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Effective early warning systems are crucial for mitigating the risks of landslides in vulnerable coastal areas. With the increasing frequency of coastal landslides, precise monitoring solutions are essential for timely interventions. This review addresses real-time monitoring by fiber-optic technologies, which offer high precision, rapid data acquisition, and adaptability, making them a promising solution. Fiber-optics provide continuous, real-time data for early detection of ground movements, unlike traditional methods that struggle with spatial and temporal coverage. Fiber-optic sensors cover large areas and maintain a high frequency, allowing for a detailed assessment of landslide behavior. This review highlights successful implementations of fiber-optic monitoring in both lab and field settings, showcasing their versatility and effectiveness. This review demonstrates the significant contributions of fiber-optic technologies in improving landslide monitoring and risk management. By enabling timely and accurate data collection, these sensors enhance early warning systems and trigger proactive responses to protect lives and infrastructure. Additionally, their use aids in understanding landslides, developing effective mitigation strategies, and land use planning, ultimately strengthening the resilience 22 of coastal communities.
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1 INTRODUCTION
Landslides are recognized as the second most catastrophic geohazard by the United Nations Development Program. Landslides pose a significant danger to human lives, infrastructure, and the environment (Ivanov et al., 2021; Minardo et al., 2021a). The Belgium Centre for Research on Epidemiology of Disasters reports that landslides account for 17% of all fatalities caused by natural hazards worldwide (Pourkhosravani et al., 2022). Landslides include slides, falls, topples, flows, lateral spread, and complex movements, each with different failure types and scales (Longoni et al., 2022; Zhao et al., 2021). Understanding the physics and triggers of landslides (Yu et al., 2022) is crucial for developing accurate models and enabling risk assessments with the aim of identifying high-risk areas and implementing precautionary measures (Wang et al., 2024). Landslides in coastal areas occur when sections of land near shorelines become unstable and move downslope into the sea or coastline (Cascini, 2008; Azarafza et al., 2018). Coastal landslides can result in the destruction of infrastructure, property loss, and even loss of lives. The complex interplay of geological, hydrological, and climatic factors drives these events, making them challenging to study (Chae et al., 2017). Understanding the causes, monitoring techniques, and mitigation strategies for coastal landslides is essential to protect lives and fragile coastal ecosystems. Efforts to enhance resilience and provide early warning systems are crucial as coastal populations continue to grow in these vulnerable areas (Nikoobakht et al., 2022; Mao et al., 2021; 2022).
In tectonically active coastal regions, such as the Makran Subduction Zone, the interplay between tectonic uplift and steep coastal slopes poses a significant geohazard risk. Historical evidence indicates that both submarine and terrestrial landslides have triggered devastating tsunamis in these areas (Hoffmann et al., 2014; Mokhtari, 2015). Tectonically active regions and deformed mountain ranges—such as Northern Chile (Mather et al., 2014) the Zagros (Ghanbarian et al., 2021; Ghanbarian and Derakhshani, 2022), the Apennines (Carlini et al., 2016), and the Daguangbao area (Cui et al., 2018) —where fault interactions and transpressional stress regimes contribute to surface instabilities and mass movements (Quintana et al., 2006; Rashidi et al., 2020), should also be considered as potentially landslide-prone zones. In such geodynamically complex settings, detailed monitoring and hazard assessment—supported by high-resolution technologies such as fiber-optic sensing systems—are essential for identifying failure-prone areas and effectively mitigating disaster risks.
Monitoring methods are crucial for studying mass movements and ground deformations (deformation in the context of landslides refers to the change in shape or structure of the slope or ground mass as it responds to stresses such as gravity, water infiltration, or seismic activity. It indicates how the earth’s surface or materials bend, twist, or fracture under the influence of these forces, which is crucial in assessing landslide risks), especially in developing early warning systems (EWS). Examples of monitoring instruments that record axial deformations and landslides include extensometers, inclinometers, and LiDAR (Chae et al., 2017). An upcoming monitoring technique is fiber-optic technology. This technology benefits seamless data transfer and real-time monitoring and has emerged as a valuable tool for landslide monitoring. Its ability to detect potential landslide events in real-time enables early warning and offers valuable insights into mass movement behavior (Aulakh et al., 2004). Fiber-optic technology is robust and resistant to weather and usage conditions, making it a reliable solution for monitoring landslides in various environmental conditions (Johnson et al., 2023). As research in fiber-optic technology advances, its potential for revolutionizing geohazard monitoring and improving landslide risk management becomes more apparent. Integrating fiber-optic monitoring systems with other advanced techniques will enhance landslide analysis and ultimately contribute to the protection of lives and infrastructure in landslide-prone areas (Zhu et al., 2014). EWS for landslides in coastal areas are crucial because they provide real-time monitoring of slope stability, rainfall, and seismic activity, allowing authorities to issue timely evacuation orders and mitigate damage. Coastal regions are highly vulnerable due to steep terrain, heavy rainfall, and erosion from waves, increasing the risk of rapid slope failure. Advanced sensors, remote sensing, and predictive models help detect warning signs, reducing casualties and infrastructure loss. Effective systems integrate geotechnical data with weather forecasts, ensuring precise risk assessment and faster response to potential disasters.
In landslide monitoring applications within geoengineering, two main types of fiber-optic cables are used for their specific capabilities: multi-mode fibers, suitable for higher data rates over shorter distances, and single-mode fibers, ideal for long-distance precise signal transmission (Zeni et al., 2015). Multi-mode fibers carry multiple light rays simultaneously, making them suitable for higher data rates over shorter distances, such as in campus networks, data centers, and laboratory settings, where multiple light modes are beneficial for efficient data transmission across relatively compact areas. Multi-mode fibers come in two variants: graded-index, where the refractive index gradually decreases from the center to the edge of the core, reducing modal dispersion and allowing for higher bandwidth over longer distances; and step-index, which has a uniform refractive index in the core and an abrupt change at the cladding, making it more suitable for shorter-distance, lower-bandwidth applications. In contrast, single-mode fibers are designed for precise signal transmission over long distances due to their smaller core size (Minardo et al., 2021a). Fiber-optic technology can detect subtle ground movements along their entire length, with resolutions often reaching millimeters per day or even finer, depending on the specific sensor type and environmental conditions (Papini et al., 2020). Fiber-optic therefore can provide detailed spatial data, enhancing understanding of landslide dynamics and improving hazard management strategies (Zhu et al., 2015). Due to their resilience against environmental challenges and immunity to electromagnetic interference, fiber-optic sensors offer a distinct advantage for long-term monitoring in unstable or remote terrains where traditional sensors may fail (Acharya and Kogure, 2024). However, fiber-optic systems entail initial setup costs and require specialized expertise for installation and maintenance (Johnson et al., 2023). Additionally, while fiber-optic sensors can be adapted to measure groundwater pressure, their primary effectiveness lies in strain monitoring (Yang et al., 2022; Yang et al., 2025); they may require specialized configurations to accurately monitor other parameters, such as soil moisture (Kelam et al., 2022) or pore pressure, depending on the specific application (Zhu et al., 2014).
Fiber-optic technology significantly advances coastal landslide monitoring by providing real-time, precise data on critical parameters like strain (strain in landslide studies is the measure of the internal deformation that occurs within the soil, rock, or slope materials due to the forces acting upon them. This strain, which includes stretching or compressing of the material, can help identify early signs of slope instability or failure, providing valuable information for monitoring and predicting landslide events) and deformation. Its durability in harsh coastal conditions, such as saltwater and moisture, ensures reliable long-term data collection, supporting EWS and automated alerts for timely evacuation. Additionally, the continuous data aids researchers in studying landslide dynamics, informing land-use planning and mitigation strategies to protect vulnerable areas (Zhu et al., 2015; Zeni et al., 2015; Sasi et al., 2020; Yimin et al., 2021; Mao et al., 2024). Although a structured review of studies on the application of fiber-optic technology in landslide and early warning systems is presented in the following sections, a brief overview of prior efforts by researchers who have attempted to address this gap is provided here. Therefore, this review aims to bridge that gap by providing a structured study of the existing body of work. We begin with an overview of conventional landslide EWS components and limitations, followed by a detailed examination of fiber-optic technologies, their principles of operation, and their application in geohazard monitoring.
The primary objective of this study is to offer a thorough and all-encompassing overview of the vital components and diverse applications of fiber-optic technology in landslide hazard monitoring. Through a comprehensive exploration of the latest advancements and the immense potential of fiber-optic monitoring systems, this paper aims to significantly contribute to the advancement and enhancement of landslide risk management strategies. By delving into the intricacies of fiber-optic technology and its integration in landslide monitoring, this study seeks to shed light on its unique capabilities, benefits, and suitability for geohazard assessments. The findings presented herein will serve as a valuable resource for researchers, practitioners, and policymakers, providing them with an in-depth understanding of how fiber-optic systems can revolutionize the monitoring and management of landslide-prone areas. Moreover, this study strives to bridge the gap between theoretical knowledge and practical applications, offering insights into the successful implementation of fiber-optic monitoring in real-world scenarios. By showcasing case studies and success stories, we aim to inspire further innovation and adoption of this cutting-edge technology in landslide hazard monitoring worldwide. Through collaboration with experts and stakeholders in the field, this research seeks to stimulate a productive dialogue and encourage the development of interdisciplinary approaches to address the challenges posed by landslides. By fostering collaboration and knowledge exchange, we aim to create a more resilient and proactive approach to landslide risk management, where fiber-optic technology plays a crucial role in safeguarding communities and critical infrastructure from potential geohazard events.
