FOUNDATION ENGINEERING

CHAPTER THREE
RETAINING WALLS

3.1 Introduction:

In the previous chapter, the various theories of lateral earth pressure are
discussed. Those theories will be used in this chapter to design various types of
retaining walls. In general, retaining walls can be divided into two major
categories: (a) conventional retaining walls and (b) mechanically stabilized
earth walls.

Conventional retaining walls can generally be classified mto four varieties:

Gravity retaining walls
Semi-gravity retaining walls
Cantilever retaining walls

= 2 e

Counter-fort retaining walls

1) Gravity retaining walls: as shown in 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

2) Semi-gravity walls: as shown in Figure 3.1b

3) Cantilever retaining walls: as shown in Figure 8.1¢ 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.

4) Counter-fort retaining walls: as shown in 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 1s to reduce the shear and the
bending moments.

To design retaining walls properly, an engineer must know the basic parameters
the unit weight v, angle of friction ¢, and cohesion Cof the soil retained behind
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the wall and the zo0il helow the haze slah. Enowing the properties of the zoil
behind the wall enables the engineer to detenmine the lateral pressure
distrihution that has to be designed for.

Remforcement

{d} Cunsies Fon i wall

Figure 3.1: Types of retaining walls.

There are two phases in the design of a conventional retaiming wall First,
wath the lateral earth pressure lknowm, the structure as a whole iz checked for
stability. The stucture 15 examined for possihle overtuming sliding and
bearing capacity falures Second, each component of the structure 15 checled

for strength, and the steal reinfbreement of each component 15 deternined.

This chapter presents the procedures for determining the stabality of the
retaiming wall. Checks for strength can be found 1n any texthook on remnforced
concrete. mome retaining walls have therr backfills stabilized mechanically by
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including reinforcing elements such as metal strips, bars, welded wire mats,
geotextiles, and geogrids. These walls are relatively flexible and can sustain

large horizontal and vertical displacements without much damage.

3.2 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 3.2
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 0.6 m. However; the
bottom of the base slab should be positioned below the seasonal frost line. For
counter-fort retaining walls, the general proportion of the stem and the base slab
1s 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.

0.3 m min

0.12 i D : —L

= I 27;; i! —)IUI.!HE«— IEH
0.12 e« 05 t00.7TH 44

[ to - T | 1

017 H

fe— 05007 H —>]
{a)

(b)

Figure 3.2: Approximate dimensions for various components of retaining wall for initial

stability checks: (a) gravity wall; (b) cantilever wall
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3.3 Stability Requirements

The retaining wall must be satisfying the following stability requirements:

Safety against overturning (Rotation).
Safety against sliding.

Safety against bearing capacity failure.
Safety against overall stability.

s W b=

3.3.1 Check for overturning (Rotation):

Consider the retaining wall shown in below Figure (3.3) the failure may occur
with retaining wall rotation about point (C).
1M, =0
P xl, =B, x1L,+ X Wp %1,
The usual minimum desirable value of the factor of safety with respect to
overturing is 2 to 3.
rs YMp P,xL,+YWxI,
2 Overturning — Z Mo - Pa % la
Mi+M, + M3+ My + M+ M+ P, Xy
P,xcosaxy

B, SOverturning =

Where:

> M, = sum of the moments of forces tending to overturn about point C
2. Mp = sum of the moments of forces tending to resist about point

P, = Active force.

P, = Passive force.

[, and [, = Moment arm measured from point C.

Figure 3.3: Check for overturning, assuming that the Rankine pressure is valid
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Procedure for Calculating (3, Mp):

Weight/unit Moment arm Moment

Section Area length of wall measured from C about C
(1) (2) (3) (4) (5)
1 A, W, =7y XA, X, M,
2 A, W, = T X Ay X, M,
3 A; W, =7y, X A; X; M,
4 A, H’l =% & A: ;]E'; M,l
5 As Ws = y: X As X M-
6 As We =y X As Xs M,
P, B M,

LV % Mg

Note: y1 = unit weight of backfill, ¥, = unit weight of concrete)
3.3.2 Check for Sliding along the Base:

A slide results if the shear stress along some potential slip surface becomes

equal to the shear strength. One possible slip surface 1s shown in below Figure
(3.4).

