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Abstract. Throughout the world there are numerous concreteitgrdam has been made in areas of very high
seismicity with least attention to seismic actiobam safety during and after an earthquake, iskjective of

the present study. The failure of a dam in a seisRtitation has dramatic consequences in ternhsssfof
human lives and financial losses. In the presemkwan analytical fragility analysis was performacdrder to
characterize the seismic vulnerability of concrgtavity dams by using a numerical simulation prazedo
model sources of uncertainty that could impact gerformance, with combination with non-linear dynam
response analysis. The seismic fragility of comcrgtavity dams under near-fault ground motions was
performed and compared to assess their performagaiast seismic hazards. An uncertainty analysisis
carried out to evaluate the effectiveness of thinlldypercube Sampling method using different camabibns

of performance thresholds through fragility anady#i case study was considered, it is about the afabued

el Fodda on the Oued Chelif River, West Algeria.sTdtem was designed in the early 1930s.

] exceed (152 cm/s) or, the distance of the epicagitédre
1 Introduction earthquake should be within approximately 15 knmaof
. structure of interest [16]. A sensitivity analysss also

Many damaging earthquakes have been recorded i . . .
Northern Algeria (Chelif 1980, Mw=7.3; Ain carried out to evaluate the effectiveness of théinLa

Temouchent 1999, M=5.7; Beni ourtilane 2000, M=5.6 Hypercube Sampling method.

and the one in Boumerdes 2003, Mw=6.8), indicatitg The aim of this study is to develop the analytsismic

importance of the seismic hazard assessment fer thifragility curves of concrete dams subjected to +iaelt

region [1-3]. The seismic fragility that describeet  ground motion excitations. The methodology is apli

probability of a structure being damaged beyond ag, the Oued el Fodda dam located west Algeria.as w
specific damage state for various levels of ground, . .
built in the early of 1930s.

motions. In the literature, several studies foregating
seismic fragility curves have been developed [4-13]
Fragility curves are plots of system fragilitiesrsigsa
scalar measure of seismic intensity. Traditionaigak

ground acceleration (PGA) has been used as arsityen e sydy is based on a concrete gravity dam with a
measure. Recent studies show that pseudo-spectrgle fica| ypstream face, which maintains a reseragir

acceleration provides a superior measure of seisMiC, iar that extends to infinity in the upstream clien

intensity than PGA [14]. and is based on a semi-infinite foundation. Thenugztoy
In recent years, many efforts have been devotethdo ot he gam-reservoir-foundation system is shown in

characterization of effect of near-fault ground ima$ on figure.1.
the structures. Near-fault ground motions have edus

much damage in the vicinity of seismic sources rdyri

recent earthquakes (Northridge 1994, Kobe 1995 and
Taiwan 1999).There is evidence indicating that ground

shaking near a fault rupture may be characterizec b
short-duration impulsive motion that exposes stmex

to high input energy at the beginning of the record

[15]. There are two factors for classifying groundtions

as near-fault. The spike in velocity should geregral
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2 Structural modeling of dam behavior
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tensile strength is assumed to be 15% of compmessiv
strength (3.75 MPa). The watkas the unit weight, 1000
kg/m3, pressure wave velocity 1440 m/s. In the ymig)|
the damping ratio is assumed to be 5% of the
fundamental frequency of system.

Table 1 lists the near-fault earthquake recordscsed to
create an ensemble for the seismic fragility ofGhed el
Fodda Dam. All occurred between 1987 and 1999, and
have epicentral distances of 4.77 to 10.36 km with
magnitudes ranging from 6 to 7.1.

Fig. 1. Geometry of dam-reservoir-foundation system
Figure. 3 show the spectral accelerations useddaled
2.1 Description of model the both near-fault earthquakes used in the tiistory
analyses.
The model of the dam-foundation system is illusitain
figure.2, used 4-node, bilinear finite elements.eT
concrete-rock interface is assumed to be horizantdlto
obey the Coulomb friction law. The foundation mater  ["N° | Earthquake| Yea] Magnitude ED | PGA
was assumed to be a Mohr-Coulomb material, with its km] | [m/<]
non-linear behavior assumed to be perfectly pla3te s1 Ca
concrete in the dam was modeled as an impervious Mendc?cino
material. The bottom horizontal boundary of the FE
model is the application point of the de-convolved | S2 Mer?;(fcino 1992 71 1036]  1.03¢
seismic ground motion. Different boundary conditon
must be imposed on the nodes on the vertical baigsda

h Table 1. Properties of selected Near-fault earthquakesrdsc
[17]

