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ABSTRACT

Classical earth pressure theories of Coulomb and
Rankine for static case and of Mononobe-QOkabe for dynamic
case consider only force equilibrium condition and neglect -
roment equilibrium condition. Hence they fail to predict
pressure distributi6n. The method proposed by P;akash and
Basavanna can predict static and dynamic active‘pressure
distribution but the assumptions involved do not appear to be
reasonable.\ Since laboratory investigations indicaté a non-
linear pressure variation with depth even for static case and
especially for-dynamic case, there is need for development of.

‘a better method for this pﬁrposg;

The numerical method proposed by Joshi and prajapati
(1982) computes distribution of soil reaction for Mononobe-
Okabe rupture Wedge by considering equilibrium of discrete
wedges, The tangent of £he orientation of earth forces wi th
horizontal at vertical interfaces within the rupture wedge
is assumed to vary proportionally to distance of the inter-
face from the upper end of rupture surface, With this the
point of action of soil reaction is cobtained which is usefud
in computing point of action of earth force using moment
equilibrium condition, This method has been adopted for this
investigation, The results are presented in terms of dimen-

sionless factors,
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The computed pressure distributions for static and
dynamic cases are in 'reasonable agreement with reported
experimental results., Use of wall batters ~ leaning away |
from fill leads to higher forces and overturning moments.
Therefore, the walls with vertical back or with slight battgr

leaning towards the fill shoul'd be favoured. Angle of wal'lég
| friction is related to not only angle of sheariﬂg resistance
of fill materials but more significantly to angle of wall
back énd angle of Surcharge. The stability of the surcharige'
slope should be considered in evaluating limitihg angle of
surcharge. This limiting iva_lue if evaluated by using
Mononobe-Okabe formula may fail to comply with moment
equilibrium. A remedy is suggested to overcome this problem,
The point of spplication of earth force as per IS ; 1893~
1975 shows tendencies opposit2 to those predicted by better

theoretical 'metho ds.

The method used in this in‘vesfigation is simple and
yet effective. It is believed‘that fhis method could greatlybe
used to design and field engineers in design of retaining
structures. This is a welcome deve10pment for a developing
country like in{dia with acute shortage of highly trained

technical personnel and sophisticated computing facilities.
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NOTATIONS

A Constant

B Constant

Ca ' Coefficient of active earth pressure by proposed method.

Cda depth factor = X/H

2

Cra force factor = 2Ea/ v H

Cean Cgq X COS M

C Point of action factor =H /H

ha | -3:_\_\,&:;...

Cma moment“factor = 6 Mp/ v H

Cmoa mobilization factor = Px/ vy X

Cpra pressure factor = P)/ v H

cprah pressure factor due to horizontal component of
PX = Cpra X COS n

Ea active earth force on the retaining structure

H height of the retaining wall

H, depth of tension cracks = /N"¢ 4C/

Hp vertical distance from the base of the wall to

) point of application of Ea

Hy vertical distance from the top of the wall to
point of action of Ea

I No.of discrete wedges adopted

K, coefficient of active earth force by Coulomb/
Mononobe-Okabe/Jantus theory.

o Coefficient of at rest earth pressure |

Mp moment of earth force E about the base of the wall

power factor



Vi

tan2 (45 + 4/2)

pressure behind the wall back at a depth X below
the top of the wall

soil reaction

stress due to soil reaction 'along the rupture surface
weight of the soil in the rupture wedge
weight of the retaining wall

vertical distance from the top of the wail
angle of wall back with horizontal
horizontal seism.ic coefficient

vertical seismic coefficient

angle of surcharge with horizontals

limiting value of B

unit weight of the soil

angle of wall friction

critical angle of wall friction

maximum value of &  for a given value of ¢
maximum value of 6 cmax for a given value of «
6. at a value of ¢

c

sangle of shearing resistance of soil '
sangle of friction at the base of the retaining wall
angle between Ea and R

angle of E, with horizontal

angle of interslice earth force with horizontal at
the vertical interface I



tan™ [o /(1 o) 7

angle of failure surface with the horizontal

critical value of p

angle of R with horizontal

angle between earth force and weight of the wedge
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CHAPTER - .1

INTRODUCTION

1.1 PREAMBELE

The study of earth pressures dates back to 1776 when
Couiomb proposed his famous theory of earth pressures for '
retaining walls. Nearly a hundred years later Rankine
proposed his theory for retaining walls with smooth back.

Both thése Itheories & not consider moment equilibrium condi-

" tion. Therefore, the distribution of earth pressure behind
retaining wall has to be assumed. The hydrostatic variation
of pressure is commonly assumed. For }the dynamic case,
Mononobe-Okabe (1929) extended the Coulomb's theory which

also neglects moment equi%‘ibr"ium condition and fails to provide

pressure distribution.

There are many experimental investigation re'portedw for
static and dynarnic active earth preésures. The pressure -
distribution is non-linear for both cases, particularly for
the dynagmic case. Prakash and Basavanna (1969) proposed a
theory to pr'edict pressure distribution using Mononobe-Okabe
rupture wedge. However, this theory makes certain assumptions
which drenot appropriate. Besides, it is not applicable when
the surface of the fill is uneven and carries concentrated or
distributed surcharge loads. It is also not applicable when
the fill is partially sulmerged.
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A numerical method has been proposed by Joshi and
Prajapati (1982) for obtaining static and dynamic earth
pressure distribution, It considers the Mononobe-Okabe
rupture wedge descretized into many smaller sub-wedges. The
interslice earth forces are assumed to be parallel to the
£ill surface at the upper end of the rupture wedge and making
a kown angle of 6 to the normal to the back of the wall.
The tangent of the ,angle of inter slice force for in between
vertical faces is assumed to vary proportionally to the hori-
zontal distance between the inter slice face from the upper
end of the rupture plane. The equilibrium of the discrete
wedges leads to pressure distribution due to soil reaction
along the rupture surface. Knowing this, the moment equili~
brium condition can be used to determine the point of applica-
tion of earth force., The earth pressure distribution along

the wall back is obtained by using the relation :

P, =v CF\XN

X
where
P, = pressure at a depth X below the top of the wall
vy =unit weight of back fill
C'a = active earth pregsure coefficient
N = congtant (power factor)

N and C, cen be evaluated knowing the magnitude and point of

applic ation of ear+h force, Ea'
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This mecthod is quite general in application. It can
consider irregular fill surfaces, concentrated and uniformly

distributed load as well as partially subtmerged fills.

1.2 SCOPE

Retaining walls and other retaining structures are most
commonly encountered civil engineering structures. They are
often small and simple strﬁctures, designed and constmcted |
under the supervision of engineers who may not be specialists
in the area of earth pressure. Therefore, these problems may
not always get the best attention. Any improvement in the
design of gsuch structures, therefore, will be reflected in
large savings on the national basis. For this purpo se, the
proposed practice should be simple and easy to use. As far as
possible it is desirable to carry out the design calculations
using haznd calculations or mini computers, wherever available.
The numerical method proposed by Joshi and Prajapati (1982)
is dideally suites for these needs. Besides,it is also capable
of considering a general case of earth retaining structures
for static as well as dynamic conditions. Therefore, this

method of analysis has been adopted for this investigation.

Only cohesionless solls with angle of sheariﬁg resise-
tance in the range of 20° to 40° have been considered in this
analysis. Plane surface of surcharge only has been considered.
Concentrated and uniformly distributed loads on the fill sur-
face have not been considered. Similarly partially sulmerged

fills and fills subjected to seepage forces have also not been
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considered. The anelysis is based on pseudostatic approach
for the dynamic casel,’ because, the results of experimental
investigations by Jacobsen (1951) and Ishii et al,(19€0) have
indicated that Mononobe-Okabe rupture wedge predicts the

dynamic earth force with reasonable accuracy.

Joshi and Prajapati (1982) Have reported the results of
very limited parametric studies in their presentation. There~
fore, it is proposed to carry out extensive parametric studies
to investigate the influence of various parameters on the
static and dynamic earth pressure distribution behind retain-
ing structures. The parameters studied in this investigation

are

1. Degree of discritization

2. Orientation of inter slice earth force
3. 4ngle of wall back, « |

L, Surcharge angle, B

5. 4ngle of wall friction, 6

6. angle of shearing resistance, #

7. Horizontal seismic coefficient, o

8. Vertical seigmic coefficient, a,

The results of this investigation have been presented
in the form of a set of dimensionless parameters so that they
are independent of the size of the retaining structure and the

units adopted in the analysis. In the light of the results
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of this investigation, the Indian Standard Code of Practice
(IS : 1893 -l975) has been critically examined and suggestions

for improved practice have been presented.

As far as possible the experimental evidence Teported
by other investigators have been used to compare the regults
of thig investigation and for supporting the assumptions made

in this _analysis.
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_CHAPTER II
REVIEW OF LITERATURE

~

2.1 GENERAL

The theories proposed by Coulomb (1776) and Rankine
(1857) are considered to be the classical earth pressure
theories. These are the most commonly used in engineering
practice even today. The Coulomb's theory modified by
fononobe and Ok‘abe (1929) for the dyn‘amic‘ ¢case using the \
principles of pseudostatic analysis is the most popularly used :J,? -
theory for estimating dyn’amic earth forces even to-day. The }g
experimentai evidences appear to support these theories as
far as estimation of magnitude of earth force is considered.
In this presentation, as far as possible, the emﬁhasis is on
review of literature pertaining to static and dynamic active

earth forces and pressures.

2.2 ANALYTICAL METHODS FOR STATIC ACTIVE EARTH PRESSURES
Coulomb' s theory is based on c‘onsideratioﬁ; of @
methods. It maximises the active earth forces on the W‘all by
varying the angle'-of the assumed plane surface of failure with
the horizontal. This evaluates the angle of critical rupture
surface for a given wall friction angle. ‘l‘ae.cri‘c'ical value of
Wail friction angle is cbtained by minimising the earth forces
obtained with the critical rupture planes cited above. The

assumption of plane rupture surface appears to be acceptable
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as indicated by experimental and theoretical investigations
reported, even though the actual rupture surfste is somewhat
curved. This theory fails to obtain points of application of
soil reaction and‘earth force, because, there is only moment
equilibrium condition available to evaluate these two unknowns.,
Therefore, the earth preéslzre problem is,staticallﬁr indetermi«
nate. Rankine (1857) assumed that the introduction of gmooth
wall back does not effect the state of stress when the soil

is in Rankine's active state.For this case; the pressure

distribution will be hydrostatic.

Jenbu (1957) considered a combination of log spiral at
the lower portion and Rankine's acti‘ve state rupture plane for
the upper portion of the rupture surface for cohesionless soil
for computing active earth force, He further subdivides the
rupture wedge sitting on the log spiral pdrtién into a number
of slices. The interslice earth forces on vertical inter-
slicé faces are considered to act at the lower one tﬁird point
of the respective interfaces. The 8011 reactioﬂ is assumed to
act at the centre of the base of the slice, The magnitude
and direction of the unknown interslice forces and thé magni-
tude of the soil reaction for esch slice are obtained by using
the three equilibrium condi“tioné. The results of his investi--
gations appear to suggest that the estimates of ear*th force
obtained by using the curved rupture surface suggested are not
| appreciably different from fho se obtained by using plane

rupture surfaces. Besideé, the assumption of existence of
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Rankine active zone in the rupture wedge bounded by Raﬁkine
rupture plane is not feasonable; because; this is possible
only if Rankine's rupture planes in the complimentary direc~
tions exist., No experimental evidence is available regarding
the exisi‘:ance of this complimentary failure surface. The
method alsoc does not predict the distribution of earth pressure
behind “c%le wall back; |

2.3 ANALYTICAL METHODS FOR DYNAMIC ACTIVE EARTH PRESSURES

The first theoretical study in this field dates back
to 1916 when Sano introduced seigmic coefficient method for
cohesionless soil. He suggested reduction in value of angle of
shearing resistance, '#' by 'tan"ll:och/(l-av) ] . This
pseudo -reduction in ¢ is contrary to ‘the experimental findings
of dynamic tests on cohesionless materials and g appears
to have negligible variation under different types of dynamic

loadings.

