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Julio Copana 

 

ABSTRACT 

This study evaluates the seismically induced displacements of a slope using the Finite Element 

Method (FEM) in comparison to the results of twelve empirical predictive approaches. First, the 

existing methods to analyze the stability of slopes subjected to seismic loads are presented and 

their capabilities to predict the onset of failure and post-failure behavior are discussed. These 

methods include the pseudostatic method, the Newmark method, and stress-deformation numerical 

methods. Whereas the pseudostatic method defines a seismic coefficient for the analysis and 

provides a safety factor, the Newmark method incorporates a yield coefficient and the actual 

acceleration time history to estimate permanent displacements. Numerical methods incorporate 

advanced constitutive models to simulate the coupled stress-strain soil behavior, making the 

process computationally more costly.  In this study, a model slope previously studied at laboratory 

scale is selected and scaled up to prototype dimensions. Then, the slope is subjected to 88 different 

input motions, and the seismic displacements obtained from the numerical and empirical 

approaches are compared statistically. From correlation analyses between seven ground motion 

parameters and the numerical results, new empirical predictive equations are developed for slope 

displacements. The results show that overall the FEM displacements are generally in agreement 

with the numerically developed methods by Fotopoulou and Pitilakis (2015) labelled ñMethod 2ò 

and ñMethod 3ò, and the Newmark-type Makdisi and Seed (1978) and Bray and Travasarou (2007) 

methods for rigid slopes. Finally, functional forms for seismic slope displacement are proposed as 

a function of peak ground acceleration (PGA), Arias intensity (Ia), and yield acceleration ratio 

(Ay/PGA). These functions are expected to be valid for granular slopes such as earth dams, 

embankments, or landfills built on a rigid base and with low fundamental periods (Ts<0.2).  
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GENERAL AUDIENCE ABSTRACT 

A landslide is a displacement on a sloped ground that can be triggered by earthquake shaking. 

Several authors have investigated the failure mechanisms that lead to landslide initiation and 

subsequent mass displacement and proposed methodologies to assess the stability of slopes 

subjected to seismic loads. The development of these methodologies has to rely on field data that 

in most of the cases are difficult to obtain because identifying the location of future earthquakes 

involves too many uncertainties to justify investments in field instrumentation (Kutter, 1995). 

Nevertheless, the use of scale models and numerical techniques have helped in the investigation 

of these geotechnical hazards and has led to development of equations that predict seismic 

displacements as function of different ground motion parameters. In this study, the capabilities and 

limitations of the most recognized approaches to assess seismic slope stability are reviewed and 

explained. In addition, a previous shaking-table model is used for reference and scaled up to 

realistic proportions to calculate its seismic displacement using different methods, including a 

Finite Element model in the commercial software Plaxis2D. These displacements are compared 

statistically and used to develop new predictive equations. This study is relevant to understand the 

capabilities of newer numerical approaches in comparison to classical empirical methods. 
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CHAPTER 1. INTRODUCTION  

1.1. Motivation  

A landslide is a geotechnical hazard that can be triggered by different phenomena, and every year 

causes enormous economic and human losses around the world. The United States Geological 

Survey (USGS) classifies the triggering mechanisms into two main categories: human and natural. 

Natural mechanisms combine the effects of water, volcanic activity, and seismic activity. From 

these triggers, seismic activity has proven to have a great impact on the stability of slopes. For 

instance, the M 7.5 Guatemala Earthquake in 1976 caused approximately 50,000 landslides (Harp 

et al., 1981), and the Niigata Ken Chuetsu earthquake in 2004 recounted around 30 landslides/km2 

in a 30-km2 study area and caused damages estimated at U.S. $8 billion (Kieffer et al., 2006). For 

that reason, co-seismic landslides have been studied to develop methodologies to assess them and 

reduce their negative effects.  

An important factor for the risk assessment is to predict seismic displacements, which is possible 

by applying empirical predictive methods or stress-strain numerical methods. The development of 

predictive equations is a demanding procedure that requires the application of large amounts of 

data for different configurations. Nevertheless, identifying where earthquakes are going to happen 

is uncertain, and this restricts engineers from knowing where to invest in field instrumentation to 

study seismic effects (Kutter, 1995). Therefore, the use of laboratory scale models is important for 

data acquisition to apply them in geotechnical modeling. In this investigation, a slope model tested 

on a shaking table is analyzed and used for developing empirical equations. 

In addition, even though numerical analyses have better capability to represent the complex 

dynamic response in comparison to the empirical methods, their historical drawback is the 

computation time. Nevertheless, the advent of newer computational tools has increasingly been 

available to perform dynamic numerical analysis of slopes more efficiently (e.g. Plaxis, FLAC). 

Therefore, comparison studies of existing empirical methods with newer numerical methods are 

important to observe the consistency of the results.  
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1.2. Research Objectives  

The aims of the research presented herein are: 

- To review the different approaches to evaluate seismic slope stability and identify how 

these methodologies evaluate the onset of failure and the post-failure analysis of slopes. 

This will provide insights into the capabilities and limitations of the methods for their 

correct application.  

- To perform a statistical comparison of the seismic displacements obtained from a finite 

element (FE) numerical model with the permanent displacements of twelve empirical 

predictive approaches. In particular, we focus on the stability of homogeneous granular 

slopes such as earth dams, embankments, or landfills built on a rigid base and low 

fundamental periods. For this purpose, a previous study of a small granular slope on a 

shaking table experiment is considered and scaled up by a factor of 10. The empirical 

methods include the approaches developed by Newmark (1965), Makdisi and Seed (1978), 

Hynes-Griffin and Franklin (1984), Bray and Travasarou (2007), Jibson (2007), Hsieh and 

Lee (2011), and Fotopoulou and Pitilakis (2015). The FEM numerical model is 

implemented in the Plaxis2D program. 

- To propose new empirical predictive equations for seismically induced granular slopes 

settled on a rigid base. In this respect, seven ground motion parameters (PGA, PGV, PGD, 

Ia, Tm, D5-95, Ay/PGA) are correlated to the horizontal displacements obtained from the FE 

model to fit the best functional forms.  

1.3. Organization 

This investigation is organized in the following chapters. Chapter 2 describes and classifies the 

existing methods to assess seismic slope stability and runout. Chapter 3 explains the general 

methodology used in this research, describes all the empirical predictive approaches used in this 

study, details the numerical modeling in Plaxis, and presents the results. Chapter 4 discusses the 

results of the statistical comparison, presents the correlation analyses for the development of 

predictive equations, and discusses the effect of the FE mesh size in the results. Chapter 5 provides 

the concluding remarks. Finally, the Appendix presents a tabulated summary of the ground motion 

parameters, seismic displacements, and additional graphs.   
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CHAPTER 2. METHODS TO ASSESS SEISMIC SLOPE STABILITY  

2.1. Introduction 

Seismic slope stability is a geotechnical hazard, and a subject developed through a comprehensive 

study of landslides triggered by earthquakes. Reports of these events date back to 1789 BCE in 

China and 373 or 372 BCE in Greece (Hansen and Franks, 1991 and Seed 1968; Keefer, 2002), 

and the first extensive investigation of landslides triggered by earthquakes was performed in Italy 

in 1783 (Keefer, 2002). Since then, different authors have not only developed techniques that allow 

engineers to reduce the uncertainty of sloped earthworks designed for seismic events, but also 

performed many investigations to improve previous techniques. The understanding of failure 

mechanisms of sloped materials and the introduction of limit equilibrium methods for its stability 

analysis brought about by well-known authors in soil mechanics, and simultaneously, the 

increasing understanding of earthquake waves and its representation were fundamental to advance 

into the development of the pseudostatic method for seismic slope stability analysis. Later, the 

seismic displacements as a measure of performance of the slope were introduced. Currently, 

numerical techniques and advanced computational tools play an important role in the assessment 

of seismic slope stability analysis. This chapter will summarize the state of the art of the methods 

used for this purpose.  

To begin, Terzaghi (1950) defines a landslide as a rapid displacement of the ground followed by 

an imperceptible movement called ócreepô that occurs when the resistance of the soil is surpassed 

by the driving forces. A broader definition is given by the USGS which describes it as the 

downward and outward movement of slope materials and classifies the types of movements into 

falls, topples, slides, lateral spreads, and flows depending on the direction of the movement, the 

shape of the failure mechanism, the rate of movement, and the content of other materials such as 

water, ice or air. In particular, this investigation (Chapter 3) focuses on óslidesô type of movements. 

According to Duncan et al. (2014), a slope failure occurs when the shear strength of the soil 

required for equilibrium is less than the shear stress. This condition of instability can be achieved 

by external or internal phenomena. External phenomena are referred to as those that increase the 

shearing stresses and can be understood as external loads such as seismic loads or induced man-

made loads. Internal causes happen when there is a reduction in the shear strength of the soil. 
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Terzaghi (1950) attributed this loss of strength to the increase of pore pressures and the progressive 

decrease of the cohesion as the two most common reasons. When an earthquake happens, the 

increase of the shearing stresses, and a reduction of the shear strength of the soil could occur 

simultaneously. Therefore, the challenges of seismic slope stability lay on estimating the potential 

failure surface, the shear strength of the soil along these surfaces, and how to efficiently consider 

the effects of the seismic loading. Moreover, the challenges of post-failure analysis include the 

runout prediction. 

