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ABSTRACT

A STUDY ON THE RELIABILITY-BASED SAFETY ANALYSIS OF
CONCRETE GRAVITY DAMS

BESER, Mehmet Rgat
M.S., Civil Engineering Department
Supervisor : Prof. Dr. A. Melih YANMAZ

January 2005, 214 pages

Dams are large hydraulic structures constructed to meeusgproject demands.
Their roles in both environment and the economy of a country are so amiport
that their design and construction should be carried out for neglignéyl risk.
Conventional design approaches are deterministic, which ignore easiaif the
governing variables. To offset this limitation, high safety dextare considered
that increase the cost of the structure. Reliability—basedyrdegpproaches are
probabilistic in nature since possible sources of uncertaintiesiatssbwith the
variables are identified using statistical information, whiok iacorporated into
the reliability models. Risk analysis with the integration ek nmanagement and
risk assessment is a growing trend in dam safety. A compubgram, named
CADAM, which is based on probabilistic treatment of random loading a
resistance terms using Monte—Carlo simulation technique, can befars¢éhe
safety analysis of gravity dams. A case study is conductdilistrate the use of

this program.

Keywords: Risk Analysis, Risk Management, Risk Assessment, Bafaty,
CADAM, Monte — Carlo Simulations



Oz

BETON AGIRLIK BARAJLARINDA GUVENILIRLIK ESASLI EMNIYET
ANAL iz UZERINE BIR CALISMA

BESER, Mehmet Rgat
Yiksek Lisansinsaat Mihendisfii Bolimi
Tez Dangmani: Prof. Dr. A. Melih YANMAZ

Ocak 2005, 214 sayfa

Barajlar, ceitli proje gereksinimlerini kanlamak icin yapilan buyik hidrolik
yapilardir. Barajlarin rolleri hem cevre hem de Ulke ekonomisi ¢ggk onemli
oldugundan, tasarim ve gaatlari ¢cok kiguk riskler kabul edilerek yapilmalidir.
Geleneksel tasarim yaklanlari, temel dgiskenlerin dgisimlerini ihmal eder ve
sabit olduklari varsayimina dayanir. Bu sinirlama sebebiyleniyapnaliyetini
artiran buyidk emniyet katsayilari kabul edilir. Guvenilirlik esatlsarim
yaklasimlarinin d@asinda dgskenlik vardir. Dgisimlerden kaynaklanan
belirsizlikler istatistiksel bilgilerden faydalanilarak bulunurar8 guveniginin
arastirlimasinda, risk yonetimi ve risk gerlendirmesiyle birlgen risk analizinin
kullanimi yoninde artan birgéim bulunmaktadir. Bu tezde, betongidik
barajlarinin emniyet analizinde, rasgele yukleme ve direngnlTtnin olasi
desisimlerini  kullanarak, Monte—Carlo bengm teknigiyle guvenilirlik
hesaplayan CADAM isimli bir bilgisayar programi kullanilacakBu programin

kullanimi 6rnek bir uygulama ile gosterilecektir.

Anahtar Kelimeler: Risk Analizi, Risk Yonetimi, Risk Berlendirmesi, Baraj

Guvenligi, CADAM, Monte—Carlo Benzgmleri
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LIST OF SYMBOLS AND ABBREVIATIONS

¢ : Uplift reduction coefficient
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El = Damping ratio of the dam

P, = Estimated failure probability

¢ = Friction angle (peak value or residual value)
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[1 = Generalized earthquake force coefficient
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&, = The dam foundation reservoir damping

¢ = the standard normal variable probability densitjinate

&, = Viscous damping ratio for the dam on rigid foatidn rock with empty
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@ = Area of Cumulative Standard Normal Distributfon a specified variable

0 = Coefficient of variation

ot = Coefficient of variation of failure probability

o = Initial coefficient of variation
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p = Correlation coefficient

o = Standard deviation

o® = Variance

in (xi ) = Nonnormal cumulative distribution function
fXi (xi ) = nonnormal probability density function

¢ (y) = Fundamental vibration mode shape

T, = 4H/C

Ax = Width of the interval

a = Significance level

1 = First mode
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A(T) = Spectral acceleration coefficient
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AA = Absolute Acceleration
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A, = Effective horizontal ground acceleration coeit
ASCE: American Society of Civil Engineers
ASDSO: Association of State Dam Safety Officials
B = Width of the dam

¢ = cohesion (apparent or real)

C = Confidence level

C = Constant
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c = Crest

c = Distance from centerline to the location wheresses are computed

¢ and d = Limit values of z

Cis ---» Gs . The respective load effects in different failomedes

Ca = Cohesion

C. = A correction factor to account for water comgresity

CDF = Cumulative Distribution Function

CDSA: Canadian Dam Safety Association

C.= Factor depending principally on depth of watett tre earthquake vibration
period characterizing the frequency contérthe applied ground motion

COV = Covariance

CSA: Canadian Standards Association

D = Dead load

d = Downstream

D¢ = Failure region

Ds= Survival region

DSI: General Directorate of State Hydraulic Works

e = Eccentricity

EAP: Emergency Action Plan

EPRI: Electric Power Research Institute

Es= Young’s modulus

F = Applied force

f = Flood level

fi(y) = Equivalent lateral earthquake forces assediatith the fundamental

vibration mode

Fp(by) = Cumulative distribution function of,b

fc = Compressive strength of concrete

FCCSET: Federal Coordinating Council for Scienaggigeering, and Technology

FD = Floating debris
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FEMA: Federal Emergency Management Agency

FERC: Federal Energy Regulatory Commission

FOSM: First Order Second Moment

frqr,s) = Joint Density Function

FREQ = Frequency

FREQ NO = Frequency Number

fsdy) = Lateral forces associated with the higheration modes
ft = Tensile strength of the material

g = acceleration ajravity

g( ) = Limit state function (performance function)
g.p (y, 'T'r) = Hydrodynamic pressure term

H = Depth of the impounded water

h = Horizontal

H = Horizontal hydrostatic force per unit width

h = Total depth of the reservoir

H, = Reservoir pressure head on the upstream face

h; = Upstream normal water level

h, = Downstream normal water level

H, = Tailwater pressure head on the downstream face

Hs; = Pressure head at the line of the drains

Hq(y) = Additional total hydrodynamic horizontal f@er@acting above the depth y
for a unit width of the dam

Hgqu = Horizontal hydrodynamic force per unit width und by earthquake

HPGA = Horizontal peak ground acceleration

Hs = Height of the dam from base to the crest

hs = Silt level

HSA = Horizontal spectral acceleration

| = Building importance factor

| = Ice load
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| = Moment of inertia

ICODS: Interagency Committee on Dam Safety

ICOLD: International Committee on Large Dams

k = Seismic coefficient

Ka = Active earth pressure coefficient according emRne theory
Ky = Correction factor for the sloping dam faces veitigled from the vertical
L = Horizontal length from upstream to downstreawef

Lc = Crack length

Ler = Location of the force resultant along the joint

M = Masses

M = Sum of moments about the base centerline

m = Upstream slope component

MAG = Magnification Ratio (Response Spectral Shape)
MCE: Maximum Credible Earthquake

MTA: General Directorate of Mineral Research anglBration
N = Cells

n = Normal level

N = Number of total simulation cycles

n: Negative

N: Number of fatalities

NRC: National Research Council

Ny = Number of simulation cycles where the failurewrs
OBE: Operating Basis Earthquake

OSF = Overturning safety factor

P = Post — tension

p(x) = Probability of Random Variable x

p: Positive

p = A drain reduction factor

p: = Hydrodynamic pressure associated with fundanhgitieation mode
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PAA = Pseudo absolute acceleration (horizontaltsplegcceleration)
PDF: Probability Density Function

Pah = Horizontal component of the post-tension force
PEER: Pacific Eartquake Engineering Research Center
PER = Period

P: = Pr (Failure) = Probability of Failure

PMF: Probable Maximum Flood

PMP: Probable Maximum Precipitation

PRV = Pseudo Relative Velocity

Ps = Pr (Survival) = Probability of Survival

psc = Hydrodynamic pressure associated with highematidn modes
pst = Initial hydrostatic pressure due to various bad

P, = Anchor force

g = Dynamic

Q = Earthquake force on the dam body (dam inertia)

Qn = Horizontal dam inertia

Qv = Vertical dam inertia

R = Resistance (capacity)

R = Sliding resistance

rq = Dynamic response

RD = Relative Displacement

'max = total value of response quantity

R: = Period ratio

RV = Relative Velocity

Rw = Period ratio

s = Higher mode

S = load (demand)

s = Safety factor

S = Silt
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S(T) = Spectrum coefficient

SDF: Spillway Design Flood

S, = Force due to sediment accumulation (lateraheartce per unit width)
SRSS = Square-root-of-the-sum-of-squares

SSF = Sliding safety factor

T = Building natural period

T1 = Fundamental vibration period of the dam witheampty reservoir

Ta and Tz = Spectrum characteristic periods

tang = Friction coefficient

te = Period to characterize the seismic accelerathnposed to the dam (s)
U = Uplift

U = Uplift force resultant normal to the inclinemnt

U = Uplift pressure force resultant

u = Upstream

U, = Uplift force per unit width
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USBR: United States Bureau of Reclamation

USCOLD: The United States Committee on Large Dams
USF = Uplifting (Floating) Safety Factor

v = Vertical

V = Vertical hydrostatic force per unit width

VPGA = Vertical peak ground acceleration

W = Saturated weight of the rock wedge

wy(y) = Weight of the dam per unit height

X1*, X2, ..., Xp* = Design points

Xg¢ = Distance to the drain from the upstream face

y = Distance below reservoir surface

Y1 and Y, = Noncorrelated pair of random variables

z= A continuous random variable
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z = Standard normal variate

Z, = Class of the site classification

z; = Normalized basic variables

a = Angle with respect to the horizontal of the slgiplane
a = Wave reflection coefficient

a; = Direction cosine

B= Reliability index

v : Specific weight of water

y = Coefficient of skewness

ve = Effective volumetric weight of water

vs : Submerged specific weight of soll

dn = Horizontal displacement

dy = Vertical displacement

ns = Constant hysteretic damping coefficient of thenfdation rock
0 = Angle of repose

0 = Angle of the face with respect to the vertical

A = Mean value for Log-Normal Distribution

M andi; = Eigenvalues

u= Mean value

& = The dam damping on rigid foundation without reee interaction
£% = Variance of Log-Normal Distribution

pw = volumetric mass of water

>V = Sum of vertical static forces excluding uplifepsure

o = Vertical normal base pressure

o = Effective normal stress

o1 = Maximum principal stresses associated with fumelatal vibration mode
on= Normal compressive stress

on = Minimal compressive stress

osc = Maximum principal stresses associated with higiteration modes
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CHAPTER 1

INTRODUCTION TO DAM SAFETY AND RISK

1.1 Scope of the Study

If there is even a very small chance of harm, ttineme is risk. People have been
living in an environment where there exist varioisks. Balancing a variety of
risks that may have technological, personnel, moth@mic aspects, is the ultimate
concern of an engineer in reaching the organizatigoals. These risks come
eventually as an organization decides to condudiusiness. With lack of
knowledge about risk or when these risks are irflicbrwith societal concerns,
problems occur in risk management. When risk-badesign is agreed to be
applied to a project, it is known that there isreaeprobability of failure which is
significantly small. However, with classical det@nrstic approach, very high
factor of safety values are assigned and this saigé costs for the project. That
is why the aim should be the project optimizatiothwrespect to failure
probability and project cost. A logical and systémapproach to analyzing
various uncertainties involved in design and anslis provided by the concepts

and methodologies of risk-based design procedures.

According to ICOLD (1998), “Risk is the measuretloé probability and severity
of an adverse effect to life, health, property be tenvironment”. Both the
probability of occurrence of an event and the miagi@ of the resulting events are
involved. The term hazard shows the existence thireat, whereas risk implies
both the existence of a threat and its occurretenpial; so a threat (hazard) may
exist with no risk implied. Risk occurs if a treant pathway exists i.e. there must

be some exposure pathway to people or the envimohrwe a threat to be



meaningful. In this sense, the level of exposume loa related to the likelihood
(probability) of occurrence and the magnitude afsemuences of an event (Rowe,
1981).

After over a decade of research by many scientiles philosophy behind risk-
based design of hydraulic structures is beginniniget accepted and applied in real
life design practices (Albertson and Kia, 1989)tHis thesis, the details of a risk-
based design of concrete gravity dams will be givelight of the explanations of
the risk components and methods offered by reseesdhcluding the guidelines
of different countries and organizations. A caselgtwill be introduced by using a
recently developed software, CADAM (Leclerc et @004) to assess the safety
level of an existing dam. This program can alsoubed in the reliability-based
design of a concrete gravity dam by performing kuscccessive test runs to

account for the effects of various geometric properand loading possibilities.

1.2 Risk Management

Risk management is the systematic application ofnagament policies,
procedures and practices to the task of identifyaralyzing, assessing, treating,
and monitoring risk (ICOLD, 1999).

A decision must be reached after the risk infororats gained and the criteria for
risk evaluation are known. Consultations with shatders and community,
insurance issues, legal defensibility of decisiomsk information to decision-
maker and to the public, clarification of the rotd decision maker and
documentation of the decision and its rational iewpg a discipline that is helpful
to sound decision making can be good actions taken to support the decision

process.



Referring to the framework for risk management give Figure 1.1, the risk
managementprocess is divided into two categories: assesshegy risk and
controlling it. The risk assessmeptocess involves risk analysis consisting of
hazard identification and risk estimation; and reskaluation comparing it with
limits of acceptability and tolerance. The risk woh process consists of the
determination of the risk-related decisions (decisnaking) and verifying the
validity of the components on which the decisions laased (monitoring). When
all these are combined, risk management framewsofkrmed and specifications

involving remedial actions may be needed as atresul

Risk Management
Risk & ssessment Risk Control
Risk Risk Decizion- Monitotitng
Analyais Ewraluation haking
| .I |
Hazard Fizsk Risk Option

Identification| | Estimation | || & cceptance Analysis

Frobahilistic safety azsessment

Figure 1.1 Framework for Risk Management (CSA, 1991
1.2.1 Risk Assessment Process
Risk assessment can be useful to determine thes tgpeproblems and the

corresponding solution approaches. The term “reslegssment” is used to describe
the total process of risk analysis, which inclubegh the determination of levels



of risk and social evaluation of risks. Risk detgtion, in turn, consists of both
identifying and estimating the likelihood and madgde of their occurrence
(Rowe, 1981). In risk assessment, it is decidedtidrethe existing risks are
tolerable and measures of risk control are adecaratef not, whether measures of

alternative risk control are needed for the timeg€Figure 1.2).

Risk assessment involves making judgments aboutkiieg of risk and all parties
must recognize that the adverse consequences majetialize and owners will
be required to deal effectively with the conseqesnaf the failure event (ICOLD,
1999).

«— RISKASSESSMEN —

RISK ANALYSIS RISK EVALUATION
Hazard identificatiot Safety manageme
and definition principles
v
Failure mode
identification
v
| | v
Range of failure Range of Guidance on ris-
probabilities consequences based decisions
I I
v
Risk estimatio
v v
How safe is the dar How safe should the dam

A 4

Is the dam assess
safe enough?

Figure 1.2 Risk Assessment (ICOLD, 1999).



Large differences of risk assessment concepts neayoliserved in project
implementations depending on the social, cultural mstitutional habits; that is
why the use of risk is either promoted or limitédthe Netherlands, risk concepts
are legally adapted and recognized in connectiagh food control and dikes.
Some other countries (Switzerland, France, GreahiBy stay with conventional
procedures for dam safety concepts which are basedell proved standards.
Others (Canada, Australia, US, Norway) have sonangies of applications on

risk basis, but they proceed in a very complex (iRsttemeier et al., 2002).

In a risk assessment process, there are four ratgps (Figure 1.3) which are as
follows: 1) risk identification, 2) risk estimatioi8) risk evaluation, and 4) risk
treatment. In Figure 1.3, the term, risk treatmeafers to the consideration of risk
treatment (reduction) alternatives using risk asiglyand risk assessment.

Implementation of risk treatment is part of riskmmagement (Bowles et al., 1998).

1.2.1.1 Risk Analysis

Risk analysis involves both risk identification ansk estimation (first two rows
in Figure 1.3). Risk identification is the procesisrecognizing the reasonable
failure modes if the dam were subjected to eack tfpinitiating event. Failure

modes are represented in an event tree, which ket risk analysis model.

1.2.1.1.1 Steps in Risk Analysis

The following steps need to be executed (Megil84)9
1) Gathering data. One of the initial things wantetbéadiscovered is how
much is not known.
2) lIsolation of the key variables. Past experience tmaye to be a key.

Some variables may not be known until sensitivitglgses are run.



Risk Assessment Framework

OUTCOME (O)

(BREACH / NO BREACH)

Breach
No Breach

Outcome

[

A\ 4

Prob (O,R, E)

T

Structural
Modifications

Risk Treatment

INITIATING SYSTEM
EVENT (E) RESPONSE (R)
1) RISK )
IDENTIEICATION External: Overtopping
Earthquake Deformation
Upstream Slope
Dam Failure Instability
Internal:
Piping
2) RISK Loading Response
ESTIMATION Prob (E) Prob (R /E)
Upstream Structural
Watershed Changes Modifications
Upstream Dam Safety Inspections
Improvements Instrumentation
Operating
Restrictions
4) RISK
TREATMENT
3) RISK
EVALUATION

Figure 1.3 Risk Assessment Framework (Bowles.e1888).
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3) Quantification of the key variables. Triangular tdmutions are
recommended for uncertain variables with many fpbssinswers. For
exploratory problems, the important significance lognormality
should be considered.

4) Concepts of uncertainty should be put in at théalsde level, not at the
final answer level.

5) Entering input into whatever model that is used.

6) Checking the answer for reality; protecting avd#atredibility.

7) Expressing the final answer in the form of a curivéafrequency
distribution. This approach will not let one falicim to the single-
answer syndrome. In a very uncertain investmeng (ath many
possible outcomes), the probability of a singleuedbeing the answer is

near Zero.

In the US, a document on the safety of existing sldnas been issued by the
Committee on the safety of existing dams of thadwal Research Council (NRC,
1983). It describes the steps involved in the mmshmon format of a risk

assessment as:

1. Identification of the events or sequences of evéimi$ can lead to dam
failure and evaluation of their (relative) likelibd of occurrence.

2. ldentification of the potential modes of failureathmight result from the
adverse initiating events.

3. Evaluation of the likelihood that a particular mode dam failure will
occur given a particular level of loading.

4. Determination of the consequence of failure forhegotential failure
mode.

5. Calculation of the risk costs, i.e. the summatidn eapected losses

(economic and social) from potential dam failure.



1.2.1.1.2 Uncertainties

“Uncertainty is a general concept that reflects ¢ack of sureness about
something or someone, ranging from just short ofijgete sureness to an almost

complete lack of conviction about an outcome” (NRGQO0).

There are many different types of uncertainty theg tajority of it can be

conveniently categorized under two simple head{fggure 1.4):

* natural variability

* knowledge uncertainty

When carrying out an uncertainty analysis, unceties from a variety of different
sources will be needed to be combined as a regeitenDepending on the
circumstances and specific uncertainties, this g@oee can range from a
straightforward calculation to more complex comgotes. Uncertainties may be
estimated with reference to past data or formaligidified using experience and
judgment.

Uncertainty analysis provides estimates of unaetgadistributions for selected
risk analysis outputs, such as probability of fa|uprobability of life loss,

annualized incremental life loss, and risk cosisTé useful compared with using
only best estimate inputs in a deterministic apghoar sensitivity analyses
(Bowles and Chauhan, 2003).

In considering risk and reliability of hydrauliargtture design, the first item is to
delineate uncertainty and other related terms Isecanf various opinions and
connotations among authorized people. The uncéytafra water resource system
is an indeterministic characteristic and is beytmal rigid controls. In design of

hydraulic structures, decisions must be made ualtikmds of uncertainty.



Sources of Uncertainty

Natural Variability — refersto
the randomness observeih
nature

Knowledge Uncertainty — refers tc
the state of knowledge of a syst
and the ability to measure ar
model it

Temporal
Temporal variations in natur
forces are well known and,
general it is not possible
reduce the uncertainty related
the temporal natat variability
of the environment.

Statistical Inference Uncertainty —
refers to the uncertainty resulti
from the need to extrapolate sh
data sets to provide more extre
estimate:

Statistical Model Uncertainty —
refers to the uncertainty that s
from the selection of a particul
statistical model to extrapolate
particular set of data.

Spatial
Spatial variations in grour
conditions, defence conditic
and sediment size are w
known uncertainties that ne
to be managed within the kis
analysis process.

Process Model Uncertainty —

describes the uncertainty associated

with using a process model basec
incomplete procesknowledge ol
data to represent reality.

Decision Uncertainty — describe:
the strength of belief in the decisi
made and its robustness.

Figure 1.4 Sources of Uncertainty (Morris and $sy2002).

The classification of hydraulic uncertainties fgidhaulic structure design may be
divided into several types: 1) model; 2) constiuttiand material;, and
3) operational conditions of the flow. The modetertainty results from the use

of a certain hydraulic model to describe flow caiodis which is essentially an



uncertainty in design discharges. The constructhml material uncertainties
result, apart from the structure size, manufactreslerances or construction
tolerances varying widely, from the misalignmentdifydraulic structure, material
variability causing variations in the size and wsttion of the surface roughness,
etc. (Tung and Mays, 1980).

1.2.1.2 Risk Estimation

In risk estimation, loading, system response, fiqabbabilities, and the
consequences of various dam failure and no-fatgenarios are determined, so
that an estimation of various consequences candae nThese resulting estimates
are then applied to the various branches of thetdawee model. Risk reduction
alternatives are developed and analyzed in a similanner for the proposed
structure, by changing various inputs (e.g. systesponse probabilities and
consequences) to represent the improved performah@ach alternative. The
outcome of this step is a calculation of the ri$Kadlure. Fault-trees and event-

trees are helpful in risk estimati¢8lunga, 2001).

1.2.1.3 Risk Evaluation

If the dam performance is continuously observed ill help to identify any

defect that may cause damage. After observing ¢ni@gmnance of existing dams,
important information can be obtained about theseauand effects of these
deficiencies and what preventative measures amdede® be taken (Yenigun and
Yildiz, 2001). Damages observed in large dams tirout the world, as reported
in the literature, are shown in Table 1.1. Varictisdies on the performance of
dams have identified the risk factors. These faceame found to be inadequate
foundation, inadequate spillway, weak constructioregular settlement, high

10



vacuum pressure, effects of war, landslides, defectmaterials, incorrect

operations, and earthquakes (Table 1.2).

Table 1.1 Damages Observed in Large Dams througheWorld (Uzel, 1991).

Vear The number of large
dam damages

Before 1900 38
1900 — 1909 15
1910 — 1919 25
1920 — 1929 33
1930 — 1939 15
1940 — 1949 11
1950 — 1959 30
1960 — 1965 25
Unknown dates 10
TOTAL 202

Once risks have been identified and quantified dor existing dam, they are
evaluated against risk-based criteria. Risk evaloas the process of examining
and judging the significance of risk. The risk exalon stage is the point at which
values (societal, regulatory, legal and owners) jaddments join in the decision
process. Consideration of the importance of thenestd risks and the social,
environmental and economic consequences should notuded, so that

identification of alternatives for managing thekascan be done (Bowles et al.,
1998).
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Table 1.2 The Causes of Failure of Dams (Uzel,11.99

Causes of failure Percentage (o)

Foundation problems 40
Inadequate spillway 23
Poor construction 12
Uneven settlement 10
High pore pressure 5
Acts of war 3
Embankment slips 2
Defective materials 2
Incorrect operation 2
Earthquakes 1

1.2.1.3.1 Risk Acceptance

Risk acceptance is an informed decision to accépt likelihood and the
consequences of a particular risk (ICOLD, 1999%skReduction evaluation joins
in the risk acceptance, so that the decision oftwésidual risk will be accepted
for the affected community and structures can belanareliminarily. In some
countries, there is a certain risk level that ifreel as the limit of unacceptable

risk.

Individual Risk can be defined as the tatatrement of risk that a dam causes.
That is why the risks in all failure modes and sc&s need to be combined to
obtain the overall risk. ANCOLD (1994) proposed tthadividual risk is the

average individual risk over the population at riskas the individual risk for the

12



person at the highest risk which is the value tieatly matters. The Individual
Risk Criteria according to ANCOLD are (ANCOLD, 1998

- Limit value of average Individual Risk: 2@er annum

- Limit value of Individual Risk for person at théghest risk: 14 per annum

- Objective value of average Individual Risk:®@er annum

- Objective value of Individual Risk for personthé highest risk: I®per annum

ANCOLD (1994) states that for existing dams indiafl risks can be up to 10
times higher than for new dams because of the higBk reduction costs for
existing dams. The ALARP (As Low As Reasonably Becable) principle is also

applied to individual risk evaluations (Slunga, 200

Societal Riskis the annual risk of an event that will resultsimumber of deaths
equal to or greater than a given number and theigito take account for the
aversion of the society to disasters that involudtipie fatalities. According to

ANCOLD Guidelines (1994), two features of societsk criteria are as follows:

- they are concerned only with the number of livest,l@nd not with the
identities of the people involved, and
- they are event based. Thus each individual danuréailscenario is

considered separately in judging whether a dam temp

For what societal risk is concerned, British Coluemdydro and the US Bureau of
Reclamation tolerate the loss of 0.001 lives parr yer dam (Darbre, 1998). Other
agencies account for aversion, i.e. few accidents & large death toll have a
greater impact on society than many accidents witlbw death toll (the total
number of deaths being equal). Figure 1.5 showdrdueiency-fatality curves for

societal risks for dams.
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One of the biggest difficulties lies in risk accapte. The economic,
environmental, and cultural losses have to be takeraccount. However, the loss
of life is a very important issue and the accepgasepends not only on society but

also on population (Figure 1.6).
Australia and Canada have poorly populated areasemiams might not always

impose a risk to the population whereas Germargeissely populated. That is

why the loss of life is an issue for almost eveayndn Germany.
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1.2.1.4 Risk Treatment

From a business or management perspective, riskntemt options can be
grouped into the following categories, althoughythee “not necessarily mutually

exclusive or appropriate in all circumstances” (R85, 1995):

* Avoid the risk — this is choice which can be mad&le a dam is built or
perhaps through decommissioning an existing dam.

* Reduce (prevent) the probability of occurrence -pidglly through
structural measures or dam safety managementitestjvsuch as
monitoring and surveillance and periodic inspewio

* Reduce (mitigate) the consequences — for examplesffactive early
warning systems of relocating exposed populatibmsia

» Transfer the risk — for example by contractual mgeanents or transfer of
an asset.

* Retain (accept) the risk — after risks have beetuged or transferred,

residual risks are retained and may require riskrfcing.

Bowles et al. (1997) state that “Practical dam tyafeanagement is intrinsically
risk management”. The report, “Whither Civil Engenmg?”, from the U.K.
Institution of Civil Engineers (1996) states thaRisk cannot be eliminated;
therefore it must be managedRisk assessment and risk management can be
important improvements to traditional dam enginggm@pproaches. If the goal is
to avoid the dam failures and to reduce risk a$ sopossible and with optimum
cost, then dam safety risk assessment and risk gearent have a key role in

modern dam safety programs.
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CHAPTER 2

DAM SAFETY CONCEPTS

It is impossible to quantify the overall safetyaoflam. However, the approach to
achieve maximum dam safety is well understood fraewpoints of design,
construction, operation, and maintenance. Therefdlee most important
prerequisite for dam safety is the professional petence of people associated
with the dam over its life span. Because of theetetted deficiencies, a dam that
is observed and stated as safe may still fail. Bafaty must take precedence over
all other considerations (NRC, 1985). Thereforeg tboncepts have been
continuously developed through time for better ustading and for more logical

approaches to the design of dams.

2.1 History of Dam Safety

The starting point of dam safety risk assessmedtraanagement can be traced
from the available technical procedures and phpbsss of dam engineering and
risk assessment which have been developed thramghand have become a basis

for new approaches.

The history of dam safety covers a much shortee span than the construction of
dams. In United States, only a limited number @itegt had any type of law
regulating dam safety prior to 1900. Californiatiated a dam safety program
following the failure of the St. Frances Dam in & Railures of the Buffalo Creek
Dam in West Virginia and the Canyon Lake Dam in tSoDakota in 1972

contributed to Congress passing "The National Daspédction Act" in 1972.

Failure of Teton Dam in Idaho in 1976 was followsd"The Reclamation Safety
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of Dams Act" in 1977. Failure of the Laurel Run DamPennsylvania and the
Kelly Barnes Dam in Georgia in 1977 set in actitie tdevelopment of the
"Federal Guidelines for Dam Safety" issued in 18y%he Federal Coordinating
Council for Science, Engineering, and Technolog@GBET). In 1979, President
Carter created the Federal Emergency Managememtcd&EMA) and directed

federal agencies to adopt and implement the Fedaralelines for Dam Safety
and report their progress to FEMA on a biennialiods 1980, the Interagency
Committee on Dam Safety (ICODS) was formed to coaté federal activities

and work with the states to ensure implementatiodaon safety practices. The
Corps of Engineers is the Department of Defenseesgmtative on ICODS. In

1984, the Association of State Dam Safety Offic@@SDSO) was organized to
provide a forum for the exchange of information adelas on dam safety and to
foster interstate cooperation. Nongovernmental @igeractively dealing with dam
safety include the International Commission on kafams (ICOLD) and its

United States affiliate, the United States Comraitbe Large Dams (USCOLD)
and the Electric Power Research Institute (EPRBAGE, 1996).

2.2 Safety Concepts

2.2.1 Classical Safety Concepts — Development of the Swiss Concept

The safety concepts of large technical systemsh g dams have changed
through time. New experiences should be gainedaanithe first aim is to always
provide the best possible protection for the papatain case of failure, authorized
people should be qualified in their jobs. 1980 etested as reference year for
Switzerland, as the Federal Department of Trans@amnmunications and Energy
is chosen to be in charge of the supervision of dafety instead of the Federal
Department of Home Affairs (Biedermann, 1997).
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The dam and its environment are subjected to eaftennd internal solicitations
(actions).These solicitations are the loads commonly consitlén a structural
analysis. In hydraulics context, these are the mfade/ing into the reservoir. The
dam reacts to them (reactionshis is often expressed in terms of deformation and
stress (mechanics) or outflow (hydraulics). Theiremment largely gets affected
because of the reactions of the dam (consequenides$e consequences can be

beneficial or adverse (Darbre, 1998).

The ultimate goal of the concept is to keep thesipbs adverse consequences
caused by the operation of a dam to a level thasikow as reasonably feasible.
However, risk management is not mentioned in thecept, although it provides

the ideal framework under which to reach this goal.

2.2.1.1 Basic principles

As basic principles, it is recalled that

- only those dams, which endanger lives in case ibfréq are subjected to
the relevant regulations, as will continue to be ¢tlase in the future, and
that, consequently,

- the same safety requirements apply to all jurigahel dams, i.e. no classes

of risk are considered
and this is based on all people’s being entitledh® same level of protection

against a potential hazard and to the same levetnoérgency preparedness,

independently of the size of the reservoir (Biedamm 1997).
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2.2.1.2 Swiss Safety Concept Tenets

Structural safety and monitoring were the two bésnets of dam safety before the
reference year 1980. This has become legal in 188kis year, a '8 tenet is
brought by the revision of the executive decree, émergency concept (Figure
2.1). This came from the reflection that, asiderfrthe optimal minimization of
the risk (requirement 1), the possible remainirgk nmust also be considered

(requirement 2 in Figure 2.1).
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Figure 2.1 Swiss Safety Concept (Biedermann, 1997).
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Not directly explained in the Swiss safety concapd added in the Figure 2.2 is
the aspect of maintenandaat is closely related to monitoring. Its purposeo
ensure proper functioning of the dam componentsoéitd monitoring system.
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physical Jrela.tinnl
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Awiss safety concept

Figure 2.2 Safety Assessment for Dams: Physicadds and Swiss Concept
(Darbre, 1998).

2.2.1.2.1 Structural Safety

The optimal minimization of the risk (requiremenkt dalls for an appropriate
design of the dam, and this is for all possiblaling and operational conditions,
according to the most recent state of knowledgeafwimay require rehabilitation

measures), as well as considering the protecticasuores that can be mobilized in
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the case of an emergency. For the situations othteats of flood, earthquake,
sabotage and act of war, the only preventive meassr the evacuation.
Consequently, the design must be based on thestapgssible events at the site

when it comes to the natural hazards of flood arthgquake.

In case of floods, no critical damages should acthat is why the requirement
that the water level does not rise above the dangeer level for the largest
possible flood (HQ@ay, i.€. that it does not rise above the level atctscour
holes or erosion jeopardizing the overall stabitign initiate should be satisfied.
For concrete and gate-structure dams, this levieigiser than the crest (or top of
the parapet when one that can resist the watersymesis in place). For
embankment dams, it is the crest level or somedewee! if dangerous seepage

flow can initiate in the crest area (Figure 2.3tom).

The gate mechanisms, the emergency power unitfenavater level gage must
remain operational and accessible because thetoperales in case of flooding
anticipate a progressive opening of the outlets. thus also required that the crest

be not overtopped up to the 1000-year flood {§d6p (Figure 2.3, top).

At the design stage, it is assumed that the reseivdilled at its normal water
level. Non-critical damages are accepted so winddiied waves can be neglected.
For embankment dams, it must finally be assumetth@most powerful outlet
with gates or valves cannot be opened. For conaredegate-structure dams, this
statement applies only to the 1000-year flood (Brethnn, 1997).

The dam should be designed such that it resistdatigest possible earthquake,
also with full reservoir, and that too much watees not escape. This has to be
proved numerically, which is difficult. The necdgdor a second criterion, like for

floods, is still open for the moment, because firissently not possible to reliably
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predict if, for example, the bottom outlet canldié operated after a 1000-year

earthquake, condition that should be satisfiedd&imann, 1997).
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Figure 2.3 Design Criteria for Flood (Biedermah@97).

2.2.1.2.2 Surveillance

Surveillanceis made to recognize a deficiency in structuralfggerance or an
external threat as soon as possible, so that thdrdoe sufficient time to take
necessary measures to overcome the danger. Aetlisregular checks of the
condition and of the behavior of the dam as welpasodical safety evaluations
(Figure 2.4) are needed. To obtain a complete sissad of the condition and of
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the behavior, visual checks, measurements, ancipgtests of gates and valves

(as well as of emergency power unit) are needed.
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Figure 2.4 Elements of Surveillance and Object{Beésdermann, 1997).

2.2.1.2.3 Emergency Concept

As mentioned earlier, the emergency concept wasdated in 1985 in con-
nection with the revision of the executive decrsettee third tenet of the safety

concept. Its purpose is to take all the preparatmegisures that are needed to act as

well as possible when a threat to safety is reasgh{Figure 2.5).
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Figure 2.5 Emergency Strategy for Dams (Biedermaff7).

2.2.2 New Trends in Safety Concepts

Now, the international trend is to integrate risamagement in safety concepts for
dams. However, the application of this concept amsl is not yet of standard
practice. It is rather a topic for research andettgwyment. Indeed, current risk

management technigues have been developed mostiyreference to technical
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systems, such as nuclear and aerospace which fiidferdams to the extent that

the description of natural elements are more diffic

2.2.2.1 Risk Analysis

Risk analysis is interpreted in Figure 2.6 refegria the physical process in Figure
2.2. The actions have a certain probability of occuree(ioflow of water, water
level in reservoir, temperatures, earthquake, btd) some may also not be
identified at all or not be considered (e.g. aiftcianpact). The actions are
introduced as inputs to uncertain models, leading probability distribution of
reaction values (deformations, stresses, outflowater, etc).

The impact of these reactions on the environmest, the consequences, is
obtained (energy production or interruption, floedntrol or flooding and
happenings after damages and deaths, etc). Thesponding modeling is also
uncertain. These consequences, expressed as #@iuntttheir probability of
occurrence, are the risk components. Often, tteamslysis will be considered to
be complete at this stage. However, the risk coraptnof different types can be
further evaluated in a last step, integrating dogical and political aspects. The
result of this weighted integration is the riskis compared to acceptability and
tolerance limitsand asan outcome, the acceptance of the state of theataime

specification of remedial measures is stated.

In the standard risk analysis terminology, the tdrazardis used to identify a
condition with the potential for causing an undasie consequence. This applies
to all actions aghey contribute to this potential. In practice, &rakz assessment
usually refers to the assessment of a specifiomati probabilistic terms, usually
one that shows a strong randomness such as edhaod flood (Darbre, 1998).
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2.2.2.1.1 Dam Safety for Spillway Design Floods

High impacts of dam failures cause restlessnespuiatic and as a result, dam

safety policies are extremely conservative. Pdid@ selection of the spillway

27



design flood (i.e. policies for protection againsertopping failure) are generated
accordingly. For most important dams, the spillwaydesigned to exceed the
probable maximum flood (PMF), essentially a “nokfispolicy. Efficient

allocation of funds for spillway requires a costibfit approach that utilizes risk

analysis, a much better approach than a “no riski¢p (Dubler and Grigg, 1996).

There are generally prescriptive and risk-basedatst for selecting the spillway
design flood (SDF). Prescriptive methods are ugustted by the authorized
agency. Risk-based methods seek to minimize tla povject cost, including the
expected cost of damages due to failure. As risélyars is a cost-benefit
approach, application of risk analysis usually ies quantifying the benefits of

saving lives which has been a major point of cléduabler and Grigg, 1996).

Dams are designed to resist destruction from nlatarees. Two major items of
design consideration are the SDF and the maximedilde earthquake (MCE).
The spillway is designed to safely transmit theoldlows so that overtopping
failure of the dam is prevented. The cost of thilvemy may be a significant
portion of the cost of the dam. As the SDF appreache PMF, the probability of
overtopping failure approaches to zero but the obdsthe spillway reaches its
maximum. In fact, selecting the SDF as PMF may Hee a@ppropriate choice in
many instances. However, the choice of the PMF ‘awaisk” criterion ignores

the economic facts of life.