S e

| !
-—

e e | e i e e B

i

B > @

3

Figure 3.4: Check for sliding along the base.

The factor of safety against sliding may be expressed by the equation:

2 Fg
F. SSliding = E_Fd

Where:

Fp = Sum of the horizontal resisting forces.
F4 = Sum of the horizontal driving forces.
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YFp=QV)Xtan§ +BC,+ P,
YF;=P,xcosf
Where:

P, = The passive horizontal force.
>V = Sum of the vertical forces.

0" = The angle of friction between the soil and the base slab and may be = % o.

C .= Adhesion between the soil and the base slab.
P, = The active horizontal force.

ﬁ = The angle of backfill slop.

XV)xtand +BC,+ P,
P,xcospf

F.Ssliding =

If the desired value of F.Sg;4:,4 is not achieved, several alternatives may be
investigated as illustrated in Figure 3.5.

1. Increase the width of the base slab (i.e., the heel of the footing).

2. Use a key to the base slab.

3. Use a dead-man anchor at the stem of the retaining wall.

______________ | Use of a dead
Y | man anchor
¢
€]
5]
)
————— : Base slab
| Increase
— - prope e
: | Use of a : v o
2
1 i base key o
L : L)

Figure 3.5: Alternatives for increasing the factor of safety with respect to sliding.
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3.3.3 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 1s shown 1n Figure 3.6. Note that q;,, and qp,.; are the maximum and the

minimum pressures occurring at the ends of the toe and heel sections,

respectively. The magnitudes of and can be determined in the following

mannecr.

Py, = P, cos o

Figure 3.6: Check for bearing capacity failure.

max. = 2V (1+6BTE) and Gmin. :E_V(l_%z)

Area Area
Area = B.(1)
v 6e
== (1 f—
qmax. B ( +
YV 6e
Qmin. = 5 (1 - _)
B B
Where:

>V = Algebraic sum of all the vertical forces includes the weight of the soil.

B= width of the wall base.
e= the eccentricity of the resultant force on the base
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_ E_ZMR_EMO

2 TV
XMp =P, X, +XW x1I,
M, = B X[,
qu
F. SBearing Capacity — =3
Amax.

» Three different cases arise depending upon the value of e as shown in
Figure 3.7.
B
Ie< P
2)e= % in this case the maximum pressure can be computed as

23V
:T and qp;, =0

qmax.
B . ... . : :
e>—in this case tension is supposed to have developed as shown. Since soil

1s considered incapable of resisting any tension, the pressure is taken to be

redistributed along the intact base of width 3b’, where b’ is the distance of the

line of action of Y, Vfrom the toe. q,,,,, 1s then given by:

.:u and  quip =0

N
R
- b/3 /| b3 I
bi3 Sn o
- i
" e =
Hib - b >

|4 b/3|»le— b3 —*}-kbf}

H [ ] m Lt,_z,wfi'ﬁ T Tion) I Hm]ﬁt” a

(iii) e > b/6 {iv) b reduced to 3b" for case (iii)

Figure 3.7: Distributions of base pressure for different values of eccentricity of the
resultant force on the base.
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Example (1): The cross section of a cantilever retaining wall is shown in
below Figure. Calculate the factors of safety with respect to overturning,

sliding, and bearing capacity. Where the ultimate bearing capacity of the soil 1s

560 kKN/m?.

o
e T 10
0.5m T,
- Ty i H,=0.458 m
2 et _L“-_'”__'
I
vi1 =18 kN/m*
& =30°
=0
D H,—¢
P
;)“ L e a
@ e :.’_'___ll_“_ P,
t : @
1.5Sm=D ¥ el X
_L 0.7 m > 1 H:=0.7m
; o - B
= 0.7 m == 0.7 m = 2.6 m | ¥ =K
B’y =20
¢'» =40 kN/m?

