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PREFACE

After the great Kantd earthquake of 1923 in Japan, it became
necessary to know the earth pressure which acts on the wall during
earthquakes, in the reconstruction work of quay walls of Yokohama
Harbour. Prof.liononobe and Dr,0Okabe proposed an idea. to compute
the pressure. They assumed that the resultant force due to max
seismic acceleration and acceleration of gravity, acts statically,
and adapting Coulomb's theory, computed the seismic earth pressure.

According to this computation, intensity of the earth pressure,
to be added to static pressure, increases linearly as the depth.

But the experiment shows that this pressure is larger near the
surface than near the bottom, contrary to the result above mentioned.

The authorshere propose a new formula for it, and comparing with
the results of their experiments, conclude that they bear good
resemblance to each other,

. Seismic hydraulic pressure and pore pressure of saturated earth
were also observed in the experiment, and taking these values into
account, the stability of typical quay walls of gravity type in Japen
was calculated and the resistability againet earthquakes of them is
discussed.

EARTH BRESSURE DURING VIBRATION

a) Theoretical computation

' Seismic earth pressure against a vertical wall was theoretioelly
computed by assuming the earth as an uniform elastic mass of two
dimensions. x axis is taken horizontelly along the boundary surface
at the base of a s0lid wall, and y axis vertically upward along the
back surface of the wall (Fig 1a). o

Oofe) 32 */‘“72““7‘”"‘/“‘/’2? ! e )
()R +pve  =PEE

* Boundary conditions

) W)y = (),

1 Profeeeor, Kyishi University, Fukuoka City, Jepan.
2 Aeaistanx Profeeeor, Yamaguchi Univereity, Ube City, Japen
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PV R ;s;&;_,ﬁ‘ = O
# e jﬂ,? + %2: wzd = ,
whare “ v - Gcm;mnents of displacements for x and ¥ direction.
4 % = lamé's elastic constants.
¢ = Seismic coefficient.
. = Density

General solution of the equation is not easy, but the solution
for (1) has intermediate values between the two extreme cases of (4)
and (3),
(A] Wnen the displacement of y direction is perfectly restricted,
B) Tnea no resistance exists against the displacement of y

direction,
Por both these cases the following equation holds good
yﬂ* ﬁl '“ = 22“ )
‘ g;?z*"! %{-k{?ﬁi Jét 2T csceses (2)

Boundary conditions,
) (8 e ’“iy“%raa =0
g ‘JJ /;f?ﬁv
Por the equation (2), the solution is easily obtained as follows"
by ¢ - ZH L ~ 5 femFiim)z 2
U= -f;u.?;z W‘@ & =7~%) x,,ﬁ;n(z»wgr
e~ L’ﬂ*i&/)-(.&)‘ ZH d
7 ,
fﬁnfi{ﬁnényosQ-ég}&:nﬁf *es 0000 (3)

and from this we have a8 the max half am 11 tud a3 Y
pressure at the wall as P ° * Of vibrating

(%o = p 1 — e kg Sin pt s Gemepr
Jrw =L —2RE (Ey g -y - @
in whieh D = dfy N & :
Here for the case (1) Gi= A}}d G/t

» ‘F

and for the cage (B ta £ 2
uE Sty ank

£ = Young's ¥odulus; ¥ = Poission's ratio.

| The value of 6% for (4) 1s larger than for (B); The difference
between the two being about 10% when r . 0.3 |

For | ‘ ”
or safety's sake we Bay tske the equation for the case () as

values of "ﬂ?ﬁhﬂ: 'a.‘ f@m‘may 2nother research of ours that the
the earth gurrace, Therefore .;ui:ipro‘ Ttion to the depth from iy
having varishle cmtticimta as fon::,,’Z) is changed to the equation
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-;—’—g»w«.y)a,ﬁ [ (/-uz»;) ] 44 sen pt ceees (5)

Boundary conditions
i) (D.)-f‘eo =(U)7:o =(LT);"_—1 - Q.

