Abstract

Vertical wall type structures function as barriers whose purpose is to
prevent a material from entering a certain space. Typical applications
are embankment walls, bridge abutments, and underground basement
walls. Structural Engineers are responsible for the design of these
structures. The loading acting on a retaining wall is generally due to the
soil that is confined behind the wall. Various theories have been proposed
in the literature, and it appears that all the theories predict similar loading
results. In this chapter, we describe the Rankine theory which is fairly
simple to apply. We present the governing equations for various design
scenarios and illustrate their application to typical retaining structures.
The most critical concerns for retaining walls are ensuring stability with
respect to sliding and overturning, and identifying the regions of positive
and negative moment in the wall segments. Some of the material
developed in Chap. 7 is also applicable for retaining wall structures.

8.1 Introduction
8.1.1 Types of Retaining Walls

Vertical retaining wall structures are used to form a vertical barrier that retains a fluid or other
material such as soil. Figure 8.1 illustrates different types of vertical retaining wall structures. They
are constructed using unreinforced concrete for gravity walls and reinforced concrete for cantilever
walls and bridge abutments. The base of the wall/footing is placed below the frost level. The material
behind the wall is called backfill and is composed of granular material such as sand.

8.1.2 Gravity Walls

A free body diagram of a gravity structure is shown in Fig. 8.2. The force acting on the structure due
to the backfill material is represented by P; the forces provided by the soil at the base are represented
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by the friction force F and the normal force N; lastly, the weight of the structure is represented by W.
The end points of the base are called the “toe” and the “heel.” We observe that P tends to overturn the
wall about its toe and also to slide the structure in the horizontal direction. The overturning tendency
is resisted by the gravity force W which has a counterbalancing moment about the toe. Sliding is
resisted by the friction which is proportional to the normal force. Therefore, since both resisting
mechanisms are due to gravity, this type of structure is called a “Gravity” structure.

Of critical concern are the sliding and overturning failure modes. The key design parameter is the
length of the base. We need to select this parameter such that the factors of safety for sliding and
overturning are sufficient to ensure global stability of the structure.

Fig. 8.2 Free body diagram—gravity structure
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Fig. 8.3 Free body diagram—cantilever structure

8.1.3 Cantilever Walls

The amount of concrete required for a gravity type wall increases with height. Therefore, in order to
minimize the concrete volume, the cantilever type retaining wall geometry shown in Fig. 8.3 is used.
A portion of the concrete wall is removed and a “footing” extending out from both the heel and toe is
added. This change has a stabilizing effect in that the weight of the backfill above the footing,
represented by W, now contributes to the counterbalancing moment and also to the normal force. The
wall stem segment of a cantilever wall carries load through bending action, whereas the gravity wall
carries load primarily through horizontal shear action. These behavior modes dictate the type of
construction.

Cantilever retaining walls, such as shown in Fig. 8.4, are reinforced concrete structures; gravity
type walls tend to be unreinforced concrete. The key design issue is the width of the footing. This
parameter is controlled by the requirements on the factors of safety with respect to overturning about
the toe and sliding of the wall.

Fig. 8.4 Cantilever wall construction
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8.2  Force Due to the Backfill Material
8.2.1 Different Types of Materials

8.2.1.1 Fluid

We consider first the case where the backfill material is an ideal fluid. By definition, an ideal fluid has
no shear resistance; the state of stress is pure compression. The vertical and horizontal pressures at a
point z unit below the free surface are (see Fig. 8.5):

Py=Ph=D =71 (8.1)

where y is the weight density.
We apply this theory to the inclined surface shown in Fig. 8.6. Noting (8.1), the fluid pressure is
normal to the surface and varies linearly with depth. The resultant force acts H/3 units up from the

base and is equal to
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8.2.1.2 Granular Material

We consider next the case where the backfill behind the wall is composed of a granular material such as
dry loose sand (Fig. 8.7). Loose sand behaves in a different manner than a fluid in that sand can resist
shearing action as well as compressive action. The maximum shear stress for a sandy soil is expressed as

T = optan ¢

where o, is the normal stress and ¢ is defined as the internal friction angle for the soil. A typical value
of ¢ for loose sand is approximately 30°. One can interpret ¢ as being related to the angle of repose
that a volume of sand assumes when it is formed by dumping the sand loosely on the pile. Figure 8.8
illustrates this concept.

