STUDY ON THE EARTHQUAKE PROOF DESIGN OF
- ELEVATED WATER TANK

by: Y. Sonobe_(I) and T. Nishikawa(H)'

ABSTRACT

‘Elevated water tank has different vibratory characteristics compaxed
with ordinary structures, because 'water! affects the vibration behavior.
Several papers on this analysis have been published, but it is very com~

‘plicated to analyze precisely its vibration behavior,

This report describes the possible method of replacing the elevated
water tank by the appropriate equivalent vibratory system by experimental
studies and of analyzing the dynamic response of the structures supportmg
the water tank and fluid in the tank.

" This method may be appllcdble to the dynamic analysls of the same type
. of structures, such as petx oleum tank, silo etc.

It was conhrmed that measured responses of the supperting structures
and the fluid by vibration tests of small models for the actually designed
elevated water tanks were explained by the analysis by replacing these
structures to the modified spr1ng—~mass system.

Two models were made: one is a cylindrical tanlc model, which has
60 cm diameter and the ratio of the model to the prototype of 1/10 - 1/26;
another is a spherical model, of same size. Each tank was supported by a
frame which has several kind of rlgldlty : o '

By free vibration tests, experimental equation§ ot the i’undamental
periods of the water (Tw), correspondmg to depth of the water and the most
exciting periods of the frames (Tp), were obtained. After that, forced
stationary vibration tests were carried out by the electro-magnetic vibration
table. By these tests, response curves, periods of the elevated tank includ-
ing higher order, damping coefficients, participation functions were obtained.
Furthermore, forced vibration tests were carried out, using the input of
pseudo El Centro NS 1940 record (time scale 1/2.5, max. acec. 80.2 gal), t
the cylinderical tank. From its response, maximum displacement and acceler-
ation of the frame and maximum résponse height of the water in the tank were

.found out,

Considering the test results, Slmpllfled two degree of freedom system,

- which consisted of the weight of frame ‘plus dead water assumed to be fastened
to the tank rig1dly, and the weight of the free water assumed to be fastened to
the tank by sprmgs was analyzed by analog computer 'SERAC.!

From this response analysis, the good agreement between the experi-
ment and the analysis was confirmed. On this basis a posslble method of the
actual dynamic design of elevated tanks were proposed
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STUDY ON THIE BARTHQUAKI PROOTF DESIGN OF
’ ELEVATED WATER TANK

by: Yasuhisa Sonobe(I)'and Takao Ni'shikakwa(ﬂ)
SYNOPSIS

Vibration tests were carried out on' 1/10 ~ 1/20 scale models of cylmdn-
cal and spherical elevated water tanks.,

The test comprises free and forced vibration tests under sinusoidal and
random seismic wave,

In addition, a response analysis was effected on an analog computer to
compare the results with those obtained in the tests .

The present research enables the authors to clarify that vibration of
elevated tanks may be expressed simply as vibration of two degrees of freedom
system,

1. Introduction

Rigorous treatment of dynamic analysis of an elevated water tank is very
complicated in comparison with other ordinary structures, because the fluid in
the vessel takes a role as a part of vibrating body. Recently, however, an
analytical method of responses due to arbitrary ground motion has been devel-
oped in the range of elasto-pdasticity. Therefore, if the elevated water tank
could be replaced by an appropriate vibratory system, it is able to predict the
behaviors of the structure supporting the tank and fluid contained in the tank
during earthquake.

- The dynamic analysis of these structures is felt keenly necessary by the
fact that great fire of petroleum company in 1964, Niigata earthquake, was
caused mainly by the vibration of fluid in the tank.

Such a study was done in Prof. Muto's Laboratory at the University of
Tokyo in 1957 by one of the authors. In this study the water in the tank was
divided into two parts from the vibrational behavior, one was the dead water
which was fastened to the tank rigidly and the other the free water fastened to
the tank by spring. The ratio of water of each part was determined quantative~
ly by experiments (ref. 3.2,.(3)), and further it was proposed that the external
force to be taken in the design of the elevated water tank was obtained by
‘multlplymg the sum of the equivalent weights of structure and dead water by
the seismic coefficient. After that, the study concerning with the higher
modes of vibration of fluid in the ta.nk was done, but the purpose of this study
was concentrated in the problem of the dead water.