2 PRINCIPLES OF FIBER-OPTIC SENSING
Fiber-optic sensing is a rapidly emerging technology that utilizes the transmission of light through optical fibers to measure changes in environmental conditions such as strain, temperature, and acoustic signals (Culshaw and Kersey, 2008). These sensors operate based on light scattering phenomena within the fiber, such as Rayleigh, Raman, and Brillouin scattering, which are sensitive to physical perturbations along the fiber’s length (Udd, 1995). When external stimuli alter the optical properties of the fiber, these changes can be measured and interpreted, enabling the detection of environmental changes across long distances with high spatial resolution (Grattan and Sun, 2000). The primary advantage of fiber-optic sensing lies in its ability to provide distributed measurements—meaning data can be gathered continuously along the entire length of the fiber rather than at discrete points (Culshaw and Kersey, 2008). This makes it especially suitable for monitoring large-scale or inaccessible areas, such as landslide-prone coastal zones (Grattan and Sun, 2000). Additionally, optical fibers are immune to electromagnetic interference, chemically inert, lightweight, and capable of withstanding harsh environmental conditions, which makes them ideal for long-term monitoring in challenging engineering settings (Sabri et al., 2015).
Despite these advantages, fiber-optic systems face several limitations that must be addressed for broader application (Udd, 1995). One of the major challenges is the complexity and cost of installation, particularly in remote or rugged terrains (Culshaw and Kersey, 2008). Moreover, the data generated are often high in volume and require sophisticated signal processing algorithms for accurate interpretation (Bao and Chen, 2012). Environmental noise, temperature fluctuations, and installation-related mechanical strain can introduce measurement errors or false alarms, complicating real-time monitoring and early warning efforts (Venketeswaran et al., 2022). The main purpose of applying fiber-optic sensing in geotechnical engineering—particularly for landslide monitoring—is to detect early signs of slope instability (Wu et al., 2020). By capturing subtle strain or vibration changes, fiber-optic systems can provide valuable information that supports early warning decision-making and hazard mitigation (Mao et al., 2021). This is particularly critical in densely populated or infrastructure-sensitive coastal regions, where early detection can prevent loss of life and reduce economic damage (Sabri et al., 2015). Given the increasing frequency and severity of natural hazards due to climate change and land-use pressures, the necessity of advanced and reliable monitoring systems has never been greater (Bao and Chen, 2012). Fiber-optic sensing, with its unique combination of precision, resilience, and scalability, offers a promising solution to fill existing gaps in conventional monitoring technologies (Yimin et al., 2021). Continued development and adaptation of these systems for site-specific applications are essential to enhance their effectiveness and integration into modern EWS frameworks.
The application of fiber-optic sensing in geohazards, particularly in landslide monitoring, has shown significant promise due to the technology’s ability to detect minute changes in strain, temperature, and vibration over large spatial extents (Sasi et al., 2020). These parameters are critical in identifying early signs of slope instability, such as ground movement, water infiltration, or seismic activity, all of which often precede landslide events. Unlike traditional point sensors, fiber-optic systems provide distributed sensing along the entire length of the cable, enabling continuous, real-time monitoring of vast or remote terrain with minimal maintenance. This is especially advantageous in coastal areas where terrain is often inaccessible and exposed to harsh environmental conditions. In landslide-prone regions, early detection is essential for risk mitigation and timely evacuation (Johnson et al., 2023). Fiber-optic technologies (e.g., ground vibrations) and long-term deformations (e.g., slope creep) with high spatial resolution (Zhu et al., 2021). Their ability to operate continuously and autonomously makes them ideal components of early warning systems. As climate change increases the frequency and intensity of rainfall-triggered landslides, deploying fiber-optic monitoring systems offers a proactive approach to hazard management, improving the safety and resilience of vulnerable communities and infrastructure (Zhu et al., 2014).
Fiber-optic systems have been deployed globally for diverse geohazard applications (Pei et al., 2020). In landslide contexts, they have been used to detect precursory ground movement, monitor slope deformation, and assess infrastructure stability near unstable terrain (Zheng et al., 2018). Coastal regions benefit from fiber-optic cables’ ability to operate in harsh environments, including saltwater exposure and strong winds (Zhu et al., 2021). Field implementations have demonstrated successful detection of slope instabilities in real-time, enabling EWS to issue alerts before catastrophic failure occurs (Arslan et al., 2015). The effectiveness of EWSs depends not only on accurate detection but also on timely decision-making (Mao et al., 2021). Fiber-optic sensing can serve as a critical data source within EWS frameworks by offering continuous, high-density monitoring (Zhu et al., 2015). These sensors can be integrated with thresholds, alert algorithms, and external communication systems to trigger warnings based on real-time deformation or vibration data. However, the real benefit lies in multi-sensor integration—fiber-optic data must be combined with GNSS, satellite observations, and hydrological data for a comprehensive risk assessment (Zhu et al., 2021).
Despite their advantages, several technical challenges limit the widespread use of fiber-optic systems in landslide monitoring (Wang et al., 2015). First, the initial installation cost—particularly in rugged or remote terrains—can be significant. Second, interpreting massive volumes of high-frequency data requires advanced signal-processing tools and expert knowledge (Lv et al., 2023). Environmental noise, temperature fluctuations, and non-geohazard-related vibrations can also produce false positives (Anjana et al., 2024). Furthermore, the robustness and long-term durability of sensors in saline or erosive coastal conditions remain critical concerns for large-scale deployment (Arslan et al., 2015). The geotechnical variability of landslide-prone regions adds another layer of complexity. Fiber installation must be adapted to the specific characteristics of each site, including soil type, slope angle, groundwater presence, and vegetation covers (Yu et al., 2022). Shallow landslides may require near-surface cable embedding, while deep-seated movements demand borehole installations or integration with geotechnical instruments. This heterogeneity demands flexible and site-specific sensor layout designs, which can significantly affect the cost, installation time, and data interpretation complexity (Zheng et al., 2018). Future developments must focus on improving the real-time processing of fiber-optic data. With the advent of artificial intelligence (AI) and machine learning (ML), new algorithms are being developed to classify signals, detect anomalies, and reduce false alarms. These tools can extract meaningful patterns from noisy data and identify the onset of geohazard events more effectively. Such approaches not only improve system responsiveness but also enable predictive capabilities based on historical patterns and environmental conditions.
To facilitate broader adoption, research should aim to lower deployment costs through modular and reusable components. Innovations in wireless backhaul systems, solar-powered nodes, and portable interrogation units can enhance the accessibility of fiber-optic systems in developing regions or hard-to-reach coastal zones. Moreover, leveraging existing telecommunication fiber networks for sensing purposes—known as “dark fiber” sensing—offers a cost-efficient alternative that reuses infrastructure already in place. So, future research in this field should target several critical areas: (1) enhancing sensor durability and signal clarity in marine/coastal environments, (2) developing integrated multi-hazard monitoring platforms, (3) improving real-time data interpretation using AI and ML, and (4) reducing overall system costs through innovation in installation and maintenance. Collaborative research between geotechnical engineers, optical physicists, and data scientists is essential to fully realize the potential of fiber-optic sensing technologies in landslide EWS applications. A more systematic, multi-disciplinary approach will not only advance technical capabilities but also improve societal resilience to geohazards.
3 EARLY WARNING SYSTEMS ON LANDSLIDES
EWS for landslides are designed to provide timely alerts to reduce the impact on human lives, infrastructure, and the environment (Mao et al., 2021). These systems use a network of strategically placed sensors to continuously monitor ground conditions in landslide-prone areas. Sensors such as inclinometers, extensometers, piezometers, GPS receivers, accelerometers, tiltmeters, and fiber optics measure various parameters like ground movement, strain, slope stability, and rainfall intensity (Yimin et al., 2021). Data from these sensors is transmitted in real-time to a centralized processing center using wireless networks or satellite links, allowing for immediate analysis and interpretation (Wang et al., 2015). Advanced algorithms and models process this data, incorporating historical, meteorological, and geological information to predict potential landslide activities accurately (Zhu et al., 2015).
EWS enhances emergency preparedness by enabling authorities to execute evacuation plans, protect infrastructure, and allocate resources efficiently. The successful implementation of an EWS requires collaboration among geologists, meteorologists, engineers, and data analysts (Minardo et al., 2021b). Continuous monitoring, precise data interpretation, and effective communication are critical for safeguarding communities and minimizing landslide damage (Zheng et al., 2018). EWS components include sensors, databases, analysis cores, telecommunication equipment, automated decision centers, and expert controllers (Sasi et al., 2020). Sensors capture various ground movements and environmental parameters, with data stored for analysis. Analysis cores use advanced algorithms to detect anomalies, while telecommunication equipment ensures real-time data transmission (Zhang et al., 2020). Automated decision centers interpret the analyzed data, triggering alerts for critical movements (Johnson et al., 2023). Expert controllers, typically geo-engineers, verify the accuracy of warnings and make informed decisions. Despite challenges in establishing universal standards for EWS, each system is tailored to local conditions and available technologies (Pei et al., 2020). Fiber optic sensors in EWS offer high precision and durability, continuously monitoring ground movements and environmental conditions. Their resilience against harsh coastal conditions ensures reliable long-term data collection (Papini et al., 2020).
