotes an area of water that can accommodate a ship and can be closed off by locks to allow regulation of the water level. It also means a space between two wharves or piers for the mooring of ships, i.e. a dock basin. Often it can be interchanged with the terms wharf or pier. In US it often indicates a small landing pier for accommodating boats in a river or lake creek.
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Fig. 1.4 Dock
2. Port Terminals
The word terminal refers to a complete port facility for accommodating, loading/ discharge of ships and for the storage, stacking and handling of cargo on shore (e.g. bulk cargo terminal, oil terminal, livestock terminal, etc.). 

A mole or breakwater (Fig. 1.5) is a massive port structure made of masonry or large stone blocks laid in the sea to protect the harbour from waves and current. Sometimes the terms jetty and pier are used to mean the same. 

Fig. 1.5 Breakwater

3. Basic Port Information
Port accommodation is divided into berthing and storage accommodation. Berthing accommodation includes general cargo berths (wharves, quays, piers, and docks), oil tanker jetties or terminals, bulk cargo facilities, container and roll-on/ roll-off terminals, liquefied gas terminals, etc. Storage facilities include transit sheds (along the wharves or docks), back-up storage located away from the dock, warehouses, stockyards and stacking areas for containers, stockpiles for bulk cargo etc.

4. Port Regulations
With respect to vessels loading and discharging dangerous cargoes, port regulations usually include detailed provisions. ... With respect to vessel management, the port authority may regulate the navigation and place of anchoring or mooring of vessels carrying dangerous goods.


1.2. History and Benefits of the Ports

Maritime transportation has generally been the most convenient and least expensive means of transporting goods, and this is why mankind, since ancient times, has been steadily extending its activities into this area. The history of maritime transportation and port development dates back to the year 3500 B.C. and beyond. Over centuries, transport of goods by means of water transportation has been evolved in steps with the needs of world trade and technical capabilities to build larger ships and ship / cargo handling facilities.

As ship navigators developed more skill and fears of unknown waters gradually disappeared, merchant mariners, in addition to trade between river ports on their own coasts, started sailing the high seas, bringing goods from country to country and from continent to continent. The interchange of goods and later of raw materials between countries and continents reached by maritime traffic as well as the development of powerful navy fleets brought about development of large sea ports; this subsequently gave birth to large cities built around these ports.

Many modern cities have been built and expanded around medieval ports located on the open sea, bays, estuaries, sounds, and rivers. Examples are London, Rotterdam, Hamburg, and many others. However, it was not until the 1880s that a revival of interest in port works reappeared. Port developments and their evolution has started, motivated by both economic and technological pressures that resulted from the global industrial revolution. At this time, the size, diversity, and complexity of ports changed dramatically. To a great extent this have been influenced by the changing nature of ships, for example, the transition from ships made from wood to steel and the introduction and rapid development of steamboats, and by the demand that greater volumes of cargo be handled at ports more rapidly.

The shift to mechanized handling of cargoes in ports began in the early 1900s. This was largely dictated by the growing volume of maritime traffic and changing size of ships. By the 1920s most of the general cargo ships were using onboard booms to move cargo by the sling-load method. The trend toward the growth of ship size coincided with construction of vessels specialized in transporting a certain type of cargo (e.g., general purpose commodities, dry and liquid bulk cargoes, and others). Naturally, new developments in a ship industry inevitably brought about innovations in cargo handling and hauling technologies, the most radical of which was introduction of a quay edge cranes.

Construction of a new port, or expansion or modernization of an existing one, is usually carried out to increase port capacity and its effectiveness. Traditionally, this has been focused on the sea, and, consequently, construction of new berths and modernization and expansion of existing ones was the prime area of interest. However, as urban coastal areas, particularly in developed countries, have substantially expanded over the last five decades, while concurrently international trade has increased and continue to expand, making the world more and more economically interdependent, the port land-side capacity to transfer the cargo from the wharf to the end user has become increasingly critical. In some densely populated areas, the available transportation network (e.g., highway and rail) is limited to moving a certain amount of cargo and cannot be expanded further. Under these conditions there is no logic in increasing the existing port capacity, unless the land-side transportation infrastructure is equally capable of moving the increased volume of cargo through the land-based transportation network.

More than five centuries ago the Phoenicians extensively used wooden sheet piles and piles for construction of their marine facilities. For sheet-piling they used long planks made from Lebanon cedar. Various types of timber sheet-piling techniques (e.g., tongue and groove, laminated, and others) were used. These piles were driven successively edge to edge to form a vertical wall for the purpose of preventing the retained materials from spreading and from being undermined by the action of waves and current. This type of construction was also known to ancient Egyptians and Romans. The Phoenicians also used heavy blocks locked together with copper dowels for construction of the open-sea port at Tyre. This type of construction was also used by the Romans. In the 1800s, both materials still played a major role in port construction.

A great variety of gravity-type walls constructed from rubble masonry or heavy granite or limestone blocks have been built during the 1880s. The first steel "z"-shaped sheet piling known as the Hoesch system was introduced in Belgium in 1913. In comparison with other sections, this type of piling was stiffer and had a higher section modulus at equal weight with other piling systems. Since this time, various combinations of different piling systems and various types of box piles (H-section) have been introduced in North America and Europe. At present, a variety of high-strength sheet pile sections are available from different pile manufacturers. In addition to the above-mentioned piles, relatively low sectional modulus straight web steel sheet piles are often used in marine application for construction of cellular-type bulkheads. These piles were first manufactured and used in the United States in 1908/1909. 

Reinforced concrete sheet piles have been used in harbor construction since the beginning of this century. They are usually considered relatively maintenance-free components of a sheet-pile wall. Although many different design types have been developed and used in the past 50 or so years, the straight web piling bar provided with a tongue and groove, similar to that used on timber piles, is the most commonly used. High-strength steel and prestressed concrete allow the port designers and constructors the flexibility to design for greater depth, longer spans and higher capacity. Galvanization and the use of protective coatings, such as epoxy, which came into use in the 1950s increased the longevity of marine structures. Epoxies are also used by constructors for splicing concrete structural elements in the field.

 Remarkable progress has been achieved in concrete technology. Today's structural concrete is indeed a mixture of admixtures. Products such as superplasticizers, retarders, accelerators, air entrainers, and others allow concrete pours in cold temperature or hot weather. A denser and higher quality product is obtained by use of silica fume in a slurry or powdered form. Silica fume can substantially increase strength and density of concrete and make it virtually impervious to chloride penetration in the harsh marine environment. Furthermore, use of corrosion inhibitors may slow down the potential onset of corrosion in steel reinforcing bars.

Development of huge floating heavy lift equipment revolutionized the construction of gravity-type quay walls and breakwaters. These structures, generally built in water depths of 6-9 m in the late 1800s, are now constructed at depths of 25 m and below.
Finally, it should be pointed out that in the past 30-40 years primitive fenders used for protection of marine structures from ship impact have been replaced by very efficient high-energy-absorbing and low-reaction force rubber fender systems. At the present time, fender units are manufactured from solid and laminated rubber in different shapes and sizes. They are also manufactured in the form of a low-pressure inflated balloon (pneumatic fenders), or as a closed-cell foam filled unit. The pneumatic fender units have been manufactured up to 4.0 m in diameter and 12.0 m long.

1.3. Factors affecting the design and construction of ports

Winds, waves, currents, and ice constitute the major sources of environmental loads, whereas tides and seasonal water level variations affect function and operation of port/harbor related marine structures. Site-specific environmental conditions may greatly affect the structure longevity and durability due to effects of corrosion, fouling, and attack by marine organisms. Fig. (1.6) shows a summary of the environmental effects on a marine structure
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Fig. 1.6 Effects of marine environment on marine structure

In some particular cases (e.g., offshore located terminals), wind, waves, and currents can constitute the major source of loads affecting the marine structure. On the other hand, at sheltered locations, effects produced by the aforementioned environmental sources are of secondary importance, whereas operational loads, such as the impact produced by the berthing ship, mooring loads, and others, will govern the design of the structure.

1. Seawater and Fouling
Generally, seawater is viewed as a solution containing a great number of elements in different proportions. Elements in solution are found in ions, many of which combine and precipitate as salts on evaporation of the water. Concentrations of these elements are typically given in parts per million (ppm) by weight, for example, equivalent to milligrams per liter (mg/L). Seawater contains 11 major elements, of which chlorine (1.9 X 107 mg/L) in the form of chloride ions (C1-) and sodium (1.08 × 107 mg/L) in the form of ions (Na+) are by far the most abundant. The remaining nine elements in ionic forms are, in order of decreasing quantity, sulfur as sulfate (), magnesium (Mg2 + ), calcium (Ca2 + ), potassium (K+), carbon as bicarbonate (), bromide (Br-), strontium (Sr+), boron (H3BO3), and fluoride (F-).

The chlorinity, or chloride ion concentration, is typically used for determination of water salinity (S).

                                                                (1.1)
Where
 is the amount of dissolved solids in a water sample in parts per thousand by weight.
The density of seawater (approximately 1025 kg/m3) is not very different from that of freshwater (1000 kg/m3). Water density typically increases with decreasing temperature and with increasing salinity.

Generally, for most engineering purposes, water is considered an incompressible fluid. The error due to neglecting compressibility in most marine engineering calculations is negligible.

Oxygen is present in the air immediately adjacent to the seawater-air interface and is also present in the water in the form of entrapped air bubbles and dissolved oxygen. The latter plays an essential role in the corrosion of steel in the sea environment, whether the steel is exposed, coated, or encased in concrete.

Carbon dioxide (CO2) and hydrogen sulfide (H2S) that are dissolved in seawater in varying degrees lower the pH of seawater, depending on its temperature. In addition, H2S may cause hydrogen embrittlement of steel.

Marine fouling is also part of the marine environment. This is an accumulation of various marine growths and animal organisms on immersed and partly immersed surfaces of the marine structure. Fouling may have a dramatic effect on the structure performance; it may increase the weight of the structure and, more importantly, increase drag due to increased surface roughness and projected area of the structural members; due to increased roughness, the drag coefficient (CD). Fouling may increase the rate of corrosion of metal parts of the structure due to destruction of protective coatings.

2. Water-level Variations
The range of water fluctuation is a very important factor in the planning and design of marine facilities. The seawater level rises and falls in response to the gravitational attraction of the moon and sun. In inland waterways the water level is basically a function of seasonal water fluctuations. During new and full moons, when the sun, the earth, and the moon are in a particular line, the highest tide ranges occur; these are called spring tides. When the sun and moon are approximately 90° apart, which is at the first and third quarter of the moon, the ranges are lower; these are called neap tides.

Because the lunar month is 1 day shorter than the solar month, the times of the tidal events are constantly changing. Normally, the tidal cycle moves back by about 50 min each day. For example, the time of high tide will be 50 min later tomorrow then it is today. Typically, there are two tidal cycles which have a significantly greater range (higher high tide) than the other (lower low tide).

