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ABSTRACT 
 
 Earthquake-induced slope instability is considered as one of the most important effects of ground 

shaking, especially in the near fault regions. Simplified tools like Newmark’s Sliding Block (NSB) 

analogy are widely used to represent the slope stability during ground shaking since the outcome 

of this analogy is quantitative, larger NSB displacement values indicate higher seismic slope 

instability risk. Recently, empirical predictive models for NSB displacement were proposed by 

Saygili and Rathje (2008). Saygili and Rathje (2008) model is incorporated in the vector-valued 

probabilistic seismic hazard assessment framework by modifying the hazard code, HAZ39.  NSB 

displacement hazard curves are presented for selected locations around the North Anatolian Fault 

(NAF) Zone and the effects of rupture distance, site conditions, yield accelerations and seismic 

source model parameters are evaluated. Preliminary results presented here will be helpful for the 

assessment of the shortcomings of the method and provide a solid background for future attempts 

of developing regional NSB displacement hazard maps.   

 

Introduction 

Earthquake-induced slope instability is one of the major sources of earthquake hazards in near 

fault regions. In natural and engineered slopes or earth structures, earthquake motions can 

generate significant horizontal and vertical dynamic forces and increase the shear stresses within 

the soil mass which may result in the exceedance of shear strength on potential failure planes. 

Consequently, depending on the characteristics of the slope and the strong ground motion, 

substantial landslide damage may be observed. The damage potential of earthquake-induced 

landslides is well acknowledged; however, a risk-based assessment procedure for this substantial 

hazard in scenario events, rapid response, and loss estimation is not common practice yet. 

 

Over the past two decades, many scientists had attempted to assess the landslide hazards and 

produced susceptibility maps portraying their spatial distribution. According to Süzen and 

Doyuran (2004), the basic conceptual model for landslide hazard mapping includes: 
 

• Mapping a set of geological-geomorphological factors that are directly or indirectly 

correlated with the slope instability, 

• Estimating the relative contribution of these factors in generating a slope failure, and 

• Classification of land surface into zones of different susceptibility degrees. 
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The only earthquake-related parameter in this conceptual model is the distance to the fault plane. 

Therefore, traditional landslide susceptibility mapping approach misses the important features of 

seismic source characterization models such as magnitude recurrence relations, fault activity, 

seismic moment accumulation, etc. in addition to ground motion variability. In order to integrate 

the earthquake-induced landslides in regional event-specific hazard and loss estimates, a 

complete probabilistic seismic hazard assessment (PSHA) framework should be utilized. 

 

Simplified tools like Newmark’s Sliding Block (NSB) Analysis are widely used to represent the 

stability of slopes under ground shaking. The outcome of this analogy is a quantitative measure, 

the NSB displacement, where larger displacement values indicate higher seismic slope instability 

risk. NSB displacement is a suitable parameter for risk based approaches however; NSB analogy 

requires extensive computational efforts in large-scaled regional applications. The NSB 

displacement predictive models avoid the obstacle of selecting suitable input time histories and 

extensive calculations by estimating the NSB displacement using several ground motion 

intensity measures and links the earthquake scenarios in the PSHA framework to the earthquake 

induced landslide hazard. 
 

The objective of this paper is to demonstrate the incorporation of NSB displacement prediction 

models in to the vector-valued PSHA framework. The vector hazard concept for NSB 

displacement prediction is described in terms of the hazard integral and its main components, 

since the work performed here requires the modification of the traditional hazard integral. Bolu-

Düzce Region (located in northwest Turkey) is selected as the application area since damaging 

earthquake-induced landslides were reported in this area during the 1999 Kocaeli and Düzce 

earthquakes. Results of the analyses are presented in terms of hazard curves for several locations 

in the near fault and far-field areas for different site conditions and yield accelerations to assess 

the effect of these parameters on the final hazard output.  

