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Hisao Goto¥* and Kenzo Toki##

SYNOPSIS

This paper presents the dynamic water pressure on the cylindrical
sub~merged bridge piers during earthquakes and the vibrational charsc-
teristics of flexible sub-merged dridge piers. Moreover the authors
discuss the damping effect of water and the aseismic design of sub- :
merged bridge piers consulting the theoretical and experimental analysis.

INTRODUCTION

Studies onm the dynamic water pressure during earthquakes have been
carried out by H.¥. Westergaardl) and his results are well known &s a
formula for the dynamic water pressure acting on the unit length of
under water structures. While T. Hateno2) and S. Kotsubo3) have in-
vestigated ihe dynamic water pressures on gravity dams and arch dams,
R.¥. Clough4) hss studied the rational estimation of the "Virtual mass”
uging rigid prismatic bodies of various cross-sectional shape.

Although these investigations may give some suggestions for sub~
merged bridge piers, there remain still some questions whether the
results for wall structures are always applicable to colummnar structures
which are lsclated in water and surrounded by water. Stillmore, it is
said that the virtual mass is not always equal to the excluded mass of
water by bodies and that some corrections are necessary' for dumpy bodies.
On the other hand, since the deflection of plers-exerts influence upon
the dynamic water pressure itself, the additional pressure should be
considered with respect to the vibrational chsracteristics simultaneously.

Then, the theoretical investigation is carried ocut on the dynamioc
water pressure on rigid cylindrical sub-merged bridge pilers moving with
arbitrary acceleration and vibrational cheracteristics, taking into
consideration the sdditional dynamic water pressure caused by deflection
and rocking of piers, is analyzed to compare with the results of the
model experimenta.
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a

*% Qraduate student of Kyoto University, Kyoto, Japen.
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DYRAMIC WATER PRESSURE ON BRIDGE PIERS

Steady-state Dynamic Water Pressures

The dynamic water pressure is given by integrating Eq.(1l) on velocity
potential in cylindrical co-ordinates.
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Boundary conditions in the system shown in Fig.l are as follows:
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Thinking of rigid piers under the simple harmonic motion, the steady-
state solution of Eq.(lg satisfing boundary conditions has been derived.
In the next place, writing the X -component and '3- -component of the dynamio
water pressure per unit length of the pier as P, and P.‘_ respeotively, it
leads to Py = 0 and Pﬂ’ is expressed as-followss
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Q= AHIO(%"A)* B-ro(h“q>, b\- = B..:r. (Awo) —A—t(A“q)
and representations with suffix O are given by substitution Aw in Aw .

Eq. (5) is similsar to the expressions for the dynamic water pressure
on wall structures. Notwithstanding those expressions make the dynamic
water pressure approach infinity under the condition which corresponds to
the case Aw or A equal to O, in this case Eq. (5) tends to the finite
values for ANew Ao = @, Accordingly it may be said that the resonance
of the dynamic water pressure will never happen in the case of cylindrical
piers isolated in water.
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Neglecting the effect of surface wave and compressibility of water,
Eq.{5) is reduced to fosss
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Results of numerical computation are shown in Fig.2 and compared with
Westergaard's formula. This figure indicates that Eq.(6) is close to
Westergaard's formula in the case of dumpy piers and thet distribution and
magnitude of dynamic water pressures are different from Westergaard's form-
ula for slender piers. In the case of infinite water depth furthermore,
'P% in Bq. (6) approsches to & constant p, ¥, which is derived in two
dimensional enalysis. _ ;

coSoie& (6)

Trovsient Dynamie Weter Pressures

The thecretical aspects of the question were discussed. in the préd-
ceding section on steady state dynamic water pressures. In this section,
let us study a little further transient effects, particularly when the
driving force itself varies so transient as actus! earthgquakes. To carry
this out we shall set up the system in which the rigid eylindrical pier
of radius @ 1is fixed at the bottom in the large cylindrical pool of
radius | and water depth h .

