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Abstract 

 

This PhD thesis focuses on the characterization of seismic hazard associated with the 

permanent ground deformation induced by moderate-to-strong earthquakes, with particular attention 

to the effects produced by Active and Capable Faults (ACFs). The study aims to contribute to the 

reduction of seismic risk for linear infrastructures (e.g., roads, railways, and pipelines) that are 

planned in seismotectonically active regions such as Italy. 

Although national regulations and technical guidelines provide a comprehensive framework 

for evaluating most earthquake-related phenomena, they still lack explicit requirements and 

standardized methodologies for assessing fault displacement hazard related to ACFs. From a 

scientific perspective, significant limitations also persist: (i) many official fault databases do not 

include the full set of parameters required to characterize ACFs, and (ii) no methodology currently 

accounts for the spatial extent and potential geometric interaction between long linear infrastructures 

and fault systems. Since infrastructure corridors cannot feasibly avoid fault crossings due to 

economic and territorial constraints, mitigation strategies should focus on detailed fault 

characterization and the design of structures capable of accommodating the maximum expected 

surface displacement within the deformation zone. 

To address these challenges, the thesis first defines four representative scenarios of geometric 

interference between ACFs and linear infrastructures, which reflect the structural complexity 

typically observed in fault zones. These scenarios guided the identification of key fault attributes that 

should be prioritized depending on the local fault structural architecture. Then, for each interference 

scenario, the thesis outlines the most suitable investigations to derive appropriate deterministic 

geological constraints on geometry, kinematics, slip and deformation style of the ACF.   

On this basis, an operational multiscale and multidisciplinary workflow was developed and 

supported by three geological case histories that are representative of different degrees of pre-existing 

knowledge, data availability, and surface exposure conditions. The workflow adopts a progressive 

approach: it begins with an extensive review and integration of available geological and 

seismotectonic data at the regional scale, followed by increasingly detailed analyses focused on the 

specific study area. At more advanced design stages, it recommends targeted geological field surveys 

and both indirect and direct investigations (e.g., geophysical surveys, subsoil exploration), selected 

according to the existing information, available time and budget, engineering requirements, 

outcropping conditions, and site accessibility. 
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The proposed five-step procedure aims to provide deterministic input parameters for 

Probabilistic Fault Displacement Hazard Assessment (PFDHA), a quantitative and probabilistic 

approach for estimating the probability and extent of surface rupture along ACFs. 

Then, the thesis presents a new MATLAB-based computational code (FaulTED) that was 

developed to integrate existing PFDHA models and facilitate their application in engineering and 

scientific contexts. The innovative toolkit enables the calculation of site-specific hazard curves and 

fault-specific displacement maps for user-defined return periods, accounting for both on-fault and 

distributed off-fault ruptures. Its modular structure allows for flexible model selection, sensitivity 

analyses, and explicit treatment of epistemic uncertainties. 

Finally, the Annex includes my contribution to updating the SURE2.0 database regarding 

surface ruptures for fault displacement hazard analyses. 

Overall, this thesis proposes conceptual, methodological, and computational advancements 

toward the systematic inclusion of ACFôs characterization and PFDHA in the design and planning of 

linear infrastructures near active fault zones. 
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1.1. Rationale of the study 

This PhD project stems from the Italian Ministerial Decree No. 352 of April 9, 2022, which 

fostered the implementation of doctoral paths tailored to the innovation needs of enterprises, while 

also promoting the recruitment of researchers by the private sector. This initiative was supported by 

the National Recovery and Resilience Plan (PNRR) and funded through a research agreement 

between the University of Bologna (BiGeA Department) and ITALFERR S.p.A., the engineering 

company of the Italian Railway Group, mainly responsible for planning the Italian railway 

infrastructures. 

The PhD project deals with the quantification of seismic hazard associated with the site 

effects induced by moderate-to-strong earthquakes, especially those related to active and capable 

faulting, to help reduce the seismic vulnerability of linear infrastructures that are planned in 

seismotectonically active regions.  

Recently, the design of buildings and infrastructures has increasingly emphasized not only 

the effects of seismically induced ground shaking ï universally recognized as the primary source of 

damage ï but also a range of site-specific phenomena that can alter structural response and lead to 

permanent surface deformations. These include seismically induced landslides and rockfalls, soil 

liquefaction, lateral spreading, ground cracking and settlement, as well as surface rupture (e.g., 

Caputo, 2005; Youd 2014; Figure 1.1).  

 

Figure 1.1 ï Summary of possible primary and secondary effects at the surface related to the occurrence of an earthquake. 

In Italy, the primary regulatory framework for seismic design is provided by the Norme 

Tecniche per le Costruzioni (NTC, 2018)1, a document that incorporates and adapts at the national 

 
1 Norme Tecniche per le Costruzioni, NTC (2018) ï D.M. 17 gennaio 2018. Gazzetta Ufficiale della 

Repubblica Italiana, Serie Generale n. 42 del 20/02/2018 ï Supplemento Ordinario n. 8. Ministero delle 

Infrastrutture e dei Trasporti (MIT). 
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level the provisions set out in Eurocode 8 (EN 1998)2. Specifically, seismic hazard and earthquake-

induced geotechnical effects are addressed in Section 3.2 (Seismic Action), Section 7.11 

(Geotechnical Design under Seismic Conditions), and Annex B that includes the guidelines for local 

seismic response analysis, liquefaction potential assessment, and slope stability under seismic 

loading. These regulatory provisions reflect the growing scientific recognition of the significant 

influence that local geological and geotechnical conditions can exert on seismic response of a given 

site. In particular, they highlight the importance of moving beyond uniform hazard values and 

adopting site-specific assessments that account for both amplification effects and susceptibility to 

ground failure. 

Among the most critical earthquake-related phenomena considered in both design practice 

and hazard evaluation is ground shaking, which refers to the motion or vibration at a site caused by 

the passage of surface seismic waves (Lay and Wallace, 1995; Kramer, 1996).  Shaking depends on 

several factors, including earthquake magnitude, source-to-site distance, and local site conditions, 

such as stratigraphic layering and topographic setting. In Italy, seismic design primarily quantifies 

ground shaking through the Peak Ground Acceleration (PGA), with baseline values provided by the 

national seismic hazard map (MPS INGV, 2011), based on rock site conditions (NTC 2018, soil 

category A) expressed in terms of exceedance probability (e.g., 10% in 50 years for ordinary 

buildings) and by using a 10x10 km resolution grid. 

However, real surface ground motion may differ considerably from those reference values 

due to local geological and geotechnical heterogeneities (e.g., Bard, 1999; Bonilla et al., 2002). To 

capture these effects, local seismic response (LSR) analyses are conducted using geophysical and 

geotechnical data (e.g., MASW, HVSR, boreholes, dynamic lab tests) to derive shear-wave velocity 

profiles (Vs30) and site-specific response spectra. These spectra ï describing the peak response (in 

terms of acceleration, velocity, or displacement) of oscillators with varying natural periods ï 

represent a key input for performance-based seismic design and probabilistic seismic hazard 

assessments (PSHA). Results of LSR analyses ï along with PGA values ï can also be used as further 

input for evaluating other earthquake-induced ground hazards, including liquefaction and slope 

instability. 

Soil liquefaction refers to the loss of soil strength and stiffness due to pore overpressure 

during seismic shaking. According to NTC 2018, site-specific assessments are required when 

susceptible conditions are met (e.g., loose saturated sands within the top 15 m, PGA > 0.1g, expected 

 
2 Eurocode 8: Design of structures for earthquake resistance ï Part 1: General rules, seismic actions and rules 

for buildings (EN 1998-1:2004) and Part 5: Foundations, retaining structures and geotechnical aspects 

(EN 1998-5:2004). Brussels: European Committee for Standardization (CEN), 2004. 
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earthquake with Mw Ó 5.5). Evaluations are typically performed using empirical procedures (Seed 

and Idriss, 1982; Youd et al., 2001; Idriss and Boulanger, 2008), which calculate a factor of safety 

against liquefaction based on parameters like cyclic stress ratio, cyclic resistance ratio, and soil 

properties. 

Slope instability is also addressed by the NTC 2018. Seismically induced landslides are 

assessed through limit equilibrium methods with seismic loads applied in pseudostatic form 

(typically 0.1ï0.3 PGA; e.g., Kramer, 1996; Duncan et al., 2005), or via Newmark sliding block 

models (e.g., Wartman et al., 2003; Jibson, 2007) that estimate permanent displacements once a 

critical yield acceleration is exceeded. In both approaches, the input seismic motion can be adjusted 

through LSR results to account for amplification at slope level rather than using bedrock PGA alone.  

Even though the NTC 2018 provides comprehensive guidelines for most of the earthquake-

related phenomena, it does not currently include explicit requirements for assessing surface fault 

rupture hazard due to active and capable faults (ACFs). ACFs can cause surface displacement during 

seismic events, thus representing a crucial element of seismic hazard, particularly relevant for 

infrastructure planning near known fault traces (i.e., International Atomic Energy Agency - IAEA, 

2010). Unlike ground shaking or other induced ground effects, ACFs directly deform the ground 

along fault traces, potentially offsetting and damaging any interacting infrastructures, which 

underscores the need for continuously improving assessment procedures toward better evaluation of 

design practices and mitigation strategies. Despite their damage potential, the assessment of the 

hazard related to ACFs is still often overlooked, mostly because a detailed and thorough 

characterization of ACFs is commonly missing, their exact location is poorly constrained and, to 

date, there is no standardized methodology to fully parametrize those fault typology.   

Over the past two decades, the importance of considering and studying ACFs has 

significantly grown worldwide, triggered by the occurrence of well-documented earthquakes that 

caused major surface ruptures (e.g., 1999 Chi-Chi, Taiwan; 1999 D¿zce, Turkey; 2016 KaikǾura, 

New Zealand; 2016 Norcia, Italy; 2019 Ridgecrest, USA).  

In Italy, the appreciation of ACFs-related hazard dates back to the 1980 Irpinia earthquake 

(Mw 6.9) that marked the birth of paleoseismological investigations (e.g., Pantosti et al., 1993; 

Michetti et al., 1996; Galadini et al., 1997; Galli et al., 2008). A further major turning point occurred 

with the 1997 Colfiorito earthquake sequence, which led to extensive field campaigns and studies 

and prompted multidisciplinary approaches to the detailed analysis of active fault systems. These 

investigations, combining paleoseismological, geochronological, geophysical and seismological 

data, stressed the need to parametrize capable faults ï particularly in terms of their slip rates, 

recurrence intervals (e.g., Collettini et al., 2000; Galadini and Galli, 2000), and expected surface 

displacement (e.g., Cello et al., 2000; Vittori et al., 2000; Galli et al., 2005). 
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As a result, studies on ACFs have evolved from isolated paleoseismological efforts to more 

comprehensive fault-source characterizations, aiming at defining the geometric, kinematic, and 

temporal behavior of seismic sources (e.g.,  Database of Individual Seismogenic Sources, DISS; 

https://diss.ingv.it/mapper/;  DISS Working Group, 2025; European Fault-Source Model 2020, 

EFSM20, https://seismofaults.eu/efsm20;  Basili et al., 2022) and their surface expression (e.g., 

Japanôs Active Fault Database, GSJ https://gbank.gsj.jp/activefault/search; USGS Quaternary faults, 

https://usgs.maps.arcgis.com/apps/webappviewer/index.html?id=5a6038b3a1684561a9b0aadf8841

2fcf; GNS Active Faults Database, https://data.gns.cri.nz/af/; ITHACA - ITaly HAzard from CApable 

faulting, 2019, https://sgi.isprambiente.it/ithaca/viewer/index.html; Galadini et al. 2001). For what 

concerns Italy, other detailed mapping projects of active faults have provided key insights in the 

surficial geometry ï and sometimes in recurrence parameters ï of potential ACFs in specific areas 

(e.g., Friuli Venezia Giulia database of active faults,   

https://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/geologia/FOGLIA35/; 

Fault2SHA project; Faure Walker et al., 2021; QUaternary fault strain Indicators, QUIN, Lavecchia 

et al., 2022, 2024; Seismotectonic Map of the Emilia-Romagna Region and surrounding areas, 

Martelli et al., 2016). Such knowledge is essential not only for our scientific understanding of 

earthquakes, but also for successfully integrating surface rupture hazards into seismic risk 

assessments and infrastructure planning. 

Moreover, recent international efforts have significantly advanced our understanding and 

modelling of surface ruptures through the creation of databases and frameworks aimed at 

standardizing empirical and probabilistic approaches for assessing the hazard directly linked with 

fault displacement. Fault displacement hazard analysis is used for estimating the likelihood of co-

seismic fault displacement at the ground, with this approach being based on regression parameters 

describing the spatial distribution and occurrence of surface rupturing (e.g., International Atomic 

Energy Agency, 2016, 2021). In this perspective, two of the most relevant initiatives are the SURE 

(Surface Ruptures due to Earthquakes; Baize et al., 2020, and the second release SURE2.0, Nurminen 

et al., 2022) and FDHI (Fault Displacement Hazard Initiative; Sarmiento et al., 2024) databases.  