2.2.2.2 Deterministic Analysis

The deterministic approach is used in tradition@cpce. Deterministic design
values are selected as actions. Even when a speetitirn period, and hence a

probability of occurrence is referenced (this ie tbase for flood and for

earthquake), the actions are still introduced iteeinistic terms (design values)
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and not as probability distributions. They are cneed in load combinations.
With this approach, very improbable occurrencesaaeded and very likely ones
are given more weight. The reactions correspondmghe actions specified
previously are obtained (one set of reactions &mheload combination) and for
uncertainties, no action is taken in the modelsl iis¢his step of analysis (Darbre,
1998).

The step leading to the consequences is usuallye niadependently of the
previous one. Formal considerations of the caledlatactions are not taken into
account. Failure mechanisms are postulated asioesacind damages evaluated
considering flood propagation and damage models.riBk is thus not calculated.

2.2.3 Probabilistic versus Deterministic Approaches

Dam safety community, still, could not reach tocemenon decision about using
risk-based approaches. For many people, in thacapiph of risk, it implies that
the design would be made to accept failure anddbsife, or that risk assessment
is a way of avoiding making expensive structurglaies to a dam. In addition,
many think that using risk entails quantitativekressessment, a highly complex
and time-consuming analysis. Conversely, many daietys professionals believe
that using deterministic standards results in zistoto the public. Unfortunately,
this viewpoint is based on misconceptions in thgiregering community about the
Probable Maximum Precipitation (PMP) and the MaximGredible Earthquake
(MCE). In reality, these values are estimates @& theoretical maxima that
commonly approach, rather than meet, the theotetipger limits (Johnson,
2000).

After the appearance of risk analysis in structwgafety, the community was

widely curious about its relation to determinisapproaches. New risk-based
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approaches for dam safety make the standards ahek dmetter by adding the
lacking information for design and operation. Theés® should be properly
addressed in the latter. Reliability indices complth such a uniform format that
uncertainty can be quantified without weakening tbquest for uniformity by
these indices. However, an event tree of a riskyaisacannot. On the other hand,
reliability indices do not provide any protectiogainst subjectivity of decisions or
against human errors. That is why whenever non{giabie factors enter a safety
assessment, risk analysis is a better approximdtonmore realistic results
(Kreuzer, 2000).

The factor of safety in traditional design standgpdbvides a confidence level that
is widely accepted. However, uncertainty in thedes of safety is ignored which
makes the design inconsistent. A partnership betwibe strength of safety
standards and of risk analysis is a reasonabletge e.g. finite element analysis
and risk analysis for confirming structural safefyaging effects. The application
of risk analysis can then be seen as a logicalneide from deterministic
approaches where the stochastic input is restrictehta-randomness of geology,
hydrology, and material testing. It is a matterunfdertaking the next step to

integrate these uncertainties into a coherent [ibséc concept.

Risk analysis fundamentally differs from traditibrieterministic approaches for

the following reasons when dam safety is the can@iereuzer, 2000):

“It replaces a deductive with a more inductivep@ach to study safety.
Deterministic safety analysis is a deductive precesinferring safety from an
analytical framework. By contrast, risk assessmegites inductive inference from

observing a part to achieve insight into the whole.
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- Risk analysis addresses decision making undeertainty, which is fully
integrated in the process of a risk analysis, aspased to deterministic safety
evaluations, where it is attached to the main amlye.g. as a number of

sensitivity cases or parametric studies.

- Risk analysis replaces a limit-state analylgiagding to a deterministic safety
statement, by a sequential path-to-failure protzssing to a probabilistic term.

- In its result, risk analysis replaces fixedygbe-value terms by accumulated

probabilities.”

2.2.3.1 Deterministic Spillway Design Flood (SDF) Criteria

For important structures, the PMF (Probable Maxinfdood) is widely used as
the SDF. This is suggested as true in determinai@PMF. However, there is a
significant disagreement in combining the apprdprimagnitude of events. As a
result, there can be significant differences in patad flood peaks, volumes and
exceedence probabilities (ASCE, 1988). Other ¢sitis of PMP/PMF criteria are:

1. Use of the PMP/PMF criteria “suggests that theitgbib predict future
extreme floods is greater than that which actualysts and leads to
unrealistic expectations on the part of the publizdwdy and Lettenmaier,
1987).

2. Use of the PMP/PMF criteria may give the illusidrabsolute safety, thus
diverting the attention from greater flood risk winioften may result from
less extreme but more likely events (NRC, 1985).

3. The extremely small exceedence probability of tMFRas a standard for
public safety is not used elsewhere in societyhwhie possible exception

of the nuclear industry.
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2.2.3.2 Probabilistic Spillway Design Flood Criteria

The selection of a storm (flood) having desiredeextence probability is the basis
for probabilistic SDF criteria. There are two oltjens to this practice (Dubler and
Grigg, 1996).

1. Selection of the appropriate exceedence probabdifyurely judgmental.
Hence no consistency is inherent in the criteria.

2. It must be recognized that (annual) exceedenceapility and the length
of the planning period (structure life) are dirgatbnnected. The “chance
of failure” is not equal to the selected exceedgmobability.

2.3 Dam Safety Guidelines

A guideline is a statement or other indication ofigy or procedure by which to
determine a course of action; rale or principle that provides guidanceto
appropriatebehavior 1t describes critical decision points in assessmeagndsis,
treatment and evaluation of treatment. Below ames@xamples of guidelines

from different countries.

2.3.1 Austrian Guidelines for Seismic Safety Evaluation

New guidelines for earthquake safety assessmem rerased recently in Austria
in accordance with the ICOLD recommendations. Aaistrecommendations are
summarized as basic principles which especiallygamn concrete dam structures.
The concept of the Operating Basis Earthquake (GBiE)the Maximum Credible
Earthquake (MCE) event is explained (Zenz et &198). A working group of the
Austrian Commission on Dams have established tidetjes for seismic safety

evaluation for dams in 1996. These guidelines ateobligatory to be used and
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have no sanctions for application. However, in deibeation of the evaluation
criteria and assisting the authorities, these shoel well understood in order to
benefit from these.

The guide for seismic safety evaluation appliesd&mns and reservoirs, river
barrages as well as retention basins. Risk grovpset formed for structures;

however, simplified evaluation procedures are idéehfor smaller dams.
2.3.1.1 Seismic Parameters

ICOLD recommendations are followed while evaluatthg seismic parameters
(ICOLD, 1989), therefore an Operating Basis Earéhgu(OBE) and a Maximum
Credible Earthquake (MCE) are considered.

The seismic input is defined in terms of maximunmizantal accelerations and
unified response spectra. Artificial acceleratiomnet histories which are
compatible with the response spectra are also gedvand can be employed

especially for non-linear analyses.

McGuire’s relationship between magnitude, distamece ground acceleration is
used when evaluating the maximum horizontal acagtar which is based on the
earthquake-catalogue (Lenhardt, 1995). For the GBiteturn period of 200 years
is selected with a minimum value of 0.6 ffSor the MCE, not only the results of
extreme-value statistics are considered, but &dls@lobal geology and long-term
tectonic processes are taken into account. Thétiresground accelerations could
be considered as approximate values only and, mergé more detailed studies
including the local geological situation are neeegsfor a specific site. The

maximum acceleration of the vertical excitatioméined as 2/3 of the respective

maximum horizontal acceleration.

33



2.3.1.2 Analysis

The earthquake loadings are classified as unusadldase and extreme load case,
for the OBE and MCE, respectively. OBE and MCE h&avbe combined with all
other normal operation load cases which are, eetf. Wweight, water load,

temperature, and uplift pressure.

The dam, the reservoir, and a sufficient portiontlué foundation should be
included in the mathematical model of a dam. Thgrele of acceptable
simplifications depend on the type and height & t¢am. For most cases, it is
considered acceptable to account for the resensing the added mass concept

and to consider the foundation as a finite and feaszone.

The recommended calculation procedure for lineablems is the modal analysis
combined with the response spectrum method as agelthe time integration
method. More simplified methods should only be ukedsmaller dams. If non-
linearities occur or are to be expected, theiumfice on the overall response can
be approximately estimated on the basis of thaticalculation. If the effects tend

to be significant, a non-linear analysis is recomdasl.

Assessment of safety is based either on the cosgradf maximum stresses and
strains with the material strength or, if non-linemalyses are performed, on the
status of deformation or damage during and after ¢arthquake event. The
general requirement is that the dam has to pas®Bia without considerable
damages and a MCE without loss of the impoundipacidy.

Under earthquake conditions, assessment of safdtyomy concerns the dam

itself, but also the reservoir slopes and the appant structures like spillway and
bottom outlet (Zenz et al., 1998).
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2.3.2 US Federal Guidelines for Dam Safety

In 1977, President Carter issued a memorandumtisigethree actions (USACE,
1996):

1. That all Federal agencies having responsibility @&@ams conduct a
thorough review of their practices which could efféhe safety of these
structures and report their findings to the FCCSET.

2. That FCCSET prepare the "Federal Guidelines for Safety" for use by
all Federal agencies.

3. That ICODS be established to promote and monitdefs and state dam

safety programs.

In 1979, the "Federal Guidelines for Dam Safety's\wablished, and ICODS was
given oversight responsibility for dam safety. Tkey management practices

outlined in these guidelines are as follows (FEMB79):

1) Establish a Dam Safety Officer and appropritaéf.s

2) Maintain an updated inventory of dams.

3) Document design criteria and construction aiiisi

4) Prepare initial reservoir filling plans and neger regulation criteria.

5) Prepare operation and maintenance instructiodglacument activities.

6) Maintain a training and awareness program.

7) Prepare and maintain EAPs for each dam.

8) Establish a program of periodic inspections evaluation of dams.

9) Monitor and evaluate the performance of each dadhappurtenant structure

and provide remedial construction as necessary

The US National Dam Safety Program, coordinated=BWA (2004) has been
published by The National Dam Safety Program A88g).
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2.3.3 The Canadian Standards Association

The Canadian Standards Association has issuedndasththat sets out general
requirements and gives guidelines for selecting iamalementing risk analysis
techniques, primarily for technological hazards AC$991). It is recognized that
risk analysis is a structured process that atterpidentify both the likelihood
and extent of consequences associated with sucardsazThis standard also
provides guidelines to ensure that the resultb@fisk analysis are documented so
clearly that they can be reviewed and used by geatpler than the author(s) of the
analysis.
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CHAPTER 3

STRUCTURAL RELIABILITY APPROACH

The reliability of an engineering system can bargef as its ability to fulfill its
design purpose for specified time period. Thisigbg@an be measured using the
probabilistic theory. In order to determine thekred structures, researchers have
proposed methods, such as return interval, safetiof, reliability index, first
order second moment method, advanced first ordgmsemoment method, and
Monte Carlo simulation (Yen et al., 1986; Ang arahg, 1990).

3.1 Classical Reliability Approach

The joint occurrence of various quantities and mature of the failure domain is
described fully. A structural component, a singlede of failure, and a specific
direction for the forces should be considered is type of approach. Let R and S
denote random resistance (capacity) and load (déneespectively. Probability
of failure, also termed as risk, is the probabifdy which resistance is less than or
equal to load. The complimentary of risk is definasl reliability. When the
probability distributions of random resistance &wald are known, the probability

of failure is determined from (Ang and Tang, 1990):

R = [[fastrs)drds=[" [ fes(rs)drds (3.1)
{(s,1): r<s}

where k {r,S) is the joint density function of resistancel doading. If R and S are
statistically independent, ther {r,s) = k(r) fs(s), which is also expressed as:
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P =]2U;fR(r)dr}fs(s)ds (3.2)

Failure probability depends on the assumed didtdhs. Therefore, the result will
be correct if the distributions that are used artualy valid. The following
formulation generalizes the probability of failure:

Failure: [(Rp <S§;S>0)O(R,>S; S< O)]

in which p and n denote positive and negative qtiestrespectively. Therefore,

P = [[[ oo g (S:1s 1 Ydsdr, dr, + [[[sro g (S:1s 1 Ydsdr, dr,
{(srprn)s>0rp<s {(srprn)§0rn>s
© S 00

P = [[fog, (srp)dr ds+ [ [fog, (sir,)dr, ds 3p
00 —0Ss

3.1.1 Probability Distributions

The mostly used probability distributions in civehgineering applications are

uniform, normal, and lognormal distributions.

3.1.1.1 Uniform Distribution

The random variable x is defined on the intervéd & (See Figure 3.1) with the

probability distribution function:
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p(x)=—— where &x<b (3.4)

Figure 3.1 Uniform PDF.

3.1.1.2 Normal Distribution

Normal or Gaussian distribution is characterizedviay parametersp (mean) and
o (standard deviation). The random variable x igl $aibe normally distributed if
its PDF is:

_ 1 it 1) I
p(X)—G\@ex o2 J <X < KB

Coefficient of variation i$ = ¢ / u. The probability that a random variable will
assume a value between a and b can be determirmahiputing the area under its

PDF between these two points (See Figure 3.2):

P(asx<b)= ?p(x)dx (3.6)

Figure 3.2 Normal PDF.
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3.1.1.3 Log-Normal Distribution

The log-normal distribution is advantageous overrtbrmal distribution in such a
way that numerical values of data points followedog-normal distribution are
always positive. The normal distribution can bensfarmed to the log-normal
distribution by the transformation of variables. the random variable x is
normally distributed, the random variable y is deli by the transformation:

y = In X. The two parameters ade{mean) and (standard deviation).

The log-normal distribution of x (See Figure 338piven by:

p(x) = 1 exp{_(y_“y)J; x>0 (3.7)

2
Xc 21 20,

wherep, = = E(In X) = Inp, — 0.5& and¢ = § for § < 0.30.u, ando, are the

mean and standard deviation of Y, respectively.

plx)

=¥

Figure 3.3 Log-Normal PDF.

3.1.2 Multiple Failure Modes

One advantage of the probabilistic approach idabethat different failure modes

can be considered and their influence on the faiprobability can be reflected. A
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structural component with k different failure modedl be assumed and denoted
by My, My, ... , M.

Let S be the load on the structure and&the capacity at th® mode. Rs and S

are assumed to be statistically independent:

fsr1Rr2, Ri.RK (S,11, 12,11, 1k) = fs(S) Trirz.RrirKM,I2,.li.,lk), Which can also be

expressed as:

P :J- J."'J.le,...Rk(rl!r2""!rk)drl"'drk f.(s)ds (3.8)
0l%s s

where g, ..., Gs represent the respective load effects in diffefaittire modes;

fr1. r{r1...K) is the joint pdf of k-modal resistances.

3.2 First Order Second Moment Method

There is an approximate iterative calculation pdace where failure probability is
obtained by using idealized failure domain and siired version of joint pdf
(generally mean, variance, and coefficient of ama(c.0.v.)).

In this method, these information should be knowtha basic variables:

1- pi: mean values (best point estimates)
2- 0% o, & variance, standard deviation, coefficient of &icin (measures
uncertainty and variability)

3- p, COV: correlation coefficient or covariance (maasuwf dependence)
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The limit state function is a state beyond whicktructure or part of it can no
longer fulfill the functions or satisfy the conditis for which it is designed for; so
that the limit state function has to be definedt ¢§€x) be the limit state function

(performance function).

This function should be defined as (See Figure 3.4)
g(x) > 0when X1 Ds ; Ds survival region

g(xX)<0when xtI D¢ ; D: failure region

X5 i Failure zone
g(X1!X2)<O ( ) 0
g(X1,X2)=
Safe Limit State
zone Function
g(X1’X2)>
X

Figure 3.4 Representation of Limit State Function.

The failure probability is then expressed by:

P :j jjf (X,...x,, )dx, [IIeX, (3.9)

3.2.1 Reliability Index for Linear Failure Functions

The reliability index,B, that is based on the mean and standard deviatig(x)

can be used for the reliability and is formulated a
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where M is the safety margin, i.e. R = S.

As an example, if the variables are normally distred:
R:N@r,0r) ; S:Nfs, 09

Failure : R<S-> R-S<0

Mean and standard deviation of the safety margn ar

HM = PR —Us (3.11)

wherep is the mean value.

G, =+0% +03 (3.12)

whereo is the standard deviation. Probability of failiee Figure 3.5):

P, =Pr(z< _(“R—_“j)) =1-@p) (3.13)

2
JGR tog

¢(PB)
1-¢(B)

Figure 3.5 lllustrative Standard Normal Distrilaurti
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If failure function (safety margin, M) is non-liag then Taylor series expansion is

used at the mean poipty =g( 1, 12, ..., tn )-

o} :Zn:(‘;)ng 0|2+ZZ(§7g] (ﬁj po;0; (3.14)

i=1 m %] i aXl
However, if g(x) is non-linear, as higher ordernterare neglected, significant

errors occur and mechanically equivalent formutegiof the same failure criterion

may give different reliability index values.
3.3 Advanced First Order Second Moment Method (AFOSM)

In this method, the Taylor series expansion oflitihé state function is linearized
at design point or checking point rather than atrirean. The reliability index in
this method is defined as the shortest distanca fhee origin to the failure surface

in the normalized z-coordinate system.

The limit state function is defined as being eqoatero; i.e. g = g X2,...,Xn) =0

All basic variables are normalized:

Xi ~Hyx
, =X 3.15)

)

Xi

where z=o; B anda;'s are direction cosines. The design point is thatp{ x,*,
X2*, ..., Xn*} on g = 0 corresponding to the shortest distafioen origin to failure

surface. An iteration is used to calculate thegtepioint and the reliability index.

Direction cosines are formulated as:
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= 3.16
[ ] a 5 }é ( )
E{(p)
i\ L0X
After q; is found, then the coordinates of the design psifdund as:
Xi* = Hxi — {; Gj [3 (3.17)

The sign of & o; B” is negative. This is because of the negativityhef nature of
the direction cosines in the formulatighis calculated by trial and error, placing

the limit in the limit state function.
3.3.1 Equivalent Normal Distributions

If the random variables do not fit normal distribbat, the risk can be calculated
using equivalent normal distributions (Ang and T,at@g84). The random variables
should be transformed to an equivalent normallyribisted random variable. In
order to find the equivalent normal distributiorlueof a variable that does not fit
normal distribution, the cumulative probabilitied the equivalent normal
distribution and the probability density ordinates considered to be equal to the
non-normal distribution values. The cumulative faiolbties are equalized at the x
point:

X —py ,
P~ = F () (3.18)

X
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N
X

where u)':li, o, are the mean and standard deviation of the(mormal

distribution), andFXi (x; ) is the nonnormal cumulative distribution functidimen,
My = X -0 @ (R, (X)) (3.19)

in which fxi (xi') is the nonnormal probability density function agdis the

standard normal variable probability density orténa

From the above equations, one can obtain

N )

= 3.20
2T ) 820
The design point coordinates are then determirad:fr
Xi = py - 0oy (3.21)

The remaining procedures are the same as desanils=ttion 3.3.

3.3.2 Correlated Random Variables

Correlated random variables are assumed to be Hgrmastributed because
additional information is required for nonnormabagorrelated random variables,
such as their joint probability density functionaanditional distributions for their
unique and full definition (Ang and Tang, 1990).i9ls difficult to obtain. A
correlated (and normal) pair of random variablesadd X% with a correlation
coefficientp can be transformed into noncorrelated paira¥id Y, by solving for

two eigenvalue& and the corresponding eigenvectors as follows:
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X~ X,—u
Yl:i{ 1Ty 2 x2] (3.22)
Ox

X, - X, -
Yzzi( 1By, Ao l’lXZ] (3.23)

where t =+/0.5. The resulting Y variables are noncorrelateth wespective

variances that are equal to the eigenvalues asnsi|
csf(1 =i, =1+p (3)24
0$2 =i, =1-p (3.25)

Equations used in AFOSM should be revised for aetated pair of random

variables:

oz YA |
Hax]t o [

a, = - (3.26)

1 2 2 12
0Z 2 0Z 2 0Z | 0Z
oy t| — | ox. t2p — |0y Oy
0X, o oX, 2 oX, \oX, ) "t "2

o, = ] (3.27)

a7



X; = Hx, _letB(GYl\/}\‘_l-l-aYz \/E) (3.28)

X5 = Hx, _zetB(le\/k_l_avz \/Z) (3.29)

where partial derivatives are evaluated at thegigsoint (Ayyub et al., 1998).
3.4 Monte Carlo Simulation (MCS) Methods

These methods are basically sampling processesatBatised to estimate the
failure probability of a structure. This is a madhwhich solves a problem by
generating suitable random numbers and observiaigftaction of the numbers
obeying some property or properties. The methacésul for obtaining numerical
solutions to problems which are too complicatedstdve analytically. It was
named by S. Ulam in 1946 in honor of a relative wked gambling. Metropolis
(1987) also made important contributions to theettgyment of such methods
(Weisstein, 1999). Latin hybercube sampling cacdresidered as an alternative to

Monte-Carlo simulation methods.

If the number of simulation cycles in which failuoecurs is N in a total of N

simulation cycles, then estimated failure probapis:

= _N
P, =— 3.30
= (3.30

The variance of this failure probability:

Tl

Var(P,) = (1-R)P, (3.31)

Z

48



The coefficient of variation is:

(1-P,) [P,
L (3.32)

]| P

Different formulas are presented by Melchers (19&P)estimate the required
number of simulations. An accurate estimate ofghabability of failure of the

system analyzed is ensured with a proper conveegeflte simplest formula is
proposed by Broding et al. (1964):

S -In(1-c¢)
¥

N 3)3

where N is the number of simulations for a givemfmtence level C in the
probability of failure 2 For example, more than 3000 simulations are reduor

a 95% confidence level under10°. This total number of simulations should
be adjusted as N times the number of indeg@@ndom variables considered
in the analysis as shown in Figure 3.6 in whiels the coefficient of variation of

failure probability.

5 4

0.0&
n0osr
004

00z +

002+

0 2000 4000 G000 EEIEIEI.. N

Figure 3.6 Change in Uncertainty with the NumbieCycles in Monte-Carlo

Simulations (Yanmaz, 2002).
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3.4.1 Components of a Generic Monte Carlo Simulation Algorithm

* Probability density function:The physical/mathematical model under
consideration must be described statistically.

A random number generatokMost mathematical software packages or
programming languages have uniform random genetator

» Sampling ruleGenerating of samples with desired PDF.

* Scoring (tallying): Counting the number of occurrences of events of
interest.

» Error estimationEstimation of error as a function of the numbetriails in

order to set the number of trials respectively.
Below is a simulation example obmputation oft (Uysal, 2003):

Hit-and-miss experimenConsider a circle with unit radius centered atdhgin
which is enclosed by a square with each side dftke@ units. Now, a random
point (x,y) from inside this square is picked, then the pbdig that this random

point lies inside the circle is given by:

Are ircle — r2 —
P(X2 +y? <1): ,A\rec"ic T ér)z _%
quare

Now, supposéN-random points inside the square is picked Ehdf these points

lie inside the unit circle, then the previous pioibty can be approximated by:

P(x2+y2 <1)=%:>n=4%
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The following Monte Carlo simulation procedure thie computation of is as

follows:

» Generatexandy uniform random variables within [-1,1]
* Count how many of these lie inside the circle; ¢hase the “hits”. The

ratio of hits over all trials yields /4.
3.4.2 Generation of Random Variables

Most computer software libraries include a uniforandom number generator.
This generator can be used as a basic tool to geenendom variables with other
PDFs.

Let a be the uniformly distributed random variabiéh [0,1]. Probability density
function is (See Figure 3.7):

faa) =1, ka<l (3.34)

Cumulative distribution function is (See Figure)3.7

a,0<ax<il

3.35
1,a>1 ( )

Fia) = Tfa(x)dx = {

fald] Fald)

Figure 3.7 PDF and CDF of “a” (Uysal, 2003).
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Now suppose that a random variableith CDF will be generated;,fb;) = &

b, = R (ay) (3.36)
where a is the uniformly distributed random variable. Tligknown as “transform
method” (See Figure 3.8). I£ is a continuous random variable, then the

distribution is first (uniformly) quantized. Denofe, p,...pn, probabilities ofN

number of cells (Figure 3.9 shaded area).
Fuibd

1——//—

Cday = F,(by)

Figure 3.8 Transform Method (Uysal, 2003).

F 3
f5(z)

Area = PJ.

IR )

Figure 3.9 lllustrative Figure for Emprical Sea#sigorithm (Uysal, 2003).
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When the inverse transform cannot be expressedosed form, the following

emprical search algorithm can be used:

* Generate “aniformly in [c, d].

« LetR =) P ,i=12..,N with  (CDF) (3.37)
j=1

¢ Find the smallest value othat satisfiesF<a<Fk i=1,2,....N

* Use the interpolation formula:
z=z1+(@a-F1) /¢ (3.38)

and return to the first step.
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CHAPTER 4
SAFETY ANALYSIS OF GRAVITY DAMS
The dead weight and the base width of concreteitgrdams are the governing
variables which must be large enough such thatwweng and sliding tendencies
are overcome. In this chapter, the forces which daens are exposed to are

introduced as shown in Figures 4.1 - 4.3.

4.1 Forces Acting on Concrete Gravity Dams

u] Dead Load

h:  hbsses

H:  Horzontal hydrostatic
W wirtical hydrostatic

Flood d“m: or Vs,

Lewel u Uplift
| lee
Pe 5 st
=7 P: Past-tension
m - Mormal l F: fpplisd forze
Level %
1 ‘¥' u:  Upstream
n d:  Downstream
Tu o Crest
h:  Horzontal
W ‘wizrtical
nu n:  Normal lewvel
Silt f: Flood lewel
Lewel Flood HMormal
Hiy Lenwel Lewvel
‘ Hnu
i S R Yfd /
Vnd
5 '?'
h
?i | Hnd
- - : ‘ \fird hr"
UPSTREAM . ' '
|_ ) . DOWHSTREAM

D —

Figure 4.1 Basic Loadings — Static Analysis (Leckt al., 2001).
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Let upstream normal water level ig, ldownstream normal water level ig, Isilt
level is h, width of the dam is B, upstream slope is 1/m, dognstream slope is
1/n. All the height indicators are of the same leie. if it is normal level at the
upstream, then it is normal level at the downstream. The following equations
are arranged assuming that the water level iseahtiimal level. Wave and wind
forces may also be considered. The possible foacéisag on concrete gravity
dams are listed below (Yanmaz, 2001):

a) The weight (dead load), D of the dam. This forces at the centroid of the

dam.
b) Hydrostatic forces per unit width,nld Vi, Hnd, Vg

1 1 1 1
Hnu :EYhf , Vnu ziymhf , Hnd :Eth , Vnd :EYnhg (41)

wherey is the specific weight of water. These forces actl/3 of the
heights above the base.

c) Uplift force per unit width, .
_ P _
U, =| b, + 200, =h) oy @2)

where ¢ is the uplift reduction coefficient. The uplift jmwae reduced up to

50% by installing drains in the dam body and atfthedation level.

d) Force due to sediment accumulation (lateral earitefper unit width), S
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Sh :%YStha (43)

whereys is the submerged specific weight of soil andithe active earth

pressure coefficient according to Rankine theory.

_1-sing
1+sind

(4.4)

a

in which 0 is the angle of repose. This force acts at 1/&hefsilt depth

above the base.

e) Ice load, I. The ice thickness and rate of tempeeatise should be used to

compute the approximate ice loading (Yanmaz, 2001).
4.1.1 Pseudo — Static Seismic Analysis (Seismic Coefficient)
The inertia forces induced by the earthquake angpabed from the product of the
mass and the acceleration. The dynamic amplifinadbinertia forces along the
height of the dam due to its flexibility is negledt(Figure 4.2).

f) Earthquake force on the dam body (dam inertia), Q.
Q=kD (4.5)
where k is the effective peak ground acceleratioefficient which has

horizontal and vertical values,,@Qnd Q, respectively which act through
the center of gravity of the dam.
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Stress Analysis (Peak Accelerations)

Dam inertia

hasses inertia

Horizental hydrodynamic
‘wiertical hydrodynamic

. upstream

: Dynamic or downstream
. Horzontal

T wirtical

sTER

o

Mormal

Figure 4.2 Basic Loadings Supported for PseudtaticS Seismic Analysis
(Leclerc et al., 2001).

g) Hydrodynamic force can be determined by two diffiéreays:

1) Horizontal hydrodynamic force per unit width uwéd by earthquake,
Haqu, Which acts at 0.412 labove the bed (Yanmaz, 2001).

Hy, = 0.5082(1—%? Ky h? (4.6)

2) Westergaard Added Masses — Vertical Upstreara:Fac

The added horizontal hydrodynamic force(\¥ increasingly follows a
parabolic distribution for an assumed rigid gravidgm with vertical

upstream face (Leclerc et al., 2001).

H, ) = 2K, C,(accNh(y"™) @.7)
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where H(y) is the additional total hydrodynamic horizonfatce acting
above the depth y for a unit width of the dam, Yascthe horizontal
seismic acceleration coefficient applied at theshafsthe dam expressed in
terms of peak ground acceleration or spectral acatbn (fraction of g), h
is the total depth of the reservaoir, y is the diseabelow reservoir surface,
Ky is the correction factor for the sloping dam facéth angled from the
vertical. To compute the horizontal forces co$6 can be used as a first
approximation, while the vertical force can be rnasted from
Kov = sirbcod. C.is a factor depending principally on depth of wated
the earthquake vibration period characterizingftaguency of the applied

ground motion.

The Westergaard approximation for thedBefficient is:

C, =7.99C, (4.8)
where
C.= !

C

2
1-7.74 1
1000t

in which G is a correction factor in kN.s.m to account for teva
compressibility andetis the period to characterize the seismic accabera

imposed to the dam in seconds.

USBR (1987) considers the following specificatidmsinclined faces:
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For dams with a combination vertical and slopingefathe procedure to be
used is governed by the relation of the heighhef\ertical portion to the
total height of the dam as follows:

» If the height of the vertical portion of the upstne face of the dam is
equal or greater than one-half of the total hegjthe dam, analyse as
if a vertical throughout.

» If the height of the vertical portion of the upstne face of the dam is
less than one-half of the total height of the dase the pressures on
the sloping line connecting to the point of intetsen of the upstream
face of the dam and reservoir surface with the tpoirintersection of

the upstream face of the dam and the foundation.

4.1.2 Pseudo — Dynamic Analysis (Chopra’s Method)

The general analytical procedure is appropriataf@lyzing the safety of existing
and new dams against future earthquakes in theédiages of the evaluation and
design processes, respectively, but the procedbmuld be simplified for
convenient application in the preliminary evaluatar design stage. In response to
this need, a simplified procedure was developed978. In this procedure, the
maximum response due to fundamental mode of vibraivas represented by
equivalent lateral forces and was computed direfctyn the earthquake design
spectrum, without a response history analysis. Bmsplified analysis of the
fundamental mode response has been extended tomdénthe effects of dam-
foundation-rock interaction and of reservoir bottomaterials, in addition to the
effects of dam-water interaction and water comploéiy considered in the earlier
procedure. Also included now in the simplified prdare are the equivalent lateral
forces associated with higher vibration modes, twwhace computed by a static

correction method based on the assumptions treatdythamic amplification of the
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modes is negligible; the interactions among the ,danpounded water and
foundation rock are not significant; and the efeat water compressibility can be
neglected. These approximations provide a praatieghod for including the most
important factors that affect the earthquake respoof concrete gravity dams
(Figure 4.3). The information for the simplifiedaysis procedure is taken from
Chopra (1988).

4.1.2.1 Design Earthquake Spectrum

A few parameters are required in the simplifiedlysia procedure to describe the
dam-water-foundation rock systems EYoung’s modulus of elasticity of the
structure),&; (viscous damping ratio: for the large motions dngh stresses

expected in a dam during intense earthquakes,ahe wof 5% is recommended),
Hs (the height of the dam from base to the cregtjconstant hysteretic damping
coefficient of the foundation rock. In the abserafeinformation on damping

properties of the foundation rock, a value of Gd@ecommended). Let H be the
depth of the impounded water measured from the $rteéace to the reservoir

bottom andx be the wave reflection coefficient.

The horizontal earthquake ground motion is spetifiy a pseudo-acceleration
response spectrum in the simplified analysis promedThis should be a smooth
response spectrum, without the irregularities iaherin response spectra of
individual ground motions, representative of thetemsity and frequency
characteristics of the design earthquakes, whiatuldhbe established after a

seismological and geological investigation (Choi&88).
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Stress Analysis (Peak A ccelerations)

Moarmal
Higher First

E: Dam inertia

modes mode -2 M: hasses
Higher First H: Horzontal hydrodynamic

modes mode W hwiartical by drody namic

_v_ 5 Sitt inertia "
'lq.‘-_‘_._.__..-f.—l—\—-\‘
B First mode
E Higher mode
qi Upstream

Oynamic or downstream
Horzental

1

O o2 Tocon—

i M M “artical

it asi Ma1 L]
Level Hge Hgq il ynamic
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Sdh —
*é V [ Fav Hdd

Figure 4.3 Basic Loading Condiditons SupportedPeeudo — Dynamic Seismic
Analysis (Leclerc et al., 2001).

4.1.2.2 Computational Steps

The computation of earthquake response of the daorganized in four parts:
Earthquake forces and stresses due to the fundahwéimtation mode, earthquake

forces and stresses due to the higher vibrationesyiaitial stresses in the dam
due to various loads, and total stresses in the dam

4.1.2.2.1 Earthquake Forces and Stresses by Fundamental Vibration Mode

The earthquake forces and stresses due to ther@amdal vibration mode can be

determined approximately for purposes of prelimmdesign by the following
computational steps:
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1. T, the fundamental vibration period of the dam, e@tands, on rigid

foundation rock with an empty reservoir is computedn:

T, —140s (4.9)

JEs

in which H; is the height of the dam in feet angdi& the design value for

Young’'s modulus of elasticity of concrete, in posner square inch.

2. T., the fundamental vibration of the dam in secondeluding the

r?

influence of impounded water, is computed from:
T=R.T (4.10)

in which R is the period ratio (Figure 4.4). As can be seemfthis figure,
if H/Hs< 0.5, R=1 can be used.

3. Ry, the period ratio, is computed from:

(4.11)

Py)
l
—|z|,:1

=

in which T, = 4H/C, where C = 4720 ft/sec.

4. 'T'l, the fundamental vibration of the dam, in secondsjuding the

influence of dam-foundation rock interaction andirmpounded water, is

computed from:
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Fetiod Lengthening Ratio | R,

T,=RRT, (4.12)

in which R is the period ratio (Figure 4.5).

L& ol
Es = 3 MILLION P3 Es =3 MILLION P51
L5 [=A[=}
Wi
1a- _D-DDS
&
[
&
L3 -gdnﬂs
]
s
L2 w0
o
hrad
1,
LI o2
Lo L= 0.0

2k e =l L= =k 0.4 1 o4 0.5 0.E o7 0.8 0.4 1
Total Depth of Water H Total Depth of Water | H
Height of Dam |, Hy Height of Dam  Hg

Figure 4.4 Standard Values foy, Bhe Period Lengthening Ratio, afdthe
Added Damping Ratio, due to Hydrodynamic Effecteq@ra, 1988).

5. El, the damping ratio of the dam is computed from:

AN NS (4.13)

11
Rr (Rf)3

in which &, is the viscous damping ratio for the dam on rigidndation

rock with empty reservoirg, is the added damping ratio due to dam-water
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Petiod Lengthening Ratio . Rs

interaction and reservoir bottom absorption (Figdré), and&, is the

added damping ratio due to dam-foundation rockaateon (Figure 4.5). If

the computed value oEl <&, thengl =¢&, is used.

1.7 0.35
LE | 0.20
h, =0se
15 |- 0.25 [
Y 0.25
g
L4 |- ﬁ 0.20 010
o
j.r DED 0.l
1z ff g' s |-
i}
st
= w -
[+ - oo
]
-1
LI Q.05 -
a 1 1 1 1 a 1 1 1 1
o 1 z 3 4 5 L] 1 z El 5
Ez ¥ Ef Ez # Ef
L 1 1 1 | ] L 1 1 1 | ]
a 1 ] 145 174 175 a 1 ] 1£5 144

Moduli Ratio . B¢/ Es Moduli Ratio, E;f Es

1#5

Figure 4.5 Standard Values foy, Bhe Period Lengthening Ratio, ahdthe
Added Damping Ratio, due to Dam-Foundation Rockrbdtion (Chopra, 1988).

6. g p(y, 'T',), the hydrodynamic pressure term is determinedufiéi 4.6).

Computed R should be rounded to one of the two nearest dlailalues,

the one giving the larger p(y). If H K& 0, then p (y,:l"r) ~ 0 can be used.

7. |\7|1, the generalized mass is computed from:

M, = (R)? M,
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in which M, is computed from:
1 Hs
M= [w, )¢ (v)dy (4.15)
0

in which wy(y) = the weight of the dam per unit height. Thedamental

vibration mode shape (y) is given in Figure 4.7. This equation can be

approximated as M= 0.043 D/g, where g = 32.2 fé/s

Y
“H

(nk=]

Total Depth of Water
= o
B m

Height Above Reservoir Bottom
e
[

0.2

Figure 4.6 Standard Values for the HydrodynamasBure Function gy for Full
Reservoir, i.e. H/ k= 1;0 = 0.75 and 0.50 (Chopra, 1988).

8. [1, the generalized earthquake force coefficienbmmpputed from:

2
L,=L, +%FS{H1] A, (4.16)
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in which L; is computed from:
1 Hs
legngwawm/ (4.17)
0

Fot = WHY2 ; A, is found by using Randa . If H/ Hs < 0, thenﬂl:1 ~ L, can
be used. This equation can be approximated, asQ.13 D/g. For the seventh

and eighth steps, conservative values can be usedavbid many
unknownslt1/|\~/|1 =4 for dams with impounded water ang/M; = 3 for dams

with empty reservoirs.

9. fi(y), the equivalent lateral earthquake forces asset with the

fundamental vibration mode is computed from:

—l

. S.(T0,&)

1

f.(y) = w, (y)@y) +gp(y.T,) (4.18)

Zz‘

in which Sa('fl,gl) is the pseudo-acceleration ordinate of earthquake

design spectrum in feet per squared secoﬁTq and El.

