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I. INTRODUCTION

l. Statement of the Problem

Retaining walls have in the past been classified into
several principal types, l.e. gravity, cantilever, and flexible
walls [Tschebotarioff(l)] [Bowles(2)], based on the method of
achieving stability. There is a new type; the reinforced earth
retaining wall, which was developed on the principle of steel
reinforced earth. At this time, there are neither construction
specifications nor criteria for design to be used by the engi-
neers. This report suggests an elementary way to analyse and

design a retaining wall constructed of reinforced earth.

2. Purpose of the Report

The purpose of this rebort is to suggest a way to analyse
a strap reinforced earth retaining wall based on the theory of
Coulomb as modified by Rankine concerning earth pressure. The
Principle of reinforced earth is used to set up a series of
tables which indicate to the designer the proportion of rein-
forcement in the earth mass, the relationship beftween the
proportion of reinforcement and the separation of layers, and
the width of the wall. In these tables some variables are
held constant while others are allowed to vary. These tables
allow the designer to arrive quickly at values for the proportion

of reinforcement for each combination of variables.
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3« Scope of the Report

A review of the theories of earth pressures and an intro-
duction to the principle of the reinforced earth are given in
this report. The major part of this report is aimed at develop-
ing a procedure for this type of retaining wall design. Second-
vly. a computer program was developed to be used to prepare a
series of useful tables for the values of the proportion of
reinforcement to earth. Finally, numerical examples and a
conclusion from the writer summarize the results and suggest

areas for future study.
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ITI. REVIEW OF LITERATURE

A. Earth Pressures

1. Assumption Based on Coulomb's and Rankine's Theories

Coulomb(3) in 1776 was the first to develop an applicable
theory of soil pressures and shearing resistance from a purely
theoretical study of retaining structures. The basic assumptlons
for Coulomb's earth pressure theory were as followings:

(L), The soil is isotropic and homogeneous and possesses both
internal friction and cohesion.

(2). The rupture surface is a plane surface.

(3)s The friction forces are distributed uniformly along the
plane rupture surface.

(4)s The failure wedge 1s a rigid body.

(5)e There is wall friction between the wall and the soil.

(6)s Failure is a two dimensional phenomena, and the problem
considered is a unit length of an infinitely long structure.

His assumptions 1imit the analysis to the ideal soll with many

simplifing assumptions for ease of computation.

Rankine(4) in 1857 considered the soil to be in a state of
plastic equilibrium and used essentially the same assumptions
as Coulomb, except that he assumed no cohesion or wall friction
which greatly simplified the calculation of problem. He studied
the state of stresses with a loose granular mass with zero
cohesion. His analysis was also based on T.c assumption that

a slight deformation of the soil is sufficient to bring into
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play its fu%l'frictional resistance and thus to produce immedi-
ately an acti#e state 1f the soil tends to expand parallel to
its surface and a passive state if it tends to compress parallel

to its surface.

2. Vertical Earth Pressure

Figs. (1) shows the vertical stress at any depth, caused
by the self-weight of soil, which can be computed simply by

considering the weight of soil above that depth.
Oy = YZ

where oy, is the vertical stress

Y ié the unit weight of soil

Z 1is the depth

Lambe (5) stated “The unit weight is seldom constant with

depth." “Usually a cohesionless so0il becomes denser with depth
becasue of the compression caused by the increasing vertical
stress." If the unit weight of the soil varies continuously
with depth, he suggests that the vertical stress can be evaluated

by means of the integral
Oy = ji y' dz, where y' 1s variable

In practice, the average unit weight of the soil through

the depth is always used by engineers for design purposes.
3. Active and Passive Lateral Farth Pressures

A retaining wall constructed and backfilled with a cohe=-
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Fig. (1) (a) The vertical stress at depth z

caused by the self-weight of soil with

horizontal surface

(b) The vertical stress at depth 2z

caused by the self-weight of soil

-with inclined surface
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Fig. (2-b) Wall movement to develop passive
pressure