Several approaches have been studied to include dynamic loads in slope stability analyses. Jibson 

(2010) describes and classifies the methods that have been developed during the twentieth century 

in three types: the earliest is the pseudostatic method established by Terzaghi in 1950; then, the 

estimation of permanent displacement as a mean to analyze the slope stability analysis was 

introduced by Newmark in 1965; and finally, the use of the finite element method and other 

numerical techniques gave place to the so-called stress-deformation analysis which can allow for 

complex constitutive models to represent the dynamic behavior of the slope, and theoretically are 

the most accurate. The following lines will review and describe these methods emphasizing the 

seismic evaluation and their applicability for post-failure analyses. 

2.2. Pseudostatic Analysis 

The pseudostatic method is the earliest approach to assess seismic slope stability. Introduced by 

Terzaghi in 1950, he describes the use of a coefficient (ng) defined as the quotient of the greatest 

horizontal acceleration produced by an earthquake and the gravity acceleration. This coefficient is 

nowadays denoted as a seismic coefficient (k), and it is the most important parameter of the 

pseudostatic analysis of slopes. This method incorporates the complex dynamic load as a single 

unidirectional static force equal to the product of the weight of the sliding mass and the seismic 

coefficient. The location of the application of the force is not well defined. Terzaghi suggested that 

it should be applied at the center of gravity of the slices (Duncan et al., 2014). After the application 

of this pseudostatic horizontal force, a traditional static slope stability analysis is performed using 

limit equilibrium methods to calculate a factor of safety. For example, Figure 1 presents the 

configuration of an infinite slope where ɓ is the inclination angle, W is the weight of the slice, and 

its factor of safety can be computed using Equation 1. 
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Figure 1. Free diagram body for an infinite slope with 

seismic load kW (From Duncan et al., 2014) 

&3
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Several recommendations and expressions are available in the literature to determine the seismic 

coefficient (k) which generally ranges from 0.05 to 0.25 (Duncan et al., 2014). Hynes-Griffin and 

Franklin (1984) recommend using a seismic coefficient equal to half of the peak ground 

acceleration (PGA). Terzaghi (1950) proposed to use 0.1, 0.25, and 0.5 for ñsevereò, ñviolentò, 

and ñcatastrophicò events respectively. Melo and Sharma (2004) performed a numerical analysis 

in FLAC to back-calculate seismic coefficients from real cases; their results ranged from 0.172 to 

0.677. Bray and Travasarou (2009) provide a general procedure for selecting the seismic 

coefficient based on allowable seismic displacements. Their expression (Equation 2) presents k as 

a function of the parameters a and b, where a is a function of the 5% spectral acceleration (Sa), and 

b is a function of the seismic displacement (Da) to be defined by the engineer, the initial 

fundamental period of the sliding block (Ts), the moment magnitude of the earthquake (M), and 

the normally distributed random variable (Ů). Thus, an accurate estimation of the seismic 

coefficient is complex, and it requires a lot of engineering judgment.  
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For periods Ts<0.05 s the term 1.10 in the Equation 4 must be changed to 0.22.  
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The advantage of the pseudostatic method is that the implementation of a seismic load in the slope 

stability analysis is straightforward. However, this simplification of a complex load causes the 

method to be over-conservative. In addition, the typical limitations of limit equilibrium methods 

are kept in this analysis. For example, the assumption of the location and shape of failure surfaces 

with an unvarying shear strength all across the surface (resembling uniform plastification). Finally, 

another drawback of this technique is the lack of information for the post-failure analysis since the 

serviceability evaluation of a structure after an earthquake is based on displacements (Kramer, 

2007). 

2.3. Sliding Block Analysis 

A factor of safety does not provide any information about the performance of the slope. Therefore, 

Newmark (1965) introduced the rigid-block analysis to calculate seismically induced permanent 

displacements on embankments and dams. This approach considers the sliding mass as a rigid 

body on an inclined surface, and the ground motion is incorporated as an acceleration time-history. 

The yield acceleration (Ay) is defined as the product of the gravity acceleration and the yield 

coefficient (ky). The last term is equivalent to the seismic coefficient (k) that produces a factor of 

safety equal to one. When the acceleration a(t) exceeds Ay, the block begins to slide, and it stops 

when the velocity of the block and the velocity of the underlying mass are the same. The 

accelerations surpassing Ay are integrated once to find the velocity of the system and twice to find 

a permanent displacement. 

 

Figure 2. Integration of effective acceleration time-history to determine velocities and 

displacement 
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The yield coefficient (ky) is the representation of the dynamic resistance of the slope because it is 

a function of the materialôs shear properties (friction angle and cohesion), the geometry of the 

slope (e.g., height, inclination), and the weight (Bray, 2007). To find ky, three slip surfaces must 

be analyzed: i) the slip surface that produces the minimum static factor of safety, ii) the slip surface 

that produces the minimum ky, which sometimes could be unrealistic and provide very low ky 

values and iii) the slip surface that reflects the pattern of accelerations within the soil mass (Duncan 

et al., 2014). The lower the ky value would represent a weaker soil, and conversely, the greater this 

value, the stronger the soil (Fotopoulou and Pitilakis, 2015)  

Jibson (2010) calls the yield acceleration Ay critical acceleration Ac and presents Equation 5 to 

calculate it as a function of the static factor of safety (FS) and the angle of the slope (Ŭ) with the 

horizontal line. Bray (2007) presents simplified equations to determine ky as a function of the slope 

geometry, weight, and strength (see Figure 3).  

! ! &3ρÇÓÉÎɻ             (5) 

 

Figure 3. Simplified estimates of the yield coefficient: a) shallow sliding, and b) deep sliding. 

(From Bray, 2007) 

Sliding-block methods can generally be applied to predict displacements resulting from óslidesô 

type of movements which include rotational and translational landslides (Jibson, 1993). The 

parameter analyzed to evaluate the performance and determine if the slope will be stable is the 

allowable permanent displacement. If the final displacement is greater than the allowable 

permanent displacement, there is a potential risk of failure of the slope. Therefore, several 
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empirical predictive approaches have been developed using the Newmark approach to calculate 

permanent displacements as a function of different intensity measures (IM). Lately, risk analyses 

have been incorporated in the assessment of slopes under seismic loads (Finn, 2013), providing a 

more comprehensive seismic analysis and where the engineering judgment plays a crucial role in 

determining allowable permanent displacements. Similarly, values of maximum permanent 

displacements or threshold displacements (Bray, 2007) have been suggested. In general, allowable 

deformations generally vary from 0.15 m to 1.0 m (Duncan et al., 2014). Results within these 

ranges could be subject to posterior risk analysis. In addition, displacements greater than the 

referential allowable displacements could be categorized as ólarge deformationsô. 

Makdisi and Seed (1978) observed that the peak acceleration on the base is not constant through 

the slope; instead, there is an amplification of the accelerations from the base to the crest. Rigid 

block analyses hypothesize that the whole sliding mass is subjected to the exact same motion and 

they do not accurately capture the dynamic response of the slope during earthquake shaking. To 

overcome this limitation, Makdisi and Seed (1978) developed charts to estimate permanent 

Newmark displacements considering the amplification using finite element analyses. The 

development of similar studies (e.g., Hynes, 1999) have produced the so-called ñdecoupled 

approachesò. The steps to perform a decoupled analysis are: 1) estimate the average acceleration 

time response executing the dynamic response of the slope assuming that failure does not occur, 

and 2) use the equivalent input motion into the classical rigid block method to calculate permanent 

displacements (Jibson, 2010). This two-stage decoupled approach is not the most realistic 

representation of the slope behavior to include dynamic response of the slope to compute seismic 

displacements because, in nature, the slope dynamic motion also evolves with the failure response. 

Finally, the ñfully coupled approachesò accomplish a simultaneous analysis of the deformations 

caused by the dynamic response (in 1D or 2D directions) and the sliding response (Bray, 2007). 

They could account for plastic deformations but are computationally more costly than the rigid 

block and decoupled methodologies (Jibson, 2010).  

2.4. Stress Deformation Analysis 

Sloped earthworks and most geotechnical problems can be modeled based on theoretical 

descriptions of the materials mechanics and boundary conditions. They can be represented in terms 
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of a set of governing equations, which are complex systems of differential equations. The problem 

then is purely mathematical, which in most cases needs the simplification of the modelôs boundary 

conditions and material behavior in order to be solved. Therefore, analytical solutions are very 

limited, or otherwise misrepresentative, and a numerical approach is required.  

Stress-deformation analysis is a relatively new category to assess seismic slope stability, which 

comprises a number of numerical techniques designed to approximate the solution of boundary 

value problems. The problem domain is discretized in small pieces, and the governing equations 

are solved for a finite number of points. Soil behavior can be characterized by complex constitutive 

models (see Figure 4) and by seismic loads in terms of acceleration or stress time-history. In 

general, stress-deformation analyses allow realistic representations (properties, geometry, etc.), 

but they are computationally expensive.  

 

Figure 4. Stress-strain relationships. (a): Elastic perfectly plastic, (b): Elastic-linear hardening, 

(c): Elastic-linear softening 

 

The stability analysis is based on estimating the strength reduction factor (SRF), which resembles 

a factor of safety. In this approach, the shear strength parameters are reduced by dividing them by 

the SRF until failure is reached (the solution does not converge).  

One of the earliest investigations that utilized numerical methods in engineering was performed 

by Clough in 1960 (Jibson, 2010). Duncan (1996) presents a list of pioneer authors that used finite 

element analyses with different stress-strain relationships on static slope stability. Similarly, 

Kramer (2007) presents different authors that performed dynamic finite element analyses of slopes 

(e.g. Seed (1973), Lee (1974), Serff et al. (1976), Finn et al. (1986), etc.) More recently, Khosravi 

et al. (2013) use finite element models to compare approaches to perform seismically loaded 

slopes. Fotopoulou and Pitilakis (2015) developed empirical predictive equations using the finite 
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differences method.    

