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Background and Objectives
The safe, secure, and proliferation-resistant transport of nuclear and radiological materials remains one of the most sensitive stages of the nuclear fuel cycle. Transport activities encompass a broad spectrum: sealed radioactive sources for medical and industrial use, fresh and spent fuel assemblies, and, increasingly, prefabricated modules of Small Modular Reactors (SMRs) that may include pre-loaded nuclear fuel. Each modality of transport—road, rail, maritime, and air—presents unique operational environments, vulnerabilities, and regulatory challenges.

The “3S interface”—safety (protection against accidental releases), security (protection against malicious acts), and safeguards (verification of non-diversion of nuclear material)—is particularly complex in the context of modern logistics networks and the internationalization of nuclear supply chains. The objective of this work is twofold: first, to characterize synergies and contradictions among the 3S pillars in different transport modalities; and second, to propose technical and regulatory innovations that could enhance resilience and credibility in the global deployment of nuclear technologies, with emphasis on SMRs.
Materials and Methods
The study adopts a comparative risk-based methodology, combining quantitative and qualitative tools:

- Safety assessment: application of probabilistic accident models to stress conditions such as high-energy impact, prolonged fire exposure, and immersion scenarios.
- Security assessment: structured vulnerability analysis considering threats such as sabotage, hijacking, piracy, theft of high-activity sources, and cyberattacks on digital tracking or communication systems.
- Safeguards assessment: evaluation of material accountancy systems, feasibility of inspection, and continuity of monitoring during transit, in line with IAEA INFCIRC/225/Rev.5 and transport-specific guidance.

A 3S interface matrix was constructed for each modality, identifying nodes of synergy (e.g., real-time monitoring supporting both safeguards verification and security situational awareness) and conflicts points (e.g., security confidentiality requirements conflicting with safeguards transparency). 
Results and Discussion
The analysis shows that maritime transport of SMRs represents the highest 3S complexity. Safety demands robust containment and resistance to extreme accident scenarios, while security considerations must address piracy, terrorism, and unauthorized boarding in ports or at sea. Safeguards challenges are amplified by jurisdictional gaps in international waters, introducing technologies that guarantee material accountancy during extended voyages.
In contrast, air transport of high-activity sources simplifies safeguards implementation due to limited quantities of nuclear material, but presents accurate safety and security risks in accident conditions, including potential dispersal at high altitudes and rapid response limitations.
Road and rail transport are characterized by their exposure to sabotage, diversion, and public visibility. These modalities benefit from national-level coordination but require advanced tracking technologies, escort strategies, and integration with law enforcement to ensure resilience.
Across all modalities, emerging digital solutions—such as satellite-based real-time monitoring, tamper-indicating devices, distributed ledger (blockchain) systems for accountancy, and AI-enabled anomaly detection—offer significant potential to harmonize 3S requirements. 
Conclusion
The integration of safety, security, and safeguards in nuclear and radiological transport requires not only technical innovations but also harmonized regulatory frameworks that acknowledge modality-specific risks. For SMRs, in particular, the logistical and governance challenges of transporting fuelled modules demand new approaches that combine physical protection, digital monitoring, and adaptive safeguards strategies.
We proposed 3S interface matrix that could provides a practical tool to identify overlaps, con-flicts, and opportunities for synergy, offering regulators, operators, and international organiza-tions a structured pathway to improve governance. Strengthening this interface is essential to sustain public confidence, minimize operational risks, and enable the safe and credible expan-sion of advanced nuclear technologies on a global scale.
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