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Preface Trade with maritime nations requires jetties (sometimes also termed 
‘piers’) against which vessels may berth to discharge or accept cargo. 
For small vessels, these facilities can often be constructed in sheltered 
locations where hydraulic loadings are relatively small. The main 
demand in recent years has, however, been for much larger vessels, 
which require longer jetties in significantly deeper water. In these 
locations the construction of protective breakwaters can be prohibitively 
expensive and, increasingly, jetties or their approach trestles are being 
constructed without breakwaters in exposed locations.

In 2004, guidance on prediction methods, formulae and coefficients to 
determine hydraulic loads needed in the design of such jetties exposed 
to extreme conditions were published in the 1st edition of this manual. 
Those guidelines brought together existing guidance for the hydraulic 
design of jetties into a single document. They also introduced new 
methodologies for the prediction of wave loads on jetties, derived from 
extensive laboratory testing undertaken specifically for the production 
of those guidelines. 

With over 15 years of experience since the 1st edition, these guidelines 
have now been updated to include improved methodologies and lessons 
learned. This new edition has incorporated the results of new testing 
on bridge decks and improved analysis of the original ‘exposed jetties’ 
test data. The reliability of predictions for quasi-static (pulsating) or 
impulsive wave loads is improved.

The original project was undertaken by HR Wallingford and was 
part-funded in the UK by the then Department of Trade and Industry 
Construction Programme Partners in Innovation Scheme. Several 
project partners formed a steering committee for the project that 
directed the technical content of the project and also provided matching 
funds. Work done at HR Wallingford by Drs. Giovanni Cuomo and 
Matteo Tirindelli was funded by the EC-funded Marie Curie Fellowship 
Programme. A subsequent physical model campaign was conducted at 
the Yokohama Port and Airport Technical Invesigation Office (Japan), 
while Dr. Cuomo was visiting researcher at the Port and Airport 
Research Institute (PARI) in Japan, as part of an international research  
collaboration under the JSPS Post Doctoral program. Contributions 
from these organisations and their members are gratefully acknowledged 
by the authors.

Additional material in the 2nd edition, mostly in Chapters 4 and 5, has 
been edited by an ad-hoc team of Drs. Giovanni Cuomo (SPERI SpA), 
Andra Polidoro (HR Wallingford Ltd) and William Allsop 
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(William Allsop Consulting Ltd). Chapter 6 on scour has been revised 
by Dr Richard Whitehouse (HR Wallingford).

The 2nd edition is mainly based on advances made and documented 
in work by Cuomo et al. (2009 and 2011), and has been edited by 
Giovanni Cuomo, Andrea Polidoro and William Allsop. HR Wallingford 
have supported processing the text of this manual.
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Notations Symbol Description Units

a, b, c empirical coefficients -

a wave amplitude m

ax,ay
horizontal, vertical water particle acceleration m/s2

A vertical deck area subjected to wave action m2

A projected area of cylinder in Morison’s 
equation

m2

A orbital amplitude of wave motion at the bed m

b width of deck m

bw, bh, bl
element width, height and length m

B spacing between wave front orthogonals m

c wave celerity m/s

cl
clearance m

c0
deep water wave celerity m/s

Cb
wave breaker velocity at structure = (gd)0.5 m/s

Cdyn
maximum dynamic force/maximum  
static force

-

Cd
drag coefficient -

Cl
lift coefficient -

Cm
inertia coefficient -

Cs
slamming coefficient -

d sieve diameter of grains, also used as local 
water depth

m

d50
median grain diameter m

D pile diameter m

D* dimensionless grain size = d50[g(ρs/ρ – 1)/ 
ν2]1/3

-

E50
extreme 50 year water surface elevation m

fw
wave friction factor -

F force N

Fb
vertical buoyancy force N

Fd
drag force N

Fe
dynamic loading factor N

Fh,broken
force due to broken waves N

Fh,min
minimum or negative force N

horizontal, vertical ‘basic wave force’ N
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Fhqs+
maximum positive (shoreward) quasi-static 
(pulsating) horizontal force

N

Fhqs– maximum negative (seaward) quasi-static 
(pulsating) horizontal force

N

Fi inertia force N

Fl lift force N

Fmax maximum force, impact force N

Fmax.fender maximum force expected on any one 
fender

t

Fmax.line maximum force expected on any one 
mooring line

t

Fs slam force N

Fs′
effective slam force N

Ftw total wave-induced force N

Fv force to be determined (e.g. Fvqs+, Fvqs.) N

Fvqs+ maximum positive (upward) quasi-static 
(pulsating) vertical force

N

Fvqs– maximum negative (downward) quasi-static 
(pulsating) vertical force

N

Fz vertical wave force on horizontal deck N

F1/250 average force of four highest recorded test 
values of 1000 waves

N

g acceleration due to gravity m/s2

h water depth m

hf exposed height of wall over which wave 
pressures act

m

hs local water depth m

H wave height m

HB breaking wave height m

Hmax highest wave m

Hs significant wave height m

Hsb

H0

breaking significant wave height
deep water wave height

m
m

H1/3 average height of highest 1/3 of waves m

k wave number = 2π/L m-1

KC Keulegan–Carpenter number = UwTw/D -

KD drag coefficient -
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Ki inertia coefficient -

