Footings

5.1 GENERAL

"The purpose of a footing is to transfer safely to the ground
the dead load of the superstructure (wejght), and all other
external forces acting upen it. The latter ones consist not
only of general live load (as in dwellings, warehouses,
industrial buildings, etc.) or fill (as in silos, bunkets, tank
supporting structures, and similar), but also of the ground
effects of various lateral forces such as wind, blast, or earth-
quake. In case any of these forces are of dynamic character,
an allowance for impact should be included in the estimate
of their magnitude unless a more exact evaluation is re-
guired. Footings also include foundation elements that are
designed to tesist uplift and overturning, and comprise in
general ali structural elements that wilk provide a stable base
for the superstructure and safe transfer of all applied forces
down to the ground.

The ways and means by which the transfer of these forces
into the subsail can be obtained are manyfold. They depend
primarily on the type and magnitude of the loading, on the
stiffness and siructural behaviour of the supersiructure, on
the bearing capacity of the soil in general and on that of &
certain stratum in particular, and on the depth below
ground surface where this soil stratum is encountered, and
on the depth of the groundwater level below grade. The

*Chief Civil Engineer, Albert Kahn Associates, Inc., Architects and
Engineers, Detroit, Michigan.

FRITZ KRAMRISCH, D.Eng.”

type of foundation is aiso influenced, though to a lesser
degree, by the geographical location and climatic condition
of the site; by the time of the year when the construction is
to be executed; by the speed of construction that is desired;
by the availability of material, equipment and manpower;
by the prevailing economical conditions; and by many other
circumstances, The importance of these apparently second-
ary considerations can grow with the magnitude of the
job and may, in certain cases, influence the successful out-
come of an entire project. It is, therefore, not enough to
approach the seiection of the type of foundation with a
cool, calm engineering mind; very often, experienced
judgment that can envision advantages and foresee diffi-
culties deserves serious consideration,

The type and magnitude of the loading will usually be
furnished by the engineer designing the superstructure.
It is up to the foundation engineer to collect all informa-
tion regarding the purpose of the superstructure, the
materials that will be used in its construction, its sensitivity
to settlements in general and to differential settlements in
particular, and ail other pertinent information that may
influence the successful selection and execution of the
foundation design.

The evaluation of the maximum bearing capacity of the
soil is to be made on the basis of soil mechanical consider-
ations. The engineer designing the foundation should select
the soil stratum that is most suitable for the support of the
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superstructure; he must assume the appropriate safety
factor to arrive at the allowable bearing pressure; and
finaily, decide on the most economical type of foundation
to be used. For this reason it is essential for a foundation
engineer to possess a good knowledge of the problems that
are involved in the design and behaviour of the super-
structure, a certain familiarity with the basic principles of
soil mechanics, and a good understanding of the interaction
between both,

A detailed treatment of above topics does not fall within
the scope of this handbook; however, a short discussion of
the basic considerations affecting the evaluation and distribu-
tion of the bearing pressures under footing bases is given
bejiow.

5.2 EVALUATION OF BEARING PRESSURES AT
FOOTING BASES

5.2.1 General Principles

The distribution of the bearing pressures under a concen-
tricalty loaded, infinitely stiff footing, with frictionless base,
resting on an ideal, cohesionless or cohesive subsoil,!+2 is
generally known, and shown in Fig. 5-1. Under ordinary
conditions few soils will exhibit such a behavior: no footing
could be considered to be infinitely stiff. The distribution
of the bearing pressure under somewhat flexible footings
and ordinary soil conditions will be similar to those shown
in Fig. 5-2; or it may assunie any intermediate distribution.
The assumption of a uniform bearing pressure over the
entire base area of 4 concentrically loaded footing, as shown
in Fig. 5-3, seems to be justified, therefore, for reasons of
simplicity, and is common design practice. This assumption
net only represents an average condition, but is usually on
the safe side because most of the common soil types will
produce bearing pressure distributions similar to that shown
in Fig. 5-2a. The foundation designer, however, shall keep
in mind that the assumption of a uniform bearing pressure
distribution was primarily made for reasons of simplicity
and may, in special cases, require adjustment.

Any footing that is held in static equilibrium sotely by
bearing pressures acting against its base has to satisfy the
following basic requirements regardless of whether it is an
isolated or a combined footing:

1. The resultant of all bearing pressures, acting against

P P

(a) {b}

Fig. 5-1 Bearing pressure distribution for a stiff footing with fric-
tionless base on ideal soil. {a) On cohesionless sod (sand}; and
{b} on cohesive soit (clay).
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Fig. 5.2 Bearing pressure distribution for a flexible footing on
ordinary soil, {a} On granular seif; and {b) on clayey soil.
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Fig. 5-3 Simplified bearing pressure distribution {commoniy used).

the footing base (reaction), must be of equal intensity and
and opposite direction as the resultant of all loads and/or
vertical effects due to moments and lateral forces, acting on
the footing element (action).

2. The location where the resultant vector of the reac-
tion intersects the footing base must coincide with the loca-
tion where the resultant vector of the action is applied.
Action and reaction are as defined under (1) above.

3. The maximum intensity of the bearing pressures under
the most severe combination of service loads must be
smaller than, or equal to, the maximum bearing pressure
allowed for this kind of loading and type of soil, as deter-
mined by principles of soil mechanics.

4. The resultant vector of the least favorable combination
of vertical loads, horizontal shears, and bending moments
that may otcur under service load conditions, including
wind or earthguake, must intersect the footing base within
a maximum eccentricity that will provide safety against
overturning. '

The method most commonly used for the design of
footings and related elements for ordinary building construc-
tion, is the one where static equilibrium is obtained by
bearing pressures against the footing base only. This method
is also the standard method that has been included in the
“Building Code Requirements for Reinforced Concrete”
ACI318-71.

For zero eccentricities, the bearing pressures will be
uniformly distributed over the entire base area of the
footing as shown in Fig. 5-3 and will have the intensity
of ¢ = PIAFR.

If the footing shall restrain the column base, je., if a
bending moment has to be resisted by the subsoil alongside
with a concentric load, or if the column [oad is applied
outside of the centroid of the base area of the footing, the
bearing pressure distribution wili vary depending on the
magnitude of the eccentricity and its relationship to the
kern distance ¢x. The kern distance can generally be
evaivated as shown in Fig. 5-4.

When the eccentricity is equal to, or smaller than, the
kern distance ¢, the extreme (maximum or minimum)
bearing pressures ¢ mia can be found by superposing the
flexural bearing pressures over the axial bearing pressures,
see Fig. 5-5a.

When the eccentricity becomes greater than the kern dis-
tance superposition cannot be applied anymore, because it
would result in tensile stresses between soil and footing
near the lifted edge of the base. Equilibrium can, however,
be attained by resisting the load resultant by a bearing
pressure resultant of equal magnitude and location, In this
case the exireme bearing pressures at the edge of the base
can be evaluated as shown in ¥Fig. 5-5b, The maximum edge
pressure ¢ gax must, under all conditions, be smaller or
equal than the maximum allowable soil pressure, 4,.

