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The recent trend to construct concrete arch dams in sites where the
conventional qualifications are not satisfied, necessitates further
study on more accurate mathematical modellings of these dams fo
ensure safety. From the structural engineering point of view still
there is no convenient and accurate method to do this.

In the field of dynamic seismic response analysis of concrete dams
different modellings are proposed by researchers. To include the
hydrodynamic effect the general practice is either the added-mass
approach or a full inclusioh of the fluid domain in the analytical
model. The latter does include the interaction whereas the former
does not. As a high approximation, the FEM model for interaction
analysis has been almost exclusively carried out in the
Euler-Lagrangian sense which demands the coupling of a pressure
field (reservoir) with a displacement field (dam). This brings
about a lot of difficulties such as asymmetric system matrices,
large bandwidth, and solution instabilities., On the other hand the
full Lagrangian method developed so far is free of such troubles
but suffers from certain problems. Current Lagrangian procedures
for modelling the fluid-structure interface although do not have
severe consequences in the case of flat gravity dams but are
considerably inaccurate for a 3-dimensional curved arch dam. Thus
such methodes are not matured to be employed accurately. Besides

—220—




the existence of a large number of zero energy modes, and the cost
of analysis may be troublesome.

Furthermore the reservoir of an arch dam is a 3-D body with
multi-nature boundaries. As a wide range of frequencies are present
in the response, radiation through the reservoir end as well as the
reservoir banks wave absorption should never be overlooked.

Finally the foundation interaction has to be included and the
inconsistent boundary conditions with prescribed displacements or
tractions usually lead to spurious results. Therefore the radiation
condition for elastodynamic waves should be employed in three
dimensions. '
Apart from these the concept of modelling of concrete arch dams
which are constructed of jointed monoliths is still far from
reality, and methods to account for the foundation joints as well
as the construction joints are very desirable, In the static state
the opening of such joints is believed to affect the state of
stress in the structure as conformed with the actual phenomenon.

In the first part of this research a theoretically consistent as
well as practically convenient finite element methodology for the
time domain dynamic analysis of arch dam is developed. This
methodology is specially very accurate in modelling the solid-fluid
interface and for the first fime has enabled complete account of
the aforementioned dynamic phenomena by the full Lagrangian
formulation in an economical manner.

CHAPTER | is the introduction in which the motives, the objectives
and the conclusions are described in brief.

CHAPTER 2 deals with the modelling of the dam-reservoir system.
Arch dam is modelled as an elastic body by high order special
parabolic 22-node 3-D shell elements. The acoustic waves in the
fluid govern the problem, and a state-of-the-art study on the
evolution of reservoir models is assigned mostly in pressure
formulation. '

The discussion continues to the boundary conditions of the fluid
domain. These are introduced below as refering to Fig.l.

. Radiation on surface S;

. Refraction on surface S,

. Free surface waves on surface Sg

. Fluid-structure interaction on surface S4
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RESERVOIR

F1G.1 — RESERVOIR BOUNDARIES

The techniques of modelling the radiation boundary are investigated
first, and it 1is found that only the Sommerfeld boundary has the
requirements needed. Because it is frequency independent, and could
function efficiently in arbitrary geometries when placed not too
close to the dam. It is equivalent to a viscouse traction imposed
on S; expressed as :

tro= 0C U, ( Eq.1
tr.= normal traction
0= unit mass of water
C= velocity of sound in water
Un= normal velocity of water particle
This condition contributes to damping.

With the same analogy +the wave energy refracted into the bottom
flexible material is accounted for by a viscouse traction as

1+

trn= 0C ( ) Un on So Eq.2

1-«
a-ratio of amplitudes of reflected and incident waves
Furthermore the free surface gravity waves although are not so
important, but are deliberately employed in order to arrest the
excessive degrees of freedom. This contributes to the stiffness by
a boundary traction of
try= 0g uy on Sg Eq.3
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try= vertical traction
g= gravitational acceleration
uy= verical displacement

Finally the most important is the structure interface which in the
Lagrangian sense should satisfy three conditions for the two
neibouring domains,

. [dentity of normal displacements,.
2. Null tangential forces.
3. ldentity of normal forces.