1992 7.1 10.36] 1.497

. . Kocaeli
of the FE model. Those nodes, representing theiogtl S3 lzmit 1999 7.4 531| 0153
nodes where the effect of dam—foundation interacto Turkey
presumed to have attenuated, are constrained te mov Kocael
together in the horizontal direction. While the tiga S4 Izmit
- . zmi 1999 7.4 5.31 0.22
variation of the earthquake ground motion acroeshtise Turkey
of the model is neglected, those nodes in the wjciof Wi
the base of the dam clearly are affected by the-dam | S5 N rer 1987 6 4771 0304
. . . .. . arrows : .
foundation interaction. The above provisions prevah
adequate model for the dam—foundation interaction. se | Whittier
E 1.
2
g o5l W
&

T 2
v | Period [s]

Fig. 3. Spectral acceleration of Near-fault earthquakesrosc

Fig.2. Finite element model of dam-foundation system

3 Structural fragility model

2.2 Material properties The fragility modeling process allows the combined

In this study, the values of material propertiesdugor effect of the uncertain variables to be propagéteaugh
dam model are: Unit weight of the concrete is 2500 the model by numerical means (e.g. simulation). The

!(g/m3, 0.2 Poisson’s ratio, and the mpdulus oftielig fragility is modelled commonly by a lognormal
is taken as 31000 MPa. Compressive strength of the umulative distribution function (CDF) [4,5].

concrete has been assumed as 25 MPa. The concretce
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Ln(¥/myp) Table 2. Uncertain parameters
Fr() = 0 [ @
TP Variables Random variables Probability
Where [®@ ] = the standard normal probability integral, distribution
mR:meQian capac_ity (expressed in units that are[ 51 Angle of friction U (34; 45) degrees
dimensionally consistent with the demand parameter, Var2 | Cohesion U (0.145; 0.435) MPh

spectral acceleration) anp., the ‘combined’

€.9. o Dilation angle of
uncertainty Is:

Var 3 U (27; 33) degrees

foundation
Young modulus of
[2 . a2 Var 4 U (31.2; 36) 16MPa
B = BZR + Bf} () concrete
Young modulus
. . o Var 5 ) U (40; 80) 18 MPa
Where, Br is the logarithmic standard deviation of soil ( )
describing the inherent (aleatory) uncertaint dis i
the g ( y) y $0 the | Vare Compressive strength N (35:4.8) MPa

logarithmic standard deviation describing
epistemic uncertainty.

of concrete

These values are based on an review of data sumedari

The steps for constructing the analytical fragikiyrves ~ for various types of intact rock [20-23].

are as follows:
in

3.1 Treatment of

estimates

uncertainty fragility
Select the earthquake ground motion records;
Scaling ground motion records to the same spectral
acceleration at the fundamental frequency of Seismic fragilities that incorporate sources ofeartainty
structure; considered above can be derived efficiently usiagin-
Make an analytical model of the structure; hypercube sampling (LHS)24] coupled to the finite
Modeling uncertainty with Latin Hypercube element structural models. LHS is a stratified simgp
Sampling method; procedure in which the PDF of each input variabe,
Select uncertainty parameters; i=1,...,k, is divided into N disjoint intervals of egq|
Perform the non linear dynamic response analysisprobability. Latin Hypercube Sampling (LHS) provida
using selected records and uncertainty parameters; stratified sampling scheme rather than the puratylom
Construct the fragility curves using the obtained sampling, providing a more efficient means for covg
response and the ground motion indices for eachthe probability space than Monte Carlo simulation

limit state.

Uncertainty modeling

A number of sources of uncertainty are presenthi t
modeling of fragility of the dam-foundation systeand
have been described statistically. Concrete cosspre
strength is assumed to be described by normal pilitga
distributions [19]. For our study, the usefull shtal
data are limited. Therefore, a uniform distributiosas
chosen to model the remaining variables.
parameters are taken as follows table 2:
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These

[25,26]. The sampling plan is given by

S=3(P-R) 3)
where P is an N x K matrix, in which each of the K
columns is a random permutation of 1, 2, . . .RNs an
N x K matrix of independent random numbers from the
uniform distribution U(0, 1); and N and K are the
numbers of hypercubes and uncertain parameters,
respectively [25,26]. Each element of §, & then
mapped according to
Xij = Fx;l(sij) (4)
Where (F) is the inverse of cumulative distribution
function (CDF) for parameter j. Each row of x canga
different sets of sampled parameters, from which
statistical samples were obtained.