Timely warnings empower stakeholders to implement proactive measures like evacuation plans, infrastructure closures, and risk mitigation strategies, reducing the impact of landslides on vulnerable areas and minimizing casualties and property damage (Anjana et al., 2024). Integrating EWS with fiber optic sensors enhances landslide risk management by continuously collecting and analyzing data (Han et al., 2021). This information is invaluable for researchers and geologists, aiding in the development of refined predictive models and comprehensive risk assessments. Understanding landslide mechanisms, triggers, and behaviors over time helps create more effective risk management strategies, informing land-use planning and infrastructure development to improve resilience in landslide-prone regions (Zhu et al., 2021). Deploying fiber optic sensors in EWS provides high-precision, real-time monitoring of ground movements, offering detailed data that helps researchers analyze landslide dynamics and interactions with environmental factors (Zheng et al., 2020). This contributes to the advancement of scientific knowledge and improves the accuracy of predictive models and risk assessments (Murray et al., 2022). Fiber optic sensors are robust and reliable, even in harsh terrains and adverse conditions, enhancing our understanding of landslide processes (Pei et al., 2020; Minardo et al., 2021b). To ensure the effective implementation of EWS, developing comprehensive standards is essential (Li et al., 2021; Minardo et al., 2021a). Advances in computational intelligence and fiber optic technology have significantly improved EWS, enabling more accurate predictions and precise monitoring. As these technologies evolve, they promise to enhance landslide monitoring efficiency and reliability, contributing to better risk management and increased resilience in landslide-prone areas.
It should be noted that strain processing in geotechnical monitoring, particularly in landslide studies, plays an important role in distinguishing between endogenic (internal) and exogenic (external) source mechanisms (Olabode et al., 2022). Endogenic sources refer to forces originating from within the Earth, such as tectonic movements, volcanic activity, or deep-seated rock stress changes, while exogenic sources are related to surface processes, such as weathering, erosion, and human activities (Liu et al., 2023). To accurately attribute strain data to either of these sources, advanced processing techniques are employed that can isolate the different causes of strain based on their temporal and spatial characteristics (Thirugnanam et al., 2022).
One key method of strain processing involves the use of time-series data from fiber-optic sensors, which continuously measure strain over long periods (Xu et al., 2024). By analyzing the rate and pattern of strain accumulation, researchers can distinguish between slow, progressive strain that results from exogenic factors like rainfall-induced soil saturation or temperature fluctuations, and abrupt, large-scale strain shifts that are typically linked to endogenic mechanisms like seismic activity or fault movements (Hussain et al., 2022). Additionally, changes in strain patterns over different depths or along specific fault lines can provide insights into the origin of the stress causing the deformation, helping to isolate whether the strain is due to surface or subsurface processes (Longoni et al., 2022). Another technique involves using multi-sensor networks that combine fiber-optic strain measurements with geophysical data, such as seismic data from seismometers or ground motion data from geophones (Liu et al., 2020). This multi-disciplinary approach allows for cross-validation of strain measurements, helping to separate exogenic sources like surface erosion or construction activities from endogenic sources such as deep seismic events (Henninges and Masoudi, 2021). Advanced signal processing algorithms also play a significant role in isolating the two types of sources. Techniques like wavelet transform, Fourier analysis, and machine learning algorithms can be applied to strain data to filter out high-frequency noise typically associated with exogenic processes, leaving the low-frequency components associated with deeper, endogenic events (Chen et al., 2020). By using these techniques, it becomes possible to identify subtle but important differences in how strain develops in response to each source mechanism (Liu et al., 2024). This enables more accurate modeling of landslide dynamics, leading to better risk assessments and more targeted mitigation strategies based on the root causes of strain accumulation.
Figure 1 illustrates the integration of various components within an EWS for landslides, emphasizing the role of fiber-optic sensors among other monitoring technologies, outlining the four key components: Risk Knowledge, Monitoring and Warning, Response Capability, and Dissemination and Communication. This diagram highlights the data flow from sensor input, through processing units, to the automated alert mechanisms, showcasing the comprehensive approach EWS takes to monitor, analyze, and respond to potential landslide threats in real-time. By capturing this entire process, Figure 1 demonstrates the interconnected structure that enables quick and coordinated responses to detected ground movement (Papini et al., 2020).
[image: Figure 1]FIGURE 1 | Topical integrated EWS (Papini et al., 2020).
Figure 2 illustrates the primary components and structures of EWS for landslides, highlighting how different sensor types—including fiber-optic technology—integrate to monitor various environmental and geophysical parameters. This setup includes data acquisition, processing, and alert mechanisms, allowing for comprehensive monitoring of landslide-prone areas. By organizing these elements systematically, the figure demonstrates the framework through which EWS can detect early signs of instability, process real-time data, and generate timely alerts for effective risk management (Zhu et al., 2014).
[image: Figure 2]FIGURE 2 | Topical structures of EWS for landslides (Zhu et al., 2014).
4 FIBER-OPTIC APPLICATIONS IN LANDSLIDES
The advantages of fiber-optic technologies include fast and easy data transfer, continuous real-time data recording, high sensitivity, durability, lightweight design, ease of installation and transportation, immunity to electrical and magnetic noise, resistance to environmental impacts, and the ability to multiplex and extract time-dependent data (Zheng et al., 2018). Although fiber-optic technology has been used since the 1800s, its application in geosciences, particularly for landslides, is relatively new (Anjana et al., 2024). The ability to record data in real-time has led to the creation of comprehensive databases that track spatial variations, sliding behavior (both shallow and deep), and strain-displacement measurements from geo-sensors. This data helps describe creep status and mass movement at various slope locations. By using artificial intelligence techniques, especially deep learning, researchers can analyze this data to gain predictive insights into slope conditions and landslide behavior (Arslan et al., 2015). On the other hand, Fiber-optic technology offers significant advantages over traditional methods in landslide monitoring due to its high sensitivity and real-time data transmission capabilities. Unlike conventional sensors, fiber-optic systems can detect minute strain, temperature, and pressure changes over long distances with high precision. This allows for continuous and distributed monitoring of large and remote areas, reducing the need for multiple discrete sensors and frequent manual inspections (Zhu et al., 2015). Additionally, fiber-optic cables are immune to electromagnetic interference, ensuring reliable performance in harsh environmental conditions. Another key advantage is durability and low maintenance. Traditional sensors, such as inclinometers and piezometers, often require frequent calibration and are susceptible to mechanical failure over time. In contrast, fiber-optic cables have a long lifespan and can function effectively in extreme weather, soil movement, and corrosive environments without significant degradation. Their passive nature also eliminates the need for external power sources along the sensing line, making them ideal for deployment in difficult-to-access regions (Zhu et al., 2014). Furthermore, fiber-optic technology enables EWS with rapid response capabilities. By providing real-time and continuous data, authorities can detect early signs of ground movement and assess potential risks before a landslide occurs. This proactive approach enhances disaster preparedness, minimizes infrastructure damage, and improves public safety (Pei et al., 2020). As a result, fiber-optic-based monitoring is increasingly preferred for large-scale, long-term landslide hazard assessment and mitigation.
Fiber-optic techniques measure displacements (displacement refers to the movement of soil or rock in a landslide, typically measured as the shift in position from its original location. Monitoring displacement allows scientists and engineers to assess the extent of ground movement during or before a landslide, which is essential for understanding the dynamics of slope failure and for issuing early warnings to reduce risk) at shallow depths near the surface or deeper, depending on the specific movement behavior observed (Pei et al., 2020). When deformation or strain exceeds a critical limit, indicating the factor of safety equals 1, a slip occurs. This limit serves as a threshold for continuous, time-dependent failure events initiating slope movement under static conditions. Creep, influenced by triggering factors, contributes to failure conditions and landslide breakdown (Li et al., 2021). Ground-based monitoring techniques, such as fiber-optic technologies, enable continuous monitoring of creep processes within slopes, measuring various creep conditions over time, especially under risky circumstances (Wang et al., 2015). This concept is fundamental to EWS, which forecasts critical conditions related to creep behavior and mass deformation before failure (Minardo et al., 2021a). Fiber-optic systems provide extensive spatial coverage, making them valuable for monitoring large landslide-prone areas like coastlines and mountains. These sensors can be embedded in the ground, attached to structures, or placed underwater, allowing for a comprehensive assessment of landslide dynamics from surface to subsurface. Their durability ensures reliability in harsh conditions, such as moisture, saltwater, or extreme temperatures. Fiber optic sensors can be integrated with other monitoring technologies, including GPS, weather stations, and satellite imagery, enhancing landslide predictions and understanding of triggers and behavior (Cole et al., 2022). The real-time data from fiber optic sensors can trigger automated alerts when thresholds are crossed, prompting timely responses such as evacuations or infrastructure protection measures, thus reducing landslide impacts. Figure 3 illustrates the application of fiber-optic technology in landslide displacement monitoring, showcasing how sensors are strategically positioned to detect ground movements with high precision. This setup enables continuous, real-time monitoring of displacement along various points on a slope, providing detailed insights into strain distribution and deformation patterns. The data gathered from these sensors enhances early warning capabilities by identifying potential instability zones, allowing for timely intervention and risk mitigation (Zhu et al., 2021).
[image: Figure 3]FIGURE 3 | Application of fiber-optic technology in landslide displacement monitoring (Zhu et al., 2021).
