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Abstract 26 

 27 

Earthquake shaking can trigger a large number of landslides in hilly or mountainous 28 

areas, considerably aggravating the impact of the seismic event in terms of overall 29 

damage and loss of life. Thus, the delineation of slope areas that have a significant 30 

probability of failing under future seismic action appears imperative for disaster 31 

mitigation. In the present study, we follow a time probabilistic approach for the 32 

evaluation of earthquake-induced landslide hazard in Greece through the estimation of 33 

the minimum resistance required for slopes to remain within a prefixed value of 34 

exceedance probability of failure. Taking into account the characteristics of seismicity 35 

affecting Greece, we constructed maps representing the spatial distribution of critical 36 

acceleration values that imply a 10% probability that Newmark’s displacement will 37 

exceed significant thresholds in a time interval of 50 years. These maps provide the 38 

spatial distribution of the strength demand required for slopes to resist failures under 39 

the action of the regional seismicity. Such maps allow an assessment of whether 40 

particular slopes have a significant failure probability by comparing the strength 41 

demand estimated at the location of the slope with its actual critical acceleration 42 

calculated from slope material properties and slope angle. To exemplify the possible 43 

use of these strength demand maps in local hazard estimates, we compare, within a GIS 44 

framework, the critical acceleration values obtained by the application of the time 45 

probabilistic approach with actual in situ critical acceleration values for a coastal area 46 

of the Western Gulf of Corinth. 47 

 48 

 49 

 50 
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Introduction 51 

 52 

It is widely recognized that landslides are one of the most damaging collateral effects 53 

associated with seismic shaking within a certain distance from the seismogenic source. 54 

In many seismically active areas of the world, earthquake-induced landslides 55 

commonly account for a significant portion of the total impact of earthquakes, 56 

considerably enhancing their effects in terms of human life and economic losses. 57 

Appropriate land use planning as well as civil protection measures could contribute to 58 

earthquake-induced landslide hazard mitigation, but they should first evaluate where 59 

earthquake-induced landslides are most likely to occur in scenarios expected for future 60 

events. Towards this goal, it is of great importance the assessment of areas exposed to 61 

slope destabilisation phenomena under seismic shaking through procedures of 62 

earthquake-induced landslide hazard evaluation at regional scale. 63 

 64 

Keefer (1984) proposed magnitude thresholds for earthquakes to induce landslides and 65 

presented a set of upper bound curves for the maximum distance of seismically induced 66 

landslides as a function of magnitude. In the same study, seismically-induced landslides 67 

were classified into three groups on the basis of movement type and geological 68 

environment, namely i) rock falls and disrupted soil slides, ii) coherent deep-seated 69 

slides and iii) lateral spreads and flows. The limit curves proposed by Keefer (1984) 70 

were subsequently updated by Rodriguez et al. (1999). Such kind of curves provides a 71 

first tool to delimit the area potentially exposed to slope destabilisation in the 72 

framework of an earthquake scenario. 73 

 74 
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A second, but still simplified, level of regional scale hazard evaluation consists of 75 

calculating shaking expected on slopes for a credible earthquake scenario and 76 

comparing such shaking with some critical thresholds for seismic-landslide triggering. 77 

Wilson and Keefer (1985) proposed the examination of Arias intensity, which 78 

quantifies the ground motion energy, and Newmark’s displacement, which estimates 79 

the permanent coseismic displacement along a slide surface (Newmark, 1965). Arias 80 

intensity is defined as the energy per unit weight transmitted by seismic ground motion 81 

to a set of single-degree-of-freedom oscillators with eigenfrequencies from zero to 82 

infinity (Arias, 1970). It is calculated from the integral of the acceleration squared over 83 

the time, thus it provides a more complete information on total shaking energy in 84 

comparison to other scalar parameters (e.g., peak ground acceleration) and shows a 85 

better correlation with permanent ground deformation effects produced by earthquakes 86 

(cf. Harp and Wilson, 1995). To characterize the shaking energy at a site, one can use 87 

the Arias intensity Iα calculated on the largest of the ground motion components or the 88 

sum Ih of the two horizontal components (Harp and Wilson, 1985). Keefer and Wilson 89 

(1989) defined Iα  values of 0.11 m/s as shaking threshold for triggering falls, disrupted 90 

slides, and rock avalanches (i.e., incoherent landslides), 0.32 m/s for slumps, block 91 

slides, and slow earth flows (i.e., coherent landslides) and 0.54 m/s for lateral spreads 92 

and flows.  93 

 94 

In a rigorous analysis, Newmark displacement Dn is expressed as the block cumulative 95 

permanent displacement of a landslide, modeled as a rigid friction block resting on a 96 

slope, as effect of an earthquake. It is calculated through a double integration of the 97 

earthquake acceleration-time history restricted to the time intervals when a critical 98 

acceleration αc is exceeded. Wilson and Keefer (1985) suggested that Dn thresholds can 99 
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be defined, whose exceedance imply a critical drop of shear strength that would induce 100 

a slope failure.  101 

 102 

More rigorous methods of hazard evaluation at a regional scale have also been 103 

developed, providing the basis for a preliminary identification of areas exposed to 104 

seismic slope failures. Such methods include the prediction of slope failure probabilities 105 

from the estimate of Newmark displacements for a shaking scenario of interest, as well 106 

as pseudo-probabilistic and fully probabilistic approaches. With regard to the first 107 

approach, Jibson et al. (2000), using data from the Northridge earthquake and a Weibull 108 

model, yielded a regression equation that links the probability of failure with the 109 

estimates of Newmark displacement expected and can be used in any ground-shaking 110 

condition. As a step forward, Del Gaudio et al. (2003), Rathje and Saygili (2008) and 111 

Saygili and Rathje (2009) developed probabilistic frameworks to evaluate the 112 

recurrence time of earthquake-induced landslide triggering and are primarily based on 113 

the estimation of the sliding displacement hazard curve providing the mean annual rate 114 

of exceedance for different displacement levels. The approach of Del Gaudio et al. 115 

(2003) takes into account the characteristics of the seismicity of a given area and 116 

estimates the resistance required for slopes to keep their failure probability below a 117 

fixed value. The probabilistic approach of Rathje and Saygili (2008) and Saygili and 118 

Rathje (2009) is implemented by expressing the displacement as a function of ground 119 

motion parameters. Additionally, Kritikos et al. (2015) employed fuzzy logic to 120 

establish relationships between causative factors on landslide occurrence and, using the 121 

concept that the effect of some of them is similar in different regions, they estimated 122 

the relative probability of earthquake induced landslide occurrence at a given location. 123 

 124 
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The present study aims to contribute towards the evaluation of the earthquake-induced 125 

landslide hazard for the Greek region, which is characterized by a high level of 126 

seismicity and is among the most active regions globally. As a consequence, several 127 

cases of well documented landslides induced by historical and recent earthquakes exist 128 

(Papadopoulos and Plessa, 2000; Papathanassiou et al., 2013). So far, however, no 129 

attempt has been made to assess this kind of hazard at regional scale by taking into 130 

account the characteristics of seismicity affecting Greece. In an effort to address this 131 

research gap, we provide the basis for the location of slopes exposed to significant 132 

probability of failures induced by future seismic events. Towards this goal, we apply 133 

the time probabilistic approach developed by Del Gaudio et al. (2003), with the aim of 134 

evaluating the strength demand required for slope stability under seismic shaking. 135 