/'/:) 07 het =0

where }’-——-—-, 7:..5_ ,r’r’/-_f

Ritz's approximate solution was applied and we have the approximate
solution as follows. 4

U;-gn Am”Sm@.’f_:;_’_r_”_T‘SJn(an)#f"&%ﬁf C eeeeaas (6)
and from this Gx a8 follows;
(Ce)ens=-G(1- 7)ﬁ-—-Z @1+ DT Ap T (z’”“) 5..\/42‘_ cevee (7)

When there is.surcharge of intensity q on the" ea.rth surfac
The equation (5) is to be solved by the folloving boundary cond?tiona.

) (U)7.o = o
7 :( L k . /At
VR G p 2

W) sy =Wy, =0

In thiay case as Ritz's solution cannot be applied, and therefore
different method was appliod and g, was obtained.

b) Experinont-

In the experinents which were carried out in our labora.tory,
the intensity of the horizontal earth pressure waa moaaured at tho
end of a box on a shaking table. ‘

Two kinds of end walls were used, "fixed" vortical wall and
"movable" one, both perpendicnlu- to the direction of vibration.

The shaking table(Fig 2) was supported by 4 vertical rigid
steel str:l.ps with free hinged ends, and laterally supported by two
pairs of spiral springs, and was driven by a crank shaft connected
to an eccentric disc. Two kinds of koxes were used; the one a steel
box having the dimensions 4O(height) x 90(width) X 100(length), and
the other a wooden box with a glass side 40 X 5O X 100cm.,

Earth pressure was measured by pressure cells with a disk of
3.4cm diameter connected to a steel cross beam. The deformation of
the Yeam was measured by electric strain meters attached to it.
(!)'ig 3) The deformation of the beam at the center was 0.5 X 10 ~*mm/
g om? R

In the first experiment dry sand was caretnlly filled in the
box and pressure changes were measured at 3 different heights along
the centre line of the end vall.

The results in case of a "f:l.xed" n.l.t are shcnm in Fig 4 and
Sa. The sand had mean diameter of 1.0mm and unifomity coefficient
of 6.1; the period of vibration being T = 0,.3%%° .| After the ary
sand was filled uniformly in loose condition, the vibration was givem
in such a way that the amplitude gradually increases for about 7
seconds, and then remains constant for about 10 seconds, and then
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radually decresses to a standstill in about 7 seconds, Figd
:%:3:‘ i»i di‘;éi azplitude of pressure change at the beginning of
yibration, and Fir Sa is the record of pressure during y:.brat;on..,i

iz may be seen from Fig 4, the amplitude of pressure change is
large at middle height, the phase of pressure change being the same
'zréugh:-;t the whole depth. Fig 2a shows that thez_'e was né vhase
difference hetween the pressures of 3 different heights. .

Fig 5h is the record of pressure in case of a "movab}e" wall.
In this case a wall with a hinge at the lower endwms vert:.cally.
supported by a rod resting on an elastic spring plate. From this
experiment we could see that

1) Max, saplitude of pressure decreases as the displacement
increases, sc long as the displacement is below a certain value,.

2) When the amount of displacement exceeds the value, phase
difference appears betiween the pressures at different heights, as

shown in Pig 5b,

Two series of field exrerimenis are now going on. Zarth. pressure
acting on a concrete wall (Hgight 1.5m, width C.9m, length 2,0m) I8
measured at 5 different heights (Fig 6). Vibration is given 1)
externally by an oscillator of .1 HP, set at the distance of 4,5m from
the wall surface, end 2) internally by the oscillator of 200 Watts -
set at the top of the wall, The acceleration and displacement are
measured at 3 different heights on the wall. Some of the results
are shown in Pig 7 and Fig 8. By comparing the results of externmally
and internally excited vibrations, actual seismic earth pressure may
be uompnied, The resulis of which will be made public at the next
chance., ) :

c¢) Comparison of the theoretical and experimental results.

