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. STATIC AND DYNAMIC-ACTIVE EARTH PRESSURES
" ~ BEHIND RETAINING WALLS

P. NANDAK UMARAN* AND V. H; JOSHI*

- INTRODUCTION

There are many methods for estimating the earth prossurebehird an earth retaining
wall, Almost all of them are helpful in determining the magnitude of the earth-pressure
force. They do not normally speak about the distribution of earth pressure behind the
wall, or the point of action of the resultant force. As sugh, it is tacitly assumed that the
¢atth pressure has a pattern of hydrostatic pressuso distribution and that the resultant acts
at one third height from the base of the wall;-though the experimental results are not
always concurrent with this assumg)tion. In .casé of the dynamic increment of earth
pressure, the I, S. Code arbitrarily fixes the point of its action at two third height from the
base of the wall and experimental evidenoe to prove the same is very much wanting. . '

-~ 1t would-be rather easy to arrive-at the point of: application -of garth preasure a3 well

a8 that of -dynamic increment, if it i;.mbz&m-m the, .%t{ib"i%n of the normal

reaction of the soil along the rupture plana. In:the. proposed analysis, the normal reaction

is assumod to vary. !hmﬂylwnh;ﬂpmh,ﬂ&”ﬁ:qbove, - The results of a limited number

.- of graphical solutions have shown that this approach can successfully predict the point of

. application of static earth pressure and the dynamic increments, which reasonably agree
with the experimental data available. L ,'

,ASﬁUMP'I'IONS MADE IN THE PROPOSED METHOD ornmm
O :f‘he'back of retaining wall is rough. : o
fo @y “The eypiure surface behind the retaining wall is 2 plano one. .

3. -The 11:'“:}!1 has yielded sufficiently, so that tho state ‘of active éarth pressure is

reachod. : _

4. The failure wodge behind the wall is the samo in both static as well as the dynamic

. conditions. o o - -

5. The soil is a cohesionless material. - -

All the above assumptions excepting the last are the well known assumptions made by
Coulomb in his classical theory of earth pressures. Though the failure surface is not truly

- plane surface, yet, for the purpose of simplicity it is assumed to be plane one; this can be
easily obtained by using the earth pressure tables prepared by Jumikis (4).

Since all the retaining walls are usually designed for active carth pressures only, itis
reasonabls to assume that the wall has yielded sufficiently to bring about active earth
pressure gonditions behind it. Once. the rupture surface is developed. the occurrence of
earthquakes tends to produce further displacements of the same failure wedge rather than
to cause a fresh one. This has been observed in the studies of Prakash and Nandakumaran
(11). As such it is reasonable to assume that the failure wedge under dynamic conditions
is the same as that in static conditions. . : :
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FORCES ACTING ON THE FAILURE WEDGE
(i) Static conditions,

Under the static conditions, three forces keep the failure wedge in static equilibrium
(Fig. 2). One is the weight of the soil in failure wedge which 1s known in magnitude,
direction, and the point of application. The other is normal reaction of the soil along the
rupture plane, whose direction is known. The normal reaction at any point on the rupture

)

Fig. 1. Various forces keeping the failure wedge in equilibrium under static and dynamic condition

plane, is a function of the vertical stress at that point, which in turnis a function of the
depth of the soil column above that point. Thus, it is quite reasonable to assume that the
normal reaction along the rupture plane varies linearly with the depth of so0il wedge above
which determines the point of application of the normal reaction. The third force is that
due to earth pressure which is known in direction. Using this data and employing the
principles of static equilibrium, the point of application of the earth pressure force can be
obtained easily.

(ii) Dynamic case.

In this case, in addition to the earth pressure force known in direction and the weight
of the soil in the failure wedge known in magnitude, direction and point of action, the
inertia force due to the soil wedge also acts, which is also known in magnitude, direction
and point of action (Fig. 1 and Fig. 2).

