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'GENERAL THEORY ON EARTH PRESSURE AND SEISMIC
STABILITY OF RETAINING WALL AND DAM

By Sabro Okabe, C. E., Member.

SYNOPSIS.

In this paper the following subjects are stated:— the sclution of Comlomb's theory for
enrth pressure, where the cohesion of earth being considered : general theory on the seismic
enrth pressure ; and the seismic stability pf s retaining wall and a dam, and also-what kind of
sttention should be paid for the design of a retaining wall in future ? ——what was the real

cange of the damnge to the guay wall of Yokchamn on September 1st. 19237

Preface.

Remarkable progress on the the.ory of earth pressure and on the stability
of a retaining wall and a dam, have been made uvnder the statical condition up
to date, In the country, where the destructive earthquake may occur, the .
stability of a retaining wall and a . dam is required to be studied not only on
statics but on dynamies. The writer, in this .pzuper, will touch to this problem.

There are two theories for earth pressure, known as Coulomb’s theory and
Rankin’s theory. In the former, the direction of earth pressure is agsumed to
make a certain angle (equivalent to the angle of repose between the wall and
earth) to the wall; while in the latter, the direction of earth pressure is always
parallel to its surface, If a wall tends to bégin relative movement against

earth, the line of pressure should be affected by the friction between them.

&

Hence the Coulomb’s theory is preferred to study ibke ultimaie stability o
wall. _

For the design of a smaller wall, the cohesion of earthh must not ke ignored,
for which the writer has given the theoretical solutior, In ti:e seismie field,
where the direction of the gravity being inclined due to the seismic force, the

general solution for earth pressure has been deduced also by the writer.
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The stability of a retaining wall or a gravity dam, on which a periodie
earth pressure or a periodic. waber ' pressﬁ.ré and the seismic force on the wall
itself being applied, is studied after tire foreed motion has been exactly known.
In this paper, the retaining wall and the dam are assumed to be rigid, for
elasiic wall the writer will study in future.

" The writer has been, for 1nanj years, in charge of the design and the con-
struction of quay walls at Yokohama Harbour, and faced directly to the severe
earthquake, which gave dreadful damage to the existing quay wall, hereby the
writer has the honour to propose the gist for the ideal design of the quay wall
reeommendable in the couﬁtry where severe earthquake may oceur, and to
manifest the cause of the damage to the quay wall of Yokohama Harbour due
to the earthquake on September 1st. 1923.

CONTENTS.
Section I.
Solution of Coulomb’s theofy on earth pressure, when the cohesion of

earth being taken into account.
Section | 1I.
General soh{ij:ion,of carth pressure, where seismic force being considered.
" Section I

Stability of retaining wall and gravity dam, where seismic force being
considered. ' 7
Art. 1. The direction and the magnitude of the resultant force of gravity
and earthquake.
Art. 2. Application of general solution of eaxth pressure to & retaining
wall, where seismic force being considered. '
Act. 3. Water pressure on a quay wall or on a dat, when seismic action

is considered.

Art. 4. Resultant force acting on a retaining wall.
Art. 5. Tlesultant force acting on a dam.
Art. 6. Stability of a retaining wall and a dam.

Section IV.

Suggestion for the ideal design of the retaining wall, and the examples on
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the design of the quay wall
Art, 1. Suggestion for the ideal design of the retaining wwall.

Art. 2. Examples on the new design of the quay wall.
Appendix.

Study on the cause of the damage to the quay wall of Yokohama Harbour

due to the earthquake on September 1st, 1923.

Section I.
Solution of Coulomb’s theory on earth pressurs, when
the cohesion of earth being taken into account,

Notations nsed ;

P=resultant esrth pressure on the wall,

E=resultant easth preesure emn the plane
of rupture, '

- W=weight of earth in wedged section A

ABC.

Q=rosultant of uniform surcharge on BC.

w="weight of earth per unit volume.

g=surcharge per unit area.

h=height of the wall.

ce=angle between the backward plane of

the wall and the horizon,

@=angle of repose of carth.

@, =angle of repuse between the wall and
earth. ,

K—vesultant forcoe of eohesmn along the
plane of rupture.

l=—intensity of cohesion per unit area.

W+,

I~k

f=angle of inclination of the smf

ace o
earth to the horizon.
™ S—angle of inclination of the plane of

e rupture to the horizon.

_ p-1ntun51ty of earth plessme at any

Fig. 2. depth 7.
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f,=height of resultant earth pressure.

— Wk sin (a—6) sin (x—8)
2 sinet gin (§ —6)-

=qh sin (o —8) e kel sin(ee—6)

" sin o sin(8—#) sine sin(8—6)

Hence, we have W+@Q=

h sin (e —8) whsin (o —0) L q]

sin & sin (8 —6) 2 sin o
By the force polygon shown in fig. 2, we can deduce

P (I-V+'Q)sin(3—q:)—}i'cos¢ A (1)
sin (x—8+@+@,)

7 { wh  sin (e—08)
g sine
sin o« sin (o — &+ @+ @,) sin (8~ 0).

—}—g}sin (8—) sin (0t~ 8)— K sin (ot —8) cos o
Pe-

{2
By Coulomb’s theorem, the earth pressure must be equal to the maximnm
value of P concerning to 8. Therefore 8 will be determined by the following
equation. ‘

dP _
o

while

dP _ L [_[ wh sin (ce—60)

d5  gsine 2 sin o

+ q}{cos (8—¢) sin (x—8)
—~sin (85— @) cos (oc——S)} sin (¢—8+ @+ @,) sin (5—6)

_[{%:QLM}SMS_@ sin (o— )

—ksin (e~} eoe cp]{cos (6—0)sin (e —3+ @ +@,)

—8in(8—0) cos (o.:-—8+gz1+g9,,)}]+[sin (et — 0 4- @ 4- @, sin (8—9)]2

Then, we have

{M .}_chos'(S——qf)) sin (o —8)

2 sin o
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" — sin(§—@) cos (o— 8)} sin (a~3+ga+¢o) sin (8—6)

_ [{ wh sin (ot—6)

5o o +q}sm {8— ) sin (ot —8)

—ksin (w—4) cos go]{cos (8;- &) sin(a— 5+ +@,)

—sin (§—§) cos (rx——S—{-gzM—go,,)};O

1. €.
{M)—-}q}sin (028 + @) Sin (@ — 8+ + ) sin (5—6)
2 sin o ) :
_[{....—_*“’"Sin_(“—m +¢lsin (5—g) sin (5 —8)
2sino I
~k sin (6 —6) cos go] sin (e~ 204+ @+ @, 4 H=0
While
sin (5—0) sin (a_a+go+¢,,)5%‘g'eos (=284 @ 4 @, +6)

— cos (o p+ po—0)}
sin (§— ) sin (= 8) E% fcos (o —28 + @) —cos (ct— @)}
Substituting these relations in the former equa.fion, we have
—sin (@, +60)—sin (6— 28+ @) cos (& + @+ @,—8)
+cos (e—@)sin (x— 28+ @+ @, + 6)

- - 2k sin (t— &) cos @ sin (6~ 28+ + @, +0)=0.
wh sin (ew—d)
—_— g
1 2sin o

Let p=oa-—28+@
Substituting @ in the former equation and by simplifying, we have

- . PRy __2ksin (c—8) cos @ .
sin (@, +g)=cos p.[cos (et — ) s;n (@, &) f :wh T8 ] sin (@, + B)]
" 2sina ") '

—sin ,u[cos {6+ @+ @,—B)—cos (e.— ) cos (@, + )

2sin (w—Feosep . T .. ...
{ whsin (e--0) cos (o 9}] @)

2 sin o
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Let a=sin (@,+8) . A
b=cos (4 @+ @,— 8)— cos (e ~@) cos (@, + )
2% sin god-— #) cos @ _ cos (¢, 16)
{ wh sin (ot — @) +EZ} _
sin es - {4)
c=cos (ct— ) sin (@,+8) -
__2ksin .(06—9) COSP__ in (g, +0)
{ wh sin (e—4@)
_— 7 -
2 sine
Substituting these values in eq. (3), we have
2 8be c—a?
tan®u———"" _tanp + —F—=0
A1 - an g -+ o
P I
P :
For maximum of P, tan p= b"“““]gb}'_z“?"'cg should be taken.
. ' —a .
Thus z is determined, and consequently & will be found as follows.
23=a+¢~ta:,u‘1 be+aV =&+ . . ... )

B—a*

Then substituting the known value of & in eq. (2), we have the maximum

valne of P, which indicates the theoretical earth pressure.

{ wh si-n (mhg,) + g}’z} sin (8 — @) sin (& —8) —% 4 sin (o —0) cos @
P 2 sine .

- (6
gin o gin {0~ 8+ @+ @,) sin (§—6) ©

Let P bo the intensity of earth pressure at any depth #, the following relation
will be held.

