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Abstract

:

In this study, we defined screening maps for Italy that classify sites based on their potential for triggering landslides. To this end, we analyzed seismic hazard maps and hazard disaggregation results on a national scale considering four spectral periods (0.01 s, 0.2 s, 0.5 s, and 1.0 s) and three return periods (475, 975, and 2475 years). First, joint distributions of magnitude (  M  ) and distance (  R  ) from hazard disaggregation were analyzed by means of an innovative approach based on image processing techniques to find all modal scenarios contributing to the hazard. In order to obtain the   M  -  R   scenarios controlling the triggering of earthquake-induced landslides at any computation node, mean and modal   M  -  R   pairs were compared to empirical curves defining the   M  -  R   bounds associated with landslide triggering. Three types of landslides were considered (i.e., disrupted slides and falls, coherent slides, and lateral spreads and flows). As a result, screening maps for all of Italy showing the potential for triggering landslides based on the level of seismic hazard were obtained. The maps and the related data are freely accessible.
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1. Introduction


Landslides, one of the most important geohazards to have caused a tremendous number of losses throughout history [1,2], often occur as a consequence of other natural hazards, among which earthquakes are one of the main triggering factors. The effects of earthquake-induced ground shaking are often sufficient to cause the failure of slopes that were marginally to moderately stable before the earthquake. During an earthquake, seismic waves propagating through a slope create an acceleration field that exerts an additional body force on the mass of the potential landslide. A landslide occurs when the total force acting on the slope exceeds the strength of the slope materials, leading to a loss of stability [3,4]. This can result in the rapid or gradual movement of materials, posing risks to human settlements, infrastructures, and the natural environment.



According to the Italian Catalogue of Earthquake-Induced Ground Failures (CEDIT) [5,6,7], landslides account for approximately 55% of all recorded ground effects in Italy, with over 2000 events having occurred since 1000 A.D. Following the classification proposed by Keefer [1,8], approximately 40% can be classified as disrupted slides and falls, 22% as coherent slides, and 6% as lateral spreads and flows. The catalogue of strong earthquakes in Italy and in the Mediterranean area (CFTI5Med) [9,10] reports more than 500 landslide events in Italy. Overall, the CEDIT and CFTI5Med databases collect information on approximately 2500 landslides, of which about 10% were induced by the 23 November 1980 Irpinia–Basilicata earthquake (Mw = 6.9) [11], one of the strongest seismic events in Italy’s history. A large number of earthquake-induced slope failures is also reported by the global catalogue of Earthquake Environmental Effects (EEE Catalogue; https://eeecatalogue.isprambiente.it/viewer.php, accessed on 14 April 2024) [12].



Following in the footsteps of many works in Italy devoted to the risk mitigation of natural hazards and land-use planning [13,14,15,16,17], the scope of the present work was the assessment and mapping of the potential for triggering earthquake-induced landslides on a national scale. The results can be useful for seismic microzonation purposes, guiding land-use planners in mitigating risks, and enhancing preparedness and emergency response within the framework of disaster risk management. Furthermore, they can be useful for subsequent assessments of landslide susceptibility.



At least in principle, the evaluation of the seismic triggering of landslides implies the assessment of the exceedance of the critical acceleration at the site of interest, whose computation requires knowledge of site-specific geotechnical parameters (e.g., soil cohesion, friction angle, and unit weight). Alternatively, it can be achieved by analyzing the seismic parameters that are commonly related to landslide triggering, such as earthquake magnitude (  M  ), source-to-site distance (  R  ), epicentral intensity, peak ground acceleration (PGA) (in the present work, the terms “peak horizontal acceleration” and “peak ground acceleration” are used interchangeably), Arias intensity (    I   a    ), and spectral acceleration (    S   a    ) [1,3,4,8,18,19,20,21,22,23,24,25]. Nowadays, the values of most of these parameters can be easily obtained by querying national hazard maps through online web services, at least at the screening level. To deal with the critical role of seismicity in causing landslides, this study used data from the reference Italian seismic hazard maps [26,27] and the results of the disaggregation of the hazard [28]. Specifically, the primary criterion that we used to define whether a site has the (seismic) potentiality to trigger a landslide is based on the comparison of the mean and modal   M  -  R   scenarios from hazard disaggregation with the upper bounds proposed by Keefer [1]. This criterion, which is better described in the next section, is also considered by the Italian Guidelines for Seismic Microzonation released by the SM Working Group [14,15]. The disaggregation of spectral acceleration hazard corresponding to different spectral periods (T = 0.01 s, T = 0.2 s, T = 0.5 s, and T = 1.0 s) was also considered. As sites resonate at different fundamental periods depending on local geological characteristics [2], this allowed us to select the   M  -  R   pair controlling landslide triggering in relation to local geological conditions (through the use of the site classification system adopted by the Italian building code [29]). As shown by many authors [30,31,32,33], spectral acceleration at a period equal to the initial fundamental soil period (or to a degraded period corresponding to multiple of the fundamental period) is indeed one of the most effective parameters to predict landslide displacement.