The advent of more advanced computational tools and new numerical techniques signified that 

two broad stress-strain numerical approaches can be distinguished: mesh-based methods and 

particle-based methods. Mesh-based methods such as the Finite Element Method (FEM) or the 

Finite Differences Method (FDM) are the most common techniques, and the main characteristic is 

that the material properties are referenced to a deformable mesh. One limitation of mesh-based 

methods is that they suffer from mesh tangling when large deformations are involved. Thus, these 

approaches are efficiently applied to mesh distortions that do not compromise the convergence 

condition; therefore, a stress reduction factor (SRF) could be estimated, or a performance 

evaluation based on allowable deformations could be carried out. Otherwise, it can be assumed 

that failure has occurred, and the post-failure analysis (run-out processes) requires numerical 

approaches capable of dealing with large deformations such as the particle-based methods. 

Examples of these numerical techniques are the Material Point Method (MPM) and the Smoothed 

Particle Hydrodynamics (SPH) which are Lagrangian descriptions that carry the material 

properties as a set of material points (Yerro et al., 2016), and they are adequate to simulate large 

deformations and study the post-failure soil behavior as well as óflowsô or ólateral spreadsô type of 

landslide movements. 

2.5. Conclusion 

The most well-known methods to analyze slope stability considering dynamic loads were 

presented. The first approach was established by Terzaghi and it is called pseudo-static analysis. 

The basic concept of this method is the introduction of a horizontal load equal to the weight of the 

block or sliding mass times the seismic coefficient ks. Then, a conventional static slope stability 

analysis is performed to find a factor of safety. Another methodology is the sliding-block analysis 

introduced by Newmark, which is currently one of the most common in engineering practice. This 

method involves two integrations: a first integration of the acceleration time record that surpasses 

the yield acceleration (Ay), which is the seismic coefficient that yields a safety factor equal to one, 

and a second integration to find permanent displacements. The third method is the stress-

deformation analysis, which consists of applying numerical techniques with sophisticated 
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constitutive soil behavior models to solve a set of governing equations. In this method, we can 

distinguish mesh-based methods (e.g., FEM, FDM) and particle-based methods (e.g., MPM, SPH).  

Sliding-block methods can be adequate to estimate deformations resulting from slides type of 

movements which include rotational and translational landslides. These movements can also be 

represented using numerical methods; however when large deformations are involved (e.g. lateral 

spreads and flows) particle-based numerical techniques are required.  

Finally, this study has identified: a) how the different methodologies evaluate the onset of failure 

(stability analysis) and b) the applicability of these methods to predict post-failure deformations 

and final run-outs (post-failure analysis). Table 1 summarizes the findings. 

Table 1. Summary of the applicability of the methods on a) stability and b) post-failure analysis. 

  
Pseudostatic 

Analysis 

Sliding Block 

Analysis 

Stress Deformation 

Analysis 

Stability Analysis 
Factor of Safety 

FS >1 

Allowable permanent 

displacements 

Strength Reduction Factor 

SRF > 1 

Post failure analysis 

(Risk analysis) 
Not applicable 

Constrained to small 

deformations 

Applicable (Large run-

outs only with particle-

based methods) 
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CHAPTER 3. SEISMIC SLOPE STABILITY: A COMPARISON STUDY OF 

EMPIRICAL PREDICTIVE METHODS WITH THE FINITE ELEMENT METHOD  

3.1. Introduction  

In chapter 2, the methods to assess seismic slope stability were presented. These methods can be 

classified into three groups: the pseudostatic method, the sliding-block methods, and the stress-

strain numerical methods. Each one of them presents advantages and disadvantages. The 

pseudostatic method is simple to apply, but a factor of safety as the sole criteria of stability 

evaluation is not sufficient for post-failure analysis. On the other hand, the stress-strain methods, 

also known as stress-deformation or numerical methods, could represent the dynamic soil behavior 

with high sophistication, but the computation time efficiency is forsaken. The Newmark methods 

or sliding-block approaches qualify as a link between the other two methods because they are 

neither too simple nor too complex to compute permanent displacements (Jibson, 2010).  

Over the last three decades, some major developments in seismic slope stability are the use of 

displacements as criteria of performance evaluation, and the acceptance of the numerical 

platforms, e.g., FLAC (finite difference approach) and Plaxis (finite element approach), for 

dynamic analysis (Finn, 2013). Recently, numerical frameworks that account for large 

deformations (e.g., the Material Point Method) are also being incorporated into dynamic analyses 

(e.g., Bhandari et al., 2016, Zabala et al., 2007). Since the sliding block methods and the stress-

strain numerical methods provide seismic displacements, they have extensively been studied, and 

as a result, empirical predictive equations, also called ground motion prediction equations (GMPE) 

or attenuation relationships, were formulated for the prediction of seismically induced 

displacements as functions of ground motion parameters, also referred as intensity measures (IM). 

Furthermore, as mentioned in Chapter 2, sliding-block methods are adequate to represent 

displacements from óslidesô type of landslides, meanwhile stress-deformation numerical methods 

can be capable to represent not only óslidesô type of movements, but also processes including large 

deformations such as óflowsô. In particular, this research is focused on óslidesô given the 

characteristics presented on a previous study on a shaking-table test. 

Identifying where earthquakes are going to happen is uncertain, and this restricts engineers from 

knowing where to invest in field instrumentation to study seismic effects (Kutter, 1995). Therefore, 
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the use of scale models is important for data collection to apply them in geotechnical modeling. In 

this investigation, a scale model tested on a shaking table by Hiraoka et al. (2013) and studied 

numerically by Bhandari et al. (2016) is used for validation and scaled up to prototype proportions 

to evaluate its response to a dataset of seismic records to find seismic displacements through the 

application of empirical prediction methods and the finite element method. The empirical methods 

include the approaches developed by Newmark (1965), Makdisi and Seed (1978), Hynes-Griffin 

and Franklin (1984), Bray and Travasarou (2007), Jibson (2007), Hsieh and Lee (2011), and 

Fotopoulou and Pitilakis (2015). The numerical model is implemented in Plaxis2D using a linear 

elastic perfectly plastic stress-strain constitutive law with the Mohr Coulomb failure model. These 

results are compared statistically, and new empirical approaches to calculating seismic 

displacements are proposed.   

3.2. Methodology  

The study consists of the seismic slope analysis of granular material using twelve empirical 

prediction equations and the finite element method (FEM). A shaking-table model previously 

studied is used for numerical validation and scaled up to a prototype model; then, it is subjected to 

88 acceleration time records obtained from the Pacific Earthquake Engineering Research (PEER) 

database with moment magnitudes (M) ranging from 6 to 7.62 and rupture distances (R) from 0.2 

to 180.2 km. The permanent seismic displacements obtained using the empirical approaches are 

compared statistically to FEM results using a rating technique similar to Jafarzadeh et al. (2019). 

Then, seven ground motion parameters are computed and correlated to the horizontal 

displacements obtained from the finite element (FE) model to observe the best correlations and 

propose new empirical correlations to reckon seismic displacements. Figure 5 displays the general 

methodology adopted for this study.  

3.2.1. Prototype and scale model characteristics 

A previous study of a small slope on a shaking table experiment from Hiraoka et al. (2013) was 

considered for reference. The scale model (H=0.5 m and 45° slope inclination) comprised a 

granular soil with friction angle ◖=23.5Á and cohesion c=0.78 kPa. This experiment was 

investigated numerically with the 2D smoothed particle hydrodynamics (SPH) model (Hiraoka et 

al., 2013). Likewise, Bhandari et al. (2016) performed a numerical study of this test using the finite 



 

14 

 

element method (FEM) and the material point method (MPM). In this research, the same scale 

model was simulated with Plaxis (FEM software) and the results were compared with the previous 

publications for validation.  

After this validation, the geometry and material properties from the model were scaled up to a 

prototype slope to apply the empirical equations and to implement a real scale FEM model. A 

multiplier factor, ɚ=10, was used for scaling up the dimensions to represent the proportions of 

typical embankments and minimize the gravity effects of scaling. The soil properties were selected 

iteratively to be consistent with the inclination of the slope and to ensure static slope stability while 

maintaining the factor of safety similar to the scale model. Ignoring the adjustment to the scale 

material properties would result in an unstable structure failing by self-weight. The final shear 

strength parameters required to ensure the static stability of the prototype slope are c=2.4 kPa and 

◖=46.5Á, and they represent typical values of glacial tilts or heavily compacted materials. The 

prototype dimensions are representative of a typical embankment or a disposal landfill where deep 

failure planes are not considered for the design.  

 
Figure 5. Flowchart of methodology 
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3.2.2. Dynamic resistance and rigidity of the slope  

Pseudostatic analyses were carried out with different seismic coefficients (k) to calculate the yield 

acceleration (Ay), which represents the dynamic resistance of the slope. The analyses were 

completed using the ordinary method of slices (OMS) and adopting circular slip surfaces with the 

Mohr Coulomb failure criterion. Figure 6 displays the reduction of the factor of safety with respect 

to the seismic coefficient. A higher seismic coefficient corresponds to greater induced stress; thus, 

the slope tends to be more unstable, and it is reflected on a reduction of the safety factor. The yield 

coefficient (ky) of the slope is 0.248; then, the yield acceleration is 0.248g or 2.432 m/s2.  