10.The stresses throughout the dam by static anadyslse dam subjected to
equivalent lateral forces(¥), applied to the upstream face of the dam are
determined. The finite element method may be usedtHis analysis.
Alternatively, traditional procedures for desigriccdations may be used
wherein the normal bending stressgs across a horizontal section are
computed by elementary formulas for stresses immbeaA correction
factor may be needed for the sloping part of therdream face because
the beam theory overestimates the stresses neasldped downstream
face (Chopra, 1988).
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The maximum principal stresses at the upstreandamthstream faces can
be computed from the normal bending stressgsby an appropriate

transformation:
61 = oy1 5eC0 + p, tarfo (4.19)

where6 is the angle of the face with respect to the watltilf no tail water
is included in the analysis, the hydrodynamic pressg = O for the
downstream face. At the upstream face, the hydmuyn pressure jpis

given by (second part of step 9):

i

LS,(T, &P, T,) (4.20)

Py (Y) = |\7|_l

4.1.2.2.2 Earthquake Forces and Stresses by Higher Vibration Modes

The earthquake forces and stresses due to therhgh@tion modes can be

determined approximately for purposes of prelimmndesign by the following

computational steps:

11.fs{y), the lateral forces associated with the highkdaration modes is

computed from:

fL(y) = 1{ws(y){l—iqo(y)} + {gpo ) —3ws(y)¢(y)}ag (4.21)
9 M, M,

in which g.p(y) is determined from Figure 4.8; B the maximum ground
acceleration of the design earthquake in feet peared second. ;Bis

computed from:
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2
B, = 0.2%£Hi] (4.22)

S

If H/ Hs< 0.5, p(y) = 0, and hence B~ 0.

12.This step is the same as Step 10 except that bseigpts are “sc” because

this process is associated with the higher vibnatmdes.
Osc = Oy,scSECH + puc tarfd (4.23)

If no tail water is included in the analysis, thgdtodynamic pressure
ps=0 for the downstream face. At the upstream falee, tydrodynamic

pressure g is given by (second part of step 11):

p.(y) = [gpo ) - WL O)e) [ (4.24)
1 g

i
H

Height above Reservoir Bottom
Tuotal Depth of Water

Figure 4.8 Standard Values fo)($) (Chopra, 1988).
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4.1.2.2.3 Initial Stresses in the Dam due to Various Loads
The initial stresses in the dam due to various dpawior to the earthquake,
including the self-weight of the dam, hydrostatiegsure, creep, construction

sequence and thermal effects are determined Wiplibe/ing computational step:

13.The normal stresses, s, across horizontal sections firstly and then the

maximum principal stresses are computed from:
Gst = Oy,stSECH + py tarfo (4.25)

The hydrostatic pressure g w (H — y) on the upstream face ang#0 on the

downstream face if tail water is excluded.
4.1.2.2.4 Total Stresses in the Dam
The total stresses in the dam are determined bfpliogving steps:

14.The dynamic response is computed from the squateefethe-sum-of-
squares (SRSS) combination rule:

fy =4/ () +(1)° (4.26)

15.The total value of any response quantity is congpbie

I’.max = rst * V (r1)2 + (rsc)2 (427)

in which g is its initial value prior to the earthquake.
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The SRSS combination rule is also appropriate terdene the principal stresses

because the upstream face for most of the graaitysdare almost vertical.

Most of the quantities that are in the simplifiedalysis procedure are in

nondimensional form, so implementing these to roefnits is straightforward:

1. T, the fundamental vibration period:

T, =0.38—= (4.28)

where His in meters and &s in mega-Pascals (MPa).
2. 1 million psi (pounds per square inch) = 7000 MPa

3. The unit weight of water, w = 9.81 kN/m
The gravitational acceleration = 9.81 f/s

Velocity of pressure waves in water, C = 1440 m/s.
4.1.2.3 Spectral Acceleration Coefficient

In order to complete the pseudo-dynamic analydig, $pectral acceleration

(sa(i,'él)) or in other words, the pseudo-acceleration otdimd the earthquake

design spectrum at perio:fj and damping ratica:;‘1 should be known and inputted

in the calculations. The determination of this ficefnt is earthquake-dependent,
because the earthquake data are put into the resmectrum with the vibration
period for different damping ratios, by which thpestral acceleration can be
found after plotting them together. If a respongectrum is not available for the
site under investigation, then theoretical or desaymulations are needed in order

to obtain the spectral acceleration coefficientTimkey, Ministry of Public Works

71



and Settlement has provided a specification cafgxcification for Structures to

be Built in Disaster Areas”. Determination of thmestral acceleration coefficient
corresponding to 5% damped elastic design accelarapectrum is presented as
follows (RTMPWS, 1997):

A(T) = Aol S(T) (4.29)

where A(T) is the spectral acceleration coefficie®y is the effective horizontal
ground acceleration coefficient (*k” was assignedt in section 4.1.1. The values
for this coefficient depends on the seismic zome3urkey, A values are 0.4, 0.3,
0.2, and 0.1 for the®]. 2" 39 and 4" seismic zones, respectively, | is the building
importance factor, which is 1.5 for power generateind distribution facilities
(RTMPWS, 1997), S(T) is the spectrum coefficieread$igure 4.9).

S(M=1+15T/% (ET<Ta) (4.30)
S(T)=2.5 AET<Tg) (4.31)
S(T) =25 (B/T)°8 (T>TF) (4.32)
S(T:' 1 §
2.5 —

S(T)= 25(T,¢ TH

1.0 —

[
To  Tg u

Figure 4.9 Special Design Acceleration Spectrgufa 6.6 of RTMPWS, 1997).
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in which T is the building natural period, Bnd T are the spectrum characteristic
periods (RTMPWS, 1997).

In order to find the values ofsTand T, the description of the soil group forming
the site should be known to determine the soil gré@RTMPWS, 1997). This

group is entered as input into local site classbtet(Table 12.2 of RTMPWS,
1997). As all the data are obtained,dnd T values can be found within the given

reference.

4.2 Stability Analysis

Anderson (2001) states that modern engineeringased on predicting the
performance of structures before they are actudllyit. This requires an
assessment of how well the system performance eaduicted for the intended
materials, expected use, foreseeable abuse, tleetexpservice environment, and
the expected life of the system. The transitiomfrengineering model to reality is
usually facilitated by including a factor of safdty the design to accommodate
uncertainty in material properties and the desigocgss, the consequences of
failure, risk to people, and degree of charactéomaof and control over the

service environment.

4.2.1 Normal Base Pressure

o= ZA—V £ ¥ (4)33
where

o = Vertical normal base pressure

>V = Sum of all vertical loads including uplift peges
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A = Area of the base that normal pressure takesepla
M = Sum of moments about the base centerline
¢ = distance from centerline to the location whstresses are computed

| = Moment of inertia.

If the stress analysis is performed to compute gbtential crack length and
compressive stresses along each joint, the nomwneg fresultant (the stress at the
crack tip),on is computed by the same equation given for vdrticamal base

pressure but this time, the components relateetdaifowing:

>V = Sum of all vertical loads including uplift peges

A = Area of uncracked ligament

M = Moments about the center of gravity of the acked ligament of all loads

¢ = distance from center of gravity of the uncratkgament to the location
where stresses are computed

| = Moment of inertia of the uncracked ligament.

4.2.2 Overturning Stability
If the crack lengths are limited such that thewadible compressive stress is not

exceeded, the overturning stability could be ol#@inThe overturning safety

factor (OSF) is computed by:

M
M,

OSF= 4.34)

where XMjs is the sum of stabilizing moment about the dovwesstr or the
upstream end of the joint considered aXid, is the sum of destabilizing

(overturning) moments. To assess the overturniabilgly of the section above

74



the crack plane considered, also the location ®ffdihce resultant along the joint,

Lrr IS used.
4.2.3 Sliding Stability

The basic formula of the sliding safety factor ($&¥ horizontal sliding plane

including seismic loads is:

SSF= (EV+U+Q,)tang+cA,
2H+XH,+Q,

(4.35)

where

>V = Sum of vertical static forces excluding uplifepsure
Q. = Vertical concrete inertia forces

U = Uplift pressure force resultant

YHq =Sum of horizontal concrete inertia forces

Qn = Horizontal hydrodynamic forces

¢ = Friction angle (peak value or residual value)

¢ = cohesion (apparent or real)
Ac= Area in compression

>*H = Sum of horizontal static forces.

If post-tension forces are available, it shoulddetermined first which type of
load they are, i.e. active or passive. If theyatve, the horizontal component of
the post-tension forcegR is placed in the denominator of the SSF formidildney
are passive, thengPis placed in the numerator of the formula. In bo#ses
vertical component of the anchor forcg, B placed in the numerator and should

be multiplied by tag (Leclerc et al., 2001).
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4.2.3.1 Shear Friction Method
In the shear friction method, the sliding safetgtéa is computed as the ratio of

the maximum horizontal driving force that can bsisted (sliding resistance), R,

and the summation of horizontal driving forcesl, (Figure 4.10).

B
% L

Figure 4.10 Forces Acting on Inclined Dam (Lecletral., 2001).

SSF=_+ 4.36
S (4.36)

The sum of tangential forces to the inclined plesnequal to zero:
R cost + XV sina + (ZV cosu — R sinw) tang —cA =0 (4.37)

YV includes the vertical uplift pressure. When “RS solved, the following

equation is obtained:

CA

4.38
cos(1- tangtann) (4-38)

R =-Y Vtan(p+a)+
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4.2.3.2 Limit Equilibrium Method

When the lift joint considered is inclined, foraesultants have to be computed in
the normal and tangential directions to the jomtetvaluate the sliding safety

factor.

‘(ZVcos(a) ~ ¥ Hsin(a))+ Ultang+cA,

SSF= —
> Heoda) + ¥ Vsin(a)

(439

where

‘(chos(a)—z Hsin(a)] = Sum of normal forces to the sliding plane

[>>Heoda) + ¥ Vsin(ar) = Sum of tangential forces to the sliding plane

U = Uplift force resultant normal to the inclinezint

a = Angle with respect to the horizontal of the slgiplane.
4.2.3.3 Passive Wedge Resistance

The passive resistance of a rock wedge locateldeatoe of the dam can also be
considered while computing the sliding safety fa¢kbgure 4.11). When a passive
rock wedge resistance is considered, the SSF shmldomputed by using the
shear friction method.

The peak strengths from the passive wedge and ¢h& j@int may not be additive

because the deformation rates are often unequal.
The sliding safety factor (SSF) including the effed passive wedge can be

computed by using Equation (4.40). The SSF is caegphere for a horizontal

joint.
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Figure 4.11 Passive Wedge Resistance (Lecleic 081).

CZA 2
cosu(1- tang,tan
>H

(ZV +Ultang +c,A, { )+Wtar(a+¢2)}

SSF= (4.40)

where W is the saturated weight of the rock wedys & is the area along the

rock wedge failure plane.
4.2.4 Uplifting (Floating) Stability Analysis
The dam must resist to the vertical thrust comnognfthe water pressure that tend

to uplift it in the case of significant immersiobeglerc et al., 2001). The safety

factor against this “floating” failure mechanisncismputed as:

USF= % (4.41)

whereX V is the sum of vertical loads excluding uplift @eses (but including the
weight of water above the submerged components)aigdthe uplift forces due

to uplift pressures.
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CHAPTER 5

CAPABILITIES OF CADAM

5.1 Introduction

The computer program CADAM (Computer Analysis offi3 was developed in
the context of the research and development ae8vif the industrial chair on
Structural Safety of Existing Concrete Darfkis chair was established in 1991 at
Ecole Polytechnique de Montréal and is funded fpifty NSERC (Natural
Sciences and Engineering Research Council), Hydréb@&c and Alcan. The

original work belongs to Martin Leclerc, Pierre leégand René Tinawi.

5.1.1 Objectives

CADAM, which is used to support research and degwalent on structural
behaviour and safety of concrete dams, is a computgram that was primarily
designed to provide support for learning the pples of structural stability

evaluation of concrete gravity dams.

The gravity method (rigid body equilibrium and bedneory) is the basis for
CADAM. Stability analyses for hydrostatic loads asdismic loads can be
performed with several modelling options so tharsscan explore the structural
behaviour of gravity dams (e.g. geometry, uplifeggures and drainage, crack
initiation and propagation criteria). Within thentext of training engineering
students, CADAM allows (Leclerc et al., 2001):

* To confirm hand calculations with computer cadtigins to develop the

understanding of the computational procedures.
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* To conduct parametric analysis on the effects angsry, strength of
material, and load magnitude on the structuralaorse.

» To compare uplift pressures, crack propagationsier strength (peak,
residual) assumptions from different dam safetylglimes (CDSA, 1995;
USACE, 1995; FERC, 1991; FERC, 1999; and USBR, 1987

« To study different strengthening scenarios (passit;ming, earth
backing, buttressing).

5.1.2 Basic Analytical Capabilities

The program supports the following analysis caji#sl (Leclerc et al., 2001):

» Static Analyses: CADAM could perform static analyder the normal
operating reservoir elevation or the flood elevatiacluding overtopping
over the crest.

» Seismic Analyses: CADAM could perform seismic asayusing the
pseudo-static method or the pseudo-dynamathod , which corresponds
to the simplified response spectra analysis desdrtyChopra (1988) for
gravity dams (See Section 4.1.1 and 4.1.2).

* Post-Seismic Analyses: CADAM could perform possset analysis. In
this case the specified cohesion is not applied twe length of crack
induced by the seismic event. The post-seismicftuphessure could
either (a) build-up to its full value in seismicacks or (b) return to its
initial value if the seismic crack is closed aftiee earthquake.

» Probabilistic Safety Analysis (Monte-Carlo simuteis): CADAM could
perform a probabilistic analysis to compute thebpimlity of failure of a
dam-foundation-reservoir system as a function & timcertainties in
loading and strength parameters that are considesgdndom variables

with specified probability density functions. A MenCarlo simulations
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computational procedure is used (See Section $#itic and seismic
analysis could be considered.

Incremental Load Analysis: CADAM could automatigalberform

sensitivity analysis by computing and plotting t&eolution of typical

performance indicator (e.g. sliding safety factag a function of a

progressive application in the applied loading.(eggervoir elevation).

5.1.3 Modelling Capabilities

CADAM performs the analysis of a single 2D monolitfi a gravity dam-

foundation reservoir system subdivided into lifinjs. The definition of the

following input parameters is required for a typiaaalysis (Leclerc et al., 2001):

Section geometry: Specification of the overall disiens of the section
geometry. Inclined upstream and downstream facegelsas embedding
in the foundation (passive rock wedge) are supgorte

Masses: Concentrated masses can be arbitrariljelbeathin or outside

the cross-section to add or subtract (hole) vdrtioeces in a static

analysis and inertia forces in a seismic analysis.

Materials: Definition of tensile, compressive artear strengths (peak
and residual) of lift joints, base joint, and rqoknt (passive rock wedge).

Lift joints: Assign elevation, inclination and metd properties to lift

joints.

Pre-cracked lift joints: Assign upstream/downstreaacks in joint(s) as
initial conditions.

Reservoir, ice load, floating debris and silt: Sfieation of water density,

normal operating and flood headwater and tailwalevations, ice loads,
floating debris and silt pressure (equivalent fluidctional material at

rest, active or passive).
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Drainage system: Specification of drain locationl affectiveness. The
stress computations could be performed througlatination of effective
stresses (FERC, 1999; CDSA, 1995; USACE, 1995; USBR7) or
superposition of total stresses with uplift pressiFERC, 1991).
Post-tension cable: Specification of forces indulbgdtraight or inclined
post-tension cables installed along the crest dodgathe downstream
face.

Applied forces: User defined horizontal and vettioaces can be located
anywhere.

Pseudo-static analysis: Specification of the peaumd horizontal and
vertical accelerations as well as the sustainedlations. Westergaard
added mass is used to represent the hydrodynafeatsbdf the reservoir.
Options are provided to account for (a) water casgbility effects, (b)
inclination of the upstream face, (c) limiting theariation of
hydrodynamic pressures over a certain depth of theervoir.
Hydrodynamic pressures for the silt are approxichdtem Westergaard
formulation for a liquid of higher mass densityrthaater.
Pseudo-dynamic analysis: Specification of the indata required to
perform a pseudo-dynamic analysis using the simedlimethod proposed
by Chopra (1988): (a) peak ground and spectrall@aten data, (b) dam
and foundation stiffness and damping propertie¥,réservoir bottom
damping properties and velocity of an impulsivesptee wave in water,
(d) modal summation rules.

Cracking options: Specification of (a) tensile sggins for crack initiation
and propagation, (b) dynamic amplification factor the tensile strength,
(c) the incidence of cracking on static uplift mese distributions (drain
effectiveness), (d) the effect of cracking on th@nsient evolution of
uplift pressures during earthquakes (full pressncechange from static

values, zero pressures in seismic cracks), (e)etr@ution of uplift
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pressures in the post-seismic conditions (returmit@l uplift pressures
or build-up full uplift pressures in seismicallyduced cracks).

* Load combinations: Specification of user definedtiplication factors of
basic load conditions to form load combinationseHoad combinations
are supported: (a) normal operating, (b) floods@$mic 1, (d) seismic 2,
and (e) post-seismic.

* Probabilistic Analyses: Estimation of the probdbpibf failure of a dam-
foundation-reservoir system, using the Monte-Cagimulation, as a
function of uncertainties in loading and strengtargmeters that are
considered as random variables.

* Incremental Analysis: Automatically compute the letion of safety
factors and other performance indicators as a iomaf a user specified

stepping increment applied to a single load cooditi

5.1.4 Output Results

Output results are presented in three distinct &sm

1 - CADAM reports:
* Input parameters
* loads
* load combinations
» stability drawings
2 - MS Excel reports:
* Input parameters
* loads
* load combinations
3 - Graphical plots:

» Joint cracking, stresses and resultants
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» Probabilistic analyses results (CDF / PDF)

* Incremental analyses results (SF versus Load)

5.2 Basic Modelling Information

5.2.1 Units

Metric units using kN for forces and metres forgdgnor alternatively imperial
units (kip, feet) could be used. The program caultbmatically switch from one

set of unit to the other.

5.2.2 Two-Dimensional Modelling of Gravity Dams

CADAM performs the analysis of a 2D monolith of uthiickness (1m in metric
system, or 1ft in imperial system). All input daégarding forces (masses) should,
therefore, be specified as kN/m or Kips/ft, (pastigion forces, user-defined

forces, concentrated masses etc.).

5.2.3 Basic Assumptions of the Gravity Method

The evaluation of the structural stability of thend against sliding, overturning,
and uplifting is performed considering two distiacialyses:

1. A stress analysis to determine eventual crack kersgtd compressive
stresses,

2. A stability analysis to determine the (i) safetyrgias against sliding along
the joint considered, and (ii) the position of teeultant of all forces acting
on the joint.

The gravity method is based (a) on rigid body eliilm to determine the internal

forces acting on the potential failure plane (jpiahd concrete-rock interface), and
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(b) on beam theory to compute stresses. The usleeofiravity method requires
several simplifying assumptions regarding the stma¢ behaviour of the dam and

the application of the loads (Leclerc et al., 2001)

* The dam body is divided into lift joints of homogems properties along
their length, the mass concrete and lift jointswardormly elastic,

» All applied loads are transferred to the foundabgrthe cantilever action
of the dam without interactions with adjacent mdths|

* There is no interaction between the joints, thagdsh joint is analysed
independently from the others,

* Normal stresses are linearly distributed alongworial planes,

» Shear stresses follow a parabolic distribution @lbarizontal plane in the

uncracked condition (Corns et al., 1988).
5.2.4 Sign Convention
» Positive directions of forces and stresses: The sanvention shown in

Figure 5.1 is used to define positive forces andnemts acting in the

global coordinate system.

[

Figure 5.1 Sign Convention-1.

The sign convention shown in Figure 5.2 is usedléfine stresses acting on

concrete (joints) elements.
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Tension Compression whear

Figure 5.2 Sign Convention-2.

Positive direction of inertia forces: AccordingdtAlembert principle, the inertia
forces induced by an earthquake are in the oppds#etion of the applied base

acceleration (Figure 5.3).

+— HPGA(-) —* HPGA (1) Tweﬁ ) lwm ()

Figure 5.3 Directions of Inertia Forces (Lecletrale, 2001).
5.3 Entering Data as Inputs

The meaning of various buttons in the program igwshin Figure 5.4. Also,

CADAM user interface can be seen in Figure 5.5.

86



m Create a new document E] Open an existing file

EI Save modaelin use Open M3 calculator

@I General infarmation W] Section geometry

ﬁ] Concentrated masses ¥e]  Material properties

] Lift joints generation B Pre-cracked it joints

i Drainage and uplit pressures F | Resewaoir, ice, floating debris & silts
] Post - tensioning i Applied forces

8C|  Pseudo - static method ﬁ Fseudo - dynamic method
ﬂ Cracking options O] Load combination

"] Probabilistic analyses FTl Incremental load analysis
M Start analysis @j CADAM reports

%ﬂ WS excel reports Eﬂ Graphical results

Figure 5.4 Various Buttons in CADAM (Leclerc et,&001).

5.3.1 Material Properties

5.3.1.1 Lift Joints

A list of lift joint material properties can be ated in CADAM. Many materials
can be defined to describe variations of strengbipgrties along the height of the
dam. A lift joint is a concrete-concrete joint le@ead above the concrete-rock

interface where the base joint is located.

Minimal normal compressive stresses to mobilizeesadn: Apparent cohesion,
Ca, is sometimes specified for an unbonded rouigh (with zero tensile strength)
due to the presence of surface asperities. For alocompressive stresses below
the minimal compressive stress, ), two options are offered to the user (See
Figure 5.6) (Leclerc et al., 2001):
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_ CADAM USER INT ERFACE _ 1
- File management, modelling anal?{ss options;
- Graphical display, output results, link with spiisheets

v

DAM MODEL N )
- Geometry, added masses, material propertiegoiift

v
STATIC LOADING CONDITIONS 3

\ 4 v v

BASIC CONDITIONS | 4 UPLIFT PRESSURES| 5 FLOOD 6
- Reservoir elevation; o ) .
- Ice, silt; - Dam safety guidelines; - Floating debris;
- Post-tensioning; - Drainage éfficiency - Overtopping

- User defined forces

A 4

SEISMIC
LOADS?

|
YES
4
SEISMIC LOADING CONDITIONS 7

v v
PSEUDC-STATIC 8 PSEUDC-DYNAMIC 9

-Analysis input data -Analysis input data
I I

.. CRACKING OPTIONS | 10
- Initiation / propagation criteria;
- Effect of cracking on uplift pressure
(static, flood, seismic, post-seismic)

v

LOAD COMBINATIONS 11
(Static, Flood, Seismic & Post-seismic

v

STRUCTURAL ANALYSIS 12 OUTPUTS | 13
LOOP > (Static, Flood, Seismic & Post-seismic)| | - printed reports

- Graphical
displa
- ASClI files

NO

12

y

\ 4 A 4

INCREMENTAL LOAD ANALYSIS | 14 PROBABILISTIC ANALYSIS | 15
. o (Monte-Carlo simulations)
- Static, flood, seismic - Definition of a probability density
function o

[ - static, flood, seismic

Figure 5.5 CADAM User Interface (Leclerc et aD02).
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Option 1: The shear resistance is equal to the alocompressive stress times the
friction coefficient, which is tap. The cohesion Ca (real or apparent) is

only used i, > o .

Option 2: The shear resistance is equal to the alocompressive stress times the

friction coefficient, which is tanf +i). There is no cohesion fef, < op
but a larger friction angle is used ¢i). Foro,> o, , the friction angle

¢ is used with the cohesion (Ca).

T & 4

1 !
o iJr o, to mobilize Ca

Figure 5.6 Normal Compressive Stress versus Jhesistance (Leclerc et al.,

2001).
Option 1 (Pathway 1-2)t = ¢ tan(@) (5.1)
Option 2 (Pathway 1-3)t = ¢ tan(@+ i) (5.2)
Option 1 and 2 (Pathway 3-4):=oc, tan(@) + Ca (5.3)
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wheret is the shear resistance, is the normal compressive stress, Ca is the
apparent cohesiors, is the minimal compressive stress to mobilize sl

tang is the friction coefficient and tagi) is the transformed friction coefficient.

For the pathways 1-2 and 18,< o, whereas for the pathway 3¢,> o, .

The apparent cohesion is often derived as the stesargth for zero normal stress
from the straight-line regression of a series d@asltests carried out at different
normal stress intensities. However, for unbondéuat,ja is obvious that the shear
strength should be zero if there is no applied mbrstress. A minimal value of

normal compressive stresses could therefore befiggeto mobilize Ca along a

joint.

It should be noted that options 1 and 2 will gitle same results far, = 0 or

Ca = 0, where the usual two parameters for the Nwlure envelope is obtained.

Residual shear strength is the lowest strength twhoccurs after large
displacements as some amount of stress stay immtterial because of the
deformation as shown in Figure 5.7 in whic€his the effective normal stress and

dn anddy are the horizontal and vertical displacementpeaeisvely.

o’ T peak "
1 - . critical state residual
) — G
: : &h e
| G
—
- Tg' | &h &h

Figure 5.7 Stages of Shear Strength (Davison anicdiggnan, 2000).
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As the load is removed from a rod which is strechegond the yield point, the
rod does not regain its original length, so it Heekn permanently deformed.
However, after the load is removed, all stressespfiear. It should not be
assumed that this will always be the case. Wheg soime of the parts of an
indeterminate structure undergo plastic deformatiar when different parts of
the structure will not, in general, return to zafter the load has been removed.
Residual stresses will remain in the various pafrtbe structure. Residual stresses
due to welding, casting, and hot rolling may betglarge. These stresses may be
removed by reheating and then allowing it to cdolvy (Beer and Johnston,
1981).

5.3.1.2 Base Joint

The material strength properties at the concretk-naterface are specified, using

the same models (options) as those for lift joints.

5.3.1.3 Rock Joint

Parameters including the contribution of a passmreege resistance to the sliding
resistance of the dam can be defined in the caseewthe dam is embedded in the
foundation. If the tailwater elevation is above tloek failure plane, CADAM
computes automatically the uplift pressure actingte failure plane (Leclerc et
al., 2001).

5.3.2 Uplift Pressures and Drainage System

5.3.2.1 Uplift Pressures — Computation of Effective Stresses

To perform the computation of effective stressed mated crack length, uplift

pressures could be considered (Leclerc et al.,)2001
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 As an external load acting on the surface of thatjQFERC, 1999;
USACE, 1995; CDSA, 1995; USBR, 1987 (crack propaga): In this
case, normal stresses are computed using beamy theosidering all
loads acting on the free-body considered (includimg uplift pressure
resultant). The computed effective normal stresbes follow a linear
distribution along the joint even in the presenta drainage system that
produces a non-linear distribution of uplift pregsualong the joint. The
effective tensile stress at the crack tip is cormpdo the allowable tensile
strength to initiate or propagate tensile cracks.

* As an internal load along the joint (FERC, 1991):this case, normal
stresses are computed considering all loads admghe free-body
considered but excluding uplift pressure. The camegbuotal stresses are
then added along the joint to the uplift pressureBective stresses
computed using this procedure follow a non-lineigtribution along the
joint in the presence of a drainage system. Fomgi@ in the case of a
no-tension material, crack initiation or propagatiakes place when the

uplift pressure is greater than the total streis@at the crack tip.

5.3.2.2 Drain Effectiveness — User specified value

The position of the drains, the drain effectiverasd the elevation of the drainage
gallery can be specified by activating related wiwd according to particular
versions of Dam Safety Guidelines (USACE, 1995; BSH987 for uplift
pressures considered as external loads; FERC t@9Mplift pressures considered
as internal loads). When elevation of drainageegglis above tailwater elevation,
the reference elevation to determine the presseael lat drain line becomes the
elevation of the gallery (FERC, 1991; FERC, 19988BR, 1987; USACE, 1995).
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5.3.3 Pseudo — Static Seismic Analysis

5.3.3.1 Basic Assumption — Rigid Body Behavior

The inertia forces induced by the earthquake angpabed from the product of the
mass and the acceleration in a pseudo-static seismalysis. The dynamic
amplification of inertia forces along the heighttbé dam due to its flexibility is
neglected. The dam-foundation-reservoir systemhiss tconsidered as a rigid
system with a period of vibration equal to zeroe Emalysis interface is given in
Figure 5.8.

At the initial state before the earthquake, eacénsie analysis begins with a static
analysis to determine the initial condition befapplying the seismically induced

inertia forces. If cracking takes place under ttaics load conditions, the crack

length and updated uplift pressures (if selectedti®y user) are considered as
initial conditions for the seismic analysis (Leclet al., 2001).

Stress and stability analyses: The basic objeativeéhe stress analysis is to
determine the tensile crack length that will beuiced by the inertia forces applied
to the dam. Horizontal and vertical peak groundebration values perform the
stress analysis. The basic objective of the stgbdhalysis is to determine the
sliding and overturning response of the dam. Thauges-static method does not
recognize the oscillatory nature of seismic loatlsis, therefore, generally

accepted to perform the stability calculation ussugtained acceleration values
taken as 0.67 to 0.5 of the peak acceleration salirethis case, sliding safety

factors are computed considering crack lengthgakrted from stress analysis.
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Figure 5.8 Pseudo — Static Analysis (Leclerc e2&l01).
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5.3.3.2 Hydrodynamic Pressures (Westergaard Added Masses)

The hydrodynamic pressures acting on the dam ardelled as added mass
(added inertia forces) according to the Westergdamhulation. Options have

been provided for (Leclerc et al., 2001):

e Correction for water compressibilitydccording to the predominant period of
the base rock acceleration, a correction factoapplied to the Westergaard
formulation (USACE, 1995; Corns et al. 1988).

e Inclination of the upstream face: The hydrodynapriessures act in a direction
normal to the surface that is accelerated agdmestdservoir. To transform these
pressures to the global coordinate system two optlave been provided using
either the cosine square of the angle of the ugstriace about the vertical or the
function derived from USBR (1987) as given by Caghal. (1988).

e A reservoir depth beyond which Westergaard addedspre remains constant:
Beyond a depth, there is no more significant vemmabf hydrodynamic pressure
with depth. The value computed at that depth is thaintained constant from that

point to the bottom of the reservoir.

5.3.4 Pseudo — Dynamic Seismic Analysis

5.3.4.1 Basic Assumption — Dynamic Amplification

The pseudo-dynamic analysis is based on the siegliesponse spectra method
as described by Chopra (1988). A pseudo-dynamilysisas conceptually similar
to a pseudo-static analysis except that it recegnise dynamic amplification of
the inertia forces along the height of the dam. keiesv, the oscillatory nature of
the amplified inertia forces is not considered. tTisavhy the stress and stability
analyses are performed with the inertia forcesinantsly applied in the same

direction (Leclerc et al., 2001).
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5.3.4.2 Dam Properties

To ensure the accuracy of the pseudo-dynamic metihedstructure has to be
divided in thin layers to perform numerical intetipas. The user may specify a
number of divisions up to 301. The dynamic flextlibf the structure is modeled
with the dynamic concrete Young’s modulus)(Bhe dam damping:{) on rigid

foundation without reservoir interaction is necegs& compute the dam
foundation reservoir damping). Any change to these basic parameters affect

the fundamental period of vibration and the dampaigthe dam-foundation-

reservoir system computed in this dialog windowc{eec et al., 2001).
5.3.4.3 Reservoir Properties

The wave reflection coefficient) is the ratio of the amplitude of theflected
hydrodynamic pressure wave the amplitude of a verticgiropagating pressure
wave incident orthe reservoir bottom. A value of = 1 indicates that pressure
waves arecompletely reflected, and smallealues ofa indicate increasingly
absorptive material$n CADAM, the value of 0.5 is used. The velocitypressure
waves in water is in fact the speed of sound inewét440 m/s). Westergaard
added mass procedure, with possibility of a colweadbr an inclined face, is used

for the downstream reservoir and the silt (Leckdral., 2001).
5.3.4.4 Modal Combination

Because the maximum response inrthtural vibration mode and in high@odes
doesn't occur at the same time, a modal combindizento beconsidered. Four
options are offeredo the user: (i) Only the first mode; (iPnly the static
correction computed fohigher modes; (iii) SRSS (square-root-of-the-sum-of

squares of the first modend static correction for higher modes); (iv) Sum of
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absolute valueswhich provides always conservative results. The SRS

combination is often considered to be preferabexigrc et al., 2001).

5.3.5 Cracking Options

5.3.5.1 Tensile Strength — Crack Initiation and Propagation Criteria

Tensile strength to be used to determine the angaldsponse along the joints can
be specified. The user should first indicate ifckrag is allowed to take place
during the analysis. In cracking options of CADAlRhere are two criteria for
crack initiation and crack propagation. The craukation and crack propagation
criteria can be chosen either by setting a temsitfiation (or propagation) strength

or by setting the tensile initiation (or propagajistrength equal to zero. The user
defined coefficients that are used in CADAM arespraed in Table 5.1.

ftini = ftjoint/Kini 4P
ﬁ:prop = f-tjoint/Kprop (5.5)
where fii, ftorop @nd floine @re tensile initiation, propagation, and jointesyths;

Kini @ndikprop are the user defined coefficients for crackingpeetively.

Table 5.1 User Defined Coefficients for Crackihgdlerc et al., 2001).

Coefficients| Usual Flood Seismid Post — Seismiic
Kini 3 2 1 3
Kprop 10 10 10 10
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In CADAM, the dynamic magnification of tensile sigth can be assigned for
seismic analysis in “Cracking Options” window. Ttemsile strength of concrete
under rapid loading during a seismic event is latan that under static loading.
The tensile strength could be magnified by a fafdoseismic crack initiation and

propagation criteria. By default, this factor isem as 1.5 (Leclerc et al., 2001).

USBR (1987) uses the following simplified equation the minimum allowable
compressive (normal) stress at the upstream fagg from uplift forces to

determine crack initiation (not propagation) isdisge USBR (1987):

ou=pwh—fi/s (5.6)

whereo,, is equal to the absolute value of the stresseatiistream face induced
from uplift forces minus the allowable tensile sgef is the tensile strength of the
material ands is the safety factor. The terpwhrepresents the transformed uplift
pressure at the heel of the dam considering thextefif a drain reduction factor
(p). Cracking initiates at the heel of the dam whwan ¢compressive stress does
not achieve the minimum compressive stress value. CADAM computes

automatically the drain reduction factpmwhen the USBR guideline is selected.

Figure 5.9 is the graph that may also be used tairolthe drain reduction factor

(p) (Leclerc et al., 2001). The procedure is as fdio
1. Calculate ratios (¥L) and (H-Hz)/(H1-Hy)
2. Obtain value op from graph

3. Correctp for tailwater using equatiomp(Hi-Hz)+Hz]/H,

where

p: drain reduction factor
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Hi: reservoir pressure head on the upstream face
H,: tailwater pressure head on the downstream face
Hs: pressure head at the line of the drains

Xg: distance to the drain from the upstream face

L: horizontal length from upstream to downstreagefa
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Figure 5.9 Determination of Drain Reduction Fag¢p)r(Leclerc et al., 2001;
Source:USACE, 1995).
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When cracking is allowed, a distinction is madewmsn the criteria for crack
initiation and crack propagation (Figure 5.10). ékfcrack initiation, say at the
upstream end of a joint where stress concentragominimal; it is likely that

stress concentration will occur near the tip of pinepagating crack (ANCOLD,
1991). The allowable tensile strengths for crackiation and propagation are
specified for different load combinations: (a) usuarmal operating, (b) flood, (c)
seismic (1 and 2), and (d) post-seismic (Leclela.e2001).

a1 Faisting Dam b Idealized Structural c) Idealized Structural
) we Model for Crack Tritiation Model for Crack
Propagation

Deteriorated

conecrete due =z =

to freeze-thaw = =
cyeles

crack

+
+ -
ft

propagation
Effective section for stability Crack imitiation criteria [allonrable Stress concentration at the crack
calmilations tensile stremgth at the upstream face)  tip - Demand ws. Capacity

Figure 5.10 Criteria of Cracking (Leclerc et 2D01).

5.3.6 Required Safety Factors

For each load combination, the required safetyofadib ensure an adequate safety
margin for structural stability are specified. Teegalues are not used in the
computational algorithm of the program. They ag@oreed in the output results to
facilitate the interpretation of the computed saffeictors in comparison with the

corresponding allowable values. In CADAM, requirgafety factors are already
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available but these can be changed manually ifedeedalues of the safety factors

are presented in Table 5.2. Also allowable stras®fs are attached to this table.

Table 5.2 Safety Cases for Different Loadings (&exet al., 2001).

Safety Cases Usual Flooc Seismic¢ Post - seismic
Peak Sliding Factor (PSF) 3.00 2.0 1.3 2.0
Residual Sliding Factor

(RSP) 1.50 1.3 1.0 11
Overturning Factor (OF) 1.20 1.1 1.1 1.1
Uplifting Factor (UF) 1.20 1.1 1.1 1.1

ASF* in tension 0.00 0.50 0.909 0.667
ASF* in compression 0.333 0.50 0.909 0.667

* ASF: Allowable Stress Factor (used with allowableength)

5.3.7 Probabilisitic Safety Analysis (Monte — Carlo Simulations)

5.3.7.1 Overview of CADAM Probabilistic Analysis Module

* Objectives: The objectives of CADAM probabilistioadysis module is to

compute the probability of failure of a dam-foundatreservoir system

as a function of the uncertainties in loading atndrgith parameters that

are considered random variables.

» Computational procedure-Monte Carlo Simulation: Dige concrete

cracking and related modifications in uplift presesy the stress and

stability analysis of a dam is in general a noedinprocess. Monte Carlo

simulation is used as the computational procedurepérform the

probabilistic non-linear analysis in CADAM. Monteaflo simulation
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technique involve sampling at random to simulatéfigally a large

number of experiments and to observe the resutts Fgjure 5.11).

5.3.7.2 CADAM Input Parameters for a Probabilistic Analysis

In this part of CADAM, input parameters for a prbbstic analysis are specified
in a list. This list is composed of five strengthrgmeters and nine loading

parameters, which are:

» Strength Variable Parameters:

Tensile strength;
Peak cohesion;
Residual cohesion;

Peak friction coefficient;

o bk w0 DR

Residual friction coefficient;

Loading Variable Parameters:

6. Normal upstream reservoir elevation;
7. Flood upstream reservoir increase;
8. Silt elevation;

9. Silt volumetric weight;

10. Drain efficiency;

11. Floating debris;

12. Ice load,

13. Last applied force;

14. Horizontal peak ground acceleration.
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Monte-Carlo simulations require that random vagablst be independent to each
other. CADAM will thus consider that the cohesioreal or apparent) is
independent of the tensile strength, which may bethe case. CADAM users
have to be aware of the assumptions concerningomangariables before

proceeding with probabilistic analyses.