Various researchers have made significant contributions to the field of landslide monitoring using fiber-optic technology. Aulakh et al. (2004) evaluated and monitored landslide slip until failure occurrence using optical time domain reflectometry (OTDR) sensors in a laboratory setting. Higuchi et al. (2005) utilized OTDR sensors and fiber-optic technology to monitor the Takisaka landslide in Japan, measuring displacement through strain-displacement variations in the landslide mass. Ho et al. (2006) employed fiber glass Bragg grating (FBG) inclinometers for landslide monitoring. Dai et al. (2008) utilized high-resolution distributed fiber-optic stress sensors to monitor stress distribution in a landslide body and used it as an EWS. Iten et al. (2008) applied BOTDR sensors to monitor the St. Moritz landslide and employed large-scale strain gauges to estimate mass displacement. Liu et al. (2010) used POFDR and high-quality OFDR with a 5 cm resolution to examine mechanical behavior and continuously monitor landslides, enabling accurate prediction of ground movements with a low error percentage. Pei et al. (2011), following the work of Ho and colleagues, employed FBG sensors to monitor debris flows in laboratory settings and reported positive results in tracking debris flows. Zhu et al. (2014) developed a new distributed optic fiber transducer that employed electro-optic detection technology to evaluate and monitor slope stability variations. Zeni et al. (2015) developed and implemented a laboratory model for small-scale landslide behavioral analysis using BOTDA to measure mass movements during the landslide. Arslan et al. (2015) used OTDR in conjunction with fiber-optic sensors to monitor the deformation and slip behavior of the soil mass in a laboratory model. Wang et al. (2015) employed FBG sensors to investigate probable sliding surfaces in a landslide site near Wenzhou city and used limit equilibrium methods to analyze slope stability. Zheng et al. (2018) used OTDR sensors for real-time monitoring and landslide stability analysis during an experimental study. In the present work, an artificial intelligence-based approach and deep learning techniques were utilized to monitor and forecast landslide movements in real-time using field data collected by a fiber-optic system consisting of BOTDA and fiber-optic cables.
Zhang et al. (2020) utilized FBG as a real-time monitoring system to measure the displacements occurring in two sliding surfaces (shallow and deep) of the Majiagou landslide. The average displacement rate indicated that the landslide was still creeping at a rate of 0.1 mm/day, which is significant for stability evaluation and the formulation of early warning plans for the reservoir landslide. Herlin et al. (2020) employed fiber-optic-based energy demodulation to monitor deformation in soil layers, demonstrating that the IoT-based system can provide highly accurate measurements of soil shift deformation. Pei et al. (2020) used FBG-based fiber sensors to experimentally measure the displacements occurring in slopes, potentially contributing to EWS for slope monitoring. The study’s results were utilized to develop a new methodology for recording deformations in slopes experiencing different scales of creep. Papini et al. (2020) employed optical fiber strain sensors to monitor sliding conditions in lab-scale landslides under heavy precipitation in controlled laboratory conditions. The study aimed to measure the impact of precipitation in triggering landslides, and the results demonstrated the sensors’ ability to reflect developing instabilities during the experiments, encouraging further investigation of their applicability. Lanciano and Salvini (2020) explored the use of strain-based fiber-optic sensors, employing distributed acoustic sensing (DAS), unmanned aerial vehicles (UAV), and distributed fiber-optic sensing (DFOS) to analyze ground deformation under static and dynamic loadings. Minardo et al. (2021b) employed distributed fiber-optic strain sensors for long-term monitoring of a railway tunnel affected by an active landslide in southern Italy. The experimental results, spanning 3 years, demonstrated the sensor’s capability to identify potentially hazardous strained regions along the tunnel walls and track their temporal evolution.
Li et al. (2021) employed FBG fiber sensors to measure strain distribution in the slope mass during erosion. Zhu et al. (2021) implemented a large-scale monitoring system for landslides in the Three Gorges Reservoir Area, China. Han et al. (2021) focused on analyzing the error rate of OFDR sensors used for recording displacements in subsurface displacement monitoring landslides. The scholar aimed to solve the error rate issue by designing a new joint fiber-optic displacement sensor capable of achieving accurate displacement monitoring. Its measurement error was analyzed, and feasibility was demonstrated through theory and laboratory experiments. Costrada and Kemal (2021) and Costrada et al. (2021) utilized a fiber-optic sensor and CCD TSL140CL linear sensor array for real-time monitoring of landslide displacement based on micro-strain. The CCD TSL1401CL linear sensor array was specifically used to measure rain intensity, which is the main triggering factor for slope failure and initiation of sliding. The testing results showed that the measurement system, potentially used as an early warning framework, operated with a 0.59% error percentage. Minardo et al. (2021a) employed Brillouin scattering-based optical fiber strain sensors to monitor deformations in a national railway crossing the accumulation zone of an active landslide, the Varco d'Izzo earthflow, in the southern Italian Apennines. The tunnel, after stabilization and installation of a reinforced support system in 2016, was instrumented with distributed fiber-optic strain sensors to detect the onset of potentially dangerous strains in the tunnel structure. The recorded results were used for monitoring periods using inclinometers and acceleration sensors during landslide movements. Ivanov et al. (2021) utilized experimental fiber-optic sensors to simulate rainfall-induced shallow landslide models composed of non-cohesive soil slopes to monitor ground displacements. The researchers stated that the proposed sensing technique could provide a viable and cost-effective alternative to commercially available optical fiber interrogators, offering quantitative monitoring data for shallow landslide monitoring in soil-like materials. Zhao et al. (2021) applied pulse-prepump Brillouin optical time domain analysis (PPP-BOTDA) distributed optical fiber sensing technology to monitor and record the displacement of landslides along the Yangtze River in China, particularly in the Three Gorges Reservoir area. Allil et al. (2021) analyzed slope instability and landsliding using FBG-based inclinometers as long-term surface or underground monitoring methods to detect small soil displacements (Anjana et al., 2024). The errors found in all tests were less than 1%, indicating that the proposed system can serve as an alternative methodology to conventional geotechnical instrumentation techniques.
Ye et al. (2022) utilized a fiber-optic nerve system based on weak-reflection FBG to monitor a giant landslide located in the Three Gorges Reservoir region, China. Cole et al. (2022) conducted an experimental study using DAS-based fiber-optic arrays to monitor a landslide in northern England. Time-lapse analysis of passive data from different time periods revealed velocity changes that may be related to geological changes. Alongside building 2D velocity profiles for each receiver line, the study explored methods for estimating 3D velocity models. Liu and Zhou (2022) employed a distributed real-time in-situ monitoring method based on ultra-weak fiber Bragg gratings (UWFBG) for deformation measurement of a real landslide in Yibin City, Sichuan Province, China. The monitored results suggested that the landslide was in a stable state during the monitoring period. Clarkson et al. (2022a) developed a new slope stability monitoring system using distributed Rayleigh sensing (DRS). Yu et al. (2022) utilized a combined optical fiber transducer (COFT) based on the optical fiber bending loss characteristic for landslide monitoring, determining the sliding direction, magnitude, and rate of slope movement.
One of the most significant areas that overlay is used in geohazard monitoring applications of thermomechanical monitoring with fiber-optic technology (Cheng et al., 2023). Thermomechanical monitoring with fiber-optic technology is an advanced method for detecting and analyzing changes in temperature and strain within geological formations (Di Gennaro et al., 2022). Fiber-optic sensors, particularly Distributed Temperature Sensing (DTS) and Distributed Strain Sensing (DSS) provide continuous, real-time data over long distances with high spatial resolution (Bado and Casas, 2021; Henninges and Masoudi, 2021). These sensors are embedded in the ground or infrastructure to measure temperature fluctuations and mechanical deformations caused by subsurface movements, allowing for early detection of anomalies that may indicate instability (Miah and Potter, 2017; Soga and Luo, 2018). In the context of geohazards, fiber-optic thermomechanical monitoring is particularly valuable for assessing risks related to landslides (Shi et al., 2017; Minutolo et al., 2020; Tang et al., 2023). Changes in temperature and strain patterns within soil and rock masses (Ye et al., 2024a) can signal shifts in groundwater levels, thermal expansion (Ibrahim et al., 2024), or mechanical stress (Sun et al., 2024) buildup—factors that contribute to slope failures (Wen et al., 2025). By detecting these variations, fiber-optic systems can identify EWS signs of instability (Kashaganova et al., 2023), providing crucial information for risk mitigation and disaster prevention efforts. The integration of this technology with remote sensing and geospatial analysis enhances its effectiveness in monitoring large and inaccessible regions (Liu et al., 2022). Landslide monitoring benefits greatly from the deployment of fiber-optic networks along critical slopes, infrastructure corridors, and high-risk zones (Wang D. Y. et al., 2023). The ability of fiber optics to function in extreme environmental conditions, combined with their long-term stability (Johnson et al., 2023) and low maintenance (Ye et al., 2022), makes them an ideal solution for continuous monitoring (Zhang et al., 2024). When coupled with data analytics and machine learning algorithms, these sensors can improve prediction models, enabling authorities to take proactive measures such as reinforcing slopes or issuing early warnings. As climate change and human activities increase the frequency of landslides (Zhu et al., 2021), fiber-optic thermomechanical monitoring plays a crucial role in improving resilience and minimizing the impact of these geohazards (Ye et al., 2024a).
Fiber-optic sensors contribute to real-time monitoring and early detection of ground movements by providing continuous, high-resolution data on strain, temperature, and pressure changes along a monitored area. Unlike traditional point-based sensors, DFOS systems use optical fibers as sensing elements, enabling the detection of subtle deformations over long distances without gaps in coverage. These sensors operate based on light transmission variations caused by ground movement, allowing for precise and instantaneous detection of potential landslide triggers such as soil displacement, subsurface deformation, and water infiltration (Yu et al., 2022). One of the key advantages of fiber-optic sensors is their ability to deliver real-time alerts. Since they do not require electrical power along the sensing cable, they can be deployed in remote or hazardous locations and provide continuous data transmission to monitoring stations. By integrating fiber-optic data with advanced algorithms and machine learning models, experts can analyze trends and predict slope instability with high accuracy (Cole et al., 2022). This enables authorities to take proactive measures, such as issuing early warnings and initiating preventive actions, before a landslide occurs. Additionally, fiber-optic sensors enhance the reliability and efficiency of landslide monitoring systems. They are highly resistant to environmental factors such as electromagnetic interference, corrosion, and extreme temperatures, ensuring long-term functionality with minimal maintenance (Minardo et al., 2021b). Their scalability allows them to cover vast and geologically complex regions, making them an ideal solution for real-time landslide monitoring in both urban and remote settings. By detecting ground movement at an early stage, fiber-optic technology significantly reduces the risks associated with landslides, protecting infrastructure and human lives (Zheng et al., 2018).
