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ABSTRACT —
.
Reliable analytical procedures to predict the earthquake response of arch dams are csseﬁtial to
design dams to be earthquake resistant or to evaluate the earthquake safety of existing dam§._.The
objectives of this study are: (a) to develop an effective procedure for analyzing the response of
concrete arch dams to earthquake ground motion, including the effects of dam-foundation rock
interaction with inertia and damping of the foundation rock considered, dam-water interaction, and
reservoir boundary absorption; (b) to identify the limitations of the ‘istandard’i"analysis procedure
which considers the flexibility of the foundation rock but ignores its inertia and damping — material
and radiation — effects; and (¢) to study the effects of dam-foundation rock interaction in the
presence of dam-water interaction and reservoir boundary absorption on the response of the dam,
leading to better understanding of these effects. This investigation emphasizes the effects of dam-

foundation rock interaction compared to dam-water interaction which have already been studied

extensively.” >

The available substructure method and computer program for the earthquake response analysis
of arch dams, including the effects of dam-water intgraction, reservoir boundary absorption, and
foundation rock flexibility, is extended to include the effects of dam-foundation rock interaction with
inertia and damping of the foundation rock considered. Efficient techniques are de\}elopcd for
evaluating the foundation impedance terms, computationally the most demanding part of the

procedure.

Utilizing the resulting analytical procedure, the frequency response of Morrow Point Dam to
harmonic ground motions is computed and studied for a wide range of the important paramete;s
characterizing the properties of the dam, foundation rock, impounded water and reservoir boundary
materials. It is shown that: (a) dam-foundation rock interaction reduces the fundamental resonant
frequency of the dam and generally reduces the fundamental resonant response because the frequency

bandwidth at the fundamental resonance is widened by the interaction; dam-foundation rock



interaction also reduces the amplitude of higher resonant peaks and their ;resonant frequencies; (b)
dam-foundation rock interaction affects the response of the dam in itsisymmetric vibration modes,
excited by upstream and vertical ground motions, more than its antiSsymmetric vibration modes,
excited by cross-stream ground motion; (c) the commonly used “standard” analysis, which considers’
only the flexibility of the foundation rock, ignores important effects of dam-foundation rock
interaction and overestimates the response amplitudes at the. fundamental and higher resonant
frequencies; (d) dam-foundation rock interaction has litile effectl on the percentage reduction in the
fundamental resonant frequency due to dam-water interaction, especially if the reservoir is close to
full; and (e) the radiation damping due to reservoir boundary absorption is more effective in reducing
the response of the dam if the foundation rock is rigid, and the damping — material and radiation —
due to dam-foundation rock interaction is more effective in reducing the response of the dam if the

reservoir boundary is less absorptive.

Utilizing the new analytical procedure, the earthquake response of Morrow Point Dam due to
Taft ground motion Iis also computed and studied:for a wide range of the important parameters
characterizing the properties of the dam, foundation rock, impounded water and reservoir boundary
materials. It is shown that: (a) the “standard” procedure, which considers only the flexibility of the
foundation rock but ignores other effects of dam-foundation rock interaction, significantly
overestimates the earthquake-induced stresses in arch dams; (b) dam-foundation rock interaction
generally increases by a small amount the maximum tensile stresses computed for the dam on rigid
foundation rock, but does not significantly alter the distribution of stresses over the dam faces; (c)
dam-water interaction and reservoir boundary absorption effects on the response of the dafn arg
affected by dam-foundationlrock interaction differently due to symmetric (upstream and vertical)
ground motions and antisymmetric {cross-stream) ground motion; (d) for the dam with impounded
water and non-absorptive resel;voir boundary, the response to the vertical component of ground
motion is sd large that it dominates the total respons_é; howevef, this dominance drastically decreases

as the reservoir boundary becomes more absorplive; and (e) the small increase in stresses in an arch
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dam due to dam-foundation rock interaction is in contrast to gravity dams whose response is reduced
significantly by interaction; however, dam-water interaction and reservoir boundary absorption
effects have more significant influence on the earthquake response of arch dams than on the response

of gravity dams.

The results presented demonstrate that foundation-rock inertia and damping, dam-water
interaction, and reservoir boundary absorption may significantly affect the earthquake response of
arch dams. Therefore, these effects should be included in the design of new arch dams and in the

N . - ‘ 1
seismic safety evaluation of existing dams.
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1 INTRODUCTION

Reliable analytical procedures to predict the earthquake response of concrete arch dams are
essential to design dams to be earthquake resistant or to evaluate the earthquake safety of existing
dams. Many techniques have been developed for this purpose, and ADAP [1] was one of the earliest
computer programs based on the finite element method. While foundation flexibility effects were
considered in the original computer program, later an added mass approximatiop of hydrodynamic
effects was included. [2.3] In order to develop better representation of the hydrodynamic effects, a
substructure method was developed in the frequency domain ([4,5]. This procedure and the
implementing computer program [6] inciudes the effects of dam-water interaction, water
. compressibility and reservoir boundary absorption. Parametric response studies using this analysis
procedure demonstrated that each of these effects can be significant so that they should be considered

in anallyzing the earthquake response of arch dams [7,8,9].

Since an arch dam carries loads in paﬁ by transmitting them through arch action to the
abutments, and it is in contact with foundation rock extending over the dam height, the effects of
dam-foundation rock interaction may be important in the earthquake response of arch dams.
Therefore, it is necessary to develop rigorous procedures for considering dam-founﬂation rock
interaction, which remove the untenable assumption of massless foundation rock employed in current
computer programs, including EADAP [3] and EACD-3D [6]. Analyses based on this assumption
ignore foundation material and radiation damping, perhaps a.significant interaction effect. To
overcome this limitation, a boundary element procedure has been developed for analysis of the dam-
water-foundation rock system showing good results [10,11]. This method in which a large foundation
rock region extending significant distances in the upstream and downstream directions is modeled by

surface boundary elements apparently requires enormous computational effort.

Required in the substructure method for earthquake analysis of concrete dams is the impedance

matrix (or the frequency-dependent stiffness matrix) for the foundation rock region, defined at the



nodal points on the dam-foundation rock inu;rface [12]. Computation of this foundation impedance
matrix for arch dams requires solution of a series of mixed boundary value problems governing the
steady-state response of the canyon cut in a three-dimensional, semi-unbounded -foundation rock
region. A direct boundary element procedure has been developed to solve these boundary value
problems for a canyon cﬁt in a homogeneous viscoelastic half-space [13]. The canyon is infinitely
long and may be of arbitrary but uniform cross-section. The uniform cross-section of the canyon
permits analytical integration along the canyon axis of the three-dimensional boundary integral
equation. Thus, thé original three-dimensional problem is reduced to an infinite series of two-
dimensional boundary value problems, each qf which corresponds to a particular wave number and
involves Fourier transforms of full-space Green's functions. Appropriate superposition of the
solutions of these two-dimensional boundary problems leads to a dynamic flexibility matrix that is

inverted to determine the impedance matrix, which forms the starting point of this investigation.

The objectives of this study are: (a) to develop an effective procedure for analyzing the
response of concrete arch dams to earthquake ground motion, including the effects of dam-foundation
rock interaction with inertia and damping of the foundation rock considered, dam-water interaction,
and reservoir boundary absorption; (b) to identify the limitations of *“standard” analysis which
considers the flexibility of the foundation rock but ignores its inertia and damping — material and
radiation — effects; and (c) to study the effects of dam-foundation rock interaction in the presence of
dam-water interaction and reservoir boundary absorption on the response of the dam, leading to better
understanding of these effects. This investigation emphasizes the effects of dam-foundation rock

interaction compared to dam-water interaction that has already been studied extensively {7,8,9].

Discussed in Chapter 2 is the general concrete arch dam system consisting of three
substructures: the dam body, the foundation rock region, and the impounded reservoir. The material
and geometrical properties of each of these three substructures are stated. The input ground motion is

also defined.



The Morrow Point Dam-water-foundation rock system which is the subject of this investigation
is described in Chapter 3. In particular, the incompatibility between the dam body and the foundation

rock caused by the uniform canyon assumption is discussed.

The earlier analytical procedure [5] is summarized in Chapter 4 and extended to include inertia
and damping effects of the foundation rock by including the foundation impedance matrix in the
substructure method. The properties and accuracy of the foundation impedance matrix are
investigated. Efficient procedures are also presented for computation of the foundation impedance

coefficients.

Utilizing the analytical procedure presented in Chapter 4, the response of Morrow Point Dam to
harmonic ground motion in the upstream, vertical and cross-stream directions is determined and
presented ln the form of complex-valued frequency response functions for a wide range of the
important parameters characterizing the properties of the dam, foﬁndation rock, impounded waler and
reservoir boundary matefials in Chapter 5. Based on the frequency response results, the inﬂuénce of
damping — material and radiation — and the inertia of the fou.ndation rock beside its flexibility on
the response of the dam is studied. We then identify the significance of dam-foundation rock
interaction effects ignored in standard analyses [3,6] that consider flexibility of the foundation rock
~ but not its inertia or damping — material and radiation — effects. Finally, the effects of dam-
foundation rock interaction in the presence of dam-water interaction and reservoir boundary
absorption on the response of the dam are also investigated, leading to better understanding of these

effects.

Presented in Chapter 6 is the earthquake response of Morrow Point Dam to Taft ground
motion, determined for a wide range of parameters characterizing the properties of the dam,
foundation rock, impounded water and reservoir boundary materials, using the analytical procedure
developed in Chapter 4. The response results presented are the time variations of radial displacements
at the dam crest and the envelope values of the maximum tensile stresses at the upstream and

downstream faces of the dam. Based on these response results, the effects of dam-foundation rock
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interaction with empty reservoir are studied first. The significance of these interaction effects ignored
in standard analyses that consider ﬁexibility of the foundation rock but not its inertia or damping —
material and radiation — effects are then identified. The combined effects of dam-foundation rock
interaction, dam-water interaction, and reservoir boundary absorption are studied next. The relative
significance of the response to the three components of ground motion are also investigated. Finally,
the results of a practical earthquake analysis of the arch dam are presented to demonstrate the

effectiveness of the analytical procedure,

Presented in Chapter 7 are the principal conclusions of this investigation régarding (1) the
analytical procedure developed, (2) the significance of the dam-foundation rock interaction effects
ignored in standard analysis procedures, and (3) the effects of dam-foundation rock interaction, dam-
water interaction, and reservoir boundary absorption, on the response of arch dams to harmonic and

earthquake ground motions.



2 SYSTEM AND GROUND MOTION

2.1 System Geometry and Assumptions

The system consists of a concrete arch dam supported by flexible foundation rock in a canyon
and impounding a reservoir of water in the upstream direction (Figure 2.1). Although the arch dam is
usually built in a narrow bank of the canyon, in this study the canyon is assumed to be infinitely long
wi_th an arbitrary but uniform cross-section cut in a homogeneous viscoelastic half-space. The cross-
section is defined by the dam-foundation rock interface (Figure 2.2). The system is analyzed under the
assumption of linear behavior for the concrete dam, impouﬁded water, and foundation rock. Thus the
possibility of water cavitation, concrete cracking, or opening of construction joints during vibration of

the dam is not considered.

2.2 Arch Dam

The idealization of the dam-fluid-foundation rock system is shown in Figures 2.3(a)-(c). The
concrete arch dam is idealized as an assemblage of finite elements [Figure 2.3(a)]. Thick-shell finite
elements are normally used in the major part of the dam and transition elements along its junction
with foundation rock. The transition elements are designed to connect the thick-shell finite elements in
the dam to the surface boundary elements idealizing the foundation rock [Figure 2.3(b)]. The
assumption of a uniform canyon may introduce incompatibility between the dam abutment and the

canyon [Figure 3(d)] which requires special treatment as described in the next chapter.

The properties of each finite element are characterized by the Young's modulus E_, Poisson's
ratio v,, and unit weight w, of the concrete. The vibrational energy dissipation properties of the dam

are characterized by the constant hysteretic damping factor 1,.
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Figure 2.1 Arch dam-water-foundation rock system.
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Figure 2.2 Idealized arch dam-water-foundation rock system in an inﬁnitely-long uniform canyon,



(a) Arch Dam Substructure (c) Fluid Domain Substructure
Infinite sub-channels

Infinite channel of uniform
cross-section

Finite region of irregular geomeiry

X
z
(d) Section a-b-c-d-e-f-a of the Arch Dam and
its Intersection with the Uniform Canyon
Uniform canyon boundary
a
- Dam abutment

Figure 2.3 (a)-(c} Finite element models of dam and fluid domain substructures and boundary element
model of foundation rock [parts (a} and (c) adapted from Referenice [51; (d) Incompatibility between
the dam abutment and canyon.
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2.3 Foundation Rock

Required in the substructure method for analysis of earthuake fespo’hse of arch dams is the
frequency-dependent impedance (or dynamic stiffness) matrix for the foundation rock region, defined
at the nodal poinis on the dam-foundation rock interface. The impedance matrix, §,(w), where ® is
the excitation frequency, relates the interaction forces R ((¢) at the dam-foundation rock interface, I,
to the corresponding displacements, ry(¢), relative to the earthquake-induced displacements in the

absence of the dam [Figure 2.3(b)]:
S (0)F (@) =R (0) 2.1)

where the bar denotes a Fourier transform of the time functions. The size of the square matrix,
S f(m), is equal to the number of degrees of freedom (DOFS) in the finite element idealization of the

" is the set of

dam at its interface with the foundation. The n'* column of this matrix multiplied by &
complex-valued forces required at the interface DOFs to maintain a unit harmonic displacement, ¢,

in the n'®* DOF with zero displacements in all other DOFs.

Evaluation of these forces requires solution of a series of mixed boundary value problems
(BVP) with displacements prescribed at the interface, T, and tractions prescribed as zero outside T;
— on the canyon wall and the half-space surface. Instead of directly solving this mixed BVP, it is
more convenient to solve a stress BVP in which non-zero tractions are specified at the interface, I},
and the resulting displacements at I, are determined. Assembled from these displacements, the

dynamic flexibility influence matrix is inverted to determine the impedance matrix S f(O)).

A direct boundary clement procedure has been developed to determine the impedance matrix
[13]. The assumption of uniform cross-section of the canyon permits analytical integration along the
canyon axis of the threc—dimensional. boundary integral equation. Thus,- the original three-dimensional
problem is reduced to an infinite series of two-dimensional problems, each of which corresponds to a
particular wave number and involves Fourier transforms of full-space Green's functions. Appropriate

superposition of the solutions of these two dimensional boundary value problems leads (o a dynamic



flexibility influence matrix which is inverted to determine the impedance matrix. This procedure is
shown to be more accurate and efficient than the general three-dimensional boundary element method

[13].

For this direct boundary element procedure, the dam-foundation rock interface is discretized -
into a set of boundary elements with their nodal points matching the finite element idealization of the
dam [Figure 2.3(b)]. The properties of the foundation rock are characterized by its Young's modulus
E,, Poisson's ratio vy, and unit weight w,. The vibrational energy dissipation properties of the

foundation rock are characterized by the constant hysteretic damping factor n,.

2.4 Impounded Water

The reservoir behind a dam is of complicated shape, as dictated by the natural topography of
the site, and extends several miles in the upstream direction. To efficiently recognize the long extent
of the reservoir in the upstream direction, the fluid domain is idealized as a finite region of irregular
geometry adjacent to the dam connected to an infinitely-long channel with uniform cross-section [5].
This assumption permits uncoupling of the three-dimensional boundary value problem for the infinite
channel into two problems: a one-dimensional problem in the upstream direction and a two-
dimensional problem over: the cross-section. Typically the irregular region of the fluid dpmain
connects the narrow canyon at the upstream face of the dam to a wider cross-section that defines the .
infinite uniform channel. However, this geometry of the fluid domain is not compatible with the

boundary of the foundation rock.

To avoid such incompatibility, the fluid domain is defined as shown in Figure 2.3(c). The finite
region of irregular geometry is idealized as an assemblage of three-dimensional finite elements
[Figurf; 2.3(c)], with the finite element mesh compatible with that Qf the dam at its upstream face. For
the infinite channel, a discretization of the cross-section, compatible with the discretization of the
irregular region gver the common cross-section [the transmitting plane in figure 2.3(c)] con_lbincd

with a continuum representation in the infinite direction provides for the proper transmission of

10



pressure waves. Physically, this treatment can be interpreted as a discretization of the fluid domain
into subchannels of infinite length [Figure 2.3(¢)]. The propertics of the impounded water are

‘characterized by the pressure wave velocity C and the unit mass p or unit weight w,,.

2.5 Absorptive Reservoir Boundary

The boundary of a reservoir upstream from a dam would typically consist of alluvium, silt, and
other sedimentary material. This section on modeling of these materials in this study is taken from an

earlier work on concrete gravity dams {12].

Over a long period of time, the sediments may deposit to a significant depth in some reservoirs.
The depth of sediments can be recognized in the analytical procedure presented in this study by
correspondingly reducing the depth of the fluid domain. However, the influence of the sediments on
the static stresses in the dam or on the vibration properties of the dam is not considered in the analysis
because it should be negligible as the sediments are very soft, highly saturated and exert lateral forces

only on the lower part of the dam.

‘The effects of interaction between the impounded water and the foundation rock would-be
dominated by the overlying alluvium and sediments, possibly deposited to a signiﬁcant depth. These
reservoir boundary materials are highly saturated with a low shear modulus. A "hydrodynamic
pressure ‘wave impinging on such materials will partially reflect back into the water and partially
refract, primérily as a dilatational wave, into the layer of reservoir b0undary ma:terials. Because of
the considerable energy dissipation that results from hysteretic behavior and sediment particle
turbulence, the refracted wave is likely to be absorbed in the layer of soft, saturated sediments and

essentially dissipated before reaching the underlying foundation rock.

The absorption of hydrodynamic waves at the reservoir boundary can be represented
approximately by a one-dimensional model, normal to the boundary and independent of the location
on the boundary, that does not explicitly consider the thickness of the sediment layer. For this model,

the boundary condition at the reservoir boundary is developed in References (4,12;14]. The

11



fundamental parameter characterizing the effects of absorption of hydrodynamic pressure waves at
the reservoir boundar); is the adm;ittance or damping coefficient ¢=p/p,C, in which C, =(E, /p,
where E, is the Young's modulus and p, is the unit mass of the materials at the reservoir boundary.
The wave reflection coefficient a, which is the ratio of the amplitude of the reflected hydrodynamic
pressure wave to the amplitude of a normally propagating pressure wave incident on the reservoir

boundary, is related to the damping coefficient g by [4,14]

a=179¢
I+qC

(2.2)
The wave reflection cqcfﬁcient o is a more physically meaningful description than ¢ of the
behavior of the absorption of hydrodynamic pressure waves at the reservoir boundary. Although the
wave reflection coefficient depends on the angle of incidence of the pressure wave at the reservoir
boundary, the value o for normally incident waves, as given by Equation (2.2) is used here for
convenience. The wave reflection coefficient o may range within the limiting values of 1 and —1. For
non-absorptive reservoir boundary materials, C, == and ¢ =0, resulting in a=1. For very soft

reservoir boundary materials, C, = 0 and g =, resulting in o =-1. It is believed that o values from

1 to O would cover the wide range of materials encountered at the boundary of actual reservoirs.

2.6 Ground Motion

In earthquake response analysis of dams by the substructure method, the earthquake input is
specified as the free-field ground motion at the dam-foundation rock interface [4]. This free-field
ground motion was assumed to be uniform across the base in two-dimensiconal analyses of concrete
gravity dams [12]. For arch dam sites this free-field ground motion is expected to vary significantly
over the interface [e.g. 15-17]. However, these spatial variations in ground motion are not included in
this investigation which concentrates on the effects of dam-foundation rock interaction. The three
components of ground motion: a; (¢} in the upstream direction, a;(t) in the cross-stream direction, and

a;(t) in the vertical direction, are assumed to be uniform along the canyon.
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3 IDEALIZATION OF MORROW POINT DAM-WATER-FOUNDATION
ROCK SYSTEM

3.1 Morrow Point Dam

The response results presented in this report are all for Morrow Point Dam located on the
Gunnison River in Colorado. It is a 465 ft high, approximately symmetric, single centered arch dam.
Detailed description of the geometry of this dam is available in References [4] and [18]. To simplify
the dynamic analysis, the dam and its supporting canyon are assumed to be symmetric about the x-y
plane. The fluid domain is also assumed symmetric about the x-y plane and extending to infinity in.
the upstream direction. With the assumption of symmetry, only one-half of the dam-fluid-foundation
rock system needs to be analyzed. The response to the upstream (x) or the vertical ,(Y) component of
ground motion, which is symmetric about the x-y plane, is determined by analyzing one-half. of the
system with symmetric boundary conditions on the x-y plane. The response to the cross-stream (z)
component of ground motion, which is antisymmetric about the x-y plane, is determined by analyzing

one-half of the system with antisymmetric boundary conditions on the x-y plane.