Let the pier start . the motion at the time T = O with acceleration
f(%), the dvnamic water pressure on cylinder surface Po. can be derived

as follows: 12 { 2 ETK&&) Y
20 0 -t ( )“'( ) ’
HE ok 20! \Aeb/ T,
Pa'= ngf{.Q Ag + e Tnebd co3f Costin B

TR oI
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where Mg is the root of Ifh&)r??\b)‘** (7\“)]: (%b) =0
Above esquation mey give the response of the dynamic water pressure to
earthquake recorde.

Tc investigate the iransient eflfects, the resr/nse to the excitation

()= Simwlatartine fromt=0 *as bteer compuled and is shown in Fig. 3,
&s an a2xample.  From these computations it mey bhe puinted out that the
maximumr value ¢f the transient dynamic water pressure is larger than
that calculated by the steady state solution and that the change of the
dyramic water pressure does not follow proportionally to the chanpe of
acceleration with phase lag. As tco the effect of the outside boundary,
it in orvizus that there are scme differerces of the magnitude of the
dynamic water prossure beitwesn the case of b = %7%0m and the case of
b= 750Cm for tie same excitaticn.

VIBRATICNAI CTARACTFRISTICS OF PIERS IN WATER
Vibretional Deflection of Flexible Piers

To investigate the vibrational characteristics of sub~-merged bridge
piera during earthquakes, the deflection of piers has been at first
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analyzed. Ccnsidering the dynamic water pressure for the force term of y,
differential =quation governing the vibration of column, the deflection o
flexible pier will be exprossed by series
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where coeffici 'nt A} ia glven by the root of the following equation,
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For the convenienco cf investigation, when ‘”/c -—01-<0which case may
occur physically freqiently, Eq.(8) is reduccd to
2

(—Pl —1)Ay = -—-7‘ L%, + Z-D-nA; (9)
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Although Eq. (9) is an algebraic simultanesus equation, A will be small
for higher order of 4 » excert in the neighborhood of tze resonance,
because the term (ﬂ/u —1 ) in the left hand side of Eq.(9) will be
large to the coefficients of A in the right hend side. Accordingly,
in the ordinary discussicn except the pier of extreamly large size of
dimensions, it may be sufficient to takef '[ = | for relatively rigid
piers and} ‘kx 2 ~3 for rather flexible piers.
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Resonance Period in Water and Virtual Mass

The resonance period in water may be approximately given by Eq.(9)
in the following form: P

“r -/J |+ Q” (11)

Since P represents the natural frequency of the cantilever in eir,
Eq.(ll) will be rewritten in the case of the transverse vibration as

follows:
o, = [ §EL k5"
BA( 1+ 25 (12)

Avove equation states that the resonance period in water is equivalent
to the natural period of the cantilever having the virtual mass of
m”/ , However the virtual mass takes various values under the in-
fluence of the order of the mode of the deflection.

Writing the virtual mass coefficient as C,‘ , it will be given by
the following equations

h 2
S &4 Ki(nda) |
Coy =§. ALa KON+ ka) {Tf " CRyrxcos “-3‘3\ (13)

°
Accordingly, the virtual mass prr unit length of pier will be calculated
by the product of Co; of the corresponding mode by the excluded mass of
wateri:,m‘/t;, Al though C,,, dependis on « and therefore the resonance
period in water have to be calculated by the try and error method, it
may be the function of a-/h only setting aside the compressibility of
vater. Value of C‘,‘ for the first mode, namely ?z-.l, is shown in Fig.5.

On the other hani, the resonance period T\.r in water holds the
following relation with natural period To in air.

The left side of Fig.5 illustrates the relation of Eq.(14). Abscissa
ard ordinate in this figure are non-dimensional, so this figure is always
applicable to cylindrical piers which is sub-merged to the head, fixed
at the bottom and governed by the trarsverse vibration. Namely, the
information of ratios &/h andBoRA/PA will give the ratio of the
resonance peried Tw in water to the natural period Ta in air. The
dotted line, as an example, illustrates the case of the concrete piler

of om Hwm and h = 30w Mo eover, the horizontal broken line re-
presents the value of the ordinary virtual mass based on the two dimen-
sional analysis and it indicates that the ordinary virtual mass provides
excessive values.