4 Fragility analysis

The seismic fragilities for the Oued el Fodda Dam a
developed from non linear dynamic analyses ancetag
wider range of the variation of input ground motion
strong motion records were selected. This last are
conducted with a set of earthquakes include six-faaat
ground motions that are scaled to different spkctra
acceleration levels which varying between 0.2g agd
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with a step of 0.2g. However, every ground motieh s The fragilities for the displacement of the toptlod

has different spectral acceleration at the fundaaten dam (LS3) with respect to the heel are depicted in
frequency of Dam. Six finite elements analyses Werefigure 6. A seismic excitation with spectral

performed for each randomized group and the results;..gleration  of 2.0g would cause relative

were adequately treated. All results presentedimevii deformations of 5 mm: 20 mm and 40 mm with
be discussed for a scenario of a strong groundomoti !

with a spectral acceleration of 2.0g. For eachtlstéte, probabl!ltles of 100%; 91.32% and 82.45%
three performance measures and corresponds fiegilit '€SPectively.

are presented. ‘|° Dx=05 102m  * Dpx=20102m O px=10 |o'?u-|

For LS1 the fragility curves are shown in figureThe 1
probability of exceedance indicating that for témsi
stresses in the neck of the dam greater than 18 M5
MPa and 2.0 MPa are 100%, 76.01% and 32.57%,
respectively.
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Figure 6. Seismic Fragility Curves for LS3
Displacement at the top of dam
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Figure4. Seismic Fragility Curves for LS1
Tensile stress at the neck of dam
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Figure 7. Seismic Fragility Curves for LS4
Compressive stresses at the heel of dam

Probability of exceedence (%)

PSA [a] These deformations are very small compared to the
height of the dam and only minimal damage should be

Figure5. Seismic Fragility Curves for LS2 expected to gates and other appurtenant strucamds
Sliding at Dam-Foundation interface operating equipment due to these deformations.

Moreover, the fact that the overall deformations an
the order of 0.0004% of the height of the dam safyge
The fragility curves for sliding (LS2) at the that a rigid body model of the monolith might be an
dam—foundation interface in figure 5. Indicate that 2PPropriate simplification to the problem, providtuat
probabilities of sliding 5mm and 10 mm are very otn;ahls notkmtfetrhestded in the likelihood of tensitacking
high, while the probability of sliding 20 mm is atio o oo O e Gam:
43.3 %. Thus, some damage to the drainage systemimit stat 4 is related to material failure and vias
particularly at the dam—foundation interface, might achieved if stresses at the heel of the dam excteds
be expected at this intensity of seismic excitation = compressive strength of the concrete (25 MPa).ds w
found that the fragility illustrated in figure 7h&w that a
Relatively large sliding 20 mm or more could cause compressive stresses of 1 MPa, 3 MPa and 6 MPa had
differential movements between adjacent monolithsProbability of failure of 100 %, 89.98 % and 39.28
in the dam and initiate monolith instability leagin "€SPectively.
to eventual loss of pool control.

5 Quantification of uncertainties
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In order to identify the principal sources of uriaerties

in the sensitivity analysis, regression analysesewe
performed for two cases in this study. In genaérathese

regression analyses, the dependent variable is risk | %" 38.47%

expressed in terms of various uncertain paramelfbese
analyses are particularly useful in investigatingwh
uncertainties in source term variables affect #sponses
of the structural system. Also determined were iglart
correlation coefficients that represent the impucta of

uncertain variables as a function of the magnitotithe

environmental risk.To confirm the influence of each
variables parameters as well as to remove the @tear
on the correlation between a given input varialvlé the
response variable, a sensitivity analysis basedthen
partial correlation has been performed. The partial
correlation coefficient RCC) between two random
variables Xi and Y given a set of -covariates

X,i={X1,...,Xi_1,Xi+l,...,X} is defined as

P
follows Equations 5 to 9 [27,28]:

PCC;i=p (exi.x/i' eY.X/i) 5
ex.x,; = Xi— Xi 6
Xi= ap+Yj.9.%; 7
eyx, =Y - Y 8
Y= Bo+XxiBX; 9

With:

B, a are the reliability index;Xi, Y are the random

variables  and X, is  the  covariates;

Pis the partial correlation coefficients;

€, x, is the residual of prediction ofKi by X\

€ x,, is the residual of prediction ofby X\i ; )2i &Y
are the regression variable.
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Figure 8. Effects on the displacement at the top of dam
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Figure 9. Effects on the Compressive stresses at the hekalof

It can be shown that for both sensitivity caseslistlithe
cohesion (Var2); the young modulus of concrete {Yar
the young modulus of soil (Var5) and the compressiv
strength of concrete (Var6) are the most influghen
the dam is subjected to near fault earthquakess tha
displacement response and compressive stressractydi
dependent on Var2; Var4; Var5 and Var6, the sefitsiti
should increase as shown in figure 8. And figure 9.

