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The mitigation of geohazards, particularly rockfalls and debris flows, represents one of the most critical challenges
in contemporary geotechnical engineering. As infrastructure expands into mountainous regions and climate change
increases the frequency of extreme weather events, the demand for resilient, cost-effective, and scientifically
validated protection systems has surged. Historically, the design of flexible barriers—originally developed in the
1970s—relied on empirical methods and global factors of safety. However, the shift toward Limit States Design
(LSD) and the integration of Eurocode 7 (EC7) standards have necessitated a more nuanced approach: the
Factor Strength Approach (FSA).

This article provides an in-depth technical analysis of the Factor Strength Approach for the design of rockfall and
debris flow barriers. We examine the theoretical underpinnings of factored strength parameters, the transition from
traditional safety factors to partial factors, and the practical implementation of these systems in complex geological
environments. By synthesizing the research of Vagnon, Callisto, Ferrero, and others, this guide serves as a
comprehensive resource for senior geotechnical engineers and structural designers.

The Evolution of Protection Systems: From Rockfall to Multi-Hazard
Mitigation

Flexible barriers, often referred to as net fences or catch fences, have undergone a significant evolution. Initially
designed to intercept falling rock fragments, these systems are now engineered to withstand debris flows, snow
avalanches, shallow landslides, and even woody debris. The fundamental principle of these systems is the
dissipation of kinetic energy through controlled deformation. Unlike rigid structures (such as concrete walls), flexible
barriers utilize high-tensile steel wire mesh, energy dissipaters (brakes), and a series of posts and anchors to
arrest moving masses over a finite distance.

The complexity of these systems arises from the interaction between the impacting mass and the barrier
components. In rockfall scenarios, the impact is often discrete and high-velocity. In debris flows, the loading is more
fluid-like and sustained, involving a mixture of water, fine sediment, and large boulders. Consequently, the design
methodology must be robust enough to handle varying impact mechanics while ensuring structural integrity and
geotechnical stability.

Theoretical Framework: Limit States Design and the Factor Strength
Approach

Understanding Limit States Design (LSD)

Limit States Design is a structural engineering philosophy that aims to ensure a structure satisfies two primary
conditions: the Ultimate Limit State (ULS) and the Serviceability Limit State (SLS). For rockfall barriers, ULS
pertains to the prevention of catastrophic failure (e.g., net rupture or anchor pull-out), while SLS focuses on the
operational functionality after an event (e.g., maximum permissible deflection).

The traditional Global Factor of Safety (FoS)approach often obscures the specific sources of uncertainty. In



contrast, LSD applies partial factors to both the actions (loads) and the resistances (material strengths). This allows
for a more granular assessment of risk, particularly when dealing with the high variability of geological materials.

The Mechanics of the Factor Strength Approach (FSA)

The Factor Strength Approach, as discussed by Callisto (2010) and Vagnon et al. (2017), suggests that instead
of applying a single safety factor to the final capacity of the barrier, partial factors should be applied directly to the
geotechnical strength parameters—namely the friction angle (tan <br’ &B 60TW6-0a t2r'a

This approach is particularly relevant for the design of barrier foundations and anchors. By factoring the soil or rock
strength at the beginning of the calculation, the designer can account for the non-linear behavior of geotechnical
materials. The fundamental equation for factored shear strength (<KE6B’ —2 Pxpressed as:
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Where:

- c': Effective cohesion
<ligffective friction angle
-562AP&G#HE factors for cohesion and friction, respectively
<Hifective normal stress

Technical Analysis: Factor Strength Approach vs. Traditional Design

The implementation of FSA in rockfall engineering requires a shift in how we view the "capacity" of a system. In a
traditional approach, a barrier rated for 3000 kJ is assumed to have a set capacity based on factory tests. However,
its real-world performance depends heavily on the soil-structure interaction (SSI) at the foundation level.

Comparison of Design Methodologies



Feature

Uncertainty Handling

Material Nonlinearity

Failure Mode Analysis

Cost Efficiency

Geotechnical Partial Factors in Rock Engineering

Global Factor of Safety
(Traditional)

Lumped into a single FoS
(e.g., 1.50r 2.0).

Often ignored or simplified
linearly.

Focused on system-level
failure.

Can be overly conservative

or risky.

Factor Strength
Approach (FSA)

Factored directly into
material properties.

Directly addresses soil/rock
nonlinearity.

Detailed analysis of
component-level
geotechnical failure.

Optimized based on site-
specific soil data.

Eurocode 7
(Standardized LSD)

Applied to both loads
(actions) and resistances.

Handled via Design
Approaches (DA1, DA2,
DA3).

Categorized into STR
(Structural) and GEO
(Geotechnical).

Balanced through
probabilistic calibration.

One of the primary challenges in applying EC7 to rock engineering is the determination of appropriate partial
factors (;2'a Research by Vagnon (2020) highlights that the sensitivity of rockfall barriers to foundation movement
varies significantly. For flexible barriers, a small displacement in the foundation (e.g., an anchor yielding) can
drastically alter the energy absorption capacity of the mesh. The FSA allows designers to simulate these "soft"
failure modes by reducing the geotechnical resistance parameters systematically.