P:shp 'd'n sop= 92 ine.
o Sine dn

Therefore, we have
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) 2 (31 5in (33
_ B PR gin (& —¢p) sin (c6— )
‘ p {w??&ln (a—0)+-g sinet] sin o sin (w—8+ @ +q,) sin (8—6)

“ ksin{(e—8)cos @ LoD

i ' " sin (=8 + @+ @) sin (83— 6) '

The point of application of the resultant earth pressurc will be sasily found
from the center of figure of the pressuve intensity traperzoid, because the pres-

sure is an uniformly varying traction.

he  __ h {put+2p0)
6 /'fe sin e sine  3(pu+po)
L g sin (a— &) sin (6 — @)
o~ 7 sin(e—8 + @+ @,) sin (8—6)
j—g _ Esin (w—8)cos @
< —T_ sin (o— 8 + @ + @,) sin (6— )
= ™
n 3, = {whsin (o—0)+¢ sin &}
, A sin (o — &) sin (6— @)
ic 3

sin o sin (¢ —8 + @ + @,) sin (6 — )
_ bsin{a—Mecos
gin (c— 8+ @ + @,) sin(é— )

Since, we have

{whsin (0 —0)+3g sin ot} — _Sin (ov—8) sin (8_?’)
hy=h gin o gin (¢ — &+ @+ @,) sin (§—0)

ol 5 s i (o 10 o sin (x— &) sin (5 —e)
[{ ol sin (o= ) g shn o e (=5 + @+ g0 oin (5= 6]

% sin (x— @) cos @
sin (et— 8 + @ +@,) sin (8—4)
. ‘ —o__ ksin (ew—8) cos @ ]
' sin (& — 8 +@+@,) sin (6—8)

{i wh? sin (@ —~#0) sin (o — 3) o 1. gin (w—8) )
a3 2 sin’er 2 smosin(5—8) |
{w_/r sin {o—#) sin_(oa— ) 4 gin (e—38) |
2 sin’os sin o sin (3—6) )
! sin 8§ — @) 1 Lsin (e~ cos @
! sin (¢ — & + @ +@,) 2 sin (e— 0+ @+ @,) sin (§—8)
sin (8 — @) _ ksin (oo—&) cos

sin (ot.—8+go+got,) sin (e — 8+ @ +@,) sin (6—6)
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(=4 _Q_)_-sin (S—g)— 3 Koos @
o =1 ; 2 2 e e e e e {8)
(W4 ) sin (§—w)— Keos o »

In the case, when =0, we have

a==sin (@, +6)
B=cos (ot+ @+ —6) 0 (ct— ) 005 (7,4 6)
. NC))
c=cos (ot— ) sin (@, +6)
B =ci p—tan~ beta/B—-a’+¢
bz_ce

A sin (e—0) ] gin (8 — @) sin (@ —8)
P:{f_’L. SR ACTY Lk . . (10
' 2 sin o gk sin e sin (¢ — 8+ @ + ,) sin (8 —8) (10)

sin (8 — @) sin (@ — &) C oD
sin ocsin (a— 8+ @ +@,)
W Q
ERE)

W+

p={wnsin (e ~8) 4 sin e}

b=l Ce - (12)

In the case when k=0, eq. 564) in Prof. Shibaita’s Applied Mechanics Axt.

157 is identical to eq. (3) in this section, hence by giving some reductions, eq.

(9) and {10) are proved to be identical to the following formulae, which are

written in Arb. 157 as eq. 265) and 266).

sin @b gin (co— 8) sin (@ + @,) + sin ol sin (p—6)sin (o0 + @,)
cos {1V sin (¢ — 6 sin (@ + @,) + cos «l/5in (@ —0) sin (% + @)

tan 6=

_P:[w_hz_ sin {os— ) +q7a] sin’(ot— @)
2 sine sin o {Vsin (e — ) sin{ee+ @) + 1V sin{@ - O)sin(g 1 @,) 1>

Section II.
General solution of earth pressure, where
seismic force being considered.
Notations used;

All notations wsed in Section T will be used.



9 CGronernl Theor‘,ﬁr on Earth Pressure and Sejsmic Stability of Betriuing Will and Dam 1285

Fig. 4 e=deflection of gravity line due to the
seismic force.

,=vesultant -of ¢ and seismic force on it
We= ,, W o, » ar

w,—= 2 5 W ) I I3

qe== » ¢ 3 1 »
By the force polygon shown in fig. 5,

we have

P (W, + Q) sin (e +8—@)—~Kcos @ . (18)
gin (6t— 8+ @+ q,)

W,, @, and K can bo substituted by w,,

g., and &, then we have

[E’sw+g Lgin (s 48— @) sin (—8) —k sin{oe— ) coz @
P / _l 2 sin o °f .. (14)
sin o sin (o — 8-+ @ + @,) sin (8—0)

dP _ ‘h [{ wh si1:1 (e —8) +qd}§cos (s 5— ) sin (o — &)
ds sin ot 2 sin
—sin{s+8—g) cos (w—0)} sin (B—0) sin (c—8+ @+ @,)

__[j ?L.SUJ(“ a +qc}sin(s+3—tp)3in(°‘—8)

9% sin o
—ksin (oc,—ﬂ) cos (;)J{GOS (8—8)sin (—8+ @+ @,)
—gin (80 cos (oa—8+q)+¢p,,)}]+[sin (6 —8) sin (w— 84 @ + @)

By putting ﬁ;’-_=o, we have .
ds

{ weh i (s —6) :{-g}.‘aln(d ‘38—,+cp)su_(8 Fsin (w—3+ @+ @)
2gin o

I w i sin (e —6)
[{ 5 i -]—gc,sm (¢4 8—@)sin (ot —6)
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—F sin (= B) cos gp]'sin (o 28+ @+ @y +6)=0

That is
—sin{@,4-04-2)— sin (x—28+p—¢) cos (x+ @+ @, —6)
+cos (a—p+2) sin (ee— 28+ @+ @, +6)
2k sin (c—8&) cos @ sin (2= 28+ @ + 9y -+ 0) =O.
{ w hsin (o —6) . )
2 sin ot %
Put o—20+@=py, then we have

sin {@,+ 8-+ ¢)=cos ,w[sin g 008 (e + -+ @, —8) - cos (e — g+ =) sin (@, + 6)

ok sin (ct—#) cos @

{ ?UJLSilfl(a&—-g) +f_7c}
2einc

ein @]

—sin /}.[cos ccos (et +p,—0)— cos (a—@ <) cos(p, + )

2% sin (ce—0) cos @
{ w.h sin (cc—6)

2ain e

oos(qao—}«ﬂj] e 1)

o}
Let a=sin (@, +6+2)
b=c0s € cos (t+ @ +@,— ) —cos (& — @ + ) cos (@, +6)

2L sin (e—&) cos @
[ whsin(w—§) 4 qc]_

2 sine . p

cos (@ +8)

- (16)
c=sin ¢ cos (ot + @ +@,— ) +cos (a—@ + 2) sin (@, +6)

_ 2ksin(ax—8)cosp
{ 1wl sin (e —@)

2 sin o

sin (@, +6)

Iy

Sobstituting these values in eq. (15) and by the same reductions as shown in
Section I, we have

95— —tan-t et aV B —a+ ¢
+@—tan e

- (18

Substituting the known § in eq. (14), we have the exact formula for earth pres-
sure, where selsmic force being considered.
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{ weh!SiI} (e—0) + gjz} sin (s 48— @) sin (a2 — 8) — kA sin (¢ —8) cos @
2sino . @)

e
sin o sin (8— ) sin (et — &+ + @)

Intensity of esyth pressure at any depth » will be.
dp

dn

sin ¢t

e

gin (8—@ -+ <) sin (e—8§)
sin o sin (6.— 64+ @+ ¢,) sin (8 —€)

p={w,nsin (o—d)+q, sin &}

_ ksin (ot— &) cos @ Ce e e - (18) |
sin (ot — 84 @I ,) sin (§—6)

By the same reduction as shown in Section I, we have the height of the point

of application of the earth pressure.

