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Abstract. As it is well known, many dams around the world placed in seismic zones. Because of
this, it should be check if they can resist dynantads typically associated with earthquake
occurrences. According to USACE manual (ER 1110-2-220@gaimtechniques can be used for
dynamic stress analyses in gravity dams, includisgnalified response spectrum method and Finite
Element Method (FEM), using a response spectrum oteaation-time record for dynamic input.

In this paper the damage configuration of a concreteity dam has been studied. In order to identify
the possible crack formation zones a nonlinear mehbieh considers the concrete plastic behavior, was
employed to simulate crack propagation within the dady.bbhe model was numerically implemented
in ABAQUS, a FEM analyses code.

The model referred is known &oncrete Damaged Plasticityt assumes that the main two failure
mechanisms are tensile cracking and compressiveiogushthe concrete material. The evolution of the
yield surface is controlled by two hardening variapé ande®,, linked to failure mechanisms under
compression and tension loading, respectieglybecomesr”; for non-reinforcement concrete”. and
e are referred to as compressive and tensile equivalestic strains, respectively, whil# is known

as "plastic” displacement.

The problem analyzed considers the geometry of Rwmiezdel Viento dam, placed in Mendoza,
Argentina, in seismic zone 3, according to Argeatiniregulation (CIRSOC 103). The design
earthquake was described by site-specific acceleraiimesrecords. Prior to the earthquake excitation,
the dam is subjected to gravity loading due to it6veeight and to the hydrostatic pressure of the
reservoir on the upstream wall.

The results show the damage configuration in the ddnch allow us to identify the possible cracks
formation zones and to suggest ways to avoid tlesieldpment.
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1 INTRODUCTION

It is known that many concrete structures, for instazuncrete gravity dams, are placed in
seismic zones. Engineers should guarantee the good pemt@mé concrete gravity dams
along its service life, because the failure of thisdkaf structures could have catastrophic
consequences for human life. For that reason, it shHmldheck if they can resist dynamic
loads typically associated with earthquake occurrencesording to USACE manual (ER
1110-2-2200)US Army Corp of Engineers (1995nodal techniques can be used for dynamic
stress analyses in gravity dams, including a simplifexponse spectrum method and Finite
Element Method (FEM), using a response spectrum or aatieletime records for dynamic
input.

In order to define the damage configuration in the damgchwhllows identifying the
possible cracks formation zones, nonlinear models atingl crack propagation within the
dam body need to be employed. The nonlinear materiavimetof concrete can be realistically
simulated by two separate material mechanical prosesksenage and plasticity. Plasticity
theory has been widely used to describe the concrlaibe. The main characteristic of these
models is a yield surface that includes pressure séysipath sensitivity, non-associative flow
rule, and work or strain hardening. However, these figa®ns fail to address the
degradation of the material stiffness due to micro-creckDn the other hand, the continuum
damage theory has also been employed to model the ahat@niinear behavior such as the
mechanical effect of the progressive micro-crackingsraln softening is represented by a set
of internal variables at the macroscopic level. Tised of coupling between damaged and
plasticity has been found to be necessary for captuhegobserved experimental-based
behavior of concreté&)midi et al. (2013)

In this paper the damage configuration of the Portezudld/idato dam is studied by
means of the Concrete Damaged Plasticity Model, dlaia ABAQUS 6.11, a code by Finite
Element Method (FEM). The dam is projected to be place@dendoza, Argentina, in seismic
zone 3, according to Argentinean regulatiGfiRSOC 103 (2013)seeFigure 1

Figure 1: Argentinean seismic zones
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The paper is organized as follows. Section 2 explainsfrireework of the Concrete
Damaged Plasticity Model and Section 3 describes the mahenodel. In Section 4 the
results and their analyses are presented and finaltjo8e5 shows the most important
conclusions reaches in this paper.

2 THE CONCRETE DAMAGED PLASTICITY MODEL

The Concrete Damaged Plasticity Modisl a continuum, plasticity-based, damage model
for concrete. It assumes that the main two failurehamisms are tensile cracking and
compressive crushing of the concrete material. Th@gon of the yield (or failure) surface is

. . i ! . . . .
controlled by two hardening variableét anc £, linked to failure mechanisms under tension

and compression loading, respectively. We referét anc & as tensile and compressive
equivalent plastic strains, respectivéldAQUS (2011).

The model assumes that the uniaxial tensile and commresssponse of concrete is
characterized by damaged plasticity, as shovigare 2
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Figure 2: Response of concrete to uniaxial loading inder(®) and compression (b).