In the simulation used in CADAM software which thiesis deals with, samples
of basic noncorrelated variables according to tleiresponding probabilistic
characteristics are generated and assigned asimpatthe probabilistic analysis.
If the distribution is unknown, a probability dismtion function should be fitted
to the available data. At this point, chi-squars teith frequency analysis can be

applied which is the case in this thesis for thetrgam water elevations.

5.3.8 Incremental Load Analysis

In dam safety evaluation there is most often higheutainties with the loading

intensity associated with extreme events with erng return periods: (a) the
reservoir elevation corresponding to the 10,000eusnt or Probable Maximum
Flood (PMF), and (b) the peak ground acceleratid&A) (spectral ordinates)
corresponding to the 10,000 yrs event or the Marin@redible Earthquake. It is
essential to know the evolution of typical slidisgfety factors (for peak and
residual strengths) as well as performance indisafe.g. crack length) as a
function of a progressive increase in the applaatling (i.e. reservoir elevation or
PGA). It is then possible to evaluate for whichdiog intensity, safety factors will

fall below allowable values such that proper actionld be planned. The reservoir
elevation or PGA (spectral ordinate) that will idufailure can also be readily
evaluated (safety factors just below one). The ephof imminent failure flood is

used in dam safety guidelines. A parallel couldebtablished with earthquakes

where the concept of imminent failure earthquakeoygd motion) could be
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developed. There are also uncertainties for otbadd, such as ice forces acting

under usual load combination, e.g. magnitude ofacees (Leclerc et al., 2001).

PROBABILISTIC SAFETY ANALYSIS

. Define an initial CADAM 2000 da-foundatior-reservoir system using tl [ 1]
general parameters;

Be sure to define the load condition to be consides random variables;
Be sure to define the strength parameters to bsidered as random variablesq;
Activate the proper load combinations (usual, floearthquake...)

Apply the appropriate multiplication factor suchathload conditions
considered as random variables are included itoitecombination selected.

NOTE: It is important to define an initial modelathis consistent with the
parameters that will be used as random variablésr lan while using the
probabilistic analysis option.

\ 4

PROBABILISTIC ANALYSIS 2

Activate probabilistic analysis optior
v

SELECTION OF RANDOM VARIABLES AND 3
PROBABILITY DENSITY FUNCTION (PDF)

« Strength random variables:
- Tensile strength;
- Peak cohesion;

- Residual Cohesion; 7 INTERPRETATION OF RESULTS
- Peak friction coefficient; (Check for convergence — Ex: increasq
- Residual friction coefficient; no. of simulations)

* Load random variables: A

- Normal upstream reservoir elevation;

- Flood upstream reservoir increase;

- Silt elevation;

- Silt volumetric weight;

- Drain efficiency; 6

- Floating debris;

- Ice load;

- Last applied fprce;

- Horizontal peak ground acceleration
PDF: Uniform, Normal, Lognormal & User
defined (mean, std deviation, cut-off values)

COMPUTATIONAL PROCEDURES
(Monte — Carlo Simulations)

1. Initial conditions (cracking, uplift
pressures) — deterministic analysis
from the selected load combination
(general input parameter);

2. Generation of selected random
variables;

v 3. Stress and stability analyses (outpu

parameters);
- Load combinations; parameters (min, max, mean, std
- Number of simulations (up to 250,000) dev, PDF, CDF).

v

SELECTION OF OUTPUT CONTROL PARAMETERS
- Identification of lift joint for output;
- Selection of output performance indicators;
- Sliding safety factors, crack length;
- Cumulative Distribution Function (CDF) — selection
of number of division for numerical calculation;
- Probability of failure;
- Output files (data and PDF/CDF cun 5

A

Figure 5.11 Probabilistic Safety Analysis in CADAMeclerc et al., 2001).
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5.4 Stress and Stability Analyses

The objectives of structural analyses of dam-fotindaeservoir systems are:

* interpreting field data, explain the observed b&havand investigate
deterioration and damage mechanisms.

» predicting the structural stability and identifygsdole failure mechanisms
under usual, unusual (e.g. flood), and extreme. (gegsmic) loading
scenarios.

» assisting in the development of remedial work, ective measures, and

most efficient rehabilitation methods of existirgifities.

In a safety evaluation, the engineer must alwalgedhe physical reality of the
actual dam-foundation-reservoir system (Figure btdGhe assumptions made in
developing structural models to study the potentiure mechanisms and to
uncertainties related to those models as well asrélgquired input parameters.
Computer programs, such as CADAM allows to perfganametric analyses to
develop confidence intervals in which appropriatecisions could be taken
regarding the safety of a particular dam and thednr remedial actions to

increase safety, if necessary (Leclerc et al., 2001

5.4.1 Performing the Structural Analysis

After “Start Analysis” option is selected, the stiwral analysis begins. The first
step performed by CADAM is to process the geomefaja to compute joint

lengths and tributary areas (volumes). Then alldlbds acting on the structure are
computed. For each load combination, the normalefeesultant, the net driving
shear (tangential) force resultant, and the owveirtgr moments are computed

about the centre line of the uncracked joint ligatme
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Using these forces resultants:
(&) The stress analysis is first performed to camgbe potential crack
length and compressive stresses along each joint;
(b) The sliding stability is performed along eadhinj considering the
specified shear strength joint properties;
(c) The overturning stability is performed by cortipg the position of the
resultant of all forces along each joint. In CADAMr is expressed in a

percentage of the total length of the joint frora tipstream end.

M
Ler :% (5.7)

whereXMuypst is the summation of moments about the upstreanmoétite
joint andXV is the summation of vertical forces includingittgiressures.
(d) Additional performance indicators, such as floating (uplifting)

safety factor are computed.

Closed form formulas for crack length computatio@fosed form formulas have
been developed to compute crack length for simptirained cases considering a
no-tension material for a horizontal crack planer(@ et al., 1988; USBR, 1987;
FERC, 1991) and even for some more complicatecsaasgsidering drainage, and
tensile strength within the assumption of beam th€aNCOLD, 1991, Lo et al.,
1990 with linear distribution of normal stressdspwever, to consider a range of
complex cases, such as inclined joints with varidsnage conditions, it is more

efficient to compute the crack length from an iteeaprocedure (USBR, 1987).
Iterative Procedure for Crack Length CalculatiolABAM uses an iterative

procedure summarized in Figure 5.12 to computecthek length. Two different

crack criteria (initiation and propagation) are poiped by CADAM.
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5.4.2 Safety Evaluation for Static Loads

Load Conditions, Combinations and Safety Evaluatiéormat: By proper

definition of basic loading condition parametersl amultiplication factors to form

load combinations, a variety of loading scenariosld be defined to assess the

safety of the dam-foundation-reservoir system. KDBM, if there is inclination

at the base of the dam, then the sliding safetiofador inclined joints can be

computed either from the limit equilibrium methodtie shear friction method. A

choice should be made between these two in “Loadi@mations” window of this

software.
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Figure 5.12 Procedure for Crack Length Computatiheclerc et al., 2001).
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Tailwater Condition: USACE (1995) mentions that #féective tailwater depth
used to calculate pressures and forces acting endtwnstream face of an
overflow section may be reduced to 60% of thevigdter depth due to fluctuations
in the stilling basin (hydraulic jump). However etliull tailwater depth is to be
used to calculate the uplift pressure at the tab@flam regardless of the overflow

conditions.

To model an effective tailwater depth of 60% of thé depth, CADAM Load
Combinations window allows to specify different miplication factors;
hydrostatic upstream, hydrostatic downstream, i@t pressures. In this case the
tailwater uplift pressure is computed using the failwater depth while the 0.6
factor applies to the tailwater hydrostatic pressuand water weight on the

downstream face).

Limit analysis (ANCOLD, 1991): The Australian Natisl Committee on Large
Dams (1991) presented a dam safety evaluation fobased on a limit state
approach. Various magnification and reduction fesctare applied to basic load
conditions and material strength parameters tceckfitelated uncertainties. By
adjusting the input material parameters and apglythe specified load

multiplication factors, CADAM could be used to parh limit analysis of gravity

dams as described by ANCOLD (1991).

Vertical Acceleration of Reservoir Bottom and Hyshatic Pressure: In addition to
the vertical motion of the upstream face of the daome analysts consider the
effect of the vertical acceleration of the reserbmittom on the applied hydrostatic
pressures. According to d’Alembert principle, arwapd vertical acceleration of
the rock is going to produce an increase in thecéffe volumetric weight of water
(ye= pw (g + ace)) for anincompressible reservoir, whepe is the volumetric

mass of water, g is the acceleratiorgrdvity, and accis the vertical acceleration
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of the rock. The increase in the volumetric weighivater produces an increase in
the initially applied hydrostatic pressures on the submerged péithe dam. In
reverse, rock acceleratiaiirected downward produces a reduction in the gffec
volumetric weight of wateryé = pw (g - ace)) and related initial hydrostatic
pressures. These considerations are independéme &¥estergaard hydrodynamic
pressure computations (Leclerc et al., 2001). CADhRludes the effect of the
vertical rigid body acceleration of the reservoattbm on the initial hydrostatic

pressures.

Uplift Pressures in Cracks During Earthquakes: Bu#he lack of historical and
experimental evidences, there is still a poor kmalge on the transient evolution
of uplift pressures in cracks due to theclicy movements of the crack

surfaces during earthquakes.

* [COLD (1986) mentions that the assumption that gmessure equal to
the reservoir head is instantly attained in crasksrobably adequate and
safe.

e USACE (1995) and FERC (1991) assume that upliftsquees are
unchanged by earthquake load (i.e at the pre-aak®gintensity during
the earthquake).

« USBR (1987) gives that when a crack develops duengearthquake
event, uplift pressure within the crack is assumadoe zero.

« CDSA (1997) states that in areas of low seismidityg uplift pressure
prior to the seismic event is normally assumedetanaintained during the
earthquake even if cracking occurs. In areas oh hsgismicity, the
assumption is frequently made that the uplift pres®n the crack surface
is zero during the earthquake when the seismicefotend to open the

crack.
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CADAM provides three options to consider the transievolution of uplift
pressures in cracks during earthquakes (Figure:5@Bno uplift pressures in the
opened crack, (b) uplift pressures remain unchangedfull uplift pressures
applied to the crack section irrespective of thespnce of drains (Leclerc et al.,
2001).

5.4.3 Safety Evaluation for Seismic Conditions

Concrete Inertia Forces in Pseudo-Static Analy§tsee horizontal and vertical
concrete inertia forces are computed as the proofutite concrete mass by the
applied base accelerations in the horizontal anticeé directions, respectively

(peak ground acceleration or sustained accelejation

Hydrodynamic Pressures: The formulation implemerntedCADAM to model
hydrodynamic pressures for seismic analysis udnegpseudo-static method are
available (See Section 4.1.1).

Pseudo-Dynamic Analysis: In pseudo-dynamic analydbe hydrodynamic
pressures acting on the upstream face are comfrotachn analytical formulation
taking into account water compressibility as detiviey Chopra and Fenves
(Chopra, 1988; Fenves and Chopra, 1984; 1985ad8§; 1987). Any slope of the
upstream face is neglected in these calculatiomsveder, the weight of water
above the inclined portion is modified according ttee imposed vertical
accelerations at the base of the dam. The addaddhwmamic pressures acting on
the downstream face are computed only in the hotaodirection using the
Westergaard formulation for a sloping face. In tieetical direction, the dam is
assumed rigid. The concrete inertia forces are cbegpas the product of the
vertical base acceleration and the concrete mass.ificidence of the vertical

acceleration of the reservoir bottom on the inihigtrostatic pressure could be
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included using a similar approach to that usedénpseudo-static method (Leclerc

et al., 2001).
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Figure 5.13 Transient Evolutions of Uplift Pressim Seismically Induced Crack

(Leclerc et al., 2001).

Crack length computation: In a pseudo-dynamic amslythe moment and axial

force acting on the lift joint considered are comegufrom the selected modal

combination rule. The resulting moment and axiatdoare then used to compute

the related stresses and crack length. This appnsagenerally conservative. In

linear (uncracked) analysis, it is more appropriateompute stresses separately
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for the first mode and the higher modes and th@tyape modal combination rule
to stresses. However, this approach, adopted @adianalysis, is not suitable to
estimate crack length in a consistent manner wgkugo-static calculations,
especially if uplift pressures are to be variedhmitthe seismic crack (e.g. No
uplift pressure in an opened crack). Moreoversiassumed that the period of
vibration of the dam is unaffected by cracking whigs obviously an

approximation that might be overcome only if tramsi nonlinear dynamic

analysis are considered (Leclerc et al., 2001).

5.4.4 Safety Evaluation for Post-Seismic Conditions

Effect of Seismically Induced Cracks on Sliding &gf The cohesion (real or
apparent) is considered null along the seismidgatiyced crack length to compute

the sliding safety factors in post-seismic conditio

Uplift Pressure in Seismically Induced Cracks fosfPSeismic Analysis:

* CDSA (1997) mentions that the disruption of the damd/or the
foundation condition due to an earthquake shouldrdé®ognized in
assessing the internal water pressure and up8finagtions for the post-
earthquake case.

* According to CDSA (1997), a conservative assumpfmnpost-seismic
uplift pressures would be to use the full reseryoessure in earthquake-
induced cracks in the post-seismic safety assedsriwever, as an
alternative, the post-seismic load case could béneatk from the
calculation of the crack mouth opening width, créshkgth and drainage
conditions to delineate uplift pressures.

* According to FERC (1991), the uplift pressures &used for the post-
seismic condition are the same that were actingr fja the earthquake.
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That is the pre-earthquake uplift pressure intgnisitused immediately

after the earthquake.

Crack Length Computation in Post-Seismic AnalyBishe full reservoir pressure
is assumed to be developed in seismically inducack¢ a new calculation of the
crack length (stress analysis) must be performedbtain a solution that is in
equilibrium. In that case the seismically inducedck may propagate more, or

may close along the joint (Leclerc et al., 2001).
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CHAPTER 6

CASE STUDY

This study deals with the probabilistic safety gs@l of an existing concrete
gravity dam in Turkey. Porsuk Dam is selected asodel study. It is a concrete
gravity dam which is situated on the Porsuk Streaitntary of Sakarya River, 25
km southwest from Esgehir (See Figure 6.1). It is used for irrigatiofgofd
control, domestic, and industrial water supply. Tdmastruction was started in
1966 and completed in 1972 (Orhon et al., 1991).

6.1 Input File for CADAM

Most of the inputs and properties of Porsuk Damlsted in Table 6.1. Apart
from the available data for the software to be some of the inputs are obtained
by combining the available data with the relatetbrimation present in other

references.

6.1.1 Determination of Vertical Ground Acceleration

As the software CADAM can calculate the stabilibdaeliability against seismic
action, the input for horizontal and vertical pegkund accelerations are needed.
Porsuk Dam is located in the second seismic zoi¥&ERD, 2004 and MTA,
2004). After the related horizontal peak ground edation is obtained
(RTMPWS, 1997), the vertical peak ground accelenatis obtained using
Newmark et al.’s (1973) relation who state that veetical to horizontal ratio of
the earthquake acceleration is 2/3. As the hotatqreak ground acceleration is
0.3g, the vertical peak ground acceleration becdiizs
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Table 6.1 Input Data for Stability Analysis of Porsuk Dam.

Characteristics

Value

Height (from river bed)

49.70 m (Orhon et al., 1991; DSI, 1998)

Elevation of river bed

844.65 m (Orhon et al., 1991

Crest Elevation

894.35 m (DSI, 2004)

Upstream face slope, n

0.00 (Seckiner, 1999)

Downstream face slope, m

0.85 (Seckiner, 1999)

Depth of normal reservoir
level (H,)

45.60 m (Seckiner, 1999) (This will be used in
CADAM as the mean upstream water elevatior

Depth of maximum
reservoir level ()

48.20 m (Seckiner, 1999)

Crest thickness )

4.50 m (Seckiner, 1999)

Bottom width (B)

39.4 m (Orhon et al., 1991)

Tailwater depth

6 m (Seckiner, 1999)

Specific weight (concrete)

24 kNn(Seckiner, 1999)

Submerged specific weight
of sediment

11 kN/n? (Seckiner, 1999)

Height of sediment
accumulation

3 m (Seckiner, 1999)

Angle of repose of sedimer

t

31° (Seckiner, 1999)

Horizontal peak ground
acceleration

0.30g (RTMPWS, 1997)

Vertical peak ground
acceleration

0.20g (Newmark, 1973)

Ice thickness

0.52 m (Seckiner, 1999)

Rate of temperature increa

S

e 2.8°C (Seckiner,)1999

Ice Load / Unit Length

100 KN/m (Thomas, 1976)

Uplift reduction coefficient

0.6 (Seckiner, 1999)

Drain position and elevatiof

h

3.54 m from heel 856m (Orhon et al., 1991)

Angle of internal friction

55°(peak) (Leclerc et al., 2001 ; CDSA, 19¢
45° (residual)

Allowable compressive
stress in concrete

3750 kN/nf (Seckiner, 1999)

Allowable compressive
stress at foundation

4000 kN/nf (Seckiner, 1999)

Allowable shear stress at
foundation

1500 kN/nf (Seckiner, 1999)

Compressive strength of
concrete

30 MPa (Analysis Committee, 1971)

Cohesion

931 kPa (Leclerc et al., 2001)
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6.1.2 Determination of the Spectral Acceleration Coefficient

A suitable spectral acceleration coefficient, whishneeded for the pseudo-
dynamic analysis in CADAM software for seismic ays#d, is also assigned. In the
case study, the following two possible sets of data entered as inputs into
CADAM:

1. In order to have a spectral acceleration coefficiam earthquake data
should be obtained from the available data so tti@tresponse spectrum
can be drawn and the needed spectral acceleraigffiotent can then be
reached. However, there are no such data for Pdbsuk site close to
Eskisehir province. That is why the data of an earthquakth similar
properties that may occur in Egihir is found in a database containing
earthquake records (PEER, 2000). This earthquakeesalmost all the
properties of a possible earthquake that might mstPorsuk Dam area.
These properties are determined as the distantdeecdrea to the nearest
active fault, the geological formation of the ard¢lae horizontal peak
ground acceleration according to the seismic zbatthe area is in and the

magnitude of such an earthquake that can occuh&biseismic zone.

Distance to the nearest fault is estimated to bpraxmately 10 km
(GDDAERD, 2004 and MTA, 2004) (See Figure 6.1).

Geological formation is peridotite (Orhon et al991) which refers to “A”
Rock (Geomatrix, 2000).

Horizontal peak ground acceleration is determine®.8g (RTMPWS, 1997)
(See Figure 6.1).
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Magnitude is estimated to be in between 5.9 and\We&lls and Coppersmith,
1994).

Using this information, the most likely earthquakedetermined as Whittier
Narrows Earthquake that occurred in the USA in ©eto0l in 1987 (See
Tables A.2 and A.3).

Two other data are needed to find the spectrall@@t®on coefficient,
which are 'T'l, the fundamental vibration period of the dam ai?}d the

damping ratio of the dam. In CADAM, when the sectgeometry is put

into the program, these values are calculated ented on the screen.

'T'l, the fundamental vibration of the dam : 0.163 seso

El, the damping ratio of the dam : 0.132

In PEER’s database, spectra with the damping cdtk8% is not available
but damping ratios of 10% and 15% are availableE®RE2000) (See
Figure 6.2). Thus, the weighted average of the $pectral acceleration
coefficients corresponding to these damping rat®scalculated. The
spectral acceleration is denoted&riflzl,’ef1 . Hpwever, it should be noted
that spectral acceleration coefficient is denotedRAA”, pseudo absolute
acceleration, in PEER’s database and as “HSA”", zbatal spectral
acceleration in CADAM.

S2(0.163; 0.10) = 0.494g (Table A.2 and Figure 6.2)
S:(0.163; 0.15) = 0.449¢ (Table A.3 and Figure 6.2)

The spectral acceleration coefficient for the fist of data is:
S.(0.163 ; 0.132) = 0.465¢g
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Figure 6.2 Whittier EQ - Spectral AccelerationtPlo

In Turkey, Ministry of Public Works and Settlemehas provided a
specification called “Specification for Structures be Built in Disaster
Areas” in which how to determine the spectral a@m@lon coefficient
corresponding to 5% damped elastic design spectisimexplained
(RTMPWS, 1997). This spectral acceleration coedffitiis the design

value. The spectral acceleration is denoteng(s‘T’l,'e;f1 . HQwever, it

should be noted that spectral acceleration coefftais denoted as “A(T)”
in the specification of RTMPWS (1997) and it is qarted from Equation

(4.29). The following values are used in the corapohs:
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A,=0.3g

=15

For site classificationZTo =0.10 s; §=0.30s
Fundamental vibration of the darﬂ, =0.163 s

S(T)=25 for (R<T<Tg)

The spectral acceleration coefficient for the secagt of data is:
A(T) =(0.3g) . (1.5) . (2.5) = 1.125¢g

6.1.3 Determination of Probability Distribution of Upstream Water Level

Another information to be generated is the estiomatif probability distribution of

reservoir water levels. For the probabilistic asaypresent in CADAM, elevation
data are used to find a good fitted probabilitytrdbsition function. Upstream

water elevations are obtained from DSI (2004) and gs inputs to frequency
analysis. A Chi-square test is applied to checlgthedness of fit of the probability
distribution function assigned (See Section 6.2).

6.1.4 Determination of Cohesion
The value of cohesion is needed in CADAM. Thereusthdve two known values

of cohesion which are cohesion for peak and cohefipresidual analyses. For

the peak value, cohesion is calculated as folldwslérc et al., 2001):
Cohesion(k=0.17%f, (6.1)

where { is the compressive strength of concrete in MPa.ti® residual value, if
there are no tests to support the given decisimm tohesion should be considered

zero (Leclerc et al., 2001).
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6.2 Frequency Analysis

The available data are the Porsuk Dam upstreamr \e&eations (DSI, 2004),
(Table 6.2). Probability distribution of these edduns is investigated. To this end,
normal and log-normal probability distribution fuions are tested for goodness of
fit. When these elevations are observed, it isrijlesseen that they do not follow a
uniform trend. CADAM also allows a distribution thean be defined by the user
who is expected to give 500 data points. Howevesret are 60 available water
elevation data which are obtained from the montipgration of the reservoir.
Frequency analysis is performed by ignoring sonta dacording to the outlier
test proposed by U.S. Water Resources Council (1@3iow et al., 1988). In the
analysis, the outlier test is performed for thepk@eent significance level whereas

confidence level is chosen as 95-percent for thesQlare test.

After the outlier test is performed, three data discarded. Thus, the normal
probability distribution function is fitted to 57ath out of 60. The discarded data,
which are the lower outliers corresponding to thetew elevations observed in
October, November, and December of 2001 (See ®aB)eFigure 6.3 provides a
visual scene of the fitted distribution with theduency histogram. According to
the calculations, the standard deviation of titedinormal distribution function is
obtained as 1.706 meters. The normal operating Isveroposed to be 45.6 m

(Seckiner, 1999) which is used as the mean of pls&ream water elevations.

The random variables should be defined in CADAMtfe probabilistic analyses.
There is limited information in the literature cemgcing the uncertainties of
resistance and loading variables. The uncertaintiggired in the safety analyses,
which are expressed in terms of coefficients ofatemns, and the corresponding
PDFs are presented in Table 6.3 with referencéegptevious studies reflecting

reliability-based analysis of some hydraulic stuues.
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Table 6.2 Porsuk Dam Monthly Reservoir Routing [2804).

Beginning of month End of month Water Usage
Reservoir | Reservoir| Drinking Spilled Reservoir| Reservoir| Total Water (+-) Coming to
Elevation Volume Irrigation Water Evaporatio Water Elevation| Volume Usage Storage the Lake
Year | Month (m) 16 md) (10° m®) (10° m®) (10° m®) (10° m®) (m) 16 m%) (1000 ni) | (1000 M) | (1000 M)
1999| Jun | 889.96 449.586 21572.40 2592.0 3476.0 0.0 889/46 36.427 27640.40 -13159 14481.40
Jul 889.46 436.427 21270.80 2678.4 5100.9 0.0 888/68 16.301 29050.10 -20126 8924.10
Aug | 888.68 416.301 20784.40 2678.4 4265.6 0.0 887/85 95.439 27728.40 -20882 6846.40
Sep| 887.85 395.419 15026.70 2592.0 2571.8 10825.92 8886. 371.956 31016.40 -23463 7553.40
Oct | 886.89 371.956 0.00 2678.4 1431.0 28902[53 88594 49.484 33011.90 -22492 10519.90
Nov | 885.94 349.464 0.00 2592.0 195.5 6137.90 88505 .6979| 8925.30 233 9158.30
Dec| 885.95 349.697 0.00 2678.4 0.0 0.00 886.21 355.7832678.40 6086 8764.40
2000| Jan | 886.21 355.783 0.00 2678.4 0.0 5012.10 886.41 8806 7690.50 4719 12409.50
Feb | 886.41 360.502 0.00 2505.6 0.0 0.00 886.93 372.9192505.60 12417 14922.60
Mar | 886.93 372.919 0.00 2678.4 0.0 0.00 888.22 404.6602678.40 31741 34419.40
Apr | 888.22 404.660 0.00 2592.0 880.6 7155.44 89018 .4435| 10546.20 50757 61303.20
May | 890.18 455.417 38586.20 2678.4 3371.3 0.0 889/79 45.089 63903.20 -10328 53575.20
Jun | 889.79 445,089 32201.30 2592.0 4505.8 0.0 888/98 23.984 39299.10 -21105 18194.10
Jul 888.98 423.984 27491.60 2678.4 6270.0 0.0 887/95 97.986 36440.00 -26078 10362.00
Aug | 887.95 397.906 29949.70 2678.4 49247 0.0 886/87 71.435 37552.80 -26431 11121.80
Sep| 886.87 371.475 24198.90 2592.0 2715.3 378267 085/.9 348.533 33245.60 -22942 10303.64
Oct | 885.90 348.533 0.00 2678.4 1638.8 0.00 886.D0 8308 7220.20 2330 9550.20
Nov | 886.00 350.863 0.00 2592.0 0.0 0.00 886.22 356.0182592.00 5155 7747.00
Dec| 886.22 356.018 0.00 2678.4 0.0 0.00 886.53 363.8482678.40 7330 10008.40
2001| Jan | 88653 363.348 0.00 2678.4 0.0 0.00 886.84 370.7542678.40 7406 10084.40
Feb | 886.84 370.754 0.00 2419.2 0.0 0.00 887.16 378.4802419.20 7726 10145.20
Mar | 887.16 378.480 3145.00 2678.4 0.0 0.00 887.43 8850 5823.40 6583 12406.40
Apr | 887.43 385.063 29401.90 2592.0 0.0 0.0d 886.76 8368 31993.90 -16227 15766.90
May | 886.76 368.836 23258.90 2678.4 0.0 0.0d 88614 1384 28630.40 -14697 13933.40
Jun | 886.14 354.139 36232.70 2592.0 0.0 0.0d 88471 4231 38824.70 -32716 6108.70
Jul 884.71 321.423 27881.30 2678.4 1567.5 0.0 883/38 92.601 32127.20 -28822 3305.20
Aug | 883.38 292.601 23015.20 2678.4 3072.3 0.0 882/09 66.188 28765.90 -26413 2352.90
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Table 6.2 Porsuk Dam Monthly Reservoir Routing 2804) (continued).

2001| Seg 882.09 266.188 12262.80 2592.0 2254.0 0.0¢ 881/3251.125 17108.80 -15043 2065.80
Oci 881.32 251.145 4800.40 2678.4 1195.8 0.0( 881/08 6.58% 8674.60 -4578 4096.60
Nov 881.08 246.567 777.60 2592.0 0.0 0.00 881.80 250.776 3369.60 4194 7563.60
Dec 881.30 250.761 0.00 2678.4 0.0 0.00 884.38 314.1212678.40 63360 66038.40
200z | Jar 884.38 314.121 2164.30 2678.4 0.0 0.00 886.85 839.0 4842.70 44962 49804.70
Fek 886.35 359.083 0.00 2419.2 0.0 0.00 888.25 400.668419.20 47681 50100.20
Mar 888.25 400.668 0.00 2678.4 0.0 0.00 889.87 443.89@678.40 43222 45900.40
Apr 889.87 443.890 0.00 2592.0 0.0 8095338 890.47 5880, 82619.10 16694 99313.10
May 890.47 460.584 0.00 2678.4 0.0 55349.67 889.909  1447) 58028.00 -13440 44588.00
Jur 889.99 447.144 34663.70 2592.0 0.0 0.00 889.p6 3827 37255.70 -19792 17463.70
Jul 889.26 427.352 31561.90 2678.4 0.0 0.00 888.p4 2608, 34240.30 -19092 15148.30
Aug 888.54 408.260 29998.10 2678.4 0.0 0.00 887.65 2385 32676.50 -22982 9694.50
Sey 887.65 385.278 18385.90 2592.0 0.0 0.00 887.36 9397, 20977.90 -7326 13651.90
Oci 887.36 377.949 16372.80 2678.4 0.0 0.00 887.10 3381, 19051.20 -6571 12480.20
Nov 887.10 371.378 0.00 2592.0 0.0 41986.96 886.110 8866, 44098.60 -24492 19606.60
Dec 886.10 346.886 0.00 2678.4 0.0 39975.65 885.6 0827, 42654.00 -19824 22830.00
2003 | Jar 885.26 327.062 0.00 2678.4 0.0 27177.08 885.07 5982 29858.40 -4464 25394.40
Fek 885.07 322.598 0.00 2419.2 0.0 0.00 886.16 348.35®419.20 25752 28171.20
Mar 886.16 348.350 0.00 2678.4 0.0 0.00 887.63 384.772678.40 36422 39100.40
Apr 887.63 384.772 0.00 2592.0 0.0 20556.48 889.67 7835 22913.30 50985 73898.30
May 889.57 435.757 20736.00 2678.4 0.0 3690835 889|5#435.757 60322.80 0.00 60322.80
Jur 889.57 435.757 46424.40 2592.0 0.0 0.00 888.902 2098, 49016.40 -17549 31467.40
Jul 888.92 418.209 44262.70 2678.4 0.0 0.00 887.89 3391, 46941.10 -26866 20075.10
Aug 887.89 391.343 41809.80 2678.4 0.0 0.00 886.87 6385 44488.20 -25665 18823.20
Sey 886.87 365.678 32127.00 2592.0 0.0 0.00 886.00 4384, 34719.00 -21233 13486.00
Oci 886.00 344.445 6780.70 2678.4 0.0 0.00 886.D2 384.0 9459.10 488 9947.10
Nov 886.02 344.933 0.00 2592.0 0.0 0.00 886.15 348.1062592.00 3173 5765.00
Dec 886.15 348.106 0.00 2678.4 0.0 4821.12 886.p5 2876 7499.50 9518 17017.50
2004 Jar 886.55 357.624 0.00 2678.4 0.0 4821.12 887.44 319.0 7499.50 22347 29846.50
Fel 887.44 379.971 0.00 2505.6 0.0 20805.[12 888.11 0897, 23310.72 17032 40342.72
Mar 888.11 397.003 0.00 2678.4 0.0 52885.44 888.34 02@3]| 55563.84 6021 61584.84
Apr 888.34 403.024 27184.03 2592.0 0.0 10385}28 888/53107.998 40161.31 4974 45135.31
May 888.53 407.998 85235.33 2678.4 0.0 0.00 888.47 4286, 87913.73 -1570 86343.73
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Table 6.3 Random Variables Needed for Probalulistalysis.

Variable u o d PDF Reference
Tensile Strength Ang and Tang
3000 300 0.10 Norma
(kPa) (1990)
Peak Cohesion Equations (3.14
931 46.5 0.05 Norma
(kPa) and (6.1)
Peak Friction Ang and Tang
o 1.428 0.057 0.04 Norma|
Coefficient (1990)
Normal Upstream
Reservoir 45.6 1.706 0.037 Normal Present Study
Elevation (m)
Drain Efficiency 0.6 0.18 0.3 Normal Assumed
Ice Load (kN) 52 15.6 0.3 Normal Assumed
_ Ang and Tang
Horizontal PGA(Q) 0.3 0.075 0.25 Normal
(1990)

There are several more random variables that caot@dered in the probabilistic
analysis, which are residual cohesion, residuattibm coefficient, upstream
reservoir increase (flood), silt elevation, sillimetric weight, floating debris, and
last applied external force. However, there areawailable probabilistic data for
all variables. That is why residual cohesion, rneaidfriction coefficient, silt
elevation, and silt volumetric weight are accepisddeterministic variables (See
Table 6.1). These values are entered as constauisimto CADAM but they are

excluded in the probabilistic analysis.
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6.3 CADAM Output and Results

Tables B.1 to B.5 are obtained after the related d¢ao CADAM software are
entered as inputs. The load parameters, inputdimduthe geometry report, and
the results are available in these tables (Tableifkludes information for both
sets. Tables B.2 and B.3 for Data Set 1, and Tdhksind B.5 for Data Set 2 are
presented). Tables B.1 to B.5 are determined byningnthe Monte-Carlo
simulations in usual load combination in CADAM sudire. Tables 6.4 to 6.8 and
6.9 to 6.13 present the summaries that show thetysdhctors and failure
probabilities when Monte-Carlo simulations are fonall load combinations with
data set 1 and data set 2, respectively. Figure® 8.B.14 present the probability
distributions of the safety factors that are deteeu in Table 6.4.

Table 6.4 Results of Probabilistic Analysis (UsGaimbination: Data Set 1).

Output Mean Standard | Minimum | Maximum | Performance Probability
Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)

Sliding Safety

5.850 0.506 4.327 7.979 1.00000 0.0000(
Factor (peak)

Sliding Safety

) 1.558 0.136 1.204 2.049 1.00000 0.0000¢(
Factor (residual

Overturning
Safety Factor 4.443 0.058 4.291 4.626 1.00000 0.0000(
toward Upst.

Overturning
Safety Factor 1.893 0.137 1.530 2.371 1.00000 0.0000(
toward Downst.

Uplifting Safety

3.446 0.105 3.078 3.793 1.00000 0.0000(¢
Factor
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Table 6.5 Results of Probabilistic Analysis (Fld@dmbination: Data Set 1).

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
Sliding Safety |5 557 | 178 4.541 5.929 1.00000 0.0000(
Factor (peak)
sliding Safety | 557 | (g 1.381 1.381 1.00000 0.0000(
Factor (residual
Overturning
Safety Factor 4.533 0.000 4.533 4.533 1.00000 0.0000¢(
toward Upst.
Overturning
Safety Factor 1.704 0.000 1.704 1.704 1.00000 0.0000(
toward Downst.
Uplifting Safety | - 5 5gq 0.000 3.299 3.299 1.00000 0.0000(
Factor

Table 6.6 Results of Probabilistic Analysis (SessthCombination: Data Set 1).

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(¢
joint)
sliding Safety |, g5 | (597 1.526 5.775 1.00000 0.0000(
Factor (peak)
sliding Safety | 7g7 | (136 0.432 1.531 0.06716 0.93284
Factor (residual
Overturning
Safety Factor 4.032 0.113 3.629 4.465 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.183 0.131 0.825 1.893 0.93850 0.0615(
toward Downst.
Uplifting Safety |, 474 0.195 1.855 3.260 1.00000 0.0000(
Factor
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Table 6.7 Results of Probabilistic Analysis (SesthCombination: Data Set 1).

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
Sliding Safety |, g4, 0.566 1.468 5.989 1.00000 0.0000(
Factor (peak)
Sliding Safety | 77, 0.137 0.420 1.603 0.06144 0.93856
Factor (residual
Overturning
Safety Factor 4.320 0.101 3.977 4.607 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.097 0.135 0.740 1.902 0.75278 0.24722
toward Downst.
Uplifting Safety | 5 579 | 0195 1.863 3.333 1.00000 0.0000(
Factor

Table 6.8 Results of Probabilistic Analysis
(Post-Seismic Combination: Data Set 1).
Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
Sliding Safety | 5 g9, | 511 4.372 8.099 1.00000 0.0000(
Factor (peak)
sliding Safety | 57, | (138 1.220 2.074 0.99998 0.00002
Factor (residual
Overturning
Safety Factor 4.460 0.058 4.311 4.640 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.892 0.136 1.531 2.369 1.00000 0.0000(
toward Downst.
Uplifting Safety | - 5 455 0.105 3.088 3.803 1.00000 0.0000(

Factor
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Table 6.9 Results of Probabilistic Analysis (UsGaimbination: Data Set 2).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000
joint)
Sliding Safety | g g5y 0.506 4.265 7.948 1.00000 0.0000
Factor (peak)
sliding Safety | 5o | (136 1.205 2.043 1.00000 0.0000
Factor (residual
Overturning
Safety Factor 4.443 0.058 4.296 4.630 1.00000 0.0000
toward Upst.
Overturning
Safety Factor 1.893 0.136 1.530 2.360 1.00000 0.0000
toward Downst.
gg(':'tﬂo':‘g Safety | 5447 | 0.105 3.078 3.792 1.00000 0.0000

Table 6.10 Results of Probabilistic Analysis (Flddombination: Data Set 2).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000
joint)
sliding Safety | 5,57 | (178 4574 5.914 1.00000 0.0000
Factor (peak)
sliding Safety | 551 | (0o 1.381 1.381 1.00000 0.0000
Factor (residual
Overturning
Safety Factor 4533 0.000 4,533 4533 1.00000 0.0000
toward Upst.
Overturning
Safety Factor 1.704 0.000 1.704 1.704 1.00000 0.0000
toward Downst.
Uplifting Safety | - 5 5gq 0.000 3.299 3.299 1.00000 0.0000

Factor
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Table 6.11 Results of Probabilistic Analysis (§ets1 Combination

: Data Set 2).