Elastic constants of the sand were determined by another
experimenis; and from these comstants 4> , G , o, .and Oz,
were determined. Applying these values for the solution of equation
(5), the seismic earth pressure for a "fixed" wall was computed and
the results are shown in Fig 3. The distribution of pressure is
akin to that of observed values (Fig 4). '

In Fig 10 total amplitudes of pressure are plotted against k
for 3 different heights. In this figure mean values can be roughly
represented by the chain lines, excluding the values larger than
k = 0,3 . it larger acceleration than k = 0,3, relative movement of
sand particles occurs, which is not assumed in our computation. h
In the figure the full lines, which indicate the computed values
corresponding to the observed omes, are lower than the chain lines.
But the imclinations of the two lines are nearly the same., This may -
be attributed to the effect of side walls of the box and the
elasticity of the pressure cells. v : : .

Here, "total” amplitude does not always mean double amplitudes;
g. l:::?t depth, static pressure becomes less than absolute 3;1“ oi"
propclid 1:‘;% minus pressure when k exceeds a certain value, but as
Pl nsion betweer the earth mass and the .wall, the "total"
amp : to' at such a2 depth is smaller than the double amplitude and
-ql':: and the sum of the static pressure and the half amplitude, A4s -
) mimus ssures can not be distinguished in the observation,

the total nm
| amp .tudu of pressures ‘:!;e plotted and compared with the
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An approximate solution for the movable wall was obtained by
adding the solution of the following formula (g8) to the solution of
(5) of fixed wall (Fig 3b).. This is the solution when the wall itself
rotatés by the angular amplitude p .

*q 2 7 2
- a—péf‘;(/-w/j—j-z *2 .5;(/—«;7)39—7”'] reeene (8)

Boundary conditions:
/) (U);,‘, =37 Sin ,4 ¢
I‘I) {U.)f"/ ={D’)7=0 =0
) /20 =
/ll) (3—7_)7,/—0

To solve (8), put

_ s o, @me) T S h VIS (=F) oo e
T=Z A Sin 253 7 e senpl (9)

where , v
P
T, §eE, ged
Applying Ritz's approximate solution, An was determined, and

then approximate values of Auan, (6x)xs0 should be determined from
(9), but when x = O, Ox does not converge, :

(O)eme = (1= ) P2 H [T A 550 5212,

xwﬁ Ceeees
'skhm (10)

was taken as the approximate value of (6% )zap 4 Where £ is
infinite~simal value. ‘ ’

The solution of (8) has sign opposite to-the solution of (5)
and the resulting distribution of pressure becomes as shown with
full line in Fig 11. From this, the phenémena that the pressure of
different heights has opposite signs(Fig 11 and 5b) can be explained.

PORE PRESSURE DURING VIBRATION

a) Experiment

Next, we carried out experiments with sand saturated with water.
Dry sand was pored into a steel box(40 x 90 x 100cm),partially filled
with water, which was used in previous experiments and thus sand
saturated with water waas obtained. One of the results of the
experiments with saturated sand is shown in Fig 12b and is compared
with a result of dry sand experiment (Fig 12b). In Fig 12a the
amplitude of pressure may be said to be proportional to: the
acceleration, but in Fig 12b an extraordinary phenomenon of sudden
increase of mean pressure occurs soon after the beginning of
vibration.
By repetition of the experiment as shown in Fig 13 , it may
concluded that: » v
"~ (1) ‘e sudden increase of mean pressure occurs at a definite
acceleration and with a definite sand, in whatever mode
the vibration may be given.
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.2, Tis extraordinary phenomenon does not occur again so long

) as the vibration is under k = 0.5, and the phenomenon does
a0t repeat itself unless the sand is newly refillegi in the
hwox., (Fig 13) |

(3) Simultaneously with the phenomenon send settles down rapidly
(Pig 14), and water is squeezed out to the surface.

{4) Wnen gravel is used for the back filling, this phenomenon
does not occur. (Fig 13b)

To verify the ordinary pore pressure change due to vibrat.’.mn,
experiments were made after the sand had fully settled down, viz.
after the asbove phencmenon had occurred. Hydraulic pressure was
measured by pressure cells with filters of brass plate having many
noles imm in diametre. (Fig 3b) The results are shown in Fig 15 ,
where observed values have a tendency to increase in proportion to
depth, but are greater than those values computed according to
Westergaard's formula. For the sand, the discrepancy becomes
greater also with the increase of the acceleration of vibrationm.

