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ABSTRACT

MODELLING THE VARIAB |LITY IN SEISMICALLY INDUCED SLOPE
DISPLACEMENTS DUE TO GROUND MOTION SELECTION

¥ z mgeBarak Okan
MSc., Department o€ivil Engineering
SupervisorAs s o c . Prof . Dr. Zeynep Gg¢l ¢
Co-SupervisorDr .  Zeyn ezBayfamk i nm

April 2019, 73 pages

Assessing theearthquake performance of a sloped estimating the seismically
induced slope displacements is one of the most complicated tasks in geotechnical
earthquake engineering. The source of the complication irelildéefining the soil
properties and their variability within the limits of the available
geological/geotechnical informatiprand ii) executing a proper ground motion
selection and scaling procedufer the dynamic numerical analysis, which are
generaly limited in numberfor most of the engineering applications. The objective

of this study is to model the uncertainiiye to ground motion selectian the
seismicallyinducedsoil slope displacements estimated by thaamic numerical
analysis. For thisyrpose, fifty horizontal pairs of ground motions recorded at rock
stations from the Pacific Earthake Engineering Research Center datalmse
selected and scaled up to 1.0g of maximum horizontal acceleration to create the
candidate ground motion datag$t300 recordings. These recordings are utilized in
PLAXIS-2D software to perform the dynamic numerical analysiseight different
slopesin dry (drained soil. Analysisresults showed that the standard deviation of a
simplified prediction model for setscally-induced permanent slope displa@sits

lie within the range of 0.28.36 (log units) and does not show @sificant variation

with factor of safetyn static condition®r angle of the slope geometry. At the end of
the study,18 ground motion compaentsthat representhe medianbehaviourare

selected and provided fane future studies. These recordings may be preferred in



the numerical dynamic analydis examine slope displacemerstsd when combined
with the estimated standard deviations, theybadd the range in seismic demand

models for earthquaki@duced slop displacemers may beproperlymodelled.

Keywords: Seismicallynduced slope displacements,dynamic finite element
analysis,groundmotion selection andscaling, seismicdemandmodels

Vi
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CHAPTER 1

INTRODUCTION

Landslides are one of the principal cesi®f damage during eartihakes;the amount

of damage fronseismicallyinducedlandslides and other ground failures sometimes
exceed theamount ofdamagethat isdirectly related to ground shaking and fault
rupture (Refice and Capalongo, 200Bhe 2008 Wenchuan Earthquake is hytfee
largest event in th&ast centuryin terms of the number and volume edrthquake
inducedlandslides(Figure 1.1) andthe affectedarea(Fan et al., 2018), leading to
several papers published on various aspeftseismicallytriggered landslides

( Tany @&xHoweXdr, Inost of the previous literature (both before and after the
WenchuanEarthquake) focuskon documenting the cadaistoriesin terms @ the
spatial properties of thearthquakenduced landslide and their relation with
geological and geomorphological indicesalysedhe earthquake or ground motion
parameters thamay trigger the landslides, evaluated or developed landslide
susceptibility maps, etcDuring the recent Nepd#&borkha Earthquake (2015)
landslides covering more than 90 kof area were triggere(Martha et al., 2017,
Figure 1.D) and the collected daggnificantlychallenged the previously developed
prediction models foestimatingthe volume andpatial distribution okeismically
inducedl andsl i des (Tanyack, 2019) . Therefore,
future studiesbased onlandslide susceptibilitynapping and remote sensing will
focus on further developing the landslide inventories iamaloving the prediction

models for spatial distribution gkeismicallyinducedlandslides.

For the geotechnical engineering point of vietle ability to predict seismicaly
triggered landslide displacememisge to expected ground shaking levels aedegal
slope propertiess more important, especiallyor the analysis of geechnical

hazardsand for the design of engineering slopes (Jibson, 1998)son (2011)



grouped thedynamic (seismically induced) slope stability analysisthods under

three man headings: the pseudtatic analysis, stresteformation analysis, and
permanent displacement analysis. Using the samaia headingspreviousliterature

with the advantages and limitations alescussedn Chapter 2 of this dissertation
Considering theseismicallytriggeredpermanenslope displacements theseismic
performance parametefor the engineering demand parameter, EDP), several
prediction modelsalso known aseismic demand models) based on different ground
motion intensity measures (IMs)ene developeaver the last two decades. Almost

all of the previous seismic demand models hidlzed theNe wmar koés sl i di ng bl
(NSB) analogy to calculate the permanent slope displacement. The performance and
the applicability of recent prediction moddbr NSB displacemenin Turkey were
evaluatecand discussedy G¢ | er c e a thefefoBeatheselmodelg &relndt)
included in tle scope othis study For other slope failurgypes, the use of stress
strainflisplacementmethod is getting more wdespread since complex slope
geometries and different largtrain soil models canebincorporated in tlse
analysis. Brmanent slope displacement prediction models based on dynamic
numerical analyses are quite limitexhly a few studies were publishedeo the last
decade and the findings of these studiesanemarizedn Chapter 2.

(b)

Figure 1.1(a) Earthquakénduced slope failure of a natural slope in 2008 Wenchuan
Earthqualk (sourcesciencedaily.com (b) failure ofanatural slopafterthe2015 Nepal
GorkhaEarthquake caught on came(sourceindianexpress.com


https://www.sciencedaily.com/releases/2009/03/090302183250.htm
https://indianexpress.com/article/world/asia/landslide-after-massive-nepal-earthquake-caught-on-camera/

Previous literature given in Chapterdisplayedthat theuncertainties in thenput
ground motion used for tMeSB displacemenprediction modelsvere onlyrecently
addressedn the literature (e.gRathje andSaygili (2008) Strenk and Wartman
(2011). Strenk and Wartman (2014howed that the uncertainty in the inpubtion

may have a significant effect ale slope displaceme estimates and the amplitude

of the effect dependen the applied methodology (NS& decoupled analysis).
However, a comprehensive evaluation of the uncertainty implied by the ground
motion selection on the results of streeformation analysifor slope displacement

was not provided iany ofthe previous works.

1.1 Objective and Sope

The fundamental objective of this stuidyto modelthe variability in the earthquake
induced permanent slope displacememstimatedby dynamic numerical analysis

due to the selection dhe input groundmotion For this purpose, fifty horizontal

pairs of ground motions recorded at rock stations from the Pacific Earthquake
Engineering Research Center (PEER) Next Generation Attenuation West 2 database
are selected and scaled up to 1.0g of maximum horizontal acceleration to create the
candidate ground ation dataset of 300 recordings. Thesamdidaterecordings are
utilized in PLAXIS-2D software to perform the dynamic numerical analysiigint
different slopesin dry (drained soil with different slope geometriesAt the
beginning ofChapter 3, the procedureslevelopedor the selectiorand scalingof

input ground motions are defineddditionally, detailsregardingthe utilizedslope

geometrieandgeotechnical parameters alaboratedn that chapter

Analysis results provided i€hapter 4 shows tha the relationship between the
permanent slope displacements and peak ground accelef@®k) of the input
motion is linear in log spacéor the scope of this study, the scatter or the standard
deviation of the relationship is more important; therefdhe variation of the
standard deviation with the slope parameters (i.e., factor of safstgtic condition

or slope angle) isliscussedn Chapter 5. Analysis results showed that the standard
deviation of a simplified prediction modé&k within the raage of 0.280.36 (log

units) and does not show a significant variation with factor of safetgtatic



conditionsor angle of the slope geometrhe final objective of this study is to
choose a small set of ground motions tegtures the median relatginp between

the permanent slope displacement and R@Ahe future studies. These recordings
may be preferred in the numerical dynamic analisisxamineslope displacements

and when combined with the estimated standard deviations, the body and the rang
in seismic demand models for earthquatsuced slopedisplacementmay be

properly modelled.



