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1. Introduction
A retaining wall is a wall that provides lateral support for a vertical or near-vertical
slope of soil. It is a common structure used in many construction projects. The most
common types of retaining wall may be classified as follows:
1. Gravity retaining walls
2. Semigravity retaining walls
3. Cantilever retaining walls
4. Counterfort retaining walls

Gravity retaining walls (Figure 3.1a) are constructed with plain concrete or stone
masonry. They depend for stability on their own weight and any soil resting on the
masonry. This type of construction is not economical for high walls.

In many cases, a small amount of steel may be used for the construction of gravity
walls, thereby minimizing the size of wall sections. Such walls are generally referred
to as semigravity walls (Figure 3.1b).

Cantilever retaining walls (Figure 3.1c) are made of reinforced concrete that
consists of a thin stem and a base slab. This type of wall is economical to a height of
about 8 m as Figure (3.2).

Counterfort retaining walls (Figure 3.1d) are similar to cantilever walls. At regular
intervals, however, they have thin vertical concrete slabs known as counterforts that
tie the wall and the base slab together. The purpose of the counterforts is to reduce
the shear and the bending moments.

To design retaining walls properly, an engineer must know the basic parameters—
the unit weight, angle of friction, and cohesion—of the soil retained behind the wall
and the soil below the base slab. Knowing the properties of the soil behind the wall
enables the engineer to determine the lateral pressure distribution that has to be
designed for.

There are two phases in the design of a conventional retaining wall. First, with the
lateral earth pressure known, the structure as a whole is checked for stability. The
structure is examined for possible overturning, sliding, and bearing capacity failures.
Second, each component of the structure is checked for strength, and the steel
reinforcement of each component is determined.

This chapter presents the procedures for determination of lateral earth pressure and
retaining-wall stability.
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Figure 3.1 Types of retaining wall
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Figure 3.2 A cantilever retaining wall under construction

3.2 Gravity and Cantilever Walls
3.2.1 Proportioning Retaining Walls

In designing retaining walls, an engineer must assume some of their dimensions.
Called proportioning, such assumptions allow the engineer to check trial sections of
the walls for stability. If the stability checks yield undesirable results, the sections can
be changed and rechecked. Figure 3.3 shows the general proportions of various
retaining-wall components that can be used for initial checks.

Note that the top of the stem of any retaining wall should not be less than about
0.3 m. for proper placement of concrete. The depth, D, to the bottom of the base slab
should be a minimum of 0.6m. However, the bottom of the base slab should be
positioned below the seasonal frost line.

For counterfort retaining walls, the general proportion of the stem and the base slab
is the same as for cantilever walls. However, the counterfort slabs may be about 0.3
m thick and spaced at center-to-center distances of 0.3H to 0.7H.
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Figure 3.3 Approximate dimensions for various components of retaining wall for
initial stability checks: (a) gravity wall; (b) cantilever wall

3.3 Application of Lateral Earth Pressure Theories to Design

The fundamental theories for calculating lateral earth pressure were presented in
Chapter 2. To use these theories in design, an engineer must make several simple
assumptions. In the case of cantilever walls, the use of the Rankine earth pressure
theory for stability checks involves drawing a vertical line 4B through point A4,
located at the edge of the heel of the base slab in Figure 3.4a. The Rankine active
condition is assumed to exist along the vertical plane 4B. Rankine active earth
pressure equations may then be used to calculate the lateral pressure on the face 4B
of the wall. In the analysis of the wall’s stability, the force P,rankine) » the weight of
soil above the heel, and the weight W, of the concrete all should be taken into
consideration. The assumption for the development of Rankine active pressure along
the soil face 4B is theoretically correct if the shear zone bounded by the line AC is
not obstructed by the stem of the wall. The angle, 4, that the line 4C makes with the
vertical is

o ¢’ I . sina
p =45+ — o —5sn (sincb') (3-1)

A similar type of analysis may be used for gravity walls, as shown in Figure 3.4b.
However, Coulomb’s active earth pressure theory also may be used, as shown in
Figure 3.4c. If it 1s used, the only forces to be considered are P,coulomn) and the weight
of the wall, W..
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Figure 3.4 Assumption for the determination of lateral earth pressure: (a) cantilever
wall; (b) and (c) gravity wall
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Figure 3.4 (continued)

