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SUMMARY

Slope systems sudhs earthirockfill dans, waste storage landfill, or natural slepEan
undergo significant damage during a seismic evuerthe seismic design of slope systems,
engineers often consider the amount of seismigatlyced displacements as the key
engineering demand parametd@he arrent state of practice procedures tdineste
seismicallyinduced slope displacementsare dominated bydeterministic or pseudo
probabilistic approacheghat do not directly quantify thbazard associated thi the
estimated displacements. Instead, these approaches assume that the hazardwidhe g
motion intensitymeasureof interest (e.g., peak ground acceleration) also represents the
hazard of the estimated displacemehtontrast, performanedeased approaches, which
are the focus of this study, can provide hazard curves for the engghdemand parameter
of interest (i.e., the amount of seismicalhgluced displacements in the context of this
study), from which the estimated displacements can be directly related to the hazard design
level.

In this study,we propose to combinde condiional scenario spectra approach with
advanced numerical modeliag a benchmark to evaluate performabased approaches
that rely on simplified and analyticafoceduregor the estimation of seismicatipduced
displacements rockfill dams The evaluabns show that the displacement hazard curves
obtained through computationally intensive numerical analyses (performed with three
different constitutive models) are more conservative than the hazard curves from simplified
or analytical methodsnsights fom the comparisons are shared, and potential explanations

for the differences are provided. Finally, there are also differences in the displacement



hazard curves estimated through numerical analyses, which depend on theftadide

volumetric/deviatoric rmchanisms and damping in eanstitutivemodel.



CHAPTER 1. INTRODUCTION

Dams are one ofhe most significant components in modern infrastructure as they
maximize the usefulness of water resourpesvent potential floethduced damages, and
managealroughteffects Dams are also used in the mining industry to retain waste materials
such as nme tailings.Though dams are essentitley also preserd potential hazard
indeed, several case histories have shown the devastating #fégcsdam failure could

cause Moreover, gen in cases without a catastrophic failwignificantdamage of @am

can still have severe economic consequences. For example, in 1971, the failure of San

Fernando dam forced 80,000 people to vacate their resgiSeed et al., 1973).

In terms of seismic design, to keep the functionalitg dm system, the inteigy of their
slopes (and other componendsich as the filters and drajmeed to be preserved during

a seismic eventn particular, the potential damage to the crest and upstream/downstream
slopes are of concertn general, arthquakenduced damageotslope systemse.g.,
natural slopes, dams, landfills, ethave caused severe disruptions in infrastructure
systems during previous earthquakes. For example, dtlntP64 Alaska earthquake,
more than half of the total cost of damage was caused klygaakeinduced slope
displacements, such as landslides (Youd, 1978; Wilson and Keefer, Ha8%)e, the

adequate design of a dam slope is key in dam engineering.

In the current state of practicégetseismic design @arth and rockfill dameelies on the

estimation of intensity measure parame{ivis), which serve as proxies for the amplitude,



frequency contenand duration of a ground motion. For example, the most commonly used
IM to representhe amplitude of a ground motiontlse peak gound acceleratio(PGA),

which is simply the absolute largest acceleration of the grouptébn acceleration time
history. There arealso other IMs such as cumulative absolute velocitgA\), Arias
Intensity (O) that represents all three characterssti@mplitude, frequency content,
duration) of @ acceleration time history and have proven tbdreficialin the design of
earth structures and geotechnical systems (Bray and Macedo,\28d&tlo et a).202Q
Macedo, Abrahamson, Liu, 2020)

To quantitévely assess the possible damage an earthquake might cause to a certain
structure, several analytical models have been develdpegrovide estimates of
engineering demand parameteiEDP9, which can be used to assess the seismic
performance of an engiagng systemFor dam structures, thEDP of interestto assess

the seismic performands often the amount of seismically induced slope displacement,
which will be evaluated in this study through various procedures, considering different
analytical modelsind advanced numerical modeling

As illustrated inFigure 1-1, the current state of practice considers three different
frameworks for the estimation of engineering demand paramé&Big, which in the
context of this study corresponds to the amount of seismicallyced slope displacement.
These frameworksre, 1)Deterministic, 2) Pseudprobabilistic, 3) Performaneeased
probabilistic approachThese frameworks are usually used in combination with robust
probabilistic models that estimate seismically induced slope displacements (discussed in

the next chapter).
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Figure 1-1 Different approaches for the estimation of EDPs; where_ v is the
number of standard deviation below and above the mediatM, f . uis the mean
annual rate of exceedance of thiM ," mis the number of standard deviation below
and above the median displacementmis the mean annual rate of exceedance of
displacement.

In a deterministic approach, a design earthquake scenario, defined by magdvijtaael (
distance R) is selected. ThiM is estimated using the ground motion prediction equation
(GMPE). Then the seismic displacement can be calculated asirapalytical modelin

this approachboth the variability irthe estimation oM and system propertieth¢ yied

coefficient,u or the fundamental periody) are not considered.

In a pseudgprobabilistic approach, the ground motitivi is estimated probabilistically
through probabilistic seismic hazard analy$ISIHA from which anIM hazard curve is
constricted. The designM value is selected from the hazard curves based on a design
hazard level. ThisM value is then used to estimate the amount of seismicallyced

displacementsHere, only thdM is calculated probabilistically, and displacement is not.



The EDP hazard is estimated with the underlying assumption that the hazard level for

displacement is consistent with thatilf.

In a performancdéased model, the variability in both ground motibhand seismically
induced displacement are considereéve3al fradtes of IM hazard curvesan be
consideredwhichareconvolved witha seismic displacement model atie variability of

the system propertiessed in the modeDifferent displacement modetsan beused to
account forepistemic uncertairgs associated with the estimation of seismieatjuced
slope displacement3he result is @EDP hazard curvewhich provides themean rate of
exceedance for differeBDP levels This curvecan be used to estimate the expected leve
of displacement fothe desired hazard levednd is well suited to make engineering
decisions. Moreover, the assumption that lilehazard is consistent with the hazard
associated with seismicallpduced displacement is not needed anymore, which is more

consistent with performandeased earthquake engineering concepts.

In this study, we extend the performasmsed framework by integrating advanced
numerical modeling, considering a large set of gremnadion time histories that are
selected to be consgsit with prescribed hazard design levels, obtained from probabilistic
seismic hazard analyseBSHA. The proposed proceduri@ this study also produces a
hazard curve for th&DP of interest (i.e., the amount of seismicaltguced slope
displacements, ithe context of this study). However, this study has the advantage of
estimating these curves directly from advanced numerical modeling; hence, incorporating
the physics ssociatedo the generation of seismicaliyduced slope displacements more

completey.



The content of thithesisis described as follows:

Chapter 1 presents an introduction to the study and highlights the overall objective

of this study.

Chapter 2 presents a literature review on the assessment of the seismic performance

of rockfill dams.