CHAPTER 2

LITERATURE REVIEW

Since the beginning of the twentieth century, a variety of methadsbken
developed to investigate earthquakéated slopestability. According to Jibson
(2011), hese methods can lggouped under three main growpgh an increasing
order of the complexity and expenas: (1) pseudostatic analysis, (2) Newmark

sliding block analysis and its derivatives, d8§istressdeformation analysis

2.1 Pseudostatic Aalysis

Pseudostatic analysis method is one of the oldest seismic slope statdiygis
methods thais still in usetoday. Although pseudostationethodwas developed
based on earlieworks, it was first introducedy Terzaghi (1950)In this method,
earthquake loads are considered as a confstargt, which isassumed to directly act

as a single force to the centre of gravity of shding mass.Then the safety factor of

the slope is calculated with the limit equiltam formula. Horizontal seismic loads
increase in proportion to the weight of the sliding mass (W) and the pseudo static
coefficient (k)andthey areapplied to slopas shown irFigure 2.1 Thepseudo static

coefficient is defned inEquation 1:

E — (Eq. 1)

where 6, the horizontal acceleration of the strong ground motion and g is the
acceleration of gravityThe general method in the analysis is to carry out iterative
limit equilibrium analyses with variable k values to find a p&estatic coefficient

value thatmakes factor of safety equal to one. Obtained pseudostatic coefficient is



named aghe yield coefficient §y) and it is assumed that the slope will become
unsafe if the horizontal earthquake recording acceleration exdesijs/alue.

Figure 2.1 A simplified sketch opseudostatic slope stability analysis

Although the method giseudostatianalysis is quite simple and easy to apply, there
are disadvantages and assumptions that are incompatiblegheitreality. One of
these disadvantages is tipageudstatic methogberformsstatic analyses byssunng

that theearthquake loads amdnstantand unidirectionalHowever, seismic loads

like earthquakes continuously change direction and qua#titgther weakness of

the pseudo static analysis is that it does not provide information about plastic slope
displacemenbccurredduring theseismicloading In other wordsthe slope stability

is evaluatedn pseudostatic analysibutthe methodcannotprovideany information

about the amount of motion of the sliding mass after the limit balance has been
exceededln most cases, if thfactor of safety falls below of ond,is assumed that

the sliding mass is completelfgiled. For these reasonsStewart et al.(2003)
recommended that pseudostatic analysis should beomgdor preliminarydesigns

and should be followed by more advanced analybecause pseudostatic analysis
only provides a very rough approximation of slope b&ha during earthquake

shaking.

2.2Newmark Sliding Block Analysis and Its Derivatives

As mentioned previously, thepseudostatic analysis method only provides
information about thelope strength againsarthquakeas factor of safetybut does
not provideany information about theamouwnt of permanentisplacemerstoccurred

during theearthquakeHowever, serviceability of a slope depends on the amount of



plasticdisplacemengenerated during the earthquaker this reasonanalyses that

predict slope displacement provide a more usgdite for seismic slope stability.

In the method introduced by Newmark (1965), pseudossaiatysis approachad
taken onestep forward and slopdisplacemergwere incorporated in the calculations
with the help of acceleration time history thfe ground notion. In this method,
acceleration time history of selected ground moti®rcompared with tb yield
acceleration valuéo calculate the slopdisplacemers (Abramson et al., 2002)n
the Newmark rigid block analysis method, it is assumed that the ghewih mass
behave as a single rigid block which is sliding over an inclined pldns.analogy is
shownin Figure 22. The seismically induced slopéisplacemerst are estimated by
displacement of the rigid block sliding along in€lith plane under the influence of

earthquake acceleration.

Sliding
/ block

«_ Inclined
plane

Sliding
mass

+_ Failure
surface

Figure 2.2 Demonstration of Bwmak's sliding block analyses

Figure 23 shows the simple expression of Newmark rigid block analySigsire
2.3(a) shows an acceleration time history and a dashedrdfers to the yield
acceleratiorvalue(6y), which can be determined as mentioned pseudostatic analyses.
The plastic displacemerst occur when the groundmotion acceleratiorexceedshe
yield acceleration, whichs indicated by the shaded ared$iese shaded areaare
integrated as a function of time to obtain velocity time historghasvnin the Figure
2.3(b). Similarly, thedisplacementime graph is obtaied by integrating the velocity
time graph as a function of timas shown inFigure 23(c). Therefore, he
displacement amount of the sliding mass is obtained by taking the dotggeal of
the portions of acceleratietime graphthat exceeds the yield acceleratidi.the
peak ground acceleration (PGA) is lesarttihe yield acceleration, risplacement

will occur.
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Figure 2.3 lllustration of the Newmarkliding block method calculation stef§a)
acceleration time history, (b) velocity time history, (c) displacement time history (Wilson
and Keefer, 1985)

One of the most important advantages of the Newmark rigid block analysis is that it
is simple and pical. However,these properties are due to the many assumptions
that affect the accuracy of the obtained resHist, it is assumed that sliding mass
acts as a single rigid block and shows no inde&placementduring sliding.
Moreover, it is expectethat sliding will occur only when the ground acceleration
exceeds yield acceleration valudoweve, in reality soils rarely shovperfectly
plastic material behaviopmstead they usually exhibit strain hardening or softening
with increasingstrairs. As a result, the yield acceleration value is expected to
increase with increasindisplacemerst and the changing geometry of the moving
massKramer, 1996).

Variousarrangementbave beemadeto Newmark sliding block procedure to obtain

more accurate resultf seismicallyinduced slope displacements by modelling the



slopesin a more realisticway. Makdisi and Seed (1978nprovedthe Newmark
sliding block method toinclude thedisplacemerst occurred in the sliding mass
during seismic loadingThis method wasiamed as decoupled method because the
dynamic response of sliding mass and plastic slope displacement were calculated
separately in two step#s a first stepa dynamic response analysis computed to
obtain the average acceleratioggerienced by the dgié massFor thisstep it is
necessaryo speciy the shear wave velocity of sliding mass, thickness of potential
slide, modulus reduction curve and damping rabi soil. The second stepo
calculate the amount oflisplacementNewmark double integratioomethod, as
mentioned previously, was usedth the average acceleratidime history as input

motion.

Lin and Whitman (1983) pointed out that the effects of slip on the ground are not
taken into consideration in the decoupled analyses method and thegstsubg
coupled analyses that reflect the real slope behauoarbetter way. Theynamic
response of the sliding mass and the permanent displacement, isvialoulated
separately in the decoupled method, are modelled together in coupled method. In the
analysis, it is required to spegithe shear wave velocity of the materials above and
below the slip surface and their thickness, modulus reduction curve, damping ratio of
potential landslide. The sliding effects tre dynamic system are accounted for by

introducing the sliding force at the sliding interface into the dynamic motions.

2.3 Stress Deformation Analysis

The abovementioned analytical methods can generally be useld siinplified
geometry and modaind are not reliable in simulating complex geptal conditions

and soil behaviour (e.g., hardening or softening of soil, topography, soil profile and
seismic shaking).In order to overcome these limitations, stress deformation
computational techniques such as finite element method (FEM) and fifié@esdce
method (FDM) were developed. Theseethods havebeen used to predict
displacemerst of slopes caused by seismic load{8ged et al., 1973riffiths and
Prevost, 1988; Elgamal et al., 1996 EM and FDManalyses divides thehole

domaininto defomablesub-domains(i.e. mesh) whickare connected to each other



with points cal taleunteditmeaefensatton and stress ¢thange at
eachnode.

The advantage of stress deformation models is that they can simulate the real
situation very aagrately. Another advantage of stress deformation models is that
they can be overcome the complexpographiccondition andimitate the complex

soil behaviour more realisticallyMoreover, these methods can give a better idea
about the mechanism of the émtiake induced slopdisplacemers, especially the
progressive movement of seismic sldpiure. Clearly, models thaticcount for the
complexity of variability of material properties and the ststssin behaviour give
results that are more reliablelowever, stressleformation modéihg hasalso a
disadvantageThe modet arenot able towork with large displacemerst due to the

limitation of meshsize

According to finite element method, a continuum is divided into a number of
(volume) elements. Eacheshent which may be one, two or three dimensions
consists of a number of nodes and is connected to each other only at their nodes.
Displacements may be resulted due toskéweightof the elements or the external

loads.