The SURE database is a global, unified repository that includes surface rupture observations 

from 50 historical and recent earthquakes worldwide. It focuses on rupture traces and slip 

measurements, providing detailed geospatial datasets, maps, and tables of observation points (e.g., 

displacement components with associated uncertainties, sense of movement, width of deformation, 

etc.). One of its key features is a classification system of the listed rupture elements (e.g., primary, 

secondary, triggered ruptures), which allows researchers to contextualize surface rupture patterns 

within a realistic geological framework. Its primary objective is to provide empirical constraints for 

the relationship between earthquake magnitude and fault displacement, forming the basis for global 

probabilistic fault displacement hazard analysis (PFDHA) models. The SURE2.0 database is also an 

https://diss.ingv.it/mapper/
https://seismofaults.eu/efsm20
https://gbank.gsj.jp/activefault/search
https://usgs.maps.arcgis.com/apps/webappviewer/index.html?id=5a6038b3a1684561a9b0aadf88412fcf
https://usgs.maps.arcgis.com/apps/webappviewer/index.html?id=5a6038b3a1684561a9b0aadf88412fcf
https://data.gns.cri.nz/af/
https://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/geologia/FOGLIA35/
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initiative for establishing a standardized format to report the acquired surface-faulting data, with its 

authors providing blank tables to encourage continuous updates. The database aims at a higher level 

of detail in the mapping of ruptures, especially when dealing with distributed ruptures. Moreover, in 

its updated version, data have been reorganized to ensure that each observation point is directly linked 

to a mapped rupture, with the aim of supporting the calibration of new models reducing the 

uncertainties on the location. 

The FDHI initiative, coordinated by the University of California in Los Angeles, is designed 

to support the development of probabilistic displacement models through the integration of modern 

datasets, including surface ruptures, field and InSAR displacement observations, surface geology, 

topography information, seismological parameters and displacement profiles (from high-tech 

datasets) of 75 historical and modern earthquakes. The FDHI database stresses the importance of 

standardization and model-building, and includes supplementary metadata developed in 

collaboration with the modelling community. This approach aims to ensure greater consistency and 

applicability in engineering-oriented hazard assessments. 

Due to differences in data structure, terminological conventions, and classification criteria, 

though, direct interoperability between the SURE and FDHI datasets is currently limited. 

Nonetheless, both databases represent valuable tools for identifying and assessing ACFs that have 

produced surface ruptures after 1872 (Owens Valley, USA, the oldest earthquake shared by the two 

databases). These datasets are therefore essential in the seismic hazard assessment because numerous 

paleoseismological studies, as well as recent surface rupture cases (such as those in central Italy 

during the 2009 Mw 6.3 LôAquila mainshock and 2016-2017 Amatrice-Norcia earthquake sequence; 

Boncio et al., 2010; Civico et al., 2018), show that the coseismic rupture preferentially reaches the 

ground surface along pre-existing fault segments. 

Building on these datasets and conceptual advances, preliminary guidelines for zoning and 

managing areas that are potentially affected by surface faulting, particularly in urban settings, have 

been recently published, e.g., in New Zealand (Ministry for the Environment (MfE), 2003), in the 

USA (Alquist Priolo Act, 2007), and in Italy (Technical Commission on Seismic Microzonation, 

2015). These seismic zoning efforts (e.g., fault avoidance zones or fault rupture hazard zones) aim 

to inform land-use planning and risk mitigation and represent an important step toward 

operationalizing fault displacement hazard assessments. 

Within this broader framework, however, critical gaps remain in infrastructure design, which 

often requires more detailed and site-specific evaluations. At the international level, the IAEA Safety 

Guidelines (e.g., International Atomic Energy Agency, 2010, 2019, 2025) have long stressed the need 

to assess capable faulting when planning nuclear power plants and waste repositories. In Italy, similar 

approaches have been extended to other type of infrastructure, such as large and strategic dams (e.g., 
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Basili et al., 2017). These documents invariably recommend characterizing active faults prior to site 

selection and provide criteria for evaluating fault displacement hazards based on geological, 

seismological, and geomorphological evidence. They emphasize the importance of quantifying 

parameters such as fault slip rate, recurrence interval, and maximum displacement to inform safety 

assessments and regulatory decisions. Such characterization may ultimately result in site rejection 

and the relocation of the planned infrastructure.  

This approach is generally feasible when the considered infrastructure has a limited areal 

extent (for instance, up to a few square kilometers). Its implementation becomes instead considerably 

more challenging when dealing with infrastructures extending longitudinally over hundreds or even 

thousands of kilometers across diverse geological and tectonic domains, such as in the case of 

pipelines, railways, roads, and water conveyance structures ï the so-called linear infrastructures. 

Their elongated shape can lead to potential geometric juxtaposition and/or interaction with one or 

more ACFs, as documented by worldwide cases of infrastructure damage caused by coseismic 

surface ruptures, either due to displacement on the principal fault or on subsidiary fault planes (Figure 

1.2). In seismotectonically active regions, infrastructure trails cannot systematically avoid fault 

crossings, as that would be impractical due to economic, topographic, or logistical reasons. 

Therefore, the engineering strategy should shift from site avoidance to risk mitigation, focusing on 

identifying potential fault crossings along the planned route, characterizing the ACFôs of the area in 

terms of exact location and fault parametrization, to finally implement appropriate design and 

construction measures to adapt the maximum estimated fault displacements within the potential 

deformation extent. In this regard, the California High-Speed Train Project Technical Manual 

(Waggoner et al., 2014) outlines a methodological approach for integrating fault data into a predictive 

framework and emphasizes the need for fault displacement hazard assessment as a fundamental part 

of linear infrastructure planning. 
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Figure 1.2 - Examples of infrastructural damage caused by coseismic surface ruptures, due to both displacement on the 

principal fault (solid line with kinematics signs, such as Chi-Chi, Izmit and Kahramanmaraĸ earthquakes) and on 

subsidiary synthetic or antithetic fault planes (such as Qinghai and Norcia earthquakes). Images are from: Chen et al. 

(2001) for the bridge collapse and Hwang (2000) for the dam collapse during the Chi-chi earthquake; Toksoz et al. (1999) 

for the railway line displaced during the Izmit earthquake; Aydan et al. (2024) for the railway line faulted during 

Kahramanmaraĸ earthquake; Yang et al. (2022) for the Qinghai earthquake damage to the bridge; Galli et al. (2019) for 

the tunnel displaced during the Norcia earthquake. Figure inspired by Valentini et al. (2025a). 
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1.2.  Open questions and aims of the project 

There are three main open questions that will be addressed in this thesis, which emerged 

from literature review and from knowledge gaps in current methodologies and regulations. 

1. How does the structural complexity of fault zones influence fault displacement hazard, 

and what does this imply for linear infrastructures directly or indirectly affected by 

faulting? 

 Although surface ruptures are commonly associated with earthquakes of magnitude Mw Ó 6, 

several examples have shown that even moderate-magnitude seismic events may break the ground 

surface in specific tectonic settings (e.g., the 2018 Mw 5.3 Lake Muir, Australia - Clark et al., 2020 - 

and the 2019 Mw 4.9 Le Teil, France - Ritz et al., 2020). Those cases stress that earthquake magnitude 

is not the sole factor governing the upward propagation of coseismic rupture to the surface, but fault 

propagation can also relate to lithology and sediment properties (e.g., Chester and Logan, 1986; 

Faulkner et al., 2003, 2008), fluid presence (e.g., Irvine and Hill, 1993; Bray et al., 1994; Lazarte et 

al., 1994; Johnson et al., 1997), fault geometry and kinematics (e.g., Wallace, 1951; Bott, 1959; Bray 

et al., 1994; Tondi, 2000; Schlische et al., 2002; Quigley et al., 2012; Mildon et al., 2016). As a result, 

surface ruptures tend to exhibit irregular patterns and spatial gaps in their lateral continuity, with fault 

displacement being usually higher along the main fault trace (i.e., the rupture localizes on a surface 

whose projection at depth includes the earthquake hypocenter), especially in its central part and 

tending to zero toward the rupture tip points (e.g., Barnett et al., 1987), and the causative earthquake 

may trigger displacements on subsidiary fault segments located even a few kilometers far away from 

the principal rupture (e.g., the subsidiary, antithetic fault located at c. 10 km from the main rupture 

that caused c. 20 cm vertical and c. 13 cm lateral displacement in the San Benedetto road tunnel 

during the 2016 Mw 6.5 Norcia mainshock; Figure 1.2). Due to this, fault behavior is rarely uniform, 

and seismic hazard may depend on the portion of ACFs directly interacting with the linear 

infrastructures (e.g., the main fault plane in a central part, fault tips, secondary faults located in a 

zone of deformation transfer). Only scenarios where the linear infrastructure crosses the main fault 

are generally included in hazard assessment due to the higher fault displacement potential; this, 

however, oversees and likely underestimates the seismic hazard associated with other geometrical 

interference scenarios that may arise between ACFs and the planned linear infrastructure. Through 

numerical modelling, Chen et al. (2024) highlighted the importance of crossing the fault with an 

incidence angle Ó 30Á, to limit the excessive widening of the impacted zone (Figure 1.3). However, 

it may occur that, due to geomorphological, logistical restrictions, or because of other natural 

hazards, certain sections of the track should be located in correspondence with, or run almost parallel 

to, an ACF trace (e.g., Figure 1.3b). Understanding this structural variability is crucial to organize 

the systematic study of ACFs and better characterize and outline the likely affected zone. 



20 
 

 

Figure 1.3 ï Difference in the area impacted by surface faulting in case of: (a) a road crossing at c. 90Á the fault trace 

during the Mw 6.5 Edgecumbe 1987 earthquake (photo by Lloyd Homer and GNS Science), (b) a road almost parallel to 

the fault line during the Mw 7.7 Kahramanmaras 2023 earthquake (photo by Halife Yalcinkaya/Andolu Agency). 

2. How to establish and implement a robust, science-based methodological framework for 

ACF investigations into the design of linear infrastructures? 

Given the spatial extent and operational sensitivity of linear infrastructures, the 

administrative dimension plays a crucial role, particularly when the construction plans straddle 

multiple regional or national jurisdictions, each with its own regulatory framework. Such 

heterogeneity can lead to fragmented approaches in the assessment of ACF-related hazards. It is, 

therefore, crucial to establish a robust and science-based protocol that can be consistently applied 

regardless of the specific administrative context, ensuring uniformity in hazard characterization and 

design criteria along the entire infrastructure corridor (as it was made, for instance, with the Eurocode 

8 ï EN 1998). To date, no standardized methodology has been established to guide the integration of 

geological, seismological, geophysical, and geotechnical datasets for the parametrization of ACFs. 

Moreover, not all ACFs, or portions thereof, can be analyzed and characterized using the same 

investigation techniques. The choice of the most appropriate methods strongly depends on the local 

geological and geomorphological setting, as well as on operational timing and budget constraints. In 

some cases, the main fault plane crops out at the surface, producing a well-defined scarp that can be 

directly investigated in the field (e.g., the Mattinata fault in southern Italy or Monte Vettore and 

Monti della Laga faults in central Italy; Tondi et al., 2005; Galadini and Galli, 2009). In other cases, 

the fault trace may be buried beneath up to several tens of meters of recent deposits, making its 

identification and precise location the primary investigation objective through indirect, geophysical 

and subsoil investigations (e.g., some splays of the Cerro Goden fault in western Puerto Rico; 

Zachariasen and von Hillebrandt-Andrade, 2005). There are also cases where ACFs crop out in areas 

that are difficult or impossible to access, due to either geopolitical constraints (e.g., the Balochistan 

earthquake region; Barnhart et al., 2015; Gold et al., 2015) or extreme topographic conditions (e.g., 

sections of the Kunlun Fault located on high mountain ridges with scarce or no access paths; Xu et 

al., 2008). In such circumstances, remote sensing techniques become essential tools for detecting and 

characterizing surface ruptures and preexisting fault scarps. To date, there is no official guidance on 
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how to select appropriate investigations based on the geological setting, surface exposure conditions, 

and varying levels of available knowledge. 

3. How can Probabilistic Fault Displacement Hazard Analysis (PFDHA) methodologies be 

used and improved to better capture fault complexity, integrate multiple models, and 

ensure reproducibility? 