As a result, maps for all of Italy that classify sites based on their (seismic) potential for triggering landslides were obtained. Maps were produced considering the disaggregation data corresponding to three different return periods (i.e., the disaggregation of the mean annual rate of exceeding acceleration values associated with given return periods): namely, 475, 975, and 2475 years. It is indeed known that seismic hazard disaggregation results vary with return period such that the contribution of large-magnitude, close-distance scenarios increases with increases in the return period [28,34]. Therefore, it is expected that for longer return periods, slopes are subjected to stronger ground shaking. It is worth specifying that reference to return periods in the text just indicates that our (partial or final) results are based on the disaggregation of the ground motion hazard for specific return periods. In the present work, we did not carry out any probabilistic computation aimed at assessing the probability of events occurring over time (e.g., the probability of a landslide triggering in the next 50 years). The reliability of the results was checked by comparing them with observations of past seismic landslide events in Italy [5,6,7,9,10].



The triggering maps and related seismic data (i.e., the   M  -  R   pair controlling landslide triggering) can be queried at www.distav.unige.it/rsni/slideq.php (accessed on 14 April 2024).




2. A Note on Criteria for the Seismic Triggering of Landslides


As is well known, to induce a landslide on a particular slope, the ground acceleration must exceed the critical acceleration (    A   c    ) for a finite length of time [3]. Therefore, any study that aims to evaluate the triggering of landslide events under seismic conditions should first verify whether seismic activity is likely to produce acceleration levels above a certain critical value at the site under study. As stated previously, the quantification of     A   c     typically requires knowledge of site-specific geotechnical parameters. Over time, researchers have explored the relationship between earthquake-induced landslides and ground motion parameters using data from various historical earthquakes [1,3,4,8,18,19,20,35,36,37]. There is a general consensus that landslides can be triggered by very low acceleration values. In particular, Wilson and Keefer [3] proposed the value     A   c   = 0.05   g   as an approximate lower bound for the seismic stability of susceptible slopes, whatever the mechanism of failure. This critical acceleration value of 0.05 g is in agreement with observations from the Wenchuan earthquake, for which a PGA value of 0.07 g has been identified as the minimum threshold value associated with a significant increase in local landslide density, although landslides have also been observed for acceleration levels as low as about 0.03 g [20]. Moreover, it is consistent with the findings of Jibson [37], which show an empirical range of minimum PGA values needed to trigger small failures on very susceptible slopes between 0.02 g and 0.11 g.



In the present study, for all nodes considered in the probabilistic seismic hazard assessment of Italy [26,27], the surface peak ground acceleration (    a   m a x    , defined as     a   g   × S  , where     a   g     is the PGA on rock and   S   is a site term that accounts for stratigraphic and topographic amplification according to the Italian building code [29]) was compared to the critical acceleration threshold defined by Wilson and Keefer [3]. We recall that the values of     a   g     considered here refer to the larger horizontal component of motion (i.e., the larger peak acceleration of the two horizontal components of motion was considered) [38]. The condition     a   m a x   ≥ 0.05   g   was checked using the same     a   m a x     database provided by Barani et al. [39,40] for the three return periods considered. The results, which are not reported here for the sake of brevity, indicate that applying a criterion based on critical acceleration does not provide informative results. This is because     a   m a x     values consistently exceed the critical acceleration threshold of 0.05 g. For a 475-year return period, interested readers may refer to the map in Figure 2 of Barani et al. [39], from which it can be deduced that     a   m a x     exceeds 0.05 g almost everywhere. Therefore, while the condition on critical acceleration should be the primary criterion for assessing the triggering of earthquake-induced landslides, it is not useful to the scope of the present work (however, it may be useful when considering shorter return periods) and, consequently, it has been disregarded in favor of the criterion described below.



