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Seismic Slope Stability: A Comparison Study oEmpirical
Predictive Methods with the Finite Element Method

Julio Copana

ABSTRACT

This study evaluates treeismically induced displacements of a slope usindg-thige Element

Method (FEM) in comparison tdhe results ofwelve empiricalpredictve approachesirst, the
existingmethods to analyze the stability of slopes subjected to seismicdoagsesentednd

their capabilitieso predictthe onset of failure and pefdilure behaviorare discussedThese
methods include the pseudostatidinoel, the Newmark method, and strde$ormation 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
acceleratiortime history to estimate permanent displaceméxitsnericalmethods incorporate
advanced constitutive models to simulate the coupled sttess soil behavior, making the
process computationally more costip. this studyamodel slopereviously stuged at laboratory

scaleis selected and scaled up tofatypedimensions. Then, the slope is subjected to 88 different
input motions, and the seismic displacements obtained ftemnumerical and empirical
approaches are compared statisticdfyppm 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 nunerically developednethods byFotopoulou and Pitilakis (2015)a b el | ed @A Met h
and A Me andtbedNeBnmarkype Makdisi and Seed (1978) and Bray and Travasarou (2007)
methoddor rigid slopesFinally, functional forms foiseismic slope displacemearie proposeds

a function ofpeak ground acceleration (PGAdrias intensity (k), and yield acceleration ratio
(Ay/PGA). These functions are expected to be védid granularslopessuch as earth dams,

embankments, or landfills built on a rigid base and Vathfundamental period&l's<0.2).
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Predictive Methods with the Finite Element Method

Julio Copana

GENERAL AUDIENCE ABSTRACT

A landslide is a displacement @nslopedground that can be triggered by earthquahkakmg.
Several authors have investigated the failure mechartisatdead to landslide initiation and
subsequent mass displacemantd proposed methodologies #gsess the stability of slopes
subjected to seismic loadBhe development of these methodologiestbaely on field data that

in most of the cases are difficult édtain becausilentifying the location of futureearthquakes
involves too manyuncertaities to justify invesmentsin field instrumentation (Kutter, 1995)
Nevertheless, the use séalemodels and numerical techniques have helped in the investigation
of these geotechnical hazardad has ledo develoment of equations that predicseismic
displacementas function oflifferent ground motion parametehs this studythe capabilities and
limitations of the most recognized approacteassess seismic slope stabilirg reviewed and
explained. In additiona previousshakingtable modelis used for referencand scaled up to
realstic proportions tocalculateits seismicdisplacementsing different methods including a
Finite Elementmodel in the commercial software PlaxisZIhese displacements are compared
statisti@lly and used to develop new predictive equati®hss studyis 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
causesnormous 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 ceistivity. 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
etal., 1981), and the Niigata Ken Chuetsutearake in 2004 recounted around 30 landslides/km

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

that reason, ceeismic landslides have been studied to develop methodologies to assess them and

reduce their negative effects.

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

by applying empirical predictive methods or stregain numerical methods. The development of
predictive equations is a demanding procedure that requires the application of large amounts of
datafor 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, 1993 herefore, the use odboratory scale models is important for

data acquisition to apply them in geotechnical modeling. In this investigatsbope model tested

on a shaking table mnalyzed 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 incydaesamg|
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.



1.2.Research Objectives
The aims of the research presented herein are:

- To reviewthe different approaches to evaluate seismic slope stability and identify how
these methodologies evaluate the onset of failure and théadast analysiof 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 displacenwértiselve empirical
predictive approachesn particular, we focus on the stability of homogeneous granular
slopes such aearth dams, embankments, or landfitisilt on a rigid baseand low
fundamental periodd~or this purpose, a previous study of a kngaanularslope 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),
HynesGriffin and Franklin (1984), Bray and Travasarou (200i)son (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 basén this respect, seven ground motion parameters (PGA, PGV, PGD,
la, Tm, Ds-05, 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 empirgdicpve approaches used in this
study, detailshe 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, andsdusses 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.



CHAPTER 2. METHODS TO ASSESS SEISMIC SLOPE STABILITY
2.1. Introduction

Seismic slope stabilitis a geotechnical hazard, and a subject developed thaotmnprehensive

study of landslides triggered by earthquakes. Reports of these events date back to 1789 BCE in
China and 373 0B72 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 developeduestthat 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 introductidimd equilibrium methods for its stability
analysis brought about by wd&hown authors in soil mechanics, and simultaneously, the
increasing understanding of earthquake waves and its representation were fundamental to advance
into the development of ¢hpseudostatic method for seismic slope stability analysis. Later, the
seismic displacements as a measure of performance of thevampentroduced 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

usedfor this purpose.

To begin,Terzaghi (1950) defireea landslideasa rapid displacement of the grouridilowed by

an i mpercepti bl e é&motvhearte naac ccuarl sl ewh edbnc rteheep r esi st
by the driving forcesA broaderdefinition is given by the USG®/hich describes ias the

downward and outward movement of slope mateald assifies theypes of movements into

falls, topples, slides, lateral spreads, and flows depending on the direction of the movement, the
shape of the failure mechanisthe rate of movement, artlde content of other materials such as
watericeorairlnpar ti cul ar, this investigation (Chapte
According to Duncan et al. (20143 slope failure occurs when the shear strength of the soil
required for equilibrium is less than the shear strEsis. condition of instabty 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 inrduced man

made loads. Internal causes happen wheretis a reduction in the shear strength of the soil.



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 bthe 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 surdackeksow to efficiently consider

the effects of the seismic loading. Moreover, the challenges offgghse 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 methoblisktd 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 placehe secalled stressleformation 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

sdasmic evaluation and their applicability fpostfailure 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 coefficightiéfined 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 analysig 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. Trergaggested 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 tccalculate a factor of safety. For exampiegure 1 presents the
configuration of an infinite sl opetheshce,arel b i s

its factor of safety can be computed using Equation 1.