The above cited fallacy was removed by the Mononobe-
dkabe fheory (19‘29) which is a modification £ floulombts theory
for dynamnic case using the pseudostatic method of analysis.
This theory does ﬁot consider moment equilibriun COndition and'
arbitrarily as'sumes hydrostatic dynamic¢ pressure distribution.
However, the magnitude of dynamic earth force predicted by
this theory‘has been supperted by experimental investigations
reported by mény investigator‘é. The experimental investigae

tions suggest that the dynamic pressure distribution is
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distinctly nonlinear with depth which is contrary to that

assumed in this theory.

The dynamic earth pressure coefficient for active case

as per Mononobe=Okabe formula is given by

o | 2,
i} '(1.4:0%-) Sec @ 8in“ (¢ +¢4 - 0) 2(2‘1'0)

-

stn% sin(as- 0) [h [l silit =5
S

in(a4) sin(a-6- 8)

a

-1 %

1+ o

where 6 = tan
v

horizontal seismic coefficient

Q
oy
]

= vertical seigmic coefficient
= angle of shearing resistance
wall friction angle

= angle of surcharge

R W o - R
i

= angle of wall back with horizontal

For obtaining real solutions, the quantity under the
redical sign should not be negative. This gives rise to

the relationship
Sin(gf -p -0) £ 0O ‘ (2.1.1)

or 4 - -0 <0

or B L4 -0

This expression gives the limiting value of B for dynamic case.
If a particular value of B is considered then this expression

also represents the limiting value of @ as 3
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o0=¢ -8 (2.1.2)

@ = (12a) ten (6 -B) (213

However, it may be observed that these equations are
based on force equilibrium C‘onditions only. ‘Therefore, it is
quite possible that these relationships may not satisfy moment
equilibriun condition. A&s such there may be situations where
permissible value of § or @ may ‘have to be less than the

values given by the above eqQuations.

Richards and Elms (1979) have reported that the use of
Moncnobe-Qkabe theory is reasonable if ine-rtia of the wall is
also duly accounted for. They have consgidered the equilibrium
of the wall actved upon by the dynamic active earth force pre-
dicted bﬁr Mc>rionobe—okabe theory, inertia forces due to mass of
wall and the base resistance. Using foroev equilibrium condi-
tions, they have developed an expression for weight of the wall
in tems of dynarhic earth pressure coefficient, properties of
the s0il wall system and seismic coefficient. Hox;véver,' they
have not considered passive soil resistance on the open side
of the wall and the moment equilibrium condition. Both these
iimitstions render their recommendations to be of limited use

for practical purposes.

Kapila (1962) modified Culmamn's method of static case
for the dynamic condition by considering the inertia forces.

This method is otherwise similar to Mononobe-Okabe theory.
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ArYa and Gupta (1966) congsidered the horizontal seismic
- coefficient to vary linearly from base to the top of the
retaining wall. Since the design seismic coefficient is based
on maximum acceleration at groundlleveil, its effective value is
only be 2/3 of this acceleration., This disérepahcy could
result into unsafe estimaticn of earth force. Besides, no
justification for linear varigtion of the seismic coefficient
has been given by these authors. Prakash and Saran (1966) |
have given dimensionlegs earth pregsure factors for obtaining
static and dynamic earth for‘f:e for ac - g soil. The gravity
effects, surcharge load effects and the effect of cohesive
force are considered separately and principle of superpositidn
is utilised for obtaining the expression for éctive earth
force, The effect of tension ¢racks has also been considered
by truncating the plane failure surface at the point where
it meets a vertical crack of depth, H

c
the £ill vwhere H, =(hc/7')Jﬁ;5'. The dimensionless factors may be

» below the surface of

read from charts for various %faiues'of cohesion of soil, €,
angle of shearing resistance, g, angle of wall friction, &,
ratio of H, to depth of f:.ll, the ﬁor‘i.ébntai and vertical seis-
mic coefficientsyand the s'urch-ar’ge load on the surface of the
£ill.  This theory does not predict pressure distribution. It
does not congider moment ecitiilibrium' condition. The principle
of superposition results into independent maximisation of

earth force. The assumption of the depth of tension cracks,
Hy» cited above for the dynamic case is questionable, because,

the soil may not be capable of withstanding such cracks under
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the increased lateral forces due to dynamic conditions.

Madhav and Rao (1969) presented design curves for earth
press:ire coefficient in terms of soil properties, angle of
wall friction, angle of wall back, angle of surcharge and the
seigsmic ooefficients uging pseudos'tatic analysis.' The direc-
tion of resultant inertia force was optimised to obtain maxi~
mum earth force. They recommended that the worst combination
of'the}vertical and horizontal seigmic coefficient should be

considered for design purposes. Prakash and Basavanna (1969)
- pointed out that 1f the pressure due . to soll reaction and the
earth force vary 11near1y then the r‘esultant earth force, soil

reaction and the weight of the rupture wedge are not concurrent.

This means that the moment equilibrium condition is noi;, satis~

- fied., This is true even for the mpmre wedge of Mononobe-

-

"~ Qkabe theory for dynamic case. To overcome thJ.s deflclency
| they have proposed a method of analyszs which cons::.ders~ alF the
three equilibrium condltlons of an element of soil parallel to
the surface of the fill. They have suggested that the distri-
" bution of earth pressure is similar to that of the soil
reaction aloeng the rupture surface.Eor determining rupture
surface, the pressure on the wall and the moments were separa-
tely maximized. Since theésetwo gpproasches did not give identi-
cal results, the meximum moment was considered for retaining
wall in computing pressure. The results of their theoretical
investigation have been presented in. the formm of dimensionlesgs

coefficients. ‘ .



wl3a

Basavanna (1970) modified the earlier work of Prakash
and Basavanna where it was assumed that full friction along
rupture surface .is mobilised even when component of body
forces parallel and perpendicular to the fill surface were
. acting separately: This discrepancy was eliminated and
another set of ccefficients was preéented; ﬁiey are not appli-.
cable for € - g scils and for goils with irregular surface of
fill carrying coﬁcentrated or distributed loads. They also
assumed that the vertical stress within the rupture wedge is
given by the vertical column of soil at that point. This is

not correct, because, each vertlcal column of soil standlng on

the rupmre sur'face transfers a__;,_ portlon‘of the verhcﬂ?orce o ,;';
assoClated w1th that le.ce to the adJ qoent 'column ofﬁsoll Ori ‘ o :
- the wall side. This invariably leads to a vertlcalwstrﬁ-gshs( i #
arger than that duetc; \}e}'giCal s0il co*lﬁmm atmthe pomt i oL g - i

"‘T!""“*‘h v, a,, M

consideration w1th1n 'the r'up”cure wedge. Bes:.des, thls theo T o
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cannot be used for partlally suhnerged flllSs

Nandkumaran snd Joshi (1973) congidered that if a it

failure wedge is developéd under static active condition, a

new failure wcdge is not likely to be developed under dynamic
condition. This was substontiated by the experimental investi-
gations carried out by Né.ndkwnaran. Using this proposition,

the earth force on the wall for dynamic condition was obtained
by using pseudostatic analysis. By further assuming that no
tension can develop on the rupture sUrface, and by superposi-

tion of the dynamic increment on the static forces the magnitude
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and point of aprlication of dynamic pressures has been deter-
" mined. It was f;ound that the point of application of dynamic
increment is influenced by the geometry of the problem and
- the design seisn;;ic coefficient. In general, the point of
‘application of the dynamic increment lies within the middle

third segment of the wall back.

Joshi and Prajapati (1982) have proposed a numerical
method for obtai‘;ning distribution of pressure due to soil
reaction by congidering equilibrium of discrete wedges. The
failure wedge considered is that proposed by Mononobe-Okabe. -
Knowing the pressure distribution due.to soil reaction, t.h‘ei
poiht of application of the sbil reaction can be obtained.' Now
| it is poé,sible to0 use. the moment eqtiilibriﬁm condition to
evaluate the point of application of the earth. force. Knowing
the magnitude and point of application of""'éarth'force, the
distribution of g“pressure alov.ng' the wall back for the static

and dynamic conditions may be obtaihed by the expression :
poArc, A

It appears that this theory is reasonable, because, the earth
force predicted by Moﬁonobe-Ok_abe theory is in good agreement
with the experimental resﬁlts reported by many invegtigafors.
This theory is free from the draw backs associated with the
assunptions of Prakash and Basavanna (1969) and Basavanna(1970) .
The additional advantage of this method is that it can consider

partially submerged fills, £ills with irregular surface and’

&1
%
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concentrated or distributed loads. Howevery they have present-
ed the results of only a limited ;'gargnetrio S‘bl:tdvies in

their publication.

| Matsuo and Ohare (1960) computed active earth pressures

by considering an elastic backfill under plane strain condi-
tion. This theory computes the earth forces separately for

the cases of moving wall and rigid wall, The net force is
obtained by the sun of the forces for these two ciases. Th‘e
results of their investigation.ihdic}_ate good agreement with
those by Mononobe-Qkabe theory. However, Scott (1973) states
that the theo‘ry gives pressures and moments much larger

than those by Mononobe-Okabe theory.

Ishii et al. (1960) developed a theory for dynamic
e‘arth forces which is similar to that of Matsuo and Ohara.
For the case of fixed wall the soil is assumed to be visco-
elastic end for the‘inoVing wall the soil is assumed to elastic

but the weight of the wall is also cohsider'ed_;

AggOUr and Brown (1973) have used flnlte element ideali-
zatlon for wall 5011 system subJected to smuso;Ldel ground
motion. Contact between wall and soll 1s assumed throughout
the duration of shaking. The param-eters studied in this
investigation are flexlblllty of we .ll, soil 'modUIUS and
length and shape of back-fill. They concluded that the
pressure near the top of a flexible wall is smaller than that
for a rigid wall. Besides, dyngmic pressures were found to

depend very much on static pressures.
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Nadim and Whitman (1983) carried out mvestagatlons
usmg finite element method of analysn.s with slip elements
tc represent interface between wall and the fill and also the
rupture surface for the study of dynamic earth pressures.
Sinusoidel base excitation was adop’éed. The "{r'esulfs indicate

that the wall moves ﬁearly in step' wise fashion,

2.4 DISPLACEMENT ME'IHOD OF ANALYSIS (DF RETAINING STRUCTURES
In engmeemng practlce, the .criteria of satisfactory
performance is gene_rally based on displacements or deforma=-
‘tions. Only fpr relatively brittle materials, ﬁqe‘concept
of factor of Safetj;r based on ultimate ahd aliowable loads,
may be meéningful.f Therefore, for the é,%ase of retaining
structures, it is fnore logical to relate the earth force to
‘wall movement for both static and dynam:w‘ conditions. Methods
have been proposed by some investigators for this purpose.
(Newmark; 1965, Nondekumaran; 1973, Richerds and Elms;. _19¢9,
Joshi and Mukherjee; 1981, and Prakash and puri;i1981) .

The scope of this investigation is to compute the
maximum value of dynamic active earth force. It is presumed
that sufficient wall motion takes place to develop statie or
dynamic active state behind the retaining wall. Therefore,
the displacement method of analysis of retaining structures

is'not discussed in detail over here.
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2.5 EXPERIMENTAL INVESTIGATIONS

Expérimental investigations are mainly to evaluate the
results of the earth pressure theories. Besides; they will be
helpful in fomation of better theoretical models since experi-

mentation gives reasonable idea about the mechanics involved.

