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Boundary element analysis of the seismic response
of gravity dams
R. Chandrashaker' and J.L. Humar"

ABSTRACT

A boundary element technique for the seismic response analysis of gravity dam-reservoir-
.tion system is presented. Analysis 1s carried out in the frequency domain and a sub-
structure approach is used. The reservoir substructure 1s divided into two parts: a near field of
specified irregular geometry modeled by boundary elements and an infinite far field of uniform
cross section modeled by 1D finite elements. The energy absorption along the reservoir bed is
modeled by an approximate wave propogation model. The dam is discretized by finite elements.
The foundation soil, idealized as an elastic half plane, is modeled by boundary elements. To
-nhance the computational efficiency of the procedure, a frequency independent fundamental
<olution is adopted for the reservoir, and the equations of the motion are transformed to the
e-st few modal coordinates of the dam-foundation system. The complex frequency response
rinctions of Pine Flat dam are obtained for various conditions of reservoir and foundation. A

response time history analysis 1s carried out for the Taft ground motion.

found

INTRODUCTION

Analytical procedures for determining the seismic response of gravity dams are now fairly
well developed. Since the response of the dam 1s affected both by the reservoir induced hy-
drodynamic forces and interaction with the fAexible foundation, a substructuring techmique 1S
most effective in the analysis. The dam and the reservoir substructures are usually represented
by finite elements, while the foundation ‘s treated as elastic or viscoelastic halfspace. A finite

element representation of the foundation is also possible provided a rigid bound
artificial boundary that prevents the reflection of outgoing waves can be introdu

The reservoir model must account for the energy lost in waves radiating tmn:rards il:lﬁl:lit}'
and through the absorption effects along the reservoir bottom. To model the infimte radiation,
the reservoir is divided into two parts: a near field of specified irregular geometry and a far field

of uniform cross-section. The latter is usually modeled by 1D finite elements (Hall and Chopra
ion } exible reservoir bottom can

1980). The energy dissipation through partial wave absorption in a fi
' ' Hall and Chopra (1980).

ced.

In recent years boundary element method (BEM) has emerged as an effective alternative to
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boundary element procedure is then applied to the analysis of Pine Flat dam, for jts
to Taft ground motion.

4!.-’5:_: "‘1‘_] 8

Y P UIN /e
i N ]

ANALYTICAL FORMULATIONS
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and function f 18 chosen as
| f_l'(?rnyi) ~ r:j - Pis (5)

. and r;; ar the distances to the field point j respectively from the source point and

, .= »f the source point. I * ' * »
e mage of the rce point. The solution p! automatically satisfies the zero pressure
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The respective boundary conditions along the dam face and reservoir bottom are

q(s, 1) = - DwBnl8) (Ta)
q(s', ) = —pw bﬂ(sl) — LQ)B])(S',Q) (70)

where pp 18 the mass density of water; a, the acceleration of the dam face along the normal;
# the wave absorption parameter = Puif PrCri Pr and ¢, the mass density and the compression
wave velocity of the eservoir bottom; b, the free field acceleration of reservoir bottom along
the normal; and s the coordinate along reservoir bottom. [t i1s perhaps more meaningful to
represent the wave absorption along the reservoir bottom through a wave reflection parameter &
given by & = (1 - Bc)/(1 + Pc). A valueol & = 1.0 represents a nonabsorptive reservoir bottom.

e related by (Hall and Chopra 1980)

Along the interface with far field, vectors p and q ar

p=1 v+ pu P K-’ I -d (8(1)
q=-1 K v (Sb)

where v, and )\, are respectively the eigenvectors and eigenvalues of the far field; I' the ma-
dal coordinates; K a diagonal matrix with elements

: 1
nodes on the interface boundary; Kn = VAn — k°
to an input acceleration ay corresponding to

trix of eigenvectors; v is a vector of mo
X1,K2,+++, k1 L the number of finite element
and d a vector with only one non-zero entry equal
the base node.

Mﬂ Impedance Matrix
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ic and linear elastic soil region

The boundary integral equations for an homogeneous, isotrop

IS given by
B u;(P) + / T5(P,Q)wi(Q) ds = [ 4:(Q) Usi(P,Q)ds =0 (9)
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Coupled Dam- Reservoir- Foundation System

ion of the dam

3 o of 08 in frequency domain 1s given by
The equation

{~’M+(1+ ma)K} U (0) = -E' + R’ ()

where M, K represent respectively the mass and the stiffness ma_trices ofﬁ the dam substryct,,,.
including the dam-foundation interface nodes; ng 1s the hysteretic damping factor; {U! ()
the nodal displacement vector relative to the free field; { = z,y 1s the direction of excjta::,,
(EX}T = {m;y 0 mz 0 ..... my 0} and {E*}! = {0 m; O my ..... il (R (1)) is the no
load vector, having non-zero quantities corresponding to the upstream face and the | -
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of the dam. The nodal load vector is composed of two vectors: R; denoting the hydrodynan

forces along the.upstream face of the dam, and R} the forces along the dam-soil interface no.
The latter are given by 10d

R () = -S; (0) U} ()

where S () is complex valued soil impedance matrix.