Despite other models, our special 3-D surface interface parabolic
isoparametric element could satisfy the first two conditions and
although the third condition is not satisfied completely but
remarkable accuracy is achieved., This element has been originally
developed by Beer for rock mechanics using a relative displacement
formulation as

fi= DA on S4 Eq.4

where f17=[ 741, 7T2,0 ]

Cst 0 0
0 0 C,

AT:[51,62)6n]

fi= interface force vector

= interface elasticity matrix

A= interface relative displacement vector

7 := interface tangential forces

U .= interface normal force

Csi= interface tangential stiffness coefficients
Cn= interface normal stiffness coefficient

O ;= interface tangential relative displacements
O o= interface normal relative displacement

‘We developed a 9-node element with a zero Cs; and an infinite C,

vhich insures the special conditions and the compatibility of the
fluid and structure.
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a) COMPATIBLE PARENT ELEMENTS AT THE DAM-RESERVOIR INTERFACE

F1G. 2 ~ INTERFACE COMBINATIONS OF ELEMENTS

The fluid itself is assummed as inviscid, compressible, and
irrotational. An element developed by Wilson is extended to 3
dimensions with one main (volumetric) strain, and three constraint
strains (corresponding to rotations). The penalti function and a
reduced integration order are employed along with an essentially
27-node parabolic 3-D shape function. The mass matrix of the fluid
element is a consistent diagonal one. Few hourglass modes remain
but with no apparent effect on the response. The sloshing and the
volume-change modes are approximated best for the fluid.

The overall system is governed by a standard FEM structural
equation of motion which is solved by direct integration.

Na+CTa+KaczF Eq.5

M= mass matrix of the overall system

C= damping matrix of the overall system

K= stiffness matrix of the overall system

F= external force vector of the overall system
a= nodal displacement vector

Several simple cases have been solved to verify the accuracies of

the fluid-structure formulation and its boundaries (see Figures
3,4, and 5).
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FIG. 4

~ NORMALIZED MAXIMUW STEADY STATE HYDRODYNAMIC PRESSURE
CLOSE TO THE UPSTREAM FACF OF A FLAT DAM
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F1G. 5 - STEADY STATE HYDRODYNAMIC PRESSURE PROFILE ACTING
ON THE FACE OF A RIGID DAM WHEN THE DAM REACHES TO ITS
NEUTRAL POSITION  ( ROTTOM REFRACTION B.C. )

CHAPTER 3 deals with the foundation. The material (rock) is assumed
as linear elastic and the model of foundation is extended with a
radii of 0.5-1.0 times the dam height. The standard viscouse
boundary is proved to be superior to all other nonreflective
boundaries in the three-dimensional arbitrary geometry. This
boundary is frequency-independent and able to absorb efficiently
all types of waves i.e., P, S, and R waves, It 1is defined by a
viscouse traction whose typical component is written as

o= p Vg U on Ss Eq.B

0= a traction component (normal or tangential)
Vk= the corresponding wave velocity (K=P, or S)
= boundary velocity (normal or tangential)

This kind of boundary condition contributes to the system damping
along with the foundation internal damping. The earthquake
acceleration is also input to the foundation boundary.

CHAPTER 4 includes the explanations of the dynamic fluid-solid
interaction analysis computer program SPRAD along with the other
prograns.

In CHAPTER 5 two objects are pursued; first, an assessment of the
response analysis effectiveness by comparison of the measured and
the calculated responses of some realistic Japanese arch danms,
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second, a comparative study with the most up-to-date
Euler-Lagrangian algorithm of fluid-structure analysis. These
studies led to the followings (refering to Figures 6,7,8, and 9).