, NOw in the current study, the above experiments have been more devel- '
~ oped and, aiming at a dynamic design taking the coupling effect of structure and
- fluid into account, small type models were made to measure the vibration
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behavior of structure and fluid contained in the tank under the arbitrary ground
motion be51des the statlonary vibration experiments on the free water and dead
water,

* From these experimental results, possibility was anticipated of replacing
the structure simply with a two freedom vibratory system consisting of the
weight of free water and of the dead load plus dead water. Confirming the
' ‘above anticipation, the authors have attempted to make a guiding principle of

the earthquake-proof design of structures of this kind. '

2. Outline of experiment
2.1 Models

Two prototypes as shown in Fig. 1 were taken as the subject of study,
that is, an actually designed cylmdhcal elevated water tank of 12 = 40 m in
height and 250~ 400 tons in volume and a spherical one of 12 — 20 m in height
- and 40 - 150 tons in volume. As a principle of model making, neglecting the .
viscosity of water and the weight ratio of each part being equal, the reduced
scale for period may be taken asJS , where S is the reduced scale for length
~in the model, because the vibration perlod of water in the tank is proportlonal
to the square-root of 1ts diameter,

| Since the vibration behavior had not been measured on the actual elevated B
~water tank, the natural period was estimated following the previously-made
studies and the result was applied in the design of models to be used.

The models were constructed in such a way that, as shown in Fig. 2, the
‘water tank is supported on a steel frame of 4-pillar type. Three kinds of
frames of different lengths are prepared so as to make the ratio of period of
frame and water be in the range of that in the actual tank. The distance be-
tween the fixed points of frame as plate spring are 39.cm, 64.5 cm. 80 cm
which are common for the both models. The tank is made of aluminium plates
1 mm thick and its diameter is 60 cm in the cylindrical tank and 50 cm in the
spherical tank.. The bottom shape of both models has a similar shape to the .
actual tank and the reduced scale of length corresponds to 1/17 - 1/20 in the
cylindrical model and 1/10 - 1/14 in the spherical model.

2.2 Contents of experiment

- Static loadmg tests: The experiment was conducted to calibrate the relatlon :
between the strain and deformation of the frame,

Free vibration tests: Free vibration of the frame was caused by releasing
suddenly a slight forced deformation. Periods and damping coellicients of the
frames were obtained. The vibration of water was caused by moving the tank
by hand and when the fundamental vibration became stationary, the period and
damping coefflclent were obtained.

Stationary forced vibration tests: An evlectromagnetic vibration table was used
in this forced vibration tests, keeping the total amplitude of the table at cer-
tain definite values, the. frequency of the sinusoidal wave was varied continu-
ously.
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Forced vibration tests due to actual earthquake motion: El Centro NS 1940
Farthquake record in which the time axis is reduced to 1/2.5 was taken as an
input, and dynamic strain-meter was used for the measurement of response as
in the case of free and forced vibration tests mentioned above. Further, in
order to examine the surface wave of water, uniformly spaced 18 floats were
uniformly placed in the diameter line in the direction of vibration, and théir
vertical movements were photographed on a movie film. This experiment was,
carrled out. for the cylindrical type water tank model only,

3, Results of tests
3.1 'Static loading tests'

According to the test results, the relationship of the displacement and the
strain of the frame are kept lmear to the storey shearing force. But when the
displacement becomes large, the rigidity is slightly lowered and a trivial
hysteresis characteristic 1s observed. Table 1 shows the spring constant ac~
cording to the secant modulus correspondmg to the displacements of 4, 6 and
8 mm. The theoretical values in the table are the values calculated on the as~

~sumption that the pillars are fixed at the position of bolts. Table 2 shows ex-
perimental and theoretical values of period obtained on the models without
water. From these data, it is considered that the statical and dynamic sprmg
constants are nearly 001n01dent ‘

3.2 Free v1brat10n tests
(1) Periods and damping coefficients

Cylindrical model: Fig. 3 shows the relation between the period of the
fundamental vibration of water Tw, the period of the most exciting vibration of
the frame Tf and the depth of water H. H means the water depth from the posi-
tlon a.t the 1nter section of the bottom surface and the side surface.

In each case, the 1st period of water Tw is extremely large when the
water depth is low but it is decreased with the increase of the water depth,
finally converging to a certain definite value (0.11yD -0.13/D sec D; di-
ameter in cm), This characteristics may be also observable in the cases of
other type of water tanks to be described in 3.2 (3), Also Tw increases as the
“ r1g1d1ty of frame becomes higher when the water depth is kept constant.

