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The design and maintenance of maritime infrastructure, specifically piers, jetties, and related structures,

represent one of the most challenging disciplines within coastal engineering. Unlike sheltered harbor facilities,

structures constructed in exposed marine environments must withstand relentless hydraulic forces, including

pulsating wave pressures, impulsive breaking wave impacts, and the long-term corrosive effects of the saline

atmosphere. As global trade increases and offshore energy sectors expand, the demand for resilient, high-

performance jetties has never been greater. This comprehensive technical analysis explores the fundamental

principles of hydraulic loading, structural response, and design methodologies essential for the longevity of

exposed maritime assets.

The Fundamental Distinction: Piers vs. Jetties in Exposed Environments

In technical nomenclature, while the terms are often used interchangeably by the public, they serve distinct 

engineering functions. A pier is typically a platform supported by pillars or piles, extending from the shore into the 

water, often utilized for pedestrian access, berthing, or utility transport. A jetty, conversely, is frequently associated

with directing currents or protecting a channel, though in a commercial context, it often refers to a structure

extending into deep water to facilitate the loading and unloading of cargo vessels (e.g., oil and gas jetties).

When these structures are "exposed," it implies they are situated outside the protection of breakwaters or natural 

geographic barriers. In these zones, waves reach the structure with significant kinetic energy. The engineering 

focus shifts from simple dead-load and live-load calculations to complex hydrodynamic interaction analysis. The

primary concern is no longer just the weight of the cranes or the trucks on the deck, but the massive, unpredictable

forces of the ocean pushing against the piles and the underside of the superstructure.

Theoretical Framework of Wave Mechanics and Hydraulic Loading

Understanding the interaction between a wave and a marine structure requires a deep dive into fluid dynamics. The 

hydraulic loads acting on a jetty are generally categorized into three distinct types: quasi-static loads, impulsive 

loads, and uplift pressures.

1. Quasi-Static (Pulsating) Loads

Quasi-static loads occur when non-breaking waves pass through the structure. These forces are primarily governed 

by the Morison Equation, which is applicable when the structural member (like a pile) is small relative to the

wavelength. The equation accounts for two primary components: drag and inertia.

The force F is expressed as:

F = F_drag + F_inertia = 0.5 * &rho; * C_d * D * |u|u + &rho; * C_m * A * (du/dt)

•  &rho; (Rho): Water density.

•  C_d: Drag coefficient (dependent on the shape and roughness of the pile).

•  D: Diameter of the pile.

•  u: Instantaneous water particle velocity.



•  C_m: Inertia coefficient.

•  A: Cross-sectional area of the member.

•  du/dt: Particle acceleration.

2. Impulsive (Slamming) Loads

Impulsive loads occur when waves break directly against the structure. These are characterized by high-magnitude, 

short-duration pressure peaks. In exposed jetties, slamming often occurs on vertical piles or the horizontal beams 

of the deck. These loads are significantly more destructive than quasi-static loads because they can trigger 

structural resonance if the impulse duration matches the natural frequency of the structural components.

3. Wave-in-Deck and Uplift Pressures

Perhaps the most critical failure mode for exposed piers is the "wave-in-deck" phenomenon. When the crest of a 

large wave reaches the underside of the pier deck, it traps air pockets. The resulting compression and subsequent 

water impact create massive upward forces (uplift). If the deck is not sufficiently vented or anchored, the entire slab 

can be displaced or "popped" off its bearings. Designing an adequate air gap(the distance between the Mean

High Water Level and the lowest point of the deck) is the primary mitigation strategy.

Technical Analysis of Scour and Foundation Stability

Foundation integrity in exposed locations is constantly threatened by scour—the removal of sediment (sand or silt)

from around the base of piles due to accelerated water flow. As waves and currents interact with a pile, they create

a "horseshoe vortex" at the base, which lifts sediment and carries it away. This reduces the effective embedment

depth of the pile, compromising its lateral stability and axial capacity.

Scour Prediction and Control

Predicting scour depth requires analyzing the Keulegan-Carpenter (KC) number, which relates the orbital motion

of water particles to the diameter of the pile. Engineering countermeasures include:

•  Riprap Protection: Placing graded layers of heavy rock around the pile base.

•  Articulated Concrete Blocks: Interlocking mats that provide a flexible yet heavy barrier.

•  Geotextile Containers: Sand-filled bags that prevent the migration of fines while remaining permeable.

Comparison of Structural Configurations

The choice of structural form depends on the wave climate, soil conditions, and operational requirements. The

following table compares common structural types used in exposed environments.



Structure Type Wave Resistance Cost Efficiency Primary Load 
Challenge

Best Use Case

Open-Pile Jetty High (allows waves 
to pass through)

Medium Scour and lateral 
buckling

Exposed deep-water 
berths

Caisson/Solid Jetty Low (reflects wave 
energy)

High Overturning and 
sliding

Protective 
breakwaters and 
heavy quays

Suspended Deck 
Pier

Moderate Medium Wave-in-deck uplift Pedestrian and light 
utility access

Jack-up Platform Very High Very High Dynamic resonance Extreme offshore 
environments

Hydraulic Design and Vessel Mooring Loads

An exposed jetty is not merely a static bridge; it is a docking interface. Vessel mooring in exposed conditions 

involves the management of berthing energy and mooring line tension. When a vessel approaches a jetty, the 

kinetic energy must be absorbed by a fender system. In exposed locations, the vessel is subject to "seiching" or

long-period wave oscillations, which can cause the ship to move violently even while moored.