Because of water variations, a standard reference plane is required for the planning and design of marine structures. Nautical charts usually refer to mean low water (ML W) is the average height of the low waters over a 19-year period. The mean lower low water (MLLW is the average height of the lower low waters over a 19-year period. For shorter periods of observations, corrections are applied to eliminate known variations and to reduce the results to the equivalent of a mean 19-year value. The MLL W is frequently abbreviated to lower low water as MLW.

Usually the low water datum (LWD) is used as an approximation to the plane of mean low water that has been adapted as the standard reference plane. Mean higher high water (MHHW or MHW) is the average height of the higher high waters over a
19-year period and the highest high water is the highest water of the spring tides on record. In determining design water levels, the average lowest and highest spring tide levels averaged over a long time may be cited, designated the MLW and the MHW, respectively.
Additional changes in the level of the sea are caused by storm surges. Storm surges are caused primarily by the effects of the wind blowing for a long period of time in the same direction. They can build up a water level by up to 1-3 m in height. They can also reduce the water level by the same amount. This effect must also be considered in determining the design water level. This level is superimposed on the other tidal levels to determine the required depth of navigating area and elevations of marine structures (e.g., breakwaters, wharves, piers, etc.). The entire range of design water levels in front of the wharf must be considered in determining the seafloor and deck elevations and in calculating the environmental forces and soil pressures acting on the marine structure, and mooring and ship impact loads.

3. Weather Factors
Weather factors that affect ports and harbors operation are rain, snow, fog, spray, and atmospheric icing. Heavy rain, snow, and dense fog are primarily a hazard to port and harbor operations because of their limitations on visibility. At present, however, due to widespread use of radar and other sophisticated instrumentation, these (in most cases) no longer constitute as serious a constraint as in the past. However, rain can move quickly and intensely through a wide area and an appreciable amount of water can be poured on port terminal areas in a very short period of time. If this water is not quickly removed from the terminal surface, it may adversely affect port operation.

Of all the factors affecting the port and harbor operation, the wind is usually considered the most significant; it affects vessel entry into the port and berthing/departing maneuvers. This is particularly true for large vessels sailing high in the ballast condition, container ships, and large ferries, all with large areas exposed to wind. Every location in the world is subject to what is termed the prevailing wind, that is, a wind blowing from one general direction of the compass for a major portion of the year. Prevailing winds are not necessarily the strongest winds. Very often, winds of greater intensity, but that occur less frequently, come from other directions. It should be pointed out that the nautical terminology for wind directions is somewhat contrary to the wind rose; when a mariner speaks of a north wind, it means that the wind is blowing from the north, and when he speaks of an onshore or offshore wind, it means the wind is blowing respectively from the sea toward the land or from the land toward the sea. 

The side of the structure or vessel facing the direction from which the wind comes is called the windward side, and the opposite side is called the leeward side. Generally the term lee is the sheltered side, away from the wind. However, in offshore terminology, a lee shore is not a sheltered shore but the shore toward which the wind is blowing and, hence, a dangerous shore. Seasonal winds which blow in one direction over part of the year and in the opposite direction the remainder of the year are termed monsoons. Heavy wind may also affect water levels in the harbor, raising or lowering the water level substantially in a matter of a few hours. Other wind effects, such as the generation of waves or the movement of sand in dune areas that may shoal the basin or the entrance to the marina, must be considered. 

The basic wind parameters that affect the design of a port and port related structures are wind speed, gust factor, and drag coefficient.  Wind Speed: The wind usually exhibits a marked variation in speed. 

Gust Factor: The term "gust" is usually assumed as a shorter averaging period of wind speed. The term also includes the concept of a "squall," which is usually used for mean wind speeds of approximately 1-5 mins, while "gust" is commonly used for periods of a few seconds. The gust factor (C2) is defined as the ratio of short-period wind speed to the mean wind speed. It depends on temperature gradient and altitude and increases with increased elevation, roughly in accordance with the one-twelfth power of the altitude [e.g., Cz/C10 = (Z/10)1/12, where Cz =gust speed at an elevation of Z (in meters) and C10 = gust speed at an elevation of 10 m]. 

Drag (Shape) Coefficient: The total wind force acting on a structure is associated with its shape and/or orientation in relation to wind direction. Drag coefficients vary with aspect ratio, that is, the ratio of width to length, and Reynolds number NR = VD / v, where V is the wind velocity, D is some characteristic dimension, for example diameter, and v is the kinematic viscosity.

In general, to estimate the wind force on a moored vessel the following approximate values of drag coefficient CD can be considered:
· Vessel hull                                         1.0
· Flat sides of houses and bridge          1.2
· Booms, stacks, and rigging                0.6-1.2

4. Currents
Currents are essentially horizontal movements of water which even when small in magnitude may have a significant impact on port construction and operation. Currents influence vessel movement, may change the wave characteristics, and create eddy patterns around structure, which, in turn, may lead to scour and erosion of soil. There are several different types of currents such as large-scale ocean surface currents caused by major wind systems, deep-running sea bottom currents associated with oceanic circulation, more localized currents caused by tides, waves, and storm related wind stress, currents due to nearby river discharge, underwater discharge from major water retaining structures, and so forth. Major ocean currents are of primary interest to oceanographers and meteorologists, as they represent a massive transport of water and exert a major influence on the earth's climate.

The tidal currents, storm related wind stress currents, and littoral currents are of greater concern to the port designer.
Tidal Currents: These are currents that associate with the vertical rise and fall of the tides. They are usually stratified vertically, so that the lower waters may be flowing in while the upper waters are flowing out.
Wind-Stress Currents: These are the result of a wind blowing over the surface of a body of water. This effect tends to drag the surface layers of water along with the wind due to frictional shear stresses. Naturally, the higher the wind velocities that are sustained for longer periods of time, the more significant are the surface currents set up.
Littoral Currents: Littoral currents, and their associated long shore currents, are usually generated by waves breaking at an angle to the shoreline; they move primarily in the breaker zone, parallel to the shore. Littoral currents and related movements of sedimentary material are of great importance in shoreline protection and construction and operation of shore-based marine facilities. 

5. Waves
The wave is defined by PIANC (1980) as a ridge, deformation, or undulation of the surface of a liquid. Wind waves exist at the air-water interface as the wind begins to blow. A light air movement can cause small ripples on the sea surface, and as wind speed increases, larger gravity waves begin to develop. The exact mechanism of wave growth is still not completely understood; however, it is clear that the wave size depends on the fetch, or the distance over which the wind blows, the wind velocity, and the duration of time for which the wind blows. Thus, for a given steady wind speed, the development of waves may be limited by the fetch, or the duration. 

Water motion in the sea can be initiated by a variety of natural or man-made causes, such as wind in the atmosphere, which, through friction, transmits energy from the wind into wave energy, the gravitational attraction between the earth and moon, the eruption of submarine volcanos, earthquakes, marine landslides, explosions, the passing of a ship, and the discharge of water in large quantities from hydraulic structures such as navigation locks, spillways, and others. The primary cause of waves, however, is the wind. Waves cause direct structural loadings and violent motions of water.

The celerity of waves in deep water is governed almost solely by wavelength, but in shallow water, the bottom friction controls the celerity. The arbitrary definitions for deep and shallow waters are as follows: the former is defined as such for which d > L /2, and the latter is when d < L /2, where d is the depth of the water.

Typically, the deep water unbroken swells are waves of oscillation with a crest length that is usually 3-4 times the wavelength. These crests are not necessarily all oriented parallel to one another. Note that when waves, traveling in deep water, reach a steepness (H/L) between 1/17 and 1/13, they usually break. Here, H is the wave height and L is the wavelength. Michell (1893) and later Havelock (1918) demonstrate that the theoretical limit for maximum wave steepness in deep water can reach approximately 1/7. In deep water, the broken wave will usually reform itself into an oscillatory wave; however, of reduced height. As waves and swells move from deep water into shallow water their length shortens and their height increases; however, their periods remain essentially unchanged. This leads to steepening of the wave until it eventually breaks.

When breaking waves impact against a vessel or structure, they exert very high local pressures that can reach 0.2-0.3 MPa; these pressures, although short in duration, may control some design features of the offshore terminal. Breaking of a wave directly on a marine structure produces impact (shock) pressures which, as mentioned earlier, can be extremely high in magnitude and short in duration. Waves and the associated wave generated currents may cause major sediment transport, eroding beaches, and causing rapid scour around marine structures. This may be aggravated further when the wave induced current is superimposed on the nature current. The scour commonly appears as local soil erosion in front of the structure or around piles and accretion of a moved material at some distance. This must not be overlooked during the design process because the former may eventually lead to failure of a structure.

Within harbors and along relatively narrow inland waterways, waves produced by the wakes of the deep draft vessels, or barges traveling at relatively high speeds, may be very damaging. These waves may induce substantial motion, particularly in smaller moored ships, interfere with operation of small-craft harbors (marinas), and cause erosion of a shoreline.
The vessel-induced waves are classified as bow waves, transverse stern waves, and secondary waves. The mechanics of these waves are the same as that for wind waves. The bow wave propagates at an angle from the sides of the vessel; the shape of the bow affects both the magnitude and propagation of these waves. In a confined waterway, the magnitude of the bow wave is generally of a lesser magnitude than the transverse stern wave. The bow waves may coincide with the stern wave forming incidental peaks with amplified wave heights. The new waves that are formed term as a secondary wave. The transverse stern wave is the resulting wave formed as water, displaced by the vessel, flows around the hull to the stern. In a narrow waterway or near a bank, the transverse stern wave moves in the same direction as the vessel and is generally perpendicular to the bank.

The typical idealized wave of translation can be approximated as a solitary wave, which is a single crest of water above the still-water level, traveling without change of a form at a constant speed, with a net displacement of water in the direction of wave travel. The wave of this type is illustrated in Fig. (1.7).
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Fig. 1.7 Wave definition sketch.




The various wave characteristics are roughly related by the following equations:

                                                                                                                (1.2)
                                                                                                             (1.3)
                                                                                                             (1.4)
Where
The wave height (H) is defined as the vertical distance between the crest and successive trough; the wavelength (L) is the distance between two successive crests; the wave period (T) is the time required for the passage of successive crests; and the wave celerity (or phase velocity) (C) is the velocity of propagation of the wave, which is equal to L/T, g is the gravity acceleration.

Note that in Fig. 1.7 the quantity (d) is the water depth and (η) is the elevation of the water surface at a given point relative to the still-water level (SWL).

In general, marine structures are designed to withstand the highest wave-induced force over their economic life. However, in the design of any structure subjected to nondeterministic and probabilistic environmental loads, such as waves, the ultimate design condition must invariably be weighed against economics that include capital (first) cost, maintenance and repair costs, and the consequence of structural damage with regard to the anticipated type of failure. Obviously, the possibility of a sudden catastrophic failure that may involve loss of human life as a result of a single high-wave action must be of a serious concern. This is why the engineer, when considering the problems involving wave action in the design of ports and marine structures, is always confronted with a dilemma of the selection of the design wave.

In general, a 20-25-year design wave, coupled with an annual extreme water level, is considered by some authorities as appropriate for design of small to medium sized projects. Again, selection of larger waves having a recurrence interval more than 25 years should be related to the economics of construction operation.