A study of worldwide historical earthquakes revealed that the extent of earthquake-induced landslide activity depends on both earthquake magnitude and source-to-site distance [1,8], so that below a certain minimum magnitude (4.0 for disrupted slides and falls, 4.5 for coherent slides, and 5.0 for lateral spreads and flows) and beyond a specific source-to-site distance, earthquake-induced landslides would rarely occur unless they are related to specific tectonic environments (e.g., volcanic areas) [41,42,43]. Specifically, Keefer [1] proposed different upper-bound curves for different types of earthquake-induced landslides (Figure 2 in [1]). For a given magnitude value, these curves define the critical distance below which earthquake-induced landslides may occur and, consequently, the possibility of triggering a landslide cannot be neglected. For a given magnitude, disrupted slides or falls could occur farther from the epicenter than other landslides, and coherent slides could occur as far as or farther from the epicenter than lateral spreads or flows. Thus, these curves are of paramount importance to evaluate the potential for triggering landslides, as they provide a sort of benchmark to define the magnitude–distance scenarios for which landslide triggering cannot be discounted (i.e.,   M  -  R   pairs that fall below the curves).




3. Methodology


As mentioned above, in the present work we defined screening maps for Italy that classify sites based on their potential for triggering earthquake-induced landslides. To this end, the joint probability distributions (i.e., probability mass functions, PMFs) of magnitude and distance (  M  -  R   PMFs) determined by Barani et al. [28] within the framework of the disaggregation of the seismic hazard of Italy were first analyzed to identify all modal scenarios (i.e., global and local maxima) contributing to the hazard (for readers who may not be familiar with this terminology, we recall that a   M  -  R   PMF expresses the contribution to the hazard from different   M  -  R   pairs). For each computation node considered by Barani et al. [28], we defined mean and modal   M  -  R   scenarios (denoted by (    M  ¯  ,     R  ¯   ) and (    M   *   ,   R   *    ), respectively) for all twelve PMFs resulting from all possible combinations of the return periods (475 years, 975 years, and 2475 years) and spectral periods (T = 0.01 s, T = 0.2 s, T = 0.5 s, and T = 1.0 s). These scenarios were then compared to the upper-bound curves defined by Keefer [1] for the three types of landslides previously mentioned. Finally, for each return period considered, triggering maps of earthquake-induced landslides were produced via the QGIS software (version 3.16) [44]. Each map shows sites where landslides can (or cannot) be triggered by seismic activity. For each site, we provide information about the type of triggerable landslide and the earthquake scenario (i.e.,   M  -  R   pair) that will most likely trigger a landslide event. An in-depth description of the procedure is given below.



3.1. Hazard Disaggregation: Identification of Modal Scenarios


In order to identify modal scenarios (i.e., both global and local maxima) from each   M  -  R   PMF, an innovative approach based on morphological image processing techniques was implemented. The most common morphological operations are minimum (also known as erosion) and maximum (dilation) filters [45,46,47]. In this study, the latter operation was used. Specifically, each PMF was treated as an image and the maximum filtering operation was individually applied to each pixel (i.e.,   M  -  R   bin). The maximum filter scans each pixel in a moving window process and replaces the associated PMF value with the largest value among the neighboring pixels, which overall define the so-called structuring element (also termed as neighborhood). Maxima were identified by checking for element-wise equality between the original and filtered matrices, resulting in a Boolean matrix within which ‘True’ values indicate the position of the modes. Mathematically, this is expressed by the following equations.



Let O be the matrix associated with a given PMF and S the structuring element, the operation of the maximum filter can be expressed by:


    F   i j   =   m a x ⁡   ( k , l ) ∈ S     O   i + k , j + l    



(1)




where     F   i j     is the value of the filtered matrix at position (  i , j  ),     O   i + k , j + l     represents the elements of the matrix   O   that are inside the structuring element   S   at position (  i + k , j + l  ), and ‘max’ denotes the maximum value within S.



To define maxima, a Boolean mask was generated by checking for equality between the elements of the filtered and original matrices. The Boolean mask is a binary matrix with the same size as   O   and   F  . An entry is set to ‘True’ (i.e., 1) if, for a given position in the matrix, the values in both   O   and   F   are equal, indicating a maximum. Otherwise, the element is set to ‘False’ (i.e., 0). Mathematically, this operation can be expressed as:


    B   i j   =       1                       i f     F   i j   =   O   i j                             0                         o t h e r w i s e                              



(2)




where     B   i j     is the value of the Boolean matrix at position (  i , j  ).



In the following, a global maximum (i.e., the   M  -  R   pair contributing the most to the hazard) is denoted by (    M   *   ,   R   *    ), whereas local maxima (i.e., minor modes) are indicated by (    M   i   *    ,     R   i   *    ) with i = 1, …, n. Increasing values of i indicate modal   M  -  R   pairs with decreasing contributions to the hazard (i.e., progressively lower PMF values).