- 10 can be reduced by using the Rayleigh Rit;
shapes of the dam-foundation system a:
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f13%0) 18 the real part of the soil impedance

Ri&(ﬂ) = R/ Nm
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EARTHQUAKE ANALYSIS OF PINE FLAT DAM

1lustrate the analytical procedure « ~ oy L
'TO : | Flat D: .Y O ]I-f ompl JQVQI”PC(] here, the seismic response of a non-overflow
section of Pine Ilat Dam, California is analysed for Taft ground motion. The cross section
- ' and the finite element mes alvas T : - S
dlmen.:SlOﬂs and Chobpr: " n(‘c‘,h for the analysis of this dam are identical to those
‘ven in Ferwas; and Chopra (1984). For Lgle dam material, the Young’s modulus of elasticity
_ 295 % 10° ps1, unit weight=155 |t 2 0] * i eia | i
By o S. 29 \]1( ’i‘} : : ] tiﬂ e J]H llﬁ)/ft. , Poisson’s ratio = 0.2, and the hysteretic damping
— - The foundation 1s valized : : : . : o
factor 74 - 0.1 1 dation is 1de 1]:,:(,(]. as a homogenf,ous, 1Isotropic, elastic half-plane. The
pmpertws of the foundation m.z-lt,egml are }_},f = 3.25 x 10° psi, so that the elastic moduln ratio
_ - i \***'T R R e (F l’ g I)rac ? & : S r :

Ef,/Ed = 1, unit r‘:f ight=165 |Ib/ft”, and I‘ O1SSON’s ratio = 1/3. The full reservoir has a constant
depth of 381 ft. The pressure wave velocity 1s 4720 ft/sec, and the unit weight of water is 62.4
3 g T ' > O s - . - - - v o~ s :
b/ft”. Two values of wave reflection coefficient & = 1.0 and & = 0.75 are considered. The length
of the near field Ly 1s taken as 0.1H, for the case of fully rigid reservoir bottom and as 2.5H for
the case of absorptive bottom. I'he dam-foundation interface along with a length of 400 {t on

oither side of the dam base 18 discretized for the BEM analysis of the foundation.

Taft ground motion of July 1952 earthquake is chosen as free-field input, its 569k and
certical components acting along the transverse and vertical direction of the dam respectively.
Using the analytical procedure discussed, the seismic response analysis of the dam section to the
Taft motion is carried out considering all the significant interaction components. The analysis
is performed by adopting the first 5 mode shapes of the dam, for a rigid foundation case, and
10 mode shapes of the associated dam-foundation system, when the foundation is flexible.

The complex frequency response functions for the absolute horizontal crest acceleration and
the time history of the horizontal crest displacements for different conditions of foundation,

reservoir water, bottom absorption and excitation direction are presented. For the frequency

domain analysis, 2048 time steps of 0.02 s are used. The first 20 s of the excitation i1s taken as
for the Taft motion, the remaining period 1s made up of

equal to the ground acceleration values
herent in discrete Fourier transforms.

a grace band of zeros to avoid the aliasing errors In

The complex frequency response functions for the crest acceleration due to horizontal ex-
citation are shown in Fig. 2. Reservoir bottom absorption reduces the peak response near the
fundamental frequency for both rigid and fexible foundation, although the eﬁ."ect, is not as pro-
nounced in the latter case. The absorption effects are less significant at higher frequencies.
Flexibility of foundation causes a reduction in the crest acceleration. Tflle.fre'quen_cy resim}se
functions due to vertical excitation are shown in Fig. 3. The response exhibits mﬁm}e peta esse'::-i
a non-absorptive bottom, whether or not the foundation is flexibile. Wave al?sorptllon :it;tign
voir bottom results in a drastic reduction In the peak response. As for a horizontal eX ,

' ‘113 PR ation.
foundation flexibility causes a reduction In the overall crest acceler

istory of the horizontal crest displacement of Pine

is apparent from these results that the responses

Figure 4 presents the first 15 s of time h
lar for & = 1.0 (non-absorptive)

Flat dam subjected to Taft ground motions. It i A
to the SE9E (transverse) component of Taft motion are quite simi
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CONCLUSIONS

frequency response.
the response of a dan

model has very little effect on

* e L L1, g
s Jary element procedure developed 1n the presenf: study is applicable to t},
s e s ity dam-reservoir-foundation system of arbitrary po..

s of a general grav ets
response analysis O _ 3506k e

. | e is enhanced by the use of a frequency inder.. .
The computational efficiency of the procedur ] Y independ.,

model of the reservoir, and the tranformation of the equations of motion to moda] coordi
of a dam-foundation system. The analytical results show that the effef:t of reservoir by,
absorption is not very significant for the response of the'dam to a horizontal excitation,

is important in the response to a vertical excitation. In either case, the approximate 1
propogation model yields reasonably accurate results and a more rigorous approach for mode]
the reservoir bottom may not be necessary. On the other hand, use of approximate mode] ;

in considerable improvement in the computational efficiency.
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