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Abstract: Problem statement: Correct evaluation of the earth pressure agaigistinning structure
during earthquake is essential for the safe anda@ design of geotechnical structures. Progressiv
deformation in the backfill and the assumed shapfaiture wedge affect the calculated values of
seismic earth pressures. However, no researchnouilis available that considers both of these two
factors in an analysig\pproach: In this study, a new analytical methodology waspmsed that took
into the account the progressive failure of theklihsoil as well as the shape of the failure wedé
new formulation was first established taking thiéufa plane as the combination of a curved lowet pa
and a straight upper part. The localized deformatid the backfill was accounted for in the
formulation by utilizing the mobilized friction afeggand the peak friction angle depending on the
locations along the failure surface. The proposezthodology was validated by comparing the
calculated results with the established experimergsults. Calculations were also performed for
different types of wall with various backfill indations.Results. The developed methodology could
predict the seismic active earth pressure agataining structure with reasonable accuracy. lidou
also realistically predict the active failure doman the backfill soil at the high excitation leyels
compared to the pseudo-static solution providedthy well-known Mononobe-Okabe method.
Conclusion/Recommendations. It was observed that the Mononobe-Okabe methocnestimates
the seismic active earth pressure and overestintatesdomain of failure zone in the backfill,
especially under intense seismic excitation. Theppsed methodology, therefore, can contribute
greatly towards the economic earthquake resistsigd of geotechnical structures.

Key words: Localized deformation, log-spiral method, Monondblabe theory, retaining structure,
seismic active earth pressure

INTRODUCTION The 1995 Hyogoken-Nanbu earthquake brought
devastating damage to more than 90% of the watgrfro
Damage to retaining structures is common inretaining structures, most of which were caissqrety
almost every major historical earthquake. Mosttef t quay walls. Displacements of the quay walls dutimeg
reported damage during devastating earthquakeses d earthquake were among the largest recorded in the
to the increased lateral pressures, which in teadd to  history of port facilities in Japan. The designssdc
sliding, overturning and tilting of structuf8s In the  coefficients of the structures were ranging frorh00.
1995 Hyogoken-Nambu earthquake, Kobe, Japa®.25. Variations in these coefficients reflect the
(Kobe Earthquake), many gravity-type retaining difference in the site conditions and the levekafety
structures suffered huge dam4dk As a matter of fact, specified according to the importance as stipulated
the damage suffered by many retaining structurethe design standard of the then Ministry of Tramgpo
during the 1923 Kanto earthquake, Japan gave tmrth Japaf®. Structures that were designed using seismic
the well-known Mononobe-Okabe method, which hascoefficient of 0.10-0.15 suffered excessive damage.
been used extensively in design offices for thems&  Similar damage resulting from the use of low setsmi
analysis and design all over the w&tfil A great deal coefficient was also reported in a moderate level
of research’® have been performed since theearthquake (2005 West off Fukuoka Prefecture
advancement of the Mononobe-Okabe theory (referredarthquake) that occurred in the western part of
hereafter as the M-O method) to evaluate its acgura Fukuoka, Japan. Damage to port facilities duringt th
A good summary of the M-O method and theearthquake has been summarized in Suggira.”".
limitations of its application have been discussed Most of the reported damage during the Hyogo-ken
Ebeling and Morrisofr’. Nanbu earthquake was attributed either to the soil
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failures due to liquefaction or to the structuraildres  graphical procedure, where the effect of strain
due to strong inertia force. Towhatigal.*? recognized localization in the backfill soil and the associafgost-
that the effect of the increased or decreasedaladarth  peak reduction of the friction angle were takermo itite
pressure during the earthquake prior to and/orr afteaccount. Zhang and &%, adopted a similar approach
liquefaction might have been another cause ofind mathematically evaluated the effect of strain
devastation to retaining structures during thatlocalization on the M-O method.
earthquake. This has raised concern regarding the The fourth drawback (another major drawback) of
applicability of the M-O method to intense groundthe M-O theory is that it assumes the rupture serfa
motions such as those during the Hyogoken-Nanbthe failure wedge as a planar one. However, intyeal
earthquake. the rupture surface is not a planar one and can be
Ostadali® has described the M-O method as theclosely approximated by a curved lower part and a
most abused methods in the geotechnical engineerirgjraight upper part. Assumed shape of the failure
practice. Field observations and experimental datee  surface affects the magnitude of seismic earthspres
shown that hardly any of the assumptions used én thit has been observed that the calculated active
development of the M-O method are applicable forcoefficient for static earth pressure using cursedace
building walls. The new understanding, in fact, does not differ significantly from the planar swda
prompted the Nuclear Regulatory Commission (NRC)assumption. The same, however, cannot be truehéor t
of the United States to reject the M-O method alsage calculation of active thrust under seismic loadereh
the other methods based on the M-O method fothe inertial forces enter into the governing diietial
application to critical structures. Amid growing equations. Centrifuge tests results of Nakafftira
criticism centering the M-O method, an emergingdre fact have clearly displayed the curved nature dfifa
in recent years is to modify the metH8tin the design surface under dynamic loading and it was concluded
of geotechnical structures. that the hypothetical conditions of the M-O mettdmd
Leaving aside the problems arising out of thenot appropriately express the real behavior of fihck
design and applications of the M-O method, theand gravity retaining walls during earthquakes. The
underlying theory itself suffers from several liatibns  effect of the inertial forces was taken into the
(as described below), especially under intense rgtou consideration in the modified version of the M-O
motions. The first and foremost is the pseudostatimethod proposetly Fang and Ch&H, where it was
nature of the theory. It is, however, sometimessiids  emphasized the need for careful consideration while
to alleviate such shortcoming by using a time-sitgpp using the M-O method for calculating the seismirtlea
analysis of the earthquake mofi8h The second pressures. A few other meth&dS” are available,
shortcoming of the M-O theory is that it can prédice = where the effect of curved failure surface on the
total earth pressure only under moderate earthquaksalculation of seismic earth pressures was takém in
ground motions. Under intense ground motions, theconsideration.
theory predicts unrealistically low values of seism Having recognized the drawbacks of the M-O
earth pressure. method, an emerging trend in recent years is toifjnod
The third drawback (a major drawback) of the M-Othe M-O method during an intense earthquake ground
theory is the inherent assumption stemming directlymotior’®”. Performance-Based Design (PBH) which
from the Coulomb earth pressure theory on which thés becoming he norm in the design of geotechnical
method is based. That is, the formation of theufail structures as well, specifies the intense earthguak
plane in the backfill is instantaneous with simoétaus  motion (Level 2 earthquake motidnas the design
mobilization of the friction anglepalong the failure ground motion for safety of a structure during tiefa
plane. The shear resistangds assumed to be uniform, an earthquake. Thus, the M-O method is not suitable
isotropic and constant in the M-O method. This,the framework of PBD.
however, is not the case in the actual situation. —However, no research until now is available that
Attainment of the active or the passive state (mas considers both the progressive deformation in bckf
equilibrium state), involves progressive deformataf ~ as well as the shape of failure surface for anatyzi
the backfill. Progressive deformation and strainSeismic earth pressure against retaining wall. The
localization are two phenomena, which are deligatel objective of this research is to develop a new
intertwined. The behavior of the sliding soil maksis, methodology, wherein, both are incorporated in a
will be governed by the strength anisotropy, pregim closed form analytical solution. A procedure is
failure and strain localization. Kosedtial. ® proposed  proposed here, for the prediction of seismic actiaeth
a modified pseudo-static limit equilibrium based pressure, by taking into account the progressive
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deformation of backfill as well as the curved shape ¢ = Angle of internal friction of the backfill maiat
failure surface. In the following sections, a c = Cohesion of the backfill material