The finite element idealization of one-half of the dam body (Figure 3.1) consists of 8 thick-shell
finite elemenis in the main part rof the dam and 8 transition elements in the part of the dam near its
junction with the foundation rock, with a total of 61 nodal points at the mid-surface of the dam. The
DOFs in a thick-shell element are associéted with these mid-surface nodes, each of which is
associated with two auxiliary “nodes” — one on the upstream face and the otﬁcr on the downstream
face of the dam (Figure 3.1). Each mid-surface node has five DOFs: x, y, and z translations and two
rotations of the “normal” connecting the upstream and downstream auxiliary nodes [19]. The
transition element is actually a thick-shell finite element with five (three translational and two
rotational) DOFs for each mid-surface node that is not on the abutment of the dam. However, for a

node on the abutment of the dam, the five DOFs are transformed to six translational DOFs at the two

auxiliary nodes. Therefore when dam-foundation rock interaction is considered, this idealization has a
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Figure 3.1 Finite clement mesh of one-half of Morrow Point Dam.
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Figure 3.2 Finite element mesh of one-half of the fluid domain of Morrow Point Dam-water-
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total of 296 DQOFs for symmetric (x- and y-component)‘ ground motion and 284 DOFs for

 antisymmetric (z-component) ground motion.

The mass concrete in the dam is assumed to be homogeneous, isotropic and linear elastic with
the following properties: Young's modulus E, = 4.0 million psi, unit weight w, = 155 pcf, and
Poisson’s ratio v, = 0.2, A constant hysteretic damping factor 1, = 0.10, which corresponds to 5%
viscous damping in all natural vibratlion modes of the dam with empty reservoir on rigid foundation

rock, is selected.

3.2 Impounded Water

The response analysis can handle any water level provided the finite element mesh for the dam
is deﬁnecl to include nodal points at the water level. For most analyse‘s in this investigation, however,
the water level is assumed to be at the crest level (full reservoir); the exceptions are the analyses
presented in Chapter 5 to study the influence of reservoir level on the fundamental period of the
system. Due to the assumption of symmetry about the x-y plane, only one-half of the fluid domain is
needed for analysis. The combined finite element-continuum idealization of one-half of the ﬂﬁid
domain with water level assumed to be at the dam crest consists of 27 three-dimensional finite
elements for the irregular fluid region with 189 nodal points (Figure 3.2). Thjs idealization cbntains
157 pressure DOFs for symmetric (x- and y-component) ground motion and 132 pressure DOFs for
antisymmetric (z-component) ground motion. The irregular fluid region is bounded by the upstream
face of the dam, the uniform canyon, and the transmitting plane e-f-g-h-e. Therefore, the surface a-b-
c-d-a of the irregular fluid region (Figure 3.2) coincides with the surface a-b-c-d-a of the upstream
face of the dam (Figure 3.1), and lines a-e, b-f, c-g and d-h are all parallel to x-axis. Special
equilibrium and compatibility conditions are imposed on the transmitting plane to connect the
irregular fluid region with the infinite channel (Figure 3.2). The following properties are assumed for
the impounded water: velocity of pressure waves C = 4720 ft/sec and unit weight w, = 62.4 pcf.

There are no data available for the alluvium and sediments at the bottom and sides of the reservoir
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impounded by Morrow Point Dam. The wave reflection coefficient ¢, used to account for the
reservoir boundary absorption, is varied in this investigation: 0, 0.5, 0.75, 0.9, 0.95, and 1.0 (non-

absorptive reservoir boundary).,

3.3 Infinitely-long Uniform Canyon and the Dam-Foundation Rock Interface

The cross-section of the infinitely-long uniform canyon shown in Figure 3.3 is uniquely defined
by the projection of the mid-surface of the Morrow Point Dam on the y-z plane. Therefore, the half-
width of the canyon, 306.63 ft, is smaller than the half-width of the dam, 311.62 ft (Figure 3.1). The
boundary element idealization of one-half of the dam-foundation roclk interface that lies completely on
the surface of the infinitely-long uniform canyon is shown in Figure 3.4; the top surface of the canyon
is assumed (o be horizontal. The projections of the bbundary element mesh of the dam-foundation
rock interface on the x-z plane (plan view) and y-z plane (vertical view} are shown as the solid lines
in Figure 3.4(a) and Figure 3.4(b), respectively. The mesh consists of 6 boundary elements with 26
nodes with three translational DOFs for each node. Consequently, there are 76 DOFs for symmetric
(x- and y-component) ground motion and 74 DOFs for antisymmetric (z-component) ground motion.
The number of nodes and DOFs match those of the finite element mesh for the dam. Also shown in
Figures 3.4(a) and 3.4(b) are the dotted lines represeﬁting the projections of the finite element mesh of
the dam at its interface with the foundation rock on the x-z plane and y-z plane, respectively. The
dotted lines do not ceincide with the solid lines because of the difference in the geometry of the arch

dam abutment and the uniform canyon.

The foundation rock is assumed to be homogeneous, isotropic, and viscoelastic with the
following properties: unit weight w, = 165 pef, Poisson's ratio v, = 0.2, and the Young's modulus E,
is varied as discussed in Section 5.2.1 (for the frequency response functions presented in Chapter 5)
and in Section 6.2,1 (for the earthquake response presented in Chapier 6). Energy dissipation in the
flexible foundation rock is represented by a constant hysteretic damping factor m, = 0.10, which

corresponds to viscous damping ratio of 5%.
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Figure 3.4 Boundary element mesh layout for one-half of the dam-foundation rock interface of the
Morrow Point Dam on an infinitely-long uniform canyon.

(b) Projection on y-z Plane
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3.4 Incompatibility between Dam and Canyon

As mentioned earlier, the assumption of a uniform canyon introduces incompatibility between
the dam abutment and the canyon. Therefore the stiffness matrix of the dam with reference to the
nodal points on its abutment is modified by a linear transformation to redefine it using the nodal
points on the dam-foundation rbck interface'on the uniform canyon. This concept is explained by
examining the horizontal cross-section a-b-c-d-e-f-a of the dam [Figure 2.3(d)]. The 5 DOFs (3
translational and 2 rotational) of nodal point b, the middle point of the dam abutment a-c, are linearly
transformed to the 6 translational DOFs of nodal peints a' and ¢’ on the dam-foundation rock
interface, T, instead of the 6 translational DOFs of nodal points a and c [Figure 2.3(d)]. Similarly,
the 5 DOFs of nodal point e, the middle point of the dam abutment d-f, ére linearly transformed to the
translational DOFs of nodal points d' and . With this approximate treatment, we achieve two
objectives: the dam substructure retains its original geometry, and displacement compatibility is
ensured between the nodal points on the abutment of the dam and those on the dam-foundation rock

interface on the uniform canyon.

We now examine the resulting error in the response of the dam. The system is analyzed for two
conditions: (1) the cross-section of the canyon is uniform except at and near the dam-foundation rock
interface, where it matches the true shape of the dam abutment [ac and fd in Figure 2.3(d)}; and (2)
the canyon is uniform throughout [a'c’ and f'd’ in Figure 2.3(d}]. To enable solution of the problem for
the first case, we resoﬁ to a finite-sized foundation modeled by finite elements (Figure 3.5) and only
foundation flexibility is considered [5]. For consistency, the same finite-element procedure is used
even when the canyon is assumed uniform. The frequency response functions for the dam with
E; /ES =1 are plotted in Figure 3.6 against the normalized excitation frequency parameter @/, where
o, is the fundamental natural frequency of the dam supportcd on rigid foundation rock (£, =) with
empty reservoir; ®,=; of the symmetric mode .for response to upstream and vertical ground
motions, and ®, = w; of the antislymrr'wtric mode for response to cross-sfréam ground motion. The two

frequency response functions obtained for the two idealizations are close, thus justifying the
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on an infinitely-long uniform canyon (adapted from Reference [5]).

' Figuié 3.5 Finite element meshes of one-half of the Morrow Point Dam-foundation rock system
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are from finite element modeling of the foundation rock region considering only foundation flexibility
effects.
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approximate special treatment to ensure displacement compatibility between the dam and foundation

rock substructures.
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4 RESPONSE ANALYSIS PROCEDURE

Based on the substructure method of analysis and frequency domain analysis concepts, a
procedure is available to evaluate the earthquake response of arch dams. Developed carlier/ under the
assumption of massless foundation rock, this analysis procedure is extended in this chapter to include
the effects of dam-foundation rock interaction with the inertia and damping of the foundation rock

considered. This formulation is similar to the one for two-dimensional analysis of gravity dams [12].

4.1 Frequency Domain Equations

4.1.1 Dam Substructure

The equations of motion for the dam idealized as a three-dimensional finite element system

(Figure 4.1) are:

mr. +cf +kr.=-m l‘a‘(t)-mclg’a;(r);m La@®+R,(0)+R, (1) (4.1)

c o ceTg

in which m_, ¢, and k_ are the mass, damping and stiffness matrices for the finite element system; r,

is the vector of nodal point displacements relative to the free-field ground displacement (Figure 4.1):
x y z x y y X ¥ Z T
rc =<rl ’i I‘i 'i’. r?. rZ N rn rn rN+Nb rN+Nb rN+Nb> (42)

where r’ are the x-, y- and z-components of displacements of nodal point #; N is the

n

, 1) and r;
number of nodal points other than on the dam-foundation rock interface; N, is the number of nodal
points on the dam-foundation rock interface; and vectors 17, 1}, and 17 contain ones in positions

corresponding to the x, v, and z translational DOFs, respectively, with zeros elsewhere:

=10 0100 100 - 10 0
=(0 10010 010 - 01 0) (4.3)
£E=(0 01001001 001
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Hydrodynamic forces R,

Hydrodynamic forces R,

(b) Fluid Domain Substructure

Figure 4.1 Substructure representation of the dam-water-foundation rock system.
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The force vector R,(#) represents the forces at the dam-foundation rock due to interaction between
the dam and the foundation rock. The force vector R,(¢) includes the hydrodynamic forces at the
upstream face of the dam.

‘in the /= x (upstream), ! =y (vertical) or /=

For harmonic ground acceleration a,(¢)=¢"
(cross-stream) direction, the displacements and forces can be "expressed in terms of their complex-
valued frequency response functions:
(=T (w)e™
R, (1) =R}(@)e™ (4.4)
R, () =Ry(@)e

Partitioning r, into r for nodal points other than on the dam-foundation rock interface, and r, for

nodal points on the dam-foundation rock inte'rface, Equation (4.1) can be expressed in the frequency

,m 0 LI NIEO) ml' | [R)(w)
- 1 =- _ 4.5
[ ® [o mb:|+( ”"‘)[k{ k,,,,:H{Fb’(m) m,1. |7 |R @) @

where M, is the constant hysteretic damping factor for the dam. The hydrodynamic forces ﬁ,, will be

domain as

expressed later in terms of the acceleration at the upstream face of the dam by analysis of the fluid
domain substructure. Also the dam-foundation rock interaction forces R, will be expressed in terms

of interaction displacements at the dam-foundation rock interface.

4.1.2 Foundation Rock Substructure

The foundation rock substructure should include the dam-foundation rock interface and part of
the reservoir boundary along the upstream canyon Sl;rface to account for dam-foundation rock
interaction and water-foundation rock interaction effects, respectively. However, because water-
foundation rock interaction effects are insignificant compared to dam-foundation rock interaction

effects, the reservoir boundary part has been excluded in the dynamic analysis of gravity dams [12]
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and subsequently in earlier analysis of arch dams [5]. In this study also, the water-foundation rock

interaction effects are neglected.

The complex-valued impedance (dynamic stiffness) matrix for the foundation rock region,
defined relating to the DOFs of the dam-foundation rock interface, relates the interaction forces and

displacements relative to free-field ground motion in the /* direction (Figure 4.1):
S, ()T, (0) =R} (@) ' (4.6)

which is similar to Equation (2.1).

4.1.3 Dam-Foundation Rock Substructure

Equilibrium of the interaction forces between the dam and the foundation rock substructures at

the dam-foundation rock interface requires that:
R;(0)=-R,(0) | @7
and compatibility of interaction displacements at the dam-foundation rock interface requires that:
T () =T,(w) . (4.8)
Using Equations (4.7) and (4.8), Equation (4.6) becomes
R, (0)=-S,(0)F, (®) 4.9

which upon substitution in Equation (4.5) gives
,,m 0 k k, 0 0 T w)
- S|+ d+m,) Ly + , =
0 m, k, kg 0 §,(0)|||F(w)
) { o
~ ml, N R, (w)
o m, 1, 0

(4.10)
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The vector ﬁi of frequency response functions for hydrodynamic forces contains non-zero terms only.

at the nodal points on the upstream face of the dam.

4.1.4 Reduction of Degrees of Freedom

ﬁqu#tion 4.10) fepresents a set of 3(N+ N, ) frequency-dependent, complex-valued equétions.
Enormous computational effort would be required for repcatcd solution of these equations for many
values of the excitation frequency. Therefore, it is important to reduce the number of DOFs. An
approach based on the Ritz concept is effective in reducing the number of DOFs in analysis of two-
dimensional as well as three-dimensional dam-foundation rock systems [5,12,20]. The displacements
r. are expressed as linear combinations of J Ritz vectors derived from an associated dam-foundation
rock system: |

J ‘ .
r.(0=Y2Z,0y, (4.11)

j:l
in which Z, (¢} is the generalized coordinate that corresponds to the j* Ritz vector y ;. For harmonic
ground - acceleration, Equation (4.11) can be expressed in terms of the complex-valued frequency
response functions for the generalized coordinates:

J ‘ ‘
F@=YZy, 4.12)

j=1

The associated dam-foundation rock system is obtained by replacing S,(w) by the static value
$,(0). The vibration frequencies A ; and corresponding Ritz vectors y; are the solutions of the

following eigenvalue problem:

[k +8,@]w; =N2m.y, | (4.13)

whcre
s, =" " 4.14
@)= 0S,(w) (4.14)
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is the expanded version of S, with zero values corresponding to all DOFs of the dam not on the dam-

foundation rock interface. For convenience, the Ritz vectors are normalized such that \y}"mcw ;=1

Introducing Equation (4.12) into Equation (4.10), premultiplying by ulf and utilizing the
orthogonality properties of the eigenvectors of the associated dam-foundation rock system with

. respect to the stiffness and mass matrices of Equation (4.13), results in:

S(Z'(0) =L (w) , ' (4.15)
where the elémcnts of the matrix S(®) and the vector L'(w) are:

Sy (@) =[-0% +A+mM)A, [8, + (W) [S, (@)~ (1+in)S ()]}

— (4.16)
L(@)=-y,m1. +{y/} R, (@)

for n,j=1,23,---,J; z’((o) is the vector of frequency response functions Zj’ (@) for the generalized
coordinates; &, is the Kroneker delta function; y/ is a subvector of vy, that contains only the
elements corresponding to the nodal points at the dam-water interface; and vf, is a subvector of y,
that contains only the elements corresponding to the nodal points at the dam-foundation rock

interface.

Equations (4.15) and (4.16) represents J simultaneous, complex-valued equations in the
generalized coordinates for each excitation frequency . These equations need to be solved over a
range of values of the excitation frequency to compute the frequency response functions. Accurate
solutions can be obtamed by including a small number of Ritz vectors, typicaily, less than 10 for

gravity dams [12] and 18 for arch dams [5], thus greatly reducing the computational effort

4.1.5 Fluid Domain Substructure

The unknown forces R,(¢f) in Equation (4.1), whose frcquency response functions- R,,(u))

appear in Equation (4.16), can be expressed in terms of the accelerations at the upstream face of the
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dam and at the reservoir boundary by analysis of the fluid domain. The motion of the water is

governed by the three-dimensional wave equation:

a%p a*p a° 1 92
0'p, 2 3y L0 @17)

where p(x,y,z,t) is the hydrodynamic pressure (in excess of ﬁydrostatic pressure) and C is the
velocity of pressure waves in water. For harmonic ground acceleration a;(t) =¢", the hydrodynamic
pressure can be expressed as p(x,y,z.¢)=p(x, y,z,w)e“‘”, where p(x,y,z,®) is the complex-valued
frequency response function for hydrodynamic pressure, and Equation (4.17) becomes the Helmholtz

equation:

" _
+ +t—+—p=0 (4.18)

The hydrodynamic pressure is generated by accelerations at the upstream face of the dam and at the

reservoir boundary.

The linear form of the governing equation and the boundary conditions permits- the

hydrodynamic pressure to be expressed as:

, |
P (x.7,2,0)=P(x,y.2,0)+ 3, Z(@)P] (x,y.2,0) ' (4.19)

J=1

In Equation (4.19), the frequency response function Eé(x, ¥.z,0) is the hydrodynamic pressure due to
~the I™ component of ground acceleration of a rigid dam and reservoir boundary [Figure 4.2(a)), it is
the solution of Equation (4.18) subjected to the radiation condition at x=ecc and the following

boundary conditions:

i‘Eé(s,r.(n):—pE'(s,r)
on’ -

[ai—imq}ﬁé(s,r,m)=—p6[(s',r’) - - (420
,, .

Bi(x,H,2,0)=0
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Y
X
. Reservoir side ‘
s z
Upstream dam face
Reservoir side

(b) Boundary Accelerations Causing ﬁj(s,r,m)

Figure 4.2 Reservoir boundary accelerations causing hydrodynamic pressures on the upstream
face of the dam by frequency response functions p; (s,7.@) and p;(s,r,®). ‘
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In Equation (4.20), H is the y-coordinate of the free surface of water measured from the base of the
dam; p is the mass density of water; g is the admittance or damping coefficient (Section 2.5); s, r are
the localized spatial coordinates on the upstream face of the dam; s’, »* are the localized spatial
coordinates on the reservoir boundary (Figure 4.3); €'(s,r) is a function defined along accelerating
boundaries (s, r = s, r for upstream face of the dam or s, = §’, r’ for the reservoir boundary) which
gives the length of the component of a unit vector along I (i = x, y, or z) in the direction of the inward

normal n (Figure 4.3).

In Equation (4.19), the frequency response function ﬁjf (x,y,z,w) is the amplitude of
hydrodynamic pressure due to normal harmonic acceleration of dam in the j® Ritz vector, without
any reservoir boundary motion [Figure 4.2(b)]. It is the solution of Equation (4.18) subjected to the

radiation condition at x = oo and the following boundary conditions:
25 s.r) =—pwl(s.r)
E)npj 8,7, M) =—pY;dis,
8 . —fie
——ing |p;{s',r,w)=0 4.21)
an
_f -
p; {(x,H,z,0)=0
where \|1j-r (s,r) is the function representing the normal component of the /™ Ritz vector at the dam-

water interface.

Procedures for solving these boundary value problems and evaluating Ef,(x,y,z.m) and
ﬁ]f (x,y,z,0) for the fluid domain idealized as in Figure 2.3(c) are available [4,5]. The frequency
response functions for hydrodynamic' forces R, () associated with >the hydrodynamic pressure
ﬁ’(x, v.z,®) are from Equation {4.19):

J =
R, (0)=Ry(w)+ Y Z/(0)R/ (w) (4.22)

=l

where R;(w) and Rf(w) are the nodal forces statically equivalent to the pressure functions

-Po(x,y.7,0) and —p/ (x,y.z,0), respectively.
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Figure 4.3 Definition of various terms associated with the fluid domain substructure.
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4.1.6 Dam-Water-Foundation Rock System

Introducing Equation (4.22) with i’(m):—mzf}(m) into Equations (4.15) and (4.16) leads

to:

S(0)Z'(0)=L(w) (4.23)
where, after rearrangement, the elements in the matrix S(w) and the vcctof L'(w) are given by:
Sy (@) =[-0 +A+m N[5, + (Wi [S,(@)-(1+in,)S (O)]w’ |
2 INTDS
+o0°(y;) R;(0) (4.24)
L(@)=~y m, L +(¥,) Ro(w)
Equations (4.23) and (4.24) contain the effects of dam-water interaction and of dam-foundation rock
interaction considering inertia, damping, and flexibility of the foundation rock. The effects of

reservoir boundary absorption are contained in the hydrodynamic terms ﬁf, (@) and ﬁ{ {w). However,

water-foundation rock interaction effects have been excluded.

Note that if the static stiffness S,(0) is used instead of §,(w) for all frequency values,

. Equation {4.24} reduces to:

Sy (@) =[-0 +1+in )AL ]8, - in,(¥2)'S (O} + 0’ (W) R, (@) “25)

L,(@)=-y m 1, +(y/) Ry(w)

These equations are used in the EACD-3D program [5,6]. -

4.2 Response to Arbitrary Ground Motion

Once the complex-valued frequency response functions, Z}'(u)), I=x,yz, j=12,--J, for the
generalized coordinates are obtained by solving Equations (4.23) and (4.24) for excitation frequencies

in the range of interest, the response of the dam to arbitrary ground motion can be computed. The
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generalized coordinates are given by the Fourier integral as a superposition of responses to individual’

harmonic components of the ground motion:
i 1 T =i I i |
Zj()=— |Zj @) A, (w)e dw (4.26)

where A;((o) is the Fourier transform of the l-compdnent of the specified free-field ground

acceleration a; (r):
. P
Ayw) = [a (e ™ dr (4.27)
0 :

in which 4 is the duration of the ground motion. The displacement response to the upstream, vertical
and cross-stream components of ground motion, simultaneously, is obtained by transforming the

generalized coordinates back to the nodal displacements according to Equation (4.12):

J . — . .
r(N=YI[Z/(N+Z](N+Z](D]y, (4.28)

i=1

The stresses in the dam at any instant of time can-be determined from the nodal displacements.
The stress vector ¢ ,() in finite element p of the dam is related to the nodal displacement vector r,(7)

for that element by
6, (=T, (1) ' (4.29)

where T, is the stress-displacement transformation matrix for finite element D.