» Sphencal model: Flg 4 shows the relation between the period Tw, TF
‘and the water quantity in the case of spherical model. Ty approaches the
‘value of 0.1/d as the water depth is higher. As for Tf, a similar relation-
"\sh1p 1slobserved as in the case of the cyhndrlcal model. ,

Regardmg to the damping in the case of cylindrical model, any damping
-characteristics is hardly found for the 1st vibration of water. The amount of
mping of the most exciting vibration of frame can not obtained precisely,
cause the wave shape of vibration becomes irregular due to the effect of

ter, especially its tendency is enhanced when the rigidity of frame is
wered. It seems, however, that as a general tendency the lower the rigidity
rame the larger the dampmg, and there is no relation to the water quantity,
e damping coefflclent is estimated approximately at 1 - 2% for h = 39 cm,

3¢ for4h 64 5 cm, and 3 ~ 6% for h = 80 cm. .




(2) "Dead water and free water

From the most exciting period of frame, quahtity of dead water Wpwhich
~ is agsumed having the fixing effect to the frame is calculated by the l‘ollowing
jformula. ‘

2 L
W[ -1 W @
whelje ‘ ‘
T @ Period of main vii!oration ef frame
" Tre: Period of frame without water

Wr: Weight of ‘ffame

Fig, 5 shows the relation between the ratio of the dead water quantity W, of

the cylindrical model and the depth of water expressed by taking the tank diam-
eter as unity, together with the experimental formula, The free water quantity -

tends to converge to a definite value as the water quantity is increased. Its

value is estimated at H = 0.3D in case of h = 39 ¢m and 64.5 cm, and H = 0.33D

in the case of h = 80 cm, taking the depth from the water surface. Fig. 6

shows the relation between Wb W, of the spherical model and the water quan~

" tity Wy, together with the experimental formula. The ratio of dead water is
increased with the increase of water quantity. The values of Wp/jy, coincide
well in case of h = 39 cm and 64.5 cm, but in case .of 80 cm, the free water '
quantity is largexr than the above two, which shoWs a 51m11ar tendency as in the

. case of cylindrical model, '

+(3) Period of free vibration, quantifies of dead water and free water in the =
elevated water tanks of other types : '

Now the results of experlments carried out in Prof. Muto's Laboratory
using the followmg 4 types of elevated water tanks are described. .

Quadratm prism tank e C 200 (w1dth) x 400 (depth)
- Cylindrical tank with flat base ‘ : 3004 .
" Cylindrical tank with the half spherlcal base 300 ¢
Truncated conical tank ‘ ., - slope of generator 3 3/1

The exper‘imerital methods were‘,almost the same as the experlments deScribed ,

previously, Fig. 7 shows the relation between the free vibration period and -

.. the water depth The most exciting period of frame T is increased with the

~ water depth in all tanks, whereas the period of 1st mode vibration of water Tw
‘converges to a certain defmlte value in each tank Denoting the tank dlameter }

\ by D, we obtam

. . . 1 B

Tw =0.11 /D S for prismatic tank
Tw =0.1 o/D  for cylindrical tank
Tw =0.11/D for conical tank ( Tw in sec, D in cm) .



" Fig. 8 shows the relation of the quantity of dead water and free water. The
quantity of free water approaches a definite value as the quantity of water is
larger. Denotmg the free water quantity by the depth HFs

we have
"Hy=0.3D for prismatic and cylindrical tank
He =01 H or \We=0.27 W (by weight) for conical tank

Fach values of period was confirmed by the stationary vibration tests due to
sinusoidal wave. :

ot

3.3 TForced vibration test due to sinusoidal ground motion
Cylindrical tank;

The experiments were carried out for the 3 different height of frame and .
3 different depth of water at 10 cm, 20 cm, 25 cm, hamely 9 cases in total. In
each cases the response curves were obtained for various total amplitude of the
vibration table of 2 0 = 0.1 mm, O 2 mm and 0.4 mm (each being kept constant
durmg one. expenment)

In Fig. 9 3 response curves are shown on the left side, and on the right
side are shown the experimentally analyzed results of each response curve and
the frequency of resonance vibration as well as the participation function gl .
Here the participation function for the most exciting period of [rame is taken as
1.0 and that for the fundamental vibration of water is shown only when it was
found. *The maximum response was unable to obtain precisely because of the
lack of strength of model. -

As a result of this experiment, the fundamental frequency and the higher
frequencies of water and the frequency of the most exciting vibration of frame
were obtained. When the height of frame is low and the rigidity of frame is
high, the participation function of frame for the fundamental vibration of water
is considerably so small that the effect of higher vibration of the frame becomes
- negligible. On the other hand, when the frequency of vibration of the frame

‘becomes small and the frequency of shaking table approaches to that of the

fundamental period of water, the response of frame is fairly enhanced: Also
the effect of the 2nd mode of vibration of water on the frame is increased, which
. indicates the fact that the coupling degree between water and frame is strength—
ened. The resonance period is found to agree well with that obtained by the
‘corresponding experiment for free vibration.

