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EARTHQUAKE RESISTANT DESIGN OF RETAINING WALLS

[.P. Kapila ®

SYNOPSIS

This paper relates the determination of active and passive pressures exerted by cohe-
sionless meterial under eartiiquake cooditions. The introduction of earthquake inertia forces
to Coulomb’s sliding wedge yieids the Mononobe-Okabe formula. Modifications of known gra-
phical methods 1o include the cffect of earthquake forces are presented in this paper.

INTRODUCTION

The pressure, both active and passive. exerted by cohesionless material against & retain-
ing structure in the absence of earthquake conditions may be determined by the well known
Coulomb's Wedge Theory. The earthquake problem mtroduces an imertia force corresponding
to the acceleration imparted 10 the mass of the sliding wedge. Tbe solution of the resulting
force diagram yields the pressure exerted against the the structure which can be expressed by
the Mononobe-Okabe Formula (1, 2). Several graphical mcthods are nnﬂnbk for pressure
deternination from Coulomb’s Wedge Theory. Modification of two such pcthods.m presea-
ted in this paper to include the effect of eathquake force. 4

ACTIVE PRESSURE =

Coulomb's Formula : In Fig 1(a). AB is the fill-side face of the retaining structure,
inclined at an angle = to the vertical. The surface of the fill AD is inclined to the horizon-

tal at an angle §. If the retaining structure is removed, the material of the fill will sertle finally

. 8t the angle of repose which is close to the angle of internal friction, represented by the plane BD.

According to the Coulomb’s Wedge Theory, however, when the retaining structure moves for-

" ward only slightly, the surface of rupture will not form at piane BD immediately. Instead, the
k< plane of rupture will lie somewhere between AB and BD. It may be assumed to correspond

%0 the place BC in Fig. 1 {a). . The active pressure aginst the retaming mma‘a\h‘aa’s,

; dctcmmc the location of the plane BC whncb will cause tbe muimum reactios against the

face AB.
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The reaction against the face AB will be inclined at an angle @, 10 the normal, where
e,ilhelngleotvnnfricuonbemm :heeomnknmmum face of the retaining ]
structure. The reaction against the plane BC will be inclined at an angle @ 10 the normal. '

Fig. 1 (a)

st T @

0 b Bebd -'Fig. 1 () b S ~ Fig 1
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_If these two resclions are designated P, and R respectively and the weight of wedge is w, P
chy be'determined from the triangle of forcés Fig: 1 (c), If AF Jad CE in Fig. 1 (a) are drawn

« inch thiat each mikedan anfle 90" =10 = ') with BD, it° Bas  beén shown (3, 4), that the
mazimum active pressure would result whea .
. ..- AABC = ADCE : (M
i{’/ E_n_- . * ’ e z i

and X T
vbh+ i
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the mazimum active pressure would he
- }Y x* Sin [90 — (x ('@ +) (3
where ¥ is the unit weight of the cohesionless material. This may also be expressed as
{1 7' Cos* (2 -—x) — —
. : . (Sin(@+e)Sin@ -8 141"
Colx. Couiai~w) [ I+ | oD, + «) Cosi* =) ] (4)

which is the Coulomb's Formula fo- active pressure.

The Mononobe-Okabe Formuia : For earthquake conditions, additional mertia forces

«aW and = = W would be imposed on the mass of the shiding wedge (Fig. 2) where
®a and x, are the horizontal and vertical seismic cocficients respectively. The
resultant force, W,. is thus .

(l=x,) W
We="Coro )

where 0 = ™ T:;:i:':‘ (6)

According to the Menonobe's theory, the effeet of the accelerations due to 28 earthquake is to
modify the direction of the gravity force, which would be equivalent 1o 3 rotation of the vertical
and horizoutal planes of reference through an angle § in the same direction. This effect may be
mtroduced by plane BD making an angle (2 — §) with the horizontal as indicated in Fig. 2(a).
The resulting force polygon would be as shown in Fig. 210)

If AF and CE in Fig. 2 (a) are drawn such ihat each makes .an angle (%0 - 2, — x
=) with BD, it can be shown that the maximum active pressure would result when the
requirements of Eq. (1) and Eq, (2) as for the non-seismic condition are satisfled. The
maximum active pressure would be

P Iz, ). :
At .‘ch:..’_lx-.s.nm—(a+e.+o)J ™

This may also be expressed as
' Py=t(l=x) 7 C, (8)

wh.re CA it the active pressure coefficient

o Cos* (@ — x —6) ==
CA Sq‘-—-—-“"‘“ ‘.x j
24+, SINg ~3 - Y ¢
Cosg Cos'ex. Co«e.“*"['*{ﬂ c.+;)+0)533‘-:))'} ]
®

g
.

