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PREFACE

The modelling and analysis of a concrete gravity dam exposed to an unbounded reservoir
require special attention for its safe design. This problem comes under the purview of
fluid-structurc-soil interaction system. where behavior of cach medium affects the other
and in turn is a coupled phenomenon. As in most of the practical cases. dam is founded
on a hard stratum. where the effect of soil-structure interaction is not significant
compared to that of dam-reservoir interaction. Consideration of dam-reservoir interaction
cffects may alter the seismic response of dam significantly. During the lifetime of a dam
the original safety margin will be reduced due to deterioration of its structural strength.
Damage in a dam may be caused due to degradation of the concrete with age. With the
ageing of a dam-reservoir system. the hydrodynamic response of the reservoir changes as
the reservoir bottom becomes absorptive due to accumulation of sediment. [t is therefore
important to carry out a realistic scismic analysis not only for new dams but in the
context of the safety evaluation of existing aged dams. Such an analysis procedure should
appropriately account for the ageing effect so that an accurate seismic behavior of a dam-

reservoir system can be predicted at any age.

Since analytical treatment of such coupled problems is extremely difficult. a laree
number of works in this arca are directed towards the adaptation of various numerical
techniques. This has gained further impetus with the advent of faster gencrations of

computers.

The present work is an attempt to gain an understanding of the response of an
ageing concrete gravity dam adjacent to an infinite reservoir. Computer codes are
developed for the analysis of coupled dam-reservoir interaction problems using finite
element technique. A post processor module is also developed to present the analysis

data in graphical forms.
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ABSTRACT

The assessment of response of an aged concrete dam is important for the prediction of its
behavior during earthquakes. so that remedial measures can be taken at the right time to
withstand future carthquakes. The assessment is necessary. as the analyses procedures may
become obsolete and the state of the art may change since the time of construction and the
structural material may deteriorate due to harsh environmental conditions. At the same time.
the sediment will be accumulated at the reservoir bottom on the upstream side of the dam.
The decision of retrofitting or strengthening the aged dam necessitates accurate analysis of
the same in the presence of accumulated sediment. In the present work, an approach to
‘include the time dependent degradation of concrete owing to environmental factors and
mechanical loading in terms of isotropic degradation index is developed. The absorption of
pressure waves at the bottom of the reservoir due to the presence of sediments has been
incorporated in the hydrodynamic pressure equation. Both the aged dam and the infinite
reservoir with sediments are modeled and analyzed by finite element technique. A novel far-
boundary condition is developed which can be truncated at a relatively closer distance away
from the dam face for the finite element analysis of infinite reservoir. Both the aged dam and
absorptive reservoir are analyzed separately with the interaction effects at the dam-reservoir
interface enforced by an iterative scheme, in which both the pressure in the reservoir and
displacement in the dam are converged simultancously. The dynamic response of an aged
concrete dam in the presence of sediment layers in the reservoir is studied. The encouraging
outcome of the present investigation reveals the advantages of the proposed truncation

boundary condition for the infinite reservoir domain and the iterative scheme for the solution

of the coupled aged dam-reservoir system.

KEYWORDS:

Concrete  Gravity Dam, Degradation, Truncation boundary condition. Dam-reservoir
interaction, Infinite reservoir, Hydrodynamic pressure. Reservoir bottom absorption. Finite

clement method, Iterative scheme
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CHAPTER 1

INTRODUCTION

A concrete gravity dam is a submerged structure with a complicated geometry and
complex behavior under seismic condition. It is constructed mainly to harness the
potential energy of rivers for generation of hydroelectricity and at times for irrigation.
These dams are expected to retain the water impounded in the reservoir and to resist the
unpredictable earthquakes with acceptable damages in seismic prone areas. With an
increasing demand for power, large numbers of concrete dams are being built or in use
all over the world, out of which many of them had been constructed decades ago. The
failure of a concrete gravity dam can lead to catastrophic consequences of sudden release
of the reservoir, devastating habitations in the vicinity. Failure may occur due to floods
exceeding the designed full reservoir level. At a time, when reservoir level dangerously
fluctuates, and an earthquake occurs, the stresses in the dam may exceed the calculated
values leading to its failure. For the safety of the habitants living on its downstream side,

it is important to ensure that these dams are not susceptible to failure due to severe

earthquakes.

The issues of seismic safety of dams have been looked at with increased attention
in various parts of the world in recent years. It has become a major factor in the planning
and designing of new dams proposed to be built in seismic regions and for safcty
evaluation of existing dams in these regions. To prevent the failure of a dam, it is
important to assess its behavior at any age during its lifetime, so that remedial measures
can be undertaken to strengthen or perhaps decommission the dam at the right time. For
the design of an earthquake-resistant dam and the evaluation of the safety of an existing
dam, it is important to use a rational and reliable dynamic analysis procedure. The
dynamic response of a linearly elastic dam can be determined by standard techniques if
the reservoir is empty. But the problem becomes complicated, when the interaction
effects of the unbounded reservoir and the elastic foundation has to be adequately
accounted for. This problem requires special attention, as the overall system is a
combination of three different systems and is much larger than the dam itself. The

analysis procedure should be capable of evaluating the dynamic deformations and
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stresses in a dam subjected to a given ground motion. The deformations and stresses so
obtained will be more realistic if (i) the deterioration of concrete strength during its
lifetime can be eftectively incorporated in the numerical model, (ii) the interaction cftect
of the unbounded reservoir is determined appropriately, (iii) the boundaries of the infinite
reservoir are modelled aptly and (iv) the dam-foundation interaction is considered when

the geological site conditions necessitates.

To predict the safety of a dam at any age, generally stresses due to static and
dynamic loading are evaluated. The elastic modulus of the concrete dam adopted at the
time of analysis is same as considered at the time of design of the dam. Concrete
develops strength with continued hydration. At an early age the rate of strength gain is
faster but the rate gets reduced with age. It is customary to assume the 28 days strength
as the full strength of concrete, but experimental evidences (Washa et al.1989) show that

concrete develops strength beyond 28 days.

Though various non-linear analysis procedures have been developed to determine
the effect of damage on the responses of the dam due to seismic excitation, primary
mechanisms or factors that can produce premature deterioration of concrete dams need to
be identified. Many researchers (El-Aidi & Hall 1989, Cervera et al. 1995 and Ghaemian
& Ghobarah 1999) had considered the dam-reservoir-interaction problem with an
isotropic damage while developing a non-linear damage model. The damage index used
in the above procedures is mainly evaluated based on relation between the strain encrgy

of the damaged material and elastic energy of the undamaged material.

Researchers have treated the evolution of damage index by different approaches
(Ghrib & Tinawi, 1995a & 1995b, Hubert et al., 2001 and Mazzotti et al., 2001). The
durability of concrete in dam is considerably affected by the accumulation of damage
induced by the time variant external loading in conjunction with environmental loading
Processes such as moisture and heat transport, freeze-thaw action, dissolution processes
such as calcium leaching, chemical expansive reactions (alkali-silica reaction) due to
presence of silt deposited on the upstream tace. Although considerable progress has been
achieved in carrying out dynamic analysis by modelling concrete gravity dam
considering the non-linear behavior of concrete including cracks, environmental cffects

are still accounted for by more or less heuristic evaluations of the degradation process
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and its influence on the residual structural safety. Since the dam face is in constant touch
with water, concrete degradation due to hygro-mechanical loading is inevitable and

should be considered in the analysis procedure.

For simplification of the analytical procedures, the bottom of the reservoir is
generally considered to be rigid, which does not represent the actual behavior of the
system. The sedimentary material in the reservoir bottom absorbs or radiates energy at the
bottom that will affect the hydrodynamic pressure developed at the upstream face of the dam.
The fundamental parameter characterizing the effect of absorption of hydrodynamic pressure
waves at the reservoir bottom due to sediment is the reflection coefficient. The wave reflection
coefticient is determined from parameters based on sediment layer thickness, its material
properties and excitation frequency. An analytical or a closed-form solution cannot account for
the arbitrary geometry of the dam or the reservoir (Fig.1.1). This problem can be efficiently
tackled with finite element technique. The need for an accurate truncation boundary is felt to
reduce the computational domain of the unbounded reservoir system. The ageing of a
concrete gravity dam further presents a new challenge for the development of a
methodology that can adequately predict the stability of the dam under seismic

excitations and identify those structures where remedial measures are to be taken.

1K

Infinite reservoir

Dam

" Reservoir Bed

Fig.1.1 Geometry of a dam-reservoir system

The purpose of the present investigation is to develop a numerical scheme in time
domain for cvaluating the stresses inside the body of the submerged ageing dam
interacting with the unbounded reservoir having sediment layers at its bottom. The
response obtained by this novel procedure can be effective in earthquake vulnerability

assessment of concrete gravity dam.

The existing literature indicates a wide range of research work for predicting the

behavior of a dam-reservoir coupled systems. Westergaard (1933) was the first to study
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the hydrodynamic pressure distribution in the vertical face of the rigid dam subjected to

horizontal ground motion. The pressure at the dam-reservoir interface was evaluated by
analytical methods. The investigations led to the added mass approach according to
which the interaction forces were found to be proportional to the acceleration of the
carthquake ground motion such that they may be approximated by a mass density
distributed parabolically over the height of the dam. This approach was based on the
argument that the dominant energy content of the spectral components of the earthquake
ground motion is significantly smaller than the first eigen-frequency of the reservoir. But
this approach is no longer valid as because the spectra of registered earthquake ground
motions show significant amplitudes over a wide range of frequencies. The
hydrodynamic pressure evaluated by the added mass approach does not consider any
radiation damping. Therefore, the energy dissipation is only due to structural damping.
Among the numerous publications devoted to dam-reservoir systems, Chopra (1967)
emphasized the significance of compressibility effects on the dam-reservoir interaction
forces. It was found that neglecting the compressibility of water led to significant errors,
as the wave propagation speed is infinite in incompressible medium. Moreover. the effect
of considering the flexibility of the dam was found to alter the natural frequencies of the
dam-reservoir coupled system (Chopra 1968). Chwang (1978) proposed an analytical
solution to determine the hydrodynamic pressure distribution on the rigid dam having
inclined upstream face of constant slope considering the water to be incompressible.
Further research led to the modification of the analytical solution considering vertical
upstream face to incorporate the effect of reservoir bottom absorption that necessitates
the determination of eigen-frequencies with the use of advanced programming techniques
or specialized finite element program like Earthquake Analysis of Concrete Gravity Dams,
EAGD (Fenves and Chopra, 1984). Alternative closed-form method (Bouaanani et al. 2003)
Was proposed to determine these eigen-frequencies, which significantly reduced the efforts
required to determine the eigen-frequencies with negligible error. But all these analytical
or closed-form methods are suitable only for rigid dam and the regular geometry of the
Upstream face (i.e., vertical face or inclined face with constant slope) of the dam or for
regular geometry of reservoir. In most of the practical cases, the dam-reservoir interface
is irregular in nature and the reservoir bed is not horizontal. Hence, it is difficult to obtain
a closed form analytical solution for such problems. As a result, many researches have
been directed towards the development of different numerical techniques. Several

humerical techniques such as finite difference method, control volume method. pancl
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method. finite element method, boundary element method etc. have been used
extensively to predict the behavior of coupled systems having arbitrary geometry. While
different techniques have their own merits and limitations, it has been experienced by the

rescarchers that the finite element method has certain distinct advantages over other

methods.

The versatility of the finite element method has motivated researchers to apply
the technique in the analysis of dam-reservoir systems. The significant advantage of
finite element method is that it enables a single program to treat almost any configuration
and to represent complex structures reliably for an accurate stress analysis. The literature
(Yang et al. 1993) indicates that the boundary element technique which is often believed
to be adequate for modelling of semi-infinite or infinite domains appears unable to show

its efficiency in time domain analysis of fluid-structure systems.

While using finite element technique in the analysis of a dam-reservoir system,
difficulty arises in effectively modelling the large extent of the reservoir that is
practically unbounded. The unbounded reservoir has important consequence in the
analysis of the dam-reservoir system, as waves travelling to infinity are not reflected
back towards the dam. This leads to the development of an energy dissipation mechanism
called radiation damping. The accurate modelling of radiation damping is of extreme
importance as it effects the hydrodynamic pressure generated in the reservoir and hence
the response of the dam. For efficient numerical solution of the system, the unbounded
reservoir is truncated at a certain distance away from the dam. Accuracy in the results
may be obtained by truncating the reservoir at a larger distance away from the dam.
However, this results in an increased cost of computation. If the effect of dam-reservoir
interaction is included in the analysis, the cost of computation will further increase to be
prohibitive. Therefore, it is necessary to impose an efficient boundary condition at the
truncated surface of the reservoir that can account for radiation damping. The boundary
conditions imposed at the truncated surface are also termed as non-reflecting, silent.
transmitting, radiation or absorbing boundaries. These truncation boundaries are mainly
of two types: local or non-local. Local boundary conditions are formulated using
differential operators with respect to space and time. Local boundaries are hence

sensitive to location of the truncation surface from the dam. On the other hand non-local
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boundaries are not dependent on the distance of the truncation surface away from the

dam.

The most commonly used boundary condition along the truncation surface for the
analysis of dam-reservoir system is the well-known Sommerfeld radiation condition.
which is of local type. This boundary condition is inappropriate for excitation
frequencies lower than the first natural frequency of the reservoir. Investigations made by
Sharan (1985a) reveal that for excitation frequencies greater than the fundamental
frequency of the reservoir, the results obtained by the use of Sommerfeld radiation
condition oscillates about the exact result as the length of the reservoir is increased. The
research conducted by Sharan (1987b, 1992) has led to the development of the boundary
condition that can be used effectively in the analysis of dam-reservoir system, although it
is also an inaccurate one (Maity & Bhattacharyya 1999). Although efficient, the
boundary condition proposed by Maity & Bhattacharyya (1999) does not exist for
excitation frequency equal to or greater than the resonant frequency. Also, this truncation
boundary condition (TBC) can not include the absorption effect of the reservoir bed. To
overcome these shortcomings many a non-local boundary conditions may be adopted.
The analytical solution used to derive non-local conditions depends on the discretization
process. which is carried out along its boundary. As a consequence, in order to obtain

reliable results, the boundary discretisations are to be sufficiently refined.

The dynamic interaction between an elastic dam and its adjacent reservoir has
been the subject of intensive investigations in recent years. Some simplified approaches
are available in which the dam-reservoir system is studied in a decoupled manner. In this
type of analysis, the reservoir response is first obtained assuming the dam as rigid and the
resulting pressure field is imposed on the dam to obtain its response. The added mass
approach is another simplified approach considering water to be incompressible. These
approaches lead to conservative design of the dam. However if resonance between the
dam and the energy dissipating mechanism in the reservoir occurs, it can lead to an
unsound design. This approach is suitable for a case when fluid oscillation frequencies
are sufficiently away from the structure’s predominant frequencies. Thus, there is a need
to study the dam-reservoir interaction problem in a coupled manner. The dam-reservoir

Interaction problem can be solved by coupling both the systems directly or indirectly. It
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is important to predict the hydrodynamic response of the reservoir accurately in the

presence of a dam and their interactions thereof for the safe design of the dam.

The most common approach being adopted is that both the systems are coupled
and solved as single system (Zienkiewicz and Bettess 1978, Olson & Bathe 1985a
Fenves & Vargas-Loli 1988 and Chen & Taylor 1990). Formulations based on
displacement variables are generally chosen for the structure while the fluid is described
by different variables such as displacement, pressure, velocity potential etc. for such
coupled problems. A number of researchers (Zienkiewicz and Bettess 1978 and Yang et
al. 1996) used hydrodynamic pressure as the unknown variable in finite element
discretisation of the fluid domain. But the resulting equations in this case lead to
unsymmetrical matrices and require a special purpose computer program (Sandberg
1995). Zienkiewicz et al. (1983) represented the equations of fluid domain in terms of a
displacement potential. The coupled equations of motion in this case become
unsymmetrical, but irrotationality condition on fluid motion is automatically satisfied.
Many researchers (Bermudez et al. 1995) formulated the governing equations of fluid in
terms of displacements. The advantage of the displacement-based formulation is that the
fluid elements can easily be coupled to the structural elements using standard finite
element assembly procedures. But the degrees of freedom for the fluid domain increase
significantly (especially for 3D problems). Moreover, the fluid displacements must
satisfy the irrotationality condition, otherwise zero frequency spurious modes may occur.
The variables such as velocity and pressure have also been used for representing the
governing equations for fluid by Fenves & Vargas-Loli (1988). However, requirement of
computational time becomes higher as number of unknown parameters increase in the
fluid domain. Thus the need of a large computer storage and expense of vast computer
time usually make the analysis impractical. The solution of the coupled system may be
accomplished by solving the two systems separately with the interaction effects enforced
by iteration (Singh et al. 1991). The major advantage of this method 1s that the coupled
field problems may be tackled in a sequential manner. The analysis is carried out for each

field and updating the variables of the fields in the respective coupling terms entorces the

interaction effect.

The dynamic analysis of a dam-reservoir system can be performed either in time

domain or frequency domain. A frequency domain analysis can be adopted when the



behavior of the coupled dam-reservoir system is considered to be linear. Semi-analytical
solutions may be used considering the reservoir to be semi-infinite with constant depth
(Chopra & Chakrabarti 1981) or a combination of finite elements and semi-analytical
solution may be used for semi-infinite and irregularly shaped reservoirs (Hall & Chopra
1982 and Lotfi 1986). Wepf et al. (1988) derived a hydrodynamic stiffness matrix in
frequency domain for a reservoir with arbitrary shape of the upstream dam face and
reservoir bed using the boundary element method. To transform the hydrodynamic
stiffness matrix from frequency domain to time domain, the singular part consisting of its
asymptotic value of @ — <o is split off. It consist of an imaginary linear term provides
damping to the system. This formulation leads to convolution integrals in time. A
simplified model using an approximate one-dimensional wave propagation model
(Chandrashaker & Humar 1993) have been exclusively developed for the analysis of

dam-reservoir system in the frequency domain.

While the frequency domain models have been improved continuously, a very
few time domain models which rigorously consider the radiation damping and reservoir
bottom absorption effect have been developed so far. The interaction effects in time
domain using a two-dimensional dam-reservoir model were computed by evaluation of
convolution integrals (Feltrin et al. 1990, Tsai et al. 1990 and Guan et al. 1994) that
require considerable computational effort. Darbre (1993) and Chavez & Fenves (1995)
used the hybrid frequency time domain procedure to evaluate the dam-reservoir
interaction forces, where the response of the system is computed in frequency domain.
The radiation damping in the unbounded reservoir was represented by standard viscous
dampers (Ahmadi & Khoshrang 1992, Daniell et al. 1995 and Kiigiikarslan 2003) that
need large extent of the reservoir to be considered to obtain an adequate accuracy. Most
of the analysis procedures in time domain are too rigorous and complicated: and
simplified techniques may not give accurate results. This necessitates an analysis

procedure in time domain that can be easily implemented.

The objectives of the present investigation are firstly, to develop a numerical
scheme to predict the concrete degradation in an ageing dam due to adverse
environmental factors; secondly, to develop an appropriate numerical model of the
infinite reservoir that is effective for seismic analysis in time domain considering the

reservoir botront absorption effect and thirdly, to develop an efficient, robust and stable
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numerical algorithm for the analysis of ageing concrete gravity dams in the vicinity of

infinite reservoir considering fluid-structure interaction.

In the present investigation. a finite element iterative scheme is developed to
study the dam-reservoir interaction problem. Assuming the water in the reservoir to be
inviscid and irrotational, the pressure is considered as the unknown variable parameter in
the reservoir. The elastic dam is analyzed by two-dimensional plane strain formulation
considering geometrical nonlinearity as well. A degradation model is proposed for the

ageing concrete gravity dam that considers strength gain with age and material

s

degradation due to adverse environmental conditions. An appropriate non-reflecting
boundary condition in time domain is proposed at the truncation surface to model the
unbounded reservoir having an absorptive reservoir bed, into a finite one for the finite
clement analysis. An iterative scheme is developed that enables evaluation of divergent
free displacement and pressure in the dam and the reservoir respectively at any instant of
time. Since the two systems are dealt with separately., the resulting matrix becomes
symmetric. The response of the coupled system is obtained by solving the two systems
separately with the interaction effects enforced by iteration. The results are presented n
both tabular and graphical forms.