Figure 1. Free diagram body for an infinite slope with
seismic load kW (From Duncan et al., 2014)
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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).-Byiffas and

Franklin (1984) recommend using a seismic coefficient equahalf of the peak ground
acceleration (PGA). Terzaghi (1950) proposedige0 . 1 , 0.25, and 0.5 for
and fAcatastrophicd events respectively. Mel o
in FLAC to backcalculate seismic coetiients 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 expreBguation 2) presents k as

a functionof the parameters a and b, where a is a function of the 5% spectral accelegataond(S

b is a function of the seismic displacement)(b be defined by the engineer, the initial
fundamental period of the sliding blocks);Tthe moment magnitude of tearthquake (M), and

the normally distributed random variable (0)

coefficient is complex, and it requires a lot of engineering judgment.
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For periods 3<0.05 s the term 1.10 in tiguation 4 must be changem0.22.



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 overonservative. In addition, the typidahitationsof 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 drawbdcof this technique is the lack of information for the piagiure 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 provideyainformation about the performance of the slope. Therefore,
Newmark (1965) introduced the rigiock analysis to calculate seismically induced permanent
displacement®n embankments and dambhis approach considers the sliding mass as a rigid
body on annclined surface, and the ground motion is incorporated as an acceleratidnstiong.

The yield accelerationA{) is defined aghe product othe gravity acceleration and the yield
coefficient (k). The last term is equivalent to the seismic coeffic(&) that produces a factor of
safety equal to one. When the acceleration a(t) exd®gdke 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 surpassiAg are integrated once to find the velocity of the system and twice to find

a permanent displacement.

N A

Acceleration

7 : ! Y

a(t) v L

- ! ) ' Lo

a LT
Ay=ky'g Velocity [ ' o

ky=seismic coefficient
that yields FS =1 1
Displacement | .

Figure 2 Integration of effective acceleration tifhéstory to determine velocities and

displacement



The yield coefficient (R is the representation of tldnamic resistance of the slope because it is
a function of the material 6s shear properti es
slope (e.g., height, inclination), and the weight (Bray, 2007). To finthkee slip surfaces must

be analyzed) the slip surface that produces the minimum static factor of safety, ii) the slip surface
that produces the minimum,kwhich sometimes could be unrealistic and provide very lpw k
valuesand iii) the slip surface that reflects the pattern of accetermtvithin the soil mass (Duncan

et al., 2014). The lower thg kalue would represent a weaker soil, and conversely, the greater this
value, the stronger the soil (Fotopoulou and Pitilakis, 2015)

Jibson (200) calls the yield acceleratiofy critical ac@lerationAc and presentgquation5 to
calculate it as a function of the static fact
horizontal line. Bray (2007) presents simplified equations to determasefunction of the slope
geometry, weight, and strength ($@gure3).

! ! &3 pCOEI (5)
S M —> \LT
6, =tan"'(1/S)) '

tan¢-(Sl “H[2-cos’ 6, + L+, -H/Z)
C FS.ﬂaIr‘(‘:

k, =tan(¢— f)+ 5 cos 6, -sin6,-S,-H/2
y-H-cos” f-(1+tang-tan §)

static

i = (FSyue=1)-cos6-sin61. S, -H/2
(2) (b) ’ H(S,+8,)/2+L

Figure 3. Simplified estimates of the yield coefficient:l@llow sliding, and b) deep sliding.
(From Bray, 2007)

Slidingb | ock met hods can generally be applied to
type of movements whicinclude rotational and translational landslidéibson, 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 efstbpe. Therefore, several



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 assesdgragslopes 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 dhreshold 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 analysisaddition, displacements grer than the

referentiala | | owabl e di spl acements could be categor.i

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 accelasafiom 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, Mkdisi 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 #headol ed A dec o u |
appr oa c tsteps to perfdrh @& 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 metlcatttdate permanent
displacements (Jibson, 201 This twostage decoupled approach is not the most realistic
representation of the slope behavior to include dynamic response of the slope to compute seismic
displacements becays$e nature, the slope dynarmmotion also evolves with the failure response.
Finally, the #Afully coupled approacheso accom
caused by the dynamic response (in 1D or 2D directions) and the sliding response (Bray, 2007).
They could accaut for plastic deformations but are computationally more costly tiwrigid

block and decoupled methodologies (Jibson 0201
2.4. Stress Deformation Analysis

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

descriptons of the materials mechanics and boundary conditions. They can be represented in terms



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 simlificon of t he model
conditions and material behavior in order to be solved. Therefore, analytical solutions are very

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

Stressdeformation analysis is a relatively neategory 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 fite number of points. Soil behavior can be characterized by complex constitutive
models (sed-igure4) and by seismic loads in terms of acceleration or stresshistay. In
general, stresdeformation analyses allow realistic representations (properties, geometry, etc.),

but they are computationally expensive.
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(a) (b) (©)
Figure 4. Stresstrain relationshipga):. Elastic perfectly plastic, (bElasticlinear hardening,

(c): Elasticlinear softening

The stability analysis is based on estimating the strength reduction factor (SRF), which resembles
a factor of safety. In this approach, the shear strengtimetees 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) prissz list of pioneer authors that used finite
element analyses with different stredgin relationships on static slope stability. Similarly,
Kramer (2007) presents different authors that performed dynamic finite element analyses of slopes
(e.g. Seed @73), Lee (1974), Serif 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 predictivéi@ipasing the finite



differences method.