Following this methodology, we present a thorough probabilistic seismic hazard 136 

assessment for different soil conditions in terms of Arias intensity expected, we produce 137 

regional maps representing the minimum resistance required for slopes to keep failure 138 

probability below a fixed value. These maps provide an important input for the 139 

evaluation of the exposure of Greece to seismic landsliding. The possible use of such 140 

maps in hazard estimates is finally exemplified through a direct comparison with actual 141 

critical acceleration values calculated for a coastal area of the Western Gulf of Corinth. 142 

 143 

 144 

Methodology and input parameters 145 

 146 

The implementation of the time probabilistic approach adopted in the present study first 147 

quantifies the expected level of seismic shaking in terms of Arias intensity calculated 148 

on the largest ground motion component (Iα); then the slope strength demand is 149 
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represented through the slope critical acceleration (αc) and the conditions for earthquake 150 

landslide triggering are derived from the estimated amount of Newmark's displacement 151 

(Dn). The use of the largest ground motion component of Arias intensity is justified by 152 

the fact that, for the assessment of seismically induced landslide hazard, one should use 153 

a shaking parameter representative of ground motion along a specific direction (i.e. the 154 

potential sliding direction) rather than the total shaking energy released in the horizontal 155 

plane. The lack of knowledge of actual shaking in such direction introduces a random 156 

error in the modeling of earthquake effects, which, however, can be statistically treated, 157 

whereas the use of the sum of the two horizontal components would tend to introduce a 158 

systematic overestimate. The methodology takes into consideration the characteristics 159 

of the seismicity affecting a given study area and ultimately estimates the critical 160 

acceleration (Ac)x(p,t) that slopes should have to limit within a prefixed threshold p the 161 

probability that, within a time t, Newmark's displacement will exceed a critical value x. 162 

The derived critical acceleration values are consequently representative of the slope 163 

strength demand of a given area in order to keep the future earthquake-induced slope 164 

failure probability below a fixed limit in the time interval considered. 165 

 166 

The calculation of (Ac)x(p,t) values requires the preliminary choice of the probability 167 

parameters p and t, along with the critical threshold x of Newmark displacement. As far 168 

as the probability parameters are concerned, in the present study we adopt an 169 

exceedance probability of 10% in 50 yr, which is commonly adopted by building codes 170 

for seismic design purpose. Regarding the Newmark displacement thresholds, we 171 

consider the values of 2 cm and 10 cm that were suggested by Wilson and Keefer (1985) 172 

as critical thresholds for potential seismic triggering of incoherent (rock falls, disrupted 173 
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slides, rock avalanches) and coherent (slumps, block slides, slow earth flows) 174 

landslides, that typically affect rock slopes and soil slopes, respectively.  175 

 176 

Towards calculating (Ac)x, the first step is to apply the Cornell (1968) method to obtain 177 

the occurrence probabilities for different levels of seismic shaking, expressed in terms 178 

of Iα, in a 50 year time interval at a grid of sites covering our study area. This 179 

computation was performed using the Crisis2007 code (Ordaz et al., 2007). Such code 180 

requires as input elements i) a seismic source-zone model, ii) the rate of generation of 181 

different sized earthquakes in each of these zones and iii) a ground motion predictive 182 

equation. For the present investigation, we adopted the seismotectonic zonation 183 

developed within the framework of the SHARE Project along with the corresponding 184 

maximum magnitudes, prevailing faulting style and seismicity rate parameters 185 

including the a- and b-values of the Gutenberg-Richter frequency relationship (Giardini 186 

et al., 2013). Figure 1 shows the seismogenic zonation and spatial distribution derived 187 

from the catalog of the National Observatory of Athens (NOA). As ground motion 188 

predictive equation (GMPE) for Arias intensity Iα we employed the following formulae 189 

obtained by Chousianitis et al. (2014): 190 

 𝑙𝑜𝑔𝛪 = −4.968 + 0.93𝑀 − 1.284𝑙𝑜𝑔√𝑅 + 6.282 − 0.006√𝑅 + 6.282 +191 

0.235𝑚 ± 0.591         (1) 192 

for rock sites, and 193 

 𝑙𝑜𝑔𝛪 = −5.201 + 0.93𝑀 − 1.154𝑙𝑜𝑔√𝑅 + 5 − 0.007√𝑅 + 5 + 0.432 +194 

0.272𝑚 ± 0.584         (2) 195 

for soil sites, where M is the moment magnitude, R is the epicentral distance and m 196 

represents the effect of the focal mechanism (equal to 1 for thrust/strike slip type and 0 197 

for normal type). The coefficients of these equations were obtained from regressions 198 
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using a data set or recordings acquired at distances from 1 to 195 km, for events of Mw 199 

between 4.1 and 6.6, which caused recorded Arias intensity values between 0.001 and 200 

1.15 m/s. Thus, the use of equations (1) and (2) beyond these boundaries implies 201 

estimate uncertainties increasing as more one moves away from the regression limits. 202 

Since these predictive equations take into account the type of faulting, we assigned 203 

thrust and strike-slip mechanisms, to all the seismogenic sources belonging to the 204 

Hellenic Arc system and the North Anatolian Fault. Eventually, through discretization 205 

of the possible Iα value range into classes up to its maximum, this step provided the 206 

number of events expected to cause different values of Iα during 50 years at each node 207 

of the grid (see Fig. 2a).  208 

 209 

Afterwards, we used the following empirical relation of Chousianitis et al. (2014) that 210 

links Newmark displacement to Arias intensity and to slope critical acceleration, i.e. 211 

𝑙𝑜𝑔𝐷 = 2.228𝑙𝑜𝑔𝛪 − 2.498𝑙𝑜𝑔𝛼 + 0.373𝑙𝑜𝑔𝛪 𝑙𝑜𝑔𝛼 − 5.495 ± 0.237 (3) 212 

where Dn is the Newmark Displacement, Iα is the Arias intensity and αc is the critical 213 

acceleration. The coefficients of this equation were obtained from the regression of the 214 

results of accelerometer recording numerical integrations carried out fixing critical 215 

accelerations values between 0.02 and 0.2 g, thus its use beyond these limits implies 216 

uncertainties possibly larger than those quantified by the regression standard deviation. 217 