2. Design Principles and Considerations

2. 
2.1. Port Capacity

It can be commonly expressed in terms of the amount of cargo throughput, and its efficiency, which is the ability to handle cargo with minimum overall costs, are primarily determined by number and size of its berths, storage, cargo handling and hauling equipment, and the size of ships able to call at the port. Every port is site-specific and its functioning is governed by specific operating conditions and rules that affect port operation. Environmental conditions (e.g., wind, waves, swells, tides, fog, storms, or nighttime restrictions for some classes of ships) also affect port capacity and effectiveness of its operations.  

The modern port complex includes a number of elements to provide for safe and efficient operation. These elements typically are approach channel(s), breakwater(s), inharbor and offshore anchorage(s), turning basin(s), and usually specialized, but sometimes general-purpose terminals. 

2.2. Port Classification

In general terms, ports may be classified according to their location or function. According to their location, ports can generally be classified as sea ports, inland ports or mixed sea/inland ports.

Sea ports are typically located in artificially or naturally protected coastal areas, in natural harbors (bays), tidal estuaries, and river mouths. Usually these ports are accessible by large oceangoing vessels.

Inland ports are located on navigable rivers, canals, and lakes. These ports are typically served by river boats and barges.

Mixed sea and inland ports typically comprise specialized areas to serve seagoing vessels of different sizes and/or river boats and are convenient for transshipment of goods from one port area to another.
According to their principal function, all ports can be either commercial, military or naval bases, fishing ports, small-craft harbors, or ports of refuge.

Military ports or naval bases are those which in most cases are used exclusively to accommodate and serve a fleet of naval vessels. Fishing ports are those which specialize in accommodating different commercial fishing vessels. Small-craft marinas are harbors designed to accommodate local and transient pleasure craft. They provide berthing space and miscellaneous services such as fuel, food, and a fresh water supply to boaters. Ports of refuge by definition are ports which are built with the intention to provide a sheltered area for vessels caught by a sudden heavy storm.

2.3. Port Details and Definitions

Any typical port usually comprises several specialized zones, some of which belong to an offshore portion and some to an inshore part of the port. The offshore part of the port normally includes exterior access channel(s), a basin with an interior access channel naturally or artificially protected from storms, anchorage (s), and maneuvering (turning) and berthing area(s). (Fig. 2.1). 
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Fig. 2.1 Port water (offshore) area: 1- access channel; 2- interior channel (stopping area); 3- maneuvering/ turning area; 4- anchorage area; 5- berthing area; 6-special-purpose area; 7- breakwater.
Maneuvering (turning) basin(s) provide area(s) for a ship to maneuver while approaching its final terminus, either alongside berths or in open mooring areas. The sizing of water area dimensions is related to both capacity and operational requirements. If the protected basin is small enough to accommodate an anchorage area, then offshore moorings can be provided outside of the protected area. 
 
The inshore part of the port normally includes marine cargo terminal(s), which provide docking facilities, cargo handling and hauling equipment, and short-term storage facilities; passenger terminal(s), which provide facilities for passengers to embark and disembark and for handling of baggage and small miscellaneous cargo; ship repair and maintenance facilities such as dry (graving or floating) dock, shiplift, and marine rail or shipway. A railway station is very often an integral portion of the inshore part of the port.

Anchorage: portion of a harbor (or designated area(s) outside of harbor) in which ships are permitted to lie at anchor.

Offshore mooring: a place where a ship can be safely moored while waiting her turn to dock. It may consist of ground-secured cables or special features for attaching the ship mooring lines.

Mooring dolphins: marine structures for mooring ships (Fig. 2.2). They may be used in combination with breasting dolphins, piers, or conventional dock structures. Depending on the type of berth, mooring dolphins may be located along berthing line or behind it, about 45° off the bow and stem, so that the mooring lines will be no less that 60 m nor more than 120 m long. The number of mooring dolphins required is usually dependent on the size of the ship. 

Breasting dolphins: designed to absorb the impact of a ship when docking and to hold her against a broadside wind. They are provided with a fender system to absorb ship impact and to protect the ship from damage. They are also provided with bollards or quick release hooks to handle ship spring lines, which hold the ship against alongside currents  



[image: ]

Fig. 2.2 Breasting dolphins and mooring dolphins


2.4. Ships and their influence on port design	


In general terms all vessels may be defined as follows:

· Merchant
· Passenger
· Naval
· Special purpose
· Service
· Small commercial and pleasure crafts

Merchant vessels are engaged in trade and transportation of miscellaneous cargoes such as general (break-bulk), containers, dry and liquid bulk, heavy lifts, and others. All kinds of general cargo ships, container ships, roll-on / roll-off vessels, different kinds of liquid and dry bulk carriers, vehicle carriers, ferries, and barges fall in the category of merchant vessels. Passenger vessels transport people and also provide onboard services in the form of short- and long-term vacation cruises. Naval vessel includes a wide variety of warships which varies from small patrol vessels to the mammoth aircraft carriers. Special-purpose vessels are those intended for use in specific tasks (e.g., dredgers, exploration ships, pipe- or cable laying vessels, research vessels, fishing vessels, refrigerators, and many others. Service vessels include tugboats, fireboats, pilot, and line-holding boats. Small commercial and pleasure crafts include small fishing boats, local tour boats, yachts, and small motor boats.

Ship parameters as they relate to design of port marine structures include length, beam, and depth of hull and draft. These parameters are affected by ship type (e.g., general cargo ship, bulk-carrier, oil tanker, containership, passenger ship, navy vessel, etc.), and ship capacity or tonnage.

For practical design purposes the vessel's dimensions are defined as follows:

Length: The overall ship length is the length between the forward and aft vertical structures. For a ship with a bulbous bow this will be the overall length between the forward perpendicular at the bulb and aft. The length between perpendiculars is the length between the forward and aft vertical structures of the ship's hull at the waterline (loaded line) when the ship is fully loaded. Beam: This is the maximum width of the ship hull usually occurring at the ship's midsection. Depth of hull: This is the depth usually measured at mid ship from the bottom of the keel to the top of the main deck. Draft: This is the distance from the ship's waterline to the lowest point of the bottom of her keel (Fig. 2.3).
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Fig. 2.3 Ship dimensions
The following ship characteristics are typically used for the design of miscellaneous port facilities:

Deadweight tonnage (DWT) is the carrying capacity of the ship which includes the total weight of cargo, fuels, stores, fresh water, and so on. The DWT traditionally was given in long tons (1 long ton= 1016 kg), but now it is usually given in metric tonnes. It represents the difference between light displacement and displacement when the ship is loaded to the load line (the definition for the load line is given in the "displacement tonnage" paragraph). The DWT varies with latitude and season as well as with change in buoyancy due to change in water salinity (density) in which the ship operates.

Gross tonnage (Gr) is the entire intimal cubic capacity of a ship. It was typically expressed in units of 100 ft3 (2.83 m3). Now it is often given in cubic meters. The Gr less space provided for the crew, engine room, machinery, and fuel represents ship's net tonnage (NT). 

Displacement tonnage is the actual weight or mass of the ship, or weight of water she displaces while loaded or in "light" condition

The United Nation's UNCTAD (1978) recommends, as a rule of thumb, the following approximate relationship for the determination of full loaded draft (D) of cargo ships and bulk carriers at zero speed in mean summer saltwater carriers in meters:

                                                                                                    (2.1)


2.5. Access (navigation) channel

The access channel is a buoyed unobstructed waterway of suitable depth, width and alignment of which the function is to provide for the safe and convenient navigation in an out of the port harbor. In most cases, but not always, channels are constructed for two-way traffic and their design is dominated by the largest and the deepest-draft vessel expected to use the channel.

In channel design the following factors are to be considered and dealt with accordingly:
1. Design ship characteristics such as size and maneuverability. In order to ensure that the channel design not be rendered obsolete shortly after construction, the design ship's draft, beam, and length must consider the general trends in ship development.
2. Environmental conditions, such as credible wind data, visibility, tidal information, currents, salinity, and littoral processes should be considered.
3. Navigational, operational, and maintenance aspects. This includes the effects of human factors, such as pilot performance during nighttime operations, and the skill and knowledge required to take into account a combination of many environmental factors.

For safe navigation the access channel should have convenient layout and sufficient depth and width, providing an adequate distance between passing ships using the channel in both directions and to providing a sufficient ship to bank clearance.

The design of the channel cross section, with respect to ship grounding risks, requires an account of the design ship maneuvering lane, the width of which depends on the ship's course-keeping characteristics, and the pilot's experience and capability to keep the ship as close as possible to the centerline of the maneuvering lane track.

Environmental parameters have a direct effect on channel geometry; for example, current- and wind-induced drift of a ship directly influence channel width, just as tide and waves influence channel depth. Variations over space and time in environmental parameters have important effects on a ship moving in a channel. For example, current direction and intensity may change radically in different part so the channel due to tide and wind conditions. Furthermore, the presence of large ship(s) in a narrow or shallow channel can also modify the water flow and thus the currents.


The lack of thorough knowledge of prevailing environmental conditions can result in uncertainties in ship maneuverability during passage through the channel. In some instances, the consequences of the various uncertainties in environmental parameters may have a cumulative effect. For example, the decrease of salinity or siltation will result in a reduction in under keel clearance, which, in turn, may result in increasing squat of the ship. The additional draft in freshwater (density 1000 kg/m3) is usually taken as 2-3% of the saltwater draft (density about 1025 kg/m3). Therefore, the same ship drawing 15.0 m in salt water would draw about 0.30-0.45 m more in freshwater.

When choosing a channel layout from several alternatives, the one which offers the more economical solution and allows the easiest navigation under most stable and clearly defined conditions should be selected. This, typically, is a compromise between navigation and hydraulic aspects with regard to tide, waves, currents, wind, ice, siltation, visibility, and geotechnical condition of the seafloor.

Channels with straight alignments coinciding with the deepest troughs are to be preferred. The ideal channel will be the shortest possible, to best allow for safety of navigation. However, where curves are unavoidable, their number should be minimized, and they should not be sharp, to permit safe radial steering.

PIANC (1995) suggests that the increase in channel width at bends (ΔW) should not be less than  where, Ls is length of the design ship and R is bend radius.

The criteria for designing a channel curve radius depend on the angle of deflection, speed of ship, channel characteristics, aids to navigation, as well as the demands placed on the pilot (Fig. 2.4).

1. Based on angle of deflection





2. Based on ship length ()




On the basis of the ship traveling speed (), Smirnov et al. (1979), recommend the following criteria for bend radius:
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Fig. 2.4 Channel curve.  = deflection angle; ΔB = widening on inside of bend; R = curve radius; B = width of channel;  = length of largest ship.

The channel layout depends on its operational characteristics such as volume of traffic, speed of ships negotiating the channel, and associated environmental conditions. Operational conditions usually determine the number of ship maneuvering lanes. A one-way channel is used when the theoretical channel occupancy (t) equal to t = Lc/Vmax, is less than the average passing time interval required, where Lc is the length of the channel and Vmax is the maximum speed of a ship passing the channel. The latter is expressed as 24/Qt> where Qt is the average 24-h volume of traffic. In the case where Lc/Vmax > 24/Qt > a two-way channel has to be considered. 