The advent of more advanced computational tools and new numerical techniques signified that
two broad stresstrain numerical approaches can be distinguished: Hvestd methods and
particlebased methods. Mediased 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 -dfasessh
methods is that they suffer from mesh tangling when large deformations are involved. Thus, these
approaches are efficientppplied tomesh distortions that do not compromise the convergence
condition; thereforea stress reduction factor (SRF) could be estadaor a performance
evaluation based on allowable deformations could be carried out. Otherwise, it can be assumed
that failure has occurred, and the pfasiure analysis(run-out processy requires numerical
approaches capable of dealing with largeodehtions such ashe particlebased 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 matenalints (Yerro et al., 2016), and they are adequate to simulate large
deformationsand study the podtiluresoilbehavioa s we |l | od adfelraaws & pr ead s

landslide movements.
2.5. Conclusion

The most wellknown methods to analyze slomtability considering dynamic loads were
presented. The first approach was established by Terzaghi and it is calledfisd¢iacanalysis.

The basic concept of this method is the introduction of a horizontal load equal to the weight of the
block or slidig mass times the seismic coefficiegt khen, a conventional static slope stability
analysis is performed to find a factor of safety. Another methodology is the gtildick analysis
introduced by Newmark, which is currently one of the most common inesming practice. This
method involves two integrations: a first integration of the acceleration time record that surpasses
the yield acceleratiorA{), which is the seismic coefficient that yields a safety factor equal to one,
and a second integration fond permanent displacements. The third method is the stress

deformation analysis, which consists of applying numerical techniques with sophisticated

10



constitutive soil behavior models to solve a set of governing equations. In this method, we can
distingush meskbased methods (e.g., FEM, FDM) and partlidsed methods (e.g., MPM, SPH).

Sliding-block methodscan be adequate to estimate deformations resulting from slides type of
movements which include rotational and translational landslitiesse movements can also be
represented using numerical methods; however when large deformations are ifeigiMateral

spreads and flowgarticlebased numerical techniquae required

Finally, this study has identified: a) how the different mdtilogies evaluate the onset of failure
(stability analysis) and b) the applicability of these methods to predictaphst deformations

and final rurouts (posffailure analysis). Table 1 summarizes the findings.

Table 1. Summary of the applicability thie methods on a) stability and b) péature analysis.

Pseudostatic Sliding Block Stress Deformation

Analysis Analysis Analysis

N | Factor of Safety| Allowable permanen|Strength Reduction Fac
Stability Analysis

FS>1 displacements SRF>1
_ ) _ Applicable (Large run
Postfailure analysis _ Constrained to sma ) _
_ . Not applicable . outs only with particle
(Risk analysis) deformations

based methods)

11



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 thregroups the pseudostatic method, the slidinigck methods, and the stress

strain numerical methods. &a one of them presents advantages and disadvantages. The
pseudostatic method is simple to apply, but a factor of safetlieasolecriteria of stability
evaluation is not sufficierfor postfailure analysis. On the other hand, the ststssn methos,

also known as stregkeformation or numerical methods, could represent the dynamic soil behavior
with high sophistication, but the computation time efficiency is forsaken. The Newmark methods

or slidingblock approachegualify as a link between the @htwo 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 performanceleation, 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 Materfoint 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 beenastddied,

as a result, empirical predictive equations, also called ground npo&dittionequations (GMPE)

or attenuation relationships, were formulated for the prediction of seismically induced
displacements as functions of ground motion parameters, a¢sceckfs intensity measures (IM).
Furthermore as mentioned in Chapter 2, slidiblpck methods are adequate to represent

di spl acements from 6sl| i de s-@eformatoaumericalrhethodsl s | i d e
canbecapableroepr esent not only O0slidesd6 type of mo
def ormations such as o0fl owsbo. In particul ar,

characteristics presented on a previous study on a shakilegtest.

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 obcalemodels is important for data collection to apgigrn in geotechnical modeling. In

this investigation, acalemodel tested on a shaking table by Hiraoka et al. (2013) and studied
numerically by Bhandari et al. (2016)used for validation anscaled up t@rototypeproportions

to evaluate its response & dataset of seismic records to find seismic displacements through the
application of empirical prediain methods and the finite element method. The empirical methods
include the approaches developed by Newmark (1965), Makdisi and Seed (1978)Gtiffires

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 stresgrain constitutive law with thiglohr Coulomb failure model. These
results are compared statistically, and new empirical approachesaltalating seismic

displacements are proposed.
3.2. Methodology

The study consists of the seismic slope analysis of granular material using twelvieatmp
predicton equations and the finite element method (FEM)shakingtable modelpreviously
studiedis used for numerical validation and scaled uppoogotypemodel then, itis subjected to

88 acceleration time records obtained from the Pagdithquake Engineering Research (PEER)
database with moment magnitudes (M) ranging from 6 toah@2upture distances (R) from 0.2

to 180.2 km The permanent seismic displacements obtained using the empirical approaches are
compared statistically to FEkésults 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
proposenew empirical correlations to reckon seismic displacements. Fglisplays thegeneral

methodology adopted for this study.
3.2.1. Prototypeand scalemodel characteristics

A previous study of a small slope on a shaking table experiment from Hiraoka et al. (2013) was
considered for reference. Tleealemodel (H=0.5 m and 45° slope inclination) comprised a
granul ar soil with friction angleperimest2vds 5A a|
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

13



element method (FEM) and the material pomgthod (MPM). In this researcthe same scale

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

publications for validation.

After this validation,the geometry and material propertfesm the modelwere scaled upo a

prototypeslopeto apply the empirical equations and to implement a real scale FEM .rdodel

mul tiplier factor, =10, w dosrepreserghe prdpartionsa ¢ al i n ¢

typical embankments and minimize the gravitget$ of scalingThe soil properties were selected
iteratively to be consistent with the inclination of the slopetaraisure static slope stability while
maintaining the factor of safety similar to teealemodel. Ignoring the adjustment to theale
material properties would result in an unstable structure failing bynsatfht. The final shear
strength parameters required to ensure the static stability pfatetypeslope are c=2.4 kPa and
«=46.5A, and they r epr esa heavilytcgmpacedrhatenals.lThee s

prototypedimensions are representative of a typical embankment or a disposal landfildekpre

failure planes are not considered for the design.