Fig. 2. Force diagram for static and dynamic cases

-i
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Fig. 3. Distribution of pressure due to soil reaction and its
dynamic decrement along rupture plane

In most cases, the retaining walls tend to fail by rotation about the base because the
wall is well keyed into the ground for translation movements, and also because it is subjected
to large overturning moments. As such, it can be taken to be so under dynamic conditions
also. So, when the failure wedge tends to rotate about the base under dynamic case, it
leads to no lateral displacements at the base of the wall, whereas the tendency of the wedge
moving away from the soil behind it will increase linearly with the incrcase in height above
the base of the wall, which leads to a definite decrease in the normal reaction along the
rupture plane. Since tendency for the outward movement is maximum at the top and nil
at the base, it is assumed that the dynamic decrement in normal reaction varies linearly,
with the maximum value at the ground surface and zero at the base of the wall.

But this assumption will lead to negative soil reaction near top portion of the rupture
since the static soil reaction is assumed to start with zero value at the ground level. So, it
is reasonable to modify this assumption to state that the decrement in soil reaction at any
point along the rupture plane does not exceed the value of the soil reaction under static
condition at that point. This is quite reasonable for the cohesionless soils, for which the
analysis is proposed.

ANALYTICAL PROCEDURE FOR OBTAINING THE POINT OF APPLICATION
OF SOIL REACTION

By employing the principles of static equilibrium i.e. ZH=0, ZV=0and ZM=0; the
magnitude and point of action of earth pressure force can be obtained if the weight of the
soil wedge and the soil reaction are known completely., Since the reaction is assumed to
varsz1 linearly the resultant of it acts at one third height from the base of the wall in static
conditions,

Under the dynamic conditions the principle of superposition is assumed to hold good
i.c. in addition to the forces in the static condition the additional forces that are produced
due to dynamic condition should also satisfy the principles of static equilibrium. The
resultant dynamic earth pressure force will be the vectorial sum of the static earth pres_ure
force and the dynamic increment.

In Fig. 3, ALMNOP represents distribution of static seil reaction: and ALMNO
(= APMNO) that of the dynamic decrement in soil reaction. The resultant soil reaction
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is'tepresented by ALMP. Let y. be the intensity of static soil reaction at base of the wall,
Z the distance along the rupturg plane . measured from the topend, atwhich the dynamic
decrement of soil reaction is maximum (=x;). If the value of Z is known, it is quite easy
to arrive at the point of application of the resultant soil reaction under dynamic conditions.
With the notations as listed at the end of the paper and as shown in the figure 3, we have,

Soil reaction under static conditions=R
i psin(90°—a43)

‘ sin ({—®)
D008l cos(E—®eos—0)  sin(90°—atd) |
= e DS I0tT—@ O8]} sin (90°— ) (H

Weight of the soil wedge=W

cos (L —a) cos (i—a) !

. @

: z*'Y,' H cos®a cos ({—1)
Dynamic decrement in soil reaction=AR
W eh sin (& |-3) . .
“sin (90°+-{—(« L +-3)}
- vh? cos (Q:Aomc) cos (i—a) sin (a1 8) 3)
=™ 2 costa sin({—i) sin 90° 4+ — (e +D+-3)
Since the soil reaction is assumed to vary linearly with depth, we have
R=}.y.a. . OF

wheae a=Iength of the rupture plane.

Let “x” be the intensity of the soil reaction at the distance at the distance “Z” from
the top end of the rupture plane, form which we get, ‘

Dynamic decrement in soil reaction= AR

= AMNP:== ALNO=2a.x/2 : ‘ (5
and Z=(x/y).a (6)
From Fig. 2; by applying sine rule to the force polygon, we get
(H/cos ) a

sin (-1} sin (304i—a)
a:H sin (90+i—a)

: cos asin (§—i) ‘ g
From equation (5) and (4) we get . "
2R 2AR
y="— and x="——
a T a
On substituting the values of y and x in Eqg. (6) we get
: ' : AR
Z= T .a (8)
" sin («+43) sin (T—@) sin (90} 5—a) 9
=He oo (90~ «—3) sin (T—38) cos « cos (— ) 69

Thus, knowing the value of Z, the point of application of resultant soil reaction under
dynamic condition and hence that of the dynamic earth pressure can be easily obtained.