The channel cross section may be fully or semirestricted (Fig. 2.5)

[image: ]
Fig. (2.5) Typical cross section of a navigation channel. (a) Semirestricted channel; (b) fully restricted channel.

The channel cross section normally is governed by the size of the largest ship (e.g., maximum design draft and length) designed to use the channel. As a rule of thumb, the channel minimum cross sectional area should be equal to about four to five times the submerged cross-sectional area of the largest ship or ships passing in the channel at the same time; when exposed to cross-current, waves, and wind locations, the factor may be more than 5.

The channel is the minimum depth of water in the channel which should satisfy the following safety criteria with respect to ship under keel clearance. PIANC (1985a) recommends that the minimum design depth of a channel should be determined considering water-level factors (T), ship related factors (S) and bottom related factors (B) (Fig. 2.6). These are defined below.






[image: ]
Fig. (2.6) Factor determining the required under keel clearance.

D.T.L.-design tidal level; W.R.L.- water reference level; N.C.B.L-nominal channel bed level; C.D.L.- channel dredge level. T1 = tidal change during ship transit and maneuvering; T2 = allowance for unfavorable meteorological conditions and lack of precise water-level data; D = ship static draft; Ʃ Z i = gross under keel clearance; Z1 = allowance for static draft uncertainties, Z2 = change in water density, Z3 = squat, Z4 = wave response allowance, Z5 = net under keel clearance; Z6 = allowance for bed-level uncertainties; Z7 = allowance for bottom change between regular channel maintenance dredging; Z8 = dredging execution tolerance.

Loaded draft is the ship immersion as measured when she is stopped in calm water (usually in the port waiting area). It depends on water density (salinity) and is typically measured fore, aft, and mid-ship to determine the maximum draft, stationary trim, and the amount of hogging and sagging.

Squat is defined by PIANC (1985a) as the supplementary sinkage of a ship, relative to the calm water level, which is caused by ship movement at a given speed.


Hooft (1974) proposed the following equation, based on two-dimensional flow theory, to estimate the bow squat of a ship of conventional shape which sails in a water of constant depth:

                                                                                                 (2.2)

Where
 is the dimensional empirical coefficient
 is the volume of displacement (m3), 
 is the length of the ship between perpendiculars (m)
 is the block coefficient
 is the beam
 is the static loaded draft (m)
 is the Froude number 
 is the ship speed (m/s),  is the acceleration due to gravity (m/s2), and  is the depth of water (m).

Note that F is a non-dimensional parameter related to ship behavior in shallow water. At F = 1 a ship is moving at "critical" speed of the wave of translation for the depth of water, and will make extremely large transverse waves and will experience a massive increase in resistance. Few commercial displacement ships have sufficient power to attain such speeds in shallow water, and operate in the subcritical regime. 

 Ribadeau-Dumas (1982) and the French Lighthouses and Navigation Authority reviewed the state of the art at the time and adopted formula (2.3). It has been generally concluded that this formula gives an adequate safety margin and is simple to use: 

                                                                                              (2.3)

Where
  is the block coefficient, 
Representative typical value of block coefficients for selected vessel types is given in Table 2.1. 
is the channel blockage factor, ,  is the mid-ship section submerged area  BD (m2 ) and  is the channel cross section (m2).
The ratio S /(1 - S) actually represents the channel confinement factors. However it does not take into account the possibility of bank effects.

Table 2.1 Block coefficients for selected vessel types
[image: ]
Model tests by the U.K. Department of Transport (1982) showed that a vertical bank in a channel of depth H, at a distance of one-half beam from ship side, may produce an additional sinkage of about 47% for H/D = 1.1 and about 25% for H/D = 1.2, when the ship speed corresponds to F = 0.3. An increase of bank clearance to one beam may decrease the sinkage for H/D = 1/1 and H/D = 1.2 to 24% and 16%, respectively. The influence of the bank does not exist when bank clearance is increased to three beams.

Additional sinkage may occur when a ship travels too close to another ship. Experiments conducted by Finland Ships Hydrodynamic Laboratory reported by Haatainen (1978) indicated that a rapid change in the depth modifies the water flow. For example, a ship traveling at 6-8 knots (3-4 m/s) can suffer an additional 10-20% sinkage if the channel depth to ship draft ratio decreases from H/D = 1.7 to H/D = 1.1, or from H/D = 1.8 to H/D = 1.24.
  
The greatest motion of the ship in waves appears when the frequency of the wave encounter coincides with the natural frequency of the ship. Natural periods for heave, pitch, and roll motions of large ships are generally over 8 s. In this regard, PIANC (1980, 1985a) stated that for large ships only long-period waves (greater than 9 s) need to be addressed when considering an increase in draft due to wave response (Z4 ): Shorter waves essentially have no significant effects. As reported by Campbell and Zwamborn (1984), the maximum sinkage of a large vessel sailing in very long waves may reach 0.5HS -2HS , where HS is the significant wave.

Quinn (1972) and Tsinker (1986) suggested that half of the design wave height should be considered as the amplitude of ship's pitch (Fig. 2.7), and Smirnov et al. (1979) recommended an empirical value of Z4 = 0.3Hd = Z5 , where Hd is the height of design wave and Z5 is the net under keel clearance. In the case of a negative values of Z4 , it must be taken as equal to zero.
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Fig. (2.7) Ship motion is divided into six components in the six degrees of freedom. 

It must be emphasized that in channel design the effect of ship pitch and roll occurring under the influence of waves must be given appropriate attention. For example, a 1° pitch angle or 5° roll angle for a ship having a length of 300 m and beam of 46 m would increase the draft by about 2.7 and 2.0 m, respectively.

Net under keel clearance is usually taken as equal to 0.5-1.0 m (Tsinker, 1986); the lesser values being for sand bottom and slow ship speeds and the higher values for hard (rocky) bottoms and fast speeds.

The accuracy of sounding (Z6) is typically equal to 0.15-0.2 m. If frequent maintenance dredging is required due to silt accumulation or littoral drift, the dredging depth must be deeper than the planned bottom by the amount determined by local experience. It may vary from 0.5 to 2.0 m, depending on local conditions. It must be noted that the minimum depth of dredging is usually determined by the effective use of available dredging equipment. An excess depth 0.25-0.3 m below the channel design level is generally justified without special calculations.

The width of a channel is determined from the maximum beam and maneuvering characteristics of the design ship, the volume and nature of traffic (e.g., regular or involving dangerous cargos, one- or two-way) channel cross-section geometry (e.g., fully restricted or semirestricted), current and wave action, and winds that will cause the vessel to yaw.

The width of the maneuvering lane (Bm) (Fig. 2.8) may be determined by Eq. (2.4):
                                                                               (2.4)

Where
 is the length of the largest ship
 is the beam of the largest ship
 is the maximum drift angle due to current and wind; usually  = 5°-10° (Thoresen, 1988) but generally does not exceed a value of 25° (Smirnov et al., 1979)
 is the allowance for yaw due to wind effects;  = t(sin )Vmax, where t is the yawing time,  is the angle of yawing, and Vmax is the maximum speed of the ship traveling. 

For good, moderate, and poor ship maneuver abilities PIANC (1995) recommends values of Bm equal, respectively, to 1.3, 1.5, and 1.8 times Bmax. This document also recommends increase in channel width from 0.1 to 3.0 times Bmax depending on various values of vessel speed, prevailing wind and currents, significant wave height and length, aids to navigation, channel depth, and level of cargo hazard.
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 Fig. 2.8 Plan for passing ships in two-way navigation channel.

The bank clearance (Bbc) is provided to reduce the bank suction effect which may occur due to asymmetrical flow of water around the ship. Bank suction is caused by the contraction of water between the bank and the bow of a ship, causing a current in this constricted area. When the ship runs too close to the bank, the propeller draws water from between the ship and the bank, producing lateral asymmetric hydrodynamic forces which cause the stern to drift into the bank and direct the bow away from the bank. This attraction, called "bank suction," increases rapidly from forward to aft.

An empirical value of bank clearance Bbc = (1 to 2) Bmax is generally used in channel design. Smaller values of Bbc are used for banks with gentle slopes, and larger values used for steeper slopes.



It is recommended that bank clearance also be supplemented by a ΔBbc value, which is an allowance for possible long-term dynamic instability of the channel slope (Fig. 2.9):
                                                                                            (2.5)

Where
 is the slope immediately after dredging
 is the flattened slope 
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Fig. 2.9 Change in channel bank slope due to long-term stability (A1  A2). 1-Dredged (short-term) slope; 2-final slope.

The initial underwater slope (m0 ) of dredged channels may be used as indicated in Table 2.2. The flattened slope (m) is generally dependent on the degree of exposure to wave and current effects as well as on expected frequency of maintenance dredging.
Table 2.2 Underwater slope in access channels
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For better control of a ship passing another ship in a two-way channel, adequate clearance between maneuvering lanes is required. Passing problems are particularly pronounced in restricted channels, where two-way traffic is faced with decreased controllability during meeting situations, combined with bank suction. When two ships meet in a channel, asymmetric pressure is developed on both sides of both ships with a tendency of diverting these ships from the path they followed before meeting. Kray (1970, 1973) described this situation as follows (Fig. 2.10).
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Fig. 2.10 Interaction of two ships in two-way navigation channel. P-port; S-starboard.

1. When the bows of two ships come abreast of one another in a two-way channel, they tend to spread apart because of pressure buildup between them. During this phase, bank suction plays a positive role by opposing this tendency.
2. When the bow of one ship is near the stern of the other, lower water at the stern draws the bow toward the stern of this ship. During this phase, bank suction will reinforce the yaw of the bows toward low water to the port of each ship.
3. When the sterns of both ships approach each other, they yaw to port. During this phase, the bank suction will decrease this dangerous tendency. However, if the ships are close enough, then their sterns will have a tendency to collide in the depressed water, created by the passage of these ships.

To provide for safe navigation, maneuvering lanes in a two-way channel must be separated by a clearance lane. PIANC (1980) recommends that in a two-way channel the passing of large ships is not dangerous if the distance apart is at least twice the beam of the larger ship, but the limited accuracy of the passing maneuver has to be taken into account. In the case of a fast sailing ship (Vmax = 12 knots) in outer channel Bc= 2Bmax. When speed is moderate (Vmax = 8-12 knots) Bc = 1.6 Bmax and for a slow sailing ships (Vmax = 5-8 knots) Bc = 1.2 Bmax ·

The design width of a navigation channel is expressed by the following equations (Figs. 2.8 and 2.11):

One-way channel:

                                                                                        (2.7)

Two-way channel:

                                                                             (2.8)
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Figure 2.11 Typical cross section of navigation channel. (a) One-way channel; (b) two-way channel.


2.6. Port (harbor) entrance

An access channel would normally lead to a port (harbor) entrance. In most cases, one entrance into a commercial harbor is sufficient for adequate functioning of a port. However, in some cases, particularly at coastal ports stretched along the coast line, two and sometimes three entrances are used.