Scale model Prototype model Seismic Displacements (FEM)
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e
s -'~I F--.-----I
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Figure5. Flowchart of methodology

14

o f



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 (4, which represents the dynamic resistance of the slope. The analyses were
completedusing the ordinary method of slices (OMS) and adopting circular slip surfaces with the
Mohr Coulomb failure criterion. Figudisplays the reduction of the factor of safety with respect

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

the slope tends to be more unstable, and it is reflected on a reduction of the safety factor. The yield
coefficient (k) of the slope is 0.248; then, the yield acceleration is 0.248g or 2.432 m/s

1.50

—— OMS
1.40

1.30

1.20

Factor of Safety

1.10 f

1.00 f

0.90

0 0.05 0.1 0.15 0.2 0.25 0.3

Seismic Coefficient (k)
Figure6. Factor of afety vs. seismic coefficient
Another important parameter used in the empirical methods is the fundamental period of the
structure (), which provides an idea of the rigidity of the slope: stiff fexOl2 s, and flexible

otherwise (Fotopoulou arRitilakis, 2015). It can be calculated by=#H/Vs, where H is the height
equal to 5 m, and Vs the shear wave velocity equal to 110 m/s. In this case fdund 0.18 s.

3.2.3. Earthquake ground motions

A total of 88 seismic records have been utilimethe 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 meigrseaf\gng from
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406.7 to 595.2 m/s.even 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 cn\riasintensity (k) varying from 0.04 to 996.67 cm/s, mean period

(Tm) varying from 0.18 to 1.64 seconds, predominant duratignsjvarying from 2.55 to 37.58
seconds, and the yield acceleration ratig/R&A) ranging from 0d 50.16.Histograms of
intensity measures and plots correlating ground motion parameters are presented in Appendix B
and G respectively.Similarly, Figure 7 plots the Fourier amplitude spectaad the response
spectral acceleration of the input loads. All these parameters are used in the calculations of the

horizontal seismic displacement.
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Figure7. (a) Fourier Amplitude Spectrand(b) Response Spectral Acceleration
3.2.4. Empirical Predictive Approaches

Twelve empirical predictive approaches were considered. The study includes the Naypwark
methods (rigid, decoupled, coupled), and numerically developed empirical approaches proposed
by different authors. As explained in section 2.3, the complexityadf segethod varies. Table 2

summarizes the methods used in this study.
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Rigid methods

The classical Newmark method or rigid block method (196&9implemented in this research

using a Matlab code thdiegins 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 20nly the positive side of the accelerations are considered for the integsatiqrsipe

displacements are neglect&ke 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 (k) in meters per second, the yield acceleratioj) {f\g, and the yield
acceleration ratio (lAmaxy). Theserelationshipsarerecommended to kegpplied toslopegnatural

or manmade)with shallower landslides brittle materialsandfor yield accelerations between
0.2and 0.8 g

, 1T & ¢8nipl)C o8 Yipl!IC o omm@u @  (6)

, 1 & ™ @lpl)C oRolol!Cj! P8 X T TP @ X

15

Input Motion
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(4]
T

Acceleration (mfsz)
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Time (s)
Figure 8. Acceleration time records and yield acceleration used in the study

As it will be seen later icquation 15, the simplified approach to estimate seismic displacements
presented by Bray and Travasarou (2007) is function of the degraded spectral accelgjatton (S
1.5Ts, where T is the fundamental period of the slope, theld coefficient (k) in g, and the

17



moment magnitude (M). This approach can be used as an equivalent rigid approximation (Equation
8) by estimating the spectral accelerationg) ®rresponding to slope structures that have
fundamental periods €lequalto zero, namely estimating the displacement as a function of the
PGA.Thenonzero displacement arein cmandPGA in g

R ™ ¢ CYd IE m™oblE ™ QlplE 110" ! o8td 0" !
mTtio' ! mMxy X R (8)

The final rigid approach included is from Hsieh and Lee (2010), which incorporates corrections to
linearity correlations among the yield acceleratidnas intensity, and displacements previously
studied by Jibson (2007). In this study, the form Il (Emque®) of their empirical method is used,

which corresponds to a global data set correlatibere D is in cm,am/s, and Ain g.
T8 ™M) p@®e @I 1) p&T ™ wu w
Decoupled methods

Two decoupled procedures wesensidered. The Makdisi and Seed (1978) approach and the
HynesGriffin 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 dynant displacements (Seed 1979, Jibson 20I0¢ 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/shd following charts (Figur@) were developed to estimatetermanent
displacements as a functiari the yield acceleratiody, the maximum horizontal equivalent
acceleration (MHEA)magnitudeandthe depth of potential failure

For this approach, it was necessary to calculate the maximum crest acceleraion.isT
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.
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Figure9. (a): Variation of maximum acceleration ratio with depth of sliding mass. (b): Variation
of permanent displacement withspect tg/ield acceleratiofMHEA. (Makdisi and Seed, 1978)

The max crest acceleration was estimated uBipgationl O . WHy@ vakles are the mode
participation factors for the first three modes at the crest of the slope (y=0), and they are

«q( 0) =12 ®0 ,=1 .0 §0)=0.86 n(Blartlett, 2011). Similarly, Saare the spectral
accelerations for the fundamtal periods corresponding to the first three modes of vibration.
These periods wer e compvuatleude so salrneg-0bf5q Bbatzi am d1 I
8.65, H is the height of the slope, angid/the shear wave velocity.