The expression (3) was used to derive the probability that observed Dn values exceed 218 

critical thresholds equal to 2 cm and 10 cm for discretized values of Iα and for fixed 219 

values of αc. This was achieved by assuming a normal distribution of log Dn around the 220 

value predicted by the aforementioned empirical equation and integrating the 221 

probability curve from the threshold values of 2 cm or 10 cm to infinity (Fig. 2b). The 222 

calculation of Dn exceedance probabilities was carried out for each value of the Iα 223 
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classes defined earlier: the resulting values were multiplied by the number of events 224 

expected for each Iα class at each grid node and the results were summed to obtain the 225 

cumulative probability of exceedance of Dn (Fig. 2c). At each node of the grid, the Dn 226 

exceedance probabilities are iteratively calculated searching, through a bisection 227 

approach, couple of αc values providing exceedance probability approximating by 228 

excess and by defect the target value (e.g., 10%). The range of the couple of αc values 229 

is progressively restricted until a predefined level of approximation of the searched 230 

solution is reached: finally, the average of the final αc range is assumed as (Ac)x value 231 

for the grid node.   232 

 233 

That way we mapped the spatial distribution of minimum critical acceleration that 234 

slopes needs to have locally to keep within 10% the probability that Newmark’s 235 

displacement will exceed 2 cm or 10 cm in 50 years, for rock and soil slopes, 236 

respectively. These maps represent the spatial distribution of the strength demand 237 

required for slopes to resist failure under the action of the regional seismicity for the 238 

case of incoherent and coherent landslides, respectively. Since these maps are 239 

calculated only on the basis of seismicity characteristics, they represent an alternative 240 

way to express the seismic potential of a region. At the same time they can be used as 241 

a reference for a direct comparison with actual critical acceleration in order to identify 242 

areas prone to seismically-induced failures and to define target of preventive slope 243 

stabilization measures (e.g., Del Gaudio and Wasowski, 2004; Rajabi et al., 2013). 244 

 245 

 246 

 247 

 248 
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Slope strength demand computation 249 

 250 

Before presenting the results of the time probabilistic evaluation of earthquake-induced 251 

landslide hazard for the Greek area, we will discuss the results of the Cornell method 252 

in terms of Arias intensity, which is considered a preliminary indicator of the capacity 253 

of the ground shaking caused by earthquakes to trigger landslides. Figure 3a and 3b 254 

depict the probabilistic Arias intensity predictions for a return period of 475 years and 255 

for the cases of rock and soil site conditions respectively. Additionally, Figure 4a and 256 

4b show the probability that in 50 years Arias intensities will exceed 0.11 and 0.32 m/s, 257 

which correspond to critical thresholds for the triggering of incoherent and coherent 258 

landslides respectively. Since the former type of landslides typically affect rock slopes, 259 

while the second usually occurs in soil slopes, we use the GMPE for rock site conditions 260 

(equation 1) in the calculation of the values of Figure 4a, and that  for soil site conditions 261 

(equation 2) in the calculation of the values of Figure 4b. 262 

 263 

Inspecting Figure 3, we preliminarily note that Arias intensity values with exceedance 264 

probability of 10% in 50 years for soil sites are up to about twice as much as those for 265 

rock sites. This reflects the influence of the site terms in equation (2) which determines 266 

a relative amplification by an approximate factor of 2, affecting soil sites in comparison 267 

to rock sites. Comparing the values obtained for the two types of site conditions, with 268 

the thresholds proposed by Keefer and Wilson (1989) for landslide triggering, one can 269 

observe that, with the exception of the low seismic hazard area of central Aegean Sea, 270 

the threshold of 0.11 m/s is exceeded everywhere, implying that the whole Greek 271 

territory is at least at incoherent landslide risk. Also, it is clearly outlined that, regarding 272 

rock site conditions, the areas of Western Greece, Gulf of Corinth and Northern 273 
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Aegean, have a significant slope instability potential for all kinds of landslides due to 274 

the exceedance of the critical threshold of 0.54 m/s, while for soil site conditions, this 275 

threshold is exceeded in the majority of mainland Greece. Within the Greek territory, 276 

the largest Arias intensity values were found in coastal areas and islands of Ionian Sea 277 

and around the Gulf of Corinth, where values up to 2 m/s for rock site conditions and 278 

3.5 m/s for soil type conditions were obtained. 279 

 280 

The high potential for earthquake-induced landslide occurrence in the Ionian Sea area 281 

is also depicted on both maps of Figure 4. In this region, the exceedance probability in 282 

50 years for the aforementioned thresholds reaches 90% in the case of 0.11 m/s for rock 283 

site conditions and 70% in the case of 0.32 m/s for soil site conditions. This area has a 284 

rich history of landslides induced by strong events and during the last 10 years two 285 

cases of diffuse landslide mobilization as effect of earthquakes occurred. The 2003 286 

Lefkada earthquake (Mw = 6.3) triggered many landslide events, particularly rock falls, 287 

which occurred mainly at the western part of the Lefkada island (Papathanassiou et al., 288 

2013). Recently, two strong earthquakes that ruptured the western Cephalonia Island 289 

on January 26 and February 3, 2014 (Mw = 6.0 and Mw = 5.9 respectively), caused 290 

several rock falls on the western part of the island. Throughout continental Greece, 291 

probabilities of exceedance range from very low values up to values that reach 50% for 292 

both Iα thresholds, with the highest values obtained at the areas of central Greece and 293 

secondarily at Chalkidiki peninsula, and the lowest at western-central Macedonia and 294 

southeastern Peloponnese. It is noteworthy that, despite the higher values of Arias 295 

intensity expected for soil sites, the probability of exceedance of thresholds for 296 

incoherent landslides on rock slopes appears similar to, and even higher than for 297 

coherent landslides on soil slopes. This reflects the fact that the thresholds for coherent 298 



13 
 

landslide triggering is almost three times as much as that for incoherent landslides, 299 

which decreases the threshold exceedance probability, compensating the relative 300 

amplification by a factor of 2 expected on soil slopes. 301 

 302 

Maps like those of Figure 3 and Figure 4 give some preliminary indications of the areas 303 

potentially subject to conditions of slope instability under seismic actions, i.e. areas 304 

where high Arias intensity larger than critical thresholds are expected with high 305 

exceedance probabilities. However, this is a rather rough representation of earthquake-306 

induced landslide hazard, in that these maps are calculated without taking into account 307 

the connection between the level of earthquake shaking and the co-seismic slope 308 

performance. This gap can be filled by transforming, through the procedure described 309 

in the previous section, hazard maps expressed in terms of a seismic shaking parameter 310 

into maps of strength demand represented by the values of (Ac)2 (for rock sites) and 311 

(Ac)10 (for soil sites), calculated for Newmark displacement exceedance probability of 312 

10 % in 50 years.  313 

The resulting values are shown in Figure 5. It can be preliminarily observed that the 314 

(Ac)2 values are considerably higher than the (Ac)10 values, reaching a maximum of 0.44 315 

g in Cephalonia island, whereas in the same area (Ac)10 does not exceed 0.17 g. This 316 

depends on the fact that the stronger ground motion expected on soil sites is 317 

overcompensated by the much higher value of the Dn critical threshold defining the 318 

limit of slope stability conditions. (Ac)2 values larger than 0.2 g are found throughout 319 

Western Greece: at this regard, it should be reminded that the equation (3) does not 320 

provide reliable estimates of Newmark displacement for critical accelerations larger 321 

than 0.2 g, thus, in the areas where the calculation of (Ac)x gave larger values, these are 322 

to be considered with some caution. These areas, in terms of relative hazard, are 323 
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certainly the most exposed to conditions of landslide seismic triggering, but the real 324 

strength demand for slopes to have a probability of 90% to resist to seismic failures in 325 

50 years must be considered larger than 0.2 g and its exact definition would require 326 

specific studies. 327 

 328 

Another area with a significantly high value of hazards is that around the Gulf of 329 