PFDHA models rely on a range of inputs ï including magnitude-frequency distributions, 

fault location uncertainty, rupture probability, and empirical displacement scaling relationships, 

which allow for the integration of multiple uncertainties. Nonetheless, current PFDHA models are 

still affected by severe limitations. Firstly, many models are based on simplistic assumptions 

regarding fault geometry and rupture behavior. For example, although some recent approaches use 

empirical scaling laws to estimate displacement at lifelines-fault interference sites (e.g., Melissianos 

et al., 2023), they often assume a spatially homogeneous rupture propagation and overlook the natural 

variability of fault zone architecture, as discussed in the first open question. Furthermore, although 

models for displacement estimation do exist (e.g., Youngs et al., 2003; Moss and Ross, 2011; Petersen 

et al., 2011; Takao et al., 2013, 2014, 2016; Nurminen et al., 2020; Moss et al., 2022; Chiou et al., 

2023; Lavrentiadis and Abrahamson, 2023; Melissianos et al., 2023; Padilla and Oskin, 2023; Kuehn 

et al., 2024; Visini et al., 2025), there is currently no unified or standardized computational 

framework that integrates multiple PFDHA approaches within a single platform. In fact, the available 

software tools that implement these models vary substantially in terms of programming languages, 

accessibility, and user interface (e.g., Nurminen et al., 2020; Chiou et al., 2023; Moss et al., 2024; 

Visini et al., 2025). This heterogeneity hinders cross-comparison among models and limits their 

broader applicability. In the absence of such a tool, methodological approaches remain fragmented, 

hindering reproducibility across studies and contexts. The development of an integrated and flexible 

framework ï capable of accommodating different faulting styles, rupture components, and levels of 

input data resolution ï would therefore represent a significant step forward for the PFDHA 

community. Also, the scaling relationships and probability functions used in PFDHA are typically 

calibrated against sparse datasets of surface faulting events (e.g., Pezzopane and Dawson, 1996; 

Wesnousky, 2008; Nurminen et al., 2022; Sarmiento et al., 2024) that may appear modest relative to 

seismic catalogues. This is due to the rarity and complexity of surface faulting phenomena, whose 

documentation requires detailed post-event surveys and high-resolution geospatial analyses that are 

not always systematically performed or preserved. To improve the equations representing the base 

of the PFDHA models, the available catalogues need to be updated. 

Building on these open questions, this PhD aims to fill the scientific and regulatory gaps in 

the characterization of ACFs to support the process of designing linear infrastructures. The specific 

objectives of the research are as follows: 
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¶ To provide a conceptualization of the evaluation site defined by geometric relationships 

between linear infrastructure and ACFs, while accounting for the structural complexity of 

the faults themselves. 

¶ To offer an operative workflow for the systematic investigation and parametrization of ACFs, 

which may be readily adapted to varying levels of preexisting knowledge and surface 

exposure. This workflow is designed to implement deterministic geological inputs and 

identify potential fault rupture scenarios to be used in the numerical modelling of PFDHA. 

¶ To develop a computational tool that integrates multiple PFDHA models applicable to all 

fault kinematics, and that incorporates uncertainties at all stages of the calculation process. 

 

1.3. Thesis organization and specific objectives 

This thesis consists of nine chapters and one annex.  

Following the Introduction, Chapter 2 provides the technical definitions and conceptual 

framework necessary for handling the topics addressed in this thesis. The chapter focuses on ACFs 

and their most direct and impactful effect (surface ruptures) introducing the phenomenon and its 

terminology, as well as on the methodologies for fault displacement hazard assessment. It then 

describes the active tectonic settings of the Italian territory, highlighting the regions where coseismic 

surface ruptures are more likely to occur due to ongoing crustal deformation, and locating three case 

histories analyzed in this research. The chapter concludes with an overview of the principal national 

and regional databases of ACFs, highlighting the types of fault parameters they provide in the 

perspective of the evaluation of fault displacement hazard. 

Chapter 3 addresses the first open question presented above. It offers a literature review of 

the existing knowledge on the factors controlling fault nucleation, propagation, and rupture, 

specifically focusing on fault zone architecture and growth mechanisms. On this basis, four 

representative geometric interference scenarios between ACFs and linear infrastructures are 

identified and analyzed: fault crossing, fault-parallel, near-fault tip, and transfer zone-crossing 

scenarios. In each case, we establish a) the main fault structural features to be defined and 

investigated, b) the related key fault parameters to be assessed, and c) the most suitable investigations 

to derive appropriate deterministic geological constraints on geometry, kinematics, slip and 

deformation style of the ACF. A version of this chapter is included in Bonini et al. (2025). 

Chapters 4, 5 and 6 describe three geological case histories that were used to build an 

operational workflow for ACFs investigation in diverse contexts of pre-existing knowledge and 

surface exposure conditions (Figure 1.4). In particular: 
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- Chapter 4 outlines the example of ACF parametrization for the Monte Stabiata ï Paganica ï 

San Demetrio fault system (SPD), central Italy, carried out by exclusively using literature 

data as input dataset for the analysis. The activity of the examined ACF, in fact, has been 

demonstrated by geological and paleoseismological studies, as well as by the surface ruptures 

observed during a recent earthquake (6 April 2009 Mw 6.3 LôAquila event). This 

parametrization has subsequently been employed in numerical modelling of PFDHA 

described in Chapter 8. 

- Chapter 5 describes a geologicalïstructural approach for investigating a potential 

bedrock-deforming ACF, for which we have no fault parameters from existing studies. The 

chapter highlights both the strengths and limitations of this method. To illustrate this 

approach, the chapter presents the real case study of the Monti Martani Fault System 

(MMFS), a complex normal fault system located in the Northern Apennines, Italy, at the 

boundary between the Martani Mountains ridge and the Terni and Middle Tiber basins. The 

implications of our observations for the seismotectonic setting of the MMFS are discussed. 

This work corresponds to the publication by Asti et al. (2024).  

- Chapter 6 outlines a possible approach for investigating potential and non-outcropping 

ACFs, introducing a methodology primarily based on indirect techniques to infer the 

geometry and location of the main fault plane. The case study focuses on the Mugello Fault 

(MF) in the Northern Apennines, which defines the southern margin of the Mugello Basin 

and is considered the likely source of the 29 June 1919 (Mw 6.2) and 13 June 1542 (Mw 5.9) 

earthquakes. Despite its seismotectonic significance, no fault parametrization has been 

documented in scientific literature to date. The content of this Chapter is part of a manuscript 

submitted to the journal Tectonophysics. 

 

Figure 1.4 ï Conceptualization of the three case histories. MF = Mugello Fault; MMFS = Monti Martani Fault System; 

SPD = Monte Stabiata ï Paganica ï San Demetrio fault system. 
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Chapter 7 describes how the methodological approaches used in the case studies presented 

in the three previous chapters have led to the development of a multiscale and multidisciplinary 

workflow for the comprehensive study and parametrization of ACFs. The presented workflow aims 

at guiding professionals during the designing process. It considers the different degrees of details 

required during the planning studies: the multiscalar workflow suggests starting from a wide data 

collection of the available literature about the regional context and the ACF itself and then suggests 

going deeper into the specifics of the study area. For more detailed levels of designing, the proposed 

workflow suggests pursuing geological field surveys as well as indirect and direct investigations 

(e.g., geophysical, subsoil techniques) depending on the available preexisting data, time and cost 

budget, engineering needs, outcropping conditions, and area accessibility. The content of this Chapter 

is part of a manuscript in preparation for submission in Environment, Systems and Decisions. 

Chapter 8 outlines the numerical modelling component of the PhD aiming at addressing 

directly the third open question introduced above. It includes two subsections. The first provides a 

summary of the PFDHA probability terminology and describes the development of a computational 

tool to calculate site-specific PFDHA curves and fault-specific displacement hazard maps. The 

second subsection presents the results from the numerical modelling for the SPD case study (Chapter 

4). The content of this Chapter is part of a manuscript submitted at Earthquake Spectra.  

Chapter 9 presents a general discussion of the findings obtained during this PhD thesis. In 

particular, it aims to contextualize the results within the framework of the three open questions, 

providing concrete answers to each of them. Finally, the chapter summarizes the main conclusions 

of the thesis and discusses possible directions for future research. 

Finally, the Annex includes additional work carried out in parallel with the code 

development, focusing on the update of the SURE2.0 database. This section details the process 

adopted to identify and analyze several surface faulting events that were not yet included in the 

current SURE2.0 release (Nurminen et al., 2022). 

The thesis structure is illustrated in Figure 1.5. 
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Figure 1.5 ï Thesis structure and organization with respect to the three main open questions addressed in this PhD project. 
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2.1. General definitions 

Before addressing the main content of this chapter, an important distinction needs to be made 

between ACFs and surface ruptures. When referring to ACFs, we mean faults that during an 

earthquake displace recent deposits up to (or just beneath) the ground surface and can generate 

surface ruptures. Additionally, the definition of an ACF is strictly related to specific time frames, 

which vary depending on the reference authority (see next sub-paragraph). 

Surface ruptures (or surface faulting), on the other hand, denote the effect produced by an 

ACF, namely the permanent dislocation at the surface that represents the direct manifestation of the 

faultôs activity. Visually, the difference between these two concepts is well represented in Figure 2.1. 

 

Figure 2.1 ï Example of distribution of coseismic surface ruptures generated by an earthquake overlapped to ACFs traces. 

This example refers to the 1992, Mw 7.3 Landers mainshock. Fault traces are from USGS Quaternary Faults database 

(https://www.usgs.gov/programs/earthquake-hazards/faults), while surface ruptures are from Petersen et al. (2011) and 

included in Nurminen et al. (2022) and Sarmiento et al. (2024). The 1992 focal mechanism and epicenter are also from 

USGS. 

Figure 2.2 illustrates a compilation of the effects of documented surface-rupturing 

earthquakes that have occurred in Italy in historical and recent times.  

The distribution of surface ruptures, when compared with the structural framework of 

mapped fault systems, underscores the heterogeneous nature of this earthquake-related phenomenon, 

both in terms of rupture location and extent. Features such as step-overs, bends, gaps, splays, and 

multiple strands are clearly observed. Although surface ruptures are commonly localized along ACF 

traces, leading to progressive cumulative displacement over geological time, fault segments do not 

always rupture simultaneously during a single earthquake, nor does rupture necessarily propagate 

continuously along the entire length of an ACF. 

https://www.usgs.gov/programs/earthquake-hazards/faults
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Figure 2.2 - Schematic distribution of fault segments that ruptured at the surface during recent and historical earthquakes 

(red lines) with respect to the fault pattern (black lines; normal ACFs are from ITHACA catalogue, while main thrusts are 

modified from Pizzi and Galadini, 2009, and references therein). Colfiorito: Vittori et al. (2000); Amatrice: Pucci et al. 

(2017); Visso and Norcia: Brozzetti et al. (2019); LôAquila: Boncio, Pizzi, et al. (2010a); Aquilano: Iezzi et al. (2019) - 

earthquake subfigure shows an indicative mapping based on paleoseismological evidence of displacement; no field surveys 

were conducted at the time; Irpinia: Porfido et al. (2002); Fucino: Galadini and Galli (1999) and Galli et al. (2012). The 

beach-balls display focal solutions are from the INGV Time Domain Moment Tensor Catalogue (Scognamiglio et al., 2006; 

https://terremoti.ingv.it/en/tdmt). 

https://terremoti.ingv.it/en/tdmt
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According to the classification by dePolo et al. (1991), which is also adopted by the SURE2.0 

database (Nurminen et al., 2022; Figure 2.3), three types of surface ruptures thus can be 

distinguished: 

¶ Primary (or principal) ruptures, that is, the surface expression of the ACF responsible for the 

earthquake. They are characterized by a continuous surface expression and are generally 

associated with the highest values of coseismic displacement. The projection at depth of the 

primary rupture contains the earthquake hypocenter.  

¶ Secondary (or distributed) ruptures, that represent faulting on secondary structural features 

that can also be physically connected to the main seismogenic fault (respectively, ñprimaryò 

and ñsimpleò distributed ruptures in Nurminen et al., 2022). Primary distributed ruptures refer 

to ruptures occurring on pre-existing subsidiary faults, which may or may not be able to induce 

an earthquake and that can generate simple distributed ruptures. Simple distributed rupturing, 

on the other hand, occurs quite randomly around the principal fault and subsidiary fault traces 

because of the subsurface material behavior under seismic loading. 

¶ Sympathetic (or triggered) ruptures, that accommodate faulting on structural feature that are 

physically ñisolatedò from the seismogenic source because of regional changes in the strain 

field induced by the seismic event. This rupture is the most distant from the primary (up to 

tens of kilometers). 

In compressional environments, the location of distributed and localized deformation is 

highly dependent also on possible folds and fault refraction at the surface. Large-scale folding 

associated with reverse faulting, for example, can generate a bending-moment (e.g., during the 1980 

Mw 7.3 El-Asnam earthquake, Philip and Meghraoui, 1983) and flexural-slip ruptures (e.g., during 

the 1976 Mw 6.4 Friuli earthquake, Aoudia et al., 2000). Bending-moment ruptures are normal faults 

that form close to the hinge zone of large-scale anticlines on the hanging wall of a main thrust. 

Flexural-slip rupturing forms due to differential slip along bedding planes on the limbs of a fold. 

By accounting for these differences in faulting mechanisms, Nurminen et al. (2022) 

introduced a refined terminology for distributed ruptures in compressional environments, aimed at 

capturing the geometric and genetic relationships inherent to the evolving architecture of tectonic 

structures. 
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Figure 2.3 - Types of surface ruptures classified by fault kinematics as per Nurminen et al. (2022). 