ﬁc=faM, where p, and p, will be as follows.
8(pn+20)

gesin (§—@+&)sin (@ —8) Lsin (e—@) cos @
sin (o —8+ @+ @,) sin (6 —6) sin (e — 8+ @+ q,) sin (S—4)

$w,hisin (e 0) 4 ¢, sina} gin (83— @ +-¢) sin (e — &)
sin o sin (& — 8+ @+ @,) sin (6—6)

Dr=

ksin (o—8) cos @
sin (ce— O+ @+ @,) sin (§—6)

Therefore, we have

Lwﬁ%ge) sin (Bmcp-[—sj-—-%]fcosrp

3
i )
' (We+ U)sin (—@+e)— Keosg
N\ .
In the case when ¢==0, formulae (16), (17), (18} and (19) will be identical

to (4), (5), (6), (7) and (8)
In the case when k=0, we have

... (19)

e=sin (@,+ 74 ¢)
b=cos ¢ cos (ot + @+ @,— ) — cos (o.— @+ ¢} cos (@, + 0) Coe e - (20)

¢==sin ¢ eos (2 + @ +@,—B) +cos (a—@+¢) sin (@, +0)
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2 =er+@p—tan? betaVBP—a’+cd (21)
F—a' .
Arein (o — f) sin (8 — g - &) sin (o — ) - rag
P:{ 2 J (22
2 sin e +g‘¢} sin o sin (e — 6+ @+ @,) sin (§~8) (22)

sin (§— @+ ) gin (e—8) . (28)
sin asin (-8 +@+g,) sin (§—6)

1
()

3]

p=fw,n 8in{&—37) + g, sin o }

ho="h - (24)
(We+ Qo)
In the case when h— 0, o= % and =0, we have
a=sin (:+@,) )
b= —{vus zsin (@ +@,) +sin (@ - 2) cos @, F coos e - (25)
c=—sin e sin (4 @,) +sin (p—2) sin @, J
_m tap-t beraVVP—a'+
28_?-[—79 tan E— (26)
p_ _w e J |_sin(d—@+eeosd 27
{ 9 +a ' eos (Bmp—e,) sin d @0

Section III.
Stability of retaining wall and gravity dam, where
seismic foree being considered.

Betaining wall and gravity dam in this section are assumed to be rigid
bodies.
Art. 1, The direction and the magnitude of the résultant foree of gravity
and earthquale.
Notations used ;
g=acceleration due to gravity.
o, =maximun acceleration due o earthquake.
ge=resultant of gy and e,

o, =verfical component of e,.
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o, =horizontal component of e,

B=amplitude of seismic vibration.

B,=vertical component of B.

B,=horizontal component of 7.

S =rvelative movement of a body against the seismic vibration.
8,=vertical component of §.

S, =horizontal component of S.

m ==mass of a body. W.,=mg, W=myg.

T =period of seismic vibration.

Let the equation of a seismic vibration be

If a body displaces S against the earth, which is forced to vibrate in the

Qe

motion indicated by tez—'g— sin "E;’r”t’ the motion of the body will be ex-

pressed by

y:(B_QS) sinz;;t----------'(zg)

Since, we have

dy w(B—8) Qr ;

= coB

dt T 7
iy __ 2m(B=8) g Moy L. (30)
ar 7 T

Therefore the meximum acceleration will be

2 B— '
me-;,_"T_LTZ_SL N 6.2 )
The horizontal and vertical components are
:277‘2(3‘7,,'_’8”)

TZ

7% B,—8,)
o= T2 W
vis

h

C L (8D

In the case when there is no relative displacement, we have
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14
_ 2B
T
- - - (32)
_ 27°B, _ 97B,
h— oy = —
Tz g

By applying the vector for these accelerations, we have the resultant ac-
celeration of gravity and earthquake as folllows,

He= ]/(gi"-f’"'-u)2 + o5

s=t _li.._. . . . .{83
i g, ©9)
Tet n,= —gi, we have
r=V gkl o L (34
&} g '

# ._yf,_q., Then we have the resultant force of
3

gravity and earthguake,

W,=AW and @Q,=N\ - (35)
Art. 2. Application of general solution of earth pressure to a retaining
wall, where seismis force being considered.

Fig. 6.

If a wall be rigid and fixed to the foundation so. firmly that there is no

relative displacement, the earth contained in A4BC will be forced to vibrate
similar to the wall and the foundation.

A
A ' Fig. 8. ,
Trig, 7.

Let  be the center of gravity of AABC and C' be the center of suxch-

arge J; the vibration of @ and @ is the same to that of the wall and the
foundation.
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Therefore following formulae denote the maximum acceleratioon to be ap-
plied for W and Q.

27 B, v 2B,
Ve 2 g

k:

... (36)

If a wall be displaced S r.ela,tively during one half period of seismic vibra-

tion, the following acceleration should be applied for 77 and Q.

-S"‘._.—Sf o= ZWE(-BIFI;Z_ SJ‘J) 1
. (36
o 2T(Bu= ) I
T2

Tf the amplitude, horizontal and vertical, of an earthquake and the displace-
ment of the wall during every half period of the former be krown, we can
easily find out the amount of horizontal and vertical accelerations which will
be acting to W and Q.

The period of the earthquake should be measured.

Let o, and o, be the vertical and horizontal accelerations acting on 7 and
@, we have

W=2,W Wy =AW
Qe==2,0 7520
in whieh,
S hy= Vigdo,) +a.) e=tant_h
g : g,
Substituting these relations in egs. (16), (17) - - - and (24), we have the

maximum earth pressure and its height from the base.

RO{M;—m +qh } sin (e + & —@) sin (w— &)~k sin (s —08) cos @

Pe: 2sino ] . (38)
sin o sin (6 —6) sin (&« —5+@+@,)

. 1
Vie— Gisin(§—p+8)——XKcos
5 '4) \G—PT8) B V4

V4
ol —
Bl B e (39)
i(W+Q)sin (§—p+e)—Kcos g

1 TIT . 1 n\

in ‘whiclk,

a betaVO—ai+d L L L L 40)

83 =t -+ —tan o
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a==sin (@, + 6 +2)
b=cos ¢ cos (& +@+@,—8)—cos (p,+0) cos (Od;@+ z)
2k sin (. —f) cos @

wh sin (o —6) ]
"*’{mzsmm Ty ' L - (40)

- c0s (9, +6)

e=sin ¢ cos (@ + @+ @,— &) +-sin (@, +8) cos (v —@ 4-3)
_ Bksin (x—~0) cosp
){ whsin (e —8) -HZ}

/

The cobesion of earth will be disturved owing to earthquake, and % tends
fo mero according to the increase of o, .

Since in the case of severe carthquake, it will be safe side if the earth
pressure be calculated by putting %=0. Thus we have the maximom earth

ressure and its point of action fur a destructive earthguake.

Pg=?‘o{ wh"'sin.(oa—é‘) -{—Qﬁ} ‘ sif_l(?-y-S—q))sin(tx'—B) L.
2 sin o sin o sin (6 —8 + @+ @ )sin (§—6)
s
kc:kﬂ(W-*—Q) Y L)
in which,
28= o+ @—tan~ bc-}-all,;b “‘;“‘"C' N =),

a=sin (p,+0+¢)
be=cos ¢ cos (v + @+ @,— 0)—cos (@, +0) cos (x—p <) ... (43Y
cz=sin ¢ cos (x+ @+ @,—8) +sin (@, +0) cos (G—@+2)

Let F, be the earth pressure in ordinary condition, where ¢=0 and k=0,

by eq. (10} we have

P :{ whf sin (o —8) +gk} sin (86— @) sin (ot —8) . (44)
’ 28in o sin o sin (¢—8+ @+ @,) sin (8—8)
It will be assumed that the variation of earth pressure during an earth-
quake be expressed by a sine function whose period is the same as that of the

gseismic vibration.
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Siuce, we have P, which cxpresses the amount of earvih pressure at any

instant ¢

P—=P,+(P,—P,)sin 21"':15 N G 5))

This is tuwe fundamental formula to determine the dynamical stability of a
retaining wall, when tiwe seismic force is concerned, .

Art. 3. Water pressure on a quay wall or on a dam, when seismie action
being considered.

@). Horizontal vibration is concerned.

The motiom of water will be indifforent to the én-rth, so far as the hori-
zontal vibratior of the latter is concemed, Dbecause the friction (viscosity) bet_
ween water and the earth is too small to fransmit the vibration to water. In
consequence, the horizontal seismic force for water will be nearly equal to zero.

Buot the borizontal vibration of a wall in water will give some shock to the
latter, and the water level will consequently rise corresponding to the change
of velocity of the vibration.

Let the equation for the vibration of a wall be

y:ﬁsiu & t
2 Vi :
Then we have
dy T Qa7 Ay 9B, . Ow . 2
—Z .=_—_ R, cos , 2T — b sin f== —o,zin ¢
a1 T dt VE T !

Since we have the mmximum velocity change,
T

=98,
T

By the theory of hydraulics, we have

£ Dy 12 mea
= o

i Lif

H= cal = 2X2WZB"2 = QWZB"' . Bh kil Bn, ottt (46)
7 [

g g

Thus, the water pressure will increase according to the elevation of water
level by this additional head H.

In practical case, H' will be so small that the horizontal vibration of an
earthguake can be neglected to determine the water pressure.

D). Vertical vibration is concerned.
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Let w’ be the weight of water per unit volume, and w,’ be the resultant
weight of water per unit volume, when the vertical vibration is considered.