This condition applies until the excentricity, e, of the
load, P, reaches the edge of the footing base. Any greater
eccentricity will result in overfurning. Such a condition,
however, can only occur on rock or on very hard, stiff soils.
For most practical cases, edge-yielding can make a footing
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Fig. 5-4 Kern distance. (&} ¢k = /F1/AFL21: {b}1pg) = moment
of inertia of footing base about neutral axis /-/; (¢} z; = distance
of extreme fiber at opposite side of desired kern distance; (d} for
strips, cx = /716,
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Fig. 56 Bearing pressure distribution under eccentric loading,

unusable and produce a condition that is equivalent to
overturning. Edge-yielding will occur when the extreme
bearing pressure at the pressed edge will cause failure in the
bearing capacity of the subsoil. The eccentricity causing this
condition will, therefore, limit the maximum useful eccen-
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tricity. Unless actual test results are available, the failure
condition in the bearing capacity of the soil, gy, can be
assumed with about 2.5 times the allowable bearing capac-
ity, g,; the minimum safety factor against overturning is
usually specified as 1.50; aithough somewhat greater
safety factors are sometimes desirable. Introducing these
requirements, we arrive in Fig. 5-5¢ at a maximum eccentric-
itY, € max, that can safely be utilized. How far the design
engineer will take advantage of this condition will depend
on his judgment of the soil and on the sensitivity of the
superstructure io tolerate lateral tilting that may occurif a
loading, causing such an eccentricity, is applied for a longer
period .53

Moments occurring alongside with concentric loads, may
be uniaxial or biaxial. If they occur in obligue directions it
is most practical to have their influence divided into two
perpendicular components, each of them parallel o the
main axes of the footing mat, and superpose the resulting
bearing pressures, Such conditions occur not only with
isolated spread footings, but also with strip footings of
limited length, as in the case of shear walls and similar.

Combined footings, (i.e., footings supporting more than
one column load, such as exterior double-column footings),
strip footings supporting spaced column loads, rafts, or mats
can be designed as described above, as long as the entire
foundation can be considered as infinifely stiff. In this case
the resultant of all bearing pressures must be equal to the
resultant of ali loads, and its location must coincide with the
eccentricity of the resultant, This approach is statically
correct, but not necessarily close to the actual condition.

In certain cases it may be advisable to consider the
footing as a beam on an elastic foundation and utilize the
elasticity of the footing mat as well as that of the soii in
the evaluation of the bearing pressures. The bearing
pressures obfained by this method no longer follow a
straight line distribution across the contact area. They show
maximum accumulations immediately below, and in the
vicinity of, concentrated loads and greatly reduced inten-
sities between them, as shown in Fig. 5-6. Such a pressure
distribution can reduce the maximum design moments of a
foundation considerably and is therefore in many cases
quite economical. This method is, in addition, intriguing in
its setup and appealing especially to the mathematically
inclined engineer.5-4
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Fig. 5-6 General conditions for a beam on an elastic foundation.
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In the analysis of a beam on elastic foundation, the soil is
introduced as an elastic medium and the intensity of its
reaction (bearing pressure) is assumed to be proportional to
the deformation (settlement) of the fooling, or soil, under
the load.

Soils behave like elastic materials only to a limited degree
and only small portions of the settlements can be recovered
in case of unloading the superstructure. Settlements of the
subsoil occur very seldom immediately or shortly after the
lead application, Most soils are rather insensiiive to sudden
load changes and react more to average loadings applied
over an extended period, Variable configurations of the line
of deformations during this period will cause a variable
distribution of corresponding bearing pressures and internal
stresses of the footing or foundation mat. In addition, the
factor relating the magnitude of the bearing pressure to that
of the deformation is not a constant but varies with the
magnitude of the settlements.

Some of these characteristics have been overcome by
refinements that have been introduced into this method,
making it much more complex. If, however, foundations
under combined footings are not too stiff and they follow
the deformations of the subsoil, the beam on elastic founda-
tion-method will furnish bearing pressure distributions that
are closer related to the actual condition and more econom-
ical than the straight line distribution of the bearing
pressures.

Due to the basic deficiencies of a foundation design
executed with the help of elasticity relationships, as de-
scribed in this chapter, it is advisable that results obfained
by this method are not taken as exact solutions but more
asaguide to arrive at a reasonabie distribution of the bearing
pressure; such foundations shall be designed with ample re-
serve capacity fo sustain deviations from the theoretical
findings. Under such considerations, the method can provide
an excellent tool and a valuable aid in the design of some-
times rather difficuit foundation problems.**

Figure 5-6 shows the basic relationships between loading,
deformation and bearing pressure as well as the resuiting
moment distribution. Formulas giving the bearing pressures
and bending moments for a strip designed as a beam on
elastic foundation are given later in Fig. 5-22.

So far, bearing pressures against the footing base have
been considered as the only means to resist external forces.
Static equilibrium of a footing element subjected to iateral
forces andfor moments in addition to vertical loads, can
also be attained with the help of passive earth pressure, as
shown in Fig, 5-7. In this case lateral (passive) pressure of
the soil is devetoped while resisting either lateral movements
or tilting tendencies of the footing element. This method is
sometimes used in the design of footings supporting tall,
light superstructures such as transmission towers, light poles,
etc, One of the drawbacks of this method is that founda-
tions are usually surrounded by backfill of guestionable
lateral resistance; but even where the footing is cast tightly
against the original subsoil, passive earth pressure will only
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Fig. 5-7 General distribution of base and side pressures ot a footing
resisting overturning moments, where gp, and gp, are passive
earth pressures due to loading and gp; and gp, are to be < the
maximum gllowable passive earth pressure that can be utilized at
each depth.

passive
earth pressure

develop (unless the soil is very stiff or hard) after a certain
movement or tilting of the superstructure has taken place.

5.2.2 Strip Footings

~1. Concentrically loaded strip footings—The loadings of
strip footings considered in the following section consist pri-
marily of continuous line loads such as walls, or closely
spaced, concentrated loads arranged in one direction. In
many cases, the element causing the load, e.g., the wall
itseif, may provide sufficient stiffness to permit the assump-
tion of a continuous line load, even if the intensity of the
loading slightly varies (Fig. 5-8). Concenirated loads at
close spacings sometimes reguire a stiffening member to
transform the ecffects of the concentrated loads into a
continuous loading. For small variations in the load
intensity, the stiffening niember may be the footing itself;
or a foundation wall resting on top of the footings; or a
beam formed by composite action of both. In either case the
stiffening member has to be designed as an inverted con-
tinuous beam, upwardly loaded by a line load made up of
the bearing pressure, ¢, and intermittently supported where
the loads are apptied, as shown in Fig, 5-9,

-2 . Fecentrically loaded strip footings {or strip footings
with concentric load and moment at buse)~For stability
considerations, a free standing wall is equivalent to one that
is fully restrained al its base. Any shear and bending
moment caused by lateral forces such as wind, fill, earth-
pressure, simulated earthquake loadings, etc., as well as all
moments and shears caused by eccentrically applied vertical
loads acting on projecting piers or brackets, have to be trans-
ferred into the subsoil, see Fig. 5-10.

intensity of loading

w average
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Fig. 5.8 Equalizing strip loadings of variable intensity,
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Fig. 5-9 Transforming concentrated ioads into equal bearing pressures,
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In cases where walls are not free standing but form a part
of a frame work, such as in monolithic floor-wall construc-
tions, the wall may transfer a certain amount of moment
inte the ground. How successful such a design assumption
may be, deserves a brief discussion,

It can be proven by statics that only small, lopsided
settlements are needed to reduce the restraining effect at
the base of a frame work to such a degree that it may be
rendered useless. Such a rotation would produce 4 condition
at the base that is in effect similar to that of a hinge and
would increase the moments in the upper frame by the
amount lost at the base. Cautious designers assume and
design the base of such frameworks as hinges and make the
structure this way independent of the deformation of the
subsoil.

Bending moments or eccentric loadings caused by wind or
earthquake simulating forces may very well be taken by
restraint at the base of the footing mat; such forces are of
short duration and stable soils usually respond rather
clastically to loads of short duration. It is however recom-
mended that bending moments and eccentric forces caused
by dead loads, fill, or average service live load conditions
should not be transferred into the soil unless the soil is Very
stiff or well consolidated.

Forintermediate conditions, partial restraint in an amount
selected by judgement, may be utilized.