" 'The maximum response ratio ¥ at the resonance point of fundamental vibra-~

. tion mode of the frame was larger than 30, so the damping coefficient may be

gi]assumed to'be below 1.7%. As the maximum response ratio ¥ near the frequen-
¢y of fundamental vibration had been obtained. The damping coefficient was
- caleculated by use of the participation function gu and the result is shown in
 Table 3, from which the damping coefficient of the fundamental vibration of water
s presumed to be on the order of 0.5%.



- Spherical model;

The expemmcnts were conducted for the three different heights of the
frame and the three dilferent depth of water 1/4 l/ and 3/4 the diameter of
the water tank, namely in 9 cases in total, The a.mphtude of the shaking table
was equal to that of the case of the oylindric,al model, The results of experi-
ments shows a similar tendency as in the cylindrical model, and the effect of
higher mode of water is observed.

3.4 Forced vibration test using earthquake motions

The experiments was made in the case of the cylmdrlcal model
(h=64.5 cm, H=20cm)

Referring to the shear force spectrum of El Centro NS 1940 earthquake,
it is known that there occur peaks at about 0.5, 0.8, 2.5 sec., From the ex~
periments for free yvibration and stationary forced vibration, the fundamental
" period 'of water were estimated at 0.15 sec, 0.32 sec, and O 41 sec for h =

39 ¢cm, 64,5 cm, and 80 cm, re»pectzvely» On the OthC_L hand, if the El Centro
vearthqualce :t‘ecord was reduced to 1/2 5 in time scale, the p(,alcs are estimated
at 0.2 sec, 0.32 sec and 1.0 sec. In consequence, there appear large re-
sponses to the 1st order v1b1allon of water (about 1.0 sec) and the natural
perlod of frame,

Then the pseudo El Centro earthquake reduced to 1/2.5 in time scale was
used as the input. But as the vibration table used in this experiment is not
equipped with a perfect fecd back circuit, the record of acceler ome(cr put on
the table is considered 'm Lhe ground motion.

Fig. 10 shows the acceleration recoxrd ot‘ 18} Centro and that of the table
(max. acc. 80.2 gal), and Fig. 11 shows the response of frame. (max. acc.
239 gal) A vertical movement of water surface was obtained by plotting the
movement of 18 floats photographed ou a moving filin as shown in Tig. 12.

4. Response analysis

The response in the cylindrical model (h = 64.5 cm, H = 20 cm) was
analyzed in which the acceleration record of vibration table shown in Fig, 10
was used as an input. The response spectrum of one mass system of this
ground motion is-shown in Fig., 13. For the calculation of response the an'llog
computer "SERAC" of University of Tolcy o was used,

Set-up of vibration system

Adding the weights of the frame, the water tank and dead water altogether,
and replacing this vibratory body to one mass vibratory system and then analyz-
ing its response, it is possible to obtain the response acceleration and defor-
mation of frame easily by a rough calculation,

Here, however, in order to examine the effect of free water, the free
water was replaced to one mass. Thus response analysis was made on two
mass vibratory system, as a whole as shown in Fig. 14 a). To obtain Kz, the
free water was considered as a onc-mass %y@tmn connected to the frame by a
.sprlng, and from the formula :
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_ Ma
we have Kz _ [’mzmz
. TWZ

The value of m,, M., K,, Tw werc :aken equal to those resulted from
the experiment. The equation of vibratiiu of this replaced two mass system
arc as follows: : :

Mzi}z + (2 (YZ"‘Y;) +K2(Y2“Yl) ="mz€‘o
mo Y, 4G Ye + GOV V2) K Y Ka(Ym V) = -mid,

where Y,; relative displacement of ith mass

1l

‘jo

Natural periods and modes of vibration forms

i

ground acceleration

In the model used for calculation, h =64.5 cm and H = 20 cm and the

“values of other factors are as follows.

0.042  KI5€/im

m; =
M, = 0.044  Ky-se/em
K, = 2.02 K /cm

K, = 17.0 K/ /m

Using these values, the periods ¢ -« modes of this vibratory system are
obtained as shown in Fig. 14 b), in whi- the periods agree well with the ex-

perimental values,

Calculation of response

Assuming for simplicity, the damping coelficient of water to be 0 and that
of frame to be 0.05, the response was calculated.