The thesis is presented in five chapters. In Chapter 2 an overview of the relevant
literature and the scope of the present investigation are addressed. The theoretical
formulations are presented in Chapter 3 in three parts. Part A contains the formulation of
the dam along with its geometrical non-linearity and the evaluation of degradation index.
The FE formulation of the unbounded reservoir considering reservoir bottom absorption
effect is presemcd in Part B. The solution scheme for the coupled dam-reservoir system
is described in Part C. The numerical results and discussions are presented broadly in
three parts in Chapter 4. In Part-1, the response of the concrete dam in the absence of the
adjacent reservoir water with the effect of the geometrical nonlinearity is studied and
presented considering material degradation. In Part-11., the hydrodynamic pressures in
the reservoir is evaluated considering the absorptive reservoir bottom using the
developed far-boundary condition. The response of the coupled dam-reservoir system 1s
presented in pPart-1Il considering dam-reservoir interaction effects. Chapter 3 comprises

of the conclusions and the scope for further research.
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CHAPTER 2

REVIEW OF LITERATURE

The response of any structural system comprising of more than one component is always
interdependent. A concrete gravity dam consists of the structure itself, the reservoir
beside it and the foundation below it (Fig. 2.1). Due to repeated earthquakes occurring in
many of the earthquake-prone areas, causing severe damage to mankind, it has become
very important to study the effect of earthquakes on dams. Many analysis procedures
have been formulated - some simplified that may give conservative results; while others
more complicated have the ability to estimate the dam response with better accuracy. The
present computing scenario has led to the development of numerical analysis techniques
to represent the physical problem of the dynamic behavior of concrete gravity dam
accurately. Analysis procedures in the past had been carried out considering a rigid base
and water in the reservoir as an added mass. Since this did not reflect the actual behavior
of the dam-foundation-reservoir system, analysis procedures considering the interactions
among them have been devised. The dynamic characteristics of the system and the
characteristics of the ground motion affect the fluid-structure-soil interaction effect on
the seismic response of the dam. Available results show that the response of the system is
reduced due to damping effect of soil. The additional damping due to foundation-
structure interaction is attributed to radiation damping of the unbounded soil. The
accuracy of the analysis procedure used for design or safety assessment of the dams
depends on how well the idealized interaction mechanisms and selected parameters

represent the actual field condition.

The dynamic behavior of a submerged concrete gravity dam may change with
age, as the porosity in concrete may lead to material degradation and increased
permeability. The long-term degradation of concrete structures under aqueous
environmental conditions is mainly controlled by interacting chemical and mechanical
processes leading to the destruction of the microstructure of the concrete. During the
entire lifetime of a dam, harsh environmental conditions and various types of loading
induced by earthquakes, impacts due to blasts, freezing and thawing may affect material

degradation. Ultimately, the collapse of such concrete structures may be caused by the
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superposition of any of the deterioration mechanisms. For a more realistic estimation of
the dynamic behavior of an existing or a new dam at any age, it is important to estimate
the material degradation with ageing, so that the stiffness of the dam can be accurately
determined. Although, a lot of research have been conducted to predict the behavior of a
dams estimating the stiffness of the dam considering formation of cracks, adequate
numerical methods do not exists that can bridge the gap between material degradation

and loss of structural stiffness.

>z
Reservoir
Dam — »®
—_—
w

«— : —>
» ¢ Foundation ]

oC

Fig. 2.1 A Typical Dam-Reservoir-Foundation System

This chapter is organized to trace the development of analysis procedures used for
concrete gravity dams. A brief review on traditional design of concrete gravity dams is
presented. In the following sections, a survey of various techniques of idealizing and
modelling each element of the system: the dam, the reservoir and the foundation are
discussed. A review of techniques adopted to model the fluid in the reservoir, structure,
fluid-structure system, fluid-soil (reservoir bottom) interaction, and relevance of soil-
structure interaction is outlined. The suitability of different methods and sensitivity to

various parameters are discussed and summarized at the end of this chapter.

2.1 DETAILED REVIEW

2.1.1 Traditional Static Analysis and Design

The design methods, as specified by U.S. Bureau of Reclamation in Design
Standards No.2 (1965, 66) and Design manual (1976), the dynamic behavior of the

elastic dam, reservoir water and foundation rock system was not recognized. The Indian
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Standards Code (IS: 1893-1984) specifies the determination of hydrodynamic pressures
with an expression that was established by Zangar (1952) using an electric analog:
p=CsapprHy (2.1)

where C, is a coefficient that is determined experimentally and varies with shape and
depth. oy is the seismic coefficient. psis the density of water and Hy is the depth of water
in the reservoir. The above expression could be used for determination of pressure
against the inclined upstream face of rigid dams due to horizontal earthquakes. The
forces associated with the inertia of dam were expressed as the product of seismic
coclicient taken to be constant over the surface of the dam, with values ranging between
0.05 and 0.1; the weight of the dam per unit surface area expressed as a function of
location. This analytical expression has been found to be useful for minor works or for
preliminary design of major works, giving the hydrodynamic pressure distribution in the
upstream face of the dam to calculate total horizontal force and the overturning moment

above any elevation of the dam.

The standard static design procedure does not account for the random earthquake
motions. The inertia forces induced by the earthquake are statically applied at the centre
of gravity of the dam. The limitations of this method are that it disregards the elasticity of
the dam, the time varying excitation force and the damping capacity of the dam. Despite
these disadvantages, the method is still employed owing to its simplicity. It was shown
that if the dynamic character of earthquake forces is ignored, the dynamic analysis does
not indicate the actual principal tensile stresses, the region of stress concentration and
areas where cracks are likely to occur (Chopra 1975). A large discrepancy exists
between the stress distribution obtained by use of the equivalent static method and that
resulting by use of proper dynamic methods (US Army Corps of Engineers 1977).
Another drawback is the assumption of a height-wise uniform seismic coefficient which
shows stresses to be greatest at the base of the dam. This has led to the concept of
decreasing the concrete strength with increase in elevation. Fenves & Chopra (1987)
Proposed a simplified response spectrum analysis to determine the structural response. in
the fundamental mode of vibration due to the horizontal component of ground motion.
This procedure was developed as 2 hand calculated alternative to the more general
analytical procedures that can be used to evaluate the compressive and tensile stresses at

locations above the base of the dam. But dynamic analysis results show that the largest



stresses actually occur at the upstream and downstream faces in the upper part of gravity
dams (Chandrashaker & Humar 1993) in the case of Koyna dam. However, the largest
stresses may also occur at the base of the dam depending on dynamic characteristics and

geometry.

2.1.2 Modelling of Dam

To evaluate the dynamic behavior of the concrete gravity dam most of the researchers
assume the dam to be infinitely long which simplifies the problem to a two-dimensional
system. This modelling would be appropriate if the length of the dam is large as
compared to its height. Methods of analysis based on this assumption cannot be used
reliably for dams having relatively small length to height ratios. This conclusion is
supported by results of a vibration experiment performed by Selby and Severn (1972) on
a model wall retaining a body of water. The monoliths of a gravity dam with plane
vertical joints tend to vibrate independently; hence, a two-dimensional plane stress model
of the individual monoliths is usually appropriate for evaluating the response due to
intense or moderate earthquake motions. A plane-strain model may be adopted for roller
compacted dams built in a broad valley, without any vertical joints. For dams having
length to height ratio too small, it is necessary to perform a three dimensional analysis.
Moreover, if the gravity dam has effective keyed contraction joint, or is located in a
narrow canyon, it may not be appropriate to assume independent response of the blocks.

Consideration of a three-dimensional model of the dam makes the problem

computationally large.

Earlier, the effects of earthquakes on dams were represented considering dam to
be a rigid system supported on a rigid foundation. But most of the recent work has
incorporated the elastic properties of the dam materials into the mathematical model,
which influences the vibration properties of the dam and influences the earthquake
response behavior. When flexibility of dam is considered, the hydrodynamic responses
show high peaks at the natural frequencies of the system (Saini et al. 1978). Considering
the dam as rigid and water to be incompressible, the authors showed that the
hydrodynamic forces and dynamic amplification factor remained independent of
excitation frequency in a frequency domain analysis. However, when flexibility ot dam

was considered, the responses were dependent on the excitation frequency. They used the



discretized equation of motion in finite element form for the dam subjected to ground

motion which is expressed as:
[MYei}+[clab+ [k a}=-[M]a, () +[L]p} (2.2)

where.

[A1] = the mass matrix of the structure

[C] = the damping matrix of the structure = a'[M]+ yix [K]
[K] = the structural stiffness matrix
{d} = the vector of nodal point displacements relative to ground
[L] = the matrix which determines the hydrodynamic forces from pressures.
{p}= pressure at dam-reservoir interface
ag = ground acceleration

1

a' = mass proportional damping constant

f’ = stiffness proportional damping constant
In the above expression, dots define differentiation with respect to time, . Damping is
expressed as linear combination of the mass and stiffness of the system, where o’ and
[’ can suitably be chosen to obtain the desired damping in the system. This type of

damping is normally referred to as Rayleigh damping. However, when cracks are
included in the analysis the mass proportional term may be omitted because it would
provide artificial stability to the portion of the dam above the crack (El-Aidi & Hall
1989). The Rayleigh damping matrix is equivalent to using a modal analysis in which

damping is expressed as a fraction of critical damping given by

¢ =§_—[(%j+ ﬁ'a),.] @3)

where, £, is the fraction of critical damping and @, is the natural frequency of vibration

. inthe #" mode of vibration. Rayleigh damping does not occur naturally, but is used only

| for numerical convenience.

2.1.2.1 Three Dimensional Modelling of Dam

The results (Rashed and Iwan 1984) obtained from the analytical expressions derived
from the 3D modelling of the reservoir for short length gravity dams clearly show that
hydrodynamic pressures generated in the reservoir depend on length to height ratio of the

dam, the cross stream and vertical components of ground motion. When longitudinal

!
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ground motions are applied to the flexible boundaries along the canyon profile of the
reservoir, the pressures are found to vary along dam length unlike the 2D case. The
vertical distribution of pressure due to vertical ground motion approaches those of 2D
case at mid-length of the dam as width to height ratio of dam becomes large. Neglecting
the flexibility of reservoir boundaries makes the pressure independent of the position
along dam length and identical to 2D case. The effect of transverse ground motion can be
accounted for only in 3D analysis and found to be maximum at the reservoir sides and

decreases to zero at mid span of the dam.

Fok et al. (1986) developed the EACD-3D computer program implementing an
analytical procedure for the three-dimensional analysis of earthquake response of
concrete dams including the effects of dam-water interaction, water compressibility, and

reservoir boundary absorption due to alluvium and sediments at the bottom.

A numerical correlation study was carried out along with an extensive dynamic
testing on Outardes 3 gravity dam in northeastern Quebec, Canada (Proulx and Paultre
1997) to evaluate the performance of 2D and 3D models. It was concluded that for
earthquake analysis of gravity dams with un-keyed construction joints, a 2D model is
reasonable if sliding of vertical blocks is expected. However, for important projects and

critical safety evaluation, a 3D analysis was recommended.

In a three-dimensional analysis of concrete gravity dam, Azmi and Paultre (2002)
developed a nonlinear joint element to represent the dynamic behavior of vertical
contraction joints in concrete dams. This element could account for partial joint opening
and closing governed by normal stress criteria; and tangential displacement is governed

by the Mohr-Coulomb friction criterion. However the dynamic analysis indicated that the

joint opening was not significant. Further research is required to find out its significance

and whether this non-linearity must be a parameter in the analysis of such dams.

Another 3D model as proposed by Fahjan et al. (2003) can account for the canyon
profile and gives accurate response of the structure. But the computational eftort required
for a 3D analysis is so high that it is not found to be very beneficial unless the dam is

located in a narrow canyon; for which it gives higher peak acceleration values than those
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calculated by 2D idealization. This is due to excitation through lateral abutments and

larger contribution of the higher modes of vibration.

A three-dimensional model can thus be used when the dam or loading is such that
plane strain conditions may not be assumed, when the geometry is such that the stability
of the dam depends upon stress distribution parallel to its axis, as is the case of a gravity-
arch dam which is curved in plan, or when a dam is in a narrow valley. Three-
dimensional analysis allows the rigorous determination of what forces will be applied to
the foundation, and where. If 3D behavior is to be considered, features that enable

horizontal force transfer such as shear keys or curvature in plane must be present.

2.1.2.2 Nonlinear Analysis

The responsc of a concrete gravity dam due to expected earthquake could be obtained by
a linear dynamic analysis. But a severe earthquake may cause significant damages to
concrete dams, which may be associated with changes in the structural stiffness.
Consequently, if damage occurs, the actual performance can be predicted only by a
nonlinear analysis that takes into account stiffness changes. In a nonlinear response
analysis procedure, the seismic performance of the concrete dam is evaluated based on
the behavior of the material and the components of the system, which is characterized by
nonlinear force-displacement relationship. A study of the literature on non-linear analysis
of concrete gravity dams due to cracking of concrete reveals that depending on the
intensity of ground motion, tensile cracking can substantially alter the earthquake
response of a dam and its ability to impound water. Before a gravity dam fails by
overturning, other failure modes may occur due to crushing of toe material, cracking of
upstream material with an increase in uplift pressure and reduction in shear resistance

that may result in sliding instability (Copen et al. 1977).

A survey of the literature on finite element modelling of cracks and joints shows
that two main approaches are used by researchers for dynamic analysis of dams: the
smeared crack (Pal 1974, Zienkiewicz et al. 1981, Kuo 1982, Mlakar 1987 and El-Aidi
& Hall 1989) and discrete crack (Skrikerud and Bachmann 1986) approach. The non-
linear tensile and compressive behavior of concrete, including strain rate effects, was
represented by modifying an equivalent uniaxial stress-strain relationship (Pal 1974) or

by appropriately modifying the material properties at the integration points of regular
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finite elements (Zienkiewicz et al. 1981). The limitation of the smeared crack model is
that the response may not be accurate when coarse finite element mesh is used in the
analysis. The discrete cracks are simulated by originally adjacent finite elements that can
trace crack formation propagation i.e., initiation, extension, closure and reopening. The
disadvantage is that to obtain accurate responses a very fine finite element mesh is
required. Discrete or smeared crack models have only a limited ability to model sharp
discontinuities. for which the usec of joint elements is more appropriate. It is observed
from the various nonlinear analyses (Mlakar 1987, El-Aidi & Hall 1989, Feltrin et al.
1992. Galli et al. 1992, 1994, Cervera et al. 1995 and Guanglun et al. 2000), that a large
percentage of the energy is dissipated through the cracks formed in the dam. The
fundamental period of the dam was found to increase as the dam became more flexible
due to the formation of cracks. The formation of tensile cracks dissipates energy in the

system that leads to reduction of dynamic water pressure.

The crack band theory (Vargas-Loli & Fenves 1989) has also been used to model
tensile cracking to evaluate the nonlinear seismic response of a dam-reservoir system.
The use of this theory allows use of large size finite elements. The continuum model
proposed by Lemaitre & Chaboche (1989) and Krajcinovic (1989) was found to be
advantageous over the discrete approach, as it does not require re-meshing. A boundary
clement (BE) technique was formulated by Pekau et al. (1991) and Batta & Pekau
(1996), which was found to be efficient for the analysis of seismic crack propagation due
to simplification of the non-linear dynamic problem as it is based on linear elastic
fracture mechanics. The various approaches that have been used by researchers. in the

context of cracks (Ghrib and Tinawi 1995a) are briefly presented in Chart. 2.1.

Procedures to verify the seismic stability of concrete dams due to overturning and
sliding were proposed by Léger & Katsouli (1989) and Chavez & Fenves (1995). Léger
& Katsouli (1989) used gap-friction elements having nonlinear constitutive relation to
model possible vertical separation and sliding of dam interface. The sliding of the dam
was found to dissipate very little energy as compared to energy dissipation due to
formation of cracks. The seismic fragility assessment using a probabilistic model (Tekie
& Ellingwood 2003) indicated that sliding along the dam-foundation interface is likely if
the dam is subjected to an earthquake with a magnitude of the maximum credible

earthquake (MCE) as specified by the U.S. Army Corps of Engineers.
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Chart 2.1 Strategies Available for Stress and Crack Response of Concrete Dams

(Ghrib and Tinawi 1995a)

Stress and Crack Response of Concrete Dams

(A) Strength of Material

» (1) Homogenous Solid (Linear Models)

\‘ (B) FEM
| (11) Cracked Solid (Nonlincar Models)
|
Y \
) i (B) Discrete Models (Variable Mesh)

(A) Continuum Models(fixed Mesh) [Feltrin etal. 1992, Galli et al. 1994. Skrikerud &
[Lemaitre & Ch%timhe 1989 and Bachmann 1986 and Ingraffea & Saouma 1985]
Krajcinovic 198

> (1) Linecar Fracture Mcechanics
(1) Smeared Crack [de Borst [Pekau et al. 1991 1

1987. Rots 1991 and
Bhattacharjee & Léger. 1994]

A

| (2) Nonlinear Fracture Mechanics
| [von Estorff & Firuziann 2000]

(2) Damage Mechanics

! Y

(i) Isotropic damage models (ii) Anisotropic

(a) Strain based Y

Mesh objectivity based  ft— Energy Based

on nonlocal cp.nccpls Mesh objectivity

lvn"\/luznrs & Pijaudier- based on energy

Cabot 1989] conservation
[Ghrib & Tinawi
1995b]

(b) Energy Based: Mesh

objectivity based on nil
energy conservation
[Oliver et al. 1990]

A dynamic nonlinear analysis may be adopted it cracks are present in the dam

body, if the soil at the site where the dam is constructed is soft, heterogeneous having

| cracks, faults and fissures; and if possibilities of strong earthquakes occurring at the site

are high, The choice of nonlinear analysis procedure to adopt will mainly depend on the

geometry, material and dynamic characteristics of the dam-reservoir-foundation system,
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2.1.2.3 Concrete Degradation

Concrete dams are in a constant state of submergence. Concrete is porous and
characterized by a very large internal surface that strongly interacts with water. In the
larger pores in concrete, due to capillary surface tension, capillary forces are induced
along the solid-fluid interfaces. These water induced stresses although of different origin
are related to the degree of saturation. As a result of saturation of the pores in concrete its
material strength is reduced. At the macro-level, this effect is observed as a decrease of
the clastic stiftness. In addition to these processes, structural deformations may occur due
to inhomogeinities of the material and the non-uniform moisture distribution associated
with the geometry of the structure. Restrained shrinkage deformations on the micro-level
may lead to large stresses that induce micro-cracks as the local strength is exceeded. A
state of damage may be induced already in the unloaded structure, which affects not only
the apparent macroscopic material strength but also the permeability of the material.
[lence, it is important to estimate material degradation with ageing. Moreover, during the
entire lifetime, the dams may be subjected to harsh environmental conditions and various
types of loading induced by earthquakes, impacts due to blasts, freezing and thawing that
may affect material degradation. Since the scope of the present work is to predict the

dynamic behavior of an ageing dam, a number of relevant literatures are reviewed and

presented in brief.

Hydration of cement being a highly exothermic chemical reaction, after pouring
the concrete during the construction of massive structures like concrete gravity dams the
temperature may rise up to 50° - 60°C. As the rate of hydration slows down, the
temperature decreases resulting in thermal shrinkage that leads to thermal stresses.
Hydration is at the base of the ageing phenomena, which at a macro level appears to be a

change in mechanical properties of concrete with time (Byfors 1980).

Experimental evidence (Tu & Niu 1988) shows that during construction
autogeneous strain stabilizes after 70 days (Fig. 2.2). Autogeneous shrinkage occurs ina
conservative system where no moisture movement is permitted to or from the paste and
the temperature remains constant. Such deformations are important for the case of mass

concrete in the interior of a concrete dam (Shetty 1998).
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Fig. 2.2 Experimental data of autogenous deformation (Tu & Niu 1988)

Bazant’s (1994) study of hydration of concrete at micro-level reveals that it is a
change in concentration of non-ageing constituents like hardened cement gel constituting
of tri and bicalcium silicate hydrates. Ulm and Coussy (1995) explored the theory of
reactive porous media for modelling of concrete at early ages. The model accounts
explicitly for hydration of cement by considering the thermodynamic imbalance between
the chemical constituents. The intrinsic relation between heat generation, ageing and

autogeneous shrinkage is derived.

Niu et al. (1995) developed a finite element modelling procedure for describing
the thermo-mechanical damage of early-age concrete in the construction of large dam.
| The stress deformation analysis procedure includes temperature-induced, creep-induced
and autogeneous deformations. A failure criterion for each failure mode was developed
' along with constitutive relationships for pre-failure and post-failure states during loading

’ and unloading conditions.

Bazant et al. (1997) proposed a new physical theory and constitutive model
considering effects of long term ageing and drying on concrete creep. This theory is an
improvement over the solidification theory in which ageing is modelled by volume
growth. Bazant & Xiang (1997) proposed a solution procedure to predict the design
lifetime of concrete considering crack growth and long time loading. The results obtained

by measuring the time rate of crack mouth opening in notched concrete specimens
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subjected to constant load of almost one month are described by a previously proposed
time-dependent generalization of the R-curve model. In the R-curve model the rate of
crack growth is a function of the ratio of the stress intensity factor to the R-curve. The
linear ageing viscoclastic creep in the bulk of the specimen is treated according to the
operator method. The time curves of crack opening terminate with an infinite slope,
indicating the lifetime. The finiteness of the lifetime is not caused by creep, but by time-
dependent crack growth, which dominates the final stage of crack opening. The initial
stage of crack opening, on the other hand, is dominated by creep. For the stronger

concrete, the lifetimes are found to be longer.