Corinth, where (Ac)2 exceeds 0.1 g, whereas values larger than 0.08 g are found  in 330 

central Greece and in eastern part of the Chalkidiki peninsula. With regard to (Ac)10, 331 

values larger than 0.1 g are reached only in the Ionian islands and in the westernmost 332 

part of Greece mainland. For most of the remaining territory (Ac)10 is less than 0.05 g. 333 

This value, according to Wilson and Keefer (1985), could be considered a minimum 334 

threshold to characterize slopes susceptible to seismic failure, in that lower values imply 335 

a level of instability that make more probable failures as effect of more frequent non-336 

seismic events (e.g., heavy rainfalls). However a study conducted in southern Italy (Del 337 

Gaudio and Wasowski, 2004) showed that, possibly in dependence on local climatic 338 

conditions, it is possible that a large number of marginally stable slopes can survive 339 

non-seismic mobilising actions until an earthquake cause diffuse failures. Thus, any 340 

evaluation on the actual hazard requires an accurate estimate of the critical acceleration 341 

characterizing local slopes.  342 

 343 

 344 

Comparison with in situ critical acceleration values 345 

 346 

The spatial distribution of the (Ac)x values of Figure 5 can serve as input for a direct 347 

comparison with actual critical acceleration values purposely calculated at a more local 348 
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scale in order to identify areas prone to earthquake-induced failures. As an example, 349 

we considered a region located in the western part of the Gulf of Corinth (inset of Fig. 350 

6a). The Gulf of Corinth is one of the most active intra-continental tectonic rifts around 351 

the world and is characterized by the occurrence of several moderate to strong events 352 

as well as by significant background seismicity (e.g., Bernard et al., 2006; Bourouis 353 

and Cornet, 2009; Lambotte et al., 2014). The Corinth rift is a region of rapid extension 354 

and, as GPS studies have revealed, its western tip exhibits the highest extensional rates 355 

which reaches 15 mm/yr giving strain rate values up to 220 ns/yr (e.g., Avallone et al., 356 

2004; Chousianitis et al., 2013; Chousianitis et al., 2015). Onshore and offshore normal 357 

faults in the rift zone trend WNW-ESE with a maximum surface trace of about 25 km 358 

(Stefatos et al., 2002; Moretti et al., 2003). Uplift rates calculated for Quaternary 359 

terraces differ along the Corinth rift and range from 0.8-1 mm/yr near its western tip, 360 

to 0.3-0.4 mm/yr near the town of Corinth (Armijo et al., 1996). 361 

 362 

A large number of ground failure cases have occurred in the vicinity of Gulf of Corinth 363 

with a distribution which is consistent with the main WNW-ESE trend of the onshore 364 

and offshore normal faults of the rift zone (Koukis et al., 2009). Heavy rainfall and/or 365 

earthquake activity constitute the main landslide triggering factors (Sabatakakis et al., 366 

2005). Analyzing seventy three (73) landslides located within the examined area, which 367 

were obtained from the existing landslide relational database management system 368 

(Sabatakakis et al., 2013), some observations can be drawn: (a) the main types of 369 

landslides encountered (Varnes, 1984; Cruden and Varnes, 1996), include translational 370 

and rotational earth slides as well as earth and scree flows that involve 47% and 31% 371 

of the recorded occurrences respectively (Table 1); (b) the most critical landslide prone 372 

geological formations within the investigated area are the fine grained Neogene 373 
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sediments/marls along with flysch, which is often highly sheared with 30% and 26% of 374 

the recorded occurrences respectively (Table 2). 375 

 376 

The assessment of the exposure to landslide seismic induction using the parameter (Ac)x 377 

is a premise to hazard assessment based on its comparison with the actual critical 378 

acceleration values at each point of the investigated area. For this purpose, the first step 379 

is the evaluation of the static factor of safety. A limit-equilibrium model commonly 380 

used to represent slope failure conditions is the infinite slope model (Skempton and 381 

Delory, 1957), which assumes that mass movements occur along a sliding surface that 382 

extends infinitely down the slope. This model fits observations in the field in case of 383 

shallow landslides whose thickness is small in comparison to landslide length, and 384 

numerous authors (e.g., Jibson et al., 2000; Saygili and Rathje, 2009; Dreyfus et al., 385 

2013) have relied on it to assess earthquake slope stability and calculate hazard maps 386 

of slope instability. Such a failure may take the form of a gradual downhill creep or 387 

may often involve a very sudden and extensive slide, while is closely related with 388 

instability phenomena encountered in the ground units of the studied area and especially 389 

in weathered flysch, shales-cherts and neogene sediments (Christoulas et al., 1998; 390 

Sabatakakis et al., 2005), as well as in recent deposits. Under these conditions, the static 391 

factor of safety, which is defined as the ratio of resisting forces to driving forces that 392 

cause failure, can be expressed as follows: 393 

𝐹𝑆 =
′

+
( ) ′

       (4) 394 

where c΄ is the effective cohesion, φ΄ is the effective angle of internal friction, γb is the 395 

material unit weight, Z is the failure’s depth, α is the thrust angle and ru is the pore 396 

pressure ratio (Bishop and Morgenstern, 1960). The thrust angle is the angle from the 397 

horizontal of the first movement of the center of mass of the potential landslide block 398 
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and is typically approximated by the slope angle. The pore pressure ratio at a point 399 

below the ground surface is defined as: 400 

𝑟 = =           (5) 401 

where u is the pore pressure (u = γwZw), γw is the water unit weight (≈ 10 kN/m3), Zw is 402 

the height of table-water above the failure surface and h = Z the considered point depth 403 

below the soil surface. 404 

 405 

After the evaluation of the static factor of safety through equations (4) and (5), the next 406 

step in the Newmark model towards the calculation of critical acceleration, is the 407 

connection of the dynamic stability of a slope with its static stability and with geometry 408 

through the following relation: 409 

 𝛼 = (𝐹𝑆 − 1) 𝑔 sin 𝛼        (6) 410 

where αc is the critical acceleration, FS is the static factor of safety of the slope, g is the 411 

acceleration due to gravity and α is the thrust angle of the landslide block.  412 

 413 

To produce the critical acceleration map for the examined area, we implemented 414 

equations (4), (5) and (6) in a Geographical Information System (GIS). The GIS 415 

incorporates a powerful set of tools for the input, storage, retrieval, transformation and 416 

display of various data sets and have significantly improved our ability in calculating 417 

and managing natural hazards. Using the ArcGIS 9.3 software (ESRI, 2008) we created 418 

for each required input variable the corresponding digital thematic layer in raster 419 

format. First, in order to produce the static factor of safety map, the geotechnical 420 

parameters of all the geological units need to be calculated. A large number of 421 

engineering geological appraisals and geotechnical studies, conducted within the 422 

investigated area, provided valuable information about the engineering geological and 423 
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geotechnical ground conditions. The majority of these studies utilized reliable data and 424 

samples from boreholes and trial pits that were drilled and excavated during the 425 

construction of public works such as motorways, railways and other large infrastructure 426 

projects. In addition, we collected and thoroughly analyzed data obtained by the 427 

