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Abstract—In this paper, a numerical algorithm using a coupled
Galerkin-Differential Quadrature (DQ) method is proposed for the
solution of dam-reservoir interaction problem. The governing
differential equation of motion of the dam structure is discretized by
the Galerkin method and the DQM is used to discretize the fluid
domain. The resulting systems of ordinary differential equations are
then solved by the Newmark time integration scheme. The mixed
scheme combines the simplicity of the Galerkin method and high
accuracy and efficiency of the DQ method. Its accuracy and
efficiency are demonstrated by comparing the calculated results with
those of the existing literature. It is shown that highly accurate results
can be obtained using a small number of Galerkin terms and DQM
sampling points. The technique presented in this investigation is
general and can be used to solve various fluid-structure interaction
problems.

Keywords—Dam-reservoir  system, Differential quadrature
method, Fluid-structure interaction, Galerkin method, Integral
quadrature method.

1. INTRODUCTION

HE dynamic response of dam-reservoir systems subjected

to earthquake excitation has long been an interesting topic
in the field of civil engineering. In early studies, an added
mass approach was used where the water incompressibility
and rigid structure were assumed [1]-[4]. This is the simplest
form of treating the dam-reservoir problem. Some simplified
approaches are also available in which fluid-structure
interaction is studied in a decoupled manner. In these
approaches, the fluid response is first obtained assuming the
structure to be rigid and the resulting pressure field is imposed
on the structure to obtain the structural response. However,
when coupled modes are excited, these approaches may lead
to inaccurate results [5]. Thus it is necessary to study the fluid-
structure interaction in a coupled manner considering the
flexibility of the structure.

Two kinds of methods, i.e., analytical and numerical
methods, have been widely used to tackle the problem. As
analytical methods are often limited to simple dam-reservoir
problems, many researchers have resorted to various
numerical methods [6]-[24]. Among them, the Finite Element
Method (FEM) is one of the most popular numerical methods
used by many researchers to handle the problem.
Conventionally, the structure and the fluid domain are treated
as two separate systems and discretized by the FEM. The
resulting systems of ordinary differential equations are then
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solved separately or simultaneously using various time
integration schemes. Although the FEM is especially powerful
due to its versatility in the spatial discretization, the number of
unknowns involved and the amount of input data are very
large in the FEM. On the other hand, in the finite element
analysis of such problems, difficulties arise mainly because of
the large extent of the fluid domain where fluid is practically
unbounded. To solve this problem, the unbounded domain
should be truncated at a certain distance away from the
structure. Clearly, when a low-order FEM (say h-version
FEM) is used for the solution of such fluid-structure
interaction problems, many calculations should be done to
accurately predict the location of the truncated boundary.
Therefore, to accurately predict the location of the truncated
boundary and to reduce the computational time, higher-order
numerical methods should be used to model the fluid-structure
interaction problems. To tackle this limitation, one may use
the FEM with higher-order polynomials (i.e., the p-version
FEM). The p-version FEM employs a fixed mesh, and the
convergence is sought by increasing the degrees of the
elements. It is well-known that the convergence of the p-
version FEM is more rapid than that of the 4-version FEM by
using the same number of degrees of freedom (DOF).
However, the calculation of the stiffness and mass matrices is
expensive in the p-version FEM, and the cost will increase
dramatically when using a large number of DOFs.

To overcome the difficulties of the FEM in modeling such
types of problems, one may use the boundary element method
(BEM) or a combination of FEM and BEM to discretize the
problem domain. When BEM is applied to fluid-structure
interaction problems with unbounded fluid domains, then no
artificial or truncated boundaries are introduced because the
analytic fundamental solutions of BEM satisfy the infinite
boundary conditions of the problem. However, because of the
presence of the convolution integrals and singularity of the
kernels of the formulation, the BEM requires large storage
space and computational time for the numerical integration of
the kernels. Besides, the use of BEM requires the solution of
an unbounded matrix. Therefore, the BEM does not seem to
possess any significant advantage over the FEM.