7
sionless material as shown in Fig. (2-a), that is moved forward
slightly results in the soil also moving forward. As the soil
moves the friction forces become fully mobilized (Rankine's
assumption), and an analysis of trial wedge as reported by
Terzaghi(6) and Lambe(5) indicates that the critical surface is

approximately a plane surface at an angle of

g
9=450+-?
with the horizontal plane, where g is the internal friction
angle of soil. At this point the failure wedge and driving
weight are a minimum. This minimum is termed the active earth
pressure.
If the wall is moved into the backfill, Fig. (2-b), the

failure wedge can be approximately by a plane surface at an

angle of

9=Ll'5°"-2—

with the horizontal plane. For such a movement into the back-
£i11, Bowles(2) says that the retaining wall must provide a
sufficient push against the soil to overcome the frictional
resistance along the rupture plane. The pressure developed in

this case is termed the passive earth pressure.

4, Coefficients of Lateral Earth Pressures

To simplify computations these earth pressures are given

in the forms of coefficients K5 and Kp. According to Bowles(2)
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and Jumikis(?7), Fige (3) and Fig. (&) illustrate the concept of

the coefficients of active and passive laterazl earth pressures.

From Fig. (3) the total active earth pressure

2
1 cos g
Pal = — YHZ (1)

cos & [1.FJ/Sin(¢+6) sin(ﬁ—s)]z
cosé cos3

cos?g
cosd [1.hJ/§1n(¢+6) sin(g_sjjz

"cosbé cosB

i

Ka1 (1)

where K, is the coefficient of active earth pressure in which
the wall friction is considered. The pressure distribution is
shown in Fig. (3-b).

The total passive earth pressure

2
1 cos™ g
Pp1 = 5 yi® : o 5 (2)
cost [1 - J/éln(¢+ ) 51n(g-B)]
cosé cosB
2
cos
Kp1 = - (2)

cosd cosB

I [1.;/%in(¢+6) sin(g-g)jz

where Ppl acts downward to the normal of the back of the wall
at the angle of wall friction &, K1 is the coefficient of
passive earth pressure with the wall friction considered.

Fig. (&) shows the case of Rankine's earth pressure in
which the wall friction is neglected.

The total active earth pressure
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1 cosB - Jcos“3-cos=g
Pgp = =— YH2 COSB (3)
2 cosB + Jcos<B-cos3g

cos3 = JcosS=2B~cos3g

a2 = COSB (3")
coSB + 4cosS2B-cos=g

-

where Kg» is the coefficient of active earth pressure with the
wall friction neglected.

The total passive earth pressure

1 > cosB + +/cos®B-cos®g
— yH™ cosp (&)
2 cosB - vcos?B-cos®g.

sz

cosB + vcos28-cos?g (40)
K,» = cosp bt
e cosB - vcos?B-cos?g

where Kpp is the coefficient of the passive earth pressure
with the wall friction neglected.

Singh (8) points out that P,, and P,, must be parallel

p
to the surface of the backfill as a conseguence of Rankine's
assumption of non-existence of frictional forces between the
soil and the wall. Terzaghi (6) and Singh (8) also agree that
frictional forces between the so0il and the wall do develop with
the movement of the wall and the resultant pressure is inclined
to the normal to the wall at an angle that approaches the
friction angle between the soil and the wall. This is the basic

difference beiween Rankine's and Coulomb's theories.

In the case of
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Egs. (l):(l')l(z}r(z')t(B)l(B')n{“’)s(}“") would become

I

1 . V4
Pal = Pap = 7 YH® tan®(45°- 3 )

Kal = Kap = tan? (45°- £ )

l 2 2,,20, &
EYH tan (‘I-I'S'i‘-é-)

tan® (450+ Z)

ol
H
i
od
o
I

Be Principle of Reinforced Earth

The principle of reinforced earth was first generally
introduced by Vidal (9) in 1969. There are some major concepts
in reinforced earth, which must be mastered to develop the

design of straps reinforced earth retaining walls.

l. Reinforced Earth

Reinforced earth is a material formed by combining earth
and steel reinforcement. "Earth" covers all types of soil
found in nature, including both granular soil and soils which
exhibit cohesion. In this report the earth was assumed to be
made up of strictly non-cohesive soil. When rectilinear rein-
forcement is introduced horizontally in this earth the whole
mass exhibits some cohesion, which arises from friction of
grains of earth against the reinforcement forming a body of
reinforced earth.