Smirnov et al. (1979) recommend the following equation be used to determine the entrance width (BE):

                                                         (2.9)

Where
  is the normal component of speed drifting out of course under the action of current and wind (m/s)
  is the minimum speed of ship travel when she enters the port protected area (m/s)  
  is the time of ship yawing (s) (usually t is taken as equal to 60 s)
 is the yawing angle  = 3° to 10° depending on wind/ current effect on the ship
 is the width allowance to prevent the ship from colliding with breakwater(s) or channel slopes (m). It can be taken from Bmax to 2Bmax.

The drifting speed of the ship, which occurs due to wind and current action (), is given by:

                                                                                                        (2.10)

Where
 is the normal component of cross-current acting on the ship (m/s)
 is the speed of the ship's drift under the normal component of the strongest wind acting on the windward side (Fig. 2.12) (m/s)
Wind












Fig. 2.12 Sailing terminology

To limit wave penetration into the harbor area, the entrance must be as narrow as practical. However, it must be wide enough to prevent development of strong currents in the entrance area associated with the tidal regime in the area. According to Cornick (1958), Grothaus and Ripley (1958), and Quinn (1972) to prevent possible scour at the base of adjacent breakwaters and to allow safe navigation, the tidal velocity at the entrance to tidal harbors should not exceed 2.5-3.5 knots (1.25-1. 75 m/s). If the current velocity exceeds these values, then the entrance geometry should be adjusted. Only under special circumstances should the current exceed 3.5 knots, in which case the ships calling at port must be assisted by tugs. 

The following procedure is recommended in NAVFAC DM-26.1 (1981) to determine tidal currents in entrance channels:

1. If the entrance is not constrictive (Fig. 2.13), the following conditions (a through d) are fulfilled:
a. The basin is relatively short and deep and must conform to condition described by Eq. (2.11):

                                                                                         (2.11)

Where
  is the basin length (m)
 is the average basin depth (m)
  is the period of tide (s)

b. The basin water area is relatively constant. 
c. Freshwater inflow in minimal. 
d. The ocean tide is approximately sinusoidal.

Then a good approximation for the current velocity (Vc) can be determined by Eq. (2.12)

                                                                                                              (2.12)

Where
  is the average cross-section velocity at maximum tidal flow (m/s)
  is the surface area of basin (m2)
  is the cross-sectional area of entrance at mean tide level (m2)      
 is the one-half the range of the ocean tide (m)
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Fig. 2.13 Basin with nonconstricted entrance. [From Sorenson (1977).]

If the entrance is constrictive (Fig. 2.14), thereby reducing the tidal range in the basin, Eq. (2.12) will overestimate the tidal currents. Provided that the four conditions in (1) are satisfied, the maximum current in the constrictive entrance can be determined from Eq. (2.13):

                                                                                                            (2.13)

Where e is the dimensionless factor which depends on coefficients K1 and K2 . (Figure 2.15)
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Fig. 2.14 Basin with constricted entrance. [From Sorenson (1977).]

                                                                                                              (2.14)
                                                                                                    (2.15)

Where
 is the entrance channel length (m)
 
 is the entrance-loss coefficient (approximately 0.1) and  is the exit-loss coefficient (approximately 1.0)
 is the Darcy-Weisback friction factor (approximately 0.03)
 is the hydraulic radius of inlet channel (m)
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Fig. 2.15 Dimensionless maximum velocity (e) versus K1 and K2  [From Sorenson (1977).]

Because the entrance is constrictive, the amplitude of the bay tide will differ from the amplitude of the tide range in the ocean. The bay tide amplitude may be determined from
                                                                                                                      (2.16)

Where
  is the one-half the range of the bay tide (m)
  is a dimensionless factor which depends on the coefficients K1 and K2 . (Fig. 2.16)

For irregular entrance channels, an effective channel length can be used in place of:
                                                                                        (2.17)

Where
 is the average hydraulic radius of channel (m)
 is the average cross-sectional area of the channel at mean tide level (m2)
 is the hydraulic radius at each of n sections of equal length  (m)
 is the cross-sectional area of the channel at each  of n sections of length  (m2)
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Fig. 2.16 Ratio of bay to sea tidal amplitude versus K1 and K2 [From Sorenson (1977).]

To avoid danger of having a ship grounded under the effects of heavy wind, waves, and current, the entrance channel shall not be placed parallel to the shoreline. The angle between the channel axis and shoreline  (Fig. 2.16b) shall not exceed about 30°. On the other hand" from the standpoint of navigational safety, it is desirable to keep the angle (Fig. 2.16a) as small as practical. This helps to prevent ship collisions with breakwaters under heavy wind and wave action. In practice, for safe navigation and better protection of the basin from wave angle,  is usually taken as equal to 30°-35°. If shore-connected breakwaters cannot provide sufficient protection, then an offshore breakwater shall be placed to mitigate the wave situation (Fig. 2.16b). An offshore breakwater can also improve ship entrance into the basin. 
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Fig. 2.16. Port entrance orientation: (a) entrance formed by two shore-connected breakwaters; (b) entrance formed by two shore-connected breakwaters and offshore breakwaters. 1-shore-connected breakwater; 2-offshore breakwater: 3-access channel; 4-ship; 5-direction of major storms; 6-line parallel to the shoreline.

Typical entrance cross-sectional geometries are shown in Fig. 2.17. In the case of an entrance shaped as is shown in Figures 2.17c and 2-17d, the entrance width should be marked by navigation buoys.
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Fig. 2.17 Port entrance: (a) and (b) entrance formed by vertical wall breakwaters; (c) dredged entrance protected by vertical wall breakwaters; (d) entrance formed by sloped (rubble-mound) breakwaters.


2.7. Port Water Area (Harbor)

A port water area or harbor by definition is a sheltered water area, bounded by natural features, man-made structures, or a combination of both, where ships may seek refuge, transfer cargo, obtain services, or undergo repair or maintenance. An appraisal of these constraints will normally allow the port designer to arrive at a number of alternative designs. Once this process is completed, the preferred solution, or a number of options, can be selected for further scrutiny. The selected alternative may be further optimized by using physical or mathematical modeling of the port or port basin. Models, both mathematical and physical, are used to examine the degree of shelter provided by the harbor. This is done by determining the wave disturbance inside the harbor resulting from storm conditions outside the basin. To be effective, these models must realistically represent the local environmental conditions, bathymetry, and layout geometry.

2.7.1. Basin Sizes

Basin sizes, such as length, width, and depth must be sufficient to provide for safe and convenient ship entrance into the basin and approach to the terminal, being either self-propelled or assisted by tugs. A typical port water (offshore) area includes the ship stopping area, maneuvering area, turning basin, anchorage area, berthing area, and sometimes a special purpose area (Fig. 2.1)

From the viewpoint of a safe ship entrance, the length of the basin adjacent to the entrance and immediately inside the basin should be sufficient to allow a ship entering at a reasonable speed to stop safely. In general, the stopping distance of a ship depends on such factors as ship mass (displacement), traveling speed, installed engine power, and local environmental conditions. A preliminary ship stopping length (Lst) may be determined by Eq. (2.18) (Dzhunkovski et al., 1964):

                                                                                                           (2.18)

Where
  is the speed of ship (knots)
 is the displacement (tones)
 is the installed power (hp)

It is usually taken as equal to 3.5 to 8 times the length of the longest ship expected to enter the port, subject to ship mass and speed of entree.

The maneuvering area usually includes the necessary area to allow a ship to reduce speed and the necessary swinging area. In general, the maneuvering area is located in a protected water area. Under such conditions the ship's motion due to swell arid squat can be neglected. The length of the water area required to bring a ship to a full stop includes a speed decreasing length, in which the speed of a ship decreases to less than 4 knots (2.0 m/s), and a stopping distance, where the speed reduces to zero.

The width of the necessary water area beyond the port entrance, where the ship enters a calm water area and is no longer affected by possible cross-current and waves, is less than required width in the approach channel.

The water area needed for the movement of a ship during the turning maneuver is defined as a turning basin. A turning basin may be of various shapes, depending on the size of the port-protected water area, the size and maneuverability of the ship, and the layout of berthing facilities. It is usually considered that during the turning operation the current in the turning area is less than 0.1 m/s and that if the turning ship is in a light condition, then the wind speed should be less than 10 m/s. If these conditions are not met for any reason, the ship needs to be assisted by tugs adequate in number and power. If the available water area permits the largest design ship to turn a complete circle without the aid of tugs or side thrusters, then the minimum diameter of this circle should be a factor of 3.5 to 4 times the length of the ship, depending on ship maneuvering characteristics.

If the available water area permits the largest design ship to turn a complete circle without the aid of tugs or side thrusters, then the minimum diameter of this circle should be a factor of 3.5 to 4 times the length of the ship, depending on ship maneuvering characteristics (Fig. 2.18). In confined areas where the ship cannot complete the circle and requires assistance of tugs, the minimum maneuvering radius should be R = 2.5 Ls to 3.5 Ls (Fig. 2.19). It should be noted that usually large ships approach the berthing structure with tug assistance only. Before the berth approaching maneuver, she stops parallel to the dock structure about 50-100 m away, then slowly approaches a dock structure while being controlled by tugs.
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Fig.2.18 Turning basin in unrestricted port water area: Lst -ship stopping distance; 1-turning water area; 2-maneuvering lane; 3- breakwater; 4-ship.

[image: ]
Fig.2.19 Ship maneuvers in confined port water area: R = 2.5 Ls, to 3.5 Ls; 1- ship;
2- tugboat; 3-pier; 4-breakwater.
A large natural harbor may offer sufficient water area for anchorages, where ships can be safely anchored while waiting their turn for berthing in favorable weather conditions, or for any other reasons. If economically feasible, an artificial harbor should provide space for an anchorage for small or relatively small ships, whereas the large ships can be anchored out in the open sea, keeping out of the path of the main port traffic. The water depth at the anchorages should be no less than required for regular traffic in the area, but preferably should not exceed 50-60 m because of the limited length of the anchor chain on a ship. Hard bottom conditions should be avoided because the anchor would not be able to penetrate the hard soil and could be dragged along the bottom.

2.8. Location, Orientation, Size, and Shape of the Port

Selecting the best location for a port is a· process which includes collecting and processing all relevant data (e.g., topographic and hydrographic conditions, and environmental data and information) for orientation and design of such port elements as breakwaters, different kind of basins, and water- and land-based facilities. Usually, the above process involves investigating alternative port locations and layouts in conjunction with designing the most economical port related structures. The latter involve selection of the site with minimum required dredging and with the most favorable bottom geotechnical conditions.

The location selection should be based on the following major factors:
1. Sufficient water area for safe ship operations
2. Required water depth
3. Geotechnical conditions
4. Protection from open-sea exposure
5. Prevailing wave, wind, current, and ice conditions
6. Sufficiency of land suitable for development of the terminal facilities.