Cervera et al. (1999, 2000a, b) proposed a thermo-chemical model to simulate the
hydration and ageing process of concrete considering creep and damage in a roller
compacted concrete dam. The evolution of temperature, elastic moduli, compressive and

. tensile stress distribution inside the dam can be predicted in terms of ageing degree at
' any time during the construction process and also during the first years following the
] completion of the dam. This procedure can be applied to understand the effect of some
‘ major variables such as the placing temperature, the starting date and the placing speed

on the construction process. In the long term, ageing of concrete is affected by the
~ concentration of various constituents in the concrete matrix, chemical reactions such as

calcium leaching or alkali-silica reaction, moisture transport and loading due to

! submergence in water. According to Cervera et al. (2000b), the consideration of creep is
| significant if the stress analysis includes simulation of construction process. This is

because rheological effects are most evident for early age concrete.

| Lindvall (2001) determined the service life of concrete structures mathematically
that was dependent on material properties, construction process and environmental effect.
The prediction of deterioration of concrete was based on theories of transport in porous
materials and empirical models, which were based on observations from structures.
Prediction of service life was further made based on performance based design
methodology and probabilistic methods. Probabilistic methods require extensive
statistical quantifications of the parameters in the mathematical models. These statistical
quantifications further require an understanding of the parameters that influence the
deterioration of concrete such as concrete composition, environmental actions at the

surface of the structure and the response trom the concrete.
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A coupled hygro-mechanical model for finite-element analyses of structurcs
made of partially saturated porous media consisting ol cementitious materials such as
concrete was formulated by Meschke and Grasberger (2003). The multi-surface
clastoplastic damage model. formulated in the space of plastic effective stresses. is
emploved to describe the nonlinear material behavior of concrete. considering stiffhess
degradation and the growth of inelastic strains as a consequence of the opening of
microcracks. The effect of cracking on the isothermal liquid permeability was considered
and was found to have strong influence on moisture transport. Bangert ct al. (2003)
cvaluated the long-term material degradation in concrete structures due to a chemically
induced degradation processes and calcium leaching.

Steffens et al. (2003) introduced an ageing approach to determine the degradation
of conerete structures considering water effect on Alkali-Silica Reaction (ASR). A
comprehensive mechanical model was proposed for the material swelling with a hydro-
chemo-mechanical approach, to study structural effects of ASR. The model adopts a two-
stage mechanism for the swelling kinetics, consisting of (i) the formation of an
amorphous gel for which a characteristic time of reaction is identified and (ii) the
quantity of water interacting with the gel. The ageing effect on the material degradation

and structural response is validated with experimental results.

Sain & Chandra Kishen (2003) proposed a fatigue crack propagation law for
concrete that considers the effect of overloads and loading frequencies. Based on this
fatigue law and creep phenomenon, the residual life of concrete members is predicted.
Static fracture theory was applicd to obtain the crack propagation nature in a concrete

member under constant load, whereas creep was considered by its effect on decreasing

the elastic modulus. The authors concluded that creep dominates the initial stage of

structural performance but the final failure occurs due to time dependent crack growth.

[t is apparent from the literature referred above that the effect of thermal stresses
S C
structures at an early age. In the long term. ageine of

o

IS Important for massive concrete

conerete is mainly affected by environmental conditions. Creep in concrete affects only
v C (e v -

mitial stave of structural performance. Hence. 1t 1s important to consider the ageing of the
o

' - adati - its exposure to harsh environmental factors ile
dam due to material degradation 01 I al factors while
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performing rigorous linear and nonlinear dynamic analysis of the existing dam-reservoir

system.

2.1.3 Modeclling of Reservoir

FFor an accurate dynamic analysis of dam, the interaction between the fluid and the
structure had to be accounted for. thereby, modelling of the reservoir water to evaluate

the hydrodynamic pressure generated, became essential.

The vibrating movements of an earthquake induce a concrete gravity dam to be in
a state of forced vibration, where the acceleration of the dam-reservoir interface
subsequently induces pressure waves in the reservoir. This undulatory system, which
develops temporarily in the reservoir, entails pressure wave propagation that can be
expressed mathematically by the wave equation as

2 2

0 p+6 p

= (2.4)
ox= oy~ ¢~ ot

where p is the hydrodynamic pressure at any point (x.)) in the reservoir and ¢ is the
acoustic velocity in water. Different methods of solution of eq. (2.4) allow an estimation
of hydrodynamic pressure considering the dam to be a rigid structure. In a simplified
seismic analysis of dams, the effect of the reservoir systems is incorporated by imposing

the hydrodynamic force at the dam-reservoir interface.

Westergaard (1933) determined the hydrodynamic pressure in the reservoir
considering that the dam and the foundation arc rigid, the dam is rectilinear and of
infinite length. the upstream face of the dam is vertical, the excitation force is harmonic
and develop horizontally in a direction normal to the crest length. the reservoir is of
infinite length and the water in the reservoir is compressible. The analvtical expression

brescribed to determine hydrodynamic pressure at a depth y from the bottom of the

reservoir can be given as:

H. = | Ty
! Tt n=135.1"C, 2}’[_/'
Where,
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cp =4l1-
In the above expressions, a; is the ratio measuring the intensity of earthquake i.e., the
maximum horizontal component of acceleration of the dam-reservoir interface in the
normal direction divided by gravitational acceleration g, » is the wave number (1 = 2n/A)
where A denotes the wavelength of the pressure oscillations, & is the bulk modulus of
water (k = 6'2/pf) and 7 is the period of horizontal ground vibrations. The author proposed
the added mass approach to determine the hydrodynamic pressure exerted on the vertical
upstream face of the rigid dam during earthquake. The dynamic action of the reservoir on
the dam was visualized as an added mass, as if a certain body of water moved with the
dam while the remainder of the reservoir remained inactive. The added mass effect was
found to be neither too large nor negligible. The author suggested a series solution of the
wave equation. Simple expressions were also suggested with relevant approximations for
satisfactory performance of some practical problems. The distribution of hydrodynamic
pressure along the reservoir depth may be either parabolic (Westergaard 1933) or elliptic

(von Kéarméan 1933 and Werner & Sundquist 1949).

Kotsubo (1960) presented a theoretical solution for evaluation of dynamic water
pressure caused by irregular earthquakes, unlike Westergaard’s (1933) assumption of
carthquake to be a simple harmonic motion and the earthquake period to be longer than
that of the water body. Considering the earthquake period to be close to that of the
reservoir, the pressures obtained were found to be larger than that of Westergaard (1933).
Expressions were presented for earthquake forces vibrating in the direction of river

course and in the direction at right angle to the river.

Zienkiewicz (1964) surveyed the various studies on the behavior of dams, water
retaining and submerged structures that had been made until then. The experimental
investigations carried out by Okamoto & Takahashi (1960) on Kamishiiba and
Tonoyama dams in Japan had been referred. The natural frequencies of the dams were
found to reduce when the reservoirs were full, which agreed with the predictions based
on incompressible solutions. The author concluded that the compressibility eftects were

not significant for slower types of oscillation.



Bustamante and Flores (1966) proposed a simple computational method for
estimating the transient hydrodynamic pressure to overcome the difficulties faced in
computing using 1966 generation of computers. The validity of modal analysis to

determine the hydrodynamic pressures caused by earthquakes was established.

Chopra (1967) considered the water as lincarly compressible for the calculation
of hydrodynamic pressure developed in the reservoir due to vibration of dam.
[Hydrodynamic forces were calculated assuming the dam as rigid. It was established that
the hydrodynamic forces could not be represented by added mass effect. when
compressibility effect of water is considered. Differences were found to be quite large in
the incompressible solution near the natural frequencies of the system. Since the
mathematical model proposed did not allow any energy dissipation, the response due to

vertical ground motion were found to be very large. According to Chopra (1968) = 7he

compressibility of water could be ignored, with little loss of accuracy, if the dam is
Mexible enough compared to the reservoir. The relative rigidity of the reservoir and the
dam system, given by the frequency ratio, is the basic parameter which governs the

importance of compressibility of water-.

Nath (1969) investigated the effects of compressibility of water for vertical
ground motion adopting finite element technique considering various lengths of the
reservoir. The most significant fact, emerged from the analysis was that. for a given
frequency of vertical ground motion, the pressure coctficients at the face of the dam were

considerably higher than that due to horizontal ground motion.

Adopting von Karman’s (1933) momentum balance method., Chwang & Housner
(1978) determined the hydrodynamic pressure distribution along inclined upstream face

of rigid dam having constant slope. An explicit analytical formula was used to evaluate

the total horizontal. vertical and normal loads. The normal force coefficient was found to

remain constant at around 0.5 for all slopes. Chwang (1978) further proposed an mntegral

solution based on the exact two-dimensional potential flow theory for the same problem.

I'he Schwarz-Christoffel theory was implemented to map the reservoir boundarics
= YVl L= E

ncluding (he sloped dam-reservoir interface. lhe fluid in the reservoir was considered 1o
t: [
be incompressible and inviscid: hence the Laplace’s equation could be used to determine

the pressuyre pas
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Vop=0 (2.7)
The hydrodynamic pressure obtained by the two methods was found to be in reasonable

agreement. Many researchers (Saini et al. 1978 and Chopra & Chakrabarti 1981) have

fu

shown that the effects of incompressible water are independent of the excitation
frequency. The hydrodynamic lorces evaluated are large enough as compared to the
values obtained by considering the reservoir water to be compressible. Using the finite
clement technique in a frequency domain analysis Saini et al. (1978) determined the
hydrodynamic responses that are highly resonant at the fundamental natural frequency of
the system. but reduce significantly at higher natural frequencies. Although, the
compressibility effects were shown to be significant for evaluation of hydrodynamic
pressure. analytical solutions were difficult to solve for complicated dam-reservoir
systems having partially or fully inclined upstream faces. To simplify the problem.
compressibility of the reservoir is often neglected to develop an acceptable analyvtical

technique to determine the hydrodynamic pressure.

To overcome the difficulties faced in determining the hydrodynamic pressures
due to irregular geometries of the reservoir. a number of numerical techniques such as
b()undary clement method (Hanna & Humar 1982). finite difference method (Hung &
Wang 1987). finite clement method (Saini et al. 1978, Olson & Bathe 1985a. 1985b and
Sharan 1987a. 1992) have been employed for the solution of problems with irregular

geometry.

Hanna and Humar (1982) had developed a boundary element method for the
calculation of hydrodynamic pressure in a reservoir with a rigid gravity dam subjected to
harmonic ground motion. An integral equation was derived from the familiar Helmholiz
wave equation (eq. 2.4) to represent the reservoir boundary extending to infinity with a
series of boundary elements. This technique could also be used to evaluate the
for dams having different inclinations.

h}/dl‘odynamic pressure

Hune and Wang (1987) had employed a finite difference scheme to calculate nop-
& e

linear hydrodynamic pressures on vertical and inchined faces of dams. Thig method
sutfers from two severe drawbacks. The finite difference scheme is disadvantageous as it

IS inefficient for calculation of hydrodynamic pressure on dam having irregular upstream
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face: and a large number of grid points are required to model the infinite or semi-infinite

fluid domain into a finite one.

The boundary integral equation for the scalar wave equation developed by Tsai
and Lee (1989) can be used to obtain the hydrodynamic pressure distributions on dams
when the dam-reservoir system is subjected to ground motions. Though the effect of
water compressibility is included in the formulation, the solution procedure is

independent of excitation frequency.

Due to complex topographical condition of the dam-reservoir system, the finite
clement method is recognised as one of the powerful numerical tools in most of the
practical problems to obtain the hydrodynamic pressure distribution in the fluid domain.
However, the degrees of freedom increase significantly when a large length of the
reservoir is considered in the analysis to simulate its unbounded effect. To enhance the
cffectiveness of a finite element procedure, it becomes important to truncate the infinite
reservoir at a short distance away from the upstream face of the dam and impose an

appropriate far-ficld boundary condition to account for the radiation of waves to infinity.

2.1.3.1 Modelling of Far-Ficld Boundary

The study of waves in bounded and unbounded media appears naturally in many areas of
enginecring. Although common to many fields such as geophysics, meteorology,
clectromagnetic, etc., the subject has perhaps been driven most obviously over the last
two decades by those seeking to predict acoustic radiation and scattering by submerged
objects. The main difficulty in solving exterior radiation and scattering problems arises
from the unboundedness of the domain that must be discretized. Evidently an exterior
domain cannot be completely discretized with standard finite elements based on
polynomial shape functions. Various remedies for this problem have been developed.

Most prominent among these are Absorbing Boundary Conditions (4BC), boundary

element methods, infinite elements, Non-Reflecting Boundary Conditions (NRBC), DiN
(Dirichlet to Neumann) conditions, and the Perfectly Matched Layer (PML). The
development of efficient schemes on finite domains is also an important topic due 1o the
Numerical difficultics that arise in the solution of wave problems particularly at high
frequencies when the wavelength is small compared to the dimensions of {he finite

domaip,
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In a dam-reservoir system, interaction with surrounding media leads to important
effects that have to be included in a numerical model. For an analysis with effort that is
practically reasonable only the near-field consisting of the structure and a small portion
of the surrounding media is modelled directly while the rest i.e., the far-field is captured
by appropriate boundary conditions. For reservoir having simple boundary, classical solution
treating reservoir as continuum may be used effectively. However, if the reservoir boundary is
not regular, numerical methods such as finite element and boundary element method may be
used. Due to varied geometric forms of dam and irregular geometry of the reservoir, the
finite element method (FEM) is recognized to be one of the most powerful numerical tools
for solving such problems. However, the use of FEM for discretization of reservoir, a
computational difficulty exists if the length of the reservoir becomes infinite/semi-infinite. In
such practical situations, the infinite reservoir is truncated by imposing an artificial boundary at
a certain distance away from the structure. For a dynamic analysis, waves generated in the near
field propagate to the far-field. Hence, a suitable boundary condition must be imposed at
truncation surface to evaluate the effect of radiation damping, so that no spurious wave

reflection occurs from the boundary.

When a structure or its near field behaves nonlinearly and the far-field remains
linear, a solution is sought in a time domain procedure. This necessitates boundaries that
are effective in time domain. Attempts to formulate artificial boundaries in time domain
in the past have resulted in simple, frequency independent dashpot like local boundary
conditions that are not equivalent to the far-field and hence called local, non-consistent

boundaries.

The first local absorbing boundary condition was proposed by Lysmer and
Kuhlemeyer (1969) for numerical solution of soil-structure interaction problems in civil
engineering. The viscous boundary was developed for an elastic half-space and even
today, after 36 years it is frequently used as absorbing boundary in numerical engineering
mechanics and general purpose finite element programs like ADINA, ANSYS etc. It 1s

popular as it has a simple physical interpretation in the form of a dashpot so that it 1s easy

| to implement in a finite element environment.

Several years later, a new set of higher order absorbing boundary conditions was

proposed by Lngquist and Majda (1977. 1979). These boundary conditions were



complicated as they were derived for acoustic and elastic waves described with respect to
| rectangular as well as cylindrical coordinates. Although, this technique was based on the
rational approximation of pseudo-differential operators and was considerably different
from Lysmer & Kuhlemeyer (1969) boundary condition, the simplest boundary condition
for acoustic waves is equivalent to the viscous boundary condition of Lysmer &
Kuhlemeyer. The general form of (Engquist & Majda 1977) N order boundary condition

can be expressed as:

8 10Y)
—_ =0 28
(6.\* catj ! (2:8)

where the terms within the bracket is the differential operator that is multiplied N times.
These local, non-consistent boundaries though accurate are not suitable for dam-reservoir

problem as a large near field is required that will result in large computational effort.

‘ Saini et al. (1978) applied the finite element method for simulating the
hydrodynamic effects in a dam-reservoir system. Two different approaches were
considered to account for the large extent of the reservoir. In the first approach, a non-
reflective radiation boundary condition was applied at the far-field boundary of the
reservoir. The non-reflective radiation boundary condition was derived from the wave
equation (Zienkiewicz and Newton 1969)
p=Fn—ct)+ F(n+cr) (2.9)

which represents the wave propagation in a direction » perpendicular to the boundary. In

the above equation F; stands for a wave advancing with a velocity ¢ towards the

boundary and F for returning wave. Ensuring that no waves are reflected back (F> = 0)
the radiation condition was given as
p__ 1o 2.10)

on c Ot
In the second approach, the unbounded reservoir was modelled using specially developed
infinite elements (Bettess 1977, Zienkiewicz & Bettess 1978) coupled with standard
finite elements. The frequency dependent shape function for the J" node of the infinite
clement used at the truncated boundary of reservoir is mapped in the & natural
coordinate system and is given by

lej-¢)
L,(£)= Ak e(—fk:)"f—‘['( g'-¢ J (2.11)

g=1 éq __5/

q=J
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[n the above expression. A is a decay parameter, which can be any large number

i =+—1 and & is the wave number dependent on the excitation frequency @ and wave
speed ¢ (as k = w/c). The shape function for the last node at infinity, Z,, can be obtained
> m

as
[«m =1- ZL(! (212)

The use of infinite elements coupled with finite elements was found to be more effective
than using non-reflective radiation boundary at the truncated boundary of the reservoir.
IFor adequately representing the hydrodynamic effects on the dam, a length of reservoir
cqual to three times its depth had to be used while modelling the reservoir with finite and

infinite elements.

Hall & Chopra (1982) represented the infinite reservoir with a combination of
finite elements up to a length beyond which the reservoir was maintained at a constant
depth and considered to be a continuum. The authors had mentioned that for
compressible water and infinite fluid domain, time domain procedures require very long
finite element meshes so that pressure waves reflecting from the truncated boundary do
not return to the dam during the time domain of interest. However, the authors had

developed a satisfactory treatment for infinite fluid in frequency domain.

Sharan (1985a) had developed a finite element technique to model the effects of
radiation damping in the analysis of hydrodynamic pressure on dams subjected to a
harmonic horizontal ground motion treating water as compressible. The author had
proposed a truncation boundary condition, which is effective compared to the
Sommerfeld radiation boundary for a wide range of excitation frequency. The radiation
condition along the truncation surface, which is located at a distance Z away from the

dam, was given by

2.13)

a[) a” a "(U
a,\ﬂ c ai C
where the exciting frequency of the dam is @ and ¢ is the acoustic speed of the fluid. The

valuesa”and " depend on the location of the truncation boundary and excitation

frequency. These are expressed as
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a"=0and pB"= (%) -1 for Q<% (2.14)

and
V4 2 T 37
o= 1—(—) and =0 for L« <2Z (2.15)
2Q 2 2

in which Q = wHj /c, Hy being the depth of the reservoir. Analysis of the system was
made in the frequency domain considering the dam to be rigid. Sharan (1985b) further
proposed a far-boundary condition at the surface where the unbounded reservoir is

truncated specifying a condition that is dependent on the height of the fluid domain,

which can be expressed as

on 2Hf

This truncation boundary may be located at a closer distance away from the structure

| compared to Sommerfeld radiation boundary. Here the fluid domain was unbounded only

in the direction of structural motion, whereas, a similar technique of two-dimensional
added mass of structures surrounded by an unbounded extent of incompressible fluid in
all directions was proposed by Sharan (1986). The boundary condition proposed for the
truncation surface to represent the radiation damping in terms of directional derivative of

pressure p, at any point (x,y) in the direction of n was given by

P _ 2.17)
on
where
ST _( 2 2)
\P — 2xysinge y X JICOSQ (218)
x(x2 +y2)

[n the above equation ¢ is the angle between x and outwardly-directed normal to the

clemental surface along the boundary. For the case of a circular truncation boundary the

| condition could be simplified as

p_o°__1

on Or r

s being the radial distance between the structure and the truncation boundary. The author

(2.19)

(Sharan 1987a) proposed a damper for time domain analysis of compressible fluid, which

is unbounded along the direction of structural vibration. The radiation condition may be

CXPresses as
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The effectiveness of the radiation damper is dependent on the period of excitation 7 (=
2n/w). The errors resulting from the use of the proposed damper was found to be greater
than those produced by the Sommerfeld damper for a relatively high frequency of
excitation. The author had mentioned that all the other available techniques of modelling
an unbounded fluid domain, such as the use of boundary elements, infinite elements.
continuum solutions and mapping finite elements depend on the frequency of vibration

and are therefore, unsuitable for a time domain analysis.