4.3 Summary of Analysis Procedure

The above-described procedure for analysis of the earthquéke response of arch dams is

summarized as a sequence of steps:
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Formulate m_ and k_, the.mass and stiffness matrices for the finite element idealization of the
arch dam, respectively, with reference to the DOFs of all nodal points in the idealization including

those on the dam-foundation rock interface.

Compute §,(w), the complex-valued frequency-dependent foundation impedance matrix for the
boundary element idealization of the foundation rock region, at selected frequencies that cover the
range of interest. §,(w) is needed with reference to the DOFs of nodal points on the dam-
foundation rock interface. If the boundary element mesh for the foundation is finer than the finite
element mesh for the dam, the extra DOFs should be condensed out. If the foundation impedance
matrix is available for foundation rock with a particular value of Young's modulus E,, the
foundation impedance matrix for foundation rock with a different E; but with same Poisson’s

ratio can be obtained readily (see next section).

Solve the eigenvalue problem of Equation (4.13) to obtain the first J eigenvalues A ; and the

corresponding eigenvectors y; which are normalized such that \y’;mcw ;=L

Evaluate the frequency response function ﬁ[',(s,r,m), l=x,y,z, for hydrodynamic preséure on the
upstream face of the dam due to the /™ component of ground (includes reservoir boundary)

acceleration with a rigid dam [Figure 4.2(a)).

Evaluate the frequency response function p;(s,r.@), j=12,-.J, for hydrodynamic pressure due
to normal acceleration \yjf- (s,r) at the upstream face of the dam corresponding to the j"’ Ritz

vector, with no motion of the reservoir boundary [Figure 4.2(b)].

Evaluate the vectors of nodal forces Ry(w) and R;(w) statically equivalent to ~De(s,r, @) and

=p;{s.r,w), respectively, evaluated in Steps 4 and 5.

Formulate the J complex-valued equations in the unknown frequency response functions Zj’(w).
Jj=12,---,J, for the J generalized coordinates corresponding to the Ritz vectors included in the

analysis [Equations (4.23) and (4.24)].

37



8. Determine the frequency response functions Z'(w) for the generalized coordinates. Repeated
solutions of Equations (4.23) and (4.24) for excitation frequencies covering the range over which
the earthquake ground motion and structural response -have significant components lead to the

frequency response function z'((o).

9. Determine Z'(f), the response of the dam to arbitrary ground motion, from Equations (4.26) and
(4.27). The Fourier integrals in these two equations are computed in their discrete form using an

efficient Fast Fourier Transform (FFT) algorithm [21].

10. Determine the displacement response r,(¢) to the upstream (x), vertical (y) and cross-stream (z)
components of ground motion simultaneously by transforming the generalized coordinates to the

nodal coordinates [Equation (4.28)].

11. Determine the stresses in the dam as a function of time from the nodal displacements. Af any
instant of time, the vector G P(t) of stress components in finite element p is related to the nodal

displacement vector rp(t) for that element by Equation (4.29).

4.4 Efficient Evaluation of Foundation Impedance Terms

In this section, we discuss three issues regarding efficient evaluation of the foundation
impedance matrix 8 (w) relating the interaction forces _lif(co) to the corresponding displacements
r,(w) [Equations (2.1) and (4.6)]: (1) selecting boundary element mesh, (2) selecting number of

frequency values, and (3) utilizing existing impedance matrix.

4.4.18Selecting Boundary Element Mesh

The accuracy of the impedance matrix depends on the fineness of the boundary element mesh.
This can be demonstrated by comparing the impedance matrices computed for the dam-foundation
rock interface discretized by the two different meshes shown in Figure 4.4. The mesh in Figure 4.4(a)
is a “standard” mesh with nodes and DOFs matching those of the finite element mesh of the dam; it

includes 26 nodes and 76 DOFs for symmetric (x- and y-component} ground motion and 74 DOFs for
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Figure 4.4 Boundary element meshes for one-half of the dam-foundation rock interface of
Morrow Point Dam: (a) standard mesh maiching the finite element mesh of the dam body,
and (b) refined mesh with additioned nodes.

39



angisymmetric (z-component) ground motion. The largest element size in this mesh is about 120 ft.
The mesh in Figure 4.4(b) is a refined mesh that divides cach element of the standard mesh into 4
smaller elements. It includes 75 nodes and 222 DOFs for symmetric ground motion and 219 DOFs for
antisymmetric ground motion. In this refined mesh the largest element size is about 60 ft.

The impedance matrices using the two meshes will be compared assuming that the dam-

ior

foundation rock interface moves as a rigid body. Consider the displacements T, ., (@)e™" in the six
DOFs at O (Figure 4.5), where
_ T
Fiia(@=(r(@) @) rO) 1©) 7(0) W) (4.30)
and the forces i,,-g,-d((o)é‘m' in the same DOFs, where
— T
R,ia(@)=(R(0) R(0) R(®) R(®) R(®) R.(w)) (4.31)
The force-displacement relation is
8 (@ Tigig(@)= ﬁrigid(m) ‘ (4.32)
The 6 x 6 impedance matrix can be expressed as
S S8, 0 O 0 Ls,,
s, 0 0O 0 Ls,
é s, Ls, Ls 0 '
S =u.L z z u 4.33
fn',.u(w) }jl'f Lzs,, L2Sn 0 ( )
sym. s, 0
L2

where p, is the shear modulus of the foundation rock and L is a reference length taken as the half-
width of the 'c‘anyon. The impedance coefficients s; are dimensionless, frequency-dependent and
complex-valued. In particular, s,,, s,,, s_ are the translational impedance coefficients, s, and s, are
the rocking impedance coefficients, s, is the torsional impedance coefficients, and others are the

coupling terms.
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Figure 4.5 Coordinate system and rigid body degrees of freedom of the dam-foundation rock
interface.
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The impedance coefficients s; computed by the direct boundary element method [13] are shown
in Figures 4.6 to 4.9 for the standard and refined meshes of Figure 4.4. These coefficients,
corresponding to £, = 1.0 million psi, are plotted against the excitation frequency parameter a,

which is widely used as a non-dimensional frequency (e.g. Reference [13]), defined as

wl f
9% ol 4.34
%= C. (4.34)

where C, is the shear wave velocity of the foundation rock and L is a reference length, taken és the
half-width of the canyon. The real parts of the imbedance coefficients for the standard and refined
meshes are close at lower frequencies and they deviate increasingly as the frequency increases. The
imaginary parts of the impedance coefficients divided by a, from the two rheshes are essentially
“parallel” to each other, indicating that the cocfficients depart linearly from each other as the
frequency increases. Thus the boundary element mesh should be chosen to be fine enough for the
frequency range over which the earthquake excitation and structural responses are significant.
However, the CPU time¢ required for the refined mesh is 16 times that required for the standard mesh.
Figure 4.10 shows the CPU..(ce.ntral processing uﬁit) time in seconds to compute the impedance
matrices of the foundation rock region using the two- boundary element meshes of Figure 4.4 on a
CRAY X-MP EA/1 supercomputer. About 1000 sccoﬁds are required to compute the impedance
matrix at one frequency for the refined mesh and such computations have to be repeated for the

relevant range of frequencies. Clearly this is a huge computational job.

Also plotted in Figures 4.6 to 4.9 are the stiffness coefficients 5; determined by static analysis
of the foundation rock region using the EACD-3D computer program [6]. In this case the finite
element idealization of the foundation rock region is shown in Figure 3.5 with the nodes on the outer
boundary fixed. The static stiffness; coefficients s; are obviously real-valued and independent of the
excitation frequency because the mass and damping of the foundation rock are not considered. Note
that these static values for all diagonal terms s; are larger than the real part of the corresponding s;

at zero frequency computed by the direct boundary element method (Figures 4.6 and 4.8). This
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Figure 4.6 Dimensionless foundation impedance coefficients s,,, s,, and s,,, for the dam-foundation
rock interface assumed to be rigid; E, = 1 million psi.
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Figure 4.7 Dimensionless foundation impedance coefficients s, s, and s, for the dam-foundation
rock interface assumed to be rigid; £, = 1 million psi. :
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Figure 4.8 Dimensionless foundation impedance coefficients s, s, and s, for the dam-foundation

rock interface assumed to be rigid; E; = 1 million psi.
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Figure 4.10 CPU time in seconds to compute the foundation impedance matrices at different
excitation frequencies for Morrow Point Dam on a CRAY computer.
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discrepancy implies as expected that, because of the artificial constraint on the outer boundary, the

finite element system is “stiffer” than the unbounded region.

Figure 4.11 shows the frequency response functions of Morrow Point Dam with S, (@)
computed for the standard and refined boundary meshes (Figure 4.4). With the refined mesh, the
static condensation procedure is used to eliminate from S, (®) the DOFs of nodal points other than
those in the standard mesh (Figure 4.4). The two frequency response functions are similar; however,
the peak responses using the standard mesh are generally smaller than those from the refined mesh,
especially due to upstream and cross-stream ground motions. The resulting discrepancy is small in the
earthquake response of the dam (Figure 4.12), suggesting that the stahdard boundary element mesh is

adequate for earthquake analysis of Morrow Point Dam.

4.4.2Selecting Number of Frequency Values

In order to reduce the computational effort, we recognize that the elements of the foundation
impedance matrix S,(w) are smooth functions of the excitation frequency, and determine their
numerical values by interpolating between their known values at selected frequencies. Cubic
interpolation is used in which any complex-valued function f(®) of real-valued variable w is

approximated by a polynomial with complex-valued coefficients ¢,, ¢, ¢,, and ¢;:

F@)=c,0° +c,0° +c,0+¢, (4.35)

Thus if f(w) is given at four frequencies in ascending order: ®;, w,,,. ®,,, and o, (Figure 4.13),

the coefficients ¢,, ¢, c,, and ¢; can be uniquely determined by solving the following linear

equations:

o o o 1|[c Flw;)
3 2

Wy Wy 0y LfJa | [ F(0n) (4.36)
3 2 = .

Wiy Wiy Wy |G f(mi+2)
3 2

Wiz Wiz Wiyg 1 Co f(wi+3)
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Figure 4.11 Comparison of frequency response functions for Morrow Point Dam obtained using
S/ (o) from two different boundary element meshes for the foundation rock; £ ’ /E, =1.
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Figure 4.12 Comparison of envelope values of maximum arch and cantilever stresses (in psi) on the
upstream and downstream faces of Morrow Point Dam due to the upstream component of Taft ground
motion obtained using S ,(w) from two different boundary element meshes for the foundation rock;

E,JE,=1,
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Because the elements of the 4 x4 matrix in Equation (4.36) are all real-valued, the real and imaginary
parts of ¢, ¢, ¢,, and ¢, can be determined separately with a real-valued linear equation solver. With

the coefficients ¢; known, Equation (4.36) provides interpolated values for f ().

The above-described interpolation scheme would require that, for each frequency segment,
Equation (4.36) be solvedl N, (N, +1)/2 times, the nnmber of independent elements in the symmetric
matrix S, (®) of order N,, the number of DOFs on the dam-foundation rock interface. For Morrow
Point Dam subjected to symmetric excitation, N, =-76, and 2926 solutions of Equation (4.36) are
required. The required computational ¢ffort can be reduced considerably by interpolating instead each

element of the matrix that appears in Equation (4.24):

2, (@)= (Y1) [S, @)~ (1+in,)S O]y’ @.37)

This symmetric matrix is of order J, the number of generalized coordinates included in the analysis.
For Morrow Point Dam J =20 and Equation (4.36) needs to be solved only 210 times. These
computational savings would be especially significant if N,, is large, because the choice of J is

essentially unaffected by N, .

The preceding interpolation procedure was used in computing the frequency response functions
of Figure 4.11 and the stress responses of Figure 4.12. By the boundary element procedure S, (w)
was computed for the standard mesh at 13 values of ®, and for the refined mesh at 8 values of ©; at
intermediate ® values S, ('u)) was obtained by interpolation. The similarity between the frequency
response; functions and between the stress responsns suggests that the interpolation procedure is

satisfactory.

4.4.3 Utilizing Existing Impedance Matrix

The impedance coefficient s; for foundation rock with Young's modulus E, is related to that
for a foundation rock with a different Young's modulus, say £, , provided the mass density, Poisson'’s

ratio and hysteretic damping factor of the foundation rock are identical. As seen in Equation (4.33),
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the impedance coefficients are proportional to the shear modulus p,, and hence to the Young's

modulus E, if the Poisson's ratio is unchanged. In fact, the impedance matrix can be written in a

S(Ef" ) EfS( ) (4.38)
—a,)=— a .
f Ef Q Efu fo 0

where S, (a,) is the “base” impedance matrix for foundation rock with modulus £, as a function of

different format as

the non-dimensional normalized frequency a, [Equation (4.34) with C =C, ]. Therefore the
impedance matrix for modulus E; does not need to be computed but can be obtained directly from the
[impedance matrix for E, . However, because the factor m enters in the frequency range, ii is
better to compute S, (a,) for foundation rock with the smallest modulus of interest £, so that the

impedance matrices for other values of £, > E, can be readily computed.

4.5 Computer Program

The EACb-3D program originally developed in 1985 [6] is modified and extendeii o
implement the response analysis procedure described in the preceding sections. In addition to the
various effects that had been included in the old EACD-3D program: foundation rock ﬂexibility, dam-
water interaction, water compressibility and reservoir absorption, the extended progfam also includes
the cffe'r:ts'of material damping and inertia of the foundation rock, and the radiation damping due to
dam-foundatibn rock interaction. In other words, the full effects of dam-foundation rock interaction
are included in the EACD-3D-95 computer program. The dam and fluid domain substructures are still
modeled by three-dimensional finite elements as in the old program; however, the foundation rock
region is modeled by boundary elements on the surface of the canyon and half space. These two-
dimensional boundary elements are much_easier to generate ti_ian the three-dimensional finite elements

for the foundation rock region required in the old program,
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The EACD-3D-95 -compﬁtcr program retains the many advantageous features of the old
program such as efficient evaluation of the hydrodynamic terms, interpolation of the frequency
response functions of the dani, and efficient evaluation of the Fourier integrals by the special FFT
algorithm [21]. The program can still be run in seve;al stages; ‘the output from one stage is stored and
can subsequently be used as input to the other stages. Output from a static run of the program
consists of static displacements and stresses of the dam due to the gravity loads of the dam and the
hydrostatic pressure. In the dynamic run, the output consists of the complex-valued frequency
response functions for the generalized coordinates and the complete time-history of displacements and
stresses at specified locations within the dam as well as the extreme values of stresses at all stress
points. The static responses can be evaluated in a separate run of the program and later combined

with the earthquake responses, if desired.
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5 FREQUENCY RESPONSE FUNCTIONS

5.1 Introduction

The dynamic response of concrete arch dams to harmonic ground motion has been shown to be
affected by interaction between the dam and foundation rock [10], interaction between the dam and
impounded water, and the absorption of hydrodynamic waves in the alluvium and sediments at the
reservoir boundary [5,7,11]. Utilizing the newly developed analytical procedure presented in Chapter
4, the response of a selected arch dam to harmonic ground motion in the upstream, vertical, and
cross-stream directions is determined and presented in the form of complex-valued frequency response
functions for a wide range of the important parameters characterizing the properties of the dam,
foundation rock, impounded water and reservoir boundary materials. Based on these frequency
response functions, the influence of damping — material and radiation — and the inertia of the
foundation rock besides its flexibility on the response of the dam is studied. We then identify the
significance of dam-foundation rock interaction effects ignored in standard analyses [3,6] that
consider flexibility of the foundation rock but not its inertia or damping — material and radiation —
effects. Finally, the effects of dam-foundation rock interaction in the presence of dam-water
interaction and reservoir boundary absorption on the resporise of the dam are also investigated,
leading to better understanding of these effects, This investigation emphasizes the effects of dam-
foundation rock interaction compared to dam-water interaction which have already been studied

extensively [7,8.9].

5.2 System, Ground Motion, Cases Analyzed, and Response Results

5.2.1 Dam-Water-Foundation Rock System

The dam selected for this study is Morrow Point Dam. The finite element idealization selected

for the dam body, the combined finite element and continuum idealization of the impounded water,
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and the boundary element idealization for the foundation rock region are presented in Chapter 3. The
refined boundary element mesh [Figure 4.4(b)]'is chosen for the foundation rock region to compute
accurately the foundation impedance matrix (see Section 4.4). The reservoir is considered either
empty or full, i.e., H/H, =0 or 1, where H is the depth of water and H, is the dam height, except that
additional partially-full reservoir cases (H/H, =04, 0.6, 0.7, 0.8 and 0.9) are considered for

studying the influence of reservoir level on the fundamental resonant period of the system.

The material propeﬁies of the dam-water-foundation rock system for this study are as fo]lows.
For the mass concrete of the dam, Young's modulus £, = 4 million psi, unit weight w, = 155 pef,
Poisson's ratio v, = 0.2, and the constant hysteretic damping factor mn, = 0.1. This corresponds to a
viscous damping ratio of 0.05 in all natural vibration modes of the dam supported on rigid foundation
rock with empty reservoir. For the foundation rock, Young's modulus E, is varied so that E, /Es = oo,
2, 1, 1/2 or 1/4, unit weight w, = 165 pcf, Poisson's ratio v, = 0.2, and constant hysteretic damping
factor m, = 0;1. The unit weighf of water w,_= 62.4 pcf and the \;'elocity of pressure waves in water
C = 4720 ft/sec. The wave reflection coefficient a of the reservoir boundary materials is varied over a

wide range: o = 1.0 (non-absorptive reservoir boundary); 0.95, 0.90, 0.75, 0.50, and 0.

5.2.2Ground Motion

The excitation for the dam-water-foundation rock system is defined by three components of
free-field ground acceleration: the upstream (x) component a;(t), the vertical (y) component a] (1),
and the cross-stream (z) component g;(¢). Each component of ground acceleration is assumed to be

harmonic, i.e., a,(1)= ¢'™, with the excitation frequency ® to be varied over a wide range.

5.2.3 Cases Analyzed

The frequency response functions are presented for several dam-water-foundation rock systems,
defined by the chosen values for the important system parameters, £, E, /E,. H/H_, and « (Table

5.1). The response results for various systems are organized to facilitate interpretation of the effects
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Table 5.1 Cases of Dam-Water-Foundation Rock System Analyzed

Case E Foundation Rock Impounded Water Reservoir Boundary
(million psi) | Condition | E,/E, Condition HfH, Condition a
1 any* rigid oo empty 0 - -
2 flexible 2 empty 0 - -
3 flexible | 1 empty 0 . :
4 flexible 12 empty 0 - -
5 flexible | 1/4 empty 0 - -
6 any rigid oo full 1 non-absorptive 1
7 any rigid 0 full 1 absorptive 0.95
8 any rigid o full 1 absorptive 0.90
9 any”* rigid o full 1 absorptive 0.75
10 any rigid oo full 1 absorptive 0.5
11 any rigid o full 1 absorptive | O
12 4 flexible 2 full 1 non-absorptive 1
13 4 flexible 2 full 1 absorptive 0.5
14 4 flexible 1 full 1 non-absorptive 1
15 4 flexible 1 full 1 absprptiv; 0.95
16 4 flexible 1 full 1 absorptive 0.90
17 4 flexible 1 full 1 absorptive 0.75
18 4 flexible 1 full 1 absorptive 05 -
19 4 flexible 1 full 1 absorptive 0.
20 4 flexible 1/2 full 1 non-absorptive | 1
21 4 flexible | 1/2 full 1 absorptive | 0.5
22 4 flexible 1/4 full 1 non-absorptive 1
23 4 flexible 1/4 full 1 absorptive 0.5

* Response results for these cases, when presented in normalized form, are valid for all E,.
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of dam-foundation rock interaction, dam-water interaction, and reservoir boundary absorption on the
response of the dam. For some cases in Table 5.1, the frequency response functions computed from
the “standard” procedure that considers only the foundation ﬂexlibility effects are also presented for
reference and comparisoﬁ. These res'ults are obtained by replaéing the frequency-dependent
foundation impedance matrix S,(w) in the analysis procedu;je' with §,(0), thé foundation stiffness

matrix (Section 4.1.6).

5.2.4 Response Quantities

The complex-valued frequency response functions presented are dimensionless response factors
that represent the acceleration components in selected directions at a few locations in the dam due to
unit harmonic, free-field ground acceleration. The frequency response function for radial acceleration
at one location at the dam crest is presented; the location is defined by an angle value 6 measured
from the crown (plane df symmetry) along the dam crest, which is selected as: 9 =0° (nodal point 60
in Figure 3.1) for upstream and vertical ground motions and 9 =13.25° (nodal point 54 in Figure 3.1)
for cross-stream ground motion. The frequency response functions are for acceleration relative to the

free-field ground motion; they are not direct measures of deformation.