GRAPHICAL METHOD OF ANALYSIS

Since the expressions involved in the computation of earth pressure are qui.te lengthy
and complicated for analytical solution, it is easier to obtain graphical solutions, The
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graphical approach can be split into two parts, one for determining the static éarth
pressure and the other for the dynamic increment (AP). Equation (8) comes out to be
handy in calculating the value of Z.

EFFECT OF VARIOUS PARAMETERS ON THE POINT OF APPLICATION OF
THE EARTH PRESSURE FORCE.

In most of the conventional earth pressure theories the point of application of the
earth pressure force is assumed to be at a height (hy) of one third the height of the wall above
the base. But the proposed approach shows that hy is a function of angle of wall friction (5),
angle of surcharge (i), angle of wall back with vertical («) and the angle of shearing assis-
tance of the soil (@).

Fig 4 shows that h, decreases with increasing value of angle of wall friction §, But
for a smooth wall (3=0), hy is equal to one third the height of the wall. Fig. 5 shows that
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Fig. 4. Relationship between height of point of action of static earth pressure
(h,} with angle of wall friction 39

hg increases with increasing values of angle of surcharge (i), the variation being sharper
for larger values ofi. In Fig. 6 it can be seen that h, increases again with increasing values
of angle of wall back with vertical, for the walls leaning away from the fill material. But
In this case, the variation is more sharp for smaller values of «,

EFFECT OF VARIOUS PARAMETERS ON THE POINT OF APPLICATION OF
DYNAMIC INCREMENT IN ACTIVE EARTH PRESSURE FORCE.

By using the proposed method of analysis, the effect of angle of wall friction (®); angle
of surcharge (i); the angle of wall back with vertical («); the coefficient of horizontal
acceleration due to earthquake (on) and the angle of shearing resistance of the soil over the



118 - Bulltin of the tndian Socisty of Earthquake Techhology

3

FOR DYNAMIC INCREMENT (B P) )__../‘L

=

?
o

FQR STATIC ACTIVE EARTH PRESSURE L

fig or hy i metres
o
3

IR CE——

T ¥ui c-um’
& . Watm Px 40
o p— olne §.29 —t
. ah | B ow2s’
. | | I
) s 10 . T3 20

Fig. 5. Relationship between helght of point of application of static earth pressure
{(h,) and its dynamic increment (hs) with angle of surface {2)

Y

0.7

os
§ 03 \ -
¥ T~ FOR DYNAMIC INCREMENT (4P)
& | )
& [ -
s
o
E . :

0.3 FOR STATIC ACTIVE EMTH PRESSURE [

!
-
0.2 [ ¥ete tymd =

Hu1m ¢ = a0

2s°
ah 1 ﬁ’n oz

[ S T [T T 20; — .a =
‘ < -
Fig. 6. Relationship between height of point of actlon of static active earth pressure
: () and its dynamic increment with sngle of wall back (»°)




Static apd Dynanic Active Exith Prassiiron Bokind Retsining Walls

n
-
-
f

oA
o Y
=

Y tetiak
.

* adg
.‘qz 0rg
i B [ Yy r:z" IGi w0 ”»* "
&
Fig. 7. Relatlonship between height of of tion of dynamic Increnient
ey with the angle of well Eicsian oy
. ;
(%]
[N
g 0.5 Er— 41“. -—
¢t .
2,
0,3 r—y
~¥ ey e ymd
) or LEY T
" — & ua2s®
R o«
1
N . _ .
- R CI T LG - A

C ey

Fi 8 Rejation betwee t of lntof th
1 Rt i e il e o e e

-



i2o Bulletin of the Indian Sacisty of Earthquake fecfmolagy

height of the point of application of the dynamic increment in earth pressure force (AP)
above the base (hg) are studied.