To overcome the above mentioned difficulties, this paper
presents a simple mixed method in which the number of
unknowns is substantially reduced. In this method, the
Galerkin method is applied for the structural part, whereas the
DQM is used for the fluid domain. The proposed mixed
method combines the simplicity of the Galerkin method and
high accuracy and efficiency of the DQM. Its accuracy and
efficiency are demonstrated by comparing the calculated
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results with those of the existing literature.

II. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

Fig. 1 shows a variable thickness dam-structure of height L
in contact with a fluid of unbounded domain. The dam-
structure is assumed to behave as a cantilever beam of variable
thickness. The governing differential equation for the
transverse vibration of the dam-structure is [9]

%w(z, 2%w(z,
Z (B2 T222) + p,A() P22

_psA(Z)ag(t) p(x =0,z1) (1)
where E is elastic modulus, / is the moment inertia of the
structure, w(z,t) is the displacement of the structure relative
to the ground in the x-direction,p; is the density of the
structure, A(z) is the cross-sectional area of the structure,
ay(t) is the ground acceleration and p is the hydrodynamic
pressure. The boundary conditions for the structure are as
follows:

W|z=0 :tj?_l:L: (El( )6 w(zt))| (E[( )azw(zt))L:L — 0(2)

z:L

The hydrodynamic pressure in the fluid domain of the
structure-reservoir system is assumed to be governed by the
pressure wave equation [9]

1 3%p(x,z,t)
c2  at?

Vip(x,z,t) = 3)

where V7? = — +

and C'is the Veloc1ty of sound in fluid.

ppey p(x z,t) is the hydrodynamic pressure

1IN

Structure Fluid L

Fig. 1 Fluid-structure system

The boundary conditions for the fluid are as follows:

4 .

o, = pr(a,® + i 0) @
2
£ 0 = p|Z=L = plx—wo =0 (5)

z=

wherepy is the density of the fluid. It is noted that the dam-
reservoir interaction problem is defined on an unbounded
domain (0 < x < 0, 0 <z <L) and the position of the far
boundary (x = x,,) is not known a priori. Thus, the location of
the far boundary must also be determined as a part of
solutions.

Assuming that the dam and reservoir are initially at rest, the
initial conditions are:
ow

Wle=o = o7

2
atl,_, =Ple=o=5¢ _ =0 (©)

dtle=g

The problem at hand in to determine the transient responses
of the structure and the fluid subjected to ground motion and
boundary conditions (2), (4), and(5). In this paper a mixed
Galerkin-DQM will be presented to solve the problem. The
Galerkin method and the DQM will be separately applied to
(1) and (3). The resulting coupled ordinary differential
equations will then be solved using the Newmark time
integration scheme. The details will be given in next sections.

III. DIFFERENTIAL QUADRATURE METHOD

Let f(x, z, t) be a solution of a partial differential equation,
74,23, ..., Zy, be a set of sampling points in the z-direction and
X1,X3, ..., Xy be that in the x-direction. According to the
DQM, the first-order derivative f, at a sample point (x, z;, t)
can be expressed by the quadrature rules as [25]

202 t) = By AP f (%, t) (7

where Ag) are the first-order z-derivative weighting

coefficients associated with the z = z; point. Equation (7) can
also be written for all values of z; (i = 1,2,...,n ) in matrix
notation as

{f.} = [AD){} (8)

where

{fo) =f2(x2,0)  fo(x,25,1) f2(x, 2, 7 (9)

{f} = [f(x' Zy, t) f(xr Z2, t) f(x’ Zn’ t)]T (10)

Now, using the quadrature rule, the first-order derivative of
the vector {f} with respect to the variable x at a sample point
x = x; can be expressed as [26]-[31]:

1B {f (0}

whereBi(]-l) are the

coefficients associated with the x = x; point, and

{fx(xut)} Z ] =12,...,m (11)

first-order  x-derivative weighting

{f,x(xi: t)} = [f:x(xi' Z1) t) f,x(xi'ZZ' t) f.x(xi'zn' t)]T(l 2)

U0} =[f(xiz1,t)  f(xi,2,t) f(xi 2, 17 (13)

® ® ; .
Ai]. andBl.j are given by [25]:

MOz L
—t i #j, i,j=12,..,n
AP = GimzpM®e) v (14)

N
—Z’,}ﬂ,kﬂAgk) i=j, i=12,..,n
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MD (x) L
—  i#]j, ,j=12,..,m
B{Y =1 M) b (15)
1 . . .
japp Bl(k) i=j, i=12..,m

whereM  (z) and M® (x) are defined as
MD(z) =Ty jui(zi — 7)., MDD ) = [Ty jui(x: — x;)(16)

The weighting coefficients of the second-order derivatives
may be obtained through the following relationships [32]

o [,m Ca i i
247 |4y — —— , ,j=12,..,
Asz) 15} [ ii (Zi—zi)] L;t] L n (17)
~ YAy =) i=12..m
o [pw Cai i
280 [3“ _—] i), ij=12..,m
B =1 ] TS (18)
moeBY i=j, i=12,..,m

In this study, the sampling points are taken nonuniformly
spaced and are given by the following equations

z,=0,z, =6 XL

2 =1/2 [1—cos((‘ 2)”)], i=34,..,n—2(19)
Zn1=1—-68)XL,z, =1L

X1 =0,x% =8 X X

X, = Xy /2 [1—cos((‘ 2)3”)], i=34,..,m—2 (20

Xm-1 = (1 - 6) X Xoos Xm = Xoo

whered is a parameter that shows the closeness between
adjacent boundary points and the boundary points. Moreover,
L and x, are problem boundaries in z- and x-directions,
respectively. It should be pointed out that the §-technique as
proposed in [25] is not used in this paper (i.e., the above
sampling points are only used to construct the weighting
coefficients). In all computation presented in this paper,
& = 1073 is taken.

IV. DISCRETIZATION OF SPATIAL PARTIAL DERIVATIVES

A. Fluid Domain

In this section the DQM will be used to discretize the fluid
domain. A simple technique will also be presented to exactly
implement the boundary conditions of the fluid domain.

Satisfying (3) at any sample point z = z;, one has

Pox (X, 2, t) + D 2, (x,2;,t) = %p_n(x, z;,t),i=12,..,n(21)

where a subscript comma denotes differentiation. Substituting
the quadrature rule, given in (7), into (21) and implementing
the boundary conditions of the fluid domain in z-direction
gives
1@ {p} =

{p xx} +[A =z [IZ] {p,tt} (22)

where
0 0 . .0
[0 10 . 0}
.0 . 0 .0
= 5 %S (23)
.o 0o . 0
00 . . 0 o pxm-1
1 1 M
Ail) Agz) . o Aln 1
2 2 (2)
Ag) Agz) . L A2n 1
_ @ 4@ 2
[A](Z) = A31 A32 . R A:(;r)l 1 (24)
(2) (2) (2)
[An 1,1 An 1,2 An 1n- 1J(n 1)x(n-1)

{p,xx} = [p,xx(xr z,t) Pxx (x,2z5,t) P xx (x, Zn-1, t)]T(ZS)

{p} =[p(x,2,,8) p(x,2,,1) p(x, 2,1, ]" (26)
(pec) = P 20,8) pre(x,25,0) et (%, 21, )]T(27)
Now, Satisfying (22) at any sample point x = x;, one has

(7 1{p e G D} + [A1P{p (i, 00} = Z 7P (i 0}, i = 1.2, .., m(28)

Substituting the quadrature rule, given in (11), into (28)
gives

(171 3m, m{p(x/ )} + [A1P{p(x;, )} = —[IZ]{p'tt(xi,t)},i =12,..,m(29)
Equation (29) can be written in compact form as
[K/1(5} = [M/1{P} (30)

where the (n—1) x (n — 1) sub-matrices [Ki’;] and [M/,

(i,j = 1,2,...,m) are given by

[k/] = B 1171 + 1X[A]® 31)
[m], ——I"[IZ] (32)
and
{7} = [p(x1, O (P, O} {p(em, 3717(33)
B =5 (34)

whereinl]; are the elements of the m X m identity matrix.
Furthermore,[K/] and [M/] represent the stiffness and mass
matrices of the fluid, respectively.