The frequency response functions were determined using the analytical procedure described in
Chapter 4 with the excitation frequency  varied over a relevani range of interest. For all cases in
Table 5.1, the first 26 generalized coordinates were included in computing the response, although the
number can be reduced ‘for cases with larger E,/E, ratio. The results should be accurate for
excitation frequencies up to approxirhately four times the fundamental natural frequency ®, of the

dam supported on rigid foundation rock with empty reservoir.

For each case in Table 5.1 the absolute value of the complex-valued frequency response
function for acceleration is plotted against the normalized excitation frequency parameter w/w,,

where w, = @] for symmetric (upstream and vertical) ground motions and ®, =w; for antisymmetric
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(cross-stream) ground motion (Chapter 3). If the reservoir is empty, these response results plotied in

this manner are independent of E, and o.

5.3 Dam-Foundation Rock Interaction Effects

The effects of dam-foundation rock interaction on the dam response to upstream, vertical, and
cross-stream ground meotions are studied first; the reservoir is assumed empty. The upstream and
vertical ground motions excite only the symmetric modes of vibration of the dam whereas the cross-
stream ground motion excites only the antisymmetric modes of vibration. The frequency responsc‘
functions for the dam supported on foundation rock with varying modulus E; are shown in Figure 5.1
(Cases 1 to 5 in Table 5.1). When presented in this form, these functions do not depend separately on
E, or E; but only on the ratio E,/E, . Results are presented for five values of E;/E =, 2, 1, 1/2
and 1/4. The first represents rigid foundation rock whereas in the last case the elastic modulus of the
foundation rock is one-fourth of the modulus for dam concrete, an assumption that may be

appropriate if the foundation rock is severely fractured.

Asi the E,/E, ratio decreases, which for a fixed concrete modulus E implies decreasing
foundation modulus £, the fundamental resonant frequency of the dam decreases because of
increasing foundation flexibility (Figure 5.1). Furthermore, as the E; /E: ratio’ decreases, the
response at the fundamental frequency decreases and the frequency bandwidth at resonance widens,
implying an increase in the apparent damping of the structure, resulting from material damping in the
foundation rock and the radiation damping associated with wave propagation away from the dam into
the unbounded foundation rock region. The amplitude of resonant response to vertical and cross-
stream ground motions shows somewhat different trends as the E, /E; ratio decreases. In the case of
vertical ground motion, the fundamental resonant peak is essentially unaffected by E, /E_ in the range
E; /E, = to 2 [Figure 5.1(b)]. For cross-stream ground motion, the fundamental resonant response
is essentially independent of E, /Es over the range £, /ES =oo to 1/2 [Figure 5.1(c)]. Dam-foundation

rock interaction also reduces the higher resonant frequencies to a similar degree as the fundamental
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resonant frequency. For all three components of ground motion, the amplitude of the second resonant

peak decreases systematically as E; /EJ decreases.

Table 5.2 shows that as the moduli ratio E, /EQr decreases the fundamental resonant period of
the symmetric as well as the antisymmetric mode of vibration lengthens. The ratio f} /1} of the
fundamental resonant period f} of the dam supported on flexible foundation rock to 7, on rigid
foundation rock is plotted in Figure 5.2 as a function of E,/E;. Presented in this form, these resuits
are applicable to dams of any height with the specific geometry and chosen values for Poisson’s ratio
and density of concrete and rock. For a fixed E,/E, value, the period of the symmetric mode is
lengthcnéd more than that of the antisymmetric mode. In particular, for E; /Es = 1/4, the period is
lengthened by 32% for the symmetric mode compared to 25% for the antisymmetric mode. Also
presented in Figure 5.2 is the period ratio for a gravity dam [12], which indicates that the elongation
of the vibration period of gravity dams due to dam-foundation rock inieraction is two to three times
greater thaﬁ for arch dams. These interaction effects are more signjﬁcant for gravity dams, in par,

because they are massive compared to arch dams.

The effective damping ratio of the dam for Cases 1 to 5, estimated by the half-power bandwidth
method applied to the frequency response function near the fundamental resonance, is presented in
Table 5.2 and plotted in Figure 5.3. Dam-foundation rock interaction has the effect of increasing the
effective damping ratio, assumed to be 5% for the dam on rigid foundation rock, as E,/E, decreases,
suggesting that radiation damping associated with interaction increases as the foundation rock
becomes more flexible since the selected foundation material damping is the same for all E,[E,
values. For a fixed E, [E, value, the effective damping ratio of the symmetric mode is increased more
than thét of the antisymmetric mode. In particular, for Ef /EJr = 1/4, the effective damping ratio
increases from 5% to 9.3-9.6% in the symmetric vibration mode; and from 5% to 6.3% in the
antisymmetric vibration mode. Also presented in Figure 5.3 is the effective damping ratio for a

gravity dam [12], which indicates that the increase of the damping of gravity dams due to dam-
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Table 5.2 Fundamental Resonance Period (seconds) and Damping Ratio at Fundamental
Resonance of Morrow Point Dam with Empty Reservoir

Resonant Period Damping Ratio
Foundation Rock
Case Condition E/[E, Symmetric | Antisymmetric | Symmeltric | Antisymmetric
Mode Mode Mode Mode
1 rigid oo 0.234 0.263 5.0 5.0
2 flexible 2 0.245 0.273 5.4-567 5.1
3 flexible 1 0.255 0.284 6.0 5.4
4 flexible 112 0.277 0.302 7.2-7.4 5.8
5 flexible 1/4 0.315 0.332 93-9.6 6.3

t The two values are from frequency response curves associated with
motions, respectively.
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Figure 5.2 Variation of the fundamental period ratios, ’f} /.T,, ff‘ /Tf and f}" /Tl", with the moduli
ratio E, /Es, for dam with an empty reservoir. Results for the gravity dam are from Fenves and
Chopra {12].
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Figure 5.3 Variation of the effective damping ratios, & fr f;‘} and E;, with the moduli ratio E, /E,,
for dam with empty reservoir. Results for the gravity dam are from Fenves and Chopra [12].
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foundation rock interaction is much larger than for arch dams, confirming that dam-foundation rock

interaction effects are more significant for gravity dams.

The preceding results indicate that dam-foundation rock interaction affects the response of the
dam in its symmetric vibration modes, excited by upstream and vertical ground motions, more than in

its antisymmetric modes, excited by cross-stream ground motion.

5.4 Foundation Idealization

In this section we study how the response of the dam is affected if only the foundation.
flexibility is considered but the other effects of dam-foundation rock interaction are ignored. Figures
5.4, 5.5 and 5.6 show the frequency-response curves for the dam due to upstream, vertical and cross-
stream ground motionsT respectively, considering (1) foundation flexibility only and {2) all effects of
dam-foundation rock interaction; also included for refefence is the response of the dam on rigid
foundation rock. It is clear that the fundamental resonant frequency is essentially the same for both
idealizations of foundation rock, implying that the lowering of this frequency is almost entirely due to
foundation flexibility with negligible inﬂuence; of foundation mass, material damping, or radiation
damping. However, the response amplitudes at the fundamental and higher resonant frequencies are
too large when only foundation flexibility is considered because the reduction in response due to
foundation material and radiation damping is ignored. For the smaller vaiues of E, /E,, the
overestimation of response by considering foundation flexibility only is especially large because the

substantial damping due to dam-foundation rock interaction discussed in the previous section is

ignored.

'_It is"clear that the standard analysis commonly used in engineering practice, which considers
only the flexibility of the foundation rock, ignores important effects of dam-foundation rock
interaction. Therefore these effects are included in all subsequent response results presented in this

chapter.
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Figure 5.4 Influence of foundation rock idealization on the response of dams with empty reservoir to harmonic upstream ground motion
(Cases 1 to 5 of Table 5.1).



L9

(@) E,/E_ =2 () E/E, = 1/2
50 7 T T 1 A T T T T

——Dam-Foundation Rock Interaction
40 - — -Foundation Flexibility only

30 | ' 4t ]

20} 4 L _

S il 1 =
(b) E,/E, = 1 (d) E,/E, = 114
50 ] T T T T T T T

30 |- , , 4 F i
20 |- 1 L ' ]

10 |-

-ABSOLUTE VALUE OF RADIAL ACCELERATION AT DAM CREST

Figure 5.5 Influence of foundation rock idealization on the response of dams with empty reservoir to harmonic vertical ground motion
(Cases 1 to 5 of Table 5.1). '



89

(a) E,/E =2 (©) E,/E, = 12

50 , :

T T rE— | T : |
=13.25° - Rigid | ,
9=132 —Dam-Foundation Rock Interaction :l
= 40 - - — -Foundation Flaxibility only 4 L l.{ |
m .
L : I
o "
O ¥
2 97 B ! -
1
2 LA
< A
< 20| 5 :I AVAN |
z \
2 PR ST WY
'<_( L L \ ! l;'. |‘ \‘7“\‘/" ‘.\‘ |
E 10 \'.. ) Pa ! \ -..\
‘! '--..—-'/ ) / .
d _..’ %4 ‘:\n.\ _ - -__: _______
& 0 L . N -
< (b) £/E,= 1 () E,/E, = 1/4
= 50 ; T —T T S l :
(] ]
= g
N 11 ! |
o 40 I:
o I
= !
Z 30+ 4 L ' ]
< "
o h S
= ; i VA
o 20 d L / ) A |
- || | 1 H i N\
8 h A 1 ll H ‘\‘ Vi "_‘
< J ooy R \
< 10 + - () \ / , \\ ]
7\
| N -
- e W = L .-".,—.-:" »—__-(
0 = 1 LN
0 2 3 4 5
° 0 ' /e

Figure 5.6 Influence of foundation rock idealization on the response of dams with empty reservoir to harmonic cross-stream ground motion
(Cascs 1 to 5 of Table 5.1).



5.5 Dam-Water-Foundation Rock Interaction Effects

The simultaneous effects of dam-foundation rock interaction and dam-water interaction on the
response of the dam to upstream, vertical, and cross-stream ground motions are investigated in this
section. Water compressibility is considered, allowing pressure waves to propagate in the upstream
direction when the excitation frequency is greater than the fundamental natural frequency u); of the
infinite uniform channel of water (Figure 3.2): mf’ for the symmetric mode and mi" for the
antisymmetric mode [7]. Results are presented in Figures 5.7, 5.8 and 5.9 for four systems: dam on
rigid foundation rock with empty reservoir (Case 1); dam on ﬁexible' foundation rock with empty
reservoir (Case 3); dam on rigid foundation rock with full reservoir (Cases 6 and 10); and dam on

flexible foundation rock with full reservoir (Cases 14 and 18).

Interaction between the dam and flexible foundation rock affects the response of the dam in a
simpler manner than does dam-water interaction (compare curve 2 to 3Iin each of Figures 5.7, 5.8 and
5.9), because the impedances of the semi-infinite foundation-rock region are slowly-varying, smooth
function.s of excitation frequency (see Section 4.4), whereas the added hydrodynamic forces, mass,
and damping display sharp resonant peaks at wi, [7]. In particular, these resonant peaks are
unbounded for vertical and cross-siream ground excitations if the reservoir boundary is non-

absorptive.

5.5.1 Hydrodynamic and Reservoir Boundary Absorption Effects

The effects of dam-water interaction on the dam response to each of the three ground motion
componénts are qualitatively similar for rigid and flexible foundation rock (Figures 5.7, 5.8 and 5.9).
The change in the amplitude of the fundamental resonant peak depends on the contribution of
damping from dam-foundation rock interaction, dam-water interaction and reservoir boundary
absorption, and on the added hydrodynamic forces. For the response of the dam with non-absorptive
reservoir boundary to upstream ground motion [Figure 5.7(a)], dam-water interaction increases-the

added force and decreases the effective damping at the fundamental resonant frequency, resulting in
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Figure 5.7 Response of dams to harmonic upstream ground motion for four conditions: dam
on rigid foundation rock with no water (Case 1 of Table 5.1); dam on flexible foundation rock
with no water (Case 3 of Table 5.1); dam on rigid foundation rock with full reservoir (Cases
6 and 10 of Table 5.1); and dam on flexible foundation rock with full reservoir (Cases 14 and
18 of Table 5.1).
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Figure 5.8 Response of dams to harmonic vertical ground motion for four conditions: dam
on rigid foundation rock with no water (Case 1 of Table 5.1); dam on flexible foundation rock
with no water (Case 3 of Table 5.1); dam on rigid foundation rock with full reservoir (Cases
6 and 10 of Table 5.1); and dam on flexible foundation rock with full reservoir (Cases 14 and
18 of Table 5.1).
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Figure 5.9 Response of dams to harmonic cross-stream ground motion for four conditions:
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- (Cases 6 and 10 of Table 5.1); and dam on flexible foundation rock with full reservoir (Cases
14 and 18 of Table 5.1).
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increased fundamental resonant response, whether the foundation rock is rigid or flexible (compare
curve | to 3 and curve 2 to 4). The added hydrodynamic forces have less . influence on the dam
response if the foundation rock is flexible than if it is rigid (compare the change from curve 2 to 4
with the change from curve 1 to 3) because of the material and radiation damping resulting from dam-
foundation rock interaction. If the reservoir boundary is absorptive [Figure 5.7(b)], the trends are
opposite: dam-water interaction increases the effective damping at the fundamental resonant
frequency, resulting in reduced resonant response, whether the foundation rock is rigid or flexible

(compare curve 1 to 3 and curve 2 to 4).

The amplitude of the fundamental resonant peak due to vertical ground motion (Figure 5.8) is
affected more by the added hydrodynamic fo;'ce and less by the previously discussed trends in added
damping. However, the fundamental resonant response is much less affected by dam-water interaction’
if the foundation rock is flexible (compare the change from curve 2 to 4 with the change from curQe 1
to 3). If the reservoir boundary is non-absorptive [Figure 5.8(a)], dam-water interaction greatly
increases the added force and reduces the effective damping ratio at the fundamental resonant
frequency, leading to much increased resonant response and a double resonant peak, of which the
second peak is unbounded, whether the foundation rock is rigid or flexible (compare curve 1 to 3 and
curve 2 to 4). If the reservoir boundary is absorptive [Figure 5.8(b)], dam-water interaction still
increases the fundamental resonant response because of the added hydrodynamic force, whether the
foundation rock is rigid or flexible (compare curve 1 to 3 and curve 2 to 4). The higher resonant

peaks associated with ©* are reduced to bounded values.

The amplitude of the fundamental resonant peak due to cross-stream ground motion
(Figure 5.9) is also affected more by the added hydrodynamic force and less by the previously
discussed trends in added damping. In this case the total earthquake force decreases at the
fundamental resonant frequency because the hydrodynamic force is of opposite-phase relative to the
inertia force of the dam [7‘], leading to reduced resonant response, Whether the foundation rock is rigid

or flexible (compare curve 1 to 3 and curve 2 to 4). The fundamental resonant response is essentially
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unaffected by reservoir boundary absorption [compare parts (a) and (b) of Figure 5.9] and by dam-
foundation rock interaction (compare curve 3 to 4). However, when the reservoir boundary is

absorptive, the resonant peaks at m‘j are reduced to bounded values.

The effects of reservoir boundary absorption on the response of the dam to upstream, vertical
and cross-stream ground motions are shown in Figures 5.10 and 5.11 for E,/E =e and I,
respectively, For this purpose frequency response functions are presented for six values of the wave
reflection coefficient o = 1 (non-absorptive reservoir boundary), 0.95, 0.9, 0.75, 0.5 and 0 (Cases 6
to 11 for Ef/Esém, and Cases 14 to 19 for E;/E =1). Comparison of Figures 5.10 and 5.11
-indicates that the effects of resewoir boundary absorption on the dam response are similar whether
the foundation rock is rigid or flexible. For upstream and vertical ground motions, reservoir boundary
absorption mainly affects the fundamental resonant response, reducing its amplitude with little change
in the resonant frequency. except when double peaks for lower o values merge into a single peak.
Response at higher frequencies is less affected by reservoir boundary absorption except that the
unbounded peaks at mf,‘ due to vertical ground motion are reduced to bounded values if the reservoir
boundary is absorptive. For cross-stream ground motion, reservoir boundary absorption has little
influence on the fundamental resonant response but reduces the unbounded peaks at ®“ to bounded
values. However, the second resonant peak (between the fundamential resonant peak and the resonant
peak at m‘i‘,’) decreases as o decreases from 1 to 0 if the foundation rock is rigid [Figure 5.10(c)],-

whereas it increases as o decreases from 1 to 0 if the foundation rock is flexible [Figure 5.11(c)].

The amplitude of the fundamental resonant peak of the reSponse curves in Figures 5.10 and
5.11 is listed in Table 5.3. The data for upstream and vertical ground motions, indicates that the
radiation damping due to reservoir boundary absorption is more effective in reducing the response of
the dam if the foundation rock is rigid, and the damping — material and radiation — due to dam-
foundation rock interaction is more effec;ive in reducing the response of the dam if the reservoir
boundary is less absorptive (some exceptions to this trend are seen in Table 5.3). This observation

can be explained based on energy dissipation concepts. Damping due to dam-foundation rock
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Figure 5.10 Influence of wave reflection coefficient & on the response of dams on rigid
foundation rock with full reservoir to harmonic ground motion (Cases 6 to 11 of Table 5.1).
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Table 5.3 Amplitude of the Fundamental Resonant Peak of Morrow Point Dam with Full
Reservoir, due to Upstream, Vertical and Cross-stream Ground Motions

Rigid Foundation Rock (E, /Es = o)

Flexible Foundation Rock (E, /ES =1)

o Upstream |  Vertical Cross- Upstream Vertical Cross-

stream . stream
1 40.5 98.4 4.51 31.0 46.7 4.64
0.95 23.2 54.5 4.46 23.6 354 4.57
0.9 16.9 35.7 4.41 19.1. 28.1 4.51
0.75 13.9 17.8 4,33 13.3 17.0 4.38
0.5 16.5 11.6 4.50 13.3 104 438
0 20.2 5.46 5.93 16.5 498 5.43
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interaction is more influential without hydrodynamic damping (non-absorptive reservoir boundary)
but less effective when combined with hydrodynamic damping (arising from reservoir boundary
absorption). Moreover, hydrodynamic damping is more influential without damping due to dam-
foundation rock interaction (rigid foundation rock) but less effective when combined with damping

due to dam-foundation rock interaction (arising from flexible foundation rock).

The fundamental resonant frequency w, of the dam alone (without water., supported on rigid
foundation rock) is reduced to @, due to dam-foundation rock interaction, to ®, due to dam-water
interaction, and to @ due to both effects simultaneously. The vibration periods corresponding to these
frequencies are denoted as T, T,, 7., and T, respectively. The period ratio T/, is plotted in Figure
5.12(a) against normalized water depth ratio H/H_ (where H is the water depth and H_ is the dam
height) for three values of E,/E;. Dam-water interaction lengthens the fundamental resonant period
rapidly for H/H_ greater than 0.5, especially for the symmetric vibration mode. To examine how:the
increase in period due to dam-water interaction is affected by dam-foundation rock interaction, the
data of Figure 5.12(a) is replotted in Figure 5.12(b) where the period ratio is plotted against the
Ef /E ratio for different values of H/H,. For a fixed H/H,, this piot would have been a horizontal
line if the increase in period due to dam-water interaction was completely independent of E,/E,. It is
apparent that the effects of dam-foundation rock interaction, characterized by E, /Es, .on the period
ratio are small if the reservoir is close to full. This implies that the fundamental resonant period
satisfies the approximate equation suggested earlier [7,12]:

A

L LT,

This approximaie relationship, valid for arch dams with non-absorptive reservoir boundary (Figure
5.12) as well as absorptive reservoir boundary (figures not presented), implies that the increase in

period due to dam-waler interaction is essentially unaffected by dam-foundation rock interaction.

 Also presented in Figure 5.12 are the period ratio T/f‘f curves for a gravity dam [12]. Dam-

water interaction lengthens the vibration period of the symmetric mode of arch dams more than that of
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Figure 5.12 Hydrodynamic and dam-foundation rock interaction effects on the fundamental resonant period of the dam: (a) variation of the
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gravity"darris for all values of the moduli ratio E; /E, because the added hydrodynamic mass has more
effect on the mass of a slender arch dam than of a massive gravity dam. Dam-water interaction
lengthens the vibration period of the antisymmetric mode of an arch dam to a lesser degree than the

period of its symmetric vibration mode or the vibration period of a gravity dam.
5.5.2 Influence of Moduli Ratio E,[E,

- To understand how the effects of reservoir boundary absorption are influenced by dam-
foundation rock interaction, the response of the dam with full reservoir to upstream, vertical, and
cross-s:tream ground motions is presented in Figures 5.13, 5.14 and 5.15, respectively, for five values
of Ef' /E, =oo, 2, 1, 1/2 and 1/4. Response results are included for dam on rigid foundation rock with
non—abéorptive reservoir boundary (o= 1, Case 6); dam on rigid foundation rock with absorptive
reservoir boundary {a = 0.5, Case 10); dam on flexible foundation rock with non-absorptive reservoir
boundary (ot = 1; Cases 12, 14, 20 and 22); and dam on flexible foundatiop rock with absorptive
reservoir boundary (a = 0.5;. Cases 13, 18, 21 and 23). The response functions for the first two
systems (Cases 6 and 10) are repeated in parts {a), (b) (¢) and (d) of Figures 5'.13, 5.14 and 5.15;
they shbw the effects of reservoir boundary absorption on the response of the dam supported on rigid
foundation rock which were discussed in the previous sgction. Thé remaining curves in Figure 5.13
show that, as the moduli ratio E, /Es decreases, which for a fixed £, means increasingly flexible
foundationv'rock, reservoir boundary absorption has less effect on the response of the dam to upstream
grouridd motion, especially at higher exéitation frequencies. The effects of reservoir boundary
absorption are small at excitation frequencies greater than the fundamental resonant frequency, even
if thé foundation rock is stiff with E,/E_= 2. However, the effects of reservoir boundary absorption
are significant near the fundémgntal resonant frequency even if the foundation rock is very flexible,
e.g. E s /Es = 1/4. Similarly, as E, /ES decreases, reservoir boundary absorption has less effect on the
response of the dam to vertical and cross-stream ground motions, except at excitation frequencics
near th%; natural vibration frequencies mﬁ, of the infinite water channel (Figures 5.14 and 5.15).

