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in terms of maximum displacements and maximum stresses at singular points of the structure for a seismic
excitation. The dam-reservoir-foundation interaction was investigated through modal and transient analysis
by the finite element method via ANSYS APDL software. For this study, we used a typical Brazilian dam
profile and compatible data from a Brazilian earthquake for the seismic excitation. The results showed the
influence of the reservoir and the foundation on the natural frequencies in the coupled system, as well as its
repercussions on the response of the dam under seismic excitation.

Keywords: dam-reservoir-foundation interaction, dynamic analysis, foundation flexibility, reservoir,
ANSYS.

Resumo: Este trabalho tem o objetivo de verificar a influéncia da fundagdo e do reservatorio no
comportamento dindmico em barragens gravidade de concreto, avaliando as frequéncias naturais e os modos
de vibragdo para uma analise em vibragao livre; assim como os deslocamentos maximos e as tensdes maximas
em pontos singulares da estrutura para uma excitagdo sismica. A interagdo barragem-reservatorio-fundagao ¢
investigada através da analise modal e transiente pelo método dos elementos finitos via software ANSYS
APDL. Adotou-se um perfil de barragem tipica brasileira e dados compativeis de um sismo local para a
excitagdo sismica. Para o caso de vibragdo livre, os resultados mostraram a influéncia do reservatorio e da
fundag@o nas frequéncias naturais no sistema acoplado e a sua correlagdo com os resultados obtidos para o
sistema desacoplado, ja para a excitagdo sismica houve modificagdes na resposta da estrutura com a alteragao,
em especial, do tipo de fundagéo.

Palavras-chave: interagdo barragem-reservatorio-fundagdo, analise dindmica, fundagdo flexivel,
reservatorio, ANSYS.
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1 INTRODUCTION

The knowledge of the behavior of concrete gravity dams under dynamic load is an important issue in the evaluation
of these structures stability. The assessment of the actual behavior of dams under dynamic loads is complex because it
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deals with a massive structure that presents non-linear characteristics and because it involves the interaction of three
elements: the water of the reservoir, the soil of the foundation and the concrete of the dam.

Some studies in this field consider only the interaction between the fluid and the structure as preponderant in the
dynamic assessment. However, recent research also shows the influence of the foundation [1], [2]. The study of soil-
structure interaction (SSI) and fluid-structure interaction (FSI) in dams has advanced well over the last few years, in
spite of requiring more refined investigations and more sophisticated models.

The SSI is an important factor to be considered and it requires special attention in dam constructions. It is also
necessary to know the deformability of the foundations, the ration between the applied load and the resultant
deformations, due to the potential differential settlements in the foundation.

The effects of the FSI are important in the coupled dam reservoir problems under seismic loads or in the case of
fluid induced vibrations. The movement of the structure inevitably causes a movement of the fluid in contact with the
structure walls. As a result, the fluid-structure assembly constitutes a coupled system for which it is often impossible
to consider the responses and excitations separately.

Because the coupled system involves elements of different physical properties and requires a complex approach, an
analytical treatment is often limited depending on the problem requirements. Thus, the finite element method (FEM)
fits well in solving these problems due to its ability to discretize irregular geometries and solve cases involving the
structure, the foundation and the reservoir fluid interacting with each other.

The methods used for the dynamic analysis of dam-gravity of concrete-reservoir were first developed by
Westergaard [3], who obtained analytically, by using solution of the Laplace equation, the distribution of pressures
along the fluid-structure interface.