Solution: Calculation of stability of a retaining wall.
H= H +H, + H;
H=26xtan1l0+6+0.7=0458+6+0.7
H=7158m

The Rankine active force per unit length of wall = P,

Pa:%nyHzxKa

K = cos fi—y (sin ¢)2—(sin §)?
@ cos B+ (sin §)2—(sin f)Z °

K, = 0.3532

For f = 10 and ¢ = 30°

P, =5 % 18 x (7.158 )? x 03532
P, = 162.9 kN/m

Py = P, X sin 8 = 28.29 kN/m
P, =P, Xcosf

P, = 160.43 kN/m
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1) Factor of safety against overturning (Rotation):

7.158
3

XM, =P, % (5) = 16043

= 382.79 kN.m/m

The following table can now be prepared for determining the resisting moment

MR .
Weight/unit Moment arm
Section Area length from point C Moment
no.? (m?) (kN/m) (m) (kN-m/m)
1 6X05=3 70.74 1.15 81.35
2 3(02)6=06 14.15 0.833 11.79
3 4X07=28 66.02 2.0 132.04
4 6 X26=156 280.80 2.7 758.16
5 3(2.6)(0.458) = 0.595 10.71 3.13 33.52
P, = 28.29 4.0 113.16
2V =470.71 1130.02 = M,

Note: Yeonerete = 23.58 kN /m?>

. _ YMp 113002
F. Overturning M, 38279
i 2

2) Factor of safety against Sliding:

(X V)xtan §5+B Cy+ Py

Pyxcos f8
_1 2
P, ==Xy X H* X K, +2CJK,
K __14sing,  1+sin20
P 1sin¢g, 1-sin20
P, ==x19 X (15)% X 2+ (2 X 40) X V2

F, SSEiding o

p
Pp =43.61—171.39 =215 kN/m

470.71 xtan (2x20 )+ 4x(2x 40 }+215
F.Ssiiging = e 160?43 (50) =27 >2

3) Factor of safety against bearing capacity failure:
E . b3 MR_Z M,
2 YV
4 1130.02— 382.79

e =R - 0411 <2

2 47071
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>V 6
Qmax. = ?(1 + EE)
Gmax. = —— (1 +Z577) = 190.2 kN /m? (Toe)
_ IV, 6e\ _ 47071 (. 6x0411\ _ 5
Qmin. = B (1 B) — T3 (1 ) ) = 4513kN/m (Heel)
q
F'SBearing Capacity — -
max .
560

F-SBearing Capacity = Tgoz — 298 <3 ... ........ NotOK.

Note: FuSpearing capaciny 15 1ess than 3. Some re-proportioning will be needed.

Example (2): A gravity retaining wall is shown in below Figure. Use

4 2 ; E
& = 3 ¢ and Coulomb’s active earth pressure theory; determine:

a. The factor of safety against overtuming.
b. The factor of safety against sliding.

¢. The pressure on the soil at the toe and heel.

Fy
v; = 18.5 KN/m’
$; = 32°
ci=0
5.7m
———Le x—— Pp
2.167 m
S
Y
0.8 m
e W
¥ = 18 kN/m’
&) = 24°
ch = 30 kN/m?
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Solution: Calculation of stability of a retaining wall.
H=H +H,=5+15=66m

Coulomb’s active force 1s:

B =%><)/><H2 X K,
With f = 0,a = 90° — 75° = 15%,8" == ¢, and ¢ = 32°

K. = sin?(a + ¢) i
1+ \/sin(qb + 8).sin(¢p — B)
sin(a — 8).sin(a + )

sin? a.sin(a — 6)

K, = 0.402

P, = % X 18.5 X (6.5)? X 0.402 = 157.22 kN /m
P, =P, xcos(a+ 8)