Fault displacement hazard is defined as the probability that an earthquake generated by a 

seismogenic source produces surface ruptures (i.e., coseismic displacements affecting the ground 

surface) caused by the relative movement of the ACF rock blocks within a specified area and time 

frame. 

Fault displacement hazard assessment is usually carried out through deterministic and 

probabilistic approaches (e.g., Youngs et al., 2003; International Atomic Energy Agency, 2010; Moss 

and Ross, 2011; Petersen et al., 2011; Waggoner et al., 2014; Testa et al., 2024), in order to evaluate 

the likelihood and potential magnitude of surface rupture due to faulting during an earthquake. 

The deterministic approach involves direct assessment of the potential surface rupture based 

on known or inferred fault characteristics. This method typically assumes, for each seismogenic 

source in the study area, a representative earthquake scenario ï often the maximum credible event ï 

and evaluates the expected surface fault displacement without incorporating uncertainty as part of a 

formal probabilistic framework. This kind of approach was used for the Trans-Alaska pipeline that 

crosses the Denali fault, for which the utilization of 2/3 of the maximum expected offset was 

recommended as displacement value to be adopted for the infrastructure design (Strom et al., 2009). 

This approach was validated by the 2002 Mw 7.9 Denali earthquake, during which a lateral offset of 
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5.8 m was observed at the crossing site, closely matching the proposed design displacement of 6 m, 

while the maximum offset along the fault system reached approximately 9 m (Haeussler et al., 2004). 

While the deterministic approach is useful for understanding worst-case scenarios, it does 

not provide information on the likelihood of occurrence nor on displacement exceedance 

probabilities. 

The probabilistic approach (PFDHA), on the other hand, accounts for uncertainties in 

earthquake occurrence, rupture propagation to the surface, and displacement distribution. The goal 

of the PFDHA is to estimate the annual probability of coseismic surface-fault displacement at a given 

evaluation site, expressed as: 

‗Ὀ Ὀ ‌ ὖὈ Ὀ  

Equation 2.1 

where ‌  is the rate of displacement for the given event at the site of analysis and ὖὈ

Ὀ  represents the probability of displacement D exceeding D0, indicating the attenuation function 

for fault displacement at or near the ground surface. Two alternative approaches exist to solve 

Equation 2.1 (Youngs et al., 2003): the displacement approach and the earthquake approach. The 

former relies on direct observations and site-specific fault displacement characteristics (e.g., 

paleoseismological trenching). Such a level of detail is not always attainable. For this reason, the 

second approach is generally preferred, as it relies on global empirical data to compensate for the 

lack of site-specific data. The earthquake approach follows a methodology that is similar to the 

standard PSHA (e.g., Cornell, 1968) for evaluating ground shaking hazards, using a magnitude-

frequency distribution to estimate ‌ . 

In this PhD project, I focused on the earthquake approach, which is described in detail in 

Chapter 8. 
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2.2. When is a fault considered active and capable? 

The aim of this section is to provide a clear definition of ACFs within established 

frameworks, drawing on both international (International Atomic Energy Agency, 2019) and national 

(Technical Commission on Seismic Microzonation, 2015) guidelines. 

2.2.1. IAEA Safety Standards Guides 

The International Atomic Energy Agency (IAEA) has published a comprehensive series of 

Safety Standards Guides that provide technical recommendations for the assessment of a wide range 

of natural hazards relevant to nuclear facilities. The IAEA Safety Standards represent the main 

international reference for assessing ACFs for nuclear plant siting procedures and safety evaluations. 

Progressively refined through multidisciplinary peer review, they provide a harmonized framework 

of concepts and methodologies for data collection, interpretation, and hazard assessment, ensuring 

that evaluations are consistent with internationally recognized practices and support the safe design 

and operation of nuclear installations. 

Within that specific framework, seismic hazard assessment (document SSR-1; International 

Atomic Energy Agency, 2019) addresses ground-motion effects and also earthquake-induced 

phenomena, including faulting displacement potential at the ground surface (defined as ñfault 

capabilityò). According to document SSR-1, the capability of an ACF can be assessed based on 

geological, geophysical, geodetic or seismological data (including paleoseismological and 

geomorphological data) if at least one of the following conditions is met: 

i. The fault shows evidence of recurrent geologically recent movement, such as significant 

deformation or displacement within a timeframe that, given the regional tectonic context, 

suggests the likelihood of further activity. In highly active tectonic regions, this timeframe 

often corresponds to the Upper PleistoceneïHolocene, while in less active areas it may 

extend back to the PlioceneïQuaternary. 

ii. The structural connection to a known capable fault can be demonstrated. In fact, there is 

a mechanical interaction between faults, implying that movement on one fault could 

trigger movement on a different fault. 

iii. The fault has sufficient seismogenic potential. The maximum magnitude expected from a 

seismogenic fault, combined with its depth, indicates that surface displacement is 

plausible under the local tectonic regime. 

The approach of determining fault capability involves multi-scale investigations. The 

document SSR-1 (International Atomic Energy Agency, 2019) considers four principal scales: 

regional, near regional, site-vicinity, and site area. The regional study area typically extends up to 
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approximately 300 km in radius from the site under evaluation, although the exact extent may vary 

depending on the geological and tectonic framework. Its boundaries may also be asymmetric to 

include significant, more distant seismic sources capable of generating earthquakes relevant to the 

site. The near regional area generally extends no less than 25 km from the site, while the site-vicinity 

area usually encompasses a radius of up to 5 km. Finally, the site area corresponds to the footprint of 

the nuclear power plant itself, which is typically one square kilometer. Regional and near-site studies 

establish the broader tectonic context, while detailed site-scale analyses performed on the ACFs in 

the vicinity of the plant focus on direct evidence of faulting. Techniques may include high-resolution 

geological and geomorphological mapping, topographic and LiDAR analyses, geophysical and 

geodetic surveys, exploratory and paleoseismological trenching, borehole sampling, 

geochronological dating of sediments or faulted rock, and local seismic monitoring. 

While all seismogenic sources within the regional study area are considered in the seismic 

hazard assessment, the evaluation of fault displacement hazard focuses only on nearby ACFs. This 

is because primary fault displacement occurs only in the immediate proximity of the main fault trace, 

whereas secondary displacement ï i.e., movement occurring on subsidiary fault planes or on faults 

located at some distance from the principal rupture and triggered by the earthquake (e.g., Fig. 1.1) ï 

typically occurs within a range of approximately 10ï20 km from the main rupture (see subsection 

2.3.1). 

The IAEA framework incorporates both deterministic and probabilistic approaches for fault 

displacement hazard analysis (see subsection 2.3.2). The IAEA-TECDOC-1987 (International 

Atomic Energy Agency, 2021) provides a comprehensive introduction to PFDHA for nuclear site 

evaluation procedures. That document primarily focuses on the adopted methodology, explaining 

how the deterministic definition of capable fault as established by the IAEA Safety Standards can be 

extended into a probabilistic framework. This includes step-by-step procedures for hazard curve 

development, treatment of epistemic and aleatory uncertainties, and integration with site-specific 

geological investigations. 

2.2.2. Seismic Microzonation Guidelines 

Guidelines from Technical Commission on Seismic Microzonation (2015) recommend a 

specific study if at least one of the following three conditions are met: 

a) The area falls within the epicentral area of historical earthquakes with Mw > 5.5. This 

preliminary screening can be carried out by consulting both historical and instrumental 

seismological catalogues, such as the Italian Parametric Earthquake Catalogue (CPTI; 

Rovida et al., 2022) and the Italian Macroseismic Database (DBMI; Locati et al., 2022; 

https://emidius.mi.ingv.it/CPTI15-DBMI15/query_eq/), and online platforms managed 

https://emidius.mi.ingv.it/CPTI15-DBMI15/query_eq/
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by the Istituto Nazionale di Geofisica e Vulcanologia (INGV). In addition to this, DISS 

(DISS Working Group, 2025) can be used to identify seismogenic sources ï either 

individual or composite ï that have been associated with past significant earthquakes. 

According to DISS, a seismogenic source is defined only when it can be correlated with 

an earthquake of at least Mw 5.5, aligning with the magnitude threshold specified in the 

guidelines. 

b) The scientific literature indicates the presence of faults affecting Late Pleistocene ï 

Holocene units. For this document, a time interval of 40 ka is considered when assessing 

fault activity. 

c) Geologists documented evidence of recent fault activity during geological surveys. 

These recommendations are aimed at identifying the presence of ACFs or potential ACFs (i.e., faults 

for which existing studies demonstrate the deformation of sediments dating to the Middle-Late 

Pleistocene, but not necessarily of Holocene deposits). In the Microzonation Guidelines, ACFs are 

further classified into two categories: ACF_a, if the fault trace and associated structural features can 

be mapped with sufficient confidence, including secondary structures and transfer zones between 

fault segments; and ACF_b, if the available data are insufficient to precisely define the fault geometry 

or the surface evidence is ambiguous. 

Field investigations and structural-geomorphological analyses are used to delineate specific zones 

around the fault traces (Table 2.1). At the preliminary stage (Level 1 of MS ï Microzonazione 

Sismica), an Attention Zone (AZ) is defined conventionally 400 m wide (200 m on each side of the 

main fault trace), representing an area where the presence of ACF requires further studies and more 

detailed investigations. At more advanced levels (MS Level 3), the AZ is further refined into two 

different zones: 

¶ The Susceptibility Zone (SZ), which includes the principal fault rupture as well as possible 

secondary structures, and transfer faults. This zone is relatively wide, with a conventional 

minimum buffer of about 160 m, although its extent can vary depending on local geological 

and structural conditions. The SZ may also be asymmetric with respect to the fault trace, as 

the fault kinematics (e.g., normal, reverse, or strike-slip, with footwall-to-hanging wall ratios 

of 1:4, 1:2, and 1:1, respectively) influence the distribution of ground deformation. 

¶ The Respect Zone (RZ), which is narrower (generally with a minimum width of about 30 m) 

and is defined around the most reliable trace of the surface rupture. This zone is entirely 

included within the SZ and represents the area where the certainty of surface faulting is 

highest. As for the SZ, the RZ can also be asymmetric depending on the fault kinematics. 
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Table 2.1 - Dimensions (in m) for fault zones in the SM studies (modified from Technical Commission on Seismic 

Microzonation, 2015). SZracc = recommended value for the SZ; SZmin = minimum value; n.d. = not defined. 

SM level Level 1 SM Level 3 SM 

ACF Category AZ SZracc SZmin RZ 

ACF_a 400 160 0 30 

ACF_b 400 300 160 n.d. 

 

This hierarchical approach ensures that uncertainties are also considered: the AZ highlights areas 

requiring further study, the SZ provides a conservative buffer to manage fault-related hazards, and 

the RZ defines the zone where rupture is most certain. The zonation is thus directly linked to land-

use planning: within the RZ, new construction (even for infrastructures) is generally restricted or 

forbidden, while the SZ requires careful planning measures and detailed hazard assessment. 

These guidelines generally rely on the ITHACA catalogue (ITHACA Working Group, 2019; 

https://sgi.isprambiente.it/ithaca/viewer/index.html; Figure 2.4) that includes a compilation of ACFs 

as recognized in the scientific literature. For each fault, the catalogue provides a spatial representation 

ï mapped with varying degrees of accuracy ï and a corresponding summary sheet describing its main 

characteristics. These include simplified geometric parameters such as fault length, average strike, 

dip angle and direction, and maximum depth, as well as kinematic classifications (normal, reverse, 

strike-slip, or oblique). For faults that have been investigated in greater detail, the database also 

reports additional information, such as the state of activity and slip-related parameters, including the 

recurrence interval of surface faulting events, slip rate, maximum credible rupture length and 

displacement, time since the last seismic event, maximum known magnitude, maximum observed 

intensity, and a list of historical earthquakes potentially associated with the fault. However, such a 

detail of study is not very common (see next sub-section). 

The ITHACA catalogue recognizes the crucial role of the tectonic and geodynamic regime 

in influencing recurrence intervals of surface faulting-generating earthquakes. Consequently, 

ITHACA follows the approach outlined by the International Atomic Energy Agency (2022), which 

discriminates between: 

a) Interplate domains (i.e., zones located at the boundaries between tectonic plates where they 

collide, separate or slide each other, causing stress to build up and release as earthquakes), 

where the fault is considered capable if the last faulting event has occurred during the last 

125 ka (Late Pleistocene). 

b) Intraplate domains (i.e., zones located in the interior of a given tectonic plate, far from the 

boundaries, where earthquakes occur along pre-existing structural weaknesses within the 

plate) where the fault is considered capable if the last faulting event has occurred during the 

last 780 ka (Middle Pleistocene). 

https://sgi.isprambiente.it/ithaca/viewer/index.html
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Most of the Italian territory belongs to an interplate domain due to the ongoing convergence between 

Europe and Adria; the only exception is Sardinia, which is classified as an intraplate zone. All other 

faults with confirmed activity during the Quaternary before the Late Pleistocene (or the Middle 

Pleistocene in Sardinia) should still be investigated, as fault reactivation cannot be excluded. 