Under uniaxial tension the stress-strain responsaiislh linear elastic relationship until the
value of the failure stress,y, is reached. The failure stress corresponds to tret ohsnicro-
cracking in the concrete material. Beyond the failuress the formation of micro-cracks is
represented macroscopically with a softening streasistesponse, which induces strain
localization in the concrete structure. Under uniag@hpression the response is linear until
the value of initial yields 0. In the plastic regime the response is typically attar&zed by
stress hardening followed by strain softening beyond ultiemate stresss ., ABAQUS
(2011).

It is assumed that the uniaxial stress-strain curvesbeaconverted into stress versus
plastic-strain curves using the Ed) and(2):

ol _ ek _ Gt Ot
£ = &4 (1 _d-z) ED (1)
; d o
il R W
c c l*dc

where 5fxy & are equivalent plastic strains in tension and compne?ikis the crack strain,
£.'is the inelastic strain,;@nd ¢ are the damage variable in tension and compressiand
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S ¢ are the tension and compression stresses @isdtie initial undamaged elastic stiffness of
the material.
&'y & are calculated using the E@) and(4)

& =& — € 3)
Egi = o/ E

e = ec— e 4)
€fe = 0c/Eo

The damage variables; dnd d, are functions of the plastic strains, the temperatmc
other file variables. They can take values betweemdOla

Considering the former expressions it can conclude ttietstress-strain relation under
tensile and compressive loads can be written as feliowq.(5) and(6):

o = (1 —d)Eo(er — E?!] (5)
O, = - dc 0\Ee — gzc}l,
(1 —de) Eo( (6)

It is important to mention that in the case of urfeeted concrete a stress-displacement
curve is employed instead of a stress-strain curve jsashowed irFigure 3

u‘ck

Figure 3: Postfailure stress-displacement curve

The Eq(7) is used to calculate the “plastic displacements”
ck dy oilo

ol i/
Uy = Uy (l—dg) E(] (7)

where §is the specimen length and it is assumed to be one=ugithl.

2.1 Determination of the concrete plasticity parameters

The Concrete Damaged Plasticity Model needs the definiti the flow potential and yield
surface parameters. The effective stress is defin@dl@ss in Eq(8):
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o= DSI (e — s”f) (8)

Where? is the effective stres PSI is the initial (undamaged) elasticity matt€is the total

strain anc&” is the plastic strain.

The plastic flow potential function and the yield surfatake use of two stress invariants of
the effective stress tensor, namely the hydrostagssure stress and the Misses equivalent
effective stress, defined from E®) and(10):

7= —%tra,(:e (&)

(9)
1=1/35:9) 10)

wheres is the effective stress deviator, defined as follokg. (11):
S=&+ pl (11)

The concrete damaged plasticity modedsumes nonassociated potential plastic flow. The
flow potential G used for this model is the Drucker-Praggyerbolic function ABAQUS
(2011),as it is showed in Eq12).

G = /(eoytant))? + % — ptany (12)

where ¢¢.f) is the dilation angle measured in the p—g plane at highfining

3, i) = =pl__qotpl o - - - . -
pressureg,w( )=t “%is the uniaxial tensile stress at failure < f)is a parameter,

referred to as the eccentricity, that defines the &t which the function approaches the
asymptote (the flow potential tends to a straightdisé¢he eccentricity tends to zero).

As well the model makes use of the yield functionLabliner et. al. (1989)with the
modifications proposed byee and Fenves (1998p account for different evolution of
strength under tension and compression. The evolutitmeofield surface is controlled by the

hardening variable‘ﬁfxand &' In terms of effective stresses, the yield functakes the form
of Eq.(13), ABAQUS (2011)

F = 11— (g~ 307+ B(E)Fmas) = 1(~Fmax)) — 7:(62) =0

(13)
with:
_ (owofo0) —1 o 5
*= 2ow0/ow) —1° I=a=0s (14)
8=2@)1 ) (11a)
gt(st ) (15)
_3(1-K.)
=K1 (16)
where “mxjs the maximum principal effective stre</*“is the ratio of initial equibiaxial

compressive yield stress to initial uniaxial compresgield stress; Kis the ratio of the second
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stress invariant on the tensile meridian, q(TM),Hat ton the compressive meridian, g(CM), at
initial yield for any given value of the pressure ingatip, such that the maximun principal

stress is negative, it must satisfy the condition 0.5<Kl; &) is the effective tensile
cohesion stress a1?()js the effective compressive cohesion stress.