Furthermore, in the case of cross-stream ground motion, reservoir boundary absorption effects are
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Figure 5.13 Effects of reservoir boundary absorption on response of dams with full reservoir due 10 harmonic upstream ground motion for
various values of the moduli ratios E, /E, (Cases 6, 10, 12-14, 18 and 20-23 of Table 5.1).
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Figure 5.14 Effects of reservoir boundary absorption on response of dams with full reservoir due to harmonic vertical ground motion for
various values of the moduli ratios E, /EJr (Cascs 6, 10, 12-14, 18 and 20-23 of Table 5.1).
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negligible near the fundamental resonant frequency whether the foundation rock is rigid or flexible.

The reduced importance of reservoir boundary absorption as E, /Es decreases was explained in
the previous sectidn'by considering the contribution of damping from dam-foundation rock
interaction, dam-water interectien and reservoir boundary absorption. In particular, the effects of
reservoir boundary absorbtion are most significant if the foundetion rock is rigid because, except for
material damping in the dam, there is -no other damping mechanism at the fundamental resonant
frequency of the dam-water system. As the foundation rock becomes more flexible, more energy
radiates into the scmi-infinite foundation rock region because of dam-foundation rock interaction, so
that the additional damping. due to reservoir boundary absorption is not as effective in further

reducing the response.

The frequency respense curves of Figures 5.13, 5.14 and 5.15 arc reorganized in Figures 5.16,
5.17 and 5.18 to show further the influence of the moduli ratio E,/E, on the response of the dam. As
E;[E; decreases, which for a fixed E, means an increasingly flexible foundation rock, the
fundamental resonant frequency decreases; the dam response (0 upstream and vertical ground motions
at this frequency decreases and the frequency bandwidth widens irresﬁective of whether the reservoir
boundary is non-absorbtive [Figures 5.16(a) and 5.17(3)] or absorptive [Figures 5.16(b) and 5.17(b)].
It is apparent from Figures 5.16 and 5.17 that the effects of decreasing moduli ratio E; /Es on the
fundamental resonant response of the dam are qualitatively similar“.for upstrearﬂ and vertical
excitations, whether the reservoir boundary is non-absorptive or absorptive; but quantitatively, the
relative decrease in amplitude of the fundamental resonant peak depends on the wave reflection
coefficient ©, being less bronounced for an absorptive reservoir.boundary. However as E,/ES
decreeses, the dam fundamental resonant response due to cross-stream ground mwotion increases
slightly and then decreases; and the frequency bandwidth widens only slightly whether the reéervoir

boundary is non-absorptive [Figure 5.18(a)] or absorptive [Figure 5.18(b)].

As the moduli ratioc E,/E  decreases, the response amplitudes at the higher resonant

frequencies of the dam also decrease, except that the response to vertical and cross-stream ground
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Figure 5.16 Influence of moduli ratio E, /ES on response of dams with full reservoir to
harmonic upstream ground motion (Cases 6, 12, 14, 20 and 22 of Table 5.1 for non-
absorptive reservoir boundary; Cases 10, 13, 18, 21 and 23 for absorptive reservoir
boundary).
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Figure 5.17 Influence of moduli ratio £,/E, on response of dams with full reservoir to
harmonic vertical ground motion (Cases 6, 12, 14, 20 and 22 of Table 5.1 for non-absorptive
reservoir boundary; Cases 10, 13, 18, 21 and 23 for absorptive reservoir boundary).
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Figure 5.18 Influence of moduli ratio £;/E, on response of dams with full reservoir to
harmonic cross-stream ground motion (Cases 6, 12, 14, 20 and 22 of Table 5.1 for non-
absorptive reservoir boundary; Cases 10, 13, 18, 21 and 23 for absorptive reservoir
boundary).
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motions remains unbounded at the natural frequencies @) of the infinite water channel if the reservoir
boundary is non-absorptive. As E, /Enr decreaées, dam-foundation rock interaction introduces
increased radiation damping at the higher resonant frequencies, in addition to the damping from
hydrodynamic effects, thus reducing the amplitude of the higher resonant peaks. This reduction is
small for upstream or vertical ground motion (Figﬁres 5.16 and 5.17), but is significant for cross-
stream ground motion (Figure 5.18), whether the reservoir boundary is non-absorptive or absorptive.
When the foundation rock is very flexible and the reservoir boundary is absorptive, some higher

resonant peaks are completely suppressed by the large damping in the system.
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6 EARTHQUAKE RESPONSE OF MORROW POINT DAM

6.1 Introduction

Previous investigations have shown that the earthquake response of concrete arch dams is
affected by the interaction between the dam and impounded water, by water compressibility, and by
the absorption of hydrodynamic pressure waves at the reservoir boundary [4,8,9]. Presented in this
chapter is the earthquake response of Morrow Point ‘Dam to Taft ground motion, determined for a
wide range of parameters characterizing the properties of the dam, foundation rock, impounded water
and reservoir boundary materials, using the new analytical procedure developed in Chapter 4. The
response results presented are the»time variations of radial displacements at the dam crest and the
envelope values of the maximum tensile stresses at the upstream and downstream faces of the dam.
Based on these response results, the effects of dam-foundation rock interaction with empty reservoir
are studied first. The significance of these interaction effects ignored in standard analyses that
.consider flexibility of the foundation rock but not its inertia or damping — material and radiation —
effects are then identified. The combined effects of dam-foundation rock interaction, dam-water
interaction, and reservoir boundary absorptiqn arc studied next. The relative significance of the
response to the three components of ground motion are also investigated. Finally, the results of a
practical earthduake analysis of the arch dam arc presented to demonstrate the effectiveness of the
analytical procedure. This study emphasizes the effects of dam-foundation rock interaction compared

to those of dam-water interaction which have been studied extensively [8].

6.2 System and Ground Motion

6.2.1 Dam-Water-Foundation Rock System

The finite element idealization selected for Morrow Point Dam, the combined finite element and

continuum idealization of the impounded water, and the boundary element idealization for the
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foundation rock region are presented in Figures 3.1, 3.2 and 3.3. For the mass concrete of the dam,
Young's modulus E_ =4 million psi, unit weight w, = 155 pcf, Poisson's ratio v, = 0.2, and the
constant hysteretic damping factor m, = 0.1. This corresponds to a viscous damping ratio of 0.05 in
all natural vibration modes of the dam supported on rigid foundation rock with empty reservoir. For
the foundation rock, Young's modulus £, is varied so that E, /Es =0, 2 1, 1/2 or 1/4, unit weight
wy = 165 pcf; Poisson's ratio v, = 0.2, and constant hysteretic damping factor n, =0.1. The unit
weight of water w, = 62.4 pcf and the velocity of pressure waves in water C = 4720 ft/sec. For the
reservoir boundary materials, the wave reflection coefficient o varies over a wide range; the values

considered are: « = 1 (non-absorptive reservoir boundary), 0.95, 0.5 and 0.

0.2.2 Ground Motion

The ground motion recorded at Taft Lincoln School Tunnel during the Kern County, California,
earthquake of 21 July 1952 is selected as the free-field ground acceleration for the analysis of
Morrow Point Dam. The ground motion acting in the upstream (x), vertical (y). and cross-stream {z)
directions is defined as the S69E, vertical, and S21W components of the recorded ground motion,
respectively. The time variation of these three components of ground acceleration and their peak

accelerations are shown in Figure 6.1.

6.3 Response Results

The response of Morrow Point Dam was analyzed for a total of 13 sets of assumptions and
conditions listed in Table 6.1 for the dam, foundation rock, impounded water, and reservoir boundary
materials. For each of these 13 cases, the response of the dam was computed for four excitations:
upstreafn ground motion, only; vertical ground motion, only; cross-stream ground motion, only; and
all three ground motion components, simultaneously, of Taft ground motion; the effects of static loads

were excluded.
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Table 6.1 Cases of Morrow Point Dam Analyzed, Fundamental Resonant Periods of Vibration, Damping Ratios, and Response

Spectrum Ordinates for the Three Components of Taft Ground Motion

Fundamental Mode Properties
Case Foundation Rock | Water | « Upstream Ground Motion Vertical Ground Motion Cross-strcam Ground Motion
Resonant | Damping | S.(",E;) | Resonant | Damping | 5.(5".&]) | Resonant | Damping | S.(7.&1)
Period Ratio Period Ratio Period Ratio
E fE, | Condition T (sec) | Ef (%) @ TY (sec) | & (%) (2) T (sec) | &% (%) ®
1 oo Rigid Empty - 0.234 5.0 0.433 0.234 5.0 0.299 0.263 5.0 0.370
2 2 Interaction Empty - 0.245 5.4 0.376 0.245 5.6 0.249 0.273 5.1 0373
3 1 Interaction Empty - 0.255 6.0 0.351 0.255 6.0 0.223 70.284 54 0.334
4 172 Interaction Empty - 0.277 7.2 0.319 0.271 7.4 0.203 0.302 58 0.362
5 1/4 Interaction Empty - 0.315 9.3 0.343 0315 ‘ 9.6 0.244 0.332 63 0417
6 oo Rigid Full 1 0.355 2.2 0.661 0.353 44 0.366 0.340 4.9 0.526
7 oo Rigid Full 0.95 0.355 38 0.498 0.349 4.9 0.364 0340 5.0 0.522
8 oo Rigid Full 05 0310 11.8 0316 0310 11.3 0.225 0.338 5.9 0.467
9 oo Rigid Full 0 0.305 7.6 0.364 0.304 1.7 0.226 0.334 7.2 0.399
10 1 Flexible Full 1 0.385 37 0.356 0333 45 0.229 0.367 52 0.524
11 1 Flexible Full 0.95 0.385 4.8 0.338 0.381 10.5 0.208 0.367 52 0519
12 1 Flexible Full 0.5 0.353 14.9 0.267 0.349 14.3 0.220 0.367 6.3 0.465
13 1 Flexible Full 0 0.336 9.7 0312 0.334 9.8 0.273 0.361 8.0 0.426




The earthquake response of the dam was computed under the assumption of linear behavior of
the dam-water-foundation rock system, using the analytical procedure developed in Chapter 4, where
the displacement-time history was obtained by Fourier synthesis of the complex-valued frequency
resbonse functions for the generalized coordinates. These response functions were computed for the
excitation frequency range 0 to 25 Hz, which has been tested to be adequate for the selected dam and
the Taft ground motion. The first 20 generalized coordinates were included in the analyses for all

casces.

The fundamental resonant period and effective damping ratio at that period, determined by the
hélf—power bandwidth method from the frequency response function for the crest displacement due to
each of the three ground motion components, are presented in Table 6.1. Strictly speaking, the half-
power bandwidth method does not apply to dams because hydrodynamic and foundation interaction |
introduces frequency-dependent added mass, damping and force. However, the method is employed
here to obtain a rough measure of damping to assist in interpretation of response results. As seen in
Table 6.1, the fundamental resonant periods 7" and ,le optained from the response to ubstream (x) or
vertical (y) grdund motion are the same; it is the period of the fundamental, symmc[fic_ mode of
vibration, modiﬁed by the added mass from dgm-water interaction and the flexibility of the foundation
rock. The frcquency-depcndcnt hydrodynamic force which is not the same for the two ground motions
influences the resonant period slightly. If the reservoir is empty, the damping ratios & and !
corresponding to the upstream and vertical ground motions, respectively, have the,samg value if the
foundation rock is rigid; however, they are slightly differcm‘ if the foundation rock is flexible because
dam-foundation rock interaction effects are not identical for the two excitations. When the reservoir is
full, the damping ratios & and &] are different because the frequency-dependent added hydrodynamic
force is not the same for the twb ground motions, The fundamental resonant period 7;° and damping
ratio &, obtained from the response to cross-stream ground motion, are the period and damping ratio
of the fundamental, antisymmetric mode of vibration, -modified by dam-waterrintera=ction and dam-

foundation rock interaction. For each of the 13 cases, the pseudo-acceleration S, corresponding to the
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fundamental vibration period and damping ratio, determined from the response to each ground motion
component, is obtained from the response spectrum for that particular ground motion and is listed in

Table 6.1.

The rcspons,-e results selected to illustrate the different effects cons‘ist of displacement-time
histories and contours of envelope values of maximum tensile stresses. The radial component of the
displacement at the dam crest nodal point defined by 6 =13.25° (nodal point 54 in Figure 3.1), where
0 is the angle measured from the x-y plane alohg the dam crest arch, is presented. The distributions of
envelope values of the maximum tensile stresses in the arch and cantilever directions are presented for
both the upstream and downstream faces of the dam. The maximum radial displacement at the dam
crest nodal point 54 (8 =13.25°, Figure 3.1), and the maximum tensile values of arch and cantilever
stresses over the upstream and downstream dam faces, are also summarized and grouped into Tables

6.2, 6.4, 6.6 and 6.7 in the following sections for convenient comparison of the results.

A point worth mentioning concerns the stress contour presentation in this chapter. The envelope
values of maximum tensile stresses are shown for the right half of the dam when looking from the
downstream side in the upstream direction. Because the Morrow Point Dam system is assumed to be
symmetric about the x-y plane, the maximum tensile stresses are symmetric about this plane for the
dam subjected-' to upstream or vertical component of ground motion; and, as explained in Reference
[8], they are approximately symmetric about the x-y plane for the dam subjected to the cross-stream
component of ground motion. However, the maximum tensile stresses due to all three components of
ground motion acting simultaneously are shown for the whole dam since they are not symmetric abbut

the x-y plane.

The displacement and stresses due to static loads such as the dead weight of the dam and the
hydrostatic pressure on the upstream face of the dam are not included in most of the results presented
here to stﬁdy the effects of dam-foundation rock interaction, dam-water interaction, and reservoir
boundary absorption on dynamic response. The‘ static loads should be included, however, for practical

earthquake analyses of the dam; an example is given at the end of this chapter.
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6.4 Dam-Foundation Rock Interaction Effects

Dam-foundaticn rock interaction effects in the eaﬁhquake response of Morrow Point Dam are
studied first; t_he feservoir is assumed empty. These effects can be visualized as arising partly from
the change in the complex-valued frequency response functions of the dam (Cha'pter 5), and partly
from the change in the resbonse spectrum ordinate corresponding to each resonant peak, especially the
fundamental resonant peak, corresponding to the changes in resonant period and damping. As the
moduli ratic £, /Es decreases, which for a fixed concrete modulus £, means increasingly flexible
foundation rock, the period and the effective damping Tatio at ‘thé fundamental resonance of the
symmetric and antisymmetric modes of vibration increases. For example, as E, /Es decreases from ©°
to 1/4, the fundamental resonant period of Morrow Point Dam lengthens from 0.234 sec to 0.315 sec
for the symmetric vibration mode and from 0.263 sec to 0.332 sec for the antisymmetric vibration
made; ‘and the effective damping at the fundamental resonz;nt period increases from 5% to 9.3%, 9.6%
or 6.3% due to upstream, vertical or cross-stream 'ground motion, respecﬁvely (Table 6.1). As
discussed in Chapter 5, th_e fundamental resonant period is affected almost entirely by the flexibility
of foundation rock; whereas the effective damping ‘rat,i'o at the fundamental resonance is affected
primarily by material and radiation damping resulting from dam-foundation rock interaction. As the
moduli ratio E, /E, decreases, the radiation damping from dam-foundation rock interaction increases,
resulting in larger effective damping ratio (Table 6.1). “"Fhe combined change in the vibration period
and damping ratio results in a change in the pseudo-acceleration response spectrum ordinate for each
of the three components of Taft ground motion. For the selected dam and excitation, as the moduli
ratio E,/E, changes from ©° to 1/4, S,(T;",&[) changes from C.433g to 0.343g; S,(T7.&}) changes
from 0.299g to 0.244g; and S,(77',&;) changes from 0.370g to 0.417g (Table 6.1).

The effects of dam-foundation rock interaction on the response of the dam with an empty
reservoir are identified by examining the results presented for the various E, /E, values (Table 6.2
and Figures 6.2-6.8). The displacement histories in Figure 2 indicate that, as E,/E, decreases, the l

fundamental resonant period is lengthened and the coniributions of the higher vibration modes of the
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Table 6.2 Summary of Responses* of Morrow Point Dam with Empty Reservoir,
Including Dam-Foundation Rock Interaction, to Taft Ground Motion

Foundation Maximum Maximum Tensile Stress (psi)
Casé Rock Radial Crest Upstream Face Downstream Face
Displacement Arch Cantilever Arch Cantilever
E,/E, |- Condition (inches) Stress Stress Stress Stress
(a) Response to Upstream (S69E Component of Taft) Ground Motion
1 oD Rigid 0.382 268 100 244 65
2 2 Interaction 0.396 262 104 239 67
3 1 Interaction 0.438 271 100 251 62
4 172 Interaction 0.451 289 102 274 71
5 - 1/4 Interaction 0.635 293 96 301 62
(b) Response to Vertical Component of Taft Ground Motion
1 o2 Rigid 0.068 55 48 43 41
2 2 Interaction 0.069 57 54 44 44
3 1 Interaction 0.075 63 66 45 38
4 ‘lll Interaction 0.072 70 81 51 35
5 1/ Interaction 0.095 70 86 75 36
(c) Response to Cross-stream (S21W Component of Taft) Ground Motion
1 o9 Rigid 0.368 153 100 209 90
2 2 Interaction 0.453 169 107 181 77
3 1 Interaction 0.438 173 36 185 76
4 172 Interaction 0.544 184 113 231 96
5 1/4 Interaction 0.726 260 157 3lé6 157
(d) Response to Upstream, Vertical, and Cross-stream Components,
Simultaneously, of Taft Ground Motion
1 oo Rigid 0.436 336 118 307 137
2 2 Flexible 0.615 301 119 337 140
3 1 Flexible 0.658 313 125 292 128
4 172 Flexible 0.6435 304 115 295 121
5 L/4 Flexible 0.950 407 191 414 178

* Effects of static loads are excluded.
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Figure 6.2 Displacement response of Momow Point Dam on rigid and flexible foundation rock with empty reservoir due to upstream,
vertical and cross-stream components, separately, of Taft ground motion.
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Figure 6.3 Envélope values of maximum tensile stress (in psi) on faces of Morrow Point Dam with empty reservoir, supported on
rigid or flexible foundation rock with E, /E, = 1, due 10 upstream component, only, of Taft ground motion. Initial static stresses
are excluded.
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Figure 6.4 Envelope values of maximum tensile stress (in psi) on faces of Mormmow Point Dam with emply reservoir, supported on
rigid or flexible foundation rock with E / E_ =1, due to vertical component, only, of Taft ground motion. Initial static stresses

are excluded.
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stresses are excluded.



101

“Upstream Face of Morrow Point Dam

(a) Rigid Foundation Rock (b) Flexible Foundation Rock
Dam-Foundalion Rock Interaction

Cantilever Stress Arch Stress Cantilover Stress Arch Stress
{

Downstream Face of Morrow Point Dam

(d) Rigid Foundation Rock (e) Flexible Foundation Rock
: Dam-Foundation Rock Interaction

Cantilever Stress Arch Stress Cantilever Stress Arch Stress

') 0l

o

(¢) Flexible Foundation Rock
Foundation Flexibility Only

Cantilever Stress
L

(f) Flexible Foundation Rock
Foundation Flexibility Only

Cantilever Stress Arch Stress

Figure 6.6 Envelope values of maximum tensile stress (in psi) on faces of Morrow Point Dam with empty reservoir, supported
on rigid or flexible foundation rock with E /E, =1/4, due to upstream component, only, of Taft ground motion. Initial static stresses

are excluded.