It is assumed that there is grain-reinforcement friction
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Fig. (5-a) A reinforcement is connected to the
soil grains by tensions Ty and Tp
and with the stress w normal to the

reinforcement over a length L
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distribution
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without sliding, and that the reinforcement is connected to

the earth and properly placed and designed.

2. Frictlion between Earth and Reinforcement

According to Vidal (9) friction is the basis of the theory
of reinforced earth. |
A reinforcement is connected to the soil gréins=by tensions
Ty and T, as shown 1s Fig. (5-a). If the stress in the earth
perpendicular to the plane of the reinforcement has the value
w (the force normal to the reinforcement over a length L ) and
there is no sliding between earth and reinforcement, and there

is_a relationship

AT

< f (5)
2wl

wWhere aT = Tl - Tp.

f is the coefficient of friction between earth and rein-
forcement.

Formula (5) assumes that the reinforcement members are
flat and that a layer of reinforcement forms a plane. In
reality the reinforcements are in flat bands of limited width
spaced at finite distances from each other as shown in Fig.

(5-0).

If K, is the proportion of reinforcement per length,
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formula (5) becomes

AT < 2wL Kp £

AT = 2wL K. (6)

g
where S is the safety factor

3. Stresses in Earth and Reinforcement

Vidal (9) points out that there are some difficulties in
calculating forces in reinforced earth, which result from deal-
ing with a composite non-isotropic material. But he states
that this does not interfere with the wvalidity of Mohr's circle
which makes it possible to represent the stresses in the earth
around a point.

If a cube of non-cohesive earth, Fig. (6-a), is subjected
to a compression stress'Nl on its two faces, under the stress
condition shown in Fig. (6-b), it can not remain in equilibrium
because the lohr's circle C; cuts the failure envelope [Singh
(8)]. The cube can only be stable when compression force Nz is
at least equal to K Nj, acting on its other axial faces, as

shown in Fig. (7-a).

where

- 2 .2
K, = tan (450 > )

in which case the Mohr's circle C, becomes tangential to the
failure envelope. According to Terzaghi (6) this means failure

under the active-pressure condition is just occurring. I Np
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Fig. (6=-a) A cube of non-cohesion earth
is subjected to a2 compressive

force Nj on its two faces

failure envelope
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Fig. (6-b) MNohr's circle represents the
state of the stress in the

unbounded earth
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subjected to a compressive force Nj
on its two faces, and Ny on its
other axial two faces

Failure envelope

& (No [ N5* N+

Fig. (7-b) Graphic representation of state
of the stress at failure, ¢
¢, represents the earth 1n €latic
equilibrium
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is greater than KgNj the Mohr's circule Cj, Fig. (7-b), shows
the earth in elastic equilibrium.

In the absence of reinforcement these stresses, N2 and
No' can only be produced by external forces.

Vidal (9) considered an elementary cube of reinforced
earth, Fig. (8-a), which is assumed to be oriented so that the
reinforcement is arranged perpendicular to the direction of the
compression force Ny. It is also assumed that there is no
sliding between the reinforcement and the earth particles.

Thus the neighboring particles A and B are rigidly connected by
the reinforcement, and everything acts as if the two plates A'
and B' as shown in Fig. (8-b), formed of the external particles
which can produce stresses on these two cube faces, are connected
by the reinforcement.