Discrepancy amounts to 40% of the computed values at its max.
The reason of the discrepancy can not yet be fully explained, but for
the present the surplus pressure may be due to the movement of sand
particles caused by vibrationm.

b) Comments on the result of the experiment

Sudden increase of mean pore pressure is accompanied by the

sudden increase of settlement when k = 0.2 ~0.25 (Fig 13), while the
settlement of dry sand is nearly proportional to k. The sudden increase
of pressure may be attributed to the sudden decrease of void caused

by the relative movement of sand particles due to vibration. This vore
pressure can not be released instantaneously from sand of jow permea-
bility, and caused liquifaction of sand. Thus the pore pressure at

this moment is expected to be equal to the pressure of liquified sand.

Fressure increase for sand, computed according to the above
assumption,nearly coincides with the observed value. (Fig 16) .The
above-mentioned explanation is justified by the facts that the
pressure increase is smaller for gravel than for sand, and that it
occurs only for loosely packed sand and never again after it had
once occurred. For prototype quay walls, especially for those of
gravity type, as rip-rup is usually used for back filling, this
phenomenon is not expected to occur at the wall, and therefore the
extraordinary inorease of mean pressure is not taken into account in
the stability calculation to be referred later.

is to the periodical pore pressure change, it was concluded by
our theoretical solution that the following condition must be satisfied
in order that the Westergaard's or Sundquist's pressure should be
developed,

Crit) <[5+ ¥
» Density of water; A , Porosity

» Angular velocity of vibration
s Depth of water

» Bulk Modulus of water

. & s Permeability of the earth
For the.stabiiity calculation of the nrototype quay walls, the
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pore pressure change was computed accordlng to Sundquist's formula,
viz. the modified Westrgaard's formula, assuming that the width of
the riperup is the same as the height of the wall, and further back
it is reclaimed with silty sand of relatively small permeability. 1In
this case the pore pressure change is calculated to be 707 of
Westergaard's value.

For smaller permeability than A=r07~ 107 TV sec
corresponding the period of vibration T = 0.3 —~1.0 sec, it was shown
by that solution that above pressure change due to vibration is pretty
small,

RESISTABILITY OF QUAY WALLS AGAINST EARTHQUAKES

a) Barth pressure diagrams

Max earth pressure against quay walla during earthquakes is
calculated according to formula (7), assuming the wall to be "fixed®,
and it is shown in Fig 17. In the calculation of stability, total
earth pressure is obtained by adding above presgure to ordinary static
earth pressure. Here P is taken as 1 6gr cm”, and the elastic
constants of the back filling is taken as shown in the accompanying
figure in Fig 17. Total pressure P = l(¢’ , where k is the seismio
coefficient, and ¢I is to be read on the diagram for various
surcharge ¢ . The height of point of application of the resultant
pressure can be read on the upper diagram. Here the resonance of the
earthquake vibration and earth pressure is disregarded, assuming the
period of earthquake vibration is pretty larger than that of earth
pressure period.

To make the calculation simple, the width of theé whole back-filling
was assumed 10 times as large as the quay wall height, because the
seismic pressure thus calculated is approximately the. same with
infinitely long back-filling. When seismic earth pressure and pore
pressure are at their max, the water pressure td the wall from the
sea decreases in accordance to the Westergaard's formula, and it is
under this condition that the stability of the wall is calculated.

b) Resistability of quay walls against earthquakes

By 4 great earthquakes of Kant5(1923), Sizuoka(1935), Nankai(1946)
, and Tokachi(1952), 23 gravity type quay walls underwent damages,
in which 16 were sliding at the base, and 7 were sliding and over-
turning combined (Fig 19) From this it may be said that prodominant
failure is sliding. Thus the resistability of existing typical quay
walls in Japan against sliding was calculated under the assumption
that the seismic earth pressure acts against "fixed" walls, and that
the above-mentioned hydraulic and pore pressures act to the walls,

The effect of yielding of wall on seismic earth pressure is
neglected, and it was also assumed that no resonance occurs between
the ground motion and seismic earth pressure. .