Westergaard assumed that the hydrodynamic effect on a rigid dam during an acceleration is equivalent to an inertial
force resultant from a mass distribution added to the dam body (additional mass), a method named pseudo static. Chopra [4]
observed that the response of a dam when subjected to seismic loads was largely influenced by the fundamental mode
of vibration, i.e., both the inertial and hydrodynamic forces depended on the fundamental mode of the structure vibration.
Subsequently, Chopra and Chakrabarti [5], Hall and Chopra [6], Fenves and Chopra [7], Chopra and Zhang [8] and Ribeiro
and Pedroso [9] evaluated other aspects that influenced the dam response under dynamic excitation, namely: fluid
compressibility, fundamental vibration mode, foundation flexibility, as well as vertical and horizontal components of
the earthquake. With the advancement of these studies and from the understanding of the problems involved, the
researchers began to evaluate more complex geometries and problems, which mainly comprised the dam - reservoir -
foundation coupled system. The pioneering SSI studies, Novak [10] and, Léger and Katsouli [11], evaluated the stability
of the dam to landslide and tipping in a seismic analysis influenced by the variation of the foundation properties. In
addition, Bougacha et al. [12] analyzed the effect of the sediments in the dam-reservoir-sediment-foundation interaction
in the harmonic movements of the dam. In a more recent studies, Ghannat [13] highlighted factors that can affect dam
stability and its foundation, such as overload, joint opening and failure modes. Inaudi et al. [ 14] evaluated the simplified
linear methods for preliminary seismic analysis of dams, in particular, the influence of the foundation flexibility on the
response. Lin et al. [15] analyzed the influence of the heterogeneity of the foundation that may cause an increase in the
response of the dam; and Papazafeiropoulos et al. [16] presented a formulation based on finite elements for complex
reservoir, foundation and dam geometries, evaluating the interaction of those elements and the influence of their
characteristics, such as the thickness of the soil layer, the flexibility of the foundation and the presence of sediments.
Burman et al. [17] showed in their study a free-field formulation used in dynamic analyzes involving SEI. Chopra [18]
indicates that the flexibility of the foundation causes large displacements in the crest when studying the dam of Pine
Flat submitted to a local earthquake. This author, in recent studies, has investigated the absorbent boundary conditions
through damping elements for the foundation and the reservoir. Lokke and Chopra [1] it is presents a generalization for
the conditions of non-return of the wave in the contour of a 3D arc dams involving a seismic excitation. A numerical
formulation integrating dam-reservoir-foundation involving the three interacting media, which is based on the finite
difference method (FDM) in a physical-intuitive manner, allowing the assemblage a complete matrix system to be
solved, is presented in Pedroso [19].

This paper presents a discussion on the main aspects of a dynamic assessment in a concrete gravity dam, with typical
dimensions in Brazil, which involves the study of free vibration and seismic excitation influenced by the foundation
and the reservoir. Variables considered in the analyses include the variation of the modulus of elasticity of the
foundation, and the influence in the reservoir of the distant boundary condition, evaluating the case of zero pressure
and the case of the non-return condition of the wave (Sommerfield condition).
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Simulations were run with the ANSYS program. An actual record of soil movements in Brazil, obtained through
the partnership with the Seismological Observatory (OBSIS) of the University of Brasilia (UnB), was considered in the
analyses. It must be pointed out that few studies reproduce a real record on Brazilian soil.

2. PROBLEM DESCRIPTION

The dam-reservoir-foundation system consists of three sub-systems: the concrete dam; the rock of the foundation
consisting as the structure support region, and the fluid domain having a border region with arbitrary geometry adjacent
to the dam consisting of a uniform and infinite channel in the upstream direction.

For a dynamic analysis of gravity dams, these sub-systems are interacting with each other and may involve
numerous variables such as local geological faults, seismic motions with wave propagation in all directions on the
ground, non-linearities of materials and infinite contours in the soil and reservoir. Thus, the analyses of these structures
can be extremely complex. In order to simplify, a 3D analysis can be seen in Figure 1a. By involving these problems,
it is used, initially, the hypothesis that the structure can be represented by an 2D slice. (Figure 1b), in which the dam
body behaves in the plane state of deformation, where the solicitations are, essentially within the x - z plane. Thus, the
region of analysis of the dam-reservoir-foundation system is limited to a zone of finite domain for the problem,
considering the entire linear, isotropic and homogeneous system. Figure 1b illustrates the simplified 2D system.