In the present work, the structuring element was a 3-by-3 square window encompassing all eight neighboring pixels around the target pixel. The size and configuration (i.e., shape) of the structuring element was defined after a sensitivity analysis aimed at defining the optimal setting of the structuring element to find the maxima of an   M  -  R   PMF. To this end, we first examined the impact of the structuring element for two different configurations while keeping the window dimension fixed (3-by-3 window): a cross pattern with 4 neighboring pixels and a square pattern encompassing all 8 neighboring pixels. The results are shown in Figure 1 for an example PMF. Employing a structuring element with a cross pattern configuration identifies four modes (Figure 1a). However, the third mode (    M   3   *    ,     R   3   *    ) is a fake mode because it is located immediately beside the second mode (    M   2   *    ,    R   2   *    ) (i.e., there is no local minimum between these two   M  -  R   bins) and has a lower PMF value (    P M F   3   *   = 0.0173 <   P M F   2   *   = 0.0175  ). The third mode (    M   3   *    ,     R   3   *    ) is erroneously detected because this structuring element (cross pattern configuration) does not scan the diagonal side of the target pixel and is therefore insensitive to the diagonal elements. This suggests that scanning the area surrounding the target pixel in all directions may result in more effective and reliable peak detection. As shown in Figure 1b, employing a structuring element with a square pattern configuration correctly identifies three modes.



Then, we examined the impact of the structuring element for two different sizes, while keeping its configuration fixed (a square pattern configuration including all possible neighboring pixels within the window was considered): a 3-by-3 window, and a 5-by-5 window. The results are shown in Figure 2 for the same example PMF considered in Figure 1. While the 3-by-3 window (Figure 2a) correctly detects the second mode (    M   2   *    ,      R   2   *    ), the 5-by-5 window is insensitive to it because of the presence of a higher-value pixel (yellow bar) within the structuring element. This results in it overlooking the contribution of the       M   2   *   ,   R   2   *       scenario (Figure 2b), which consequently is not detected as a mode. It follows that under the influence of neighboring pixels with higher values, especially those located at greater distances from the center of the structuring element, potential peaks with lower values may be masked during the filtering operation. In other words, as the size of the structuring element increases, the resolution when detecting local maxima decreases. Thus, a 3-by-3 square window was considered in the analysis (Figure 2a).




3.2. Definition of Reference Period-Dependent   M  -  R   Scenarios


Which   M  -  R   pair should be considered as the reference scenario for earthquake-induced landslides: the mean, the mode, or one of the modes (in the case of multi-modal distributions)? While the mode (    M   *   ,   R   *    ) undoubtedly represents the scenario with the highest contribution to the hazard, it is sensitive to the size of magnitude and distance bins. In contrast, the mean (    M  ¯  ,     R  ¯   ) is independent of the bin size, but it might represent an unlikely scenario (i.e., it could correspond to a scenario with a small contribution to the overall hazard), particularly in the case of multi-modal distributions [28,34]. In the present work, the selection of the reference scenarios was conducted regardless of the advantages and disadvantages of the mean and mode but was guided by the conservatism criterion whereby if at least one   M  -  R   pair among those selected from a PMF (i.e., mean and modal pairs) lies below the upper-bound curve of Keefer [1] for a given landslide type, then the triggering of earthquake-induced landslides cannot be neglected for that site. In order to avoid the selection of unlikely scenarios in the case of multi-modal distributions, following Barani et al. [39], the minor modes (i.e., 2nd, 3rd, …, mode) were considered in subsequent computations only if their contribution to the hazard is greater than the contribution associated with the mean scenario (in this case, the mean scenario was disregarded). If the contributions associated with the minor modes equal that of the mean, then all selected scenarios were considered. Then, for each PMF, the selected   M  -  R   scenarios were compared to the upper-bound curves proposed by Keefer [1], separately for the three types of earthquake-induced landslides. Specifically, for each computation node considered by Barani et al. [29], the reference   M  -  R   pair was selected as follows:



	
if all   M  -  R   pairs selected from the PMF stand above the reference upper-bound curve, then the triggering of earthquake-induced landslides can be neglected; in these cases, the modal   M  -  R   pair (    M   *   ,   R   *    ) is stored as the reference scenario, because of its larger contribution to the hazard.



	
if only one of the   M  -  R   pairs is below the reference upper-bound curve, then the triggering of earthquake-induced landslides cannot be discounted and that   M  -  R   pair is taken as the reference.



	
if more than one   M  -  R   pair lies below the reference upper-bound curve, then the triggering of earthquake-induced landslides cannot be excluded and the   M  -  R   pair that contributes the most to hazard (i.e., the   M  -  R   scenario with the greatest PMF value) is selected as the reference.