Chapter 3 presents the selection of ground motions using the conditional scenario

approach, which will be used later in dynamic analyses.

Chapter 4 presents the results obtained using analytical models for the estimation

of seismicallyinduced slope disptementgor an existing rockfill dam

Chapter 5 presents the constitutive models used in this study and the details of the

numerical dynamic analyses performadthe same dam evaluated in chapter 4

Chapter 6 presents the results from the dynamic asalpsiuding the generation
of displacemenhazard curves and the comparison of results with analytical models used

in the current state of practice

Chapter 7 presents the main findings and conclusions from this study.



CHAPTER 2. LITERATURE REVIEW

2.1 Seismicassessment of slope systems and dams

In the current state of practice, thessnic evaluation of slopgystemganges from using
relatively simple pseudstatic procedureg.g., Macedo and Candia, 2020; Macedo and
Candia, 2018, 2019h to advanced nonlear finite element or finite difference methods

(Macedo and Aguilar2011,2012; Macedo et al2010,2015).

2.1.1 Key design issue

It is important to address a key design criterion that should be considered before evaluating
the seismic performance of an dastructure. We should first assess if there are materials
in the structure or foundation that can lose significant strength as a result of cyclic loading
(e.g, soil liguefaction). Itthat is the casé¢his should be the primary focus of the evaluation
because it may lead to large displacement flow slides. There are various methods to
estimate liquefactioinduced displacement&.g., Macedo, 2017; Bray and Macedo,
2017a, 2017h Macedo and Bray, 20482018h Bray and Macedo, 2018a, 2018b, 2018c;
Bray et &, 2017 which arenot the focu®f this study. If the materials within or below the
earth structure will not lose significant strength as a result of seismic loading and if the
structure will undergo significant deformation that may leagdtential damage, the
estimation of seismaily induced displacement helpsaddresig this issuewhich is the

main focus of this study.

2.1.2 Analytical procedures



The seismic stability of earth and wasterage structuresecommonly evaluated through

the Newmarktype sliding block analyses that provide an estimate of the expatiant

of seismicallyinduced slope displacementdewmark (1965) proposed a procedure that
models the sliding mass as a rigid block to calculate seismically induced displacemen
based on two parameters: yield acceleration)(and input acceleration timistory.
Sliding begins when the yield acceleration is exceeded and continues usitditigeblock

and foundation velocitgoincides. The displacement is obtained by intgrg the relative
velocity between the rigid block and its foundatidhis procedure illustrated FRigure2-

1: a) shows the acceleration time history with the thresbo)dlisplacement occurs when
acceleration amplitude crosses tthiseshold; b) shows the velocityne history obtained

by integrating the acceleration that causes displacement; c) shows the displacement time
history obtained by integrating the calculated velocity time histogddition to the shear
induced displaceent, the top of a slope can displace downward due to deviatoric
deformation or volumetric compression of the materials. This ground movement resulting
from volumetric compression is not explicitly captured by Newntgple modelsAs
discussed in Stewagtal. (2007), athoughin some casedewmarktype models appear to
capture the overaimount of seismicaliynducedslope displacement in cases where the
displacement is dominated by volumetric compression, that is because the seismic forces
that cause higvolumetric compression also result in large stiedmced deformationsn

other words, it is just circumstanti&/hen analytical procedures are employexyjiatoric
induced deformatiaand volumetrieinduced deformatiashould be analyzed separately

by usingappropriateprocedures. Tokimatsu and Sgd@87) could be usedo estimate

volumetricinduceddeformation
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Figure 2-1 Calculation of seismicallyinduced displacements using Newmarkype
procedure.

The Newmark (1965) procedure was later modified by Makdisi and Seed (1978) to take
into account the deformable response of the structure. ingr@posed method, dynamic
analygeswere performed, and the seismic coefficigimhe history calculated froreach
analysis idaterused to calculate the sliding response. This is called decoupled analysis.
The procedure is based on a very limited humidedymamic analyss. But as they

recommend, their results should be updated as the profession advances.

Bray and Travasarou (2007) proposed a predictive relationship for estimating earthquake
induced permanent shear displacements. It is based on a fulpledp nonlinear,
deformable stickslip model to capture the dynamic performance of the earth system. The
ground motion database used for this study to generate seismic displaieohedd 688
shallow crustal earthquake records with eight sliding bydtems witha fundamental

period varying from G 2.0 s and yield coefficient ranging from 0.02.4. Seismically



induced @splacements are estimated from the initial fundamental peripgdtiie spectral
acceleration of the ground motion at a degrgmktbd of 1.5 times the fundamental period

(Y g ), the magnitude of the earthquake (), and the yield coefficient( ).

Rathje et al. (2014) used the models of Saygili and Rathje (2008) as well as Rathje and
Saygili (2009) and studied the padhlistic assessment of seismic slope displacement using
both scalar hazard (i.e., using one ground motion pararf&@y,and vector hazard (using

two ground motion parameter®GA and peak ground velocity?GV). The authors
indicated thatestimateddisplacements might be smaller in vector hazard analysis

compared to scalar hazard analysis.

Bray and Macedo (2089 2019h expandedthe work by Bray and Travasarou (2007)
considering forward directivity effects; theseda larger set of ground motiscomprised

of 6,711 twecomponent horizontadcceleration time histories selected from MBA-
West2 database. Thesoused a fully coupled, nonlinear, deformable s8tg model
with the modificationdy Macedo (20T) and Macedo et al. (204)7 Earthquakenduced
slope displacements are estimateai®, the spectral acceleration of the ground motion
at a degraded period of3ltimes the fundamental periot¥(g ), 0 , andvu ;in addition,

thePGVis al® included for neafault pulse motions.

All the procedures described abdweve beeriormulated for shallow crustal earthquakes;

the author is aware of only one robust procedure that is developed with a large number of
ground motions, considering a variety of slope systel@selopedor a different tectonic
setting, which corresponds to Bray et al. (20b8deldevelopedor subdution interface

earthquakes.



2.1.3 Probabilistic seismic displacement analysis uginedictivemodels

Macedo et al(202M, 20209, Macedo and Candia (2019andia et al(201%, 20195,
Candia et al(2018, Macedo et al.201h, 2018) have proposed proceduresimtegrae
the predictive models described in the previous section into performbased
probabilistic analysegPBPA), and fully probabilistic performandeased analyses
(FPPBA. The difference between RBPA and FPPBA based analyses is thBPPBA
considers alllIM hazard fractiles, wherea®PBPA considers only the mean. The
developments by these authors were integrated into a MAThadgd platform called
PSDA which stands foProbabilistic SlopeDisplacemeniAnalysis. The platform can be
used folPBPAandFPPBAassessments; it perforrRSHAand also provides estimates for
seismicallyinduced displacement hazard curv&®H(C) for systems with contributions
from multiple tectonic settigs It considers the epistemic uncertainty in groomations
and system properti€d ['Y) throughthelogic tree method and polynomial chaos theory
(Macedo et al., 2021). The platform readily provides ti#HCs and the process consst

of three stps,

1. Estimation of systems properties suclvaand”Y of the potential sliding mass and
the uncertainties in these variables through logic tree method.

