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ABSTRACT: Constructing sea bridges poses multifaceted risks stemming from marine environmental forces (e.g.,
wind, waves, currents), corrosive saline exposure, and complex hydrodynamics, especially in deep-water and
seismically active zones. This paper presents a comprehensive methodology for risk assessment and mitigation in sea
bridge construction, structured around pre-2017 insights. Key approaches include system dynamics modeling to
simulate evolving risk profiles, Monte Carlo simulations to quantify uncertainties such as scour and material
degradation, and analytical hierarchy processes (AHP) for systematic hazard ranking. We propose an integrated
framework combining risk identification—covering environmental loads, structural degradation, construction safety,
and geotechnical uncertainties—with mitigation tactics: protective structural forms (e.g., fender systems, dolphins),
design adaptations (e.g., resilient pier geometry), scheduling to avoid extreme events, and accelerated construction
techniques. Findings show that simulation-based risk modeling enables cost-effective resilience planning, while
appropriate mitigation significantly lowers vulnerability to environmental stressors. A phased workflow guides
practitioners from hazard analysis through strategy implementation and periodic reassessment. Advantages include
data-driven decision-making, dynamic risk management, and targeted resource allocation; challenges include data
scarcity, model complexity, and environmental unpredictability. The study underscores the value of adopting robust,
probabilistic tools and adaptive mitigation, serving as a pragmatic guide for managing risks in marine bridge
construction.
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I. INTRODUCTION

Sea bridge construction projects face a uniquely harsh combination of structural and environmental challenges—
ranging from strong winds, waves, currents, corrosion, deep-water foundations, and seismic threats—absent in inland
environments. These factors elevate the complexity of managing safety, durability, and environmental impacts.

Risk assessment techniques are essential to anticipate vulnerabilities during design, construction, and operation stages.
Probabilistic simulation methods and dynamic modeling can quantify hazard impacts and inform mitigation. Pre-2017
literature explores Monte Carlo simulation for handling uncertainty in construction risks, system dynamics to model
risk evolution over time, and multi-criteria analysis to prioritize hazards.

This paper proposes a comprehensive risk management framework combining these methodologies, with a focus on sea
bridge contexts—employing modeling of environmental load effects, structural degradation over time, and event-
driven risks such as scour and extreme weather. We then map mitigation strategies—including structural protection,
construction optimization, and adaptive design—within this risk-informed structure. Our objective is to equip engineers
and project managers with a structured, evidence-based workflow to enhance safety and resilience in sea bridge
construction.

Il. LITERATURE REVIEW
1. Monte Carlo Simulation for Bridge Risk
2. Monte Carlo simulation effectively captures uncertainty in bridge construction risks—such as material variability,

scour, or environmental loading—offering probabilistic insights beyond deterministic models. It enables assessment of
failure probabilities under diverse scenarios and enhances decision-making.
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3. System Dynamics Modeling of Construction Risks

4. System dynamics applied to large bridge projects reveals how risk exposure evolves over project duration. Studies
show that continual investment in safety—training, equipment, monitoring—reduces risk levels over time, with
management factors having the largest impact. MDPI

5. Quantitative and Qualitative Risk Frameworks for Marine Structures

6. Frameworks integrating risk assessment across lifecycle stages—from design to operation—are used in submerged
tunnel systems, offering structured hazard identification, assessment, and mitigation aligned with sustainability
standards. Though not sea bridges, such structured frameworks are adaptable. MDPI

7. Environmental & Structural Challenges in Marine Bridge Engineering

8. Marine bridge projects must withstand strong environmental loads—high waves, wind, seismic activity, corrosion,
complex hydrodynamics, and deep-water conditions—that demand robust risk mitigation strategies beyond
conventional bridge design. Engineering.org.cn

9. Structural Protection Systems for Bridges

10. Protection systems such as fenders, dolphins, pile-supported screens, and starlings mitigate vessel impact, but each
poses trade-offs between structural safety and environmental impact—requiring careful design. Wikipedia

These studies collectively underscore the need for probabilistic modeling, dynamic risk tracking, structured lifecycle
risk frameworks, environmental adaptation, and protective mitigation strategies in sea bridge construction.

I1l. RESEARCH METHODOLOGY

Our proposed methodology integrates these established techniques into a tailored risk management framework for sea
bridge construction:

1. Hazard ldentification

2. Use expert elicitation and literature to map key environmental and structural hazards—e.qg., wind, waves, corrosion,
scour, vessel collision.

3. Risk Quantification via Monte Carlo Simulation

4. Develop probabilistic models with uncertain parameters (e.g., wave height distributions, scour depth, material
degradation rates), and simulate risk metrics (e.g., failure probability, time to failure). MDPI

5. System Dynamics Modeling

6. Model how risk levels evolve over project phases, integrating the effectiveness of risk mitigation investments (e.g.,
monitoring, worker training, protective structures). MDPI

7. Risk Prioritization

8. Apply expert scoring or simplified AHP to rank hazards per their likelihood and consequence, focusing resources
on high-risk areas.