By eq. (37), we have

w, =l while 2,= VgEel+a’_ gFe,
g g

Since, ?_U’e.z’w’(l$...m¢)
g9

The pressure intensity at any depth % will be

Tig. 9 P____.we.f,q
Therefore, the total water pressure, '

H 2 ! g
Pe:j o _P dn= H?zv,, . Hf:w f1_¢_i',‘i) C .- (4T)
o sioo 25in o 2sin o \ g
Let P, be the water pressure in ordinary condition, when «,=0, we have
/
Po:_ﬂ_?i”__. N € 4
2sino

Let P be the water pressure at any instant ¢ during an earthquake, we have

. 2 Houw' ¢ o, . 2
P=P,+P % t=—2 14+ t)' - - (48
: g L 2sin e \ M g - T (#)
fo= e
(V)

¢). Effect of seismic tida.l wave.

If the water level be changed suddenly by a seismic tidal wave, the equili-
brium of water sutface will be disturved, and in consequence, some difference of
water level will take place everywhere ; such
as, the level difference between the back
and the front of & quay wall between inner
and outer harbour bounded by break-water.

In ordinary case, the seismic tidal wave
will arrive when the main wvibration of an

earthquake is over, since it 'will be scarce-

ly be happened that both effects coincide at

Fig. 10.

the same {ime,

Let H be the head difference due to a seismic tidal wave, we have
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P w' H £ _H)
sin o ( 2 4
I | gy m;
Jo=—2
(H+2H)

Art, 4. TResultant force aciing on a retaining wall
" @). Rigid foundation, where resultant force acting on the base.

If the foundation is rigid and the relation 0,< 0'D
is held, the motion of the wall will be the same as
the vibration of the earth, consequently the seigmic
force will be unifoxmly distributed on every parts of
the wall. Since the seismic force acting on a wall

is the product of the seismic acceleration and its

mass.
Taking moment about O' we have

27Tt
T

M= P, sin (o4 @,) -+ mh,et, sin

Dar

z

?

P=P,+(P,—P,)sin

Therefore, we have

=Pk, sin (o4 @0) + {(Pam Po)ly sin (ec 4 )+ milyeey } sin 2; ¢ (50)

Let the vertical component of resultant foree be (V),

(P)=P ccs (oc—cp‘;)ﬂ—m(gioavsin 2; t)

2;- t4+amg - - (BOY

Let the horizontal component of resultant force be (H),

=P,cos (&—@,) -+ (P,, — P,) cos (o~ gg)tmee | sin

t .. (50)“‘

(D)= P, sin (ot )+ § (Po— P it {6t — @) -+ oty sim =7

o) -

Then we have

2'71'{'

u Pi,sin (64 @p)+ { (Pa=Po) by sin (o0 + @) -+ Mm% sin

b= =
7 P, cos (o — @)+ | (P,— Po) eos (ot — @) mer, | sin %7;—15 +myg

.+ (51)
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Py sin (o— @) -+ {(Py— P,) sin {ct— ) + movy ] sin 274
tan clbz—(éf:)_ == 5
‘ P, cos (ot —@,) + { (P, — P,) sin (et — @,) +me, ] sin ; i+ g

c e (B
§ : T .
Above eqs. become maximum when t:T, since we have

M=Ph,sin (c+ @,) +mh,,
(V)=2P, cos (n—p,) + m{gton)
(H)=P,sin (ct—p,) + oy,

i ;o -(52)
b, == ﬂ_ = Loy sin (ot + @) - mhyoty
Ty Pocos(a—gp,) Furgzten)
tan ¢ = () - P, sin (00— p,) +mey,
(¥} P, 0os (ot —q,) + m(g+er,) )

In the case when the wall bagins displacement-sliding or sinking, which
is not elastic bubt permanent; eq. (36) will be substituted in eq. (52).

b). Rigid foundation, where resultant force passes oub of the base.

In this case, the wall will begin a rocking motion, and at fizst we will
study the motion of its free rocking,

Notations nsed,

G=center of gravity

A=center of percussion .

H=center of spontaneous rotation

W=dG

L=A4R

If a body rock from « to B, we have the differential
equation for the motion as follows.

arg

S 3 —{»gsin@.:U‘----'“-------- ....(53)
A
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21
When j,f =0, d=ry
Since a :-%F COS 1y

Therefore, we have

9 a6 \j 9
p— - v (54
f\/ y Vcos y—cos SY\}ﬂ-"H_qi,zry {54}

810

g

If f=small, we can simplify this integral.
s PRty £

\}Eﬁ\j(i)fzi( ) '“\/ L’ 1/6- = 4\/L. cos].‘* ? coshit z }
2 2
=\}Zrcoshi
g ¥
G=ry eosh\f_—g_?tz%( e\/%t-i-e —\/;a) .......... (54y
| Period T:{f_—\f?cosh'l_f_ N I '

The forced rocking of a wall due to earth
pressuve and the seismic foree will be expressed
Ly the following differetial eguation.

Taking moment about .4, we have

P ! - (lhsieaAt
‘% ) —mLF i -{—mrf,,k’ sin f=Ph, sin (e + @;)
Y i
___I A‘-&"’srm —|—’;‘3‘1]&005ng131""¢ ....(55)
N . In which,
Fig. 13 P=P,+(P,—P,)sin

Then we have

_ a8 40, o sin 6 sin 24 _%h cin O— Pl sin (o + @q)

Tag ' L” mI?
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_}_{- (-Pe—Po)hnSi:%‘(;j‘i’o)'["mﬁodn } Sin At ooer e (66)

et _g¥

G B
7 Ir

Put . A=

O= Pl sin (e 4 @,) D= (P,— P\, sin (o4 ,) 4 mhyo,
m "7 * mI®

‘We have

]

F0 _ fsinfsinii—BsinO= —(C4-Dsint)«+-+ - - -(56)

This equation will be solved when f==sin @, and 4==0, in other word, when
the wall is comparatively high and vertical acceleration is small. 'The formex

equation will be written,

ﬁ—BH: ——(O-|_D sin)j) ........... .. ( 57}
e’ .
The general solution of eq. {(57) is
0= O”le"/m + C'._,’e_"/m
Where,
s —vey ' -
O/ = Gl"‘g A/E;—(ON/-;;D sin e - dt=C, + OB e_.;\/.m
e~" A" ) _NEdle " ) 2
i .
. De™V"" (1 Bsin 2+ hvos 1)
W B+ B)
. o Bt _
2,3 02+S (G-I—j;:iln )‘t)e N/Ea dt: Cg+ 0 6)\/155
ey v ae’™) 2B
elt dt
+ JDe.'\/TN (1B sin Xt— 1 cos M)
91 B(?*+ B)
Since, we have
0= Olea/?sn + Oge—&/m+—§~+ Asz Sindd -.oo-eeea(38)

sin A oo (B3Y

Ay MBS NI
—f{ ¢ O™ B
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Let T, be the period, and {, be the time when the wall beging the rock-
ing, we have the following boundary conditions,

9:}8 ( 9:'}1
7
ﬂ:ta t: i
D 2 | 4
dd de
=0 —=0
dt l dlt
By substituting these conditions in eqs. (58) and (58),
we have '
B: 0161\/1! t, + Oggma/ﬂ‘g +i + _ sin )ﬂo \
B e
N B —a/ B, D
O=0Ce — e ¢ cosAt
1 2 + VBT B) cos A,
oL (BB
0 Ty eV TR O . ( %)
= 7 —— S1F 0
Y 1 5 N B 1
TR NF2
O=0Ce- *—Che - *—— " cosds
V' B\ + B /

By solving these syn:[ultaneous equations, we can find the values of (O, (%,
t, and T,. '

The resultant force acting at the heel 4 will he maximum at the instant,
when the wall begins rocking, since by substituting 7, for ¢ we have the maxi-
mum horizontal and vertical components of the resultant force.

(P)=P, cos (a— @)+ (PomP,) cos (eimgp,) 8in M, +m(g -+, 8in As,) -+ (59)

(H)=P,sin (o.—@,)+ (P,— P,) sin (ct— g,) sin M, +mog, sin g, <« -+ - (59

No wall is safe, when it is designed to begin rocking motions, since the
base at least must be so designed that the resultant foree dues nol pass oub of
the base.

c¢). Elastic foundation, where resulfant force acting on the base.

Notations used,

m=mass of a wall
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E=force per unit area required fo depress
an elastic base for unmit depth.

T=nhorizontal sectional moment of inertia of a
wall at its base.

O =center of the base, and also center of

percussion.
r=radius of gyration around @ in the cross

section of a wall.

