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COST QUANTIFICATION

Development, construction, 

maintenance, repair, 

dismantling, restoration

REGIONAL 
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Socio - economic and 

environmental features

High demand and occupation 

(opportunity cost)

Use of coastal public land 

(legality)
RISKS

Natural hazards, 

vulnerability,

Global warming and 

rising sea

SUSTAINABILITY

Environmental,

Financial and Economic

Objective of MEIPOR
financial and economical optimum investment costs
Regional constraints, financial sustainability and risk

AN ACADEMIC QUESTION OR AN ENGINEERING OBLIGATION?
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ROM 0.0 (2000) and PIANC (2016)
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9 DESIGN OF BREAKWATERS BASED ON LIFE-CYCLE 
ANALYSES 

 

This chapter provides a general background for the parametric study of breakwater reliability based 
on life-cycle cost optimisation presented in Chapter 10. 

As the risk of human injury is marginal it is common to disregard such risk when designing 
breakwaters. Therefore, design of new breakwaters and rehabilitation of existing breakwaters can 
be based on life-cycle analysis targeting the minimum lifetime costs i.e. the costs of construction, 
maintenance, repairs and demolition, depositing and reuse of materials. The last three items are 
very often omitted due to difficulties in prediction of realisations. The principle of identifying the safety 
level corresponding to the minimum lifetime costs is illustrated in Fig. 9.1. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 9.1: Illustration of principle of determination of safety level corresponding to minimum 
lifetime costs  

 

For a specific breakwater study the procedure involves commonly the following steps: 

1. Prepare draft design(s) of the structure and identify all failure modes and their linkages to be 
considered using a fault tree or an event tree. Failure modes related to structural response are 
for example erosion of armour layers, failures of foundations, and sliding of parapet walls and 
caissons. Failure modes related to hydraulic response are for example excess overtopping 
and wave transmission. Failure modes are correlated in two ways: through common 
parameters like Hs or by physical interaction such as main armour failure triggered by failure 
of the toe. The last type of correlation is studied and quantified only in very few cases and is 
therefore usually disregarded in life-cycle analyses. 

2. Define the working life (design service lifetime) TL of the structure. 
3. Define for each failure mode performance criteria for the structural and hydraulic responses 

related to the design limit stages SLS and ULS. These two limit states are demanded in ISO 
2394 and ISO 21650 and are used in Euro Norm EN 1990:2002. A repairable limit state RLS 
might also be included. The performance criteria must include both a physical measure and a 
probability of occurrence. As an example related to SLS: rock armour erosion corresponding 
to 5 % displaced armour units with maximum probability of occurrence (failure rate) Pf = 0.2 in 
service lifetime TL. Risk related to major failures can be practically eliminated by introducing 
very restrictive performance criteria. 

4. Assign unit prices on all structure elements related to initial construction costs and repairs. 
5. Define a repair policy, e.g. repair should take place when damage exceeds the damage 

corresponding to SLS. 

MINIMUM LIFE TIME COSTS min
𝑇
𝐶 𝑇 = 𝐶𝐼 𝑇 + 
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𝑇𝐿

𝐶𝑅1 𝑇 𝑃𝑅1 𝑡 + 𝐶𝑅2 𝑉 𝑃𝑅2 𝑡 + 𝐶𝐹 𝑇 𝑃𝐹(𝑡)
1

1 + 𝑟 𝑡

Optimization against a single mode of failure
in the useful life of the breakwater

Based, among others, on two assumptions

construction repair maintenance failure

Modes of failure are independent  => (doubtful and possibly not optimum)
Immediate reparation is possible  => (facilities and money available)
Optimization in the useful life time => (payback time, duration of the licence, subventions?) 
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TECHNICAL-ECONOMICAL DESIGN CRITERIA



Principal Failure modes in rubble mound 
breakwaters 

REPAIR POLICY (WHEN AND HOW) MUST BE INCLUDED IN THE

OPTIMIZATION PROCESS!!
So far reparation is a COST but should be an INVESTMENT

TECHNICAL-ECONOMICAL DESIGN CRITERIA

ACCUMULATED DAMAGE EVOLUTION AND INVESTMENT COSTS OF BREAKWATERS

ROM (2018): Recommendations for the desin and 
construction of breakwaters

(adaptation to ROM 0.0 and MEIPOR 2016)

(1) Correlated, concomitant, triggering other modes of… ?