I. Remarkable or fair coincidences between the computational
and the measured stream-direction responses were observed.

2. However very little could be expected for such agreements in
the case of vertical or cross-stream responses probably as a
result of the non-monolithic nature of arch dams as well as
uncertainties of the real input motions.

3. As for the comparative study between the Euler-Lagrangian
and the present analysis, the two methods remarkably agree in
the case of realistic reservoirs.

4. lowever when the reservoir banks are assumed rigid the
results diverge at least in the case of the vertical and the
cross-stream motions. The reasons for such disagreements were
elaborated.

5. It was also observed .that the reservoir banks wave
reflection coefficient «a has pronounced influence on the
seismic response of concrete arch dam. But this effect is not
as great as it is claimed by Chopra.

6. The full Lagrangian method for the 3-D seismic analysis of

arch dam qualifies most of the capabilities of the competitive
Euler-Lagrange approach accurately. Furthermore it is stable,
not subjected to numerical difficulties, and straight forward
to implement in standard structural FEM codes.

7. Finally our method employs a computationally efficient time
domain analysis and thus could be extended for the non-linear
dynamic analysis of arch dam in the case of Maximum Credible
Earthquake. This capability is not possible in the
Euler-Lagrangian method.
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CHAPTER 6 offers a discussion about the joint opening modelling
technique and its consequences. The potential joint openings of
foundation interface due to the hydrostatic Iload, and of the
construction joints due to the dead load are considered. So far
there is no convenient and consistent way of modelling for such
phenomena, Thus the author has employed the isoparametric surface
element of Chapter 2 for the modelling of the 3-D discrete crack of
this problem with a non-linear constitution. The main assumptions
are

1. Small displacements.

2. Only crack Mode I .

3. Linear elasticity of concrete.

4, Elasticity of joints except in excessive tension of sample
points beyound which they open.

5. Closure of joints upon negative relative displacements of
sample points.

The formulation of the joint element is as discussed in Chapter 2,
but this time 8-node elements are employed. Cs; or C, should be
decided experimentally. But they gel zero when excessive tension
occures in the sample point of the joint. The body of dam is
composed of 20-node isoparametric elements. Due to the known
plasticity theorems when the equilibrium and the yield conditions
are satisfied such models could monitor a lower bound state of
failure. Direct iteration is used for the non-linear model and thus
a desirable safety check has become possible. This joint opening
analysis -is supposed to enable explaining the gap between the
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analysis results and those of actual observation or of model tests
concerning the tensile stresses in the joints. The accuracy of the
model is checked by comparing with other (two-dimensional) methods
as those of FEAP or Shaw-Han. By a few hypothetical or realistic
examples of arch dams and by refering to Figures 10 and 11, it has
been found that;

1. A well designed actual arch dam proved safe against the
foundation joint opening when the present method was applied.

2. Contrary to 0’Connor, it does not seem that only wide span
arch dams are vulnerable to the foundation joint opening.
Indeed the stiffer the foundation rock, the higher the risk of
foundation joints to crack.

3. The foundation joint opening alters the state of stress in
the dam bhody significantly. And apparently this 1is in the
improving direction.

4. The foundation joint opening increases the arch stresses,
but the vertical construction joints opening decreases them in
the arch dam body.

5. Significant increase of the radial displacements of arch dam
by a factor of 1~2 is expected hy either the foundation or
vertical construction joint openings.

6. It is clear that neither the full monolithic nor the free
monoliths models could warrant the dead load risk and the only
reasonable method is the joint analysis one presented here.

7. A study on the relation of the vertical joint opening with
the shape of arch dam is felt necessary for future studies in
order to assess the influence of overhangs.

8. It seems that both of joint opening mechanisms should be
considered simultaneously +fo enable the actual safety
assessment of arch dams.

CHAPTER 7 contains the general conclusions.

APPENDIX A has the Euler-Lagrangian formulation of the
fluid-structure interaction.

APPENDIX B offers the shape functions of the variety of elements
developed or used in the study.
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