Vidal (9) concludes that when the cube is subjected to a
compressive stress N; it does tend to expand along the reinforce-
ment members, and that sliding of the particles within the cube
is impossible up to the point where the compression forces Ny
become equal to K Nj. AT this point the corresponding Mohr's

circle obviously becomes tangential to the failure envelope.
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Fig. (8-a) A reinforcement is introduced hori-
zontally into the cube of non-cohesive
earth which is subjected toa vertical

compressive force Ny
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Fig. (8-b) A cube of reinforced earth is in
equilibrium '
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III. RETAINING WALL DESIGN DEVELOPED BY THE PRINCIPLE CF

RETINFORCED EARTH

Retaining walls are always designed to retain the thrust
from the earth mass behind the wall by its full or partial self-
weight. Fig. (9-a) shows a wall in Rankine's case (a smooth
vertical face and with a cohesionless material in the backfill
are assumed) with a driving force Py against which it must
provide adequate stability against sliding and overturning. TFig.
(9-b) shows how the horizontal pressure distribution along the
wall face with increasing depth.

According to the principle of reinforced earth the fric-
tional forces between the soil and the reinforcement are used
to balance the horizontal force, P, cosB.

Fig. (10) indicates the reinforcement introduced into the
soil mass. As long as the reinforced earth is stable; no sliding
will occur in the earth, the reinforced earth as a whole acts as
a gravity wall with a vertical face. The other necessary design
computation is checking it against sliding on the base or over-
turning at the toe, due to the driving force of the earth behind
the reinforced earth wall.

The analysis and design of the reinforcing stirap for a
reinforced earth retaining wall involve the following steps:
Step (1). Calculate the horizontal driving force Py in the

reinforced earth.
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Fig. (9) (a) Active earth pressure diagram

in Rankine's case

(b) Horizontal active pressure distribution

along the wall with increasing depth.
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A retaining wall constructed of strap rein-

forced earth
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a
P, cosB = Py
yHK
YHK, cosg
According to Eq. (3) and Eq. (3')
" cosB - cos®8 - cos®y

P, = i'1.’H2 cospB
2 COSB + +Cc0S%B = cos®y

cosB = «cos®B - cos®g

Kg = cosB

cosB + +cos®B - cos®g

The horizontal driving force would be

1
Py = P, cosB = E;YHzKa cosB (7)

Step (2). Calculate the total possible resistance between the

earth and the reinforcement.
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From Fig. (10)

H =memmm e height of the wall

L e e width of the wall

Y =———me—————— unit weight of the soil

B mmmm—m—m————— angle of the backfill

d mm———————— distance between each layer of reinforcements

I emmmmmm————— coef. of friction between soil and reinforce-
ment

K memmmmsinm proportion of reinforcement per foot wall

At layer No. (0)

Ny 1s the soil. weight above the layer



according to Eq. (6) the resistance force is

f
Fo =2 Ng Kpp =
0 °o rg

5
F =2.-_-Y-L2tans-1{r.§
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™
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the resistance force is

£
Fl =L (24 + L tanf)eye Kp +

At layer No. (2)

the resistance will be
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=L (4d + L tang) v o« Kpnoo

£
S

At layer No. (3)
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T} '
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ke = =l d -
T

T

2B
W
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J

the resistance will be

T
F3 =L (6d + L tan3)eys K. o —
S

Similarly

0.8

the resistance force at layer No. (n) is

b
F, =1 (2nd + L tanB)-y.Kr.-g-

" Then it follows that the total resistance force

F

)

F
where n
Step (3).

—_—

it

S F
i=0

2 T
[L (n+1) tanpg +2Ld(l+2+loocunnn)]y _o}ir. —S—
(%% + 1) (thans + LH)Y -Kr-%;

H
= number of layers

Determine Kr values.

A

(8)
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The reinforcing members are stable against sliding if

P, = % AT. <F = (H + 1) (tha LH) K z
H 32" "1 =7~ Ya B ¥ i
From Eq. (7) and Eq. (8)
1 H 2
Y Y i K, cosg = (7T + 1) (L tanB + LH) v Kpn 5

where f = tana, a is the friction angle between soil and rein-
forcement.
If S = 2, then

H? cosB cosa Kg

(9)

fr = (ali + 1)(L%tang+LH)sina

Ky is obviously a function of H, L, B, &, d, and Kz« In turn
L depends on the active thrust from the backfill of the rein-
forced earth wall, and on the sliding resistance of the base

when the reinforced earth is considered as a whole.