Mononobe and Matsuo have tested sand inside a box
mounted on horizontal shske table pr‘(.)AdliC,ing'siniigsoidal excita-
tion, Maximum pressure measured by hydraulic gadges indicat-
ed that obéeTVed pressures were :in good agreement with tho se

predicted by Mononobe«Okabe theory.

Matsuo (1941) used similar set-up; " ‘He observed that

dynamic component of earth force acts at 2/3 height of thel wall.

 Jacobsen (1951) tested three foot high retaining wall |
model in a box mounted on shake table uszing sand as the fill
material. His results showed that measured earth force agr‘eed
reasonably with that predicted by Mononobe-Okabe formula. How-
ever, dynanmic component‘was found to act at u"p“p'er third point
of the wall. The restraint provided by dynamo-meters used
to mevasure the earth force might have some effect on the l_test

results.

Matsuwo and Ohara (1960) performed tegt on 1.5 m high
. : 3
concrete wall of 0.9 m thickness in a pit.” Vibrations were
generated externally by 1 Hp oscillator mounted on a burried

trough 4.5 m away from the wall and apother-on the wall
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top. Pressure Cells were used to measure pressures. The
dynamic pressures were observed to act at 1/3rd point near the

top.

Ishii, et al (1960) conducted tests on 70 cm high
wall in a box, 400 cm ling. Te wall was also provided with
foundation scil: Types of movements of walls €onsidered are
translation, rotation about bottom, combination of bofh and no
motion of the wall. Period o.f the sinﬁsoidal table motion was‘
0.3 sec, Table acceleration upto 1000 gals at 100 gals inter-
vals were adopted. They observed that total dynamic earth
force consisted of a non-fluctuating component and an oscillat-
ing ccmponent. The sum of the two compare well with that
o f Mononobe-0kabe. The osdillator component of the force is
relatively very sniall. Rup ture surfaces were visible only fO:I,"
accelerations greater than 500 gals. The distritution of
acceleration within the soil fill indicate that the accelera-
tion nesr the wall are compa'rable to those 'near the centre of
the box. Besides, the acceleration near the wall at various
depth differ by Emly 10 to 15 percent which is in reascnable
agreement with the observations reported by Seed and whifman
(1970).

Murphy (1960) conducted tests on .rubber models of retain-
ing walls. He found that slip surface for dynamic case is much
flatter than that for static case.
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Nandakumaran (1973), carried out test on retaining wall
models with cchesionless £ill, He observed that if a failure
surface is developed under static conditionj then the dynamic
lording causes further displacements of this static rupture
wedge instead of developing ne'\;r_flatter rupture surfaces. He
concluded that the pressures give better tally when correlated
with velocity rather then acceleration. He used imj;act load-
ing with pendulum weight for dynamic loading. Dynamic loading
was also precduced by dropping the weight on the ground at some
distance awasy from the test wall. He observed that the
pressure diétribution for dynamic case is curvninear.mt the
resultant was considerably below upper middle third of the
wall. However, it may be noticed that he used very high levels

- of horizontal accelerations of the order of 4g.

Sim and Berrill (1979) conducted shake table test on
gravity retaining wall model. They have reported that the walls
translate outward in. step-Wise fashion as predicted by the

anelytical model proposed by Richardsand Elms.

From this reyievlr,' it appears to be reasonable to presume
that the dynanic -earthforce observed from the testsagree well
with that predicted by Mononobe<Okabe theory. Besides, it |
appears that the point of application of the dynamic earth force

acts between the upper and lower middle third points. Very few

attempts have been made to obtain pressure distribution bhehing

the retaining wall. Therefore, it may be stated that there is

an urgent need for developing a simple and effective method for
this purpose. | |



CHAPTER III

METHOD OF ANALYSIS

3.1 COULOMBS THEORY FOR RIGID RETAINING WALL

The theory of earth pressure proposed by Coulomb(1776)
is by far the most popularly used. Even thougl, ‘twol cCeNa
turies have passed.after‘ it was proposed, not much has been
done to impreve this proposition as far as the estimation of

magnitude of earth foyce is considered.

The assumptions made in Coulomb's theory are as

follows . | Y

1. The backfill is homogeneous isotmpic and either’

completely submerged or dry. . .

2. The wall yields sufficiently so that the backfill

reaches the active state. : I

3. The slip surface is a plane passing through the
‘heel of the wall end the shearing resistance along

this plane is fully mobilized. -

b, The back of the wall is rouga The earth force

makes an angle § with the nomal to the wall back

,,,,

For obtaining- the expression for actlve earth force on the.
wall back, on arbitrary plane failure msking an angle of ¢ with
the herizontal is assumed as shown in F1g3 1.1. The forces
keemng 1fne rupture wedge in equilibrium are . the weight of

the wedge Wy soil reactlon,R, and the active earth force Eg.
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FIG. 301 _ COULOMBS ACTIVE FAILURE WEDGE

RANKINE ACTIVE ZONE
c [/

‘ 45+ g/y

FI6.3.9.2 . JANBU'S ACTIVE FAILURE WEDGE
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The magnitude and direction of W asnd the directions of E, and
R are known. Hence, the magnitudes of Ea and R can be evaluated

by considering the equilibrium of the rupture wedge.

Coulombs theory utilises the extremum method. For a given @
value of 6 and other parameters, the value of p is varied to
maximise the earth force on the wall. This fo'rcé is the active
earth force and the corresponding value of p is. the angle of
critical failure surface. HdweVer*,' these wvalues of p and Ea'
are true for an assumed value of § or the corresponding angle
|1 'defined_‘as (a0 =6). Therefpr‘e, to get unique value of E,
and p, it ig necessary to minimise 'the value of 'EaA to obtain

the critical value of §. These conditions may be expressed as
%, OE,

N :
dp 37

=0 v (3.1

Equation 3.1.1 can be solved in stages. In the first

. stage Ey is maximised by changing the values of pl to obtain
critical values, Pep Md E . for an assumed value of 6; In the
second ste:ge the value of Ea is minimised with respect to 6
uging the vaiues{ofan and p obtained above to find out 60 and

the corresponding values of Ea and p will satisfy the Eqn.3.1.1.

The earth force ig expressed as

E, =%y K, H - - (3.1.2)
wheré y =unit weight of soil

K, = coefficient of actiwve earth force'

H = height of wall
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The coefficient of earth force is given by
: Sin2 (o + 8)
Ko = = - . ' 5 (3.1.3)
sin sin(as)|1.|Sin(ds6) sin(4-8) -
| sin(a-$) sin(o+§)

\|

Coulomb in his original presentation did not pro-
pose earth pressure distribution. He only obtained expre-

ssion for the maghitude of earth force.

Muller and Breslau (1916) carried out tests on 60 em
-hhﬁgh": retaining walls and concluded that the rupture slightly
curved at the 1owér end and that the earth force was compara-
ble to that predicted by Coulomb's theory. Fulton (1920),
Franzius: (1924), Terzaghi (1928-&), Johnson (1953) and
| many others have also reported similar observations based on

their test results.

AS explained in Chagpterl], the results of the analy-
tical investigaticncarried out by Janbu (1957) using a combi-
nation of log spiral for the lower portion and Rankine's
plane surface for the upper portion of the rupture failure
surface (Fig.3.1.2)have indicated that the magnitude of the
earth force predicted by his method agrees reasonably with that
of Coulomb which may be observed from Fig.3.1.3. It may ‘also
be observed from this figure that the magnitudesof active
earth force predicted by the two methods are identiéal for a
smooth wall.For wall with ‘ten'6 =+tgn ’¢/ 2, the discrepancy
between the two is 8.8 percent and for a wall with & =g,
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the discrepancy is 13.5 percent with the value associated with
plane surface of fai\lure being hi§1er for both cases. This
indicates that the use of plane sﬁrface‘of failure for active
case is quite ressonable and leads to some what conservative

estimates of active earth force for the static case.

3.2 THEORY OF MONONOBE-OK ABE : FOR DWAMIC ACTIVE EARTH FORCE
The Coulomb!s theory was extended for dynsmic earth
force by Mononoke and Okabe (19X). They have considered the
equilibrium of failure wedge _fof the dynanic case by incor-
porating the vertical and horizontal inertial forces ﬁsing
principles of pseudostatic analysis. The active earth force

predicted by this theory is expressed as ;
e eg £ RLCRRD:

By ?%Ka.,,.r.'f B2 BT s (3.2.1)

and the coefficient of dynamic earth force Kad is given by

(1 +0a,) sec o sin® (0 +¢4 -8 )

K_ =
a
| 5 6in(g %) sin(fgH-0) 2
Sin“o.sin(a-6-6) |1+- »
sin(a ) sin(a-6= 0)
(3.2.2)
b oy '
where Tdn o = (3. 2.3)
1 8

In thigs presentation, the vertical inertia force is
directed downward when seismic coefficient a, is positive and
the horizontal incrtia force is directed towards the wall

when seignic coefficient, %y s is positive.
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Ishii et al (1960) carried out extensive experimental
investigations using laboratory tests. Even though they did
not observe development of rupture surface for horizontal
accelerations upto 500 gals, the values of dynamic earth force
tallies well with that predicted by Mononobe-Okabe thecry. It
is clear from Fig.3.2.1 in which the experimental values of
dimensionless earth force for a fixed wall, wall having trans-
latory mo\lggent and combined translation and rotation are compar-

ed with those predicted by Mononobe-Okabe theory.

Experjments were also carried out by Jacobsen (1951).
The Valueé of the dimensionless earth forces obtained by him
experimentally fall within‘ a narrow shaded band shown in Fig.
3.2.2. It may be observed that the correSpbnding values
predicted by Mononobe-Okabe theory also fall within the
same band. Similar observation were reported by Matsuo (1941)
and Mononobe and Mat-suo-(Nandakumaran,l973) .

From tlzis discussion it may be concluded that®Venm
though the rupture surface may not be formed visibly for
‘ horizontal acceleration coefficient less than 0.5, tihe
Mononobe<Okabe theory predicts the dynamic active earth
‘pressure reasonably well, On similar lines, the plane rupture
'surfaCe assumed for the Coulomb!s case is considered to be
reasonable for the static active case. Thereforesin this
investigation the plane rupture surface predicted by
Coulomb' s theory for static-case and Mononobe-Okabe theory

for dynanic case have been adopted.
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3.3 NUMERICAL METHOD OF ANALYSIS PROPOSED BY JOSHI AND
PRAJAPATI

Joshi and Prajapati (1982) have proposed a numerical
method of analysis for obtaining distribution of earth pressure
behind a retaining wall for static and as well as dynamic
‘cases using the rupture wedge predicted by Coulomb's theory
and Mononobe -Okabe! s theory respectively. The assumptions

made in this investigation are as follows

1. The backfill is a cohesionless material.

2. Rupture surface is a plane passing through the heel
of the wall.

3. Angle of wall friction »6 s is known.

4o The wall is a rigid body. |

5e Displacement conditions reauired for acﬁive state
behind the wall are realised.

6. For dynamic case it is further assumed that pseudo-
static analysis is adequate.

7. Seismic coefficient for the entire failure wedge
remging the same and is a known quantity.

8. VIhe direction of interslice earth force on a vertical
interface within the failure wedge varies from angie,
6, normal to the wall back to the direction parallel
to the earth fill surface at the top end of the rup-

ture surface.

For this case the magnitude and direction of the
weight of the wedge, the vertical and horizontal inertia

forces as well as the directions of earth force and the soil



feaction:- are knewn. Therefore, the magn.itudes of earth force
and soil reaction can be evaluated from equilibrium conditions.
The failure wedge may be discretized as shown in Fig.3.3.1 in-
to a number of gmaller - -wedges, with vertical interfaces. For
the wall with angle of wall backsa, less than 90°, the equili-
brium of the triangular vyedge ABD will evaluate the magnitude
and direction of the inter slice force Kbd and its direction
with horizontal Mpge e angle of interface earth force E;yp,

on the interface IH may be obtained as
ten My = tan B 4 (tan My, ~ tan B) CH/CD

Consider equilibrium of the first discrete wedge CFG. All
the forces acting on this wedge are known in maglitude and
direction except the s0il reaction Rgc and interface earth force
ng for which only the' direction is known. Their magnitudes
can be obtained by considering the equilibrium of this discrete
wedge. For a sufficiently small size of the wédgé, the-
pressure due to s0il reaction along the CG may be assumed 1o
vary linearly with reascnable accuracy, and thus the intensity

of pressure due to soil reaction, S, at point G on the rupture

. g
surface may be obtained.