9.2.3 Isolated Spread Footings (square and obiong)

~1.  Concentrically loaded isolated spread footings—Isolated
spread footings are used to resist column loads that are
concentric with the centroid of the footing base. Theoreti-
cally such footings may have any shape. Square and oblong
bases are most common, but round and polygonal shapes
are being used under certain conditions, Footings may be
solid or without center portion, like a ring. We speak of a

¢ ¢

Equivalent Design
Loading

Fig. 5-10 Analogy between moments and eccentric loading conditions,

concentric loading if the resultant of all acting forces
coincides with the centroid of the footing mat or bearing
ared, regardiess of its shape. In this case the bearing pressure
distribution to be used for the design is usually assumed to
be of uniform intensity over the entire area, see Fig. 5-3.

-2, EBecentrically loaded isolated spread footings or isolated
footings with concentric load and moment at bgse—In case
of eccentric loadings caused by a moment al the column
base, or by an eccentrically applied load, or by an unsym-
metrical footing base, the bearing pressures will deviate from
the uniform distribution and graduaily vary across the
footing base. The distribution of the bearing pressures will
follow the rules as described above and shown in Fig, 5-5.5°
Fig. 5-11 gives the bas¢ area, moment of inertia; and kern
distance forvarious shapes of footing bases5¢. For irregular
shapes, it can be found as indicated in Fig. 5-4.

Round and polygonal footings, whether solid ox ring-
shaped, can only have a uniaxial eccentricity under the
resultant of such aloading. Square and rectangular footings
may have eccentricities in the direction of either one or
both main axes, if the eccentricity falls in an obligue
direction.

Figures 5-12 to 5-16 give the intensity of the extreme
bearing pressure, and the location of the zero pressure,
for various shapes of footings under eccentric load-
ing_s-é, §-71

Moments affecting the bearing pressures shall be deter-
mined about the elevation of the footing base. For evalu-
ating the bearing pressures by means of Figs. 5-12 to 5-16,
moments shall be converted first into eccentric loadings
having the magnitude of the resultant loading, P, geting at
the eccentricity ¢ = Mg/P. In the evaluation of the resultant
F it is important to investigate all conditions of loading that
may occur simultaneously with the moment under con-
sideration, i.e., the maximum as well as the minimum. In
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Base Area Moment of Inertia Kern Distance
Shape of Base Area Ay Iy Cx
_f_ ek
CIRCLE 4 o @ 5 0.785d% 0.04947 0.125ds
. 2e™
177
OCTAGON dr - ’ . 0.82847 0.055d7 0.1224f
HEXAGON 9 3 ' 5 0.866d7 0.0604;} 0.120df
e
SQUARE bt - . b} 0.0835 0.1678f
{
RECTANGLE ) Cry = G.1671r
Irby 0.0831pby ey = 0.167by
L
1 s ZCK
' 2_ 42 4 _ .4 dr d3
RING df d % & % 0.785(df - dg) 0.049((1f ~dg) — |t
J i 8 df

Fig. 5-11 Area properties of various cross sections, *cg = radius of circle inseribed in polygonal kern area, **cg = kern distance on

main axis. Shaded area in diagrams indicates kern,

Values of €y and €3 for
Various Values of &/

C,I]f Cl Cz

0.006 - 1.000
0.025 - 1.150
0.05¢ - 1.300
0.075 - 1.450
0.10¢ - 1.666
0.125 - 1.750
0.150 - 1.900
0.167 | 1.00¢ 2.000
0.175 | 6.975 2.051
0.200 | G.900 2.222
0.225 | 0.825 2424
0.250 | 0.750 2.667
0.275 | 0.675 2.962
0.300 | c.600 3.333
0.325 | 0.525 3.809
0.333 | 0.500 4.000
0.350 | 0.450 4.444
0.375 | 0.375 5,333
0.400 | 0.300 6.667
0,425 | 0.225 8.889
0.450 [ 0.150 | 13.333
0.475 { 0.075 | 26.667
0.500 | 0.600 e

o 1
~ |

point of load application %,

7
.
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Fig. 5-12 Bearing pressure under square and oblong bases. Nota-
tion used includes: Ap = frbyi qp = PAAEi e = M/P; q = Cy 9, and
qp = bearing pressure under concentric loading.
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Values of Cy and O3 for Values of €y and Cq for
Various Values of e/bf\/é— Various Values of e/dy
efbpfZ | Cy s efdy | Cs s
0.000 - 1.000 0.000 - 1.00
0.025 - 1.30 0.025 - 1.20
6.050 - 1.60 0.050 - 1.40
0.075 - 1.80 0.075 - 1.6¢
0.083 1.000 2.00 0,100 - 1.8G
0.100 0915 2.21 -0.125 | 1.000 2,00
0.110 0.870 2.34 0.150 | 0.910 | 2.23
0.120 0.832 2.48 0.175 | 0.830 2,48
0.130 0.796 2.63 0.200 | 0.755 2.76
0.140 0.766 2.80 0.225 | 0.685 311
0.150 0.736 2.917 0.250 | 0.615 3.55
0.160 0.707 3.16 0.275 | 0.550 | 4.15
0.170 0.680 3.37 0.294 | 0.500 ; 4.69
0.180 0.654 361 0.300 | 0.485 4.96
0.190 0.628 3185 0.325 | 0.420 | 6.00
0.200 0.604 4.14 0.350 | 0.360 148
0.210 0.582 4,44 0.375 | 0.295 9.93
0.220 0.561 4,77 0.400 | 0.235 | 13.87
0.230 0.540 5.14 0.425 | 0.175 | 21.08
0,240 0.521 5.54 0.450 | 0.120 7 38.25
0.250 0.500 6.00 0.475 | 0.060 | 96.10
0.300 0.400 9.38 0.500 | 0.060 e
0.350 0.300 16.67
0.400 0.200 37.50
0.450 0.100 § 150.00
0.500 0.600 oo
&
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Fig. 5-14 Bearing pressure under circular and polygonal bases.
Notation same as in Fig, 5-12 except forAg = dinid.

NOTE: For hexagonal bases use dy = 1.077 dfo.

Fig. 5-13 Bearing pressure under square bases {about diagonal For octagonal bases use df= 1.047 df,, where dfy = diam-
axist. Notation same as in Fig, 5-12 except for Ag = by. eter of inscribed circle.
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Values of £y and C for Various Values of e/dy and dy/dy

Cy—Values Co- Values

dolds doldy
eidg | 00105 | os | 07| o8 | a9 | 10 || efdg {00 | 05 | 06 | 07 | 68 | 09 | L0
0a2s {200] - | - | - | - | - { = [io0000} 160 | 100 | 100 | 100 | 100 | 1.00 | 1.0
0150 {182 - | = | - | - | = | - [foeo2s}{ r20 | 116 | 15| 133 | 112 | 1i1 110
0175 | 166 § 189 | 198 | - | - | - | — |} oo0so{ 340 | 132| 129 | 127 | 124 | 122|120