 

Figure 6. Factor of safety vs. seismic coefficient  

Another important parameter used in the empirical methods is the fundamental period of the 

structure (Ts), which provides an idea of the rigidity of the slope: stiff for Ts<0.2 s, and flexible 

otherwise (Fotopoulou and Pitilakis, 2015). It can be calculated by Ts=4H/Vs, where H is the height 

equal to 5 m, and Vs is the shear wave velocity equal to 110 m/s. In this case, Ts is found 0.18 s. 

3.2.3. Earthquake ground motions 

A total of 88 seismic records have been utilized in the analysis (summarized in Appendix A). The 

input motions correspond to moment magnitudes (M) between 6 to 7.62, rupture distances (R) 

between 0.21 to 180.24 km, and shear wave velocities in the upper 30 meters (Vs30) ranging from 
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406.7 to 595.2 m/s. Seven intensity measures (IM) were computed from the acceleration time 

records: peak ground acceleration (PGA) with values varying from 0.004g to 1.30g, peak ground 

velocity (PGV) values varying from 0.76 to 106.82 cm/s, peak ground displacement (PGD) 

varying from 0.17 to 53.76 cm, Arias intensity (Ia) varying from 0.04 to 996.67 cm/s, mean period 

(Tm) varying from 0.18 to 1.64 seconds, predominant duration (D5-95) varying from 2.55 to 37.58 

seconds, and the yield acceleration ratio (Ay/PGA) ranging from 0 to 50.16. Histograms of 

intensity measures and plots correlating ground motion parameters are presented in Appendix B 

and C, respectively. Similarly, Figure 7 plots the Fourier amplitude spectra and the response 

spectral acceleration of the input loads. All these parameters are used in the calculations of the 

horizontal seismic displacement.  

      
                                       (a)                                                                      (b) 

Figure 7. (a) Fourier Amplitude Spectra, and (b) Response Spectral Acceleration 

3.2.4. Empirical Predictive Approaches  

Twelve empirical predictive approaches were considered. The study includes the Newmark-type 

methods (rigid, decoupled, coupled), and numerically developed empirical approaches proposed 

by different authors. As explained in section 2.3, the complexity of each method varies. Table 2 

summarizes the methods used in this study.  
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Rigid methods 

The classical Newmark method or rigid block method (1965) was implemented in this research 

using a Matlab code that begins integrating the ground acceleration that exceeds the yield 

acceleration in an acceleration time record and stops when the relative velocity is zero as shown 

in Figure 2. Only the positive side of the accelerations are considered for the integration, so upslope 

displacements are neglected (See Figure 8). 

Two empirical rigid methods developed by Jibson (2007) are considered in this study and 

presented in Equations 6 and 7.  The horizontal displacement (D) in centimeters is calculated as a 

function of Arias intensity (Ia) in meters per second, the yield acceleration (Ay) in g, and the yield 

acceleration ratio (Ay/Amax). These relationships are recommended to be applied to slopes (natural 

or man-made) with shallower landslides in brittle materials and for yield accelerations between 

0.2 and 0.8 g. 

,ÏÇ$ ςȢτπρÌÏÇ) σȢτψρÌÏÇ! σȢςσππȢφυφ            (6) 

,ÏÇ$ πȢυφρÌÏÇ) σȢψσσÌÏÇ! !ϳ ρȢτχτπȢφρφ                 χ 

 
Figure 8. Acceleration time records and yield acceleration used in the study 

As it will be seen later in Equation 15, the simplified approach to estimate seismic displacements 

presented by Bray and Travasarou (2007) is function of the degraded spectral acceleration (Sa) at 

1.5Ts, where Ts is the fundamental period of the slope, the yield coefficient (ky) in g, and the 
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moment magnitude (M). This approach can be used as an equivalent rigid approximation (Equation 

8) by estimating the spectral accelerations (Sa) corresponding to slope structures that have 

fundamental periods (Ts) equal to zero, namely estimating the displacement as a function of the 

PGA. The non-zero displacements D are in cm and PGA in g.  

,ÏÇ$ πȢςςςȢψσÌÎË πȢσσσÌÎË πȢυφφÌÎË ÌÎ0'! σȢπτÌÎ0'!

πȢςττÌÎ0'! πȢςχψ- χ ʀ                           (8) 

The final rigid approach included is from Hsieh and Lee (2010), which incorporates corrections to 

linearity correlations among the yield acceleration, Arias intensity, and displacements previously 

studied by Jibson (2007). In this study, the form II (Equation 9) of their empirical method is used, 

which corresponds to a global data set correlation where D is in cm, Ia m/s, and Ay in g.  

,ÏÇ$ πȢψτχÌÏÇ) ρπȢφς! φȢυψχ!ÌÏÇ) ρȢψτπȢςωυ                   ω 

Decoupled methods 

Two decoupled procedures were considered. The Makdisi and Seed (1978) approach and the 

Hynes-Griffin and Franklin (1984). The decoupled Newmark method was explained in section 2.3 

The Makdisi and Seed (1978) was formulated using a dynamic finite element method to account 

for the dynamic displacements (Seed 1979, Jibson 2010). The dynamic response analysis consisted 

of embankments and dams with heights between 30 and 180 m and with shear wave velocities 

between 92 and 300 m/s. The following charts (Figure 9) were developed to estimate the permanent 

displacements as a function of the yield acceleration Ay, the maximum horizontal equivalent 

acceleration (MHEA), magnitude, and the depth of potential failure.   

For this approach, it was necessary to calculate the maximum crest acceleration. There is 

uncertainty in estimating this value (Jibson 2010), and in this study, the shear beam approach 

described in Kramer (2017) and lecture notes of Bartlett (2011) were applied.  

ÕÍÁØ ÎÙϽ3ÁÎςה
σ

Î ρ

                        ρπ 
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               (a)              (b) 

Figure 9. (a): Variation of maximum acceleration ratio with depth of sliding mass. (b): Variation 

of permanent displacement with respect to yield acceleration/MHEA. (Makdisi and Seed, 1978)   

The max crest acceleration was estimated using Equation 10. Where ◖n(y) values are the mode 

participation factors for the first three modes at the crest of the slope (y=0), and they are 

◖1(0)=1.60, ◖2(0)=1.06, and ◖3(0)=0.86 (Bartlett, 2011). Similarly, San are the spectral 

accelerations for the fundamental periods corresponding to the first three modes of vibration. 

These periods were computed using Equation 11, the ɓ-values are ɓ1 = 2.40, ɓ2 = 5.52, and ɓ3 = 

8.65, H is the height of the slope, and Vs is the shear wave velocity.  

4Î
ςʌ

ɼÎ

(

6Ó
                         ρρ 

Calculating the periods with the ɓ-values and replacing it in Equation 10, the max crest 

acceleration was approximated using the following Equation 12: 

ÕÍÁØ ρȢφπϽ3Áρ 4Ó πȢρρψψ Ó
ς
ρȢπφϽ3Áς 4Ó πȢπυρχ Ó

ς
πȢψφϽ3Áσ 4Ó πȢπσςς Ó

ς
       (12) 
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Then, the maximum horizontal equivalent acceleration (MHEA) was calculated applying Figure 

9a and adopting failure surfaces at the base of the slope; therefore, the ratio y/H equals one and 

the MHEA is 0.35 of the max crest acceleration (ümax). Afterwards, Figure 9b was used to calculate 

the horizontal permanent displacement. This process was implemented in Matlab.  

In addition, the Hynes-Griffin and Franklin (1984) decoupled approach was applied. This model 

considers the amplification of a triangular wedge with an underlain foundation settled on a bedrock 

layer. The functional form of this approach is dependent on the yield acceleration ratio (Ay/Amax), 

which is calculated based on Equation 13 (Meehan and Vahedifard, 2013) where D is in cm. This 

approach incorporates the amplification response of bedrock ground motions through the slope.  

ÌÏÇ$ πȢρρφϽ
!Ù

!ÍÁØ

τ

πȢχπςϽ
!Ù

!ÍÁØ

σ

ρȢχσσϽ
!Ù

!ÍÁØ

ς

ςȢψυτϽ
!Ù

!ÍÁØ
πȢςψχ            (13) 

Coupled method 

The fully coupled model from Bray and Travasarou (2007) was considered in this analysis. This 

procedure uses a nonlinear fully coupled stick-slip deformable slope model that incorporates a 

more accurate dynamic response of the slope and the sliding mass deformation caused by the 

seismically induced deviatoric shearing. The model characterizes the slope displacements as a 

function of its dynamic strength and stiffness, which are represented respectively by the slopeôs 

yield coefficient (ky), and its initial fundamental period (Ts). This methodology consists of two 

stages: 1) calculating the probability of negligible zero-displacement (Equation 14) and 2) 

calculating the amount of non-zero displacement (Equation 15). This formulation has been 

idealized for ky values ranging from 0.02 to 0.4, and Ts values from 0 to 2 s (obtained by varying 

the height of a sliding block between 12 and 100 m and shear velocity, Vs, between 200 and 425 

m/s), and it has proven to provide consistent results for earth dams and solid-waste landfills. For 

this study, the predictive equation which is not biased by magnitude is employed to estimate the 

displacements.  

0$ π ρ ה ρȢχφσȢςςÌÎËÙ πȢτψτ4ÓÌÎËÙ σȢυςÌÎ3ÁρȢυ4Ó           (14) 
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ÌÎ$ ρȢρπςȢψσÌÎËÙ

πȢσσσÌÎËÙ
ς
πȢυφφÌÎËÙ ÌÎ3ÁρȢυ4Ó σȢπτÌÎ3ÁρȢυ4Ó

πȢςττÌÎ3ÁρȢυ4Ó
ς
ρȢυπ4Ó πȢςχψ- χ ʀ                   ρυ 

The first term of Equation 15 must be replaced with -0.22 when Ts<0.05 s. Ů=normally distributed 

random variable with zero mean and standard deviation ů=0.67. 