Step (4). Check sliding of the wall.

From Fig. (11) the active horizontal force from the backfill

is

_PH. P,' cosé = Py’ cosd (10)
but the resistance force on the base is equal to

L(wy+w,) [tang + Kp(tana-tang)] (11)

where wy is the weight of soil body ABCD



Fig. (11) Forces acting on a strap reinforced

earth retaining wall



wo 1s the weight of soll body ADE

Then,

must be satisfied.

Step (5). Check overturning about the toe
g L 2
Mg = Wy =z + Wo L 3 ) (12)
) (H+Ltanp)
I‘fl-t = PH. ‘_'T"_‘— - Pv' ¢ 1 (13)

where [y 1s the moment about the toe, produced by the reinforced
earth body
iy is the moment about the toe, produced by the thrust

from the backfill

PV' = P_"' siné = Py' sin g

Wl =H'L'Y

I
Wy = E L2 tang « vy
Then,
M,
Se Fo = —2'> 2
Mg

must be satisfied.

Step (6)s Select the cross section of reinforcement.

The highest horizontal driving stress is at the bottom of the
wall. It is assumed that the layer of reinforcement at the

base takes the stress such that



Then,

where fr is the working allowab;e strength of the reinforcement

A 1s the needed cross séction of each strip reinforcing

member per foot wall

In discussion of the cross section of the reinforcement
there are many kinds of shapes such as strips, wire mesh, steel
cable, to be possible used as long as they give the neéessary
friction surfaces in the longitudinal direction.

If round reinforcement is selected instead of flat recti-

linear reinforcement, Eg. (6) would become

AT =2y + L W » v » Kp' »

W+,

where r is the radius of the rod

K..' is the number of rods per foot wall

x
w 1s the average pressure around the rod

In this report only the flat strip reinforcement is

considered.,



IV. NUmMBRICAL mXAMPLES

"Design a retaining wall constructed of reinforced earth,
which is to retain an embankment 30 feet high. The backfill
slopes 10° to the horizontal, g = 350, and vy = 120 pef. The
bearing capacity of the base is assumed to be high enough to
stand the weight of the wall."

As far as this example is concerned, a lot of choices can
be considered from appendix A,. First of all we should deter-
mine how wide to design the wall. Secondly we also should decilde
the separation between the layers of reinforcement.

Here we select arbitrarily for the values of L and d

L =14 , 4 =17
then from Table (29)

H=30", g=35°,8=10", L=121", 4=1"
and we obtain

Kp = 0.456
where the units for K, are inches per foot of wall. This means
that a strip of reinforcement 0.456 inches wide and 14 feet long
would be used in each layer per foot of wall.

If we make an other choice of

L=15", 4 =2°
with the same data as before
then

K, = 0.8836

There are some other things left for the designer to consi-
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der such as the allowable tensile strength of the reinforcement,
such that a reasonable cross section for the strap reinforcement
may be selected to prevent overstressing the steel strap.

Finally, there is a special case when

is not an integer. Then an additional layer of reinforcement
which is lain on the top of the base is necessary to make up the
height of the wall. This is illustrated as following:

In the case of

H=20'", ¢g=35°, g=10°, L=9', d=23"

from Table (17) we get

Kr = 1.917
but
B w20 = B8
3

an additional layer (20-3x6 = 2') is used at the bottom as shown
The following figures show how the layers of reinforcement

are distributed and show the relationships between the data.
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Fig. (12) Numerical example

(a) A strap reinforced earth retaining wall

H=30'" g=30° L =14 4 =1"

(b) Top view of reinforcement with the

proportion of 0.456" per foot of wall