Ministry of Environment as well as by private consultants. After the appropriate 428 

modifications to standardize the terminology, a large number of geotechnical profiles 429 

that characterize the local soil conditions were recorded and digitally stored. A 430 

relational geotechnical database management system was designed in MS Access to 431 

allow rapid retrieval and evaluation of the data in selected unit areas. The interplay 432 

between the database system and GIS was established by the coordinates of the 433 

locations of existing geotechnical profiles. Finally, a multipurpose large scale 434 

engineering geological map was compiled at a scale of 1:100,000 (Fig. 6a).  435 

 436 

In the map of Figure 6a, the geological formations were grouped into 9 individual 437 

geotechnical units, on the basis of composition, physical state, relevant age, and 438 

engineering geological characteristics of the soil formations. Table 3 summarizes a 439 

description of each geotechnical unit along with representative input parameters for the 440 

proposed conceptual model of shallow translational slides on an infinite slope. The 441 

unified geotechnical parameters (effective shear strength and unit weight) for each unit 442 

were determined through a comprehensive evaluation of geotechnical data including: 443 

(a) The compilation of a large number of testing results on undisturbed soil samples 444 

obtained from the designed relational database management system; shear strength 445 

parameters in terms of effective stress that had been used for slope stability analyses, 446 

were retrieved to establish the value range and to estimate the mean representative 447 

values assuming a quite similar stress pattern in the field, (b) shear strength 448 
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characteristics estimated from back analyses on specified slope failures with failure 449 

mechanism similar to the proposed infinite model especially in flysch (unit VII), marls 450 

(unit VI) and shales (unit IX), (c) rockmass classification systems (RMR and GSI) in 451 

heavily jointed and sheared rockmasses assuming isotropic behavior (units V and VIII), 452 

and (d) the experience gained over a long time period at technical works design and 453 

construction (road cuttings and slopes)  in the ground units of the study area. The 454 

investigated area has a semi-wet to wet climate, with moderate water shortage in 455 

summer and humidity index from 0 to 40, while the mean annual precipitation ranges 456 

from 800 to 1000 mm. The natural groundwater conditions were specified using the 457 

pore pressure coefficient (ru) which is the ratio of pore water pressure to the overburden 458 

pressure and generally represents the groundwater table fluctuation. The ru values of 459 

the geotechnical units of the study area range from 0 to 0.4 (Table 3). The former value 460 

characterizes dry conditions for all ground members, while values above zero 461 

characterize wet conditions and generally range from 0.1-0.2 for permeable formations 462 

to 0.4 for less permeable cohesive and landslide prone members. Actually, the depth to 463 

the groundwater table will generally vary throughout the year and the worst conditions, 464 

when most failures take place, usually occur during intense rainfalls. In that case, the 465 

phreatic line at the surface of the slope is generally assumed. Additionally, we 466 

performed our calculations considering a failure depth equal to 5 m, which is a typical 467 

value for landslides in the examined region. 468 

 469 

Subsequently, starting from a high accuracy (5x5 m) Digital Surface Model (DSM) 470 

provided by the Hellenic Military Geographical Service (HMGS), a slope map was 471 

generated (Fig. 6b) in GIS environment by applying an algorithm to compute the 472 

maximum slope of each cell from the comparison between the elevations of adjacent 473 
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cells. The used high accuracy discretization contributes to "highlight" significant 474 

differences in slope inclination and ground geology that often exist between 475 

neighboring cells. The next step was to combine all the data layers relative to the 476 

parameters of equation (4) to estimate the static factor of safety and get a picture of its 477 

spatial distribution. Since the pore pressure coefficient is likely characterized by 478 

seasonal variation, we provided two maps of the static factor of safety according to the 479 

boundary values of ru, that represent situations expected in dry and wet season (Fig. 480 

6c), pointing out however the semi-wet to wet climate of the examined region. Areas 481 

of slope less than 10 degrees were not taken into account, considering negligible the 482 

landslide hazard in such conditions. Furthermore, in order to ensure the stability of the 483 

model before the earthquake shaking occurs, we modified the values of the static factor 484 

of safety below unity, following the approach of Dreyfus et al. (2013). The final static 485 

factor of safety maps had values ranging from just greater than 1, for steep slopes in 486 

weak and landslide prone ground material, to more than 5 in strong, permeable 487 

materials of gentle slopes. 488 

 489 

Eventually, equation (6) was used to combine the GIS layers of the static factor of safety 490 

with the slope angle and compute the critical acceleration value for each pixel of the 491 

investigated area for conditions expected during a dry and a wet season (Fig. 6d). 492 

Subsequently, the real αc values can be compared with the (Ac)x values obtained by the 493 

application of the time probabilistic approach. As demonstrated by the statistical 494 

analysis performed using the landslide occurrences located within the examined area, 495 

geological conditions for the triggering of coherent (slides and flows) landslides 496 

predominate. This is corroborated by the facts that only roughly 15% of the reported 497 

landsides are of incoherent type, and that the vast majority of the landslides have 498 
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occurred on engineering soils and not on stiff rock slopes. Despite the larger frequency 499 

of coherent landsides within the examined area, with the aim of obtaining a 500 

comprehensive estimate of the earthquake-induced landslide hazard, we considered 501 

both types of landslides. We took into consideration which type affects the different 502 

geological units and for each of them we made the comparison with (Ac)2 or (Ac)10 503 

accordingly. In this context, incoherent landslides have affected mainly the limestones, 504 

both types of landslides have occurred at flysch, marly conglomerates and the shales-505 

sandstones-cherts of Figure 6a, while the rest geological formations have been affected 506 

only by coherent landslides. The locations where the actual αc values were below the 507 

calculated (Ac)x values for the corresponding geological units indicated the slopes that 508 

have a significant probability of failing under seismic action in the future. Their spatial 509 

distribution for wet and dry conditions is shown in Figure 6e.  510 

 511 

The zones of high susceptibility to seismic failures in both maps appear mainly at steep 512 

slopes consisting of shale and chert formations. This is confirmed by the results of 513 

Rozos et al. (2011) who acknowledge the large number of landslides there and 514 

explained it on the basis of the prevailing geological and morphological conditions. The 515 

rest of slopes which are characterized by high susceptibility were located at engineering 516 

soils. These results imply that for the examined area the hazard of seismically induced 517 

landslides is basically related to the possible triggering of coherent landslides, thus 518 

confirming the pre-existing observations within the examined area. One additional 519 

conclusion which can be drawn from the maps of Figure 6e is that the high susceptibility 520 

zones that are derived for the wet season cover a much larger area compared to those 521 

for the dry season. This way we demonstrated that the earthquake-induced landslide 522 
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susceptibility mapping is dependent to a large degree by the natural groundwater 523 

conditions.  524 

 525 

 526 

Discussion 527 

 528 

The Newmark’s sliding block model, which has been extensively applied to model the 529 

effects of a seismic event on natural slopes, is based on a series of assumptions, imposed 530 

for theoretical and practical simplicity, which limit the extent to which this model 531 

simulates the physical process. A first simplification derives from the physical 532 

characterization of the landslide as a rigid, perfectly plastic block resting on an inclined 533 

plane, which represents a potential failure surface, and subject, during earthquakes, to 534 

horizontal accelerations. Additional simplifications derive from the lack of 535 

consideration of three phenomena, i.e. : 1) the  possible development of multiple slip 536 

surfaces (Wartman et al., 2005); 2) the response of pore-pressure to shaking and 3) the 537 

shear strength loss as a function of strain after failure initiation (Wartman et al., 2003; 538 