Numerically developed empirical method 

Finally, empirical stress deformation predictive equations developed by Fotopoulou and Pitilakis 

(2015) using non-linear numerical analyses and the finite difference method (FDM) in the 

FLAC2D interface were employed. The predictive equations are presented as functions of different 

intensity measures and resulted from a parametric study of slopes with heights from 20 to 40 m, 

shear velocities from 150 to 400 m/s, and underlying stiff clayey soil and another elastic bedrock. 

The ky values are between 0.05 and 0.30, and Ts values between 0.032 and 0.69 s.   

ÌÎ$ ωȢψωρ ρȢψχσÌÎ0'6 υȢωφτËÙ  πȢςψυ-  πȢφυʀ         ρφ 

ÌÎ$ ςȢωφυ ςȢρςχÌÎ0'! φȢυψσËÙ  πȢυσυ-  πȢχςʀ               ρχ 

ÌÎ$ ρπȢςτφςȢρφυÌÎ!Ù0'!ϳ   χȢψττËÙ  πȢφυτ-  πȢχυʀ            ρψ 

ÌÎ$ ψȢπχφ  ρȢψχσÌÎ0'6 πȢςππÌÎ)Á υȢωφτËÙ  πȢφρʀ          ρω 

Where the displacements D are in m, PGA in g, PGV in cm/s, and Ia in m/s 
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Table 2. Empirical Predictive Equations for Seismic Slope Stability 

N° Model Type Functional Form 

1 Newmark (1965) Rigid Original method 

2 Makdisi and Seed (1978) Decoupled Charts  

3 
Hynes-Griffin and 

Franklin (1984) 
Decoupled 

ÌÏÇ$ πȢρρφϽ
!Ù

!ÍÁØ

τ

πȢχπςϽ
!Ù

!ÍÁØ

σ

ρȢχσσϽ
!Ù

!ÍÁØ

ς

ςȢψυτϽ
!Ù

!ÍÁØ
πȢςψχ 

4 
Bray and Travasarou ï 1 

(2007) 
Coupled 

ÌÎ$ ρȢρπςȢψσÌÎËÙ

πȢσσσÌÎËÙ
ς
πȢυφφÌÎËÙ ÌÎ3ÁρȢυ4Ó σȢπτÌÎ3ÁρȢυ4Ó

πȢςττÌÎ3ÁρȢυ4Ó
ς
ρȢυπ4Ó πȢςχψ- χ ʀ 

5 
Bray and Travasarou ï 2 

(2007) 
Rigid 

,ÏÇ$ πȢςς ςȢψσÌÎË πȢσσσÌÎË

πȢυφφÌÎË ÌÎ0'! σȢπτÌÎ0'!

πȢςττÌÎ0'! πȢςχψ- χ ʀ 

6 Jibson 2 (2007) Rigid ,ÏÇ$ ςȢτπρÌÏÇ) σȢτψρÌÏÇ! σȢςσππȢφυφ 

7 Jibson 3 (2007) Rigid ,ÏÇ$ πȢυφρÌÏÇ) σȢψσσÌÏÇ! !ϳ ρȢτχτπȢφρφ 

8 Hsieh and Lee (2011) Rigid 
,ÏÇ$ πȢψτχÌÏÇ) ρπȢφς! φȢυψχ!ÌÏÇ) ρȢψτ

πȢςωυ 

9 
Fotopoulou and Pitilakis 

ï 1 (2015), Method 1 
Numerical ÌÏÇ$ ωȢψωρ ρȢψχσÌÎ0'6 υȢωφτËÙ  πȢςψυ-  πȢφυʀ 

10 
Fotopoulou and Pitilakis 

ï 2 (2015) , Method 2 
Numerical ÌÏÇ$ ςȢωφυ ςȢρςχÌÎ0'! φȢυψσËÙ  πȢυσυ-  πȢχςʀ 

11 
Fotopoulou and Pitilakis 

ï 3 (2015), Method 3 
Numerical 

ÌÏÇ$ ρπȢςτφ

ςȢρφυÌÎ!Ù0'!ϳ  χȢψττËÙ  πȢφυτ-  πȢχυʀ 

12 
Fotopoulou and Pitilakis 

ï 4 (2015), Method 4 
Numerical 

ÌÏÇ$ ψȢπχφ  ρȢψχσÌÎ0'6 πȢςππÌÎ)Á

υȢωφτËÙ  πȢφρʀ 
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3.2.5. Finite Element Model   

The stress-strain numerical analysis was performed using the finite element method (FEM) with 

the Plaxis software. The contour area extends from 0 to 10 meters in the x-direction and 0 to 6 

meters in the y-direction. The slope is 5 m high and inclined 45° with respect to the horizontal. 

Plane strain conditions are imposed with 15-noded elements and mesh sizes ranging from 0.20 m 

in zones closer to the slope, 1.20 m in the boundaries, and an average of 0.546 m. The total number 

of elements and number of nodes are respectively 445 and 3663. The average mesh size was 

selected under two criteria: the computation timeôs optimization and the suggestion of the Plaxis 

manual from Kuhlmeyer and Lysmer (1973) to assume one-eight of the wavelength related to the 

maximum frequency content (fmax) as shown in Equation 20. The maximum frequency (Nyquist 

frequency) varies for each input motion, and for this study an fmax = 25 Hz is adopted and selected 

based upon the Fourier amplitude spectra corresponding to a value close to zero (Figure 7a). This 

yields an average length of 0.55 m. 

!ÖÅÒÁÇÅ %ÌÅÍÅÎÔ 3ÉÚÅ
‗

ψ

6

ψÆ
                         ςπ 

Two construction phases have been used in the analysis. The initial phase consisted of initializing 

the stresses due to gravity loading (see Figure 10). In this stage, the left side is free in the y-

direction and fixed in the x-direction; the rigid base of the slope is free in x-direction and fixed in 

y-direction. The second stage is the dynamic phase where the seismic load is prescribed at the base 

and the left side of the model. Dynamic multipliers and the prescribed line displacement options 

are applied in the x-direction at the base and left side boundaries of the slope. This implies that the 

slope lays on a rigid base (e.g. bedrock). Considering a rigid boundary at the base means that 

elastic waves are trapped in the embedded material because they reflect at the boundary. In 

addition, the assumption that the lateral boundary moves with the same input acceleration time 

history is realistic for the shaking table analysis, but is less representative of flexible slopes. The 

dynamic time interval is set equal to the duration of the recorded input motion. Finally, it is 

important to note that for all cases, the slope becomes stable meaning that the recorded 

displacement stabilizes during the dynamic loading stage. The horizontal movement at the crest of 

the slope is considered for reference (see some examples of displacement vs time plots in Figure 

12). 
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 (a)    (b) 

Figure 10. (a) Initial effective vertical stresses, and (b) prescribed line displacement on mesh 

The Mohr Coulomb failure mode for drained conditions with zero tension cut-off, friction angle 

46.5°, cohesion 2.40 kPa, and linear elastoplastic stress-strain soil behavior has been adopted with 

a non-associated flow rule with the angle of dilation ɣ = 0. Based on the shear wave velocity 

Vs=110 m/s, the shear modulus (G) and the Young modulus (E) were back-calculated using 

Equations 21 and 22. Table 3 summarizes the material properties. 

6
'

ʍ
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%

ςρ ’
            ςς 

Table 3. Material properties 

Parameter Symbol Unit  Value 

Friction angle ◖ ° 46.5 

Cohesion c kPa 2.40 

Poisson ratio ɜ - 0.33 

Young modulus E MPa 54.14 

Dilatancy ɣ ° 0 

Tension cutoff  kPa 0 

Shear modulus G MPa 20.35 

Unit weight ɔ kN/m3 16.5 

Initial porosity n - 0.33 
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3.3. Results 

The estimated maximum displacements obtained from the empirical methods and the finite 

element model are summarized in Appendix D. Table 4 presents the maximum permanent 

displacement of all the input motions for each of the empirical approaches along with their FEM 

horizontal displacements and record number.  All the models converged until the last dynamic step 

and the final mesh configurations were not tangled. The maximum permanent displacements 

calculated from the empirical approaches varies from 0.13 cm to 286.53 cm corresponding to the 

Hynes-Griffin and Franklin (1984) and the Fotopoulou and Pitilakis ï 4 (2015), respectively.   

Table 4. Maximum permanent displacements calculated from empirical approaches along with 

the corresponding displacement obtained with FEM for the same ground motion record. 