mathematical formulation is first established, ihieh & = Angle of soil-wall interface friction

the failure plane is taken as the combination ofiwed  k = Seismic coefficient

lower part and a straight upper part. The curved pag = nclination of the seismic coefficient with the
was assumed to be of a logarithmic spiral of convex horizontal

shape. The Mohr stress circle under plastic equilib g = Backfill surcharge

state of the backfill is drawn for the dynamic loag

condition. Various geometrical parameters were Al the others such as the geometrical factarsB,
determined using the Mohr stress circle. Progressivy, ., gand the incremental displacement or velocitigs
deformation states of the backfill were accounted f , '\, "\, "are as defined in Fig. 1. The method assumed
by utilizing the peak friction anglegfay) and the  that the shear strength of the soil is unaffecienlying
residual friction anglege, at different locations along no Iocalized deformation in the backfill) as a e

the failure plane of the active wedge. Effectivenes  the seismic loading. Also, a constant seismic aciefit

the proposed methodology is evaluated by comparing,as assumed for the entire soil mass involved @& th
the calculated results with experimental resultstber  interaction. The seismic active earth pressure was

researchers. derived by considering the equilibrium of external

Logarithmic spiral method for prediction of seismic work, > [AW] and internal energy dissipation,
active earth pressure: Experimental and theoretical X2[AD]. The incremental external work\) due to an
investigations for validating the use of wedge tigeaf ~ external force is the external force multiplied the
earth pressure have shown that the sliding sutfaae corresponding incremental displacement or velocity.
is formed in the backfill of a retaining structuie The incremental external work due to self-weight
composed of a curved lower part and a planar uppex region is the vertical component of the velogity
part that corresponds to the Rankine state. Thetexathat region multiplied by the weight ofethregion.
equation of the curved part has not yet been fouisd-
likely that the problem becomes indeterminate and a
closed form solution becomes too complex to achieve
Therefore, in practice, the real curve is replatgd
simple curves such as the circle or the logarithmic
spiral. Curved failure plane approach for calcualgtihe
dynamic passive thrust against retaining structuras
first proposed by Ichiharat al.*?. A kinematical
approach of limit analysis theory was adopted by

ext

Soubra and Macli, where upper bound solutions for e e
calculating the seismic active and passive earth weP g

. v ;ccs(U-Q) S
pressures were given. On the other hand, Chang anc o Tcos P Vo Va2V