=157.22 X cos (15 +§(f)) =157.22 X c0536.33 = 126.65 kN/m
P, = P, xsin (@ + &) = 157.22 % sin36.33 = 93.14 kN/m

1) Factor of safety against overturning (Rotation):

Moment arm

Area Area Weight® from C Moment
no. (m?) (kN/m) {m) (kN-m/m)
1 1(5.7)(1.53) =436 102.81 2.18 224.13
2 (0.6)(57) =342 80.64 1.37 110.48
3 %_(0.27) (5.7) = 0.77 18.16 0.98 17.80
4 = (3.5)(08) =28 66.02 1.75 115.54
P,=9314 2.83 263.59
SV = 360.77 kN/m IMpg = 731.54 kN-m/m

Y. = 23.58 kN /m®
Note that the weight of the soil above the back face of the wall 1s not taken into account in the
preceding table.

YM, =P, X (g) = 126.65 x == = 27445 kN.m/m

_ LMz _ 73154
T Y M, 27445

Fo 805 erturning =267 >2 ... 0K.

2) Factor of safety against Sliding:

(EV)xtan 6™ +B O+ Py
F.Ssiding = Pn
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P=ixyxH XK, +2C |K,x H

.97

1+sin 24
K = = =
p 1—sin 24

P, ==X 18 x (1.5)* x 2.37 + 2 X (30) X v2.37 X 1.5 = 186.95 kN/m

(360.77)xtan (5x24)+3.5Gx(30)+ 186.95
F.Sstiamg = e

F.Ssiding =284 22 ... OK.

3) Factor of safety against bearing capacity failure:

_B YMgp—X¥M,

2 SV
3.5  731.54-274.45 B
e=——- ——————=0.483 < -
2 360.77 6

Tmax. = 2 (1+5)

36077 (1 6x0.483
Gmax. = "33 3.5

Amin. = %(1 - ?;)

_360.77 (1 6x0.483
Gmin. = 35 3.5

) = 188.43 kN /m’

) = 17.73 kN /m?
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Example (3): A trapezoidal masonry retaining wall 1 m wide at top and 3 m
wide at its bottom 1s 4 m high. The vertical face 1s retaining soil (¢ = 30°) at a
surcharge angle of 20° with the horizontal. Determine the maximum and
minimum intensities of pressure at the base of the retaining wall. Unit weights
of soil and masonry are 20 kN/m3 and 24 kN/m3 respectively. Assuming the
coefficient of friction at the base of the wall as 0.45, determine the factor of

safety against sliding. Also determine the factor of safety against overtuming.

Tm "Jm"nmr
l—> _—p=20°
A ‘: ‘
.l’f “ll
: ¥ =20 kN/m’
“’.t"'. "--l.“ q‘ 2,
‘J 1 .‘---—-AIIJ
v =24 kN/m” 7\ N
#/ A
F"‘f‘ ‘--"J : II:
.,'r‘ f; ‘ﬂ--j
.fr'll WJRS W, ‘— T
Vi : f’r :
J‘ : Lo
f“ ‘j ":___—________l____
Toe le— % —»| Heel

Solution:
The Rankine active force per unit length of wall = P,
P, :%nyHzxKa

_ cos B—y/(sin ¢)*—(sin §) B o
b= e e PP =l mdp =30

K, = 0.414

Pa:%xzox(4)2xo.414

P, =66.24kN/m

Py =P, xsinff =22.66 kN/m
P, =P, Xcosf

P, =62.25kN/m

1) Factor of safety against overturning (Rotation):

Y M, =P, x (%) = 62.25 x = = 83 kN.m/m
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The following table can now be prepared for determining the resisting moment

MR ;
Section Area Weight Moment Mp
arm

1. 1 x4 =4 4 x24 =96 2.5 240

2. 1 X 24 = : 128
EX2X4:4 4 x 24 =96 1.334

o P, = 22.66 3 67.98

ZV:214-.66 ZMR = 436
M 436

F. Soverturning = ﬁ = == 525 >>2 ... O.K.

2) Factor of safety against Sliding:

F.Sstiding = < VJng: xi:;B,BC\a o

F,=0

tand = 0.45

C, = 0 because C=10
214.66 x0.45

F.S¢tiding = —oE = 158 € 2 e Not O.K.