2.3.1Software Finite Element Analyses Using PLAXIS2D

In geotechnical engineering, obtaining the exact solution is a challenging issue.
However, using a numerical modelling, approximate solutions can be achieved.
Problem geometry is divided into smaller elements (i.e., meshes) soitftiat f
elements matrix at the nodes can be obtained in order to approach the sbiution.
one of the special case for FEM, problem can be modelled in 2D if-pteaie
conditions are validIln this study, the problem géermanent slope displacement
under gismic loadingcanbe analysedinder 2D planestrain conditions. In order to
achieve this goal, software called PLAXIS 2D is utilized. One of the crucial aspect of
this approach is to select the most appropriate soil model that can accsiratgate

thereallife behaviour of the site.

10



Another aspect of this method is to choose the element type. Among the available
elements in PLAXIS 2D, in order to increase the accyrdé&nodeal triangular
elements are utilized. These elements contairstress pointand 15 nodes for the

calculationgFigure 24).

~ \
By k \

B \
x . \
N NEa \
- \
~
x x x )

nodes stress points

Figure 2.4 Example of nodes and stress points positions in mesh el¢/iekXIS 2D
ReferenceManual 2016
In this study phi/c reduction(safety)analysis andlynamic amlysis options are used
First option is used in order to determine static factor of safety values of slopes
whereas second option is utilized for the calculation of earthguakeed
displacemerst. In next section, material model usedthe anajses are explained
briefly since the selection of the appropriate model is crucial in order to simulate the

complex, nodinear soil behaviour.

2.31.1 The Hardening Soil Model and The Hardening Soil Model with Sma#

Strain Stiffness

In this study fordynamic analysesHardening Soil Model with Sma$train Stiffness
(HSSMALL) which is the modified version of Hardening Soil Model (HSM) is
utilized for the simulation of appropriate soil behaviour. Hence, these material
models are briefly explained in thiscsien. Selection of the material model is crucial
for the accuracy of the results. As statedRwAXIS 2D Material Models Manuals
(2019, different soil types can be simulated by using HSM in order to capture the
nonlinear and inelastic stresgain behawur for both soft and stiff soils. This model
was developed based on Dundg@mang model which is also known as the
hyperbolic model (Duncan and Chang, 1970; PLAXIS 2D Material Models Manuals,
2016). One of the basic features of this model is its stigs=ndnt soil stiffness

11



property with the helpf soil parameters such asloadingreloading modulus, E
Required parameters for this modale: ©hesion, ¢ internal friction angle, €,
dilatancy angley, secant stiffness in standard drained triaxial test t&ngent
stiffness for primary oedometer loadingeeds,unloadingreloading stiffnessEyr,

power for stres$evel dependency of stiffness

Since DuncarChang model uses thegonof elasticity but HSM uses theory of
plasticity, HSM surpasses the Dundahang model for the simulation of
unloading/reloading behaviour. Basis of HSM contains hyperbolic relation between

( (axial strain) and (deviatoric stregsasgiven Equation 2

- T Qe N Ea. (2)

where; 1} is the asymptotic value of the shear strength whergas the initial

stiffness. Ecan be expressed gven Equation 3

o — Eq. (3)

where Esg is confining stress depeedt stiffness for primary loading and it can be
expressed agiven Equation 4

o o — Eq. (4)

Where;O is a reference stiffness modulus corresponding to reference confining

stress offf  which is in taken as 100 kPa in PLAXIS 2D. Additionally, power m

represents the stress dependency of the soil.

Ultimate deviatoric stress)() andasymptotic vale of the shear strengtf) (| can be

shown agyiven Equation 5 and Equation 6 respectively

n WwE 0O,%0 Eq. (5)
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n — Eq. (6)

In PLAXIS 2D, is taken as 0.9 by defaul

Finally, unloadingreloading path can be simulated using an appropriate stiffness that
can be expressed gwen Equation 7

o 0 — — Eq. (7)

Where; O i s t he reference Y 0 u n-eloagling mpatld u | u s

corresponding tq

Nonl inear dependency on the sevenaforthe | evel
smaltstrain levelsshould be considered in dynamic analys€kerefore, hile

integrating 2 additional parameters, HSSMALL model can consider nonlinear soll
stiffness decayn the analyses at small strain levels. Required additional parameters

for HSSMALL are small-strain shear modulus,oshear strain level (g) at which

the secant shear modulugi&reduced to 70% dbg

By using these additional parameters and hyperbolic law proposed by Hardin
Drnevich relationship, stresdrain curve can be obtained (PLAXIS 2D Material
Models Manual, 2016). Additionally, Santos and Ciarré2001) modified this
relationship Figure 25) and PLAXIS 2D uses the modified relation for the shear

modulus degradation.

Santos and Correia (2001) relationship betweear@ G can also be expressed as

given Equation 8

- Eq. (8)

13



o =Sy ‘
= | Rl i
T @ i N il
d < ‘ - Ht
g o | Ml
()] (= | ‘
:: { b tHH
E :
2 M i;,
E :
o N
S o i i
o ‘ ¢
wn ‘ N[ T
| L M.
0.001 0.01 0.1 1 10 100 1000
Normalized shear strain y./y,,[-]

Figure 2.5 Comparison between Hardbrnevich relationship and Santos and Correia (2001)
test data (PLAXIS 2D Material Models Manual, 2016)

Relationship between tangent nubus and Gis also providedjiven in Equation 9

- Eq. (9)

Finally, as it is the case for the HSM model, stress dependency @frt be

expressed asquation 10

o 0 — Eg. (10)

In HSSMALL material model, under the cyclic loading, as the shear stiffness

degrades, soil exhibits hysteric dampirihis hysteric behaviour is provided in

Figure 26. Formulationof this damping is giveim Equation 11

— Eaq. (11)

where; B and E (energy stored at maximum strdin) can be expressed as

Equation 12 and Equation 13 respectiyely

Eqg. (12)

o -O Eqg. (13)
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Figure 2.6 Hysteric Behaviour in HSSMALI(Brinkgreve et al., 2007)

Since HSSMALL model an overcome the shortcomings of HSM model in dynamic
applications, HSSMALL material model is selected for the analyses as suggested by
PLAXIS 2D Material Models Manual (2016).

2.3.1.2 Boundary Conditions

In the dynamic analyses, in order to simulate tlaélife soil behaviour, certain type

of boundaries differerftom standard boundaries should be used. One of them is the
required boundaries at the right and left sides of the model. In order to imitate the
wave propagation that would be the case in iedl le |, boundaries call e
are used for these lateral edges. This boundary enables the waves to propagate as if
the model sides are infinite. In other words, wave reflections are, if not completely
eliminated, minimized when they hit the mobdelundaries.

In free field boundary elementdashpot system is available in both horizontal and
vertical directions at every node of the modelg(ire 27). These dashpaystems
equate the normal and shear force coming from the eseshthe modelFree field
boundaries are generally preferred for #athquake ralysis in which the main
input is the acceleratietime histories. This boundary condition is suggested by the
PLAXIS 2D Reference Mnual as well aadopted for many resedwers (Cundall et
al., 1980; Dutta and Roy, 2002; Spyrakoslgtz®09; Xu and Fatahi, 2018).

15
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Figure 2.7 Free Field Boundary Conditidi?LAXIS 2D reference manual)

Another type of boundary required for the dynamic analysesisdall as fAnoneo i n
PLAXIS 2D. Adopted name of this boundary changes from sources to sources or

software to software but main idea behind this boundary is to simulate the
engineering bedrock which is very rigid in real liféis boundary creates a scenario

in which a very rigid bottom layer and a relatively softer layer on top of it.