Chen® put forward an analytical solution based on the @

log-sandwich mechanism. A brief review of the
approach described by Chang and ¢i&s made first,

followed by the approach adopted in this research.
c-¢ soil

g P
A

g -t = p} Vo

L og-sandwich mechanism of Chang and Chen'®: In
this approach, a general soil-wall system with
translational wall movement and g-spiral log-
sandwich mechanism of failure proposed by Chen an

Rosenfarf® was adopted. The underlying principles of o[y

the theoretical formulations are shown in Fig.ritHe A% Vyevietims Vi = Sogp Vo

formulation, the variables involved are definedtls Va=Vyet? v,,,;“"cz‘;‘;"’vo

following: (b)

H = Vertical height of wall Fig. 1: Log-sandwich mechanism for seismic pressure
y = Unit weight of the backfill material analysi&’
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The incremental energy dissipatioAD)) is the total

frictional force multiplied by the incremental
displacement for the pure friction energy dissipati
along the soil-wall interface. Thus, referring ig.FL:

Z[AW] et = AW opg + AW o + AW (o + AW (1)

Z[AD]=ADOB+NDAB+ADBC+ADCD+ADOBC (2

ext

By equating® [AW],,, in Eq. 1 to) [AD] in Eq. 2,

the following equation for the active earth pressur
during earthquakes (P) was obtained:

1
PAE :EVHZ NAy + qHNAq + CH'\L\C (3)

MATERIALSAND METHODS

Log-spiral method: An inclined retaining wall of
vertical height H with back face inclinatiom,
supporting a sandy backfill with surface inclinatid®
and unit weighty is shown in Fig. 2. The back face
inclination a; is considered positive for the
configuration shown. According to the M-O theotygt
seismic active thrust against the wall is giventbg
following equation:

1
P :EVHZ (- K/ )KAE /cod (4)

Here K\ is the horizontal coefficient of the
seismic active earth pressure given by the follgwin
equation:

In the above equation, N Nag and N are the
active earth pressure factors.

Log-sandwich mechanism is an upper bound
technique of limit analysis using perfect plasticit
theory, which can be applied for determining the
seismic lateral earth pressure in a quasi-stationea
Thus, it is no different from the Mononobe-Okabe
theory; a quasi-static solution of the actual soil-
structure interaction problem. This, along with the
assumption that the shear resistance within thezeent 5
failure mass is constant, may be the reason why the
method by Chang and CH&hfailed to detect any
differences in the results from the Mononobe-Okabe °
theory while calculating the active earth pressufes
has been already proved, in the case of statih eart "
pressure, the calculated earth pressure coefficigsing

curved failure surface do not differ much from the tand, = k, /(- k)

classical solution by the Coulomb theory. However,
when actual dynamic loading is considered (as oggbos
to the quasi-static loading), the differences will
definitely surface. In addition, as pointed outUyabe
and Moriyd*!, significant strain localization within
backfill leads to increase in pressure, which labd
taken into consideration in an analytical formwati
Ignoring the strain localization of the backfillalgs to
underestimation of the developed pressure during
earthquakes. As discussed in the previous section
analytical solution put forward by Koseki al.”® has
already proved such deficiency of the M-O method an

Iy

ISO?! has recommended to consider the effect of strain

localization. The methodology presented below takes
into the account the dynamic forces acting on thie s
mass (bounded by the wall back face, ground surface

AE T

cos @, +8,-@)cod
cosB, coda, Cos(,+6,+d )

L+ [Sn@+8)sinG-E-8,) ’
cos@, +6,+d)cosf, +f )

®)

The angle of internal friction (assumed uniform

and isotropic)

The friction angle at the interface between the

retaining wall and the backfill soil

The composite seismic angle defined in terms of

ky, the horizontal seismic coefficient
The vertical seismic coefficient as follows:

(6)

a8’

Q

-m sliding surface: 1<0

Logarithmic spiral
(+m sliding surface: 1<0

and a curved failure surface) as well as the straifrig. 2: Retaining wall backfill with composite siidj

localization within the backfill.
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There is an upper limit ofykin the M-O method, the friction at the base of the structure assumed t
beyond which the coefficient g& in Eg. 4 cannot be play no role in the earth pressure calculation
evaluated when the ter(g-3-6,) in the square term in ¢  Vertical accelerations are zero (& kyin Eq. 6)

Eqg. 5 becomes negative. Beyond this limit equilibri  «  No surcharge acting on the top of the backfill

state, the pseudo-static equilibrium of forces calie  «  The backfill is cohesionless (¢ = 0)

maintained. This is one serious drawback of the M-O

method apart from those, which have already been Based on the above assumptions and applying
discussed in the previous section. D’'Alembert’s principle (the moment equilibrium die

In this research, instead of a planar straight lin failure wedge), renders the following equation:
surface as assumed in the above equation, theglidi
surface BC is approximated to be composed of Pl =-M,+M,+M,+M , (7)
logarithmic spiral BD (convex spiral) with its centat
O and a straight line DC (Fig. 2). Within the smihss
ADC, the state of stress is the same as the Rankir]is:0 = Arm length of the resultant seismic active
active pressure acting on the vertical section FDeu thrust
earthquake (R and RBs) as shown. Considering the
clockwise moments as negative, the straight linei&\D
a —m sliding surface and DC is a +m sliding surface