Approach 
Displacement (cm) 

Record 
Maximum FEM 

Newmark (1965) 50.16 112.20 28 

Makdisi and Seed (1978) 36.21 58.00 53 

Hynes-Griffin and Franklin (1984) 0.13 50.01 2 

Bray and Travasarou ï 1 (2007) 15.44 112.20 28 

Bray and Travasarou ï 2 (2007) 29.36 50.01 2 

Jibson 2 (2007) 18.88 85.10 79 

Jibson 3 (2007) 41.40 50.01 2 

Hsieh and Lee (2011) 48.26 85.10 79 

Fotopoulou and Pitilakis ï 1 (2015) 48.45 49.80 75 

Fotopoulou and Pitilakis ï 2 (2015) 60.75 14.50 73 

Fotopoulou and Pitilakis ï 3 (2015) 74.97 14.50 73 

Fotopoulou and Pitilakis ï 4 (2015) 286.53 112.20 28 

 

The maximum horizontal displacement obtained from the finite element model is 112.20 cm. The 

results correspond to the input record N° 28 with PGA = 0.809 g, PGV = 1.068 m/s, PGD = 0.159 

m, Arias intensity, Ia = 9.291 m/s, mean period, Tm = 0.836 s, predominant duration, D5-95 = 21.76 

s, and yield acceleration ratio, Ay/PGA = 0.306. This record also produces the maximum horizontal 

displacements by means of the Newmark (1965), Bray and Travasarou ï 1 (2007), and Fotopoulou 

and Pitilakis ï 4 (2015) empirical approaches. The maximum PGA equals 1.303g and corresponds 
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to the Record N° 2. Similarly, this record yields the maximum horizontal displacements through 

the Hynes-Griffin and Franklin (1984), Bray and Travasarou ï 2 (2007), and Jibson ï 3 (2007) 

empirical procedures.  

Figure 11 presents the final deformed mesh for the record N° 28, which gives the maximum FEM 

displacement. Figure 12 illustrates the different magnitudes of horizontal displacement at the slope 

crest for the time records N° 28, 55, and 4.   

 

Figure 11. Deformed mesh after FEM dynamic phase subjected to input record N° 28. 

 

Figure 12. Numerical horizontal displacement versus time for different records.  

In Figure 13, it can be seen that the percentage of the computed permanent displacements (D; 

where the percentage is with respect to the total number of records analyzed) with D>0.1 cm, 

which for this study are considered to be of engineering significance, ranges from 97.5% for the 

Fotopoulou and Pitilakis ï 4 (2015) to 1.14% for the Hynes-Griffin and Franklin (1984) approach. 

Similarly, only between 15% and 27.5% of the displacements found using the Newmark (1965), 

Bray and Travasarou ï 1 (2007), Jibson 2 and 3 (2007), and Hsieh and Lee (2011) are bigger than 
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0.1 cm. For the numerical model, the percentage of the results corresponding to D>0.1 cm is 

62.5%. Besides, the cumulative distributions of the FEM results follow a similar trend to all the 

Fotopoulou and Pitilakis (2015) methods for displacements D>1 cm and to the Makdisi and Seed 

(1978) for approximately D>5 cm. Thus, Figure 13 lays out a simple way to determine which 

empirical approach has a better fit with the FEM numerical results. Finally, it can be distinguished 

that overall permanent displacements obtained from the Bray and Travasarou ï 2 (2007), the four 

Fotopoulou and Pitilakis (2015), and the FEM results are larger than the Newmark (1965), Bray 

and Travasarou ï 1 (2007), Jibson 2 and 3 (2007), and Hsieh and Lee (2011) methods. Histograms 

of the displacements are presented in Appendix E. 

 

Figure 13. Cumulative frequency versus permanent displacement 
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CHAPTER 4. DISCUSSION 

4.1. Direct Comparison 

A direct comparison between the twelve permanent displacements predicted by empirical methods 

and the FEM horizontal displacements is shown in Figure 14. It can be observed that the numerical 

results are in good agreement with the Makdisi and Seed (1978), the Bray and Travasarou ï 2 

(2007), and the Fotopoulou and Pitilakis 2 and 3 (2015) empirical approaches. The Makdisi and 

Seed approach slightly underpredicts numerical displacements greater than 1 cm. The Bray and 

Travasarou ï 2 (2007) in general underpredicts the FEM results by a factor of one logarithmic 

scale. The Fotopoulou and Pitilakis (2015) approaches overpredict very small numerical 

displacements (<1 cm) and underpredict for larger displacements. 

The Newmark (1965), Jibson 2 and 3 (2007), and Hsieh and Lee (2011) predict smaller 

displacements in comparison to the FEM results by approximately the same order of magnitude. 

This is consistent because the Jibson (2007) and Hsieh and Lee (2011) approaches were developed 

by applying the classical rigid block method. Finally, the Bray and Travasarou ï 1 (2015) or fully 

coupled method underpredicts permanent displacements compared to the numerical results with 

high dispersion. This could be because the non-rigid coupled model was developed for earth dams 

with heights greater than 12 m and for slopes characterized as flexible (higher fundamental 

periods). The fundamental period of the slope is Ts=0.18 s which classifies it in the range of rigid 

slope behavior. This is corroborated by a more uniform correlation of permanent displacements 

for the Bray and Travasarou ï 2 (2015) for rigid slopes.  

Also, the Hynes-Griffin and Franklin underpredicts considerably the numerical results at least by 

a factor of one logarithmic scale. It is important to mention that the functional form of this method 

was presented by Meehan and Vahedifard (2013). 

The Newmark (1965), Makdisi and Seed (1978), and Hynes-Griffin and Franklin (1984) present 

fewer data points because they are dependent of the yield acceleration ratio (Ay/Amax), and when 

this value is greater than the unity, (Ay/Amax) > 1, the soil strength is assumed not to be exceeded; 

therefore, the empirical permanent displacements equal to zero. These data points are not plotted 

on the graphs.  
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Figure 14. Empirical versus numerical seismic displacements 
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The overpredictive or underpredictive trend can also be observed in Figure 15, where the 

cumulative distribution versus the relative difference between FEM and empirical approaches is 

presented (%Relative Difference= 
Dnumerical-Dempirical

Dnumerical
ρππϷ . These cumulative distributions were 

similarly considered to compare different methodologies by Meehan and Vahedifard (2013), and 

Fotopoulou and Pitilakis (2015). When the relative difference is on the positive side, the empirical 

method underpredicts the numerical displacements. It can be seen that around 30% or more of 

results felt on the positive side. About 10% of the Bray and Travasarou ï 2 (2007) overpredicts 

the numerical results, while all data points for the Newmark (1965), Hsieh and Lee (2011), and 

Jibson 2 and 3 (2007) approaches underpredict the FEM results. These results confirm that rigid 

approaches do not represent the deformability of the slope resulting in smaller displacements than 

the values of decoupled or coupled methods. In this regard, it can also be concluded that the rigid 

methods are nonconservative when they are applied to calculate seismic slope displacements. Also, 

FEM is generally conservative compared to the empirical approaches since it yields greater 

displacements, and it is not conservative for small displacements (< 1 cm) when it is contrasted to 

the Fotopoulou and Pitilakis 1, 2, 3, and 4 (2015) predictive equations.  

4.2. Statistical Measures 

Four statistical measures were used to assess the fit of the empirical approaches in comparison to 

the FEM model. These statistical methods employed here were also utilized in the study of 

Jafarzadeh et al. (2019). They are the Root-Mean-Square Error (RMSE) (Equation 23), the 

Symmetric Mean Absolute Percentage Error (sMAPE) (Equation 24), the Mean Relative Absolute 

Error (MRAE) (Equation 25), and the Mean Absolute Scaled Error (MASE) (Equation 26). 
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Where: Yi is the observed horizontal displacement from the FEM numerical method, Fi is the value 

from the empirical method, n is the number of elements, ei is the absolute error, |Yi ï Fi |, and ei* 

is the last observation (benchmark method). The results of these statistical methods are 

summarized in Table 5 and depicted in Figure 16. 

 

Figure 15. Cumulative distribution of the relative difference between empirically and 

numerically calculated seismic displacements  

Table 5. Summary of statistical errors between numerical and empirical methods 

Approach 

Statistical Measure 

RMSE 

cm 

sMAPE 

% 
MRAE  MASE 

Newmark (1965) 15.447 192.68 17.075 0.76019 

Makdisi and Seed (1978) 14.017 156.02 13.786 0.61794 

Hynes-Griffin and Franklin (1984) 19.997 199.93 20.353 0.98885 

Bray and Travasarou ï 1 (2007) 18.844 168.04 19.34 0.9466 

Bray and Travasarou ï 2 (2007) 16.72 131.83 16.351 0.72803 

Jibson 2 (2007) 17.684 189.51 18.704 0.88678 
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Jibson 3 (2007) 17.396 189.36 17.328 0.77035 

Hsieh and Lee (2011) 14.45 179.79 16.238 0.71677 

Fotopoulou and Pitilakis ï 1 (2015) 13.55 107.42 13.561 0.58438 

Fotopoulou and Pitilakis ï 2 (2015) 14.656 88.505 13.629 0.54087 

Fotopoulou and Pitilakis ï 3 (2015) 14.684 87.831 13.363 0.50903 

Fotopoulou and Pitilakis ï 4 (2015) 19.804 101.64 13.568 0.39854 

 

 
(a)                                                                            (b) 

 
(c)                                                                (d) 

Figure 16. Statistical measures for the empirical predictive approaches.                                      

(a) RMSE, (b) sMAPE, (c) MRAE, and (d) MASE 
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The RMSE is the standard deviation of the residuals between the numerical and empirical results, 

and it is a scale-dependent measure that is useful when comparing outputs of different approaches 

which have the same input dataset (Hyndman and Koehler, 2006). The RMSE values range from 

13.55 cm to 19.997 cm corresponding to the Fotopoulou and Pitilakis ï 1 (2015) and the Hynes-

Griffin and Franklin (1984), respectively. Therefore, considering this measure, the most consistent 

empirical method with the numerical method is the Fotopoulou and Pitilakis ï 1 (2015). Narrowly, 

the second-best empirical approach is the Makdisi and Seed (1978) with RMSE = 14.017 cm.  