0.200 | 1.51 175 | 1.84 [ 1.93 - - - 6.075 1.60 1.48 1.44 1.40 1.37 1.33 § 1.30
0.225 | 137 | 161 1.7 | 181 ] 190 - - 6.100 1.80 1.64 1.59 1.54 1.49 144 | 1,40
0250 | 1.23 | 146 | 1.56 | 1.66 | 178 | 1.BS [ 2.00 0.125 2.00 1.80 1.73 1.67 1.61 1.55 t 1,50
0275 | 1,16 | 1.29 | 139} 150 | £.62 | 1.74 | 1.87 ¢.150 2.23 1.96 1.88 1.81 1.73 1.66 | 1.60
0.306 | 097 | 112 | 1.21 .32 | 145 | 1.58 | 171 G.175 2.48 212 2.04 1.94 1.85 1.77 § 1.70
0.325 § 0.84 | 094 | 1.02 | 1.13 | £25 | 1.40 | 1.54 0.200 2.76 2.29 2.20 2.07 1.98 1.88 | 1.80
0350 3 072 | 075 | 082 093 | 1.05 | 1.20 | 1.35 0,225 3.11 2.51 2.39 2.23 2,10 1.99 { 1.90
0375 | 0.59 | 0.60 | 064 | 072 | 0.85 | 099 | 1.15 0.250 3.55 2.80 2.61 242 2.26 210§ 2.00
0400 [ 047 | 047 | 048 | 052 1 0.61 | 0.77 | (.94 0.275 4.15 314 2.89 2.67 242 220 1 217
0425 [ 035 | 035 | 035 | 0.36 ] 042 | 0.55 | 0.72 0,200 4.96 3.58 3.24 2.92 2.64 242 | 2.26
0450 | 024 | 0.24 | 0.24 | 0.24 | 0.24 | 0.32 [ 049 0.325 6.09 4.34 3.80 3.30 292 2.64 { 242
0475 | 012 | 012 | 0.12 [ 012 | 012 | 0.12 | 0.25 0,350 7.48 5.40 4.65 3.86 3.33 2.95 | 2.64
0.500 | 0.00 | 0.00 | 0.00 { 0.06 | 0.00 | 0.00 [ 0.00 0.378 9.93 7.26 5.97 4.81 3.93 3.33 1 2.89
0.400 | 13.87 t 10.05 8.80 6.53 4.93 396 1 3.27

P 0.425 | 2108 | 1555 | 13.32 16.43 7.16 4,50 | 3.77
I’e__ 0450 38.25 30.80 | 25.80 1 19.85 14.60 7.13 1 4.71
0475 | 96.10 | 72.20 | 62.20 | 50.20 | 34.60 19.80 1 6.72
l 0.500 o £ ) oc o oo oo
q L
S

i

load application

Fig. 5-15 Bearing pressure under ring-shaped bases. Notation same as in Fig. 5-12 except for Ap = {d? - dg) wi4.

the calculation of the minimum loading it is advisable to
reduce dead loads arbitrarily, similarly as reguired in the
ACIH Building Code 315-71, section 9.3, to ascertain that
the bearing pressure and/or eccentricity resulting from this
loading condition is 4 maximum. See also section 5.3.1.

5.2.4 Combined Footings

Independent, isolated footings for each columa load, usually
provide the most economical method to design a founda-
tion, Support of two or more column loads on one combined
footing should be attempted only when required by one of
the following conditions:
a. Proximity of the building line or any other space
limitation adjacent to a building column.
b. Overlapping of adjacent isolated column footings.
c. Insufficient bearing capacity of subsoil requiring large
bearing areas.
d. Sensitivity of the superstructure to differential settle-
ments.

e. Advantage in construction procedure, such as trench

excavation or similar.

The first condition also includes all cases where elements
of existing structures, underground facilities, excavations,
embankments, etc., limit the extent of the foundation to be
constructed; it is a common case for exferior building
columns, If such a condition does not permit the design of
a symmetrical column footing, the footing can be combined
with the adjacent footing, located on the axis perpendicular
to the limiting line, to balance its eccentricity. Depending
on the difference in the intensity of the two combined
column loads, as well as on the existence of any simulta-
neous moments or shears, the eccentricity of the resultant
load and its magnitude will govern the shape and size of the
required base area for the fooling. Any shape of base area
can be used for the footing as long as it will satisfy the
basic requirements discussed in section 5.2.1. Rectangular,
trapezoidal, and T-shaped footings are most commonly
used. Figures 5-17 through 19 provide the necessary for-
mulae to determine the required areas and geometrical

(continued on p. 121}
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relations to design such footings for uniform bearing
pressure; or to evaluate the extreme bearing pressures fora
given footing shape and size in case of eccentric load
applications. It is recommended to maintain bearing pres-
sures over the entire base area of a combined footing, i.e.,
to design it in such a way that the eccentricity does not
exceed the kern distance. Under extreme conditions, how-
ever, combined footings may also be designed for partial
bearing with exclusion of tensile stresses at the footing
base, as indicated.

If the nearest column, which can be utilized for the design
of a combined footing, is too far away to permit a combined
footing to be built economically, counterweights, or dead-
men, can be provided to balance the eccentric loading of a
footing as shown in Fig. 5-20. In such a case it is advania-
geous to design the footing so as to establish concentric
loading for each element; otherwise, edge pressure condi-
tions have {o be investigated carefully. In the evaluation of
the available weight on a deadman, it is recommended to
rely primarily on the actual developed weight, and disregard
load spreading or internal friction as far as possible. The
safety factor to be used in the design of such foundations
shall be at least the same as used for overturning.

Referring to condition (b), if overlapping of isolated single
footings occurs, combination of the two footings into one
will permit greater lateral spreading at maintaining a sym-
metricat base area, see Fig, 5-21.

In (c) and (d) above, it can easily be seen that a combina-
tion of {wo ar more column loads by means of strips, rafts,
or mats will not only spread the load over a bigger area, but
will also give the foundation a monolithic quality which will

P
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Fig. 5-21 Combined footing areas.
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help to bridge over soft spots in the subsoil. This will reduce
the risk of differential settlements. Such a design can be
structurally desirable and may also be economical on soft or
irregular subsoils. If the foundation is stiff enough (either
by means of its own thickness or by means of well placed,
monolithic basement walls), then the foundation may be
considered as one unit, The shape of its base and the
resulting bearing pressures can be evaluated as a combined
footing. The stiffness of a strip, raft, or mat foundation
alone is often not great enough to produce sufficient
rigidity; in this case, the footing is best treated as a beam
on elastic foundation, Figure 5-22 gives the basic equations
required to design and evaluate the bearing pressures and
moments using the simpified method 53 5-%

As Tar as the last condition goes, the advantage that may
be gained is primarily economic.

5.3 BASIC DESIGN PROCEDURE-REINFORCED
CONCRETE FOOTINGS WITH EQUALLY
DISTRIBUTED BEARING PRESSURES

5.3.1 Footing Size

It is important to keep the determination of the footing size
completely separate from the design of the footing strength.
The determination of the footing size, or of its width, as in
the case of a strip footing or foundation raft, depends on the
following criteria:

a. The evaluation of the service loads, (The term service
is used here in order to differentiate the actual
quantities from the factored loads to be used in the
strength design.)

b. The evaluation of the bearing pressures at the footing
base under the service loads, and the maximum allow-
able soil pressure.

In the evaluation of the service loads, the entire dead load
{weight) of the superstructure, including the weight of the
footing with surcharge and all floor live loads, should be
used in their actual intensity. Floor live loads of multistory
buildings, having an intensity of 100 1b/ft? or less may,
according to the requirements of many local building codes,
be reduced on the assumption that the full live load will
hardly ever occur simultaneously on all floors. Reductions
for live loads exceeding 100 lb/ft? arc seldom permitted by
building codes because such loads usually apply to ware-
houses or storage facilities.

Fioors of industrial buildings are often designed for heavy
loadsin anticipation of machines that may have to be moved
aoross the fioor or will have to be set up at certain unfore-
seen locations. It is up to the judgment of the designing
engineer and his personal knowledge of the manufacturing
processes, to suggest a justified live load reduction to be
used for the design of columns and footings and have it
approved by the respective authority.

Crane loads, hoist loads, equipment loads; and the like
have to be included in full, even if they are only of short
duration,

Impact caused by the occasional passing of a crane need
not be considered in the design load of a footing; however,
impact caused by continuously operating hammers or recip-
procating machines shall be considered in the loading.
Footings resting on loose, granular subsoil may require
special provisions to prevent the transfer of impact or
vibrations to the subsoil.

Loadings caused directly or indirectly by fili, lateral earth
pressure, or water pressure have to be considered in full.

1ateral loads due to wind and their related effects, such as
vertical forces and moments caused by them, have to be
determined and considered in the design.

In certain geographical areas, earthquake-simulating lateral

(continued on p. 123)
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forces have to be applied at all mass centers of the structure
and have to be transmitted through the foundation into the
subsoil. These forces can act in any direction, but do not
have to be considered simultaneously with the wind forces.
Whichever force wiil have the greater effect on the element
under consideration will govern.