Damping
Resistances of water acting on sub-merged bridge pier drived by

earthquakes may be classified as follows:

ag Resistance induced b+ acceleration of piers,

b) Resistance with reference to relative velocity with water,
d4) Damping force inherent to structures.

II-111



Resistance induced by acceleration may be evaluated as the irnamic water
pressure and it was discussed in the preceding chapter. It is caid that
there are resistances varying as the squure of velocity for the large
Reynolds number and that varying as velocity for the small Reynolds
number. Above two resistances, however, have to be cecnsidered because
the Reynolds number varies successively in theze vibration problems.
Moreover resistance c) will noi be affected by water.

The differential equation governing the transverse free vitration of
sub-merged bridge pilers may be written as follows:

3 ma

Carrying out the order eut1mdt1on of'vhe worx done by cach resistances
within small prriod, it may be considered that the ratio of the arjplitude
to the radius of the pier gives the ap proximate value of the ratio of

the resistance proporticnal to the square of JPLﬂCitJ of pie s teo the
resistance a). 3ince the amplitude may te small ccmpared with the radius,
except the special case, this ratio will be sc small that the resistance
proportional to the square of velocity may be negligible compared with
the resistance induced by acceleration. On the other hand, the following

relgtion is estsblished among damping constant ), damping coefficlent
C and natural period T .
-BI

Y v
. =X (16)
v- &/ T |

where symbols with prime ' represent the valurs in water.
This relation represents that »/y may te arparently smaller than C/C.
because of T'/T > even if the damping coefficient increases from <
to €7 . Although the resistance of water is connected with the ?kr1meter.
the inertia force may be prcoportioral to the area. Therefore,V/) is
inversely proportional to the radius of the piler unier the c-ndition
that structural properties remain unchanged. Following the above con-

sideration, we expect scarcely small damping effects of water regarding
to the vibration of sub-merged bridse piers.

VODEL TXPERIMENT
* 7 e resulis of the theoretinal analysis have been examined -and
compared with those of moiel experiments using three cylinders and one
colurn made of methaacrylic-acid whose specific gravity is 1.2 and
Young's modulus is 2.8x10 Re¢/cw® (at 10 C). These molels were fixed
at the bottom to the horizontal plate which was forced by the shaft tiled
to the shaking table through the hole of the water tank of 1500 mm
length, 1000 mm depth, and 1200 mm height. Then, the mainls are allowed
te move horizontally without the rocking moticn. : ,

The ?able | ‘shows the natur&l periods observed by free vibration of
~ and the result of

represents the«gheoretical amplitude at thp top" the mo
at the tottom by the simple. harmonic motion an&~f“ P _l”




is obtained val®® in the free vibration.. As shown in Fig.6, the theoretical
curve accords fairly with exporimental one. Furthermore, the vertical
strain distribution of model I is shown in Fig.7 and that of model IV is

in Fig.8. Although the theoretical value in Fig.8 gives excessive value,

it is observed that the vertical strain distribution of dumpy column in
water keers also good similarity to that in air.

Thesg results shown in Table 1, Fig.6, Fig.7, and Fig.8 may support
the appropriateness of the theoretical analysis which has been performed
in this paper.