It is to be noted that the sliding surface can b
either convex or concave depending on the locatfon
the center of the logarithmic spiral “O”. In Fig, the
center O is located on the upper extreme of W2 Ms = Moment of the active Rankine earth pressure
resulting in a convex type of sliding surface. For including the seismic effect acting upon the
backfill with negative inclination {<0), the center vertical section FD
“O” will lie in the lower extreme of the line AD

resulting in a concave surface. In this study, &qoa The clockwise moments are considered positive
will be derived considering only the convex type P

surface. Nevertheless, the method can be extend%?;gut?:?g\tlvmteeg'ﬁﬁgs;'gr‘fnthstefnou)zmv\fquat'om:gh
easily for concave type failure surface (as obgkine 9 '
the experiments by Nakamiffd by changing a few
geometrical parameters. Pel=-M+M,+ M +M (8)
In Fig. 2, the straight line DC is tangent to the
spiral_ BD. T_he resultant reaction R along the In Eq. 8,(M,-M,) represents the term\f Eq. 7
logarithmic spiral BD passes through the center.“O" \ynich is the resultant moment due to actual soissna
Hence, the reaction R has no contribution towahds t App Here Ms = moment of the assumed soil mass of
resulting moment and, therefore, was omitted fro t oA due to its body force including the seismiceeff
derivation that follows (Eq. 7 and 8). Thereforeet ' = moment of the assumed soil mass of the sector
moment of the active earth pressure during eartejua _ ° . . . .
.. OBD due to its body force including the seismieeff

Pag, must be equal to the total mom_ent. of the gra\."tyThus calculations yof the momer?tAl\/due to non-
Lorzct?]:fstci]i? ;zgsm:;‘cbﬁlga?";’ tt::s ?otarf(?slcaict)irr(\:e ?ﬁ“th existent soil mass OBA is merely for mathematical

9 onveniences and hence it contains a negative sign.

vertical §ectiop FD during earthquake. A number quoth the body forces (unit weight per length) ahd t
assumptions listed below have been adopted whilggismic forces are considered in the evaluatiothef

Pag, M; = Moment due to soil mass in the log-spiral
zone ABD due to its body force including
the horizontal seismic effect

= Moment of the soil mass ADF due to its
body force including the horizontal seismic
effect

deriving the equations: moments M, M, and M.
It is worthwhile mentioning here that the M-O
e The wall is rigid method satisfies the conditions of force equilibriu

» The inertial accelerations are constant throughou{>H = 0 andX.V = 0) of the sliding mass. But it does
the soil body making it the same as the D’Alembertnot satisfy the boundary conditions in the Rankine
body forces acting in the opposite direction to theregion and of the wall and also does not satisfy th
accelerations moment equilibrium. Thus, the method cannot take in

« The interaction between the soil foundations andconsideration the soil-structure interaction during
the structure at the base is ignored and thereforesarthquake loading. Most of the damage during
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earthquakes are the results of the soil-structure Pseudo-static calculation by the M-O method,
interaction. On the other hand, the logarithmicrapi assumes a linear increase of the horizontal seismic
method presented here satisfies not only the momembefficient, i with increasing maximum acceleration
equilibrium M = 0) of the soil mass, but also the specifying it as a fraction of gravity. As a resut
boundary conditions in the Rankine region. Theintense earthquake motions (such as those in L2vel
rigorous method developed by Sokolo¥8kis the best motions), the calculated horizontal seismic cofits
developed and rational solution so far in the fiefd increase rapidly. However, retaining structures! wil
analytical solutions of earth pressure, since thethod behave differently under Level 1 (L1) and Levell2)
satisfies all the three conditions of equilibriulp =  motions™. Therefore, it is necessary to incorporate
0, V = 0) and EM = 0) of the sliding mass and the Some correction factors to the value gf knder intense
boundary conditions of the Rankine region and ef th €arthquake motions. Noda al.*®, based on the case
wall. An extension of the Sokolovski method to histories of 129 damaged and undamaged gravity type

calculate the dynamic earth pressure has beeniblegcr quay walls in 12 different earthquakes found thaths
in Ichiharaet al .32 linear assumption overestimates the horizontalngeis

coefficient values, especially at acceleration leve
beyond 0.2 g. In order to rectify the overestimatas
the horizontal seismic coefficient, the following
equations were proposed:

Calculation of moment M, As stated above, the
momentM; can be calculated a$/|( -Mp).

The moment, M due to the assumed soil mass
OBA can be obtained as follows (Fig. 3):

tang, = k, =a—gf‘xi o, < 0.29 (11a)

M, =Sgea (XaiKn+ Ve 9
1
In Eq. 9 the weight is calculated based on the aretan®, = k, =%[ﬁf¢ oy 2 0.29 (11b)
of the triangle OBA (&§sa). The area §&a and its center g
of gravity (a, Zca) can be obtained from simple
. Where:

geometry as follows: ) .