2. Perform a sitespecific probabilistic seismic hazard analysis to computeazard
curves and demregation information at differeiY values.

3. Calculate the seismically induced displacement usingotadictive models and

construct the displacement hazard curves.

1C



This study will use this platform and compare it with results from advanaeterical

simulations.

2.1.4 Estimation of seismicalinduced slope displacements using a ssigx model
(Rathje and Bray2000

The seismicallyinduced deformations can be evaluated by two methods, coupled and
decoupled approach. In a decoupled approxonathe estimation of seismic response of

the slope structure is separated from the sliding response, i.e., the system's dynamic
response is calculated considering it as a flexible system, and the sliding response is
evaluated considering it as a rigidustiure. In contrast, in a coupled approach, the seismic
response and the slope's sliding response are calculated simultanéigusg2(2). Rathje

and Bray 2000 formulated a fullycouplednonlinear analytical modébr onedirectional

sliding. In this method, the seismic response of the sliding mass is captured by an
equivalentlinear viscoelastic model, which uses strdépendent material propertidhe
formulation models both the forces along the sliding interface and the nonlinear response
of the sliding massit was also validated against shaking table experisn@iartman et

al., 2003)

11
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Figure 2-2 lllustration of coupled and decoupled analysis; wherélEA is the
horizontal equivalent acceleration,U is the displacementW is the weight of the
dlope system(Bray, 2007)

2.1.5 Transfer function model (Hale, 2019)

Available analyticalprocedures utilize only a single proxy¥ (s ) or series of proxies

("YR) "Ooto represent the entire ground motion. Thasalytical proceduresrely on
functional forms thatvere developed using large datasets. The transfer function model is
an alternative ta@nalyticalprocedurs, and it is based ondecoupled analysigefer
section 2.1.4)in which the dynamic response of the sliding mass is represented by a
transfer functionand the deformations can be calculatechltNewmarktype procedure.

Like the stickslip model, this approach also considére entire ground motiotime

12



history as opposed to the procedures that rely on predictive equé&igun® 2-3 shows
the concept of the transfer function modehe procedure computes a transfer function
across all frequencies for the potential sliding mass based on systentipsopeach as
height(H), "YR) , which is used to estimate the average acceleration time history for the
sliding mass Using the acceleration time history, deformations can be subsequently
calculated usingNewmarktype procedure. The transfer furattiis based on results from
11,400 dynamic analysisvhich included 950 ground motions and 12 representative
earthen dams. The dynamic analy/sereperformed in QUAD4MUHudson et al., 2003),
which uses the equivalehihear procedure. The process corsdtthree steps
1) Computation offtte ransfer function for the potential sliding mass based on
the input system properties.
2) Calculation of the average acceleration time history on the sliding mass
from the user input ground motion tirhéstories.
3) Estimation of sheainduced deformation from the average acceleration

time history of the sliding mass usiagNewmarktype procedure.

13
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Figure 2-3 Transfer Function Model concept (Hale, 2019).

2.2 Dynamic Response of Rockfill Materials

Rockfill dams areoftenthe most preferredype ofdams asthey need less and easier field
requirements for foundation, excellent adaptability to geographical and geological
conditions and often have adequatgability against earthquakéSeo et al., 209; C.
Marulanda and Marulanda, 2015; Bayraktar and Kartal, 2010; Wen et al., BVED

though rockfill materials are less prone to liquefaction as there is no excess pore pressure
generation, thearthquakenduced deformationauld still cause signifiant damagend

needs to be assessed

Matsumotg(2010)investigated the performance of different types of dams during and after

the sequence o$hallow crustal earthquakes in Japan. &bthorinspectedive types of

14



dams (concrete gravity dams, concrethatams, earth core rockfill dam, concrete faced
rockfill dam, and eartfill dam) subjected to earthquakes with various magnitude and
epicenter distancéle observed thatone of the dams suffered any damatyen the Japan
Meteorological AgencyJMA) magritude is smaller than 6.5. FOMA magnitudes greater

than 6.5, some dams suffered moderate damage while all concrete dams had no damage.
The author also investigated the natural periods, amplification ratio, shear modulus, and
PGA attenuation for thdive types of dams mentioned above, and the findings are

summarized below:

T Natural periodsThe natural period¢T) of dams increase with the dam height
regardless ofhe type ofdam.For dam structures such as concrete face rockfill
dams, the period depends on the ratio of crest Ighytbver Height(H), with the
relation thafl/H decreae ad./H decreasewhich indicates thahenatural period

of this type of dams is affected by amment constraint.

T Amplification ratio: The amplification ratio #GAfrom the dam foundation to its
crest decreases witbhundationPGA'sincreasalue to the nonlinear behavior of the
material. The amplification ratios for rockfill and eafilhdams aremuch lower
than concrete dams, which indicatieat thefill dams exhibit darger damping ratio

than concrete dams.

1 Shear modulus: The shear modulus decreases as the shear strain increases. For
rockfill dams subje@dto severe earthquake loading, theassheodulus decreases

significantly to1/10of maximum shear modulu¥) ).

15



T PGA attenuation:The PGA at the soil surface, below the soil surface, and dam
foundation were compared and was found #@&tA at the soil surface is much

higher tharPGAat the underlying dam foundation

Park and Kishida (2019) studied the seismic response of embankment dath®ibase
recorded strong motion data in Japan. They analyzed the correlation betweg&rs dam
dynamic responses and ground motion parametersadthersfoundthat forPGAin the
foundation greater than 0.2g, the amplification factor decrease&AsncreasesThey

studied the variation of seismic response of dams with the dam geometry (e.g., dam height,
length)andobserved that the fundamental period increaséeigbt (H), length(L), and
PGAincrease. They used multiple linear regression models to predetfundamental
period based orheight, lengthand PGA for embankment dams&:inally, they proposed
modelsto estimate théundamental period as a function of input motion and geomidiry (

L).

Li et al. (2008) studied a 240 m taltorerockfill dam and presentd shear modulus
reductioncurves obtained in the range of confining pressure of 300 to 2500 kPa in the
range of 0.0001 to 1 % of shear deformation.yTihaticed, from the laboratory tests that

as theconfinement stresscreases the material beavesmore linear.