F

]

This is the Mononobe-Okabe Formula for active pressure,
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. .GRAPHICAL METHOD,,. -+ * ~ "™ :
Culmann's Method RIS ‘8 € B o
: “Culmann's graphical method for {he defermination of fctive pressure is of more
general application than sevral others described dn texi-books ‘0n $il ‘Mechanics. It
essentially comprises the construction of the triangle of forces for each of the ‘several ‘assumed
planes of ruptire. The vegtor representing the weight of ‘the Wedge i plotied on plane BD,
Fig. (1). The vector representing the active pressure & then drawn "3 ad 1o make an angle
(90— @, ~-&) with the plane BD, The triangle of forces is thus thit which is formed by the
usu.med plane of rupture. the plane BD aod the active pressure vectof-drawn as indicated above.
. The locus of the point of intersection of the active pressure vector with the corresponding plane
. of rupture is designated as the “Culmanp Line™. The shaximum distanck between plane BD and
¢ the tangeAt to the Culmann Line drawn parallel to the plaoe 8D, measured paraliel 1o the sctive
* pressure vector is the active pressure to the force scale adopted in the cONStruction.
' The modiﬁc_mibds_ necessary in Culmann’s graphical construction to inclule the effect
¢ . of earthquake forces would be readily apparent from the preceding digcussion regarding the
-y Mongnobe.—Okthc,Formuh. Temas ' 't T

TN T

i) The 'phm BD is to be drawn such that i is inchined 4t an angle (2 el to the
horizontal, * i

i)' The active pressure vector is 10 be drawn at am angld (902 =t —f) |'rith ‘the

phﬂé BD s I . 38 A i
; It would be seen that the resulting triangle of forces conforms to that shown in Fig. 2Ac)
i This modification is illustrated in the example on Fig. 3. 5 2 :

'
. '
L)

Melbye's Method '
‘proposed by A. Mefbye (4). This is directed towards drawing the' plase of rupture such that the
sequirments of Eq. (1) are met, and then scaling off the leagth x* to ‘the linear scale of the
construction. In Fig. 1, if EG .is drawn parallel to AD, then N must lie on the plane of rupture
~ fer Eq. | to be satisfied. Furthermore, i can be showa that the locus of the point ‘I (which is
=" the intersiction of the diagonals GC and AE of the paralielogram ACEG) will be parallel to BU
; ‘ and will bisect AB. The graphical constructiqn, therefore, merely fequir'is dnwin‘"'i Lne
R'E., . which bisects ' AH and s parallel 10 BD, and then determinining by trial the plaoe of rupture
AR 5 BC which yields Gl=IC. The meodifications necessary ‘to include the effect of earthquake
'“-fmwouldhc. ol ek ' '

I} 2R bac- (1) Toe plane BD is to be drawn 80 as to make #n angle (& —8) wit the horzontal
oL " AF is to be drawn to make n angle (90— @1~ < —6) with BD. ¥,
' It would be seen that the requirements of Eq. (1) remain unchanged under the earthquake
S oonditions. - The value of 'z’ as determined by this construction can be substituted into Bq. (7)

Tt yeild maximum active pressure. The application of this method i Dustrated Fig 4.

o Another ' graphical method based on * Coulomb's Wedge Theory has blren.;,
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DATA:
h - 100 ft. Maximum active pressure vector = 930 kips
< - 35 (1-0.05) ;
a' - 3 P. = —-—mr.owl'
' TPy ™= 15* - 8945 kips
3 = 15
. «y = 0.15 (acceleration away from retaining structure)
s x, = 005 (acceleration downwards)
i o = ,.
T . w132 Ibs,/clt.
b .
-0
r.-" 3 /
Asswmed pranes o / ;
’ ‘ 'WO\/V’ ; /,/ - B itk la
(A / - d~¢-q//
\ vy “I’f
.- - ‘.'
$ - X
. A '
- avd .
oft i dw ¢ i it
‘ b ﬂfa p H R A
JFROCEDURE

" & daddi Draw BD to make

::'” e sur ""'ph'na of rupture Ba, Bb e, and
b ASYG2 iod plot on any convenient force scale

o

P |

r-tmvml‘rml buc ltu.uQeOO' 2. -8
, 2 ) ) i A.)s
g’ Rt correspoonding 28 plines of o

n.Ju#nn

.t .
A. ‘

an angle (2 —6) wi.h the horizontal.

compute weight of wedge ABa, ABb

lllbonlD - ,

rupture.

T B

_ s, Draw the locus of the intersection of assumed phm of rupture nd correspond-
ssure vector (The Culmaan Line) aad determine the sctive press

ing active .

‘. .

gure,_yector 'panncl to BE

Fig. 3—Modified Culmamn's Co

9. “av

nstruction for Active Pressure.
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DATA
Bt h - 100 ft Cos. (2,+x+8)
’_&h e - 4 Y 3, '6 - ‘(l:¢' n.‘. T‘
» # =W Cos. 59*
@, = 15° -} (1-0.09). 132. (165.9)° ~=o 5 Dbs.
" 3 = ¥ - 3956 kips
4 § s ®s = Accelerstion away from retaining structu.e = 0.15
i x, = Acceleration downwards = 0.05
:-l -k ] - 9
: y = 13210bs. /el
ey { 2
k!
s
7

2 PROCEDURE
= 1. Draw BD to make an angle (@ —8) with the horizontal.
2. Bisect AB, AH = BH.
3. Draw HJ paraliel to BD. .
‘Draw AF to make an angle (90°—@,—=x-@) with BD.