At this stage, the boundary conditions of the fluid in x-
direction should be applied to (30). Using (4), (5) and (11) the
quadrature analog of boundary conditions are obtained as

(P (1, O} = 21y BP (37, £)} == —p({ag (O} + (o ()})(35)
{p(m, )} = {0}—1)x1 (36)
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where{0},_1)x1 is the zero vector of size (n — 1) x 1 and
{a,®}=0a,®OM 1 .. 11" (37)
W)} =W(z,t) wiz,t) W(zn-1, )" (38)

Now substituting the above quadrature analogs into (30)
yields:

[KF1(p} = [M/1{p} + (F9} + {F"} (39)
where
[3(1) 7] BLMF .. .. 31(17311 ]
| z1] zf B [Kzfm 9 |
k1= K] [321 L Kl | @0
Kl Kl Ko Jj

(ol o] . T
[o1 [mf] [0 .. (o]
[0] . [0] . [0]
[op - o [0]
. [o] . [0]
1 fo1 . . 0] [Mh_ il

0} =[lpCx, O PGz D)

(41)

{p(tm-1, O] (42)

) =L (5} (43)

dt2
F9Y = [-pfa,®) @7 (o .. oy @9
(F¥} = [—p, 00} (0)" (0)7 .. {0} (45

where[I?] and [0] are the identity and zero matrices of size
(n—1) x (n— 1), respectively, and {0} is the is the zero
vector of size (n — 1) x 1. Note that the size of matrices [K']
and [M'] is m—1D(mM—-1)x (n—1)(m —1) while the
vectors {p} and {p} are of order (n—1)(m—1)x1.
Moreover, {F9} is the force vector due to the ground motion
and {F"} is that due to the structure motion.

B. Structural Domain

The governing differential equation for the motion of the
structure is given in (1). In the Galerkin method, we seek an
approximate solution to (1) in the form of a finite series

w(z,t) = d;(8) + dy (D2 + ds ()22 + +++ + s (2" = T2 d; ()27 (46)

whered;(t) (j = 1,2, ..., N + 1) are unknown coefficients (that
are functions of time) and N is the order of approximate
functions. It is seen that the displacement of the structure is
expressed in a general series form and it does not satisfy the
geometric boundary conditions of the structure. To overcome
this, we consider a number of grid points in the z-direction on
the structure domain and assume each grid point has two
degrees of freedom (displacement and slope). Let

W(Z(i+1)/z't) i=135,..

47
W,(zij2t)  i=246,.. 7

o]

whereW;(t) (i = 1,3,5,...) are nodal displacements and W;(t)
(i =2,4,6, ...) are nodal slopes. Substituting (47) in (46) gives

W(Z(z+1)/2't) ZNHd (t)Z(Hl)/z ,1=135,... (48)

W, (215 t) = 2VEG — Dd;(Dz])7, i = 246,... (49)
From (48) and (49) one can express d;(t) (j = 1,2,...,N +

1) in terms of nodal variables W;(t) (i = 1,2,...,N + 1). By

doing so and substituting the result into (46), one obtains

w(z,t) = L) W (0);(2) (50)

where ¥;(z) are the interpolation functions of degree N. Note
that since each node on the structure domain has only two
degrees of freedom, the order of interpolation functions (i.e.,
N) must be an odd number (i.e., N = 3,5,7, ...).