On similar lines by considering the equilibrium of the next
discrete wedge GIH, it is possible to evaluate the magnitude of

the Ssoil reactionsR, and hence, the incremental soil reasction,

ic!
yacting along the segnent of rupture surface IG. Knowing

that at

Ry,

the intensity of pressure due to so0il reaction, Sg,
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o
point I can be evaluated by assuming linear variation of |
pressure intensity along IG. On similar lines, the pressure
intensities all along the rupture surface may be obtained by
considering the equilibrium of the successive discrete
wedges. With the help of this infcrmation the point of appli-.
cation of the soil reaction, R, can be obtained, It is now
possible to Consider the mement equilibrium condition for the
entire failure wedge ABC to evaluate the point of gpplication

of the earth force Ea.

The earth pressure P, at a depth X below the top of

the wall may be.expressed as -

Py =7 Cy X' (3.3.1)
where S . B

Ca = Coefficient of ear’“th p_re'ssure /.‘ . g : o .

N = cons_t_'ant _ S . _'

" Knowing the magnitude and point of application.of B

the expressions for Ca and N are obtained as follows:

= (Hy - H c0s 6)/(H cos 6 = Hy) (3.3.2)

= B, (Na)/(H ) (3.3.3)

The power factor, N, governs the rate of increase of
earth pressure with increasing depth. If N is greater than
unity, the rate of increase in pressure increases with depth.
It varies linearly with depth if N is unity. For N less than
unity and greater than zero the intensity of pressure keeps

increasing with depth bejow the wall top thrbugh out, If N is

.o + . SN e -
. .
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equal to zero then the pressure remains constant throughout.
For negative values of N, the pressure at first increases with
depth to reach a peak and then decreases with further increase

in depth.

Coefficient of earth pressure, Ca’ has dimensions
which can be evaluated by putting the dimensions of wvarious

quentities defining pressure as follows

P, =7 C, X ' (3.3.4)
i.e.

A MCR (VK s R TG o (3.3.5)
or C, = R , ‘ (3.3.6)

Therefore, C, has the units of (1)

However, it may be noted that the value of C'a doei_ |
not change with depth of the earth fill. It!'s values are
expressed in meter to the power of (1-N) for various cases. In
this chapter, for all practical purposes, this paraﬁeter may
be considered to be a constant for a given set of data. To
convert 1t from metric units to feet units, it may be multi-
plied by 0,328 %)  The results of this investigation have

been presented in the form of dimensionlegs factors given in

Table 3.3.1.
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TABLE 3.3.1 ¢ DIMENSIONLESS FACTORS

s1.No.  Factor © gymbol  Definition

1 Depth factor ‘ Caq X/H

2 Pressure faC’f;or | Cpra P,/ (vH)

3 Mobilization factor Cno a P,/ (7X)

4 Point of action factor Cha HP/H

5 Force Factor - Cy, 2Ea/(ayH2)
- 6. Moment factor Cna : 6Ea/(-yH3)

7.

Power factor ’ N -

The discussion given in this Chap'tleI‘VCO ver'é the details
of the method of analysis adopted for this investigation. The
details of the soil wall system, the material properties and |
the details of the proposed parametric studies have been
already explained in Chgpter I. The analysis has been caf'ried
out using DEC-050 computer available with the Computer Center,

University of Roorkee,
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CHAPTER = IV
RESULTS OF THE INVESTIGATION

4,1 DETAILS OF TE S0IL WALL SYSTEM ANALYSED

The - échgnatic diagram of the soil wall s&stem congider-
ed for this investigation is shown in Fig.3.3.1. 4A rigid
retaining wall 'o:t‘ 3 m height retaining dry homogenecus and
isotropic cohesionless backfill of unit weight 1.9 t/m> has

been considered.'

The various parsameters and the range of their variation

considered are as follows :

1. Degree ‘of discretization of the failure wedge.

2. Orient‘ation of earth forces at vertical interfaces
of discrete wedges.. | .

3. angle of wall beck, a = 707, 80°, 90°, 100°, 110°.

4. mgle of surcharge, p = 0%, 5%, 10°, 15°, 2°.

5. angle of wall friction, § =0°, 5°, 7.5°, 10°, 15°, 2°,
%, 3%°, 35°, u4°.

6. 4angle of shearing resistance of the backfill,
4 = 2%, 2°, 3°, 35°, 4°. |

7. Horizontal seismic coefficient, o, =0.0, 0.05, 0.1,
0.15, 0.2, 0.3. |

8. Vertical seignic coefficient, «a, =0.0, 0.05, 0.1,

0.15,=0.05, =0.1, =0.15.
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The results of the investigation have been presented

in the form of non-dimensional factors listed in Table 3 3.1.

4,2 DEGREE OF DISCRETIZATION

The degree of diséretization depends upon the number
of discrete wedges considered in the analysis. The larger
the number; the greater the degree of accuracy of the results
in the analysis. However, the larger the number of discrete
wedges considered, the greater the computational effort
required for the Solution.' Therefore, it is desirable to
arrive at the optimum discretization giving reasonably accu-
rate results at relatively small computational effort. For
this purpose the analysis was carried out for the case of
¢ =32.5°, 6 =15, f =0°, o =90° using 5, 10, 15, D, 25
‘and 30 wedgés for static and dynamic cases with @y = 0.1 eng
0.2. The parameters {vhich are greatly influenced by the
degree of discretization are the stress intensities due to
soil reaction slong the rupture surface, the point of actioﬁ
,-factor, Cp 5 pa0nd the moment factor, Cna Therefore,the percen-
" tage errors in computed values of these parémeters using
different degrees of discretization have been listed in the
Table 4.2,1 with the results obtained from the analysis using
30 discrete wedges as the basis of comparison. It is clear
from this table that the largest percentage ermr for any of
‘these parane%ers is much iess than 0.01 percent even when only
five discrete wedges are considered for the analysis. The

order of error is the same even for the dynamic case with
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TARLE 4.2.1 ¢ EFFECT OF DEGREE OF DISCRETIZATION
H.=3m, y=1daum%.a=9&h B=é§5=75ﬂ

§ =325, a, =0

30 0.4243412 Z 0.4406732

o T 5 Femmbas g Pegmge
o104 2 ipgp1o™t M ini 10
0.0 5 0.355435  17.60 0.3157861 80 0 0.2592489 -80.0
| 10 - 0.3547982 @.68 0.3138112 1.0 0.2532697 0.86
20 0.356182  -0.11 0.3138110 ‘0.00-0.2592695 ' 0.00 |
30 0.3548222 - 0.3138110 . 0.202605 -
0.1 5 0.388%09  17.86 0.3779610 -0.67 0,380-54é0 -0.66
10 0.3876772  -©.55 0.3779865 0.01 0.3805675 0.01
0 0.376955  0.08 ©.5779863 0.00 0.3805673 0.0
% Co.3e7ées4 - - | ©.3779863 - 0.3805673 -
0.2 5 0.4251075  18.06 0.44O6L6S 6.0 0.5419208 -6.00
10 0.423238 0.4l 0.4406784 0.45 0.54195%  0.55
20 0.4243383  -0.07 0.4406732 0.23 0.549557 0.2
| - 0.5419556 -

= Number of discréte_ wedges.

f

I
S = stress due to soil reaction at the base of the wall.
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ap =0.1 and 0.2, Therefore,ten discrete wedges have been
considered for the proposed investigation which is more than

adequate.

4,3 ORIENTATION OF EARTH FORCES AT VERTICAL INTERFACES OF
DISCRETE WEDGES

The orientation of the earth forces at the vertical
interfaces varies from f at the top end of the rupture surface
to "od at the vertical interface through the base of the wall.
The angle My}, of the earth force at the interface IH(Fig.3.3.1)

is given by s
tan My = tan B + (tan m_.tan p) x (822 (4.3.1)
ih < _ bad~ CD e
where Z = constant.

Siﬁce the value of *‘ih is supposed t be known to make
the problen stetically determinate, it is proposed to investi-
géte the influenée of different pattems of variations of the
orientation of interstice force on the computed results.
Three types of variaticns of this parsmeter have been investi-
gated assuming the value of powery, 2, being equalf’one,two and

three.

For a vertical wall with level £ill of g = 30° and
6 = 100, the value of point of action facfﬂr,' Cha’ for static
case is obtained for the three cases as 0.3184013, 0.3259314
and 0.3310168 respectively. The percentage error in Cha for
the case of Z = 2 with respect to that for Z =1 is 2.3649715
and the corresponding percentage error for the case of Z = 3

is 3.9621383 only. This indicates that the pattern of
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" variaticn of orientation of earth focrce at wvertical interface
has relatively insignificant influence on the distribution of
earth pressure. Therefore,in this investigation the value of

Z is congidered to be unity.

4,4 EFFECT OF THE ANGLE OF WALL BACK, «

it is common practice. to provide a gentle batter to
the wall back making the wall lean away from the fill. It is
generally believed that this will be helpful in imprcving the
" stability of the retaining wall for a given set of parameters.
’The most commonly used batter' is.].OO with the vertical. Batters

making the wall lean towards the £i11 are relatively uncommon.

TABLE &4.4.1 STATIC FORCE FACTOR FOR VARIOUS VALUES OFo

0 \} O

- _
o 70 80° 90° 100 110 120

Cp, 0.47635 0.37840 0.30140 0.23716 0.19274 0.12876

The valués of the foﬁ:e factor, Cpyo for stgtic case
with angle of wall back, oc,m’;e shown in Table 4.4,1. It is
evident that Cfa is the largest for a = 70° and sm'allest for
¢ =120°. I"hé variation of Cfah'cma and Cp with engle of wall
back for ay =0.0s 0.1, 0.2, are shown in Fig..h, 4.1. It is
| clear from this figure thaf the moment factor as well as
force factor decrease congiderably with increasing angle of

wall back. However, the point of action factor, Cha’ is
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not equally sensitive to changes in angle of wall back even
‘though its values continuously decrease with increasing angle -
of wall back. Similar observations may be made from the
results given in Table 4.4.2, for a backfill with ¢ = 30,

§ =7.50f =05 a =0.0, 0.1, 0.2 and 0, = 0,

The angle of rupture plane p for different angles of
wall back are shown in Fig.4.4.2 for soil with ¢ = 30°,8 0,
§ =7.5 with a =0.0, 0.1 and 0.2 and @, = 0. Itmay be
o bserved frbm_ this figuré that the value of p and the weight
of the rupture wedge increase as oo decreases. The percentage
“increase in weight of rupture wedge for various values of «
with respect to that for a = 900 are listed in Table 4.4. 2.
The force polygons, centres of gravity and the soil reactions
for the various cases are shown in Fig.4 4,2 from which it
may be observed that it is basically due to increased weight
of the rupture wedge that the values of the force factor,Cfa,
increases with decreasing angle of wall back. The moment due
to weight of the rupture wedge sharply decreases with o,

becausesits lever am decreases much faster than the increase

in the weight of the wedge.