Wartman et al., 2005).  539 

The fundamental assumption is the rigid behavior of the sliding mass. While this 540 

constraint is appropriate for displacement analyses in the case of relatively thin sliding 541 

masses composed of stiff or brittle materials, it introduces modeling error for thicker 542 

landslides in softer slope-forming materials (Rathje and Bray, 1999; Wartman et al., 543 

2003). In this latter case, the rigid block assumption would be unconservative and for 544 

more realistic results the dynamic response of the sliding block needs to be considered, 545 

considering that site amplification phenomena increase slope susceptibility to seismic 546 
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failures and promote the triggering of landslides (Havenith et al., 2002; Del Gaudio and 547 

Wasowski, 2007; Moore et al., 2011). 548 

In response to these shortcomings, more rigorous methods have been developed, 549 

generally falling into the category of the flexible sliding block models. These include 550 

different kind of approaches: some of them, known as “decoupled” approaches, 551 

accounts for the dynamic response of the landslide material above a potential failure 552 

surface preliminarily to displacement calculation (Makdisi and Seed, 1978), others, 553 

defined as “coupled” approaches, model simultaneously the dynamic response of the 554 

sliding mass together with the effect of permanent displacement (Rathje and Bray, 555 

1999). Both of these methods ignore the effect of block rotation that was proposed by 556 

Stamatopoulos (1996) and implemented by Baziar et al. (2012) in the modified 557 

decoupled analysis. A comprehensive presentation of the different methods is provided 558 

by Jibson (2011), who argues that each method is characterized by its own assumptions 559 

and epistemic uncertainties and their applicability depends on the studied conditions.  560 

However, even though deep slope failures should be modeled as flexible sliding masses, 561 

it has been reported that the predominant mode of failure under seismic shaking for 562 

natural slopes is shallow sliding and thus, modeling by means of the rigid block 563 

approach is adequate for regional scales (Jibson, 2007; Saygili and Rathje, 2008; Pradel 564 

et al., 2005).  565 

With regard to other factors responsible of estimate uncertainties, the use of a purely  566 

horizontal input motion, can cause significant errors only when very steep slopes are 567 

analyzed. The presence of multiple slip surfaces generally cause an underestimate of 568 

actual displacement, but it has been demonstrated that as multiple shear surfaces 569 

develop with similar orientation in a localized area, the Newmark approach generally 570 

provide reasonable estimates of deformation (Wartman et al., 2005). Also the neglect 571 
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of dynamic pore-pressure response tend to cause displacement underestimates, but it 572 

can be justified for slopes consisting of impermeable materials such as compacted clays, 573 

shales and very dense sands. 574 

In general, all the mentioned simplifications of the Newmark’s model limit the accuracy 575 

of the obtained results in specific cases, however the Newmark’s sliding-block model 576 

has been adopted for studies at regional scales because more sophisticated approaches 577 

demand the integration of a broad spectrum of high quality data, which are typically 578 

available only for local scale studies. This scale restriction applies as well to the 579 

evaluation of possible site amplification phenomena, which can be hardly assessed at 580 

regional scales, involving a combination of different factors mainly related to 581 

topography (Harp and Jibson, 2002; Meunier et al., 2008; Del Gaudio and Wasowski, 582 

2011) and to the physical characteristics of topsoil and subsoil layers (Bozzano et al., 583 

2008).  584 

Considering these limitations, Newmark’s displacement should be used in studies at 585 

regional scales not for a prediction of mass movement expected, but as an index 586 

correlated to slope performance (cf. Jibson et al., 2000), expressing the closeness of 587 

slope to failure conditions. At this regard, a critical aspect of the method 588 

implementation is the reliability of Newmark’s displacement threshold adopted to 589 

define such failure conditions. In the present study, we adopted the thresholds proposed 590 

by Wilson and Keefer (1985) on the basis of on their expert judgment and on analogies 591 

with building foundation behavior. These thresholds have been applied in many studies 592 

on the topic of earthquake-induced landslides and successive case studies have given 593 

support to their significance. For instance, Jibson et al. (2000), after having estimated 594 

Newmark’s displacement for the scenario of the 1994 Northridge earthquake, found, 595 

from a comparison with a very detailed landslide inventory, a rapid increase of the 596 
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percentage of landslide cells as the estimated Newmark’s displacement increases from 597 

a few cm to 10 cm. Above this value the percentage levels off abruptly for displacement 598 

between 10 and 15 cm, which suggests a critical threshold for slope destabilization 599 

around the value proposed by Wilson and Keefer (1985) for coherent landslides. 600 

A question of general interest raised from the application of time probabilistic approach 601 

of seismic landslide hazard to Greece, is the kind of use that one can make of the 602 

outcome of such an approach within hazard mitigation strategies. Actually, the 603 

parametric approach used in the present paper offers the possibility of “capturing” 604 

combinations of situations (shaking energy, slope angle, mechanical properties of slope 605 

material, water table level) that can imply a risk of slope destabilization in the scenario 606 

of future earthquakes, thus pointing out zones where landslides are more probable to 607 

occur in the future. In this context, maps like those of Figure 5 represent quantities 608 

correlated to failure probabilities, which, even only in relative terms, allow to focus the 609 

attention on zones that are most at risk of seismic failures, hence delimiting the areas 610 

where more advanced and site-specific investigations should be planned.  611 

Since the (Ac)x values represent an alternative way to express the seismic potential of 612 

an area, they can be incorporated into landslide susceptibility analyses (LSA) as a 613 

causative factor layer representing the seismic information and utilized together with 614 

landslide inventories to build susceptibility models for the prediction of future 615 

landslides (e.g. Lee et al., 2008). Maps like those of Figure 5, highlighting areas at risk 616 

of seismic landslides, can be used by decision makers into multi-criteria methods, such 617 

as the Analytical Hierarchy Process (AHP) and the Weighted Linear Combination 618 

(WLC), along with geological, geomorphological and socio-economic factors, to 619 

facilitate proper land-use suitability assessment (e.g., Bathrellos et al., 2012; Bathrellos 620 

et al., 2013; Papadopoulou-Vrynioti et al., 2013; Youssef et al., 2015). The (Ac)x values 621 
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can be considered as reference values to obtain the required safety factors for 622 

engineering works and provide as well the basis to evaluate at a local scale whether 623 

specific slopes have significant probability of failing in the future.  624 

We demonstrated the latter concept in the previous section where we made a 625 

comparison with actual critical acceleration values and delineated susceptibility zones. 626 

This kind of information can be used by local authorities to establish early warning 627 

systems and optimize the management of seismic-landslide hazard (e.g., Malet et al., 628 