Zhou et al. (2016) condwed a study using alargescale triaxial testo testrockfill
materials. They found that the smsitain shear modulus of rockfill materials is affected
mainly by the confining pressure, ethvoid ratio, and the initial stress ratio. The
experimental results exhibit that the sshain shear modulus decreases with increasing
void ratio and increases with increasing confining pressure and initial stress ratio. The

results also reveadl a corsiderable decrease of damping ratio with increasing confining
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pressure, which is consistent with the report by Li.g28I08). In addition, they compate
their results with those obtained by Rollinsakt(1998) andfound it to be consistent
Finally, they developd expressions to estimate tskear modulus reductiacurves for

rockfill materials.

Kishida et al. (2019) reviewed 27 downhole recordingsresembankment dams in Japan
from 1987 to 2011 to study the dynamic properties of core materials. The apparent shear
strain was computed from the difference in displacement time serieh@separation
distance between sensdtsvasfound that the appareshear wave velocitf) decreased,

and the shear strain increased when the strong shaking propadeteeécdrdings were
rotated for different azimuthal angle to study the orientatiependent characteristics of

W andshear straing (| and it wa observed thab did not change much with different
azimuthal anglesvhereas ranged widely depending on the azimuthal angles. Ts&un

"0 and G were calculated using the recordédand assumed unit weight. These
values were comparedth data from empirical models from previous studies. They found
that the insitu"OF'O  data range widely depeind on the damand hence the bestting
empirical modevariesfor each damThe authors alsobserved large uncertainties in the
in-situ "0 data. Based on conditional probability, a methodologg developedo
update the irsitu modulus reduction curve by considering the observed data and their

measurement uncertainties.

Zhu et al (2014)carried out laboratory experimerand investigated the dynamic property
of gravels under high confining pressure to simulate rockfill dams with heights greater than
200m. The authors state that previous studies were basedl relatively low confining

pressure (10 to 500 kPa), whichedmot properly describe the behavior of dams as the
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stressfrom high dams can be as high as 3000 kPa. In dtedy, 42 large cyclic triaxial
tests CTX) were carried out on 12 gravempleswith confining pressures ranging from
227 to 4000 kPa. Since tmeaximum diameter of the gravels exceeds the capacity of a
typical largescaleCTX Zhuet al.(2014)developed apecialapproachto handé over
sized gravel particlesTheir results are summarized below:

1 Shear modulus reductioithe modulus reduction oug, "OFo [, is shifting
upward as the confining pressure increases, indicating increased shear modulus.
However, tlese modulusreduction curves fall within the range of tleerves
recommended by Seed et@986)for lower confining pressurd his is due to the
higher loading frequency used in this study. The high loading frequency will shift
downward the reduction curve, counteracting the upward shift caused by high
confining pressure.

1 Damping ratioThe damping ratio curve, shifts downwardfasconfining pressure
increases, indicating reduced dampi®inilarly, allthedamping curves fall within
the range oturves recommended by Seed et al. (1986j)s is also becausthe

high loading frequency shifts the damping curvpwards

Figure2-4 presents the shear modulus reduction and damping curves for rockfill materials

compiled from the available literature. These curves are used later in this study for

calibrating the constitutive models.
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CHAPTER 3. SELECTION OF GROUND MOTION TIME

HISTORIES

3.1 Probabilistic Seismic Hazard Analysis

The selection of input time histories is a vital stepadorm dynamic analyses of a rockfill
dam. To select ground motions, the preliminary step is to perform apat#ic
probabilistic seismic hazard analysBSHA. Seismic hazard associated with a site,

influenced byN sources can be computed usingekpression,

Y Y 4 i @ 0RY AYé 6Q ¥ 0 "Y 'Y as Ry (D
where, Y "Y & is the annual rate of exceedance for a spectral acceleration threshold
z, at a given period, M is the earthquake magnitude,is the site to source distance,
i ¢ 0 RAY RY£ 6Q corresponds to the rate of occurrence of a particular earthquake
scenario, 0 Y 'Y & 0 RY is the conditional probability that ttspectral

acceleration at a given peri€’ ) will exceed thehreshold'Y value(2) for a givenM

and R. Figure 3-1 describes the four major steps involved ABHA which are 1)
Identification and characterization of earthquake sources at the sitea@jcterization of
seismicity of each source and estimation of the rate of occurrence of each scenario, 3)
Estimation of ground motion intensity measure produced at the site by any possible
earthquake scenario, 4) Computation of the annual rate of exusedf a ground motion

parameter by combining results from all scenarios and ground motions using Equation 1.
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Figure 3-1 Four steps involved in a probabilistic seismic hazard analysis (Kramer,
1996)

In this study, thePSHAfor the selected site is performed usithg platformHAZ45
(Abrahamson, 2017). The selected dam is situated in a highly seismic shallow crustal
region bcated in California with potential seismic hazard from 159 faults (within 400 km
from the site). An average shear wave velocity of 760 m/s for the upper 30 meters was
used. Hazard curves for spectral acceleration are calculated using Equation 1 and ground
motion prediction equations (Abrahamson et al., 2014; Boore et al., 2014; Campbell and
Bozorgnia, 2014; Idriss, 2014). Then, uniform hazard spedtts) are constructed from

the hazard curves. A total of UHSare constructed over hazard levels randgiom 1.00

E-2 to 1.00 E7, dividing them into ten equal parts in log scale. As discussed later, it is

important to construct UHS over a wide range, as it will be used to reproduce hazard over
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the site. The hazard curves BGA, °Y at different periodsra shown inFigure3-2, and

the UHSfor hazard levelérom 1.00 E2to 1.00 E7 are presented irigure3-3.

The PSHAresults have been used to perform deaggregation analyses, which identify the
fractional contribution from different earthquake scenarios, dictated by combinatigns of
andR to the total hazardrigure 3-4 shows the contribution oM, R) pairs to the tal

hazard for a spectral period of 0.5 secoand for a return period of 100 yearsor the
selected site, at a period of 0.5 seconds, the contribution to the lowest hazard level of
pd8t 7O ¢ , corresponding to a return period of 100 years is contrdiiech mean
earthquake magnitude of 6.51 with a mean distance of 68 km and the contribution to the
highest hazard level @3t 7O X, corresponding to a return period of 10,000,000 years

is controlled by a mean earthquake magnitude of 6.4 with a meancedisibi2.4 km.
Tablel shows the mean magnitude and distance for all selected hazard levels for a period

of 0.5 seconds.