On the other hand, the magnitude, lever-am and the
moment about the base of ﬁqe retaining wall of the soil
resction does not change appreciably with «. The moments
due to s0il reaction and rupture wedge nomalized with respect
to (v H3/6) for different values of a for the statid case are

also shown in Fig.4.4.2. As a result,a larger proportion of
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TABLE 4,4,2 ; EFFECT OF ™E ANGLE OF WALL BACK, a,

¢ =0, p(IN DEG.)
B =04 =306 =750, . |

© © 70°
9° ° 80 75 ,
a 90 85
67
0.3985 0.42
C 0.3105 0.34035 0.3607 B oo
e 60.523 62.708 4, -
’ o . 0.3529 0.3651 0.3745
o. 0.3184 0.3375 . oo o7
e 3515 0.4132  0.48¢
“ X 0 X 0.7807 0.7093
e 1.0140  0.8792 0.
£ e 60 0.4887 0.5659
Ca 0.2766 0.3457 0.4 .
. 0.4287 0.4567
' 0. 3408 0.3707 0. 4000 o
“teh 7 61.975
fa 83 60 .009
| " e o - 0.3810 0.2 0. 4003 .
S - o O 0.4826 0.56014 0.6523
° ¢ 0.3569  0.4158 ! oo 06328
" " ‘ 7679 0.66228 0. _
p o 3600 o 58003 0.6598
3 0.3620 0.4331 0.50519 0.5 |
- . 0.43365  0.46233 0.1903
C 0.3743 . 0.4043 0.4336 oo e
ta 044 57 .0476 58.805 -h584
. gt o 4085 0.41813 0. 42476
L 0.3795 0.39576 = 0. o
, na 0.5610 0.6443]1
"o 0 o st .47865 0.42065 0.38213
] T“ 0067282 0156050 Oc | 0.75309
F ‘ 50606  ©0.67175
° ¢ 0.452238  0.52365 0.
a -
| ' 0.5001 0.52825
Sl S 0.:97(1)57 55,3107 56,6935
T ¢ 0.4102 0.42L9 0. ’ O
M ha L3 0.6507 0.7 .
ey e . 4 0.27836 0.25480
' e 0.46827  0.38134 0.3195 . o
. ‘ 68850 0.76451 0.8
° c 0.54661 o._61_667 0.
: 0.5137 0.54296 0.5716
fah 4 50.20303 51.4569 .
Ly 48,807 ;
i N 0.46366  ©.4691 0.4710
C T 0.408  0.4546 . . o o
Vo 6727 0.7543 0.8
. e y | 0.15281 0.14367
P 861 0.22272 0.17848 . !
o ol ‘ 0.78265 0.85920 0.9440
& Ca 0.64373 ° 0.71171 .




TABLE 4.4.2 ¢ EFFECT OF THE ANGLE OF WALL BACK, «o,

B =B =396 =7.5"a, =0, p(IN IEG)

o 90 85° 80° 75 70"
Copn ©.3105 0.34035 0.3697 0.3985 0.4267
p 58.303 60.523 62.708 64.853 66.948
T 0.3184 0.3375 0.3539 0.3651 0.3755
f Cpg ©-260 0.3513 0.4132  0.4850 0.57¢
&N 1.1998 1.0140 0.8792  0.7807 " 0.7093
Ca 0.2766 0.3457 0.4160 0.4887 0.5659
Cean 0.3408 0.3707 0. 400 0.4287 0.4567
P 55.905 57.983 60.0097 61.975  63.865
2 Cha 0.3890 0.3667 - 0.3810 0.39202 0.4003
Y Cp.  0.3569  0.4158  0.4826  0.56014  0.6523
o N 0.9121 0.7679 0.66228 0.58548 0.5312
®  Ca 0.3620  0.4331 0.50519  0.58003 0.6598
Ceagn ©.3743 . 0.4043  0.43365 0.46233 0.4903
o 53.203  55.2044  57.0476 58.805 60.458L4
L Cha 0.3795 0.39576 0. 4085 0.41813 0.42476
S fLa 0.4262  0.48932  0.5610  0.64431  0.74314
o N 0.67282  0.56050  0.47865 0.42065 0.38213
® e, 0.452238  0.52365  0.59606 0.67175 0.75309
Ceap 0.4116  0.44176  0.47127  0.5001 0.52825
P 50.4311 52,1572  53.7902  55.3107 56,6935
S Cng 0.4102 0.&249 0. 4360 0. 4437 0.44826
n Cp,  0.5066 0.57403  0.6507  0.7396 0.8450
S N 0.46827 0.38134 0.31954 0,27836 0.25480
Ca 0.54661 0.61667 0.68850 0.76451 0.84724
Cogn 0.4534 0.48387  0.5137  0.5426 0.5716
0 47.2944  48.8074  50.20303 51.4569 52.5376
~ Cpn 0.4418 0.4546  0.46366 0.4691 0.4710
o Cp, ©.60085 0.6727 0.7543  0.8489 0.9607
"N 0.28861  0.22272  0.17848 0.15281 0.14367
& Cay 0.64373 ° 0.71171  0.78265 0.85920 0.94404

.
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TAELE 4.4.3 . PERCENTAGE INCREASE IN WEIGHT OF THE RUPTURE:

WEDGE WITH RESPECT TO THAT FOR VERTICAL WALL
(@, =Cy g =307 p =09 6 =7.5°)

0.0 0.1 0.2
y |
W sW W oW w 6W
90°  2.7789 - 3.3554 - 14,1533 -
80°  8.1153 12.10 3.7105 10.58  4.5425  €9.37
70° 3.559  27.85 4.1882 oh82  5.0862 22,46
N.Be: W = Weight-o'f mpture wedge in tonnes

*/o increase in the weight of the wedge with
respect to that for vertical wall.

O
=,
H
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a unbaglanced moment due to soil reaction has to be counter-
balanbed by moment due to Ea' This results into increase in
Cha with decreasing a., Similar observations may be made for

the dynanic case also.

[ ]

The distributions of static earth pressure factor along
the wall back for variousg values of o are shown in Fig.4.4.3,
from which it is clear that the curve is convex downward for
vertical wall and it gradually becomes convex upward for
o = 700. Thig is in agr-eernent_ with inérease in point of
action factor with decreasing a cited earlier. From the same

figure similar observations may be made for dynamic case also.

‘The values of coefficient of aqtive earth pressurt"e, Cye
and the power factor, N, for these casesare shown in Fig.4.4.4.
It may be o‘t{served from this figure that the value of C,
decreases with increasing value of « almost linearly for
static as well as dynamic conditions., This may be of some
help in interpolatihg the values of ¢, for various valués of
a« for a given problem. The power factor, N, on the other
hand increases with increasing a indicating more distinct
‘non-linear variation of pressure with deptﬁ for the smaller
values of « particularly for the dynemic case. This is in

agreement with the explanation cited in this section earlier,

- From this discussion, it may be concluded that if the
angle of wall back is less than 90° the earth force as well as
the net overturning moment about the base of the wall increase

considerably with decreasing «. This is not a desirable
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feature. Wall batters leaning away from the fill adversely
influence the stability of the wall which is contrary to the
common belief. Therefore,as far as possible retaining

structures with vertical wall back should be fawured.

4.5 EFFECT OF ANQLE OF SURCHARGE

. In engineering practice there are many situations where
the earthfill retained by the structure has a sloping sur-
charge. Therefore, it is important to study the influence of
such surcharge on the earth pressure distribution, Figure
3.3.1 shows the rupture wedge for a sloping surcharge. It
may be observed that the size of the rupture wedge will be
.considerably larger for such a case than for a lewvel fill.
Therefore, it is obvious that the earth force for a given

height of retaining wall will increase with increasing @ .

"Figure 4.5.1 shows variation of Cpa? Cha? Cran With B
for different values of Ay o From this figure, it may be
observed that all these factors increase with . Similar
observations mgy be made for dynanic case also. The various.
non-dimensional factors for different values of B and other
pardneters are liisted in Table 4.5.1. The increase in ,Cma
for a‘ given g is very significant. with increasing values of
Ly o The increase in Ea is basically due to increase in the
weight of the rupture wedge for increasing . This is evident
from the rupture wedges ABCI, ABCz, ABC3 and ./ABCZ+ for g = O,o
loo, 1‘50, x° respectively as shown in this figure. The
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TABLE 45,1 EFFHOL OF
' 4 - 6W

J@A_

GLE OF SURCHARGE, (a =90%,5 = 7. 5
ANDO( 0% (o IN DEG. )

- 0.62227

oy, B 0° '50 10° 15°
o fah 0.3105  0.3288 . 0.3510 . 0.3796
0 58.3033 56.9539  55.3295 53,2701
o Cpa 0.318k 0.3275 1 0.3405 0.3602
, Cpe 0.2966 10.3230 0.3585 0.4102
N 1.19980 '1.10896 0.98722. 0.81910
C, 0.2766 0.3102 0.3567 0.4248
Cpapy . 0+3743 0401k 036k 04856
Yy 5342903 51.345%  48.8888 5 «5242
- Cpa 0.3795 043966 0.L4224 0.14669
© Cra 0.4262 0.4776 - 0.5530 0.6801%
N 0.67282 0.55501 0.3957L 0.16325
c, OM52k  0.5133 . 045966 - 0.7143
Coap 04534 0.L95k - 045550 046579
o L7.2944 L4189 LOLL9L2 34.1406
o Ty, 0.4418 0.4726 0.526k 0.6625
o Cpra 06009 0.7025 0.8765  + 1.3076
N 0.28861  0.13637. 0.08542 048394
C, 0.6k437 0.733% ~ 0.8435 0.8741
- Cean 0.3408 -  0.3630 0.3906 0.4277
" p - 55.9051 542891 52.3013  149.6961
o Cha 0.3490 0.3616 0.3800 0 .409L
i‘ Coa 0.3569  0.3938 04451 0.5252
| N . 0491207 0.80799 0.66895 0.47366.
Cyg 0.36198 040868  0.47302 0.56666 .
Coon 04116 0 Ltk 4 0.4901 0.5585
P 504311 48,0757 4t 9996 40.5113
N Cha 0.L102° 0.4332 0.4698 05418
= X 0.5066 0.5785  0.6907 ,  0.9077
: N - 0.46827 0.33%93  0.1497 0.1406
C 0.54661 0.72326 0.84746
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increased length of the rupture surface and the increased
weight of the rupture wedge wifh increasing g wiil result
‘into a corresponding increase in the magnitude, lever-arm '
and overtuming moment about base of the wall.  The

‘o verturning moments due to R and weight of the wedge as
well as the difference between these two moments in non-
dimensional form are shown in this figure for static case.
The additional over-turning moment resulting from this is to
be balanced by the increased moment due to E, which leads
into shifting of the point of application of Ea farther from
the base of the Wall..

The variation of C, withp for different values of ¢
and 6§ is shown in the Fig. 4.5.2; It is inferesting to note
from this figure that the earth force acts always at one~third
height from the base of the wall for all values of 6 if
6 =f. This is tpue for all values of g investigated.
Therefore, it may be concluded that when 6 =f, ¢ value does
not influence Cha for static case. As shown in Fig. @@
even though the variation pattem of Cha'with' B remains the
same for dynanic case, the curves donot asppear to converge

at a single point for 6 =8 1like in gtatic case.