Omax = The maximum value of the acceleration

g = The acceleration due to gravity

Segn = 1 OAOBSIN, (10a)
2 Matsuo and Itabashi, on the other hand, based on

the inverse analysis from the data of maximum gdoun

Xen :}[OACOS(E-BH OBcos@, + i—B) (10b) ~ acceleration of actual earthquakes, have propdsed t
3 following equation:

a

1 _— . — . .
Zen = é[OAsm(l2 -B)+ OBsin, + i,—B) (10c) tand, = k = 0.072 0.332MaX (12)
g

Figure 4 compares the M-O assumption together
with the expressions given by Eq. 11 and 12. It lgan
seen that, the equations proposed by Netdal.*®
result in decrease of the values ghbleyond 200 Gal of
acceleration. However, the equation proposed by
Matsuo and Itabasff yields a decreasing tendency of
the same beyond 100 Gal of acceleration. The Japane
design standaf! uses Eq. 11a and b. However, in this
study, the equation proposed by Matsuo and Itai8shi
was adopted.

The equation of the curved part (BD) of the skdin
surface was taken as a logarithmic spiral (Figwjich
Fig. 3: lllustration of calculating the momen{,M can be expressed in the form:
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where, w= The angle between r from r(considered
positive if measured counterclockwise). The moment
M, can then be obtained ad, = M.+ M, where

M, = [zdA andM, = [xdA. It is worthwhile mentioning

here that Mand M, are the static moments of inertia, in
which the weights are calculated based on the afga.
andM, can be derived as follows:

1,3
M, :%in?o[eq“’(cl cosw+ sim )P (13)
1
lr 3
M, = 11 2:12 [e%(C, sinw— cosn )f: (14)

In which, C1 =-3 sinp. The parameters,rw; and
wy in EQ. 13 and 14 can be calculated using Figoghfr
the following equations:

%:g_(woﬂz_ﬁ) (15a)

@ =2-0-P (15b)

r :MHlexp((ﬂ— @, + i,~B)tand )  (15c)
sinw, 2

H

Seismic coefficient (K )
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o
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Fig. 4: Relation between seismic coefficient
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Here H is the length of the back face of the wall, Fig. 5: lllustration of calculating the momentM

which is different from the vertical height H ofethwvall.

Calculation of Moment M3 The moment M is given

Calculation of moment M,: The moment M can be
calculated using Fig. 5 and is given by:

M, =1Ppy +1Pps

M3 =SADF(thG3+ yG3) (16)

where, (x¢,, Ygo,) IS the center of gravity oAADF

Fig. 5 and & is the area oDNADF and they can be
derived as:

by:

(18)

The dynamic forces @R and Rg) acting on the

soil mass in the active Rankine zone can be oltaine
using the Mohr circle for the active state during
earthquake as shown in Fig. 6. Hereahd } are the

arm lengths of the dynamic forcespyP and R

respectively as illustrated in Fig. 2. In Fig. 6ieffers to
the pole of the Mohr circle,Tand T, refers to the two
rupture surfacesp, is the angle between the u-plane

and the major principal plang, is given by:

Sior zlAﬁzmsiniz (17a)
2 co3

Xes = %[(zof) + 0A)cos(i, - B)] (17b)

2e,= é[(zom OA)sin(i, - B)- FD] (17¢)
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The dynamic forces (considered positive in the
direction shown in Fig. 2) can be obtained as fedip



Am. J. Engg. & Applied i, 2 (3): 544-558, 2009

—2 T
_ yFD co$3 .
- l_ Si CcOo +9 - 19 +m sliding surface: =t
DN 200§(PCO§0[ ng cos, +6, =B )IG (19) liding surface; w0
VFD’ cosB
=—— "= singsinf\, + 06, - 20
DS ZCO§(pCO§O P sinf, +8,-B)G (20)

o ¥

Final expressions in Eq. 19 and 20 are derived by
substituting the values of the normal stresg énd the
shear stressty,) obtained using the Mohr stress circle
shown in Fig. 6. In these equations, C; and/, are
defined by using the expressions given below:

-m sliding surface: t<0

c, =08 o , . o ,
cos ¢ co$, Fig. 6: Mohr’'s stress circle for seismic loading

C, =cof,—+ (codB,— cop condition

sinA, —% oD :MHl expEw, tanp | (27b)
S10] Sln(})o
Bo =B+8, Bo=® o
FD=— SN yooqe i —a,)exp
Calculation procedures: The arm lengths) I; and b sinw, coP (27¢)
in Fig. 2 can be derived as following: (-w,tand )— cos@, —B+ i +a, )]
l, =OBSIN@+w, + i, +a,~B)~1H,cosd (21) Now, substituting, the values of ;MM,, M3 and

other parameters as derived above in Eq. 7, thétaes
dynamic active earth pressure can be obtained by
searching the maximum value ofyeP Since wy is
unknown, the iteration process starts with an assum

I, =0ODcos(i, —B) (23) initial value of wy by using trial and error method. The
iteration is performed until B attains the maximum
value. The convergence and the accuracies of the
analytical solution, thus, depend to a greater rexbe

the value ofu,.