Figure 3 compares the mean and modal scenarios associated with an example PMF to the upper-bound curves of Keefer [1] for the three different types of landslides. In Figure 3a, as both the (primary) mode and the mean lie below the curve, the reference   M  -  R   pair is chosen according to the highest PMF value.



The criteria above were applied to each computation node for the four considered spectral periods (T = 0.01 s, T = 0.2 s, T = 0.5 s, and T = 1.0 s). As a result, for each landslide type and for each return period, geographic distributions of the reference magnitude (    M  ^    T    ) and distance (    R  ^    T    ) were obtained, as well as maps showing the contribution of the selected scenarios to the hazard (i.e., PMF values). For the case of coherent slides and a return period of 475 years, Figure 4 shows the resulting maps of (    M  ^    T    ) and (    R  ^    T    ) for spectral periods of T = 0.01 s and T = 1.0 s, together with those of the related contribution to the hazard. As expected, the maps clearly show that     M  ^    T     and     R  ^    T     increase with increases in the spectral period, reaching the largest values in an area with very low seismicity in southeastern Italy where     M  ^    1.0   s     is between 7.0 and 7.5 and     R  ^    1.0   s     is between 120 and 160 km. In contrast, high magnitude values corresponding to short distances are concentrated in areas characterized by higher seismic activity (e.g., the Central and Southern Apennines), whereas low-to-moderate magnitude scenarios associated with local sources dominate in areas of mild-to-moderate but relatively frequent seismicity (e.g., some areas in the Po Plain and Western Alps and along the northern sector of the Tyrrhenian coast). Figure 4e,f show that the reference   M  -  R   scenarios have contributions that, on average, are greater than 5%.



In addition to the previous maps, we obtained preliminary period-dependent maps of seismic landslide triggering. These maps identify sites (marked with red and gray points) where landslides can (or cannot) be triggered by seismic activity. For the case of coherent slides and a return period of 475 years, Figure 5 shows the triggering maps for all the spectral periods considered. As expected, the number of red points increases with increases in the spectral period.




3.3. Definition of Reference Period-Independent   M  -  R   Scenarios


As is largely known, sites resonate at different fundamental periods. Hence, whereas PGA hazard disaggregation (T ≈ 0.01 s) may be appropriate for rock sites (which are known to resonate at high frequencies), it can provide ineffective (i.e., non-conservative) results in the case of soil sites, which generally have resonance periods in the 0.1–1.0 s range (this range may extend up to longer periods in the case of deep alluvial valleys). As observed above, the contribution from larger magnitudes and distant sources indeed increases as T increases. Therefore, to improve the evaluation of the triggering potential related to earthquake-induced landslides, it is crucial to relate the preliminary period-dependent triggering maps to ground response, which can be roughly considered through the use of simple site classification systems, such as those proposed by national building codes. In other words, for each site, the reference   M  -  R   pair should be selected so that the spectral period considered in the disaggregation analysis is compatible with ground response. This allows for the reference   M  -  R   pair to be selected for each site in relation to geological conditions.



Recently, Forte et al. [48] developed a soil classification map for all of Italy (see Figure 9 in [48]) in compliance with the ground types (also referred to as “soil types” or “subsoil classes”) defined by the Italian building code [29] as a function of the     V   S , e q     parameter (i.e., time-averaged shear wave velocity above the seismic bedrock, the latter being defined as a rock formation or rigid soil with     V   S   ≥ 800   m / s  ). This map is used in conjunction with the maps described in the previous section to define the final maps of    M ^    and     R  ^    (from here on, we drop the dependence of     M  ^    and     R  ^    on T to indicate the reference period-independent     M  ^   -    R  ^    scenarios). To this end, the following criteria were applied:



	
      M  ^  ,   R  ^    =     M  ^  ( T = 0.01   s ) ,   R  ^  ( T = 0.01   s )     for sites classified as ground type A (i.e., rock sites or stiff soils with     V   S , e q     ≥ 800 m/s).



	
      M  ^  ,   R  ^    =     M  ^  ( T = 0.2   s ) ,   R  ^  ( T = 0.2   s )     for sites classified as ground type B (i.e., soft rock or deposits of dense soil characterized by a gradual increase in the mechanical properties with depth, where 360 ≤     V   S , e q     < 800 m/s).