2002; Noferini et al., 2006; Drakatos et al., 2013).  629 

 630 

 631 

Conclusions 632 

 633 

In the present study we focused on the probabilistic evaluation of earthquake-induced 634 

landslide hazard in Greece. Using Arias intensity to quantify the level of seismic 635 

shaking and through empirical relations based on the Newmark’s model, we produced 636 

regional probabilistic hazard maps in terms of the strength demand required for slopes 637 

to resist failure under the action of the regional seismicity. We incorporated the 638 

characteristics of seismicity affecting Greece and calculated maps that depict the 639 

minimum critical acceleration values required for slopes to keep within 10% the 640 

probability that Newmark displacement exceeds the thresholds of 2 cm for incoherent 641 

landslides on rock slopes and 10 cm for coherent landslides on soil slopes in a time 642 

interval of 50 yr. The obtained results represent an alternative way to measure the 643 

expected seismic shaking with a certain exceedance probability and provide for the first 644 

time in Greece the necessary quantitative information towards a comprehensive 645 

evaluation of earthquake-induced landslide hazard at more local scales.  646 
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 647 

The adopted methodology initially facilitated a preliminary rough representation of 648 

earthquake-induced landslide hazard through a standard hazard estimate procedure in 649 

terms of Arias intensity. The highest potential of earthquake-induced landslide 650 

occurrence was found at the islands and the coastal areas of central Ionian Sea. This 651 

region comprises the most seismically active part of Greece and it has been affected by 652 

coseismic landsliding many times in the past. Regarding mainland Greece, the highest 653 

Arias intensity probabilities of exceedance were obtained for the areas of central Greece 654 

and, secondarily, of Chalkidiki peninsula, while the lowest probabilities were found at 655 

western-central Macedonia and southeastern Peloponnese. Next, we incorporated in our 656 

calculations the linkage between the level of seismic shaking and its effects on slope 657 

stability and we produced maps of (Ac)2 and (Ac)10 evaluated for rock sites and soil sites 658 

respectively. As it is expected, larger critical acceleration thresholds were obtained at 659 

more seismically active regions where the strength demand for a slope not to fail is 660 

higher. Additionally, it is apparent that the (Ac)2 values are considerably higher than the 661 

(Ac)10 values, a fact that is due to the overcompensation of the stronger ground motion 662 

expected on soil sites by the much higher value of the Dn critical threshold defining the 663 

limit of slope stability conditions. 664 

 665 

Subsequently, as an example of moving from the large scale mapping of (Ac)x to a more 666 

local representation of the spatial hazard of earthquake-induced landslides, we 667 

considered a region located at the western part of the Gulf of Corinth. We used the 668 

potential of GIS to create various layers of information consisting of shear-strength, 669 

lithology and slope data. We determined the actual critical acceleration values of this 670 

region from the static factor of safety and from the slope geometry and finally we 671 
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performed a direct comparison with the critical acceleration values obtained by the 672 

application of the time probabilistic approach. In this way we were able to locate slope 673 

areas where real critical acceleration values are below the strength demand and, 674 

consequently, the probability of seismic-landslide triggering is significantly higher. The 675 

derived maps which delineate the most susceptible areas to earthquake-induced slope 676 

instabilities were obtained for two extreme cases of the natural groundwater conditions. 677 

The results gave evidence that slope failure scenario differentiates at different seasons 678 

and therefore, seismic effects on slope stability depend to a large degree on the season 679 

of earthquake occurrence. 680 

 681 

The regional maps of slope resistance demand calculated within the framework of the 682 

present study provide the basis to assess the sites that, according to the Newmark model, 683 

can potentially undergo shakings capable of inducing activation of slope failures in the 684 

time interval considered. Moving towards local scales by employing the described 685 

procedure for estimating real critical acceleration values, one can evaluate whether 686 

specific slopes have a significant probability of failing in the future.  687 

 688 

 689 

 690 

Data and Resources 691 

The seismotectonic zonation along with the corresponding seismicity parameters of 692 

each source zone necessary for the hazard computation are publically available at 693 

http://www.share-eu.org (last accessed May 2015). The GMT mapping software 694 

(Wessel and Smith, 1998) was used for the preparation of some figures in this paper. 695 

 696 
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Tables 991 

 992 

Table 1. Frequency of the recorded landslide occurrences according to the type of 993 

movement. 994 

 995 

Type of movement 
Type of material 

Bedrock Engineering soils 

Fall 16  

Topple -  

Slide 
Rotational  22 

Translational - 25 

Spread  - 

Flow  31 

Complex  6 

 996 

 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 
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Table 2. Frequency of the recorded landslide occurrences according to the lithology of 1006 

the displaced material. 1007 

 1008 

Lithology 
Landslide 

occurrences 

Landslide frequency  LF 

(%) 

Recent loose coarse grained deposits 2 3 

Dilluvial coarse grained formations  8 11 

Dilluvial formations of mixed phases 4 5 

Conglomerates 11 15 

Clayey marls 22 30 

Flysch 19 26 

Limestones 7 10 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 
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Table 3. Geotechnical parameters assigned to the engineering geological - geotechnical 1023 

units of the investigated area. 1024 

 1025 

 Unit Description c' (kPa) Φ' (o) γb (kNt/m3) ru 

I 

Recent loose 

coarse grained 

deposits 

River terrace deposits of  

sandy gravels (GM, GP-GM, 

GW-GM, GC) with cobles and 

silty sands (SM, SM-SC)  

50 25 18.5 0-0.1 

II 

Recent loose 

deposits of 

mixed phases 

Recent alluvial deposits of 

brown to brownish-gray silty 

clays (CL, CH) and silts (ML, 

ML-CL) with intercalations of 

silty sands (SM, SM-SC) 

60 22 19.0 0-0.2 

III 

Diluvial coarse 

grained 

formations 

Old alluvial-diluvial 

formations of brown to 

brownish-red dense sandy and 

clayey gravels (GW-GM, GC) 

with cobles- loose 

conglomerates 

70 28 19.0 0-0.1 

IV 

Diluvial 

formations of 

mixed phases 

Old alluvial-diluvial 

formations of brownish-red to 

brownish-grey silts, sandy silts 

sandy clays  and silts (CL, CH, 

ML), with intercalations of 

sands, clayey-silty sands, silty 

sands and clayey gravels (GW-

GM, GC, SM) 

75 25 19.5 0-0.2 

V 
Marly 

conglomerates 

Pleistocene very loose to weak 

conglomerates with sub-

rounded to rounded gravels 

and pebbles (of limestone, 

sandstone and chert origin) 

cemented with clayey – marly 

matrix 

150 32 25.0 0-0.1 

VI Clayey marls 

Plio-Pleistocene, fluvial – 

fluviolacustrine sediments 

including a lower horizon of 

black – gray stiff silty marls 

70 28 21.0 0-0.4 
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and sandy silts (CL,CH, CL–

ML, ML, SM) and an upper 

one of brownish – yellow stiff 

clayey marls with silts and 

sands (CL, ML, SM)  

VII Flysch 

Layers of shales, marls, 

siltstones and sandstones. 

Rockmass highly disintegrated 

and sheared with a weathered 

zone of several meters thick 

60 25 23.0 0-0.4 

VIII Limestones 

Cretaceous thin bedded 

limestones with cherts. 