Additionally, with the help of this boundary condition, line prescribed displacement

can be applied to the model base in order to imitate the earthquake motion. As

opposed to thei f r ee f i e | dhis bobrmaryn ehables & &il| reflection

(PLAXIS 2D Reference Manugl

2.3.1.3Selection of theTime Step

Suitable time step should be selected in order to increase reliability dflaenic

analyses. If the time step is too largalculated values could be unreliable and

deviated from the actual value. This can be assured in the PLAXIS 2D using the

critical time step calculations. In other words, software determines the critical time

step value and optimizes the necessary tinfessdecordinglyThis time step islso

chosen to ensure that a wave during a single step does not move a distance larger

than the minimum dimension of an elemenhis critical value depends on the

largest dimension of the finite elements, area of thé fmi el e ment , Poi ssonos
the average el ement | engt hegmatedaland @s® modul us

the time history function used in calculation.
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2.31.4 Safety Calculation

In order to computestatic factor of safetystrength reduction methoc/phi
redudion) was used. In this methothe shear strength parametéis., taré and
cohesion)of the soilare systematicallyeduced in smalincrementsuntil failure of
soil mass occurd’he obtained strength reduction factor, SRF, is comparalieivet

commonly used stati@ttor of safety and defined aguationl4.

32&&3 Eq. (14)

wheret he strength par amet edestotheiinttidlvaluedre s ubs
whereaghe parameters withtheu b s cr i pt A r e d uuceel gatuesrine f er |

the final stage

24 Previous Literature on the Uncertainty in SlopeDisplacementModels

The objective of the study bWatsonrLamprey and Abrahamson (@6) was to
propose a ground motion selection procedure that leads to near average response of a
complicated no#linear system using a simple ntinear model as proxy. The simple

nonl i near proxy was sel ect e tiSBpanalysehTbe Ne wma
NSB displacement prediction model proposed by Watsonprey and Abrahamson

(2006) was derived using the PEER N®AL database that contains 3079 ground
motion pairs from 175 earthquaké¢one ofthe recordings in thEEER NGAW1
databasewas eliminated and all recordingswere scaled by seven different scale
factors (0.5, 1, 2, 4, 8, 16 and 20)SB displacements of these scaled recordings
were computed for three yield accelerations (0.1g, 0.2g and 0.3g)stahdard
deviatiors of NSB displacemennodd residuals ariedbetween0.56 and 0.42 ih.n

units and they decrease with increasingralefactor according td=igure 28. The
standard deviation ahe proposedlope displacement predicti@guationwas low
compare to othermodelsdiscussed belowsince four differenground motionlMs

were used in thenodels WatsorLamprey and Abrahamson (2006) concluded that

there is no fundamental problem in usbig scale factorgor input ground motions
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Figure 2.8 Variation ofthestandard deviatioof proposed model withcale factor

Saygéel e and Rat hje

wererecorded up td00kmdistance. Ground motions recorded on soft sitedied
outside the corner frequencies®P5Hz to 10z were eliminated from the data set,
resulting in 2383 candidateground motions. Approximately 25% of the ground
motiors were too small toresult in a positive NSB displacemgntherefore,
remainingground motios werescaled by2.0 and 3.0 to increase the number of
analyses. During scalinghe ground motios were capped at PGA=1.0g to ensure

that unreasonable PGA values were not creaid®® slope displacements were

calculated usinghe NSB analogy.

ComputedNSB displacement values were used to devélapprediction equations

as a function of kand differet combinations of ground motion IMs (PGA, PGV,

mean period,)). Say gél é

a single ground motion IM, th&tandarddeviation of the modelas found a4d.20 in

Ln units.Based on their ability to significantly reduce the standard deviation for the
NSB displacement pdiction, the twelM vectorvalued model (PGA, PGV) and the
threelM vectorvalued model (PGA, PGV )l were recommended by the authors
Standard deviations of the equation for tivb models are changingetweer0.44 to

( 2 0 0 8-Yaluguprediptivesnedels b ot h
for earthquake induced sliding displacements of sloplesir subset of PEER NGA
W1 database includkethe ground motions from earthquakegh M,,=5-7.9 that

scal

and Ratthajwhen PQAOWASBULilized Bso p o s e d
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0.88 based on,HPGA ratio. Likewise standardieviations of the equation for three

IM models are changing 0.25 t®Q.as shown in thEigure 29.
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Figure 2.9 Variation of standard deviation with/RGA for (a) scalar and twaapameter IM

model s and (b) three parameter I M model s g
Strenk and Wartman (2011) used two idealized slope geometries in the aaalyses
shownFigure 2.0: The shallow fdure surfacerepresents a translational slide and
the deep failure surface represetiie block movement. The scenario earthquake
used in that study was the 1994 Northridge earthquakg=@M) and the upture
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distance was considered as %#. Based on this scenaripyredictions of the
Abrahamson and Silva (2008) attenuation relationsfepe utilized to develophe
target spectra that represent thedianN3 standard deviation8ecause the scope of
this study was the Northridge evefdur ground motions from this ghquake was
selected. The target spectra dhd selected ground motions were randomly paired
and different input motions were created using spectral matdriggré 2.1).

a Shallow Surface

No Spatial Variability for ¢'

peak

c=0kPa
y = 20 kN/m?
b Deep Surface
M
Segment 1

Spatial Variability for ¢'
c=0kPa
y =20 KN/m?

residual

C z

Max., Median and Min.
Groundwater Table

Figure 2.10 Slopegeometries used in analyses3tyenk and Wartman (2011)

Generated slope geometries and input ground motions were combined in FLAC

software to estimate the slope displacements. As a result, high levels of predictive

uncertainty were determined in slopsmlacements and this uncertainty was related

with the nonlinearities in the sliding block type models and the inherent variability

in input ground motions. Strenk and Wartman (2011) also proposed that predictive

uncertainty i s a véddegree Dfistahility, ovith los hcogermtios

ratios yielding greater displacement uncertainty than higher acceleration ratios.
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Figure 2.11 The ground motions and the target spectra usestignk and Wartman (2011)

Fotopoulo and Mlakis (2015) proposed series of prediction equations for
earthquakenduced slopalisplacemerst based on the results of numerical analyses.
They studied 12 different slope configurations by changing slope inclination, slope
height and strength parametessseen in theFigure 2.2 using finite difference
analyses performed in FLAC 2D. In the analyses, 40 different real accelematéon
histories selected from Seismic Hazard Harmonization in Europe (SHARE,
www.shareeu.org) database utilized. During the record selection procedure, the
ground motions recorded on rock outcrop were preferred. Selected ground motions
have M, range of 57.62, epicentral distances of 37/4.4 km, \{ 30 range of 602

2016 m/s, PGA range of@5-0.91g and PGV range of 378B.5 cm/s. In thistudy,
freefield boundaries and MoHCoulomb material modekere usedThey assigned
mass and stiffnegsroportional Rayleigh dampirgs3% for the soilayersand0.5%

for the elastic bedrockAt the endof the analyses285 nonzeranaximum slope
displacementsvere estimated and the slope displacements for the prediction models

were calculated by multiplying the maximum displacements by 0.65. The reduced
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up to 1.0m as shown ifrigure 2.B.

free field

i =15°, 30°, 45°

* Vs= 150, 250, 400 m/s -
"~ sand, clay o

free field

o
’
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Figure 2.12 Layout of the slope geometry for Fotopoulo and Pitilakis (2015)

According to Figure 2.B, the standard deviation of a simple model of slope

displacements with PGA was found to be 0.93 in Ln

this study was to propose predictive relationships

units. Because the objective of

for seismically induced slope

displacements using numericahalyses results, scalar or vector predictive models

based on different ground motion IMs were tested. In the vector predictive models,

reported standard deviations of the study were varied between 0.61 to 0.75 in Ln

unit.
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Figure 2.13 Relationship between seismic slope displacements and different IMs by

Fotopoulo and Pitilakis (2015)
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AthanasopouloZekkos et al. (2016) provided guidelines for the ground motion
selection for computation of seismic slope displacements of earthers.|&arethis
purpose, they analysed 3 different cresstions (shown ithe Figure 2.%) using
approximately 1500 input ground motions. Ground motions were selected from
PEER database using following criteria;,#5.57.7, epicentral distances varying
between 2a110 km, \, 37>180 m/s, PGV < 100 cm/s and peak ground displacement
(PGD) values smaller than 100 cm. Using scale factors varying between 0.5 and 2.0,
selected ground motions were scaled up to PGA=0.4g. Foragatyses case shown

in Figure 2.3, the Newmarkype seismic slope displacements were calculated for
different failure surfaces.