I, =ODsin(i, -B) - 1 FD (22)

The angles,j i, (Fig. 2) can be obtained using the
following equations:

i 1,9, B +Dy) (24)  Effect of the localized strain on failure surface: As
4 2 2 mentioned elsehwere, the M-O method assumes that
mobilization of the friction anglep, along the failure
P oTLe, B, +4,) (25) surface (Fig. 7a) takes place simultaneously ieetpe
274 2 2 of the locations. However(@g,) attainment of the

active state of backfill involves progressive

The ang]es ﬁ(F|g 2) between the z axis and the - deformation. This Implles that the mobilized fraoti

m sliding surface AD can be obtained as follows: angle is progressive with different values of thetibn
angle at different locations of the failure surfaaéich

n are at different states of deformation. In the wsial
2G2:5_¢+$+A0+90 (26)  and design of retaining structures, the effect wths
localized deformation can be quite significant.

— _ . . Development of strain localization in the backfif
OB, OD andrFD, that appear in the above equationSyetaining wall was also confirmed by Uwabe and

can be calculated from simple geometry as following  Moriyal®® through their shaking table experiments.
Bolton and Steedm&f showed that the angle of shear
OB= cos@-i-a,) (273) resistance (internal friction) mobilized along fladure
sinw, surface drops by about 17° during the dynamic logdi
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ALL=10 maintains the peak strengtip,{). Therefore, in the
calculation of the moment1; @ is replaced by, and

while in the calculation of the moment;Mp is replaced

by @eax The mobilized shear strengtipn,, can be
evaluated using the concept of progressive index pu

Mononobe-okabe forward by Row#®, which is defined as following:
AL =0.0 failure surface
(@) -
I-lp - (ppeak (pmob (28)
Y (ppeak - (pres

Fully active state

Based on the model studies of dense sands,
Rowé*” suggested that, at field scales could be taken
as 0.4 for the active pressure and 0.8 for theiyass
pressure for practical design. It was claimed these

Mobilized function angle (fuen)

L K § values were applicable to sands at intermediate
Initial state densities as well. Using an appropriate valugipfthe

o AL=00 ALL =10~ various geometrical factors appearing in the

Normalization distance (ALL) formulations described in the preceding sectionewer
(b) calculated that would yield the best curve fittiog the

) ) ) o ) other strength parameters of the backfill soil.
Fig. 7: Progressive deformation within the failure

surface RESULTS

On the other hand, from strain localization based In order to evaluate the accuracy of the proposed
nu.mer_ical analyses of an expgrimental resea[lrch 0Hwethodology, it was first applied to calculate and
seismic earth pressure, Hazarika and MatsuZdwa compare the experimental results of two model stwki
found that the variation of friction angle alongeth able tests involving vertical retaining wall with
failure surface (Fig. 7a) depends on the state OfEuorizontaI backfilla, = 0, B = 0). One (Case 1) is the
deformation of the wall and the backfill. Such béba experimental modell of 'Ichihar.a and MatsuzZwand
of the mobilized friction anglé@ma), is conceptually o oiher (Case 1) is the experimental model of
shown in Fig. 7b when the backfill transforms fram | 0o i ong Farf
initial active state to the fully active state.dan_ be Ichihara and MatsuzaWhconducted a shaking table
observed that V\_/hen the backiill reaches the fuityva test using a large scale vibrating soil bin toreate the
Sta‘?-_ at locations close _to_ the base of the Wa"active earth pressure as well as the at-rest predsing
mobilized values_ of the friction angle have alreadyearthquakes. The model wall (height = 55 cm) used i
reached the res_|glual state. Peak values, on trer Oth'[he test could translate as well as rotate absubase.
hand,. are mobilized so_mewh.ere else (close to thE)ry Toyoura sand was used as the backfill material.
backfill surface). From '.:'g' 7’. It can alsq be abed Earth pressures were calculated from the readiftieeo
that at the same normalized distance, while theevaf three load cells attached to the wall. In that
¢ drops from the peak valu@.y t0 a residual value  gyperimental model, the active earth pressure gurin
(¢red at the lower locations (near the base), it insesa  earthquake was calculated by defining the actiagest
from an initial value @) to the peak valuepfea) at the  as the stage when the angle of friction betweemile
upper locations (near the surface). Such localizegyng the backfill reaches its maximum value.
variation of strength greatly influences the cadted Ishibashi and Fafffy investigated the dynamic
values of seismic active earth pressure. active earth pressure against a rigid retainingcsire

In order to incorporate the localized deformationysing a model shaking table experiment. In that
behavior of the backfill, two different valuegéaxand  experiment, 1 m high retaining wall was used tioatid
(9 Of the angle of internal frictiorp, were considered undergo various modes of wall movement such as
in the formulations that were derived in the présgd translation, rotation about the base and rotatioout
section. Following the trend in Fig. 7, it was assd  the tof*®. Ottawa silica sand was used as the backfill
that the log spiral part (BD in Fig. 2) has the iifisbd  material. Dynamic earth pressures were measured usi
shear strengthqf,.r), while the Rankine zone (ADC) earth pressure cells attached to the model wall.