Hazard Integral for Multiple Ground Motion Intensity Measures 

Following the context of performance-based earthquake engineering (Stewart et al., 2002), the 

NSB displacement can be considered as an engineering demand parameter (EDP) that describes 

the performance of slopes. In the PSHA framework, the NSB displacement (D) can be computed 

as a function of test displacement levels, with the result being a NSB hazard curve that describes 

the annual rate of exceedance. We prefer the use of the term “hazard curve” for presenting the 

annual rate of exceeding certain levels of NSB displacement since this terminology is also used 

for other EDPs like spectral acceleration. The hazard integral for NSB displacement hazard curve 

is similar to the traditional hazard integral if only one ground motion intensity measure (IM) is 

employed by the NSB displacement prediction model. For a NSB displacement prediction model 

that depends on only one IM, the hazard integral can be written as: λ(D > 𝑧𝑧) = λo × ∫ ∫ ∫ P[D > z|D(IM(M, R, ε),σlnD)]ϵ  fMRM (M) fR(M, R) fε(ε) × dM × dR × dε   (1)  
 

where D�IM(M, R, ε)� is the median NSB displacement for a given intensity measure and σlnD is 

the standard deviation for NSB displacement prediction model. Recent NSB displacement 

prediction models, such as the model proposed by Saygılı and Rathje (2008), include more than 

one IM as shown: 



ln(D) = (−0.74) + (−4.93) � kyPGA� + (−19.91) � kyPGA�2 + 43.75 � kyPGA�3 + (−30.12) � kyPGA�4 + (−1.3) ln(PGA) +

1.04 ln(PGV) + 0.67 ln(Ia) ± ϵσlnD                                                                                                                                      (2)  

where ky is the yield coefficient in g, PGA is the peak ground acceleration in g, PGV is the peak 

ground velocity in cm/sec, and Ia is the Arias Intensity in m/sec.  σlnD is the standard deviation in 

natural log units and ϵ is the standard normal variate with zero mean and unit standard deviation. 

When the NSB displacement model includes more than one IM, a vector hazard integral is 

required (Bazzurro and Cornell, 2002). For Saygılı and Rathje (2008) prediction model, the NSB 

displacement hazard integral becomes: λ(D > z)

= λo � � � � � P�> z|D�PGA(M, R, εPGA), PGV(M, R, εPGV), Ia�M, R, εIa�,σlnD��ϵIaϵPGVϵPGARM
× fM (M) fR(M, R) fεPGA(εPGA) fεPGV(εPGV|εPGA) fεIa�εIa|εPGV� × dM × dR × dεPGA × dεPGV
× dεIa                                                                                  (𝟑𝟑) 

In Equation 3; λo is the activity rate, M is moment magnitude, R is the distance, εPGA is the number of 

standard deviations for PGA, εPGV is the number of standard deviations for PGV, and εIa is the 

number of standard deviations for Ia,  fεPGA(εPGA) is the probability density function (PDF) for 

εPGA,  fεPGV(εPGV|εPGA) is the PDF for εPGV conditioned on εPGA, and  fεIa�εIa|εPGV� is the PDF 

for εIa  conditioned on εPGV.  

 

The form in Equation 3 differs from the formulation given by Bazzurro and Cornell (2002) such 

that the integral in the equation is over the epsilon values (εPGA, εPGV and εIa) rather than ground 

motion parameters (PGA, PGV, and Ia). While mathematically equivalent, this equation clearly 

shows how the correlation of the variability of the ground motion values should be considered. 

The PDF for the first IM,  fεPGA(εPGA), is given by the standard normal distribution. However, 

the PDF for the second IM,   fεPGV(εPGV|εPGA), is conditioned on the εPGA value and includes the 

correlation of εPGA and εPGV, and so does the PDF of fεIa�εIa|εPGV�. The εPGV can be defined as a 

function of εPGA as: εPGV = ρPGV|PGA × εPGA ± 𝜎𝜎𝑃𝑃𝑃𝑃𝑃𝑃|𝑃𝑃𝑃𝑃𝑃𝑃                                                                                  (4) 

 

Similarly, the εIa  can be defined as a function of εPGV as: 

 εIa = ρIa|PGV × εPGV ± 𝜎𝜎𝐼𝐼𝑎𝑎|𝑃𝑃𝑃𝑃𝑃𝑃                                                                                                  (5) 

 

where ρPGV|PGA is the correlation coefficient between PGA and PGV and ρIa|PGV is the 

correlation coefficient between PGV and Ia. The covariance of εPGV with respect to εPGA and the 

covariance of εIa with respect to εPGV should be computed from the correlation of normalized 

residuals of the ground motion prediction model. The correlation coefficient between PGA and 

PGV, ρPGV|PGA is calculated using the intra-event residuals of Abrahamson and Silva (2008) 

model as 0.74. The correlation coefficient between PGV and Ia could not be calculated since the 

intra-event residuals of the Travasarou et al. (2003) Arias Intensity prediction model is not 



available. The value given by Rathje and Saygılı (2008) (0.64) for the covariance of Travasarau 

et al. (2003) and Boore and Atkinson (2007) models is directly adopted since the correlation 

coefficient has a weak dependence on the selected ground-motion prediction model and ground 

motion database (Baker and Cornell, 2006). 