ASPECT OF ASEISMIC DESIGN

Dynamic water pressures on rigid bodies will be evaluated by one
of the following formulaes
a) Virtual mass

?\a = ko Tw'rtaz (17)

b) Westergaard

Py=—tk¥ufh-% x2a (19)

c¢) Three dimensional dynamic analysis

o wm=)
- 2 tl) 4 K\(“‘q)
P? "":'mg. b Kl I, 0NA )+ Ka(Olma) Cosorm  (19)

Since Eq.(l?) is the results in the case of the infinitely long cylinder
moving perpendicularly to its length in an infinite mass of water and
Eq.(18) is on the wall structures, it should te noted that there exist
some restrictions to employ these formulae for calculation. Relations
among three formulase is shown in Fig.9. 1In this figure, the ordinate
fepresents the ratio of the dynamic water pressure at the bottom to the
inertia force of the excluded mass of water and the abscissa is the ratio
of radius of cylinder to the water depth. As seen in Fig.9, Eq.(17) and
Eq.(18) give passable approximation for small and large value of &/h ,
while they give excessive values for the medium value of a/h (0.5~ 1.0).

The vertical distribution of the dynamic water pressure was slready
shown in Fig.2. In the case of the cylinder moving in finite mass of
water, a cubic expression gives the closer approximation than a quadratic
expression which was set up by Westergaard for dynanic water pressures
on wall structures. Then we have following formulas

Py = R¥maCY 1~ B/ (20)

ince
Coefficient C has to be decided consulting the Fig.9. However, s
the expression ( = | — &/hgives close approximation of above coefficient,

Eq.(20) will be replaceg by _ 3 3
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for the value ofdb/h less than 1. Above formula may be practicallylmefl
for the dynamic water pressures on cylindrical sub-merged bridre biersog

finite length corresponding to exciting forces or earthquakes with long
pericd.

The dynamic water pressures on rigid piers may be evaluated for any
arbitrary size of crlindrical plers and the specified acceleration at
the foundation. We cannot, however, reduce the immediate sclution of the
dynamic water pressures caused by rocking or deflection of piers because
rocking or deflection hag to be considered in reference to dynamic pro-
perties of stper-structures and foundations. As an example, numerical
computations based on the theoretical solution in this paper have been
carried out and that is shown in Table 2 and Table 3. These results
denote that the dynamic water pressures caused by rocking or deflection
are not negligible compared with those on the rigid pier. Since this
tendency is, in ordinary piers, remarkable in proportion to the ratio of
the increase of the resonance period caused by the mass effect of water,
the small ratio of the increase of the period is desirable from a view-
point of the aseismic design. Moreover, the ratio of the increase of
the resonance p:riod or virtual mass should be decided in connection
with not only cross sectional shape but also with water depth or height
of piers.

CONCL.USIONS

From investigations in this paper, the following facts may be dramn
out.

1) Westergasrd's exprecsion for the dynamic water pressure is not
always applicable to the bridse piers. The dvnamic water pressure on
rigid submerged bridese pisrs is less than that calenlated by Wester-
gaard's formula and this tendency is remarkeble in slender piers.

2) Resonance of dynamic water pressure itself does not exist on
cylind~ical piers isolated in water.

3) The virtual mass practically used provides excessive value for
dumpy piers and it should be decided taking into consideration not only
the cross sectional 'shape but also the height of piers and ccmpressibility
of water. :

4) The maximum value of the transient dynamic water pressure is
larger than that of the steady state. This is mainly owing to the com-
pressibility of water and the careful treatment is need for earthquakes
with short period.

5) The shore and coast should be considered in the calculation of
dynamic water pressures, especially in the narrow strait or river.

6) Water resistance in proportional to the square cf relative
velocity .with water may be necgligible compered with the resistance caused
by acceleration. The damping constant in water may diminish app3TQNt1Y
to some extent on account of the increase of the resonance pericd.