	
      M  ^  ,   R  ^    =     M  ^  ( T = 1.0   s ) ,   R  ^  ( T = 1.0   s )     for sites classified as ground type C or D (i.e., sites characterized by deposits of loose-to-medium cohesionless soil with thickness greater than 30 m, where 100 ≤     V   S , e q     < 360 m/s).



	
      M  ^  ,   R  ^    =     M  ^  ( T = 0.5   s ) ,   R  ^  ( T = 0.5   s )     for sites classified as ground type E (i.e., sites of type C or D but where the thickness of soil deposits is smaller than 30 m).






The maps resulting from the application of the criteria above are described in the next section along with the corresponding maps of landslide triggering.





4. Results


Figure 6 shows the period-independent maps of     M  ^    and     R  ^    associated with a return period of 475 years resulting from the application of the criteria described in the previous section. Maps are shown for disrupted slides and falls (Figure 6a,b), coherent slides (Figure 6c,d), and lateral spreads and flows (Figure 6e,f) separately. The maps show that for a given magnitude, disrupted slides and falls may occur (at a given site) farther from the epicenter than coherent slides. The latter, in turn, may occur as far as or farther from the epicenter than lateral spreads and flows. For the same return period of 475 years, Figure 7 shows the period-independent triggering maps for each failure mechanism.



For each landslide type, the entire procedure described in Section 3.3 was repeated for return periods of 975 and 2475 years. The results, which are not reported here for the sake of brevity, show that the number of sites for which the triggering of landslides cannot be excluded (red points) increases with increases in the return period. In other words, the longer the return period, the higher the triggering potential.



For each return period considered, the period-independent triggering maps obtained for each category of landslides can be merged into a single comprehensive map. These maps classify sites based on their potential to trigger different types of earthquake-induced landslides. The maps are shown in Figure 8 together with the location of landslides that occurred in Italy in the past (black and blue dots) [5,6,7,9,10]. Sites in red are those where all three types of landslides can potentially be triggered by seismic activity and consequently have a higher triggering potential. Sites displayed in orange are those where two types of landslides (disrupted slides and falls and coherent slides) can potentially be triggered, suggesting a moderate triggering potential. Yellow points indicate sites where seismic activity may potentially trigger disrupted slides and falls exclusively, indicating a relatively lower triggering potential. Finally, green areas denote sites where none of the aforementioned types of landslides are expected to occur, indicating a negligible triggering potential.



Analyzing the triggering maps in conjunction with the geographic distribution of past landslide events shows that most historical observations fall in red or yellow areas, thus indicating the congruence of our results with the data collected in the CEDIT and CFTI5Med catalogs. Only a handful of observations (eight points for return periods of 475 and 975 years, and five points for a return period of 2475 years) fall in areas where the seismic triggering of landslides is not expected (areas in green).




5. Online Application for Data Retrieval


To make our results available to land-use planners and practitioners, we have developed a web service, freely accessible at https://distav.unige.it/rsni/slideq.php (accessed on 14 April 2024). The web service data are stored in a “PostgreSQL” database. All the online components were developed in “PHP” and “HTML5” languages to ensure adherence to current web standards. The online maps are based on “Leaflet”, an open-source JavaScript library for mobile-friendly interactive maps.



For a specified location (defined by a pair of geographic coordinates), the web service provides the values of     M  ^    and     R  ^    computed according to the site classification adopted in the present study [48]. Specifically, for the three return periods considered, the web service provides the values of     M  ^    and     R  ^    corresponding to each failure mechanism (note that, as no interpolation has been performed, the values associated with the node closest to the selected site are returned). In addition, as the actual ground type of the site of interest (e.g., resulting from site-specific data) can differ from that stored in our database, the service allows the user to change it through a user-friendly interface and returns the updated values of     M  ^    and     R  ^    according to the criteria described in Section 3.3. Similarly, the web service allows the user to select the spectral period T among those considered in the disaggregation analysis (e.g., according to the results of a ground response analysis) to obtain the value of     M  ^    and     R  ^   .