The sMAPE is a measure based on percentage errors and it has the advantage of performing better 

when the observed values Yi are small or tends to zero (Hyndman and Koehler, 2006), and this 

statistical measure is more stable when the results have a logarithmic trend (Swanson, Tayman and 

Barr, 2000; Hyndman and Koehler, 2006) such as the current correlations. Again, it is seen that 

the Hynes ï Griffin and Franklin (1984) predictive approach performs unsatisfactorily in 

comparison to the other empirical approaches with a sMAPE = 199.93%; conversely, the four 

finite differences Fotopoulou and Pitilakis (2015) methods yielded the best and lowest sMAPE 

values followed by the Newmark-type Bray and Travasarou ï 2 (2007) approach with 131.83%.  

The MRAE is another statistical measure based on relative errors in which the relative errors are 

divided by the forecast error ei* obtained from the benchmark method wherein Fi is the last 

observation (Jafarzadeh et al., 2019). According to Figure 16, the lowest MRAE error corresponds 

to the four Fotopoulou and Pitilakis (2015) approaches with values around 13.5, and followed by 

the Makdisi and Seed (1978) procedure with 13.786. The highest MRAE is calculated for the 

Hynes ï Griffin and Franklin (1984) approach with 20.353.  

The last statistical measure reckoned is the MASE where errors related to scale are removed. This 

method is less sensitive to outliers and less variable on small samples (Hyndman and Koehler, 

2006). Identical to the previous statistical techniques, the highest MASE value pertains to the 

Hynes ï Griffin and Franklin (1984) method with a value of 0.9888, and the lowest error is 

calculated for the Fotopoulou and Pitilakis ï 4 (2015) with a value of 0.3985.    
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4.3. Scoring procedure 

A procedure to score the methods has been carried out. The methods with the best statistical fitting 

number are assigned a value of one, and the methods with the lowest statistical accuracy are 

assigned a zero value. The intermediate values receive a rating based on interpolation. Finally, the 

average of these results is calculated. The higher the average score an empirical method yields, the 

more consistent it is with the FEM numerical results. This methodology is presented in the study 

of Jafarzadeh et al. (2019). According to this approach, the empirical predictive method with the 

highest average rating is from Fotopoulou and Pitilakis ï 3 (2015) with an average of 0.909, and 

the lowest average rating corresponds to the Hynes ï Griffin and Franklin (1984) with an average 

equal to zero. The best non-numerically developed empirical approach that more accurately 

predicts the FEM displacements are the Makdisi and Seed (1978) with 0.722, and the Bray and 

Travasarou ï 2 (2007) for rigid soils with 0.533. Table 6 and Figure 17 exhibit the arithmetically 

averaged scores for each empirical approach.  

Table 6. Summary of scored statistical measures  

Approach 
Rating Process  

RMSE sMAPE MRAE MASE Average 

Newmark (1965) 0.706 0.065 0.469 0.387 0.407 

Makdisi and Seed (1978) 0.928 0.392 0.940 0.628 0.722 

Hynes-Griffin and Franklin (1984) 0.000 0.000 0.000 0.000 0.000 

Bray and Travasarou ï 1 (2007) 0.179 0.285 0.145 0.072 0.170 

Bray and Travasarou ï 2 (2007) 0.508 0.608 0.572 0.442 0.533 

Jibson 2 (2007) 0.359 0.093 0.236 0.173 0.215 

Jibson 3 (2007) 0.404 0.094 0.433 0.370 0.325 

Hsieh and Lee (2011) 0.860 0.180 0.589 0.461 0.522 

Fotopoulou and Pitilakis ï 1 (2015) 1.000 0.825 0.972 0.685 0.871 

Fotopoulou and Pitilakis ï 2 (2015) 0.828 0.994 0.962 0.759 0.886 

Fotopoulou and Pitilakis ï 3 (2015) 0.824 1.000 1.000 0.813 0.909 

Fotopoulou and Pitilakis ï 4 (2015) 0.030 0.877 0.971 1.000 0.719 
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Figure 17. Averaged score of statistical measures for the empirical predictive approaches 

4.4. Empirical predictive equations based on the Finite Element Method 

A correlation analysis between the ground motion parameters and the horizontal seismic 

displacements calculated with the FEM model has been conducted. Initially, a regression analysis 

has been considered to address the engineering significance of negligible displacements (Bray and 

Travasarou (2007). A logistic regression using the probit fit model was performed to account for 

the probability of displacements greater than 0.1 cm. These regressions were also applied as 

weighting functions to find the most effective trend lines to estimate seismic displacements. After 

several regressions, it was possible to define the best and most adequate functional forms for the 

peak ground acceleration (PGA), Arias intensity (Ia), and the yield acceleration ratio (Ay/PGA).   

Figure 18 illustrates the probability of non-zero displacements for PGA, Arias intensity, and the 

yield acceleration ratio. The functional form and coefficients of the probit models to compute the 

probability as a decimal number given a certain intensity measure (IM) are presented in Equation 

27 and Table 7, respectively.   
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(a) (b)  

(c)  

 Figure 18. Probit regression for (a) PGA, (b) Arias intensity, and (c) Ay/PGA          

for the probability to obtain ódisplacements greater than 0ô (0.1 cm) 

Table 7. Regression coefficients for estimating the probability of non-zero                  

displacements given a certain intensity measure.  

IM  a b c d R2 RMSE 

PGA (g) 1 -72.52 1.612 5.407 1 0.00239 

Ia (m/s) 11.11 -10.87 1 1 0.9999 0.00476 

Ay/PGA 0.0262 1.236 1 1 1 0 

To account for the magnitude of non-zero displacement, Equations 28, 29, and 30 are proposed 

taking into account the IMs in scalar form. They are plotted in Figure 19 along with their predictive 

boundaries, data points, and their corresponding residuals (log Ddata ï log Dpredicted). The equation 

forms have been selected among several regression analyses because of their highest goodness of 

fit. Table 8 shows the coefficients for the fitted line and the upper and lower predictive bounds 

with 95% confidence. It was not defined trend lines for PGV, PGD, D5-95, and Tm because of their 

scattering. The data points of these IMs vs. FEM displacements are plotted in Figure 20.   
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Table 8. Regression coefficients for estimating the non-zero displacements given a certain 

intensity measure. Scalar form. 

IM  a b c R2 RMSE 

PGA (g) 
2.485 

(1.77, 3.2) 

-0.4178 

(-0.5572, -0.2784) 

0.1617 

(-0.01231, 0.3357) 
0.7562 0.3719 

Ia (m/s) 
84.08 

(-936.6, 1105) 

0.007486 

(-0.08328, 0.09825) 

-83.38 

(-1104, 937.3) 
0.9685 0.1331 

Ay/PGA 
3.662 

(3.045, 4.278) 

0.8873 

(0.3878, 1.387) 

-1.008 

(-1.823, -0.1924) 
0.7607 0.374 

 

Similarly, a predictive equation is presented using the aforementioned intensity measures in a 

vectorial form as follow: 
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Table 9. Regression coefficients for estimating nonzero displacements. Vectorial form. 

a b c d R2 Error Variance 

0.37483       0.79333       0.15321      -0.33662 0.7591 0.18069 

 

The predictive equations shall estimate seismic displacements for configurations similar to the 

present study that overall could be represented by its fundamental period, Ts = 0.18 s, and yield 

coefficient, ky = 0.248, and for intensity measures values within the limits of the dataset. For 

different values, it can be stated that the more rigid the slope (lower fundamental periods), and the 

more dynamic strength (greater ky), the smaller displacements the proposed models would predict 

compared to the actual ones (see Table 10). For a different combination of the Ts and ky, the 
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predictive models could yield greater or smaller displacements and therefore should not be relied 

on. In Appendix F, the fitted functions are plotted along with the empirical data points.  

    

(a)   (b)  

   

(c)  

Figure 19. Regression of the horizontal seismic displacements versus intensity measures          

and their corresponding residuals (log Ddata ï log Dpredicted) for: (a) PGA, (b) Ia, (c) Ay/PGA 
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In Figure 19a, it can be observed that for Equation 28, there is a truncated initial displacement of 

0.1 cm for PGAôs less than 0.0735 g, and in general, there is a high dispersion for PGAôs greater 

than 0.4 g (e.g., predictive boundaries in the range of 2 cm to 100 cm for 0.4g). Similarly, in Figure 

19b, for an Arias intensity equal to 4 m/s (Equation 29), the logarithmic predictive bounds vary 

approximately from 1.25 to 1.75 (i.e., about a half of a logarithmic scale), and this range increases 

for larger values of Arias intensity.    

Table 10. Expected displacements for different fundamental periods and dynamic strength 

Ts ky = Ay/g FEM predictive equation yieldséthan real 

<0.182 s (more Rigid) >0.248 (more strength) Smaller Displacements (not conservative) 

>0.182 s (more flexible) <0.248 (less strength) Greater Displacements (conservative) 
 

(a)  (b)

(c)  (d)  

Figure 20. Seismic horizontal displacements versus intensity measures for: (a) PGV, (b) PGD, 

(c) D5-95, and (d) Tm 
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4.5. Effects of FEM mesh size on the predictive equations   

As explained in section 2, the element size of the FEM computational mesh was selected to 

optimize the computational time, while targeting a maximum amount of frequency content of the 

input ground motions. To see the effects of finer element size in the horizontal displacements and 

the proposed predictive equations, one numerical model with finer element sizes varying from 0.14 

m to 0.69 m, and an average of 0.357 m has been run with 10 different input motions. The records 

were selected so that they can cover the entire range of values of the ground motion parameters 

(PGA, Ia, Ay/PGA). The output numerical displacements are presented in Figure 21 along with the 

initial fitted line and predictive boundaries, and summarized in Table 11.  