4
s. Determine plaoe of rupture BC by trial such that GI = IC.
6. Draw CE panaliel to AF and measure leagth to licear scale of gonstruction.

poaht wail b

BL o3 - 2 MY y Ty a1 % e i
i ge—Modifid Melbye's Coastruction for Agive BTEsthre. ..

® Based on paper * vtermining Active Thurst on the back of & Wall Noisining Cobesion - less
Material” by A Melbye, Civil Engines:ing & Poblic Works Review Vol M4, No, 840, July 1941,
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PASSIVE PRESSURE

,. Coulomb’s Formulae:—The determination of the passive pressure follows the same basic
considerations as for active pressure, with the main point of difference being that the plane of
rupture be such as will result in the minimum pressure against the retaiping structure. The
plane BD shown in Fig. | and’2 to be above the horizontal plane for the active pressure con-
dition would be below the horizontal plane for passive pressure and horizontal earthquake

* inertia forces would have to be assumed acting away from the structure and not towards the
structure.,

1 = g
Py = Cosé ™ (Minimum Passive Pressure Vector) (1=2=%x,)

PROCEDURE

1 Drnaw DBD’ to make angle (@ —8) with horizontal. , L%
Assume planes of ;-upturtB;,Bb, etc. and compute weight of wedge ABa,
ABb, etc. and plot Ba’, Bb’' 1o any convenient force scale on DBD’ a2
3 Draw passivé prebsiué Vecions' from 2. b’ ete. At an dnge (0-«+2.+0) S
DAY Tatefect Cotrespondling isiumed Planes of rupture.’ wiloen IO wed =B
4 Draw the locus of the intersection of the assumed rupture plaoes aod the
corresponding passive pressure vectors (The Culmans Line) and detcrmioe he

o o e e AN MU PAsSSive pressure vecior, .
L o’ * 4

Fig. S~Modified Culmann’s Coastruction for Passive Pressure.
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s "_‘7. xt C“'(Gl—‘"’e) (‘ixv
- Cos 6

PROCEDURE
; 1. Draw DBD’ to make an angle (2 —86)

2. Bisect AB, AH=BH.

3. Draw JHJ parallel to DBD".

4. Draw A FG o make angle (90" + 2,
5.

6.

with the horizontal.

—x +@) with DBD

ne of ruptuse BC by trial such that Gl-lC

Determine pla
scale of construction.

Draw CE parallel 10 AG and measure length to linear

clbyc s Construction for Mve Pfessurc.

-

Fig. 6—Modiﬁ¢d M
i

~ 3% e .; The analytwal solution ror passive pressure due to eohauonkss material would show
to hold and that whether or pot earthquake forces

- ;hat the requirements of Eq. (1) continue
5% ATy mcludcd in the analysis. For normal conditions, without embq\nke. the passive

"~
Nt
\‘,*_, I, & g L g et e
x‘Col o« - g 1
"L 'u. T A -‘7 ( Q.) ’ ) - 1" -u”"-" Mﬂ' ;(( o)
1T b S0
W.nmc.m-h-muw'

P =193 :
* Bassd on paper, Dohﬂnhm.. Acsive Thrust on the back of &
g & Public Worke Review Vol,

by A. Melbye, Civil Eagineer , Nos O“_Jciy 1961 .
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This may also be expressed as

1 Y4 Cost (& + C)

: . — )
. Sm(@—Q)omiec » & )¢
Cow* « Cos (2, — ‘”[‘ - CQ,"(Q,’-'«)'CMGE—.S)) t ]

’.-

The Mononohe —Okabe Formula

When earthquake inertia forges are included, the passive pressure is

.

» 7."‘ c e Q2
y = (1= x,) Con @ os. (=01~ 8) ... <)

Where 6 is as defined in Eq. (6).
This may also be expresced as

" - { " z :.) Y.h’.c. e sse s ‘e ('3)
where C; is the passive pressure coeflicient

Cos* (2 =~ v — A) il
Sm (@~ oo 23— ! ;]'
Cosig—x) Cos{ 2\ —x= 8
14)

Cv”

Coskh. Cos?x. Cot (2, —=x~6) [‘ -

This is the Mononobe-Okabe Formula for passive pressure.

GRAPHICAL METHODS
The Culmann and Melbye graphical methods for passive pressure determination follow
the same basis described earlier, and the modifications considered necessary for active pressure

would apply for including the effects of earthquake forces. The application of these two gra-
phical methods for eartbquake resistant design is indicated m Figs. 5 and 6.
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