If Coulomb’s theory is used, it will be necessary to know the range of the wall
friction angle & with various types of backfill material. Following are some ranges
of wall friction angle for masonry or mass concrete walls:

Backfill material Range of 6’ (deg)

Gravel 27-30
Coarse sand 20-28
Fine sand 15-25
Stff clay 15-20
Silty clay 12-16

In the case of ordinary retaining walls, water table problems and hence hydrostatic
pressure are not encountered. Facilities for drainage from the soils that are retained
are always provided.
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3.4 Stability of Retaining Walls
A retaining wall may fail in any of the following ways:
e [t may overturn about its toe. (See Figure 3.5a.)
e It may s/ide along its base. (See Figure 3.5b.)
e It may fail due to the loss of bearing capacity of the soil supporting the base. (See
Figure 3.5c¢.)
e [t may undergo deep-seated shear failure. (See Figure 3.5d.)
e It may go through excessive settlement.

The checks for stability against overturning, sliding, and bearing capacity failure
will be described in Sections 3.5, 3.6, and 3.7. When a weak soil layer is located at a
shallow depth—that is, within a depth of 1.5 times the width of the base slab of the
retaining wall—the possibility of excessive settlement should be considered. In some
cases, the use of lightweight backfill material behind the retaining wall may solve the
problem.

Deep shear failure can occur along a cylindrical surface, such as abc shown in
Figure 3.6, as a result of the existence of a weak layer of soil underneath the wall at a
depth of about 1.5 times the width of the base slab of the retaining wall. In such
cases, the critical cylindrical failure surface abc has to be determined by trial and
error, using various centers such as O. The failure surface along which the minimum
factor of safety is obtained is the critical surface of sliding. For the backfill slope
with o less than about 10°, the critical failure circle apparently passes through the
edge of the heel slab (such as def in the figure). In this situation, the minimum factor
of safety also has to be determined by trial and error by changing the center of the
trial circle.
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Figure 3.5 Failure of retaining wall: (a) by overturning; (b) by sliding;
(c) by bearing capacity failure; (d) by deep-seated shear failure
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Figure 3.6 Deep-seated shear failure
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3.5 Check for Overturning

Figure 3.7 shows the forces acting on a cantilever and a gravity retaining wall, based
on the assumption that the Rankine active pressure is acting along a vertical plane AB
drawn through the heel of the structure. P, is the Rankine passive pressure; recall that
its magnitude is

— 1 2 !
B, = 5 pY2D* + 2¢c5,/Kp,D
where

7= unit weight of soil in front of the heel and under the base slab
K, = Rankine passive earth pressure coefficient 5 tan2s45 1 f92y2d
¢» , &, = cohesion and effective soil friction angle, respectively

The factor of safety against overturning about the toe—that is, about point C in
Figure 3.7—may be expressed as

>M
FS(overturning) = Z_MI: (3-2)

where
Y. M= sum of the moments of forces tending to overturn about point C

Y. M, = sum of the moments of forces tending to resist overturning about point C

The overturning moment is
H!
M, = Ph(?) (3-3)

Where P, = P,cosa

To calculate the resisting moment, ), My (neglecting P,), a table such as Table 3.1
can be prepared. The weight of the soil above the heel and the weight of the concrete
(or masonry) are both forces that contribute to the resisting moment. Note that the
force P, also contributes to the resisting moment. P, is the vertical component of the
active force P, , or

P, = P;sina
The moment of the force P, about C is

M, = B,B = P,sinaB (3-4)
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where B = width of the base slab.
Once ), My is known, the factor of safety can be calculated as

FS _ M+ My + My + My + Ms + Mg+ M,
(overturning) Pa COSCY(HI/3) (3-5)

]

:'@fil..___,__4'___,...'..-_...____;-

Groe

|
|

Figure 3.7 Check for overturning, assuming that the
Rankine pressure is valid
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Table 3.1 Procedure for Calculating ), My

Weight/unit Moment arm Moment

Section Area length of wall measured from C  about C
(1) (2) (3) (4) (5)
I A, W, =9y, X A, X, M,
2 A, W, = vy, X A, X, M,
3 A, W, = vy. X A; X, M,
4 A, W,=1vy.X A, X, M,
3 As Ws =y, X As X M,
6 Ag We= 9. X Ag X My
. B M,

2V > Mg

(Note: v, = unit weight of backfill
Y. = unit weight of concrete)

The usual minimum desirable value of the factor of safety with respect to
overturning is 2 to 3.

