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r. The purpose of this paper is
mc{anks with different foundations.

| INTRODUCTION

restressed concrete tanks have
&;ﬂl]:giglgped as the structure of sludge
.reatment. These tanks have several advan-
tages in digesting functions, mechanical
equipments and maintenance. The tanks are
recently introduced into Japan which is
subjected to frequent earthquakes. In such
an earthquake-prone country, the struc-
tures requires rational aseismic design so
as to resist strong earthquake motions,
Research and design codes on the egg-
shaped concrete tank under seismic loads
are still limited (Yoshida et al. 1984,
Nagasawa et al, 1983).

Present study aims to provide design
information for egg-shaped prestressed
concrete tanks under seismic loading. The
axi-symmetric finite element technique 1is
employed in the analysis of water-soil-
:tfructure interaction under the condition
i m?: fon-symmetric loading. To obtain
U?Btac response of soil-tank interaction
cial iﬁ;"ergy absorption at the artifi-
analygi g iaf? need to be included in Fhe
vave ener N order to absorb the radiation
bomdary 8Y on the boundary a viscous

Y has bee 9
dimengqq en employed 1in
_et'i | 1 Problems by several research-

(Lysmer et al, 1969, Lysmer et al.

1 aid of the present proposed
oundary  technique, dynamic
uced in the tank wall and the
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Lo lnvestigate the dynamic behavior

The axi-s etri ini
- : ymm Cc finite elemen
in the analysis. A viscous boundary formulation ot

adopted stead of using the infinite boundary of the ground,

of egg-
: nique is
18 also established for this

foundation is also conducted, The maximum
accelerations, displacements and dynamic
stresses are obtained and discussed for

f?ur models of foundation, that is, direct
ring, footing and pile foundations.

2 EQUATION OF MOTION
2.1 Principle of virtual work

Based on the principle of virtual work,
the following equation is applied to the
dynamic problem.

fo8leMoyav -5, 6{u)T ({F}-nia)
—pli})dv-S d{u {T}dS=0 (1)

where {€} is a virtual strain vector, and
{c} , (F}, {u}, and {T} are stress, body
force, displacement and traction vectors,
respectively. The suffix, T, and dot, °,
imply transverse and derivative with
respect to time, respective}y. Coeffi-
cients n and p are the cohesive coeffi-
cient and density, respectively.

The equation of motion in a sys;em
having free side boundaries and a suffi-

ined as the
ciently rigid base 18 obtaine
following matrix equation. This equation

is obtained by letting (F}=0 and [gd{ u .

(T} dS=0.

(M6} +[CH &) +[KIS)
=-[M]{I}ug | (2)
where [M], [C] and [K] are mass, damping

' - ly. {6}
tiffness matrices, respective _
:2: B{I} are the nodal displacement and
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jeld. Fig. sur
:i:ucture interact10ﬂd5y§;22 field. The
the basal jaysr @& be oD tained by

equation of motion Canained from these

he terms obt Baon
3?3%321 w;rzs vo Eq.(2), which is 8

(Miura et al. 1986)

[M]{IS"}+[C]{<§}+[K]{6}

‘ Yo 18¢) )
+ [Cr1{Sp) + [Cs( {6g) _
- - [BM J{ 1 }ig + [Gs1{8£) + Jemes 107 T - g

where e base

[Cr]: viscous boun

boundary.
[Cs]: viscous boundary natrix for the side

boundary. 1
[Gs]: boundary stiffness matriXx associated

with the displacements of the free
field.

[Ges]:boundary damping matrix associated
wvith the velocities of the free
field

{6g}: displacement vector of which
components correspond to the
components on the basal layer of the
{S]).

{6g}: displacement vector of which
components correspond to the
components on the side boundary of
the {6},

{6f}: displacement vector of the free
field

dary matrix for th

The 4th and 5th terms imply radiation to
the basal layer and radiation to the side

free field, respectively, The 2nd and 3rd

In the present
paper, [CB]
and [Gcg] are called " '
for convenience, the bounda

Displacements (g :
B l{liltaree obtained from the
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Fig.l General view of 501l—structurq
gystem analysed.
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Fig.2 Coordinate system and
displacement components,

u, v, and w are noted as the displacements
in r, v and O directions for the rin

element. These displacements are repre-
sented in the form of Fourier series |

Zienkiewicz, 1982(a)):

N
TRE I ) U, Cos no
I'1=O
N
V =-) vpsinnf (4)
n=0
N
W= ) wpcos nb
n=0

where up, v, and wn are amplitudes of
harmonic n. N is determined from the
accuracy to be desired. For simplicit),
notations u, v and w in this chapter mean

Un, Vn and w,, respectively.

oy Viscous boundary

The virtual work W done on the boundar)