1072 107" 10° 10’
Spectral Acceleration (g)

Mean annual rate of exceedance

Figure 3-2 Mean hazard curves obtained from PSHA
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The UHS are equally divided into 10 in log space
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Figure 3-3 Uniform hazard spectrum obtained from PSHA
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Figure 3-4 Deaggregation of the seismic hazard at the selected site for spectral
period of 0.5 seconds for a return period of 100 years
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Table 1 - Mean magnitude and distance contributing to all selected hazard levels for
a period of 0.5 seconds obtained from hazard deaggregation

Hazard Mean Magnitude | Mean Distance (km)
1.0E-2 6.51 68.0
2.78E-3 6.51 68.0
7.74E-4 6.49 49.6
2.15E-14 6.46 34.2
5.99E-5 6.46 34.2
1.67E-5 6.44 23.3
4.64E-6 6.44 23.3
1.29E-6 6.42 18.2
3.57E-7 6.41 15.2
1.00E-7 6.40 12.4

3.2 Ground-motion Database

A subset of the NGANest2 database developed by PEER (Ancheta et al., 2014) was used
in this study. The subset was selected considering earthquake magnitude above five and
rupture distance in the range of 0 to 300 km. The selected subset contains fa2648l o
earthquake recordings, each with three components (two horizontal and one vertical) hence
giving a total of 7947 recorded time historiésgure 3-5 shows the distribution of
magnitude and rupture distance in the selected databagee 3-6 to 38 shows the

distribution of PGA arias intensitye  in the selected subset.
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3.3 Conditional Scenario Spectra

This study used the conditional scenario sped@@y framework to select the ground
motions used in the subsequent time history dynamic analysis CB&framework
considers a setf ground motion time histories, each with an assigned rate of occurrence,
that reproduces hazard over a site (Arteta and Abrahamson, 2018). Each ground motion
time history selected usif@SScomes with a rate of occurrence that can be used to develop
EDP hazard curve<CSSincludes the following steps:

1) The first step to developSSis to construct the conditional mean spectr@ivi§
(Baker, 2011) for all selected design hazard levels CM8is developed using the
mean magnitude and distance obtainednfrdeaggregation for a conditioning
period of 0.5 seconds. Therefore, a total o€EMSwere computed for hazard levels
fromp8t 1O (¢ top8t 1O X. Figure3-9 shows theCMSconstructed ovedHS
of all hazard levels. The mean response spectrum, epsilon and correlation
coefficient at each period was calculated uddaker and Jayaram (2008). The

CMSvariability (+~ 2.5) is also calculated using Jayaram ef2dl11)using:

” S z ” p ) "Yﬁ,v (2)
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where,, is the standard deviation infY "Y,” "YAY is the correlation
coefficient.
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Figure 3-9 Conditional mean spectra constructed for all selected hazarévels.

2) The second step is to selede of time histories from the suite of ground motions
and scalé to matchCMSand its variability ( ¢®) for each hazarivel of interest.
For each hazard level, a set dfl ground motions that best repres@MSand its
variability were selected from the subset using Monte Carlo simulaiibeslog

likelihood for selecting thisl time higories for hazard levedis given by,

TR 2
G h O

¢

¢
(>
=
<

2w

whergl s the scaling factor applied f@ time history for théQ hazard level. The set

with the best fit to th€€MSand its variability, i.e., the set with maximum likelihood, is
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selected and is th€SSfor that hazard leveFigure 3-10 shows theCSSsdected for a

hazard level op8t TO ¢ (N=32).
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Figure 3-10 Set of time histories selected and scaled based @MS and its
variability for a hazard level of 8 |

3) The next step is to assign trege of occurrence to each selected time history. The
initial rate of occurrence of each time history is computed from the neighboring

hazard levels. It is calculated by,

O0a 0 QDwa b QU
0

(4)

YO Q;

where'’Y @ 0 'Q; is the initial rate assigned I§/SSto the time history a2 hazard level,

"Ow a 0 iQthe hazard level)(andOw ¢ 0 ‘Qis the hazard level (i+1).
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4) The final step is to reconstithe hazard curves using the selected scaled subset

of time histories and their corresponding rate of occurrences using the equation,

.
Y ol YD O1 Y Y & (5

where"Yj, is the spectral acceleration of the recording,| is the scale factor, ard is
the Heaviside function, which is either one or zero. The rate of occurrence of each time
history is then adjusted using a penalty function to better reproduce the hazard. This

function is iterated until a minimum value for the penalty function is oethi
0Qt ®aow xOY 1T06G aRY 117060 ahRY (6)

where x JY is the weight assigned for a given peri@ ¢ is the hazard computed

from PSHAandO0 & is the hazard recovered fra@8SFigure3-11 shows a flow chart

that illustrates the different steps involved in the process of compD8&g
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Figure3-12 shows the target hazard obtained fi@8HA initial hazard computed from
CSS&and final hazard recovered frasSafter applying the penalty function fospectral

period of 0.5 seconds
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Figure 3-12 Hazard curve recovered from CSS for a spectral period of 0.5 seconds

3.4 Selected Scenario Spectra

Using the proceduredescribed in the previous sections, a set of 60 unique single
component ground motions were selected; some of these were scaled to different hazard
levels and assigned different rates of occurrences, making a total of 220 scaled ground
motions to reproduehazard over different hazard levels over the Bitgure3-13 shows

the distribution of magnitudes and rupture distances for the selected ground motions.

Figure3-14 presents the distribution BiGAfor the selected ground motiorisgure3-15
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shows the selected grounubtion spectra, an#figure 3-16 shows the assigned rate of
occurrence for each spectrum of l88S Figure 3-17 presents the UHS reconstructed
through theCSSapproach and the targdHS obtained fronPSHA It can be seen that the

UHSrecovered fronCSSmatches reasonably with that fradf®HA
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Figure 3-13 Magnitude-distance distribution for the selected ground motions
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CHAPTER 4. PERFORMANCE-BASED SEISMIC ASSESSMENT

USING ANALYTICAL METHODS

4.1 Evaluation of Seismic Yield Coefficient

The critical components for seismic displacement analysis are a) Dynamic resistance of the

sl ope system, b) Earthquake grounadic moti or
resistance of a slope system is represented hywhich is the pseudstatic seismic

coefficient when the factor of safety is equal to 1.0. When the input earthquake acceleration
exceeds thi® , displacement occurs. A lower corresponds to l@er dynamic resistance,

which will lead to higher displacements and vice versa. The earthquake ground motion is
represented througiMs, and t he systemds flexibility i

fundamental periad

The dam structure considered in thisidst is a 44meter tall rockfill dam wh a
downstream slopef 1:1.3. The dam structure is divided into three different lalyasgd

on type of materialsl) Rockfill 2) Streambed gravel 3) Bedrock, as showhigure4-1.
The0 for the dam structure used is evaluated using the limit equilibrium computer
program SLIDE Rocscience, 2018)'he material properties used for each layer for this

analysis arefown inTable2.
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Rockfill
Streambed Grave

Bed rock

Figure 4-1 Geometry of the dam and different layers.