 
     (a)                                        (b)  

 
     (c) 

 

Figure 21. Log of displacement versus intensity measures. Data of finer mesh plotted on initial 

fitted line. (a) PGA, (b) Arias intensity, and (c) Ay/PGA 
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Table 11. Displacements for initial and finer mesh 

Record 

Intensity Measure Log (D cm) D (cm) 

PGA 

(g) 
Ia (m/s) Ay/PGA Initial Finer Initial Finer 

2 1.303 3.855 0.19 1.699 1.723 50.01 52.8 

22 0.636 5.343 0.39 1.760 1.820 57.6 66.1 

33 0.1350 0.5770 1.836 -0.451 -0.439 0.354 0.364 

42 0.095 0.12 2.621 -0.809 -0.943 0.155 0.114 

59 0.2750 1.00 0.9010 0.533 0.631 3.414 4.280 

70 0.103 0.284 2.408 -0.865 -1.176 0.137 0.067 

73 1.039 2.388 0.239 1.161 1.204 14.5 16 

79 0.89 9.967 0.278 1.930 1.988 85.1 97.2 

82 0.478 1.579 0.519 0.953 1.033 8.983 10.8 

83 0.189 0.493 1.313 0.386 0.441 2.432 2.76 

 

Overall, the displacements obtained with the finer mesh are slightly larger than the displacements 

obtained with the original mesh, but reasonably acceptable. Table 12 shows the R2 and RMSE 

values obtained for the 10 data points considering the functional forms regressed in the previous 

section. Small absolute differences between the initial and finer fit measures can be observed; 

consequently, the mesh adopted initially considerably optimized the computation time for the 88 

records without adverse effects. 

Table 12. Absolute difference between initial and finer mesh fit measures  

IM 
Initial Mesh Finer Mesh Absolute difference  

R2 RMSE R2 RMSE R2 RMSE 

PGA 0.9170 0.2887 0.9051 0.3353 0.0119 0.0466 

Ia 0.8596 0.3755 0.8306 0.4488 0.029 0.0733 

Ay/PGA 0.8858 0.3386 0.8817 0.3745 0.0041 0.0359 
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CHAPTER 5. CONCLUSIONS  

In this study, the most renowned methods for slope stability analysis subjected to seismic loads 

were explained, including how these methodologies evaluate the onset of failure (stability 

analysis), and their applicability to predict post-failure deformations and final run-outs (post-

failure analysis). These methods can be classified into three groups. The first approach is the 

pseudostatic analysis where the dynamic load is introduced as a single horizontal force through 

the application of the seismic coefficient ks. Then, conventional limit equilibrium methods are 

performed to find a factor of safety. This approach does not provide any information for post-

failure analysis. Another methodology is the sliding-block analysis which involves a double-

integration of the ground accelerations that surpass the yield acceleration (Ay) in an acceleration 

time record until the relative velocity of the sliding mass is zero to find permanent displacements. 

The stability analysis is based upon allowable permanent displacements, and the post-failure 

analysis is restricted to small displacements (generally less than 1 m). There are different types of 

Newmark methods. The rigid approach considers the destabilized sliding mass as a rigid block 

while the decoupled and coupled methods take into account the deformability of the slope. The 

third method is the stress-deformation analysis, which consists of the application of numerical 

techniques (e.g. FEM) with sophisticated constitutive models. The stability analysis can be based 

on the estimation of the strength reduction factor (SRF), which resembles a factor of safety, or the 

evaluation of final deformations. The post-failure analysis, including large deformations, could be 

performed with particle-based numerical methods (e.g. MPM, SPH). Several empirical predictive 

equations were developed by different authors using the Newmark approach and numerical 

methods to estimate seismically induced displacements (resulting from óslidesô type of 

movements). The predicted displacements can be compared to allowable displacements to evaluate 

the performance of the slope. 

Then, a comparison study of seismically induced displacements was carried out between 12 

different empirical methods and the results of a FEM numerical model implemented in the 

Plaxis2D program. The geometry of a scale shaking-table experiment, validated with laboratory 

and published data (Hiraoka et al., 2013; and Bhandari et al., 2016), was scaled up by a factor of 

ɚ=10 to a prototype scale model to employ empirical predictive methods. The material properties 

were selected to preserve static slope stability and to maintain the factor of safety similar to the 
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scale model. The avoidance of this latest adjustment would cause the failure of the slope by self-

weight. The selected empirical methods consisted of approaches developed by Newmark (1965), 

Makdisi and Seed (1978), Hynes-Griffin and Franklin (1984), Bray and Travasarou (2007), Jibson 

(2007), Hsieh and Lee (2011), and Fotopoulou and Pitilakis (2015).  

The maximum permanent displacement calculated from the empirical approaches varies from 

12.65 cm to 286.53 cm corresponding to the Hynes-Griffin and Franklin (1984) and the 

Fotopoulou and Pitilakis ï 4 (2015), respectively. The maximum horizontal displacement obtained 

from the FEM is 112.20 cm resulting from the input excitation N°28. By observing the cumulative 

distributions of the computed displacements, the results of the stress-strain numerical method 

follow a similar trend to all the Fotopoulou and Pitilakis (2015) methods for displacements D>1 

cm and to the Makdisi and Seed (1978) for approximately D>5 cm. Furthermore, by comparing 

the displacements obtained from both approaches directly, it can be observed that the FEM results 

are in good agreement with the Makdisi and Seed (1978), the Bray and Travasarou ï 2 (2007), and 

the Fotopoulou and Pitilakis 2 and 3 (2015) methods. Fotopoulou 1 and 4 (2015) mostly 

overpredicts the FEM results; and overall, the rest of the empirical approaches underpredict the 

FEM results. This is reflected by the statistical measures and their scoring procedure similar to 

Jafarzadeh et al. (2019) where the empirical approaches that score the highest resemble the 

numerical results. From this analysis, the top empirical methods are precisely the formulations of 

Fotopoulou and Pitilakis (2015), Makdisi and Seed (1978), and Bray and Travasarou ï 2 (2007). 

This can be attributed to the resemblance between the formulations and the presented model. The 

Fotopoulou and Pitilakis (2015) and Makdisi and Seed (1978) relationships were developed 

considering the slopeôs deformability by performing the amplification response using mesh based 

numerical methods (FDM and FEM respectively). In addition, the Fotopoulou and Pitilakis (2015) 

relationships proposed in óMethod 2ô and óMethod 3ô are functions of the PGA and Ay/PGA, which 

correlate well with the FEM results presented in this study. Finally, the Bray and Travasarou ï 2 

(2007) is a relationship proposed for órigidô slopes, which is consistent with the low fundamental 

period of the prototype slope model.    

Finally, from the correlation analysis between the ground motion parameters and the horizontal 

seismic displacements calculated from the FEM; it was possible to define functional forms for 

predicting the calculated displacements as a function of the peak ground acceleration (PGA), Arias 
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intensity (Ia), and the yield acceleration ratio (Ay/PGA). The regression analysis included 

weighting functions determined by a logistic regression using the probit fit model which accounted 

for the probability of displacements greater than 0.1 cm. Then, the fourth correlation to estimate 

displacements was presented incorporating the PGA, Ia, and Ay/PGA. These predictive equations 

shall be applied to configurations similar to the slope conditions present in this study (i.e., 

homogeneous slopes settled on rigid or bedrock underlying material), with fundamental period, Ts 

= 0.18 s, yield coefficient, ky = 0.248, and for intensity measures within the limits of the datasetôs 

values.   

5.1 Future work 

Scaling models is a challenging subject because it needs to take into consideration different effects. 

Kutter (1995) describes the particle size effects, strain effects, boundary effects, and time scale 

conflict as the main problems of scaling to a laboratory model. These difficulties were particularly 

faced in this study given that the soil strength properties needed to be adjusted in order to maintain 

static slope stability and avoid failure due to self-weight. In this sense, it is recommended to 

perform a study considering a scale model performed in a centrifuge shaking table since these tests 

take into account more comprehensively the scaling implications because they address the 

gravitational effects. 

In addition, the implications of a parametric analysis for different rigidities (represented by the 

fundamental period (Ts), which depends on the slopeôs height (H) and shear wave velocity (Vs30)), 

and for different strengths (represented by the yield acceleration (Ay), which is a function of the 

soil shear strength parameters (cohesion and friction angle)) would be significant to implement a 

joint empirical predictive model. The parametric analysis could also be extended for different 

constitutive models that more accurately represent the soil behavior under seismic loads.  

Furthermore, the application of other numerical models, that could address large deformations in 

a combined framework, would be important for the post-failure analysis. In this study, a higher 

uncertainty in the predictive boundaries was observed for larger seismic displacements. Thus, 

comparing them with the results of particle-based methods is recommended.  
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APPENDIX A. Seismic records used for the numerical and empirical analysis 
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APPENDIX B. Histograms of Intensity Measures 

(a) Moment Magnitude, (b) Shear Velocity Vs30, (c) Arias intensity, (d) Rupture Distance 
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APPENDIX C. Correlations between ground motion parameters 

(a) PGA vs Magnitude, (b) Rupture Distance vs Magnitude, (c) Arias intensity vs PGA,             

(d) PGV vs PGA, (e) Mean Period vs PGA, (f) Predominant Duration vs PGA    
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APPENDIX D. Summary of seismic displacements and ground motion parameters 
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