The distribution of Cpra along the wall back for various

values of § for static case are shown in Fig. 4,5.4, from which
"it may be observed that with increasing g, the point of action
moves farther from the base. For the dynamic case also the

same trend is observed. However, for a, =0.2andf = 15°,
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Cpra increases sharply with depth below the top of the wall

to reach a peak at C, = 0.1 H and then sharply decreases.

da
This is reflected by the negative value of N. Figure 4.5.5
shows the variation of N and Ca with g for the static as well
as dynamic cases., It may bhe vnoted from this figure that N
values continuously decrease with § for a, = 0.0, O.i and 0.2
which is in agreement with the corresponding increase in Ch o
On the other hand values of C, keep increasing with § for

@y =0.0, 0.1 and 0.2. This is in agreement with continuous

increase in Cpra for all values of B.

with increasing value of § for a given problem, the
stability of the surcharge slope itself will be adversely
affected, especially _for the dynamié case. Equation 3.2.1
gives the expression for Cfa for the dynamic case by Mononobe-
Okabe theory. From this expression it can be noticed that
for awiding imaginary solutions (which are not of practical

interest) it is necessary to satisfy the foilowing condition :

Sin (4 - -0 ) 40 | (4.5.1)
i.e. 4 -p-040

B¢d -0

However, to provide for additional factor of safety, it is

recommended that the actual value of § should be 5° less than
(4 -0) for that particular problem. Figure 4.5.6 shows the
variation of limiting as well as recommended values of § with

ay, for different velues of g. Table 4.5.2 gives the limiting
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TABLE No. 4.5.2

~56 =

VALUES OF LIMITING f FOR VARIOQUS

VALUES OF # AND @y

51 CIN DEG.)
g - 25° 30° 35°
ah - g
¥ a0 o = /2 a 0 @ =eay/2 o =0 v=%n/ 2
0.0 25.00 25.00  30.00  30.00 35.00 35.00
0.1 19.29 18.99 24,29 23,99 9.2 28.99
0.2 13.69 12.47  18.69  17.47 23,69 22,147
0.3 03.30 5.56  13.3% 10.56 18.30

15.56
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values of § for various values of 4, a, and .

4,6 EFFECT OF THE ANGE OF WALL FRICTION

As disCussed -in Sec. 3.1, the earth force on the retain-
ing structures has to be minimised with respect to angle of
wall friction, Figure 4.6.1 shows variation of Cfa with 6.

It is clear from this figure that dfa decreaées with 6 and
reaches a minimum and "then increases with 6. Therefore, it
is possible to have same earth force for two different values
of & for a given problem. However, since wall friction is a
resisting force, it is mobilized only to the extent it is
required. Therefore, from the principlés of minimum energy,
‘only lower values of 6 will be mobilized and not the higher

values for a given earth force,

As such a wall friction sngle greater than that for
which earth force is minimum is not likely to be mobilized.
If the wall undergoes sufficiently large movements to reach
active state as assumed for the problem under consideration, |
it is reasona;ole.to expect that the relative motion between
wall and the rupture wedge at this stage is large enough to
mobilize critical value of angle of wall friction. On the

other hand, if wall is not allowed to move freely for this

purpose, sufficient wall friction may not be developed. This

results into earth force larger than the active earth force.
Therefore, it makes good engineering sense to design the wall

in such a way that it is not unduly constrained to stop its
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movement required to reach active state.

Figure 4.6.2 sghows distributidn of preésure factor
along the wall back and the stress due to soil reaction along
the rupture plane for a \Ja,ll with vertical back, It may be
noticed that with increasing 6 the angle of rupture plane,
py end the stress due to soil reaction, R, along the rupture
plane decrease. The distribution of stress due to soil
reaction along the rupture plane is very nearly linear for

all values of §.

. e distribution of C . along the wall back for a
smooth wall is hydrostatic and is in confommity with the
Rankines theory. With increasing value of &, the distribu-
tion of pressure factor is distinctly nonlinear and the rate
o.f increase of pressure factor increase with depth. This
brings the resultant earth force on the wall back closer to
the base. Similar observations may be made from Fig.4.6.3

for the static end dynamic cases.

Figure 4.6.4 shows the variation of Cng? Cha 24 Cep
with 6., It may be observed from thig figure that with
increasing 6( all these factors continuously decrease. It .
is interesting to note that even though C¢, TeaChes a
minimum and then again increases, Cfah continuously decreases
with increasing values of 6. These observations hold god

for ‘dynamic case also.
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TABLE Y4641

63

EFFECT OF ANGLE OF WALL FRICTION (& =905 & =0°
4 =30 &b o, = 0) (p IN DEG )

oy B 0° 745° 150 22.,5° 30°
cféh 0.3635 0.3%08  0.3215  0.3041 0.2877
0 57.7542  55.908 54327  52.905  51.562
0.05 Cha 0.3623 0.3490  0.3308  0.3072 0.2770.
Cra 043951 0.3569  0.3190 0.2803 0.2390
N 0.7605 0.9121 142553 149975 4.0564
c, 0.4163 0.3620°  0.2835  0.1649 0.0293
Cfah 0.3333 Ve3105 - 0.2911 0.2737 042574
p 60,000 58.303 56 +860 554563  5he3%3
Cha 0.3333 0.3184 0.2990 0.2746  0.2440
0.00 C . 043333 042966  0.2611  0.2255 0,188k
N 1.000 141998 16464 2.6543  5.869%
C, 0.3333 0.2776  .0.1961  0.0879  0.0048
Coah 0.3966 0.3743  Q0.3554 043383 0.3222
L 55+299 93.290  51.576  50.027 L43.559
Cha 0.3915 0.3795  0.3619  0.3383 0.3073
0.10 Cpa 0.4658 0.4262  0.3858  0.3433  0.2971
N 0.5540 0.6728  0.9468  1.5241  2.9955
C, 0.5029 052 0.3796  0.2599  0.0830
Cran 0.4329 0116 0.3935 043772  0.3620
o 52.592  50.431  L8.5810 L6.908  45.317
Cra 04217 0.4102 0.3925  0.3680 0.3352
0.15 €. 0.5477 0.5066  0.4633 0416k  0.3640
N 0.3716 0.,4683 = 0.6952 1.1656  2.3048
C, 0.5922 0.5466  0.4826  0.3686  0.1647
cfaﬁ 04733 0534 - 04366  0.4218  0.4081
p 49 .60k 47.29%%  45.317  43.527  41.823
Cha 0.4532 0.4418  0.4230  0.3965 0.3604
00 ¢ 0.6435  0.6009  0.5541  0.5017  O.4h12
N 0.2065 0.2886 0.4835  0.8836 1.8253
c 0.6826  0.6437 0.4886  0.2689

0,591k
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Figure 4.6.5 shows variation of C, and N with 6. It
may be observed that N increases with increasing 6 which is
in confomity wit‘h the corresponding decrease in Cha' On the
o ther hand.Ca decreases with increasing 6. This decrease 1is
relatively gradusl for 6 less than critical and very sharp for
6 .. greater than § critical, even though Ca values for & |
greater than 6 critical are not of much engineering interest.
The value of N for 6§ 1less than 6, Iincreases graduslly with
& and increases sharply with 6 for & greater than 6

Similar observations may be made regarding Ca and N for
the dynanic case also. However, with increasing oy the value

of N decreases and that of Ca increases.

4,7 CRITICAL ANGLE OF WALL FRICTION
As cited in sec. 3.1, for reaching active state behind

a rough retaining wall, it is necessary to satisfy ¢

3 E
-—2 20 (4.7.1)
CR)
3 E. :
2 -0 (4.7.2)
D

These equations are satisfied if 8 is given by :
& =0 4+p -—9‘-%/2 . (4'7'3)

For this value of 6o the included angle between soil
reaction and earth force, u, is equal to 900. However, for

certain cases it is possible that this value of 6, is greater
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than g, vwhich is not physically possible. Hence,for such

cases the value of 6  is equal to g

Figure 4.6.1 shows variation of uv with 6 for \;arious
values of ¢ for a vertical wall. Similar plots may be
obtained for other sets of data also: It is possible to read
from such plots the value of 6, at u = 90° which is the condi-
tion for resching S The values of 6 thus obtéined for
static case are shown in Fig: 4.7.1 for various values of ¢
and a. From this figure it may be observed that for every
value of o, there is a maximum value of 6 at which 6, =
there is very little

8 Beydnd this value of &

cCmax g cmax’
variation of 6, for higher values of ¢. Besides, the value

. ke in i i
of 6cmax eeps lncreasing with a,

Figure 4.7.1 shows plots of & given by § = g/3, 6= 4/2
and 6 = 2$/3. It is clear that noneof these relationghip
for § fit well with the values o_f 8¢ satisfying the Eqn. 4.7.1
and thus highlight their inadequacys |

Figure 4.7:1 is useful in reading values of 6, for wall
s0il system of common interest. Newvertheless, if this figure
is not available it is possible to develop simple expressions
for computing the same. Figure 4.7.2 shows the variation of
for various values of a. It is clear
4° is

more influenced bya than ¢. Therefore,it is more logical to

0
6o, at # = 40" and 6

from this figure that the value of 6, fors . <4 £

relate 6, with o as well as #. The value of Semax fOT 2@ 8iven
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Valﬁe of « may be denoted by 6 The relationship be-

cmaxa*

tween § and a may be e:q)reSsed as ¢

cmax

6 =15.5 + 0.55 (a - 70) - ' (4.7.4)

cCmaXo

where o 1is expressed in degrees. i The error in computed
value of 6., Varies.from - —0.5° to +0.75° which is
considered to be acceptable. ‘ Furthemore, if the relation-

ship between 6, and # (fors, <4 < 4°) is approximated

cmax
to a linear variation, for a given value of g, the value of

6C denoted by 6C¢ may be expressed as :

Sch = Scmaxa = (¢ - acmam) (0.11224540.0022(a=70) )

(4.7.5)

where all angles are expressed in degrees.

The maximum value of error in computed value of 5'0 is
in order of & 1° for the entire range of angles cover.ed in
this investigation which is acceptable for all engineering
purposes. Figure 4.7.3 shows ﬁariation of u with 6 for
diffefent values of angle of surcharge, B, for g = 30° and
o =90°. From this figure the values of 6, may be obtained
on the lines explained earlier at u = 90°. The values of ¢
obtained from similar plots for different values of ¢ are
plotted in Fig,4.7.4, frem which it may be observed that &,

'is strongly influenced by f also. Besides,as value of B

increases the value of 6, decreases for a given value of @ .
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The plots of p vs 6§ similar to that shown in Fig.3.6.1
-may be obtained for dynamic case also with various values of
a. From such plots the values of 6, Mmay be obtained which
' are plotted in Fig.4.7.5 as a function of ¢ for a = 705 80%
90° and @, = 0.0, 0.1, 0.2, B =0, &, = 0. From this figure it
may be obgerved that as the value of X increases the value of
6, decreases continuously for o = 900, However for a = 80°
and 70° the 6 increases from its static value for @ = 0.1
and then decreases for ay = 0.2, This variation is further
emphasized in Fig, 4.7.6. From this figure it may be noticed
that for vertical wall back, the value of 6, decreases conti~
nuously with oy for ¢ > 6.+ Fora = ',70o and 800 the value of 8,
rises with increasing value of oy reeches the maximum and then
decreases. This clearly indicates that the value oféc is
strongly influenced by ‘ah also. Be_sides‘ it is-alSO clear
from thig figure that the walue of 8 for dynamic case is not
always less than that for thé static case as considered by
‘many investigators. Figure 4.7.7 shows VaI;iétion of 5 with
o for various values of ¢. and 7N from which it may be observed
that though 6 contiqﬁously increases with o for gstatic
case, it decreasses with a for the dynamic cases. The value
of 6., decreases with # for static case for all values of «
considered. For ay =0.1, the value of 6o is 20°. for all
| values of a, for g = 20° and its values decrease with increas-

ing § for all values of a. Similar observati&ns can not be

‘made for o, = 0.2
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FI6.4.7.6 _ VARIATION OF §..WITH «&p FOR VARIOUS
VALUES OF g AND «
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The variation of 6, with g for gifferent values of ¢ and
o, for vertical wall back is shown in Fig.4.7.8, It may be
observed from this figure that the value of 6, falls very
sharply with § for dynamic case. 'I‘h.is. decrease in value of
6 is more pronounced for higher values of oy and lower values

of 4. The values of 6 for different cases have been listed

in Tables 4.7.1 and 4.7.2.