Table 2- Material properties used for different layers for analysis in SLIDE

Material ;‘;Itéog) Unit weight @ 4m ) Cohesion(kPa)

Bedrock 45 22 250
StreambedGravel 42 15 0

RockFill 45 19 0

Arange ofo values, varying from 0.12 to 0.2, for a range of slip surfaces were computed.
The slip surfaces fay values 0.12, 0.15, 0.2 are shown in Higures4-2 to 44. It can
be seen that the sliding mass increases as tivalue increases; this is becatbe system

shows higher resistance to displace higher mass.
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Figure 4-2 Slip Surfaces for yield coefficient value of 0.12

Figure 4-3 Slip Surfaces for yield coefficient value Q15.
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Figure 4-4 Slip Surfacesfor yield coefficient value0.2

4.2 Probabilistic Seismic Displacement Analysis (PSDA)

As detaled in Section 2.1.3PSDA is an integrated platform with a graphical user
interface GUI) to perform performanebased probabilistic analyseBRPA. For this

study, we only considered the mean hazamdeobtained fronrPSHAand not the full set

of fradiles. To consider the epistemic uncertainty associated with the system properties, a
logic tree considering five branches for with a coefficient of variation of 0.2 is used.
Each branch is assigned a specific weight. The model's epistemic uncertainty was also
taken into account by considering two different models, namely Bray and Macedo (2019)
(BM2019) and Bray and Travasaro() (BT2007), each with an equal weight of 0.5.

A fundamental period of 0.2 seconds was used for the calculafignse4-5 illustrates

the logic trees with the weights usddlSDA outputs the displacement hazard curves

calculated from each branch alongh the weighted mean hazard curizeggures4-6 to 4
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8 shows the displacement hazard curves obtainedR®D¥R for three different mean

"y
Seismic Hazard Slope Parameters Slope Displacement Model
PSHA Weight Param Ts(s) ky w Slope Interface Intraslab Crustal Weight
1 |Branch 1 1 |set1 0.2000 0.0705 0.0237 1 |SL1 MB2019 MB2019 MB2019 0.5000
2 |set2 02000  0.0914 0.2313 2 |sL2 BT2007 ~ BT2007 ~ BT2007 0.5000
3 |seld 0.2000 0.1187 0.4%00
| 4 [setd 0.2000 0.1540 0.2313
5 [sets 02000  0.1999 0.0237
Mormalize New Delete Normalize
Hazard Analysis Type Seismic Hazard Slope Paramelers Displacement Model
Mean Coefficient of Number of
@ PEFA variation samples
(O FPBPA Ts 02 0 0
L] 0.12 0.2

Figure 4-5 Snapshotfrom PSDA2 platform showing different branches and weights
for a mean L, value of 0.12
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Figure 4-6 All fractiles of displacement hazard curves and weighted mean obtained
from PSDAZ2 for a mean L, value of 0.12.
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Figure 4-7 All fract iles of displacement hazard curves and weighted mean obtained
from PSDA2 for a mean valuelt, of 0.15.

41



T I T T T T T T T ]
—e—Weighted mean ]
oL —Branches i
g 10 E
c ]
= ]
O i
-3 _
3 107¢ E
> -
o ]
Y—
5 i
[0} -4 _
IS 10 3
© ]
g 4
c -5
< 10
-6 1 I 1 1 1 1 1 1
10
10° 10’ 107

Spectral Acceleration (g)

Figure 4-8 All fract iles of displacement hazard curves and weighted mean obtained
from PSDA2 for a mean valuelt, of 0.2.

4.3 Stick-slip Model

As discussed in Section 2.1.4, the ststip model isa fully coupled, nonlinear, deformable
modeldeveloped by Rathje and Bra3000. Thismodel is coded as a computer program
that can be run for multiple earthquake time histories. The inputs are the system properties

("YRO ) and the ground motion time history. The program was run for all the selected
ground motions and for three diffetan values (0.12, 0.15 & 0.2). A fundamental period

of 0.2 seconds was used for the calculations. The output contains two displacements for
each time history, considering two polarities of the ground motion, and the average of the
two are taken for thistudy. Figure4-9(a) and (b)shows the displacements obtained,

plotted againsPGA of the ground motiorand arias intensityit can be seen that the
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variation of displacements for a givé&his much lower compareatiat of PGA. This shows

that'Ois abetterIM to predict seismicalinduced displacements (Macedo et al., 2020).
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Figure 4-9 (a) Input PGA and displacements(b) Arias Intensity and displacements
obtained from stick-slip model for different L, values.
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4.4 Transfer Function Model

The transfer function model, discussed in Section 2.1.5, estimates a transfer function for
the potential sliding mass based on the system properties suich BHs shear wave
velocity of the fill @), from which the displacements can be calculated. Similar to the
previously discussed stiellip model, the output consists of two displacements,
considering two polarities of the ground motion. The average estimated dmsplacs
considered in this study. The model is run for all the ground motions considering different
0 values (0.12, 0.15, 0.2). Theandw are chosen such that the fundamental peiigd (

of the dam is 0.2 seconds when calculated using,

Y oG 7

Figure 4-10(a) and (b)shows the displacements plotted againstRK&A of the input
ground motiorand arias intensityit is important to note that this model is developed based
on results from equivaletihear simulations (Hale, 2019) and calculates displacements
using a decoupled approaéhigure4-11 presents a comparison of displacements obtained
from stickslip mehod and transfer function model for value of 0.15. It can babserved
that the stickslip model tends to calculate higher displacemfamta given PGA compared

to transfer function model
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obtained from Transfer function model for different L, values.

45



© o]
m] o ]
o O, €3]
O 8 E
o o
0 ]
5 4

Displacement (cm)

O Stick-slip model

O Transfer func model
I I I

1.2 1.4 1.6 1.8

10° F | | | | | I I | e
i o ]
L o o fo) i
fo) - 7
e @ <§,’ oo0%s 0° © “g o g
S 102 3 o oSbgycbD 00pg ° o E
% i & OOd]% o - o . .
= oo og ]
o i
o] i
o . o
o
N E
() ]
O Stick-slip model |
O Transfer func model
| | | | | |

15 20 25 30 35 40 45
Arias Intensity
(b)
Figure 4-11 Comparison of displacements obtained from transfer function model
and stick-slip model for a L, value of 0.15.
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4.5 Displacement Hazard Curves

The deformations associated with each selected time histories and the corresponding rate
of occurrence are used to compute seismigattyiced displacement hazard curves using

the equation,

#'QQ"Q0 i GO 20 QQQOSYON (8)

In this equationgt 'Q 'Q "QO s the rate of exceedance of a given displacemedt,6 D
is the rate assigned to th@ time history,0 Q' Q" QOS$YOh, is the conditional
probability that the deformation resultifigpm the scaled time history is greater than the

selected deformation threshold (D). It is either 1 or O.