, The value of hy increases parabolically with the increasing values of 3; but fora
smooth wall (3=0) hq is equal to two third height of the wall above base; Fig. 7. But for
very rough walls, the value of hg may fall to as low a value of 0.4 H ahove base; thus
showing that 8 has a marked inuflence on hs. From Fig 6, it is seen that hy again
decreases with the increasing angle of wall back with vertical (2) for wall leaning away
from the fill. On the other hand increasing values of surcharge angle (i) tend to increase
the vatue of hq (Fig. 5).  As far as horizontal acceleration coefficient ay, is considered, hg
increases linearly with increasing values of ay, though the variation is not very sharp
(Fig. 8).

COMPARISON OF THE FINDINGS WITH THE OTHER THEORIES, EXPERI-
MENTAL INVESTIGATIONS AND THE 1.5. CODE OF PRACTICE.

The first theory to predict the dynamic active earth pressure was put forward by
Mononobe (6) and Okabe (8) which is essentially the same as this proposed method, except
that thoy assumed the dynamic earth pressure force to act at a hight of one third height
abovethe base. They also assumed a different failure wedge under dynamic conditions.
Based upon the moment equilibrium, Prakash and Basavanna (10) suggested an improve-
ment for this method in the form, of a correction factor “Cy,”, which predicted the total
aCtive dynamic earth pressure force to act at a height more than one third height above
base (Fig. 9). Jacobsen (3) made a series of tests on 3’ (91.44 ¢m) high wall backhilled with
dry sand and subjected to harmonic base excitations. His test data agreed well with the
magnitude of dynamic active earth pressure force predicated by Mononobe and Okabe
method only for values of x,<{0.4 (Fig. 10). But the dynamic increment (AP) was found
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Fig. 9. Values of Cy, based on Fig. 10, Results of model tests by Fig. 11. Effect of base motion
moment and force equilibrium Jakobsen on earth pressure distribution
conditions (After Prakash and {After Matsuo)
Basavanna)y

to act at a height of $H above base. A comprehensive investigation of a simjlar type was
conducted by Ishii, Arai, and Tsuchida (1) using a shaking table of about 13 feet (3:96 m)in
length 7 feet (213 m) in width and 2 feet (0:61 m) in depth. Their findings indicated that the
Tupture mass under dynamic condition practically behaved like a rigid mass: which supports
the rigid body mechanics assumed by the proposed method and the Monronobe-Okabe
method. Though the total dynamic active earth pressure force was found to be somewhat
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less than that predicted by Mononobe and Okabe method, the point of application was
about 0-33 H to 04 H, above the base. The test results obtained by Mutsuo (5) show that
the distribution of dynamic earth pressure behind retaining wall is curvilinear, as shown in
Fig. 11.

Fromthe study of the avialable experimental evidences, it can be concluded that though
the dynamic active earth pressure force is found to act at a height greater than H/3 from the
base, there is no unique value arrived at and the value normally varies between 033 H to
0-66 H above the base. This is understandable because the various parameters influencing .
the point of application of the same were different in different test setups. The point
of application predicted by the proposed method is more rationalinthe sense, it takes into
consideration the effect of various parameters quantitatively in predicting the point of
application of this force, which again falls between 0-33 H to 0-66 H, abve the base; and as
such agrees reasonably with the experimental data available.

The 1. S. Code (2) suggests that the dynamic increment should be taken to actata
height of 0-66 H above the base. This is the extreme case and in most of the cases this
clause is likely to overestimate the overturning moment due to dynamic increment (A P)

THE VARIATION OF COEFFICIENT OF DYNAMIC INCREMENT WITH THE
HORIZONTAL ACCELERATION COEFFICIENT.