L=ly+ L
Fig. 14 ot 7

M, —=vesisting moment aboul O in statical condition.
The following differential equation will express the self oseillation of a wall.

cdm o z
el b~ —~FT*
i +mgly 7 7
Put B:M, then we have a differential equation of a simple har-
mi?
monic motion,
axt
...-........:—Bx .-....-.........-.....60
df (60)
Solving, we have
p=-"_siny/Bt, in which a=amplitade -------- (61)

For the period of the self oscillation, we have
2 2 IV'm
=t = . eiaiens ceeee o (BLY
V' E V' EI—mgh, L)

The forced cscillation of a wall due to the periodic earth pressure and the
carthquake will be expressed by the following differential equation.

By taking moment about O, we have

wmL r;f +mgo(ko ; —e)+Pﬁ1,sin (ot 4+ @,) + hymos, sin M:E’I—E—+MH
......... S (),
In which,

P=P,+(P,—P,) sin Mt

Go=g + o, 8in A
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M,=F b, sin (o4 @p) —mye.

By substitating in (62), we have

dw J[ (P,— P, sin (ot + @,) 4+ mfi,00,— mect, } cin M

dét mis
— 712;;1) 2 sin M4 —%’:(EI —ighy) =00 oreens .. .. (62
Put p=_ L= Follyy sin (o4 gpo.} o 00y, — TECL, A
ki
e (83)
B EI=mgh, o Dt [
mL: 7o
Then we have
iz

7 +(B—AsinA)p=1D sin M R TRRL(1:)
C = .

This is non-homogeneouns linear equation, and its corresponding homogene-

.ous linear equation is

%f—-i—(B—A sin Az =0

Tet w=1"FB—dsin\, we have the parficular solution.

2= " cos wt+ OV sin wi.

Where 7 and O will be determined as follows.

G’—C-}—DS sin Afsin wof dt
=0 N
in ot dloos ob) _ o oot e {sinewl)

di ot

—C __DE 2w sin M sinwd at
: 2w — AM cos Ab
o= _D[' sin M cos wi .
) sin et d{cos @) ot d (sinwt)
dt dt

9] 3 1
_ 01+Dg 2w sin M cos wf s
20 — AN cos AL

Since we have the general solution.



1802 Geneml Theory on Enrth Pressurs and Seismic Stability of Retuining Wall and Dem

26.
— { CI—DS 250 sin Af sin wi CZlfl cos it
D — _4ANri cos Af
{0., + DS 2w sin Mo o gb e Ll e (64)
9w—ArtcoshE ) )
Also,
dx _ OH_DS 2@ gin Al cos wl dﬂ}-[ S — ANt cos A }cos ot
ot 2w — ANt cos AL D
___{ 01—D5 2 sin Msin of 4| { Qe — AN cos A ]-sin wf - - (64)
Qe — ANt cos M Qe
i 5 2wsinMeosof g ong S 2osinMsinel g 1o egloulated, O, and O
Do — AN cog A P — AL cos AL

will be found by the boundary conditions.

do
=0 =0
8 { @) {dt |

1=0 i=0

Thus the general solution will be determined, but the caleulation is fco-

difficult ; since the following method, which will be delivered from the special
case, is preferred to find the approximate solution.

In the special case when 4=0 (i. e. &,=0), the general solution will be
found at once.

w=1v"F,

Fp_ D sin(—VBY _ sV B ], -
o=| O S L

D [ cosAHV B | cos N—VBY | T

R e e Il L
de _ O [ coe(M+V B cos(N—VB)t |

di _[02 W Bl ANLVE L WY ]]/BCOSI/Bt
_ C'— sinA—V'B}t sin(A VB T o =
e { A—VB A vE {7 s B
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(=0 (=)
By the boundary conditions \} \ dt we lhave
[t:O l:ﬁ:O
DN
=0 and C=—="——x
g pey
‘Since we have
D . —
p=— = AginV Bi—V ' BsinA} ooooeon 85
x v BB {A sin sin A} (65)
A _ DN s U B GOSAE} - e enee i eee s (65
ot (N—B)
Fr _ DN Bin VBN A e (65"
ot (MN—A8)

By putting _%f_zo, we will find ¢, which gives maximum or. minimum for
¢l

2, and @ is minimum when ¢==0, and also x is maximum when
' © 2w .
T A R LR e (bﬁ)
The pevied of the forced oscillation will be,
oo 2LVm o Ghich 77 is tho seismic periods. - - -+ (67)
V' E{—mgh,
The resisting moment about O will be maximum when z is maximum, i. e.
“when t=1.

=P, +(P,— P,)sin A} b, sin (25 @) + cmh, sin Ad

M=DM,+ FI z

+fmg0(]zo z —e)—mL C:Z::

Where,
M,=P i, sin (et + @) — mge

D ‘v win AT o
=i A sinl B {,— 1V Bsin A,
a VEN_B) ihsin o sin A #p}

€r DN (B sint/ Bty sin M}
a7 ~—B)
27 B= EI—mgh,

f—m
TV B mi’
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D= (P,— P, sin (ct+ @,) + @l

go=g oy
Since, we have
M= P, sin (ot + @,) — mge+ __LU;ID_——[?\ sin V' B't,—V Bsin\,]- . (68
Y )

or,

\ M={P,+(P,— P,)sin My} Ry, sin (c+ @,) -+ caml, sin M,

MEQ[TVT—&—TBT frsin 1/ Bt~V Fsin A} —e]
—M[Vﬁ SNV Bt NSIRAL] wrvv v (63
)

The horizontal component and the vertical component of the maximum

resultant force will be

(H)=P,sin (c— @)+ { (P~ Po) sin (cc— o) + moty, } sin Ay« - - - (69)

(V)=P,cos (ct— @)+ (Pe— P,) 008 (et — @,) $In M+ 0mg - =+ (69Y

And also the leverage from 0 will be,

LM P, sin (o + @o) — mge+ —LT/—EE(;TL?*——B)—D sin VB, — V' B sin M,]
G P, cos (at—@)+ (Po— P,) cos (et —,) sin Ay + my

e (B

I e, is small comparing to c-, A will be negligibly small against B, since
V' B=Adsinat will be nearly equal to VB, in consequence, eq. (65) will ex-
press the general solution of a forced oscillation where vertical vibration being,
considered.

Therefore, we have

D= P, sin (o4 @,)— mge + Eﬁl—gn—?:ﬂn sin VB, —V B sin A\d,)
or, ={P,+ P,— P,) sin A4} b, sin (e 4 @,) +ogmb, sin Ay
D

+m(g+eo,sin ?\to)[ iAsin V' B t,—1 Bsinhf}— e]

LV BV - B)
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mLDN 1w ST .
+ T [V Bsin VE - hsu M e N 1)
(H)=P,sla (a6 —p,) + { (Pe—Po) sin (w— @) Hmey}sin Ay - oee - (71)

(V)= P, cos (& — @)+ { (P —Py) cos (e —p,) +- met,} sin My+mg- -« - (71}

P, sin (ed-@,)—mge+ ___EFID [»sin V' B, —V Bsin ]

o M LV BN —B)
S P, cos (0b— o)+ | (Po— Py cos {ss— @,) +mee,} sinh 2, +mg
' e (T
where .
z :_i'ﬂ_"__
TV B+
D= (P,— P, sin (4 @,) + mlioh, — mea, B EI—mgh,
ml ' mL?

Art. 5. Resultant force acting on a dam.
). Rigid foundation where resultant force acting on the base.

All relations held in Art. 4 will be applied in the case of a dam, because
s dam will be forced by the psriodical water pressure instead of the earth

pressure.
By the similar reductions, we have

S
= ALy i 20
2 sin o5 _

:PO{H %y gin 2T t}
g r
M=P, sin a{ 1+

Oy

g T

4 mbget, sin 2; 4

:Pajl-;- L gin -Zit | sin o
(
{ g T |

|- ok, 8in 2,;- t (72)

(V):(P,,cosc&-}-mg)]l-}-ﬁsiu 2m t]
(I Tl
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Phsinall+® sin 27 ¢l 4 idie, sin 27
[ +b = I = : 1 g 4 .
(7) ‘ (P, cos oc+mg){1+ % gin =T t} .
¢ Tr
We have maximum values when ¢= i
M=Ph,sin o:(l 4= %y ) + mbyot, A
g
(H):P,,(li Oy ) sin ot + mer,, CERRRERPRERS (73)
g
(M= (1i k] )(Po cos o + mg) J
g
‘ P, sin a(li % )-}- mhyes, \
e4-b,= g

‘ (1i %y )(Po cos o +mg)

g

{cosa+ P, mg)(li ’ )
g

tan o=

P ]+ﬂ) gin o +maoty,
o -

b). Rigid foundation where resuliant force passes oul of the base.

30

If a dam be forced by such a periodic pressure as to begin a vocking motion

the water penetrates under its base to cause the sudden increase of upward

pressure, by which a fatal damage will sometimes be given to the dam. There-

fore, for the design of a dam the following condifion is absolubely necessary.