552



Am. J. Engg. & Applied i, 2 (3):

Defining the dynamic active state as the stage evher
appreciable stress change was observed after @rcert
amount of wall rotation, Ishibashi and F&hdound
that the dynamic active earth pressure is strongly
influenced by the wall movement modes at a lowlleve
of acceleration, while the inertial body effect bees
dominant at the higher acceleration level.

The following backfill properties were used in
each case. For Case | (Toyoura saggx= 51°,
@es = 30° and for Case Il (Ottawa silica sand):
Ppeak = 41°, @pes = 20°. The wall friction §) values in
each case were assumed to pe43 For Case |, based
on plane strain tests it was rembftethat
Ppeak= 42°. However, in the present analygis..= 51°
was adopted to account for the low confining stress
This high value at low confining stress was obtdine
from the extrapolation of test data at various high
confining stresses.

Seismic active earth pressures prediction:
Coefficients of the seismic active thrust @ at the
maximum inertia force (i.e. when the inertia foaes
towards the wall), with increasing acceleration
amplitudes, are shown in Fig. 8 and 9 for the Caswl
Case Il respectively. Values ofyKare back calculated
by using the values of,P obtained from the analysis. It
can be seen that the proposed method could pribaict
experimental trend (both  qualitatively and
guantitatively) with reasonable credibility. The ®-

method, on the other hand, yields only lower boundFig_ 9:

values. Strain localization within the backfill cdre
partly held responsible for such underestimatiortiey
M-O method.

Failure domain prediction: Referring to Fig. 2, the
failure domain predicted by the M-O theory is giusn
the following equation:

1+ tana, tarf +tana
_ 1
__tana - tarB (38)
H cos3

AC

In the above equation, the anglecan be obtained
from the following equation:

cotla ~B) = [cos@, +5+86,)sing+5)
cos@, —B)sinp -B-6, )
\/co§ @, +¢+35-B)
—tan@, + ¢ +6-)

(39)
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In Fig. 10 the predicted failure domains AC

(normalized by the wall height, H) for the experirta
model of Ichihara and Matsuzal#aare compared with
those obtained using the M-O method. Comparison
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shows that the proposed method predicts much small@yeax= AQ, @es= 20°. The wall friction angle was taken
failure domain than the M-O method. Calculated itesu asd = @ear/2.
have also demonstrated that, the differences batttee Figure 1la-c show the horizontal coefficient of
values predicted by the proposed method and the M-Geismic active earth pressure as a function ozbotal
method widen, when the acceleration level exce@fs 2 acceleration coefficient k, at various backfill
Gal. Therefore, it can be inferred that under is¢en inclinations for the Case A, Case B and Case C
earthquake motion (as required by the dual leverespectively. It can be observed that with incregsi
approach of the performance-based design), thdtgesubackfill inclination 3, in all the three cases, the
predicted by the M-O method becomes unreliable andoefficients of the seismic active earth pressure
can lead to an uneconomic design. It is to be ntitad increase. On the contrary, the M-O method
smaller failure domain will normally mean lesser underestimates the values of the coefficientshigber
pressure. However, when strain localization takasepit  is the acceleration, the greater is the underestma
increases the pressure. Such increment of presaom®t ~ Therefore, there is a high degree of risk involwéten
be taken into account if the M-O method is useds Th using the M-O method for the earthquake resistant
may be the reason why in Fig. 8 the calculatedeslu design of structures especially under intense gitoun
show higher values of the pressure. motion (e.g., L2 earthquake motion in performance-
based design). It can also be observed from tlessdts

Application to other wall types and backfill: In the  nat for the same backfill inclination angdewall with
above section, only ideal cases of model retaimialls  osjtive back inclination (Case B) experiences the
(vertl_cal back face and honz_ontal groun_d su_r_fanebe largest seismic active earth pressure, while wath w
g(r)(?s:)qseerdedrﬁel?h(())(;g?()rg?tz)/earilgu;Teie?gi?wlilr?gbsllc%cﬁes negative back inclination (Case C) experiences the
: - smallest seismic active earth pressure. A different
Cgl\,’ivousset bgt:kca:;géat'grqgsl e\&vﬁe)rearr]‘gadgerozonrd W:lljlrsfazvgth methodology for the calculation of static and sétsm
inclination @) active earth pressures has also been presented by
' Choudhury and Singh" for positively inclined rigid
Influence of backfill inclination and wall type on  Wwall with inclined backfill surface (Fig. 11b).
seismic active earth pressure: The coefficients of
seismic active earth pressures were C%Iculated famfluence of backfill inclination and wall type on
various values of backfill inclinatior3=0°,5%°,15°)  t4jlyre domain: Figure 12a-c show the failure domains
for three different types of wall (Case A, Case ia predicted by the proposed methodology at varioakfitia

Case C). Case Auf = 0°) represents a vertical retaining ;. . :
wall, Case B ;= 20°) represents a retaining wall with inclinations for Case A, Case B _and _Case C resymdgti i
dt can be observed that with increasing backfill

positive back face inclination angle and Case C' ¢ . i
(0, =—-20°) represents a retaining wall with negative inclination, the domains of the failure zone expand. At

back face inclination angleeaning-type retaining low acceleration levels, failure domains do noffedif
wall). Material properties of the backfill choserens:  significantly even with increasing backfill limations.