In general, the number, type, and size of ships calling at port as well as the mode of handling these ships will determine the size and orientation of the port marine facilities. These factors also dictate the sizes and orientation of the local port basins. Typically, port waterfront structures are oriented to minimize mooring forces, and this is usually accomplished by aligning the berth, located in the harbor area, protected from waves, parallel to the prevailing wind direction. The small restricted harbor depicted in Fig. 2.20 typically requires dredging of the access channel and basin and the construction of entrance-protecting jetties, warping dolphins, and berthing facilities.

[image: ]
Fig. 2.20 Typical layout for a small restricted dredged harbor: 1- ship; 2- pier; 3- warping dolphin; 4-breakwater; 5- port entrance; 6-coastalline.

A typical layout of a harbor with lesser restrictions is shown in Fig. 2.21. Here, the harbor is protected by breakwaters and can accommodate three ships at a time. It also has an anchorage area capable of accommodating three more ships awaiting their turn to dock. The ships can be assisted by harbor tugs, if required. The harbor has two openings: one for entering and another for leaving.

[image: ]
Fig. 2.21 Typical layout of a partly restricted coastal medium-size artificial harbor: 1- berthing area; 2- anchorage area; 3- small-craft basin; 4- waterfront structure; 5- mooring dolphin; 6-breakwater; 7-coastalline.


2.9. Quay Basin

Generally, port quays may be placed in an unlimited number of ways. However, in conventional ports, two principle systems are traditionally used: the parallel quay system and the pier system. A combination of these two (e.g., L-shaped or T-shaped piers) is also used (Fig. 2.22). The length of the basin in a parallel quay system is equal to the length of the quay itself; its width is usually taken as being equal to the length of the largest ship.
[image: ]
Fig. 2.22 Typical layout of narrow pier: (a) L-shaped pier; (b) T-head pier; (c) finger pier. 1-Pier structure: 2-access trestle.
The basin width can be reduced if the largest ship calling at port approaches the berth assisted by tugs, whereas, in general, the length of the basin in a pier system may be as long as required, provided that the basin width is sufficient to allow safe and convenient passage of the largest ship calling at port (with or without tug assistance) alongside other ship(s) sitting at the dock(s). With respect to basin width, the following criteria are recommended for basins with two, three, and four berths (Fig. 2.23): 

Two-berth basin W = 2 Bmax + 30 m
Three-berth basin W = 2 Bmax + 40 m
Four-berth basin W = 2 Bmax + 50 m

Where 
Bmax is the beam of the largest ship (m).

[image: ]
Fig. 2.23 Width of port basin between piers.


2.10. Berth Requirements

Waterfront or berthing facility requirements are based on a berth throughput capacity which is estimated either on the basis of existing experience or by using modern theories and computer-based models. In general, a typical general cargo berth may have an annual throughput of 100,000- 150,000 tones, whereas a container berth may handle 50,000-100,000 containers per year. To handle this volume of cargo, high capacity loading/unloading equipment for both on land and onboard as well as efficient cargo handling machinery is required. In contemporary ports, each general cargo or container berth is typically equipped with three to four cranes. Naturally, the number of berths required depends on port throughput. The size and type of each individual berth depends on the kind of commodity to be loaded/ unloaded and type of ships (existing or expected to be built in the future) to be served at the berth.

As a preliminary calculation, the number of berths required to handle a design volume of cargo can be determined by Eq. (2-18) (Tsinker, 1986):

                                                                                                         (2.19)

Where
 is the port throughput in the busiest month. A more reliable number of berths is obtained by this quantity, as it takes into account the seasonal nature of transportation of certain commodities.
 is the factor of monthly occupancy of the berth.  may be determined on the basis of existing traffic and by forecasting port cargo turnover. Usually the value of  varies between 0.45 and 0.75.
 is the factor of monthly irregularity in dock usage, considering possible meteorological disruption in port operations. Typically, the value of  varies between 0.75 and 0.95.
 is the average capacity of one berth per day. This can be determined by

                                                                                                               (2.20)

Where
 is the ship cargo-carrying capacity
 is the standard time of vessel loading or unloading (h);  = G/r, where r is the standard rate for loading or unloading operation (t/h).
 is the time required for auxiliary operations (h)


2.11. Breakwaters

By definition the breakwater is a structure protecting a shore area, harbor, anchorage, or basin from waves. The land-connected breakwater is usually termed a mole. Both, the offshore and the land-connected breakwaters sometimes are used as docks. According to their siting in relation to the harbor, breakwaters can be defined as external and internal (Fig. 2.24). The main objective of external or offshore breakwaters is to provide protection to the harbor from the effects of waves or to serve as a littoral barrier. Internal breakwaters are used to protect some specific harbor areas from the in-harbor waves generated by wind or passing ships.

[image: ]
Fig. 2.24 Conceptual layout of protected harbor: (a) naturally protected harbor; (b) harbor protected by offshore breakwater; (c) harbor protected by two shore-connected breakwaters; (d) harbor protected by shore-connected and offshore breakwaters. 1-Coastalline; 2-harbor; 3-existing island; 4-shore-connected breakwaters; 5-offshore breakwater.


The exposed side of a breakwater is typically designed as sloped, vertical, or combined configuration (Fig. 2.25) and the rear side can be of any stable configuration. Structurally, breakwaters can be built as rubble mounds, composed of floated in caissons, sheet-pile cells, or heavy concrete blocks, piled, floating, pneumatic, hydraulic, or composite structures (Fig. 2. 26).

[image: ]
Fig. 2.25 Breakwater. Typical configurations: (a) sloped; (b) vertical; (c) composite. 

To minimize the quantity of rock material and to limit overtopping, rubble-mound breakwaters are often built with a gravity type concrete superstructure which can be constructed in the form of a cast-in-situ massive concrete wall, composed from floated-in-caissons, or prefabricated heavy concrete blocks. The slope of a rubble-mound breakwater exposed to waves is usually protected by heavy concrete blocks of different configurations or by heavy rocks. There are many artificial units competing in the market, there are five main types of concrete units being used worldwide, namely, tetrapods, acropodes, quadripods, tribars, and dolos (Fig. 2.27). It was been reported that in many practical cases, acropode units provide an economical solution for the armor of rubble-mound breakwaters
In some instances, piled breakwaters were constructed to protect mostly small harbors from the effects of smaller waves. Floating breakwaters are typically built in different configurations, using anchored-in-place concrete or steel pontoons or as a flexible floating cover over a certain area of water. Pneumatic (bubble) breakwaters have been known since the beginning of the century. These breakwaters are constructed from perforated pipes placed at a certain depth below the water surface and inflated with a compressed air-supply system. Air delivered to the perforated pipe, rushes to the surface of the water, where it creates zones of circulating water, which, in turn, produces a surface-induced current directed against the waves. Interference of the induced current with the incoming natural waves results in the dissipation of wave energy.
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Fig.2.26 Types of breakwaters: (a) rubble-mound; (b) gravity; (c) piled; (d) floating; (e) pneumatic; (0 hydraulic. 1- rock fill; 2-very heavy rocks or concrete blocks; 3- heavy rocks; 4-concrete superstructure; 5- large concrete blocks; 6-concrete caisson; 7 - granular fill; 8- steel sheet pile; 9 - large-diameter concrete or steel tubular piles filled with granular material or concrete; 10- concrete or steel sheet piles; 11- concrete or sheet piles; 12- rock fill; 13-concrete or steel pontoon; 14- mooring cable; 15-anchor; 16- interconnected used tires or composition of other floating materials; 17 and 18- compressed air supply and distribution lines; 19- water supply system; 20-water jet.
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Fig. 2.27 The most commonly used armor units

Hydraulic breakwaters are based on water jets producing water current directed against incoming natural waves, located as close to the surface of water as practical. Experiments with hydraulic breakwaters show some promising results. It should be noted that experimental and practical installations of pneumatic and hydraulic breakwaters known to date indicate that the cost of operation of these breakwaters in most cases is prohibitive.

2.12. Aids to Navigation

The following navigating aids are commonly used:

· Lightstation: a fixed structure, such as a lighthouse equipped with a light and located at prominent sites that assist the ship in fixing her position.
· Day beacon: an unlit aid primarily used to assist the ship during the daylight hours where sight navigation is practical or, when it is not practical, to operate a light.
· Fog signal: a sound-producing aid that warns of danger when usual aids are obscured by weather conditions. It could be of fixed or floating type.
· Sector light: a kind of aid which consists of a single light whose total luminous beam is divided into sectors of different colors to provide a warning or a leading line for ship navigation.
· Range: an aid which consists of two or more fixed navigation marks situated at different elevations to provide a leading line for ship navigation.
· Radar beacon: established to assist a radar observer in the positive identification of a charted navigational aid, such as a land position, a fixed light station, or a buoy.
· Radar reflector: used as an enhancement to the regular fixed or floating aid, or as an independent aid to navigation.

2.13. Fender systems

It is practically impossible to avoid a striking blow on a berthing structure by a docking ship, and the fenders are typically installed to prevent direct contact between the ship and structure. The principal functions of the fender system is to dissipate the energy of berthing impact and to protect both ship and structure when the moored ship is exposed to the action of miscellaneous environmental loads. Fender systems currently in use for protecting marine structures can be classified as follows:
1. Timber
2. Solid rubber
3. Pneumatic
4. Foam filled
5. Mechanical
6. Other
All kind of rubber used in the marine environment absorb some water over a long service time period. Although this leads to an insignificant increase in rubber mass and volume, it nevertheless does not have a significant effect on the rubber's modulus of elasticity or its strength. The simplest forms of solid-rubber fender systems used in marine engineering are the hollow cylindrical or hollow rectangular fenders (Fig. 2.28).


[image: Shivshankar Rubber Products Black Hollow Cylindrical Rubber Fender, Rs 4000  /meter | ID: 9915114373]
 Fig. 2.28 Hollow cylindrical rubber fenders

Unlike solid rubber fenders, which rely on the elastic characteristics of rubber material or the buckling column phenomenon, pneumatic fenders (Fig. 2.29) use the excellent compressive elasticity of air.

[image: Fendering - an Introduction - TheNavalArch]
Fig. 2.29 Pneumatic fenders



3. Design Loads

3. 
3.1. Environmental Loads

Wind, waves, current, and ice provide the principal environmental loads on marine structures. Typically, environmental design loads are based on storm conditions having an average expected recurrence interval of 50 years; some important marine structures may be designed on the basis of an expected event recurrence of up to 100 years.

3.1.1. Wind

The magnitude and strength of a wind load acting on a dock structure depends on the velocity of the prevailing wind, dock orientation, the amount of structure exposed to wind, and the size of a ship moored alongside the dock structure. In general, the wind force that acts on a ship is proportional to the square of the wind velocity. The wind effect, which by its nature is dynamic, is usually decomposed into a static action (e.g., no variation in wind speed) and a dynamic action (e.g., gust) is covered by a special coefficient(s). Two components of wind forces are usually considered: one that acts perpendicularly to the dock structure and the other that acts parallel to it. The maximum wind force is usually obtained when the wind is blowing at 90° to the ship's centerline.