Poh, sin oz(li E(;L) + 1l

I>2(0,—e) i e I>2 S (74)

(P,cos et mg)(l o )
g

¢). Elastic foundation, where resultant force acting on the base.
_All relations held in Art. 4 will be also applied for a dam.

au
g

_P_—_P0<1 42 gin m)
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_ w'H,

*7 2sine
Jo="¢ + &, Sin AL

M,= P, sin c. —mge

Taking moment about 0, we have
d’ x
z -i—mco(iz.aL —-e)

e
+ Ph,sin a4 mlgoy sin M -

M=M,+ FI-=
o

i, c.
hiy %y P sin ot 4+ mbgny,— mec,
dx _{ sin A Koty o ain A4 BT 'n'tg]z,, =0
df mJ / !
Put
P, %y gin o 4 Mhy0— MELy
D= g (
mkL R (L)
A= Doty B= EI—mgh, J
I? mL? y
Then we lave
dix . . .
LE L (B—AsinM)o=DsinAeeeores . (7D)

dt*

General solution is,

m:{ C,— DS 2w sin Al sin of dt}- 008 cot—|—J 02_}_1)5 2w sin Al ecos wi dE }sin ol

Qe — AN cos AL L Qe — Art cos N
in which, w=1"B— dsin At

In special case, when 4==0 i.e. =0 and w=V"B, we have at

once,

x:__‘l/j;’—(‘g——ﬂ-)-{}\ sint B i—1V' 8 sin Mgl ooeenes (76)
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Qr

z will be maximum when ==
V' B+A

Sinee we have the maxzimnm moment and resultant force as the following.

EID

M=Ph,sin ot — - =
e BN —B)

Asin V' Bi,— 1V Bsin AL}

. . D N
or = Pk, sin ot+ aymi, sin M, + mg[m {AsinV Bt,—1” Bsin A} — e]
+ % W BsinV Bi,~Asin A} - R RERER PR (77
(H)=2PL, sin et 4 mey, sin Ad,
(V)=DP, cos a4-myg
EID @y
. M P, sin cc—mge+ TR B A sinl” B f,—1/ B sin M} ‘
) : P, cos o4 myg
_ EI—mgh,

' Figt
where, B and D= "¢"
L

mL?
I o, ba relatively small, eq. (76) will nearly express the forced oscillation
of a dam for which the vertical vibration is acting. Then-we have the maximum

resisting moment about 0 and the resultant force as follows.

BID
IV E (M—B)

M=DPh,sin cc—mge+ {nsinV' B, —~V Bsin)} (78)

or, :P,,(l + % sinx t,,)fa \, 8in ot + mh,e, sin A,
g

+m(g+ o, sin Mo)[_LI/B%;_—TB){R sin:l/F £, fv/f sin M} — e]
+ _?%)_[VE sin VB £~ sin M]

(H)= (P,, + Z" gin ?uﬁg) sin & -+ mey, sin AL,

(Pi= Po(l + % gin }\?ﬁa) cosee+ mg(l 4 B
g

siu J\tu)—
g <
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P, sin c—mge-+ __EID _ (rsin B ¢, —1V B sin A, }

VEB+A

- LV BZ—B)
(P,cos ct-{-mg)(l-{— % gin Mo)
‘ g
In which #,=—ar and also D and B will be determined by eq. (75).

d). Numerical example of a dam, where the upward water pressuve_on the

base being mneglected.
Height of dnm.=18 meters.
F‘_d"? _'i . Bnse , » =13 meters
Top 5 » =%3 meters

o= b degrees.

Cross sectiomal aren=155.6 sq. m.
Moment of inertin=3,850 m4

fip =7.5m., hy =5.40 m. e;l.l .

r=\/ 3,850 _ 4 97 1n.

G 155.6

b
of V!
NRY
AN
L W =358 tons.

P &
ﬁ————(..ra_’vf,\:——%{_ra i
’ w

@3 (Clypy\ed) m=-?;—=36.5

L =he +-t—=10.8 m.
]lo

1182
T 2x35in 95°

Fo =162.6 Kg. tons.

b} tay e
Case 1. Rigid foundation.

t I T
= ! {a) or=cp=0
Fig, 17 =P hpsin 95°—eWW =480, .. b
489
bo= 5700 =1.313 m.
() cp=4 m/fsec® cte=0
M=FPylhysin 95° |- mhoten— Ve =1,858 m. .
584
0= :%22 =4.955 m.
{¢y ocn=1 mfzes® p=18 iﬁ,’sec'-‘.
s ° =4 ’ o
M= Foligsin 95 (1 + -Fq—)+-m?:oom —mig + cple =1,£73 n. &
b= 1678 _382 m.

372.2%1.1837
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(d). op=4. mfseo®. oy=--1.8 m.fsec?.
M=DLlhysin 95°(1-—%)+mﬁom,-—-m(g—-ocu)e =1,494.7 m. t.
1,4947
bo= armaxosies P ™
Case 2. Tlastic foundation. ®
Leb
E=50 t./sq. m. for 1 cm. depression=>5,000 t./sq. m./m. dep.
1x13°
—_ <,
I= 12 183 m

EI=915,000 t. m®.

(@), ecen=4 mfsec?. crp="90
D= g8
B=PI"T o6 NBe1065
miz
2w 27
T=1.8 seec. A= BTN 3.49 fa= m— =0.3463 sec.
D — —_
e JEA—W} {:\ Sil‘lh/ﬂ t‘.o—f\/.b’ sin ?\ta} =0.0159 m.
M=Byly gin 95°— We + EI ; =883 -394 + 915,000 x —0;1%1:—9—-= 1,834 t. m.
1,534
i =—3?2.2 =492 m,
(B) op=4 mfsec?. o¢y=1.8 mfseq?,
A= o1157
_—I‘;-—— LL1D

w=a/ B— A sin A =4"212,6-0.1657 sin At ==/ B=1465

£41]

Folp 3in 95° » +mloten—mesty
i

= . =3.02
D p— 3.025

r=0.01733 m.

0.01733

=833 —394 -+ 815,000 x — =

=T1,957 m. t.

1.9567

=443 m.

by = =
’ 372.2(\1+$:—:)

{e) op=4 m.fsec? . ory=—1.8 m.[sec?.

—162+4 1,095+ 65.8
D= —;94 +65 =2,535 2 =0.01452 m.

M=1,719 m. t. bp=5.65 m.

34
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Art. 6. Stability of a retaining wall and a dam.

@). Stahility against overturning.

No wall having a certain larger dimension will be overturned, but it will

begin a rocking motion, when the wall Is standing on 2 solid foundation and is

acted by severc earthquake so that the resultant force passes out of the base.

The relation between the seismic force and the absolute dimensions of a

wall, which is merely standing on a solid foundation, will easily be found as.

follows.
- Tet JW,=work donc by an emthquake during &
1 / T3 . guarter cycle.
// / IV =work done required to raise the.center
/ / of gravity as much as the wall is.
| / & ,'/ overturned. '
= G/ - / )
i dy  dy
/ 1V, = —m"“ f dy=—mL g
/e ] o VST
l/
/ / Drr B 2
: = , 1 ¢ oS — t)clt
— / - m(a, #in T )( T 7
B 3
£ =m Bﬂ sln_—t
Tig, 18 r
: - r J 2
W,=m sl 54 sin i t.dt:ﬂ(g%) eeeee e (80)
T J, T 8 T
Also we have
W:%I/]{"+lz(l—cos Bymg :471;977&[\/1+(ﬁiﬂ_)2—1] e (SOY
Since if W,< W, the wall will not overtnrm.
1
e LY <ol /2 ()
For example, T==18 sec. =4,000 mmfsec’, _g_:%
)

When %>2.4 m., the wall will not overturn.

be

Tn crdinary case, therefore, an instantancous force as earthquake need not

considered for the overtwming of a retaining wall, but constant forces as.
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water pressmro and earth pressure should be taken into account to study the
stability against overturning,
- A dam, however, may be overtrned by the same instantaneous iforce,
because the dam in consequence of its rocking motion is forced by an npward
pressure of water rushed in cracks.

Tf the resultant force, though instantaneous, passes near the corner of the
base, an enormous pressm'é caused on the heel will become a motive power of
its overturning. '

A retaining wall, by these reasons, should be so designed as %mébo ; and
a dam should have its base so large as %:nba-, in which n=from 3 to 1.5

0). Stability against sliding.

Taking any horizontal section of a wall or a dam, the hovizontal component
of all forces on the upper portion must be smaller than the friction or the ze-
sisting shear of the said section. If a wall be constructed in one mass, weakest
section will be at the base, in this case the ifri¢tional reéistamce at the base
should not be exceeded by the horizontal component, which is known as (H)
in Section ITL .