Ks shoaling coefficient -

Kr refraction coefficient -

l length of cylinder m

l wetted length m

L wavelength m

Lp wavelength, calculated using peak  
wave period

m

Lbp length between perpendiculars of vessel m

M shear stress amplification factor due to 
presence of structure

-

Mi added mass kg

n ratio of group celerity to phase celerity -

N design life yrs

Nz number of waves for each test, or during 
the storm/tide peak

-

p encounter probability – annual exceedance 
probability of design event

-

Pimax average wave pressure due to broken 
waves

N/m2

p1, p2 pressures at top and bottom of element N/m2

Se equilibrium scour depth m

SR ratio of scour area to group area of  
pile array

-

t time s

td duration of the impact loading s

T wave period s

Tm mean wave period s

Tn natural period s

Tp peak wave period s

TR return period yrs.

Tw period associated with amplitude Uw of 
wave bottom orbital velocity

s

Tz zero crossing period s

xs lateral extent of scour pit from cylinder wall m

u horizontal water particle velocity in the  
wave crest

m/s
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u incident current velocity m/s

u* friction velocity = (τ0/ρ)1/2 m/s

u*cr critical friction velocity m/s

U horizontal component of water velocity m/s

Uc depth-averaged current velocity m/s

Ucr threshold current speed for motion  
of sediment

m/s

Uw wave orbital velocity amplitude at seabed m/s

ν vertical component of velocity m/s

V volume of the deck inundated m3

V displaced volume per unit length in 
Morison’s equation

m3/m

xs final extent of scour pit m

z0 bed roughness length m

α angle between wave crest and sea  
bed contour

degrees

α coefficient for time-magnitude 
characteristics of impact loading

-

Δ displacement mass of the vessel t

φ angle of repose of sediment degrees

γ spring rate of the mooring lines t/m

λ an aeration constant -

λ stiffness of mooring lines t/m

µ dimensionless mooring stiffness parameter -

η water surface elevation m

ηmax
expected maximum crest elevation m

η rate of change of water surface elevation m/s

η acceleration of water surface elevation m/s2

ν kinematic viscosity of water m2/s

θ Shield’s parameter = τ 0/{g(ρs– ρ)d -

θcr
threshold Shield’s parameter -

ρs
density of sediment grains kg/m3

ρ density of water kg/m3

tc current only shear stress N/m2



xv

tcr threshold bed shear stress for motion  
of sediment

N/m2

t0 bed shear stress N/m2

tw amplitude of oscillatory bed shear stress  
due to waves

N/m2

tmax maximum bed shear stress N/m2

ω wave angular frequency = ck rad/s
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Chapter 1
Introduction

1.1.	 Background – Why are ‘exposed jetties’ constructed?
Traditionally, marine terminals have been constructed in naturally sheltered locations or protected 
by breakwaters so wave and related marine loadings on the terminals’ structures are relatively 
small. There are, however, occasions when jetties have to be constructed in ‘exposed’ locations 
and hence may be subject to large and complex direct and indirect hydraulic loadings. A typical 
exposed jetty under construction is shown in Figure 1.1.

In recent years, there has been an increased demand for the development of large single use indus-
trial terminals (especially those for Liquid Natural Gas (LNG) and Liquid Petroleum Gas (LPG)), 
which require deep water and sheltered berths, but little shelter to the approach trestles carrying 

Figure 1.1  Typical exposed jetty under construction (Courtesy BeSix–Kier)

http://doi.org/10.1108/978-1-83549-714-220242001


Piers, Jetties and Related Structures Exposed to Waves

2

the delivery lines. These terminals are often required in remote locations where there is no shel-
ter and no existing infrastructure. The construction of new protective breakwaters for the whole 
facility may not be cost effective. In many instances, the jetties and/or their approach trestles are 
constructed in exposed locations without breakwater protection. This has resulted in the design 
and construction of facilities with a degree of wave or current exposure beyond the bounds of most 
general experience.