Loose Sand

Dense Sand
(a) Stiff Clay

Sand
(b) Stiff Clay
T TrTrrarrrenr . Claylsilt
Medium Dense Sand

Gravel 50 ft

(©) Dense Sand/Silt E
0

Figure 2.14 Levee geometry and soil stratigraphy used in analggeAthanasopoules
Zekkos et al. (2016)

In this gudy, various ground motion IMs were evaluated using analysis of residuals
(an example is givekigure 2.5). However, a notinear model based on PGA and
PGV was propsed.Figure 2.5 shows that the residuals of the final model were
biased to negative valuewhich was explained aa conservativeresult by the
authors. A single value for the standard deviation was not presenteid study;
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however, the scatter of calculated displacements with ground motion IMs was

significant

Residuals
N o
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Residuals
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Figure 2.15 Distribution ofresidualsvith PGV and yield coefficiertty Athanasopoulaes
Zekkos et al. (2016)

Peterman and Rathj@{17)aimed toexamine the effects of ground motion selection
technique on the rigid sliding block displacemem#ferent algorithms and tools
were used to selecthe ground motions that were consistent with theget
acceleration response spectrum: thwe-step semiutomated algorithm developed
by Kottke and Rathje (2008yas utilized to select the ground motions that fit to the
uniform hazard spectrum and conditional mean spectrum for a particuldfigitee

2.16 shows that the standard deviation of the estimated sligpéacemerst varied
between 0.53 to 0.99 in Ln units, depending on the selected ground motion suite.
Result of this studyghowed that selecting and scaling the ground motions to fit the
uniform haard spectrum is not suitablground motions should be selected by
considering hazard compatible PGA values and conditional PGV ,araduks for

sliding block analyses.

Median PGV Median Ia
Motion suite (cm/s) TIPGV (m/s) Tlnla
Target 32.0 0.53 1.9 0.93
UHS 70.4 0.67 7.1 0.68
CMS 315 0.39 3.8 0.46
GCIM PGV 31.8 0.29 3.6 0.97
GCIM Ia 229 0.71 2.0 0.95
GCIM PGV-Ia 30.1 0.81 1.9 0.99

Figure 2.16 The standard deviations calculated by PeteramhRathje (2017)
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CHAPTER 3

SELECTION OF GROUND MOTIONS, SLOPE GEOMETRIES AND
GEOTECHNICAL PARAMETERS FOR NUMERICAL ANALYSIS

The primary objective of this study is to model the uncertainty in the estimated slope
displacemerst due to the variabilityn the input motion selectiorSelection of the
candidateinput ground motions igquite important and it may have a significant
impact on the resulté\t the beginning of this chapter, the procedwitived for the
selection and scaling of input ground tinas are presented in detail®efinition of

the slope geometries arige estimation ofgeotechnicabngineeringparametersre

also critical, sinceanalysed cases are selected to cover a large rangems of
factor of safetyfor static casend slopeangle Different factor of safety values are
created by variousolil strength parametersombined with various slope angl@he
efforts for developing thanalysiscases are summarized in this chapter.

3.1The Procedure forSelectng and Scaling ofinput Ground Motions

The preliminaryset of ground motions are gathered from the PEER Next Generation
Attenuation (NGA) West 2 databaseonsidering only one condition: the ground
motions recorded ofirocko sites (the average shear wave velocity at the first,30
Vs should be at least 760 m/s, representthg B/C boundary ofNational
Earthquake Hazards Reduction ProgralEHRP site classesjBuilding Seismic
Safety Council, 2004are compiled. From thigreliminarydataset, recordings from
small M,<5) evens and recordings with rupture distan¢Bgup) more than 100km

are eliminated to prevethe need fowery large scale factoia numerical analysis

In additiontothat t he r ecor di nglsi kcel 0a sasrief exldie nai sn arit pe
the recordings it mightshow near fault characteristicdot putting any specific
magnitude and distance limitor selecting the ground motions might be
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contradictorywith the current practice of choosing the appropriate magnitude and
distance limits based on the sceoaspectrum.However WatsonLamprey and
Abrahamsor{2006)showed thathe average response of the nbmear system is not

simply basedon magnitude, distance, and spectral shape

In order to eliminate the recordings that have significantly lower orehigpectral
accelerations than the median (or expected) spectrum, candidate ground @rations
divided into 12 groups based on their magnitualed rupture distance Each group
includes the recordings frofiimagnitudeunit and 25km distnce bins, e.g. MM6,
D0-D25km range as shown Figure3.1(a). Figure3.1 andFigure 3.2 are used for
the visual inspection of the spectra in eachugrolid black lines represent the
median and the broken black lines shove d i Himangl for each groymnd he

recordings outside these ranges are eliminated from the candidate groundlistotion

Remaining ground motiorereassesselly their numbepof recordeddatapointsand
their durations;recordsthat have more than Z®0 data pointare eliminatedto
decrease theomputingtime for dynamicnumerical analyses\dditionally, ground
motionsthat havea predominant periothrgerthan 0.7secarediscardedn order to
avoid the possible site amplification effects of softer soil layers on the top of the soil
profile of the recording statiorrinally, the peak ground acceleration (PGA) values
of both horizontal components of tkelectedrecordings a comparediIf there is
more than 40% difference between the PGA values of ti@ orthogonal
components then this recordings is eliminated to avoid possible directionality
effects The final set of 50 recordings with both horizontal components (100
recodingsin total) is listed inTable 3.1with theimportantrecord properties.

Distribution of the selectedecordngs with magnitude, distance,s), and fault

mechanisms presentedn Figure 3.3. According toFigure 3.3(a), the final dataset
has 25 record pairsdm magnitudes-6 earthquakes, 20 record pdirsm magnitude
6-7 earthquakesandonly 5 record pairdrom magnitude7-8 earthquaked-igure

3.3(b) shows thatthe selected recordings asdmost uniformly distributed with
distance:there are 11 recording paimsith Rgyp varying between0-25 km, 10

recording pairsvith Rryp=25-50 km, 15 recording paimsith Rgyp varying between
50-75 km and 14 recording paimsith Rryp=75-100 km
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(a) (b)

(f)

Figure 3.1 Response spectdd recording and mean rgmnse spectrurof each bin(solid
line) with N standard deviatiorange(broken lnes) for:(a) Magnitude % Distance €5,
(b) Magnitude 56 Distance 250, (c¢) Magnitude % Distance 5&/5, (d) Magnitude %
Distance 75100, (e) Magnitude-@ Distance &5, (f) Magnitude & Distance 250
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(@) (b)

©) (d)

(f)

Figure 3.2 Response spectra of recordings ar@hn response spectrum of each bin (solid
line) with N1 standard deviation range (broken lines) faj:Magnitude 6 Distance 55,
(b) Magnitude 67 Distance 78.00, (c) Magnitude-B Distance €25, (d) Magnitude -B
Distance 250, (e) Magnitude -B Distance 5&/5, (f) Magnitude 8 Distance 78.00
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Figure 3.3 Distribution of the selected recordings wit) magnitude, (bjupturedistance,
(c) Vs3o and(d) fault mechanism

Figure 3.3(c) shows that the ¥, values of the recording stations for the selected
ground motionsgo up to 1500 m/secThere are 26 recording pairs between
Vs3=750900 m/se, 13 recording pairs betweevis3=900-1100 m/sec and 11
recording pairs betwee¥s3=11001500 m/sec. The distributioof the recordings
with respect to fault mechanism is not uniforfinere is only one record pair from
normal earthquakes because the neimtf recordings from normal earthquakss
very limited in the PEER databaskccording toFigure 3.3(d), only 1 record pair
from normal fault mechanism, 21 record pairs from reverse fault mechanism, 15
record pais from revers@blique fault mechanispand 14 record pairs from strike
slip fault mechanism are selected.
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The PGA values of theelected recordings reach up @d2g, except for one
recording from D¢zce Eart hgloadveralar@ SN#8 16 5)
range of ground shaking levelselected 100 recordings are scaled itk scale

factors of2.5 and 5for PGA As a resultthe final datasebf 300 recordings are

obtaired and the maximum PGA value of the recordings in the final dataset is equal

to 10g.