In the case of severe earthquake, the horizontal force will sometimes
excoeds the frictionsl resistance at the base, eapecially when the execution of the
wall is earried in water as ordinary quay wall.

Consequently the designer must pay attention to the following axticles.

A wall or a dam should be built in ore mass for a certain length.

A wall or a dam must provide suitable front apron or a foothold excavated

in the foundation in order to increase the stability against sliding.
¢). Bearing power of the foundation.

The width of the base of a wall or a dam must be so designed that the
maxinum pressure on its toe does not exceed the ultimate bearing power of the
foundation.

T & wall be fised in the foundation as shown in flg. 19, the maximum
pressure on the tos will be determined as the following.

¢ =angle of repose between wall and apron.
¢ =inclination of the resultant to vertical.

¢$,=ine. of the resultant on the base to vertical.
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I =resultant force.

R,=resultant force on the base.

R, =resultant force on the apron.
. p==maximum pressure on the apron

. Py=maximum pressure on the foundation
componets respectively.
(1), When » and ¢. are given, ¢1, )

and x will be found.

7]

-l

()= (H)=-PL_ton g,
' - (82)

o
(V1>=%itan b (V=22

Then by the equiliblium. of forees, we
Fig. 19, bave ,
(H)=(H)+ (iL) (M=) +(V) 1
(Pm=a,V+ 4B,
From eq. (82) and (82) we can reduce the following equations.
Q(H) = + 3pae tan by
2(VY=pd ta,n.qbl-l-ﬁp_.x, e (83)

Pl _ 3 o
WV E T e

By solving"eq. (83), 'we have

o 160,(7) +pucy tan &, w
3{2(H)—pd}

- §2(H)—pd}? e (8D
T {60 (V) - pd’ tan'd, ’

AF) tan ¢i— {2(H) —prd}
Py tan ¢y /

tan ¢, =

(2) When ¢:=0, and ¢, is given, we can find p,, p; and .

By solving eg. (83), we hava
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prm 2ICED= () tam b} \
: d
g o =P tan d}d N €15
T =a,+ S0 } -+ (85)
pm (7y
Ba(V)+ [(H)~ (V) tan gy} d /

d) Strength of a retaining wall and a dam.

A wall or a dam must be so designed that it has no special weak poinis
at any sections, and if possible, the internal stress should be equally distributed

on all sections.

Section IV.
Suggestion for the ideal design of the retaining wall and
examples on the new design of the quay wall.

Art. 1. Suggestion for the ideal design of the retaining wall.

a). The upward pressm:e on the heel of the base, caused by its back fill-
ing material, is dangerous against overturning; gince we must pay attention to

eliminate the ecause.

earlt
pressure,
cencrele

7 perard presSUTe.
backfill

sheet pile

Fig. 21.

Fig. 20.

As shown in fig. 20, the upward earth pressure due to the wet earthen
back fill will be checked by sheet piles driven under the heel (instead of toe).
As shown in fig. 21, the upward ecarth pressure on the base of a quay wall

which is built in water, will be eliminated by concrete deposited near the heel
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. or by an impervious courge laid between the stone riprap and reclaimed guick
sand.

Genzrally speaking, s vetaining wall is but a kind of a dam, and we must
pay the same attention to their design.

7). The wall should be perfectly fixed to the foundation. The executicn

is very simple for dry works, but pretty difficult for wet works.

:'__ wellor
bo?'foh‘,‘/é’SS a{rr‘mﬂ?rh‘r.
Cai55 0N . y - '
. Iy ‘H'/uipe/w/c withc oK.
i e
o 7 "..

Frlled withMorter

Fig 22. . TFig. 23.

As ghown in fig. 22, a well foundation or a bottomless caisson foundation
will be preferable for this object, because the earth under the wall is replaced
by concrete filling, if the pifes ave duiven as shown in Pl 6, the consequencs
will be good.

As shown in fig. 93, the space between the base of a caisson and the fouda-
tion can ba filled with mortar by a grout mixer in order to fix the concrete
calsson on the ground. |

€). The wall must provide suitable apron or a foothold under the heel in
order to resist the sliding motion at the base. As shown in fig. 292, a well
foundation or a bottomless caisson will be sufficiently safe against the sliding

motion due to the earthquake.

.~ Rei nfarce
P
Cowncrele bar

Tig. 24 Fig. 25,

Fig. 24 shows a concrete apron laid in front of the wall.
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Tig. 25 shows a foothold built in the foundation under the heel. -

No retaining walls built on the hard foundation will be damaged by o
dinary destiuctive earthquake, if they ave well designed providing suitable apron
cr a foothold.

d). Tt is well known that the footings of a wall

added to both sides increase the stability.

The wall acdfeb shown in fig. 26, has the equal

stability to adfb, if their own 'weiglts ave not con-

sidered.
Tig. 28. Also the footing on the rear side will increase the
stability of a wall, because in the case shown in

fig. 97, the angle of repose between the wall and

the eaxth becomes nearly equal to that of earth
itself. . '
In this case @, =@

Pig. 27.

¢). Back filling materials.

Back filling materials should have smaller specific gravity, larger angle of
repose and larger cohesion in web and dry. In the case of severe earthguake,
the cobesion of back filling materials, except the compact clay, will be disturved
by the shock.

Engineers must pay attention in the design of a retaining wall or a guay
wull that the total sum of the cost of the wall and the back filling materials

should be minimum.

Art. 2. Examples on the new design of the quay wall and barge whart.
). Cellular block type-gquay wall. (Befer P1. 1.)

This design was preferred to the reconstruction of Yokohama Harbour in
1924 ihongh some dimenticns are not the same.

Hollow bottomless reinforced concrete boxes, say, ceilular blocks, will be
raoulded on shore, where a ecraue barge being approached. Cellular blocks,
weighing up to 50 tons each, will be placed by the same crane barge in site and
then their interior will be filled with concrete. Their vertical joints are stiffened

by conerete as shown in the sectional plan. Horizontal joints ave stiffened by
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steel bars or old rails, in consequence we lave the quay wall of one mass.
The wall is fised to the ground by concrete placed in the front and on the back

in order to guaranty the stability.
B). DMultiple arch caisson type-quay wall. (Refer Pl 2.)

This design was reported to the navigation congress in London in 1923.

The quay wall shown in PL 2 will be adapted to the site where the Dbed
is not so haxd. .

" The reinforced concrete caisson has the eylindrieal wall, whose horizontal
section being multiple arch. The water pressure on the outer surface will act
normally on the wall, and the resultant pressure line will pass through the
neutral axis of the srched wall. In conmsequence of this reason, the water pres-
sure on the wall, in its floating stage, will give uniform compressive stress to
the wall, causing no bending moment on it, (this fact is impossible for rectan-
gular caissons) thus great many rcinforcing steel bars will be saved, and the
wall itself can be very thin. Only a little amount of steel is required to vesist
against the internal stress of comecrete wall owing to its sebting shrinkage and
temperature change, and also against the expansive force of the filling materials
in the caisson. The depth of draught will be greatly saved comparing to the
rectangular caisson, since the execution is more simple, and the cost of construe-
tion of quay wall will be cheaper.

On the base of the caisson many longitudinal grooves are moulded in order
to increase the friction on the base when the space between the base and the
foundation is filled with cement mortar by a grout mixer. The holes (providing
sluice valves) in the base of the caisson, will be used not only to fill the mortar
but also to pour water in the chamber when the caisson is required to be sunk-

en in the position.

¢). Bottomless caisson type—Quay wall. (Refer PL 3.)

The reinforced concrete caisson having temporary bottom in its floating
stage will be transported to the site. When the caisson has been placed in the
site, the temporary bottom is removed and the wall of the front chamber will
be heighten by reinfoced concrete in site. The foundation under the caisson
must be dredged, and by giving some load on the caisson, it will be sunk to a

certain position. Then the interior will be filled with concrete.
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d). DMultiple arch type—quay wall: (Refer PL 4.)

This design is adapted fo the site, where the execution is carvried in dry
condition. This type, if the coffer dam be cheap, will be most ecomomical and
will he sufficiently strong against an earthquake.

&), Well sinking type-barge wharf. (Refer Pl 7.)

The pre-cast reinfored concrete well (or cylinder) will be placed by a crane
barge in site, and will be lowered Dby the ordinary method of well sinking.
The pro-cast reinforced conerete wall will be placed babween the wells in order
to hold the back filling materials in their proper position. Fach pier (well)
provides an ancher stay near the top, thus the safety factor will be increased.

F) Pre-cast buttress wall. (Refer PL 6.)

This type will be adopted for rapid works, and is very cheap if a erane
barge, having larger capacity, be provided.

This buttress wall weighing 50 tons each will be moulded on shore by
reinforced concrete, ther it will be placed by a crane barge in site. Each wall
will be fixed by cement mortar, which is filled in®a cambas bag placed in the

vertical groove.
This type, if properly designed, can be guarantied agalust ordinary des-

tructive earthquake.
¢). Sheet pile type-wall. (Refer PL 7.)