Rockmass blocky-disturbed 

200 30 26.0 0-0.1 

IX 

Shales -

Sandstones-

Cherts 

Shale, sandstones and cherts. 

Rockmass highly disintegrated 

and sheared 

55 25 23.0 0-0.4 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 
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Figure captions 1041 

 1042 

Figure 1. Seismicity map showing shallow earthquakes with Mw>4.0. Epicenters are 1043 

taken from the SHARE European Earthquake catalog (Grünthal et al., 2012; Stucchi et 1044 

al., 2012). Superimposed are the SHARE seismogenic source zones. 1045 

 1046 

Figure 2. Outline of the procedure for the evaluation of (Ac)x. First (a), the number of 1047 

events expected to cause different values of Iα at a given site are calculated. Then (b), 1048 

for fixed values of critical acceleration αc and for any Iα value, an empirical formula 1049 

relating Dn to Iα and αc is used to calculate the median expected values of Dn (dashed 1050 

vertical line): assuming for its actual values a log-normal probability distribution, the 1051 

probability is calculated that Dn exceeds a critical threshold (e.g., 10 cm) by integrating 1052 

the probability curve from the Dn threshold to infinity (shaded area). The outcome of 1053 

steps a) and b) are multiplied to obtain (c) the cumulative probability that Dn exceeds a 1054 

critical threshold taking into account all the possible Iα values: calculations are iterated 1055 

for different values of αc, searching, through a bisection approach, the values that makes 1056 

the Dn exceedance probability equal to a target value (e.g., 10% in 50 years). Note that 1057 

the numbering of trial αc values indicates the sequence of the trial in the solution search. 1058 

 1059 

Figure 3. Arias intensity values with 90% probability of not being exceeded in 50 years 1060 

(475 years return period) for (a) rock and (b) soil site conditions. 1061 

 1062 

Figure 4. Probabilities of exceedance in 50 years of Arias intensity thresholds equal to 1063 

(a) 0.11 for rock site conditions and (b) 0.32 m/s for soil type conditions. 1064 

 1065 
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Figure 5. Strength demand, expressed by critical acceleration (Ac)x, requested to slopes 1066 

in order to keep within 10% the probability of the occurrence of events causing, in a 1067 

time span of 50 years, the exceedance of Newmark’s displacement thresholds x equal 1068 

to (a) 2 cm on rock slopes and (b) 10 cm in soil slopes. 1069 

 1070 

Figure 6. (a) Simplified engineering geological map with major faults (after Kokkalas 1071 

and Koukouvelas, 2005) of the study area (marked by the thick-line rectangle in the 1072 

inset box). (b) Slope map created from Digital Surface Model. (c) Static factor of safety 1073 

maps produced by applying equation (4) to raster data layers for situations expected in 1074 

dry (left) and wet season (right) as discussed in text. (d) Distribution of the critical 1075 

acceleration values obtained from combining the static factor of safety layer with the 1076 

slope angle layer according to equation (6) for dry (left) and wet (right) season. (e) Map 1077 

showing the locations where the actual αc values are below the calculated (Ac)χ values, 1078 

indicating the slopes that have a significant probability of failing under seismic action 1079 

in the future for dry (left) and wet (right) season. 1080 

 1081 
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 1082 

Figure 1. Seismicity map showing shallow earthquakes with Mw>4.0. Epicenters are 1083 

taken from the SHARE European Earthquake catalog (Grünthal et al., 2012; Stucchi et 1084 

al., 2012). Superimposed are the SHARE seismogenic source zones. 1085 
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 1086 

 1087 

Figure 2. Outline of the procedure for the evaluation of (Ac)x. First (a), the number of 1088 

events expected to cause different values of Iα at a given site are calculated. Then (b), 1089 

for fixed values of critical acceleration αc and for any Iα value, an empirical formula 1090 

relating Dn to Iα and αc is used to calculate the median expected values of Dn (dashed 1091 

vertical line): assuming for its actual values a log-normal probability distribution, the 1092 

probability is calculated that Dn exceeds a critical threshold (e.g., 10 cm) by integrating 1093 

the probability curve from the Dn threshold to infinity (shaded area). The outcome of 1094 

steps a) and b) are multiplied to obtain (c) the cumulative probability that Dn exceeds a 1095 
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critical threshold taking into account all the possible Iα values: calculations are iterated 1096 

for different values of αc, searching, through a bisection approach, the values that makes 1097 

the Dn exceedance probability equal to a target value (e.g., 10% in 50 years). Note that 1098 

the numbering of trial αc values indicates the sequence of the trial in the solution search. 1099 
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 1100 

Figure 3a. Arias intensity values with 90% probability of not being exceeded in 50 years 1101 

(475 years return period) for (a) rock conditions. 1102 

 1103 
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 1104 

 1105 

 1106 

Figure 3b. Arias intensity values with 90% probability of not being exceeded in 50 1107 

years (475 years return period) for (b) soil site conditions. 1108 

 1109 
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 1110 

Figure 4a. Probabilities of exceedance in 50 years of Arias intensity thresholds equal to 1111 

(a) 0.11 for rock site conditions. 1112 

 1113 

 1114 

 1115 
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 1116 

Figure 4b. Probabilities of exceedance in 50 years of Arias intensity thresholds equal 1117 

to (b) 0.32 m/s for soil type conditions. 1118 

 1119 

 1120 

 1121 
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 1122 

 1123 

Figure 5a. Strength demand, expressed by critical acceleration (Ac)x, requested to slopes 1124 

in order to keep within 10% the probability of the occurrence of events causing, in a 1125 

time span of 50 years, the exceedance of Newmark’s displacement thresholds x equal 1126 

to (a) 2 cm on rock slopes. 1127 

 1128 

 1129 
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 1130 

Figure 5b. Strength demand, expressed by critical acceleration (Ac)x, requested to 1131 

slopes in order to keep within 10% the probability of the occurrence of events causing, 1132 

in a time span of 50 years, the exceedance of Newmark’s displacement thresholds x 1133 

equal to (b) 10 cm in soil slopes. 1134 

 1135 

 1136 

 1137 
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 1138 

Figure 6. (a) Simplified engineering geological map with major faults (after Kokkalas 1139 

and Koukouvelas, 2005) of the study area (marked by the thick-line rectangle in the 1140 

inset box).  1141 

 1142 

 1143 

 1144 

 1145 

 1146 

 1147 

 1148 
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 1149 

 1150 

Figure 6. (b) Slope map created from Digital Surface Model.  1151 

 1152 

 1153 

1154 
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Figure 6. (c) Static factor of safety maps produced by applying equation (4) to raster 1155 

data layers for situations expected in dry (left) and wet season (right) as discussed in 1156 

text.  1157 

1158 

Figure 6. (d) Distribution of the critical acceleration values obtained from combining 1159 

the static factor of safety layer with the slope angle layer according to equation (6) for 1160 

dry (left) and wet (right) season. 1161 

 1162 

 1163 
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1164 

Figure 6. (e) Map showing the locations where the actual αc values are below the 1165 

calculated (Ac)χ values, indicating the slopes that have a significant probability of failing 1166 

under seismic action in the future for dry (left) and wet (right) season. 1167 