The presence of shear stress results in a shift in orientation of the resultant force exerted on the wall
by the backfill. A typical case is shown in Fig. 8.9; P is assumed to act at an angle of ¢’ with respect to
the horizontal, where ¢ ranges from 0 to ¢.

Fig. 8.7 Granular
o On
material-stress state

Fig. 8.8 Angle of repose
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Fig. 8.9 Active and
passive failure states
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The magnitude of the soil pressure force depends on how the wall moved when the backfill was
placed. If the wall moved away from the backfill (to the left in Fig. 8.9), the soil is said to be in an
active failure state. The other extreme case is when the wall is pushed into the soil; the failure state is
said to be in the passive mode. There is a significant difference in the force magnitudes corresponding
to these states.

In general, the active force is an order of magnitude less than the passive force. For the
applications that we are considering, the most likely case is when the wall moves away from the
soil, and therefore we assume “active” conditions. The downward component tends to increase
the stability with respect to overturning about the toe and also increases the friction force.

Different theories for the soil pressure distribution have been proposed which relate to the choice
of ¢'. The Rankine theory assumes (p/ =0 (i.e., no shear stress), and the Coulomb theory assumes
@ = ¢. Considering that there is significant variability in soil properties, both theories predict
pressure distributions which are suitable for establishing the wall dimensions.

In what follows we present the key elements of the Rankine theory. There are many textbooks that
deal with mechanics of soil. In particular, we suggest Lamb and Whitman [1], Terzaghi and Peck [2],
and Huntington [3].

8.2.2 Rankine Theory: Active Soil Pressure
Figure 8.10 defines the geometry and the soil pressure distribution. The pressure is applied to vertical

surfaces through the heel and toe and is assumed to vary linearly with depth as shown. The
magnitudes of the forces acting on a strip of unit width in the longitudinal direction of the wall are:

1
P,= Eszka
| (8.4)
2
Pp = E}’h kp

Fig. 8.10 (a) Soil pressure distribution for Rankine theory a # 0. (b) Soil pressure distribution for Rankine
theory a = 0
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Fig. 8.11 Pressure distributions due to surcharge and active soil pressure

where y is the unit weight of the soil backfill, k, and k, are defined as the active and passive soil
pressure coefficients,

cos a — \/( cos a)> — (cos @)°

k,= cosa
cos a + \/( cos a)” — (cos @)* (8.5)
1+ sin g
hy=———7
1— sing

where ¢ is the internal friction angle, and « is the angle of inclination for the backfill.
When the backfill is level, « = 0 and k, reduces to

_1—sing

ky = ———2
1+ sin ¢

(8.6)
In this case, both resultants are horizontal forces.

8.2.2.1 Soil Pressure Due to Surcharge

When a surcharge is applied to the top of a backfill, additional soil pressure is developed. This
pressure is assumed to be uniform over the depth. In the case of a uniform surcharge applied to a
horizontal backfill, the added pressure is estimated as

Ds = kaws

P, ~ k,wH (8.7)

where k, is defined by (8.6). The soil pressure distributions due to the surcharge and the active soil
pressure are illustrated in Fig. 8.11.

8.3  Stability Analysis of Retaining Walls

The key concerns for a retaining wall are overturning about the toe and sliding. In order to address
these issues, one needs to determine the forces acting on the wall. This step requires that we carry out
an equilibrium analysis.

Consider the typical gravity wall shown in Fig. 8.12. The weights of the wall and soil segments are
denoted by W;; P, and P, represent the lateral soil pressure forces; N and F are the normal and
tangential (friction) forces due to the soil pressure acting on the base. ¥ defines the line of action of
the normal force acting on the base.

Summing forces in the vertical direction leads to

N=>"W, (8.8)
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Fig. 8.12 Typical gravity wall

Similarly, horizontal force summation yields

F=>"P (8.9)

The maximum horizontal force is taken as F,,,x, = uN. where y is a friction coefficient for the soil/
base interface. This quantity is used to define the factor of safety for sliding:

Froax N
F~S'sliding = % = 7 (810)
The line of action of N is found by summing the moments about the toe.
NX = Pyy, = Payy + ) Wiy = M
Y (8.11)
T = Mnet
N

For stability with respect to overturning, X must be positive. A negative value of X implies that the
line of action of N lies outside the base. The safety measure for overturning is defined as the ratio of
the resisting moment about the toe to the overturning moment.