Building codes usually permit an increase in the allowable
stresses by 33 percent where wind or seismic forces are
included. The load combination resulting in the largest
required base area shall be used.

In general, footings shall be designed to be at least as
strong as the design ioads of the columns which they sup-
port; all possible combinations of forces that can act simul-
taneously on the footing under consideration have to be
considered. For the design of footings for equal bearing
pressures under average service load conditions, see Section
5.4.2.

The “Building Code Requirements for Reinforced Con-
crete,” ACT 318-71, stipulates the following combinations
of load effects as generally applicable:

1. (D + L) The resulting maximum bearing pressure must
be smaller than or equal to the maximum allowable soil
pressure, 4 < gy, )

2. (D + L+ W), or (D + L+ ) The resulting maximum
caused by either loading (W or E), must be smaller than
1.334,. This increase of 33% above the allowable bearing
pressure is usually accepted but cught to be checked with
the local building code requirements.

In case of uplift or overturning the most critical combina-
tions shall be investigated. Live loads shall only be con-
sidered with uplift forces where they contribute to the
overturning; wherever dead load counteracts the overturning
it shall be introduced with only 0.9 of its actual value to be
on the safe side. The required safety factor against over-
turning shali not be less than 1.50, but shall be checked
with the local building code requirements.

The evaluation of the intensity and distribution of the
bearing pressures shall be done ajong the lines discussed in
Section 5.2.

The maximum allowable soil pressure shall be determined
by principles of soil mechanics. Unless the engineer designing
the foundation has determined the maximum aliowable soil
pressure himself, it is important for him to understand the
Lasis on which it was determined and the safety factor
which was used in its evaluation. It is also important for him
to find out whether the weight of the overlying soil sur-
charge was included in the evaluation of the aliowable
bearing pressure, and what the minimum depth betow ground
surface is al which this bearing pressure can be developed.
He should also know the influence that raising or lowering
of a footing may have on the magnitude of the allowable
bearing pressure, and the elevation and possible fluctuations
of the groundwater level, All these factors can be of impor-
tant influence on the design of the foundation,

£.3.2 Footing Strength

-I. General principles—The strength design, also called
Ultimate Strength Design (USD), of practically all types of
footings can proceed ajong the lines described below.

The size of the footing or foundation, and the resulting
bearing pressures, are determined from the service loads
{actual loads). In order Lo perform the strength design of a
footing, the various types of loads have to be multiplied by
the respective load factors; and the bearing pressures have
to be reevaluated for these factored loads, 1t has to be kept
in mind, however, that these newly evaluated beating pres-
sures are of purely mathematical nature and have no soil-
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mechanical significance. They are calculated reactions to an
imaginary factored loading condition resisted by the strength
capacity of the foundation element.

The strength design requires that the minimum capacity
of every structural element be sufficient to resist the fac-
tored loadings in their most severe combination. For this
purpose it is advisable to assemble all different types of
loadings and their related effects, such as shears and bending
moments, independently for dead load, live load, wind, and
earthguake (if so required), so that the sum of each type of
loading can be multiplied by the respective load factor.
ACI 318-71 requires in Section 9.3 that the foliowing load
factors be used:

1.4, for dead loads, fills and liquid loads
1.7, for live loads, wind loads and earth pressures
1.87, for carthquake loads

After the most severe strength combinations have been
determined for axial loads, bending moments, and shears
according to Section 9.3 of the ACI Bujlding Code, the
footing has to be designed strong enough to resist these
factored load combinations and their resulting bearing
PTESSUTES. o

It has to be kept in mind, however, that factored loadings
do not always furnish the same eccentricities as service loads.
This is true whese lateral loads, or other loads causing ec-
centricities or overturning, are of a different origin from the
loads or load combinations causing the concentric loading.
Consequently, the various loadings will have to be multiplied
by different load factors, and will thus result in bearing
pressure distributions that are, in principle, different from
those obtained for the unfactored service load conditions.
Since this is not the intent of the design, it is advisable to
determine the resulting bearing pressure distribution from
the service loads and then muitiply it by an appropriate
load factor for the strength design. In such a case, either the
maximum load factor of 1.7 may be used, or an approxi-
mate load factor between 1,7 and 1.4 may be selected,

A footing, depending on its type, can be compared with a
heavily Joaded bracket, or with a column capital, or with a
beam or slab, all in inverted position.,

Because of the heavy (inverted) loading due to the bearing
pressure, the thickness (depth) of a reinforced concrete
footing is, with the exception of long-span rafts and mats,
usually governed by shear. Due to the different working
conditions under which footings often have to be con-
siructed, it is common practice to design them without
shear reinforcement; however, the ACT Building Code per-
mits the use of shear reinforcement, if so required, except
for mats or slabs less than 10 in. thick. Since the column,
pier, or pedestal is usually much narrower than the size of
the footing or the width of the footing strip, oneway shear
action (also called beam shear), end fwo-way shear action
{also cafled siab or perimeter shear}, have to be investigated.
With the exception of oblong footings or long rafts, two-
way shear action will usually govern the design. It is there-
fore advisable to investigate it {irst.

-2, Investigation for two-way shear action {slab or perim-
eter sheqr)—-The investigation for two-way shear action is
the same whether shear reinforcement is provided or not;
only the permissible value of the nominal shear stress varies
depending on whether shear reinforcement is used or not.
The nominal shear siress is to be determined along a line
concentric with the loaded area, usually provided by the
pier or pedestal, and is located at a distance dj2 from the
face of the loaded area, The line formns the perimeter of the
base of a truncated cone or pyramid, through which bearing
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Fig. 5-23 Two-way {perimeter) shear action.

‘stresses are considered to be transferred siraighi into the
supporting subsocil. Considering the case of a concentrically
loaded, isolated spread footing with uniform bearing pres-
sure, the force V,,, as shown in Fig. 5-23, is pressing the
footing portion located outside of A4, upward. This force
is resisted by the two-way shear of average intensity, vy,
acting along the perimeler area bod.

‘The nominal shear stress for two-way shear action is
therefore

Vg = IELL 1000
qbbod
where ¢ is the capacity reduction factor for shear (¢ = 0.85}
from Section 9,2,1.3 of ACI 318-71.

The maximum permissible two-way shear stress under
ultimate loading i8 Day = 4\/f[. and is applicable to all con-
crete footings without shear reinforcement. Here, as well as
in the following sections and examples, all concrete is as-
sumed to be normal weight concrete. Where sand-lightweight,
or all-lightweight concrete is used (which is rather unusual
in connection with footings), the permissible shear values
have to be reduced in accordance with the requirements of
Chapter 11 of ACl 318-71. If shear reinforcement is pro-
vided in accordance with Section 11.11.1 of ACI 318-71,
the maximum permissible shear stress is

6877

If shearhead reinforcement is provided in accordance with
Section 11.11,2 of ACY 318-71

u=7\/fg

However, for practical rehsons, footings ought to be designed
whenecver possible without the use of shear reinforcement.

In the following, reference is frequently made to tables
contained in other chapters of this handbook, or in the
“Ultimate Strength Design Handbook,” ACI SP-17. Num-
bers of tables contained in other handbooks have been
omitied herein and the tables are referred io by their gen-
eral name only, with ACI SP-17 added. Tables thal are
similar to those referred to in the USD SP-17, can also be

found in other design aids and textbooks, and can be used
in a similar manner,

Tables to determine the footing depth as required by
perimeter shear have been provided in ACI SP-17 to simplify
the calculation. These tables are prepared for square foot-
ings, concenfrically loaded by square, round, or polygonal
pedestals or piers. If the loading pressure, ¢,, at the base of
the column, pier, or pedestal, and the bearing pressure at
the footing base, g, due to the factored load are known;
then the effective depth of the reinforced concrete footing
can be determined {rom the ratio d’: which can be taken
from the tables,

Similar tables are also provided in the USD SP-17 for
rectangular footings loaded by square or rectangular col-
umns, piers, or pedestals. These tables can also be used for
round and polygonal columns, piers, and pedestals, if their
loading areas are transformed into squares of equal cross
scctional area.