Figures4-12(a), 413(a), and}l-14(a) shows the displacement hazard curves obtained from
the analytical procedures discussed above for différemalues. As discussed earlier, it
is evident that the displacemegiven ahazardlevel decreases as increasesThe
displacement hazard curve from stglip model is above the transfer function model,
which may be because of the difference in their formulation. This transfer function model
relies onestimation of a transfer function and decoupled analysis, whireasickslip
model is based on a generalized SDOF system and coupled arftysises4-12(b), 4
13(b), and 414(b) show thénistograms otlisplacemers from stickslip model and TFM
Thevaluesin they-axis of this plot shows thefrequencyof displa@mentsn variousbins.

A bin size of5 cm was selectedt can be observed that the transfer function model
produces more lower displacements (D<5cm) and -stipkmodel produces more high

displacement values. This explains why EIHéC from stickslip madel is above th& FM
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for lower displacement thresholds and becomes more comparable as displacement
increasesFigures4-12(c), 413(c), and 414(c) presensummed rate of occurrences for
different displacement bins. The values in tkexis of this plot a& calculated by summing

up the rate of occurrences of groumdtions that produced displacement valuethat
respective binlt is interesting to see that the groemations causing lower displacements
have high rate of occurrences (i.e., they are maguent) and grounchotions causing

higher displacements are associated with low rate of occurrences (i.e., they are less

frequent).
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Figure 4-12 Comparison of (a) displacement hazard curvegb) histograms of

displacemens (c) summed rate occurrences for displacement binsbtained from
analytical procedures for alt, value of 0.12.
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CHAPTER 5. DYNAMIC ANALYSIS

5.1 Dam geometry

The nonlinear dynamic anabs (NDA) were performed using the program Fast
Lagrangian Analysis of Continua (FLA@asca 2016) This program is well suited for
performing dynamic analysis with nonlinear material response using user defined
constitutive modelsThe dam was modeled in a plane istreondition. Thesize of the
elemens in FLAC were selected such that they ensure accurate wave transmission based
on Kuhlemeyer and Lysmer (1973). T$iee of the elementanged from 1.2 tol1.4 meters

in the vertical and horizontdirections respectivly. Figure 51 shows the prepared mesh

for the modelnd thefive zoneswhich are dividedlepending o the range of stresses, as

elaborated below

Figure 5-1 Numerical Meshand the dam model

5.2 Calibration of Constitutive Models
The nonlinear behavior of the dam fill was modelled in FLAC using three different

constitutive models namely UBCHy®&yrne and Naesgaard, 201B8M4SandBoulanger
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and Ziotopolou, 2017and Wan@D (Wang 1990; Wang et al., 1990; Wang and Ma, 2018)
The elasticperfectly plasticMohr-coulomb model was used for the materials in the
foundation. The constitutive models were calibrated against the modulus reduction and
damping curves obtagd from the literatureRigure 24). Based on the literature review
performed for this study, iwasfound conveniento calibrate the models to fall between
lower bound of Seed et al. (1986) and upper bound of Rollins et al. (k88&)erto
reasonablyreproduce the dynamic responseaoh i a vreckfith magetal The dam
embankmentwas divided into five different layers based on the vertical stresses as
presentedh Table3, this was done to account for changes in the parameters of constitutive
modek in terms of stresse$he shear modulus of the foundation maternaés kept
constantthe lower shear wave velocity profile from Hale (2019) was adopted for the dam
embankmentand finallythe maximum shear moduluwgascalculated from theb profile
usng,

0 M 9)
where, 'O is the maximum shear modulusis the density of the material is the
shear wave velocity.

Table 3 Different layers based on confinement

Layers | Confinement (kPa
1 <75
2 75 <150
3 150 <300
4 300 <550
5 550 <1000
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In the following, a brief summary of the constitutive models used in this ategyesented
and the calibration process is described. The calibration was performed independently for

each one of the layers presente&igure5-1.

5.2.1 UBCHyst

The UBCHyst (Byrne and Naesgaard, 2015) is adwaeensional, total stress hysteretic
soil model. The UBCHyst model is framed to capture the dynamic behavior of soils such
as low permeable clays, high permeable granular soilghichtherewill be nogeneration

of excess pore pressuithe model uses a Molwmoulomb failure criterionextendedwith

a tangent shear modulwshich is a function of stress ratio and the change in stress ratio to

reach failure.This function is shown in Equation 10 and illustrate&igure 52.
Ny =sing; +c-cos ¢y /oy,
Ty
_P‘___—"'d_ nma.tfurevinus reverszal)
__J_—"' - n= T.t‘y/o—[l;
— m

c M a,

Mmax(last reversal)

Ny =sing; +c - cosgs /o,

Figure 5-2 UBCHYST model key variables (Byrne and Naesgaard, 2015).

O 0 p — Y aE@ G¢Q a¢@ (10

where,
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n = peak friction angle

“O=reference shear modulus

s=current stress ratioz TA

s =change in stress ratio since last reversal § )

S = maximum stress ratio at last reversal

s =change in stress ratio to reach failure envelope in direction of logglings( )

s =i 0B 6 &EDi Qédsé h T e

Z =developed shear stress in horizontal plane

A = vertical effective stress

G € Or a reduction factor for firgime or virgin loading

& € €x optional function to account for permanent modulus reduction with large strain

G € 6x optional function to amunt for cyclic degradation of modulus with strain or
number of cycles

n,1 andY are calibration parameters

The effect of each parameter associated with the shear modulus reduction and damping
was studied by setting all parametersgcommended values and varying each parameter
one at a time. Of the 11 input parameters the following six were modified for this study:
maximum shear modulus'@ ), bulk modulus, friction angle, hysteric parameters
(¢RY RY ). The first three paraeters were calculated based on average material properties
of eachlayer. The effective friction angle ®nsidered as a function of confinemant

calculatedbased on Barton and Kjaernsli (1981),
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n 2103 0 (11)
where, N is the base friction angl@, is the equivalent roughness of the actual rock
particles,3 is thecompressive strength of the parent rock, @nds the effective normal
stressFor this study, dase friction angle a25 degrees, an equivalent roughness of 7.5
and acompressive strength #6 MPa was use@he last three parametdediY RY ) were
used to calibrate the modulus reduction and damping relation of the rraylele 53

presents the calibrated UBCHysbdulus reduction and damping curves for each layer.

= — Layer2
(@) »F 0.5} — Layers
5 — Layer4
— Layer5
02F - Rollins et al.(1998)
== Seed et al.(1986)
0 " i s s gl " aa g sl " aa s sl " Aot iy
107 107 1072 107" 10°
Strain(%)
40 T T

— Layerl
— Layer2

Layer3
— Layer4
— Layer$ -
- - Rollins et al.(1998)
- = Seed et al.(1986)

(O8]
(e
T

(b)

Damping (%)
3]
S

—
()
1

—zEzEEEE"

(=]

Strain(%)

Figure 5-3 Calibrat ed modulus reduction and damping curvegor UBCHyst model.