From the discussions cited above it is clear that the
common practice for relating 8¢ with g only is considerably in
error. Besides the common notion that the value of 6, for
dynanic case is less than that for static case is also not
always correct. It is more rational to relate the value of
6, to «, 4, § and ay. For the static case simple analytical
re‘lationship has been proposed between 6,0 @ and g. It is
not feasible to develop similar’ expression with § and ¢ as
additional parasmeters., Therefore, it is recommended that
analytical invesfigations on the lines suggested in this
section may be carried out for evaluatiori of apprOpriate value

of 6o

4,8 EFFECT OF ANGLE OF SHEARING RESISTANCE

.The‘ angle of shearing resistance of the backfill
material is a source of resisting force along the rupture
surfece. It, therefore, tends to reduce the earth force
on the wall back for increasse in valués of §. The values

of different non-dimensional factors obtained for different
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TAEBLE 4.7.1 VALUES OF 6 FOR VARIOUS VALUES OF a AND 05
(8= 0° and x, = O)

, éc‘(IN IEG.)
« o =200 4=250 #2300 $=30° #=35°
9¢° 0.0 .00 25.00 25.00  24.00  22.50
0.1 20.0¢ 21.990 .50 19.65 18.50
0.2 13.50 15.00 15.40 15.00 14.25
80° 0.0 .00 .45 19.65  18.50  17.00
0.1  X.00 22,50  22.50 22.00 21.25
0.2 14.25 16.25 17.00 - 17.00 16.50
700 0.0 15.50  15.25  14.50 13.50 12.00
G.1 20.00 23.50 24,00 23.75 23.25
0.2 14,35 ° 16.68  17.95 18.15 18.30
TAELE 4.7.2 VALUES CF 6, FOR VARIOUS VALUES OF B 4ND ay AND
a = 9(), AND a, =0
| 6, (IN DEG.)
fooay B=0 B=5 p=20" p=1° pg=2°¢=25
20 0.0 20.00 20.00 20,00 17.50 - -
0.1  20.00 17.50  12.50 - - -
0.2 - 7.00 - - - -
30 0.0 ‘25.00. 24,00  22.75 21.00 18.50  15.00
0.1  2.50 18.75  16.75  14.25  10.00 -
0.2 15.40  13.00 10.00 - ~ -
47 0.0 22.50 2.7  2.09 20.00 18.90  17.50
0.1 18.50  17.60  16.50 15 15 13.60 -
0.2 1415 13.00  11.& - - -
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values of § and other parsmeters are listed in Table 4.8.1.
Figure 4.8.1 shows the variation of G o Cha and Cfah from
which it may be observed that both Cma and Cfah continuously
decrease with increase in ¢ for all values of ay, which is
in agreement with observations cited above. On the other
hand Chg increases with d. Eventhough, this increase is
insignificant for a =90°, f =0%°nd s = 7.5 it may be
significant for a < 90° and B > 0°for higher values of och./
The decrease in C,, with increasing % may be attributed to
corresponding increase in p and associateddecrease in weight
of the failure wedge. Since Cs, decreases much faster than

increase in Cha’ the Cma value decreases with increasing d,

for the range of parameters considered in this investigation.

The distribution of pressur‘e factor with depth shown in
Fig.4.8.2 indicates a contineous decrease in intensity of
pressure with increasing values of ¢ for any given depth
factor, which is in agreement wifh the discussion cited
above. Similar obgervations may be made from this figure

for the dynamic case also.

The values of C, and N for dif ferent values of g and

a;, shown in Fig.4.8.3 also support these observations.

4.9 EFFECT OF SEIMIC COEFFICIENTS
Horizontal seigmic acceleradtions cause inertig forces
which, when directed towards the wall, will produce additionw-

al dynamic earth forces on the retaining wall. Because of
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TARE 4.8.1: EFFECT OF ANGLE OF SHEARING RESISTANCE OF SOIL, £,
(@ =90°% B =03 6 =7.5° and @ =0) (p IN DEG.)

3P

0.64373

g 20 ° 25° 30° 40°
6 ¢ 0.4511 0.3757  0.3105 0.2541  0.2051
P 51.9121 55.2348 ° 58.3033 61.2163 64.0271
o Cha 0.3137 0.3163  0.3184 0.3202  0.3218
1 Cpa 0.4245 0.3565  0.2966  0.2441  0.1981
SN 1.2963 1.22198 1.19980 1.18105 1.16464
Cq 0.38902 0.32991 0.27661 0.22904 0.18688
Cpygp - 0.4896 0.4097  0.3408 0.2811 0.222
P 48,6800 52.5665 55.9051 59.0497 62.0307
o Cp, 0.3397 0.3444  0.3490  0.3537  0.3586
S Cna 0.4989 0.4234  0.3569  0.2982  0.2466
N 0.99417 0.95169 0.91207 0.87288 0.83242
& Cy 0.409556 0.42527 0.36198 0.30528 0.25464
Cean ~ 0-5336 0.4478  '0.3743  0.3108  0.2556
. p 44,9745 o.4712 53.2903 56.7220 59.9104
T Oy, 0.3675  0.3733  0.37°5  0.3861  0.3935
v Cua 0.5882 0.5015  '0.4262. - 0.3600  0.3018
R 0.7624 0.71792 .0.67282 0.62576 0.5755
Ca, 0.61567 0.52887 . 0.45238 0.38442 0.32379
€ 0.5846  0./907 0.4116  0.3436  0.2846
- P 40,6737 46,0743 50.4311 54.2181  57.6597
< Cha 0.3982 0.4036  0.4102  0.4180  0.4270
Y Cpa 0.6984 0.5941  0.5066  0.4300  0.3646
o N 0.5442 0.50997 0.46827 0.42140 0.36255
° c, 0.75112 0.64022 0.54661 0.46507 0.39 206
Ctan 0.6456 0.5400.  0.4534  0.3799  0.3165
o 35.5969 42,2455 47.2044  51.5209 55.2636
& Cha 0.4343 0.4361  0.4418  0.4496  0.4593
o Cp, 0.8411 - 0.7064." 0.6009  0.5124  0©.4362
"N 0.32888 0.31905 0.28861 0.24775 0.19944
8 C 0.90441 0.7590 0.54626  0.46136
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this additional Vdisturbing force, additional soil mass is
enabled to slip down. Therefore, the angle of failure plain
with horizontal decreases with increasing value of 0y, - This
leads to increase in the mass of the rupture wedge which is
basically responsible for increasing the dynamic earth force

against the wnll.

" The width of the rupture wedge lS obviously 1larger at
the top and gradualiy reduce to zero at the base. Therefore,
inertial force being proportional to mass, for a given seig-
mic acceleration, it follows that the contribution of iner-
tial force by the sliding wedge is greater nea'r the top com-
" pared to that near the base. This results into incre-ase in
intensity of earth pressure near the top end of the walll for

the dynamic case. This results into increase in the value of

Figures 4.9.1, 4.9.2 and 4.9.3 support these observations.

Cha°
It may be observed from Fig. 4,9.1 that C’ha’ Caa and
Cfah increase with increasing ape For any oy these quantities

decrease with increasing values of a. Similar observations
can be made from Fig.4.9.2 for increasing values of § also.

In the case of g, even though the values of Cp» G and Cp,

increase with inCreasing ah, cma and Cfah increase and Cha

decreases with decreasing ¢ for any given value of o .

So far the effect of @, has not been considered. Figure
4,9 .4 shows variation of cha with a, for different values of

o from which it may be observed that for a given value of o,

v’

Iy
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changes in values of a_ cause significant changes in Cha parti-

(8]

v
cularly for higher values of ay . Similar details forp =5

and f = 10° are presented in Fig.4.9.5 and 4.9.6 from which

it may be noticed that C,, incresses; rather sharply for

h

higher values of a, and a  with increasingp. In fact for

n
f = 10°%, 4 = 30°% 6 = 7.57; a =90°; oy = 0-3 and ., = =0.15;
the value of C,, obtained is 1:32 which is not physically
possible. . Thig is go beoauge, the value of f = 10° is per-
missible by Mononobe-Qkabe formula (for this set of data)
which considers only tH = 0 and TV = 0. The formula has not
sccounted for moment equilibrium condition. This example

clearly shows that the Mononobe-Okabe fomula does not always

stand the test of moment equilibrium condition.

It>is, therefore, desirable to limit the pemisgsible
values of B to much smaller values than that indicated by
Mononobe-Okabe formula. The recommendations proposed in Fig.
4.5,6 in which permissiblé g is 5° (five degrees) below that
recommended by Mononobe-0Okabe formula is safe with respect to
moment equilibrium condition also, for the renge of ¢, «, and

., considered.

The effect of vertical seigmic coefficient on the
pressure distribution may be studied from Fig.4.9.6. It may
be observed that positi‘ve values of ¢  cause inCrease in |
pre‘ssure intensity and negative values cause decrease at any
depth. Thig is observed to be so for other values of «, §, &

and 6.
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The pressures for static case and for dynamic case with
¢y =0.1 and 0.2 with @ = 3 a,/2 are also shown in this
figure. It may be observed from this figure that the curve
for dynemic pressure for a given ay at a, =0 is very close

to the corresponding plots with «o = + cxh/z for the top one

s
third height of the wall. The effect of o on the pressure
gradually increases there onwards with depth reaching a maxi-
mun. at the base. This is logical,because,the vertical inertia
forces will reach maximum for the vertical slice close to the
wall and,therefore, produce a maximum effect near the base of
the wall. On the other hand the horizontal seismie coeffi-
cient has greater influence in the upper portion of the wall,
becauge, it wili be producing higher horizontal inertia force

near the upper end of the rupture wedge where the width is

m aximum.,

4, 10 - ADVANTAGES AND L’IMITATION‘S OF THIS INVESTIGATION

As assumed in Chgpter III, the use of Monenobe-Okabe
‘_rupture wedge is in agreement with the experimetital results
'repo‘r'te'd by many investigators. This is a point in favour of
this investigation, éim.ilarly, the assumption of same éccele-
ration coefficient throughout the rupture mass aléo appears to
be in good 'agreelneht with the experimental evidence. These
findings give reasonable respectability to the results 'repor't-.

ed in this investigation.
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The variation in measured seismic acceleration given

by Ishii et ai.(l960)-“has' been listed in the following Table:

TABLE 4.10.1 DISTRIBUTION OF ACCELERATION WITHIN THE RUPTURE
WEDGE. FOR ACTIVE CASE (Ishii et al.,1960)

L = 400 o (NEIGHBOURHOOD OF WALL)

H in ay . 8 Variation .ah'g Variation 0.8 | Varfation ‘
cm. (percent) (percent) (percent) -
0 82857  __=-  192.56 . 7b.B6 -

05 84,286 1.7 192,56 0.0 285.714 - 4,2
20 84,286 1.7 200.00 3.9  %2.857 6.8
35 8L4.286. 1.7 200.00 3.9 92,857 6.8

50 - - - ' - . . -

(CENTRAL PART OF THE BOX )

00  82.857 - 192.56 - B5.714 -
04 82.857 0.0 20.0 3.9 X7.143 4.0
% 78.57 5.2 27.14 7.6 321.43 12.5

50 85:714 3.8 200.00 3.9 328.57 15.0
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The numerical gpproach for obtaining the stress distri-
bution due to soil reaction is of great help in accounting for
moment equilibrium condition without making unreasonable

assunptions to carryout the analysis. Thigs is yet another
—_—

point in fawur of thls J.nvestlgqtlon. The pressure distri-

— — e r—— - ————

bution obtained by the method used in thls investigation for

a vertical wsall back, retaining level backﬂl?l with 4 = 30°

for the static case are shown in Fig.4.10.3 by} curw{ A for

6 =7.5° and curve B for 6 = 22.5°, The pressure distribution
obtained by the method proposed by Basavanna (1970) is also
shown in this figure by curve C. It may be observed from this
.figure that for ¢ = 7.50 the pressure ordinates of .curve C
are larger along the upper portion of the wall beck and
smaller along the lower portion compared with those of curve A.
This is 1logical, because, the aésmptions made inlBasavanna's
theory, that the vertical stress at a point within the r’upturé
—~wedge is given by the weight of the soil colum-.at that, point
is in error. This drawback has been rectified ig¥this-investi~
gation. 'Therefor;e, the curve obtained for this invéstigation
appeals to be more reasonable. Terzaghi (1936 and 1941),
based on his experimental investigations', has reported that
the pressures close to the base of the wall approach the at
rest earth pressures. OQObviously with such a situation the
higher pressure ordinates near the base of the wall bring the
resultant earth force. closer to the base of the wall. This

is in agreement with the results obtainéd in this investigatioh.
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The coefficient of at rest earth pressure by Jaky's method is

given by

K. =1 ~sing (4.10.1)

0

The at rest pressures uging this expression are also
shown in this figure by line D. 'It'n'lay be observed that
pressure curve predicted by Basavanna's method moves away
from the plot of pressure obtained by Jaky!'s method which is
contrary to Terzaghi's observation cited above. Besides,
for a wall tilting about its base; the movement of the wall
at baseisnégligible. Therefore, pressures close to: at rest
pressure near the b'ase are quite logical. Curve A and B
obtained in thig investigation are in agrecement with these
observations of Terzaghi., It may be recalled that for § = 30°
critical value of angle o_f wall‘ friction, 6o is equal te 250_.
The curve C obtained for § = 22. 5° is pretty close to this
condition and which predicts pressure at the base practically
identical with that predicted by Jsky!'s formula. This is

another point in support of this investigation.