N
I 6o

| pp

Cal cul ati ng t he-valpesrandoregpkcingvit ittquatianiiG® theb max crest

acceleration was approximated using the followigation12:

QAQ p8$AT&4’8 TT8ppL|fl].l 8 BAQAQ n8nupcx 3 ':BA(QVQ n8noch d12)
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Then, the maximum horizontal equivalent acceleration (MHEA) was calculated applgung
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 accelerafianey). AfterwardsFigure9b was used to calculate

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

In addition, the Hyne&riffin and Franklin (1984) decoupled approach was applieés model
considers tle 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 r@fa{4\
which is calculated based on Equation 13 (Meehan and Vahedifa®),\20dre D is in cmThis

approach incorporates the amplification response of bedrock ground motions through the slope.
s e 1y T I o 1~ G I~
| T$¢ mn8pp¢O mM8XEED p8XGED ¢8Yu+d mM8¢ Yx (13)

1 AQ 1 AQG 1 AQ 1 AQ

Coupled method

The fully coupled model from Bray afidavasarou (2007) was considered in this analysis. This
procedure uses a nonlinear fully coupled ststifg deformable slope model that incorporates a
more accurate dynamic response of the slope and the sliding mass deformation caused by the
seismically hduced deviatoric shearing. The model characterizes the slope displacements as a
function of i1its dynamic strength and stiffnes
yield coefficient (k), and its initial fundamental period T This methodmgy consists of two

stages: 1) calculating thprobability of negligible zeralisplacement Equation 14) and 2)
calculating the amount of nerero displacementEQuation 15).This formulationhas been
idealized forky values ranging from 0.0® 0.4, and Tvalues from 0 to 2 btained by varying

the height of a sliding block between 12 and 108rd shear velocitys, between 200 and 425

m/s), and it has proven to provide consistent results for et andolid-wastelandfills. For

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

displacements.

0$ mpn p8xe8cE&E Tn81¢YiEy o8uEIpBY 4 (14)
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The first term oEquation 15 must be replaced with22when¥& 0. 05 s. U=nor mal | vy

random variable with zero mean and standard d
Numerically developed empirical method

Finally, empirical stress deformation predictive equations developed by Fotopoulou and Pitilakis
(2015) using nottinear numerical analyses and the finite difference method (FDM) in the
FLAC2D interface were employed. The predictive equations are presariauctions of different
intensity measures and resulted from a parametric stuslpeés withheightsfrom 20 to 40 m,

shear velocitiefrom 150 to 400 m/s, and underlyinigffsclayeysoil and antherelastic bedrock.

The k valuesarebetween 0.0%and 0.30, and sivalues between 0.032 and 0.69 s.

113 w8yYwp PBYRWBWYPTTESC YUT-8RMUL p @

113 C8weUL IgiBpt xp8u YorE8 L 0 UM-8K ¢ P X
1 1% pi8cE@ploiug0' ! Xx8YgmEB QU M-8R L oY
113 P8Tmxpp8 YIxi@' 6 m8clmg v 8 wEIMEB @ pR

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

i 4 (2015) Method 4

N° | Model Type Functional Form
1 | Newmark (1965) Rigid Original method
2 | MakdisiandSeed (1978) Decoupled| Charts
[ 1. O 1 . G
e (I n8pq—ep—'uo Tr8x1T—e'UO p 8 X GO
HynesGriffin and ' Ao ' Ao 'i Ao
3 . Decoupled
Franklin (1984) 'y
C8Yy+TO mBCYX
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11 p 8 p T 8IiE
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3.25. Finite Element Model

The stresstrain numerical analysis was performed using the finite element method (FEM) with
the Plaxis software. The contour area extends from O toet@rs in the xdirection and O to 6
meters in the yirection. The slope is 5 m high and inclined 45° with respect to the horizontal.
Plane strain conditions are imposed withntdsled elements and mesh sizes ranging from 0.20 m
in zones closer to the ge, 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 compuwisati on
manual from Kuhimeyer and Lysmer (1973) to assumeeigiet of the wavelength related to the
maximum frequency content+{f) as shown irEquation20. The maximum frequendiNyquist
frequency varies for each input motioand for this study afmax= 25 Hz isadopted andelected
based upothe Fouriemmplitudespectra corresponding to a value close to zero (Fig@ré& his
yields an average length of 0.55 m.

| OA ORICAT AE OF — ¢ m

W yE

Two construction phases have been used in the analysis. The initial phase consisted of initializing
the stresses due to gravity loading (fegure 10). In this stage, the left side is free in the y
direction and fixed in the-girection; therigid base othe slope is free in-girection 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 appliedn the xdirection at thdase and left side boundaries of the sldjpés implies that the
slope lays on a rigid base (e.g. bedro€dnsideringa rigid boundary at thdvasemeans that
elastic waves are trapped in tembedded materidiecause theyeflect at the boundary In
addition the assumption that tHateralboundarymoves with the sammput acceleratiortime
historyis realistic for the shaking table analysis, Isuess representative @déxible slopesThe
dynamic time interval is setqual to the duration of the recorded input matiemally, 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 eisplacvs time plots in Figure
12).
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The Mohr Coulomb failure mode for drainednditions with zero tension coff, friction angle
46.5°, cohesion 2.40 kPa, and linear elastoplastic sitemia soil behavior has been adopted with
anonrassociated flow rule with the angle of dil
V=110 nis, the shear modulus (G) and the Young modulus (E) weredadoklated using
Equations 21 an@2. Table 3 summarizes the material properties.