(2) Analyzing the reparation costs along the useful life  ... ?

(3) Regarding the cash flow and financial sustenability to pay for ... ?

Objective of ROM
Technical - economic optimum safety and operational constraints 
and other requirements: legal, environmental, ...



ENGINEERING OBJECTIVES AND CHALLENGES

To estimate the probability distribution function of the 
investment costs in the useful life of a breakwater.

• Time series simulations of multivariate storms in the useful life
• Methods for the analysis of the temporal evolution of the damage
• Description of the spatial damage propagation and triggering of other modes of failure
• Mantainance and repairing strategies and and derived processes including duration
• Tools for calculation of the total costs of the breakwater and of the investment costs

OVERALL OBJECTIVES

To design, construct and manage a brekwater 
technical - economic optimum safety and operational constraints 
regarding the financial and economical optimum investment costs!

Methods for simulation of Multivariate Storm Evolution (ICCE 2018):
Solari and Losada 2018, and Lira et al. 2018
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𝑆 𝑡, 𝑆0, 𝐻 = 𝑔 𝑔
−1 𝑆0, 𝐻 + 𝑡, 𝐻

Castillo et al. (2012)

Any accumulation model must follow an 

ADDITIONAL compatibility condition       

𝑆 𝑆0; 𝑡 = 𝑡1 + 𝑡2 = 𝑆 𝑆0; 𝑡1 + 𝑆 𝑆 𝑆0; 𝑡1 ; t2

Melby and 

Kobayashi (1998)

Melby and 

Kobayashi (1999)

Melby (1999)

Van der Meer (1988)

Medina (1996)

Parameters (a, b, c)

Potential model for damage accumulation: 𝑺𝟏/𝒃 = 𝑺𝟎
𝟏/𝒃
+ 𝒂 · 𝑯𝒕

𝒄 𝟏/𝒃 · 𝒕

Challenge: To develop an accumulation model of concomitant and triggered modes of failure 

Evolution of the profile depending on the wave 

slope, the incoming wave train and the typology
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TEMPORAL ACCUMULATED DAMAGE EQUATION
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Decision: 

REPARATION

Design based on the temporal accumulated damage: probability of failure after time ti

Damage Accumulation Tests in rubble mound 

breakwater (UGR)
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TEMPORAL ACCUMULATED DAMAGE EQUATION



PROJECT USEFUL LIFE AND INVESTMENT LIFE

METEOROLOGICAL YEARS

SEASONAL CYCLES
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MULTIANNUAL CYCLES
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ELEMENTSSUBSYSTEMSBREAKWATER STRETCHES MODES

Challenge: to develope methods to quantify the consequences of the failure in one or more components 
on the performance of  the system 

DAMAGE PROPAGATION TREES
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TEMPORAL AND SPATIAL SCALES FOR DAMAGE ANALYSIS

TEMPORAL SCALES
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REPAIR STRATEGIES: CONTENT
DECISION TREES

 Damage level to start the repair

 Sea climate thresholds to stop

 Actions after stoppage

 Resources for the repair

 Availability

 Operationality

 Efficiency

 Priority for concurrent reapartion

 Costs

 …

+

Climatic Agents

PROBABILITY OF SUCCESS

Challenge: to develope methods to detect dominant processes of triggering other modes of failure

ACCUMULATED DAMAGE EVOLUTION AND INVESTMENT COSTS OF BREAKWATERS

MAINTENANCE AND REPAIR STRATEGIES AND DECISION TREES

FM2: Secondary Armor Layer Erosion

FM1: Main Armor Layer Erosion

FM3: Crown Sliding / Overturning



EXECUTION OF THE

MILESTONES PROTECTIONS

DAMAGES AND LOSSES

AFECTIONS

Direct Costs Facilities
Equipment
Labor costs

OTHERS

Indirect Costs

Costs of operational stoppage

SEGREGATION OF THE OVERALL COSTS

General structure of the overall construction/reparation costs during an specific stretch of breakwater
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TOTAL COSTS AND INVESTMENTS



Cádiz breakwater

Data/SIMAR Local time series Checking time series

Downscaling

Reconstruction
STATISTICAL CHARACTERIZATION

MULTIVARIATE SIMULATIONS

Methods for simulation of Multivariate Storm 
Evolution (ICCE 2018) 
Solari and Losada 2018, and Lira et al. 2018
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TOTAL COSTS AND INVESTMENTS