M.
resisting (8 1 2)

F-S-overturning = M -
overturning

Noting Fig. 8.12, this definition expands to

Py, + > Wi,

8.13
P.y, (8.13)

F.S -overturning —

Typical desired values are F.S gjiging > 1.5 and F.S.vertuming > 2.

In order to increase the factors of safety against sliding and overturning, either one can increase the
width of the concrete wall or one can add a footing extending out from the original base. These
schemes are illustrated in Fig. 8.13.
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8.4  Pressure Distribution Under the Wall Footing

We consider the pressure acting on the footing is assumed to vary linearly. There are two design
constraints: firstly, the peak pressures must be less than the allowable bearing pressure for the soil and
secondly the pressure cannot be negative, i.e., tension. Noting the formulation presented in Sect. 7.2,
the peak pressures are given by (7.6) (we work with a unit width strip of the footing along the length
of the wall, i.e., we take B = 1 and N as the resultant) which we list below for convenience.
Figure 8.14 shows the soil pressure distributions for various values of e.

7N lJr6e
fh—L L

(8.14)

The second design constraint requires lel < L/6 or equivalently, the line of action of N must be
located within the middle third of the footing width, L. The first constraint limits the maximum peak
pressure,

|q | max § Yallowable

where ¢aowanle 1S the allowable soil pressure at the base of the wall. We note that the pressure
distribution is uniform when N acts at the centroid of the footing area which, for this case, is the
midpoint. Since e depends on the wall height and footing length, we define the optimal geometry as
that combination of dimensions for which the soil pressure is uniform. Note that the line of action of
the resultant N always coincides with the line of action of the applied vertical load.
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Fig. 8.14 Pressure distributions on footing/wall base. (a) ¢ = 0. (b) e < L/6. (¢) e = L/6. (d) e > L/6

Example 8.1 Gravity Retaining Wall Analysis

Given: The concrete gravity wall and soil backfill shown in Fig. E8.1a.
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Fig. E8.1a Wall geometry

Determine: The factor of safety against sliding; the factor of safety against overturning; the line of
action of the resultant. Use the Rankine theory for soil pressure computations. Neglect the passive
pressure acting on the toe.

Solution:

For ¢ — 30k, — - — ¢ _ 1

l+sing 3
Then P, = 1(0.12)(12)* (1) (1ft) = 2.88kip/ft of wall
Next, we compute the weight of the concrete wall segments per foot of wall. Noting Fig. ES.1b,

W1 = (0.150)(10)(1)(1ft) = 1.5kip
(0.150) (—0> )(1ft) = 2.25kip

(0.150)(4)(2)(1ft) = 1.2kip
P, = 2.88 kip
—
W, |W
: H3 =41
o LWL |
—_— l_‘

Fig. E8.1b Free body diagram
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Applying vertical force equilibrium yields
N=W;+W,+W;=154+2.254+1.2=4.95kip

The factor of safety with respect to sliding is defined as the ratio of the maximum available friction
force F,,,x to the actual horizontal force.

Fumax = uN = N tan ¢ = 0.577(4.95) = 2.86kip
uN  2.86

F.S.gidine =—=—-—-=0.
S sliding P~ 288 0.99

The line of action of N is determined by summing moments about the toe. The factor of safety with
respect to overturning is defined as the ratio of the resisting moment to the overturning moment, both
quantities with respect to the toe.