Other examples of exposed jetties and similar structures include small jetties on open coasts in 
tropical regions serving small fishing communities, ferry services and emergency access to remote 
locations and highway bridges across coastal embayments. For most of the design life, the environ-
mental conditions may be benign but, occasionally, cyclone, hurricane or typhoon conditions can 
put the exposed jetty or bridge under significant hydraulic loading.

In the USA, various coastal highway bridges crossing coastal inlets or embayments or to and from 
islands have been damaged or destroyed by hurricanes or similar storms (see Figure 1.2).

It was estimated for the 1st edition that the market value of ‘exposed’ jetties designed by UK 
consultants alone in the previous 15 years had been in the order of £5 billion. Including highway 
bridges, it is probable that this market has continued to grow, so there remains a need for design 
methods to address these design scenarios.

1.2.	 Typical design issues and the need for guidance
Since the early 1980s, there have been repeated and persistent requests from designers and con-
tractors for better guidance and information for the design of exposed jetties, as existing British, 
European and other international standards do not adequately address the design issues.

There is a significant need for clear guidance on prediction methods, formulae and coefficients to 
determine wave forces onto and underneath decks and against vertical elements. Data on uncertain-
ties are needed for probabilistic simulations, and validated methods are needed to combine wave 
slam and pile loadings (particularly short-duration slam forces) on long jetties.

Figure 1.2  Failure of US90 highway bridges east of Biloxi (Courtesy William Allsop)
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Information and guidance previously used in assessing hydraulic loads and related responses for 
exposed jetties has been of limited reliability and has been difficult to source. In particular, there 
was no knowledge on wave loads down onto decks from above, very little knowledge on wave 
slam forces on projecting elements, and even less on slam underneath decks. Guidance on these 
aspects is given in Chapter 5 of this document, based on extensive physical model tests undertaken 
to support the preparation of this guidance.

Design guidance is well developed in the two environments of ‘coastal’, where structures withstand 
shallow sea conditions, and ‘offshore’, where oil and gas exploration has led to the development of 
sophisticated deepwater designs for these large and often unique projects. Exposed jetties, and indeed 
highway bridges, are, however, in environments that span the gap between coastal and offshore. Con-
sequently, the design requirements were neither completely aligned to one nor the other environment 
and the guidance on how to apply theories and practice had not historically been clear.

1.3.	 Objectives of these guidelines
These up-dated guidelines address many of the problems described above and in doing so provide 
the following benefits

■■ reduce design uncertainties and improve safety
■■ where appropriate, reduce design and construction costs
■■ support the development of more appropriate designs
■■ reduce environmental risks from failure of jetty pipelines
■■ improve safety for construction and operational staff
■■ demonstrate improved design techniques in case study examples.

This guidance assists designers to ensure that exposed jetties and piers are adequately designed for 
the environments to which they are exposed and remain serviceable throughout their planned life.

1.4.	 Principal updates
The principal changes to the manual since the 1st Edition are the inclusion of new formulae and coefficients 
for the main wave force formulae in Chapter 5. These modifications overcome several weaknesses of the 
previous formulae and coefficients, which lumped together configurations with rather different responses.

The other areas of improvement have been in the advice on forces on piles in Chapter 4 and on pile 
scour in Chapter 6 that has benefited from recent project experience and improvements in research.

A further change has been the removal of outdated material on vessel mooring that has been super-
seded by better advice in other documents.

1.5.	 Use of these guidelines
The design methods derived in these guidelines represent state-of-the-art knowledge and are based 
on comprehensive sets of physical model tests. The designer must, however, take full recognition 
of the various limits of applicability and uncertainties in the design process. The designer should 
confirm and check the design for the particular location and conditions envisaged, which may 
necessitate specific model testing to be undertaken.

Notwithstanding the requirements of codes and standards, the designer should still be aware of 
inherent uncertainties (both aleatory and epistemic) in predicting wave events and their effects 
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on maritime structures. Similarly, inherent uncertainties exist in the derivation, and therefore 
the application, of wave loadings prediction methods. Engineers are cautioned that the methods 
described here generally derive a ‘central estimate’ so are NOT giving upper limit forces. Guidance 
on how to account for uncertainties when assessing design wave loads on pile supported structures 
is provided in Section 5.6.

1.6.	 Structure of the guidelines
These guidelines are structured in seven parts.

■■ Chapter 1 summarises the need for the guidelines and their objectives.
■■ Chapter 2 provides a definition of exposed jetties.
■■ Chapter 3 provides details of design methodologies and design criteria.
■■ Chapters 4, 5 and 6 describe the design methods available to assess hydraulic loading and 

scour effects.
■■ Chapter 7 briefly highlights construction and maintenance issues to be considered in the 

hydraulic design process.
■■ Chapter 8 includes a comprehensive list of the references used in this work.
■■ Advice on the use of dynamic analysis to support the improved prediction of impulsive loads 

is given in Appendix.
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Chapter 2
Definition of exposed jetties, typical 
locations and exposures

2.1.	 Definition of an exposed jetty
The British Standard for Maritime Structures, BS 6349-2: 2019 defines a jetty as a structure that 
extends into the water area from the shore and provides a berth or berths. (Note: A jetty can be con-
nected to the shore by an access trestle or causeway or can be of the island type).