Due to these differences in time frames adopted by ITHACA and those defined by the MS 

Guidelines to classify a fault as ACF, the presence of a fault in the catalogue does not automatically 

lead to its classification as an ACF for regulatory purposes. Hence, the catalogueôs developers regard 

it as good practice to conduct detailed site-specific investigations, using the mapped traces in the 

ITHACA database as a starting point for field validation, followed by further geological, 

geomorphological, geophysical, and paleoseismological analyses. 

 

Figure 2.4 - ACFs as per the ITHACA catalogue (ITHACA, 2024) framed within the broader tectonic setting of Italy (Bonini 

et al., 2025). 
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2.3. ACFs distribution within the Alps-Apennines tectonic system and 

their parametrization 

I now first outline the geodynamic framework and the main tectonically active domains of 

the Italian peninsula. I will then provide an overview of the principal national and regional databases 

of ACFs, highlighting their key features and the types of fault parameters they supply. Such a review 

is essential for contextualizing the three analyzed case histories (described in Chapters 4, 5, and 6; 

Figure 1.4 and Figure 2.12) as well as for understanding the different scales and levels of detail at 

which faults are characterized in Italy.  

The geological framework of the Italian peninsula is complex, as it reflects the interaction of 

multiple geodynamic processes that have acted in close spatial and temporal association. These 

processes have produced a markedly heterogeneous and continuously evolving stress field, where 

compressional and extensional domains are juxtaposed, resulting in the coexistence of diverse fault 

kinematics. In this tectonic synthesis I will focus my attention on the Southern Alps and the 

Apennines. These two regions are the principal Italian orogenic belts that frame the ACFs, according 

to the ITHACA catalogue (Figure 2.4). 

Although both the Southern Alps and the Apennines were generated in response to the 

convergence between the Adria and European plates during the Cenozoic (e.g., Dewey et al., 1973; 

Doglioni and Bosellini, 1987; Dal Piaz et al., 2003), they display contrasting structural styles: the 

Southern Alps are characterized by dominant E-W-striking and south-verging thrusts, whereas the 

Apennines represent a fold-and-thrust belt with ENE-verging thrusts that remain active in the area of 

the Po Plain and along the Adriatic front. The eastward migration of thrusting and folding controlled 

the structural evolution of the belt toward the foreland, resulting in the superposition of Ligurian 

oceanic units onto more external Tuscan and UmbriaïMarche domains, and ultimately onto the 

Mesozoic carbonate platforms of the Adria Plate.  

Post orogenic extensional tectonics in the Southern Alps is somewhat elusive and expressed 

by a series of dispersed, immature normal faults. In contrast, the Apennines are characterized by 

widespread Quaternary, NWïSE-striking normal faults. These faults are distributed along the 

Tyrrhenian sector and the Apennine divide, having developed in response to a regional NE-SW-

directed extension (e.g., Malinverno and Ryan, 1986; Anderson and Jackson, 1987; Patacca et al., 

1990; Doglioni, 1991, 1993; Cavinato and De Celles, 1999; Meletti et al., 2000; Pizzi and Scisciani, 

2000; Faccenna et al., 2001; Cavinato et al., 2002; Roberts et al., 2002; Pizzi and Galadini, 2009). 

In this complex geodynamic setting, ACFs may be grouped in the following main active 

tectonic domains (modified from Galadini et al., 2012; Figure 2.5): 
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Á The compressional front of the Southern Alps, where distributed surface ruptures related to 

flexural slip mechanisms have been documented after the Mw 6.4 Friuli mainshock in 1976 

(Aoudia et al., 2000), while bending-moment ruptures have been ascertained in the Monte 

Netto area, near Brescia, where Livio et al. (2009) recognized minimum 3 surface rupturing 

events within the last 45 ka. 

Á The compressional front of the Central and Northern Apennines, where moderate to strong 

earthquakes often occur (e.g., 1501 Modenese, 1688 Romagna, 1916 Rimini, 1930 

Senigallia, 2012 Emilia) and evidence of repeated surface faulting events have been 

documented in the Monferrato Arc, near Turin, within the last 40 ka (Frigerio et al., 2017). 

Á The internal zone of the Apennines and the Calabrian Arc that are characterized by high 

extension rates, where most of the historical and instrumental destructive Italian earthquakes 

occurred and sometimes generated all sort of surface ruptures related to normal faulting 

(Figure 2.2). Galli et al. (2008) provides a summary of surface faulting events related to 

several ACFs in Central and Southern Apennines of Italy, going backward in time thanks to 

paleoseismological studies. 

Á The volcanic domain of Mt. Etna and Mt. Vesuvius-Somma complex. In the Mt. Etna area, 

tens of surface faulting events occurred within the last two centuries and were associated 

with earthquakes with 3.5<Mw<5 (Azzaro, 1999). 

This subdivision into tectonic domains, each with a distinct style of active faulting and a 

different stress field that controls the activity of the local ACFs and the associated seismogenic 

sources, allows for undertaking a critical analysis of the available fault-parameter datasets (ITHACA; 

Galadini et al., 2001). 
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Figure 2.5 ï Summary of the main Italian tectonic domains where active faulting is more likely to generate surface ruptures: 

1) Southern Alps compressional front, 2) Central and Northern Apennines compressional front, 3) Inner Apennines 

dominated by extension, 4) Volcanic domains. Focal mechanisms refer to the main style of faulting documented within the 

domain (from Pondrelli et al., 2020). 

The ITHACA catalogue generally provides a simplified description of ACF parameters. 

These are commonly expressed by a single, often averaged, representative value for attributes such 

as geometry (e.g., strike, dip direction, dip angle), intervals of recurrence time, and slip rate. 

Concerning the recurrence interval, the catalogue provides an estimation for only four ACFs (or 

ACFs system): two located in the extensional domain of the Apennines (Laga Mts. Fault system and 

La Piet¨ fault) and two situated within the volcanic environment of Mt. Etna (Macchia and S. Tecla 

faults). 

An analysis of the ITHACA dataset (2023 version) shows that most ACFs for which a slip 

rate has been parametrized are located within the extensional domain of the Apennines (Figure 2.6). 

It is notable that the same value is often assigned to multiple fault segments belonging to the same 

system, even when there is no clear evidence in the literature to justify extrapolation along the entire 

fault length. 
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This simplification is problematic given the nature of slip rate which is calculated by dividing 

the cumulative displacement (from geological markers) by the elapsed time. Since this data is 

commonly obtained from highly localized investigations (paleoseismological trenches), using a 

constant slip rate value across the entire fault system may be simplistic. As Chapter 3 will discuss, 

several factors control rupture propagation up to the ground surface, and this is rarely uniform along 

fault strike. Consequently, this simplification may not be conservative for fault displacement hazard 

assessment. 

Most fault segments are associated with slip rate values of 0.7 mm/yr (66 segments of 185 

within the extensional Apennines domain) or 0.3 mm/yr (58 segments; Figure 2.6a). However, when 

these segments are clustered at the fault-system scale, the distribution changes significantly: two 

main frequency peaks emerge, the first around 0.3 mm/yr (9 ACF systems of 45 in that domain) and 

the second around 0.5 mm/yr (7 systems; Figure 2.6b). The volcanic domain includes the Mt. Etna 

and Mt. Vesuvius-Somma volcanoes areas and represents the second domain in terms of ACFs 

associated with slip rate values, which tend to be much higher with respect to the other domains. Few 

data are also reported in ACFs developed in the Alpine compressional front (4 parametrized ACFs), 

while no values related to ACFs located in the Apennines compressional domain are currently 

included in the catalogue. 

 

Figure 2.6 ï Comparison of slip rates of ACFs from different tectonic domains as per ITHACA. The number of faults is 

computed with respect to single fault segments (a) and to entire fault systems (b). 
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A similar approach ï using representative slip rate and recurrence interval values for entire 

fault systems ï was adopted by Galadini et al. (2001), who compiled and synthesized surface data 

for the major active faults in Italy. In some cases, however, they introduced a minimumïmaximum 

range when the available evidence allowed. The next sub-paragraphs compare the ITHACA 

catalogue and the database by Galadini et al. (2001) in terms of recurrence parameters with respect 

to the main Italian tectonically active domains. Moreover, data from further detailed mapping 

projects of active faults are also described below. 

2.3.1. Alpine compressional front domain 

For the Southern Alps compressional front, the ITHACA catalogue reports single values for 

only three faults (belonging to the Udine-Buttrio, Meduna River-Schio, and Schio-Vicenza systems), 

with values comparable to both the upper and lower bounds of those documented by Galadini et al. 

(2001). For the same tectonic domain, Galadini et al. (2001) provide slip rate for eight fault systems, 

ranging from 0.1 and 1 mm/yr for almost all faults (Figure 2.7). 

Although no recurrence parameters are included in 

the Friuli Venezia Giulia database of active faults 

(https://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-

territorio/geologia/FOGLIA35/), it represents a valuable 

resource for this Alpine sector, as it reports all relevant 

information on tectonic lineaments into a consistent GIS 

catalogue. In addition to shapefiles of fault traces, the 

database also provides a series of summary tables 

describing, for each segment of the mapped lineaments, the 

state of activity and, where possible, the supporting 

ñevidence.ò For each tectonic structure the database 

includes several key fault parameters relevant to seismic 

hazard characterization, such as fault geometry, kinematics 

and state of activity. Moreover, when a fault is considered 

seismogenic, the database also reports its possible 

association with historical or instrumental earthquakes. 

 

Figure 2.7 ï Slip rates for the major ACFs 

system located along the Southern Alps 

compressional front as per Galadini et al. 

(2001). Bold black values refer to the slip rate 

documented in ITHACA for the associated ACFs 

segments of the same system, while horizontal 

dashed lines represent the range of slip rate 

values of faults located in the specific domain 

reported in ITHACA. 

https://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/geologia/FOGLIA35/
https://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/geologia/FOGLIA35/
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2.3.2. Extensional domain along the Apennines and the Calabrian Arc 

A comprehensive fault data base was compiled for the 

Apennines extensional belt, owing to its intense seismic 

activity in historical and recent times (e.g., Figure 2.2). The 

three case studies discussed in Chapters 4, 5, and 6 are indeed 

part of this tectonically active domain. 

With regard to the recurrence interval, the ITHACA 

database reports a value of approximately 7,570 years for the 

Laga Mts. fault system in the Central Apennines, and about 

1,300 years for the La Piet¨ segment of the Mt. Pollino fault 

system, located in the Southern Apennines. Galadini et al. 

(2001) extends this parametrization to five additional ACF 

systems. Figure 2.8 compares the recurrence intervals 

provided by these two databases, underscoring not only the 

broader coverage offered by Galadini et al. (2001) but also the 

significant discrepancies between the two sources. In the case 

of the Laga Mts. fault system, for instance, estimates diverge 

considerably, going from 7,570 years for ITHACA to 1,000 years for Galadini et al. (2001). 

The slip-rate values documented by ITHACA tend to underestimate the slip rates (with very 

few exceptions) of most ACF systems compared to Galadini et al. (2001) (Figure 2.9).  Although 

most of the slip-rate values compiled by Galadini et al. (2001) fall within (or are lower than) the 

ranges reported by ITHACA for each specific sub-domain, there are notable exceptions. For example, 

the Pezza fault system (Central Apennines), the Lattari Mountains North fault (Southern Apennines), 

and the CoriglianoïRossano fault system (Calabrian Arc) all exhibit slip-rate ranges that lie entirely 

above the maximum values reported in ITHACA. 

Figure 2.8 ï Recurrence intervals related to 

the major ACFs systems located in the 

Apennines extensional belt as per Galadini 

et al. (2001). Bold black values refer to the 

recurrence times documented for the 

corresponding fault system in ITHACA, 

while horizontal dashed lines represent the 

ITHACA range for this specific domain. 
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Figure 2.9 ï Slip rates related to the major ACFs systems located in the extensional domain of the Apennine chain as per 

Galadini et al. (2001), sorted by sub-domains. Bold black values refer to the slip rate documented in ITHACA for the ACFs 

segments of the same system, while horizontal dashed lines represent the range of slip rate values of faults located in the 

specific sub-domais in ITHACA. 

The Fault2SHA project (Faure Walker et al., 2021) carried out a detailed survey of fault 

segments within the Central Apennines, thus providing a significant step forward for the 

parametrization of the ACFs. This project systematically measured parameters along strike and 

demonstrated that the slip rate is strongly conditioned by near-surface geology, and therefore highly 

variable in space. 

Figure 2.10 shows a comparison of slip rate range derived from ITHACA and Galadini et al. 