<01

Upstream Face of Morrow Point Dam

(a) Rigid Foundation Rock {b) Flexible Foundation Rock {(c) Flexible Foundation Rock
Dam-Foundation Rock Interaction Foundation Flexibility Only

Cantilever Stress " Arch Stress Cantilever Stress Arch Stress
\

Downstream Face of Morrow Point Dam

(d) Rigid Foundation Rock (e) Flexible Foundation Rock (f) Flexible Foundation Rock
Dam-Foundation Rock Interaction Foundation Flexibility Only

Cantilever Stress Arch Stress

Figure 6.7 Envelope values of maximum tensile stress (in psi) on faces of Momow Point Dam with empty reservoir, supported
on rigid or flexible foundation rock with E; / E, =1/4, due to vertical component, only, of Taft ground motion. Initial static stresses are
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dam decrease; the latier happens because the material and radiation damping arising from interaction
effects reduces the resonant amplitudes, especially at the higher resonant peaks (Section 5.3). As
E,[E, decreases, the displacements increase in spite of the reduced values of S, primarily because of
the increase in the effective earthquake forces in individual vibration modes arising from modification
in the mode shapes due to foundation flexibility. For example, as E; /ES decreases from oo to 1/4, the
maximum crest displﬁcement of the dam increases from (0.382 in. to 0.635 in. due to upstream ground
rnotion; from 0.068 in. to 0.095 in. due to vertical ground motion; and from 0.368 in. to 0.726 in. due
to cross-stream ground motion (Table 6.2). As a result of these trends dam-foundation rock
interaction generally increases by a small amount the maximum principal stresses throughout the dam
[compare part (b) to (a) and part (e) to (d) of Figures 6.3-6.8 and compare Cases 2-5 to Case 1 of
Table 6.2]. For example, as E, /Es decreases from ©© to 1/4, the maximum arch stress increases from
268 psi to 293 psi at the upstream face and from 244 psi to 301 psi at the downstream face due to
upstream ground motion, although the maximum cantilever stress remains practically unchanged at
both ups_tream and downstream faces [Casés 1 and 5 of Table 6.2(a)]. However, dam-foundation rock
interaction does not significantly alter the general distribution of maximum tensile stresses on the dam
fgnces [gomparp part (b) to (a) and part (e) to (d) of Figures 6.3-6.8]. Furthermore, the arch stresses
are genefally greater than the cantilever stresses over both faces of the dam, and the response to
vertical ground motion is much smaller than the response to horizontal (upstream and cross-stream)

ground motions, both phenomena seem little affected by dam-foundation rock interaction.

The small increase in the stress response of arch dams due to dam-foundation rock interaction
is in contrast to gravity dams whose respdnse is reduced significantly by interaction [12] because of
the significant increase in damping resulting from interaction of the massive gravity dam with its

foundation rock (Section 5.3).
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6.5 Foundation Idealization

In this section we study how the earthquake response of the dam is affected if only the
foundation flexibility is considered but its inertia and damping effects are ignored. The fundamental
mode properties of the dam and the corresponding ordinates of tﬁe response épectmm for the three
components of Taft ground motion considering (1) foundation flexibility only and (2) all effects of
dam-foundatioﬁ rock interaction are summarized in Table 6.3. The fundamental resonant peribd is
essentially the same for both idealizations of the foundation rock but the effective damping ratio is
larger if full effects of dam-foundation rock interaction are considered. For example, for E, /Es = 1/4,
the fundamental resonant periocd of Morrow Point Dam is 0.311 sec and 0.332 sec for symmelric and
antisymmetric modes of vibration, respectively, if only foundation rock flexibility effects are
considered, and they are 0.315 sec and 0.332 se¢ if all dam-foundation rock interaction effects are
considered (Case 5 of Table 6.3). However, for E;/E, = 1/4, £y = 2.8%, & = 2.7%, and §[ = 3.3%
if only foundation rock flexibility effectsl are considered; whereas & =9.3%, &} =9.6%, and
& = 6.3% if all dam-foundation rock interaction effects aré considered (Case 5 of Table 6.3).
Therefore, the spectral ordinates are always larger if only foundation rock flexibility is considered but.
other effects of dam-foundation rock interaction are ignored (Table 6.3). For exampléz, for
EI/E; = 1/4, SAT] &) = 0.511g, S,(T7.&)) =0.308g, and S,(T}.&) = 0.572g if only foundation
rock flexibility :ffects are considered are larger than S,(%;",Ef) = 0.343g, Sa(ﬂy.éf ) = 0.244g, and
Sa(Tf,éf ) = 0.417g if all dam-foundation rock interaction effects are considered .(Case 5 of Table

6.3).

Consequently, the earthquake response of the dam is overestimated when only foundation
flexibility is considered but damping — material and radiation — arising from dam-foundation rock
interaction is excluded [see Table 6.4 and compare part (c)‘ to (b) and part (f) to (e) of Figures 6.3-
6.8]. For example, for Ef/E, = 1/4, the maximum crest displacements are 0.921 in., 0.168 in., and
0.982 in. due to upstream, vertical and cross-stream components of Taft ground motion, respectively,

if only foundation flexibility is considered; whereas they are 0.635 in., 0.095 in., and 0.726 in. if all
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Table 6.3 Influence of Foundation Rock Idealization on Fundamental Resonant Periods of Vibration, Damping
Ratios, and Taft Response Spectrum Ordinates for Morrow Point Dam with Empty Reservoir

Fundamental Mode Properties
Case Foundation Rock Upstream Ground Motion Vertical Ground Motion Cross-stream Ground Motion
Resonant | Damping | 5,(T.E;') | Resonant | Damping | 8,(T.&}) | Resonant | Damping | S,(7.E})
Period | Ratio Period Ratio Period Ratio
E,[E, (dealization” T (sec) & (%) () T (sec) @& | (g) T (sec) & (%) (2)

2 ‘ 2 Flexibility 0.245 4.6 0.335 0.245 4.7 0.270 0.273 4.6 0.385

Interaction 0.245 54 0.376 0.245 5.6 0.249 0.273 5.1 0.373

3 1 Flexibility 0.255 12 0.373 0.255 4.2 0.254 0.283 4.3 0.343

Interaction 0.255 6.0 0.351 0.255 6.0 0.223 0.284 5.4 0.3

4 12 * Flexibility 0.276 e 0.434 0.276 3.7 0.294 0.301 3.9 0.390

Interaction 0.277 7.2 0.319 0.277 7.4 0.203 0.202 5.8 0:162

5 1/4 Flexibility 0311 2.8 0.511 0.311 2.7 0.308 0.332 3.3 0.572

Interaction 0315 9.3 0.343 0.315 9.6 0.244 0332 6.3 0.417

* "Flexibility" implies that only foundation flexibility effects are considered. "Interaction” indicates that dam-foundation rock interaction effects are included.




Table 6.4 Influence of Foundation Rock Idealization on Responses® of Morrow Point
Dam with Empty Reservoir to Taft Ground Motion

Foundation Maximum Maximum Tensile Stress (psi)
Case Rock Radial Crest Upstream Face Downstream Face
Displacement Arch Cantilever Arch Cantilever
E,[E, | Idealization (inches) Stress Stress Stress Swress
(a) Response to Upstream (S69E Component of Taft) Ground Motien

2 2 ~ Flexibility 0.421 277 113 253 75 v
Interaction 0.396 262 104 239 67

a 1 Flexibility 0.494 317 113 288 76
Interaction - 0.438 271 100 251 62

4 172 Flexibility 0.627 418 137 374 98
Interaction 0.451 289 102 274 71

5 1/4 Flexibility 0.921 445 174 461 103
[nteraction 0.635 293 96 301 62

(b) Response to Vertical Component of Taft Ground Motion

2 2 Flexibility 0.086 66 69 56 57
Interaction 0.069 57 54 44 44

3 1 | Flexibility 0.096 ‘ 85 104 61 . 62
Interaction 0075 63 66 45 38

4 12 Flexibility - 0.121 132 155 83 68
Interaction 0.072 70 81 51 3s

5 1/4 Flexibility 0.168 139 223 154 94
[nteraction 0.095 70 86 75 36

{c} Response to Cross-stream (S21W Component of Taft) Ground Motion

2 2 Flexibility 0.478 178 114 192 79
Interaction 0.453 160 | 107 181 77

3 1 Flexibility 0.487 199 108 195 80
Interaction 0.438 173 ' 96 1854 76

4 12 Flexibility 0.624 249 144 266 114
Interaction 0.544 184 113 231 96

5 1/4 Flexibility 0.982 438 226 443 207
Interaction 0.726 260 157 316 157

* Effects of static loads are excluded.

T "Flexibility” implies that foundation flexibility effects are considered.
"Interaction” indicates that dam-foundation rock interaction effects are included.
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effects of dam-foundation rock interaction are considered (Table 6.4). Similarly, the maximum arch
stresses arc 461 psi, 154 psi, and 443 psi due to upstream, vertical and cross-stream Taft ground
motions, respectively, if only‘ foundation flexibility is considered; whereas they are only 301 psi,
75 psi, and 316 psi if all effects ofvdam-foundation rock interaction are considered (Table 6.4). Such
overestimation of the response is especially significant for smaller values of E, /E, because larger
radiation damping resulting from dam-foundation rock inferaction is ignored (Table 6.5). For
example, for E;,,/E‘7 = 1/4, the maximum response to upstream, vertical and cross-stream ground
motions is overestimated by 45%, 77% and 35%, respectively, for the crest displacement; 5'3%. 105%
and 69% for the arch stress; and 81%, 161% and 44% for the cantilever stress (Table 6.5). The
overestimation is especially large for the response to vertical ground motion. However, the
distributions of maximum tensile sfresses on the dam faces are similar for the two idealizations of the
foundation rock [compare part (¢) to (b) and (f) to (e) of Figures 6.3-6.8].

Based on the preceding results, it is clear that the standard procedure commonly used in
engineering practice, which considers only the flexibility of the foundation rock but ignores other
effects of dam-foundation rock interaction, significantly overestimates the earthquake response of
arch dams. Therefore, dam-foundation rock effects are included in all subsequent results presented in

this chapter.

6.6 Dam-Water-Foundation Rock Interaction Effects

6.6.1 Hydrodynamic Effects

As discussed in Section 5.5.1, hydrodynamic effects (the effects of dam-water interaction with
non-absorptive reservoir boundary; o = 1) on the response of the dam to the harmonic ground motion
in the upstream, vertical or cross-stream direction are qualitatively similar whether the effects of
dam-foundation rock intéraction are included or not. In particular, the percentage increase in the
fundamental resonant period due to hydrodynamic effects is approximately the same, as demonstrated

by comparing the periods for Cases 1 and 6 to those for Cases 3 and 10 of Table 6.1. The increase is
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Table 6.5 Overestimation of Responses (in %) by Ignoring Foundation

Inertia and Damping Effects

Maximum Maximum Tensile Stress
Case E [E, Radial Crest Upstream Face Downstream Face
Displacement “Arch | Cantilever | Arch | Camilever
Stress Stress Stress Stress
(a) Response to Upstream (S69E Component of Taft) Gr;)und Motion
2 2 6% 6% 9% 6% 12%
3 1 13% 17% 13% 15% 23%
4 172 39% 45% 3;1% 36% 38%
5 1/4 45% 52% 8i% 53% 66%
(b) Response to Vertical Component of Taft Ground Motion
2 2 25% 16% 28% 27% 30%
3 I 28% 5% 58% 36% 63%
4 112 68% 89% ‘ 91?5 63% 4%
5 1/4 7% g0 159% 105% 161%
(c) Resﬁonse to Cross-stream (S21W Component'of Taft) Ground Moticon
2 2 6% % | - 1% 6% %
3 1 11% 15% 13% 5% 5%
4 172 15% 35% 27% 15% 19%
5 1/4 35% 68% 44.% 40% 2%
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about 50% for the symmetric vibration mode and about 30% for the antisymmetric vibration mode,

regardless of the foundation rock condition {sée also Figure 5.12(a) at H/H, =1].

Hydrodynamic effects increase the displacement anﬁ stress responses of the dam on rigid
foundation rock due to upstrc'am ground motion [compare Case 1 to 6 of Table 6.6(a)}. The increase
in the dam response is caused by the increase of the fundamental resonant peak in the frequency
response function [Figure 5.7(a)] and by the increase in the pseudo-acceleration S,(77,&7) from
0.433g to 0.661g because hydrodynamic effects lengthen the fundamental resonant period from
0.234 sec to 0.355 sec and decrease the effective damping ratio from 5% to 2.2% (Table 6.1). For
example, the maximum crest displacement increases from 0,382 lin. to 0.806 in.; the maximum arch
stress increases from 268 psi to 686 psi at the upstream face and from 244 psi to 616 psi at the
downstream face; and the maximum cantilever stress increases from 100 psi to 286 psi at the
upstream face and from 65 psi to 218 psi at the downstream face [Cases 1 and 6 of Table 6.6(a)].
The lengthening of the fundamental resonant period can also be observed from the displacement
histories [compare the responses to upstream ground motion in Figures 6.9(a) and 6.9(b)]. When
dam-foundation rock interaction is considered, the hydrodynamic effects are smaller [compare the
change fr_om Case 3 to 10 in Table 6.7(a) with the change from Case 1 to 6 in Table 6.6(a)] because
of the material and radiation damping effects arising from the interaction (Section 5.5.1).
Hydrodynamic t;,ffects change little the distribution pattern of the arch stresses; however, these effects
increase the cantilever stresses at the base of the dam along the abutment, with these aréas becoming
the most-stressed area instead of the upper, central portion of the dam, regardless of the foundation
rock condition [compare part (a) to (b) of Figures 6.10-6.11 and 6.17-6.%8]. The arch siresses are
generally much larger than the cantilever stresses over both faces of the dam, an observation that is
unaffected by the hydrodynamic effects [Cases 1 and 6 of Table 6.6¢a) and Cases 3 and 10 of

Table 6.7(a)].

Similar to the case of upstream ground motion, hydrodynamic effects increase the displacement

and stress responses of the dam on rigid foundation rock due to vertical ground motion [compare
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Table 6.6 Summary of Responses* of Morrow Pomt Dam on ngld Foundation
Rock to Taft Ground Motion

" Maximum Maximum Tensile Stress (psi)
Case | Water | o Radial Crest Upstream Face Downstream Face
Displacement Arch Cantilever Arch . | Cantitever
(inches) Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Motion

1 None - 0382 - 268 100 244 65

6 Full 1.0 0.806 . 686 286 616 218
7 Full 0.95 0.674 574 231 513 174
8 » Full 0.5 0.622 . 487 166 422 122
9 Full o] . 4.622 482 147 411 111

(b) Response to Vertical Component of Taft Ground Motion

1 None - 0.068 - 55 T 48 43 41
6 Fat | 10 1704 1348 524 1214 328
7 Full | 0.95 1.243 998 398 898 231
8 Fall | 05 0270 216 1S 183 s4
9 Full | 0 0.107 89 .55 69 39

(c) Response to Cross-stream (821W Component of Taft) Ground Motion -

1 None | - 0.368 1 oss 100 209 90
6 Fall | 1.0 0.359 198 121 173 88
7 Ful | 0.95 0331 177 102 177 84
8 Full | 05 0.313 160 .72 183 " 83
9 Full 0 0.365 172 93 216 .99

(d) Response to Upstream, Vertical, and Cross-stream’Components,
Simultaneously, of Taft Ground Motion :

1 None - 0.486 336 118 307 137
6 Full 1.0 2.202 1784 734 1591 $50
7 Full 0.95 1.546 1223 ‘ 531 1093 403
8 Full 0.5 0.624 490 ‘ 182 444 169
9 Full 0 0.678 491 166 441 168 : v

« Effects of static loads are excluded.
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Figure 6.9 Displacement response of Mormow Point Dam on rigid foundation rock due to upstream, vertical and cross-stream
components, separately, of Taft ground motion.
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Figure 6.10 Envelope values of maximum tensile stress (in psi) on the upstream face of Morrow Point Dam with empty or full
reservoir, supported on rigid foundation rock, due to upstream component, only, of Taft ground motion. [nitial static stresses are

excluded.



140!

Downstream Face of Morrow Point Dam
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Figure 6.11 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with empty or full
reservoir, supported on rigid foundation rock, due to upstream component, only, of Taft ground motion. Initial static stresses are
excluded.
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Figure 6.12 Envelope values of maximum tensile stress (in psi) on the upstream face of Morrow Point Dam with empty or full
reservoir, supported on rigid foundation rock, due to vertical component, only, of Taft ground motion. Initial static stresses are
excluded.
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Downstream Face of Morrow Point Dam
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Figure 6.13 Envelope values of maximum tensile stress (in psi) on the downstream face of Mormmow Point Dam with empty or full
reservoir, supported on rigid foundation rock, due to vertical component, only, of Taft ground motion. Initial static stresses are
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Figure 6.14 Envelope values of maximum tensile stress (in psi) on the upstream face of Morrow Point Dam with ¢cmpty or full
reservoir, supported on rigid foundation rock, due to cross-stream component, only, of Taft ground motion. Initial static stresses are
excluded.
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" Downstream Face of Morrow Point Dam

(a) Empty Reservoir (b) Full Reservoir (c) Full Reservoir
Non-absorptive Reservoir Boundary, o =1 Absorptive Reservoir Boundary, a = 0.95
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Figure 6.15 Envelope values of maximum tensile stress (in psi) on the downstream face of Mormow Point Dam with empty or full
reservoir, supported on rigid foundation rock, due to cross-stream component, only, of Taft ground motion. Initial static stresses are
excluded.



Case 1 to 6 of Table 6.6(b)]. However, the increase in the dam response is caused less by the increase
in the pseudo-acceleration S,(7,&}) from 0.299g to 0.366g — due to the lengthening of the vibration
period and the reduction of the effective damping ratio from 5% to 4.4% (Table 6.1) — but more by
the greatly amplified fundamental resonant peak and unbounded peaks at m’f in the frequency
response function due to hydrodynamic effects [Figure 5.8(a)]. éonsequently, the increase in the dam
response to vertical gfound motion is much Jarger than that due to upstreaﬁl grouﬁd motion. For
example, the maximum crest displacement of the dam due to vertical ground motion increases from
0.068 in. to 1.704 in.; the maximum arch siress increases from 55 psi to 1348 péi at the upstream
face and from 43 psi to 1214 psi at the downstream face; and the maximum cantilever stress increases
from 48 psi to 524 psi at the upstream face and from 41 psi to 328 psi at the downstream face
[Cases 1 and 6 of Table 6.6(b)]. Dam-foundation rock interaction meoderately reduces the
hydrodynamic effects on the dam response [compare the change from Case 3 to 10 in Table 6.7(b)
with the change from Case 1 to 6 in Table 6.6(b)] because foundation damping arising from the
interaction reduces the fundamental resonant response without eliminating the unbounded peaks at @
(Section 5.5.1). Similar to the case of upstream ground motion, hydrodynaniip effects change little the
distribuﬁon pattern of the arch stresses due to vertical ground motion, except gll'eatly ihcreasing the
cantilever stresses at the base of the dam along the abutment, with these areas becoming tﬁe most-
stressed area instead of the upper, central portion of the dam,‘rcgardless of the foundation rock
condition [compare part (a) to (b) of Figures 6.12-6.13 and 6.19-6.20]. The arch stresses over both
faces of the dam; which are about the same as the cantilever stresses when the reservoir is empty
[Case 1 of Table 6.6(b) and Case 3 of Table 6.7(b)}, become much larger than the cantilever stresses

when the reservoir is full [Case 6 of Table 6.6(b) and Case 10 of Table 6.7(b}].

On the contrary, the response of the dam on rigid foundation rock due to cross-stream ground
motion is influenced by hydrodynamic effects to a much less degree than is the response due to the
upstream and vertical components of ground motion [compare Cases 1 and 6 of Table 6.6(c) to those

of Table 6.6(a)-(b}], even though the pseudo-acceleration Sa(Tf,T;f) increases from 0.370g to 0.526g
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Table 6.7 Summary of Responses® of Morrow Point Dam, Considering Dam-
Foundation Rock Interaction, to Taft Ground Motion; E;/E, =1

Maximum Maximum Tensile Stress (psi)
Case | Water | « Radial Crest Upstream Face Downstream Face
Displacement Arch Cantilever Arch Cantilever
(inches) Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Mation

3 None - 0.451 271 100 251 62
10 Full 1.0 0.835 589 212 556 124
11 Full 0.95 0.802 566 203 533 115
12 Full 0.5 0.703 497 150 457 111
13 Full 0 0.708 510 134 454 113

(b) Response to Vertical Component of Taft Ground Motion

3 None - 0.072 63 66 43 g
10 Fall | 1.0 1.555 1082 292 979 148
1 Full | 095 | 1.201 835 224 753 114
12 Fult | 05 0.414 268 107 230 63
13 Fult 0 0.194 118 89 92 53

(c) Response to Cross-stream (S21W Component of Taft) Ground Motion

3 None - 0.544 173 96 185 76
10 Full 1.0 0.342 187 92 213 80
11 Full 0.95 0.347 189 88 205 79
12 Full 0.5 0.423 218 80 212 79
13 Full 0 0.537 274 96 274 104

(d) Response to Upstream, Vertical, and Cross-stream Components,
Simultaneously, of Taft Ground Motion

3 None | - 0.658 33 125 292 128
10 [ Fat | 10 1.605 1261 385 1115 250
i Full | 0.95 1.285 973 322 898 214
12 Fall | 03 0.682 510 187 474 149
13 Fal | o 0.708 565 190 464 168

« Effects of static loads are excluded.
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RADIAL DISPLACEMENT AT DAM CREST, 6 = 13.25° (INCHES)

Figure 6.16 Displacement response of Morrow Point Dam on flexible foundation rock with E
interaction effects , due to upstream, vertical, and cross-stream components, separately, of T
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Upstream Face of Morrow Point Dam

(a) Empty Reservoir (b) Full Reservoir {c) Full Reservoir
Non-absorptive Reservoir Boundary, a=1 Absorptive Reservoir Boundary, o =095
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Figure 6.17 Envelope values of maximum tensile stress (in psi) on the upstream face of Morrow Point Dam with empty or full reservoir,
supported on flexible foundation rock with E; /E =1, due to upstream component, only, of Taft ground motion. Initial static stresses are
excluded..
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Downstream Face of Morrow Point Dam -
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Figure 6.18 Envelope values of maximum tensile stress (in psi) onthe downstream face of Morrow Point Dam with empty or full reservoir,
supported on flexible foundation rock with £, /E,_ =1, due to upstream component, only, of Taft ground motion. Initial static stresscs are
excluded..
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Figure 6.19 Envelope values of maximum tensile stress (in psi} on the upstream face of Morrow Point Dam with empty or full reservoir,
supported on flexible foundation rock with E, /E; =1, due to vertical component, only, of Taft ground motion. Initial static stresses are
excluded..