In a two-dimensional analysis of a fluid-structure system carried out in the
frequency domain, Sharan (1987b) derived a non-reflecting boundary condition
neglecting the effect of surface waves. The boundary condition derived was dependent on
the frequency of vibration, fluid compressibility and the depth of unbounded fluid

domain beyond the truncation surface and the condition was expressed as

@-=—§p (2.21)

2 2
¢ =HL\/(§) —[wff] (2.22)
S

The terms in the above expression have their usual meaning. The value of { becomes

in which

imaginary for oHyc > /2, ie., for ® > w, in which 0= nc¢/2H; is the first cut-off
. frequency of the constant depth fluid sub-domain. The author further recommended that
the Sommerfeld boundary condition could be used when the dam is vibrated at a range of

' high frequency that is for ® > 3®,. Under such conditions, eq. (2.22) was replaced by

g = o (2.23)
C

Sharan (1992) proposed a frequency dependent truncation boundary condition for
the unbounded reservoir considering reservoir bottom absorption that could be
implemented with ease using a finite element technique. The boundary condition adopted

~ at the reservoir bed wasdp/dy = iwgp , w being the circular frequency of vibration. The

drawback of the solution procedure is that it is nonlocal in space and consisted of only
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the first term of the infinite series, which defines the boundary condition. The accuracy
of the solution could be improved by including several terms of the series without further

spatial discretization of the finite element mesh (Li et al. 1996).

Yang et al. (1993, 1996) proposed an explicit time-domain transmitting boundary
for the analysis of dam-reservoir interactions. This transmitting boundary is derived from
a semi-analytical solution ot the governing wave equation of the far ficld of the reservoir,
['he radiation damping and water compressibility effects can be incorporated in the time-
domain analysis of dam-reservoir systems. The finite element method was uscd o
analyze a dam-reservoir system including the semi-infinite reservoir. Results also show
that the proposed explicit transmitting boundary is more efficient computationally than

the implicit transmitting boundary presented by Tsai and Lee (1989).

Weber (1994) emphasizes the need of developing an algorithm in time domain
that can account for decaying and wave propagation to infinity. The author proposed an
algorithm that transforms the approximating system to a symmetric second order form of
finite element matrices. The far-field is implemented by appending the second-order
matrices of the far-field to the mass, damping and stiffness matrices of the near field.
Although, this technique gives accurate results, the complicated procedure may result in

large computational effort.

A space-time finite element method for solution of the exterior structural
acoustics problem involving the interaction of vibrating elastic structures submerged in
an infinite acoustic fluid was formulated by Thompson & Pinsky (1996a). The
formulation employs a finite computational fluid domain surrounding the structure and
incorporates time-dependent non-reflecting boundary conditions on the fluid truncation
boundary. The authors emphasize that if accurate non-reflecting boundary conditions are
used, fewer fluid elements are needed and considerable cost savings will result.
Thompson & Pinsky (1996b) further obtained the time dependent boundary conditions
using an inverse Fourier transform procedure. Although the space-time finite element
approach using spherical coordinates advocated in the work of Thompson & Pinsky
(1996a, b) provides a powerful framework for unified and simultaneous spatial and
temporal adaptivity of the discretization, the technique is too complicated to be

implemented in the practical analysis of a dam-reservoir system.
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Darbre (1998) proposed a two-parameter phenomenological model, where an
incompressible body of water is attached to the dam through distributed dampers. These
dampers were modelled to simulate the radiation damping effect. At low excitation
frequencies the dampers did not deform and the pressure originated from the water’s
inertia forces only. At high excitation frequencies. the water mass remained still and the
pressure initiated from the dampers’ deformation. The two-parameter model is a valid
appl'oximatjon when both the frequency content of the excitation and the significant
natural frequencies of the dam extend over several resonant frequencies of the reservoir.
[t was observed from the results that the two-parameter model did not give very good
results when the frequency content of excitation or the natural frequencies of the dam

remained below the fundamental resonant frequency of the reservoir.

Maity & Bhattacharyya (1999) proposed a simple and effective far-boundary
condition that could model the effects of radiation damping in the finite element analysis
of hydrodynamic pressure of compressible water on dams subjected to harmonic ground
motion in a time domain analysis. The proposed truncation boundary condition could be
located at a relatively small distance away from the structure, resulting in great
computational advantages by incorporating a truncation boundary in the finite element

program which can be expressed as

on Ox H,

e | (-1)" /H_‘/
g;{gni_n} s Jam[gmifrl
> (=)™ -,/,,,H-_‘f

In the above expressions,

2m — 2 2 wH
A =%. fm = /1;2,, —Q2 and Q= cf (2.26)

T'he authors showed that the infinite fluid domain can be truncated using the proposed

where,

G =- (2.25)

boundary condition at a relatively smaller distance away from the structure. This

boundary condition is advantageous as it is quite simple and the additional computational

~ effort required to include the proposed truncation boundary condition is insignificant.



The limitations of the above boundary condition are that it cannot account effectively for
| excitation frequencies higher than the fundamental frequency of the reservoir as f,, tends

to become complex. Further, the analytical formulation of determining hydrodynamic

pressure in the reservoir that is used in deriving the truncation boundary condition does
not account for the effects due to surface waves and absorptive effect at the reservoir
bottom. It may further be noted that this boundary condition is frequency dependent and

hence may not be efficient for determining the seismic response in time domain.

Cetin & Mengi (2003) proposed a transmitting boundary condition using a
continuum approach and based on the spectral properties of radiating waves, which 1s
suitable for both boundary element and finite element analyses, for radiation of waves
propagating in horizontal direction along a compressible inviscid fluid layer. The
formulation is presented in Fourier space and incorporates the effects due to surface
waves and radiation of waves due to viscoelastic foundation. The study indicates that this

| (ransmitting boundary condition is efficient when used in conjunction with boundary

| element analysis.

A boundary condition similar to that of Maity and Bhattacharyya (1999) was
proposed by Kiugtikarslan (2005) for incompressible and inviscid fluid. The derived
boundary condition is implemented in the finite element code and results are compared

with by using Sommerfeld’s and Sharan’s boundary conditions.

It is evident from the review on NRBC (Givoli 2004) that in the last 50 years Non-
Reflecting Boundary Conditions (NRBC) has been developed from zero-order Sommerfeld
(1949) boundary condition to high order local boundaries. However, it is important that the
NRBC is practically implementable and computationally efficient for a complex problem such

as a dam-reservoir system considering the effect of reservoir bottom absorption.

2.1.3.2 Reservoir Bottom Absorption Effects

The hydrodynamic forces evaluated considering a rigid reservoir bottom are altered when
the reservoir bottom is considered flexible and energy is dissipated in the unbounded
domain in the vertical direction. In most of the investigations carried out, the earthquake

response of concrete gravity dams were determined assuming the reservoir bottom to be

| rigid, causing complete reflection of the hydrodynamic pressure waves.
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Lotfi (1986) analyzed the earthquake response of dams considering the water-
sediment-foundation interaction rigorously. A hyper-element was used in the finite
element model which included the effect of sediment layer that was assumed to be

viscoelastic and almost incompressible.

Many researchers (Sharan 1992, Chandrashaker & Humar 1993, Tan & Chopra
1995, Li et al. 1996 and Hatami 1997) have incorporated a damping boundary condition,
arising from partial absorption of hydrodynamic pressure waves at the reservoir bottom.
Interaction between the impounded water and the foundation medium is represented by a
boundary condition, which permits partial absorption of hydrodynamic pressure waves at
the reservoir bottom. Interaction between the impounded water and the foundation
medium is represented by a boundary condition, which permits partial absorption of
hydrodynamic pressure waves at the reservoir bottom. The wave absorption along the
reservoir bottom was accounted by an approximate one dimensional wave propagation
model. The wave reflection coefficient « (Sharan 1992) which is the ratio of the
amplitude of the reflected hydrodynamic pressure wave to the amplitude of a vertically
propagating pressure wave incident on the reservoir bottom, is related to the damping

coefficient g by

a = (2.27)

where g = p%,,cr and c, =w/E% , E, is the Young’s modulus and p, 1s the
r

density of the foundation medium. p, is the density of water and c is the velocity of

pressure waves in water. For a rigid foundation medium, ¢, = « and thus g = 0, resulting
in «= 1. For a very low density or very soft foundation medium ¢, approaches zero and g
= oo, resulting in @ = -1. It is believed that « value varies from 1 to 0 would cover the
wide range of materials encountered at the bottom of actual reservoirs. This method of
determining the reflection coefficient of the reservoir bottom is independent of the

cxcitation frequency.

Bougacha & Tassoulas (1991a, 1991b, 1991c) determined the transient response
of a concrete gravity dam to harmonic ground motion and to a selected earthquake record
for evaluating the significance of the sedimentary material accumulating on the bottom of

the reservoir. The sediment was modelled as a two-phase medium i.e.. fluid-filled and
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poroclastic solid. The analysis was carried out accounting for all interactions between the
dam. water. sediment and foundation. The results indicated that the effects of fully
saturated sediment are limited to a slight decrease in the maximum acceleration of the
dam and the maximum hydrodynamic force. However, if the sediment is only partially
saturated, there is a significant decrease in the fundamental frequency along with a
substantial reduction of the peak acceleration under horizontal ground motion. These
findings were based on the assumed sediment properties. The authors suggested that

these parameters be measured in actual dam sites before any definitive conclusion is

reached regarding the importance of sediment effects.

Dominguez et al. (1993) developed a boundary element approach for the dynamic
analysis of continuous systems that may consist of water, viscoelastic and fluid-filled
poroclastic zones of arbitrary shapes. This technique was applied in the seismic analysis
of concrete gravity dam considering interaction effects of the reservoir, foundation and
sediment at the reservoir bottom. The study revealed that the compressibility of sediment

has important effect on the dam response; the effects of fully saturated sediment are not

significant and the influence of sediment layer is important for the prediction of dynamic

behavior of the dam.

The absorption effects of the reservoir bottom in the earthquake analysis of dams

1S modelled by Hatami 1997 and Chuhan et al. 2001 utilizing the wave reflection

coefficient approach based on the solution of the wave equation in a sediment layer of

visco-elastic material with a constant thickness overlying an elastic, semi-infinite
= C
foundation. This model results in a frequency dependent reflection coefficient. For a

sediment layer overlying the foundation rock, frequency dependent equivalent relative
C

impedance (Fatami 1997) is given by

1+a,(@) (2.28)
Pil@) =125 (o)

| | ‘ . efficient of the reservoir bottom which can b
Where ¢, (@) is the overall reflection €0 be
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modulii of elasticity of the sediment material and the foundation rock. A comparison of
crest acceleration of a gravity dam (Hatami 1997) due to vertical ground motion
considering sediment layer overlying a rigid and a flexible foundation show that
modelling the reservoir foundation as flexible and allowing the refracted waves to be
radiated in the unbounded soil domain plays a more important role than absorption of
wave energy within the sediment layer (Fig.2.3). In the figure, dy/H is the ratio of
sediment depth to the reservoir depth. It is apparent that effect of the thickness of the
scdiment layer is to reduce the dynamic response of the dam. The effect of sediment
layer may be considered in the system only if foundation is considered flexible and
energy radiation concept is incorporated. The use of reflection coefficient as derived
from €q. (2.27) would be appropriate if the sediment layer is thin, but if the sediment
layer is thick the reflection coefficient should be evaluated taking into consideration the
cffect of thickness. However, these techniques would mainly depend on determining the

characteristics of the sediment.
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Fig. 2.3 Effect of layer thickness on dam subject to vertical excitation on () rigid
foundation and (b) flexible foundation (Hatami 1997)

A novel procedure for measuring the overall or average reflection coefficient of
the reservoir boundaries in the immediate vicinity of the dam was developed based on
acoustic reverberation technique by Ghanaat et al. 2000. Computer analyses using
EACD-3D (Fok et al. 1986) and GDAP (Ghanaat 1993) that characterizes the sensitivity
of the dam response to various modelling assumptions were carried out and compared
with the results obtained from the experimental study of dam-water-foundation
interaction of an arch dam. The GDAP model employs incompressible water while the

ACD-3D considers water compressibility and reservoir bottom absorption effect. It was



found that both the incompressible and compressible fluid models produced frequencies
of the dam-reservoir-foundation rock system that differed less than 10% from the
measured values. The results showed that the effects of reservoir geometry and wave
reflection coefticient on the response to harmonic motions are significant. The results
indicate that both the GDAP and EACD-3D frequencies agree reasonably well with the
measured values. The experimental and numerical investigations carried out by Proulx
and Paultre (1997) further emphasizes the inclusion of water compressibility and wave
absorption effect at the reservoir bottom in the numerical solution to reproduce the

1 observed behavior.

2.1.3.3 Cavitation Effect

During severe ground motion, water at the reservoir may be separated partially from the
dam itself. If the absolute pressure of water in the reservoir goes above the vapour
pressure, micro-bubbles occur in the fluid domain. Cavitation is the formation of these
micro-bubbles or void in a liquid, where the bubble is generally filled with vapour.
Analytical and experimental studies of behavior of dam reservoir system performed
during seismic safety evaluations have shown that the dynamically varying pressures
may exceed the combined hydrostatic plus atmospheric pressure at the interface, thus

producing cavitation.

Paul et al. (1981) stated that the response with and without cavitation is identical
just before the onset of cavitation but significantly modifies thereafter. The total
hydrodynamic force on the dam reduces but a slight increase in the crest displacement
and the normal heel stresses are noted. Clough and Chang (1981) found that the effect on
the response of the gravity dams to be small, though the consideration of cavitation led to
reductions of response. Fenves & Vargas Loli (1988) had also shown that water

cavitation had a very small effect on maximum displacements and stresses of the dam

. due to earthquake. Oskouei & Dumanoglu (2001) carried out a nonlinear analysis in
‘ [.agrangian formulation considering the nodal unknowns in fluid domain to be
| displacement. The cavitation effect was found to be prominent at the uppcr region of the
' dam, where the dam surface is exposed to high local stresses that causes pitting and

crosion of the surface.
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The study of the present literature reveals that during cavitation, the
compressibility and the bulk modulus of water are reduced towards zero. Cavitation is
not dangerous for a structure, but if it occurs close to flow boundaries, cavitation damage
may occur and the structure will be seriously damaged. The surface damage begins at the
downstream end: an elongated hole is formed in the boundary surface. This hole gets

larger with time. the surrounding area may break away and aggregates may be swept off.

2.1.4 Fluid Structure Interaction Effects

Though the seismic response analysis of a concrete gravity dam is similar to any other
structural dynamic analysis, the concrete dam analysis is greatly complicated because the
structure interacts with the water retained in the reservoir and the deformable rock
foundation that supports it. The dynamic interaction between an elastic structure and a

compressible fluid has been the subject of intensive investigations in recent years. Some

simplified approaches are available in which fluid-structure interaction is studied in a

decoupled manner. In this type of analysis, the fluid response is first obtained assuming

the structure as rigid and the resulting pressure field is imposed on the structure to obtain

the structural response. But such type of analysis does not always lead to a conservative

design of the structure. If resonance between the structure and the energy release

mechanism in the fluid occurs, it can lead to the development of unsound design.

Morcover. if coupled modes are excited, this approach gives non-conservative results.

Thus, it is necessary to study the fluid-structure interaction problems in a coupled manner
Considering the flexibility effect of the structure. A study of the available literature shows

that the fluid — structure interaction mechanism can be developed by either direct or

'ndirect coupling techniques.

2.1.4.1 Direct Coupling
The most common approach being adopted at present i‘S t.hat both the systems are coupled
and solved as one system. The most commonly used finite element approach is based on
Lagrangian-Eulerian formulations. where displacement variables are generally chosen for
the structure and the fluid is described by pressure. In other approaches for such coupled
Problems the fluid may be described by different variables such as displacement oy

Ve s .
l““‘,\' potential.
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Zienkiewicz and Newton (1969) had presented a finite element technique to
analyse a structure submerged in a compressible fluid. The infinite fluid domain was
modelled into a finite one considering the Sommerfeld radiation boundary conditions.
The authors represented the fluid motion in terms of pressure and the elastic structure in
terms of displacement. Linearised free surface condition was adopted in the analysis.
Discretizing the dam-reservoir system as an assemblage of finite elements, assuming
pressure and displacements to be the nodal unknowns for the fluid and the structural
domain respectively, the unsymmetrical coupled equations representing fluid structure

Interaction is given as

1l C 0] —oT |[u - Ma
S T { }= ¢ (2.29)
o cllsf Lo 1) Lo u Jlp] T 1-0a

In the above equation, M, C and K are the mass damping and the stiffness

matrices of the dam, while G. L, H are assembled matrices representing the reservoir and

O is the interaction matrix. The unknown vector consists of nodal displacements « and

nodal pressures p and a, denotes the ground acceleration.

The solution scheme of coupled dam-reservoir system presented by Saini et al.

(1978) was in frequency domain. An assemblage of finite elements and infinite elements

o represent the dam-reservoir system, the coupled equation of motion for periodic

CXcitation was given by

(k]-* 7]+ [Clieo)do} = I3 Jia | 50,
where
7] e} 22 (4]0 1) BT o)

In the above expressions (K], [M], [C] and [L] has same meaning as stated in eq. (2.2).
2 S 2 2
, X o L oqE " the dam relative to the or 18
(clo} is the vector of nodal point displacements of ground. pyis the
Mmass density of the reservoir water, g is the gravitational acceleration, [H] and [Q] are
Matrices having complex coefficients due to introduction of infinite elements in the
; 2

System. The second term on the right hand side of eq. (2.31) is in general complex and

e : , nass and added damping due to the unbounde
I'Cpresentg frequency dependent added 1 outided

eservoir,
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Miiller (1981) carried out a simple finite element analysis of coupled fluid-

' structure interaction problem by neglecting the viscous and nonlinear convective term of
the fluid-motion. While the fluid is considered to be incompressible, the problem reduces
to a structural problem with an added mass due to fluid. For compressible fluid, an
additional term was included in the previously calculated mass matrix, which the author

deseribed as the mass matrix. The unsymmetrical matrix was converted to a symmetrical

one.

Zienkiewicz et al. (1983) used displacement potential as the unknown variable in
finite clement discretization of the fluid domain, which led to unsymmetrical coupled

equations of motion and requires a special purpose computer program. A partitioned
algorithm dealing successively with the structural equation and the fluid system had been

adopted for time-stepping solution. In each partitioned system, the Newmark algorithm

Was used in iterative form.

Olson & Bathe (1983) had investigated the scope of displacement based fluid
elements used for fluid-structure interaction problems. The authors had shown that the

displacement based formulation for fluid-elements cannot be used successfully to fluid-

structure interaction problem, in which natural frequency of the structure is involved.

Later, a symmetric finite element method was presented by Olson & Bathe (1983a) 1o

solve the coupled system Velocity potential and hydrostatic pressure were considered as

‘unknown parameters in the fluid domain whereas displacement was considered as
ol d

unknown parameter in the structural domain. The authors found that the displacement
cld

based elements including the rotational penalty require a large number of elements to

obtain accyrate solution compared to the formulation proposed by the authors using

Velocity potential and hydrostatic pressure in the tluid elements.

Sh & Gladwell (1985) made all the matrices in ¢q. (2.29) symmetrical and
aran a
bande, , . tation time and core storage requirement, certain
anded. To reduce the compuke
. duce
nt mass matrix for the structure, diagonalised

. S Ve T 1
APProximations such as added equivale

Mass and ¢ o matrices for the fluid were adopted. The coupled equation of motion
o damping Mme
' ' based on constant average accelerat:
Wag ] : . teoration scheme ge ¢ eration
> then solved by direct 10 g
: ¢ as the unknown variable in the fipje
Method, g d nodal pressut nite
. Sharan (1987b) use

ol . N y A1n as
Clemeng formulation of the fluid domariie
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[M_f ]{F‘}"*" ( [K_f ]"' C[D_,-]){p} = _p[S_/:\- ]T ({”g }+ {d}) (
in which [M]. [K] and [Dy] are the matrices of the fluid domain. The value of C at the
truncated boundary of the reservoir is as given in eq.(2.22), [Sx] is the coupling matrix of
the fluid structure system and {c.j} is the vector of nodal acceleration of fluid-solid

terface with respect to ground acceleration {ag } The discretized equation of motion of
the structure was given by

(v, )i} [ )i+ [k, M} = {F ) +[s i) (2.33)
[n the above equation [M,], [C] and [K|] are the mass, damping and stiffness matrices of

the structural domain respectively and {F} is the vector of consistent nodal forces

excluding those due to the hydrodynamic pressure.