(2001) databases for the whole central Apennines area and the slip rate values detailed for each ACF 

by Faure Walker et al. (2021). Most of the analyzed ACFs fall within the slip-rate range documented 

in the ITHACA database for active faults of the central Apennines, although a few significant outliers 

are observed, such as the Mt. VettoreïBove, Sulmona, and Valle del Salto fault systems. Among the 

31 ACF systems about twenty display slip-rate values ranging between 0.1ï0.2 and 1 mm/yr (Figure 

2.10). Seven further ACF systems show slip-rate distributions generally below 1.5 mm/yr, in 

agreement with those reported by Galadini et al. (2001) for the same sub-domain (Figure 2.10). 
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Figure 2.10 ï Slip rates documented in structural stations along main ACFs in Central Apennines as per Fault2SHA 

laboratory (Faure Walker et al., 2021), compared to the ranges of Galadini et al (2001) dataset and ITHACA catalogue 

for the same tectonic domain. In the box plot, the abundance of observations (circles) allows, for each ACF system, the 

estimation of upper and lower extremes, quartiles (as boundaries of box), median (line within the box), algebraic mean 

(crosses within the box) and, eventually, outliers. 

Finally, although Quaternary normal faults have been documented also for the Northern 

Apennines, the limited exposure of fault planes therein prevents reliable estimates of the local Late 

PleistoceneïHolocene slip rates. Consequently, no activity or recurrence parameters are provided for 

this sub-domain by ITHACA or Galadini et al. (2001). However, in recent years new evidence has 

emerged to fill this knowledge gap. In particular, Nirta et al. (2021) documented geomorphological 

and paleoseismological indicators of capable faulting within the Lunigiana basin, leading to the 

identification of previously unrecognized ACF traces. For the fault bounding the western margin of 

the basin, the authors estimated a slip rate of 0.45ï0.68 mm/yr since the Last Glacial Maximum (ca. 

25ï19 ka), along with evidence for at least two surface-rupturing earthquakes in the last 1,000 years, 

with magnitudes Ó 6.3ï6.4. These values are significantly higher than the current estimates reported 

in the DISS catalog for the potentially related seismogenic source (Mw 5.7ï6.0), highlighting the 

need for an updated reassessment of the seismic potential of this sector of the Northern Apennines. 

The QUIN database (QUaternary fault strain INdicators; Lavecchia et al., 2022, 2024) 

provides a valuable complementary resource for assessing seismic hazard for the extensional domain 

of the Northern Apennines. This database is based on the assumption that the regional stress field in 

Italy has remained broadly unchanged throughout the Quaternary (last 2.58 Ma), allowing long-term 

fault-slip data to be used to constrain the present deformation pattern and the corresponding crustal 

state of stress. QUIN integrates new and previously published data from structural sites located along 
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the major intra-Apennine Quaternary faults, including geometric and kinematic parameters, 

deformation axes, the age of the fault systems, and evidence of earthquake activity from both 

historical and instrumental records. Fault traces are compiled from published literature, official 

multiscale geological maps, the Fault2SHA laboratory, and in some cases from unpublished mapping 

linked to newly acquired fault studies. According to the authors, all Quaternary faults included in 

QUIN may be considered potentially seismogenic and thus relevant for seismic hazard assessment, 

either because of direct geological and/or seismological evidence of activity in the Late Pleistoceneï

Holocene, or because they are part of Late PlioceneïQuaternary fault systems that nucleated and 

evolved under the current seismotectonic regime. 

2.3.3. Apennines compressional front domain 

A significant knowledge gap still persists in the compressional domain of the Northern 

Apennine frontal belt. This gap was already highlighted in the ITHACA catalogue and in the 

compilation by Galadini et al. (2001). In recent years, increasing attention has been devoted to 

addressing this limitation. The limited understanding of this sector is partly due to the unfavorable 

exposure of recent tectonic structures, the tendency for major earthquakes to have longer recurrence 

intervals compared to those on seismogenic normal faults, and the generally poor surface expression 

of thrust-related deformation relative to the clearer evidence observed in the extensional domains of 

the Apenninic chain. 

A first attempt to overcome these difficulties is represented by the Seismotectonic Map of the 

Emilia-Romagna Region and surrounding areas (Martelli et al., 2016). Although this product does 

not provide parametrization of potential ACFs and is relatively coarse in resolution (scale 1:250,000), 

it extends the definition of activity to tectonic structures that either influence the present-day 

topography and geomorphology or that have deformed stratigraphic horizons dated up to ~450 ka 

(i.e., the base of the unconformity of the Upper Emilia-Romagna synthem). The document aims at 

integrating and comparing seismogenic sources from the DISS catalogue with mapped traces of 

active faults, instrumental and historical seismicity with Mw > 4, and available focal mechanisms. 

Recent studies have provided significant advances. Gusmeo et al. (2024) documented Late 

PleistoceneïHolocene fault activity along the exposed Apennine front, through the integration of 

field structural mapping, and geochronological constraints. The authors identified first-order 

structural features that can be interpreted as active or potentially active faults along the exposed front 

of the Northern Apennines mountain belt, between the cities of Reggio-Emilia and Bologna. 

Similarly, Frigerio et al. (2017) investigated the Monferrato Thrust in the northwestern Po Plain using 

seismic reflection profiles, borehole data, and geomorphological evidence, showing that even buried 

thrusts at the Apennine front remain tectonically active. Their work highlights uplift of Plioceneï
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Quaternary sequences, association with surface ruptures due to potential earthquakes of Mw > 6.5 

and estimated slip rates lower than 0.1 mm/yr, implying long recurrence times between significant 

earthquakes (c. 3000 Ñ 2000 years). 

Recently, Carloni et al. (2025) provided a 3D model and database for the Northern Apennines 

through the GIS integration of geological maps, cross-sections, deep borehole data, seismic profiles, 

seismological data, shear wave velocity profiles, and stress field data. The model allows the 

measurement of fault geometric parameters (trace length, orientation dip, dip direction, average dip, 

area and volume occupied, minimum and maximum depth, etc.), and the possibility to calculate key 

parameters such as displacements, slip rates, seismicity distribution, maximum magnitude, and from 

these, potentially, the recurrence time. 

Taken together, these findings indicate that the compressional front of the Northern 

Apennines is still active, though deformation is distributed at low rates and major earthquakes are 

infrequent. In this sense, Galadini et al. (2012), finally, suggest that blind faults showing evidence of 

activity in the last 2.6 Ma (Quaternary) can be considered active and potentially capable. This 

highlights the critical need to incorporate rare, long-term seismic processes into seismic hazard 

assessments, particularly for the highly populated and developed area of the Po Plain. 

2.3.4. Volcanic domain 

Some Italian areas are characterized by active volcano-tectonic settings, such as the Etna 

area and the Somma-VesuviusïCampi Flegrei complex. In these volcanic environments, fault 

systems interact with magmatic processes, generating volcano-tectonic deformation (e.g., 

Gudmundsson, 1998; Acocella et al., 2012). A distinctive feature of these settings is that faults 

reaching the surface may produce observable ruptures even during moderate earthquakes, in contrast 

to the typically higher magnitudes required in other tectonic contexts (e.g., Azzaro, 1999). Moreover, 

slip rates can be locally very high (Figure 2.6), reflecting the combined effect of regional stress, 

gravitational instability of volcanic edifices, and magmatic intrusions. Recurrence intervals are, 

moreover, very narrow. ITHACA documents recurrence times of 40 yr for the Macchia Fault and 120 

years for the S. Tecla Fault in the Etna region. 

2.3.5. Comparison with Individual Seismogenic Sources 

For decades, one of the most debated issues in Italian seismotectonics has been the 

relationship between seismogenic structures at depth (i.e., those capable of generating significant 

earthquake) and ACFs mapped at the surface. A recurring problem is the lack of straightforward 

geometric consistency between deep fault planes, as modeled from seismicity and seismic lines, and 

the surface deformation patterns that are observed and mapped through geological and 
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geomorphological surveys (e.g., Bigi et al., 2013; Demurtas et al., 2016; Wilkinson et al., 2017; 

Porreca et al., 2018). This issue is partially due to limitation of available investigation techniques. 

Seismic reflection profiles, for instance, generally suffer from low resolution in their shallowest 

sections and often fail to image the last few hundred meters beneath the surface. Conversely, near-

surface methods provide detailed but very shallow 

information, leaving an intermediate depth range where critical 

data is often lacking.  This raises fundamental questions on 

how the rupture propagates from hypocentral depths to the 

topographic surface, and under which conditions it results in a 

surface-rupturing event. 

A preliminary comparison between individual 

seismogenic sources included in the DISS database (DISS 

Working Group, 2025; https://diss.ingv.it/mapper/) and surface 

ACF traces that can be geometrically correlated reveals a 

substantial discrepancy. In particular, the range of slip-rate 

values documented for surface faults often shows significant 

spreading with respect to the slip rates inferred for their 

associated seismogenic sources at depth (Figure 2.11). This 

mismatch highlights the complexity of linking long-term 

geological deformation to seismological evidence of active 

faulting. 

Several factors may contribute to this inconsistency: the episodic nature of surface faulting 

versus the longer recurrence intervals of large earthquakes; incomplete preservation of surface 

evidence due to erosion, sedimentation, or anthropogenic modification; uncertainties in fault 

geometry and kinematics both at depth and at the surface. Moreover, the cumulative displacement 

observed on ACFs can also be influenced by nearby seismogenic sources, as earthquakes may trigger 

surface ruptures on faults located even several tens of kilometers away (i.e., sympathetic or triggered 

surface ruptures), as largely documented worldwide in SURE2.0 or FDHI databases (Nurminen et 

al., 2022; Sarmiento et al., 2024; Figure 2.2 and 2.3). Finally, factors controlling fault rupture 

mechanism and propagation are responsible for the evolution of the deformation mapped at the 

surface and its linkage with the seismogenic source. These particular factors will be discussed in 

subsection 3.3. 

  

Figure 2.11 ï Comparison between slip 

rates from ACFs systems (data from 

Galadini et al., 2001; Nirta et al., 2021; 

Faure Walker et al., 2021) and individual 

seismogenic sources (from DISS). 

https://diss.ingv.it/mapper/
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2.4. Selected case histories 

We selected three case histories: the Monte Stabiata ï Paganica ï San Demetrio Fault System 

(SPD), the Monti Martani Fault System (MMFS), and the Mugello Fault (MF). These fault systems 

are derived from a complex geological framework within the Northern and Central Apennines 

(Figure 2.12), which belongs to the Apennines extensional domain (context 3 in Figure 2.5). 

Although they developed under the same regional stress regime and within a similar tectonic 

and geodynamic setting, the selected case histories represent three different types of potential ACFs 

(Figure 1.4). In particular: 

ï the SPD represents a well-constrained, outcropping ACF associated with seismogenic 

sources responsible for both historical (e.g., the 2 February 1703, Mw 6.7 mainshock) and 

instrumental (e.g., the 6 April 2009, Mw 6.3 LôAquila mainshock) earthquakes. 

ï the MMFS corresponds to a potential bedrock-deforming ACF, for which no documented 

seismogenic sources or surface-faulting earthquakes are documented. 

ï the MF is a non-outcropping, potential ACF that is considered the most likely seismogenic 

source of historical earthquakes, such as the 29 June 1919 (Mw 6.2) and the 13 June 1542 

(Mw 5.9) Mugello earthquakes. 

 

Figure 2.12 ï Geological and tectonic framework of Northern and Central Apennines (Servizio Geologico d'Italia ï ISPRA, 

2011) showing the location of the three case histories presented in Fig.1.4 and described in Chapters 4 (Fig. 4.4), 5 (Fig. 

5.3) and 6 (Fig. 6.3). 

 

  



50 
 

  



Chapter 3 ï The impact of ACF structural complexity on seismic hazard assessment when designing linear infrastructures 

51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

The impact of ACF structural complexity on  

seismic hazard assessment when designing  

linear infrastructures 
3. Chapter 3 ï The impact of ACF structural complexity on seismic hazard assessment when designing linear infrastructures 

  



52 
 

3.1. General background 

Since ACFs generate significant permanent deformation of the topographic surface, a careful 

evaluation of their spatial and geometric characteristics is essential for seismic hazard assessment 

when planning new linear infrastructures. Although this aspect is generally overlooked, it is 

necessary to bear in mind that the common structural complexity of fault zones necessarily leads to 

a non-uniform hazard along and across the faultsô traces, mostly because of heterogenous 

deformation partitioning. This chapter reviews the factors controlling fault rupturing and 

propagation, specifically focusing on fault zone architecture and growth mechanisms. It describes 

the attributes characterizing an ACF that should be parametrized in any PSHA, as well as PFDHA, 

studies. Representative scenarios of physical interaction between ACFs and linear infrastructures are 

analyzed. Given the importance of a structural geological approach toward the reliable assessment 

of seismic hazard related to ACFs, we review suitable investigations to derive appropriate 

deterministic geological constraints on the geometry, kinematics, slip and deformation style of 

ACFôs.  