H
MBOVer[uming = Pa <§) = 288(4) = 1152klp ft

My =Wi(3.5) + Wa(2) + W3(2)

=1.5(3.5) +2.25(2) + 1.2(2) = 12.15kipft

resisting

Mg

I::-S-overtuming = M o — 1152 =1.05
Boverluming °
Mper = MBoverluming -M Bresising — 0.63kipftclockwise
My 0.63
X= =——=0.13ft
TN T 495

In order to increase the factors of safety, the geometry needs to be modified.
The following procedure is useful for estimating appropriate values for b; and b,. Given the wall
height, one can derive expressions for the factors of safety. The details are listed below.

b,

W=W, +W,

H

H/3
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(b1 + bz)

W= Hy = N
Py = kid 2y 2
a — a Zys
N
F.S giiding = 'L;,—
(8
b b
F.S siiding = (;:?) (ﬁ) (1 +b—;)
als
H 1

Movertuming = gpa = gkaysHS

2 b
Mesisting = 3 (by — b))W, + (b2 — %) W,
2
3 2 b2 bz

L VAR
Bresisling 3 2 b2 b2

F.S. overturning — = 1

Bovermming 6ka}/sH3

4

2r. (b\? 1/6\> b
F. -overturnin =—=(= 1 —=|— 7
Srovruming =0 (H> 2\b)
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One specifies the factor of safety with respect to overturning, and the ratio b;/b,, and then
computes the value for b,/H. With b,/H known, one checks for sliding and if necessary modifies

the value of b,/H.

Example 8.2

Given: The concrete gravity wall and soil backfill shown in Fig. E8.2a.
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Determine: The required value for b,. Take the factors of safety for overturning and sliding to be

equal to 2 and 1.5, respectively.

Solution: Given b; = 0.5 m, H = 4 m, F.S.qverwuming = 2, and F.S.giging = 1.5, we determine b,
corresponding to the two stability conditions.

2. (b 1(b\* b
F. -overturnin =—<(= 1 —=|— T
S.overtu g Kt <H> { 2<b2) +b2
2(24) (b2 1/05\* o.
o ey )

b3 +0.5by —4.125 =0 b)required = 1.8m

b b
o ()2
al’s
0.5(24) (b 0.5
15=05024) <—2> (1 + —> b2 required = 2.5m
)

(ont 7

Use b, =2.5m
Example 8.3 Retaining Wall with Footing

Given: The walls defined in Figs. E8.3a, E8.3b, and E8.3c. These schemes are modified versions of
the wall analyzed in Example 8.1. We have extended the footing to further stabilize the wall.



8.4  Pressure Distribution Under the Wall Footing

539

It
o
T KN
Tou = -12 kip/t?
10 ft ¢ =30°
Yeone = -15 kip/i
u =577
21t B |A
4K 3R,
1 1 1
Fig. E8.3a Case “A”
1 ft
-t
7] AN
Yeor = -12 kip/i?
10 ft @ =30°
Yeone = -15 kip/ft?
= .577
1 |4n #
(2L, 4Rr
I | I
Fig. E8.3b Case “B”
I ft
o =
7 AN
Yeou = -12 kip/f®
10 ft @ =30°
Yeonc = -15 kip/ft®
p =.577
4t
] ] B | A
2R, 4R, 3N

Fig. E8.3c Case “C”




540 8 Vertical Retaining Wall Structures

Determine: The factor of safety against sliding; the factor of safety against overturning; the base
pressure distribution. Use the Rankine theory for soil pressure computations. Neglect the passive
pressure acting on the toe.

Solution:
Case “A”: We work with the free body diagram shown in Fig. E8.3d. The vertical surface is taken to
pass through the heel.

I Soil

W,
W,
Pa
W,
| 41t
W
—>F

X |N

Fig. E8.3d

From Example 8.1:
Wi =15kip W, =225kip P, =2.88kip Mg, ., = 11.52kipft
The weight of the footing is
W3 = (0.150)(7)(2)(1ft) = 2.1kip
The weight of soil is W, = (0.120)(10)(3)(1 ft) = 3.6 kip
Then
N=> W;=15+225+2.1+3.6=945kip
Wy+Wi4+W,r+ W,

Fumax = uN = 0.577(9.45) = 5.45kip

Fmax 545
=—=1.89
P, 2.88

F.S iding =

We sum moments about the toe:

M3, e = W1(3.5) +W2(2) + W5(3.5) + W4(5.5)
— 1.5(3.5) + 2.25(2) + 2.1(3.5) + 3.6(5.5) = 36.69kipft

Mg = 11.52kipft

overturning
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Using these moments, the factor of safety is

MBrc»isling _ 36-9 o
My 1152

overturning

32

F.S -overturning —

Next, we determine the line of action of the resultant

Myt = MBoverlurning - MBresiSling = 25.38kipft
M., 2538
L e ) I 4 01
TN T 945
L L
=5 -F=35-268=082fi <<= 1167f

Lastly, we compute the pressure loading acting on the base.