Scl1

Downstream Face of Morrow Point Dam

(2) Empty Reservoir (b) Full Reservoir (c) Full Reservoir
Non-absorptive Reservoir Boundary, o=1 Absorptive Reservoir Boundary, o0 =095
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Figure 6.20 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with empty or full reservoir,

supported on flexible foundation rock with E, /E_ = 1, due to vertical component, only, of Taft ground motion. Initial static stresses are
excluded..
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Upstream Face of Morrow Point Dam:
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Figure 6.21 Envelope values of maximum tensile stress (in psi)} on the upstream face of Mormow Point Dam with empty or full reservoir,
supported on flexible foundation rock with E /E, = 1, due to cross-stream component, only, of Taft ground motion. Initial static stresses are
excluded..
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Downstream Face of Morrow Point Dam
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Figure 6.22 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with empty or full Teservoir,
supported on flexible foundation rock with E, /E_ =1, due to cross-stream component, only, of Taft ground motion. Initial static stresses are

excluded..



due to the lengthening of the fundamental resonant period from 0.263 sec to 0.340 sec and the small
decrease in the effective damping ratio from 5% to 4.9% (Table 6.1). For example, the crest
displacement of the dam decreases slightly from 0.368 in. to 0.359 in.; the change in stress is also
small: the arch stress increases from 153 psi to 198 psi at the upstream face, but decreases from
209 psi to 173 psi at the downstream face; the cantilever stress increases from 100 psi to 121 psi at
the upstream face, but decreases from 90 psi to 88 psi at the downstream face [Cases 1 and 6 of
Table 6.6(c)]. If dam-foundation rock interaction effects are included, the displacements decrease by
a greéter degree (from 0.544 in. to 0.342 in.) but therstresses change very little [Cases 3 and 10 of
Table 6.7(c)]. The displacements decrease mainly because the fundamental resonant peak in the
frcqueﬁéy response function is reduced since the “added” hydrodynamic force is of opposite-phase
compared to the effective earthquake force associated with the mass of the dam [Figure 5.9(a)]. The
added hydrodynamic force is unbounded at the natural frequencies mif’ of the infinite water channel'
(Figure 3.2), causing unbounded response peaks at these frequencies which remain unbounded when
dam-foundation rock interaction effects are included [Figure 5.9(3)]. Because of the large decrease in
the fundamental rescnant peak and of the unbounded peaks at !, both due to hydrodynamic effects,
the contribution of higher ﬁodes to the earthquake response greatly increases; this is evident from
observiné the' displalcemen.t-time histories [compare the cross-stream responses in parts (a) and (b) of
Figures 6.9 and 6.16] from the fact that the displacement decreases because of hydrodynamic effects
but the stresses increase [Tables 6.6(c) and 6.7(c)]. Hydrodynamic effects do not alter much the
distribution pattern of the maximum 'tensile arch and cantilever stresses of the dam due to cross-
stream ground motion. Similar to the response to upstream ground motion, the arch stresses due 1o
cross—strgam ground motion are generally much larger than the cantilever stresses over both faces of
the dam, irrespective of the foundation rock condition [(Cases 1 and 6 of Table 6.6(c) and Cases 3 and

10 of Table 6.7{c)].

These earthquake response results are consistent generally but not always with the conclusion

of Chapter 5 based on frequency response functions that dam-foundation rock interaction does not
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have significant influence on the ‘hydrodynamic effects in the dam response. However, when the
excitation is arbitrary ground -motion, there are significant differences, as notéd in this section,
because of the complexity of the earthquake excitation and response [compare Cases I and 6 of
Table 6.6 to Cases 3 and 10 of Table 6.7, and compare parts (a) and (b) of Figures 6.9-6.15, to parts

(a) and (b) of Figures 6.16-6.22].

Hydrodynamic effects are more s‘igniﬁcant in the earthquake respoﬁse éf arch dams thén thét of
graVity dams [12], regardless‘ of the foundation rock condition. For exémplc,‘ if the foundation rock is
rigid, hydrodynamic effects increase the maximum crest diéplacement 6f the larch dam by 110% (from
0.382 in. to 0.806 in.) due to upstfeam ground motion and by 2406% (fromh 0.068 in. to 1.704 in.)
due to vertical ground motion (Tablé 6.6); whereas the displﬁcement of a gravity dam is incféased
only by 37% due to upstream ground motion and 525% due to vertical gfound motion [12]. If the
foundation rock is flexible with E; /E_, = 1, hydrodynamic effects increase the maximum crest‘
displacement of the arch dam by 85% (from 0.45 ll in. io 0.835 in.) due to upstréam ground motion
and by 2065% (from 0.072 in. to 1.559 in.) due to vertical ground motion (Table 6.7); ;vﬁeréas the
displacement of a gravity dam is increased only by 69% due to upstream ground motion and 500%
due to vertical ground motion [121. Hydfodynamic effects arc more signiﬁcant in the response of arch
dams because the added hydrodynamic mass, damping and force have more inﬂuence on Ithc vibration

properties of a slender arch dam than on a massive graviiy dam,

6.6.2 Reservoir Boundary Absorption Effects

The main effect of reservoir boundary absorption is. to reduce the larger displaccmént peaks due
to upstream ground motion without- significantly altering thé frequency content of the respbnse
[upstream ground motion responses in parts (b)-(e) of Figures 6.9 and 6.16]. The response of the dﬁm'
decreases as the reservoir boundary becomes more absorptive [Tables 6.6(a) and 6.7(a)]. Theonly
exception is when o decreases from 0.5 to 0 and dam-foundation rock interaction effects are included

[compare Case 12 to 13 of Table 6.7(a)]. This is because the added damping decreases, contrary to
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intuition, with increasing reservoir bouridary absorption at the fundamental resonant frequency due to
the merging of double peaks into a single peak (Section 5.5.1), resulting in a decrease in the effective
damping ratio and a corresponding increase in Sa(T[",F,f } (Table 6.1}, and thus the slight increase in
some of the responses. However, reservoir boundary absorption has less influence on the dam
response when dam-foundation rock interaction effects are included [compare Table 6.7(a) to 6.6(a)].
The relatively large rcduction of the displacement and stress response as o decreases from 1 tq 0.95
but smaller change in response as o decreases from 0,95 to 0 [Table 6.6(a)] indicates that the initial
absorptiveness of the reservoir boundary materials is most effective in reducing the response of the
dam to upstream ground motion if the foundation rock is rigid. However, reservoir boundary
absorption is less effective if the foundation rock is flexible and dam-foundation rock interaction
effects are included [compare the change from Case 10 to 11 of Table 6.7(a) to the change from Case
6 to 7 of Table 6.6(a)]. Reservoir boundary absorption does not alter much the general pattern of the
maximum stresses, particularly the pattern of maximum arch stresses [parts (b)-(e) of Figures 6.10-
6.11 ﬁnd 6.17-6.18]. As the reservoir boundary becomes absorptive, the distribution pattern and the
magnitude of the maximum cantilever stresses approach those of the dam with empty reservoir
[compare, for example, part (a) to (e) in each of Figures 6.10-6.11 and 6.l7l-6.18], indicating that
reservoir boundary absorption not only reduces the maximum stresses over both faces of the dam but
also tends to eliminate the redistribution of cantilever stresses due to hydrodynarhic effects mentioned

in Section 6.6.1.

Reservoir boundary absorption has significant influence on reducing the response of the dam to
vertical ground motion because it greatly reduces the fundamental resonant peak in the dam response,
and eliminates the unbounded peaks in the dam response, at excitation frequencies equal to the natural
vibration frequencies wﬁ of the infinite water channel [Figures 5.10(b) and 5.11(b)]. Contrary to the
case of upstream ground motion, increasing absorptiveness of the reservoir boundary is always
effective in further reducing the response [compare part (b) to (a) of Tables 6.6 and 6.7]. This is

because, although the cffective damping ratio does not increase monotonically and the pseudo-
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acceleration S,(77,&)) does not decrease monotonically as o decreases (Table 6:1), the added
hydrodynamic force and the fundarmental reso‘nant response of the dam continue to decrease due to
increasing reservoir boundary absprption as o decreases [Figures 5.10(b) and 5.11(b}]. The above-
mentioned reservoir boundary absorption effects on the dam response are qualitatively similar
irrespective of the foundation rock condition. However, reservoir boundary absorption is less effective
in reducing the response when the foundation rock is flexible [compare Cases 10-13 of Table 6.7(b)
to Cases 6-9 of Table 6.6(b)] due to the existence of material and radiation damping resulting from
dam-foundation rock interaction (Section 5.5.1). Similar to ;he case of upstream ground motion,
reservoir boundary absorption does not substantially alter the frequency content of the displacement-
time histories or the general distribution pattern of the maximum stresses, whether dam-foundation
rock interaction effects are included or not [vertical ground motion respbnses in part (b)-(e) of
Figures 6.9 and 6.16; and parts (b)-(e) of Figures 6.12-6.13 and 6.19-6.20]. It also tends to eliminate
the redistribution of cantilever stresses caused by the hydrodynamic effects [compare parts (a) and (e)

of Figures 6.12-6.13 and 6.19-6.20].

Reservoir boundary absorption generally has less influence on the response of the dam to cross-
stream ground motion than to upstream ground motion, whether the foundation rock is rigid [Tables
6.6(c) and 6.6(a)] or flexible [Tables 6.7(c) and 6.7(a)]. If the dam is excited by cross-stream gfound
motion, the fundamental resonant response is essentié]ly unaffected by reservoir boundary absorption
and the higher modes that are most affected have smaller contribution to the dam response [Figures
5.10(c) and 5.11(c)]. As o decreases from 1.0 to O, the pseudo-acceleration Sa(T’,if) decreases
monotonically, irrespective of the foundation rock condition (Table 6.1). However, reservoir
boundary absorption affects the dam response differently when dam-foundation rock interaction
effects are included: the response increases as & decreases from 1.0 to 0, contrary to the case of rigid
foundation rock in which the response decreases as o, decreases from 1.0 to 0.5 but increases as @
decreases from 0.5 to O [compare Table 6.7(c) to Table 6.6(c)]. The response increases partly

because the magnitude of the fundamental resonant response increases as a decreases from 0.5 to 0,
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and partly because as a decreases from 1 to 0, the second resonant peak decreases if the foundation
rock is rigid [Figure 5.10(c)] but increases if the foundation rock is flexible [Figure 5.11(c)].
Furthermore, dam-foundation rock interaction greatly reduces the frequency response at frequencies
beyond the second resonant frequency, making the fundamental and second resonant responses more
significant [compare Figure 5.11(c) to Figure 5.10(c)]. Reservoir boundary absorption affects the
displacement history and stress distribution pattern of the dam on rigid and flexible foundation rock in
a similar manner [compare parts (b)-(e) of Figures 6.9 and 6.14-6.15 to those of Figures 6.16 and
6.21-6.22], except that reservoir boundary absorption has less influence on the distribution pattern of
the cantilever stresses if the foundation rock is flexible [compare the cantilever stress portion of parts
(b)-(e) of Figures 6.21-6.22 to those of Figures 6.14-6.15]. As in the case of upstream and vertical
ground motions, reservoir boundary absorption also eliminates the changes due to hydrodynamic
effects in the distribution patterﬁ of arch apd cantilever stresses over the dam faces [compare part (a)

to (e) of Figures 6.14-6.15 and 6.21-6.22].;

It is apparent froﬁ1 the preceding discussion that, regardless of the foundation rock condition,
the effects of reservoir boundary absorption are most pronounced in the dam response to vertical
ground motion and generally least pronounced in the response to cross-stream ground motion. In
general,” assuming a non-absorptive reservoir boundary leads to unrealistically large response for

dams with impounded water, particularly due to vertical ground motion.

The effects of reservoir boundary absorptibn on the earthquake response of arcﬁ dams
identified in the preceding discussion are generally similar to thase presented earlier for gravity dams
[12]. However, dam-foundation rock interaction has less influence on the reservoir boundary
absorption effects in the earthquake response of arch dams than for gravity dams. Such is the case
primarily because the hydrodynamic terms affected by reservoir boundary absorption are relatively
more important for arch dams, and because dam-foundation rock interaction effects are relatively less

significant for arch dams. For both types of dams, the response to vertical ground motion is
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significantly affected by reservoir boundary absorption; whereas the response to upstream ground

motion is enly moderately affected.

6.7 Relative Significance of Response to Ground Motion Components

As seen in Section 6.6, the earthquake respense of the dam with full reservoir is increased by
dam-water interaction if the reservoir boundary is 'non-absorptive and generally dc;creased by
reservoir boundary absorption, with the magnitude of these effects depending on the condition of the
foundation rock, rigid or flexible, and on the component of ground motion. In particular, both dam-
water inté‘raction and reservoir boundary absorption profoundly affect the responsé of the dam to the
vertical component of ground motion irrespective of the foundation rock co‘ndition, ‘but have relatively
less — although significant — effect on the rcsﬁonse of the dam to thc‘ horizontal (upstrc;m and
Cross-stream) components 61’ ground motion. Stated differently, ‘the respons‘e‘ of the dam with an
empty reservoir due to vertical ground motion, expressed as a percémage of the response tb one of the
horizontal ground motion components, is small; the percentage gre;i'tly increases .because ‘of dam-
water interaction with a non-absorptive réservoir b/0undary;‘ and from this increased value it decreases

significantly because of reservoir boundary absorption.

The earthquake response of the dam with full reservoir to the three components, separately and
simul%aneously, of Taft ground motion is presented in Figures 6.23 to 6.36, with the maximum
response values summarized in Tables 6.6 and 6.7. All the conclusions‘ stated in the preceding
paragrabh would be fully applicable to the total response. if the individual responses to the three
components of ground motioﬁ were exactly in phase and the maximum responses were directly
additive. But this is not tﬁe case as is apparent from the displacement-time history at the dam crest in
Figure 6.23 for rigid foundation rock and Figﬁre 6.30 for flexible foun?:lation rock (E,[E, = 1). If the
reseryoir is empty, the contribution of the response to the vertical component is very small whether
the foundation rock is rigid [Figure 6.23(a) for displacements and Figures 6.24-6.25 for stresses] or

flexible [Figure 6.30(a) for displacements and Figures 6.31-6.32 for stresses]; and the contribution of
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Figure 6.23 Displacement response of Morrow Point Dam on rigid foundation rock duc to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion: (i) empty reservoir, (ii) full reservoir with non-absorptive reservoir boundary (oL = 1),
and (iii) full reservoir with absorptive reservoir boundary (¢ = 0.5).
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Figure 6.24 Envelope values of maximum tensile stress (in psi) on the upstream face of Morrow Point Dam with empty reservoir, supported on
rigid foundation rock, due to upstream, vertical and cross-stream components, separately and simultancously, of Taft ground motion. Initial static
stresses are excluded.



9€1

Downstream Face of Morrow Point Dam
Crosé—slream Component

Upstream Component Vertical Component
Cantilever Stress Arch Stress Cantilever Stress Arch Stress Cantilever Stress Arch Stress
2 0s.
N

w}

‘s:%\/_,,
x g/\
N

23

109,

-

o
)
.

Upstream, Vertical and Cross-stream Components

Cantilever Stress
A 2 N
75 '\_,':P_\-—” 80

50 >
g\ /\
(=]

Kk,

Figure 6.25 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with empty reservoir, supported on
rigid foundation rock, due to upstream, vertical and cross-stream components, scparately and simultaneously, of Taft ground motion. Initial static

stresses are excluded.
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Figure 6.26 Envelope values of maximum tensile stress (in psi) on the upstream face of Momow Point Dam with full reservoir and
non-absorptive reservoir boundary (o.= 1), supported on rigid foundation rock, due to upstream, vertical and cross-stream components,
separatcly and simultaneously, of Taft ground motion. Initial static stresses are excluded.
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Figure 6.27 Envelope values of maximum tensile stress {(in psi) on the downstream face of Morrow Point Dam with full reservoir and
non-absorptive reservoir boundary (o= 1), supported on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion, Initial static stresscs are excluded.
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Figure 6.28 Envelope values of maximum tensile stress (in psi).on the upstream face of Mormmow Point Dam with full reservoir and
absorptive reservoir boundary (o= 0.5), supported on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion. Initial static stresses are excluded.
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Figure 6.29 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with full reservoir and
absorptive reservoir boundary (a=0.5), supponed on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultancously, of Taft ground motion. Initial static stresses are excluded.
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Figure 6.30 Displacement response of Morrow Point Dam on flexible foundation rock with £,/ E_= 1 due to upstream, vertical and
cross-stream components, separately and simultaneously, of Taft ground motion: (i) empty res[ervoir, (ii) full reservoir with non-absorptive
reservoir boundary (o = 1), and (iii) full reservoir with absorptive reservoir boundary {c. = 0.5).
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Figure 6.31 Envelope values of maximum tensile stress (in psi) on the upstreani face of Morrow Point Dam with empty reservoir, supported on
flexible foundation rock with E, /E, =1, due to upstream, vertical and cross-stream components, separately and simultaneously, of Taft ground
motion. Initial static stresses are excluded.
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Figure 6.32 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with empty reservoir, supported on
flexible foundation rock with E, /Es =1, due to upstream, vertical and cross-stream components, separately and simultaneously, of Taft ground
motion. Initial static stresses are excluded.
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Figure 6.33 Envelope values of maximum tensile stress (in psi) on the upstream face of Mormow Point Dam with full reservoir and
non-absorptive reservoir boundary (o= 1), supported on flexible foundation rock with E; /E_ =1, due to upstream, vertical and
cross-stream components, separately and simultaneously, of Taft ground motion. Initial static stresses are excluded.




9 41

. Downstream Face of Morrow Point Dam

Upstream Component Vertical Component Cross-stream Component
Cantilever Stress Arch Siress Cantilever Stress Arch Stress
g,
]

Upstream, Vertical and Cross-stream Components

Cantilever Stress Arch Stress

Figure 6.34 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with full reservoir and
non-absorptive reservoir boundary (o = 1), supported on flexible foundation rock with £, /E_=1, due to upstream, vertical and
cross-stream components, separately and simultaneously, of Taft ground motion. Initial static stresses are excluded.
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Figure 6.35 Envelope values of maximum tensile stress (in psi) on the upstréam face of Momow Point Dam with full reservoir and
absorptive reservoir boundary (o= 0.5), supported on flexible foundation rock with E, /E; = 1, due to upstream, vertical and cross-stream
components, separately and simultaneously, of Taft ground motion, Initial static stresses are excluded.
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Figure 6.36 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with full reservoir and
absorptive reservoir boundary (o= 0.5), supported on flexible foundation rock with E,/E, =1, due to upstream, vertical and cross-stream
components, separately and simultaneously, of Taft ground motion. Initial static stresses are excluded.



the response to cross-siream component is generally smaller than that due to upstream ground maotion
whether the foundation rock is rigid [Figure 6.23(a) for displacements and Figures 6.24-6.25 for

stresses] or flexible [Figure 6.30(a) for displacements and Figures 6.31-6.32 for stresses].

Fér the dam with impounded water and non-absorptive reselivoir boﬁndary, the response to the
vertical component of ground motion is so large that it dominates the total response irrespective of the
phase differences among responses to the individual ground motion components [Figures 6.23(b) and
6.26-6.27 for rigid foundation rock; Figures 6.30(b) and 6.33-6.34 for flexible foundation rock].
However, this dominance drastically decreases as the reservoir boundary becomes more absorptive
[Figures 6.23(c) and 6.28-6.29 for rigid foundation rock; Figures 6.30(c) and 6.35-6.36 for flexible
foundation rock]. In particular, for o = (1.5 the total response becomes dominated by the response to
upstream ground motion with increasing influecnce from the response to cross-stream ground motion

[Figures 6.23(c), 6.28-6.29, 6.30(c), and 6.35-6.36].

The most important implication of these rcsponsc' results and their interpretation is that the
assumption of a non-absorptive reservoir boundary overestimates the significance of the response of
the dam, particularly due to vertical ground motion, whether the foundation rock is rigid or flexible.
The large amplification of the response to vertical ground motion at excitation frequencies
corresponding to the natural vibration frequencies of the infinite uniform channel of the reservoir,
predicted bv the assumption of a non-absorptive reservoir boundary, is unlikely because of the
allﬁvium and sediments invariably present at the reservoir boundary. An absorptive reservoir
boundary that models the alluvium and sediments gives a more realistic estimate of the earthquake
re$ponsc of concrete arch dams, especially of the reéponsc to vertical ground motion and its

contribution to the total dynamic response.