6. Discussion


Despite the congruence of our triggering maps and past observations, some questions can be raised, especially in view of the lack of historical events in many areas where landslide triggering is expected to occur (this could also be due to the incompleteness of historical accounts or to geological conditions that do not favor the occurrence of slope failures) but also considering the occurrence of earthquake-induced landslides (although rare) in areas where landslide triggering could be excluded based on our results. Thus, the following questions need to be answered. First, what is the (conditional) probability that an earthquake of magnitude     M  ^  = m   triggers a landslide at a source-to-site distance     R  ^  = r  ? The knowledge of this probability in conjunction with the triggering maps presented above can guide priorities for action within the framework of risk mitigation programs and the scheduling of focused geological and geotechnical investigations aimed at assessing landslide susceptibility (or, conversely, rule out further studies if the seismic triggering of landslides is very unlikely). Second, can we actually exclude the occurrence of landslide triggering at sites where the     M  ^    and     R  ^    pairs are above the upper bounds of Keefer [1] (we recall that, in these cases, the modal   M  -  R   pair       M   *   ,   R   *       is assumed as the reference scenario)? Although rare, Keefer [8] documented cases of earthquakes that produced landslides at distances significantly greater than indicated by the upper bounds.



To answer the above questions, for each computation node and for each failure mechanism, we have computed the conditional probability of exceeding specific Arias intensity [49] thresholds for landslide triggering given an earthquake scenario of magnitude     M  ^  = m   and distance     R  ^  = r  : 0.1 m/s for disrupted slides and falls, 0.32 m/s for coherent slides, and 0.54 m/s for lateral spreads and flows [35,36]. We recall that the Arias intensity (    I   a    ) was found to correlate well with landslide displacement [18,50], especially in the case of stiff and weak slopes [51]. Compared to peak acceleration as a descriptor of ground motion,     I   a     indeed has the advantage of reflecting the energy released by an earthquake, being calculated as the integral of an acceleration time history   a   t     over its duration (Arias, 1970):


    I   a   =   π   2 g     ∫  0   ∞        a   t       2   d t    



(3)







The conditional probability of exceeding an Arias intensity value     i   a     can be computed as:


  P     I   a   >   i   a       M  ^  = m ,     R  ^  = r  )  = 1 − Φ       log  ⁡    i   a     −   μ     log  ⁡    I   a           σ     log  ⁡    I   a            



(4)




where   Φ   indicates the standard normal cumulative distribution function,     μ     log  ⁡    I   a         is the mean logarithmic Arias intensity predicted by the ground motion prediction equation (GMPE) at hand, and     σ     log  ⁡    I   a         is the associated standard deviation. In this application, the GMPE of Sabetta et al. [52] derived for Italy was used. This GMPE uses a linear site-response term to account for ground motion amplification as a function of     V   S , 30     (time-averaged shear wave velocity above 30 m depth). The values of     V   S , 30     employed here were those provided by Forte et al. [48].



Basically, Equation (4) can be interpreted as the conditional probability of triggering a seismic landslide at a site.



Once the conditional probability for each type of landslide was assessed (an example is shown in Figure 9 for a return period of 475 years), the probability of triggering a landslide classified as “disrupted slides or falls”, “coherent slides”, or “lateral spreads and flows” was computed by using the addition rule for probability (this is equivalent to calculating the probability of at least one triggering, whatever the failure mechanism). To this end, we assumed that events are independent. As a result, maps showing the geographic distribution of the probability of triggering seismic landslides, whatever the type of failure mechanism, were produced (Figure 10). We remark that, although these maps are based on the disaggregation of the hazard for specific return periods, they must not be confused with maps showing the probability of a seismic landslide triggering over time (e.g.,   P     I   a   > 0.1   m / s     in the next 50 years). The latter can be determined through a conventional probabilistic seismic hazard analysis that takes into account the aleatory variabilities of magnitude, source-to-site distance, ground motion, and temporal occurrence of earthquakes.



Compared to the triggering maps in Figure 8, the probability maps shown in Figure 10 provide a finer picture of the landslide triggering potential in Italy, allowing for a clearer discrimination of areas with different levels of triggering potential. The areas characterized by the greatest probability of landslide triggering are those where the ground motion hazard reaches higher levels (e.g., the Central and Southern Apennines and the Friuli region in the northeast). Here is where most landslides induced by past seismicity are concentrated. As expected, the probability increases as the reference return period increases.