On the other hand, the Varl and Var2 have a minimal
sensitivity defined by the displacement at the tom

The effect of the different input parameters on the giess at the heel of dam.
displacement at the top of dam and the compressive
stresses at the heel of dam under near faultsqeeites

using the PCC are given on figures 8 and figure 9.
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Conclusions

The evaluation of seismic fragility curves of dams
involving dam-reservoir—foundation interaction is
studied in this paper. The seismic fragility curwesre
studied by means of numerical simulation procedure
Latin Hypercube Sampling (LHS) in combination with
nonlinear dynamic analysis. Concrete gravity dams
subjected to near-fault earthquake scaled to diffier
spectral acceleration were calculated; resultssfactral
acceleration of 2.0g have been considered and stisdu

A series of potential sources of uncertainty asgedi
with a seismic performance assessment of concrete
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gravity dam’s structures are identified and alsaleated. [5] B.R. Ellingwood:Validation studies of seismic PRAs

The sensitivity study presented utilizes the uraiert Nuclear Engineering and Desigri23 (1990),
parameters as inputs variables to identify whicldetiog p. 189-196.
parameters significantly impact the seismic respons [6] B. G. Nielson, R. DesRochesSeismic fragility
(output variable) of a number of different compadnen methodology for highway bridges using a
responses in concrete gravity dams. The main component level approackarthquake Engineering
conclusions from the presented comparison of seismi and Structural Dynamic86 (2007), p. 823-839
vulnerability curves of concrete gravity dams undear- [71 J. Zhang, Y. Huo, S. J. Brandenberg and P.
fault ground motions could be summarized as follows Kashighandi:Effects of structural characterizations
on fragility functions of bridges subject to seismi
It was found that, for all limits states LS1; L3%53 and shaking and lateral ~spreading. Earthquake

LS4, the probability of failures is important foow Engineering and Engineering Vibration Vol. 7
structural failure modes. However, this probability (2008), p. 369-382

decreases with the increase of these structurhirdai [8] M. Sasan, A. Der Kiureghian and V. V. Bertero:
modes. For limit state LS1, the probability of daé for Seismic fragility of short period reinforced contere
tensile stress is about 2 MPa. Limit state LS2 emeesd a structural walls under near-source ground motions
lower fragility for a sliding at dam-foundation érface Structural Safety24 (2002), p. 123-138

of 20 mm this value is 43.3 %. For the fragility e~ [9] M. A. Erberik, A. S. Elnashai: Fragility analgsof
displacement at the top of the dam which is cherized flat-slab — structures.  Engineering  Structures,
by the limit state LS3, it was found that the likelod of 26 (2004), p. 937-948

displacement is very important is about 82.45%. |Fait [10] B. R. Ellingwood, O. C. Celik and K. Kinali:
state LS4, it was found that there is no great; rikke Fragl\i/'li%’ Aasse_ssmegt Ct’:] buillt(jingEstrqctura}I systergs
compressive stress is very small compared to the In id-America. ‘Earthquake kngineering - an
compressive stress of concrete, therefore, theraois Structural Dynamics36 (2007), p. 1935-1952
significant risk at the heel of the darfihe results of [11] E. M. Gineyisi, G. Altay: Seismic fragility
sensitivity analysis, however, have been found that assessment of effectiveness of viscous dampers in
variables parameters the cohesion (Var2); the young g{ﬁctu?;;lglgf%? ﬁou(g%%%)' S?igir_fm earthquakes.
modulus of concrete (Var4); the young modulus df so

(Var5) and the compressive strength of concrete@va [12] D. M. Seyedi, P. Gehl, J. Douglas, L. Davenie,

for both faults earthquakes have a considerablsitsety Mez_her and S. Ghavamlaevelopment of Seismic
ih high comelation on structure responses for fragility surfaces for r_emforce_d concrete bmldmg

W' 9 P by means of nonlinear time-history analysis.

displacement at the top ofam and stress at the heel of Earthquake Engineering and Structural Dynamics,

dam. However, a further study using various typés 39 (2010), p. 91-108

dams must be necessary to draw a solid conclusion T, 31 5 ¢ celik, B. R. EllingwoodSeismic fragilities for
the fragility curves of dam’s structures. non-ductile reinforced concrete frames — Role of
aleatoric and epistemic uncertaintiesStructural
Safety,32 (2010), p. 1-12
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