(b)

Figure 1. Dam gravity-reservoir-foundation coupled system: (a) 3D and (b) 2D.

3. THEORETICAL FORMULATION AND NUMERICAL MODEL

For the modeling of the coupled gravity-reservoir-foundation dam system involving, respectively, the interaction
between concrete, water and soil in dynamic problems, a finite element formulation was used to discretize the equations
of each means. Assuming some simplifications, namely:

* The dam structure and the foundation material are composed of linear, elastic and isotropic materials;

* The foundation is considered massless, to avoid the propagation and reflection problems of waves in the seismic
analysis and,

* The fluid is considered quiescent (stagnant), inviscid (non-viscous) and incompressible. There is no flow, existing
only vibration around a position of equilibrium (acoustic fluid).

The problem involving the dynamic effect between dam, reservoir and foundation must be studied together and
integrated, since these means do not behave in isolation.

To include the effect of SSI, a formulation proposed by Burman et al. [17] was used, which the relates of the overlap
of effects in terms of free field displacements.
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In the formulation of the SSI dynamic equilibrium equations, the structure - foundation coupled system and interface
zone are considered as shown in Figure 2, which shows the structure nodes, the foundation soil nodes and the common
nodes at the soil-structure interface.

Dam (dd))

Common nodes dam - contact

/ (dc) or (cd)
: Common nodes foundation -

contact (sc) or (cs)

Common nodes (cc)

Foundation (ss)

Figure 2. Interaction system foundation (s), dam (d) and the common interface zone (c).

The free field formulation leads to the following equation:
ot o o GO} i) = =D e | m

in which the matrices M,,,C,.K,, represent, respectively, the mass, damping and stiffness of the complete dam -

foundation system. The matrix U, represents the movement of the soil imposed by the seismic excitation, i.e., the
vector F comprises the forces of seismic excitation acting at the base of the structure. The vector U,, consists in the

displacements of the nodes in relation to the base and the time derivatives, while v, and l“]bs are, respectively, the

velocity and the acceleration on these nodes.

For the study of the FSI, without the influence of the foundation, a dam-reservoir coupling model was used, within
the hypotheses of small displacements for the structure and the fluid. The domain of the fluid is ruled by the two-
dimensional wave equation:

;-
v? ~—p=0 ()

The term v? corresponds to a stiffness operator, whereas L is a mass o erator, in which c is the velocity of the
p p 3 p
C

wave, p is the hydrodynamic acoustic pressure and t is the time. In order to solve the Equation 2, one must satisfy the
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boundary conditions that are shown in Figure 3. The boundaries of the reservoir comprise the interface with the dam
(I,) , the bottom (7,), the radiation at infinity (r;) and the free surface ().

|
|
|
p=10 '.
2 o n
I Vip=10 Q
: | . . .
P_ 1 Acoustic cavity L2
on o o g I
ol & 1
p=0 dp 0 §}=- pa, Flexible Structure
an 1

1‘2 Rigide Foundation

Figure 3. Fluid-structure interaction system.

The mathematical problem described by Equation 2, with the respective boundary conditions presented by the
Figure 3 and discretization by the finite element method, leads to the equation of the movement of the reservoir (fluid)
given by the matrix expression 3.

(el o T e -ole o -0 o

in which »,, ¢,, K, are respectively the mass matrices, damping and stiffness of the fluid, P, and their derivatives
represent the pressure and their variations, respectively. The term represents p|:QT ] the coupling between the fluid and

the structure.

A more complete development on the problem of acoustic cavities and fluid-structure interaction is found in
Pedroso [20], [21].