Tsai & Lee (1987) formulated a numerical procedure employing finite element
method for arch dam and boundary element method for the fluid domain for the analysis
of the three-dimensional dam-reservoir system with arbitrary ground motions and
geometry. The added mass matrix calculated from the fluid domain was made
Symmetrical and lumped to retain the banded and symmetrical characteristic in the finite
clement method. In the boundary element formulation, the mirror image method was
used. Hydrodynamic pressure distribution on the upstream face of the dam was

calculated and the authors studied the natural frequencies of the dam-reservoir system

With various reservoir depths.

A numerical scheme for computing the dynamic response of coupled fluid-

Structure system was developed by Fenves & Vargas Loli (1988) to evaluate the effects

Of non-linear behavior of the fluid-structure system. The authors discretized the equation
Cl

of fluid motion in terms of displacement and pressure and included the cavitation of the

fluid which was modeled as bilinear compressible material. Fluid was considered as
*

Mvisci and with small amplitude, irrotational motion. A penalty constraint was
‘ c ! C

i”COFDOrated i the fluid motion to satisfy the irrotationality condition. The fluid

Pressures were solved at the element level and thus displacements were the only variable
: re

Al globg] level This allowed assembly of the fluid elements with displacements for the

Structure gng lead to symmetric equation of motion for the coupled system. The coupled

S¥stem was solved by a fully implicit time integration method.
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A symmetric finite element formulation for coupled acoustic vibration between
fluid and structures was proposed by Sandberg & Goransson (1988). The fluid equation
was expressed by pressure and a displacement potential and the structure by
displacement. The mass matrix had zero entries on the diagonal in the pressure degrees
of freedom for the proposed symmetric finite element scheme. Under this consideration
the system became positive semi-definite, which caused problems for the solution of the
equations. Later, the author (Sandberg 1993) proposed a scheme lor treating
unsyvmmetrical coupled fluid-structure systems. The discretization is performed by means
ol the finite element method. using displacement formulation in the structure and cither
pressure or displacement potential in the fluid. Based on the eigenvalues of cach sub-

domain. a standard cigenvalue problem was derived. The author concluded that the

unsymmetrical matrices have real eigenvalues.

Chen & Taylor (1990) presented a displacement based finite element solution for
the interaction between an inviscid fluid and a solid. The stiffness matrix contributed by
the fluid was calculated by using reduced integration to suppress circulation modes with
non-zero frequency. In addition a projected mass matrix was used in order to remove

spurious modes. which resulted from the use of reduced integration. Owing to the use of
-

displacement formulation, no special consideration was required for the interface of the

Coupled systems. The authors demonstrated that the spurious modes were suppressed by

adopting projected mass and under-integrated stiffness matrices.

von Estorff and Antes (1991) developed a finite element — boundary element

Coupling procedure, where the linear clastic structure was modelled by finite elements

and the fluid domain was l-epresemed by boundary elements. The fluid was considered as
linearly compressible, inviscid and of small amplitude of motion. The two different
Media, ie. the fluid and the solid region, were coupled through the compatibility and

Cquilibrium conditions along the common interface. The main advantage of this
tcchniquL is that FE could model the in-homogeneous elastic dam and the homogenous
° 1S that k2

and infinite fluid domain could be represented by boundary elements.

. ~udo-symmetric technique for the seismic analysis of
Lotfi (2004a) proposed a pseudo
. ric system of equation is avoided
Coney o 1 here the non symmetl avoided.
¢te dams in time domain, W

The d be implemented in general-purpose finite element
€ method introduced coul
ology introduce
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programs by modifying the fluid-structure interaction modules. The advantage of using
the direct method in time domain is that it is possible to efficiently transform the direct
integration algorithm to enable working with symmetric matrices (Zienkiewicz & Taylor
2000 and Lotli 2004a). However, in a modal analysis, the symmetrization of the mass

and stiffness matrices requires introduction of additional variables in eigen-solution

routines that creates complications in computer programming.

2.1.4.2 Indirect Coupling

To overcome the problems in the analysis of fluid-structure interaction problems in a

coupled manner. the solution of the coupled system may be accomplished by solving the

two systems separately with the interaction effects enforced by iteration.

Au-Yang & Galford (1982) reviewed the phenomenon of fluid-structure

Interaction and discussed the difference between the strongly and weakly coupled fluid-

Structure systems. A strongly coupled fluid-structure system is one in which the flow

field induced by structural motion and the original flow field cannot be lincarly

Superimposed on each other. This is usually caused by large structural displacement,

esulting in large induced fluid velocity. A weakly coupled system is one in which flow
field induced by the structural motion can be regarded as a small perturbation and
therefore can be linearly Superimposed onto the original field. According to the authors,
the assumption of incompressibility of fluid seemed justified when the time for acoustic

Wave to traverse a characteristic length of the fluid-structure system is much smaller than
(¢

\ - ; = — ucture.
the dominant model period of vibration of the structt

Hall & Chopra (1982) had used finite element models of T“IfO-dimensionai
i"I'Cgular fluid domains adopting the substructurc method for analysing the linear
dynamic response of dams including hydrodynamic eﬂects.- Both the dam and the fluid
structures and modelled with finite element. The response of

ion was obtained using Fast Fourier Transform
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"Main were treated as sub
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Singh et al. (1991) analysed three-dimensional fluid-structure interaction
problems through a partitioning scheme. The interaction effect was studied by
transferring the shell normal acceleration to the three-dimensional fluid domain and the
fluid pressure to the shell surface at the shell-fluid interface for each time step in an
ilerative manner. The analysis was carried out for each field and interaction effect was
accounted for by updating the field variables of both the fields in the respective coupling
terms. Two methods for time integration, namely implicit and explicit for transient
analysis of the system were discussed critically. The authors mentioned “Implicit
methods are unconditionally stable and larger time steps can be used based on the order
of accuracy required. ... On the other hand, explicit methods are conditionally stable,
thus time step size is limited by the minimum period of the mesh.” The authors considered

an explicit integration scheme for the fluid domain, which is normally of larger size and

an implicit scheme for the shell structure.

Antoniadis & Kancharos (1998) had developed a method for decoupling the
acoustic fluid-structure interaction problem in the frequency domain. For decoupling
procedure, a linear model transformation of the added matrices for the coupled system

was incorporated. While calculating eigen-values, the authors considered pressure as the

unknown variables for the 2-D fluid domain and modelled the structure by beam element

for the coupled system. The authors studied the eigenvalue problem for different cases

ClaSSil’yinn the fluid and structure as (1) incompressible fluid, (i) hyper compressible
o

fluid, (iii) hyper light structures and (iv) hyper flexible structures.

Bouaanani et al. (2002) coupled the dam-reservoir system indirectly using the
ddlld % =

Substructure technique while comparing the analytical predictions of ice covered dam-

reservoir-foundation system with results obtained during a series of extensive dynamic

et ) . e dam is discretized using finite elements
Lests on Outardes 3 gravity dam 1n Canada. The d¢ g ments

and the hydrodynamic force is determined by analytical solution considering the effect of
C

'¢¢ layer and imposed on the dam.
Maity & Bhattacharyya (2003) developed an iterative scheme to solve the

Oupled problem of dam-reservoir systel
led in a sequential manner. The analysis is carried out

1. The major advantage of this method is that the

“oupled fielq problems may be tack
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analysis in [requency domain. The dam is idealized as a two-dimensional finite element
system that could account for the arbitrary geometry of the dam. IHowever the
h_\-‘dr‘()d}-'munic cffects were determined analytically assuming the upstream face of the
dam to be vertical. For the purpose of including the dam-rock interaction effects. the
surlace of the viscoelastic foundation rock was assumed to be horizontal, The reservoir
bed was also assumed to be horizontal and absorption effect at the reservoir bottom was
considered in the analysis. The forces at the base of the dam due to dam-rock interaction
have been expressed in terms of interaction displacements and hydrodynamic forces
through dynamic stiffness matrices of the foundation rock region. The hydrodynamic

forces arc expressed in terms of accelerations of the upstream face of the dam and the

bottom of the reservoir.

In a dynamic analysis, the interaction effect of such unbounded medium can be
accounted for by complex valued and frequency dependent dynamic stiffness matrix
(I'enves & Chopra 1984). Analysis procedures were mostly 1n the frequency domain for
detcrmining the earthquake response of two-dimensional elastic concrete gravity dam
Including hydrodynamic effects due to compressible water. The effect of considering

foundation flexibility was to reduce the stresses near the base of the dam.

A combination of BEM and FEM (Touhei & Ohmachi 1993) may be an
alternative technique for determining the response of dam-foundation-rescrvoir system.
The weighted residual procedure is applicd while coupling the equations of motion for
solid and fluid in the FE and BE region. This algorithm accounts for the interaction

“ffects of the dam-reservoir, dam-foundation and the reservoir foundation interfaces: and
< = L)
the absorption of elastodynamic and hydrodynamic waves at the dam-foundation and

d: ] .. .
dMm-reservoir interfaces.

. . i st displacements and accelerations for different
he extreme values of dam crc
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ance ratios (l/Ly) @
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when the f2y /5, ratio is less than 2.0. However, the displacements and accelerations of the

dam do not vary much when £//,; varies between 2.0 to oo.

Table 2.1 Effect of Flexible Foundation on Dam (Yazdchi et al. 1999)

Eq/Ey 0.5 1.0 2.0 4.0 oo
Displacement (mm) -7.53 -4.41 3.85 -3.70 -3.64
Acceleration (a/g) -3.41 -3.18 -3.48 -4.19 -4.25

The peak horizontal crest displacement of Pine Flat dam-foundation-reservoir
system considering the coupled and uncoupled approaches (Chandrashaker & Humar
1993) arc presented in Table 2.2 for E£/F,; = 1.0. It is interesting to note that the difference
between the results obtained by the coupled and uncoupled method is very small.
Further, the stresses obtained at the base and neck of the dam due to earthquake ground

motions were compared by simplified and rigorous approaches and found to be very
close.

Table 2.2 Peak Horizontal Crest Displacement (mm) ot Pine Flat Dam
(Chandrashaker & Humar 1993)

Ground Motion

Coupled Response

Uncoupled Response

Taft S69E, Horizontal 40.98 44.63
Taft S69E, Vertical 13.90 15.68
El Centro SO0W 8§1.40 84.34

Chavez & Fenves (1995) presented the hybrid frequency-time domain (HFTD)
procedure to compute the nonlinear earthquake response of concrete gravity dams
including sliding along the interface between the dam base and foundation rock. The
solution procedure considers the effect of non-linear base sliding behavior due to the
frequency dependent interaction effects of the reservoir and flexible foundation. The non-
linear sliding behavior in the complex interface zone is represented by the Mohr-
Coulomb relationship for friction. The authors states that although no criteria have been
established for acceptable base sliding in an extreme event, it is reasonable to expect that

dams can tolerate a sliding on the order of 100-150 mm computed from this model.

Medrano et al. (1995) analyzed the transient response of reservoir-dam-soil
systems by direct time domain numerical procedures. Emphasis was given to dam-soil
interaction. The dam was modelled by finite element method and a displacement based
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[Lagrangian clement was used to model the reservoir. The foundation was considered (i)
by assuming it to be rigid: (ii) including a significant massless portion of the foundation
rock: (ii1) considering it to be viscoelastic and representing it by a stiffness and a
damping matrix. neglecting the frequency dependent dynamic stiffness of the soil: (iv)
considering it to be viscoelastic and neglecting damping and (v) using analytical solution
in frequency domain and Fourier synthesis. The authors concludes from the comparative
study that inspite of considering a rigid foundation, reasonable results were obtained.
especially concerning the vertical stresses at the heel. But considering a large massless
portion of the foundation resulted in large vertical stresses near the heel as the stiffness
matrix was [requency independent. Modelling the foundation using stiffness and
damping matrix for the first eigen-frequency resulted in overdamped solution.
Introducing only the stiffness matrix for the first eigen-frequency showed results that

were in good agreement with the general analytical solution.

In a dam-reservoir-foundation system (de Aratjo & Awruch 1998) a probabilistic
methodology was adopted to determine the safety of concrete gravity dam due to
dynamic interaction. The stochastic characteristic of seismic excitation as well as the
variation of concrete properties was considered using Monte Carlo method. It was found
to be disadvantageous due to more computational effort as the structural stiffness matrix
had to be detined for every simulation. Results were obtained for Tucuruj Dam due to
mean carthquake ol acceleration 0.1g, where g is the gravitational acceleration. Safety

factors for sliding. crushing and cracking were used to define structural performance.

[t is important to consider the nonlinear behavior of the foundation rock
supporting the dam, if the rock is fractured and discontinuous. The nonlinear behavior of
the foundation rock will affect the static and dynamic response of the dam. The sub-
regions where these nonlinearities occur are modelled with finite elements (von Estorff
and Firuziann 2000). while transient boundary elements are used to ensure that the
radiation of waves to infinity is taken into account. Such a formulation having the

advantages of finite and boundary elements may be suitable to handle semi-intinite

systems with local nonlinearities.
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visualisation of the ground acceleration data combining the best features of both time-

histories and Fourier transtorms in giving information on the variability of signals with

structures under carthquake loading. Harmonic wavelet analysis was shown to be a

versatile tool that can reveal information unavailable in traditional time or frequency

1
|
1
!
!
{ time and frequency. This technique helped in interpreting the behavior of geotechnical
1
!
l domain analysis.
|

Nagarajaiah & Varadarajan (2005) developed a semi-active variable tuned mass
\ damper for wind response control of buildings using a Short Time Fourier Transform
; (STFT) algorithm. The basic idea of STFT is to break up the non-stationary signal into
{ small time scgments and obtain the FFT of each time segment to ascertain the

frequencies that exist in it. The dominant frequency is extracted and is used to retune the

i semi-active variable tuned mass damper.

The difficulty in incorporating the frequency dependent foundation impedance
functions in a standard time-history analysis of structures was encountered by Safak

; (2006). Impedance functions represent the dynamic stiffness of the soil media

surrounding the foundation. A simple method was proposed to convert frequency-
1 dependent impedance functions into time-domain filters. The method is based on the

least-squares approximation of impedance functions by ratios of two complex

polynomials. Such ratios are equivalent, in the time-domain, to discrete-time recursive
filters, which are finite-difference equations giving the relationship between foundation

J‘ forces and displacements. These filters can easily be incorporated into standard time-

history analysis programs.

It is evident from (Haigh et al. 2002 and Safak 2006) that it is important to
account for the frequency content of an earthquake excitation, when the dynamic
response of the system analyzed is frequency dependent. The STFT algorithm used by
; Nagarajaiah & Varadarajan (2005) is an effective technique that may be used to

determine the time-frequency distribution of an earthquake excitation.

2.1.7 Shake Table Test

Model tests have been found to be useful to investigate nonlinear aspects of dam
response viz.. cracking, joint opening, sliding and cavitation. Special materials are
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required to model the concrete dam that maintained the similitude with the prototype

W > experiment is : r oravi . . .
hen the exp t 1s conducted under normal gravity, the strength and stitfness of the

model materials compared to the prototype must be reduced by the product of the density

and length ratios. Approximate small scale models of concrete dam have been developed

that is plaster based with a high water content and lead powder added to increase density

(Niwa and Clough 1980, Oberti & Castoldi 1980). Harris et al. (2000) desiened a new

concrete mix for the non-linear similitude modelling. A two-dimensional model of

Koyna Dam at 1/50 scale was used on a shake table to simulate the effects and serve as

data for non-lincar computer model calibration. The first model with initial crack at the

top failed in a sliding mode. The observations showed that the crack has to overcome
some bonding before sliding can occur. The uncracked model failed due to material
failure, a crack was initiated in less than 1/30 second and sliding occurred for a number
of cycles before the top of the model toppled.

In the shaking-table test carried out by Niwa and Clough (1980) on a single
monolith of Koyna dam, a single crack was formed which extended all the way through
the neck. The top block rocked back and forth but remained stable and continued to
withstand the water load even under intense excitations. It was observed from a series of
shaking table tests on single monoliths of Pine Flat Dam under full reservoir condition
(Donlon 1989) that no failure occurred inspite of cracks extending all the way through
the neck in each model. The cracking patterns in each model were different indicating

that prototype dams may be sensitive to parameters describing the existing state of the

dam and the excitation.

Tinawi et al. (2000) conducted shake table test to obtain the sliding response and
cracking response due to simple acceleration pulses. Experiments were carried out on a
3.4m high concrete dam model with cold joints, which were allowed to slide after
breaking. These test helped to investigate the robustness, or to highlight the deficiencies
of existing numerical procedure. Similar experiments were conducted by Morin ct al.
(2002) on post tensioned gravity dams to obtain load-displacement. dam sliding and
rocking responses. It was concluded that more experimental data are required to derive
empirical expressions applicable to actual dam structures for defining shear stiffness

parameter. Variations in system properties, water deptlL concrete pl'opcrties. joint surtace
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Propertics. post-tensioning. hole size and presence of water inside the cracks or lift joints
affected the results.

2.2 DISCUSSION ON REVIEW

The state of the art in the analysis of dam-reservoir Interaction problems is reviewed.

From the review of the literature cited above the areas, which apparently need further

attention of rescarch are: (i) Modelling of aged dam (ii) Modellino of infinite reservoir

and (iii) Modelling of dam-reservoir coupled system.

2.2.1 Modelling of Aged Dam

Earlier. the effects of earthquakes on dams were represented considering

rigid system supported on a rigid foundation.

dam to be a

But most of the recent work has

incorporated the elastic properties of the dam materials into the mathematical model.
which influences the vibration properties of the dam and influences the earthquake
response behavior. In a dam-reservoir system, when flexibility of dam is considered. the
hydrodynamic responses show high peaks at the natural frequencies of the system. Saini
ct al. (1978) concluded from their study: “7he effect of flexibility of the dam and
compressibility of water shows that the response of the system is highly resonant at the
Jundamental natural frequency but is significantly less at higher natural frequencies™.
Analysis of the dam was carried out by modelling it in three dimension (Fok et al.1986)
and two-dimension  (Proulx and Paultre 1997). Concrete degradation has been
investigated due to various factors like the thermodynamic imbalance (Ulm and Coussy

1995), concrete creep (Bazant et al. 1997) and the growth of inelastic strains (Meschke

and Grasberger 2003).

Concrete gravity dams being porous and in a constant state of submergence are
susceptible to a state of damage that may be induced already by exposure to harsh
cnvironmental conditions, various types of loading induced by earthquakes, impacts due
to blasts. freezing and thawing that may affect material degradation during its litetime.
loss ol material strength and increased permeability of the material with age. Hence. it is
important to estimate material degradation with ageing while predicting the dvnamic

behavior of an ageing dam.
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[t is apparent from the past literature that extensive research has been carried out
in the field of nonlinear analysis of dams, where various techniques have been explored
to predict the origin and propagation of cracks. Though various non-linear analysis
procedures have been developed to determine the effect of degradation on the responses
of the dam duc to seismic excitation, primary mechanisms or factors that can produce
premature deterioration of concrete dams needs to be identified. El-Aidi & Hall Part I &
I1 (1989). Cervera ct. al. (1995) and Ghaemian & Ghobarah (1999) had considered the
dam-reservoir-interaction with an isotropic damage model while developing a non-linear
damage model. The damage index used in the above procedures is mainly evaluated

based on relation between the strain energy of the damaged material and elastic energy of

the undamaged material.

The evolution of damage index has been treated by researchers in various
manners (Ghrib & Tinawi 1995a & 1995b, Hubert et al. 2001 and Mazzotti et al. 2001).
A damage index indicates the initiation and propagation of cracks in a concrete structure.
The propagation of cracks and its effect on nonlinear behavior is generally determined
for a seismic loading corresponding to the duration of the earthquake. The durability of
concrete in dam is considerably affected by the loss of concrete strength induced by the
time variant external loading in conjunction with environmental loading processes such
as moisture and heat transport, freeze-thaw action, dissolution processes such as calcium
leaching, chemical expansive reactions (alkali-silica reaction) due to presence of silt
deposited on the upstream face. Although considerable progress has been achieved in
carrying out dynamic analysis by modelling concrete gravity dam considering the non-
linear behavior of concrete including cracks, environmental effects are still accounted for
by more or less heuristic evaluations of the degradation process and its influence on the
residual structural safeiy. Due to ageing, the dams are subjected to severe environmental
cffects, which lead to degradation of the dam concrete. Since the dam face is in constant
contact with water, concrete degradation due to hygro-mechanical loading is inevitable
and should be considered in the analysis procedure. Hence, an accurate method of
analysis is required to predict the behavior of aged dam-reservoir system that can

effectively account for the degradation of concrete.

o"?
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2.2.2 Modelling of Infinite Reservoir

A concrete gravity dam being a structure in close proximity to the reservoir. the
hydrodynamic pressure developed in the reservoir affects its dynamic behavior.
Therefore. it is important to adopt a technique that can yield accurate estimation of
h}-'drod_\'namic pressures. The hydrodynamic pressure distribution on the vertical face of

a dam was first determined analytically by Westergaard in 1933. Since then, the various

techniques and procedures have been proposed.