7) It would be safe to corsider the distribution of strain or
3eflection curve of sub-merged bridge piers to be similar to that of
piers in air except the special case.
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In this pager the authors have szet up few assumpiions sbout the
mass effect of water, the foregens formulas on the dyramic watsr pressure
or the ¥virtual mass are expressed as the limiting case of the results
obtained here under some gspecial conditions. However, the damping effect
caused by fricticr with water and the dynamic arnalysis taken the super-
structures into consideration are not yet illustrated. PFurthermore,
it is needless i~ say that the studics on the croans-sectional share of

‘piers differert from circle should be carried ou® experimentlly as well
as theoretically,
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. NOMENCLATURE
qb = Velocity potential

v, 6, £ = Cylindrical coordinates
t = Time
Q@ = Radius of pier ,
h = Water deptﬁ aﬁd height of pier
8 = Acceleration of gravity

%

T% = Dynamic water pressures per unit length of piler

Rectangular coordinates

k. = Seismic coefficient
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w = Angular velocity
J = >mecsel functicn of the first kied
Y = Pegsel function of the second kind
K = Yodificd Pesgel function
lﬂ,‘ = Amplitule
T = Tim~ prrameter in intogration
r = Specific weiyht of water
¢ = Velocity of sourd in water
b - Raiius of lurge pool
)((u%)w Norma'! function
f_, = Veolumetric weight of water
Y = Volumetric weight of pier )
A = Cross sectional ares of pier
'i'(.w'la Integers
El = Flexural rigidity of pier
T = Period '
y = Damping conetant
z .‘ Demping coefficient

k‘ 5‘ s Wigsm value of cantilever

s are given where they sppear.




Table 1 Natural period in air and resonance
period in water. of model piers

(1) () .
Natural Resonance Ratio
period period (2§€°(1) Difference
in water :

Model I Bx.value 0.05sec 0.12sec 2.40 0.%
726mm Th.value 0,047 0.112 2,41 ’
Model @I  Ex.value 0.090 0.115 T 1.85 2.5%
bsmm Th.value 0,080 0.160 2.00 *
Model Il Ex.value 0.100 0.182 1.82 5.2%
35mm Th.value _ 0.095 0.182 1,92 :

( Model length : 1,000 )

Table 2 Effect of rocking

Period of ground
motion (sfc) 0.15 0.25 0.50
5 % /Y+ 1.42 1.7% 391
Modul us P, /P, 0.49 0.65 15,4
ol 10 Ye/Yr 1.56 2.53 To44

foundation P, /P 0.55 0.96 0.57
0 W/Ye 1.96 36.8 0.%47
P, /P, .68 14,2 0.18

( Seismic coefficient : 0.25 )
¥, ¢ Displacement of the top of pier due to rocking
Y¢ ¢ Displacement of the ground
Py : Maximum value of dynamic water pressure

due to rocking
Py : Maximum value of dynamic water pressure
on rigid pier

Table 3 Effect of deflection

Period of ground
motion (sec) ?:15 O.ff 9+
% /Y 13.% 0.57 0.09
Py /P, 4,03 0.15 0.03

( Seismic coefficient : 0.25 )
Yp ¢ Deflection of the top of pier
Pyp: Maximun value of dynamic water pressure
due to deflection




depth of watfer

IS

SRS
Fig.l. Co-ordinates

0 10 &= 20
Fig.2. Vertical distribution of the dynamic

water pressure,
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] 1 1
0] 05 1.0 |5 a/h
Fig.9. Dynamic water pressure at the bottom

oplem) Model TV
Shaking amplitude 1.0 mm
(at 1400 cp.m)

height of Model pier

strain (x10™*)

Fig.8. The distribution of vertical
strain of Model pier V.
(Radius of Model:20cm)
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ERRATA

VIBRATIONAL CHARACTERISTICS AND ASEISMIC DESIGN OF SUBMERGED

PAGE 112:

PAGE 113:

PAGE 117:

PAGE 119:

BRIDGE PIERS

BY H. GOTC AND X. TOKI

"Model Experiment”, line 4

deletes

replace

2.8 x 10kg/cm?
bys 2.8 x 104 kg/omz

Eq. 18, to delete and replace by:

g—koh [1-2/nh x 2a

Table 1.