::ich is the 3rd term of Eq.(1) is 8i'¢"

oW = fB‘Tj 6uj ds

. TJ. "'"D_Vﬁj . ' (6)




the velocity in the noted g,
that is, the transverse wave |

;4ﬁ_53- or the longitudinal wave
o is the relative velocity on

- . boundary matrix for
i 2 , i ' se bOI.IIldBI'y [CB] _______
i3 k &Wp done on the Dbase A
'. tllal wor b % 0 o s Rl / ----- g

et < be represented 1in the

+
: |
_ | - I1
i I jﬂf"g |
arts can be obtained in the | ' : -___,.-""' |
Thfﬂi th::;_P The wave velocity and ' \k i ‘I
gimil8 locity are Vs and igcosn® in r- de_ . | |
relatg:nve The traction Tr in Ba. (D) 18 2 //Tl‘ar
Gr 0 1=
giver by > £ 5 et
' nO (8) : .L L ﬂ

The sirtual work OWr done on the base
deg J and j+l1 is obtained by Fig.3 Notations for integration of

D

n no _ :
be;:i:tutiﬂg Eq_(B) inko Eq.(5) .and by the virtual work done on the
Eukiﬂg the virtual displacement as base boundary.
;aucosnﬂ (see Fig.3). Assuming that dis-
placemént and the relative velocity are Employing these tractions in the same
linear between aeies 1" and. J+1, . the way as r direction, a relationship between
virtual work §W, is evaluated Dby the nodal vector and the relative velocity
3 vector is obtained as
Gw = s W A TR . | )
ey e (12 Uiyl F 1A Sieplt E6YA (14)
where where
R it w1 2% e2elpaly 130
2 E44r§41 T3 A ke bR B A T (15)
{6} =3 {uj Vj Wj Uj+1 Vj+1 Wj+1}

Using the nodal force vector (£5}=( fjr er+1}1;
the virtual work 6Wr is also expressed as e G w0 Bss O 10

Oy = { Bu; Oujpp } {£7) (1L)

0
Egs.(9) and (11 [Cr]B = mPX
vector {£,) ag ) produce the nodal force B —1%— Rt el Y

= 3I'j T I‘j+1
in 6 and z B = rj+ Ti4l (17)
Y = I:.j+ 3rJ+1

[CB]A in Eq.(14) is evaluated
A in the Dbase boundary

(see Fig.3), and the total matrix [Cg] is

gka) The matriXx
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ments on
obtained by assembling all ele
base boundary.

T
2.2.4 Viscous boundary matriX
boundary [Cs]

s 8 :
N s e 12 0
case is shown in Fig.4 and t s =
the evaluation can be expresse
Pty o O 0 W 0
e D 2 Vs O
o o2ne 00 Vs
iRl 855 o 8o 0O
Oy Oy o0 88 O
P AR o e R T
(18)

2.2,5 Side boundary stiffness matrix [Gs]

Stresses of three dimensional body
produced between the vertical boundary
surface and the free field surface are Or,
Trg and T, as shown in Fig.5. The virtual
obtained from multiplying the

work is

resultant forces produced by these

stresses by the corresponding deformations
For the shear vibration, that - is,

horizontal vibration, the amplitude of

horizontal displacement
function of 3.

€xXists on the Si
this case and is d

ur , becomes a
Only the stress,
de boundary surface
etermined ag

Fig.4 Notations for inte
the virtual work d

side boundary.

8ration of
one on the

Fig.5 Stress components
produced on the
side boundary.

£2 " |
55 HHE b3 1 g 3 '92)
sz > = - < t-‘u p (4
BN 2 L—l th,j+1J
Si@ilarly nodal forces due to tFf
vertical vibration results in
4 '
ff’J » TTAI“ -] 1 Wf’J (23)
E,j+1 Bodmh A e 441
Egs. (22) and ' o
v y. ized 1
matrqx form R 1 sma:

e (RLIPRY (#

ek semmee el @ @ .



e 0 =& 0 U A
B0 . U 0 0 O

, B - 0. un 0 0 (26)
gl " 2 R 0O "0 A
o § AR B S ¢ O
S eap ) TR SR ¢ RS S B

1 matrix for side boundary,

: bling the
an be obtained by‘assem g
-[st];idgal boundary matriXx [Gs]A on the
;fde boUIldBIY'

'Ihe to ta

boundary

The damping matrix [C] and boundary damp-
ing matrix [Gcs] are given by assuming
Rayleigh's damping as following :

[C]=%[K]! [Gcs]=;{f—’[cs] Eer)

shere h is the damping factor for a
frequency of £ which is commonly taken as
the natural frequency of surface ground.