Some designers prefer to determine the factor of safety against overturning with the
formula

s M+ My + My + M, + M+ M,
(overturning) Pu COSQ(H’/3) - Ml‘

(3-6)

3.6 Check for Sliding along the Base
The factor of safety against sliding may be expressed by the equation

YF
FS(stiging) = ﬁ (3-7)

where
Y. Fr = sum of the horizontal resisting forces
Y. F; = sum of the horizontal driving forces

Figure 3.8 indicates that the shear strength of the soil immediately below the base
slab may be represented as

s =o' tand’ + ¢,
where
0 = angle of friction between the soil and the base slab
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¢, = adhesion between the soil and the base slab

Thus, the maximum resisting force that can be derived from the soil per unit length of
the wall along the bottom of the base slab is

R’ = s(area of cross section) = s(B X 1) = Bo' tan 8’ + B,

However,
(see Table 3.1)
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Figure 3.8 Check for sliding along the base

Figure 3.8 shows that the passive force P, is also a horizontal resisting force. Hence,
EFR': (2 V)tanﬁ + BCH+ Pp (3-8)

The only horizontal force that will tend to cause the wall to slide (a driving force) is
the horizontal component of the active force P, , so

2 F, = P, cosa (3-9)
Combining Egs. (3.7), (3.8), and (3.9) yields
(2 V)tand' + Bc, + P, (3-10)

FS(giging) =
(sliding) P” Py

A minimum factor of safety of 1.5 against sliding is generally required.

In many cases, the passive force P, is ignored in calculating the factor of safety with
respect to sliding. In general, we can write S =k1(|)2' and ca'=k2c2'. In most cases, k; and
k, are in the range from 1/2 to 2/3. Thus,
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(2 V) tan (k) + Bk,ch + 2,

P, cosa

FS(.sliding) = (3‘1 1)
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Figure 3.9 Alternatives for increasing the factor of safety with respect to sliding

If the desired value of FSjiging) 1S not achieved, several alternatives may be
investigated (see Figure 3.9):
e Increase the width of the base slab (i.e., the heel of the footing).
e Use a key to the base slab. If a key is included, the passive force per unit length of
the wall becomes
1

PPZZ

‘)’QD%K[) + 2C.’-’2DI \ Kp
g b5
where Kp = tan“| 45 + — |.
2

e Use a deadman anchor at the stem of the retaining wall.
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3.7 Check for Bearing Capacity Failure

The vertical pressure transmitted to the soil by the base slab of the retaining wall
should be checked against the ultimate bearing capacity of the soil. The nature of
variation of the vertical pressure transmitted by the base slab into the soil is shown in
Figure 3.11. Note that g and gpne are the maximum and the minimum pressures
occurring at the ends of the toe and heel sections, respectively. The magnitudes of gioe
and gpeel can be determined in the following manner:

The sum of the vertical forces acting on the base slab is ), V (see column 3 of Table
3.1), and the horizontal force P, is P, cosa. Let

R=V+P, (3-12)
be the resultant force. The net moment of these forces about point C in Figure 3.11 is

My, =3IMp —3M, G139

Note that the values of ), My and ), M, were previously determined. [See Column 5
of Table 3.1 and Eq. (3.3)]. Let the line of action of the resultant R intersect the base
slab at E. Then the distance

ﬁ—YHM‘“” 3-14
I (3-14)

Figure 3.11 Check for bearing capacity failure
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Hence, the eccentricity of the resultant R may be expressed as

B o
e=- —CE (3.15)

The pressure distribution under the base slab may be determined by using simple
principles from the mechanics of materials. First, we have

e 2V, My
A I

(3.16)

where
M,ee =moment =( ), V)e
[ = moment of inertia per unit length of the base section = 1/12(1)(B?)