N 6 45 6(0.82
9=7 (1 ii) = —97 (1 . 5082) - )> = g, = 2.3kip/ft*, ¢, = 0.4kip/ft*

Case “B”: For this case, we work with the free body diagram shown in Fig. E8.3e. The dimensions are
defined in Fig. E8.3b. W3 = (0.150)(6)(2)(1 ft) = 1.8 kip. W5 = (0.120)(2)(2)(1 ft) = 0.48 kip

soll w) 2.88 kip
Wa
“’ -
- 4
=
B s %
—>F
X
N

Fig. E8.3e
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The calculations proceed as follows:

N=W;+Ws+Ws+Ws=15+225+ 1.8+ 0.48 = 6.03kip
Fumax = uN = 0.577(6.03) = 3.48kip

Frax 348

T 2 2
P, 2388

F.S gliding =

We sum moments about the toe:

MBresAsling = Wl (55) + W2(4) + W3(3) + WS(I)
= 1.5(5.5) +2.25(4) + 1.8(3) + 0.48(1) = 23.13kipft
MBovcnuming = 1152 klp ft
Mg, ., 2313
F.S.overturning = e = =20
" ¢ MBovermming 1 1 52
Mnel = MBovenummg - Bresising 11.61 klp ft
M, 11.61
X=— = —— = 1.925ft
TN T 603
L L
=5 —¥=3-1925=107ft > = 10f /%= S a=s77m
N 2(6.03) e
== = 2.1kip/ft
N T s ip/
Lo 9 4 TR
RRIRXX
>
B A A
2.1
ek} § a=sT? 23
e T
61t
e

Note that the line of action of the normal force is within the base but the pressure is negative at the heel.

Case “C”: We work with the free body diagram shown in Fig. E8.3f. The dimensions are defined in
Fig. E8.3c. The revised value of W5 is W3 = (0.15)(9)(2)(1 ft) = 2.7 kip
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soil J« l 2.88 kip

4t

Fig. E8.3f

Then

N=W,+W,+W;s+W4+Ws=15+225+27+3.6+0.48 = 10.53kip
Frmax = uN = 0.577(10.53) = 6.1kip

Foae 6.1
F.S gliding = % =5gg = 212
a .

We sum moments about the toe:

Boalancing — WI(SS) + W2(4) + W3(45) + W4(75) + WS(I)
= 1.5(5.5) +2.25(4) + 2.7(4.5) + 3.6(7.5) + 0.48(1) = 56.88Kipft

MBrcsisling _ 56.88

F.S.overturnine = = =4.94
overrmineg MBoverlurning 1 1'52
Myee =M Bovertuming — {" Bresisting 45 36k1p ft
My 45.36
X= =——=473ft
TN T 1053

L
625—324.5 —43 =021t
le| < L/6=1.5ft

N{. 6\ 1053/, 6(0.2
.-.q:2<1 i{) == (1 + <9 )) = ¢, = 1.3kip/ft%, ¢, = 1.0kip/ft*
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—.

———%x%X
c;»m/

B ——a

1.3

We point out that case C has the lowest peak pressure. The analysis results are summarized in the

table below.

Case A Case B Case C
N 9.45 kip 6.03 kip 10.53 kip
Friction 5.45 kip 3.48 kip 6.1 kip
F.S iiding 1.89 1.2 2.12
Mpatancing 36.9 kip ft 23.13 kip ft 56.88 kip ft
M verturning 11.52 kip ft 11.52 kip ft 11.52 kip ft
F.S.overturning 3.2 2.0 4.94
X 2.68 ft 1.925 ft 4.3 ft
e 0.82 ft < L/6 1.07 ft > L/6 0.2 ft < L/6
q1 2.3 kip/ft 2.1 kip/ft 1.3 kip/ft*
4 0.4 kip/ft - 1.0 kip/ft®

Example 8.4 Cantilever retaining wall

Given: The retaining wall and soil backfill shown in Fig. E8.4a

| i Surcharge = 0.2 kip/ft2

'fw“ = ‘12 kiplrﬂs
18 ft ¢ =130
Yoonc = -15 kip/f3 19 fi-8 in
u=.5M
—FRRRRK
=4 T
e | b 2 -4 in
—_— -4
SR, 2R, 71 .
L= 141t

Fig E8.4a

I
o
[
-
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Determine: The factor of safety against sliding; the factor of safety against overturning; the base
pressure distribution. Assume the allowable soil pressure = 4 ksf. Use the Rankine theory for soil
pressure computations.