-3, Investigation for one-way shear action—The nominal

‘shear stress due to one-way shear action shall be calcuiated

as in an ordinary reinforced concrete beam, along & plane
perpendicular to the footing, located at a distance d from
the face of the column, pier, or pedestal, This plane shall
extend across the entire footing and the shear stresses shall
be assumed to be uniformly distributed over this plane, as
shown in Fig. 5-24, The governing shear force, ¥, for one-
way shear action consists, therefore, of the sum of all bear-
ing pressures, gy, acting outside of the critical section.

The average nominal shear stress acting along the critical
section is then

1000V,

$(12b)d

where ¢ is the capacity reduction factor for shear (¢ = 0.85)
from Section 9.2.1,3 of ACI 318-71. If no shear reinforce-
ment is provided, which is the usual case, and the concrete
is of normal weight taking ali of the shear siresses, then the
maximum permissible stress is

Vi =

Uc=2\/f"z
a I 1 dﬂbea?;::ear
|/ NZ
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Fig. 5-24 One-way (beam) shear action,




In the exceptional cases, where shear reinforcement is pro-
vided in footings, it needs to be designed only for the
excessive shear stress (U1 ~ Ue) In accordance with Section
11.6 of the ACI Code. In no case shall (v, — v.) exceed

8 /70.

_4. Anchorage development of column dowels— After the
minimum footing thickness ihat will satisfy both shear re-
quirements has been determined, it should be checked to
see whether it provides sufficient depth for the development
of the column dowels. Anchorage development in compres-
sion is the most commen condition for column bars; how-
ever where bending moments or upiift forces have to be
(ransmitted to the fooling, the bars must also satisfy the
anchorage requirements for tension bars, Right-angle, or
90° , hooks at the bottom end of column dowels (common
practice), are of no help in the development of anchorage
for compression bars, see Fig. 5-25. Chapter 1 of this hand-
book contains Tables 1-10a to g with minimum required
anchorage lengths for bar development in compression and
in tension, with and without hooks. Dowels of smaller diam-
ster than the column bars can be used to reduce the re-
quired anchorage length, and, therefore, thickness of the
footing. Dowels of bigger diameter than the coiumn bars
may be used also if desirable; the Code, however, does not
permit the diameter of the dowel to exceed that of the ¢ol-
amn bar by more than 0.15 in. ACI 318-71 provides in
Section 15.6 that under certain conditions not all longitudi-
nal column reinforcement needs to be extended into the
footings, but oniy enough to cover the excess beyond the
permissible bearing stress of the supporting or the supported
member, whichever is smalier. In this connection, column
sieel, which has to be counted on at or above the contact
area, has'to be extended or developed in the column above
and in the fooling below. This also applies to areas where
high edge pressures are caused by eccentric loadings
or noments,

-5, Investigation for flexure—The flexural strength of a
footing can be determined in a similar manner to that of an
ordinary beam or cantilever member. The condition is
shown in Fig. 5-26.

The reference lines about which the bending moments are
{6 be determined shall extend all the way across the footing
and shall be located as follows:

a. At the face of the supported element, for footings

supporting columns, piers or pedestals.

| [
PO,

{a} 3Jin.
in Compression

_.i

910' di 3in LJspe{fzial
: value
| Y %
i
(b)
In Tension

"::ig‘ 5-25 Development (anchorage! of cofumn bars or dowels,
Aa) In compression; and (b} in tension,
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Fig. 5-26 Flexure,

b, Halfway between the center and the edge of the sup-
ported masonry, for footings supporting masonry
construction.

c¢. Halfway between the face of the column and the edge
of the base plate, for footings supporting steel base
plates and steel columns,

The flexural moment, M, to be used in the calculation is

therefore
M, =5 “ L ki
fe 1 kot
WIS 2] P

For rectangular footings or for square footings supporting
rectangular columns, pedestals, or piers, the larger moment,
ie., the moment in the direction of the longer projection,
may infiuence the selection of the footing depth; to deter-
mine the reinforcement, however, the moments have to be
caleutated for each direction. The capacity reduction factor,
¢, in the above equation is 0.9 for flexure according 1o
Section 9.2.1.1 of ACI 318-71. If Tabies 1-2 in Chapter 1
of this handbook, or if tables or graphs of USD SP-17 are
used, the ¢-factor can be disregarded because it has gen-
erally been included in the handbook.

The flexural strength shall alse be investigated at all
changes in the cross section of the footing element. Such
checks are important in the design of stepped or sloping
footing mats.

The Flexural Tables 1-2 provided in Chapter 1 of this
handbook, for the design of ordinary beam and slab prob-
lems, can be used just as well for the flexural design of a
footing. In this case, the F-factor can be determined from
the selected size of the footing as

2 bf in ft
F={12bpd" {12000, ~
d in in,

or can be read from the F-table. With the help of K, = M, /F,
the corresponding g, or p can be taken from the tables and
the cross sectional area of the reinforcement be determined
from

Ag = Myfa,d or Ag=pl2bed
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Fig. 5-27 Stepped footing.

H therequired percentage exceeds the maximum permissibie
percentage Pmax =-0.750 or if the size and spacing of the
reinforcing bars appears to be impractical, the footing
thickness has to be increased td satisfy the requirements,

If the Flexural Graphs of USD SP-17 are used, the mo-
ments, M,,, must be determined either for a 1 ft wide strip
if the slab graphs are used; or for a 10 in. wide strip if the
beam graphs are used; and the obtained reinforcement must
be multiplied by &y for slabs or 1.25y for beams to find the
total amount required in each direction. Aftention must be
drawn to the selection of the bar diameter to be used for
the reinforcement, because it must, in addition o providing
the required cross sectional area, also satisfy the anchorage
requirements (see 6. below).

_USD SP-17 contains also a special set of Footing Tables
which are rather practical to use, These tables cover a wide
range of bearing pressures due to factored loadings from
gs = 3.33 kip/fi? 1o g, = 26.67 kip/ft? and can be used for
both structural plain and reinforced concrete footings. Since
the base areaz (size) of the footing must be known before
the strength design is attempted, its greatest projection
beyond the critical line is also known, The effective footing
depth, d, can be selected so that the permissible perimeter
shear and beam shear values are satisfied for the given
projection. After these checks have been made, the required
amount of reinforcement can be read from the table.

-6. Development of footing reinforcement—Most of the
footings or portions thereof consist of short, heavily loaded
cantilever sections. In the design of such elements it is im-
portant to see that the reinforcing bars are sufficiently
anchored on either side of the critical section, as described
above, to develop the full tension required, Since the projec-
tion of the footing beyond fhe critical section is a given
length, and to satisfy the anchorage requirements, the diam-
eters of the rginforcement selected should be small enough
to provide sufficient embedment length on either side of
the critical section. Most footing tables prepared for Ulti-
mate Strength Design, including those in USD SP-17, con-
tain the maximum diameters of bars that may be used to
satisfy whatever projection the footing has.

5.4 SPECIAL CONDITIONS
5.4.1 Stepped Footings

In the design of isolated spread footings, the calculated
thickness is required at the various critical locations near
the- center of the footing, but not at the edge of it. It has
been commeon practice to give footings a tapered or stepped
¢ross section in order to save the concrete in areas where
it is not structurally needed. This method is structurally
sound but getting out of practice for the following reasons:
a, The exira cost of the formwork is often greater than
the saving in the amount of concrete used; and
b. the monolithic action between the upper (cap) and
lower (mat) portion of the footing, which is struc-
turally essential, is in practice difficult to obtain if cap
and mat are not cast simultancously, see Fig. 5-27.
Unless special provisions are made, this method of
construction will develop a “cold” joint and a cleavage
plane will separate the two pieces.