' %

6 m Cp ' o Cq
Table 3. Material properties

Parameter Symbol Unit Value
Friction angle « ° 46.5
Cohesion c kPa 2.40
Poisson ratio 3 - 0.33
Young modulus E MPa 54.14
Dilatancy % ° 0
Tension cutoff kPa 0
Shear modulus G MPa 20.35
Unit weight 9 kKN/m® 16.5
Initial porosity n - 0.33
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3.3. Results

The estimated maximum displacemerdbtained from the empirical methods and the finite
element model are summarized in Appendix Table 4 presents the maximum permanent
displacement of all the input motions for each of the empirical approaches along witfENki
horizontal displacements and record numbi#drthe models converged until the last dynamic step
and the final mesh configurations were not tanglEte maximum permanent displacements
calculated from the empirical approaches varies from 0.13 @86%3 cm corresponding to the
HynesGiriffin and Franklin (1984) and the Fotopoulou and Pitildkdés(2015), respectively.

Table 4 Maximum permanent displacements calculated from empirical approaches along with
the corresponding displacement obéairwith FEM for the same ground motion record.

Displacement (cm)
Approach : Record
Maximum FEM
Newmark (1965) 50.16 112.20 28
MakdisiandSeed (1978) 36.21 58.00 53
HynesGriffin andFranklin (1984) 0.13 50.01 2
BrayandTravasarou 1 (2007) 15.44 112.20 28
BrayandTravasarou 2 (2007) 29.36 50.01 2
Jibson 2 (2007) 18.88 85.10 79
Jibson 3 (2007) 41.40 50.01 2
HsiehandLee (2011) 48.26 85.10 79
Fotopoulou and Pitilakis 1 (2015) 48.45 49.80 75
Fotopoulou and Pitilakié 2 (2015) 60.75 14.50 73
Fotopoulou and Pitilakis 3 (2015) 74.97 14.50 73
Fotopoulou and Pitilakit 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 WA = 0.809 g, PGV = 1.068 m/s, PGD = 0.159

m, Arias intensity,d=9.291 m/s, mean periodnE 0.836 s, predominant durations-§3= 21.76

s, and yield acceleration ratio,/RGA = 0.306. This record also produces the maximum horizontal
displacementsyomeans of the Newmark (1965), Bray and Travasarb(007), and Fotopoulou

and Pitilakis 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 displacetheotigh
the HynesGriffin and Franklin (1984), Bray and Travasario@ (2007), and Jibson 3 (2007)

empirical procedures.

Figure 11 presents the final deformed mesh for the record N° 28, which gives the maximum FEM
displacement. Figure2illustrates the different magnitudes of horizontal displacement at the slope

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

Figure 1. Deformed mesh after FEM dynamic phase subjected to input record N° 28.
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Figure 2. Numerical horizontal displacement versus time for different records.

In Figure B, it can be seen that the percentage of the computed permanent displacén

where the percentage is with respect to the total number of records apaltre®>0.1 cm,

which for this study are considered to be of engineering significance, ranges from 97.5% for the
Fotopoulou and Pitilakis 4 (2015) to 1.14% for the Hyn&ariffin and Franklin (1984) approach.
Similarly, only between 15% and 27.5% of the displacementsdfaging the Newmark (1965),

Bray and Travasaradul (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 disttibas 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, Figur@ 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 Travaga(@007), the four
Fotopoulou and Elakis (2015), and the FEM results are larger than the Newmark (1965), Bray
and Travasarou 1 (2007), Jibson 2 and 3 (2007), and Hsieh and Lee (2011) methods. Histograms

of the displacemnts are presented in Appendix E
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CHAPTER 4. DISCUSSION
4.1. Direct Comparison

A direct comparison between the twelve permanent displacepredisted by empirical methods

and the FEM horizontal displacements is shown in Figdré tan be observed that the numerical
results are in good agreement with the Makdisi and Seed (1978), the Bray and Travasarou
(2007), and the Fotopoulou and Pitilakis 2 and 3 (2015) empirical approaches. The Makdisi and
Seed approach slightly undegpicts numerical displacements greater than 1 cm. The Bray and
Travasarou 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

displacemerst (<1 cm) and underpredifcr 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 becautte Jibson (2007) and Hsieh and Lee (2011) approaches were developed
by applying the classical rigid block method. Finally, the Bray and Travasdr@¢2015) or fully
coupled method underpredicts permanent displacements compared to the numericavitesults
high dispersion. This could be because thenmgid 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 slopes)TL8 s whib classifies it in the range of rigid

slope behavior. This is corroborated by a more uniform correlation of permanent displacements
for the Bray and Travasaréw (2015) for rigid slopes.

Also, the HynegGriffin and Franklin underpredicts considerabitg 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 H@r&éin and Frankin (1984) present
fewer data points because they are dependent of the yield acceleration yati.§Aand when

this value is greater than the unityy(Amax) > 1, the solil strength is assumed not to be exceeded;
therefore, the empirical permanent désgments 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 underpredictiveend can also be observed fRigure 15, where the

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

presenteq%Re | at i v e %'Q—T—ﬁ&‘éﬂwé b*f & BThese cumulative distributions were

numeri cal

similarly considered to compare diffetanethodologies 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 fé on the positive side. About 10% of the Bray and Travasar®y2007) 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. Theseamsiln 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 areonconservative when tlyeare applied to calculate seismic slope displacements. Also,
FEM is generally conservative compared to the empirical approaches since it yields greater
displacements, and it i@t 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 Measurs

Four statistical measures were used to asses$s tifehe empirical approaches in comparison to
the FEM model. These statistical methods employed here algoeutilized in the study of
Jafarzadeh et al. (2019). They are the RdeanSquare Error (RMSE) (Equation 23), the
Symmetric Mean Absolute Percentage Error (SMAPE) (Equation 24), the Mean Relative Absolute
Error (MRAE) (Equation 25), and the Mean Abgel$caled Error (MASE) (Equation 26).
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Where: Y is the observed horizontal disptament from the FEM numerical methodisihe value

from the empirical method, n is the number of elements,tee absolute error, |Y Fi |, and &

is the last observation (benchmark method). The results of these statistical methods are
summarizedn Table 5 and depicted in Figuré.1
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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