Solution:
Noting Fig. E8.4b, the soil pressure and weight forces are

1
P,= EkaYSHZ =

%G) (0.12)(22)* = 9.68kip

1oa
Py = ShprH” = 5(3)(0.12)(4)” = 2.88kip

1
Py = kowiH = 3(02)(22) = 147kip

-
{
|
I
| P
H=22ft J,lw «— . —4—
w a
W, : 4 P —
W,
| HA2
P, ! | HA
w3| ,l,ws
x
B = F A
N
_|—-
X
L=14 1

Fig. E8.4b

W1 = 0.15(1)(19.66) = 2.95kip
19.66
W, =0.15 1)( 0 ) = 1.47kip

(
(
= 0.15(2.34)(14) = 4.19kip
W4 =0.12(7)(19.66) = 16.5kip
=0.12(5)(1.67) = 1.0kip

The normal and horizontal forces are
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N=W,+ W+ W3+ W4+ Ws =26.84kip
Fanax = pN = 0.577(26.84) = 15.5kip
> Frorizonat = Pa + Py — Py = 9.68 + 1.47 — 2.88 = 8.27kip

Next, we compute the factors of safety.

Fonax 15.5
F.S qiding = — 187

ZFhorizontal a 8.27

H H 22 22 .
MBovcrluming = Pa (g) + PS (E) - 968 <?> + 147 (?) == 87.2k1pft

Mg,y = W1(6.5) + Wa(5.67) + W3(7) + W4 (10.5) + W5(2.5) + Py(1.33)
—2.95(6.5) + 1.47(5.67) + 4.91(7) + 16.5(10.5)
+1.0(2.5) +2.88(1.33)
— 241.5Kipft

Bresistin 241 '5
F-S-ovretuming = MB L= 872 =2.77

overturning

Lastly, we determine the location of the line of action of N.

Mnet = MBovenuming - MBrcsisling = 154'8k1p ft
My, 1548
T et %0 s oo
TN T 2684
L 14 L
L x— 577 =123t < = =233t
¢=57%Y=5 <%

Using the above values, the peak pressures are

N 6e\  26.84 6(1.23) s o
=) =221+ — 2.92kip/ft — 0.91kip/ft
q L( L) 7 < 7 );*ql 92kip/ft® g, = 0.91kip/

I dd = |

T

Example 8.5 Retaining Wall Supported by Concrete Piles
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Given: The structure shown in Fig. E8.5a. Assume all the loads acting on the wall are resisted by the
axial loads in the concrete piles. Consider the pile spaced at 6 ft on center. Use Rankine theory.

1.5t
+—+
Jjii
Yeou = -12 kip/®
¢ =30
Yoone = - 15 kip/f®
k, = 173 H= 20ft
L ift 5h q
I i |
SR
|5n| M :IEsn

I

I

I

I

|

ey

pile pile WL
Fig. E8.5a
Determine: The axial loads in the piles.

Solution: We consider a 6 ft segment of the wall. The free body diagram for this segment is shown in
Fig. E8.5b. F| and F'; denote the pile forces; P, is the active lateral soil force; and the W term relates to
various weights. We neglect the passive soil force and assume the horizontal load is carried by the
inclined pile.