Output Mean Standard | Minimum | Maximum | Performance| Probability
Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.00000
joint)
Sliding Safety |, g/, 0.595 1.438 6.042 1.00000 0.00000
Factor (peak)
Sliding Safety | 765 | 135 0.432 1.570 0.06736 0.93264
Factor (residual
Overturning
Safety Factor 4.032 0.113 3.612 4.473 1.00000 0.00000
toward Upst.
Overturning
Safety Factor 1.183 0.130 0.830 1.925 0.94066 0.05934
toward Downst.
Uplifting Safety | 5 35 | 0,194 1.860 3.304 1.00000 0.00000
Factor
Table 6.12 Results of Probabilistic Analysis (8es2 Combination: Data Set 2).
Output Mean Standard | Minimum | Maximum | Performance| Probability
Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 8.540 27.948 0.000 100.00( 0.9146(Q 0.0854p
joint)
Sliding Safety | ggg 0.513 0.379 4.890 0.91460 0.08540
Factor (peak)
sliding Safety | 55q | (194 0.266 1.264 0.00358 0.99642
Factor (residual
Overturning
Safety Factor 5.802 0.290 4,758 6.905 1.00000 0.00000
toward Upst.
Overturning
Safety Factor 0.801 0.131 0.489 1.547 0.07724 0.92276
toward Downst.
Uplifting Safety |, 474 0.195 1.858 3.236 1.00000 0.00000
Factor
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Table 6.13 Results of Probabilistic Analysis
(Post-Seismic Combination: Data Set 2).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.00000
joint)
Sliding Safety
Factor (peak) 5.901 0.515 4.383 8.252 1.00000 0.00000
Sliding Safety | 57 0.139 1.221 2.071 0.99998 0.00002

Factor (residual

Overturning
Safety Factor 4.460 0.058 4.311 4.644 1.00000 0.00000
toward Upst.

Overturning
Safety Factor 1.895 0.137 1.531 2.367 0.99998 0.00002
toward Downst.

Uplifting Safety

3.456 0.106 3.089 3.802 1.00000 0.00000
Factor

Effective stress analyses are presented in Figukeso B.9. The first five figures,
which are analyses of usual, flood, seismic-1, post-seismic combinations, are
the same for both data sets (Figures B.1 to B.X)wdver, for seismic-2
combinations, as the data are different for eadh the figures are shown
seperately (Figures B.6 and B.7 for Data Set lurdeig B.8 and B.9 for Data Set
2). The effective stresses are determined for d&#tcjoint and presented in the

figures.

In CADAM, Monte-Carlo simulations can be run fot &ading combinations.

However, user should specify which combination fosen. Effective stress
analyses, in this thesis, are performed after dhgothe usual combination in
Monte-Carlo simulations and Figures B.1 to B.9 determined for each loading
combination accordingly. However, Tables 6.4 t@6ate determined by choosing

the appropriate combination under the headingsttiegtspecify.
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CHAPTER 7

DISCUSSION OF RESULTS

In the case study, two sets of input data are edtgito CADAM and the results

are investigated. The only difference between tseteis the spectral acceleration
coefficient, which is 0.465g for Data Set 1 and2bd for Data Set 2. These values
are used in the pseudo-dynamic analysis (Choprathddl), so most of the tables
are the same, but the tables showing the seismmarndig analyses are different.
However, it should be noted that in Monte-Carlowdations, random numbers are
generated firstly; that is why the results of tlaene data input may be slightly
different from each other. These differences do aitect the overall view of

results.

In Monte-Carlo analysis, the number of simulatigules, i.e. the number of trials
to generate random numbers, influences the leveklability. The number of
cycles required in a Monte-Carlo simulation to deiee the exact reliability must
be large in order to obtain a significant samplioig simulation events. The
accuracy of the mean risk under a particular sitrariecycle may be estimated by
the coefficient of variation of failure probabiljtyps, which decreases with
increasing sample size. Therefore, simulations Ishioe carried out several times
for large cycles such that the corresponding vallied; is relatively small.
According to Johnson (1999), it is desirable toendv< 0.1. Variations obs
against number of simulation cycles are shown gufd 7.1. It is observed that as
the number of simulation cycles increasggpproaches a constant value, which is
approximately 0.006. Therefore, it can be consdidteat further increases in

number of simulation cycles would not lead to digant accuracy in the
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computations (Yanmaz, 2003). To this end, a 50@@be is brought into the
analysis (See Figure 7.1).
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Figure 7.1 Variation od; against the Number of Simulation Cycles.

The sign conventions are presented in Figures Bdl @a2. Negative sign is
assigned to compression in CADAM. In this thedi® signing of the forces is
used in the way that the stability and the safétthe dam get more critical, i.e.
considering the horizontal and vertical seismicésrin the positive direction but
changing it to the negative direction in the firalculations, so that the dam
inertia will be towards the negative direction, .tdtis is done by multiplying the
seismic forces with “— 1" in the “Load Combinatidngindow of CADAM. The

minus sign is not directly assigned to the grouockkeration values in “Seismic
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Analysis” windows because the hydrodynamic forcetha reservoir could get

affected by the sign change.

The forces that are considered in usual combinagi@ndead load, hydrostatic
(upstream and downstream), uplift, silt, post-tensig, applied external forces,
and ice load. In the flood combination, the forees as in the usual combination
but instead of ice load, floating debris is consede The forces that are considered
in seismic analysis are the ones in the usual caamtibn and seismic forces. It is
the same forces considered in usual combinatiopdet-seismic combination. In
this case study, there are no post-tensioningtifigadebris, or applied external
forces on the dam.

According to the analyses, there is almost 100% bty for usual, flood, and
post-seismic combinations (Tables 6.4, 6.8, 6.9 Gui@). The dam resists and
manages to stay 100% safe. However, when seisnatysas are made, i.e.
pseudo-static (seismic coefficient) and pseudo-oyoa(Chopra’'s Method)
analyses, then sliding stability factors, as welbaerturning towards the upstream
safety factors, become critical and the dam isanger of failure with very high
risks (Tables 6.5, 6.6, 6.7 and 6.10, 6.11, 6.T2e evaluation of the results,
possible causes of failure and management of diffanputs are discussed below:

1. In the analyses with usual and flood combinatidhs, seismic forces are
excluded in the calculations and dam is determindae safe without any
risk. Also, the analyses of after-seismic events/@rto have almost full

reliability.
2. The tensile strength value is taken as 10% of tdmpcessive strength of

the material (CDA, 1999). The compressive strengtl80 MPa, so the

tensile strength becomes 3 MPa. However, thinkiag the dam is over 30
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years old, it would be a more critical analysisatzept no tensile strength
as there may have been cracks where there is detestrength. This
analysis is done at Section 7.1. In the analysik sg@ismic-1 combination
(pseudo-static analysis), only one type of failisrdetermined which is the
failure because of the residual sliding safetydacflso, an increment in
the probability of failure is observed for the dwening safety factor

towards downstream.

When the material properties are entered as input€ADAM, the
cohesion is entered as zero in the residual stresgsh window. Actually,
this value can be taken up to 100 kPa if suppdstetests but it is advised
to consider it as zero in the absence of testd€teet al., 2001). It should
not be forgotten that concrete dams are elevatéa warious heights of
blocks during the construction depending on thectste quality, available
instruments and technology. There are key trenahesch block to resist
sliding. For sliding stability, it is very importanHowever, in CADAM,
there are no definitions of key trenches but thgleaof friction is advised
to be considered as 55° for peak and 45° for rabkidngles of friction
(CDSA, 1995). Tables 7.1 to 7.5 and 7.6 to 7.1Gqme the determined
safety factors with residual cohesion.

. In data set 2, spectral acceleration value is J&Bich is determined
from the specification of Republic of Turkey Mimgtof Public Works and
Settlement (1997). When the program is run with28dlin seismic-2
combination, very high failure probabilities aresebved. The failure
reasons are determined as residual sliding safattof and even
overturning safety factor towards downstream. Alsacks are observed
throughout the dam. These show that there will nitely be various

damages in the proposed dam if such conditionsrottyseudo-dynamic
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analysis, the dynamic amplification of the inefoaces along the height of
the dam is recognized but the oscillatory naturghef amplified inertia
forces is not considered. With the given spectrtakkeration, forces within
the dam increase so high that there is no wayherdiam to resist to this

stress.

4. In risk analysis, instead of safety factors, thebpbility of failure is more
important. In certain cases, the safety factors fnaysmaller than the
required limiting values but keeping the relialilitalues relatively high.
This is because of the nature and elements ofatigom variables, i.e. the
mean, the standard deviation, and the cut-off walie CADAM, safety
factors can be assigned but they are not used enctimputational

algorithm.

5. The bounds (cut-off values) are determined to beetlstandard deviations
away from the mean which provides a convergenc®®73%. For a
higher convergence, up to five standard deviatars be used in Monte-

Carlo simulations.

7.1 Analyses with New Data

The analyses of Data Set 1 and Data Set 2 aretegpeansidering zero tensile
strength and 100 kPa of residual shear strengtestoh. This analysis is made in
order to show how important the tensile strengtiedpecially for cracking and
how the residual sliding safety factor changes. lata sets are called Data Sets 3
and 4 to replace Data Sets 1 and 2, respectivdig. résults are presented in
Tables 7.1 through 7.10.
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Table 7.1 Results of Probabilistic Analysis (UsGaimbination: Data Set 3).

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
Sliding Safety | 5 g/ 0.505 4.355 7.991 1.00000 0.0000(
Fact. peak
Sliding Safety | 947 | 165 1.520 2539 1.00000 0.0000(
Factor (residual
Overturning
Safety Factor 4.443 0.058 4.294 4.624 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.893 0.137 1.530 2.364 1.00000 0.0000(
toward Downst.
gg(';{g?g Safety | 3446 | 0.105 3.077 3.793 1.00000 0.0000(

Table 7.2 Results of Probabilistic Analysis (Fla@dmbination: Data Set 3).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.00000
joint)
Sliding Safety |5 ;47 0.179 4.541 5.891 1.00000 0.00000
Factor (peak)
Sliding Safety | 741 | 900 1.381 1.731 1.00000 0.00000
Factor (residual
Overturning
Safety Factor 4,533 0.000 4,533 4,533 1.00000 0.00000
toward Upst.
Overturning
Safety Factor 1.704 0.000 1.704 1.704 1.00000 0.00000
toward Downst.
gg(':'tfgfg Safety | 5 599 0.000 3.299 3.299 1.00000 0.00000
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Table 7.3 Results of Probabilistic Analysis (SetsthCombination: Data Set 3).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 84.998 22.948 0.000 100.00( 0.444773 0.55528
joint)
Sliding Safety | ) 499 0.801 0.598 5.847 0.69578 0.30422
Fact. peak
sliding Safety | 651 | (197 0.427 1.865 0.17476 0.82524
Factor (residual
Overturning
Safety Factor 4.032 0.112 3.627 4.491 1.00000 0.00000
toward Upst.
Overturning
Safety Factor 1.182 0.130 0.825 1.844 0.93858 0.06142
toward Downst.
gg(':'tﬂo':‘g Safety | 54376 | 0.194 1.852 3.230 1.00000 0.00000

Table 7.4 Results of Probabilistic Analysis (SesthCombination: Data Set 3).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 93.505 16.155 0.000 100.00( 0.21951 0.78049
joint)
sliding Safety | 527 | (419 0.534 5731 0.66927 0.33073
Fact. peak
sliding Safety | 76, 0.177 0.419 1.941 0.11516 0.88484
Factor (residual
Overturning
Safety Factor 4.320 0.101 3.973 4.602 1.00000 0.00000
toward Upst.
Overturning
Safety Factor 1.097 0.135 0.744 1.855 0.75684 0.24316
toward Downst.
Uplifting Safety | -, 554 0.195 1.852 3.208 1.00000 0.00000
Factor
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Table 7.5 Results of Probabilistic Analysis

(Post-Seismic Combination: Data Set 3).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 100.000 0.000 100.000 100.000 0.00000 1.000(¢
joint)
Sliding Safety
Fact. peak 0.665 0.145 0.289 1.264 0.01949 0.9805
Sliding Safety | 46 | g0 0.222 0.835 0.00000 1.0000
Factor (residual
Overturning
Safety Factor 1.287 0.004 1.278 1.308 1.00000 0.0000
toward Upst.
Overturning
Safety Factor 1.168 0.070 0.984 1.407 0.99650 0.0035
toward Downst.
Uplifting Safety | 4 565 | (.047 1.140 1.422 1.00000 0.0000
Factor

Table 7.6 Results of Probabilistic Analysis (UsGaimbination: Data Set 4).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream
crack length 0.000 0.000 0.000 0.000 1.00000 0.0000
(% of joint)
Sliding Safety | 5 a5, | (510 4351 7.991 1.00000 0.0000
Fact. peak
Sliding Safety
Factor 1.949 0.166 1.522 2.536 1.00000, 0.0000
(residual)
Overturning
Safety Factor 4.443 0.058 4.296 4.629 1.00000 0.0000
toward Upst.
Overturning
Safety Factor 1.894 0.137 1.531 2.361 1.00000 0.0000
tow. Downst.
Uplifting 3.447 0.106 3.080 3.792 1.00000 0.0000
Safety Factor
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Table 7.7 Results of Probabilistic Analysis (Fld@dmbination: Data Set 4).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.00000
joint)
sliding Safety | g ;44 0.179 4.595 5.909 1.00000 0.00000
Factor (peak)
Sliding Safety | 74, 0.000 1.731 1.731 1.00000 0.00000

Factor (residual

Overturning
Safety Factor 4.533 0.000 4.533 4.533 1.00000 0.00000
toward Upst.

Overturning
Safety Factor 1.704 0.000 1.704 1.704 1.00000 0.00000
toward Downst.

Uplifting Safety

3.299 0.000 3.299 3.299 1.00000 0.00000
Factor

Table 7.8 Results of Probabilistic Analysis (SetsthCombination: Data Set 4).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream
crack length 84.895 23.083 0.000 100.00( 0.44587 0.55418
(% of joint)
Sliding Safety | 4 54 0.807 0.593 5.735 0.69978 0.30022
Fact. peak
Sliding Safety
Factor 0.822 0.198 0.427 1.894 0.17540 0.82460
(residual)
Overturning
Safety Factor 4.033 0.112 3.632 4.505 1.00000 0.00000
toward Upst.
Overturning
Safety Factor | 1.182 0.131 0.822 1.872 0.94038 0.05962
tow. Downst.
Uplifting 2379 | 0.194 1.853 3.244 1.00000 0.00000
Safety Factor
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Table 7.9 Results of Probabilistic Analysis (SesthCombination: Data Set 4).

Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream
crack length 99.756 3.018 13.935 100.00( 0.01034 0.98967
(% of joint)
Sliding Safety
Fact. peak 0.795 0.220 0.379 4.736 0.11937 0.88063
Sliding Safety
Factor 0.553 0.127 0.268 1.614 0.00642 0.99358
(residual)
Overturning
Safety Factor 5.801 0.289 4,720 6.908 1.00000 0.00000
toward Upst.
Overturning
Safety Factor 0.802 0.132 0.491 1.605 0.07884 0.92116
tow. Downst.
Uplifting 2381 | 0.195 1.862 3.287 1.00000 0.00000
Safety Factor

Table 7.10 Results of Probabilistic Analysis
(Post-Seismic Combination for Data Set 4).
Output Mean Standard | Minimum | Maximum | Performance| Probability

Parameters Deviation Value Value Index of Failure
Upstream
crack length 100.000 0,000 100.000 100.000 0.00000 1.000d
(% of joint)
Sliding Safety | - g6 0.145 0.295 1.277 0.01914 0.98086
Fact. peak
Sliding Safety
Factor 0.466 0.100 0.222 0.836 0.00000 1.00000
(residual)
Overturning
Safety Factor | 1.287 0.004 1.278 1.311 1.00000 0.00000
toward Upst.
Overturning
Safety Factor | 1.168 0.070 0.984 1.408 0.99646 0.00354
tow. Downst.
Uplifting 1.265 0.047 1.140 1.422 1.00000 0.00000
Safety Factor
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The safety factors in usual and flood combinatiforsData Set 3 and 4 remain
almost the same as the ones in Data Set 1 and\Ze\do, in seismic analysis,
severe cracking is observed and the analyses eigm& combinations show that
the probability of failure from cracking is veryghi. Cracking initiates at the heel
of the dam when the compressive stress does naevachthe minimum

compressive value. As the tensile strength inpuentered as zero, no benefit
comes from tensile strength in order to resist ¢hecking action. In cracking

options, the criterion may be chosen as the temstlation strength being equal to

zero. However, no difference should be observed.

Assigning a 100 kPa residual shear strength cohassareases the residual sliding
safety factor from 1.558 to 1.947 in usual comboratfor data set 1. For the
analyses with other combinations, slightly increbmesidual sliding safety factors
are observed but again, in seismic loading, théadriity of failure for this factor
reaches almost unity. This is because of the esrsirear forces which are
generated by very high seismic accelerations.

7.2 Deterministic Safety Factor and Failure Probability Analyses

In conventional deterministic approaches, safetjofs are calculated using forces
and moments from the assigned dimensions. As loegthe minimum
requirements of safety factors are satisfied, ffexceof further increases in safety
factors on the overall stability cannot be assessethtional basis. More realistic
evaluation of safety can be achieved using the equnof probability of failure
which can be obtained through a probability-basethod. To this end, various
base widths are assigned to Porsuk Dam and thespamding safety levels are
checked under usual loading using both determimgstd probabilistic approaches
of CADAM. The outputs of this analysis provided aean to compare

deterministic safety factors and probability ofldee values for the base widths
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tested. The results are presented in Tables 74X 42. The following analysis is
performed to show the related graphs of determinsstfety factors corresponding

the failure probabilities for a given dam width.

Table 7.11 Deterministic Safety Factors for Dagd 5in Usual Combination.

B (m) | SSF(Peak) SSF(Residual) OSF(Upst.)] OSF(Downst.) Uplifting
39.4 5.797 1.543 4.461 1.874 3.443
35 5.198 1.404 4.934 1.679 3.504
30 4,182 1.247 5.734 1.429 3.593
25 3.197 1.089 7.045 1.152 3.719
21 0.542 0.380 2.549 0.723 1.413
20 0.537 0.376 2.727 0.687 1.429

Table 7.12 Failure Possibilities for Data Set Usual Combination.

B (m) | SSF(Peak) SSF(Residual) OSF(Upst.)| OSF(Downst|)Uplifting

39.4 | 0.00000 0.00000 0.00000Q 0.00000 0.00p00
35 0.00000 0.00000 0.00000 0.00000 0.00000
30 0.00000 0.00210 0.00000 0.00000 0.00000
25 0.01592 0.14222 0.00000 0.04378 0.00000
21 0.69998 0.73260 0.00000 0.80332 0.00000
20 0.89526 0.89954 0.00000 0.94058 0.00000

The graphical views of various safety factors aatlife probabilities for different

values of the width, B, of the dam can be seenigures 7.2 and 7.3. There are

possibilities of failure for each kind of factorgcept overturning towards the
upstream and uplifting safety factors. That is \iingse factors are not included in
the graphical view of Tables 7.11 and 7.12. Upstresack percentage is actually
the same with the failure probability of it, soghs excluded in Figures 7.2 and
7.3, too. When the base width is less than or equab m, the cracking begins
resulting in a high probability of failure and sgfdactors below unity which

represents the static equilibrium case.
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Percent changes of the safety factors under eassh Wwalth value relative to the

original base width are determined by dividing thiéerence of safety factors by
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the safety factor obtained using the original baskh. Incremental changes of the
failure probabilities are determined by subtractthg initial failure probability
value from the failure probability under a parteubase width (See Figures 7.4
and 7.5).
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When the analysis is executed at the actual widththe dam for usual
combination, it can be seen that there is a fuiabdity for the dam. However,
when the width begins to decrease, the safety factecrease and corresponding
failure probabilities increase. Even if some safatfors are over unity, again high

failure probabilities are observed, so probabdisfpproach is more realistic.

7.3 Analysis of the Changes in Stresses in the Vertical Direction

In this section, variations in normal and upliftesses throughout the height of the
dam are investigated. To reduce the number of plessombinations, this analysis
is only carried out for the usual loading. In tmalysis of Porsuk Dam, a reduction
factor is used in the uplift force consideratiortdngse of an existing drain, which
is located at 16.85 m above the base. In CADAM,upidt pressure is calculated
for each joint which are presented in the stabiitgwings (Figures B.1 to B.9).
The uplift pressure distribution along the heightr® dam at the level of joints is
presented in Figure 7.6. As can be seen from igisd, the uplift force reduces
rapidly at the drain level. Uplift distributionsrfthe rest of the load combinations

are the same as the one for usual combination.
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Figure 7.6 Uplift Distribution Along the Height tie Dam.
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Additional analysis is carried out to observe ttaiation of vertical normal

stresses on both sides of the dam throughout igéthef the dam.

An analysis for the normal stress distribution ddferent loading combinations is
performed in order to obtain at which joints theesses exceed the allowable

values.

The normal stresses, in kPa, along the height ef dam for each joint are
presented in Tables 7.13 and 7.14 for Data Sé&talles 7.15 and 7.16 for Data

Set 2; for upstream and downstream.

It should be noted that the normal stress valuesadapted from the effective
stress analysis. The values of the stability amalgse not considered here.
Negative sign shows that the stress is compresbigeres 7.7 to 7.10 are also

presented in order to provide a visual scene ohtiteal stress distributions.

Table 7.13 Upstream Normal Stress Values of Datd S

Height| Usual Flood | Seismic-1| Seismic-2| Post-Seismic
(m) Loading | Loading| Loading | Loading Loading
49.50 -4.709 -4.709 -3.579 -2.773 -4.709
45.00| -94.592| -63.391 31.913 430.627 -94.592
40.50 | -24.982 11.788 420.074  1599.0P9 -24.982
36.00 | -125.429| -53.878 295.442  1082.6[14 -125.429
31.50 | -125.105] -37.196 326.738 978.956 -125.105
27.00 | -116.103| -18.837 385.510 959.487 -116.103
22.50 | -107.600| -4.295 451.87% 962.648 -107.600
18.00 | -100.657 6.863 520.669 971.419 -100.65[7
1350 | -221.099| -120.674 464.215 855.410 -221.099
9.00 -234.376| -131.56/7 516.124 849.442 -234.376
450 | -248.252| -143.36[1l 568.133 848.286 -248.058
0.00 | -276.151| -151.834 622.916 857.962 -258.063
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Table 7.14 Downstream Normal Stress Values of Batdl.

Height| Usual Flood | Seismic-1| Seismic-2| Post-Seismic
(m) Loading | Loading| Loading | Loading Loading
49.50 -4.709 -4.709 -3.955 -4.761 -4.709
45.00 | -120.836| -126.531-203.078 | -601.792 -120.836
40.50 | -321.781| -333.045-687.478 | -1866.433 -321.781
36.00 | -169.153| -215.198-512.272 | -1299.445 -169.153
31.50 | -186.673| -249.077 -548.492 | -1200.714 -186.673
27.00 | -233.687| -305.448-628.850 | -1202.826 -233.687
22.50 | -289.205| -367.004 -723.996 | -1234.769 -289.205
18.00 | -347.867| -429.880-825.336 | -1276.087 -347.867
13.50 | -407.873| -492.994-929.604 | -1320.799 -407.873
9.00 | -468.506| -556.012-1035.344| -1368.663 -468.506
4.50 -515.339| -605.137-1127.762| -1407.91% -515.744
0.00 | -389.516| -635.574-1290.039| -1125.766 -526.843

Table 7.15 Upstream Normal Stress Values of Dat®S

Height| Usual Flood | Seismic-1| Seismic-2| Post-Seismic
(m) Loading | Loading| Loading | Loading Loading
49.50 -4.709 -4.709 -3.579 -1.471 -4.709
45.00 | -94.592| -63.391 31.913 1093.708 -94.592
40.50 | -24.982 11.788 420.074  3675.538 -24.982
36.00 | -125.429| -53.878 295.442  2607.611 -125.429
31.50 | -125.105| -37.196 326.733  2371.800 -125.105
27.00 | -116.103| -18.837 385.510 2313.087 -116.103
22.50 | -107.600( -4.295 451.87%  2301.517 -107.600
18.00 | -100.657 6.863 520.669  2298.580 -100.657
1350 | -221.099| -120.674 464.215 | 2165.838 -221.099
9.00 | -234.376| -131.567 516.124 | 2134.897 -234.376
450 | -248.252| -143.36[1 568.133 | 2099.417 -248.058
0.00 | -241.160| -151.834 622.916 | 2065.161 -258.063
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Table 7.16 Downstream Normal Stress Values of Bate2.

Height| Usual Flood | Seismic-1| Seismic-2| Post-Seismic
(m) Loading | Loading| Loading | Loading Loading
49.50 -4.709 -4.709 -3.955 -6.063 -4.709
45.00 | -120.836| -126.531-203.078 | -1264.873 -120.836
40.50 | -321.781] -333.045-687.478 | -3942.942 -321.781
36.00 | -169.153] -215.198-512.272 | -2824.441 -169.153
31.50 | -186.673| -249.077-548.492 | -2593.559 -186.673
27.00 | -233.687| -305.448-628.850 | -2556.427 -233.687
22.50 | -289.205| -367.004 -723.996 | -2573.639 -289.205
18.00 | -347.867| -429.880-825.336 | -2603.248 -347.867
13.50 | -407.873| -492.994-929.604 | -2631.227 -407.873
9.00 | -468.506| -556.012-1035.344| -2654.117 -468.506
450 | -515.339| -605.13/7-1127.762| -2659.046 -515.744
0.00 | -558.500| -635.574-1199.010| -2641.25% -544.649
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The normal stress analyses show that the usuabd,fl@and post-seismic
combinations have compressive values which areirwiimits, i.e. 1/3 of the
allowable compressive stress. When seismic-1 arginge2 combinations are
investigated, very high tensile stresses for thegrepm and very high compressive
stresses for the downstream are observed. In tinsieam, especially, the
compressive stresses for the seismic-2 combinatievery high. However, in the
upstream, for both of the seismic combinations ténsile stresses are so high that
they exceed the limit value for tension, i.e. 10%the allowable compressive
stress, and may cause the failure of the dam. R@am has been under operation
for over 30 years. The seismic analyses are peerifor very high spectral

accelerations, so when the analyses with usual c@tin are checked, there is
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no probability of failure for this dam as the seisifiorces are not considered. It is
not known when and how hard an earthquake occurd the accelerations of a
possible earthquake are less than the ones thairesented in this thesis, then

Porsuk Dam will continue to safely serve its intedianission.

7.4 Sensitivity Analysis

The sensitivity analyses are performed to obsehee dffect of variations in
statistical information. Additional data that woudé available in the future may
change the coefficients of variation of the reldvaariables involved in the
phenomenon. In fact, various possible combinationg?DFs and coefficients of
variation should be considered. To reduce the nurab@ossible combinations,
only the following analysis is carried out. To tleisd, coefficient of variation of
each random variable is increased by 10%, 20%,389d while the means of
these random variables and the corresponding Pi2Hseat constant (See Tables
7.18, 7.20, and 7.22).

The analyses are executed using seismic-1 load inatidn in CADAM because
the earthquake effect is included in this kind ofbination and it is the same for
both data sets 1 and 2 as the horizontal speatcalexation is not needed (See
Tables 7.17, 7.19, 7.21, 7.23). Summary of sersitianalysis, i.e. the safety
factors and failure probabilities, is presented @ble 7.24 (See Figures 7.11 and
7.12). Table 7.17 has been already generated wwihiritial coefficients of
variation (Table 6.6). However, it is also presdnbere in order to compare the
safety factors with the tables of increased coeffits of variation.
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Table 7.17 Output with the Initial Coefficients \dariation.

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
sliding Safety |, g5 | (597 1.526 5.775 1.00000 0.0000(
Factor (peak)
sliding Safety | 769 | (136 0.432 1531 0.06716 0.93284
Factor (residual
Overturning
Safety Factor 4.032 0.113 3.629 4.465 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.183 0.131 0.825 1.893 0.93850 0.0615(
toward Downst.
Uplifting Safety | -, 579 0.195 1.855 3.260 1.00000 0.0000(
Factor

|

Table 7.18 Random Variables Needed for Probaicilfstalysis with %10

Increased Coefficients of Variation.

Variable Mean Std. Dev. C.0.V. PDF
Tensile Strength | 5, 330 011| Norma
(kPa)

PeaicCanesion 931 51.21 0.055 Normal

(kPa)

Peak Friction 1428 | 0063 | 0044 Normd

Coefficient

Normal Upstream

Reservoir 45.6 1.877 0.041 Normal

Elevation (m)

Drain Efficiency 0.6 0.198 0.33]  Normal
Ice Load (kN) 52 17.16 0.33  Normal
Horizontal PGA(Q) 0.3 0.083 0.275 Normal
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Table 7.19 Output with %10 Increased Coefficierit¥ariation.

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
Sliding Safety
Factor (peak) 2.861 0.666 1.424 6.129 1.00000 0.0000(
Sliding Safety | 765 | 157 0.402 1582 0.08896, 0.91104
Factor (residual
Overturning
Safety Factor 4.034 0.124 3.574 4524 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.186 0.146 0.797 1.938 0.91914 0.0808¢
toward Downst.
Uplifting Safety | -, 55, 0.217 1.809 3.343 1.00000 0.0000(
Factor

Table 7.20 Random Variables Needed for Probaigilfstalysis with %20
Increased Coefficients of Variation.

al

Variable Mean Std. Dev. C.0.V. PDF
Tensile Strength | 5, 360 012| Norma
(kPa)

Peak Cohesion | g4 55.86 0.06| Norma
(kPa)

Peak Friction 1428| 0069 | 0048 Normd
Coefficient

Normal Upstream

Reservoir 45.6 2.05 0.045 Norma
Elevation (m)

Drain Efficiency 0.6 0.216 0.36] Norma
Ice Load (kN) 52 18.72 0.36 Norma
Horizontal PGA(Q) 0.3 0.09 0.30 Normg

3l

154

}



Table 7.21 Output with %20 Increased Coefficierit¥ariation.

Output Mean Standard | Minimum | Maximum | Performance Probability

Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000(
joint)
Sliding Safety
Factor (peak) 2.881 0.726 1.370 7.803 1.00000 0.0000(
Sliding Safety | 765 | 167 0.389 1.946 0.10692 0.89304
Factor (residual
Overturning
Safety Factor 4.035 0.133 3.558 4567 1.00000 0.0000(
toward Upst.
Overturning
Safety Factor 1.189 0.160 0.785 2.262 0.90202 0.0979¢
toward Downst.
Uplifting Safety | -, 557 0.237 1.783 3.654 1.00000 0.0000(
Factor

Table 7.22 Random Variables Needed for Probaigilfstalysis with %30

Increased Coefficients of Variation.

Variable Mean Std. Dev. C.0.V. PDF
Tensile Strength | 5, 390 0.13| Norma
(kPa)

Peak Cohesion | g4 60.5 0.065 Norma
(kPa)

Peak Friction 1428 | 0074 | 0053 Normd
Coefficient

Normal Upstream

Reservoir 45.6 2.217 0.049 Normal
Elevation (m)

Drain Efficiency 0.6 0.234 0.39] Normal
Ice Load (kN) 52 20.28 0.39 Normal
Horizontal PGA(Q) 0.3 0.0975 0.326 Normal
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Table 7.23 Output with %30 Increased Coefficierit¥ariation.

Output Mean Standard | Minimum | Maximum | Performance Probability
Parameters Deviation Value Value Index of Failure
Upstream crack
length (% of 0.000 0.000 0.000 0.000 1.00000 0.0000¢
joint)
Sliding Safety
Factor (peak) 2.903 0.793 1.224 7.932 1.00000 0.0000¢
?“d'”g Safety | g79p | 0183 0.348 1.921 0.12792 0.8720¢
actor (residual
Overturning
Safety Factor 4.036 0.143 3.540 4,547 1.00000 0.0000¢
toward Upst.
Overturning
Safety Factor 1.192 0.175 0.743 2.238 0.88208 0.11792
toward Downst.
gp"ﬁ'”g Safety | 5 391 0.259 1.703 3.635 1.00000 0.0000(
actor
Table 7.24 Summary of Sensitivity Analyses.
| Safety Factors \
C.0.v. §) SSF SSF OSF OSF USE
multiplier (Peak) | (Residual) | (Upst.) |(Downst.)
1 2.839 0.781 4.032 1.183 2.379
1.1 2.861 0.785 4.034 1.186 2.384
1.2 2.881 0.788 4.035 1.189 2.387
1.3 2.903 0.792 4.036 1.192 2.391
| Failure Probabilities |
C.0.V. ©) SSF SSF OSF OSF USE
multiplier (Peak) | (Residual) | (Upst.) |(Downst.)
1 0.00000 0.93284 0.00000 0.06150 0.00000
1.1 0.00000 0.91104 0.00000 0.08086 0.00000
1.2 0.00000 0.89308 0.00000 0.09798 0.00000
1.3 0.00000 0.87208 0.00000 0.11792 0.00000
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When Table 7.24 and Figure 7.11 are investigated,dlearly seen that, all of the
means of the safety factors increase as the cmeitecof variation increase. This
may be due to the fact that increasing coefficietgariation would cover wider
ranges of relevant variables involved in safetylyis resulting in an increment in

the reliability of the system.

Results of the analysis indicate that the failurebpbility of the overturning

towards the downstream increase whereas the faitokeability of residual sliding

decrease as the coefficients of variation incrg&@ee Figure 7.12). Since the
failure probabilities for uplifting, peak slidingand overturning towards the
upstream safety factors are zero, these are naidedt in Figure 7.12. As a
concluding remark, it can be stated that the efbéaticrease in the coefficients of
variation is not significant in the overall statyli Variations of mean values for

the variables can also be tested additionally msiseity analysis.
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Figure 7.11 Percent Changes of Safety Factoremsifvity Analysis.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

There is a need to ensure that the design standadi<criteria of dams meet
contemporary requirements for operational and puddfety as dams get older. If
a dam is going to be constructed, then besidessdfe-design concerns, cost
concern is also an important issue. Reliabilitydohslesigns decrease the cost
since risk is computed using a more realistic bagigh reflects the probabilistic
nature of all loading and resistance parametersveder, deterministic dam
design approaches yield huge project costs sincg high safety factors are
adopted which are unnecessary for most of the c&adsty factors over unity,
which represents the static equilibrium case, magnelead to high failure
probability. Thus, the probabilistic safety anasy$s much more realistic and
rational than the conventional safety methods.

Risk assessment and risk management can increasguétity and value of the
achievements compared to traditional dam engingepproaches. Since the goal
is to avoid the dam failures by reducing risk tmast zero with optimum cost,
dam safety risk assessment and risk managementahkeg role in modern dam
safety programs. The purpose of risk assessmetot assist decision-makers to
make better decisions. When decisions need to ke mzased on partial and
incomplete information, the decision-maker doeshaote adequate time to reach a
complete, unquestioned solution. In that caseattalable imperfect information
must be synthesized at a particular stage to repress closely as possible the

state of the knowledge at that time.

159



This thesis deals with the probabilistic assessnoémtrobability of failure of a
concrete gravity dam under various possible faimogles. Needed information is
collected from the General Directorate of State tdytic Works and the related
literature. Risk and dam safety concepts in gersmealdescribed and the standard
mathematical procedures are given in order to hametter realization of the
concept. As a case study, Porsuk Dam, which isharete gravity dam situated in
close vicinity to Eskiehir, is analyzed using CADAM software that is whea
the Monte-Carlo simulations to determine the reliigh CADAM is a very useful
tool in order to determine the failure probabilibf a concrete gravity dam
provided that the required input data are avaslablowever, it is lack of the
definitions of certain terms as random variablesassMimportant ones are the
fundamental period and the modulus of elasticityctvican also be defined as

random variables for a more realistic analysis.

In research of various dam safety cases, a prafiabgeismic hazard assessment,
which takes into account the recurrence rates td@mi@al earthquakes on each fault
and the potential ground motion that may resulinfreach of those earthquakes,
can be used. It consists of the specificationsefiikelihood, magnitude, location,
and nature of earthquakes that may severely ooctlrei region or at the site and
estimating the peak ground acceleration. The bé&sisall seismic hazard
assessment is the analysis of seismicity or theromece of earthquake in space
and time. Seismic hazard analysis requires an srteees of the future earthquake
potential of the area under consideration, so ttatsafety analysis, based on the
determined quantities, can be conducted.

Under normal circumstances, Porsuk Dam is detewtoebe safe but in the
condition of a severe earthquake, a high risk difa is obtained. It should,
however, be stated that the analyses are carriedoowertain combinations of

governing parameters. In fact, several additiorm&inarios can be generated to
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observe the variation of dam safety under almosvewsal conditions. As a
concluding remark, it can be stated that the risg&eld analysis of Porsuk Dam
needs to be supplemented by integrating risk mamege and risk assessment

steps to the methodology, which are assumed thésdope of a future research.

Probabilistic evaluation of the safety of an exigtidam can be achieved using
related information obtained from continuous momitg. To this end, periodic

reviews of hazard determinations and safety dewssior all dams should be

required, especially when safety evaluations asedb@an criteria less conservative
than the probable maximum flood or the maximum ibledearthquake. Research
efforts, designed to provide better bases for edtilg magnitudes and frequencies
of extreme floods and earthquakes, for estimatagtions of dams to such natural
hazards, and for establishing acceptable levelssk$, should be continued. As
there is progress in seismology, hydrology, metegsg and the relevant data
bases, and as public gets aware of the risk coneepéview of dam safety

practices and standards should be periodically ditatad in this respect. It is now
time for Turkey to develop contemporary dam safgiydelines based on risk
analysis and management concepts which shoulddmaad by the collaborated

activities of universities and public agencies.
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APPENDIX A

WHITTIER EARTHQUAKE SPECTRUM

The guantities of the symbols that are used ind&all.2 and A.3 which present
the strong motion database spectrum for a certaitnguake are given in Table
Al

Table A.1 Quantity of Symbols for PEER DatabasecBpm (PEER, 2000).

Symbol Quantity Units
FREQ NO | Frequency Number none:
FREQ Frequency Hz

RD Relative Displacement (SD) cm
RV Relative Velocity cm/seq
PRV Pseudo Relative Velocity (SV) cm/sec
AA Absolute Acceleration g
PAA Pseudo Absolute Acceleration (SA) g
MAG Magnification Ratio (Response Spectral Shabér)lone)
PER Period seconds
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Table A.2 PEER Strong Motion Database Spectrumiti®hEQ-1 (PEER, 2000).