3.2 Slope Geometries and Geotechnical ParametersStatic Slope Stability

Analysis

Various factors such as slope geometry, soil profile, material properties and

groundwater conditionaffect the permanent slope displaceméentaddition to the

input graund motionsAk bak et al . (2018) -staticslape t he r esul
stability analysis to develop a simple seismic demand model for psstatio factor

of safety. In that study, several parameters related to thé sdiéctive shear

strength and lspe geometry were evaluatedhere the factor of safetyin static

condition was chosen as the single parameter to represent the combination of

geotechnical factors.

In this study, Bpe angle was also added to the simplifssismic demanadnodel
sinceits effect on the calculated factor of safety (both in static and pssatio
conditiong was very significant. Based dhne previoudindings, thefactor of safety
in static conditionand the slope angle are selected as the critical parantleatrs

mainly influence the results

Eightdifferentcasedaving a slope height equal to d0arestudied inthe numerical
analyss with variousslope angle andffectiveshear strength parameters of sdihe
slope geometryor thefirst four caseqCases 1a, 1b, 1c @rid), which is named Set
1, is the same as shown kigure 3.4: the slopeangleis kept constantat 2& while
factor of safetyin static conditionis variedbetween 1.2 and 2.For the other four
casegCases 2a, 2b, 2c 2d and ,2&hich is named Set 2he slope angle is varied
between 28and 4% while the static factor of $aty is kept constant at3=1.5 The

simplified sketch of last four cases is showirigure3.5.
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After the geometrical properties of the slope (i.e., slope height and inclination) are
determined, required static factor of safety is maietiby selecting appropriate
effective material properties (i.e., values for cohesion and internal friction angle).
The effective soil parameters used for each case are providerhlobe 3.2 Unit

weight of the soil is selected as 20 kNAor each case.

| 61 \

15
H=
T
IN
o

100

Figure 3.4 Geometry of Set tases withvariable factor of safety armbnstanslope angle
(all dimensions are in meg}r

‘ 68.4 - 52.9

15

. H=10

100

Figure 3.5 Geometry of Set 2ases with constastaticfactor of safety and variablslope
angle(all dimensions are in me®r

Table 3.2ZTheeffectivesoil parametersitilized forthe safety analyses fataticcondition

Set 1 cased(= 28°) Set 2 cases (FS = 1.5)

Case Id FS c(kPa)| & (( | Case Id| Slope Angle (°) c (kPa)| & U(
la 1.2 1 30 2a 20 5 22
1b 1.5 5 30 2b 24 5 26
1c 1.7 5 35 2c 28 5 30
1d 2.3 5 44 2d 34 5 37

2e 41 5 44

The gatic factor of safety valuger analysedtase arecalculatedusing thestrength
reduction(c/phi reduction)method in PLAXIS 2D softwaréAlthough the resultant

33



displacement amounts are not relevant in strength reduction mettedtial failure
planes for each case arneéentified byevaluating thencrementalotal displacement

contoursattheend of stati@nalysis as shown iRigure3.6 to Figure3.13.

FS=12 Scale 10 m
=i l

y=20kN/m? ¢=1 kPa $=30°

Figure 3.6 Failure surfacdor the static analysis of Cakla

FS=1.5 Scale 10 m
Ang =28° S e

y=20kN/m? ¢=35 kPa $=30°

Figure 3.7 Failure surface for the static analysis of Clasg&b/2c

Scale 10 m
FS=1.7 s

y=20kN/m? ¢=5 kPa $=35°

Figure 3.8 Failure surface for the static analysis of Claksic

e n s Scale 10m
FS=23 gy

Figure 3.9 Failure surface for the static analysis of Claksid

y=20kN/m3 ¢=5 kPa ¢=44°

Scale 10 m
Ang =20° < >

y=20kN/m? ¢=5 kPa $=22°

Figure 3.10 Failure surface for the static analysis of Clas2a
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Scale 10 m
Ang =24° Cm—)

y=20kN/m? ¢=5 kPa $=26°

Figure 3.11 Failure surface for the static analysis of Clas2b

Scale 10 m
Ll

Ang =34°

y=20kN/m? ¢= 5kPa $=37°

Figure 3.12 Failure surface for the static analysis of Clas2ad

Scale 10 m

Ang =41°

y=20kN/m? ¢=5 kPa ¢=44°

Figure 3.13 Failure surface for the static analysis of Claks2e

3.3 Boundary Conditions and Geotechnical Parameters for Dynamic Analysis

In order to define the geotechnical parameters required for the dynamic analysis, a
represatative soilmodel isassigned to each profil€or the cohesionless granular
soils (Case 1la, 1b, 1c, 1d, 2c, 2d and B®® representative average Standard
Penetration Test blow counts (SRT(Ni)eo valuesi overburden and energy
corrected) are determiné@dsed on theorrelation between SP-T{(N1)so and internal
friction angle that was proposed by Stroud (1988) sands (Figure 3.14).
Deformation modulus of soik, values are estimated based on tberesentative
SPT- (N1)so vValues using the FHWA (2002a) recommendations givehalle 3.3

In order the represent the average behawwduhe cohesionlessoils, E values are

calculated a® e Y u 1

Table 3.3SPT- (Ny)go VS. E correlations (FHWA, 2002a)

Soil Type Es (kPa)
Silts, Sandy Silts, Slightly Cohesive Mixtures 400 (N)eo
Clean Fine to Medium Sands and Slightly Silty Sa 700 (Nbso
Coarse Sands and With tl& Gravel 1000 (M)eo
Sandy Gravels 1200 (N)eo
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For thecohesivesoil profiles Case2a and 2b), the plasticity index (PI) values are
required to select suitable modulus degradation curves. For that purpose, the
correlation between Pl and the interfidattion angle suggested by Terzaghi, Peck
and Mesri (1996)Figure3.15) and by Das (1985)Figure3.16) are utilized. Based

on these correlations, Pl values are estimat@&)#sand 40% for Case #2a and Case
#2b, respectively. The correlation giveg Stroud (1988)n Figure3.17 is used to
determine the Evalues for Cases #2a and #absumindgOj 0 T X

] | | ] | ] ] [
28 30 32 34 36 38 40 42 44 46

¢ ()

Figure 3.14 SPT- (N1)eo - € correlationfor sandqStroud, 1988)

In order to define the maximum shear modulug gzand shear strain corresponding

to 70% of Gax ("¥.7), the average shear wave velocity value should be estimated for
each case. Imeet al. (1976) suggested a relationship between the shear wave
velocity (Vs) and uncorrected SPN value for various soil types as shownTiable