1. Use a key to the base slab.
2. Use a dead-man anchor at the stem of the retaining wall.

3) Factor of safety against bearing capacity failure:
B 2Mp—YX M,
XV

=0.144m<%=0.5m

2

3 43683
e =-
2 214.66

max. = %(1 +%3)

214.66 6x0.144

G, =5 (1 - 22) = 2220 (1 - 22) = 51 kN /m?  (Heel).

) = 92 kN /m? (Toe)
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Example (4): Check the concrete retaining wall shown in below Figure,

considering rotating, sliding, and pressure of wall base.

0.6 m

Sand

y = 17.5 kN/m?3
¢ = 30°

5m 5—=0

Concrete Wall.
Yconcrete = 24 kN/mS

1m

C 26m Sand
¢ = 45°
6 = 35¢

Solution:

The active force per unit length of wall = P,

Pa:%xnyzxKa

1—sin ¢
1+sin ¢

K, = , For ¢ = 30°

K, = 0.334

P, = % X 17.5 X (6 )% X 0.334
P, = 105 kN/m

P, =0

P, =P, =105 kN/m

1) Factor of safety against overturning (Rotation):
YM, =P, x (ﬂ) =105 x < = 210 kN.m/m
3 3
The following table can now be prepared for determining the resisting moment
M R -
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Section Area Weight Moment Mp
arm

1. 06 x6 =36 |3.6x24=2864 2.3 198.72
1 —
Ex2x6:6 6 X 24 =144 1.334 192

3. P, =0 - -

ZV:230.4- ZMR:391
M 436

F.Soverturning = ETR = o= 188 %15 ... OK.

2) Factor of safety against Sliding:
X Vixtan 8+B C,+ P,

F.Sstiding = P xoos B -

1
B, :Exnyzpr
_ I4sing _ o

K, = , For ¢ = 30

K, =3

P, =3x 175 x (1)? x 3 = 26.25 kN/m

tan§ = tan35 =0.7

C, =0 because C=10
AOTHOB — 178 <15 e, OK.

3) Factor of safety against bearing capacity failure:

_ E_EMR_ZMO
— B IR %
2.

6 391-210

g = ——
2 230.4

— 0514 m > % — 0433 m

This state means that, the pressure at the heel 1s tension, therefore:

2xXYV
Qmax._ 3B
. B
B ==——c¢
2

2% 230.4
Tmax. = 350786

Qmin. = 0 (Heel)

= %— 0.514 = 0.786 m

= 195 kN /m? (Toe)

Dr. Mahmoud S. Abdulkareem
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H.W: A retaining wall is battered away from the fill from bottom to top at
an angle of 15° with the vertical. Height of the wall is 6 m. The fill slopes
upwards at an angle 20° away from the rest of the wall. The friction angle is
30° and wall friction angle i1s 20° Using Coulomb’s wedge theory,
determined the total active and passive thrusts on the wall, and Check the
concrete retaining wall shown in below Figure, considering rotating, sliding,

and pressure of wall base. Assuming ysq = 20 kN/m® and Yconcrete = 24 KN/m®

B =20°
Sand
6m . _ 50 kN/m?
¢ = 30°
5 =120°
¥ = 20 kN/m?
¢ = 30° 2m |
§=120°
0.5m
o —>< >
1m 3.0m 1.0m
sin’(a + ¢»)
K,= :

Dr.

sin? a . sin(a — §)

L% \/sin(d) + 6).sin(¢p— )
sin(a — §).sin(a + )

sin®(a — ¢)

2

sin? a.sin(a + 8)

1 sin(¢ + 6).sin(¢p — )
~ |'sin(a— 8).sin(a + B)
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