Whittier Earthquake Spectrum — 1 (Damping = 10 %)

PROCESSING BY USC. WHITTIER 10/01/87 14:42, SAN GAB

FILTER POINTS: HP=0.35 Hz LP=25.0 Hz
NO FREQ=112,DAMP=.100:

NO

FREQ

.50000E-01
.66670E-01
.71430E-01
.76920E-01
.83330E-01
.90910E-01

.11765E+00
.12500E+00
.13333E+00
.14286E+00
.15385E+00
.16667E+00
.18182E+00
.20000E+00
.20833E+00
.21739E+00
.22727E+00
.23810E+00
.25000E+00
.26316E+00
.27778E+00
.29412E+00
.31250E+00

RD RV
.33459E+01
.33654E+01
.33728E+01
.33789E+01
.33939E+01
.34047E+01
.10000E+00 .34279E+01 .23183E+02
.10526E+00 .34415E+01 .23217E+02
.11111E+00 .34583E+01 .23253E+02 .24143E+01

.34789E+01
.35029E+01
.35347E+01
.35728E+01
.36206E+01
.36822E+01
.37595E+01
.38562E+01
.39005E+01
.39478E+01
.39976E+01
.40489E+01
.40992E+01
41452E+01
41819E+01
.42081E+01
.42090E+01

PRV

.22951E+02
.23007E+02
.23033E+02
.23064E+02
.23090E+02
.23135E+02

.23297E+02
.23353E+02
.23420E+02
.23507E+02
.23620E+02
.23772E+02
.23986E+02
.24301E+02
.24468E+02
.24669E+02
.24910E+02
.25201E+02
.25556E+02
.25990E+02
.26522E+02
.27170E+02
.27958E+02

.10511E+01
.14097E+01
.15137E+01
.16330E+01
.17769E+01
.19448E+01

.21538E+01
.22761E+01

.25716E+01
.27512E+01
.29611E+01
.32070E+01
.34999E+01
.38561E+01
42949E+01
.48458E+01
.51057E+01
.53923E+01
.57085E+01
.60574E+01
.64390E+01
.68541E+01
.72989E+01
JJ7T767E+01
.82645E+01

AA PAA
.14805E-02
.19963E-02
.21470E-02
.23219E-02
.25247E-02
.27704E-02
.31009E-02
.33207E-02
.35734E-02
.38706E-02
42250E-02
.46487E-02
.51605E-02
.57901E-02
.65825E-02
.76018E-02
.89500E-02
.96142E-02
.10369E-01
11231E-01
.12220E-01
.13355E-01
.14661E-01
.16163E-01
17877E-01
.19807E-01
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.33662E-03
.60198E-03
.69254E-03
.80454E-03
.94840E-03
11324E-02
.13795E-02
.15345E-02
.17181E-02
.19378E-02
.22026E-02
.25287E-02
.29344E-02
.34488E-02
A41164E-02
.50016E-02
.62074E-02
.68127E-02
.75081E-02
.83096E-02
.92375E-02
.10310E-01
.11552E-01
.12985E-01
.14649E-01
.16541E-01

MAG RAT
.48760E-02
.65744E-02
.70708E-02
.76468E-02
.83149E-02
.91239E-02
.10212E-01
.10936E-01
.11768E-01
12747E-01
13914E-01
.15309E-01
.16995E-01
.19068E-01
.21678E-01
.25035E-01
.29475E-01
.31662E-01
.34149E-01
.36987E-01
40245E-01
43982E-01
.48285E-01
.53231E-01
.58876E-01
.65231E-01

PER

RIEL-E GRAND AV, 180 (USC STATION 90019)

.20000E+02
.14999E+02
.13999E+02
.13000E+02
.12000E+02
.10999E+02
.10000E+02
.95002E+01
.90000E+01
.84997E+01
.80000E+01
.75001E+01
.69998E+01
.64998E+01
.59998E+01
.54999E+01
.50000E+01
.48000E+01
.46000E+01
.44000E+01
41999E+01
.40000E+01
.37999E+01
.35999E+01
.33999E+01
.32000E+01



NO
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

FREQ

.33333E+00
.35714E+00
.38462E+00
.41667E+00
.45455E+00
.50000E+00
.52632E+00
.55555E+00
.58824E+00
.62500E+00
.66667E+00
.71429E+00
.76923E+00
.83333E+00
.90909E+00
.10000E+01
.10526E+01
J11111E+01
.11764E+01
.12500E+01
.13333E+01
.14285E+01
.15000E+01
.15384E+01
.16666E+01
.18181E+01
.20000E+01
.20833E+01
.21739E+01
22727E+01
.23809E+01
.25000E+01
.26315E+01

RD RV
41632E+01
.40464E+01
.45297E+01
.51751E+01
.58027E+01
.62432E+01
.63146E+01
.62428E+01
.60087E+01
.57268E+01
.61296E+01
.62002E+01
.61683E+01
.58916E+01
.54763E+01
.57665E+01
.62801E+01
.68029E+01
.73797E+01
.76965E+01
.77902E+01
.73119E+01
.69845E+01
.67572E+01
.59699E+01
49191E+01
.40460E+01
.37212E+01
.34520E+01
.31094E+01
.26962E+01
.22097E+01
.19323E+01

PRV

.28897E+02
.29983E+02
.31164E+02
.32294E+02
.33061E+02
.32911E+02
.35233E+02
.37350E+02
.38810E+02
.39136E+02
.37938E+02
.35197E+02
.35861E+02
.40058E+02
41686E+02
42928E+02
44532E+02
.50355E+02
.56282E+02
.64487E+02
.69398E+02
.67344E+02
.63424E+02
.63297E+02
.58640E+02
.49503E+02
A45745E+02
43647E+02
42406E+02
.39658E+02
.35050E+02
.27901E+02
.23888E+02

.87193E+01
.90800E+01
.10946E+02
.13548E+02
.16572E+02
.19613E+02
.20882E+02
.21791E+02
.22208E+02
.22489E+02
.25675E+02
.27826E+02
.29812E+02
.30848E+02
.31280E+02
.36232E+02
41536E+02
A47493E+02
.54551E+02
.60448E+02
.65263E+02
.65631E+02
.65827E+02
.65318E+02
.62517E+02
.56196E+02
.50843E+02
.48710E+02
A47151E+02
.44403E+02
.40336E+02
.34709E+02
.31950E+02

AA PAA
.21920E-01
.24115E-01
.30118E-01
.39435E-01
.51787E-01
.67004E-01
.74990E-01
.82727E-01
.89116E-01
.93789E-01
.11506E+00
.13374E+00
.15179E+00
.16950E+00
.18637E+00
.23785E+00
.28639E+00
.34775E+00
.42091E+00
.49512E+00
.56877E+00
.61057E+00
.64406E+00
.65557E+00
.67942E+00
.66537E+00
.66065E+00
.66301E+00
.66702E+00
.65591E+00
.62223E+00
.55935E+00
.54928E+00
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MAG

.18615E-01
.20770E-01
.26966E-01
.36157E-01
48249E-01
.62812E-01
.70394E-01
.77538E-01
.83672E-01
.90025E-01

.10963E+00
.12730E+00
.14688E+00
.16465E+00
.18213E+00
.23206E+00
.28003E+00
.33799E+00
.41105E+00
.48395E+00
.55733E+00
.60051E+00
.63242E+00
.64362E+00
.66735E+00
.65442E+00
.65129E+00
.64997E+00
.65651E+00
.64635E+00
.61511E+00
.55578E+00
.53852E+00

RAT

.37895E+00
.44046E+00
49992E+00
.55822E+00
.61380E+00
.78332E+00
.94320E+00
.11452E+01
.13862E+01
.16305E+01
.18731E+01
.20107E+01
.21210E+01
.21590E+01
.22375E+01
.21912E+01
.21757E+01
.21835E+01
.21967E+01
.21601E+01
.20492E+01
.18421E+01
.18089E+01

PER

.72192E-01 .30000E+01
.79419E-01 .28000E+01
.99188E-01 .25999E+01
.12987E+00
.17055E+00
.22066E+00
.24696E+00
.27244E+00
.29348E+00
.30887E+00

Table A.2 PEER Strong Motion Database Spectrumiti#thEQ-1 (PEER, 2000) (continued-1).

.23999E+01
.21999E+01
.20000E+01
.18999E+01
.18000E+01
.16999E+01
.16000E+01

.14999E+01
.13999E+01
.13000E+01
.12000E+01
.11000E+01
.10000E+01
.95000E+00
.90000E+00
.85000E+00
.80000E+00
.75000E+00
.70000E+00
.66666E+00
.65000E+00
.59999E+00
.55000E+00
.50000E+00
.48000E+00
.46000E+00
43999E+00
.42000E+00
.40000E+00
.37999E+00



NO
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

FREQ

27777E+01
.29411E+01
.31250E+01
.33333E+01
.34500E+01
.35714E+01
.38461E+01
41666E+01
45454E+01
.50000E+01
.52631E+01
.55555E+01
.58823E+01
.62500E+01
.66666E+01
.71428E+01
.75000E+01
.76923E+01
.83333E+01
.90909E+01
.10000E+02
.10526E+02
A11111E+02
.11764E+02
.12500E+02
.13333E+02
.14285E+02
.15000E+02
.15384E+02
.16666E+02
.18181E+02
.20000E+02
.20833E+02

RD RV
.16365E+01
.12945E+01
.10504E+01
.93812E+00
.86051E+00
.79865E+00
.62121E+00
.54602E+00
.56736E+00
.52122E+00
.48193E+00
.42813E+00
.35307E+00
.31498E+00
.29223E+00
.24496E+00
.21020E+00
.19285E+00
.17276E+00
.14063E+00
.10859E+00
.10062E+00
.92611E-01
.82253E-01
.72657E-01
.62929E-01
.53625E-01
.45490E-01
.42040E-01
.33342E-01
.26615E-01
.21484E-01
.19554E-01

PRV

.20999E+02
.19063E+02
.18388E+02
.16668E+02
.15798E+02
.14504E+02
11621E+02
.11851E+02
.14413E+02
.11953E+02
.10861E+02
.95688E+01
.10273E+02
.10936E+02
.10473E+02
.91498E+01
.81866E+01
77397E+01
.68293E+01
.58625E+01
A49744E+01
46849E+01

.44290E+01
.39316E+01
.33653E+01
.26687E+01
.20430E+01
.17080E+01
.15397E+01
.12659E+01
.95285E+00
.67594E+00
.61040E+00

.28562E+02
.23923E+02
.20624E+02
.19648E+02
.18653E+02
.17921E+02
.15012E+02
.14294E+02
.16203E+02
.16374E+02
.15937E+02
.14944E+02
.13049E+02
.12369E+02
12241E+02
.10994E+02
.99058E+01
.93213E+01
.90462E+01
.80329E+01
.68230E+01
.66550E+01

.64654E+01
.60801E+01
.57065E+01
.52719E+01
48133E+01
42873E+01
.40638E+01
.34916E+01
.30405E+01
.26997E+01
.25596E+01

AA PAA
.51364E+00
.45165E+00
.41811E+00
.41881E+00
.42452E+00
.41651E+00
.38191E+00
.39570E+00
47732E+00
.52136E+00
.54556E+00
.53605E+00
.49970E+00
.50258E+00
.53468E+00
.51454E+00
.47604E+00
.46884E+00
.48464E+00
.47581E+00
.45042E+00
.45243E+00
.46160E+00
.46599E+00
.45702E+00
.45661E+00
.43987E+00
.41595E+00
.40378E+00
.37394E+00
.35426E+00
.34578E+00
.34332E+00

175

MAG RAT
.50816E+00
.45066E+00
.41281E+00
41947E+00
41217E+00
.40995E+00
.36981E+00
.38149E+00
A4A7174E+00
.52438E+00
.53724E+00
.53178E+00
.49164E+00
.49516E+00
.52269E+00
.50296E+00
47584E+00
.45924E+00
.48283E+00
46772E+00
.43700E+00
.44867E+00
.46011E+00
.45815E+00
.45686E+00
.45021E+00
.44041E+00
.41189E+00
.40043E+00
.37272E+00
.35407E+00
.34583E+00
.34154E+00

PER
.16915E+01
.14874E+01
13769E+01
13792E+01
.13981E+01
13717E+01
12577E+01
.13031E+01
15719E+01
.17170E+01
.17967E+01
.17653E+01
.16456E+01
.16551E+01
.17608E+01
.16945E+01
.15677E+01
.15440E+01
.15960E+01
.15670E+01
.14833E+01
.14899E+01
.15202E+01
.15346E+01
.15051E+01
.15037E+01
.14486E+01
.13698E+01
.13298E+01
.12315E+01
.11666E+01
.11387E+01
.11306E+01

Table A.2 PEER Strong Motion Database Spectrumiti#thEQ-1 (PEER, 2000) (continued-2).

.36000E+00
.33999E+00
.32000E+00
.30000E+00
.28985E+00
.27999E+00
.26000E+00
.23999E+00
.22000E+00
.20000E+00
.18999E+00
.17999E+00
.17000E+00
.16000E+00
.14999E+00
.13999E+00
.13333E+00
.13000E+00
.12000E+00
.11000E+00
.10000E+00
.95000E-01
.90000E-01
.85000E-01
.80000E-01
.75000E-01
.70000E-01
.66666E-01
.65000E-01
.59999E-01
.55000E-01
.50000E-01
.48000E-01



NO
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

Table A.2 PEER Strong Motion Database Spectrumiti#thEQ-1 (PEER, 2000) (continued-3).

FREQ

.21739E+02
.22727E+02
.23809E+02
.25000E+02
.28000E+02
.31000E+02
.34000E+02

.40000E+02
.45000E+02
.50000E+02
.55000E+02
.60000E+02
.65000E+02
.70000E+02
.75000E+02
.80000E+02
.85000E+02
.90000E+02
.95000E+02
.10000E+03

RD RV
.17737E-01
.16150E-01
.14690E-01
.13235E-01
.10266E-01
.82718E-02
.69125E-02

.48010E-02
.38220E-02
.30710E-02
.25541E-02
.21712E-02
.18396E-02
.15676E-02
.13534E-02
.11807E-02
.10393E-02
.92914E-03
.83943E-03
.75917E-03

PRV

.54380E+00
.48490E+00
44234E+00
.40609E+00
.31219E+00
.26174E+00
.26690E+00

.25546E+00
.19816E+00
.15042E+00
.12981E+00
.10803E+00
.80037E-01
.56872E-01
46844E-01
41931E-01
.42708E-01
42162E-01
.39744E-01
.36160E-01

.24228E+01
.23062E+01
.21976E+01
.20790E+01
.18060E+01
.16111E+01
.14767E+01

.12066E+01
.10806E+01
.96479E+00
.88265E+00
.81855E+00

.75131E+00
.68950E+00
.63778E+00
.59351E+00
.55510E+00
.52542E+00
.50106E+00
.47700E+00

AA PAA
.33968E+00
.33796E+00
.33652E+00
.33323E+00
.32521E+00
.32122E+00
.32248E+00
.31084E+00
.31096E+00
.30965E+00
.31189E+00
.31498E+00
.31343E+00
.30958E+00
.30675E+00
.30451E+00
.30249E+00
.30273E+00
.30486E+00
.30601E+00

176

MAG RAT
.33734E+00
.33571E+00
.33513E+00
.33290E+00
.32389E+00
.31990E+00
.32157E+00
.30913E+00
.31146E+00
.30897E+00
.31093E+00
.31456E+00
.31278E+00
.30913E+00
.30636E+00
.30411E+00
.30220E+00
.30287E+00
.30487E+00
.30551E+00

PER
.11186E+01
.11130E+01
.11082E+01
.10974E+01
.10710E+01
.10578E+01
.10620E+01
.10237E+01
.10240E+01
.10197E+01
.10271E+01
.10373E+01
.10322E+01
.10195E+01
.10102E+01
.10028E+01
.99621E+00
.99699E+00
.10040E+01
.10077E+01

.46000E-01
43999E-01
.42000E-01
.40000E-01
.35714E-01
.32258E-01
.29411E-01
.25000E-01
.22222E-01
.20000E-01
.18181E-01
.16666E-01
.15384E-01
.14285E-01
.13333E-01
.12500E-01
.11764E-01
11111E-01
.10526E-01
.10000E-01



Table A.3 PEER Strong Motion Database Spectrumiti®hEQ-2 (PEER, 2000).

Whittier Earthquake Spectrum — 2 (Damping = 15 %)

PROCESSING BY USC.WHITTIER 10/01/87 14:42, SAN GABR

FILTER POINTS: HP=0.35 Hz LP=25.0 Hz
NO FREQ=112,DAMP=.150:

NO

FREQ

.50000E-01
.66670E-01
.71430E-01
.76920E-01
.83330E-01
.90910E-01

.11765E+00
.12500E+00
.13333E+00
.14286E+00
.15385E+00
.16667E+00
.18182E+00
.20000E+00
.20833E+00
.21739E+00
.22727E+00
.23810E+00
.25000E+00
.26316E+00
.27778E+00
.29412E+00

RD

.33496E+01
.33661E+01
.33733E+01
.33786E+01
.33885E+01
.34042E+01

.34710E+01
.34930E+01
.35213E+01
.35550E+01
.35966E+01
.36480E+01
.37102E+01
.37851E+01
.38180E+01
.38514E+01
.38854E+01
.39176E+01
.39461E+01
.39693E+01
.39863E+01
.39844E+01

RV
.22997E+02
.23090E+02
.23114E+02
.23145E+02
.23185E+02
.23231E+02

PRV

.23436E+02
.23502E+02
.23582E+02
.23683E+02
.23813E+02
.23986E+02
.24222E+02
.24558E+02
.24732E+02
.24938E+02
.25180E+02
.25468E+02
.25810E+02
.26218E+02
.26706E+02
.27285E+02

.10523E+01
.14101E+01
.15139E+01
.16329E+01
17741E+01
.19445E+01
.10000E+00 .34255E+01 .23297E+02 .21523E+01
.10526E+00 .34373E+01 .23338E+02 .22733E+01
11111E+00 .34526E+01 .23381E+02 .24103E+01

.25658E+01
.27434E+01
.29499E+01
.31910E+01
.34767E+01
.38202E+01
.42385E+01
47566E+01
49976E+01
.52607E+01
.55482E+01
.58608E+01
.61986E+01
.65631E+01
.69574E+01
.73633E+01

AA

.21933E-02
.29519E-02
.31698E-02
.34242E-02
.37233E-02
A40771E-02
45074E-02
47590E-02
.50382E-02
.53539E-02
.57119E-02
.61195E-02
.66293E-02
.73414E-02
.82203E-02
.93266E-02
.10754E-01
.11458E-01
12247E-01
.13136E-01
.14139E-01
15272E-01
.16551E-01
.17990E-01
.19596E-01

177

PAA
.33700E-03
.60213E-03
.69264E-03
.80448E-03
.94689E-03
11322E-02
.13785E-02
.15326E-02
.17153E-02
.19334E-02
.21964E-02
.25191E-02
.29198E-02
.34259E-02
40781E-02
49359E-02
.60931E-02
.66685E-02
.713248E-02
.80762E-02
.89378E-02
.99253E-02
.11062E-01
.12378E-01
.13871E-01

MAG RAT
.72232E-02
.97215E-02
.10439E-01
.11277E-01
.12262E-01
.13427E-01
.14844E-01
.15673E-01
.16592E-01
.17632E-01
.18811E-01
.20153E-01
.21832E-01
.24177E-01
.27072E-01
.30715E-01
.35417E-01
.37735E-01
.40334E-01
43262E-01
.46565E-01
.50295E-01
.54508E-01
.59248E-01
.64537E-01

IEL-E GRAND AV, 180 (USC STATION 90019)

PER

.20000E+02
.14999E+02
.13999E+02
.13000E+02
.12000E+02
.10999E+02
.10000E+02
.95002E+01
.90000E+01
.84997E+01
.80000E+01
.75001E+01
.69998E+01
.64998E+01
.59998E+01
.54999E+01
.50000E+01
.48000E+01
.46000E+01
.44000E+01
41999E+01
.40000E+01
.37999E+01
.35999E+01
.33999E+01



NO
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Table A.3 PEER Strong Motion Database Spectrumiti#thEQ-2 (PEER, 2000) (continued-1).

FREQ

.31250E+00
.33333E+00
.35714E+00
.38462E+00
41667E+00
.45455E+00
.50000E+00
.52632E+00
.55555E+00
.58824E+00
.62500E+00
.66667E+00
.71429E+00
.76923E+00
.83333E+00
.90909E+00
.10000E+01
.10526E+01
JA11111E+01
11764E+01
.12500E+01
.13333E+01
.14285E+01
.15000E+01
.15384E+01
.16666E+01
.18181E+01
.20000E+01
.20833E+01
.21739E+01
22727E+01
.23809E+01
.25000E+01

RD RV
.39527E+01
.38753E+01
.39752E+01
44357E+01
49272E+01
.53814E+01
.56690E+01
.57039E+01
.56308E+01
.54174E+01
.50769E+01
.53589E+01
.54697E+01
.53248E+01
.50807E+01
48615E+01
.51306E+01
.54606E+01
.58085E+01
.60985E+01
.62015E+01
.60273E+01
S57277E+01
.54767E+01
.52962E+01
46785E+01
.40027E+01
.32913E+01
.30821E+01
.28422E+01
.25511E+01
.22163E+01
.18644E+01

PRV

.27965E+02
.28746E+02
.29610E+02
.30496E+02
.31267E+02
.31671E+02
.31614E+02
.33276E+02
.34669E+02
.35520E+02
.35533E+02
.34498E+02
.32556E+02
.31708E+02
.35074E+02
.36360E+02
.36607E+02
.39215E+02
42901E+02
.46785E+02
.51805E+02
.54211E+02
.51711E+02
.51467E+02
.51016E+02
46719E+02
.40350E+02
.35934E+02
.34461E+02
.32988E+02
.30869E+02
.28079E+02
.23529E+02

.77611E+01
.81163E+01
.89204E+01
.10719E+02
.12899E+02
.15369E+02
.17809E+02
.18862E+02
.19655E+02
.20022E+02
.19937E+02
.22447E+02
.24548E+02
.25736E+02
.26602E+02
.27768E+02
.32236E+02
.36115E+02
.40551E+02
.45080E+02
.48707E+02
.50494E+02
.51412E+02
.51617E+02
.51195E+02
.48993E+02
A5726E+02
.41360E+02
.40344E+02
.38821E+02
.36430E+02
.33155E+02
.29286E+02

AA PAA
.21359E-01
.24174E-01
.28782E-01
.35032E-01
A43427E-01
.54348E-01
.67541E-01
.74513E-01
.81180E-01
.86925E-01
.91058E-01
.10873E+00
.12555E+00
.13985E+00
.15372E+00
.17535E+00
.22241E+00
.26055E+00
.30719E+00
.35812E+00
.40457E+00
.44480E+00
.49000E+00
.51409E+00
.52588E+00
.54553E+00
.54726E+00
.55060E+00
.55601E+00
.55753E+00
.54777E+00
.52136E+00
48294E+00

178

MAG

.15534E-01
17327E-01
.20405E-01
.26407E-01
.34425E-01
A44745E-01
.57034E-01
.63587E-01
.69937E-01
.75438E-01
.79809E-01

RAT

PER

.70342E-01 .32000E+01
.79615E-01 .30000E+01
.94791E-01 .28000E+01
.11537E+00
.14302E+00
.17898E+00
.22243E+00
.24539E+00
.26735E+00
.28627E+00
.29988E+00

.25999E+01
.23999E+01
.21999E+01
.20000E+01
.18999E+01
.18000E+01
.16999E+01
.16000E+01

.95849E-01 .35810E+00 .14999E+01

.11230E+00
.12679E+00
.14198E+00
.16168E+00
.20647E+00
.24349E+00
.28858E+00
.33968E+00
.38995E+00
43121E+00
.47041E+00
.49590E+00
.50446E+00
.52299E+00
.53249E+00
.52981E+00
.53833E+00
.54054E+00
.53030E+00
.50561E+00
.46893E+00

.41348E+00
.46057E+00
.50624E+00
.57750E+00
.73246E+00
.85808E+00
.10116E+01
.11794E+01
.13323E+01
.14648E+01
.16137E+01
.16930E+01
.17318E+01
.17966E+01
.18023E+01
.18133E+01
.18311E+01
.18361E+01
.18039E+01
.17170E+01
.15904E+01

.13999E+01
.13000E+01
.12000E+01
.11000E+01
.10000E+01
.95000E+00
.90000E+00
.85000E+00
.80000E+00
.75000E+00
.70000E+00
.66666E+00
.65000E+00
.59999E+00
.55000E+00
.50000E+00
.48000E+00
.46000E+00
.43999E+00
.42000E+00
.40000E+00



NO
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Table A.3 PEER Strong Motion Database SpectrumitiéthEQ-2 (PEER, 2000) (continued-2).

FREQ

.26315E+01
27777E+01
.29411E+01
.31250E+01
.33333E+01
.34500E+01
.35714E+01
.38461E+01
41666E+01
45454E+01
.50000E+01
.52631E+01
.55555E+01
.58823E+01
.62500E+01
.66666E+01
.71428E+01
.75000E+01
.76923E+01
.83333E+01
.90909E+01
.10000E+02
.10526E+02
A11111E+02
.11764E+02
.12500E+02
.13333E+02
.14285E+02
.15000E+02
.15384E+02
.16666E+02
.18181E+02

RD RV
.16075E+01
.13716E+01
.11093E+01
.85845E+00
.77000E+00
.72667E+00
.68700E+00
.58658E+00
.52862E+00
.49387E+00
.45156E+00
.41854E+00
.37603E+00
.32611E+00
.28418E+00
.25272E+00
.21774E+00
.19340E+00
.18003E+00
.14605E+00
.12052E+00
.10149E+00
.94780E-01
.86179E-01
.76565E-01
.68100E-01
.58790E-01
A49747E-01
43676E-01
.40663E-01
.32639E-01
.26376E-01

PRV

.19373E+02
.16903E+02
.15933E+02
.15250E+02
.13840E+02
.13127E+02
12127E+02
.10569E+02
.10093E+02
.10790E+02
.10052E+02
.92427E+01
.88271E+01
.88370E+01
.89372E+01
.83422E+01
74711E+01
.66876E+01
.62844E+01
.56794E+01
.50084E+01
43416E+01

40267E+01
.37049E+01
.32987E+01
.28615E+01
.22988E+01
.18416E+01
.15805E+01
.14708E+01
11729E+01
.89598E+00

.26580E+02
.23939E+02
.20500E+02
.16855E+02
.16126E+02
.15752E+02
.15416E+02
.14175E+02
.13839E+02
.14105E+02
.14186E+02
.13840E+02
.13126E+02
.12053E+02
.11159E+02
.10585E+02
97722E+01
.91139E+01
.87013E+01
.76475E+01
.68845E+01
.63769E+01

.62686E+01
.60164E+01
.56597E+01
.53486E+01
49252E+01
.44653E+01
41163E+01
.39307E+01
.34179E+01
.30132E+01

AA PAA
46345E+00
43644E+00
.39795E+00
.34986E+00
.35489E+00
.35973E+00
.36013E+00
.35174E+00
.37276E+00
.42856E+00
46671E+00
47982E+00
47903E+00
.46825E+00
.45484E+00
46349E+00
46132E+00
44191E+00
.43344E+00
41152E+00
41538E+00
A42221E+00
.42686E+00
.43636E+00
43797E+00
.43033E+00
.42820E+00
.41338E+00
.39583E+00
.39174E+00
.37024E+00
.35366E+00

179

MAG RAT
.44801E+00
42591E+00
.38617E+00
.33737E+00
.34430E+00
.34807E+00
.35264E+00
.34920E+00
.36932E+00
.41064E+00
.45431E+00
.46657E+00
.46705E+00
.45410E+00
.44673E+00
.45201E+00
.44707E+00
.43780E+00
.42870E+00
.40817E+00
.40085E+00
.40843E+00
42262E+00
.42816E+00
.42646E+00
42821E+00
.42060E+00
.40857E+00
.39547E+00
.38731E+00
.36486E+00
.35089E+00

PER
.15263E+01
.14373E+01
.13105E+01
.11522E+01
.11687E+01
.11847E+01
.11860E+01
.11583E+01
12276E+01
.14114E+01
.15370E+01
.15802E+01
.15776E+01
.15421E+01
.14979E+01
.15264E+01
.15192E+01
.14553E+01
.14274E+01
.13552E+01
.13680E+01
.13904E+01
.14057E+01
.14370E+01
.14424E+01
.14172E+01
.14101E+01
.13613E+01
.13035E+01
.12901E+01
.12193E+01
.11647E+01

.37999E+00
.36000E+00
.33999E+00
.32000E+00
.30000E+00
.28985E+00
.27999E+00
.26000E+00
.23999E+00
.22000E+00
.20000E+00
.18999E+00
.17999E+00
.17000E+00
.16000E+00
.14999E+00
.13999E+00
.13333E+00
.13000E+00
.12000E+00
.11000E+00
.10000E+00
.95000E-01
.90000E-01
.85000E-01
.80000E-01
.75000E-01
.70000E-01
.66666E-01
.65000E-01
.59999E-01
.55000E-01



NO
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

Table A.3 PEER Strong Motion Database Spectrumiti#thEQ-2 (PEER, 2000) (continued-3).

FREQ

.20000E+02
.20833E+02
.21739E+02
22727E+02
.23809E+02
.25000E+02
.28000E+02
.31000E+02
.34000E+02

.40000E+02
.45000E+02
.50000E+02
.55000E+02
.60000E+02
.65000E+02
.70000E+02
.75000E+02
.80000E+02
.85000E+02
.90000E+02
.95000E+02
.10000E+03

RD RV
.21225E-01
.19375E-01
.17618E-01
.15964E-01
.14452E-01
.13030E-01
.10153E-01
.82009E-02
.67805E-02

47532E-02
.37649E-02
.30549E-02
.25338E-02
.21427E-02
.18196E-02
.15568E-02
.13447E-02
.11733E-02
.10363E-02
.92750E-03
.83577E-03
.75642E-03

PRV

.65021E+00
.58477E+00
.52410E+00
47967E+00
.44063E+00
.40183E+00
.31788E+00
.26538E+00
.24149E+00

.21319E+00
.17216E+00
.13781E+00
.11468E+00
.92963E-01
.72865E-01
.56374E-01
ATTT77E-01
42192E-01
.39482E-01
.37447E-01
.35088E-01
.32172E-01

.26672E+01
.25362E+01
.24064E+01
.22797E+01
.21621E+01
.20467E+01
.17863E+01
.15973E+01
.14485E+01

.11946E+01
.10645E+01
.95974E+00
.87565E+00

.80779E+00
.74314E+00
.68472E+00
.63370E+00
.58977E+00
.55349E+00
.52449E+00
.49887E+00
A47527E+00

AA PAA
.34274E+00
.34062E+00
.33771E+00
.33510E+00
.33248E+00
.32924E+00
.32309E+00
.31909E+00
.31685E+00
.30714E+00
.30701E+00
.30862E+00
.31010E+00
.31098E+00
.30974E+00
.30718E+00
.30457E+00
.30233E+00
.30166E+00
.30291E+00
.30421E+00
.30507E+00

180

MAG RAT
.34166E+00
.33842E+00
.33506E+00
.33185E+00
.32971E+00
.32773E+00
.32034E+00
.31715E+00
.31543E+00
.30605E+00
.30681E+00
.30735E+00
.30846E+00
.31042E+00
.30938E+00
.30699E+00
.30441E+00
.30219E+00
.30133E+00
.30233E+00
.30354E+00
.30441E+00

PER

.11287E+01
.11217E+01
A11121E+01
.11036E+01
.10949E+01
.10842E+01
.10640E+01
.10508E+01
.10435E+01
.10115E+01
.10111E+01
.10163E+01
.10212E+01
.10241E+01
.10201E+01
.10116E+01
.10030E+01
.99566E+00
.99346E+00
.99758E+00
.10018E+01
.10047E+01

.50000E-01
.48000E-01
.46000E-01
43999E-01
.42000E-01
.40000E-01
.35714E-01
.32258E-01
.29411E-01
.25000E-01
.22222E-01
.20000E-01
.18181E-01
.16666E-01
.15384E-01
.14285E-01
.13333E-01
.12500E-01
.11764E-01
11111E-01
.10526E-01
.10000E-01



APPENDIX B

CADAM OUTPUT TABLES AND STABILITY DRAWINGS

Table B.1 CADAM Input and Geometry Report.

CADAM Input and Geometry report
Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Owner: METU Civil Engineering Department Date: 26.08.2004 09:49
Dam location: Eskisehir Units: Metric
Geometry Lift Joint Material Properties
L1= 39.400 m Concrete strength Peak friction Residual friction Minimal compressive
L2= 0.000 m Material f'c ft Cohesion Angle Cohesion Angle stress for cohesion
L3= 4.500 m name (kPa) (kPa) (kPa) (deg) (kPa) (deg) (kPa)
L4= 4.500 m Base joint | 30000 | 3000 931 | 55 0 | 45 0
Elev. A= 0.000 m Concrete | 30000 | 3000 931 | 55 0 |45 0
Elev. B= 0.000 m
Elev. C= 0.000 m Lift Joint(s)
Elev. D= 0.000 m Usptream end Downstream end
Elev. E= 0.000 m Joint material Elevation | Position x | Elevation | Position x Length Inertia
Elev. F= 41.000 m id name (m) (m) (m) (m) (m) (m"4)
Elev. G= 49.700 m 1 Concrete 49.500 0.000 49.500 4.500 4.500 7.59375
Elev. H= 0.000 m 2 Concrete 45.000 0.000 45.000 4.500 4.500 7.59375
Elev. | = 0.000 m 3 Concrete 40.500 0.000 40.500 4.926 4.926 9.958610722
4 Concrete 36.000 0.000 36.000 8.756 8.756 55.9436154
| Concrete Volumetric Mass | 5 Concrete [ 31.500 0.000 31.500 12.587 12.587 166.1661398
p= 2400 kg/m® ] 6 Concrete 27.000 0.000 27.000 16.417 16.417 368.7278622
7 Concrete 22.500 0.000 22.500 20.248 20.248 691.7304608
8 Concrete 18.000 0.000 18.000 24.078 24.078 1163.275614
9 Concrete 13.500 0.000 13.500 27.909 27.909 1811.464999
10 Concrete 9.000 0.000 9.000 31.739 31.739 2664.400296
11 Concrete 4.500 0.000 4.500 35.570 35.570 3750.183181
Base Base joint 0.000 0.000 0.000 39.400 39.400 5096.915333
Pre-Cracked Lift Joint(s)
Usptream end Downstream end
Joint material Crack length Crack length
id name (m) (%) (m) (%)
1 Concrete - - - -
2 Concrete - - - -
3 Concrete - - - -
4 Concrete - - - -
5 Concrete - - - -
6 Concrete - - - -
7 Concrete - - - -
8 Concrete - - - -
9 Concrete - - - -
10 Concrete - - - -
11 Concrete - - - -
Base Base joint - - - -

181



Table B.1 CADAM Input and Geometry Report (congdu- 1).

CADAM Input and Geometry report

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Owner: METU Civil Engineering Department Date: 26.08.2004 09:49
Dam location: Eskisehir Units: Metric
| Water Volumetric Mass | Reservoirs
p= 9.810 kg/m3 | Upstream side Downstream side
Normal operating level: 45.600 m 6.000 m
Ice cover Flood level: 48.200 m 6.000 m
Load= 100 kN Crest overtopping pressure 100.00 % 50.00 %
Thickness= 0.520 m
Elevation= 45.340 m Drainage system
Gallery position from heel of dam= 3.540 m
Silts Gallery elevation= 16.850 m
Elevation= 3.000 m Drain Efficiency= N/A
y= 11 kN/m3 Highest drained elevation= 36.500 m
= 31 deg Modelisation:]CDSA 1995 - Alternative 1
ssumption= active K1 = 0.600
| Uplift pressures:  Uplift pressures are considered as an external load (linearisation of effective stresses)
Pseudo-static (seismic coefficient)
Horizontal Peak Ground Acceleration (HPGA)= 0.3000 g Earthquake return period= 1000 years
Vertical Peak Ground Acceleration (VPGA)= 0.2000 g Earthquake accelerogram period (te)= 1 sec
Horizontal Sustained Acceleration (HSA)= 0.2000 g Depth where pressures remain constant= Generalized
Vertical Sustained Acceleration (VSA)= 0.1330 g Westergaard correction for Inclined surface= Corns et al.

Pseudo-dynamic (Chopra's method)

Dam only
Earthquake return period= 1000 years Dam divisions for analysis= 201 divisions
Dam damping on rigid foundation without reservoir= 0.05 of critical
Horizontal Peak Ground Acceleration (HPGA)= 0.3000 g Concrete Young's modulus (dynamic)= 27400 MPa
Vertical Peak Ground Acceleration (VPGA)= 0.2000 g
Horizontal Peak Spectral Acceleration (HPSA)= 0.4650 g (Set1) Reservoir only
1.1250 g (Set 2) Wave reflection coefficient= 0.5
Horizontal Sustained Acceleration (HSA)= 0.2000 g Velocity of pressure waves in water= 1440 m/sec
Vertical Sustained Acceleration (VSA)= 0.1330 g
Vertical Sustained Spectral Acceleration (VSSA)= 0.3100 g (Set1) Foundation only
0.7500 g (Set2) Foundation constant hysteretic damping= 0.10 TL
Modal combination: SRSS combination Foundation Young's modulus (dynamic)= 27400 MPa

Dam-reservoir-foundation system
Period of vibration= 0.16296503 sec
Damping= 0.13213394 of critical

Cracking options

Tensile strength

cracking considered for all combinations: Yes Usual Flood Seismic  Post-seismic|
Crack initiation=  ft / 3.000 ft / 3.000 ft / 3.000 ft / 3.000
Numerical options Crack propagation=  ft/10.000  ft/10.000  ft/10.000  ft/10.000
Convergence method: Bi-section Seismic magnification= 1.500

Accuracy= Medium (1E-6) Uplift pressures
Static analysis: Full uplift pressures applied to the crack section
Dynamic analysis: Uplift pressures remain unchanged
Post-seismic analysis: Full uplift pressures applied to the crack section
DI/S closed crack: Restore uncracked uplift condition

Drain effectiveness: No drain effectiveness under any cracking condition
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Table B.2 CADAM Loads for Data Set 1.