The dynamic equation of the structure coupled to the foundation can be written similarly to Equation 1 by adding
the term that represents the force associated with the hydrodynamic pressure produced by the reservoir, that is:

{0 o[G0+ ) =D o Tl - )

The global system soil-fluid-structure coupled is obtained by regrouping the two systems [1] and [4] into one as
follows:

My, 0 [}b.y N Cos 0 ]]Uy N Kps =0 ]Uss | _ —Mv[}g
oy e M 2

The Equation 5 discretized by the MEF via ANSY'S will be used for the analysis that will be object of our studies,
involving the three media in question:
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i) Modal analysis - decoupled and coupled free vibrations;
ii) Transient analysis - seismic excitation decoupled and coupled, as can be observed in Table 1.

Table 1. Cases analyzed in this work and their main characteristics

i Foundation rock
Cases (Dyr'lamlc System Scheme Reservoir boundary
Analysis) Ei/Ec

DF 1,2e5 ---
Modal R - Zero pressure
DRF 1,2e5 Zero pressure
DF 1,2e5 ---
Transient
DRF 5 Zero pressure
DRF 1,2e5 Sommerfield condition

4 RESULTS AND DISCUSSIONS

4.1 Introduction

To obtain the dynamic response, modal and transient analyses were performed. In the first analysis, the natural
modal frequencies and mode shapes were determined, whereas in the second, the history of displacements and stresses
under seismic load were obtained.

In the modeling of the structure, the following physical properties were adopted for the concrete of the dam: specific
mass equal to 2500 kg/m®, Young's modulus equal to 25 GPa, Poisson's coefficient equal to 0,25. The physical
properties of water are: velocity of sound 1440 m/s and specific mass 1000 kg/m?>. The soil of the foundation is assumed
to be massless, in order to avoid the problems associated with propagation and wave reflections.

For a parametric soil-structure variation, it was used the relation between the modulus of elasticity of the foundation

and the concrete: E—f =1, 2 and 5. This variation can be found for different types of rock, from possible altered granites

% =1, gneiss i—’ =2 and shale % =5. It should be noted that the modulus of elasticity of the foundation together with
the Poisson’s ratio and resistance to simple compression determine the modulus of deformability of the foundation, an
important parameter for dam projects.

In the seismic excitation, the Rayleigh damping was considered with a value of 5% for the damping factor of the
dam and soil coupled system.

For the structure and foundation, it was used the finite element - Plane 183 (plane strain). In the interface of the soil-
structure interaction problem, it was utilized the elements 172 and TARGE 169, which make the connection between
the nodes and the elements on the contact surfaces. For the reservoir it was used the FLUID29 element. At the far end
of the reservoir, it was used the FLUID 129 element that is responsible for the absorption of waves in the boundary
(non-return wave - Sommerfield condition).

The case studies analyzed in this work are oriented to the analysis of a typical 2 D profile of Brazilian dams, in
accordance with the conditions and physical constants prescribed in this section.
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Table 1 shows the simulation plan performed in this work for the different types of dynamic analysis (modal or
transient) performed with the coupled and decoupled system. Also included in the simulations are the influence of the
foundation: flexible E¢/E. =1; intermediary E¢/E. = 2 and rigid (E¢/E. = 5), as well as the boundary condition for the
distant boundary of the reservoir (zero pressure and non-return condition of the wave or absorbent element -
Sommerfield condition).

The dimensions of the system are presented in Table 2 and modelling of finite element mesh is shown in Figure 4.
The distant dimensions for the reservoir and foundation were based on literature studies Lokke e Chopra [1]; Silveira
and Pedroso [22]; Zeidan [23]; Huang [24]; Nascimento [25] and Gutstein [26], that have analogous and/or equivalent
relations to represent the dimensions of the domain under study.

Table 2. Dimensions of the typical profile of a Brazilian dam, reservoir and foundation

Parameter H he hg B Hr
Value (m) 80 20 15 70 72

Therefore, the finite dimensions used to represent the model with ratios proportional to the height (H) of the dam
are based on these well-founded previous studies.

Hr

Uy=0

]
| 3H 1 B 1 H 1

Figure 4. Modeling of the dam-reservoir-foundation system and its proper dimensions.