OBTAINING MULTIVARIATE LOCAL TIME SERIES

Cádiz Breakwater



time (hours)

REPAIR STRATEGY

Simulation of multivariate storm evolution, damage evolution and state and repair process

Methods for simulation of Multivariate Storm Evolution (ICCE 2018) 
Solari and Losada 2018, and Lira et al. 2018
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TOTAL COSTS AND INVESTMENTS

STATE AND REPAIR PROCESS OF THE MODE

SIMULATION OF MULTIVARIATE STORM EVOLUTION

DAMAGE ACCUMULATION

FAILURE MODE 3

Series failure diagram: breakwater fail when one mode of failure occur
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Multivariate strom evolution 𝐻𝑠, 𝑇𝑝, 𝜃, 𝑢10…

Probability density functions of the reparation time and of the costs split by mode of failure after N simulations of useful life
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TOTAL COSTS AND INVESTMENTS

DAMAGE PROPAGATION TREE

Damage Propagation Sequence (Simulation i)
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Alternative Strategy

REPARATION STRATEGY

+



Accumulated and Total Reparation Costs after 5 years: Conservative versus Risky Strategy 

Evolution of the Accumulated Reparation 
Costs (€) in 5 years (12 simulations)

Total Reparation Costs (€) after 5 years two 
strategies: conservative and risky
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TOTAL COSTS AND INVESTMENTS



AN OVERALL CHALLENGE: ADVANCED DESIGN CONCEPTS AND TOOLS TO OPTIMIZE THE INVETSMENT COST OF MARITIME STRUCTURES (BREAKWATERS TOO) 

1. Why we need to built a breakwater and purpose

2. Design based on “How it works”, “how it operates” and “how it affects its purposes 
and objectives” and on the total costs of the investmente

3. Integral and integrated design of the breakwater alignments and sections

4. Decisions based on acceptable risk of the investment, based on a dual optimization 
problem, 

(a) technical-economic optimization  (ROM 1.1, 2016)

(b) economic-financial optimization (MEIPOR, 2016)

(c) environmental constraints, (WFD, Coastal Law, mainly)

FULFILMENT OF

PURPOSES AND

OBJECTIVES

DUAL OPTIMIZATION

PROBLEM
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CONCLUSIONS



1. Because of social, economical and environmental reasons,
the maritime engineers has to calculate the investment costs of the project
and to prove that it is environmental and financial sustainable while fulfills
safety requirements and operational efficiency.

2. New challenges to the maritime engineering community related with, (1) the design based
on damage evolution and concomitant modes of failure that could trigger other mode of failures, and
(2) to define and decide when to repair to avoid the collapse of the structure.

3. To achieve these challenges the engineers have to start to change course to the design of the breakwater, 
based on the understanding of the global behavior and objective of the breakwater, and not in formulae.  

Thank you!
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CONCLUSIONS



SOME ENGINEERING QUESTIONS

PORT AREA

ACTIVITIES

OPERABILITY
ROM 0.0 / MEIPOR 

2016

Anchoring

Operation
ROM 3.1 y 

2.0

Harbor 

entrance
ROM 3.1 y 

2.0

Docks 

Berths
ROM 3.1 y 2.0

Breakwaters 

ROM 1.1

Access 

channel
ROM 3.1 y 2.0

Others

• Of the initial cost, 
how much is the breakwater construction cost?

• Of the estimated total cost investment in the useful life of the port,
how much is associated to maintenance, reparation en dismantling?

• How important is,
the performance of breakwater in the operational of the Port?

• How much depend,
the financial and economical results on the breakwater performance?

• When the total cost of the breakwater can not be paid by the operational 
activity of the harbor,

which should be the attitude of the consultant engineer?



CONSTRUCTION STRATEGY

 Framework for the construction process 
(Stretches, Subphases, Failure Modes)

 Schedule of activities

 Protection strategies

 Winter stops

 Temporal protections

 Restrictions

 Resources and Costs

Losses
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CONSTRUCTION PHASES

SF0: Dredging works

SF1: Bedding layer

SF2: Core

SF3: Secondary Layer

SF4: Main Layer

SF5: Berm

SF6: Crown

Graphical output of the construction/reparation process