CADANM Lioads for Data Set 1

Project: Risk Analysis

Dam: Porsuk

Project engineer: M. Resat Beser
Analysis performed by: M. Resat Beser

Owni

: METU Civil Engineering Department
Dam location: Eskisehir

units:

Date: 26 Adustos 04

Metric

STATIC LO

ADS (1/3)

Joint Self-Weight Normal Operating level
Dam Concentrated masses Upstream reservoir Downstream reservoir Crest Overtopping Uplift Ice

ID Upstream Vertical load Vertical load Horizontal load Vertical load Horizontal load Vertical load Vertical load Normal load Horizontal load

elevation D position x Mv position x Hnu elevation Vnu position x Hnd elevation Vnd position x Vnc position x Un position | Un position |

(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -21.2 2.250
2 45.000 -498.0 2.250 18 45.200 13.2 1.500 100.0 45.340
3 40.500 -977.2 2.256 127.6 42.200 123.2 1.642 100.0 45.340
4 36.000 -1702.0 2.790 452.0 39.200 4123 2919 100.0 45.340
5 31.500 -2832.6 3.829 975.2 36.200 870.5 4.196 100.0 45.340
6 27.000 -4369.0 5.047 1696.9 33.200 1497.8 5.472 100.0 45.340
7 22.500 -6311.3 6.325 2617.4 30.200 2294.2 6.749 100.0 45.340
8 18.000 -8659.4 7.622 3736.4 27.200 3259.6 8.026 100.0 45.340
9 13.500 | -11413.4 8.925 5054.2 24.200 2636.5 9.303 100.0 45.340
10 9.000 -14573.1  10.227 6570.5 21.200 3418.7 10.580 100.0 45.340
11 4.500 -18138.7  11.528 8285.6 18.200 -11.0 5.000 -9.4 35.144 4564.1 12.536 100.0 45.340
12 Base -22110.2  12.827 8520.0 13.892 -176.6 2.000 -150.3 37.698 6447.1 15.495 57.9 41.417
STATIC LOADS (2/3)
; - Flood level
el Sl Upstream reservoir Downstream reservoir Crest Overtopping Uplift

ID Upstream Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Vertical load Normal load

elevation Sh position x Sv position x Hfu elevation Vfu position x Hfd elevation Vfd position x Vic position x uf position |

(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)

1 49.500
2 45.000 50.2 46.067 70.6 1.500
3 40.500 290.8 43.067 186.0 1.642
4 36.000 730.1 40.067 524.0 2919
5 31.500 1368.0 37.067 1031.0 4.196
6 27.000 2204.5 34.067 1707.1 5.472
7 22.500 3239.7 31.067 2552.4 6.749
8 18.000 4473.6 28.067 3566.7 8.026
9 13.500 5906.1 25.067 2850.1 9.303
10 9.000 7537.2 22.067 3661.6 10.580
11 4.500 9367.0 19.067 -11.0 5.000 -9.4 35.144 4836.3 12.498
12 Base 15.8 1.000 8520.0 13.892 -58643.0 23.139 -42669.2 22.907 6748.5 15.390
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Table B.2 CADAM Loads for Data Set 1 (continuetl)--

CADANM Lioads for Data Set 1

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskisehir Units: Metric
STATIC LOADS (3/3)
Joint Post-iensioning Applied f
it Crest Downstream face D G
ID Upstream Vertical load Vertical load Horizontal load Horizontal load Vertical load
elevation Pc position x Pdv position x Pdh elevation Fh elevation Fv position x
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)

1 49.500
2 45.000
3 40.500
4 36.000
5 31.500
6 27.000
7 22.500
8 18.000
9 13.500
10 9.000
11 4.500
12 Base

PSEUDO-STATIC LOADS (SEISMIC COEFFICIENT)-STRESS ANALYSIS

Joint Inertia loads Reservoirs (operating level) Silt
Dam Concentrated masses Upstream Downstream
ID Upstream Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load
elevation Qh elevation Qv position x Mdh elevation Mdv position x Hdu elevation Vdu position x Hdd elevation Vvdd position x Sdh elevation Sdv position x
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)

1 49.500 -6.4 49.600 -4.2 2.250
2 45.000 -149.4 47.350 -99.6 2.250 -5.0 45.240
3 40.500 -293.2 45.089 -195.4 2.256 -124.3 42.540
4 36.000 -510.6 42.087 -340.4 2.790 -321.0 39.840
5 31.500 -849.8 38.706 -566.5 3.829 -571.3 37.140
6 27.000 -1310.7 35.346 -873.8 5.047 -865.6 34.440
7 22.500 -1893.4 32.061 -1262.3 6.325 -1198.1 31.740
8 18.000 -2597.8 28.841 -1731.9 7.622 -1564.7 29.040
9 13.500 -3424.0 25.669 -2282.7 8.925 -1962.6 26.340
10 9.000 -4371.9 22.532 -2914.6 10.227 -2389.4 23.640
11 4.500 -5441.6 19.421 -3627.7 11.528 -2843.4 20.940 -1.8 5.100 -3.4 35.106
12 Base -6633.1 16.330 -4422.0 12.827 -3322.9 18.240 -14.4 2.400 -42.3 37.599 -16.1 1.200
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Table B.2 CADAM Loads for Data Set 1 (continued)-

CADANM Lioads for Data Set 1

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskigehir Units: Metric

PSEUDO-STATIC LOADS (SEISM

IC COEFFICIENT)-STABILITY ANALYSIS

Joint Inertia loads Reservoirs (operating level) Silt
Dam Concentrated masses Upstream Downstream

ID Upstream Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load

elevation Qh elevation Qv' position x Mdh* elevation Mdv* position x Hdu' elevation Vdu' position x Hdd" elevation vdd' position x Sdh* elevation Sdv*
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN)

1 49.500 -4.2 49.600 -2.8 2.250

2 45.000 -99.6 47.350 -66.2 2.250 -3.3 45.240

3 40.500 -195.4 45.089 -130.0 2.256 -82.9 42.540

4 36.000 -340.4 42.087 -226.4 2.790 -214.0 39.840

5 31.500 -566.5 38.706 -376.7 3.829 -380.9 37.140

6 27.000 -873.8 35.346 -581.1 5.047 -577.1 34.440

7 22.500 -1262.3 32.061 -839.4 6.325 -798.7 31.740

8 18.000 -1731.9 28.841 -1151.7 7.622 -1043.1 29.040

9 13.500 -2282.7 25.669 -1518.0 8.925 -1308.4 26.340

10 9.000 -2914.6 22532 -1938.2 10.227 -1593.0 23.640

11 4.500 -3627.7 19.421 -2412.5 11.528 -1895.6 20.940 -1.2 5.100 23 35.106

12 Base -4422.0 16.330 -2940.7 12.827 -2215.3 18.240 -9.7 2.400 -28.2 37.598 -10.8 1.200

PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STRESS ANALY SIS (1/2)
Joint First mode Higher modes Modal combination
Dam Reservoir (upstream) Concentrated masses Total Dam Reservoir (upstream) Concentrated masses Total SRSS Summation

ID Upstream Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load

elevation Eql elevation Hd1 elevation Md1 elevation Em1 elevation Eqgs elevation Hds elevation Mds elevation Ems elevation Emc elevation Emc
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN)

1 49.500 -31.7 49.600 -31.7 49.600 10.9 49.600 10.9 49.600 -33.5 49.600

2 45.000 -653.5 47.465 -4.2 45.202 -657.7 47.451 206.3 47.548 23.9 45.377 230.2 47.323 -696.8 47.437

3 40.500 -1117.5 45.550 -215.1 42.375 -1332.6 45.037 315.0 45.979 70.4 44.489 385.4 45.707 -1387.2 45.089

4 36.000 -1637.0 43.199 -568.4 39.765 -2205.4 42.314 380.2 44.692 32.9 52.035 413.1 45.276 -2243.8 42.417

5 31.500 -2254.2 40.603 -965.1 37.283 -3219.3 39.608 377.0 44.881 -44.7 19.924 3323 48.234 -3236.4 39.709

6 27.000 -2882.2 38.133 -1375.9 34.884 -4258.1 37.083 257.8 52.300 -170.2 26.687 87.6 102.040 | -4259.0 37.134

7 22.500 -3459.6 35.907 -1782.8 32.573 -5242.4 34.773 -10.6 -651.854 -351.7 25.625 -362.3 5.825 -5254.9 34.693

8 18.000 -3949.0 33.977 -2170.9 30.374 -6119.9 32.699 -448.7 4.242 -592.9 23.400 -1041.6 15.147 -6207.9 32.335

9 13.500 -4329.2 32.386 -2534.2 28.281 -6863.3 30.870 -1068.0 10.850 -892.6 20.808 -1960.6 15.384 -7137.9 29.982

10 9.000 -4595.1 31172 -2874.8 26.266 -7469.9 29.284 -1871.2 10.985 -1244.1 18.094 -3115.3 13.824 -8093.5 27.546

11 4.500 -4755.3 30.357 -3194.6 24.315 -7949.9 27.929 -2853.7 9.504 -1636.8 15.364 -4490.5 11.640 -9130.4 24.983

12 Base -4807.8 30.059 -3491.5 22.441 -8299.3 26.854 -4016.5 7.387 -2066.6 12.630 -6083.0 9.168 -10289.9  22.327
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Table B.2 CADAM Loads for Data Set 1 (continue8)-

CADANM Lioads for Data Set 1

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskigehir Units: Metric

PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STRESS ANALY SIS (2/2)

Joint Vertical loads horizontal loads
Dam Reservoir (upstream) Reservoir (downstream) oncen trated masses Silt Reservoir (downstream) Silt
ID Upstream Vertical load Vertical load Vertical load Vertical load Vertical load Horizontal load Horizontal load
elevation Eqv position x Vdu position x Vdd position x Mdv position x Sdv position x Hdd elevation Sdh elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -4.2 2.250
2 45.000 -99.6 2.250
3 40.500 -195.4 2.256
4 36.000 -340.4 2.790
5 31.500 -566.5 3.829
6 27.000 -873.8 5.047
7 22.500 -1262.3 6.325
8 18.000 -1731.9 7.622
9 13.500 -2282.7 8.925
10 9.000 -2914.6 10.227
11 4.500 -3627.7 11.528 -3.4 35.106 -1.8 5.100
12 Base -4422.0 12.827 -42.3 37.599 -14.4 2.400 -16.1 1.200
PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STABILITY AN ALYSIS (1/2)
Joint First mode Higher modes Modal combination
Dam Reservoir (upstream) Concentrated masses Total Dam Reservoir (upstream) Concentrated masses Total SRSS Summation
ID Upstream Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load
elevation Eql' elevation Hd1' elevation Md1' elevation Em1' elevation qs' elevation Hds' elevation Mds' elevation Ems' elevation Emc' elevation Emc’ elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -21.1 49.600 -21.1 49.600 72 49.600 72 49.600 -22.3 49.600
2 45.000 -435.7 47.465 -2.8 45.202 -438.5 47.451 1375 47.548 15.9 45.377 153.5 47.323 -464.6 47.437
3 40.500 -745.0 45.550 -143.4 42.375 -888.4 45.037 210.0 45.979 46.9 44.489 256.9 45.707 -924.8 45.089
4 36.000 -1091.3 43.199 -379.0 39.765 -1470.3 42.314 253.5 44.692 21.9 52.035 275.4 45.276 -1495.8 42.417
5 31.500 -1502.8 40.603 -643.4 37.283 -2146.2 39.608 251.3 44.881 -29.8 19.924 221.6 48.234 -2157.6 39.709
6 27.000 -1921.5 38.133 -917.2 34.884 -2838.7 37.083 1719 52.300 -113.5 26.687 58.4 102.040 | -2839.3 37.134
7 22.500 -2306.4 35.907 -1188.5 32.573 -3494.9 34.773 7.1 -651.854 -234.5 25.625 -241.5 5.825 -3503.3 34.693
8 18.000 -2632.6 33.977 -1447.3 30.374 -4079.9 32.699 -299.1 4.242 -395.3 23.400 -694.4 15.147 -4138.6 32.335
9 13.500 -2886.1 32.386 -1689.4 28.281 -4575.5 30.870 -712.0 10.850 -595.1 20.808 -1307.1 15.384 -4758.6 29.982
10 9.000 -3063.4 31172 -1916.5 26.266 -4980.0 29.284 -1247.4 10.985 -829.4 18.094 -2076.8 13.824 -5395.7 27.546
11 4.500 -3170.2 30.357 -2129.7 24.315 -5299.9 27.929 -1902.4 9.504 -1091.2 15.364 -2993.7 11.640 -6087.0 24.983
12 Base -3205.2 30.059 -2327.7 22.441 -5532.9 26.854 -2677.6 7.387 -1377.7 12.630 -4055.4 9.168 -6859.9 22.327
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Table B.2 CADAM Loads for Data Set 1 (continued)-

CADANM Lioads for Data Set 1

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskigehir Units: Metric

PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STABILITY AN ALYSIS (2/2)

Vertical loads

horizontal loads

Tl Dam Reservoir (upstream) Reservoir (downstream) Qoncen  trated masses Silt Reservoir (downstream) Silt
ID Upstream Vertical load Vertical load Vertical load Vertical load Vertical load Horizontal load Horizontal load
elevation Eqv' position x Vdu' position x Vdd' position x Mdv* position x Sdv* position x Hdd" elevation Sdh* elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -2.8 2.250
2 45.000 -66.2 2.250
3 40.500 -130.0 2.256
4 36.000 -226.4 2.790
5 31.500 -376.7 3.829
6 27.000 -581.1 5.047
7 22.500 -839.4 6.325
8 18.000 -1151.7 7.622
9 13.500 -1518.0 8.925
10 9.000 -1938.2 10.227
11 4.500 -24125 11.528 -2.3 35.106 -1.2 5.100
12 Base -2940.7 12.827 -28.2 37.598 -9.7 2.400 -10.8 1.200
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Table B.3 CADAM Results for Data Set 1.

CADAM Results for Data Set 1

Project: Risk Analysis
Dam: Porsuk

Project engineer: M. Resat Beser

Owner: METU Civil Engineering Department
Dam location: Eskisehir

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Units: Metric

LOAD COMBINATION FACTORS

Usual Flood Seismic #1 Seismic #2 Post-seismic
Self-weight 1.000 1.000 1.000 1.000 1.000
Hydrostatic (upstream) 1.000 1.000 1.000 1.000 1.000
Hydrostatic (downstream) 0.600 1.000 1.000 1.000 1.000
Uplift pressures 1.000 1.000 1.000 1.000 1.000
Silts 1.000 1.000 1.000 1.000 1.000
Ice 1.000 1.000 1.000 1.000
Post-tensioning
Applied forces
Seismic (horizontal) -1.000 -1.000
Seismic (vertical) -1.000 -1.000

USUAL COMBINATION (STRESS ANALYSIS)

Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -4.709 -4.709 0.000 -1260.000
2 45.000 -94.592 -120.836 0.000 -1260.000 0.000 33.922 50.000 0.000
3 40.500 -24.982 -321.781 0.000 -1260.000 0.000 -33.618 24.848 273.907
4 36.000 -125.429 -169.153 0.000 -1260.000 0.000 143.987 100.000 143.987
5 31.500 -125.105 -186.673 0.000 -1260.000 0.000 158.900 100.000 158.900
6 27.000 -116.103 -233.687 0.000 -1260.000 0.000 198.919 100.000 198.919
7 22.500 -107.600 -289.205 0.000 -1260.000 0.000 246.177 100.000 246.177
8 18.000 -100.657 -347.867 0.000 -1260.000 0.000 296.111 100.000 296.111
9 13.500 -221.099 -407.873 0.000 -1260.000 0.000 347.189 100.000 347.189
10 9.000 -234.376 -468.506 0.000 -1260.000 0.000 398.802 100.000 398.802
11 4.500 -248.252 -515.339 0.000 -1260.000 0.000 438.667 100.000 438.667
12 Base -410.144 -389.516 0.000 -1260.000 0.000 331.564 100.000 331.564
USUAL COMBINATION (STABILITY ANALYSIS)
Joint Safety factors Resultants UpIift Rock
o Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s D/S resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 > 100 > 100 > 100 > 100 -21.2 0.0 0.0 50.000
2 45.000 47.970 4.763 58.129 15.123 37.600 -484.7 101.8 443 52.030 13.2 0.000
3 40.500 25.509 3.753 14.363 2.360 7.931 -854.0 227.6 600.1 64.265 123.2 0.000
4 36.000 18.103 2.336 5.924 2121 4.128 -1289.7 552.0 279.4 52.474 4123 0.000
5 31.500 13.505 1.825 4.604 1.869 3.254 -1962.1 1075.2 812.8 53.291 870.5 0.000
6 27.000 10.788 1.598 4.198 1.728 2917 -2871.3 1796.9 2640.9 55.603 1497.8 0.000
7 22.500 9.048 1.478 4.027 1.645 2.751 -4017.2 2717.4 6204.3 57.628 2294.2 0.000
8 18.000 7.853 1.408 3.941 1.593 2.657 -5399.8 3836.4 11943.4 59.186 3259.6 0.000
9 13.500 7.473 1.703 6.488 2.038 4.329 -8776.8 5154.2 12123.0 54.949 2636.5 0.000
10 9.000 6.818 1.672 6.438 2.008 4.263 -11154.4 6670.5 19654.5 55.552 3418.7 0.000
11 4.500 6.267 1.621 5713 1.958 3.975 -13580.3 8379.0 28159.7 55.830 4564.1 0.000
12 Base 6.972 1.856 4.073 2.139 3.443 -15753.3 8487.8 -2668.5 49.570 6447.1 0.000
Required: 3.000 1.500 1.200 1.200 1.200
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Table B.3 CADAM Results for Data Set 1 (continuet]).

CADAM Results for Data Set 1

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk

Analysis performed by: M. Resat Beser

Owner: METU Civil Engineering Department

Date: 26 Agustos 04

Dam location: Eskisehir

Units: Metric

FLOOD COMBINATION (STRESS ANALYSIS)

Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -4.709 -4.709 189.000 -1890.000
2 45.000 -63.391 -126.531 189.000 -1890.000 0.000 16.742 50.000 0.000
3 40.500 11.788 -333.045 189.000 -1890.000 0.000 -22.801 21.435 283.495
4 36.000 -53.878 -215.198 189.000 -1890.000 0.000 183.181 100.000 183.181
5 31.500 -37.196 -249.077 189.000 -1890.000 0.000 212.019 100.000 212.019
6 27.000 -18.837 -305.448 189.000 -1890.000 0.000 260.003 100.000 260.003
7 22.500 -4.295 -367.004 189.000 -1890.000 0.000 312.401 100.000 312.401
8 18.000 6.863 -429.880 189.000 -1890.000 0.000 365.923 100.000 365.923
9 13.500 -120.674 -492.994 189.000 -1890.000 0.000 419.646 100.000 419.646
10 9.000 -131.567 -556.012 189.000 -1890.000 0.000 473.288 100.000 473.288
11 4.500 -143.361 -605.137 189.000 -1890.000 0.000 515.105 100.000 515.105
12 Base -151.834 -635.574 189.000 -1890.000 0.000 541.013 100.000 541.013
FLOOD COMBINATION (STABILITY ANALYSIS)
Joint Safety Tactors Resultanis Uplift Rock
ol Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s D/S resistance
(m) (kN) (kN) (kN-m) (% of joint)| (kN) (kN)
1 49.500 > 100 > 100 >100 > 100 > 100 -21.2 0.0 0.0 50.000
2 45.000 95.561 8.508 11.081 4.220 7.050 -427.3 50.2 106.5 55.541 70.6 0.000
3 40.500 19.115 2.721 9.662 1.922 5.253 -791.2 290.8 697.2 67.890 186.0 0.000
4 36.000 13.471 1.614 5.046 1.685 3.248 -1178.0 730.1 1030.7 59.992 524.0 0.000
5 31.500 10.447 1.317 4.268 1525 2.747 -1801.6 1368.0 2797.2 62.336 1031.0 0.000
[3 27.000 8.658 1.207 4.028 1.450 2.559 -2661.9 2204.5 6437.3 64.730 1707.1 0.000
7 22.500 7.476 1.160 3.928 1.413 2.473 -3758.9 3239.7 12391.5 66.281 2552.4 0.000
8 18.000 6.558 1.138 3.879 1.393 2.428 -5092.7 4473.6 21100.2 67.207 3566.7 0.000
9 13.500 6.470 1.450 6.418 1.786 4.005 -8563.3 5906.1 24166.2 60.112 2850.1 0.000
10 9.000 5.988 1.448 6.390 1.782 3.980 -10911.5 7537.2 35630.9 60.288 3661.6 0.000
11 4.500 5.571 1.423 5.722 1.758 3.753 -13311.9 9356.0 48686.2 60.282 4836.3 0.000
12 Base 5.237 1.381 4.533 1.704 3.299 -15511.9 11234.8 62578.3 60.239 6748.5 0.000
Required: 2.000 1.300 1.100 1.100 1.100
SEISMIC #1 COMBINATION - PEAK ACCELERATIONS (STRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -3.579 -3.955 342.000 -3420.000 0.000 2119 50.000 0.000
2 45.000 31.913 -203.078 342.000 -3420.000 0.000 85.389 50.000 0.000
3 40.500 420.074 -687.478 342.000 -3420.000 0.000 -38.140 19.831 585.195
4 36.000 295.442 -512.272 342.000 -3420.000 0.000 436.056 100.000 436.056
5 31.500 326.733 -548.492 342.000 -3420.000 0.000 466.887 100.000 466.887
[3 27.000 385.510 -628.850 342.000 -3420.000 0.000 535.289 100.000 535.289
7 22.500 451.875 -723.996 342.000 -3420.000 0.000 616.280 100.000 616.280
8 18.000 520.669 -825.336 342.000 -3420.000 0.000 702.542 100.000 702.542
9 13.500 464.215 -929.604 342.000 -3420.000 0.000 791.297 100.000 791.297
10 9.000 516.124 -1035.344 342.000 -3420.000 0.000 881.305 100.000 881.305
11 4.500 568.133 -1127.762 342.000 -3420.000 0.000 959.973 100.000 959.973
12 Base 622.916 -1199.010 342.000 -3420.000 0.000 1020.621 100.000 1020.621
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Table B.3 CADAM Results for Data Set 1 (continue®).

CADAM Results for Data Set 1

Project: Risk Analysis

Dam: Porsuk

Project engineer: M. Resat Beser

Owner: METU Civil Engineering Department

Dam location: Eskisehir

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Units: Metric

SEISMIC #1 COMBINATION - PEAK ACCELERATIONS (STABIL ITY ANALYSIS)

190

Joi Safety factors Resultanis Uplift Rock
lnl Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 2.667 5.067 4.687 5.000 -17.0 6.4 0.6 50.833
2 45.000 16.281 1.503 6.178 1723 4.413 -385.1 256.2 396.5 72.882 13.2 0.000
3 40.500 5.871 1.021 7.003 0.809 3.067 -658.6 645.0 2239.3 119.031 123.2 0.000
4 36.000 4.717 0.686 5.327 0.910 2.261 -949.3 1383.6 5160.6 112.085 4123 0.000
5 31.500 3.740 0.559 4.494 0.899 1.971 -1395.6 2496.3 11554.6 115.779 870.5 0.000
6 27.000 3.103 0.503 4.108 0.886 1.842 -1997.5 3973.3 227825 119.475 1497.8 0.000
7 22.500 2.675 0.474 3.900 0.877 1.775 -2754.9 5808.8 40172.0 122.019 2294.2 0.000
8 18.000 2.373 0.459 3.774 0.872 1.735 -3667.9 7999.0 65029.1 123.632 3259.6 0.000
9 13.500 2.524 0.616 5.033 1.001 2.320 -6494.2 10540.8 90468.9 99.916 2636.5 0.000
10 9.000 2.344 0.613 4.956 1.002 2.301 -8239.8 13431.9 130241.3 99.801 3418.7 0.000
11 4.500 2175 0.597 4.588 0.996 2214 -9952.9 16661.3 178802.4 100.506 4564.1 0.000
12 Base 2.005 0.564 3.896 0.980 2.040 -11349.0 20125.1 235690.5 102.709 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100
SEISMIC #1 COMBINATION - SUSTAINED ACCELERATIONS (S TRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length l-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -3.957 -4.208 342.000 -3420.000 0.000 1.413 50.000 0.000
2 45.000 -10.292 -175.701 342.000 -3420.000 0.000 68.233 50.000 0.000
3 40.500 271.639 -565.629 342.000 -3420.000 0.000 -36.288 20.932 481.474
4 36.000 155.016 -397.894 342.000 -3420.000 0.000 338.695 100.000 338.695
5 31.500 175.957 -427.873 342.000 -3420.000 0.000 364.214 100.000 364.214
6 27.000 218.114 -497.115 342.000 -3420.000 0.000 423.154 100.000 423.154
7 22.500 265.162 -579.052 342.000 -3420.000 0.000 492.901 100.000 492.901
8 18.000 313.308 -666.168 342.000 -3420.000 0.000 567.055 100.000 567.055
9 13.500 235.493 -755.683 342.000 -3420.000 0.000 643.252 100.000 643.252
10 9.000 265.641 -846.388 342.000 -3420.000 0.000 720.462 100.000 720.462
11 4.500 295.720 -923.747 342.000 -3420.000 0.000 786.311 100.000 786.311
12 Base 328.875 -980.884 342.000 -3420.000 0.000 834.947 100.000 834.947
SEISMIC #1 COMBINATION - SUSTAINED ACCELERATIONS (S TABILITY ANALYSIS)
Joint Safety factors Resulfants UpIift Rock
on Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 4.335 7.586 7.048 7.519 -18.4 4.2 0.4 50.513
2 45.000 23.386 2.044 8.228 2.447 6.266 -418.5 204.7 279.1 64.822 13.2 0.000
3 40.500 8.168 1.431 8.015 1.036 3.860 -724.0 505.9 1692.8 97.466 123.2 0.000
4 36.000 6.675 0.961 5.462 1.124 2.665 -1063.3 1106.4 3532.6 87.942 4123 0.000
5 31.500 5.225 0.784 4.523 1.088 2271 -1585.4 2022.6 7971.7 89.949 870.5 0.000
[3 27.000 4.278 0.705 4.133 1.058 2.102 -2290.2 3247.8 16064.1 92.726 1497.8 0.000
7 22.500 3.656 0.665 3.934 1.039 2.014 -3177.8 4778.3 28841.5 94.825 2294.2 0.000
8 18.000 3.224 0.643 3.818 1.028 1.963 -4248.1 6611.5 47321.1 96.264 3259.6 0.000
9 13.500 3.451 0.830 5.350 1.206 2.747 -7258.9 8745.2 64334.5 81.757 2636.5 0.000
10 9.000 3.189 0.824 5.279 1.203 2.720 -9216.2 11178.1 93351.7 81.914 3418.7 0.000
11 4.500 2.952 0.804 4.844 1.191 2.600 -11169.3 13899.1 128571.4 82.362 4564.1 0.000
12 Base 2.728 0.765 4.039 1.166 2.364 -12844.6 16796.2 169434.7 83.480 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100




Table B.3 CADAM Results for Data Set 1 (continue8).

CADAM Results for Data Set 1

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk

Owner: METU Civil Engineering Department

Dam location: Eskisehir

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Units: Metric

SEISMIC #2 COMBINATION - PEAK ACCELERATIONS (STRESS ANALYSIS)

Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -2.773 -4.761 342.000 -3420.000 0.000 11.159 50.000 0.000
2 45.000 430.627 -601.792 342.000 -3420.000 0.000 266.199 50.000 0.000
3 40.500 1599.029 -1866.433 342.000 -3420.000 0.000 -130.860 21.621 1588.745
4 36.000 1082.614 -1299.445 342.000 -3420.000 0.000 -15.663 10.568 1106.113
5 31.500 978.956 -1200.714 342.000 -3420.000 0.000 1022.071 100.000 1022.071
6 27.000 959.487 -1202.826 342.000 -3420.000 0.000 1023.869 100.000 1023.869
7 22.500 962.648 -1234.769 342.000 -3420.000 0.000 1051.060 100.000 1051.060
8 18.000 971.419 -1276.087 342.000 -3420.000 0.000 1086.230 100.000 1086.230
9 13.500 855.410 -1320.799 342.000 -3420.000 0.000 1124.290 100.000 1124.290
10 9.000 849.442 -1368.663 342.000 -3420.000 0.000 1165.032 100.000 1165.032
11 4.500 848.286 -1407.915 342.000 -3420.000 0.000 1198.445 100.000 1198.445
12 Base 857.962 -1434.055 342.000 -3420.000 0.000 1220.696 100.000 1220.696
SEISMIC #2 COMBINATION - PEAK ACCELERATIONS (STABIL ITY ANALYSIS)
Joint Safety factors Resultants UpIitt Rock
ol Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s D/S resistance
(m) (kN) (kN) (kN-m) (% of joint)| (kN) (kN)
1 49.500 > 100 0.506 5.352 3.699 5.000 -17.0 335 34 54.396
2 45.000 3.747 0.482 11.694 0.561 4.413 -385.1 798.6 1742.2 150.529 13.2 0.000
3 40.500 2.112 0.408 14.414 0.326 3.067 -658.6 1614.8 7006.5 265.994 123.2 0.000
4 36.000 2.076 0.340 9.999 0.479 2.261 -949.3 2795.8 15219.2 233.097 4123 0.000
5 31.500 1.959 0.324 7.452 0.554 1.971 -1395.6 4311.6 28775.7 213.817 870.5 0.000
6 27.000 1.875 0.330 6.153 0.607 1.842 -1997.5 6055.9 48565.6 198.100 1497.8 0.000
7 22.500 1.822 0.346 5.387 0.651 1.775 -2754.9 79723 75071.8 184.586 2294.2 0.000
8 18.000 1.789 0.365 4.880 0.689 1.735 -3667.9 10044.3 108583.1 172.948 3259.6 0.000
9 13.500 2.037 0.528 6.164 0.811 2.320 -6494.2 12292.0 141251.6 127.935 2636.5 0.000
10 9.000 2.032 0.558 5.804 0.850 2.301 -8239.8 14764.0 186203.6 121.200 3418.7 0.000
11 4.500 1.992 0.569 5.184 0.878 2.214 -9952.9 17506.8 237877.0 117.193 4564.1 0.000
12 Base 1.914 0.555 4.280 0.890 2.040 -11349.0 20459.0 296503.0 116.309 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100
SEISMIC #2 COMBINATION - SUSTAINED ACCELERATIONS (S TRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length l-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -3.420 -4.745 342.000 -3420.000 0.000 7.439 50.000 0.000
2 45.000 255.517 -441.510 342.000 -3420.000 0.000 188.773 50.000 0.000
3 40.500 1057.609 -1351.599 342.000 -3420.000 0.000 -98.286 21.908 1150.507
4 36.000 679.798 -922.675 342.000 -3420.000 0.000 -7.362 8.789 785.399
5 31.500 610.772 -862.688 342.000 -3420.000 0.000 734.336 100.000 734.336
6 27.000 600.766 -879.766 342.000 -3420.000 0.000 748.874 100.000 748.874
7 22.500 605.678 -919.568 342.000 -3420.000 0.000 782.754 100.000 782.754
8 18.000 613.809 -966.668 342.000 -3420.000 0.000 822.847 100.000 822.847
9 13.500 496.290 -1016.479 342.000 -3420.000 0.000 865.247 100.000 865.247
10 9.000 487.853 -1068.600 342.000 -3420.000 0.000 909.614 100.000 909.614
11 4.500 482.488 -1110.515 342.000 -3420.000 0.000 945.292 100.000 945.292
12 Base 485.572 -1137.580 342.000 -3420.000 0.000 968.331 100.000 968.331
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Table B.3 CADAM Results for Data Set 1 (continued).

CADAM Results for Data Set 1

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk

Owner: METU Civil Engineering Department

Dam location: Eskisehir

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Units: Metric

SEISMIC #2 COMBINATION - SUSTAINED ACCELERATIONS (S TABILITY ANALYSIS)

Joi Safety factors Resultanis Uplitt Rock
lnl Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 0.823 7.871 5.559 7.519 -18.4 22.3 2.2 52.704
2 45.000 5.741 0.739 13.541 0.827 6.266 -418.5 566.3 1176.2 112.460 13.2 0.000
3 40.500 3.130 0.628 14.428 0.458 3.860 -724.0 1152.4 4870.9 186.581 123.2 0.000
4 36.000 3.034 0.519 9.117 0.645 2.665 -1063.3 2047.9 10238.4 159.965 4123 0.000
5 31.500 2.823 0.490 6.777 0.724 2271 -1585.4 3232.8 19452.4 147.484 870.5 0.000
6 27.000 2.664 0.494 5.677 0.775 2.102 -2290.2 4636.2 33252.8 138.443 1497.8 0.000
7 22.500 2.557 0.511 5.053 0.815 2.014 -3177.8 6220.6 52108.0 130.986 2294.2 0.000
8 18.000 2.480 0.533 4.649 0.850 1.963 -4248.1 7975.0 76357.1 124.651 3259.6 0.000
9 13.500 2.807 0.732 6.239 1.015 2.747 -7258.9 9912.7 98189.6 98.469 2636.5 0.000
10 9.000 2.772 0.764 5.946 1.052 2.720 -9216.2 12066.2 130659.8 94.668 3418.7 0.000
11 4.500 2.699 0.772 5.307 1.076 2.600 -11169.3 14462.7 167954.4 92.275 4564.1 0.000
12 Base 2.588 0.755 4.330 1.079 2.364 -12844.6 17018.8 209976.4 91.491 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100
POST-SEISMIC COMBINATION (STRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length l-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -4.709 -4.709 189.000 -2490.000
2 45.000 -94.592 -120.836 189.000 -2490.000 0.000 33.922 50.000 0.000
3 40.500 -24.982 -321.781 189.000 -2490.000 0.000 -33.618 24.848 273.907
4 36.000 -125.429 -169.153 189.000 -2490.000 0.000 143.987 100.000 143.987
5 31.500 -125.105 -186.673 189.000 -2490.000 0.000 158.900 100.000 158.900
6 27.000 -116.103 -233.687 189.000 -2490.000 0.000 198.919 100.000 198.919
7 22.500 -107.600 -289.205 189.000 -2490.000 0.000 246.177 100.000 246.177
8 18.000 -100.657 -347.867 189.000 -2490.000 0.000 296.111 100.000 296.111
9 13.500 -221.099 -407.873 189.000 -2490.000 0.000 347.189 100.000 347.189
10 9.000 -234.376 -468.506 189.000 -2490.000 0.000 398.802 100.000 398.802
11 4.500 -248.058 -515.744 189.000 -2490.000 0.000 439.011 100.000 439.011
12 Base -258.063 -544.649 189.000 -2490.000 0.000 463.616 100.000 463.616
POST-SEISMIC COMBINATION (STABILITY ANALYSIS)
Joint Safety factors Resultants Uplift Rock
ol Sliding Overturnin, Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 >100 > 100 >100 >100 -21.2 0.0 0.0 50.000
2 45.000 47.970 4.763 58.129 15.123 37.600 -484.7 101.8 44.3 52.030 13.2 0.000
3 40.500 25.509 3.753 14.363 2.360 7.931 -854.0 227.6 600.1 64.265 1232 0.000
4 36.000 18.103 2.336 5.924 2121 4.128 -1289.7 552.0 279.4 52.474 4123 0.000
5 31.500 13.505 1.825 4.604 1.869 3.254 -1962.1 1075.2 812.8 53.291 870.5 0.000
6 27.000 10.788 1.598 4.198 1.728 2917 -2871.3 1796.9 2640.9 55.603 1497.8 0.000
7 22.500 9.048 1.478 4.027 1.645 2.751 -4017.2 2717.4 6204.3 57.628 2294.2 0.000
8 18.000 7.853 1.408 3.941 1.593 2.657 -5399.8 3836.4 11943.4 59.186 3259.6 0.000
9 13.500 7.473 1.703 6.488 2.038 4.329 -8776.8 5154.2 12123.0 54.949 2636.5 0.000
10 9.000 6.818 1.672 6.438 2.008 4.263 -11154.4 6670.5 19654.5 55.552 3418.7 0.000
11 4.500 6.271 1.622 5715 1.958 3.976 -13584.0 8374.5 28222.7 55.841 4564.1 0.000
12 Base 5.846 1.560 4.477 1.875 3.453 -15813.4 10138.5 37073.7 55.950 6447.1 0.000
Required: 2.000 1.100 1.100 1.100 1.100
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Table B.4 CADAM Loads for Data Set 2.