Statistical Measure

Approach R'(\:"rﬁE SMQPE MRAE | MASE

Newmark (1965) 15.447 192.68 17.075 | 0.76019
MakdisiandSeed (1978) 14.017 | 156.02 13.786 | 0.61794
HynesGriffin andFranklin (1984) 19.997 | 199.93 | 20.353 | 0.98885
BrayandTravasarou 1 (2007) 18.844 | 168.04 19.34 0.9466
BrayandTravasarou 2 (2007) 16.72 131.83 | 16.351 | 0.72803
Jibson 2 (2007) 17.684 | 189.51 18.704 | 0.88678

31



Jibson 3 (2007) 17.396 | 189.36 | 17.328 | 0.77035

HsiehandLee (2011) 14.45 179.79 | 16.238 | 0.71677

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

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

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

Fotopoulou and Pitilakis 4 (2015) 19.804 | 101.64 | 13.568 | 0.39854
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Figure B. Statistical measures for the empirical predictive approaches
(a) RMSE, (b) MAPE, (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 scaldependent measure that is useful when comparing outpuffeoéut 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 Pitildk{2015) and the Hynes

Griffin and Franklin (1984 Yespectively. Thereforepnsidering this measure, the most consistent
empirical method with the numerical method is the Fotopoulou and Piiilakj2015). Narrowly,

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

The sMAPE is a measubased on percentage errors and it has the advantage of performing better
when the observed values afe small or tends to zero (Hyndmamnd 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 Hynesi Griffin and Franklin (198) 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 th Newmarktype Bray and Travasarou2 (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 errof*eobtained from the benchmark method whereirisFthe hst
observation (Jafarzadeh et al., 2019). According to Fighirtné 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. TheeBiglRAE is calculated for the
Hynesi 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 smallesa(iyrdman and Koehler,

2006). Identical to the previous statistical techniques, the highest MASE value pertains to the
Hynesi Griffin and Franklin (1984) method with a value of 0.9888, and the lowest error is
calculated for the Fotopoulou and Pitilakig (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 aceuracy ar
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 resulisis 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 Pitilak3s(2015) with an average of 0.909, and

the lowest aveige rating corresponds to the HyrieGriffin and Franklin (1984) with an average

equal to zero. The best nommerically developed empirical approach that more accurately
predicts the FEM displacements are the Makdisi and Seed (1978) with 0.722, andyttzendBr
Travasarou 2 (2007) for rigid soils with 0.533. Table 6 and Figuveekhibit the arithmetically

averaged scores for each empirical approach.

Table 6. Summary of scored statistical measures

Rating Process
Approach
RMSE | sMAPE | MRAE | MASE | Average
Newmark (1965) 0.706 | 0.065 | 0.469 | 0.387 | 0.407
MakdisiandSeed (1978) 0.928 | 0.392 | 0.940 | 0.628 | 0.722
HynesGriffin andFranklin (1984) 0.000 | 0.000 | 0.000 | 0.000 | 0.000
BrayandTravasarou 1 (2007) 0.179 | 0.285 | 0.145 | 0.072 | 0.170
BrayandTravasarou 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
HsiehandLee (2011) 0.860 | 0.180 | 0.589 | 0.461 | 0.522
Fotopoulou and Pitilakis 1 (2015) 1.000 | 0.825 | 0.972 | 0.685 | 0.871
Fotopoulou and Pitilakis 2 (2015) 0.828 | 0.994 | 0.962 | 0.759 | 0.886
Fotopoulou and Pitilakis 3 (2015) | 0.824 | 1.000 | 1.000 | 0.813 | 0.909
Fotopoulou and Pitilakis 4 (2015) | 0.030 | 0.877 | 0.971 | 1.000 | 0.719
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4.4. Empirical predictive equations basé 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 negliggghcements (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 These regressions weedso applied as
weighting functions to find the most efitive 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 acceleratioRGA), Ariasintensity (k), and the yield acceleration ratio{RGA).

Figure18illustrates the probability of nerero displacements for PGAyias 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 intemsggsure (IM) are presented in Equation

27 and Table 7, respectively.
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Table 7.Regression coefficients for estimating the probability of-nero
displacements given a certain intensity measure.

IM a b c d R2 | RMSE
PGA (g) 1 7252 | 1.612 | 5.407 1 | 0.00239
la(m/s) | 11.11 | -10.87 1 1 | 0.9999| 0.00476
A,JPGA | 0.0262 | 1.236 1 1 1 0

To account for the magnitude of nraaro displacement, Equations 28, 29, and 30 are proposed
taking into account the IMs in scalar form. They are plotted in FipRiadong with their predictive
boundaries, data points, and their corresponding residogl$4ital 109 Doredicte. 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% confidencdt was not defined trend lines for PGV, PGD;,dg and T, because of their
scattering. The data points of these IMs vs. FEM displacements are plotted in2Bigure
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Table 8.Regression coefficients for estimating the 1zeno displacements given a certain
intensity measure. Scalar form.