7. Summary and Conclusions


In the present work, we analyzed ground motion hazard maps and the associated hazard disaggregation to define areas in Italy where landslide triggering due to seismic activity cannot be excluded and where further efforts are therefore required to evaluate landslide susceptibility. The final result is a set of maps corresponding to different return periods (475, 975, and 2475 years) showing areas with different triggering potential based on the values of the magnitude–distance pairs controlling the local ground motion hazard. Specifically, for each computation node, we defined the failure mechanism that can be triggered and the earthquake scenario that might most likely induce that type of failure. Three types of landslide mechanisms have been considered: disrupted slides and falls, coherent landslides, and lateral spread and flows. The sites with the highest triggering potential are those where all three types of landslides can be triggered by seismic activity, whereas the sites where only the triggering of disrupted slides and falls is expected to occur have lower triggering potential. In addition, for each site and failure mechanism, the conditional probability of exceeding given Arias intensity thresholds due to scenario earthquakes of given magnitude     M  ^  = m   and distance     R  ^  = r   was determined. This computation resulted in probabilistic maps which, together with the triggering maps, can guide priorities for action within the framework of risk mitigation programs. Moreover, they can serve as a guide for scheduling focused geological and geotechnical investigations aimed at assessing landslide susceptibility or, conversely, rule out further studies if the triggering of earthquake-induced landslides can be neglected (or is very unlikely). Landslides are indeed localized phenomena whose occurrence is intimately related to site-specific geological and geotechnical conditions.



Despite the reliability of our results, which was examined by analyzing the distribution of past events over the Italian territory, improvements can be reached as site-specific data become available. For instance, in situ measurements undoubtedly provide a more accurate definition of ground types. At least as far as this issue is concerned, practitioners and land-use planners can interrogate our results through the web service at https://distav.unige.it/rsni/slideq.php (accessed on 14 April 2024) and refine their search by changing the ground type or by selecting the value of the spectral period of interest through a user-friendly interface. The service returns as output the updated magnitude–distance scenarios associated with the seismic triggering of each type of landslide.
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Figure 1. Sensitivity of the maximum filtering operation to the configuration of the structuring element: (a) a cross pattern with 4 neighboring pixels and (b) a square pattern encompassing 8 neighboring pixels. The mean and modal scenarios are shown in yellow and red, respectively. 
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Figure 2. Sensitivity of the maximum filtering operation to the size of the structuring element: (a) a 3-by-3 window and (b) a 5-by-5 window. The mean and modal scenarios are shown in yellow and red, respectively. 
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Figure 3. Comparison of the mean and modal   M  -  R   pairs with the upper-bound curves of Keefer [1] for (a) disrupted slides and falls, (b) coherent landslides, and (c) lateral spreads and flows. The red arrow indicates the reference   M  -  R   scenario. 
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Figure 4. Geographic distributions of the reference period-dependent magnitude     M  ^    T     and distance     R  ^    T    , and of the relative contribution to the hazard (in terms of PMF value) for a 475-year return period and two spectral periods (i.e., T = 0.01 s and T = 1.0 s). Panels (a,c,e) refer to T = 0.01 s, whereas panels (b,d,f) are for T = 1.0 s. The figure is provided for coherent slides. 
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Figure 5. Preliminary period-dependent maps of the seismic triggering of coherent landslides for a 475-year return period: (a) T = 0.01 s, (b) T = 0.2 s, (c) T = 0.5 s, and (d) T = 1.0 s. Sites where landslide triggering is expected to occur are displayed in red. 
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Figure 6. Maps of reference period-independent magnitude (left column) and distance (right column) scenarios associated with a 475-year return period for different failure mechanisms: (a,b) disrupted slides and falls, (c,d) coherent slides, and (e,f) lateral spreads and flows. 
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Figure 7. Period-independent triggering maps associated with a 475-year return period for different types of landslides: (a) disrupted slides and falls, (b) coherent slides, and (c) lateral spreads and flows. Sites where landslide triggering is expected to occur are displayed in red. 
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Figure 8. Maps of seismic landslide triggering corresponding to different return periods: (a) a 475-year, (b) a 975-year, and (c) a 2475-year period. DSF: disrupted slides and falls; C: coherent slides; LSF: lateral spreads and flows. Historical landslide events in Italy reported by the CEDIT [7] (blue dots) and CFTI5Med [9,10] (black dots) catalogs are superimposed. 
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Figure 9. Maps showing the probability of a seismic landslide triggering (see Equation (4)) for (a) disrupted slides and falls, (b) coherent slides, and (c) lateral spreads and flows. All maps refer to source data for a return period of 475 years. 
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Figure 10. Maps showing the probability of seismic landslide triggering (i.e., probability of at least one triggering, whatever the failure mechanism) based on hazard disaggregation data corresponding to return periods of 475 years (a), 975 years (b), and 2475 years (c). Historical landslide events in Italy reported by the CEDIT [7] (blue dots) and CFTI5Med [9,10] (black dots) catalogs are superimposed. 
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