CADANM Lioads for Data Set 2

Project: Risk Analz5|s

Dam: Porsuk

Project engineer: M. Resat Beser
Analysis performed by: M. Resat Beser

Owner: METU Civil Engineering Department

Date: 26 Adustos 04

Dam location: Eskisehir Units: Metric
STATIC LOADS (1/3)
Joint Self-Weight Normal Operating level
Dam Concentrated masses Upstream reservoir Downstream reservoir Crest Overtopping Uplift Ice

ID Upstream Vertical load Vertical load Horizontal load Vertical load Horizontal load Vertical load Vertical load Normal load Horizontal load

elevation D position x Mv position x Hnu elevation Vnu position x Hnd elevation Vnd position x Vnc position x Un position | Un position |

(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -21.2 2.250
2 45.000 -498.0 2.250 18 45.200 13.2 1.500 100.0 45.340
3 40.500 -977.2 2.256 127.6 42.200 123.2 1.642 100.0 45.340
4 36.000 -1702.0 2.790 452.0 39.200 4123 2919 100.0 45.340
5 31.500 -2832.6 3.829 975.2 36.200 870.5 4.196 100.0 45.340
6 27.000 -4369.0 5.047 1696.9 33.200 1497.8 5.472 100.0 45.340
7 22.500 -6311.3 6.325 2617.4 30.200 2294.2 6.749 100.0 45.340
8 18.000 -8659.4 7.622 3736.4 27.200 3259.6 8.026 100.0 45.340
9 13.500 | -11413.4 8.925 5054.2 24.200 2636.5 9.303 100.0 45.340
10 9.000 -14573.1  10.227 6570.5 21.200 3418.7 10.580 100.0 45.340
1 4.500 -18138.7  11.528 8285.6 18.200 -11.0 5.000 -9.4 35.144 4564.1 12.536 100.0 45.340
12 Base -22110.2  12.827 10509.4 15.429 -176.6 2.000 -150.3 37.698 6447.1 15.495 50.6 46.028
STATIC LOADS (2/3)
Joint Silt Flood level
Upstream reservoir Downstream reservoir Crest Overtopping Uplift

ID Upstream Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Vertical load Normal load

elevation Sh position x Sv position x Hfu elevation Vfu position x Hfd elevation Vfd position x Vfc position x Uf position |

(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)

1 49,500
2 45,000 50.2 46.067 70.6 1.500
3 40.500 290.8 43.067 186.0 1.642
4 36.000 730.1 40.067 524.0 2919
5 31.500 1368.0 37.067 1031.0 4.196
6 27.000 22045 34.067 1707.1 5.472
7 22.500 3239.7 31.067 2552.4 6.749
8 18.000 4473.6 28.067 3566.7 8.026
9 13.500 5906.1 25.067 2850.1 9.303
10 9.000 7537.2 22.067 3661.6 10.580
11 4.500 9367.0 19.067 -11.0 5.000 -9.4 35.144 4836.3 12.498
12 Base 15.8 1.000 10509.4 15.429 -381615.2  24.587 -269464.6 22.102 6748.5 15.390
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Table B.4 CADAM Loads for Data Set 2 (continuetl)--

CADANM Lioads for Data Set 2

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk

Analysis performed by: M. Resat Beser

Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskisehir Units: Metric
STATIC LOADS (3/3)
Joint Post-iensioning Applied f
o Crest Downstream face G
ID Upstream Vertical load Vertical load Horizontal load Horizontal load Vertical load
elevation Pc position x Pdv position x Pdh elevation elevation Fv position x
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500
2 45.000
3 40.500
4 36.000
5 31.500
6 27.000
7 22.500
8 18.000
9 13.500
10 9.000
11 4.500
12 Base
PSEUDO-STATIC LOADS (SEISMIC COEFFICIENT)-STRESS ANALYSIS
Joint Inertia loads Reservoirs (operating level) Silt
Dam Concentrated masses Upstream Downstream
ID Upstream Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load
elevation Qh elevation Qv position x Mdh elevation Mdv position x Hdu elevation Vdu position x Hdd elevation Vdd position x Sdh elevation Sdv position x
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m
1 49.500 -6.4 49.600 -4.2 2.250
2 45.000 -149.4 47.350 -99.6 2.250 -5.0 45.240
3 40.500 -293.2 45.089 -195.4 2.256 -124.3 42.540
4 36.000 -510.6 42.087 -340.4 2.790 -321.0 39.840
5 31.500 -849.8 38.706 -566.5 3.829 -571.3 37.140
6 27.000 -1310.7 35.346 -873.8 5.047 -865.6 34.440
7 22.500 -1893.4 32.061 -1262.3 6.325 -1198.1 31.740
8 18.000 -2597.8 28.841 -1731.9 7.622 -1564.7 29.040
9 13.500 -3424.0 25.669 -2282.7 8.925 -1962.6 26.340
10 9.000 -4371.9 22.532 -2914.6 10.227 -2389.4 23.640
11 4.500 -5441.6 19.421 -3627.7 11.528 -2843.4 20.940 -1.8 5.100 -3.4 35.106
12 Base -6633.1 16.330 -4422.0 12.827 -3322.9 18.240 -14.4 2.400 -42.3 37.599 -16.1 1.200
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Table B.4 CADAM Loads for Data Set 2 (continued)-

CADANM Lioads for Data Set 2

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskisehir Units: Metric

PSEUDO-STATIC LOADS (SEISM

IC COEFFICIENT)-STABILITY ANALYSIS

Inertia loads

Reservoirs (operating level)

Joint Silt
Dam Concentrated masses Upstream Downstream
ID Upstream Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load Horizontal load Vertical load
elevation Qh' elevation Q' position x Mdh' elevation Mdv' position x Hdu' elevation Vdu' position x Hdd"' elevation vdd' position x Sdh' elevation Sdv' position x
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m
1 49.500 -4.2 49.600 -2.8 2.250
2 45.000 -99.6 47.350 -66.2 2.250 -3.3 45.240
3 40.500 -195.4 45.089 -130.0 2.256 -82.9 42.540
4 36.000 -340.4 42.087 -226.4 2.790 -214.0 39.840
5 31.500 -566.5 38.706 -376.7 3.829 -380.9 37.140
6 27.000 -873.8 35.346 -581.1 5.047 -577.1 34.440
7 22.500 -1262.3 32.061 -839.4 6.325 -798.7 31.740
8 18.000 -1731.9 28.841 -1151.7 7.622 -1043.1 29.040
9 13.500 -2282.7 25.669 -1518.0 8.925 -1308.4 26.340
10 9.000 -2914.6 22,532 -1938.2 10.227 -1593.0 23.640
11 4.500 -3627.7 19.421 -2412.5 11.528 -1895.6 20.940 -1.2 5.100 -23 35.106
12 Base -4422.0 16.330 -2940.7 12.827 -2215.3 18.240 -9.7 2.400 -28.2 37.598 -10.8 1.200
PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STRESS ANALY SIS (1/2)
Joint First mode Higher modes Modal combination
Dam Reservoir (upstream) Concentrated masses Total Dam Reservoir (upstream) Concentrated masses Total SRSS Summation
ID Upstream Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load
elevation Eql elevation Hd1 elevation Md1 elevation Em1 elevation Eqgs elevation Hds elevation Mds elevation Ems elevation Emc elevation Emc elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m
1 49.500 -76.6 49.600 -76.6 49.600 10.9 49.600 10.9 49.600 -77.4 49.600
2 45,000 -1581.1 47.465 -10.2 45.202 -1591.2 47.451 206.3 47.548 23.9 45.377 230.2 47.323 -1607.8 47.448
3 40.500 -2703.6 45.550 -520.5 42.375 -3224.1 45.037 315.0 45.979 70.4 44.489 385.4 45.707 -3247.0 45.046
4 36.000 -3960.4 43.199 -1375.2 39.765 -5335.6 42.314 380.2 44.692 32.9 52.035 413.1 45.276 -5351.6 42.332
5 31.500 -5453.7 40.603 -2334.9 37.283 -7788.6 39.608 377.0 44.881 -44.7 19.924 3323 48.234 -7795.7 39.625
6 27.000 -6973.1 38.133 -3328.7 34.884 -10301.8 37.083 257.8 52.300 -170.2 26.687 87.6 102.040 | -10302.1  37.092
7 22.500 -8370.1 35.907 -4313.1 32.573 -12683.2 34.773 -10.6 -651.854 -351.7 25.625 -362.3 5.825 -12688.4  34.760
8 18.000 -9553.9 33.977 -5252.2 30.374 -14806.1 32.699 -448.7 4.242 -592.9 23.400 -1041.6 15.147 | -14842.7 32.635
9 13.500 | -10473.8 32.386 -6131.0 28.281 -16604.8 30.870 -1068.0 10.850 -892.6 20.808 -1960.6 15.384 | -16720.1 30.710
10 9.000 -11117.2 31172 -6955.2 26.266 -18072.4 29.284 -1871.2 10.985 -1244.1 18.094 -3115.3 13.824 | -18339.0 28.953
11 4.500 -11504.7  30.357 -7728.8 24.315 -19233.6 27.929 -2853.7 9.504 -1636.8 15.364 -4490.5 11.640 | -19750.8 27.326
12 Base -11631.8  30.059 -8447.1 22.441 -20078.9 26.854 -4016.5 7.387 -2066.6 12.630 -6083.0 9.168 -20980.2  25.838
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Table B.4 CADAM Loads for Data Set 2 (continue8)-

CADANM Lioads for Data Set 2

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskisehir Units: Metric

PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STRESS ANALY SIS (2/2)

Vertical loads

horizontal loads

Tl Dam Reservoir (upstream) Reservoir (downstream) Concentrated masses Silt Reservoir (downstream) Silt
ID Upstream Vertical load Vertical load Vertical load Vertical load Vertical load Horizontal load Horizontal load
elevation Eqv position x Vdu position x Vdd position x Mdv position x Sdv position x Hdd elevation Sdh elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -4.2 2.250
2 45.000 -99.6 2.250
3 40.500 -195.4 2.256
4 36.000 -340.4 2.790
5 31.500 -566.5 3.829
6 27.000 -873.8 5.047
7 22.500 -1262.3 6.325
8 18.000 -1731.9 7.622
9 13.500 -2282.7 8.925
10 9.000 -2914.6 10.227
11 4.500 -3627.7 11.528 -3.4 35.106 -1.8 5.100
12 Base -4422.0 12.827 -42.3 37.599 -14.4 2.400 -16.1 1.200
PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STABILITY AN ALYSIS (1/2)
Joint First mode Higher modes Modal combination
Dam Reservoir (upstream) Concentrated masses Total Dam Reservoir (upstream) [Concentrated masses Tota | SRSS Summation
ID Upstream Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load Horizontal load
elevation Eql' elevation Hd1' elevation Md1' elevation Em1' elevation gs' elevation Hds' elevation Mds' elevation Ems' elevation Emc' elevation Emc’ elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m)
1 49.500 -51.1 49.600 -51.1 49.600 72 49.600 72 49.600 -51.6 49.600
2 45,000 -1054.1 47.465 -6.8 45.202 -1060.8 47.451 1375 47.548 15.9 45.377 153.5 47.323 -1071.9 47.448
3 40.500 -1802.4 45.550 -347.0 42.375 -2149.4 45.037 210.0 45.979 46.9 44.489 256.9 45.707 -2164.7 45.046
4 36.000 -2640.3 43.199 -916.8 39.765 -3557.1 42.314 253.5 44.692 21.9 52.035 275.4 45.276 -3567.7 42.332
5 31.500 -3635.8 40.603 -1556.6 37.283 -5192.4 39.608 251.3 44.881 -29.8 19.924 221.6 48.234 -5197.1 39.625
6 27.000 -4648.7 38.133 -2219.1 34.884 -6867.9 37.083 1719 52.300 -113.5 26.687 58.4 102.040 | -6868.1 37.092
7 22.500 -5580.0 35.907 -2875.4 32.573 -8455.5 34.773 -7.1 -651.854 -234.5 25.625 -241.5 5.825 -8458.9 34.760
8 18.000 -6369.3 33.977 -3501.5 30.374 -9870.7 32.699 -299.1 4.242 -395.3 23.400 -694.4 15.147 -9895.1 32.635
9 13.500 -6982.5 32.386 -4087.4 28.281 -11069.9 30.870 -712.0 10.850 -595.1 20.808 -1307.1 15.384 | -11146.8 30.710
10 9.000 -7411.5 31172 -4636.8 26.266 -12048.3 29.284 -1247.4 10.985 -829.4 18.094 -2076.8 13.824 | -12226.0 28.953
11 4.500 -7669.8 30.357 -5152.6 24.315 -12822.4 27.929 -1902.4 9.504 -1091.2 15.364 -2993.7 11.640 | -13167.2 27.326
12 Base -7754.5 30.059 -5631.4 22.441 -13386.0 26.854 -2677.6 7.387 -1377.7 12.630 -4055.4 9.168 -13986.8  25.838
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Table B.4 CADAM Loads for Data Set 2 (continued)-

CADANM Lioads for Data Set 2

Project: Risk Analysis Project engineer: M. Resat Beser
Dam: Porsuk Analysis performed by: M. Resat Beser
Oown ETU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskisehir Units: Metric

PSEUDO-DYNAMIC LOADS (CHOPRA'S METHOD)-STABILITY AN ALYSIS (2/2)

Vertical loads

horizontal loads

Tl Dam Reservoir (upstream) Reservoir (downstream) Goncen  trated masses Silt Reservoir (downstream) Silt
ID Upstream Vertical load Vertical load Vertical load Vertical load Vertical load Horizontal load Horizontal load
elevation Eqv' position x Vdu' position x vdd' position x Mdv' position x Sdv' position x Hdd"' elevation Sdh' elevation
(m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (kN) (m) (KN) (m)
1 49.500 -2.8 2.250
2 45.000 -66.2 2.250
3 40.500 -130.0 2.256
4 36.000 -226.4 2.790
5 31.500 -376.7 3.829
6 27.000 -581.1 5.047
7 22.500 -839.4 6.325
8 18.000 -1151.7 7.622
9 13.500 -1518.0 8.925
10 9.000 -1938.2 10.227
11 4.500 -2412.5 11.528 -2.3 35.106 -1.2 5.100
12 Base -2940.7 12.827 -28.2 37.598 -9.7 2.400 -10.8 1.200
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Table B.5 CADAM Results for Data Set 2.

CADAM Results for Data Set 2

Project: Risk Analysis
Dam: Porsuk

Project engineer: M. Resat Beser

Owner: METU Civil Engineering Department
Dam location: Eskisehir

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Units: Metric

LOAD COMBINATION FACTORS

Usual Flood Seismic #1 Seismic #2 Post-seismic
Self-weight 1.000 1.000 1.000 1.000 1.000
Hydrostatic (upstream) 1.000 1.000 1.000 1.000 1.000
Hydrostatic (downstream) 0.600 1.000 1.000 1.000 1.000
Uplift pressures 1.000 1.000 1.000 1.000 1.000
Silts 1.000 1.000 1.000 1.000 1.000
Ice 1.000 1.000 1.000 1.000
Post-tensioning
Applied forces
Seismic (horizontal) -1.000 -1.000
Seismic (vertical) -1.000 -1.000

USUAL COMBINATION (STRESS ANALYSIS)

Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -4.709 -4.709 0.000 -1260.000
2 45.000 -94.592 -120.836 0.000 -1260.000 0.000 33.922 50.000 0.000
3 40.500 -24.982 -321.781 0.000 -1260.000 0.000 -33.618 24.848 273.907
4 36.000 -125.429 -169.153 0.000 -1260.000 0.000 143.987 100.000 143.987
5 31.500 -125.105 -186.673 0.000 -1260.000 0.000 158.900 100.000 158.900
[3 27.000 -116.103 -233.687 0.000 -1260.000 0.000 198.919 100.000 198.919
7 22.500 -107.600 -289.205 0.000 -1260.000 0.000 246.177 100.000 246.177
8 18.000 -100.657 -347.867 0.000 -1260.000 0.000 296.111 100.000 296.111
9 13.500 -221.099 -407.873 0.000 -1260.000 0.000 347.189 100.000 347.189
10 9.000 -234.376 -468.506 0.000 -1260.000 0.000 398.802 100.000 398.802
11 4.500 -248.252 -515.339 0.000 -1260.000 0.000 438.667 100.000 438.667
12 Base -241.160 -558.500 0.000 -1260.000 0.000 475.406 100.000 475.406
USUAL COMBINATION (STABILITY ANALYSIS)
Joint Safety factors Resultants UpIift Rock
oI Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 > 100 > 100 > 100 > 100 -21.2 0.0 0.0 50.000
2 45.000 47.970 4.763 58.129 15.123 37.600 -484.7 101.8 443 52.030 13.2 0.000
3 40.500 25.509 3.753 14.363 2.360 7.931 -854.0 227.6 600.1 64.265 1232 0.000
4 36.000 18.103 2.336 5.924 2121 4.128 -1289.7 552.0 279.4 52.474 4123 0.000
5 31.500 13.505 1.825 4.604 1.869 3.254 -1962.1 1075.2 812.8 53.291 870.5 0.000
3 27.000 10.788 1.598 4.198 1.728 2917 -2871.3 1796.9 2640.9 55.603 1497.8 0.000
7 22.500 9.048 1.478 4.027 1.645 2.751 -4017.2 2717.4 6204.3 57.628 2294.2 0.000
8 18.000 7.853 1.408 3.941 1.593 2.657 -5399.8 3836.4 11943.4 59.186 3259.6 0.000
9 13.500 7.473 1.703 6.488 2.038 4.329 -8776.8 5154.2 12123.0 54.949 2636.5 0.000
10 9.000 6.818 1.672 6.438 2.008 4.263 -11154.4 6670.5 19654.5 55.552 3418.7 0.000
11 4.500 6.267 1.621 5713 1.958 3.975 -13580.3 8379.0 28159.7 55.830 4564.1 0.000
12 Base 5.652 1.505 4.510 1.845 3.443 -15753.3 10469.9 41052.1 56.614 6447.1 0.000
Required: 3.000 1.500 1.200 1.200 1.200
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Table B.5 CADAM Results for Data Set 2 (continuet]).

CADAM Results for Data Set 2

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk

Owner: METU Civil Engineering Department

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Dam location: Eskisehir

Units: Metric

FLOOD COMBINATION (STRESS ANALYSIS)

Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -4.709 -4.709 189.000 -1890.000
2 45.000 -63.391 -126.531 189.000 -1890.000 0.000 16.742 50.000 0.000
3 40.500 11.788 -333.045 189.000 -1890.000 0.000 -22.801 21.435 283.495
4 36.000 -53.878 -215.198 189.000 -1890.000 0.000 183.181 100.000 183.181
5 31.500 -37.196 -249.077 189.000 -1890.000 0.000 212.019 100.000 212.019
6 27.000 -18.837 -305.448 189.000 -1890.000 0.000 260.003 100.000 260.003
7 22.500 -4.295 -367.004 189.000 -1890.000 0.000 312.401 100.000 312.401
8 18.000 6.863 -429.880 189.000 -1890.000 0.000 365.923 100.000 365.923
9 13.500 -120.674 -492.994 189.000 -1890.000 0.000 419.646 100.000 419.646
10 9.000 -131.567 -556.012 189.000 -1890.000 0.000 473.288 100.000 473.288
11 4.500 -143.361 -605.137 189.000 -1890.000 0.000 515.105 100.000 515.105
12 Base -151.834 -635.574 189.000 -1890.000 0.000 541.013 100.000 541.013
FLOOD COMBINATION (STABILITY ANALYSIS)
Joint Safety Tactors Resultanis Uplift Rock
ol Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s D/S resistance
(m) (kN) (kN) (kN-m) (% of joint)| (kN) (kN)
1 49.500 > 100 > 100 >100 > 100 > 100 -21.2 0.0 0.0 50.000
2 45.000 95.561 8.508 11.081 4.220 7.050 -427.3 50.2 106.5 55.541 70.6 0.000
3 40.500 19.115 2.721 9.662 1.922 5.253 -791.2 290.8 697.2 67.890 186.0 0.000
4 36.000 13.471 1.614 5.046 1.685 3.248 -1178.0 730.1 1030.7 59.992 524.0 0.000
5 31.500 10.447 1.317 4.268 1525 2.747 -1801.6 1368.0 2797.2 62.336 1031.0 0.000
[3 27.000 8.658 1.207 4.028 1.450 2.559 -2661.9 2204.5 6437.3 64.730 1707.1 0.000
7 22.500 7.476 1.160 3.928 1.413 2.473 -3758.9 3239.7 12391.5 66.281 2552.4 0.000
8 18.000 6.558 1.138 3.879 1.393 2.428 -5092.7 4473.6 21100.2 67.207 3566.7 0.000
9 13.500 6.470 1.450 6.418 1.786 4.005 -8563.3 5906.1 24166.2 60.112 2850.1 0.000
10 9.000 5.988 1.448 6.390 1.782 3.980 -10911.5 7537.2 35630.9 60.288 3661.6 0.000
11 4.500 5.571 1.423 5.722 1.758 3.753 -13311.9 9356.0 48686.2 60.282 4836.3 0.000
12 Base 5.237 1.381 4.533 1.704 3.299 -15511.9 11234.8 62578.3 60.239 6748.5 0.000
Required: 2.000 1.300 1.100 1.100 1.100
SEISMIC #1 COMBINATION - PEAK ACCELERATIONS (STRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -3.579 -3.955 342.000 -3420.000 0.000 2119 50.000 0.000
2 45.000 31.913 -203.078 342.000 -3420.000 0.000 85.389 50.000 0.000
3 40.500 420.074 -687.478 342.000 -3420.000 0.000 -38.140 19.831 585.195
4 36.000 295.442 -512.272 342.000 -3420.000 0.000 436.056 100.000 436.056
5 31.500 326.733 -548.492 342.000 -3420.000 0.000 466.887 100.000 466.887
[3 27.000 385.510 -628.850 342.000 -3420.000 0.000 535.289 100.000 535.289
7 22.500 451.875 -723.996 342.000 -3420.000 0.000 616.280 100.000 616.280
8 18.000 520.669 -825.336 342.000 -3420.000 0.000 702.542 100.000 702.542
9 13.500 464.215 -929.604 342.000 -3420.000 0.000 791.297 100.000 791.297
10 9.000 516.124 -1035.344 342.000 -3420.000 0.000 881.305 100.000 881.305
11 4.500 568.133 -1127.762 342.000 -3420.000 0.000 959.973 100.000 959.973
12 Base 622.916 -1199.010 342.000 -3420.000 0.000 1020.621 100.000 1020.621
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Table B.5 CADAM Results for Data Set 2 (continue®).

CADAM Results for Data Set 2

Project: Risk Analysis

Dam: Porsuk

Project engineer: M. Resat Beser

Owner: METU Civil Engineering Department

Dam location: Eskisehir

Analysis performed by: M. Resat Beser

Date: 26 Agustos 04

Units: Metric

SEISMIC #1 COMBINATION - PEAK ACCELERATIONS (STABIL ITY ANALYSIS)

200

Joi Safety factors Resultanis Uplift Rock
lnl Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 2.667 5.067 4.687 5.000 -17.0 6.4 0.6 50.833
2 45.000 16.281 1.503 6.178 1723 4.413 -385.1 256.2 396.5 72.882 13.2 0.000
3 40.500 5.871 1.021 7.003 0.809 3.067 -658.6 645.0 2239.3 119.031 123.2 0.000
4 36.000 4.717 0.686 5.327 0.910 2.261 -949.3 1383.6 5160.6 112.085 4123 0.000
5 31.500 3.740 0.559 4.494 0.899 1.971 -1395.6 2496.3 11554.6 115.779 870.5 0.000
6 27.000 3.103 0.503 4.108 0.886 1.842 -1997.5 3973.3 227825 119.475 1497.8 0.000
7 22.500 2.675 0.474 3.900 0.877 1.775 -2754.9 5808.8 40172.0 122.019 2294.2 0.000
8 18.000 2.373 0.459 3.774 0.872 1.735 -3667.9 7999.0 65029.1 123.632 3259.6 0.000
9 13.500 2.524 0.616 5.033 1.001 2.320 -6494.2 10540.8 90468.9 99.916 2636.5 0.000
10 9.000 2.344 0.613 4.956 1.002 2.301 -8239.8 13431.9 130241.3 99.801 3418.7 0.000
11 4.500 2175 0.597 4.588 0.996 2214 -9952.9 16661.3 178802.4 100.506 4564.1 0.000
12 Base 2.005 0.564 3.896 0.980 2.040 -11349.0 20125.1 235690.5 102.709 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100
SEISMIC #1 COMBINATION - SUSTAINED ACCELERATIONS (S TRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length l-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -3.957 -4.208 342.000 -3420.000 0.000 1.413 50.000 0.000
2 45.000 -10.292 -175.701 342.000 -3420.000 0.000 68.233 50.000 0.000
3 40.500 271.639 -565.629 342.000 -3420.000 0.000 -36.288 20.932 481.474
4 36.000 155.016 -397.894 342.000 -3420.000 0.000 338.695 100.000 338.695
5 31.500 175.957 -427.873 342.000 -3420.000 0.000 364.214 100.000 364.214
6 27.000 218.114 -497.115 342.000 -3420.000 0.000 423.154 100.000 423.154
7 22.500 265.162 -579.052 342.000 -3420.000 0.000 492.901 100.000 492.901
8 18.000 313.308 -666.168 342.000 -3420.000 0.000 567.055 100.000 567.055
9 13.500 235.493 -755.683 342.000 -3420.000 0.000 643.252 100.000 643.252
10 9.000 265.641 -846.388 342.000 -3420.000 0.000 720.462 100.000 720.462
11 4.500 295.720 -923.747 342.000 -3420.000 0.000 786.311 100.000 786.311
12 Base 328.875 -980.884 342.000 -3420.000 0.000 834.947 100.000 834.947
SEISMIC #1 COMBINATION - SUSTAINED ACCELERATIONS (S TABILITY ANALYSIS)
Joint Safety factors Resulfants UpIift Rock
on Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 4.335 7.586 7.048 7.519 -18.4 4.2 0.4 50.513
2 45.000 23.386 2.044 8.228 2.447 6.266 -418.5 204.7 279.1 64.822 13.2 0.000
3 40.500 8.168 1.431 8.015 1.036 3.860 -724.0 505.9 1692.8 97.466 123.2 0.000
4 36.000 6.675 0.961 5.462 1.124 2.665 -1063.3 1106.4 3532.6 87.942 4123 0.000
5 31.500 5.225 0.784 4.523 1.088 2271 -1585.4 2022.6 7971.7 89.949 870.5 0.000
[3 27.000 4.278 0.705 4.133 1.058 2.102 -2290.2 3247.8 16064.1 92.726 1497.8 0.000
7 22.500 3.656 0.665 3.934 1.039 2.014 -3177.8 4778.3 28841.5 94.825 2294.2 0.000
8 18.000 3.224 0.643 3.818 1.028 1.963 -4248.1 6611.5 47321.1 96.264 3259.6 0.000
9 13.500 3.451 0.830 5.350 1.206 2.747 -7258.9 8745.2 64334.5 81.757 2636.5 0.000
10 9.000 3.189 0.824 5.279 1.203 2.720 -9216.2 11178.1 93351.7 81.914 3418.7 0.000
11 4.500 2.952 0.804 4.844 1.191 2.600 -11169.3 13899.1 128571.4 82.362 4564.1 0.000
12 Base 2.728 0.765 4.039 1.166 2.364 -12844.6 16796.2 169434.7 83.480 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100




Table B.5 CADAM Results for Data Set 2 (continue8).

CADAM Results for Data Set 2

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk Analysis performed by: M. Resat Beser
Owner: METU Civil Engineering Department Date: 26 Agustos 04
Dam location: Eskisehir Units: Metric
SEISMIC #2 COMBINATION - PEAK ACCELERATIONS (STRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length |-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -1.471 -6.063 342.000 -3420.000 0.000 25.789 50.000 0.000
2 45.000 1093.708 -1264.873 342.000 -3420.000 0.000 569.858 50.000 0.000
3 40.500 100.000 4.926 3675.538 -3942.942 342.000 -3420.000 0.000 -263.472 121.247 3356.309
4 36.000 2607.611 -2824.441 342.000 -3420.000 0.000 -45.956 12.046 2404.219
5 31.500 2371.800 -2593.559 342.000 -3420.000 0.000 -3.638 3.898 2207.688
6 27.000 2313.087 -2556.427 342.000 -3420.000 0.000 2176.080 100.000 2176.080
7 22.500 2301.517 -2573.639 342.000 -3420.000 0.000 2190.732 100.000 2190.732
8 18.000 2298.580 -2603.248 342.000 -3420.000 0.000 2215.935 100.000 2215.935
9 13.500 2165.838 -2631.227 342.000 -3420.000 0.000 2239.752 100.000 2239.752
10 9.000 2134.897 -2654.117 342.000 -3420.000 0.000 2259.236 100.000 2259.236
11 4.500 2099.417 -2659.046 342.000 -3420.000 0.000 2263.432 100.000 2263.432
12 Base 2065.161 -2641.255 342.000 -3420.000 0.000 2248.287 100.000 2248.287
SEISMIC #2 COMBINATION - PEAK ACCELERATIONS (STABIL ITY ANALYSIS)
Joint Safety factors Resultants UpIitt Rock
ol Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s D/S resistance
(m) (kN) (kN) (kN-m) (% of joint)| (kN) (kN)
1 49.500 54.464 0.219 5.813 2.758 5.000 -17.0 77.4 7.7 60.159
2 45.000 1.636 0.225 20.868 0.265 4.413 -385.1 1709.6 3980.1 279.660 13.2 0.000
3 40.500 0.271 0.190 27.467 0.159 3.067 -658.6 3474.6 15403.1 524.841 123.2 0.000
4 36.000 0.948 0.161 19.049 0.249 2.261 -949.3 5903.7 34705.9 467.535 4123 0.000
5 31.500 0.915 0.157 13.769 0.304 1.971 -1395.6 8870.9 65551.9 423.180 870.5 0.000
6 27.000 0.899 0.165 10.976 0.348 1.842 -1997.5 12099.1 109369.4 383.520 1497.8 0.000
7 22.500 0.901 0.179 9.286 0.388 1.775 -2754.9 15405.7 166553.1 348.590 2294.2 0.000
8 18.000 0.918 0.196 8.138 0.425 1.735 -3667.9 18679.1 236820.5 318.152 3259.6 0.000
9 13.500 1.076 0.297 9.953 0.495 2.320 -6494.2 21874.3 311364.0 221.794 2636.5 0.000
10 9.000 1.125 0.329 9.075 0.536 2.301 -8239.8 25009.5 402024.0 203.724 3418.7 0.000
11 4.500 1.163 0.354 7.844 0.573 2.214 -9952.9 28127.2 501696.7 191.715 4564.1 0.000
12 Base 1.181 0.364 6.250 0.604 2.040 -11349.0 31149.2 608837.6 186.159 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100
SEISMIC #2 COMBINATION - SUSTAINED ACCELERATIONS (S TRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length l-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -2.552 -5.613 342.000 -3420.000 0.000 17.193 50.000 0.000
2 45.000 697.571 -883.564 342.000 -3420.000 0.000 391.213 50.000 0.000
3 40.500 | 100.000 4.926 2441.948 -2735.938 342.000 -3420.000 0.000 -186.641 121.408 2328.884
4 36.000 1696.462 -1939.339 342.000 -3420.000 0.000 -26.890 11.237 1650.804
5 31.500 1539.335 -1791.250 342.000 -3420.000 0.000 -0.559 1.878 1524.747
6 27.000 1503.166 -1782.166 342.000 -3420.000 0.000 1517.015 100.000 1517.015
7 22.500 1498.258 -1812.148 342.000 -3420.000 0.000 1542.535 100.000 1542.535
8 18.000 1498.582 -1851.442 342.000 -3420.000 0.000 1575.983 100.000 1575.983
9 13.500 1369.909 -1890.098 342.000 -3420.000 0.000 1608.888 100.000 1608.888
10 9.000 1344.823 -1925.570 342.000 -3420.000 0.000 1639.083 100.000 1639.083
11 4.500 1316.576 -1944.603 342.000 -3420.000 0.000 1655.284 100.000 1655.284
12 Base 1290.371 -1942.380 342.000 -3420.000 0.000 1653.392 100.000 1653.392
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Table B.5 CADAM Results for Data Set 2 (continued).

CADAM Results for Data Set 2

Project: Risk Analysis

Project engineer: M. Resat Beser

Dam: Porsuk

Analysis performed by: M. Resat Beser

Owner: METU Civil Engineering Department

Dam location: Eskisehir

Date: 26 Agustos 04

Units: Metric

SEISMIC #2 COMBINATION - SUSTAINED ACCELERATIONS (S TABILITY ANALYSIS)

Joi Safety factors Resultanis Uplitt Rock
lnl Sliding Overturning Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 81.736 0.356 8.334 4.143 7.519 -18.4 51.6 52 56.249
2 45.000 2.504 0.357 22.375 0.394 6.266 -418.5 1173.6 2668.2 191.684 13.2 0.000
3 40.500 0.432 0.303 25.724 0.231 3.860 -724.0 2392.3 10468.7 343.541 123.2 0.000
4 36.000 1.424 0.258 16.196 0.353 2.665 -1063.3 4119.8 23229.5 299.495 4123 0.000
5 31.500 1.366 0.253 11.589 0.422 2271 -1585.4 6272.3 43969.9 270.351 870.5 0.000
6 27.000 1.334 0.264 9.319 0.475 2.102 -2290.2 8665.0 73788.6 246.256 1497.8 0.000
7 22.500 1.329 0.284 7.986 0.521 2.014 -3177.8 11176.3 113095.5 225.773 2294.2 0.000
8 18.000 1.344 0.309 7.096 0.563 1.963 -4248.1 13731.6 161848.7 208.232 3259.6 0.000
9 13.500 1.560 0.445 9.218 0.663 2.747 -7258.9 16300.9 211597.9 154.449 2636.5 0.000
10 9.000 1.617 0.488 8515 0.710 2.720 -9216.2 18896.5 274540.1 143.856 3418.7 0.000
11 4.500 1.657 0.518 7.374 0.750 2.600 -11169.3 21543.0 343834.2 136.546 4564.1 0.000
12 Base 1.673 0.532 5.828 0.781 2.364 -12844.6 24145.7 418199.5 132.636 6447.1 0.000
Required: 1.300 1.000 1.100 1.100 1.100
POST-SEISMIC COMBINATION (STRESS ANALYSIS)
Joint Cracking Stresses
Upstream Downstream Normal stresses allowable stresses Shear
ID Upstream Crack Crack Upstream Downstream tension Compression| Upstream Maximum Maximum at Downstream
elevation length length l-axis
(m) (%) (m) (%) (m) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (% of joint) (kPa)
1 49.500 -4.709 -4.709 189.000 -2490.000
2 45.000 -94.592 -120.836 189.000 -2490.000 0.000 33.922 50.000 0.000
3 40.500 -24.982 -321.781 189.000 -2490.000 0.000 -33.618 24.848 273.907
4 36.000 -125.429 -169.153 189.000 -2490.000 0.000 143.987 100.000 143.987
5 31.500 -125.105 -186.673 189.000 -2490.000 0.000 158.900 100.000 158.900
6 27.000 -116.103 -233.687 189.000 -2490.000 0.000 198.919 100.000 198.919
7 22.500 -107.600 -289.205 189.000 -2490.000 0.000 246.177 100.000 246.177
8 18.000 -100.657 -347.867 189.000 -2490.000 0.000 296.111 100.000 296.111
9 13.500 -221.099 -407.873 189.000 -2490.000 0.000 347.189 100.000 347.189
10 9.000 -234.376 -468.506 189.000 -2490.000 0.000 398.802 100.000 398.802
11 4.500 -248.058 -515.744 189.000 -2490.000 0.000 439.011 100.000 439.011
12 Base -258.063 -544.649 189.000 -2490.000 0.000 463.616 100.000 463.616
POST-SEISMIC COMBINATION (STABILITY ANALYSIS)
Joint Safety factors Resultants Uplift Rock
ol Sliding Overturnin, Uplifting Normal Shear Moment Position Final Passive
ID Upstream Toward Toward Force wedge
elevation Peak Residual u/s DIS resistance
(m) (kN) (kN) (kN-m) | (% of joint)]  (kN) (kN)
1 49.500 > 100 >100 > 100 >100 >100 -21.2 0.0 0.0 50.000
2 45.000 47.970 4.763 58.129 15.123 37.600 -484.7 101.8 44.3 52.030 13.2 0.000
3 40.500 25.509 3.753 14.363 2.360 7.931 -854.0 227.6 600.1 64.265 1232 0.000
4 36.000 18.103 2.336 5.924 2121 4.128 -1289.7 552.0 279.4 52.474 4123 0.000
5 31.500 13.505 1.825 4.604 1.869 3.254 -1962.1 1075.2 812.8 53.291 870.5 0.000
6 27.000 10.788 1.598 4.198 1.728 2917 -2871.3 1796.9 2640.9 55.603 1497.8 0.000
7 22.500 9.048 1.478 4.027 1.645 2.751 -4017.2 2717.4 6204.3 57.628 2294.2 0.000
8 18.000 7.853 1.408 3.941 1.593 2.657 -5399.8 3836.4 11943.4 59.186 3259.6 0.000
9 13.500 7.473 1.703 6.488 2.038 4.329 -8776.8 5154.2 12123.0 54.949 2636.5 0.000
10 9.000 6.818 1.672 6.438 2.008 4.263 -11154.4 6670.5 19654.5 55.552 3418.7 0.000
11 4.500 6.271 1.622 5715 1.958 3.976 -13584.0 8374.5 28222.7 55.841 4564.1 0.000
12 Base 5.846 1.560 4.477 1.875 3.453 -15813.4 10138.5 37073.7 55.950 6447.1 0.000
Required: 2.000 1.100 1.100 1.100 1.100
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Jait # Craclt  Mormal Pricciogl Ualift Nl Prirciogl Ualift

% joint)  (WPa)  (kPal  fiPal k3] k3] Pz
1 4708 -4708 000D -4.704 -4.704 0000
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Figure B.1 CADAM Stability Drawing for Usual Conmtation (Effective Stress Analysis) (Leclerc et 2004).
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Figure B.2 CADAM Stability Drawing for Flood Conration (Effective Stress Analysis) (Leclerc et 2004).
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doint # Crack  MNormal Priccinal Yaolift Mozl F'-"-‘-'?F;g:j Unlift

(% joint) [kPa) P a) [P a) {Pa) fkPa)
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g dB4215 464215 12804 - P—— e T S eeelo__._ B9.604 1603172 0.000
[ \l\ 1025344 1785520 0.000
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12 THI.119 TG I6R.A0T — o St o SRl
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Figure B.3 CADAM Stability Drawing for Seismic-lo@bination — Peak Accelerations (Stress Analysis)
(Effective Stress Analysis) (Leclerc et al., 2004).
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Figure B.4 CADAM Stability Drawing for Seismic-lo@bination — Sustained Accelerations (Stability Kees)
(Effective Stress Analysis) (Leclerc et al., 2004).
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Jaint # m?gfr'?:g NG{?;::II Pr.‘nﬁ{_g:j Urﬂ:".:llt Nor;n;:j P”'"I'?,,iﬂjj Ulrﬂ-ﬁ
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Figure B.5 CADAM Stability Drawing for Post — Seig Combination (Effective Stress Analysis) (Leclet al., 2004).
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Joini # Cracke MNormal Prirveinal Unlift Mol Prireina! Uaolift

(%joing  fkPa)  fkPa) kP2l L7 T e ("2} #a) (¥
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Figure B.6 CADAM Stability Drawing for Seismic-2o@bination — Peak Accelerations (Stress Analysis)
for Data Set 1 (Effective Stress Analysis) (Lecletral., 2004).
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Figure B.7 CADAM Stability Drawing for Seismic-208bination — Sustained Accelerations (Stability Kees)
for Data Set 1 (Effective Stress Analysis) (Leclet al., 2004).
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Figure B.8 CADAM Stability Drawing for Seismic-20@bination — Peak Accelerations (Stress Analysis)
for Data Set 2 (Effective Stress Analysis) (Lecletral., 2004).
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Figure B.9 CADAM Stability Drawing for Seismic-20@bination — Sustained Accelerations (Stability Kees)
for Data Set 2 (Effective Stress Analysis) (Lecletral., 2004).
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Figure B.10 PDF of Peak SSF in Usual Loading dal#et 1.

204
2.0+
1.0+
0.0 T T T T
1.4 16 1.8 20
mafety Factor

Figure B.11 PDF of Residual SSF in Usual LoadihData Set 1.
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Figure B.12 PDF of OSF towards Upstream in Uswading of Data Set 1.
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Figure B.13 PDF of OSF towards Downstream in Utoalding of Data Set 1.
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