Analytical methods or closed-form solutions of determining hydrodynamic
pressurc arc suitable only for the vertical dam-reservoir interface and a horizontal
reservoir bed surtace. This difficulty has led to the development of other numerical
techniques such as finite element method (Zienkiwicz & Bettess 1978, Hamdi et al. 1978.
Sharan 1992), boundary element method (Hanna & Humar 1982), finite difference
method (Hung & Wang 1987). coupled finite element and boundary element method
(von Estorft & Antes 1991, Touhei & Ohmachi 1993). There is a common belief that the
boundary element method is superior over finite element for the modelling of infinite or
semi-infinite domains. However, in the reported literature (Yang et al. 1993) the
cfficiency of boundary clement method in time domain analysis is not ascertained. This
is because of the presence of the convolution integral and the singularity of the kernels of
the formulation which requires large storage space and computational time for the
cvaluation of the effect of past time history and numerical integration. The finite
difference method suffers from two severe drawbacks. Firstly, this method 1s inefficient
for the calculation of hydrodynamic pressure on dam having irregular upstream faces.

Sccondly, a large number of grid points are required to model the infinite or semi-infinite
fluid domain into a finite one.

Due to complex topographical condition of the dam or other like structures. the
finite element method is recognised as one of the powerful numerical tools in most of the
practical problems to obtain the hydrodynamic pressure distribution in the {luid domain.
[n the finite clement analysis, the governing equation of the fluid may be expressed in
terms of cither displacement (IHamdi et al. 1978), pressure (Sharan 1987a). velocity

potential (FFeng & Quevat 1990) or both pressure and displacement (Fenves & Vargas-
[Loli 1988).
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local condition has been developed by Sharan (1987a) which seems to be also
approximate. However, it is observed from the literature that the local type boundary
condition is relatively simpler to adopt in the finite element program. The far boundary
condition proposed by Maity & Bhattacharyya (1999) is found to be effective in
modelling the effects of radiation damping of the infinite reservoir. The principle
advantages of this technique are that it is quite simple to implement in the finite element
formulation. which does not disturb the symmetrical and banded form of the matrix
coeflicients in the fluid equation. However, for the case of absorptive reservoir bottom
beyond the truncated boundary, it can not accurately represent the infinite reservoir for
the finite element analysis. Further, this boundary condition can not account for
excitation frequency greater than the resonant frequency. Thus, modification of the
truncation boundary condition proposed by Maity & Bhattacharya (1999) will lead to a

more appropriate boundary condition representing the realistic behavior of a reservoir.

For linear problems, the near field and the far field can be analyzed rigorously in
the frequency domain. Transfer functions relating the response to the excitation can be
calculated and using Fourier transform, the corresponding response in the time domain
can be obtained. These boundaries are frequency dependent and are referred to as
consistent boundarics. The truncated boundaries may be formulated in time domain as
convolutions when they are called consistent, non-local boundaries (Wepf et al. 1988).
Convolution methods are computationally inefficient, though Tsai and Lee (1990) and
Yang et al. (1990) further improved the technique by reducing the computational effort
substantially. The boundary element method (Antes and Estorff 1987) can also be

directly formulated in time domain but requires similar computational effort as

convolution integral.

The effect of reservoir bottom absorption on hydrodynamic response of dam
reservoir system has been investigated by several researchers both numerically (Hall &
Chopra 1982, Chuhan at el. 2001) and experimentally (Ghanaat et al. 2000). However.
the final conclusions concerning the practical significance of the compressibility effect of
the reservoir and reservoir bottom absorption on the dam was not conclusive. The
reflection coeflicient is the fundamental parameter that characterizes the absorption
cffect that can be either considered to be frequency independent (Hall & Chopra. 1982

and Sharan. 1992) or frequency dependent (Hatami 1997 and Chuhan et al. 2001). Use of
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such frequency dependent reflection coefficient may affect the hydrodynamic pressure
determined using a dynamic solution procedure in the frequency domain. Studies
conducted by Chuhan et al. (2001) reveal that consideration of a viscoelastic or a porous
model of the sediment layer gives similar results. The effect of reservoir bottom
absorption has been considered in frequency domain solutions (Sharan 1992 and Hatami
1997) but the time domain solutions (Yang et al. 1996) do not show any significant
changes in the response of the system due to ramp load or seismic excitation. This 18
because, the reservoir bottom absorption effect is frequency dependent and the time
domain solution procedure cannot account for the frequency content at every time instant
of the seismic excitation. Hence, it is important to estimate the frequency content of an

earthquake signal to effectively account for radiation damping and reservoir bottom

absorption effect.

2.2.3 Modelling of Dam-Reservoir Coupled System

The dam-reservolr system is a complex system consisting of more than one subsystem.

The accurate prediction of its dynamic behavior necessitates proper modelling of

interaction ctiects between the subsystems i.e., the dam, the reservoir and the foundation.

The dynamic interaction between an elastic dam and its adjacent reservoir has been the

subject of intensive investigations in recent years. Depending on the relative rigidity of
the dam and the foundation material, the dam-foundation interaction effects may be
neglected without much loss of accuracy but the dam-reservoir effects cannot be
neglected. Some simplified approaches are available in which the dam-reservoir system
is studied in a decoupled manner. In this type of analysis, the reservoir response is first
obtained assuming the dam as rigid and the resulting pressure field is imposed on the
dam to obtain its response. But such type of analysis does not always lead to a
conservative design of the dam. If resonance between the structure and the energy release
mechanism in the fluid occur it can lead to the development of unsound design.
Morcover. if coupled modes are excited, this approach gives non-conservative results.
Thus it is necessary to study the dam-reservoir interaction problems in a coupled manner

considering the clastic effect of the dam.

[t is evident from the literature that various techniques such as mixed variational

principles (Pinsky & Abboud 1989), coupled finite element-boundary element procedure
TH-337_004402
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(von Estorft and Antes 1991), substructure technique in the frequency domain (Fenves &
Chopra 1983) and substructure method in the time domain (Yang & Tsai 1996) have
been adopted for the analysis of coupled fluid-structure systems. The variational
principles accommodated the dissipation associated with viscoelastic constitutive
properties of the structure as well as the radiation boundary condition of fluid. The

vectorial formulation required a penalty constraint to inhibit spurious rotational modes.

The most common approach being adopted at present is that both the systems are
coupled and solved as one system (Zienkiewicz & Bettess 1978, Fenves & Vargas-Loll
1988). Formulations based on displacement variables are generally chosen for the
structure while fluid is described by different variables such as displacement, pressure.
velocity potentials etc. Use of pressure-based formulation (Zienkiewicz & Newton 1969)
for fluid elements results in equations for coupled system that are unsymmetrical and
require special purpose computer program (Sandberg 1995). This difficulty can be
overcome with the displacement-based formulation (Chen & Taylor 1990, Olson &
Bathe 1983 and Bermudez et al. 1995) where the fluid elements can easily be coupled to
the structural elements using standard finite element assembly procedures. But in the
analysis of dam-reservoir system this leads to a large coupled matrix as it consists of
degrees of freedom from both the systems. Moreover, the fluid displacements must
satisfy the irrotationality condition, otherwise zero frequency spurious modes may occur.
The variables such as velocity and pressure have also been used for representing the
governing equations for fluid (Fenves & Vargas-Loli 1988). However, requirement of
computational time becomes higher as the number of unknown parameters increase in the
fluid domain. Thus the need of a large computer storage and expense of vast computer

time usually make the analysis impractical.

To overcome these limitations, the analysis of the coupled dam-reservoir
interaction problem can be accomplished by solving the two systems separately with the
interaction effects enforced by iteration (Chopra & Chakrabarti 1981, Paul et al. 1981.
Singh et al. 1991 and Maity & Bhattacharyya 2003). The major advantage of this method
is that the coupled problem can be solved in a sequential manner. The analysis is carricd
out for each field and interaction effect is accommodated by updating the variables of the
ficlds in the respective coupling terms. The effectiveness of this method depends on the

number of itcration for each time-step in the analysis.
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considered as a variable parameter in the fluid domain. (i/) The two systems are
solved separately and the interaction effects are imposed at the dam-reservoir

interface by iterative process.

12. In general gravity dams are constructed on rocky foundation. Therefore. the
assumption of a rigid boundary at the dam-foundation interface will not result in
serious distortion. Nonlinear foundation interaction effects may be considered if

significant material nonlinearity or any faults and fissures are detected in the dam

foundation.

13. The consideration of cavitations leads to reduction of responses. However, the

cavitations cllects on the response of the gravity dams are negligibly small.

14. Strong-motion instrumentation should be deployed at sites being considered for
construction of concrete dams to obtain the free field motions at a canyon location
without the interference of an existing dam. The motions recorded can be utilized

in analyses intended to verify the various input methods.

15. The rescarch on earthquake safety of dams is still young, as new lessons are
learnt from cach strong earthquake. There are uncertainties in the dynamic
behavior of concrete gravity dams due to strong ground motions because of
unavailability of sufficient recorded data. Further research is required to
determine the dynamic behavior of ageing concrete gravity dams due to strong
ground shaking. Prediction of the safety of existing dams due to the degradation

of the structural material with age is important to justify efficient seismic

strengthening of existing dams.

16. Coupled analysis of aging dam-reservoir system which takes care of degradation
effects of the concrete material and absorptive effects due to sediments in the
reservoir bed with age is necessary to predict the possible generation of stresses in

the existing dams for retrofitting.

17. Seismic analysis of dam-reservoir systems are generally carried out either in
frequency or in time domain. It is necessary to account for the frequency content
of an carthquake excitation to increase the accuracy in the analysis, since the
boundary conditions at the reservoir bottom and at the truncated boundary of the

reservoir is frequency dependent.
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2.4 SCOPE OF THE PRESENT INVESTIGATION

The detailed review of the existing literature reveals the fact that the dynamic analysis of

concrete gravity dam attracted the researchers for the last few decades, although the

focus of attention kept changing with the passage of time. It is apparent from the

discussions that there lies a broad scope of research in this field particularly for the

problems of the kind being discussed. To fulfil the objectives of the present investigation

stated before and considering the areas still unexplored, the scope of the present

investigation is limited to the following.

1.

TH-337_004402

Finite clement analysis of a concrete gravity dam idealizing the same as two-
dimensional planc strain problem considering the geometrical non-linearity as

well.

Development of a suitable numerical scheme to predict the dynamic behavior of

aged concrete dams considering the material degradation due to long-term ageing.

Finite element formulation of the governing equation for water in the reservoir,

using pressure as nodal variable parameter and incorporating the effect of

reservoir bottom absorption.

Development of an efficient truncation boundary condition that can be effectively
used in a finite element model of infinite reservoir at all excitation frequencies in

time domain.

Development of an algorithm to evaluate the frequency dependent response of the
dam-reservoir coupled system subjected to seismic excitation by applying the
dominant frequencies of an earthquake excitation extracted using Short Time

Fourier Transtorm (STFT).

Decvelopment of an iterative scheme for the solution of the dam-reservoir coupled
system, to obtain divergence free hydrodynamic pressure and structural

displacement simultaneously.

Lvaluation of the stress distribution in the dam, pressure and velocity distribution
in the reservoir in time domain that can efficiently and reliably be used to

cvaluate the safety of the existing aged dam due to seismic excitation.
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individual elements are formulated and assembled to obtain the solution for the entire

body or structure. Here. the dam and the reservoir are discretized into eight noded and

four noded isoparametric clements respectively. The isoparametric element s oriented in

the natural coordinate system (£.1) and is iransformed to the Cartesian coordinate system

Using Jacobian matrix. The elements in both the above-menthHCd coordinate systems arc
shown in Figs. 3.1 and 3.2.
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Here. i denotes the node number of the element. The correctness of the shape functions is

checked from the relations:

Ny =0 and Z———;‘——O (3.8)

N, =1L %

o&

3.1.4 Relationship between Cartesian and Natural coordinates
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FFor a conditionally stable algorithm such as central difference, the time steps for a given
- o =

time range considered is determined by the critical time step Ar_, and not many choices

& eF iy N

are available.

The errors in the integration may be measured in terms of period elongation and

amplitude decay. When the time step to period ratio is larger, the various integration

mecthods exhibit quite different characteristics. For a given At/T | the Wilson-0 method

with 0 = 1.4 introduces less amplitude decay and period elongation than the Houbolt

mecthod. and the Newmark average acceleration method introduces only period

clongation and no amplitude decay. If the Newmark constang average acceleration is
cmployed. the high frequency response is retained in the solution. It is observed that the
method corresponding to y = 0.5 and ¢ = 0.25 has the mosgt desired stability. Therefore,
in the present work, the dynamic equilibrium equations are solved using the values of

and 9 as 0.5 and 0.25 respectively.

PART — A

3.2 THEORETICAL FORMULATION FOR DAM

The stryctural system considered for the present inVEStigationj has been analyzed using
two dimensional plane strain formulations. Since the Problem considered here involves a
long body, whose geometry and loading do not vary in the longitudinal direction. it can
be analyzed by this idealization appl‘OPFiately' However, plane stress formulations mMay
become appropriate for strong motions Where keyed joints faij and each monelith
vibrates as a (WO dimensional plate. The formulation of . structure requires the

f'()llowing steps 1o be performed:

i Selection of appropriate shape functions

i) Relationship petween the Cartesian and nagypy) . —_—

iii) Strain-displacement relations

1v) Building of the constitutive matrix

v) Evaluation of degradation effect with age

Vi) Modification of constitutive matrix to ilmn‘hol'alc degradation eftfect
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Vi) Building the stiffness, mass and damping matrices
vill)  Selection of a suitable numerical scheme for time history analysis
IX) Computation of stresses

The selection of shape functions for discretization of the dam. the relationship between
the Cartesian and natural coordinates and selection of a suitable numerical scheme for

time history analysis are as explained in sections 3.1.3.2, 3.1.4 and 3.1.5 respectively.

3.2.1 Strain Displacement Relations

The relation between strain and displacement is of utmost importance in the finite
clement formulation for stress analysis problems. The generalized strain-displacement

relations for the two-dimensional plane strain problems may be written as

- [ & %2 Y 3
cir 1 ou cv
E,=—+—|| — | +|—
' ox 2 [ ox ) ( a\-)
" i 5
v 3 Y
i 2 e e i | | B | ] S X (3.14)
oy 2|\ 2y Oy
3 671 cu cu @ 57\571
Yo = o oy | Ox 8y oOxdy )
Using eq.(3.6) the clemental strain may be written as
ot »
— =By \u
o [ )i
=[5
8’11 4 [ (3.15)
— =[8, J{u}
oy
X _[8,]) )
ay

Here, [B,] and [B;] arc the derivative of the shape function [N,] with respect to x and y
respectively. The vectors {ir} and {F } represent the nodal displacements vectors in x and y
directions respectively. The vector of strains at any point inside an element, {8} may be
expressed in terms of nodal displacement as

{ef=[Bo]{d}

where [By] is the strain displacement matrix. {d/} is the nodal displacement vector and

(3.16)

may be expressed as
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l[ (3.17)

The martyix [ B,] may be expressed as
[b)()]: [/”I]” [BH/] (3.18)

where, [3;] and |B,;] are the lincar and nonlinear part of the strain-displacement matrix

l‘espectivcl_\' and arc expressed as follows:
(5] [0]
[8,]1=] [0] [5.] (3.19)

[5.] [8]
and
w3 8] =Y (8] B ]

1
w8, [8,] g{ VB, 1 [8,] (3.20)
s BT E ]

[Bn.’ ] =

EJI—'[JL—-

3.2.2 Solution Scheme to Include the Effect of Geometrical
Non-Linearity
‘The nonlinear geometric effect of the structure at a particular instant of time can be
obtained by performing the following steps.
1. Calculation of displacement {d}1 considering linear part of strain matrix [Bi].
2. Evaluation of nonlinear part of the strain matrix [B,] (eq. 3.20) adopting {d}
from previous step.
3. Evaluation of total strain matrix [Bo] =[B/] + [Bu].
4. Calculation of displacement {d}2 considering both linear and nonlinear part of
strain matrix [Bo)].
5. Repetition of steps 2 to 4 with {d}2. from which modified displacement. {d/
are obtained.

6. Step 5 is carried out until the displacements for {wo consecutive iteration

converge e |

=Y -l s - 8 . . -~ . i S
where &' is any preasS!gﬂCd small value and j is the number of iterations:
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3.2.3 Constitutive Matrix

For the plane strain formulations. a constant longitudinal displacement corresponding to

a rigid body translation and rigid body rotations having diSplaCcmcms Binear in a

direction perpendicular o the cross-section of the dam. do not result in strain. This
ain.
IMplies that

— ey .

E-=Y=x T ¥Vx:=0

_ , (3.21)
Therefore. the constitutive relation for elastic Isotropic materia| can be written as
b
(o} =[Plie]
;

o T
In the apbove equation, {a}' = { ov. 0,. T} and {&}

(3.22)

= lewg, Tw} are the vectors of stress
and strain respectively Cand [ ] is the constitutive matrix defined ag

I3 (1—- ) H 0
[Dl=7—v—=| & (-p) 0 (3.23)
(1 + ;1}(1 Z/u) 0 (] _ 2#)

for a material with elastic modulus £, and Poisson’s ratio 1.

3.2.4 Degradation Model for Concrete

The concept of degradation of concrete strength is based op the reduction of the net arca
Capable of SUPPOTling stresses. The loss of rigidity of the material follows as 4
Consequence ol material degradation due to various environmental and loading
conditjons. Adopting an analogy given by Ghrib & Tinaw; (1995) to measure the extent

of damage in ¢ONCIeLe, the orthotropic degradation index cap pe determined as

(@] _g)d n
4 -1-20l o 329
g1 £21 Q.
I
Where Q, = tributary areq of the surface in direction ;- and Q7 = arca affected by
T

degradation. In a scale of () o 1. the orthotropic degradation — ( indicates o

index. d,

ke 7 = ¥ == 2

degl‘adalion and d¢i = 1 {pdicates completely degradeq material. The index ! 1,2

Corresponds with the Cartegjan axes x and y in tWc"di111(?118101*15& case. The effective plane

Strain material MAatrix can pe expressed as
i)
| (1-)Ay e 0
O (l )AZ 2.25)
D E i o | A — KNS (3.2~

[ (,/] (] f 1”)(] _ 2/[!) AN 0

0 0 {l-24)x2 A3 /(Azl + Azz)
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where Ay = (1 - dy1) and Ay = (1 - dy). In the above equation, £4is the elastic modulus of
the material without degradation. If dy; = dg> = d,, the isotropic degradation model is

expressed as

[.]=l-a. F[D] (3.26)

where [Dy] and [ D] are the constitutive matrices of the degraded and un-degraded model

respectively.

3.2.5 Evaluation of Degradation Index

The compressive strength of concrete is expected to decrease with age due to chemical
and mechanical material degradation. But it is also a known fact that concrete gains
compressive strength with age. Various relations are available in the literature to predict
gain in strength only for a short span of time, but no such relations exist to predict its
strength during its entire lifetime. Generally, empirical relations are based on
experimental results. To the author’s knowledge, such experimental result for mass
concrete which is generally used in a concrete dam does not exist, mainly because of
difficulties that arise in testing mass concrete consisting of 152 mm maximum size
aggregate (MSA). Tlowever, mix design of mass concrete is reported (Andrade et al.
1981, Bittencourt et al. 2001 and Deb & Borsaikia 2006) using smaller size of aggregates
having the same fineness modulus as in mass concrete. The two concrete mixes
consisting of different aggregate size but same geometrical gradation and fineness
modulus gives the same compressive strength. Therefore, the present formulation
strategy is based on experimental results of fifty years concrete (Washa et al.1989).
While determining the degradation index at a particular age, the corresponding strength

gain in concrete is also considered.

3.2.5.1 Degradation with Age

To consider the interaction phenomena of chemical and mechanical material degradation.
the total porosity of concrete is taken as a measure to determine the degradation
parameter. The total porosity ¢ is defined as the sum of the initial porosity, ¢, the
porosity duc to matrix dissolution. ¢ and the apparent mechanical porosity. ¢,. The
method of determining the chemically induced porosity can be found in the references

Bangert et al. (2003) and Kuhl et al. (2004) as
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P=¢, +P + P (327

The apparent mechanically induced porosity. @, considers the influence of mechanically
induced micro-pores and micro-cracks on the macroscopic material properties of the
POrous material. It is obtained as

é,, =1 ¢0 — & d,, (3.28)
Where ¢/, is the scalar degradation parameter. The strain based exponential degradation
function as proposced by Simo and Ju (1987) is given as

0 L[}’L.{I\'O#K}]

Wy = 8y = bl 08 (3.29)
A
Where 9 and a are values of strain that represents the initial threshold degradation and
the internal variable defining the current damage threshold depending on the loading

hiSlory_ =Y is given by /, [, where /; is the static tensile strength and F, is the clastic

Modulus of the un-degraded material before any mechanical loading is imposed. The
Value of ¢/, at any age can be determined from eq. (3.29) that will vary with « caused by
the mechanical loading history. In the absence of degradation due to mechanical loading,

0

7=k, which makes ¢/, = 0 and hence ¢ = 0. @, and B are material parameters that

can be pbtained experimentally (Bangert et al. 2003). In eq. (3.29), the value of a; is
considered to be 1.0 by Simo and Ju (1987), which is the maximum allowable

degradation due to mechanically induced porosity.