Now, substituting (50) into (1), multiplying both sides of
resulting equations by 1;(2) and performing the integration
over the length of the structure (0 < z < L), we obtain

[MSHW} + [KSHWY = {£9} + {f7} (1)

where (i,j = 1,2,...,N + 1)
M5 = [} p A2 dz (52)

RGOS R GOSN R IO e T
0 0

(53)
£ = —psag(t) f; A2)dz (54)
fP=—[plx=02z0ydz (55)
Wi=[W, Wy . Wyl (56)

W) =2 wm (57)

where [M®] and [K®] are structural mass and stiffness
matrices, {f9} and {fP} are load vectors due to ground
motion and hydrodynamic pressure of the fluid, respectively,
{W} and {W} are the displacement and acceleration vectors of
the nodal values.

At this step of the analysis, the geometric boundary
conditions of the structure should be imposed to (51). This can
be done simply by deleting the first and second columns and
rows of the stiffness and mass matrices and by eliminating the
first and second rows of the force vectors. Thus, after
implementing the geometric boundary conditions, the size of
mass and stiffness matrices is (N — 1) X (N — 1) while the
displacement and force vectors are of order(N — 1) X 1.
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V.SOLUTION OF RESULTING SYSTEMS OF ORDINARY
DIFFERENTIAL EQUATIONS

It can be seen from (39) and (51) that the equations of
motions of the fluid and the structures are coupled with each
other through the force vectors {F"}and {fP}. Therefore, it is
necessary to describe {F"} in terms of nodal variables and
{f?} in terms of pressure values at sampling points.

Using the integral quadrature rule, the force vector {fP}
can be expressed as

{rr}y = -0vip" (58)

where

W3(z1) P3(zz)

¢3 (Zn—l) ]
1/’4(21). .11/4(22)

wf; (Z_n—l)

(59)
1P1v+; (z1) ¢N+; (z2)

v, 0
{OVZO

o . 0

¢N+1(Zn—1)‘|(N—1)><(n—1)

V] l (60)

... 0 . 0

| |
-0 .
Lo o o0 0 vy

oo OO0 O

(n-1)x(n-1)

'} =p02,0) p(0,2,t) .. p0,z,4,0]" ={plx, 1)} (61)
whereV; (i=1,2,..,n—1) are weights for the integral
quadrature rule and the vector {p'} = {p(x;,t)} is the
interface hydrodynamic pressure.

It can also be easily verified that:

W(Z1r t)
w(zy, t)
w(z,t)

w(®)} = = [I"{w} (62)

w(Z,_1,t)

and
W(Zlﬂ t)
W (zy, t)
W(Z3, t)

(D)} = _ =["{w} (63)

(z-1,1)
where the vectors {W} and {W} are nodal displacements and

accelerations.Therefore, the governing equations for the
motion of the structure and fluid can be rewritten as:

[MSIW} + [KS1W3 = {9} = [IVI{p"} (64)

(r{w}
{0}(n—1)><1
K165} = /15 + (9} — p, | (Dhin-vs (65)
|
{0} n-1yxe)
Combining (64) with (65), one has

~[M Vamxam [M‘]ﬁmxﬁ] {ﬁﬂﬁﬁxl} + K mxam [O]ﬁﬁxﬁ] {{ﬁ}mﬁn} _ {{Fg}ﬁﬁxl}
[0]axam M1 5xw I (Wi [K*laxam  [K*]gxad UWixa {f 9}

(66)

wherei=n—1, M =m—1,and N = N — 1. Furthermore,

[ pell” 1
l [O]ﬁxﬁl
l[o]ﬁxﬁjﬁﬁxﬁ
[K*]=T[0V] [0]lgxa [Olxxa [0]wxal wxam(68)

Equation (66) can be solved using various time integration
schemes. In this study, the Newmark method is used to solve
the system (66).