5.2.2 PM4 Sand

The PM4and (Version 3.1) (Boulanger addbtopolou, 2017)as described in the user

manual (Boulanger and Ziotopolou, 2017), follows the basic framework of the1sttiess
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controlled, critical state compatible, bounding surface plasticity nmfodedand initially

presented by Dafalias and Manz&004). PM4Sand is formulated by modifying this
modelThi s model incorporated a critical stat
dilatancy relationshigzigure 54 shows the bonding, dilatancy and critical surfaces as lines

in g-p spaceadoped from Dafalias and Manzari (2004)

A Bounding Line, M"—\ Critical State Line, M Dilatancy Line, M“
=
2
£
(7
K3l
=
8
8
=
[
Q IEIasn‘c Range

-------- 2m
0 >

Mean Effective Stress, p

Figure 5-4 Schematic of yietl, critical, dilatancy and bonding lines in gp space.
(from Boulanger and Ziotopolou, 2017).

PM4Sand consists of five primary parametend @ighteen secondary parameters. The
primary parameters include density,(porosity ), relative density®@ ), shear modulus
coefficient (O), contraction rate parametef)(), and atmospheric pressuré ). The
secondary parameters are described in Boulanger and Ziotq@6Ibd. A constant value
of "O is used for all layers and is calculated using,

O 'on nmy 7 (12
where, "Ois the elastic sheanoduluswhich is calculated using Equationrpis the mean

pressure.
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The parameter® and’Q were considered as freparameters angtere usedo adjust the
modulus reduction responséthe modelAll the secondarparameters were set @efault

except for the effective friction angleshich is calculated using Equatiofi. In addition,

the generation of excess pore pressures was prevented so the constitutive model can
represent the response of a fully drained di@nmaterial such as a rockfilkigure 55

presents the modulus reduction and damping curves calibrated for PM4Sand model.
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Figure 5-5 Calibrat ed modulus reduction and damping curves for PM4Sad model.

5.2.3 Wang2D modé

The Wang2(Wang 1990; Wang et al., 1990; Wang and Ma, 2018) is adimensional

version of the original thredimensional model, which is a bounding surface plasticity
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model developed for modeling sand behavior under different loading conditions ranging
from simpk monotonic to complex cyclic loadin@ne distinctive feature of this model is

the dependence of the loading and plastic strain rate directions on the stress rate directions
(Chowdhury, 2019)The Wang 2Dand PM4Sad model share a number of common
attribues

Only four out of the eleven input parameters are needed to calibrate the modulus reduction
response of the modsince the generation of excess pore pressures is preveviaed (

and Ma, 2018)These four parameters are shear modulus coeffic@ptdffective friction

angle Q) , Poi s su), maid¥. Thearemaining (parameterstained the default
recommended/alues The value ofO is maintainedconstant for all the layers and is
calculated using Equatior21Then is estimated using Eqtion 11 and a constant value

¢ is used throughout the fillThe paramete) characterizes the nonlinear relationship
between shear modulus and shear stamplitude ands used for the calibratioof the

shear modulus reduction and damping curiAggure 56 presents the modulus reduction

and damping curves calibrated for the Wang2D model.
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Figure 5-6 Calibrated modulus reduction and damping curves for Wang2D model.

5.3 Static Analysis

The pe-earthquake static analysis is important aseives ashe initial condition for the
dynamic analysis. The steps in static analysis include 1) mesh and soil zones generation 2)
material property assignmentith elasticperfectly plastic MomCoulomb malel 3)
construction of the dam embankment to develop initial effective stesseadystate
seepage analysis 5) constitutive model assignmdthbugh the construction sequence of

the dam was not modeled, the embankment was constructed by turninggoavibein

tensteps to create more realistic stress state

During the static analysis, the base of the model was fixed in both the horizontal and

vertical directions. Théeft and rightverticalboundariesvere fixed to prevent horizontal
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displacementsA hydrostatic pressure is appli¢althe upstream boundary éithe pore
pressures on the upstream boundamy definedoy thereservoir heaq43m/141 ft) A
steady state seepage analysis is performed to develop the initial phreatic surface inside the

dam.The initial vertical horizontal,andpore pressure contouase shown irFigures 57,

5-8, and 59.
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Figure 5-7 Initial static vertical stress contours.
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Figure 5-8 Initial static horizontal stress contours.
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Figure 5-9 Initial static pore pressure contours.
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5.4 Dynamic Analysis
The stress conditions from static analysis serve as the initial conditions for the dynamic
analysis.A free-field condition was applied orhé vertical edges in both upstream and
downstream sides to avoid spurious reflections. The vertical boundaries are located at a
significant distance from the dam, to minimize the boundary effect in the analyses.
compliant base boundary condition is apglito the bottom of the model by applying a
quite boundary condition in both x and y directiofise grounémotions are applied to the
base of model by converting the velocity time history to a shear gfressme history
using,

£ N (13
where, M@ € Q are the densitgnd the shear wave velocity of the base materialgaisd
the shear component of the particle velocity at the boundasmnall Rayleigh damping is
also applied to the model ( ] Pw Q ¢&"0Q. The analyses were run with all
selected groundhotion time histories using three different constitutive models, a total of

660 dynamic analyses weperformed
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CHAPTER 6. RESULTS FROM DYNAMIC ANALYSIS

6.1 Comparison of Constitutive Models

The resultfrom the dynamic analgs along with key observations are discussed in this
section.

6.1.1 PGA vs Displacement

Figure 61 and Figure & presents the horizontal displacement obtifrem a point in
the downstream slondthe vertical crest displacement versusitipait PGAfor all three
constitutive modelswang2D model showthe lowest displacemergtin boththe caseslt

can be seen thafor low intensity grounemotions (PGA < 0.2g)PM4Sand shows the
highest displacement whereas imoderate tdigh intensity grounanotions (PGA > 0.2q)

UBCHpyst gives the highest displacemeint®oth directions.

. ; l_,]mn po @
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Figure 6-1 Horizontal displacementat a point in the downstreamslopeand input
PGA.
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Figure 6-2 Vertical displacementin the crest areaand input PGA.

6.2 Displacement Hazard Curves

The displacement hazard curves are calculated using EquatiiguBe 63 shows the
horizontal displacement hazard curves for a point in the downstreanaskbpd presents
theverticaldisplacement hazard curvesnstructed using permanetsplacemerst in the
crestareafor the three modeld.he horizontal displacement hazautvefrom PM4Sand
model gives the highedisplacements for a givdrazardevel (or return period)n terms

of vertical displacements, given a hazard leveé displacementsseémated from the
PM4Sand model are the highest for displacement thresholds lower than 10 cm. For
displacement thresholds higher than 10cm, the displacements estimated from the UBCHyst
model are the highesthough UBCHyst provides overall higher displaestsfor large
intensity ground motionéigure 61 and 62), thedisplacement hazard curve calculated

from PM4Sands above the displacement hazard curve from UBCHWSis is because,
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