Fiber-optic technology presents significant advantages for landslide monitoring, such as high spatial resolution and real-time data acquisition (Schenato and Pasuto, 2021). However, its implementation comes with several challenges, particularly due to the complexity of installation and maintenance in rugged and unstable terrains (Costrada and Kemal, 2021). Deploying fiber-optic cables in landslide-prone areas requires extensive groundwork (Anjana et al., 2024), including trenching or borehole drilling (Lv et al., 2023), which can be logistically difficult and costly (Pellegrini et al., 2024). Moreover, extreme weather conditions, soil erosion, and ongoing ground deformation can damage the cables, affecting long-term data reliability (Damiano et al., 2024). Another critical limitation is the issue of sensor coupling with the shifting ground (Cola et al., 2021). Landslides involve continuous movement, which can cause fiber-optic cables to lose proper contact with the surrounding soil or rock (Ravet et al., 2021). This affects the accuracy of strain and temperature measurements, leading to potential false readings or data gaps (Han et al., 2023). Ensuring strong sensor-soil coupling requires careful engineering (Clarkson et al., 2022b), but even well-embedded sensors may face issues when subjected to rapid or complex ground deformation patterns, making consistent monitoring difficult (Ye et al., 2024b).
Difficult terrain conditions further complicate data transmission and power supply to fiber-optic systems (Kelam et al., 2023). Remote or mountainous regions, where landslides are most common, often lack the necessary infrastructure to support continuous operation (Brezzi et al., 2024). Establishing a stable power source and data communication network in such areas can be expensive and technically challenging (Kelam et al., 2023). In some cases, harsh environmental conditions, such as heavy rainfall, snowfall, or seismic activity (Brezzi et al., 2024), can further hinder the accessibility and maintenance of fiber-optic installations. Additionally, the dynamic nature of landslides makes predictive modeling and data interpretation more complex (Qin, 2020). Fiber-optic sensors generate vast amounts of data, but distinguishing between natural ground variations and actual precursors of failure requires advanced analytical models (Li et al., 2021). The presence of heterogeneous soil properties, varying moisture content, and external disturbances (such as human activities or vegetation growth) can introduce noise into the collected data (Ebrahim et al., 2024). As a result, effective landslide monitoring using fiber optics requires sophisticated algorithms and cross-validation with other geotechnical and remote sensing methods. Finally, cost considerations and long-term sustainability pose additional limitations (Qin, 2020). While fiber-optic technology offers high precision, its initial installation and maintenance expenses can be prohibitive, particularly for large-scale or long-term monitoring projects (Fenta et al., 2021). Funding constraints may limit widespread deployment, especially in developing regions where landslide risks are high (Tao et al., 2024). Additionally, fiber-optic components degrade over time, requiring periodic replacements or recalibrations, which further adds to operational challenges. Addressing these limitations requires continuous innovation in sensor technology, integration with complementary monitoring techniques, and improved deployment strategies tailored to challenging landscapes (Qin, 2020).
5 RECENT ADVANCES IN FIBER-OPTICS IN LANDSLIDE MONITORING
Fiber-optic technology has gained considerable attention in the field of geohazard monitoring, particularly in landslide studies. Its application has proven to be highly valuable for providing real-time, continuous, and high-resolution data over long distances. Fiber-optic sensors, such as DTS and DSS, offer a unique advantage in monitoring landslides because they can capture subtle changes in strain and temperature across the entire length of the fiber, which traditional methods struggle to do. This ability to continuously monitor deformation in the ground allows for early detection of potential landslide movements, a crucial factor for risk mitigation in vulnerable areas. Recent advancements in fiber-optic technology have significantly enhanced landslide monitoring capabilities (Johnson et al., 2023; Wang J. et al., 2023). Distributed fiber optic sensors, such as DAS and DTS, are among the notable innovations. DAS enables continuous strain measurements along the entire fiber length, providing comprehensive data on ground movements. DTS monitors temperature changes that can indicate hydrological processes potentially triggering landslides (Anjana et al., 2024). Improved sensing resolution in these fiber-optic sensors allows the detection of even the smallest displacements and strain variations, offering detailed insights into landslide dynamics and enhancing EWS’s accuracy (Zhang et al., 2024).
Previous studies have demonstrated the effectiveness of fiber-optic sensors in monitoring landslides. For example, a study by Lienhart (2015) in Austria used fiber-optic strain sensors along a landslide-prone slope to monitor progressive deformations. This illustrates the significant potential of fiber-optic sensors to enhance the safety and accuracy of landslide monitoring, providing more lead time for preventive measures. Furthermore, fiber-optic technology enables the monitoring of areas that are otherwise difficult to access, such as steep or remote slopes, or locations with complex geological conditions (Arslan et al., 2015). Traditional landslide monitoring tools, such as inclinometers, piezometers, or geophones, often require manual data collection or are limited to specific points of measurement (Pei et al., 2011). In contrast, fiber-optic sensors can be deployed over long distances, providing a comprehensive view of the slope’s behavior (Iten et al., 2008). The continuous data collected from these sensors can be transmitted in real-time to monitoring stations, offering a more complete and dynamic understanding of the ongoing processes, which is vital for decision-making in landslide-prone regions (Anjana et al., 2024).
One of the primary advantages of using fiber-optic sensors in landslide monitoring is their ability to detect both slow, progressive deformations and more sudden, catastrophic events. For instance, Howe et al. (2022) conducted a study on a landslide in earth and ocean, also, Schenato (2017) conducted a study on a landslide in France, where fiber-optic sensors were used to monitor strain and temperature fluctuations. Their results revealed that the sensors could detect both gradual shifts in the soil structure due to factors like rainfall and rapid shifts caused by seismic activity or landslide triggers. The ability to distinguish between these types of events is invaluable in landslide risk management, as it allows for tailored responses to different types of ground movement. In addition to monitoring strain and temperature, fiber-optic technology can also be used in conjunction with other geotechnical tools, creating a multi-sensor network that provides a more comprehensive picture of the landslide’s behavior.
While fiber-optic sensors offer numerous advantages, challenges still exist in their application to landslide monitoring (Johnson et al., 2023). One issue is the difficulty of maintaining sensor stability in environments with high seismic activity or rapidly shifting ground (Pellegrini et al., 2024). Fiber-optic cables embedded in the ground can experience a loss of coupling with the surrounding soil or rock, which may affect data accuracy (Ma et al., 2023). To mitigate this, new advancements in sensor design are being explored, such as the use of multi-core fibers and more robust installation techniques, to improve the durability and reliability of these systems (Cola et al., 2021). Additionally, fiber-optic systems are often more expensive than traditional monitoring techniques, which can limit their widespread adoption, particularly in regions with limited funding for geohazard monitoring (Costrada and Kemal, 2021). Despite these challenges, the potential of fiber-optic technology in landslide monitoring is vast, and ongoing research continues to improve its application (Wang J. et al., 2023). Future studies should focus on enhancing sensor robustness, reducing costs, and integrating fiber-optic systems with other geohazard monitoring technologies (Li et al., 2021). There is also a need for more long-term case studies to better understand the behavior of fiber-optic sensors in real-world landslide scenarios (Herlin et al., 2020). By incorporating lessons learned from past studies and addressing existing challenges, fiber-optic technology can play an increasingly vital role in landslide monitoring and EWS, ultimately contributing to improved disaster risk reduction strategies.
Integrating multiple sensing modalities into a single fiber-optic cable allows for simultaneous measurement of various geophysical parameters, providing a more holistic understanding of conditions leading to landslides (Anjana et al., 2024). Combining data from fiber-optic sensors with remote sensing technologies like LiDAR and satellite imagery further enhances real-time monitoring and assessment of large-scale landslides over extensive areas (Pellegrini et al., 2024). The use of artificial intelligence algorithms in data fusion improves landslide predictions’ accuracy and early warning systems’ reliability (Wang J. et al., 2023). Long-term stability and reliability of fiber-optic sensors in challenging environmental conditions remain a focus of ongoing research to ensure their effectiveness for continuous monitoring over extended periods (Zhang et al., 2024). As fiber-optic technology continues to evolve, consulting up-to-date academic sources and reputable journals in geotechnical engineering and landslide monitoring is essential for the latest advancements.
Table 1 provides an overview of various fiber-optic technologies applied in landslide monitoring, highlighting their advancements and limitations. Table 2 details different types of fiber-optic sensors, measured parameters, and working principles. The diverse capabilities of these sensors, including distributed sensing, high accuracy, and environmental resistance, make them invaluable for landslide monitoring. Integrating these sensors into EWS enables continuous, real-time data collection, supporting timely, informed decisions to enhance landslide risk management and improve safety in vulnerable regions. BOTDA and FBG sensors have specific applications in landslide monitoring (Johnson et al., 2023). BOTDA sensors offer high spatial resolution and distributed sensing capability, allowing for precise monitoring of ground movements and early detection of potential landslide activities. Their real-time data provision supports timely decision-making and EWS implementation (Ma et al., 2023). Additionally, their non-intrusive and remote sensing capabilities make them suitable for deployment in challenging terrains without disturbing the natural environment (Pellegrini et al., 2024).
TABLE 1 | Several fiber-optic technologies integrated application in landslide monitoring.
[image: Table 1]TABLE 2 | Overview of different types of fiber optic sensors used in landslide monitoring.