2.5 Free field ground motion

The equation of motion for free field is
briefly given as

(K 1E(85) + [ ¢ 1E(8¢) + [ M 1E(6¢)
SN ( 1) 0, (28)

"here, {I} is the unit vector and the

?;tl'ices [K]f, [C]f, (M)f are constructed
[k]i :ieng the submatrices [k]A, [c]A, [m]4

follwg?ends on the input direction as

(1) Eorizantal excitation

[5] 5 l-%‘"%] (29)

_ (;.i) Vertical excitation

g 1) - (30)

Element matrices [m]A
by following equations.

[m]A =.EE. el ]
6 Jgas 2

and [c]} are given

(L)

R
k] L [k 1A

3 ANALYTICAL MODELS

M?dels for the foundation are
direct and ring base foundations for the
hard ground and caisson and pile
foundations for the soft ground. These are
called Models 1 to 4 as the above order.
Fig.6 shows the finite element meshes for
Models 1 and 2 and Fig.7 shows the meshes
for Models 3 and 4.

The Young's modulus, E¥, and shear

modulus, G*, for reinforced concrete
elements may be determined as

taken as

E¥ = Ar Er + Ac Ec
(32)

G¥ = Ar Gr + Ac Gc

where A, E and G are the area per unit
area, Young's Modulus and shear modulus,
respectively. Subscripts r and c indicate
reinforcing steel and concrete, respec-
tively. These definition implies a rela-
tion of Ar+Ac=l,

The moduli of ring elements for the pile
region are determined so as to be
equivalent to these for mixed materials of
piles and soil constructed in circ}e
configurations. The equivalent Y?ung.s
modulus, Eg, in the angular direction 1s

obtained as

- Eottnts (33)
- EpAp+E

B &

where the subscripts p and g mean the pile
and soil, respectively. The §hear.m?du1§s
in the angular direction 18 similarly
determined. Young's modulil and speai
moduli for the radius and vertlga
directions can be determinﬁd from EE;(S %;
o . the subsgripts ¥ and c.ate .
Zginnated to p and g. The co?stlﬁutive
natrix of the stiffness matrix for a

anisotropic material is given in several

publications (for example, Zienkiewicz,
1982(b)). | L2
Ingeziction effect between the 1iquid

container and tank wall is neglectid tiz
the present analysis. The masi 0 i
liquid 1is treated as the virtua Eas s
the tank wall, This agsumption is based O
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for steel anct
present analysis.

Table 1. Material constantsSe
2
E (kg/em®) © (kg/cm®)
g.1x10°

2.1x10° .
g;§§§ete 1.4x10° 1E6.3X10
i S B g

4 ANALYTICAL RESULTS
deconvoluted E1 Centro

0N esmponine of the. seismic_ o

lied at the base :
‘S‘?gce aggis seismic wave has Fhe max.}mm;
acceleration of 340 gal which is obtailne
from the measurement at the gr ound surface,
and the maximum amplitude and frequency
characteristics need not to be amended.
The acceleration responses at the top of
each model (A in Figs.6 and 7) are shown
in Fig.8, and the displacement responses
are shown in Fig.9. These are time
histories in the radius direction (r-
component).

The results of Models 1 and 2 represent
similar behavior, whereas there is a
difference in the maximum acceleration and
displacement, The maximum acceleration of
Model 1 is 600 gal and is 40 percent
greater than that of Model 2. Similarly
the max:unum displacement of Model 1 is 3,i
Cn]:deimdz.w mstﬁsfs large as that of

piies that the ring

concrete reduces ac '
celerations ]
Placements, e

In the analysis,
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Fig.9 Time histories of displacement.
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 1st and 2nd layers. (bl ate that the

These  figures .nd the ma

principal stress
stress of Model 2 are fairly

1st layer and that Model icng ot the top
Large stresses prinCiPal

tendency.
of the ring, and the maxiﬁ:ze S ol
stress of Model 1 attains S amcantret Lo

tress
Fhat of Model 2. This s 2 bt of

js resulted from the

vibration due to the stiff conc
That is, the concrete rin
advantages in the acceleration

displacements
the stresses.

rete ring-

t Model 3 (

' 11 indicate tha
Figs.1l0 and kot %0 kg/cm2

caisson foundation) has more
of the maximum principal stress a

shearing stresses 1n the ta
the ground level. These values are almost

two times stresses of Model 4 (pile

foundation). This may be due to the fact
that the displacement response of Model 4
is half of that of Model 3 below the

ground level,

5 CONCLUSION

The present study discussed dynamic
behavior of egg-shaped prestressed
concrete tank during strong ground motion,
remarking the foundation of the tank. Main
results are summarized as follows:

gl) F?undétion of concrete ring is

:tiectlve 1n reducing vibration, however
€SS concentrations occu

5 r at the top of
i;2)12ccelerations for the pile foundation
foundarger than those for the caisson
o tzzﬁn. On the contrary, stresses in

wall for the pile foundat i '
ion is

smaller than those for the

fouﬂdation, caisson
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