M a b c R | RMSE
2.485 0.4178 0.1617

PEAQ | (177,32 | (05572-02784) | (-0.01231,03357) O-7°62 | 0-3719
84.08 0.007486 83.38

'(M/S) | (.936.6, 1105) | (-0.08328,0.09825)  (-1104,937.3) | 0-9685 | 01331

AJPGA 3.662 0.8873 1.008 0.7607 | 0.374

(3.045,4.278) |  (0.3878,1.387) | (-1.823,-0.1924)

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

vectorial form as follow:

- g . !
1T §AI)- 0' ICh) - )I—oh)- o

A AD) - AD) - AD) - op
Table 9.Regression coefficients for estimating nonzéisplacements. Vectorial form.
a b c d R? 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 epresented by its fundamental period=10.18 s, and yield
coefficient, k = 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 slowerfundamental periodsand the

more dynamic strength (greatgi,kkhe smaller displacements the proposed models would predict

compared to the actual ones (see Table 10). For a different combination afahd K, the
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predictive models could yield greater or smaller displaremand therefore should not be relied

on. In AppendixF, the fitted functions are plotted along with the empirical data points.
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In Figurel19a it can be observed that for Equation f&re is a truncated initial displacement of

0.1 cm for

PGAGs | ess

than 0. 0735 and

g,

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

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 largervalues of Arias intensity.

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

Ts

ky = Ay/g

FEM predictive equ
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4.5. Effects of FEM mesh size on the predictive equations

As explained in sectio, 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 displacemdents

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 rangaluds of the ground motion parameters
(PGA, k, Ay/PGA). The output numerical displanents are presented in Figureddng with the

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

Intensity Measure Log (D cm) D (cm)
Record [ pPGA . . N .

) la(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 showsaheé 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 considgraptimized the computation time for the 88

records without adverse effects.

Table 12. Absolutdifference between initial and finer mesh fit measures

Initial Mesh Finer Mesh Absolute difference
M R? RMSE R? RMSE R? RMSE
PGA 0.9170| 0.2887 | 0.9051 | 0.3353| 0.0119 0.0466
la 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,ncluding how these methodologies evaluate the onset of failure (stability
analysis),and their applicability to predigbostfailure deformawns and final rufouts (post

failure analysis). These methods can be classified into tinmes The first approach is the
pseudostatic analysis where the dynamic load is introduced as a single horizontal force through
the application of the seismic cfiefent 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 slidbigck analysis which involvea double
integration ofthe ground acceleratiorthat surpass the yield acceleratior)(A an acceleration

time recorduntil the relative velocityf the sliding masg zeroto find permanent displacements.

The stability analysis is based upon allowable permadeplacements, and the pdatlure
analysis is restricted to small displacements (generally less than 1emg.arldifferenttypes of
Newmark methods. The rigid approach considers the destabilized sliding mass as a rigid block
while the decoupled ancbupled methods take into account the deformability of the slope. The
third method is the streskeformation analysis, which consists of the application of numerical
techniquege.g. FEM)with sophisticated constitutive models. The stability analyaige based

on the estimation of the strength reduction factor (SRF), which resembles a factor obsalfety,
evaluation of final deformationsh& postfailure analysisincluding large deformationsould be
performed with partickbasedhumericalmethod (e.g. MPM, SPH). Several empirical predictive
equations were developed by different authors using the Newapptoachand numerical
methods to estimate isenically induced displacementé r esul t i ng from &6sl |
movements)The predictedisplacementsan be compared to allowable displacemenévaluate

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 moga#emented in the
Plaxs2D program. The geometry of a scalekingtable experimentvalidated with laboratory

and published datad{raoka et al.2013 and Bhandari et al., 20168yasscaled up by a fetor of

o = Xd0aprototypescale modelo employ enpirical predictive methodd he material properties

were selected to preserve static slope stability and to maintain the factor of safety similar to the
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scalemodel. 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), Hyn&siffin and Franklin (1984), Bray and Tvasarou (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 Hy@efin and Franklin (1984)and the
Fotopoulou and Pitilakis 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 residlthe stresstrain 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 frdroth approaches directly, it can be observed that the FEM results
are in good agreement with the Makdisi and Seed (1978), the Bray and Trava242007), and

the Fotopoulou and Pitilakis 2 and 3 (2015) methods. Fotopoulou 1 and 4 (2015) mostly
overpralicts 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 Beohéghest 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 Travasa(@007).

This can beattributed to the resemblembetweerthe formulationsand the presented mod&he
Fotopoulou and Pitilakis (20159nd Makdisi and Seed (1978&lationshipswere developed
considering the sl ope 6 samgliéchtionresporise usingtesh based per f
numericalmethod (FDM and FEM respective)y In addition the Fotopoulou and Pitilakis (2015)
relationships proposedénMet hod 26 and &éMet hod 3yPGAwheh f unct i
correlatewell with the FEM resultpresented in this studifinally, the Bray and Travasaroi 2

(2007) is a relationshiproposed o r  &Glopesgvhich d@s conistent with the low fundamental

period of theprototype 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 functiimegbeak gound acceleration (PGAArias
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intensity (k), and the yield acceleration ratio {RGA). The regression analysis included
weighting functions determined by a logistic regression using the probit fit model which accounted

for the probability of displacermés greater than 0.1 cm. Then, the fourth correlation to estimate
displacements was presented incorporating the PGAnd A/PGA. These predictive equations

shall be applied to configurations similar to thlepe conditiongoresentin this study (i.e.,
homogeneouslopessettled on rigid or bedroaknderlying materig| with fundamental period,sT

=0.18 s, yield coefficientyk= 0. 248, and for intensity measur ¢

values.
5.1 Future work

Scaling models is ehallenging 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 tlalaoratorymodel. These diiculties 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 sedfight. In this sense, it is recommended to
perform a study consideriragscalemodel 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 differendlitigs (represented by the
fundamentalperiod¢f , whi ch depends on the slopsfs heig
and for different strengths (represented by the yield acceleratipnwiich is a function of the

soil shear strength parametéeshesion 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 gastire analysis. In this study, a higher
uncertainty in the predictive boundaries was observed for |sgsmic displacements. Thus,

comparing them with the results of partidased methods is recommended.
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APPENDIX B. Histograms of Intensity Measures

(a) Moment Magnitude, (bphear Velocity V&, (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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