[image: Table 2]Building upon the strengths and limitations outlined in Table 1, several key directions can be identified to guide future research and development in the application of fiber-optic technologies for landslide monitoring and early warning systems. Technological challenges remain a major barrier, particularly regarding sensor durability in harsh coastal environments, the need for stable long-term calibration, and the complexity of power supply and data transmission in remote or inaccessible areas. Additionally, the highly site-specific nature of landslides necessitates adaptable deployment strategies tailored to varying geological, topographical, and hydrological conditions. Cost-effectiveness also plays a critical role, especially in low-resource settings, where high installation and maintenance costs may hinder widespread adoption. Furthermore, advancing the capability of data interpretation is essential. Fiber-optic sensing systems generate vast volumes of high-resolution, continuous data, which require robust analytical frameworks for real-time processing and decision-making. Future research should prioritize the integration of artificial intelligence and machine learning algorithms to enhance anomaly detection and risk assessment. Moreover, effective early warning depends on the seamless integration of fiber-optic data with complementary technologies, such as remote sensing (e.g., InSAR), GNSS, meteorological data, and geotechnical instrumentation. A multidisciplinary approach that synthesizes these technologies can significantly enhance the reliability, responsiveness, and coverage of landslide early warning systems.
BOTDA and FBG sensors offer long-term stability and accurate monitoring for landslide-prone areas. FBG sensors excel at detecting small ground movements due to their high accuracy in measuring strain and temperature changes (Ma et al., 2023). Their ability to take simultaneous measurements along a single optical fiber makes them cost-effective and comprehensive. They are also immune to electromagnetic interference, making them reliable near electrical equipment. Compact and lightweight, FBG sensors are easy to install, even in challenging terrains, and their low power consumption makes them ideal for remote monitoring systems. Integrating FBG sensors into EWS helps protect communities and infrastructure by providing early alerts for potential landslides. However, BOTDA sensors have higher implementation costs due to the need for specialized equipment and expertise (Johnson et al., 2023; Pellegrini et al., 2024). While they offer high spatial resolution, they might not detect the finest ground movements. Data interpretation for BOTDA sensors is complex and requires skilled professionals (Anjana et al., 2024). They can also be affected by environmental factors like temperature changes and external disturbances. FBG sensors have a lower sensing range, which can be a limitation in areas with larger ground movements. The multiplexing capability can introduce crosstalk between sensors, affecting data accuracy, but proper design can mitigate this (Ebrahim et al., 2024). Although generally immune to electromagnetic interference, some minimal disturbances can occur near electronic devices or power lines. Regular calibration and maintenance are crucial for ensuring long-term accuracy.
Incorporating three-component strain field measurements using fiber-optic technology is an exciting prospect for improving the accuracy and comprehensiveness of geohazard monitoring, such as landslides and other subsurface deformations (Ebrahim et al., 2024). Traditionally, fiber-optic sensors have been primarily used to measure strain along a single axis, typically along the length of the fiber, which provides valuable but limited information about the state of stress in the surrounding environment (Mreyen et al., 2022). However, for a more complete understanding of the strain field, it is essential to measure the components of strain in all three spatial directions longitudinal, lateral, and vertical (Mehrabi, 2021). This is crucial in the context of complex ground movements, where deformation is not limited to a single plane but occurs in three dimensions (Calamita et al., 2023). One potential approach to incorporating three-component strain field measurements using fiber-optic technology is through the use of specialized fiber-optic sensor configurations, such as the use of multi-core fibers or 3D fiber-optic strain gauges (An et al., 2021; Zhao et al., 2025). Multi-core fiber-optic cables contain multiple fibers that can be oriented in different directions along the sensor installation (Yin et al., 2022). By measuring the strain at various orientations simultaneously, these systems can provide multi-dimensional strain data (Piao et al., 2024). Additionally, advanced sensor designs using FBG sensors can be strategically placed in different directions to measure strain components in all three axes. This would allow for the capture of complex deformation patterns in real-time (Cui, 2020).
Another promising technique is to integrate DSS with other sensing modalities, such as accelerometers or piezoelectric sensors, to obtain three-component strain field measurements (Zhang et al., 2023). Fiber-optic sensors can be used to monitor continuous strain along the fiber (Anjana et al., 2024), while additional sensors placed at key points along the installation can capture dynamic motion or vertical strain components (Johnson et al., 2023). By combining these datasets through a centralized monitoring system, a more complete picture of the strain field can be obtained (Ma et al., 2023). This hybrid approach allows for enhanced monitoring of geohazards by capturing both the slow, progressive deformations detected by fiber-optic systems and the rapid, dynamic events captured by inertial sensors (Pellegrini et al., 2024). However, there are challenges to implementing three-component strain field measurements in practice (Cui, 2020). The complexity of sensor deployment and the need for accurate calibration of multi-axis measurements can increase the cost and logistical difficulty of such systems (Qin, 2020). Additionally, the effectiveness of multi-axis fiber-optic strain sensors depends on the sensor’s ability to withstand environmental factors, such as soil movement, temperature fluctuations, and moisture changes, which could affect the accuracy of measurements (Wang J. et al., 2023). Nonetheless, as fiber-optic technology continues to evolve, with advancements in sensor design and data processing techniques (Zheng et al., 2018), the integration of three-component strain field measurements is becoming increasingly feasible (Mreyen et al., 2022). This capability would significantly enhance the ability to monitor and predict geohazard events, offering more reliable EWS and improved risk management strategies (Mehrabi, 2021).
Seismometers and geophones excel at detecting high-frequency, transient ground motions, such as those caused by earthquakes, explosions, or rapid landslide movements (Indukala et al., 2024). However, they are limited in their ability to detect slower, more gradual ground deformations (Cui, 2020). Fiber-optic sensors, on the other hand, offer continuous, high-resolution measurements over long distances, making them highly effective for monitoring the subtle strain variations that often precede or accompany landslides and other geohazards (Qin, 2020). By merging these technologies, it becomes possible to monitor both fast-moving and slow-moving ground deformations, providing a more comprehensive understanding of the state of the terrain (Clare et al., 2024). One promising method for integrating fiber-optic sensors with conventional seismometers and geophones is through data fusion techniques (Chávez-García et al., 2021). Data fusion involves combining measurements from different sensor types to improve the overall accuracy, reliability, and resolution of monitoring systems (Hoffman and Eduard, 2024). In this context, the real-time strain data from fiber-optic sensors could be combined with the dynamic motion data from seismometers or geophones (Imani et al., 2021). For example, while fiber-optic sensors continuously track ground deformation, seismometers can capture sudden movements or vibrations (Wang J. et al., 2023). By correlating the data from these two systems, more precise models of ground behavior can be developed, allowing for better prediction and early detection of potential geohazards such as landslides, earthquakes, or slope failures (Yu et al., 2022).
Another approach is the use of hybrid monitoring networks, where fiber-optic sensors are deployed alongside seismometers and geophones in strategic locations. This hybrid setup allows each sensor type to complement the other (Wei and Liu, 2020). For instance, fiber-optic cables can be placed along slopes or infrastructure to monitor continuous strain, while seismometers or geophones can be positioned to detect dynamic events that might affect these same areas (Chávez-García et al., 2021). The advantage of this approach is that it provides real-time data on both gradual and rapid deformations, enabling a more nuanced understanding of the geohazard environment (Qin, 2020). The integration can also provide redundancy, improving system reliability in challenging monitoring environments. Furthermore, machine learning and advanced signal processing techniques can be applied to the integrated data from fiber-optic sensors, seismometers, and geophones (Delgado et al., 2021). These technologies can help identify patterns and anomalies in the data that might not be immediately apparent through traditional analysis (Wei and Liu, 2020). By using algorithms to process and interpret the combined data sets, the system can generate more accurate models of ground behavior and improve the prediction of geohazards (Cui, 2020). For example, in a landslide monitoring scenario, machine learning algorithms could correlate slow, progressive strain data from fiber-optic sensors with sudden, dynamic shifts detected by seismometers, offering early warnings of potential landslide events (Qin, 2020). This integration of technologies, along with sophisticated data analysis, represents a powerful tool for advancing geohazard monitoring capabilities (Zeni et al., 2015).
6 RISK MANAGEMENT AND RESILIENCE
Fiber-optic technologies play a crucial role in improving risk management and landslide mitigation by providing real-time, high-precision monitoring of ground stability over large areas. Unlike traditional sensors, fiber-optic systems enable continuous and distributed data collection, allowing for early detection of ground deformations, subsurface movements, and environmental changes that may indicate an impending landslide (Johnson et al., 2023). This real-time data helps geotechnical experts and emergency response teams assess risks more accurately and implement timely interventions, reducing potential damage to infrastructure and loss of life. Another key contribution of fiber-optic technology is its integration with predictive modeling and EWS. By analyzing data collected from fiber-optic sensors, advanced machine learning algorithms, and geospatial models can forecast landslide occurrences with greater accuracy. This predictive capability enhances decision-making processes for engineers, urban planners, and disaster management authorities, enabling them to design effective mitigation measures such as slope reinforcements, drainage improvements, and controlled evacuations. The ability to detect small changes before they escalate into major events significantly improves long-term risk assessment and disaster preparedness (Ma et al., 2023). Furthermore, fiber-optic systems enhance the resilience and sustainability of monitoring infrastructure. These systems require minimal maintenance, withstand harsh environmental conditions, and provide long-term, cost-effective solutions for landslide-prone regions. Their scalability makes them ideal for large-scale monitoring projects, including critical infrastructure such as highways, railways, and pipelines. By offering continuous and automated surveillance, fiber-optic technologies help authorities transition from reactive disaster response to proactive risk management, ultimately enhancing community safety and resilience against landslides (Arslan et al., 2015).