Steps, however, are still in use in cases where the mat is
getting excessively thick (usually more than 3 ft). If footings
are not cast monoclithicaily, key ways or shear-friction rein-
forceément have to be provided to transfer the horizontal
shear and cbtain moneolithic action,

The size and thickness of the caps have to be designed in
such a way that at each step (change in cross section) all
shear stresses and flexural requirements are satisfied.

5.4.2 Footings Designed for Equal Bearing Pressures

Since settlements are practically independent of short time
fluctuations in the loading, foundations for apartment
houses, office buildings, institutional buildings, and the like
are often designed for equal bearing pressures under average
service load conditions, with the intent to obtain equal
settlements over the entire building area, Fuil dead load
plus one-half of the live load are often considered to repre-
sent an “‘average service load’; however, other ratios may
be substituted depending on the judgement of the desgigning
engineer. Such an approach will, at its best, reduce the
amount of differential settlements to some degree because
mutual influence, dishing, and, especially, variations in foof-
ing sizes will influence the settlement of each footing in a
different way, regardless of the equal bearing pressure.

If such a design is desired, proceed as follows:

a. Determine the live load to dead load ratio for each
column footing.

b, Determine the average {(reduced service load for all col-
umn footings usually assumed with full dead load plus
one-half live load).

¢. Select the column with the greatest ratic of live load
to dead lead {(from item a) and design its footing for
the maximum allowable soil pressure under full load.

d. Determine the bearing pressure g, for the same foot-
ingunder the average service load {(as determined under
item b).

e, Design the size of all other footings for the average
service. load (as determined under b) and the average
bearing pressure (as determined under d).

f. Ascertain for all footings, that the bearing pressure
under the maximum lead does not'exceed the maximum
allowable bearing pressure.

g. Make strength design of all foolings at least for the
factored maximum load and the bearing pressure
caused by it or preferably for the g, determined from
the maximum allowable bearing pressure factored ac-
cording to the applicable dead load to live load ratio.

The final result will be a somewhat overdesigned founda-

tion, having equal bearing pressures under average service
load conditions.

5.4.3 Footings of Structural Plain Concrete

Structural plain concrete foolings on soil are permitted by
the code; such footings are designed without reinforcement.
The critical sections at which shear and flexure are to be
determined are the same as for reinforced concrete footings,
s0 are also the permissible shear stresses assigned to the
unreinforced concrete. For all ordinary cases, flexure will
govern the design.




The fiexural stresses are calculated as for a homogeneous
monolithic section. In this cagse the maximum tensile stress
becomes

Iy = My,

The maximun tensile stress, /7, in a structural piain concrete
footing must nel exceed 5¢+/f,. Since a capacity reduction
factor of ¢ = 0.65 is prescribed by the ACI Building Code in
Section 9.2.1.5, the maximum permissible tensile stress for
structural plain concrete assumes the value of

fr=3.257

Footing Tables in USD SP-17 contain also values to select
the minimum thickness of footings made of structural plain
concrete for given projections and bearing pressures under
the factored loading.

The following design examples were prepared with and

without the help of tables and graphs. In the first part of .

the design examples, the procedure was presented in easy-
to-follow steps. A considerable amount of explanatory text
was also added to assist in the understanding of the basic
reguirements. It cannot be stressed enough that a full under-
standing of these basic approaches makes them applicabie
to footings of any type or character. This may make the
procedure appear rather lengthy, it is, however, evident that
a great part of the extra steps will become unnecessary in
the solution of an actual design problem; however, they
were included here for illustrative purposes.

EXAMPLE 5-1: Without using footing tables and graphs, design &
concentrically loaded, square, spread footing for the following
conditions:

column load
Pp =350.0kips, Pp =275.0 kips

pier

bp=18in., I, =24 in.

gy =450 K/, de=35 11

wy, = 100 Lb/ft?

J& = 3000 psi, normal weight concrete, £, = 40,000 psi

Design {ooting by strength design methed (USD).

X"\i
—:l

0004
/R

Fig. 5-28 Ewvaluation of'surcharge.

Step 1; Determine {ooting size from service loads. The approximate
weight of the surcharge is Ag = iy + wy, where v is the assumed
average unit weight for all material above the footing base, Since it
congists of concrete and soil it can be estimated close enough be-
tween 150 and 100 lbs/ft?. In this example it is assumed o be 130
Ibs/ft3, see Fig. 5-28.

Ag = yghigt wy, = 0.13 X 5+ 0.1 =0.75 Kip/f1?

Determine effective soil pressure {allowable soil pressure that can be
utilized)

Ge =G — Ag = 4.50 = 0.75 = 3.75 kip/f?
to find the minimum required base area of footing

Pp +PL_ 350+ 275
qe 3.75

= 167 fi?

AFmin =
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sciected footing size
use 13-ft square, Ag = 169 1(°

Step 2: Determine bearing pressure to be used for strength design
(USD).

Ppu+Pry 350X 144275 % 1.7

= 5.70 kip/ft2
Ar 169

5

Step 3: Determine thickness of footing mat. In the case of a square
spread fooling, concenirically joaded by a square cotumn, the mat is
always governed by two-way (slab or perimefer) shear action.® it is,
therefore, advisable to investigate such a footing first for this condi-
tion. Only if the footing is oblong, or if the column or pier has a
rectangular cross section, does the footing thickness have to be
checked also for one-way (beam) shear aciion (see also Step 3 of
Ex. 5-2), and may be governed by if. The tentatively selected mat
thickness must also be checked for dowel embedment length and
flexural requirements.

a, When investigating for two-way shear action, the most practical
design approach is to assume a footing thickness and check i for its
required strength; if incorrectly assumed, it can easily be adjusted to
the correct thickness. The location of the base of the truncated
shear cone or pyramid is concentric with that of the pier and located
at a distance ¢/2 outside of it, as shown in Fig. 5-29. -

assume: d = 26"

AA g, = Base Area of trun-
cated shear pyra-
mid {ACI 318-71,
Sec. 11.10.1 & 2)

i

e, 29 )%
T / \ —F Metinth
o
? _____M..J!WW.,,._L____J d
Hl x(bm+2~2—)
__lg d % '
2T Ty = (24 + 26){18 + 26)
’ = 2200 5q in
| I =15.3 5q ft

Ays SAp - Ay = 1690
- 153=153.7sqft

Vou=Aygs = 1537 % 5.7

by L] Xf / =875.0k
Vou
/ ok ___875.0% 1000
0.85(2(50 + 44)] 26
=212 psi
Fig. 5-29 Two-way shear action.

The permissible two-way shear stress (ACE 318.7], Section
11.10.3) is

Vg, = 4T = 220 psi

NOTE: It is advisable to design a footing thick enough 1o satisfy
the permissibie shear stresses for unreinforced concrete. When, under
exireme conditions, the footing cannot be made thick enough, the
shear capacity of the footing has 10 be strengthened by reinforce-
ment the same way as in a column-glab intersection, If shear rein-
forcement (usually bent up bars) is used, the permissible average
shear stress may be increased by 50%; if a steel shearhead reinforce-
ment is provided, the permissible average shear siress may be in-
ereased by 75%. In each case the concrete section can only be stressed
io the permissible stress value of 4/ff and the remainder has to be
carried by the reinforcement.

b. Investigation for one-way shear action begins by investigating
the footing mat in the direction in which the distance between
footing edge and critical section is largest. The critical scction for
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Fig. 5-30 One-way shear investigation,

one-way shear runs parallel to each pier face, and at the distance d
away from it, across the entire footing mat, see IFig. 5-30.

br~bp 13.0-15
g ahf—ziz S = 575 11269 in

' @~ a)
i vl = 12
Vi = Ayy Gy = 46.6 X 5.7 = 268 kips

Yiu 268.0 X 1000

T e T e e e+ e T Sp
dbed  0.85(13 X 12)26

69 ~ 26
D= e 13.0 = 46.6 £1?
T

Ur

The permissible shear stress for one-way action is
v = 24/F = 110 psi

NOTE: In essence, the note provided at the end of Step 3a applies
here also. (ACK 318-71, Section 11.10.3)

Step 4: Investigation for flexure. I the projection of the footing
beyond the critical section varies, the flexural investigation has to be
made for each direction. In each case the eritical section extends
across the entire footing.