3 NUMERICAL MODEL

3.1 Overview

In order to study the damage configuration in Portezuel®/i@ato dam a 2D model of a
dam module was made using a FEM commercial code, ABAQU$1V@he dam geometry
and dimensions were obtained frétiiego Aprovechamiento Integral del Rio Grande Presa y
Central Hidroeléctrica Portezuelo del Viergod they can be seen, as well as the FEM mesh,
in Figure 4and5. Three nodes plane stress triangle elements were osdr imodel. A
nonlinear static and dynamic analysis was performed,aea implicit integration method was
used during the simulations.

10.00m r‘;

--—

12.81m

178.00m

‘ 142.15m
f

Figure 4: Dam profile analyzed

Figure 5: Finite Element Mesh usechmdimulation
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The load states include gravity loading; hydrostatic presgroduced by a reservoir depth
of 175m; hydrodynamic pressure produced by dam-reservoir dtiteraand ground
acceleration in horizontal and vertical directiorgRgure 6
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Figure 6: Ground acceleration components of the desighgesake: (a) horizontal, (b) vertical

Dam-reservoir dynamic interactions resulting from tfwizontal component of ground
motion are included using the Westergaard’'s methwdstergard (1933)According to
Westergaard, the hydrodynamic pressures that the watstsesn the dam during an
earthquake are the same as if a certain body of wateesrback and forth with the dam while
the remainder of the reservoir is left inactive. Hugled mass per unit area of the upstream

7
wall is given in approximate form by the expressin'™"~~? with y < h,, wherer ,, =
1000 kg/m is the density of water.

The hydrodynamic pressures resulting from the verticalpoment of ground motion are
assumed to be small and are neglected in the simulafBAQUS (2011) A rigid foundation
was assumed in this model.

It is generally accepted that dams have damping rati@bait 2-5%. A 3% fraction of
critical damping for the first mode of vibration of tlam was considered in this paper.
Assuming Rayleigh stiffness proportional damping, the fatoequired to provide a fraction

_ 2%
$1 of critical damping for the first mode is given %é w1, ABAQUS (2011). From a natural
frequency extraction analysis of the dam the firstrdigguency is found to bé1= 15.79 rad/

sec. Based on thif is chosen to be 3.8Esec.

3.2 Cases studied

Different dam profiles were analyzed considering tlslepes of the downstream wall: 0.7,
0.8 and 0.9. In all cases the influence of the materapgities has also been studied,
considering three different concretes called C10, C15 and @26¢rding to CEB
recommendationsCEB (1990) Moreover for 0.8 slope dam profile with concrete C1Eeeh
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dam heights: 175m, 134m and 89m, corresponding to total heigd¢, dbarters of height and
a half of height, were considered.

The material properties are shownTiable 1 where the tensile failure stress should be
increased by 50% when used with seismic loading to acéourdpid loadingUS Army Corp
of Engineers (1995)The model parameters are: dilation angle (20°), eaciyi(1), relation
between biaxial compression and uniaxial compressi@) éhd K factor (0.6666).

To avoid unreasonable mesh-sensitive results due tdathe of reinforcement in the
structure, the tensile postfailure behavior is giverterms of a fracture energy cracking
criterion by specifying a stress-displacement curvesatstof a stress-strain curv@3AQUS
(2011) Similarly, tensile damage;,ds specified as a function of cracking displacementhBo
curves for concrete C20 are showrFigure 7 The stiffness degradation damage caused by
compressive failure (crushing) of the concretejsdassumed to be zero.

Concrete C10 C15 C20
Density| [Kg/m] | 2400 2400 2400 -
E [Pa] 2.62E° | 2.84E° | 3.03E° | Young's modulus
n [] 0.15 0.15 0.15 Poisson’s ratio
S e [Pa] | 1.80E | 2.30E | 2.80€ uﬁi?nﬁ';ﬁ’fiﬁ!;
St [Pa] 2.10B | 2.75F | 3.33F | Tensile failure stres:

\*2J

4.0DE+06
3.50E+06

—= 3.00E+06

= 2.50E+06

=

2

£ 2.00E+06
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Z 1.50E+D6
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= 1.00E+06
5.00E+05

0.00E+00

0.00E+00

Table 1: Material properties
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Figure 7: Concrete tensile properties: (a) tension stiffeand (b) tension damage

4 RESULTS AND ANALYSES

If the changed in the damaged dissipated energy for damiepneiih different slopes and
concrete C15 is studied, it can be seen that the highel of energy is dissipated for the
profiles with the highest slope (0.7 in this work), as ghowed irFigure 8(a). The reason for
that behavior is the reduction in the volume of mater profiles with higher slopes.