In other words, strain-based sensing approaches are considered superior to traditional sensing methods, due to their ability to provide distributed (Wu et al., 2020), high-resolution measurements over large areas (Magisano et al., 2022). Unlike inertial sensors, which detect ground motion at discrete points, strain-based fiber-optic sensors, such as DSS, offer continuous spatial coverage along the entire length of the fiber (Wang et al., 2025). This allows for early detection of slow deformations that precede landslides, which inertial sensors may fail to capture due to their reliance on acceleration thresholds (Liu et al., 2021). Additionally, fiber-optic strain sensors can operate in harsh environmental conditions with minimal maintenance, whereas seismometers and geophones require periodic calibration and may be affected by environmental noise (Zhu et al., 2024). Another key advantage of strain-based sensing is its ability to measure permanent ground deformation, rather than just transient motion (Wang J. et al., 2023). Inertial sensors primarily detect dynamic events such as earthquakes or sudden landslide movements, but they may not be effective in identifying gradual stress accumulation within a slope (Soga, 2024). Strain-based sensors, on the other hand, can continuously track strain evolution, offering crucial insights into progressive failure mechanisms (Silveira et al., 2025). This makes them particularly valuable for landslide EWS, where detecting precursors to failure is essential for mitigation efforts (Sun et al., 2020). Moreover, fiber-optic strain sensors are scalable and can be integrated into existing infrastructure, such as pipelines or retaining walls, providing multipurpose monitoring capabilities that traditional inertial sensors lack (Wen et al., 2024).
Fiber-optic monitoring systems can significantly strengthen the resilience of coastal communities by providing early detection of landslides, soil erosion, and other ground movements that are common in such regions. These systems offer real-time, continuous monitoring over vast and hard-to-access areas, ensuring that any signs of slope instability or geological hazards are detected well before they escalate into disasters (Anjana et al., 2024). By enabling EWS, fiber-optic sensors allow authorities to issue timely evacuations, implement protective measures, and reduce the impact of these events on vulnerable coastal infrastructure and populations. In addition to real-time detection, fiber-optic systems contribute to long-term resilience by offering detailed data on environmental changes, such as shifting water levels, soil moisture, and temperature variations. This data is essential for understanding the dynamic nature of coastal environments and for improving hazard modeling and risk assessments (Rak et al., 2021). By integrating fiber-optic data into local disaster management strategies, communities can make informed decisions about land-use planning, coastal defenses, and infrastructure development, thereby mitigating the risks posed by landslides and coastal erosion. Moreover, fiber-optic technologies are highly durable; require low maintenance, and are resistant to environmental challenges like corrosion, electromagnetic interference, and extreme weather conditions, making them particularly suitable for coastal environments (Ebrahim et al., 2024). Their ability to operate in remote, hard-to-reach locations without frequent human intervention allows for continuous monitoring, even in areas prone to frequent storms or rising sea levels. As a result, fiber-optic systems enhance the overall preparedness of coastal communities, ensuring they can respond quickly to threats and protect both lives and property.
7 FUTURE DEVELOPMENT
The application of fiber-optic technologies for real-time coastal landslide monitoring has gained significant momentum in recent years, driven by advances in distributed sensing systems (Nie et al., 2025) and growing concerns over coastal hazards exacerbated by climate change (Chandel et al., 2025). One of the most promising developments is the enhancement of DAS, which repurposes standard telecommunication optical fibers into dense arrays of virtual sensors (Anjana et al., 2024). This innovation allows for high-resolution detection of ground vibrations, offering a non-intrusive, cost-effective method for long-term monitoring of unstable coastal slopes (Johnson et al., 2025). Recent research has demonstrated the effectiveness of combining DAS with machine learning algorithms to improve signal classification and noise filtering (Sun et al., 2025). These hybrid approaches enable the differentiation between actual geophysical signals (such as precursor microseismic activity associated with slope failure) and ambient noise (such as ocean wave action), thereby increasing the reliability of early warnings (Johnson et al., 2025). As training datasets become more comprehensive, these algorithms are expected to provide near-real-time event detection and risk assessment. Another emerging direction is the integration of FBG sensors in multi-parameter sensing arrays (Zhang et al., 2016). FBGs can simultaneously monitor strain, temperature, and pressure along coastal slopes (Gao et al., 2024). Recent developments in multiplexing techniques have allowed a higher density of FBGs along a single fiber line, significantly enhancing spatial coverage without a proportional increase in cost or complexity (Anjana et al., 2024). This advancement is particularly valuable in heterogeneous coastal terrains where localized failure zones may develop rapidly (Minardo et al., 2021b). Moreover, hybrid fiber-optic systems that combine FBG, DAS, and DTS are gaining attention for their ability to provide a comprehensive, multi-dimensional picture of slope dynamics. These systems can detect both slow-developing deformation and sudden failure events, contributing to a more nuanced understanding of landslide precursors (May-Arrioja et al., 2024). Ongoing experiments in coastal testbeds suggest that the fusion of these sensing modalities improves early detection capabilities and reduces false alarms (Anjana et al., 2024).
In parallel, the miniaturization and ruggedization of interrogation units have made fiber-optic systems more suitable for deployment in harsh marine environments (Sun et al., 2025). New waterproof housings and energy-efficient processing units now allow continuous operation under extreme coastal conditions, including salt spray, variable temperatures, and high humidity (Anjana et al., 2024). This expands the potential for long-term deployments without frequent maintenance, a critical factor for real-time hazard monitoring systems. The integration of fiber-optic sensing networks into existing Internet of Things (IoT) infrastructures has also seen considerable progress (Thirugnanam et al., 2022). Edge computing devices connected to fiber-optic arrays can now perform real-time data analysis and issue alerts without relying on centralized processing hubs. This decentralization reduces latency and improves system resilience, especially in remote or infrastructure-scarce coastal regions prone to landslides (Esposito et al., 2022). In the context of early warning systems, recent studies have emphasized the importance of data fusion between fiber-optic monitoring and satellite-based Earth Observation (EO) platforms, such as InSAR and optical remote sensing (Liang et al., 2022). The co-analysis of in-situ fiber-optic data and satellite imagery enhances the spatial and temporal resolution of landslide monitoring systems. It also provides valuable cross-validation that strengthens the robustness of risk forecasts and early warning messages (Gagliardi et al., 2023). Another promising avenue is the use of fiber-optic sensors for real-time monitoring of groundwater fluctuations in coastal slopes (Anjana et al., 2024). As pore water pressure is a critical triggering factor in landslides, monitoring its dynamics with DSS and DTS technologies offers a proactive approach to landslide prediction (Bado and Casas, 2021; Henninges and Masoudi, 2021). Field experiments have shown that integrating fiber-optic data with hydrogeological models can provide more accurate thresholds for early warning systems (Wang et al., 2024).
Standardization of protocols for fiber-optic landslide monitoring is also becoming a priority (Johnson et al., 2023). Recent international collaborative projects, such as those under Horizon Europe and GEO’s Disaster Risk Reduction initiatives, have highlighted the need for harmonized calibration techniques, data sharing frameworks, and response protocols (Solheim et al., 2022). Standardization will facilitate interoperability among monitoring systems and improve the scalability of early warning platforms across different coastal settings (Sun et al., 2025). Emerging research has also explored the potential of artificial intelligence AI-driven predictive analytics built on fiber-optic time-series data (Anjana et al., 2024). Deep learning models trained on historical deformation signals can identify subtle temporal patterns indicative of impending failure (Pamukti et al., 2024). These tools hold promise for transforming early warning systems from reactive to predictive frameworks, which is particularly valuable for densely populated or critical coastal infrastructure zones (Wu et al., 2020). From a socio-technical perspective, the successful implementation of these advanced fiber-optic technologies hinges on the development of user-centered early warning platforms (Ebrahim et al., 2024). Recent case studies stress the importance of real-time visualization dashboards, risk communication strategies, and integration with local emergency response protocols (Ma et al., 2023). The future of fiber-optic monitoring thus lies not only in technological innovation but also in the effective translation of sensor data into actionable information for decision-makers and the public.
8 CONCLUSION
Coastal landslides are significant geohazards with devastating consequences, affecting both coastal and marine environments. These events pose a direct threat to human lives and coastal communities, causing casualties, injuries, and displacements, especially in densely populated areas. Understanding the triggers and mechanisms of coastal landslides is crucial for implementing effective EWS and evacuation plans to protect human safety. The impact on infrastructure is substantial, with coastal landslides damaging or destroying critical assets like ports, roads, and bridges. This leads to disruptions in transportation, commerce, and daily life. Mitigating these risks is essential to preserve infrastructure and prevent economic losses.
Environmentally, coastal landslides release debris, sediments, and pollutants, harming aquatic ecosystems and water quality. They contribute to coastal erosion, threatening property, habitats, and ecosystems. Managing erosion and understanding its drivers are crucial for sustainable coastal planning. Underwater landslides can generate tsunamis, posing catastrophic risks far from the source. Accurate assessment and monitoring are vital for tsunami hazard mitigation. Climate change increases the frequency and intensity of these events, making adaptation essential. Fiber-optic technology has revolutionized landslide monitoring, providing precise, real-time data. This innovation enhances EWS and mitigates the impacts of coastal landslides, safeguarding lives, infrastructure, and the environment. Ongoing research and development will further refine these technologies, improving our ability to manage coastal landslide hazards.
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Distributed Acoustic Sensing (DAS)