VI. NUMERICAL RESULTS

A. Validation of the Proposed Algorithm

To validate the proposed formulation and its
implementation, application is made to a numerical example
given by Lee and Tsai [9]. The parameters used in this
numerical example are as follows:

EI = 9.8437 x 10'2Kgm?, p,A = 3.6 x 10* Kg/m,
L =180m, p; = 1000 Kg/m?, C = 1438.656 m/s

Lee and Tsai [9] found an analytical solution for the present
problem. Thus, we are able to verify the accuracy of the
proposed mixed methodology by comparing the calculated
results with those of analytical solutions.

First, we assume that the dam-reservoir system is subjected
to ramp acceleration defined as [9]:

0<t<0.02
t>0.02

504,t,

a®=1{", (©9)

g’

wheredy is a constant.

The dynamic responses of the fluid-structure system
subjected to ramp acceleration are evaluated for different
values of N( order of interpolation functions), n (number of
DQM sampling points in z-direction), m (number of DQM
sampling points in x-direction) and x,, (location of truncated
or far boundary). The Newmark time integration with
a = 0.25 and § = 0.5 is used to solve the resulting system of
coupled ordinary differential equations [33]. In all

171



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:8, No:1, 2014

computation, time step At = 0.02 s is taken.

Fig. 2 presents the convergence of solutions with respect to
the order of interpolation functions (N) for the displacements
at top of the structure for empty and full reservoirs. It can be
seen that the converging trend of solutions is excellent. It can
also be seen that the results converge to their final values
using N = 5. The solution convergence behavior according to
the number of DQM sampling points (» and m) is shown in
Fig. 3. A very good convergence behavior is observed. It is
also observed that a reasonable converged results are obtained
by the proposed methodology when n = 9and m > 65. The
effects of location of truncated boundary on accuracy and
convergence of results are investigated in Fig. 4. It can be seen
that the accuracy and convergence of the solutions are mainly
dictated by the choice of location of truncated boundary. Note
that, when the truncated boundary is not located far enough,
inaccurate and oscillatory results can be obtained for the
responses of the fluid. In Fig. 5, the results of present mixed
methodology are compared with the exact solution results of
Lee and Tsai [9]. An excellent agreement can be seen.

Next, we evaluated the responses of the fluid-structure
system subjected to 1940 EI Centro earthquake (Fig. 6). The
results are shown in Fig. 7. The exact solution results of Lee
and Tsai [9] are also shown for comparison purposes. It can be
seen that the results generated by the proposed method agree
well with those of [9].

B. Response of Variable Thickness Dam-Structures of Equal
Weight Subjected to Ground Motion

In this study we are interested to analyze the dynamic
behavior of variable thickness dam-structures of equal weight
subjected to ground motion. Fig. 8 shows some linearly
varying thickness dam-structures with equal weight. For these
cases, the thickness of the dam varies in the z-direction in the
following linear fashion

h@):hufm’“z+ ) (70)

(Tr+1) (Tr+1)

whereh,, is the thickness of a uniform cross-section dam (see
Fig. 8) and T, is the thickness ratio defined as:

_ h(z=L)
=iy O0ST <1 (71)

Note that, in dam-structures, the thickness of the dam at
z = L is always equal or smaller than that at z = 0. For this
reason, the thickness ratio (7,) is always smaller or equal to
unity (i.e., T, < 1). It can also be easily verified that, for every
thickness ratio, the volume of dams that their thickness obey
(70) is equal to V;, = A,L = bh, L (where b is the width of the
dam cross-section and assumed here to be unity).

To study the effect of the thickness ratio on the dynamic
behavior of the fluid-structure system, the dimensions and
material properties of the fluid and structure are considered as
follows. Depth of the fluid domain L = 100 m, acoustic wave
speed in water C = 1438.656 m/s, mass density of the water

pr = 1000 Kg/m?3, modulus of elasticity of the structure
E =3x10°N/m?, mass density of the structure ps =
2320 Kg/m3, thickness of the uniform cross-section structure
h,, = 10 m and width of the structure b = 1 m.