This study is key to addressing the first open question reported in Chapter 1. This chapter is 

included in Bonini et al. (2025), published in the Natural Hazard and Earth System Sciences 

(NHESS; doi: 10.5194/nhess-25-2981-2025).  

 

3.2. Introduction 

The accurate definition of site-specific parameters and processes related to active faulting is 

becoming of increasing importance to seismic risk assessment. Although ground shaking is 

universally considered as the primary cause of infrastructural damage, two large earthquakes 

occurred in 1964 (the Mw = 9.2 Great Alaska and the Mw = 7.4 Niigata earthquakes) have also 

highlighted the damaging potential coseismic permanent ground deformation (Youd 2014), including 

ground surface rupturing by slip along ACFs. An ACF is defined by the International Atomic Energy 

Agency (2010) as a fault capable of producing significant displacement at or near the ground surface 

in response to the activation of a seismogenic source at depth and that has moved within the 

framework of the current tectonic stress regime (the Late Pleistocene is taken as the lower time limit 

for interplate faults). The importance of including and quantifying infrastructure safety in the context 

of earthquake-related hazard has become evident after the 1906 San Francisco earthquake (Mw = 7.9, 

Prentice and Ponti 1997), when the Wrights tunnel was damaged by a 1.8 m offset along the trace of 

a ruptured intersected seismogenic fault.  

Fault rupturing is a complex phenomenon because of the common heterogeneity of the stress 

field acting along a fault zone, the variability of fault geometry and characteristics, the accumulated 
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displacement history, and the lithological variability of the affected rocks (Ben-Zion and Sammis, 

2003; Treiman, 2010; Peacock et al., 2017). In particular, the geometric and displacement attributes 

of a fault zone that dynamically evolves through space and time are the direct expression of the 

structural mechanism(s) and the tectonic context that control the fault nucleation and progressive 

growth (Morley et al., 1990; Cartwright et al., 1995; Fossen and Rotevatn, 2016). If the fault is 

seismically active, these parameters also depend on earthquake magnitude as predicted by empirical 

scaling relationships (Wells and Coppersmith, 1994; Vermilye and Scholz, 1998; Walsh et al., 2002; 

Kim and Sanderson, 2005; Ferrill et al., 2008; Schultz et al., 2008; Leonard, 2010, 2014; 

Thingbaijam et al., 2017).  

Until now, conventional approaches aimed at assessing seismic hazard in a given area have 

generally overlooked both the structural and geometrical complexities of active fault zones as well 

as the cross-cutting relationship between variably oriented faults and/or fault segments within bigger 

and more complex fault zones. Furthermore, distinct modes of deformation accommodation (i.e., 

rupturing along a single discrete slip surfaces or by diffuse off-fault deformation affecting a wider 

volume of rock) can lead to different patterns of permanent deformation at the ground surface, as 

evidenced by PFDHA scenarios of ACFs (e.g. Moss and Ross, 2011; Petersen et al., 2011; Youngs et 

al., 2003).  

The potential impact of seismic fault-related effects should be distinguished based on how 

ACFs geometrically interact and physically interfere with a linear infrastructure. Thus, a careful and 

quantitative analysis of the relationships between ACFs and linear infrastructures should be carried 

out already during early feasibility studies, as a support for the later infrastructure engineering design 

phase. 

In this study, we analyze four possible geometrical interference situations between ACFs and 

linear infrastructures: fault-crossing, fault-parallel, near-fault tip, and transfer zone-crossing 

scenarios. In each case, we establish a) the main fault structural features to be defined and 

investigated, b) the related key fault parameters to be assessed and c) the most suitable investigations 

to derive appropriate deterministic geological constraints on geometry, kinematics, slip and 

deformation style of the ACF. By using as an example the ITHACA catalogue (ITHACA, 2024); Fig. 

2.3) and relevant seismic microzonation legislations (Technical Commission on Seismic 

Microzonation, 2015), we propose an first operative workflow to comprehensively parametrize an 

ACF. This study can inform ever more realistic scenarios of PFDHA and, ultimately, aid in 

developing mitigation strategies to minimize infrastructure vulnerability. 
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3.3. Factors controlling fault rupturing and rupture propagation at the surface 

Recently, two databases listing surface rupturing data from dozens of historical and 

instrumental earthquakes between 1872 and 2019 have been compiled from all over the world (SURE 

2.0 and FDHI databases; Nurminen et al., 2022; Sarmiento et al., 2024). These databases clearly 

show that several factors steer the propagation of coseismic ruptures to the ground surface. In this 

regard, ñexternalò and ñinternalò factors can be distinguished with respect to the fault system. 

External factors include the system characteristics that directly relate to the host rock and fluids. 

Rock rheology, for instance, is usually recognized as a controlling factor of rupture propagation, as 

narrow fault zones of high shear strain are typically associated with quartz-feldspathic rock types, 

whereas wide zones with diffuse high shear strain are commonly located in phyllosilicate-rich 

protoliths (Chester and Logan, 1986; Faulkner et al., 2003, 2008). Fault rupturing is facilitated during 

fluid-assisted deformation, as pore pressure reduces the normal stress on locked faults. Viscosity 

contrasts and the overburden thickness, in addition, control shear localization, which varies markedly 

passing from the bedrock to unconsolidated and/or water saturated sediments (Reid, 1910; 

Tchalenko, 1970; Irvine and Hill, 1993; Bray et al., 1994; Lazarte et al., 1994; Johnson et al., 1997).  

Internal factors, on the contrary, represent all fault parameters that are connected with its 

kinematics, geometry, and mechanics. Fault orientation is known to exert significant impact on the 

kinematics of a given fault (Wallace, 1951; Bott, 1959), and numerous studies have shown that off-

fault coseismic deformation is more likely localized in the hanging wall of inclined faults (Axen et 

al., 1999; Fletcher and Spelz, 2009; Ma, 2009; Huang and Johnson, 2010). Consequently, the 

kinematic characteristics of a fault affect the width of the surface rupture zone: a fault with pure 

strike-slip or pure dip-slip movement is generally narrower than oblique slip faults. Other factors to 

consider are the coseismic slip magnitude and slip kinematics (Tchalenko, 1970; Horsfield, 1977; 

Naylor et al., 1986; Bray et al., 1994; Schlische et al., 2002; Quigley et al., 2012). In tectonically 

active areas, in fact, geometric parameters of a fault, such as coseismic rupture length and 

displacement at the ground surface, are directly related to the magnitude of the earthquakes generated 

by it, as demonstrated by scale relationships (e.g., Wells and Coppersmith, 1994; Leonard, 2010, 

2014; Thingbaijam et al., 2017). Figure 3.1 shows well-known databases of coseismic surface 

ruptures events integrated with data documented during historical and instrumental strong 

earthquakes (Table 3.1). Coseismic fault data (including maximum displacement and rupture length 

at the ground surface) exhibit a three-order-of-magnitude variation (from centimeters to tens of 

meters) for earthquake events ranging from magnitude 5 to 9 (Figure 3.1a,b).  
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Figure 3.1 - Scaling laws correlating coseismic geometric fault attributes (maximum displacement and rupture length at 

the ground surface) and earthquake magnitude (a, b, respectively). Blue trend lines are calculated from Wells and 

Coppersmith (1994), black trend lines are calculated considering also data from the SURE2.0 database (Nurminen et al., 

2022) and Table 3.1. 

 

Table 3.1 - Historical and instrumental earthquakes that produced coseismic displacement at the ground surface and that 

are not included in Wells and Coppersmith (1994) and SURE2.0 (Nurminen et al., 2022) datasets. L: length; Dmax: 

maximum displacement 

Location Year Mw L (km) Dmax (m) Kinematics References 

Parkfield (USA, CA) 2004 6 32 0.46 Strike-Slip Lienkaemper et al. (2006) 

D¿zce (Turkey) 1999 7.2 40 5 Strike-Slip Wesnousky (2008) 

Kokoxili (China) 2001 7.8 400 8 Strike-Slip Lasserre et al. (2005) 

Bolnai (Mongolia) 1905 8.3 375 9 Strike-Slip Lasserre et al. (2005) 

Erzincan (Turkey) 1939 7.9 350 3.7 Strike-Slip Lasserre et al. (2005) 

Dongxi Co (China) 1930 7.5 150 4 Strike-Slip Klinger et al. (2005) 

Manyi (China) 1997 7.6 170 7 Strike-Slip Klinger et al. (2005) 

Pazarcik (Turkey) 2023 7.8 300 7.76 Strike-Slip Dai et al. (2024) 

Elbistan (Turkey) 2023 7.5 180 8.2 Strike-Slip Dai et al. (2024) 

Spitak (Armenia) 1988 6.8 40 1.6 Reverse-Oblique Philip et al. (1992) 

Avezzano (Italy) 1915 6.7 35 1.2 Normal Galadini and Galli (1999) 

Colfiorito (Italy) 1997 6 14 0.08 Normal Cello et al. (2000) 

 

This variation applies to all fault types (normal, reverse, and strike-slip) and can be attributed 

to factors influencing the propagation of fault rupture towards the topographic surface, along with 

the specific growth mechanisms governing each fault system (see below). 
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3.3. Fault zone architecture and growth mechanisms 

3.6.1. Fault zone architecture and attributes 

Commonly, the first-order architecture of a fault zone (Figure 3.2) includes a central core 

and the enveloping damage zones (e.g. Caine et al., 1996; Cello et al., 2000; Chester et al., 1993; 

Chester and Logan, 1987). The fault core represents the product of highly localized deformation and 

most of the displacement within the faulted volume is accommodated therein (e.g. Bruhn et al., 1994; 

Childs et al., 1996; Sibson, 1977), as it is composed of multiple slip surfaces and fault rocks, such as 

fault gouge, breccia, and lenses of host rock 

(Torabi et al., 2019). Damage zones, instead, 

are characterized by relatively low 

deformation compared to fault cores. These 

zones generally exhibit several second-order 

structures such as subsidiary faults, fractures, 

veins, stylolites, cleavage, fault-related folds 

and/or drag folds (e.g. Berg and Skar, 2005; 

Billi et al., 2003; Bruhn et al., 1994; Faulkner 

et al., 2010; Odling et al., 2004).  

The thickness (or width, in map view) 

of these two structural domains, their strike 

and dip angles, length, maximum depth, and displacement represent the geometric attributes of a 

fault that need to be constrained when building the fault source model in seismic hazard analysis. 

However, the intricate nature of fault zones can lead to significant variability in fault parameters both 

along and across the fault zone (Figure 3.3), suggesting that variable mechanisms of nucleation and 

growth may contribute to fault zone evolution in space and time. This variability may thus have a 

substantial impact on the resolution and reliability of seismic hazard estimates  

Fault core geometry, for instance, varies in response to how deformation is localized in the 

rock volume, which is a function of the geomechanical properties of the host rock, the competency 

contrasts of the faulted lithotypes and of the presence of pre-existing anisotropies (e.g. Bastesen and 

Braathen, 2010; Childs et al., 2009; Foxford et al., 1998; Shipton et al., 2005, 2006; Sperrevik et al., 

2002; van der Zee and Urai, 2005; Wibberley et al., 2008). In general, average values of fault core 

thickness vary between a few millimeters and one meter for an average (cumulative) displacement 

ranging from some centimeters to a few tens of meters (Johannessen, 2017; Torabi et al., 2019; Figure 

3.4a). However, exceptional cases with fault displacements exceeding hundreds of kilometers are 

Figure 3.2 - Schematic illustration of a fault zone and definition 

of its main geometric and kinematic attributes. 
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associated with cores up to ten to hundreds of meters thick (e.g. Childs et al., 2009; Wibberley et al., 

2008).  

.  

 

Figure 3.3 - Variable along- and across-strike displacement distribution (inspired by Peacock and Sanderson, 1994) and 

width of a complex fault zone. Terminology regarding damage zone types is from Kim et al. (2004). 

Damage zones, on the other hand, include thicker rock volumes. Their width is usually 

defined by the frequency distribution of structures that commonly decreases with distance from the 

fault core (e.g. Chester and Logan, 1987; Goddard and Evans, 1995; Scholz, 1994; Smith et al., 

1990). Many authors have related it to the cumulative displacement (e.g. Faulkner et al., 2011; Fossen 

et al., 2007; Torabi et al., 2020; Torabi and Berg, 2011; Figure 3.4b) or to the fault length (Vermilye 

and Scholz 1998 and references therein, in terms of process zone; Figure 3.4c). Scaling laws reveal 

that the width of a damage zone can vary from a few centimeters to some kilometers for cumulative 

displacements within a similar range. Scattered data suggest that the width of damage zones is 

typically two orders of magnitude smaller than the fault length. 
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Damage zones are variably named depending on their location within and around the fault 

(wall vs tip damage zone), or between fault segments (linking damage zone) (Figure 3.3; Kim et al., 

2004). A damage zone can become much wider 

during fault interaction and may also include the 

tip damage zone, which usually contains 

structures that are misoriented to the main fault 

surface and that can accommodate shear 

movement or just tension opening (McGrath and 

Davison, 1995; Kim et al., 2000, 2003, 2004; 

Kim and Sanderson, 2006). For steeply dipping 

faults, subsidence and formation of fault 

propagation folds may cause the propagation of 

secondary structures preferably in the hanging 

wall (Evans, 1990; Berg and Skar, 2005; Ferrill 

et al., 2005), resulting in an uneven damage zone 

across the fault strike. Berg and Skar (2005) 

suggest a further subdivision of the fault damage 

zone in hanging wall and footwall damage 

zones, due to structural and geometric 

differences of secondary slip surfaces and 

fractures.  