Table 2,
Fig3 (d).

delete:(Model lengthsi,000)
replace by: (Model length: 1,000mm)

To "Nodulus of foundation”, add: (kg/omd)

delete: 0.1 (abscises)
replace by: 0.2




VIBRATIONAL CHARACTERISTICS AND ASEISMIC DESIGN OF SUBMERGED

QUESTION BY:

REPLY BY:

QUESTION BYs

REPLY BY:

Vol. II-5*

BRIDGE PIERS

BY H., GOTO AND X, TOKI

J. KRISHNA — INDIA

Could the author indicate the extent of change in
damping of piers with water around compared with
damping in air,

H. GOTO.

e cmp———

Although we have no data comparing the damping in
air with that in water for actual bridge pier, the
following data are obtained in our field model
experifients using actual pipes.

Damping constant

in air in watexr
122048 mm -
Concrete pipe d= 200 mm 0.039 0.052
Steel pipe ;:122?8 2: 0,016 0.024

1:length, d:diameter

Usually it is very difficult to investigate the
mechanism of damping concerning bridge piers in
water as well as other structures, because that
depends on their shape, depth of water, and the
kinds of foundation. Therefore, as we stated

in our paper, while we can present the ratio of

the change of damping caused by water, it is imposs—
ible to evaluate it exactly.

T. HATANO — JAPAN

What do you think is the reason for the increase
in the fraction of critical damping in the case of
piers in water compared with the case of piers in
the dry condition?

H. GOTO

The above table shows one of the data for the
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QUESTION BYs

REPLY BY:

critical damping ratio, damping factor, or

damping constant )/ = c/cp both in air and in
water (where ¢ and ¢, are damping co-efficient

and critical value of it.) It seems that there
ig some damping effect in water. On the other
hand, from the results of some model tests in the
laboratory, we found it was difficult to discover
any increment in damping factor of a model pier
(made of methaacrylic acid) when it was transferred
for testing from air to water.

Damping properties of a structure which is wholly
submerged in water may be different from that in
air, and that would be caused by three kinds of
forces owing to viscosity of water. These forces
are termed the deformation resistance, surface
registance, and the form resistance depending on
the Reynolds number, For a small Reynolds number
the effect of viscosity of water extends to a great
distance, and the form of streamlines is greatly
different from that in the case of the absence of
bodies. This is called the deformation resistance.
For arelatively large Reynolds number, the surface
resistance produced in a boundary layer is concent-
rated on the surface of a body, and the alternating
motion of the boundary layer will consume the
vibration energy. When tane wake becomes signific~
ant, in the case of a large Reynolds number, the
form resistance is dominant, Since the flow is
not stable in our vibrational problem and the domin-
ating forces are changing from time to time, the
damping in water would be attributed to the compound
effect of these forces.

G.W, HOUSNER — U.S.A.

I was particularly impressed by your diagrams re-
lating to short broad circular piers. Fig. 2 at
a/h=0.1 shows an almost straight line running up.
I believe this would agree with the wvalue given by
Jacobsen in hie paper in the Bulletin of the Seis-
mological Society, except he took into account only
fluid flow around the pier, while your paper shows
that at the top of the pier the fluid is also
moving vertically and relieviny the pressure.

This effect could be quite significant for & short
broad, cylindrical pier.

H, GOTO

We are grateful to Prof, Housner's useful comment
and want to make some notes in conmection with it.
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The piers with small value of a/h will be, it seems,
equivalent to the case of the water depth being
relatively large to the scale of the piers. Letting
the value of a/h tend to zero is equal to the two-
dimensional analysis in which vertically the unit
length of pier is considered, and in this case the
vertical distribution of the dynamic water pressure
is uniform. Three curves in PFig., 2 tell us these
relations obviously. To the contrary, the dist-
ribution of the dynamic water pressure for the large
value of a/h, that is to say the dumpy piers, is
different from that calculated in the two—dimensional
analysis on account of the vertical flow of water.
The shoxter and broader the plers are, the more
distinct the difference is. Moreover, if we take
into consideration the vibrational deflection of

the piers, the additional dynamic water pressure at
the top of the piers is larger than that on the
bottom, and consequently the dynamic water pressure
allows a little larger distribution than that sbown
in Fig. 2.
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