Figure 8(b) shows the horizontal displacement at the left coafehe crest for different
slopes and concrete C15. Positives values represent disglats in the downstream
direction. The profile with the highest slope shows thajor displacements, because that
profile presents the major level of tensile damage treadam crest.
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Figure 9(a) shows the damaged dissipated energy for the dam profie 8I& and the
three different materials. It can be seen that tlagomamount of energy is dissipated for
concrete C10, because this concrete has the lowesdiet&ilure stress among the concretes
analyzed, so the tensile damage significantly inceeiasthis case.
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Figure 8: (a) Damage dissipated energy for different slopesarmiete C15. (b) Displacement at the left
corner of the crest for different slopes and conazdts
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Figure 9: (a) Damage dissipated energy for different constetegth and slopes 0.8. (b) Horizontal
displacement at the left corner of the dam crest féerént concrete strength and slopes 0.8

If the horizontal displacement at the left cornethaf dam crest is analyzed it can be shown
(seeFigure 9(b)) that the displacements are similar for all the metestudied, but the major
values corresponds to concrete C20. The reason fobémavior could be that the tensile
damage distribution localized near the dam crest wreedhcrete strength increases, instead
of being distributed in the dam body.

Figure 10(a) presents the damage dissipated energy for different dgim$é€h), concrete
C15 and slope 0.8. It can be seen that the major amowmteody is dissipated for the total
height (h) and the minor amount correspond to the Hadtie height. That behaviour can be
related to the reduction in the amount of concrete &etvihe cases analyzed.

Horizontal displacement at the left corner of the daest is presented kigure 10(b) for
different dam heights. As it can be expected the longglatiements correspond to the total
height (h), which can be related to the fact thaugter heights the earthquake effects are
stronger because the structure is far from the baseroastraints.
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Figure 10: (a) Damage dissipated energy for different dam Iseigricrete C15 and slope 0.8. (b) Horizontal
displacement at the left corner of the dam crest féerdnt dam heights, concrete C15 and slope 0.8

Figure 11 shows the earthquake horizontal acceleration compadiogigther with the
damaged dissipated energy speed for concrete C15 and damgbopfie.8. It could be seen
that the highest damage dissipated energy speed values ta&ke doleng the highest
acceleration levels, between 3 and 5 seconds.

As it can be seen iRigure 12 the tensile damage grows in that period of time and tifeegr
it keeps without increasing significantly. The tensilendge is measured using the variable
DAMAGET available in ABAQUS 6.11, which takes valuesvie¢n O and 1, where 1
represents complete damage. The damage initiates atrthiee@hat the end of the hydrostatic
step, it continues growing at the dam heel during the dynsi@p, after that it initiates in the
upstream face and continues in the downstream face.
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Figure 11: Earthquake horizontal acceleration componantapped the damage dissipated energy speed for
concrete C15 and dam profile slope 0.8
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Figure 12: Tensile damaged configuration for slope 0.8 ande®en€15

5 SUMARY AND CONCLUSIONS

In this paper the damaged configurationPoftezuelo del Vientdam profile was studied
considering three slopes of the downstream wall: 0.7a1@d8.9, and in all cases the influence
of the material properties have also been studied, bgidering three different concretes
called C10, C15 and C20. The effect of the dam height forl@p& sind concrete C15 was
also studied. A model known &oncrete Damaged Plasticigvailable in ABAQUS 6.11, that
considers the concrete plastic behavior was used. teribe earthquake excitation, the dam is
subjected to gravity loading due to its self-weight andh® hydrostatic pressure of the
reservoir on the upstream wall.

It can be concluded that the major tensile damage fd&es for higher profile slope (0.7)
and lower concrete tensile failure stress (C10). & ¢hse the tensile damage grows during a
short time period, about 2 seconds, and after that perkeeps without growing significantly.
This is important because energy dissipation mecharsbosld be applied during this time
period to reduce the damage level.

If different dam heights for the same slope (0.8) andred@¢C10) are compared, it can be
seen that the major damage and crest displacements aakefqal upper heights (h), which can
be related to the distance to the basement constraint
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