4.2 Free vibration study

»  Free vibrations: dam-foundation system (empty reservoir)

In this case, the values of the natural frequencies and their modal deformations were determined as a function of the
influence of the variation of the foundation stiffness, evaluating the magnitudes of the natural frequencies and the
possible changes in the mode shape of the dam-foundation system.

The natural frequencies of the structure due the foundation flexibility is presented in Table 3. These results show
that a decrease in the magnitudes of the frequencies occurs with the increase of the foundation flexibility.
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Table 3 Alteration of the first 4 natural frequencies in Hertz for a variation between the elasticity modules of the foundation and
the concrete.

E 7
Mode Ee

1 2 5
1 3,57 4,02 4,38
2 7,99 9,48 10,64
3 8,79 9,91 11,17
4 15,83 17,51 19,25

Based in these results, it can be inferred that this reduction in the natural frequencies can take the structure to a zone
of lower frequency, where the seismic load is more effective (low-frequency seismic frequency components that can
coincide with the first frequencies of these structures).

In addition to modifying the frequency magnitudes of the system, the flexibility of the foundation also changes the
mode shapes of the structure. This fact is observed in Figures 5 and 6 which present, respectively, the mode shape for
the cases with more rigid foundation (Ef/Ec = 5) and flexible (Ef/Ec = 1), signaling that a more significant change
occurs in the second and third modes in both cases, where in the first and fourth modes, the deformed are analogous.

1st mode 2nd mode 3rd mode 4th mode

f» =10,64 Hz \ fs=1117Hz fa=19,25Hz

Figure 5. Vibration modes for the rigid foundation structure (E¢/Ec = 5).

f, =799 Hz | fs=879Hz 7 f,=1583Hz

1st mode 2nd mode 3rd mode
Figure 6. Modes of vibration for the structure with flexible foundation (E¢/Ec = 1).

4th mbde

Therefore, the effect of the foundation flexibility not only decreases the natural frequencies, but also can change the
mode shapes, as can be observed in the comparison between Figures 5 and 6, for the 2nd and 3rd modes.
»  Free Vibration of the Decoupled Reservoir

In the study of free vibrations for the decoupled reservoir, the zero-pressure condition was considered in the distant
contour and the results of the natural frequencies were compared with an analytical expression which represents a
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closed-open acoustic cavity in the x and y directions. The analytical solution is given by Equation 6 foriandj =1, 2,
., where c is the velocity of sound in the fluid, L is the length of the reservoir and H is the height of the fluid.

f;;{:z’”J(mz)[(ZZj) +(21H9] ©

The Figure 7 shows the first four mode shapes for the decoupled reservoir and their respective natural numerical
and analytical frequencies. It is observed that the results show insignificant errors between the frequencies.

1st mode 2nd mode

foum = 5,20 Hz fLU —522Hz  frum = 6,69 Hz fAl =672 Hz

3rd mode 4th mode
foum = 895 Hz anal =901Hz fum=1152Hz anal =11,63 Hz

Figure 7. Vibration modes to the reservoir.

e Free Vibration coupled: dam-reservoir-foundation system
Considering the dam-reservoir-foundation coupled system, it was observed a reduction in the frequencies with the
inclusion of the reservoir in relation to the previous case, when comparing the results presented in Table 4.

Table 4 Results of the first 4 natural frequencies in Hertz of the decoupled system (DS) and coupled (CS) dam-reservoir

E 7
E. Reservoir

1 2 5
Mode DS) (€S) DS) (€S) DS) (CS) Finite Analytical
element
1 3,57 3,05 4,02 348 438 3.85% 5.20 522
2 7,99 5,18 9.48 5,20 10,64 522 6,69 6,72
3 8,79 5,98 9,91 6,03 11,17 6,05 8,95 9,01
4 15,83 7,15 17,51 7,38 19.25 7,04 11,52 11,63

* additional mass mode
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However, these results also showed a more preponderant influence of the foundation flexibility on the natural
frequencies of the coupled system for the 1st mode in comparison to the presence of the reservoir.