P, = ;(;) (0.12)(20)*(6) = 48kip
Wi = (5)(17.5)(6)(0.12) = 63kip
= (1.5)(17.5)(6)(0.15) = 23.6kip

)
= (2:5)(9:5)(6)(0.15) = 21.4
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P

W, —~—P,
6.67 ft
A J,“ ' B
+ + .
}"'\‘h ﬁ T
T I
Fay ]
6.5 ft

Fig. E8.5b

By summing the moments about A, we determine F:
ZMA =0 (225)W, ++(5.5)W, = 6.67P, + 6.5F, = F| = 22.92kips
Summing the vertical forces leads to
> Fy=0=F,, =85.1kip
Similarly, the horizontal loads yields
> Fy=0= F, = P, = 48kip

Then, the axial force in the battered pile is

Fr=\/F} +F>=977

And the required batter is 48/85.1 = 0.56

8.5  Critical Sections for Design of Cantilever Walls

The different segments of a typical cantilever retaining wall structure are shown in Fig. 8.15. The
stem functions as a cantilever beam supported by the footing. Gravity and lateral loading are
transmitted by the stem onto the footing which then distributes the loading onto the soil. The footing
has two counteracting loadings at the heel; the loading due to the weight of the soil, and the pressure
loading. The latter is usually neglected when estimating the peak negative moment in the footing. The
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Fig. 8.15 Loadings and a Surcharge
response pattern for I'T T T T I1 -
cantilever retaining wall ARR

structure. (a) Cantilever

retaining wall components.

(b) Stem—Iloads and Stem~
bending moment. (c) Backfill H

Footing—loads. (d) <
Heel
I.

Components of footing Toc

(Fooling

b SR
q
l o
Wl '
Mg
M

My _F
c "sg_lll 111

—_— — — —3 — — — —

PR

il 1 1 1 J

d N M, Y
WES
4. - C ;> I//
Toe-loads and moment Heel-loads and moment

bending moment distributions are also plotted in Fig. 8.15d. Note that for this type of structure, the
bending moment distribution in the footing has both positive and negative regions. The critical region
for design is the stem—footing junction.
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Fig. 8.16 Typical bending TR
steel reinforcement
patterns
Backfill
Heel
Toe

Retaining wall structures are constructed using reinforced concrete. The thickness of the footing
sections is governed by the shear capacity. The location and magnitude of the bending steel
reinforcement is dictated by the sense of the bending moment distribution (i.e., positive or negative).
Noting that the function of the reinforcement is to provide the tensile force required by the moment,
the moment diagrams shown in Fig. 8.15d require the reinforcement patterns defined in Fig. 8.16. The
actual size/number of the rebars depends on the magnitude of the moment and the particular design
code used to dimension the member.

Example 8.6

Given: The structure shown in Fig. ES.6a.

JOKN  cmmp =
I m
AKX T
k,=.35
Ysoit = 18 kN/m’ 4m
Yeone = 24 kN/m’

[ ] Sm

L, Sm Im

Fig. E8.6a

Determine:
(a) The required L; such that the factor of safety with respect to overturning is equal to 2.
(b) The tension areas in the stem, toe, and heel and show the reinforcing pattern.
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Solution:
10 kN
—_— -+
I m
L |
H=45m W, W,
_ Lrcum—
B
, L, l.ﬁml Im |
P, = %kaySHz = %(0.35)(18)(4.5)2 = 63.8kN
= (0.5)(5)(24) = 60kN
= (0.5)(1.5 4 L1)(24)
W3 = (4)(L1)(18)

4.5
M, = 63.8 (T) +10(5.5) = 150.7

Li+15 L
MBresisling = W1(1'25) + W2< 1 2 ) + W3(21 + 1 5)

Bresisling _

L 1.5 L
W1(1.25)+W2< ”; >+W3<?1+1.5>

F.S.overtuming = 2 = ]MBOVCM‘““g - 150.7

4

L required — 1.2m

The figure below shows the reinforcing pattern required for the tension areas.

10 kN > K
KR X
k, =35
Yoou = 18 kN/m’ S5m
Yome = 24 kKN/m’
] __5 m
toc T
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8.6 Summary
8.6.1 Objectives of the Chapter

» To introduce the topic of vertical retaining wall structures used for embankments, abutments, and
underground structures.

» To present a theory for establishing the lateral loading exerted by soil backfill on vertical walls.

» To develop a methodology for evaluating the stability of cantilever retaining walls when subjected
to lateral loading due to backfill and surcharges.

8.6.2 Key Concepts and Facts

» The Rankine theory predicts a linear distribution of soil pressure which acts normal to a vertical
face and increases with depth. The resultant force is given by

1
P, = Eszka
where H is the vertical wall height, y is the soil density, and k, is a dimensionless coefficient that
depends on the soil type and nature of the relative motion between the wall and the backfill. For
active conditions,

_1—sing

k, =
1+ sing

where ¢ is the soil friction angle, typically ~ 30°.