To study the effect of time on the degradation process, an analogy given by Atkin

Yy &

(1994) is adopted. Ageing process may be described by a normalized process extent with
S =0 for a freshly laid concrete and ¢ = 1 forits completely aged state. Thus the kinetic
law for (he ageing process may be stated as

1 % %
WL P g)m (_').:)0)
g r(.’ (

Where & is the ume derivative of g and 7, 1S the characteristje time of the ageing process,

Which can be assumed to be the design life of the structyre. Integrating ¢q. (3.30) with

respect to time. the following expressions will be obtained:

. ’
)
.
| —g =€ "9 ¢

')
)
—
=
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Re i P roradation index o, i iati ]
Placing ¢ with degradation index dg in eq. (3.31). variation of degradation index with
time can be g_i\'L‘H as

I/
{ )

1 fu
d, =1—¢ (3.32)

At a constant ambicnt humidity. the reaction extent, & for the corresponding

characteristic time. 7, as given by Steftens et al. (2003) is

Epm=l—e (3.33)
Substituting ¢ from ¢q. (3.33) in ¢q.(3.32) following relation will be arrived.
-
l#d_g, :(I—;"‘.’,):” (3.34)

The relati ‘Lwee soraded elasti - :
€ relation between degraded elastic modulus due to porosity of concrete, £, and the

clastic modulus of concrete considering strength gain at a particular age. £, can be given
as £

m = (1-dgEy . Using the dimensionless value of toy] porosity obtained by

multiplying the scalar degradation variable, as reaction extent. the wvariation of

degradation with respect to time can be given as

!(1

E,=0-¢)"E, (3.35)
The value of 7 is the characteristic age for which the structure is designed and 7, is the
time corresponding to which the degradation index is determined. Once the value of
degraded clastic modulus is obtained from eq. (3.35), the isotropic degradation index, dg
can be determined as

d, =1 -£f”— (3.36)

v

-0

3.2.5.2 Gain in Compressive Strength with Age

The gain in compressive strength of concrete is predicteq by curve fitting of the
CXperimental data published by Washa et al. (1989). Tegt results of various concrete
specimens of different proportions were published in the referred literature. 1hese
SPecimens were Moist cured for 28 days before placing outdoors, Qutdoor storage Was on

leve] ground 1N an uncovered cage in an open location, The specimens were subjected to
harsh weather conditions of 25 cycles of freezing ang thawing each winter. annual
Precipitation including snowfall of about 0.813 cm and ajr temperature variation hetween
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In engincering problems. an experiment produces a set of data points (x;. y;)

(ny v,). where the abscissas ixxp are distinct. The objective of using a numerical

technique is to determine a formula v = flx) that relates these variables. There are many
POssibilitie

ities for the tvpe of functions that can be used. Often, there is an underlying

Mathematical model. based on the physical situation that determines the form of the

function

Many experiments are done with equipment that is reliable only to three or

fewer digits of accuracy. This leads to experimental error in measurements. Therefore.

the actyal value fixy) (Mathews 2001) satisfies
Sxw) =yt ey (3.37)

where ». ie the measire : _
Vhere ¢, is the measured crror. Some of the methods that can determine how far the

Curve y, = f{x) lies from the data are:

Maximum error: g ()= max {|/{x)= |}
I<kz N’
\rr s e |
Average error: B (f \“ Z‘ f(\k - 1’,{1 & (3.38)

Root-mean-

N’ ‘2
square error: . ;
SqQuc i ()( )

YUCRRENG

V'
J

Phe pegs firring line is foung by minimizing one of the quantities ip eq.(3.38). Out of the
three pegy (it lines that cap be determined from the above equation, Ex(f) is the traditional
choice pecause it is much casier to minimize Ex(f) Computationally. The least squares

he is the line that MiNimizes the root-mean-square error Ex(f) and is given as

yis =X = Ax + B (3.39)
In the apove equation, 4 and B can be determined from N* sets of experimental data as
rOllOWS:
N N’ N’
Z N Vi Z Vi Z'\'k
i e o Bl gdsl (3.40)
N ) 2 - \;f N
Z'\/\'
k=1

For the present analysis, the set of results corresponding to concrete of mix proportion

]:2-51:5.34 (Ccmcnt:Sand:gruVCI by weight)  with water 0.49 1s

cement ratio ol
Considered. There are various POSSibilitics tor curves used ip d
fol]

. N -re. the
ata linearization. Het

Owing forms are considered for curve fitting:
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I1. p=C"ve (3.41)
I11. yv=:AlIn(x)+ B
In the above expressions. ' = ¢” and D'= -4. Data linearization is carried out by

transforming points (x;. 1) in the xy plane to (X, Yi) = (3. In(%)) in the XY plane. Then
the least squarcs line is fitted to the points {(X. 1%)} to give the predicted results. The

predicted results using the above expressions (eq. 3.41) are plotted in Fig. 3.3.

[t is observed from Fig. 3.3 that the relation y =4 ln(x)+ B represented by curve
[1T is close to the experimental data. According to Washa et al. (1989), the specimen
showed an increcase in compressive strength roughly proportional to the logarithm of age
during the first 10 years and small variation thereafter. Hence, the curve Il is adopted for
predicting the increase in compressive strength expressed as a function of age of concrete
as

f(t,)=3.57In(r, )+ 44.33 (3.42)

200

180 F Experimental (Washa et al. 1989)
160 ", Curvel
: S R Curve 11 '

140 : \
: M e Curvelll

Compressive strength (Mpa)

0 20 40 60 80 100
Age (years)

Fig. 3.3 Curve fitting of experimental data
The value of compressive strength obtained is in SI units and ¢, is age of concrete in

years. The valuc of static elastic modulus of concrete in SI units (Neville and Brooks

1987) 1s obtained from
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3.2.6 Stiffness, Mass and Damping Matrices

The dynamic response of a structure may be derived by minimizing the work of internal

= d
Mertial and viscous forces for any small kinematically admissible motion. For a single
Clen-lcnl. this work balance becomes

, ny s
fout A id+ [oul {wlar + S sul) {F.}

chn
Qo I e 1=1

(ST AN (- T fiv f o 7 fusy (34—]-)
= f(‘@«‘i f, WOyt oug p, w}+1au, kl,lu,)dQ

Qe
A 2 TS S S T ) ) .
Here, {Ou}- and 0<§ are small arbitrary displacements and their corresponding strains
res g SUoare > R R £ o e WP o .
Cspectively. {77} are the body forces. (@jare the prescribed surface tractions, {F.}, are
the concentrated loads that act at tal of n. i .
concentrated loads that act at a total of n. pomnts on the element. {(51:}1 is the
displacement of the point at which load {Fc}, is applied, P, 1s the mass density of the
dam material. ks is the material damping parameter analogous to viscosity. and volume
INtegration is carried out over the element volume Q.. The displacement field {z} and its
first two derivatives may be expressed as
; 3 . . 2. (0 _Tar .
{”}:["\’ c!’] {dﬁ {lf}:[f\*Lj] {a’j, 11{} —[1\ dhd} (3.45)
In the above equation. shape functions [Na] are functions of space and the nodal degree

of freedom {d/} are functions of time only. Combining eq. (3.44) and (3.45) gives

oa}"| BT [D]BoJaedl+ [Nl paln,lac (i)

Q. s
* I[Nd]de[Nd]dQ{"’}H [N {Flac
Q, 8,
Fin
- ﬂNd]T{d)}Cﬂﬁ‘i{Fc}f =0 (3.46)
I, =

It is assumed that the l()calions ol'conccnll'a'led load {FC}’ are coincident with node pomnt

l()Cati()ns_ Since. 10d} is arbitrary. eq. (3.46) can be written g
[t +LCRad+ [k Y} = (7 (3.47)

Where (he element mass, damping and stiffness matrices are defined a8
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[Ar]= (Vo] oy Ny ]do )

Q,
[Cl= TNl kg [y Jao \ (3.48)
0O,
[£]= “Bn [ (1[5, Jao )
Q,
The external load vector is defined as
Fat= | VgV 1FYae + vy ) {o}dr + 5 {F. ), (3.49)

Q. |

« t I

1
For plane strain formulation. considering b as the dimension along the longitudinal

direction of the structural clement, the stiffness and mass matrix may be written as

[K]=b[[[B,] [D][B, ]dxdy

[A-’[] =h _[ Jl[_'\-'r(/ ]T [)(/ [f,\.d ]Lt{\'d_}’
A

The elemental arca in Cartesian coordinates may be expressed in terms of natural
coordinate as

dxdy =|J|dE dn (3.51)

The area integral is computed using Gauss quadrature technique.

Damping in a continuous structure like a concrete dam is generally due to
mechanisms such as hysterisis in the material. Due to computational difficulty in
incorporating this mechanism in equations of structural dynamics, the actual damping
mechanism 1s approximated by viscous damping (Cook et al. 1989). In computational
analyses damping can be determined either by phenomenological or spectral damping
methods. In the phenomenological approach, the actual physical dissipative mechanism
is modelled in details. In the spectral method, viscous damping is introduced as a
specified fraction of critical damping. This specific fraction may be determined from (i)
experimental observations of vibratory response of the structure; (ii) as a function of

frequency; or (iil) a single damping fraction for entire frequency range of a structure.

In the present analysis. a popular spectral damping scheme called Rayleigh or
proportional damping scheme is adopted. Here, the damping matrix [(] is formed as a

linear combination of the stiffhess and mass matrices as
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[Cl=e[K ]+ prae] (3.52)
where @’ and £ are the stiffness and mass proportional damping constants respectively.
The rclationship between the fraction of critical damping ratio, &', o' and f'at

frequency @ is given by

] : 7'
f':—((z (e)+/}
’ P 0

Damping constants «' and f'are determined by choosing the fractions of critical
damping (& andZ)) at two different frequencies (e and @>) and solving
simultancously as follows

- f =1 : :
a'=2{(E5ws — &l w; )((U: ) )

X

e = 2 2
2wy (Efew, — S ox )((u2 - W )

3.2.7 Computation of Stresses

In a general finite clement analysis, once the nodal displacements of an element are

known. the stresses {6} can be calculated as

ot =[D]Bo lid. } (3.55)
where [D] is the constitutive matrix, [Bg] is the strain displacement matrix, {c.} is the
elemental stress vector and {d.} is the elemental displacement vector. While using
displacement method in finite element analysis, the stresses are discontinuous between
adjacent clements because of the nature of assumed displacement variation. Although.
one would like to get the stresses evaluated at the nodal points, they appear to be the
worst sampling points (Zienkiewicz and Taylor 1991). Barlow (1976) has shown that for
two dimensional isoparametric elements, the 2 x 2 Gauss points are the optimal sampling

points. The ‘local stress smoothing’ is a technique that can be used to extrapolate stresses

computed at Gauss points to nodal points (Hinton and Campbell 1974).

The stresses are computed at four Gauss points (I, I1, 111 and IV) of an element as
shown in Fig. 3.4. I'or example. at point lIl, 7 = s =1 and & = = 1/4/3. Therefore the

factor of proportionality is V3iie,

%)
th
N
S

F = 5\/3 and s = n+/3 (

Stresses at any point /” in the element are found by the usual shape function as

TH-337_004402



op=> N,o; fori=1234 (3.57)
In the above equation. o, is o,.0, and 7, at point P. Ny are the bilinear shape

functions written in terms of » and s rather than £ and 1 as

o
N = 4(1 )1 £ ) (3.58)

Ny; are evaluated at » and s coordinates of point P. Let the point P coincides with the
corner 1. To calculate stress o at corner 1 from o values at the four Gauss points.

substitution of 7 and s into the shape functions will give

o, =1.86660 , —0.5000 , +0.134c,, —0.5000 ;. (3.59)
0 n=1
4 7 3 &E=1

T =1 |

S @

| T ——— o I

le o ®2
5

Fig. 3.4 Natural coordinate systems used in extrapolation of stresses from Gauss points

The resultant extrapolation matrix thus obtained may be written as

(o] [(1+v3/2) -05 (-+3/2) -o05 ]
o —05  (1+43/2) -05  (1-43/2)
o3 (1—\/5/2) =10.5 (1+\/§/2) =5 gy
oa|_| =05 lfﬁ/z) -0.5 1+J§/2) oy (3.60)
o Lo 3)4 (1+3)a (-v3)a (1=v3)4| \ow| J.)
o6 1-v3)/4 (1+3)4 +3)4 1-V3)4]| low
o7 1-V3)a (1-v3)/a (1+V3)4 (1+43)4
og | l+\/-_-"'a—/4 (l—ﬁ/él 1—\6/4 (1+\/§/4ﬁ

o
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Here, O\. O5 ........04 arc the smoothened nodal values and o, ... o are the stresses at

the Gauss points. The smoothened stress resultants are then modified by finding the

average of resultants ol all elements meeting at a common node.

PART — B

3.3 THEORETICAL FORMULATION FOR RESERVOIR

The water in the reservoir is considered as non-viscous, linearly compressible and is of
small amplitudes of motion. The rescervoir water is modelled by finite element technique
considering pressure as nodal degrees of freedom.

3.3.1 Governing Equation for Water

The motion of a viscous. Newtonian fluid in two-dimension may be expressed by the
Navier-Stokes cquation as:

V.o+V 1 +L-]),-—14’1', =/, (3.615

ATy . i i
P

where V; are the velocity components, p is the hydrodynamic pressure, py is the masg
density of fluid and v is the kinematic viscosity. Considering the fluid as inviscid ang
neglecting nonlinear convective term for small amplitude of vibration and the body
forces, the simplified form of eq. (3.61) is

PyVi+p, =0 (3.62)
The continuity cquation of the fluid can be expressed as

Pre*Viy+p=0 (3.63)
where ¢ is the acoustic wave speed in water. In the above expression, velocity ang
pressure are the variables that describe the behavior of fluid. Eqs. (3.62) and (3.63) are
combined to obtain a single variable formulation for the fluid. To obtain an equation tq
determine the magnitude of hydrodynamic pressure generated due to small amplitude
vibration of compressible but non-viscous water, the following steps are performed. Eq.
(3.63) is differentiated with respect to the time variable 7 and eq. (3.62) with respect to y,

and the resulting equations are subtracted to yield (he wave equation for a two-
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dimeng;
71Ty 0 (T — o )
reservoir. This equation is generally referred to as the Helmholtz wave

CQuation ;
Honand can be expressed as
V: ]) (\‘ i l & %
BT =— BIR ) (3.64)
1 <
ere p(x
EVD s b _ , _ g
Qi Y1) 1s hydrodynamic pressure, x and y are space variables. For incompressible
uid ¢ L - ;
DECOnIER o L. ' : = P
e Mes infinitely large. Hence for incompressible fluid, eq. (3.64) can be written

¥ f’(-\'._l'.l): 0 (3.65)

ary Conditions
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P=pen, S
where g is the gravitational acceleration. Differentiating eq.(3.67) twice with respect to
time leads

1

Pr&

i, = ) (3.68)

Considering the y-axis in the vertical direction, eq. (3.62) may be written as

cap : 3 5
Lap =L pij, =0 (3.69)
dy Oy

Combination of ¢q.(3.68) and (3.69) leads to the following linearised free surface

condition
I .. Cp
pel o () (3.70)

(ii) At the dam-reservoir interface (I'y)

At the dam-reservoir interface, the pressures should satisfy

op ;
L0.y.00= p rac'® (3.71)
on :

ot - . ~ . . . .
where ae™ 1s the horizontal component of the ground acceleration in which, @ is the
circular frequency of vibration and i=+/—=1. n is the outwardly directed normal to the

elemental surface along the interface. In case of vertical dam-reservoir interface p/dn may
be written as dp/Ox as both will represent normal to the element surface. FFor an inclined dam-
reservoir interface Jp/dx cannot represent the normal to the element surface. Therefore, to

generalize the expressions dp/dn is used in eq. (3.71).

(iii) At the reservoir bed interface (I7)

At the interface between the reservoir and the elastic foundation below the reservoir, the
accelerations cannot be specified as rigid foundation case because they depend on the
interaction between the reservoir and the foundation. The accelerations are therefore
composed of free field acceleration part and an interaction part. When a pressure wave
traveling in fluid strikes an elastic but stationary foundation medium, the incident
pressure wave is partially reflected since a part of it refracts into the foundation. The
absorption of pressure waves at the bottom of the reservoir is modelled by using the

technique proposed by Ilall & Chopra (1982). Here the reservoir and the reservoir
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bottom are modelled as one-dimensional system. since the absorptive effect due (o the

preésence of scdiment layvers do not vary along x-direction. Thus the pressures in the
reservoir and displacements in the foundation medium is given by p(v.f) and 1)
respectively. The excitation may be provided by an incident displacement \-\’avc
travelling upward through toundation medium. The one-dimensional pressure equation

may be obtained from ¢q.(3.64) as:

5
dTp | B
— = = 2 -
= = 3.72
cdy & ( )
Considering the reservoir bed interface (i.e., at y = 0), the accelerating boundary

condition due to vertical acceleration can be expressed (eq. 3.62) as

dp ..

> gy == ek o ’ 2 : :
It wy = uy ™ in the above equation, Uy (0.1)= ORI (0.7), where @ is the excitation

frequency Thus, eq. (3.73) can be written as

dp .
—— (), = — D ri U ¢ (051 3
P (0. 1) P~ up(0.0) (3.74)

The displacements within the sediment layer having compressional wave velocity ¢, are

also governed by the one-dimensional wave equation:

c/zu./' 1 dguf

=T T (3.75
d_y2 csz dr? )

The general solution of eq.(3.75) 1s
u(y.t)= C’wik}' + (.28—:‘/{1’ (3.76)

Here, k = «/c,. C; is the unknown amplitude of the reflected displacement wave Cxis the
specified incident wave. For a fully reflective surface at the reservoir bed i.e..aty =0, C,
= (2. If a’ is the free-field acceleration in a direction normal to the reservoir bed, the

amplitude of the incident wave can be obtained (Hall & Chopra 1982) as

a 3.77

The value of (7, can be evaluated by equating the pressure in the reservoir at the reservoiy
bed interface and the normal foundation stress at the reservoir bed surface (Hall &

Chopra 1982).
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To obtain a finite model of the infinite reservoir, it is truncated at a surface, w

here the
Normal pressure gradient may be expressed from eqs. (3.89) and (3.91) as:
5 5
copoop L p
cn ox " (3.92)
Where &, is obtained as follows:
il
x v S
. A ni [H‘.I S g
; Z £ U( Am-\)(ll}m)
£ = mo ! P E—
o s . 3 / (3.9.3)
P
- ot — =
Q'c 3 C’( A”"‘)(\l‘rm)

" //’,m ko

The condition at the truncated boundary of the fluid domain considerine the effect of
Non-reflective waves can be obtained from the plane wave equation (Zienkiewicz and
Newton 1969) and can be expressed as

cp 1.
on o & (3.94)

To obtain a finite model of the infinite reservoir from the analytical solution and to
incorporate the cffects of non-re flecting wave at the truncation surface the egs. (3.92) and
(3.94) are combined. which gives the resulting relationship for dp/én at the truncation
boundary as follows:

op B ry , -
—= ST Z 2 (393)

on
F'he Helmholtz cquation (eq. 3.64) can be solved (Chakrabartj & Chopra 1973) to obtain
h}’drodynamic pressurc at the upstream face of the dam due {o vertical ground

acceleration. « " as

. Hyp—y
; sinew| ————
ey ae c .
j) = f el’({)[ (3'96)
) wH ¢ .| @H
Ccos ? HIGE ¢ 81N — =
A : &

3.3.4 Finite Element Implementation

By the use ol Galerkin process, and assuming pressure to be the nodal unknown the

dlscretizcd form of eq. (3.64) may be written in two-dimensjon as

J;’\-’,V (\” . > .\',.', D — _l_ Z N i p,}t(’Q =0 (3.97)

=
€2
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where N,, is the interpolation function for the reservoir and € is the region under

consideration. Using Green's theorem eq. (3.97) may be transformed to

CN,. ON. . ON,.; _ ON,;
= | TSyt ) |49
ol ox éx oy cy
] e - ON
——e [N i Ny dSY Py * [\”Z 2y py =0 (3.98)
€ Q

in which 7 varies from 1 to total number of nodes and /" represents the boundaries of the
fluid domain. The last term of the above equation may be written as

{B}= [N, P T (3.99)

I cn

The whole system of ¢q.(3.98) may be written in a matrix form as
(7 {5} + & ]ip) = (B} (3.100)

in which,

(3.101)

|
—
-~
|
—
|
|
-~
I
+
|
—
e
L
\i
|
—
/
=
|
| R |
~
i~
v

Here the subscript 7, fs, » and ¢ stand for the free surface, fluid-structure interface,
reservoir bottom-fluid interface and truncation surface respectively. According to the
boundary conditions for the fluid domain, if linearised surface wave condition is adopted

(eq. 3.70), the same may be written in finite element form as

{Bf}:—;[fe_,]{p} (3.102)
in which,
R ]=5 v, T v, Jar (3.103)
I'_/'

At the fluid-structure interface (eq.3.71), if {a} is the vector of nodal accelerations of
generalized coordinates. { B} may be expressed as
B t=—p/|R s o} (3.104)

where,
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(R )= IV T TN Jar (3.103)
|

Here. [77] is the transformation matrix for generalized accelerations of a point on the fluid

structure interface and [\] is the matrix of shape functions of the dam used to interpolate

the generalized acceleration at any point on the fluid-structure interface in terms of

generalized nodal accelerations of an element. At the reservoir bed, {B,} may be

expressed as

B t=iwq[R N\pt-p R Na'} (3.106)
where,
R XTIV [V, ]ar (3.107)
1y

From the condition specified by eq. (3.100) at the truncation boundary, the following

expression emerges.