The coeflicient of the dynamic increment (/A Kag) increases very markedly with
increase in the value of coefficient of horizontal acceleration, ay, particularly at larger
values of ay as suggested by Mononobe and Okabe. Seed (12) has arbitrarily suggested that
for all practical purposes AK ,g is given by the linear expression

LOKag=0G/4)an
The values of AK,g as obtained by the proposed method of analysis, along with those
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Fig. 12. Relationship between dynamic increment in earth pressure coefficient
AK g with horizontal acceleration (a;)
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suggested by Mononobe and Okabe, and Seed are plotted in Fig. (12). The experimental
results obtained by Jakobsen show that for higher values ay (ay>0.4) the predicted magni-
tude of earth pressyre calculated by Mononobe and Okabe method is much in excess
of the actual values observed. Though Seed’s values are smaller than those suggested by
Mononobe and Okabe for ap>0-33, it happens to be arbitrary in nature tending to overesti-
mate the values of K 4g. In fact, the proposed method happens to be the only method which
considers the influence of various parameters in determining the magnitude of the dyna-
mic earthpressure.

However, a more rigorous check up with the experimental results taking into considera-
tion the various parameters listed in this proposed method is required for further confirma-
tion of the validity of the predicted results. Moreover, only a limited number of
graphical solutions are made use of in studying the effect of various parameters on the
point of application of the static and dynamic earth pressure. It would be very useful
for the design engineers if an earth pressure table is prepared considering the variables in
the range of practical interest,

CONCLUSIONS

A method has been proposed for determining the point of application of the dynamic
increment of the earth pressure, assuming that the size of the failure wedge under dynamic
condition will be the same as that under the static condition, if a failure wedge is already
formed before the application of dynamic loads. The method uses all the three conditions
of equilibrium in the analysis.

The results of the analysis show the following significant findings.

(i) The height of point of application of dynamic increment of earth pressure above
. base of wali (hy) is always greater than that of static earth pressure force.
(i) The value of hy is a function of angle of wall friction (8): angle of surcharge (i),
angle of wall back with the vertical («): coefficient of horizontal acceleration (ay):
and the value of angle of shearing resistance of the soil (¢).

(iif) The value of hy decreases quite sharply with the increasing values of angle of
wall friction (3).

(iv} The value of hq increases, but not very sharply with the increasing values of
angle of surcharge (i).

(v) For the wall leaning away from the backfill, the valﬁé of hy decreases; rather
sharply, with increasing values of inclination of the wall (=).

(vi) The value of hy increases linearly with the increasing values of horizontal
acceleration (up). .

(vii) The values of AK 5 predicted by Seed and by the proposed method are both
linear functions of x,. But Seed’s method does not consider the effect of
various variables that the proposed method considers. Also the values of AKag
predicted by Seed’s method are much larger than those calculated by the proposed
method for those values of #, 3, a, 1, ep and y adopted in this analysis.

For the same set of analysis, the values of AK Ag predicted by Mononobe-Okabe method
are smaller than those by Seed’s method for on<.0.33 gand are larger for oy>0.33 g:
the values of AK ,y from the present method are nearer to. those prédicted by Mononobe-
Okabe method for x,«{0.25g, which covers the range of accelerations of maximum
interest to the earthquake engineers.
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NOTATIONS

=length of the plane rupture surface behind the retaining wall.
H=nheight of the retaining wall measured from the base of the wall.
hy=height of the point of application of the dynamic increment (AP), measured
vertically above the base of the wall.
hg=height of the point of application of the static active earth pressure force (P)
measured vertically above the base of the wall.
i=angle of surcharge (Fig. 1).
AK se=dynamic increment in earth pressure coefficient =K , pynamip—K astatic)
P=static active earth pressure force. .
Pgyn=-dynamic active earth pressurc force.
AP=dynamic increment in active earth pressure force due to earthquake (=Payn—P).
R==Soil reaction.
AR =dynamic decrement in soil reaction due to earthquake.
W —weight of the soil mass in the failure wedge.
x=s0il reaction at a distance measured along the rupture plane from the top end.
y=mmaximum soil reaction at the foot of the rupture plane.
Z=the distance measured from the top end of the rupture plane, at which the
dynamic decrement in soil reaction is maximum.
a=angle of the wall back with respect to vertical for the wall leaning away from
. the fill.
an==coefficient of horizontal acceleration due to earthquake.
v=unit weight of the soil.
3—angle of wall friction.
{=inclination of rupture plane with respect to horizontal direction (Fig. 1).