Fault displacement profiles, then, are 

controlled by several factors, including fault 

length (in map view), the fault aspect ratio (i.e., 

the ratio between fault length and height), fault 

shape (rectangular vs. elliptical), proximity of 

the fault to the free surface or other boundaries, 

configuration of far-field stresses, frictional and 

constitutive properties of the fault, variations in 

elastic properties and lithology along the fault, 

time-dependent rheology, near-tip processes, 

interaction with other faults, and fault segments 

linkage (e.g. Peacock, 2002; Schultz, 1999). 

Typically, displacement is considered zero at the 

fault tips and increases up to a maximum near 

the center of the fault (Barnett et al., 1987). In 

Figure 3.4 - (a) Fault core average thickness vs. average 

(cumulative) displacement (power-law relationship from 

Johannessen 2017; data after Torabi et al. 2019 and 

references therein). (b) Scaling law between fault damage 

zone width and cumulative displacement (data after Fossen 

et al. 2007 and references therein; Faulkner et al. 2011; 

Torabi and Berg 2011 and references therein; Torabi et al. 

2020 and references therein); (c) Scaling law between 

cumulative offset and fault length (data and power-law 

relationship after Vermilye and Scholz 1998 and references 

therein). Dotted lines are traced from y = x. 
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the case of hard-linked fault segments, however, Peacock and Sanderson (1991, 1994) noted that the 

displacement gradient of a fault increases in the zone where fault segments overlap, and that the 

displacement maximum is no longer in the center but located closer to the overlap zone (Figure 3.3).  

Other fundamental fault attributes that have a relevant impact on seismic hazard assessments 

are fault kinematics (slip vectors and sense of shear), and state of activity (slip rate, recurrence 

interval for surface faulting, slip ï total and per event ï and triggering related earthquakes). Their 

estimation is necessary to fully parametrize a complex fault zone.  

3.6.2. Fault nucleation and growth mechanisms 

Following initial nucleation, the growth of a single fault can be ascribed to two main 

mechanisms (Figure 3.5): (i) tip propagation and (ii) displacement accumulation without significant 

tip propagation. Both growth processes refer to the development of a single, isolated fault. 

In the case of the tip propagation model, faults form by developing a process zone, where 

micro-fractures form and coalesce along strike of the growing fault (Cowie and Shipton, 1998). Cox 

and Scholz (1988) demonstrated that Mode III shear cracks generate and link ahead of the crack tip. 

This leads to an increase in displacement proportional to the growth of fault length (e.g. ñconstant 

Dmax/L ratio modelò), with maximum displacement values at the center of the fault. Further fault 

evolution is accomplished by stress concentration at the tips, implying the development of various 

deformation features at the fault terminations, including wing cracks, horsetail fractures, fan-shaped 

branch faults, en ®chelon synthetic or antithetic shear fractures (Kim et al., 2000, 2004).  

The second fault evolution mechanism leads to rapid growth and subsequent displacement 

accumulation without significant tip propagation (ñConstant length modelò by Walsh et al., 2003 or 

ñCharacteristic earthquake modelò by  Schwartz and Coppersmith, 1984). It is mainly applied to the 

development of a long fault structure above a buried reactivated fault (e.g. Giba et al., 2012). Slip in 

this case imposes an extension with deformation localizing in the cover above the fault, and overall 

fault propagation is upwards from the reactivated fault, generating tip bifurcation. It implies 

significant widening of the (wall-) damage zone.  

When two subparallel, separated fault segments approach, they start to interact (e.g. Trudgill 

and Cartwright, 1994; Walsh et al., 2003). This is manifested by the curving of their terminations, 

bifurcation, development of a complex zone of subsidiary structures (splays, faults, fractures, 

deformation bands) or the formation of relay ramps (Fossen and Rotevatn, 2016). The interaction 

potentially evolves through time in linkage (ñFault linkage modelò within fault population), causing 

extensional or contractional oversteps (Kim et al., 2004). 
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Figure 3.5 - Possible nucleation and growth mechanisms of faults. t1-t4 are sequential time increments during which a fault 

evolves. 

In this regard, Peacock et al. (2017) made a distinction between i) approaching damage 

zones, if the interacting faults are kinematically linked but do not intersect, and ii) intersecting 

damage zones, which form around the intersection between two or more faults that abut, splay, or 

crosscut coevally (formed under the same tectonic regime) or sequentially (formed under different 

tectonic regimes). This second sub-category also includes the linking damage zone described by Kim 

et al. (2004) as regarding the area of deformation at a step between two sub-parallel coeval faults. 

When deformation is transferred from one fault to another, the intervening deformation area is called 

transfer zone. Morley et al. (1990) introduced a systematic classification scheme for transfer zones, 

based on the dip direction (divergent or convergent) and the degree of overlap of faults between 

which the displacement transfer occurs. In transfer zones, deformation is distributed over a wider 

rock volume through diffuse faulting. The variable displacement transfer between shear structures 

and real fault zone depends on the overlap degree between two faults or fault segments. The 

interaction between faults is also related to the spacing and the total length of the fault systems, 

depending on their kinematics. For example, laboratory experiments document that strike-slip faults 

interact when the spacing between two main faults is less than 10% of the combined fault length (An, 

1997), while field data have been used to conclude that normal fault systems within the meter-to-

kilometer scale range interact when the ratio between their minimum length and spacing is >14%  

(Acocella et al., 2000).  
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3.4. Geometric interference patterns between ACFs and linear 

infrastructures 

In this section, we apply the fault attributes and growth mechanisms described above to an ideal 

scenario of ACF evolution. Firstly, we analyze the impact of these mechanisms upon the four most 

likely geometric interference patterns between an ACF and a linear infrastructure. Then, we define a 

spectrum of structural geological parameters that should be carefully monitored at the interference 

zones (IZ) between an ACF and the linear infrastructure (Table 3.2). We define the IZ as the mappable 

area where the deformation effects associated with ACFs activity are expected to impact the 

infrastructure. 

We have considered the following fault-linear infrastructure interference patterns (Figure 

3.6): i) Fault-crossing infrastructure, if the linear infrastructure intersects the trace of a main fault at 

any incidence angle along its length; ii) Fault-parallel infrastructure, if the linear infrastructure runs 

essentially parallel to the main fault trace, potentially interfering with the ACF damage zone and/or 

its core; iii) Near-fault tip infrastructure, if the linear infrastructure runs at or near the influence lobes 

characterizing the ACF tip points; iv) Transfer zone-crossing infrastructure, if the linear 

infrastructure passes by an area located between two or more interacting ACFs or ACF segments.  

Since the crossing of different portions of an ACF by a linear infrastructure implies that some 

fault parameters may weigh more than others, each scenario requires a distinct assessment of the 

fault parameters associated with the corresponding ACF element. Thus, we can prioritize some fault 

parameters over others in fault hazard assessment (Figure 3.7).  

In a fault-crossing scenario it is particularly important to investigate (i) the coseismic 

displacement at the ground surface, especially if the offset is accommodated on thin slip surfaces, 

and (ii) the deformation accommodated within the damage zone. (i) While in fault source models a 

unique mean value of slip is usually considered for the entire ACF because of the simplified nature 

of such models, displacement can be variable along the strike of a fault (e.g. Peacock, 2002; Schultz, 

1999); Figure 3.3).  Both fault growth mechanisms (single fault segment and fault population; Figure 

3.5) predict that the maximum displacement occurs at the center of the fault system, while it gradually 

decreases to zero at the fault tips. (ii) Based on scaling relationships (Figure 3.4b), the width of the 

damage zone scales to the cumulative displacement through a power-law relationship. Thus, the 

maximum width of the damage zone is expected to coincide with the zone of maximum displacement 

at the center of the fault system. From the consideration above, it is reasonable to expect that the 

potential impact linked to coseismic displacement and damage zone development can be higher if 

the linear infrastructure crosses the central zone of a fault system (either fault segment or interacting 

fault segments), rather than near the tips (e.g., Barnhart et al., 2015; Rockwell et al., 2002). To obtain 

high-resolution data on both amount of displacement and damage zone width at the IZ, it is crucial 
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to analyze the distribution of deformation both along fault strike (for displacement) and across the 

fault strike (for damage zones; Figure 3.7a). 

 

Figure 3.6 - Schematic diagram illustrating the possible geometrical interference patterns between an ACF and a linear 

infrastructure. 

The extent of the study area on both sides of the linear infrastructure should be calculated 

considering the scaling relationships in Figure 3.1a,b, and Figure 3.4c. During design stage, the area 

usually included in the detailed study extends for few hundreds of meters away from the linear 

infrastructure, on both sides. For example, this extent is probably more than sufficient in the case of 

the Italian territory. In fact, coseismic deformation is expected to affect an area of maximum tens of 

meters, with the occurrence Mw = 7 earthquakes, which is, at the moment, the highest magnitude 

value reported in the historical seismological record of Italy. However, this distance from the 

infrastructure might be inadequate in the case of stronger earthquakes.   

In a fault-parallel scenario, it is critical to verify if the infrastructure interacts with the fault 

damage zone (Figure 3.7b) and, eventually, to evaluate the length of the infrastructure section falling 

within the IZ. Similar to the previous scenario, constraining the width of the damage zone requires 

considering the position of the IZ relative to the length of the main fault surface (central part or 

toward the tips). Scaling laws suggest that the width of the damage zone is c. a couple of orders of 

magnitude lower than fault length (Figure 3.4c) and thicker in the hanging wall of dipping faults.  

In a near-fault tip scenario, the deformation associated with fault tips is particularly 

significant. Deformation structures at the IZ stem from how the fault accommodated displacement at 

its tips as it progressively grew in length over time (fault growth mechanism by tip propagation in 
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Figure 3.5). It is, hence, a priority to evaluate the extent of the area that is affected by fractures (tip 

damage zone), including its potential further growth during future earthquakes (Figure 3.7c). For 

high angle and steeply dipping faults, the assessment of deformation near the fault tips becomes even 

more critical, as the tips of these faults can be associated with a broad range of fracture patterns, 

depending on the fracturing propagation mode and the deviatoric stress existing at the tips (McGrath 

and Davison, 1995; Kim et al., 2000, 2003, 2004; Kim and Sanderson, 2006).  

The transfer zone-crossing scenario implies the interaction between two (or more) active 

faults where deformation is accommodated both along each single fault segment as well as in the 

fault overstep region. This complex structural setting encompasses all fault mechanisms and 

variations of fault characteristics described previously. In this scenario, the complexity of the IZ is 

linked to the width of the damage zone that develops during fault interaction (Figure 3.3). It is 

necessary to consider both the extent of the zone affected by diffuse deformation within the damage 

zone (wall damage zone plus linking damage zone) and the fact that there are discrete surfaces 

potentially accommodating most of the displacement. The priority should be the quantification of 

both the width of the transfer zone-related damage zone crossed by the linear infrastructure and the 

slip accommodated by the main fault surfaces (if crossed; Figure 3.7d). During planning, in fact, it 

is essential to recognize whether the estimated coseismic displacement could be accommodated by 

fault zones a few meters thick, rather than by secondary planes within an extensive damage zone 

hundreds of meters thick. Therefore, the same considerations made for the assessment of the 

displacement are applied. Transfer zones can moreover exhibit complex arrays of synthetic and 

antithetic shear fractures, which can define blocks that can potentially rotate during coseismic 

rupturing (Kim et al., 2000). If these blocks have a considerable dimension with respect to the linear 

infrastructure (e.g., decametric scale), the probability of discrete rotation during ACF activation 

should also be included in the fault hazard assessment.  
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Figure 3.7 - Examples of geometric parameters that can support the definition of the four faultïlinear infrastructure 

interference scenarios discussed in the text (D = displacement, Wdz = width of damage zone, in graphs a-d). Drawing not 

to scale. 

From a geometrical standpoint, the angle of incidence between the linear infrastructure and 

the ACF represents a first-order parameter in defining the extent of the IZ. As a preliminary 

assessment, Figure 3.8 qualitatively illustrates the relationship between the incidence angle and the 

IZ for different interference scenarios. Specifically, lower incidence angles (i.e., 10 ï 30Á) are 

associated with broader IZs. In contrast, a near-perpendicular intersection typically limits the extent 

of IZ. However, if the linear infrastructure runs subparallel to the ACF, thus running within the fault 

damage zone, the entire infrastructure segment may fall within the IZ. 


































































































































































































































































































































































































































