3 = peskd

Proposed method Froposed method Proposed method
— — - MO theory = =0 tugory oy =20° — — - MO theory
a=0° o1 =20° )
;=0 G o =-20° &y = =207
& 0 # pee = 40 - 40°
o A § = dpeak2 Fpedkc =
0= ¥peak - 25

G active thiust

Coefficient of seismic active thrust

Coefficient of seismic active thrust (Kag)
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@) (b) (©

Fig. 11: Seismic coefficients for different typdsaall
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Fig. 13: Backfill withg = 40°

However, as the acceleration levels increase, thEig. 13 b: Backfill withg=50°

differences between the predicted values widen.eOnc

again it can be observed that, in all the threesathe Table 1: For backfill with ¢ = 0 kP& = 40° Inclination of backface
M-O method overestimates the failure domain. Athig of the wall,a = +20°

acceleration amplitude, over estimation can beaagel d b/Kh 0 1% L4 3/8¢
as 1.5 times that of the proposed methodologyufil /3¢ 0.0 0.55 0.61 0.67 0.73
0.1 0.68 0.77 0.86 1.00

domains predicted by the M-O method follow

. : . 0.2 0.84 0.97 1.11 1.37
exp_onentlal curves, vyh|ch shOV\_/ a sudden jump when 03 1.04 123 143 187
horizontal acceleration coefficient exceeds 0.2. 04 1.29 155 1.84 255
Therefore, recommendation of Nodaal . to modify 05 1.60 1.96 237
the value of k beyond 200 Gal, sounds practical. It is 0.6 1.97 2.47
noteworthy that prediction of higher domain of the 0.7 244
failure zone may lead to higher cost of construgtas  1/2¢ 0.0 0.58 0.64 0.72 0.80
large volume of soil are to be improved in suctesas 8-; 8-;2 8-;2 (1"23 1-2?
mitigate any potential hazard during earthquakes. 0.3 103 121 149 199
DISCUSSION 0.4 1.26 1.50 1.90 2.69
0.5 1.52 1.86 2.43
Calculations were also performed for a retaining 0.6 1.85 2.30
wall of height 3 m supporting dry and sandy batkfil 0.7 2.24
. , ; 2/3¢p 0.0 0.61 0.68 0.74 0.84
Table 1 and 2 show the failure domains predictethby o1 075 0.86 0.97 115
present methodology for the shown configuratiorthef 0.2 093 108 128 157
wall (Flg 13 and 14) for a backfill with two diffent 0.3 1.16 1.37 1.68 2.15
angles of internal frictiong(= 40° and 50°), wall friction 0.4 1.43 1.73 2.21 2.94
angles and backfill inclinations. In the earthquake 0.5 1.77 2.18 2.90
resistant design of retaining structures, such | 0.6 2.19 2.75
values are expected to be of practical relevance. 0.7 2.71
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Table 2: For backfill with ¢ = 0 kPg = 50° Inclination of backface Results obtained from this analytical study have

of the wall,o = +20 shown that the Mononobe-Okabe  method
d b/Kh 0 1/gp U4 3/8  underestimates the seismic active earth pressule an
U3 00 0.4 0.45 0.49 054 gyerestimates the failure domain, especially at the

0.1 0.5 0.56 0.63 0.73 . I o i _

0.2 0.62 071 0.81 100 higher levels of seismic excitation. Since, during

0.3 0.76 0.90 1.05 1.37 earthquakes retaining structures are mostly damaged

0.4 0.95 1.14 1.35 1.87 due to increase of active pressure, accurate pieuic

8-2 H; i-gi 1.74 of the active failure zone with increasing acceiera

07 179 ’ assumes significant importance when other strusture
1/2¢ 0.0 0.43 047 053 059 are to be built in the backfill. Overestimationfafiure

0.1 0.52 0.58 0.67 0.79 zone (as has been the case with the Mononobe-Okabe

0.2 0.63 0.72 0.86 1.08  method and the other method based on that method)

8:2 8:;2 2:?8 1:23 1:3? may lead to the unnecessary cost of construction,

05 1.12 1.36 1.78 especially when ground improvement measures are

0.6 1.35 1.68 necessary.

0.7 1.64 With the advent of high-speed personnel computer
213 0.0 0.45 0.50 0.54 062 and cutting edge technology of the present era

0.1 0.55 0.63 071 0.84 '

0.2 0.68 0.79 0.94 115 engineers and researchers no longer need to bmednf

0.3 0.85 1.00 1.23 158 to conservative and simplified methods such as the

0.4 1.05 127 1.62 2.15  Mononobe-Okabe method for the seismic earth pressur

8:2 i:gcl) %Zgg 212 calculations. The calculation method proposed here,

0.7 1.99 thereby, can have enormous practical implications,

especially in the earthquake resistant design bamr
CONCL USION amenities and infrastructures.
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