Hazard Curves for NSB Displacement 

Vector-valued probabilistic NSB displacement hazard analyses are performed for selected 

locations in the Bolu-Gerede Region as shown in Figure 1. Site 3, Site 6, and Site 7 are 

arbitrarily chosen sites with the rupture distance of 5 kilometers at the south of the 1944 Bolu-

Gerede Earthquake (Mw=7.2) rupture zone, since some earthquake-induced landslides were 

observed below the fault plane in this region (R. Ulusay, 2012). Site 6 is located close to the 

creeping segment of 1944 earthquake rupture zone to evaluate the effect of slip rate 

accumulation on the hazard outcome. Sites 4 and 5 are parallel to Site 3, but further away from 

the fault (Rrup= 25 km and Rrup= 50 km, respectively). Site 1 and Site 2 are located close to the 

other seismic sources in the area: Site 1 is 5 kilometers away from the North Anatolian Fault 

Zone (NAFZ) Southern Strand and Site 2 is 5 kilometers away from the Düzce Fault. The 

numerical integration of the PSHA integral shown in Equation 3 is performed by the computer 

code HAZ39 which was developed by N. Abrahamson for scalar PSHA, modified to perform 

vector-valued PSHA by Gülerce and Abrahamson (2010), and subjected to further modification 

to perform three-vector PSHA for this study. 

 
 

Figure 1. The general layout of the sites where the analyses are performed. 

Figure 2 shows the NSB displacement hazard curves for Sites 1, 2, 3, 6, and 7 for rock site 

conditions (Vs30= 760 m/s) for the yield acceleration of ay=0.1g. Since all of these sites are 5 

kilometers away from the respective rupture planes, the resultant hazard curves are very close to 

each other. The NSB displacement at 10% probability of exceedance in 50 years (λ = 0.0021) is 

about 11 cm for Site 1, 9 cm for Site 2, 14 cm for Site 3, 10 cm for Site 6 and 15 cm for Site 7. 

Similarly, the NSB displacements for 2% probability of exceedance in 50 years (λ = 0.0004) 

vary between 32 and 48 cm for the same sites. The NSB displacement observed at Site 6 is 

smaller than the others in higher hazard levels since that site is close to the creeping segment of 



NAF and the annual slip rate of this segment is approximately 40% smaller than the other 

segments. NSB displacement hazard at Sites 3 and 7 are larger than the other sites, since these 

sites are in the near vicinity of the longest segments of the whole system with the highest 

characteristic magnitudes (Mchar). 
 

 
 

Figure 2. NSB displacement hazard curves for Site 1, Site 2, Site 3, Site 6 and Site 7. 

The NSB displacement hazard curves at Site 3 for different site conditions are presented in 

Figure 3. The shear wave velocity values are chosen according to the NEHRP (1997) site class 

definitions to represent rock site conditions (VS30=760 m/s), soft rock (or very dense soil) 

conditions (VS30=560 m/s), and soil (stiff) site conditions (VS30=270 m/s). The NSB 

displacement values at 10% probability of exceedance in 50 years increases as the VS30 value 

decreases; NSB displacement is about 14 cm for rock, 25 cm for soft rock, and 42 cm for soil site 

conditions. Similarly the NSB displacement for 2% probability of exceedance in 50 years is 48 

cm for rock, 88 cm for soft rock, and greater than 100 cm for soil site conditions. According to 

NSB analogy, slope tends to deform as a single massive block which means a rigid-perfectly 

plastic stress-strain behavior on a planar failure surface; therefore, the VS30 values selected for 

rock and soft rock are more representative for NSB analogy. 
 