Fig. 9 shows the variation of natural frequencies (£2;, i =
1,2,3,4,5) of variable thickness dams versus thickness ratio
(T,). It can be seen from Fig. 9 that the lower order natural
frequencies decrease as the thickness ratio increases. This
means when the system is subjected to low frequency
excitation, the use of variable thickness structures (say tapered
structure) can improve the dynamical behavior of the system
significantly. However, the higher order natural frequencies do
not show the same trend. It is seen that there is a range for the
thickness ratio where the higher order natural frequencies
increase as the thickness ratio increases (here, this range is
approximately 0 < T,. < 0.4 as it can be seen from Fig. 9).
This means, when the structure is subjected to high frequency
excitation and the thickness ratio is in the range 0 < T, < 0.4,
the response of the structure may not be highly influenced by
the variation in thickness ratio. For this case, it is also
possiblethat the response of the variable thickness structure
decreases as the thickness ratio increases.
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Fig. 2 Convergence of solutions with respect to the order of interpolation functions (V) for the case of ramp acceleration: (a) displacement at
top of structure in empty reservoir case, (b) displacement at top of structure in full reservoir case, (c) hydrodynamic pressure at bottom of
reservoir, and (d) hydrodynamic pressure at middle of reservoir

(a) i

R}

>
oo
= © o~

>

o L L L 1 . L 1 0 L L L 1 1 1 1
1.5 2 25 3 3.5 4 0 0.5 1 15 2 2.5 3 3.5
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Fig. 3 Convergence of hydrodynamic pressure at bottom of reservoir in the case of ramp acceleration with N = 5: (a) convergence with respect
to the number of DQM sampling points in the z-direction, n, and (b)convergence with respect to the number of DQM sampling points in the x-
direction, m
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reservoir, and (b) hydrodynamic pressure at middle of reservoir
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In Fig. 10 the convergence of solutions for the response of
variable thickness dam is investigated for different values of
N. Comparing these results with those of Section VI 4 one
may conclude that larger values of N should be used in the
algorithm for the case of variable thickness dams. In Figs. 11
and 12 the effect of thickness ratio on the dynamic response of
variable thickness dams subjected to ramp acceleration and
1940 EI Centro earthquake is investigated. It can be seen that
in the case of ramp acceleration the response of the structure is
highly influenced by the variation of the thickness ratio. The
reason for this is that the ramp acceleration may be viewed as
a low-frequency excitation. Thus, the response of the structure
decreases considerably as the thickness ratio decreases.
However, in the case of 1940 EI Centro earthquake, the
response of the structure is not highly influenced by the
variation of thickness ratio. This is a reasonable result,
because the 1940 EI Centro earthquake may be viewed as a
high frequency excitation. Thus, the response of the structure
may increase or decrease by decreasing the thickness ratio.

Note that, in all cases, the response of the variable thickness
dam is smaller than that of the uniform dam.

VII. CONCLUSION

A simple and accurate mixed Galerkin-DQ formulation is
proposed for the transient analysis of the dam-reservoir
interaction. The Galerkin method is applied for the structural
part, whereas the DQM is used for the fluid domain. The
proposed mixed method combines the simplicity of the
Galerkin method and high accuracy and efficiency of the
DQM. Its reliability, accuracy and efficiency are demonstrated
by comparing the calculated results with those available in the
literature. It is shown that highly accurate results can be
obtained using a small number of Galerkin terms and DQM
sampling points. The technique presented in this investigation
is general and can be used to solve various fluid-structure
interaction problems.
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Fig. 10 Convergence of response of the variable thickness structure subjected to ramp acceleration with respect to the order of interpolation
functions N for T,- = 0: (a) displacement at top of structure in empty reservoir case, (b) displacement at top of structure in full reservoir case
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Fig. 11 Effect of thickness ratio on the responses of the dam-reservoir system subjected to ramp acceleration: (a) displacement at top of
structure in full reservoir case, and (b) hydrodynamic pressure at middle of reservoir
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