The response acceleration of frame is compared with the experimental
result as shiown in Fig. 12. The analytical wave and experimental wave are
nearly coincident in their maximum value, component of period and number of
waves. which demonstratles the effectiveness of this analysis.

if. however, more accuracy is desired, it seems preferable to determine
the periods (rom the model experiment, Then the value of m,, m,, Kz may be
oblained by assuming a coupling vibration with water and frame. Especially,
in.a case when the degree of coupling effect is high, that is, when the funda-

_mental period of water is close to the most exciting period of frame, anexcel-

lencappropriate value of response could not be obtained unless such a mean is
talen. ' ’ '

Speaking definitely, if the value of K, and wm = m, +M, of the model are -

’ deterniined, and the 1st frequency M, and lud frequency M, are obtained from
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the coupled vibration experiment, we can pursue the following procedure;

Kl’erfml'YLz ~Ka2 | o =0
From : ‘ o 2
"'Kz : K2 "’mz'n
we have m, (m—m,)n4~{m‘kz+ (Kl+K2)(m—m.)}n1 *"K_!'KZ =0
| 2 z __ m(Ki+tKz)-mKi
UL m, (m—m,)
A KK
(ﬂ‘ ﬂZ) - m,(m-zm.)

Solving these simultaneous equatlons, m,, Kz are obtamed and then all
unknown factors are determined.

The dlsplacement of a mass equivalent to the free water is considered to
represent the wave height at the side wall of tank. In the case of a cylindrical
tank, if the ratio of wave height relative to the case of a cube tank is approxi-
mately calculated by assuming the volume of the moving water to be equal to
that of the cylinder, we get a result that the ratic is 1.5. This fact has been
clarified by experiment too, in other words, when the water quantity is suffi-
ciently large, 1.5 times the relative displacement of the mass equivalent to the
' free water obtained from the analyzed response would give the wave height of
the fundamental vibration of the water, the value being estimated at 3.2 cm,

5. Conclusion

Summarizing the results of this study, the followmg conclusions are
g1ven.

1) Natural periods

. The fundamental period of water Ty obtained by the free vibration tests
and the period of the most exciting vibration of the frame are coincide with
those of the reasonance period obtained from the stationary forced vibration
test. In the case of the cylindrical water tank, an experimental formula;

Tv=0,13/D -0.11/D sec is obtamed, prov1ded that the water depth is
sufficiently large.

2) Dead water and free water
" In each model, dead water and free water are examined, In the case of the
cylindrical model, 1t has been clarified that the quantity of free water converges
to a certain definite valve.
3) Re sponse by 'stationary vibration tests
The characteristics of vibration behavior of model was obtained. Espe-

cially the existence of higher order vibration of water was confirmed.’
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4) Response by a pseudo earthquake

Replacing the elevated water tank with a two mass vibratory system, the
response for random waves can be analyzed. If the water quantity in the
cylindrical model is sufficiently large, 1.5 times the relative displacement of
the mass equivalent to the free water obtained by analysis would correspond to
the wave height of the fundamental vibration of water

If the earthquake~proof design of an elevated water tank is to be made by
the statical seismic coefficient method, it seems more reasonable to ignore the
free water than to take the sum of the dead load and the total weight of water
as the seismic equivalent weight as pointed out by Dr. Muto 1947. However,
the necessary conditions as mentioned below should be followed in neglecting
the seismic force effect of free water.

‘ a) The period of free water is large and the response acceleration
against the ground acceleration is small. :

b) The period of the frame is fairly small compared with the period of the
free water.

c) The higher order vibration of water is negligible,

The present study has enable us to obtain the dead water and the free
water as hitherto considered, to grasp the essential of the coupling effect, and
to establish a method of the dynamical analysis of the coupling effect. Further
study is expected to afford significant suggestion concerning the earthquake-
proof design of structures of elevated water tanks and similar structures.
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Table 1 Spring Constant of Model Frame (%)

Test (secant modulus)
Frame Height | Theory [s- 0.4 §=0.6" &§=0.8¢™

h=39 “ |76.5 |80.0

h=64.5 16.8 16.8 16.5

h-80 | 8.86 | 8.86 8.55  8.40
| - note: & =Frame Sway

Table 2 Period of Model without Water

Theory

Frame Height [CalSpringConst.[lest SpringConst. Test
h=39 “" | 0.090 *° | 0.088 % | 0.09z%°
h= 64.5 | 0.195 0.195 0.197
h= 80 0283 0.283 0.283

Table 3 Damping Factor h of 1st Mode V‘ibration of Water

Frame Height .|Water Level h
' ' 20 m 0.50 °b
4.5 "
645 25 0.65
'. 10 | 0.29 .
80 | 20 | 0.50
| 25 0.58

-