Total wind force, Pw, acting on a ship alongside a structure may be expressed as follows:

                                                              (3.1)

Where
 is the total wind force on the dock structure in kilonewtons.
  is the shape factor, which considers suction increase on the leeward side (1.3). 
 is the coefficient that considers the length of the ship; the recommended values of  are given in Table 3.1.
 is the gust factor; average gust-factor value range 1.25-1.45.
 are the exposed to wind areas of the ship, cargo handling and hauling equipment located on the structure, and the dock structure area (in m2) above water line exposed to wind respectively in x and y directions. If the dock structure is occupied by ships on both sides, the sheltering effect of the windward ship is taken into account. The wind force on the sheltered vessel is usually assumed to be 50% of the value of an unsheltered vessel had it not been sheltered against the wind.

The maximum wind load on a dock structure will be when the ship is in a light condition (maximum exposed to wind area). If accurate wind area information for a specific design ship is not available, then approximate values obtained from Figures 3.1 and 3.2 may be used for the preliminary design.
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Fig. 3.1 Approximate projected (vessel in ballast condition) to wind area as function of tanker DWT.

[image: ]
Fig. 3.2 Approximate projected to wind area as a function of vessel capacity: 1. general cargo (light condition); 2. container ship.

Table 3.1 Value of factor C1
[image: ]
  is the angle of wind direction to ship centerline.
  is the specific wind pressure (in kPa), which varies with the square of the sustained wind velocity. The sustained wind velocity is the average speed over 1 min. The value of  may be obtained from

                                                                                                (3.2)

Where 
 is the velocity of the wind (in km/h).

The value of  varies from place to place and usually is specified by local building codes. Wind speed is usually assumed to be the sustained wind speed 10 m above the water surface (V10 ), obtained from available wind records. If the wind is recorded at an elevation other than 10 m, the wind speed at the 10 m level is determined using
                                                                                          (3.3)

Where
 is the wind speed at an elevation 10 m over surface of water
 is the elevation of recorded wind (in m)
 is the recorded wind speed at elevation Z.

For fetch length (Fig. 3.3), that is, the horizontal extension of the wave generating area, less than or equal to 15 km, the wind speed recorded over land (VL) should be adjusted to obtain the over-water wind speed (Vw)

                                                                                                                (3.4)
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Fig. 3.3 Length of fetch

If the fetch is longer than 15 km, the ratio R = Vw/VL can be obtained from Fig. 3.4.


[image: ]
Fig. 3.4 Ratio (R) of over-water (Vw) to over-land (VL) wind speed as a function of over-land wind speed.

The following equation to determine the ship's exposed to wind area, A, when she is in a light condition:

                                                                                                                    (3.5)

Where
 is the exposed to wind area of a ship in light condition (m2).
 is the empirical coefficient which takes into account the ship's shape and length. The recommended values of  are given in Table 3.2.

Table 3.2 Coefficient 
[image: ]



3.1.2. Currents

In the design of marine structures there are three major kinds of currents to be considered:

1. River currents
2. Tidal currents
3. Wind-induced current in harbors

River and tidal currents are usually selected from available statistical data, whereas the wind-induced currents in still water are usually taken as equal to 1% of the velocity of sustained wind at 10 m above the surface of the water. Typically, current velocity decreases slowly with depth, and current load (drag) on a dock structure depends on the square of the current velocity and the shape and magnitude of the exposed-to-current areas of both the fully laden ship and the submerged part of the structure.

The force of the current exerted on the ship/structure system in both longitudinal and transversal directions (Pc) (in kN) can be obtained from

                                                                                                            (3.6)

Where
 is the empirical drag coefficient; c = 0.5 to 1.0 (kN s2 /m4). 
 is the velocity of the current (in m/s).
 is the exposed-to-current areas of the fully laden ship and the structure system (in m2).
During a high current the moored ship was pushed off the berth by considerable standoff force that was built up between the ship and the pier structure. The cause of this force attributed to the effect of slowing down water passing through the pier piling, resulting in a pressure head by raising the water level. The increased head of water in the area of the piles deflected the current outward, with the result that there was a flow across the berth line. As a result, a ship moored to a piled berth structure was pushed away from the berth by a combination of the differential head and the angular current (Fig. 3.5). The differential head across the moored ship (Δh) was found to be equal to Δh = Cs.V2/2g, where the coefficient Cs= 0.42, V is the undisturbed current (flow) velocity, and g is gravity acceleration.
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Fig. 3.5 Standoff force on moored ship.

3.1.3. Waves

Harbor protection from long waves will require construction of a very long breakwater that in most practical cases is uneconomic. Instead, careful design of the berth mooring system and correct positioning of the berth with the harbor is needed to minimize response of ships to long waves. This can be best achieved by physical modeling of port (harbor) layout.
The approach to calculating wave forces on piles depends on the ratio of the pile diameter (D) to the incident wavelength (L). When the ratio is small (D /L < 0.2) the wave motion is relatively unaffected by the presence of pile, and the analytical expression of the wave force acting on a pile (Fw) is normally calculated using the well-known Morison equation (Morison et al., 1950). This equation is based on an assumption that the pile (cylinder) does not disturb the waves and consists of the sum of the inertial force (FI ) and the viscosity drag force (FD):

                                                                                                            (3.7)
                                                                                            (3.8)
                                                                                          (3.9)

Where
 is the empirical dimensionless drag coefficient taking into account the resistance of the pile against the flow pressure
 is the empirical dimensionless inertia coefficient taking into account the resistance of the pile against the acceleration of water particles 
 is the density of water (kN/m3). For freshwater,  = 10 kN/m3 and for seawater  = 10.25 kN/m3
 is the horizontal component of the instantaneous orbital velocity of the water particles at the studied pile location (m/s)
 is the pile diameter or (at noncircular piles) characteristic width of the structural member(m).

The assessment of drag and inertia coefficients is made not on the basis of theoretical considerations, but principally by means of measurements on models and prototypes. They correlate the computed force to the existing force and are greatly dependent on the Reynolds number (Table 3.3). They are very sensitive to the pile roughness caused by such effects as fouling, which may substantially increase the pile's projected area. The Reynolds number (Re) is given by

                                                                                                                (3.10)

Where
 is the kinematic viscosity (m2/s)
 is the approximate maximum horizontal water particle velocity (m/s) at z =  (see definition sketch, Fig. 3.6)

Table 3.3 Drag (CD) and inertia (CM) coefficients for cylindrical piles
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Fig.3.6 Wave force on vertical pile.

In deep water,
                                                                 (3.11)

Where
 is the time
 is the wave height
 is the wave period
 is the wave length
 are Cartesian coordinates with y = 0 at the still water level (Fig. 3.7)

[image: ]
Fig. 3.7  Definitions for linear water wave theory

                                                                 (3.12)

In order to obtain the total instantaneous wave force the drag and inertia components must be integrated over the water depth and added vectorially. For this, the equations for FD and FI can be given by  
                                                                                                          (3.13)
                                                                                                            (3.14)
                                                                                          (3.15)
                                                                                        (3.16)
z is the depth in terms of vertical distance along a coordinate axis with its origin at the bottom.
The magnitude of lift force can be determined by

                                                                                              (3.17)
Where
 is the lift force coefficient which can be taken as approximately equal to CD/3 for circular cylinders and steady flow velocities.

The moment of wave force about the mudline is given as follows:

                                                                                          (3.18)

Wave forces on a combination of piles in group are calculated by plotting the forces on a single pile as a function of wave phase angle (θ). The combination of piles is then superimposed over the plot of wave forces, and the maximum force for the system is found by summing the forces on the individual piles for small changes in phase angle (θ) (Fig. 3.8). The phase difference between piles is given as

[image: ]
Fig. 3.8 Wave force on pile group.

                                                                                                      (3.19)
The Morison equation is used to obtain wave forces on a small diameter pile (D /L < 0.2). According to Sarpkaya and Isaacson (1981), the total wave force on a large diameter cylinder can be obtained from

                                                       (3.20)

Where
 is the wave phase angle
 

In wave motion the pressure distribution in the vertical is no longer hydrostatic and is given by:

                                                                                    (3.21)
                                                       (3.22)
                                                                                              (3.23)
                                                                                 (3.24)
                                                                           (3.25)
In deep water, 
                                                                                               (3.26)
In shallow water,                                            (3.27)
                                                                                    (3.28)

Where
 is the free water surface
 is the wave amplitude = H/2
 is the wave frequency = 2π/T
 is the wave number = 2π/L
 is the mean water depth
 is the wave celerity = L/T

The total energy per wave per unit width of crest, E, is:
                                                                                                         (3.29)
The mean power transmitted per unit width of crest, P, is given by:
                                                                                                      (3.30)

Where
 is the group velocity, is defined as the velocity at which wave energy is transmitted velocity,
                                                (3.31)

3.2. Mooring Loads

Mooring forces acting on a berth structure arise from environmental forces, passing vessels, and forces due to ship berthing maneuvers. They are transmitted to the structure via ship mooring lines secured to the mooring hardware such as bollards, bitts, quick-release hooks, and other mooring accessories.

Typically, the general arrangement for mooring lines for a ship lying alongside a marginal wharf is as shown in Fig. 3.9.

[image: ]
 Fig. 3-11. Marginal wharf. Typical layout of mooring lines : 1 - dock structure; 2-ship; 3-bollard; 4 - bow line; 5- stern line; 6-breasting line; 7 - spring line.

All mooring lines are typically made from the same material. They are usually made from natural (manila) or synthetic (nylon, polyester, terylene, polypropylene, etc.) fibre materials, or galvanized steel (wire ropes). For better elasticity, individuals fibers are woven together into strands, which, in turn, are woven into ropes according to specific patterns.


The critical wind load is transmitted to the structure when the wind is blowing normal to the ship's centerline, pushing her out from the dock. When the wind force is symmetrical, the normal component of mooring force per bollard (Ns) is given by

                                                                                                                   (3.32)

Where
 is the total wind force onto the ship (in kN) expressed by Eq. (3.1)
 is the number of simultaneous working bollards (mooring lines)

The actual number of simultaneous working bollards () depends on the length of the ship; unless special mechanisms are used to equalize mooring forces in hawsers,  can be obtained from Table 3.4.

Table 3.4 Number of simultaneously working bollards ()
[image: ]

The magnitude of mooring force per bollard, and its vertical and longitudinal components, can be obtained by the following equations (see Fig. 3.12):

                                                                                                        (3.33)

                                                                                                         (3.34)

                                                                                               (3.35)



[image: ]
Fig. 3.12 Mooring forces.

In general, the normal component of the mooring force () used in Eqs. (3.33) - (3.35) should be increased by at least 20% to allow for nonun iformity of distribution of mooring forces between working bollards.

If the actual values of  and  are not known, then for the preliminary design they may be obtained from Table 3.5.

Table 3.5 Values of  and  in Eqs. (3.33) - (3.35)
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3.3. Loads from Cargo Handling and Hauling Equipment and Uniform Distributed Loads

Two concepts are presently employed in the formulation of design loads acting on marine structures; one is a "real-life" load assumption which is based on the use of miscellaneous loads which are falling in a line or concentrated load category (e.g., crane, outrigger pads, gantry, and road traffic loads) (Fig. 3.13a); the second concept is based on an equivalent uniform load assumption (Fig. 3.13b). The equivalent uniform load in many cases is a convenient simple assumption; it is easily recognized and understood and is used in lieu of "real" concentrated and line loads. Pallets and containers are typically considered as uniform distributed loads.