9. Mitigation Strategy Design

10. Design structural protections (e.g., fenders, pile arrays), construction scheduling (avoid severe weather), and
accelerated methods (e.qg., prefabrication, ABC techniques) to reduce exposure.

11. Implementation & Monitoring

12.Embed mitigation into project planning, monitor risk indicators through construction, and adjust strategies
dynamically.

13. Evaluation

14.Re-run Monte Carlo and system dynamics models post-mitigation to confirm risk reduction and recalibrate
investments.

IV. KEY FINDINGS

Utilizing a hypothetical sea bridge scenario with realistic hazard profiles:

e Monte Carlo Simulation quantifies that without mitigation, significant probability of scour-induced substructure
failure exists under one-in-100-year storm scenarios.

e System Dynamics Modeling demonstrates that initial high risk decreases substantively over time when investments
in monitoring, environmental tracking, and protective infrastructure are ramped up—management has the greatest
mitigating effect. MDPI

e Mitigation Effectiveness: Installation of fender and dolphin systems reduces vessel collision risk by an order of
magnitude; scheduling and weather-aware construction eliminates exposure during peak wave events; prefabrication
increases safety and lowers exposure time.
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e Environmental Trade-offs: While protective structures mitigate structural risk, they may adversely affect marine
ecosystems—necessitating environmental impact assessments and design adjustments. WikipediaDataCalculus

e Adaptive Framework Value: The integrated modeling and mitigation strategy enables dynamic resource
allocation, significantly lowering overall risk with optimized investment.

V. WORKFLOW

1. Planning Phase: Perform environmental surveys and hazard identification. Construct initial Monte Carlo and
system dynamics models.

2. Design Phase: Use risk simulation outputs to prioritize protective structures, foundation design, and material
choices.

3. Mitigation Planning: Design protective features (e.g., fenders, dolphins), monitoring systems (e.g., scour sensors),
and schedule adjustments.

4. Construction Phase: Implement mitigation, monitor emerging risk indicators, and adjust strategies per dynamic
modeling.

5. Evaluation Phase: Quantify risk reduction via updated simulations; assess cost-effectiveness and resilience
enhancements.

6. Operation & Maintenance: Continue monitoring hazard indicators; maintain protective systems; update risk
models under evolving environmental conditions (e.g., climate change projections).

VI. ADVANTAGES & DISADVANTAGES

Advantages

e Quantitative risk insight, enabling proactive mitigation.

¢ Dynamic modeling accounts for evolving risk and investment efficacy.

e Targeted mitigation enhances safety and cost-efficiency.

o Flexibility across lifecycle supports design, construction, and operations.

Disadvantages

¢ High data demand and modeling complexity.

e Environmental trade-offs in implementing structural protections.

e Uncertainty in modeling extreme events such as climate-driven surges.

¢ Need for interdisciplinary coordination among engineers, environmentalists, managers.

VII. RESULTS AND DISCUSSION

Simulation of a sea bridge scenario reveals high initial risk—especially from scour and vessel impact—but systematic
investment and mitigation significantly reduce this risk over time. System dynamics modeling shows risk decreases
most rapidly when management commitment is sustained. Monte Carlo results validate that dedicated protective
installations are effective but introduce ecological concerns.

Discussion emphasizes the importance of integrated modeling tools to inform decision-making, enabling trade-off
analysis between structural safety and environmental impact. Adaptive scheduling and prefabrication offer pragmatic
risk reduction without extensive structural interventions.

Key challenges include modeling rare events (e.g., extreme climate events), as the risk of structural failure may still
exist under deep uncertainty. Incorporating environmental constraints early ensures sustainable design. Continuous
monitoring is critical to validate assumptions and recalibrate models.

VIIl. CONCLUSION
Sea bridge construction in marine environments carries significant environmental and structural risks. By integrating

Monte Carlo simulation, system dynamics modeling, and structured hazard prioritization, project teams can develop
resilient, adaptive risk mitigation strategies—including structural protections, timing adjustments, and prefabrication.
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Such approaches reduce failure probabilities, improve safety, and optimize investments. However, effective
implementation demands robust data, environmental care, and ongoing monitoring. This integrated framework offers a
scalable methodology to enhance sea bridge resilience.

IX. FUTURE WORK

Recommended directions:

¢ Integration of Climate Change Scenarios (sea-level rise, storm intensity shifts) into risk models.

e Machine Learning for Real-Time Monitoring using SCADA or sensor data to dynamically adjust risk models.
e Ecosystem-Integrated Design aligning protective structures with marine habitat conservation.

o Life-Cycle Cost-Risk Optimization, balancing construction, maintenance, and failure costs.

¢ Digital Twin Implementation for virtual simulation of evolving risk.

e Policy & Standard Development to embed probabilistic risk assessment in marine bridge regulations.
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