This design is a kind of a retaining wall or a wharf, which iz built using

reinforeed concrete sheet piles.

Appendizx.

Study on the cause of the damage to the quay wall of Yokahame Haxbour

due to the earthguake on September Ist. 1923,

a). General descriptions.

The quay wall of the Yokohama Custom Housze had the length of 1,110
ken (6,620 ft.) allowing 13 vessels to moor at the same time. The height of

the wall was ranging from 32.5 ft. to 45 f&, and the width of the base from
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15 f. to 18 ft. .

The greater part was built on the hard clay strata, and the other was con-
structed op the rabble mound. The hard clay strata was excavated and
massive concrete was deposited by means of a pueumzitic caisson to build the
strong foundation, on which inany concrete blocks (4.5 ft. x 5 ft. x 7 ff. and
4 ft. % 6 f£. x 9 ft.) were laid in several layers. The wall was coustructed in several
sections each having 36 ft. in length., The vertical bond of each block was
reinforced by the cement mortar filled in the vertical grooves, and nothing was
attempted to stiffen the horizontal bond, since the bonding power between
horizontal layeys was so poor that it was easily overcome Dy the seismic force.

No wall overturned from its root, but all quay walls except the foundation
of stationary wharf cranes, was forced to slide out to the front step by step
according to the vibration of the earthquake. Xower two or three cowrses, co-
vering 800 ken in length, were remained becanse they were fixed o the hard
clay strata by concrete, while npper layers above them were forced to silde out
so far as they were thrown down in the water. The other part, covering 240 ken
in lenzth, was fereed fo slidb out from the root, which was merely lying on the
rubble mound or on the hard clay strata; and moreover relative displacement
between horizontal layers had taken place, and the upper part was remaining on
the lower layers by overhanging about 5 feet.

Pl 8 and Pl. 9 show the typical section of the failure of the quay, which
was built on hard clay strata.

Pl. 10 and Pl 11 show the damage to the quay walls which were built on
the rubble mound. | .

Pl. 13 shows the section of the foundation of 20 ton stationary wharf
crane, which was perfectly safe during the earthquake.

b). Caleulations on the stability of the guay wall.

Pl. 12 denotes the force diagram for the typical zection of the quay, same
as shown in PI. 8.

PL. 18 indicates the force diagram for the foundation of the sfat-ionary wharf
crane, which was perfectly safe.

Several experiments were carried to determine the bonding force (friction)
between horizontal courses of blocks, and the angle of repose of the back fil-

ling material. And no great error will occur if tlie following results are used.
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p=40° @,=22°30" (frictional angle between horizontal courses) =35°

i, e. tan ¢,=0.7
Pl1, 12.

£,=:20.25 ft. w0, =115 lbs.jou. ft. Weight of back £ll above water.
0 =062 wy= 75 " " . . ,» Ssubmerged.
=144 w=140 . .
=95 W' =625

Weight of wall = 48,250 1bs.

» wall,

»s » Waler

Buoynney of wall = 15320 1bs.

_Case 1L, o= 3,600 mm/sec®. pep= 2,100 mm/sec?.

=1.181 =18°'
?\r,\{ =
=0.952 = 2904
For Ap=1.181, &=188', we Lnve
a=sin 40°38’ =0.6512

Iy =2 aios 18°8° cos 158°54' —c.os 22°30" cos 74732 = —1.1336
e = gin 18°8' cos 16854’ + sin 22°30 cos 74°32' = —0.1836

. 5=462'
P, =1.181 % 4,554 % 0.475= 2,594 1bs.
P, =1181 x 36,300 x 0.475= 20,370 1bs. .

he=258.725 ft. for P,
Weight of wall= L1181 x 48,250

Buuyaney =1.181 % 15,320
Back water pressure by eq. (46)= 1.181 % 930
Resuitant- P=22924 lbs.
TWall=38,320 s R, =58,200 ibs.

Whater pressure=71,100 1bs.

B, mnkes inelination of 3430 to the vertical and malkes 31°80' to the normal line of the Lase,

Fox ro=20.952, &=29°42"
a=sin 45°12’ =0.7096
b= o 32°49 cos 155754 —e0s22°30" cos T79°6" = —1.026
& = sin 92°49 ¢og 163°547 +sin 22°30' cos 79°€ = —0.2876

§=387°02°
P, =0.952x 4,55¢x0.673= 2,480 1bs.
P,= , X 5:6,360 X, =1B800 lbs.
Wil =45,850 lbs.
Back water = 885 lbs.
Resunltant P=22230 Iba.
Wall =30,350 b B, =51,100 Ibs.

Water pressure =385 1bs

+i makes the inelinativn of 38° ta the vertionl, sncl 367 to the normal line of the base.
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Case, IIT. oy =4.000 mm/ses.” ocﬁ-* 41,800 mm/sec.?

=1.252 j =19°2'
Ao £ .
{ =0.913 | =26°34
For A0=0013, &=26°34', we huve
a=0.7568 b= —0.9482 c=—0.3708
3=33"30'

P,=0.913x 4,554 x0.878
P, =0.913 x 36,380 x 0.878
Wall=0.913 x 48,250
Buoyaney=0.913 x 15,820
Brek water=0.013 x 1,140
R, =52,000 lbs.

R, malkes the inelination of 43° to the vertical and mnkes 40° to the normsl line of the base.

Case IV. wp=op=0 Ordinary condition with no earthquake.

For Ie=0, we have
a=0.3827 = —1.445 ¢=0.2117
5= 64°46'

P, = 4,554 x 0.245=1,115 1bs.

P, =36,960 x 0.245=5,000 Ibs.

WWall = 48,250, 1bs.

Buoyancy =15,520 1bs.

Resuliant P=10,016 ibs.
TWhail= 32,430 b,

For le==0, we have

} R, =38,400 ibs.

_whsin(5—g)oosd .
Acosp

Jo=0.7 w
ic=80 Ibs/sq. ft. above water line.

k ={.1185 wh hi=06 £, when the excavated plane is vertionl Hence,

Jc=50 lbsfsq. £t below water line.

For upper section above water level.

a=0.3827 b= ~1.226 ¢=0.1205
5= 6157’ '
P, = 0,242 x 4,554 —8.9 x 80 x 0.878 =478 Ibs.
Tig==0

For lower section below water line
a=0.3887 b= ~1.4365 ¢=0.2083
F=064°41"
P, =0.245 x 36,360 —20.3 x 50 x 0.85=8,035 1bs.
he=98.65 ft.

Resultant P=8,513 lbs

Wall =32,430 1bs. } Bg =37,600 lbs.



13292 Genera] Theory on Enrth Pressure and Seismic Stability of Retnining Wall and Dam 48

Pl 13.
=407
@o="22"30"
fo=12.5 ft
ce =907
1=18.95 fi.
I'=18 ft.
cep= 4,000 mm sec? ey = 321,800 min/sec®.
For As=0.213 2=20°34', we have
a=0.7558
b= ~1.0075
c=—0.31%
§=123320’

P, =0.9138 x 4,554 x 0.593

P, =0.913 % 15,060 x 0,593

‘Weight of wall=0.013 x 50,150
Buoyaney=0.913 x 12,200

Weight of crane and its bed=0.913 x 8,700
Resultant R, =51,000 ibs.

Resultant makes the inclinstion of 34° to the normal of the brse,

. ¢). Conelusion.

It is sure that all quay walls at some weakest horizontal joint were forced
to slide out more or less by the earthquake, whose acceleration is o, =3,600
mnfsec® and e, =1,200 minfsee®, when e, acted downwards, becanse the resultant
force makes larger inclination than 35 degrees ‘to the normal line of the base.
(tan 35° is assumed to be the frictional coeflicient between concrete blocks).

The foundation of the wharf crane proved to be perfectly safe against the
earthgnake whose acceleration is o4,==4,000 mm/sec® and e,=—1,500 mm|sec’,
Tiecause the resultant in this case makes 34 degrees to the normal of the hase.
Since it is supposed that the maximum acceleration of the earthquake on
Sep. 1st., at the site was nearly o,=4,000 mmfsec® and ,=1,800 mm [sec’,

CGenerally speaking, the foundation of the guay wall was sufficiently hard,
and the execution was carvied in good condition, but no attention was paid for
the bondings between horizomntal layers. If the horizontal bondings had been
stiffened by some means (conerete blocks providing grooves aud tenons efe.) '
the quay wall would have been not so radically damaged.

By some superior design for which kinematic consideration is paid, a solid
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quay wall as well as a gravity dam can be constructed by moderate cost and
also can be guarantied against such an earthquake as that on September 1st.

1923.

—(T'he End)—