(B} = {e?m = l)[R, i (3.108)
c

where,

R]=% [V, ][V, ]ar (3.109)

[y

Substitution of all terms in eq. (3.100) gives

(111 + [l p} + [Gl{p} = {F ) (3.110)
Here, [/{]. [A], [G] and {F,} can be expressed as

— ]
[/1]:[11]+;[R_,-] )

[4]= G—e’m J[R,] G.111)
[6]=|G - iwg[R, ]

t=ps ([ e Jlabe[r J)) |

For any prescribed acceleration at the dam-reservoir interface and reservoir bed interface,

¢q. (3.110) is solved to obtain the hydrodynamic pressure in the reservoir.
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3.3.5 Time History Analysis with Frequency Dependent
Boundaries

3.3.5.1 Frequency Dependent Boundary Condition

The effect of reservoir bottom absorption is an important parameter that influences the
response ol a dam-reservoir system during an earthquake. The available literature reveals
that the dynamic problem of a dam-reservoir system has been rigorously analyzed in the
frequency domain considering the effects of radiation damping and reservoir bottom
absorption. Many time-domain models consider radiation damping with standard viscous
dampers (Vargas-1.oli & Fenves, 1989, El-Aidi & Hall, 1989 and Tsai et al.1990). The
effect of reservoir bottom absorption has been accounted for in frequency domain
solutions (Sharan 1992, Hatami 1997 and Chuhan et al. 2000) and in time domain
solutions (T'sai et al. 1997). The reservoir bottom absorption effect is frequency
dependent, which makes it difficult to incorporate in a time-history analysis as the
solution procedure cannot account for the frequency content of the seismic excitation at
every time instant. In an endeavor to understand the behavior of structural systems due to
carthquake excitation various techniques are being developed to account for the
frequency dependent parameters (Haigh et al. 2002, Safak 2006) in a time-history
analysis. It is evident from the eqgs. (3.81) and (3.93) that boundary conditions at the
reservoir bottom and truncation surface are sensitive to excitation frequency. Hence, it is
important to estimate the frequency content of an earthquake signal at every time step to

cffectively account for radiation damping and reservoir bottom absorption effect.

3.3.5.2 Short Time Fourier Transform

A Fourier transformation generally breaks down a signal into constituent sinusoids of
different frequencies. While transforming a time-based signal to frequency-domain, the
time information is lost and it is difficult to obtain the frequency information at a
particular time instant. To overcome this deficiency, Gabor (1946) adapted the Fourier
transform to analyze only a small section of the signal at a time - a technique called
windowing the signal. Gabor's adaptation, called the Short-Time Fourier Transform
(STET), maps a signal into a two-dimensional function of time and frequency. However.
the information obtained by STFT has limited precision, and that precision is determined

by the size of the window.
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Here. the technique commonly used in digital signal processing called Short Time
Fourier Transtformation (STET) has been adopted to determine the frequencies at a time
instant. To capture the time variation of the frequency contents of the signal. the sienal
S(T) is multiplicd by a sliding window /A(t-1). centered at time /. and taking the Fourier

transform of the weighted signal. Mathematically.

= ' , T

S (@)= [S(eh(z —1)e "7 dr (3.112)
gives the short time Fourier transform at every window. The spectral density of the
modified signal at every time instant., 7 can be obtained by

‘ - I.—Z
Pl.w) =S, (w) (3.113)
The instantancous frequency at time 7 can be located from the center of the S, ((,_;) by
taking its first moment as
. 2
J (u|.‘~,, ((u] dew
W, = (3.114)

JS; () 2 dw

This instantaneous excitation frequency of the earthquake signal so obtained can be
incorporated in the boundary conditions at the reservoir-reservoir bed interface and

truncation boundary defined by eqgs. (3.81) and (3.93) respectively.

3.3.6 Computation of Velocity and Displacement of Fluid

The accelerations of the fluid particles can be calculated from €q.(3.62) after computing
the developed hydrodynamic pressure in the reservoir. The velocity of the fluid particle
may be calculated from the known values of acceleration at any instant of time using
Gill’s time integration scheme (Gill 1951), which is a step-by-step integration procedure
based on Runge-Kutta method (Ralston & Wilf 1965). This procedure is advantageoug
over other available methods as (i) it needs less storage registers: (i) it controls the
growth of rounding errors and is usually stable and (iii) it is computationally economica].
At any instant of time 7. velocity will be
Vi =V,_ar +AIV, (3.115)

Velocity vectors in the reservoir may be plotted based on velocities computed at the
Gauss points of cach individual point, Similarly, the displacement of fluid particles in the
reservoir. {/ at every time instant can also computed as

("{I — [‘;’, Xf _'_é'\’j” (31 ]6)
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PART - C

3.4 THEORETICAL FORMULATION FOR DAM-
RESERVOIR SYSTEM

In the dam-reservoir interaction problems, the dam and the reservoir do not vibrate as
separate systems under external excitations, rather they act together in a coupled way.
Therefore, these problems have to be dealt in a coupled way. An iterative scheme is

developed in the present study to achieve the coupled effect of dam-reservoir system.
) P b

3.4.1 Selection of the Numerical Technique

[n most of the formulations developed for finite element analysis, the displacements
representation of the structure is standard; but widely different formulations of the fluid
are possible considering displacements, pressure, velocity potential or displacement
potential as the unknown parameters. Although, formulation using displacement as
unknown paramecter in {luid leads to a symmetric system, it has two main drawbacks: (i)
the degrees ol freedom in fluid increase significantly (especially for 3D problems) and
(if) the fluid displacements must satisfy the irrotationality condition, otherwise zero
frequency spurious modes may arise. In the formulation, using pressure as unknown
parameter, the coupled matrix (Zienkiewicz and Newton 1969) can be obtained from eq.

(3.47) and eq.(3.110) as

{M 0 [ C olld K -0l[d F,
7 o f ¥ , = (3.117)
o I\ p 0O A|lp 0 G ||p ",

In the above equation. {F,} and {F,} contain the forcing terms. The coupling term [Q] in
equation (3.117) arises due to the acceleration and pressure specified on the fluid-
structure interface boundary (Zienkiewicz and Newton 1969) and can be expressed as:
[0]= [Ng]" N, Jar (3.118)
I'/g-

Here n is the direction vector normal to the dam-reservoir interface. The coupled
matrices are unsymmetric and therefore their simultaneous solver requires large
computer storage and makes the standard use of finite element algorithm difficult. If the
system 1s brought to a symmetric form, either the band structure properties of FEM are

lost, leading to significant storage requirements, or the degrees of freedom of the
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rigid. The resulting hydrodynamic pressure is evaluated by solving the reservoir domain
using eq. (3.110) with appropriate boundary conditions at any instant of time . However,
since the objective is to achieve a solution for an elastic dam-reservoir interaction. the
resulting pressure is inaccurate. The developed pressures exert forces {£,}on the adjacent
dam. Hence. at the same time instant, the concrete dam is analyzed with the forces {F,}.

developed duc to hydrodynamic pressures at the dam-reservoir interface. using the

equation
- TR B o .
[M Y b+ [ b+ [K et} = {7 )+ {F) (3.119)
where {1-],::——[.1/]‘::”. Due to these additional forces{F,}, the dam undergoes a

displacement {d/},. As a result the dam-reservoir interface boundary changes and hence
the solution of the reservoir domain. The reservoir domain is solved again at the same
time instant with the changed conditions of displaced structural boundary. Consequently
the structural system is also analyzed with the changed forces. Thus at time 7, both the
hydrodynamic pressure  {p}, and the structural displacement {d}, are iterated
simultancously till a desired level of convergence is achieved. Thus, the iteration process

is carried out till the conditions prescribed below are satisfied simultaneously
{ |
l/’j-l ]}f _{/).{j!

7 ~<g”. and {d!“i’/}’ : {(h}f Sl
(Vo ‘-,r ‘ {df}(

(3.120)

i being the number of iteration. &” is a small preassigned tolerance value. The most
costly operation involved in the above algorithm is to successively solve two linear
equation systems at cach iteration. But in the present case, matrices involved in the
solution of the system equations are decomposed into triangular forms at the beginning
of the iteration, and thereby only two forward-eliminations and back-substitutions are
required at cach iteration step. Thus, the time required to obtain the coupled response for

a particular ime instant is minimized in the present iterative scheme.

3.4.4 Flow Chart for the Analysis of Ageing Dam-Reservoir
System

For an efficient and accurate analysis of the behavior of dam-reservoir coupled system,
the steps to be followed are summarized in the form of flow chart given in Charts 3.1 -

3.4.

f -
n0q /D I.1.T. Guwahat* &
YA Acc. No T H. 337 .3

TH-337_004402 | - Date_L5 12T 0c. -



Chart 3.1 Flow chart for dynamic analysis of aged dam-reservoir system
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Chart 3.2 IFlow chart for dam analyzer
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Chart 3.3 Flow
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Chart 5.4 FFlow chart for dam-reservoir analyzer
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properties of the dam in the present case are: height of the dam = 103 m: width at the top
of the dam 1s 14.8 m and at the base i1s 70.0 m, modulus of elasticity = 31500 MPa;
Poisson’s ratio = 0.235 and mass density = 2415.816 kg/m’. Structural damping is
considered as 3%. The dam is discretized with 8-noded quadratic elements as shown in
Fig. 4.1 and is analyzed using plain strain formulation. A concentrated horizontal load of
1000 kN 1s appliced at the crest of the structure. The structure is discretized with different
number of meshes and the convergences of results for the natural frequencies and the
crest displacements obtained for different discretisations are presented in Table 4.1. It is
observed from the results that the solution converges sufficiently for a discretization of 3

% 3.

F1g. 4.1 Geometry and finite element discretization of Koyna dam

4.1.2 Selection of Time Step (A?)

In order to choose a time step for the dynamic analysis of the dam. the example in
Section 4.1.1 1s considered with the same geometry and material parameters. Ramp
acceleration of unit magnitude is applied at the dam base. The Newmark’s average
acceleration which is unconditionally stable is adopted for the present solution. A study

is carried out with different time steps to obtain a convergent value of a particular
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response in the present analysis. The initial time step Af is chosen as the 1/100" of the
fundamental period. Time histories of horizontal displacements at the top of the structure
subjected to ramp acceleration for different time steps are shown in Fig.4.2. From the
results 1t 1s observed that a time step of 0.01 second may be considered, at which

sufficient level of convergence is obtained.

Table 4.1 Convergence of natural frequency and horizontal
crest displacement of Koyna dam

Natural Frequency Crest
Ny x Ny (rad/sec) Displacement
Mode 1 Mode 2 (mm)
5x2 16.916 43.198 6.2
5x3 16.495 42.885 6.5
5x4 16.477 42.629 6.5
10 x 2 16.488 42.793 6.4
10 =<3 16.458 42.682 6.5
10 = 4 16.442 42.603 6.5
20 x5 16.417 42.577 6.5
20 x 8 16.409 42.562 6.5

0.005 e e

0.000

3
J

-0.005

Displacement (m

-0.010

-0.015
0 0.5 1 1.5

89}
o
n
[

Time (second)

Fig.4.2 Horizontal displacement at the top of the dam subjected to ramp acceleration

TH-337_004402 ot



\

413 Validation of the Algorithm
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the elastic modulus of concrete. This implies that at 100™ year, the concrete is reduced to
a pile of sand which is practically not correct. Thus, to study the effect of maximum
allowable degradation due to mechanically induced porosity during its design life on the
strength of concrete. the clastic modulus is obtained for different values of a,. It is
observed that with a decreasing value of «, the decrease in elastic modulus of concrete is
reduced 1.c., the extent of degradation is reduced. However, it is seen that if the material
parameters are known. the proposed technique can be used effectively to estimate the

o

degradation of concrete n the concrete gravity dam due to aggressive environmental

effect.
4.0E+04 e
3.5E4+04
= 3.0E+04 -
z o S T ——
=~ 2.5E+04 . T T s
= S - e S
= 1 N i P -
B 2.0E+04 N e
= | . g,
L 1.5E+04 | =, YR -
7 | ~
= c-as =10 T
m 240 | - eelds = . ~ .
L0 = = = =i W45 =010 S
o | ERERS as = 0.5 T~
5.0E+03 —_——— 35 =04 g
—— Without degradation e g —_————
0.0E+00 * . . . : ‘ :
0 10 20 30 40 50 60 70 80 90 100

Age (year)

Fig. 4.3 Variation of elastic modulus of concrete with age

4.1.5 Response of Aged Dam

Structural degradation leads to the termination of the life of a structure. For prediction of
dynamic behavior of an ageing dam, a new paradigm is introduced defining extent of
degradation of the dam due to the effect of hygro-chemo-mechanical (HCM) eftfects.
During the lifetime of the structure, the original safety margin will be reduced by
deterioration of structural strength, reflected in the time evolution of the stiffness matrix.
the most suitable assemblage of structural degradation information. The definition of
degradation indicators /, is dependent on porosity of the degraded concrete. The value of

doy = 0 1o 1 represents a structure’s life from birth to failure. Degradation generally
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considering onc year old concrete strength. In the second and third case, an isotropic
damage duc to degradation of 34.5 % (d, =1-£,/Ep) and 19.1% at 25 years is estimated
for the hygro-chemo-mechanical effect with a design life of 50 (HCM-50) and 100

(HCM-100) years respectively.

0.6 S —

%
=

0.0

-0.2

Acceleration in

-0.4

G e m e e s .
0 2 4 6 8 10

Time (sccond)

Fig.4.5 Horizontal accelerogram of Koyna earthquake, December 11, 1967

The degraded value of elastic modulus of concrete considering strength gain, £, at a
particular age 1s determined from eq. (3.35). The degradation index is then derived from
¢q. (3.36), which is used in the isotropic degradation model (eq.3.26). The displacements
normalized with respect to gravitational acceleration, g is plotted in Fig. 4.6; which
shows the effects of damage due to degradation on displacements of the dam due to
seismic excitation. It is observed from the graphical results that the displacement is more
in case of a lower design life. However, the peak responses are reached at a later time

with a higher design life.
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IFig. 4.6 Effect of degradation on horizontal crest displacement due to
Koyna carthquake

Degradation of the dam material will lead to damage in the body of the dam that
may result in loss of strength of the material along the horizontal, vertical or in both the
directions. A study is carried out to evaluate the response of the dam due to damage
along the width and height of the dam. It is observed from Fig. 4.7 that with an increase
in damage caused by degradation, the natural frequency of the structure reduces. This
behavior is mainly attributed to the reduced stiffness of the structure with increased
degradation. Increase in degradation will thereby increase the time period of the
structural system and will affect the deflection and stresses induced in the dam.
Morcover, the decrement in frequency is high in case of isotropic damage model as
compared to orthotropic one, as it affects the stiffness of the dam section in both
horizontal and vertical directions. The damage along dam height also has a similar effect
as that in the isotropic case, as this is the primary source of stiffness. The decrease in the
frequency for the model having degradation variation along vertical direction is steeper

than that of along horizontal direction.
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Fig. 4.7 Variation in frequency of dam with initial degradation

The variations of static displacements with respect to varying damage in the two
mutually perpendicular directions are studied extensively under a point load of 1000 kN
is applied at top of the dam. The horizontal and vertical displacements at the top of the
dam under horizontal load at the top are plotted in Figs. 4.8 and 4.9 for comparison. The
graphical results show that an isotropic damage model exhibits higher displacements as
compared to that of orthotropic owing to the fact that the overall stiffness in an isotropic
damage modecl is reduced along both the mutually perpendicular axes. But in case of
orthotropic damage model. the displacements along both the directions are observed to
be more when the damage is along vertical direction than when the damage is along
horizontal direction. This is because the damage in vertical direction affects the stiftness
of the dam comparatively more than that in horizontal direction. Also, it may be noted
that the displacements of the dam increase with an increase in damage due to degradation

no matter whether it is an orthotropic or an isotropic degradation model.
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Fig. 4.9 Variation of vertical crest displacements with degradation
under horizontal loading

The horizontal and vertical displacements at the top of the dam due to a vertical
load of 1000 kN applied at the top of the dam are plotted in Figs. 4.10 and 4.11 for

different types of damage. It is observed that the horizontal crest displacements due
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isotropic damage are more than that for damage along vertical and horizontal direction.
The effect of damage along horizontal direction on horizontal crest displacements is

found to be less than damage along vertical direction.

0.020 S S

0.015 - ---X--- Damage along vertical direction X
—a— Damage along horizontal direction

Isotropic damage -

0.010

Displacement (metres)

0.003

0.000 - - — — : e
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Degradation Index

IFig. 4.10 Variation of horizontal crest displacements with degradation
under vertical loading

Thus, it is observed that an isotropic damage causes an overall reduction in the
stiffness of the dam and results in maximum displacement due to both horizontal and
vertical loading. Comparing the damages along the horizontal and vertical directions it 1s
observed that damage in vertical direction affects the stiffness of the dam and results in
higher displacements than when the damage is in horizontal direction. This is because the
lost arca duc to damage along its width is much less than the lost area due to damage

along its height.
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It is observed from Fig.4.15 (i) that at # = 2.0 seconds, the maximum tensile stresses are
concentrated near the neck of the dam (point O) and at the heel of the dam (point B).
The compressive stresses are higher near the point O (Fig. 4.15 (ii)) but along the vertical
face of the dam. At r = 4.28 seconds, where the principal stresses (c,;) at point O reaches
its peak (Fig. 4.13). it is observed that tensile stresses along the vertical face is much
higher than in the other parts of the dam body (Fig.4.16(i)). The compressive stresses are
concentrated around point O (Fig.4.16 (ii)). At ¢ = 9.0 seconds, it is further observed that
tensile stresses are higher along the vertical face of the dam, whereas the maximum

compressive stresses are near the point O of the dam (Fig. 4.17).

@ - | TG

Fig. 4.16 Contour for principal stress (i) op; and (ii) o2 at 4.28 seconds
(1*" year) due to Koyna earthquake
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displacement due to damage along dam width; (3) horizontal displacement due to
damage along dam height and (4) vertical displacement due to damage along dam height.
The graphical results plotted in Fig.4.24 show that the variation of displacements are

almost same having damages in horizontal and vertical directions.
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Fig. 4.24 Effect of degradation on crest displacement of Langpi dam

[t may be interesting to note that the results obtained in case of Koyna dam due to
vertical loading (Fig. 4.10) are different from those obtained in case of Langpi dam.
Damage along the dam height has more pronounced effect on both the horizontal and
vertical displacements in case of Koyna dam as 1t 1s comparatively slender having height
to width ratio of 1.47. Thus, it can be concluded that for dams having higher height to
width ratio, the damage along the dam height will influence the displacements more than
the damage along the width of the dam. This is because the lost area due to damage along
its width is much less than the lost area due to damage along its height. However, for the
damage with height to width ratio approaching unity, will not vary much on the direction

of damage.

4.1.6 Effects of Geometrical Nonlinearity

To study the effect of geometrical nonlinearity of the dam, the problem as considered in

; ; ; e 5 { % ; § . _ 2 5
Section 4.1.1 is chosen. The modulus of elasticity is varied from 3.15 x 10° kN/m™ to 3.3
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