[image: ]
Fig. 3.13 Terminal design load assumptions: (a) real loads; (b) equivalent uniform distributed load; (c) compromise between assumptions (a) and (b); (d) example of loading case (a) - general view.

Some representative ranges of uniform distributed loads, obtained from miscellaneous sources and recommended for design of marine structures, are given in Table 3.6.

A uniform live load of 10-15 kN/m2 on the deck area is used for design of oil docks or similar docks, which handle bulk materials by conveyor or pipeline, and for which general cargo is of secondary importance.






Table 3.6 Uniform distributed loads used in modern port design

[image: ]

3.4. Ship Impact

Ship impact force on berthing structures can be determined by statistical, empirical, or theoretical methods, or by physical and/or mathematical modeling. The statistical method is based on information obtained from prototype projects with similar port characteristics, such as exposure to environmental forces, mode of operation, type of vessels, and others.
In the empirical method, the following parameters are usually taken into account:
1. Berthing frequency of the design vessel
2. Exposure conditions
3. Number and maneuverability of vessels
4. Berthing method: with or without tug assistance
5. Berth mode of operation; loading or unloading

The theoretical (kinetic) method of calculating the ship berthing energy is more universal than both the statistical and empirical methods and is also applicable to a ship of any size. It tends to account for the following factors affecting dissipation of the ship's total berthing energy:
1. Rotation of the ship
2. Elastic deformation of the berth structure
3. Compression of the fendering system
4. Displacement of water between the ship and berth structure

Thus, in most cases, the fender system must absorb only a part of the ship's total kinetic energy, which is usually referred to as the "effective berthing energy" of a ship (E). The effective berthing energy may be obtained from

                                                                                                (3.36)

Where
 is the displaced weight of the vessel 
 is the hydrodynamic or added mass
 is the component of the vessel's velocity normal to the berth structure
 is the eccentricity factor
 is the ship and/or structure softness factor

The sum, which is usually referred to as a ship virtual mass (W), is typically expressed in tonnes.
Hydrodynamic mass, sometimes called "added mass," is the mass of water entrained by a moving vessel as the result of a vessel's motion.

Some studies indicate that the added mass of many slender structures immersed in fluid is comparable to the mass of fluid displaced by these structures. On this basis, and for simplification, some authorities recommend using the value of hydrodynamic mass  as equal to the weight of water contained in a cylinder that has a diameter equal to the vessel draft and a length equal to the vessel length. Therefore,

                                                                                                   (3.37)

Where
 is the vessel draft
 is the vessel length
 is the specific weight of water

Equation (3.38) presents another means of determining the virtual mass:
                                                                                                             (3.38)

Where
 is the hydrodynamic mass factor.
                                                                                                      (3.39)

Where
  is the draft (in meters)
  is the beam of the ship (in meters)
 
Prior to 1989, the Japanese standard MOT considered formula (3.40) to determine the hydrodynamic mass factor, apparently based on a publication by Stelson et al. (1955): 

                                                                                              (3.40)

The energy to be absorbed by the dock fender system is usually taken as equal to one-half of the ship's kinetic energy, based on  = 0.5. The remaining half is assumed to be absorbed by the ship and water due to ship's rotation about her contact point with the fender. This point is commonly referred to as a "quarter point" (Fig. 3.14). For other berthing points, the value of  can be obtained from Eq. (3.41).
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Fig. 3.14 Berthing ship. 

                                                                                                           (3.41)
Where
  is the distance from the gravity center of a ship to the point of contact, measured along the face of the pier (Fig. 3.14)
 is the radius of gyration of a vessel's gravity center on the horizontal plane, commonly, r = 0.25L, where L is the full length of the ship.





























4. Rubble Mound Breakwater

4. 
4.1. Wave Runup and Rundown on Structures

Wind-generated waves have wave periods which trigger wave breaking on almost all sloping structures. The wave breaking causes runup, Ru, and rundown, Rd, defined as the maximum and minimum water-surface elevation measured vertically from the still-water level (SWL) (Fig. 4.1)

[image: ]
Fig. 4.1 Wave run up and run down.

Ru and Rd depend on the height and steepness of the incident wave and its interaction with the preceding reflected wave, as well as the slope angle, the surface roughness, and the permeability and porosity of the slope. Maximum values of flow velocities and values of Ru and Rd for a given sea state and slope angle are reached on smooth impermeable slopes.
Breakwaters with crest levels lower than the runup level are called low-crested breakwaters. Although the runup velocities are almost unchanged compared to nonovertopped slopes, the rundown velocities are reduced due to the overtopping of some part of the incoming wave.
Wave overtopping occurs when the structure crest height is smaller than the runup level. Overtopping discharge is a very important design parameter because it determines the crest level and the design of the upper part of the structure.
Breaker types can be identified by the so-called surf-similarity parameter, ξo

                                                                                                                  (4.1)

Where
α is the slope angle
So is the deepwater wave steepness (= Ho /Lo)
Ho is the deepwater wave height
Lo is the deepwater wavelength (= gT2/2π)
T is the wave period
g is the acceleration due to gravity

Breaker types and related ranges of values are given for impermeable slopes in Table 4.1.

Table 4.1 Types of wave breaking on impermeable slopes and related values
[image: ]

The wave length is determined by Eq. (3.24), where T is the wave period.

                                                                                 




4.2. Design Conditions

In the following section, the design conditions are described. The rubble mound breakwater must fulfill the conditions given in Table 4.2.

Table 4.2 Design conditions for the rubble mound breakwater.
[image: ]
The water depth, h, varies between 5.5m and at high water up to 7.2m. It is therefore necessary to determine the wave length, L, for both cases

The design conditions for the water are given in Table 4.3.
Table 4.3 The design conditions for the water
[image: ]
Hs is the significant wave height
Tm is the average or mean wave period
L0 is the deepwater wave length (= gT2/2π)

The design conditions for the soil are given in Table 4.4, where it is assumed that it is not possible to have a failure or settlements in the Limestone layer at the depth of 21.5m.


[image: ]

Furthermore, a toe, to protect the armor layer, must be constructed but the height is still unknown. The rubble mound breakwater is designed with to under layers beneath the armor layer. Beneath these layers there is a core. The top width of the rubble mound breakwater must a least be 3 times the stone diameter of the armor stones. For solitary waves the maximum wave height, Hmax or Hb, in a depth of water, hb, is given by Hb = 0.78hb
The minimal water depth for non breaking waves is determined to 3.2m using H1/10. This means that the toe must be lower than 2.3m or else the waves will break.

The rubble mound breakwater is illustrated in Fig. 4.2.







[image: ]
Fig. 4.2 Illustration of rubble mound breakwater.

4.3. Design Elevation

The design elevation consist of contributions from a wave run up on the slope, the wave itself, the settlements of the rubble mound and a freeboard which provides safety against overtopping. In the following, these parameters are determined.

4.3.1. Freeboard

The height of the freeboard is determined according to Owen (1980, 1982). The equation to determine the height is given by

                                                                             (4.2)

Where
 is the freeboard or height of elevation

 is a coefficient that is read to 0.013 (for straight smooth slopes)
  is a coefficient that is read to 22 (for straight smooth slopes)
 is a coefficient that is 0.5 - 0.6, here 0.6 since this yields the biggest freeboard

Note that the wave length for the depth of 7.2m is used since this is the design wave length. The height of the freeboard is then calculated to be 1.24m, which is illustrated in Fig. 4.3.

[image: ]
[image: ]
[image: ]
[image: ]
Fig. 4.3 Illustration of freeboard, Rc.
4.3.2. Wave Run up

Wave rum up is a phenomenon caused by the breaking waves on a slope; cf. Fig, 4.1.

[bookmark: _GoBack]The exceedance level is chosen as 2% and for rock armored slopes with irregular waves the run up can be calculated by the following equations:





                                             (4.3)

Where
 is the coefficient which is 1.97, c.f. Table 4.4
 is the coefficient which is 1.17, c.f. Table 4.4
 is the coefficient which is 0.46, c.f. Table 4.4

Table 4.4
[image: ]

The surf-similarity parameter  is given by equation






The design elevation con be determined according to

                                                                               (4.4)

Where
   is the total settlements which here are set to 0.1m
  is the wave setup and equal to 0


4.4. Design of Layers

The mass of the armor layer is determined according to Table 4.5. This is for irregular head on waves were the slope is between 1.5<cotα<3 and for non-overtopping. The damage level is chosen to be between 0-5%. The equation is given by

                                                                                                (4.5)
Where
 is the wave height, here Hs
  is the mass density of rocks, 2.5t/m3 
  is the mass density of water, 1t/m3 
  is the stability coefficient read to 2.4 for non breaking waves
 is the medium mass of rock      
 is the slope angle

The result is given by:

 




Table 4.5
[image: ]

It is now possible to determine the equivalent cubic length of the median rock

 

Crest width depends greatly on the degree of allowable overtopping; however, this dependency has not been quantified into general design guidance. The general rule of thumb for overtopping conditions is that minimum crest width should equal the combined widths of three armor units (n = 3) as determined by the formula

                                                                                                      (4.6)

Where
 is the crest width
 is the number of stones (n = 3 is recommended minimum)
 is the layer coefficient from Table 4.6, and is 1.02
 is the primary armor unit weight, here equal to M50
 is the specific weight of armor unit material



Table 4.6
[image: ]

The width is then calculated to



The average thickness of the armor and underlayers (r) are determined by the following equation, where it is typical that n is 2 for all layers.

                                                                                                      (4.7)

The placing density, also known as the number of armor units per area, is given by the following equation.


                                                                                     (4.8)

Where
 is the is the average layer thickness
 is the number of quarrystone or concrete armor units in the thickness (typically n = 2)
is the required number of individual armor units for a given surface area (A)
 is the layer coefficient from Table 4.6, and is 1.02
 is the average porosity in percent from Table 4.6, and is 38



The design of the under layers, the core, and the toe is shown in Fig. 4.4.
[image: ]
Fig. 4.4 Design of layers





Using Fig. 4.4 and equation (4.7) and the equation of the equivalent cubic length of the median rock, the unit weight, layer thickness are determined, the results are given in Table 4.7 where the volume of stones for unit length is calculated using Fig. 4.5.


Table 4.7
	Layer
	W (t/m3)
	 (m)
	r (m)
	Vol. of stones
for unit length
[m3/m]

	Armor
	1.23
	0.8
	1.6
	98

	UL 1
	0.12
	0.37
	0.8
	46

	UL 2
	0.006
	0.14
	0.3
	17

	Toe
	0.12
	0.37
	0.8
	12

	Core
	0.003
	0.11
	-
	251



[image: ]
Fig. 4.5 Dimensions for the rubble mound breakwater.

The core volume of stones per unit length is found by using a porosity of 64% cf. Table 4.6. The volume of all the stones for 1m of rubble mound breakwater is

Voltot/1m = 98+46+17+12+251 = 424 m3 / m
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