+ Stability is addressed from two perspectives: Sliding and overturning. The factor of safety with
respect to sliding is defined as the ratio of the peak available horizontal friction force to the actual
friction force. The factor of safety with respect to overturning about the toe is taken as the ratio of
the restoring moment to the unbalancing moment.

» One selects the dimensions of the footing, such that these factors of safety are greater than one and
the resultant force due to the structural weight and the soil loads acts within the middle third of the
footing width.

8.7 Problems

Problem 8.1 For the concrete retaining wall shown, determine the factors of safety against sliding
and overturning and the base pressure distribution. Use the Rankine theory for soil pressure
computations.



8.7 Problems 553

J5m
—
T [ SOORKKK T
Yoo = 18 kKN/m?
3m = 35m
Yeonc = 24 kN/m?
ky = 173
Sm|

L]

m

Problem 8.2 For the concrete retaining wall shown, determine the factors of safety against sliding
and overturning and the base pressure distribution. Use the Rankine theory for soil pressure
computations.

Problem 8.3 For the concrete retaining wall shown, determine the factors of safety against sliding
and overturning and the base pressure distribution. Use the Rankine theory for soil pressure
computations

2ft
+—+
i § [ XOOKKX™
Yeou = -12 kip/f®
=30°
12 ft ? ol
Yoonc = - 15 kip/ft
u=.5

21l ]

3 en 4n

-+
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Problem 8.4 For the concrete retaining wall shown, determine the required value for b,. Take the
factors of safety for overturning and sliding to be equal to 1.75 and 1.25, respectively. Use the
Rankine theory for soil pressure computations.

I f
e
5 e
Yoou = -12 kip/3
14 Nt ¢ =30°
Yoose = 15 kip/ft®
!" - .S
b,
e

Problem 8.5 For the retaining wall shown, determine

(a) The soil pressure acting on the wall

(b) The factor of safety for overturning

(c) The factor of safety for sliding

(d) The soil pressure distribution under the footing

Assume: u = 0.5, yeon = 0.12 kip/ft®, ko = 1/3, Yeonerete = 0.15 Kip/ft®, u = 0.5, and @ = 30°.

-

0.2 kip/i2

T ARAANR,

181

% ﬂ“ [ - ]:I.S ft

350 LSf 6 1t
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Problem 8.6

1N
b

[ XXX
/ 24 ft
Ay

|]:3n
SN Lsn 8 Mt

i 'S i s
Ll L Ll Ll

, 13 ft )

(a) Determine the factors of safety against overturning and sliding.
(b) Determine the soil pressure distribution under the footing (g, ¢»).
(c) Determine the moment distribution in the stem.

(d) Determine the bending moment distribution in the heel.

Assume: Allowable soil pressure = 5.0 ksf, 7o = 0.12 kip/ftB, k., = 1/3, and yconcrere = 0.15 kip/ft3

Problem 8.7
0.1 kip/fe
[T 1Ll
—* B
12 fi
4
‘ | BEL

Suggest values for b, and b,. Take the safety factors for sliding and overturning to be equal to 2.

Assume: yooi = 0.12 Kip/ft, Yeoncrete = 0.15 kip/ft®, g = 0.57, and & = 30°.
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Problem 8.8

w

18 fi

B a2 s >,

an I v |Izﬁ
i

EL |2ft| 7 |
T 1 T T

Determine the minimum value of w at which soil failure occurs (i.e., the soil pressure exceeds the
allowable soil pressure).

ASSUMeE: Guiiowabte = 5 KIp/ftZ, yson = 0.12 Kip/ft®, yeonerete = 0.15 Kip/ft®, u = 0.57, and & = 30°.

Problem 8.9 Which of the retaining walls shown below is adequately reinforced for bending?

S —— -
a b S

Problem 8.10

(a) Determine the factor of safety with respect to overturning and sliding.
(b) Identify the tension areas in the stem, toe, and heel and show the reinforcing pattern.
(c) Determine the location of the line of action of the resultant at the base of the footing
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