6.8 Practical Earthquake Analysis of Arch Dams

. The analytical procedure and EACD-3D-95 computer program (Chapter 4) is efficient in

obtaining the earthquake response results in the preceding sections. Therefore, it is the most advanced
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tool for calculating, under the assumption of linear behavior, the earthquake response of existing arch
dams or of designs proposed for new dams. However, in such practical application, the effects of the
static loads should be combihed with the earthquake response of the dam to the three components of

ground motion considering dam-water-foundation rock interaction.

A complete analysis of the response of Morrow Point Dam due to its weight, the hydrostatic
pressure and. the siﬁultancous action of the S69E, vertical, and S21W components of Taft ground
motion was performed. The material properties of the dam body, the foundation rock region and the
impounded reservoir were the same as described in Chapter 3. The moduli ratic E;/E, was chosen to
be 1 (E,=E; =4.0 million psi); the reservoir was assumed to be full and the wave reflection
coefficient o at the reservoir boundary was selected as 0.5. Although the accuracy of the static
analysis of arch dams is not much affected by water-foundation rock interaction due to hydrostatic
pressure acting on the canyon boundary upstream of the dam (Appendix B), a length of the canyon

boundary about 1.5 times of the full canyon width (Figure B.1) was included in the static analysis.

Some typical response results are shown in Figures 6.37 to 6.39. Figure 6.37 shows the time
history of the radial, vertical, and tangential displacements at nodal points 44 and 60 located at the
dam crest, and at nodal points 1 and 13 located at the dam-foundation rock interface (Figure 3.1).
Figure 6.38 shows the time history of the arch and cantilever stresses on the upstream face at stress
points 4 and 19 and on the downstream face at stress points I22 and 61 (Figure 3.1). Figure 6.39
shows the distribution of the envelope values of the maximum i_ensile arch and cantilever stresses on
the upstream and downstream faces of the dam. Such stress results, which include the stresses due to

the static loads, aid in identifying areas in the dam that may crack during an earthquake.

The total CPU time needed for earthquake analysis of this selected dam including 20
generalized coordinates is about 2 minutes on a CRAY X-MP EA/1 supercomputer or 10 minutes on
a DECstat_ion 5000/240 machine if the frequency-dependent foundation impedance matrix is already
available. However, calculation of this impedance matrix at 13 frequency values requires 20 minutes

on the CRAY computer for the standard boundary element mesh in this example analysis.
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Figure 6.37 Displacement response of Morrow Point Dam with full reservoir and absorptive reservoir boundary (o = 0.5),
supported on flexible foundation rock with E,/E_= 1, due 10 upstream, vertical, and cross-stream components, simultaneousty,

of Taft ground motion. 4
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Figure 6.38 Stress response of Morrow Point Dam with full reservoir and absorptive reservoir boundary (o = 0.5), supported
on flexible foundation rock with Ef /E_= 1, due to upstream, vertical, and cross-stream components, simultaneously, of Taft
ground maotion.
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reservoir and absorptive reservoir boundary (o= 0.5), supported on flexible foundation rock with £, /E, = 1, due to upstream,
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7 CONCLUSIONS

The earlier analytical procedure [5] to evaluate the earthquake responsé‘ of arch dams
considering the various effects of dam-water interaction has bccniexténdcd to inc]uac the effects of
dam-foundation rock interaction with inertia and damping of the foundation rock considered. In this
extended procedure, the foundation impedance matrix is computed by a direct boundary- element
method [13]. Since only the surface of the uniform canyon is discretized in the boundary element
approach, preparation of tl;e foundation mesh is much easier than for a three-dimensional finite
element idealization of the foundation. Because computation of the foundation impedance coefficients
is extremely time-consuming and they are smooth functions of the excitation frequency, these
coefficients are calculated only at a few selected frequencies and determined at other frequencies by a
cubic interpolation scheme. The resulting computational procedure described in this report represents
the most advanced tool for calculating, under the assumption of linear behavior, the earthquake

response of existing arch dams or of designs proposed for new dams.

Utilizing this analytical procedure presentied in Chapter 4, the effects of dam-foundation rock
interaction, dam-water interaction, and reservoir boundary absorption on the response of Morrow
Point Dam to harmonic ground motion have been studied. The frequency-response functions presented

for a wide range of system parameters lead to the following conclusions:

1. Dam-foundation rock interaction reduces the fundamental Aresonant frequency of the dam
primarily because of foundation flexibility, and widens the frequency bandwidth at the
fundamental resonance because of material damping in the foundation rock and radiation damping
associated with wave propagation away from the dam into the unbounded foundation rock region;
as a result, the fundamental resonant response of the dam is generally reduced. These effects of

dam-foundation rock interaction increase as E;/E, decreases.
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2. Dam-foundation rock interaction also reduces the amplitude of higher resonant peaks and their
resonant frequencies. It is more effective in reducing the fundamental resonant peak due to
upstream and vertical ground motions than due to cross-stream ground motion, and in reducing

the higher resonant peaks than the fundamental resonant peak due to cross-stream ground motion.

3. Dam-foundation rock interaction affects the response of the dam in its symmetric vibration
modes, excited by upstream and vertical ground motions, more than its antisymmetric vibration
modes, excited by cross-stream ground motion. These interaction effects for slender arch dams

.are less significant compared to gravity dams which are morc massive.

4. The commonly used “standard” analy'sis, which considers only the flexibility of the foundation
rock, ignores important effects of dam-foundation rock interaction. This procedure predicts the
fundamental and higher resonant periods fairly accurately but overestimates the response

amplitudes at these periods.

5. The fundamental resonant period T; of the dam alone (without water, and supported on rigid
foundation rock) is lengthened to T, due to dam-water interaction, to 7-} due to dam-foundation
rock interaction, and to 7 due to both interaction effects simultaneously. Dam-water interaction
effect is very small when the reservoir is less than half full, but increases rapidly with water depth
thereafter. Dam-foundation rock interaction has little effect on the percentage increase in the

resonant period due to dam-water interaction, especially if the reservoir is close to full.

6. The radiation damping due to reservoir boundary absorption is more effective in reducing the
response of the dam if the foundation rock is rigid, and the damping — material and radiation —
due to dam-foundation rock interaction is more effective in reducing the response of the dam if the

reservoir boundary is less absorptive.

Utilizing the new analytical procedure presented in Chapter 4, the effects of dam-foundation

rock interaction, dam-water interaction, and reservoir boundary absorption on the earthquake-induced
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displacements and stresses of Morrow Point- Dam due to Taft ground motion have also been studied

for a wide range of system parameters. These results lead to the following conclusions:

1. The *“standard” procedure commonly used in engineering practice, which consid;zrs only the
flexibility of the foundation rock but ignores other effects of dam-foundation rock interaction,
significantly overestimates the earthquake-induced stresses in arch dams. This discrepancy is
especially significant in evaluating the seismic safety of existing dams because the standard

procedure may lead to the erroneous conclusion that a dam is unsafe.

2. Dam-foundation rock interaction generally increases by a small amount the maximum tensile
stresses computed for the dam on rigid foundation rock, but does not significantly alter the

distribution of stresses over the dam faces.

3. The water impounded behind the dam increases the displacement and stress responses of the dam
on rigid foundation rock to upstream and vertical ground motions, with the increase being much
larger if the excitation is vertical ground motion. These hydrodynamic effects are smaller if dam-
foundation rock interaction is considered. The response of the dam on rigid foundation rock to
cross-stream ground motion is influenced by hydrodynamic effects to a much less degree than is
.the response to upstream and vertical ground motions. Hydrodynamic effects decrease the
displacement response but increase some stress responses due to cross-stream ground motion. The
displacement response decreases further but the stress responses change very little due to dam-

foundation rock interaction effects.

4. The earthquake response of the dam on rigid foundation rock to upstream and vertical ground
motions is generally decreased due to reservoir boundary absorption; this reduction of response is
especially significant in the case of vertical excitation. However, reservoir boundary absarption is
less effective in reducing the dam response if dam-foundation rock interaction effects are

included. Reservoir boundary absorption has less influence on the response of the dam to cross-
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stream ground motion than to upstream ground motion, whether the foundation rock is rigid or

flexible.

5. The relative significance of the response of arch dams to the three compbnents of ground motion
depends on the assumptions implied in the response analysis. For the dam with im'pounded water
and non-absorptive reservoir boundary, the response to the vertical component of ground motion
is so large that it dominates the total response. However, this dominance drastically decreases as

the reservoir boundary becomes more absorptive.

6. The small increase in stresses in an arch dam due to dam-foundation rock interaction is in
contrast to gravity dams whose response is reduced significantly by interaction. However, dam-
water interaction and reservoir boundary absorption effects have more significant influence on the

earthquake response of arch dams than on the response of gravity dams.

The above conclusions deduced from the dynamic responses of the selected arch dam to
harmonic ground motion and to earthquake-induced Taft ground metion may not apply to all arch
dams and ground motions because the effects of dam-foundation rock interaction, dam-water
interaction, and reservoir boundary absorption depend, in part, on the particular dam and earthquake
ground motion. Although the detailed observations may be problem-dependent, the broad conclusions

should apply to many cases.

The results presented demonstrate that foundation-rock inertia and damping, dam-water
interaction, and reservoir boundary absorption may significantly affect the earthquake response of
arch dams. Similarly, water compressibility may be an important factor [9]). Therefore, these effects
should be ihcluded in the design of new arch dams and in the seismic safety evaluation of existing
dams. Such analyses of arch dams can be effectively accomplished by the analytical procedure and

the EACD-3D-95 computer program described in Chapter 4.
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APPENDIX A: NOTATIONS

non-dimensional frequency defined in Equation (4.34)
I-component free-field ground acceleration; /= x,y,z
Fourier transform of a; (n

complex-valued coefficients ¢, Cw ¢,, and ¢; for the complex-valued CUblC function
f(w) defined as f(w) = cy0° +c2m +W +¢,

damping matrix of the finite element idealization of the dam
velocity of pressure wave in water

velocnty of compression wave in the matenals at reservoir boundary; defined as
E,[p,

velocity of shear wave in foundation rock computed as C, = (gjt / wf )
velocity of shear wave in foundation rock with _Yoﬁng‘s modulué E,
duration of the free-field ground motion -

Young's moduli of the foundation roek

Young's moduli of the foundation rock for computing the “base” foundation
impedance matrix S, (a,) '

Young's modulus of the reservoir boundary materials

Young's modulus of the dam

cyclic frequency

complex-valued function of circular frequency @

the acceleration due 1o gravity

complex-valued cubic function of circuiar frequency w defined in Equation (4.37)

y-coordinate of the free surface of water measured from the base of the dam

height of the dam

=v-1
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N
N,

p(x,y,z,¢)

p(x,y.z,0)

B (x,y,2,0)
PolX, ¥, 2, ®)
Po(s,r.0)

5 (x.y.2.0)

p! (s.r.@)

number of generalized coordinates

submatrices of k,

stiffness matrix of the finite element idealization of the dam
direction of the free-field ground motion; I =x, y, z
reference length taken as the half width of the canyon

forcing vector of the dam-water-foundation rock system containing terms L (o)
defined in Equation (4.16)

submatrices of m;
mass matrix of the finite element idealization of the dam

inward normal direction at the free surface, upstream dam face or reservoir boundary
as illustrated in Figure 4.3

number of nodal points of the dam not at the abutment
number of nodal points at the abutment of the dam

hydrodynamic pressure in the impounded water; pf(x,y, z,1) denotes the pressure due
to the /" component of ground acceleration

frequency response function for p(x,y,z.r)

frequency response function for p'(x,y,z,r) due to the /™ component of ground
acceleration

frequency response function for hydrodynamic pressure due to the It component of
unit harmonic acceleration with a rigid dam and reservoir boundary

E(’,(x,y, z,) at the upstream face of the dam due to boundary condition of Equation
(4.20)

frequency response function for hydrodynamic pressure due to normal harmonic
acceleration of dam in the s natural vibration mode corresponding to the j®
generalized coordinate, without any reservoir boundary motion

]D‘f {x,y,z,m0) at the upstream face of the dam due to boundary condition of Equation
4.21)

admittance -or damping coefficient of the reservoir boundary materials; defined as
q=p/p,C,
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r{r)

(o)

T ()

t(0)
(@)
r, (1)
Fioia(©)
Rf

R{(?)
Ry(w)
R, (D)
R, (@)

R (0)
R, (1)

R (w)
R/ ()

Erigid(m)

vector of displacements in time domain at the dam-foundation rock interface

subvector of Fc' (w) corresponding to nodal peints other than on the abutment of the
dam .

subvector of Fc'(m) corresponding to nodal points on the abutment of the dam

vector of nodal point displacements relative to the free-field ground displacement;
r/(t) denotes the vector due to the /-component of ground motion

vector of frequency response functions for rc’ (¢} due to the /-component of ground
motion

~vector of frequency response functions for displacements of nodal points of

foundation rock at the dam-foundation rock interface due to the /-component of

ground motion

nodal relative displaéement vector for finite element p of the dam

vector of 6 frequency response functions for displacements at the dam-foundation
rock interface moved as a rigid body; defined in Equation‘(4'.30)

radius parameter describing the size of the foundation rock for finite element modeling .
shown in Figure 3.5

vector of interaction forces in time domain at the dam-foundation rock interface
vector of nodal forces statically equivalent to the pressuré function —Eé(x, ¥,2,0)

force vector at the abutment of the dam due to dam-foundation rock interaction; RL(:)
denotes the vector due to the /-component of ground motion

vector of frequency response functions for Ri(r)

vector of frequency response functions for forces of nodal peints of foundation rock at
the dam-foundation rock interface due to the /-component of ground motion

hydrodynamic force vector at the upstream face of the dam; R, (1) denotes the vector’
due to the /-component of ground motion

vector of frequency response functions for R;(r)
vector of nodal forces statically equivalent to the pressure function —ﬁf (x,y,z,0)

vector of 6 frequency response functions for forces at the dam-foundation rock
interface moved as a rigid body; defined in Equation (4.31)
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S5.(T&0)

S(w)

Sf((l))

81, (a)

Nep |

Nl

spatial coordinates on the upstream dam face boundary of the fluid as illustrated in-
Figure 4.3 ‘

spatial coordinates on the reservoir boundary as illustrated in Figure 4.3

non-dimensional frequency-dependent coefficients of the 6x6 impedance matrix
anw(m); Lj=x,y,zrtm

pseudo-acceleration value of a component of ground motion at period 7; and damping
ratio &,; T, is the fundamental vibration period, associated with the symmetric mode
for the x- or y-component of ground motion, or associated with the antiSymmetric
mode for the z-component of ground motion; &, = &, &7, or & respectively for the
X-, ¥-, or z-component of ground motion

matrix of the dam-water-foundation rock sys'tem containing elements S, (@) defined
in Equation (4.16)

frequency-dependent impedance matrix for the foundation rock region

“base” foundation impedance matrix corresponding to the foundation rock with
Young's modulus £, as a function of dimensionless frequency a,

6x6 frequency-dependent impedance matrix of the dam-foundation rock interface
moved as a rigid body; defined in Equation (4.32)

expanded foundation impedance matrix that includes all degrees of freedom of nodal
points on the dam defined in Equation (4.14)

time

fundamental vibration period of the dam on rigid foundation rock with no water; 7’
and 7" denote periods associated with symmetric and antisymmetric modes,
respectively

fundamental vibration period of the dam on flexible foundation rock including dam-
water interaction; 7° and 77 denote periods associated with symmetric and
antisymmetric modes, respectively

fundamental vibration period of the dam supported on flexible foundation rock with
no water; 7/ and T; denote periods associated with symmetric and antisymmetric
modes, respectively

fundamental vibration period of the dam on rigid foundation rock including dam-water
interaction; T° and T denote periods associated with symmetric and antisymmetric
modes, respectively

stress-displacement transformation matrix for finite element p of the dam
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P,

o, (1)

unit weight of the founc}ation rock

unit Weight of the concrete

unit weight of water

generalized coordinate corresponding to the j* Ritz vector

generalized coordinate corresponding to the ;" Ritz vector due to the l-component of
ground motion

frequency response function for Zj-(t)

vector of frequency response of generalized coordinates F_!‘j(m) of the dam-water-
foundation rock system :

wave reflection coefficient of the reservoir boundary materials as computed in
Equation (2.2)

Kroneker delta function

function illustrated in Figure 4.3; when represented by €'(s',r'), it refers to s', r’
coordinates

dam-foundation rock interface

constant hysteretic damping factor of the foundation rock

constant hysteretic damping factor of the dam

i eigenvalue‘from the eigenvalue problem defined in Equation (4.13)
shear modules of the foundation rock computed as p, = E, / 2(1+v,)
Poisson's ratio fér the foundation rock

Poisson's ratio for the dam

angle describing the position ’along the dam crest measured from the x-y plane
unit mass of water

unit mass of the materials at reservoir boundary

stress vector for finite element p of the dam

circular or radial frequency
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e

&

v/ (s.1)

V¥

fundamental natural frequency of the dam supported on rigid foundation rock with an
empty reservoir; ®; and o] denote natural frequencies associated with symmetric and
antisymmetric modes, respectively '

four different circular frequencies in ascending order to-obtain values of f(w)

n™ natural frequency of the infinite fluid channel; w% and ®" denote frequencies
associated with symmetric and antisymmetric eigenfunctions, respectively

fundamental natural frequency of the dam on flexible foundation rock including dam-
water interaction

fundamental natural frequency of the dam on flexible foundation rock with no water

fundamental natural frequency of the dam on rigid foundation rock including dam-
water interaction

damping ratio at the fundamental period estimated using the half-power bandwidth
method; &;, &/, and & denote the fundamental damping ratio associated with the x-,
y-, and z-components of ground motion, respectively

function representing the normal component of the j* natural vibration mode shape
on the dam-water interface

J™ Ritz vector of the associated dam-foundation rock system

‘subvector of W, that contains only the elements corresponding to the nodal points at
~ the dam-foundation rock interface

subvector of y, that contains only the elements corresponding to the nodal points at
the dam-water interface

subvector of li corresponding to nodal points other than on the abutment of the dam
subvector of 1. corresponding to nodal points on the abutment of the dam

vector contains ones in positions corresponding to the !/ translational degrees of
freedom of the dam, and zeros elsewhere; /=X, y, z
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APPENDIX B: INFLUENCE OF WATER-FOUNDATION ROCK
INTERACTION ON THE STATIC RESPONSE OF ARCH DAMS

Water-foundation rock interaction effects have been ignored in the dynamic analysis of arch
dams and gravity dams because in the mathematical formulation the terms relating to water-
foundation rock interaction are relatively small compared to the terms relating to dam-foundation rock
interaction and dam-water interaction [5,12]; therefore, these effects are ignored in the new analytical
procedurc‘ presented in Chapter 4. For the static analysis, the water-foundzition rock interaction
effccté are excluded in the EAGD-84 computer program for gravity dams [22]7, but are included as an
option in the EACD-3D program for arch dams [6]. This is easily done by retaining some DOFs on
the water-foundation rock interface during the condensation of the DOFs not on the dam-foundation
rock interface to obtain the static foundation impedance matrix because the foundation rock region is
discretized as finite elements in the EACD-3D program. However, it is much more complicated in
processing and time-consuming in computing to have such an option in the EACD;BD-95 programﬁ
wherein the foundation rock region is modeled by boundary elements. An extended boundary element
-mesh containing the dam-foundatfon rock interface and portion of the water-foundation rock interface
must be used to compute the static impedance matrix (at @ =0). Therefore, it is important as well as
interesting to see how water-foundation rock interaction affects the static response of arch dams and

if it can also be ignored.

The water-foundation rock interaction effects are included in the static analysis of Morrow
Point Dam with an extended boundary element mesh shown in Figure B.1; whereas tﬁése effects are
ignored if only the “standard” boundary mesh [Figure 4.4(a)] is used. The extended mesh consists of
six boundary elements along the dam-foundation rock interface (which is identical to the **standard”
mesh) and additional thirty elements along the water-foundation rock interface extending
approximately 1000 ft (about 3 times of the half canyon width).in the upstream direction from the

upstream face of the dam. Material properties for the dam, foundation rock and impounded water are
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the same as described in Chapter 3. The Young's modﬁli of the dam and foundation rock are
E, = E; = 4 million psi, and the reservoir is assumed full. Figure B.2 shows the static displacements
along the crown cantilever and the arch stresses adjacent to the crown cantilever section du¢ to
hydrostatic pressure. The displacements are apparently little affected by water-foundation rock
interaction; the arch stresses are more affected by the interaction especially at the lower portion of the
dam over the downstream dam face. However, because the arch stresses over the downstream face are
much smaller in scale than those over the upstream face of the dam, the overall water-foundation rock
interaction effects on the static response of the dam are quite small and can be ignored. Consequently,
water-foundation rock interaction is not considered in rthe EACD-3D-95 program. This finding also

partially justifies the exclusion of these interaction effects in the dynamic analysis of arch dams.
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