Analyzing the coupled problem - Figure 8 - it is observed that the first mode is of dominant structure and represents
the mode of additional mass, in which the fluid is incompressible and follows the movement of the structure.

1st mode

fcoupied. = 3,85 Hz

2nd mode

fcoupled = 5;22 Hz

3rd mode

fcoupled. = 6;{]5 Hz
4th mode

fcoupied. - 7;04 Hz

Figure 8. Vibration modes coupled in terms of pressure for the reservoir and displacements for the dam in the case of a rigid
foundation.

However, the other modes (2 °, 3 © and 4 °) are dominant in the reservoir and the mode shapes of the reservoir
reproduce the same mode shapes of the decoupled case, but with slightly altered frequencies. The structure behaves
practically as in a rigid wall, with a slightly flexible mode shape in its 1st decoupled mode.

» Seismic Excitation

For the study of the influence of dam-reservoir-foundation interaction under a seismic excitation, the system's
response in terms of maximum principal displacements and stresses was verified at some points of the dam. For this
seismic analysis, the two cases already studied in free vibrations were evaluated: 1) dam-foundation; 2) dam-reservoir-
foundation.

For the transient analysis, it was used a historical seismic record of acceleration compatible with a region of Brazil
with a maximum magnitude of 0,10 g; as shown in Figure 9. The frequency components of this accelerogram (frequency
spectrum) are shown in Figure 10.
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acceleratior(g)
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time (s)

Figure 9. History of accelerations for a typical Brazilian earthquake under acceleration g.
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0.06 - N

0.05 1
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Fourier Amplitude

0.02 - 1

0 5 10 15 20 25
w (rad/s)

Figure 10. Spectral analysis of the Brazilian earthquake.

According to the proposal for the new seismic threat map in Brazil, shown in Figure 11, which improves the data
of the anti-seismic standard (NBR-15421/2006), the earthquake assessed in this work has a probability of 2%
probability to occur in most of Brazil for a period of 50 years.

-70° -65° -60° -56° -50° -45° -40° ~35°

5o O— 5o

0° i 0°
_5° -5°
—10° ¥ -10°
~15° -15°
-20° -20°
=25 =-25°
-30° -30°

—65° -60°  -55° -50° -45° -40° -35°

Figure 11. Brazilian seismic threat map in acceleration units g. (Disclosure/Prof.Dr. Marcelo S. Assumpgao).
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The inclusion of the earthquake in the cases studied is performed by the application of acceleration at the base of
the structure (region of contact between the dam and the foundation).

In this analysis of seismic excitation, the structure response was studied in terms of maximum crest displacements
and maximum stresses at three singular points of the dam: heel, finger and bottleneck (transition region), evaluating the
influences of the foundation and of the reservoir. These points of analysis, whose denominations can be assimilated the
parts of a human limb (foot), are best presented in Figure 12.

ocrest

transition
bottleneck

heel

heel finger

Figure 12. Points to be analyzed in the profile of the dam under seismic excitation.

1) Coupled system Dam-Foundation

For the dam-foundation system case, it was initially evaluated the displacement at the crest of the dam, shown in
Figure 13, which shows a comparison between the maximum horizontal displacements (ordinate axis) versus the
variation of the modulus of elasticity between foundation and concrete (abscissa axis). It can be observed that the
maximum magnitudes close to 10 mm. Moreover, it is noted that the maximum displacements at the crest of the dam
have decreased as the modulus of elasticity of the foundation increases.