3.4
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Figure 3.15 Correlation between plasticity index and effective friction anlgyeTerzaghi,
Peck and Mesri, 1996
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Figure 3.16 Plasticity index versus effective friction angle (by Das, 18&8&enfrom Erol
and ¢ekinmez, 2014
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Figure 3.17 Es- SPT-N correlation used for claljke profiles (by Stroud, 1988aken from

Er ol and ¢gki nmez, 2014
The representative SRTN,)go value assigned to each profile is uncorrected to-SPT
N using Equationl5. The aerage and clayey alluvium relationships are used to
calculateVs form SPT-N for sandlike and claylike profiles. After theV value is
estimated,Gnax is calculated for each case using Equati@ The shear strain
corresponding to 70% of &« ("¥7) is estimated from the modulus degradation
curves proposed by Vucetic and Dobry (1991) as showkigare 3.18. For sand
like profiles, PI=0 curve is used, while the representative Pl values estimated for

Case #2a and #2b are utilized for clale profiles.

i P — 20 (Eq.15)

04 GOf i (Eq.16)

Table 3.4Relation between shear wave velocity and SPT resistance (by Imai et al., 1976)

Type of Soil Vs (m/s)
Sandy Alluvium 102.0 N<°
Clayey Alluvium 80.6 N

Average Value 89.8 N3
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Figure 3.18 Modulus degradation curves for figeained soils of different plasticity (by
Vucetic and Dobry, 1991)

All geotechical engineering parameters necessary for dynamic numerical analysis
aresummarized infable 3.5 In the analysisthe water table is assumed very deep;

therefore, groundwater effects are negleeted soils are dry and drainedndition

Table 3.5Geotetnical engineering parameters used in the dynamic numerical analysis

Sl ope Angl e j FS=15
E Vs G‘max PI \67 E Vs G‘max PI %7
Case # Case #
(kPa)|(m/s)| (kPa) |(%)| (%) (kPa)|(m/s)| (kPa) |(%)| (%)

la | 6000| 170| 58000| O |0.01] 2a | 3000| 120| 29000| 80| 0.1
1b | 6000| 170| 58000 O |0.01] 2b | 4000| 140| 40000| 40| 0.08
1c |18000 250|12500Q0 O |0.01] 2c | 6000| 170 | 58000 O |0.01
1d [44000 350 (245000 0 [0.01] 2d |[25000 280|15700Q0 O |0.01
2e 44000 350245000 0 |0.01

The sample of the mesh used in the dynamic analysis is preseftigdine3.19. A

finer mesh size is preferred where the movement of the sgibe@ir and the mesh

size is enlarged towards the edges of the model in order to optimize the run time.
Boundaries at both sides are extended to eliminate the possible boundary effects,
considering the runtime: length of the model is optimized as 100mglthie test

runs. As explained in the previous chapter, free field absorbowndaries are

preferred at the sides of the model to prevent spurious reflections of outward
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propagating waves from artificial boundar.i

usedfor the bottom edge of the model (i.e. rigid bedrock). Inpatigd motions are
applied as acceleration time historieshet bottom edge of the moddlhe Rayleigh
damping value is set to 1% to account for the energy dissipation during the elastic
part of the cyclic response and the frequency range of the Rayleigh damping is
defined as 126 Hz based on the natural frequencies of all analysis cases, also

covering the predominant frequency of all input motions (Rathje and Bray).2001

o Scale 10 m

Figure 3.19 Sample of the mesh used in the dynamic analysis

The time histories of slopdisplacemerst are recorded at the centre of gravity of the
sliding mass, in both vertical and horizontal directions. Assuming that the centre of
gravity for the sbding mass might be slightly different for each dynamic analysis
performed with different inpugroundmotions, the centre of gravity of the sliding
surface determined during the static analysis is selected for each analysis case for
recording the displaceent time historiesFigure 3.20 compares thetatic failure
surface and the centre of gravity of the sliding mass determined in the static analysis
with the contours of earthquakeduced slopalisplacemerst in dynanic analysis
(Case 1b/2cinput motion RSN#4083 270 scaled by 2.5). Contoursanthquake
induced slopalisplacemerst indicates a slightly larger failure surface for dynamic
case, however, the point selected for recording the time histories still
(approxmately) represents the centre of gravity for the sliding surfeigere 3.21

shows an example time history for slagisplacemenat the centre of gravity of the
sliding mass. For eactlynamic analysis, the maximumand final (or permanent)
slopedisplacemenvalues are recorded in both horizontal and vertical directions and
the resultantdisplacementvalues are calculated. In this particular example, the
maximum displacementis found as 15.43cm and findisplacements equal to
14.42cm.
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Static Failure Surface

Figure 3.20 Static failure surface and the centre of gravity of the sliding mass with the
contours of an earthquake induced sldEplacement
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Figure 3.21 Example ofdisplacemenandtime graph of centre of gravity

Figure 3.22 shows the contours of earthquakduced slopedisplacementfor an
example dynamic analysis (Case #2a). The time history ofdifiglacemers,
acceleration time history, drresponse spectrum are recorded at the bedrock level
(Point C), at the toe (Point A) and at the centre of gravity (Point B). These outputs
are compared irFigure 3.23 and Figure 3.24 for high (PGA=0.61g) and low
(PGA=0.09g) ground shaking levels, respectiveigure 3.23(a) andFigure 3.24(a)
show that the slopdisplacemerst at the toe and at the centrfegoavity are quite
close to each other, both for high and low greshdking levelsThe ratio of the

final displacementvaluesat Point C (bedrock)to Point B is less than 1%or the
majority of the analysesTherefore the final displacement measurensetitat are
directly obtained from Point Bre utilizedwithout calculating theesidual (Point B
Point C) final displacemenThe time of maximundisplacemenat Point C may be
close to the time of maximurmisplacementt the toe or at the centre of grayit
depending on the input motion. Input ground motions are amplified significantly in
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low ground shaking levels and the response spectra at the toe and at the centre of
gravity are quite close to each othé&igure 3.24(c)). For higher ground shaking
levels, site amplifications (and -@enplifications) are significant at short periods, but

the response spectra at the toe and at the centre of gravity are different from each
other Figure3.23(c)).

Center of Gravity (Point B)

Figure 3.22 Selected data points
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CHAPTER 4

INTERPRETATION OF THE ANALYSIS RESULTS

Fully nonlinear 2-D dynamic numerical analyses argerformedin PLAXIS 2D
software by utilizing the slope geometries and input ground motions presented in
Chapter 3. In total, 2400 analysis are performed as the combination of eight analysis
cases with 300 input ground motioResultant mximum and finatlisplacemerstat

the centre of gravity of the sliding maase obtained and utilized as the engineering
demand parameters for developintpe preliminary prediction modelsin this
chapter, prediction or seismic demand modelsrfakimum and finatlisplacemerst

based on input ground motion parameterpaesented and discussed.
4.1 Preliminary Seismic Demand Mdels for SlopeDisplacement

Different ground motionIMs representing the amplitude (PGA, peak ground
velocity, PGV or Arias Intensity,,l), duration €.g. significant duration), and
frequency content (e.g. spectral acceleration at 1.0 sec, mean pegiedjested in
the previous studies in terms of their correlation with the slope displacearaht
their sufficiency (for further details, please refer to Chapter Bdtopolou and
Pitilakis (2015) showed that PGV anglhave slightly better correlation itthe
estimated slopealisplacemerst when compared to PGAiowever, PGA has the
superiority over other IMsn terms of hazard compatibility. Therefore, PGA is
utilized as theground motion IM in the preliminary seismic demand models
developed in this studyl.o be ale to perform linear regressian the logarithmic

terms, the functional forrgiven inEquation 174s preferred.

beEM 6 6 0&WOBYT (Eq.17)
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In Equation 17D represents the earthquakeduced maximum and permanent slope
displacemerst (in mm), PGA is the maximum acceleratiai the input ground

motion at

and unit

t

st a n d s thelstaddard dewiation inhog unissnGbeffidients

h e

b e dr o cdd nbrmal \aatiant (vithrzerognean

U

A and B represent thimtercept and the slope of the linear models and they are

estimated by linear regressi@amalysis in SPSSoftwae (Version 22, IBM Corp,
2013). Estimated coefficients and the standard deviations of the models for each
analysed case for maximum and permanent stipplacemerst are provided in

Table 4.1and Table 4.2 respectively.Figure 4.1 and Figure 4.2 show that the

preferred functional form successfully characterizes the relationship between

estimated slope displacements and input PGA both for the maximum and final

displacemerst, except for the cases with very smdisplacemerst For verysmall
displacemerst (<0.001m), model predictions are smaller than tlestimated
maximumand finaldisplacemerst by the numerical analysis. It should be noted that
the models provided here are niotended to be used in the prediction of seismic
slope displacement; they are built to estimate the standard deviations and to analyse

the variation of the standard deviations with respect to slope angle and static factor

of safety.