Exposed jetties are not defined in BS6349 but reference to design considerations at exposed loca-
tions are embedded within the code. When considering hydraulic design parameters, four main 
categories of structures exist

■■ simple solid jetties or quays
■■ open piled jetties
■■ marginal jetties or quays
■■ rubble mound causeways.

These are described in the following sections.

The majority of exposed jetties in deep water locations are open piled structures. As part of the 
process of developing the original guidelines, laboratory studies were undertaken that primarily 
focused on these types of structures and further analysis has been undertaken since then. Some 
reference is made to other structure types where appropriate.

2.1.1	 Simple solid quays
These structures (Figure 2.1) are essentially vertically sided, formed by stone blockwork, concrete 
blocks or in situ (shuttered) concrete, with or without sheet pile containment. The jetty deck or 
crest is probably at a uniform (horizontal) level or has a slight camber to aid drainage. This struc-
ture type offers complete blockage to longshore currents and, under wave attack, may be treated as 
a vertical wall or breakwater. These jetties are generally quite short in length and may, in the past, 
have been designed with little, if any, analysis of their hydraulic effects or of their wave or current 
loadings. Solid jetty heads may also be constructed at the end of a piled approach jetty (Figure 2.2). 
Design methods for these structures are discussed in Sections 4.2 and 4.3.

2.1.2	 Open piled jetties
These structures may be very long in the direction of wave travel (Figure 2.3), with 2–4 km lengths 
having been known and longer ones currently being planned. They are often configured approxi-
mately normal to the shoreline. A typical plan layout is shown in Figure 2.4 and a cross-section 
in Figure 2.5. Vessel mooring forces are often absorbed by free-standing mooring and fender dol-
phins, rather than by the jetty head, and any head structure is usually relatively small in plan area. 

http://doi.org/10.1108/978-1-83549-714-220242002
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Figure 2.1  Typical vertical-faced solid quay (Source: HR Wallingford)

Overtopping loads

Horizontal forces

Figure 2.3  Sri Racha Jetty, Thailand (Courtesy Kier)

Figure 2.2  Open piled jetty with solid quay at jetty head (Courtesy Mott MacDonald)
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These types of jetties are common at liquid natural gas (LNG) or low pressure gas (LPG) import 
and export terminals.

These jetties are constructed with open piles to minimise interruption of waves, currents and sedi-
ment movement along the coastline, and to minimise wave forces onto the structure. A typical jetty 
is shown in Figure 2.6. For oil or gas cargoes where cargo transfer is by flexible hoses or marine 
loading arms with swivel joints, these types of jetties were typically designed to be so high that 
there is always an ‘air gap’ between the crest of the extreme design wave and the underside of the 
jetty deck. The air gap is provided to eliminate the occurrence of wave loads on the jetty deck and 
protect topside equipment. The jetty deck elevation may, however, be dictated by berth operations 
and vessel draught and freeboard, to ensure efficient design and operation of loading arms. Where 
the air gap is not sufficient and loading occurs on the underside of the jetty deck, deck elements 
may be damaged or removed by the force of wave action. An example of a small coastal jetty is 
shown in Figure 2.7.

2.1.3	 Rubble mound causeway
Many jetties use this form of construction (see Figure 2.8) along some of their nearshore (shallow 
water) length, where placement of rock is an economic solution and wave conditions are limited 
due to shallower water and wave breaking effects. These structures will often have a significant 
impact on littoral drift by interrupting sediment transport along the coast. This may lead to accre-
tion updrift and erosion downdrift of the structure in regions where sediment transport is high.

Design rules for these sections may be derived from design methods for rubble mound breakwaters 
and seawalls, see for example the Rock Manual, CIRIA/CUR/CETMEF (2007). No special consid-
eration is given in this document to this jetty type.

Figure 2.4  Typical plan of open piled jetty (Source: HR Wallingford)

Mooring dolphins

Detached breakwater

Access trestle/jetty

Land

Breasting dolphins
Loading platform

Figure 2.5  Typical section of open piled jetty

Slam

Pile forces Uplift
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Figure 2.7  Small timber jetty (Courtesy Doug Ramsay)

Figure 2.6  Small coastal jetty (Courtesy Mott MacDonald)
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