- Continuous strain measurements
along the entire fiber length

- Comprehensive information on
ground movements in
landslide-prone areas

- Enables real-time monitoring of
large-scale landslides over vast
geographical areas

- High-cost implementation compared
to traditional sensors

- Sensing resolution may be lower
compared to some other fiber-optic
sensors

- Requires skilled expertise for data
interpretation and analysis

- Develop cost-effective DAS solutions
to increase adoption in landslide
‘monitoring

- Enhance DAS sensing resolution for

better detection of subtle ground
‘movements

- Develop user-friendly data analysis
tools to improve accessibility for
non-experts

Distributed Temperature Sensing (DTS)

Multi-Parameter Fiber-optic Sensors

Fiber Optic Sensors with
Remote Sensing Technologies

Artificial Intelligence Integration

Long-Term Stability and Reliability

- Monitoring temperature changes for
potential hydrological processes
triggering landslides

- Complementary data to other sensing
modalities for a more comprehensive
understanding

- Simultancous measurement of
multiple geophysical parameters,
including strain, temperature, and
pressure

- Provides a more comprehensive
understanding of landslide conditions

- Enhanced aceuracy and reliability of
landslide predictions

- Integration of fiber-optic sensors with
remote sensing enables real-time
‘monitoring of large-scale landslides

- Provides valuable data for disaster
response and management

- Enhances understanding of landslide
dynamics over vast geographical areas

- Data fusion with Al algorithms for
improved accuracy in landslide
predictions

- Enhanced reliability of EWS.

- Enables swift decision-making based
on real-time analysis

- Focus on improving sensor durability
and resilience in challenging
environmental conditions

- Ensures continuous and reliable
monitoring over extended periods

- Sensing resolution may be lower
compared to other fiber-optic sensors

- Limited direct sensing of mechanical
ground movements

- Complex installation and calibration
processes

- High initial setup cost

- Requires regular maintenance for
optimal performance

- Limited direct measurement of
ground movements

- Remote sensing data may have lower
resolution compared to in-situ
‘measurements

- Additional processing and data fusion
required to merge remote sensing and
fiber-optic data

- Requires large datasets for effective
training of Al models

- Computationally intensive processes
may require high-performance
hardware

- Interpretability of Al models may pose
challenges in critical decision-making
scenarios

- Long-term performance may be
affected by environmental factors and
aging

- Regular maintenance and calibration
are essential for sustained accuracy

- Develop high-resolution DTS systems
for more accurate
hydrological monitoring

- Integrate DTS with other sensing
modalities to capture both
hydrological and geomechanical
aspects of landslides

- Streamline installation and calibration
procedures for casier deployment in
the field

- Work towards cost reduction and

scalable production of

‘multi-parameter sensors

Develop self-calibrating or

self-maintaining sensor systems to

reduce maintenance needs

Explore hybrid approaches that
synergize remote sensing data with
ground-based measurements to
overcome limitations

Investigate advanced data fusion
techniques to improve the resolution
and accuracy of combined datasets
Develop real-time data fusion
algorithms to streamline the
integration of datasets

Establish collaborative networks to
share datasets and enhance the
training of AT models

Optimize Al algorithms for efficient
processing and resource utilization
- Investigate interpretable AT models
and develop explainable decision
support systems

Develop advanced materials and
coatings to enhance sensor durability
in harsh environments

- Investigate self-monitoring
capabilities to detect and report
sensor malfunctions automatically
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