Table 4.1Coefficientsof empirical equation and standard deviations considering maximum

Table 4.2Coefficients of empirical equation and standard deviations considering final
displacemerst

displacemerst
Maximum Displacement
Caseld A B |St. Dev. (i)[Case# A B |St. Dev. ()
la |[3.469 1.617| 0.332 2a |2.9511.357| 0.379
1b [2.900/1.361| 0.382 2b |2.905 1.352| 0.387
lc (2.7451.316| 0.428 2c |2.900 1.361| 0.382
1d |2.598/1.253| 0.475 2d 12.8791.394| 0.410
2e 12.900 1.425| 0.428

Final Displacement
Caseld A B |St.Dev. (i)|Case# A B |St. Dev. ()
la |3.586|1.923 0.319 2a (2.896 1.652 0.351
1b |2.8721.773 0.334 2b |2.809 1.708 0.334
1c |2.660(1.870 0.277 2c (2.8721.773 0.334
1d [2.3481.972| 0.337 2d |2.880/1.956| 0.292
2e |2.903 2.114] 0.369
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Figure4.3 compares thatandarddeviation of thepredictionequationfor case # 1b

with the mean estimates for low (PGA=0.05 g) and high (PGA=0.4rgynd
shaking levelsWhen PGA=0.05 g, the mean of theedictionequation is equal to

3.7 mm (0.565in log units) and the ratio betwedhe mean andthe standard
deviation is5%%, indicating thathe standardeviation is quite high when compared

to thefinal displacement®btained in numerical analyses. When PGA=0.4 g, the
mean of the predictioaquatia is equal to 47 mm (2.166in log units) and the ratio
between the mean and the standard deviatioh%s ihereforestandardieviation of

the equation is relatively low when compared to the final displacement obtained in

numerical analyses.
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Figure 4.3 Comparison of standard deviation with the mean estimates for Caderfibal
displacements

4.2 Analysis of Model Residuals

Preliminary seismic demand models are evaluated by examinirdjstindution of
residuals forany potentialbias in the model predictionfResiduals values are
obtained by subtracting th&lope displacemerst calculated by using thproposed
prediction equation from the ones direatlytained in the numerical analysis (in log
units). Residuals arplotted with respect to input motion PGRrup, Vs3o and My

for maximum and finaldisplacemerst and provided irFigure 4.4- Figure 4.11.
Distribution of residuals are plottedth respect to PGAn Figure4.4 andFigure4.5
andthese figureslo notshowany significant trends in the distribution of residuals;
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the residuals are centred about the 2gm®, except for very small ground shaking
levels (PGA<0.01g)Because the need for the numerical analysis for such small
ground shaking levels is negligible, selected functional form is not modified to
account for this underestation. For some analysigaises the slopedisplacemerst
calculated in numerical analysis for very large ground shaking levels (PGA>0.7g)
are underestimated by the prediction models. This observation might be related to
the limited number of data points at high ground shaking Ietielsever, due to the
limitations of the numerical analysis approach for ladggplacementalues, linear
form of the seismic demand model is not altered to account for this slight
underestimationDistribution of esiduals withrespect tdRgrup and Vo are givenin
Figure 4.6- Figure 4.7 and Figure 4.8- Figure 4.9, respectively In these plots, no
significanttrendsare observed arttie residualarescatterecequallyaroundthezero

line. However,for the cases oRryp>85 km and \z>1400 m/s negligible positive

or negativetrends are observed in tltkstribution of residuals This observation
might berelated to the limited number of data points at HRglap andVszo values
Figure4.10 shows that there islaear trendwith My in the residuals fomaximum
slopedisplacementor almost all of the analyses casesile this linear trends na
visible in the distribution of residuals fomial slopedisplacemen{Figure4.11). It is
possible to add M as a predictive parameter in the seismic demand models
however adding an eahiguake parameterto the prediction model mighhave a
negative effect irthe hazardcompatibility of the prediction modelAdditionally,
there is only one large magnitude earthquake (1999ckihearthquake) in the
selected dataset and observed underestmanight be related to the characteristics
of this event. Because theeequations are only preliminary modgdessible effect of
earthquake magnitude on the model predictiom®igonsideredvithin the scope of

this study

It is notable that the scatt in the maximumdisplacementmodels is more
pronounced than the scatter in the fideplacemenmodels Increase in the scatter

is also reflected in the estimated standard deviations: the standard deviations for the
final displacemenfprediction modelsvary between 0.28.37, while the standard
deviations of the maximumisplacemeninodels reach up to 0.87n log units.
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Figure 4.5 Final displacemat distributionresiduals with PGA for models (a) Case # 1a, (b)
Case # 1b/2c, (c) Case # 1c, (d) Case # 1d, (e) Case # 2a, (f) Case # 2b, (g) Case # 2d and (h)
Case # 2e

52



= 3 z 3
2 2
2 2 2 2
& &
= 1 i PR = 1 ; +}
© .8 s i) 1 3 $
© [ ! i [} . (%8
s 0% ;-a-:—&-gr*"rﬂr‘??h—' 20 '*,T]L’“.—,'k"g'ﬂ‘ﬁjﬁ"’?"—'
3 4 + : . T 4 * H . $ .
o b3 o
Q (=8
& -2 2 2
33 g
0 20 40 60 80 100 0 20 40 60 80 100
R.uplkm) R.upkm)
(a) (b)
- 3 - 3
E c
?D 2 - | | | :n)o 2
_3. 1 '! :i :'o, 1 } ' p ':
o f ] *
S o Lt '__g_*_ § l’_i_. S o #yt LI 18 ¢
-1 z']ll!!*" gt SO AW Tt Rk
g 1 | 3 d | g A1 L
33 g3
0 20 40 60 80 100 0 20 40 60 80 100
R,yp(km) R,,o(km)
(©) (d)
= 3 = 3
c =
2 2 2 2
& g
3! IR i 2! ' g
E IABALOE TN N = . ' L 0,
2 ot M | | 2 o e -
g 1 * l gj -1 ' ‘ i
(='4 o
Qo o
8 -2 8 2
g3 g3
0 20 40 60 80 100 0 20 40 60 80 100
Rrup(km) Rrup(km)
(e) ()
= 3 = 3
= c
2 2 2 2
& &
=1 _& 3 ii = 1 i 3
] » 3
Sot Aol g gt | ) 50 2t st e A RIRE
Y 1A UAE g* il ki = .T' 41 ?i
L] -1 | 4 | @
o o
a o
A 2 2 2
5 5 55
0 20 40 60 80 100 0 20 40 60 80 100
Rrup(km) Rrup(km)
) (h)

Figure 4.6 Maximum displacement distributioesiduals withRgyp for models (a) Case # 1a,
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Figure 4.7 Final displacement distributicresiduals withRgyp for models (a) Case # 1a, (b)
Case # 1b/2c, (c) Case # 1c, (d) Case # 1d, (e) Case # 2a, (f) Case # 2b, (g) Case # 2d and (h)
Case # 2e
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