For maximum and minimum pressures, the value of y in Eq. (3.16) equals B/2.
Substituting into Eq. (3.16) gives

B
R BV sl
qmax_qloe_(B)(l)+ 1 ) :?—<l+§) (317)
12 J(B)
Similarly
I E_V( L @)
Gmin Gheel B B (3 . 1 8)

Note that )} VV includes the weight of the soil, as shown in Table 3.1, and that when
the value of the eccentricity e becomes greater than B/6, gmin [Eq. (3.18)] becomes
negative. Thus, there will be some tensile stress at the end of the heel section. This
stress 1s not desirable, because the tensile strength of soil is very small. If the analysis
of a design shows that e . B/6, the design should be reproportioned and calculations
redone. The relationships pertaining to the ultimate bearing capacity of a shallow
foundation were discussed in previous Chapter . Recall that
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qu = CéNcE‘chi * quE]dF'qi =3 %72B’NyFdeyi (319)
where
q = v.D
B'= B — 2e
l = Fd
E,=F,———
¢ T4 N tan ¢}

Fy =1+ 2tan @5(1 — singh})’—;
Fd = 1

B4

o \2
[:Ci: qi: | tp
90°
P\
F)’i:(l_ Io)
2

v = ani(Bee)

D
B

Note that the shape factors F, , Fis , and F'); given in previous Chapter are all equal
to unity, because they can be treated as a continuous foundation. For this reason, the
shape factors are not shown in Eq. (13.19).

Once the ultimate bearing capacity of the soil has been calculated by using
Eq. (13.19), the factor of safety against bearing capacity failure can be determined:

qu

Fs(bearing capacity) —
@max

(3.20)

Generally, a factor of safety of 3 is required. We noted that the ultimate bearing
capacity of shallow foundations occurs at a settlement of about 10% of the foundation
width. In the case of retaining walls, the width B is large. Hence, the ultimate load ¢,
will occur at a fairly large foundation settlement. A factor of safety of 3 against
bearing capacity failure may not ensure that settlement of the structure will be within
the tolerable limit in all cases. Thus, this situation needs further investigation.

Example 1
Example 2
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3.8 Construction Joints and Drainage from Backfill

Construction Joints

A retaining wall may be constructed with one or more of the following joints:

1. Construction joints (see Figure 3.12a) are vertical and horizontal joints that are
placed between two successive pours of concrete. To increase the shear at the
joints, keys may be used. If keys are not used, the surface of the first pour is
cleaned and roughened before the next pour of concrete.

2. Contraction joints (Figure 3.12b) are vertical joints (grooves) placed in the face of
a wall (from the top of the base slab to the top of the wall) that allow the concrete
to shrink without noticeable harm. The grooves may be about 6 to 8 mm wide and
12 to 16 mm deep.

3. Expansion joints (Figure 3.12¢) allow for the expansion of concrete caused by
temperature changes; vertical expansion joints from the base to the top of the wall
may also be used. These joints may be filled with flexible joint fillers. In most
cases, horizontal reinforcing steel bars running across the stem are continuous
through all joints. The steel is greased to allow the concrete to expand.

Keys Roqghened
surface
(a)
Back of wall Back of wall
Contraction T
joint Face of wall Expansion Face of
joint wall
(b) (c)

Figure 3.12 (a) Construction joints; (b) contraction joint; (¢) expansion joint
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Drainage from the Backfill

As the result of rainfall or other wet conditions, the backfill material for a retaining
wall may become saturated, thereby increasing the pressure on the wall and perhaps
creating an unstable condition. For this reason, adequate drainage must be provided
by means of weep holes or perforated drainage pipes. (See Figure 3.13.)

When provided, weep holes should have a minimum diameter of about 0.1 m and be
adequately spaced. Note that there is always a possibility that backfill material may
be washed into weep holes or drainage pipes and ultimately clog them. Thus, a filter
conductivity (in this case, the backfill material). The preceding conditions can be
satisfied if the following requirements are met (Terzaghi and Peck, 1967):

DisF)

< 5 [to satisfy condition(a)] (3.21)
Dgs(B)

Dis®) , 4 [to satisfy condition(b)] (3.22)
D1is(B)

In these relations, the subscripts F and B refer to the filter and the base material (i.e.,
the backfill soil), respectively. Also, D5 and Dgs refer to the diameters through which
15% and 85% of the soil (filter or base, as the case may be) will pass. Example 3.3
gives the procedure for designing a filter.

/— ﬁ

Weep hole Filter material Filter material

Perforated pipe

(X4

B |

(a) (b)

Figure 3.13 Drainage provisions for the backfill of a retaining wall: (a) by weep
holes; (b) by a perforated drainage pipe