10 T T T T T
i 5 ‘ - — = Ef/Ec = 1 (rigide foundation) I
= 2 (R Ef/Ec = 5 (flexible foundation)
D E
?
Oor ’I' 1
£ sty
E L "5Ill{:.%"\ 1
k] l',ﬁ e i) glln -
bR b g bes Ssa ke . g4
St TR L IR e YT .
§ '.:;f;..{g Eiﬁj"e% E ?’P‘g‘w ;

LE S R -
mr fE : 8
mf ; R
- - . - - 10 12

time(s)

Figure 13. Variation in time of displacements on the crest of the dam as a function of the effect of the foundation.
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The results obtained for the maximum principal stresses in the heel of the dam are shown in Figure 12, a region
where the stresses normally reach its largest magnitudes. Figure 14 shows the change in the stresses with the change in
the flexibility of the foundation, in which again it is observed that the increase of the modulus of elasticity of the
foundation causes a substantial decrease in the effect of the seismic load in terms of tensile stresses.

2000 T T T T T
= = = Ef/[Ec = 1 (flexible foundation
----- Ef/Ec = 5 (rigide foundation)
1500 - i
1000 - E -

Tensile Stresses (kPa)

O O O O O 10 12

Figure 14. Variation in time of the maximum main stresses in the dam's heel according to the effect of the foundation.

When evaluating the history of maximum stresses in the three singular points: heel, bottleneck, and finger of the
dam as a function of the flexibility of the foundation, it can be seen that it is in the region of the heel of the dam that
the greatest stresses are found, followed by the bottleneck and the foot of the dam, respectively, as it can be verified in
Figure 15. However, as the elasticity of the foundation increases, an increase in stresses occurs in the superior region

of the structure (bottleneck), differently from what occurs in the heel and toe of the dam, where there is a tendency for
reduction.
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Figure 15. Variation of the maximum principal stresses in the heel, finger, and bottleneck of the dam according to the effect of the
foundation.
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2) Coupled system Dam-Foundation-Reservoir

For the evaluation of the effect of the presence of the reservoir in the coupled system, it was proposed a study similar
to the one done in the previous item, in which the displacements and the maximum stresses in some singular points of
the structure were evaluated. However, it was also considered in this step the verification of the influence of the distant
boundary condition of the reservoir (zero pressure condition and the Sommerfield condition representing the wave
absorption).

For the purpose of design, the zero-pressure condition is the simplest to be added, unlike the non-return condition
of the wave, which has its peculiarities as a function of the analysis program. Thus, this study aims to verify the
difference that exists in the results when considering these two different cases.

Figure 16 shows the results for the displacement at the crest of the dam considering these two cases and adopting
the rigid foundation condition. It is observed from the figure that the displacements were equivalent both by the
evaluation of the zero-pressure condition and the non-return condition (Sommerfield condition), with no significant
differences in the results. The observed effects cannot be generalized, because the conditions of the presented case were
favorable to this similarity in the results. However, with the change of certain conditions, to be seen in the next case,
there is already a differentiation in the results.
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Figure 16. Variation in time of the displacement of the crest of the dam with the change of the boundary distant condition of the
reservoir for a rigid foundation.

When assessing the influence of the foundation on the displacements at the dam crest for the cases in which is
considered the rigid foundation (Ef/Ec = 1) and rigid (Ef/Ec = 5), shown in Figure 17, it was observed that the flexible
foundation condition caused an increase in the magnitudes of the displacements. When comparing the results of the
analysis in which only the dam-foundation interaction is considered (see Figure 13), there is an increase in the
displacements with the inclusion of the reservoir effect.
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Figure 17. Variation in time of the displacement of the crest of the dam according to the effect of the foundation.
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Similarly, for the heel stresses of the dam, an increase in the magnitudes of the maximum principal stresses was
observed with the inclusion of the reservoir (Figure 18). This increase can cause problems in the structure since the
tensile stresses that occur in the concrete approaching 2000 kPa tend to cause damage to the dam. It is also observed
that in this case the flexibility of the foundation did not produce a result as significant as that seen in the item in which
it was considered the dam-foundation system (see Figure 14).
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Figure 18. Variation of maximum stresses at the dam's heel.