The selected yield acceleration and distance to the rupture plane have a considerable effect on 

the resulting NSB displacement. In Figure 4, the NSB displacement hazard curves for Site 3 for 

different yield acceleration values are compared. The NSB displacement for 10% probability of 

exceedance in 50 years is about 2 cm for yield acceleration of 0.2g, but this value increases 

significantly with decreasing yield acceleration. 14 cm NSB displacement is computed for the 

yield acceleration of 0.1g, and 28 cm is computed for yield acceleration of 0.05g at the same 

hazard level. For 2% probability of exceedance in 50 years, the NSB displacement values are 18 

cm for yield acceleration of 0.2g, 48 cm for yield acceleration of 0.1g, and 75 cm for yield 

acceleration of 0.05g. 
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Figure 3. NSB displacement hazard curves for different shear wave velocities at Site 3. 

 

Figure 4. NSB displacement hazard curves for different yield acceleration values at Site 3. 
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Figure 5. NSB displacement hazard curves for Site 3, Site 4 and Site 5. 

NSB displacement hazard curves for Site 3, Site 4 and Site 5, which are located 5, 25 and 50 km 

away from the nearest segments, are presented in Figure 5. For rock site conditions (VS30= 760 

m/s) and with the yield acceleration value of 0.1g, the NSB displacement for 10% probability of 

exceedance in 50 years is 14 cm for Site 3, 1 cm for Site 4, and even below 1 cm for Site 5. The 

NSB displacements for 2% probability of exceedance in 50 years are 48 cm for Site 3, 6 cm for 

Site 4, and about 1 cm for Site 5. These results indicate that earthquake induced landslides 

hazard is critical for near fault zones, however, the effect diminishes away quickly as the rupture 

distance increases. 

Conclusions 

Even through many NSB displacement equations based on local and global strong motion 

datasets were proposed in the past ten years, these equations were not incorporated in to the 

PSHA software and tested by using real seismic source characterization models developed for 

active tectonic regions. The primary objective of the study is to integrate the NSB displacement 

prediction equations based on multiple IMs into the vector-valued PSHA framework and to 

provide the NSB displacement hazard curves for different site conditions and yield accelerations 

for arbitrary sites located at different rupture distances. Following interpretations are made by 

examining the hazard curves presented in Figures 2-5: 
 

• Distance to the fault plane is the most important factor for quantifying the risk for 

seismically induced landslides. NSB displacements observed in close vicinity of the fault 

planes (especially up to 5 km) are significantly higher than the calculated displacements 

for the far field sites.  

• The annual slip rate of the fault has a considerable effect on the outcome. The site located 
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near the creeping segment of the NAFZ (where the slip rate is reduced) is less prone to 

the NSB displacement hazard when compared to the other sites with equal rupture 

distances. 

• As the VS30 of the soil decreases from 760 m/s to 270 m/s (keeping in mind that NSB 

displacement analogy is more appropriate for rock sites), estimated NSB displacement 

increases. Soft rocks classified as Class C according to NEHRP are subjected to larger 

NSB displacement hazard than rocks classified as Class B. The underlying reason for this 

increase is the linear and nonlinear site amplification models embedded in GMPEs. This 

effect becomes more substantial in the higher hazard levels. 

• Yield acceleration value has a significant effect on the estimated NSB displacements; 

therefore, it should be estimated properly using geotechnical test results. This task is 

particularly challenging in large scaled applications.  

 

To be able to apply the method summarized here in engineering applications, following 

shortcomings should be carefully considered: 
 

• The damage measures for the NSB displacement are not clearly defined. Current 

applications only provide the annual rates of exceeding certain NSB displacement values 

but do not state the limiting values for the failure of the slope or any other performance 

objective.  

• Limiting NSB displacement values may be determined by comparing the results with the 

case histories. This task is also challenging since the NSB analogy is only valid for soils 

that can behave as a rigid block and obeys the perfectly plastic behavior. An example for 

the validation of the method and discussion of the limitations is provided in Balal and 

Gülerce (2014) for the Bakacak Landslide observed during 1999 Düzce Earthquake. 

• Only parameter used in this framework that reflects the site effects is the yield 

acceleration. Other than the yield acceleration no geological-geomorphological factors 

that can be correlated with the slope instability are considered. Therefore, this method 

would be quite useful when combined with landslide susceptibility studies that consider 

other geological-geomorphological factors in choosing landslide-sensitive sites.  
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