The calculation was made for the following cases.
A L 0.7~ 0.9 (Fig 18 £ . 0.6~0.8
”- ! C7~ .9 ( 8 i 9 H . L

izost existing quay walls of gravity type are included in these
ranges., Unit weight of wall material f = 2.0gr/om?, Fig 18
shows the critical seismic co-efficient for various valuea of
%} and £ for various heights when there is no surcharge on the

H
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earth surface. (g = 0) From this it may be said that the max, geismic

: i ist is
coefficient which ordinary gravity type quay Vallslce.m resis
ke = 0.1~ 0,12, On the other hand, damages of gravity type quay wal}s
withertr had occurred in the region of seismic scale V or over according
to Japanese Meteological Observatory. ) )

‘%ne acceleration of the earthquake of scale V is roughly estlmated
a8 Ke= c.l0~ 0.25 . It is a fact of some interest that tae
lower limit nearly corresponds to the above-mensioneq value§ of Ko,
which is the Limit of the quay walls' resistance against sliding.

CONCLUSIONS

According to theoretical study, the distribution of seismic
earth pressure is computed as shown in Fig 9, and total pressure and
point of application acting on a vertical wall were calculated as
shown in Fig 17. Por this calculation it was assumed that the wall
is “fixed", not allowing any relative displacement against the ground,
and that there is no resonance between the ground motion and the
earth pressure. These conditions may not be satisfied always, and
for the case further research is expected in future, The results of
experiments may be said nearly to coincide with the theoretical
computation for "fixed” wall. :

Theoretical computation for "movable” wall could explain the
experimental fact that the seismic pressures of plus and minus valuas
coexist at different heights of the wall. The phenomenon of :
liguifaction of saturated sand due to vibration was observed, but it
was concluded that, when there is rip-rup between the wall and . the
sand-filiing, the pressure of liquefied earth does not act on the wsil.

It was also shown that the max pore-pressure-increase during
earthquakes is approximately equal to Westergaard's hydrodynamic
pressure, and that for stability calculation of quay walis of
ordinary gravity type in Japan, 70% of that value shouid be adapted.

Tne water pressure on sea side decreases when horizontal
acceleration of eartnquake is in the direction of tand-side, viz when
the seismic earth preassure and pore pressure are at their max.

By those assumptions, the resistability of typical gravity type
quay walls by 4 great recent earthquakes in Japna may oe said to
coincide with the result of our study.
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NOMENCLATURE

Length of the earth filling

AtgM op __E
xr PU=VY

Young's modulus

Seismic co-efficient viz. acceleration of earthquake divided
by acceleration of gravity

Critical seismic co-efficient of wall failure
Height of the wall
Depth of water before the wall
LI
Period of vibration
g

Horizontal displacement
Yertical displacement
Permeability of earth

variation co-efficient of ¢, due to depth from the earth
surface.

Variation co-efficient of qf due to depth from the earth
surface

Angular displacement

ou . v
A
H

Bulk modulus of water
Lame's elastic ctonstant; or Porosity of the earth
Lame's elastic constant

Poisson's ratio
X

a
Density of the earth

Density of water
Seismic earth pressure co-efficient

-
all. +aal
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Pig. 5 Record of pressure change at 3 different heights
as compared with the acc, of the shaking table or
the displacement of the top of the wall,
a&?iudvall—for}hei@tsthephaseilthem.
b) Movable wall - here the phase of 7.5 c¢m is
different from 19,5cm.
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Fig, 6 Field test arengements.
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Fig. 7 Field test results, when vibration
was given to the ground at 4.5m
distant from the wall,

04
03

02

0.1

" 8elsmic ¢o-eff.

4

O 10 20 30 40

Total amplitude  Yem'

03
02
o.l

0

4

0 10 20 30 40

= UpperAccelerometer
o /LowerAcce!eromater
[
oo / /
Ubper
50
- Lower
3 3
< Ground
o A i L " d
700 800 900 r.p.m.

Number of revolution

Fig. 8 Field test results, when vibration
was given to the greund at 4.5m
distant from the wall,
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Fig. 9 Computed amplitude of vibrating
earth pressure (half amp.); fixed
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Fig. 1C Observed and computed value at 3
different heights, Full line is
computed values, and the chain line
is the mean observed value,
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Fig, 17 Computed earth pressures which should be added
to static pressures and point of application
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