The variation of the maximum tensile stresses was also evaluated in the other singular points of the structure, where
the influence of the foundation was verified. It is observed in Figure 19 that the inclusion of the reservoir caused an
increase in the level in the stresses in relation to the case without the reservoir (see Figure 15), as well as a decrease of
these with the increase of the elasticity of the foundation to the heel and the finger of the structure.
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Figure 19. Variation of maximum stresses in the heel, finger, and bottleneck of the dam according to the effect of the foundation.

However, the bottleneck region was less susceptible to the presence of the reservoir, for the higher ratios Ef/Ec
(rigid foundation). For the more flexible foundation there was even a slight decrease of stresses with the presence of
reservoir, characterizing a behavior different from the standard of the other points analyzed.

It should be noted that the flexibility of the foundation altered the magnitudes of the stresses, especially in the
interval in which the earthquake had its greatest intensity, see interval of 1 to 2s in Figure 9.
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The seismic load causes a “come and go” movement in the structure and this causes the effects of stresses in different
regions of the dam body to be different along the soil movement. This becomes clear when one observes Figure 20,
which presents the mapping of the stresses at the dam for the instant of the maximum upstream and downstream forces
for the case of the filled reservoir and rigid foundation (Ef/Ec = 5).
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Figure 20. Time for maximum stresses of tensile in the dam body: (a) upstream t = 1,39 s and (b) downstream t = 1,50 s.

The heel region shows the highest stress concentrations as well as the structure bottleneck. And these effects can be
amplified, as emphasized in this study, by changes in the elasticity of the foundation.

It is observed that the stresses along the heel region are much greater than those with respect to other points of the
structure. Att = 1,39 s, a stress around 2000 kPa was obtained in this region, while at t = 1,50 s values of 1000 kPa
occur in the intermediate region between the bottleneck and the finger on the downstream side of the dam. Thus, it is
evident that the maximum stresses in the dam for a seismic excitation do not happen at the same instant, that is, there
are intervals of time in which the upstream region is the most loaded, while in other time intervals the downstream of
the structure is the most loaded region.

5 CONCLUSIONS

This work presented a dynamic study of the behavior of the dam - reservoir - foundation interaction in terms of free
vibrations and under seismic load. For this, finite element models were developed through the ANSY'S program in the
APDL language. After the different simulations presented in this paper, some important conclusions were reached,
namely:

* In the study of free vibrations, two systems were evaluated: 1) dam-foundation (BF) - empty reservoir; 2) dam-
foundation-reservoir (BFR). For both cases, the influence of the foundation was observed, and it was verified that
areduction in the natural frequencies occurs for the more flexible foundations, fact that, in turn, also causes changes
in the mode shape of the dam. In the case of the three coupled media, it was observed that the first mode is controlled
by the dam (additional mass), and with the decrease of the stiffness of the foundation the reduction of this first
natural frequency occurs more significantly, unlike the other higher modes which are controlled by the reservoir
and in which this variation is not so striking in the magnitudes of the frequencies with the variation in the stiffness
of the foundation.

* In the seismic analysis the displacements and the maximum stresses in some singular points of the dam were verified
for a given acceleration history with a maximum intensity of 0.10 g. In the seismic analysis, also, a similar influence
was observed in the previous item due to the influences of the foundation and the reservoir. For the crest
displacements, and the stresses at the heel and foot of the dam, a reduction was observed with the increase of the
stiffness of the foundation; on the contrary, an increase in the maximum stress variation was observed in the
bottleneck.
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* Another highlight corresponds to a comparison of the distant boundary conditions in the reservoir: the zero-pressure
and the Sommerfield condition for rigid foundation. When considering both cases the results were similar, thus
assuring us that the simpler condition (zero pressure) similarly reproduces the results for a rigid foundation seismic
analysis.

* Finally, the authors recommend that in a dynamic analysis of dams, all the parameters involved should be analyzed
in a way that is consistent with the conditions present in the dam-reservoir-foundation system, especially in the
properties that influence the elasticity of the foundation. Regarding the reservoir, the simplified models of additional
mass and zero pressure in the distant contours can be considered, in preliminary stages of design.
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