Fender System Engineering

Fenders must be selected based on their Energy Absorption (EA) and Reaction Force (RF). For exposed jetties, 

high-performance cone fenders or cell fenders are preferred. The engineering goal is to maximize EA while keeping 

RF low enough to prevent damage to the vessel's hull or the jetty's piles. Detailed mooring analysis often requires 

Dynamic Mooring Simulationsoftware to predict vessel motions across six degrees of freedom: surge, sway,

heave, roll, pitch, and yaw.

Practical Implementation: Step-by-Step Design Workflow

The engineering of an exposed pier or jetty follows a rigorous sequential procedure to ensure safety and

performance.

Step 1: Environmental Characterization

Gathering historical data on wave heights (H_s), periods (T_p), and tidal ranges. This usually involves a 1-in-50-

year or 1-in-100-year return period analysis. Computational models like SWAN (Simulating Waves Nearshore)

are used to transform deep-water wave data to the specific site coordinates.

Step 2: Hydrodynamic Loading Analysis

Calculating the forces using the Morison Equation for piles and Goda’s Formula for any vertical wall sections. 

Special attention is paid to breaking wave heights, as these dictate the maximum possible load on the structure.

Step 3: Geotechnical Investigation

Conducting boreholes and Cone Penetration Tests (CPT) to determine the soil's shear strength and skin friction.

This data determines the required pile tip elevation to prevent settlement or pull-out under uplift loads.

Step 4: Structural Modeling



Creating a 3D Finite Element Model (FEM) of the structure. Engineers apply the calculated hydraulic loads as time-

history functions to see how the structure vibrates and deforms. This step identifies potential fatigue points in the

welded or bolted connections.

Step 5: Mitigation and Resilience Planning

Integrating cathodic protection to prevent corrosion, designing for sea-level rise (climate change adaptation), and

specifying high-strength concrete mixes with low permeability to resist chloride ion penetration.

Case Studies: Failure Modes and Engineering Solutions

Analyzing historical failures provides invaluable insights for modern design. Two common failure modes in exposed 

structures are Fatigue Failure and Superstructure Displacement.

Case Study A: Fatigue in Welded Connections

In several North Sea jetties, the constant cycling of waves (millions of cycles per year) led to micro-cracking in the 

Heat Affected Zones (HAZ) of pile-to-jacket welds. The Solution: Modern designs now utilize cast steel nodes

which eliminate the sharp geometric transitions where stress concentrates, significantly extending the fatigue life.

Case Study B: Deck Displacement during Hurricane Events

In the Gulf of Mexico, various pier decks were lifted off their supports during storm surges because the air gap was 

insufficient. The Solution: Engineers now implement "weak-link" venting or blow-out panels. These sections of

the deck are designed to fail safely and release the air/water pressure, preserving the main structural integrity of

the piles and primary beams.

Advanced Materials and Maintenance Strategies

The longevity of a pier in an exposed environment is as much about material science as it is about structural 

engineering. The use of Fiber Reinforced Polymers (FRP) for secondary members like walkways and handrails 

reduces the dead load and eliminates corrosion. For primary piles, Concrete-Filled Steel Tubes (CFST)offer a

hybrid benefit: the steel provides ductility and tension resistance, while the concrete core provides compressive

strength and prevents local buckling.

Proactive Maintenance Protocols

Exposed structures require a "Digital Twin" approach for maintenance. By installing Strain Gauges and 

Accelerometers on critical piles, port authorities can monitor the "health" of the structure in real-time. If a vessel 

impact or a massive wave exceeds the design threshold, the system triggers an immediate inspection requirement, 

moving away from scheduled maintenance to condition-based maintenance.

Synthesis and Strategic Implications

The engineering of piers and jetties exposed to waves is a balancing act between rigidity and flexibility. A structure

that is too stiff may succumb to the brittle fracture under impulsive loads, while a structure that is too flexible may

suffer from excessive vessel motion or fatigue. The integration of advanced hydraulic modeling, geotechnical

precision, and resilient material selection is the only way to ensure these vital maritime conduits remain operational

in the face of an increasingly volatile climate.

As we look toward the future, the design of these structures must also account for sustainability and biodiversity.

Concepts such as "Living Jetties," where the submerged portions of the structure are designed to promote coral or



shellfish growth, are becoming more prevalent. This bio-active approach not only supports local ecosystems but

can also provide a natural "bio-shield" that reduces scour through biological stabilization of the seabed. Ultimately,

the successful engineering of exposed maritime structures requires an interdisciplinary approach that respects the

power of the ocean while leveraging the latest in computational and material technology.
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