Figure 4.10,2. shows the point of acfion factor, Chg?
obtained by Basavanna's theory as well as those obtained in
this investigation, Besides, C,, values obtained by the
method recommended by Indian Standard Code of Practice (IS:
1893 - 1975) are also shqwh in this figure. It may be
Observed from this figure that all curves obtaiﬁed by

Basavanna's theory and the results of this investigation with
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difféerent vertical seigmic coefficients converge to a single
point when ay, = 0; ‘This is a reasonable finding, because,
the vertical accelerations only change the net weight of the
soil and as such will not be influencing the pattern of
pressure distributions. The vertical acceleration will
increase or deCcrease the pressure ,ofdihates along the wall
back. On t‘he'other hand, the curves obtained as per IS Code
of Practice show a wide scatter at «, =0 for various values .
of ocv’; This indicates that the récommendation of the IS Code
ivs- not based on sound "logical theoretical practice. This

finding is another point in fawur of this investigation.

It may al so be observed from Fig. 4.10.2 that at
higher val_ués of ) the scatter between Cha values for v:_arious_
,Ivalue's o;t"'ocv also increases as per results obtained in this
‘investigatio'rjl ‘and those by BasaVanna'é mvethod. At any value
iOf oy chgrj than Oy = d, the increase in poéitive val:ue of .,

 decreases the value of C and increase in value of negative

N “!v increaséé Cha' “']his isg logical,’ bécause, the'vevrtilcal'
inertia force will‘ be more sf;mngly felt near the base of the
wall Where the depth of the mpfure wedge is more than near
the top end of the rtltpﬁure surface where the depth of the
rupture wedge is ,reiatively small, This results into shifting
of the point of ao‘.tibﬁ of the soil reaction along the rupture
s_urféce closer to t;:hg,. bas(e of ‘the wall and hence a correspond-

i'ng' increase in Chgt* The trend of the curves obtained as per

IS Code of Practice is oppo site to this findi.ng‘. This again

. .
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proves that the IS Code of Practice is not based on a sound

theoretical background.

The method of analysis adopted in this investigation
is very simple. E&en when the numbers of discrete wedges is
as snall as five, the resultsof this analysis ére acgurate
enough for all engineering practice for both static and
élynamic conditions. ,ihis me thod of analysis 1s simple enough
to be carried out even with the help of hand éalculators.
i‘his is a significant advantage for field engineers as well
as design engineers who do not have sophisticated computer
facilities or highly trained technical manpower at their
disposal for carrying out a more sophisticated analysis.
Eihis is particularly a significant advantage for a develop-
ing country like India, where it is the responsibility of the
engineering community engaged in research and development to
device suitable methods which are simple and yet reasonably
accurate fo;' all engineering purposes. It is believed that
the.' work rei;orted in this investigation is a right step in

this direction.

The computed éctive dyngmic earth force will be
utilised in desigt’ling the wall pr'dpérly. For this puri)dse,
thevequilib'rium of the wall acted upon by this dynam’id active
earth force, ineftia forces due _to wall mass and the regist-
ing forces at the base and in front of the wall should be
considered. Richards and Elms (1979) have recommended the
following expression for the weight of wall, W _,&lven by
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sin(a - 6) = Cos (a - &) tan 4y ,
W o= : .E (4.10.2)
‘ (1-a,) (tan;sz-tang) a

Wh ere,

0

angle of friction at the base of the retaining
wall. |

Ay

Howevery, it may be noticed that this relationship is develop=-

ed with the help of force equilibrium conditions only.

Like in Mononobe-Okabe theory, this relationship also
ne glects moment equilibrium condition which is réQUir,ed to be
satisfied for proper design of the retaining wall. Since the
proposed method successfully predicts that the overturning
moments have a.considerable significance in evaluating the
stability - of the retaining wall, it would be more logical
to provide adeGuate moment of resistance in addition to the
weight of the wall. If necessary, the wéight of the wall
may be increased suitably to syatis:fy this requirement.
Expression cited above for the weight of the wall recommended
by Richards and Elms hag alsoc neglected the passive resis-
tance in front of the retaining‘wall which is not an insigni-
ficant quantity. A4s a result, the weight of the wall thus
predicted is iikely to be overestimated. Besides, the counter
balancing moment provided by passive earth force tends to
reduce the resisting moment required to be mobilized at the
base 0of the wall which may also lead to a further'reduction
in the base width and possibly the weight also of the retain.

ing wall.
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For any given earthquake, there will be many frequencies
simultaneously acting. Cli'ler*efore, the chances of occurrence
of resonance or Quasi resonance for a given soil wall system
are rather remote. Seed et al (1970) have reported that the
difference in seigmic coefficientsat the top and bottom
levels of the‘wall may be of the orders of ten percent ‘on‘ly
for the dynamic conditions. Therefore, the assumption of sane
seiémic coefficient for the entire soil wedge does not appear

to be a source of significant errors.

Some of the recent methods reported which deal with the
dynamic interaction with soil wall system have adopted method
of analysis in elastic domain, The results of such investiga-
tion for the active earth preésure, problem is questionabl'e
since the soil along thev mpmre surface has reached the L
plastic state. Further reseémh is  needed to throw consider-
able light on this topic. Till such date, the method of
analysis adopted for this investigation and hence the results

- obtained may be considered to be reasonable.
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CHAPTER - V

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

5.1 CONCLUSIONS |

The numerical method preposed by Joshi and Prajapati
(1982) was used in this investigation to carry out extensive
parsmetric studies. The highlight of this method is its
ability to obtain pressure distribution due to soil reaction
along the rupture surface and hence aCoount‘for the moment
equilibrium of the rupture wedge « The method is very gene-
ral and many more spplications are required to be studied in -
detall by additional parametric studiessdiscussed in detail
in the next secticn. The results of the investigation have
been presented in the form of djmensionlesé paraneters. It
is highly desirable that this practice be popularly used so
that the results are independent of the units of ‘t’hé system

as well as the size of the problenm.

The following significant conclusions have been
brought out based on the results of the parametric studies

reported in thig investigation i

(1) The direction of interslice force defined by Eq.
4.3.1 appears to be reasonable, because, the distri-
but:‘gon of earth pressure and the soil reacticn do
not appear to be sensitive enough to the pattern of

variation of this quantity.
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(2) Even the use of five discrete wedges appears to be
accurate enough for all engineering purposes to
obtain pressure distribution for static and dynamic
cases. This makes the method ideally suited for
solution with minicomputers as well aé by ¥er# hand
Calculgators. Design engineers as well as field
engineers who may not have computing facilities at
their digposal will find this method very helpful

particularly in a developing country like India.

(3) It is not desirable to consider wall back leaning‘\
away from the fill, because,it invariably results (o;w;Hbd*‘
into higher values of earth fcrce and overturning
moments. Therefore,it is strongly recommended that

walls with vertical back or back slightly leaning

towards the fill may be fawured. .J

(4) Ihe angle of surcharge should be designed in such a
way that undex‘( dynamic conditions it does not fail
due to inadequate slope stability. The limiting
value of @ predicted by Ed. 3.2.1 is based on
force equilibpium only. It is recommended that to
provide adequate safety with respect to moment
equilibrium condition this limiting value of § may be
further reduced by five degreés. It may be more
economical in certain cases to reduce the angle of
surcharge to economise the wall design against cver-

turning moments. With increasing angle of surcharge
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static and dynami¢ earth forces and overturning
moments increase sharply.

(5) when sufficient wall motion takes place to .develop
active condition in the field, the relative motion
between the rupture wedge and the wall back is large
enough to mobilize cptimum value of wall friction.
The common practice of relating wall friction to
angle of shearing resistance only is inadequate.

It is also influenced by angle of surcharge but

Amo're significantly by angle of wall back. Simple
relationship has been deweloped in this investigation
relating angle of shearing resiétance of back fill,the
angle of wall back and angle of wall friction for
static case with lewvel backfill. The common notion
that wall friction chr dynemic condition is less than

that with static case is always not true.

(6) With increasing value of angle of shearing resistance
of soil the earth force and overturning moment decre.-
ase appreciably even though the point of action of
eapth force moves slightly away from the base. This

is true for both static as well as dynamic case.

(7) As the horizontal seigmic coefficient increases the
- inertia force due to upper portion of the rupture
wedge Censes Tongiderable increase in earth pressure

on the upper portion of the wall. This leads to an
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increase in earth force and a more significant
increase in the overturming moment.: Pcsitive value
of the vertical seismic coefficient tends ‘to 1ow<-::r
the overtuming moments and the negative value shows
the opposite trend. This is more pronounced at

higher values of horizontsl seismic accelerations.

(8) Basavanna' s theory for obtaining pressure distribu-
tion does not appears.to be reasonablé.‘ The recommen-
dations eited in IS Code of Practice (IS: 1893 . |
1975) for obtwining point of application of dynamic
earth force d not appear to be based on sound
theoretical background as the relationship between
point of application and the horizontal seigmic co-
efficient récommended‘by the Code shows tendencies
oprosite top those obtained in this investigation and

also by Basavanna's theory.

(9) The common concept of linear variaticn of earth
pressure behind the wall is inadequate even for the
static case and especially for the dynamic case.

To represent the nature ‘of pressure distribution
adeqQuately, use of Ca and N is very strongly |

recommended.
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5.2 SUGGESTICNSFOR FUTURE RESEARCH

Eventhough the parametric studies have indicated
that the earth pressure ig relatively insensitive to
variation pattern of orientation of inter-slice forces,
it would be desirable tc establish this quantity experimen-

tally through measurement of internal stresses.

Most of the experimental evidence reported is
based upon tests on small retaining wall models. It would
be highly desirable to cbtain test data from large scale
testsunder static and dynamic conditions to eliminate scale
érrors, if ‘any. O©Of particular interest would be the study
of internal stresses arid deformations within the rupture

wedge.

Eventhough this investigation has covered most of the
significant parametevrs influencing the earth pressures, some
of the pérameters not included ai‘e s effect of partial sub-
mergence of the backfill and influence of concentrated and

distributed surcharge loads.

The wall movements required to reach active state in
the backfill are specified arbitrarily as per present day
state of art . ‘I‘t is Vel;y much desirable that suitable
relationships are established to predict the wall motion
required in terms of material properties of the soil-wall

system that can be obtained by labtcratory tests.
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