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INTRODUCTION

ummary

In this presentation are going to be
presented the most significant aspects:

— Presentation of the FEM MODEL
— ELEMENT SIZE effects

— BOUNDARY CONDITIONS effects
— FURTHER IMPROVEMENTS
— CONCLUSIONS
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ABSTRACT: Within the *15" International Benchmark Workshop on numeric
held in Milan (Italy) in September 2019 and organized by the International Comm: g
(ICOLD), the static and dynamic behavior of a Concrete Gravity Dam was analyzed by means of 2D
Finite Element Analyses (FEA). Aim of this paper is to investigate the advantages given by the adoption
of a sophisticated FEA method with respect to a simplified analytical model

analyses of Dams”,

1 Introduction

This Paper analyzes the static and dynamic behavior of a Concrete Gravity Dam by means of

2D Finite Element Analyses (FEA). The analyzed case study, shown in Figure 1, was Pine Flat
concrete Gravity Dam. In particular, the analyses regarded the tallest non-overflow dam
monolith, no. 16 in Figure 1.

Part of the results presented in this paper was used to attend the *15" International Benchmark
Workshop on numerical analyses of Dams”, organized in Milan (Italy) in 2019 by the
International Commission on Large Dams (ICOLD) [1]. Such case study was selected, by the
workshop formulators, because of its relatively simple geometry and because it was extensively
studied in the *70s and ‘80s at the University of Califomia at Berkeley [2]-[7] and during the
2018 USSD Workshop in Miami [8].
The purpose of these workshops is to investigate uncertainties in FE analyses (FEA) of concrete
dams in a focused, systematic and controlled approach, with collaborative participation from
the international dam industry and academia.
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Figure 1 — Analyzed case study: Pine flat Dam

Finite Element Analyses (FEA) involve the static and dynamic behavior of dam together with
foundation and reservoir. Moreover, an investigation regarding the size and the boundary
conditions effects are presented. The analyses were performed using DIANA FEA BV software
[7] because the complexity of the analyzed task required the adoption of a sophisticated tool.

Moreover, due to the characteristics of the analyzed case study (independent gravity dam
monolith element), it has been considered useful a comparison of the FEA results with a

simplified analytical calculation based on a Gravity Method (GM), implemented by means of
i fc

a Rina Consulting in-house software adopted since several years for gravity dams analyses. The
GM, by means of “rigid body equilibrium™ and “beam theory™ analyses, permits to perform
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Italian Codes

N.T.C. 2018 N.T.D. 2014

Structures and Infrastructures Specific regulamentation on Dam design

Appendix to N.T.D. 2014 related
to seismic analyses on dams

(July 2018)
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For Dam assessment two different approaches should be followed:
* Serviceability Limit State (SLS)  — evaluation of stresses over the dam body (o, 1)
* Ultimate Limit State (ULS) —> evaluation of global stability, sliding and overturning (N, V)
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FEM MODEL

122m

General description

268 21mas.l

Fluid-structure Interface

295 64mas.l.
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Direct contact

173.73mas.l

700m
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»» DIANA FEA

a TNO Company

» Plain strain elements;
»Dam: 3 m wide elements;
» Foundation: 3 to 30 m wide elements;
» Reservoir with fluid-structure interface to model
the dynamic effect;
» Direct contact between Dam and Foundation;

>2% Rayleigh damping for dynamic analyses
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Static Boundary Conditions

Roller BCs were adopted at the external foundation edges

295 64mas.l

268 21mas.l

\

173.73mas.l.

122 m

700m
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Dynamic Boundary Conditions

Non-reflecting interface were adopted at the external foundation edges

295.64mas.l Non-reflecting interface
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FEM MODEL

Two approaches were used for the Static analysts:
— Analytical: Gravity Model (GM)
— Numerical: Finite Element analyses (FEA) zo

0 5

Three approaches were used in Dynamic analysis:
— Analytical: Gravity Model (GM) pseudo-static
— Numerical: Finite Element analyses (FEA) pseudo-static

—» Numerical: Finite Element analyses (FIEA) with time-history

Acceleration [m/s?]
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Acceleration time-history
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Static analysis

Numerical analysis of dams

Loads
— Self-Weight (SW)
— Hydrostatic pressure (Pr268) on dam face and _

reservoir bottom
Results

Upstream face stresses for SLS Downstream face stresses for SLS
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Modal analysis

\
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
f=231Hz f=4.09Hz f =487 Hz f =544 Hz f =594 Hz f=676Hz
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4
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s 2 AT with the Spectral acceleration
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Dynamic analysis

Displacements

Stresses
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Downstream face
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—— FEA time-history
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> The

horizontal

the

~8mm

effect increased

displacement

seismic
from
(static displacement) to ~37mm (dynamic
displacement)

»Numerical analyses highlighted a peak

of stresses at the contact dam/foundation;

» Numerical pseudo-static analyses
highlighted lower stresses in the dam body

with respect to analytical GM method;

» Time-history analyses highlighted peak
of stresses in the upper part, due to modal

shape;
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Different mesh sets were used: Coarjle Tes

l

1224/ elements

]
€ nmesiv

— Fine mesh (1 to 10m)

— Refernece mesh (3 to 30m)
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BOUNDARY CONDITION effect

:NonQeﬂécﬂnéBCs:

Reference BCs:
Non-reflecting interface

| at the foundation edges
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Roller BCs

Upstream face
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Roller BCs (same as static analysis):
Vertical restraint at the bottom edge
| and horizontal restraint at the side
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FURTHER IMPROVEMENTS

Dam-Foundation interface

295 64mas.l.

26821mas.l

Contact interface
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700m

173.73mas.l.
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Interface properties
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> Interface elements lead to a reduction of

the stress peak at the dam-foundation

contact

>P0ssibility to adopt the model for the

evaluation of global forces at the base of

the dam
V/N Static Pseudo static
FEA 0.29 0.65
GM 0.31 0.78
Limit 0.75
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CONCLUSIONS

> - = Numerical analysis of dams

Static __ Numerical and Analytical model leads to similar — Sophisticated method adoption is not necessary

behavior results

Dynamic Numerical analyses leads to more conservative Importance of investing on more sophisticated
—_

behavior results than Analytical one methods (such as FEA)

Boundary __, Fixed BCs leads to an amplification of input — Non-reflecting BCs is strongly recommended

Conditions signal

Size-effect — Join the computational advantages of a coarser — Size equal to 2.5% of dam height
mesh with the benefit in term of stresses

evaluation given by a finer mesh.

f N
“...it makes sense to invest in a more advanced and time- f k
consuming calculation if this can show that an existing : ®
structure is reliable enough and does not need strengthening.”

Professor Joost C. Walraven, TU DELFT '
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