Step-by-Step Design Workflow using the Factor Strength Approach

The following procedure outlines a comprehensive workflow for integrating FSA into the design of rockfall and

debris flow protection systems:

1. Site Characterization and Hazard Assessment:

Determine the design block size and velocity (for rockfall) or the surge volume and flow density (for debris

flow).

2. Conduct geotechnical investigations to determine the shear strength parameters (c', <br’ 6b FTR 7V'7G ate.

Calculate the impact energy (E = 0.5 * m * v2).
Apply partial factors to the characteristic actions based on the selected Eurocode Design Approach.

Model the barrier as a discrete element or finite element system.

Select partial factors for the soil/rock strength (;560’a For instance, under EC7, ;564" is typically 1.25 for ULS.
Derive design values for the friction angle and cohesion.

« Integrate the factored soil properties into the spring constants or contact models representing the anchors

and base plates.

e Ensure that the design effect of actions (E_d) does not exceed the design resistance (R_d).
¢ Verify that the maximum elongation of the net does not result in the block bypassing the barrier (SLS check).

Practical Implementation: Debris Flow Barriers

While rockfall barriers are designed for point impacts, debris flow barriers must resist hydrodynamic and
hydrostatic pressures. The loading is often distributed across multiple panels simultaneously. When using the FSA



for debris flows, designers must account for the pore water pressureinfluence on the factored strength of the soil
where the anchors are embedded.

Load Calculation for Debris Flows

The design pressure (P) of a debris flow can be estimated using the dynamic formula:P =; ¢ A * v2

Where:

- ; Empirical coefficient (ranging from 0.7 to 2.0 depending on flow type)
<Density of the debris mixture
v: Flow velocity

In the FSA, the resistance of the barrier posts to buckling and the anchors to pull-out must be calculated using the
factored geotechnical parameters, ensuring that the lateral earth pressure on the foundation components is
accurately represented.

Case Studies and Failure Mode Analysis

An analysis of historical barrier failures reveals that geotechnical failure—rather than structural mesh rupture—is a
leading cause of system inadequacy. Common failure modes include:

¢ Anchor Pull-out: Occurs when the bond strength between the grout and the rock/soil is overestimated. FSA
addresses this by applying a factor to the skin friction of the anchor.

¢ Foundation Rotation: Flexible barriers exert significant horizontal forces on the base plates. If the bearing
capacity (factored) is insufficient, the post may tilt, reducing the effective height of the barrier.

e Energy Dissipater Exhaustion: If the geotechnical resistance is too high (unfactored/stiff), the energy
dissipaters may be forced to absorb more energy than intended, leading to premature snapping of the cables.

Case Study: Alpine Rockfall Event (2018)

In a documented event in the Italian Alps, a 2000 kJ barrier was hit by a 1500 kJ impact. Despite being within the
nominal capacity, the barrier failed. Post-event analysis using the Factor Strength Approach indicated that the rock
mass where the anchors were installed had a lower-than-estimated friction angle due to weathering. Had the FSA
been used during the design phase, the partial factor on the rock strength would have necessitated longer anchors,
potentially preventing the failure.

Reliability-Based Design: The Future of Mitigation

The next frontier in barrier design is Reliability-Based Design Optimization (RBDO). As highlighted by Marchelli
et al. (2021), this involves treating the variables (impact energy, material strength, anchor depth) as probability
distributions rather than fixed values. The Factor Strength Approach is a crucial stepping stone toward this, as it
introduces the concept of uncertainty directly into the material properties.

Modern software tools are now integrating Monte Carlo simulations with the FSA to calculate the Probability of
Failure (P_f). A target P_f for rockfall protection is typically in the range of 10 {3 to 10 {t per year, depending on the
criticality of the infrastructure being protected (e.g., a highway vs. a secondary hiking trail).

Summary of Strategic Implications for Geotechnical Design

The adoption of a Factor Strength Approach for rockfall and debris flow barriers represents a move toward greater
engineering rigor and transparency. By factoring material strengths at the input stage, engineers can better account



for the inherent variability of the earth’s surface. This methodology aligns with international standards such as
Eurocode 7 and provides a robust framework for handling multi-hazard scenarios.

For practitioners, the takeaway is clear: the safety of a protection system is not merely a function of the mesh
strength but a complex interplay of energy dissipation and soil-structure interaction. Prioritizing site-specific
geotechnical data and applying partial factors to that data—rather than relying on generic safety factors—is the
hallmark of a resilient design. As we continue to refine the partial factors for rock engineering through field testing
and back-analysis, the Factor Strength Approach will undoubtedly remain at the core of innovative geohazard
mitigation strategies.

The transition from empirical design to the Factor Strength Approach requires significant investment in site
investigation and numerical modeling. However, the result is a design that is not only safer but often more
economical, as it avoids the pitfalls of "one-size-fits-all" safety factors. In an era where infrastructure resilience is
paramount, the technical precision offered by the FSA is an indispensable tool for the modern technical writer,
strategist, and engineer alike.
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