For concrete piers or columns, the critical section is located at
the face of the pier (ACI 318-7%, section 15.4.2). (See also Fig.

526,1p= by}
a. Flexural computation in the direction of the longer footing
dimension
lr=t 13.0~ 1.5
ap =L P 770 595 fe =69 in.

ay, 5.95 '
M= bpap, g5 = 13.0 % 5.75 X 5.7 === 1220 kip-ft

_bpd® (13%12)267 - gr= 220 1
v = = = . K ES e 2 —— =
12,000 12,000 T T g7

p=0.004. Ag=pbyd=0004 (13 X 12)26 = 16.2 in*?

Minimum reinforcement required (ACI 318-71, section 7.13)
Pmin = 0.0018
Ag min = Eminbrh = 0.0018 (13 X 12)31 = §.8 in 2

For evaluation of h see below.
Ag=16.2 in.? governs.,

b. Flexural computation in the direction of the shorter footing
dimension

de 5.5 .
My, = "fﬁsffs“i‘ =13.0X 55X 5.7 T = 1120 kip-ft

F =875 asabove

Minimum reinforcement required (ACI 318-71, scction 7.13)

Ormin= 0.0018
Ag = pbpd = 0.0037(13 X 12)26 = 15.0 in.” governs.

NOTE: It would be theoretically cotrect to use & different d-value
for the flexural computation in each direction because the rein-
forcement is placed in two layers, The requirement of piacing a
certain layer below the other one is, economically, only seldom
worth the effort, and practically difficult fo control, uniess the
character of the two layers is drastically different; e.g., in an oblong
footing where the longer bars are usually specified to be placed in
the first layer from the bottom. For square footings it is advisable
to stay on the safe side, and design the reinforcement in both direc-
tions for the shorter effective depth 4. Care has to be exercised in
the sefection of the bar size that can be used for the reinforcement,
because bar development (anchorage) is always critical in members
which are highly stressed by shear. Since every bar has to be fully
anchored at either side of the eritical section, the shorter length,
which is {# — 3 in.) will govern the design, see Fig. 5-31.

It can be seen from Table 1-10a in this handbook showing the bar
development lengths for the various bar sizes, that for the example
under consideration, any deformed bar up tc size No. 11 can be
used for this purpose. Bar sizes greater than No. 11 are commonly
not used for footings, although there is no Code restriction in this
respect, 17-#9 (A,=17 in2 > 16.2 in%) will be provided in each
direction.

critical ___l .
A e 3 713

section

A myip e
Bpin -3 in. =85 - 3=62 in,

Fig. 5-31 Bar development {anchorage),

The total thickness of the footing can be found, under considera-
tion of the above, as shown in Fig, §-32.

h=d+1.5dp+ ¢cg=26+15x% 1.13+3=30.7in,
& 31.0 in.

|
L‘TE%i
!

G,

c

Fig, 5-32 Effective depth of spread footings.

.

EXAMPLE 5-2: Below, ex. 5-1 is solved with the help of footing
tables and graphs contained in the “Ultimate Strength Design Hand-

book SP-17.7 Sfep I and Step 2 have to be performed as before.




Step 3:
a. Use Footing Graphs of USD §P-17.
Py PputPru _

350.0X 1.4+ 275.0X 1.7
,—4—; Ip % bp 24X 18

= 2,21 kip/in.?

enter graph with Py/d, = 2.21 and read at intersection with g, =
5.7, aratio of dfbp = 1.25.

The graph was prepared for square piers, but it also can be used

for stightly rectangular piers if the rectangle js transformed into a
square of equal area. The size of the equivalent square is then
by = 24 X 18 =207, d = 1.25 X 20.7 = 26 in. (Since the inter-
section with the gg-curves cannet be read with accuracy it is recom-
mended to verify thé selected value by calculation.)
b. From Footing Tables of USD SP-17, select the table which is
closest to the required gy, or interpolate if necessary. Footing Table
© for g4 = 6.67 will be on the safe side. By entering this table with the
" selected depth d = 26 in. (inferpolate between 24 and 28), we find
the appropriate ep-value equal to 78.25 in. This value represents the
maximum projeciion that can be used for one-way shear action.
Since the maximum prajection, @, in the example is 69 in. {which is
smaller than 78.25), the selected depth of 26 in. is satisfactory.

Step 4: The footing must also be deep enough to develop the
column_dowels, or the column dowels must be selected so that
Their necessary development length is satisfied by the depth of the
footing. In case the dowels have to be anchored for compression
only, the Iy must be smaller than or equal to 26 in., which is
satisfied by #11 bars. In case of tension, the anchorage can be in-
creased through hooks or bends.

Step 5 The same footing table can be used to determine the rein-
forcement. Enter the table with the value of ¢ = 26 and « = 69 in.
Double interpolation furnishes a value of 1.22 in? /1t for the rein-
forcement in cach direction. The total required reinforcement is
therefore

Ag = Aglft (from Table) X bp=122 % 13 =159 in?,

against 16.2 in? found by caleulation in Step 4a} of Ex. 5-1.
The column at the right hand side of the Table indicates the maxi-
muin bar size that can be used comresponding to each projection 4.

EXAMPLE 5-3: Without the help of footing tables and graphs,
design an oblong, concenirically loaded, spread footing for the
following conditions: al data identical with those of ex. 5-1 except
that the width of the footing is restricted to & ft, and the long side
of the pier is, for architectural reasons, perpendicular to the long-
side of the footing.

Step 1: Determine footing size from service loads. Lvaluation of
the minimum base area remains unchanged

Ap =167 112

Selected footing size
DX1p=8X21ft, Ap= 1681t

' Step 2: Determine bearing pressure to be used in strength design.
- Unchanged from example 8.5.1

g = 5.7 kip/tt*

Step 3 Determine the thickness of the footing, In the case of an
pi)long, concentrically loaded, spread {ooting, the footing thickness
13 often governed by one-way (beam) shear action, depending on
the length to width ratio of the foofing, It is therefore necessary
~to investigate the footing for this conditicn first, and check the
tentatively selected thickness afterwards for two-way (slab) shear
action {see also Step 3 of Example 5-1). The tentatively selected
footing thickness must also be checked for dowel anchorage and
flexural requirements.

a. When investigating for one-way shear action, consider that the
critical section for one-way shear extends across the entire footing
parallel to each pier face at the distance d away from it. Similarly
0 Step 3 of Example 5-1, we assume the footing depth, in this
tase to be 36 in., see Fig. 5-33.
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Fig. 5.33 One-way shear in oblong footings.

=D 120-36
Vit g, W 12

Vig= A1 4s=56.0X 5.7=312.0kip

b Vie | 312X 1000
W pbpd  0.85(8 X 12) X 36

8.0=56.0 12

= {8 psi

The permissible shear stress for one-way action is
2/fi=2/3000 = 110 psi
b. Investigation for two-way shear.
Adyy = (U +2d[2) (by + 2d[2) = (18 + 36) (24 + 36}
=3240 in.% = 224 ft*

Vo = Ayg e = Up X b~ AA )
={8.0% 21.0 - 22.4) 5.7 = 830.0 kip
Uge = Vsl bod = 830 X 1000/0.85[2(54 + 60)] 36 = 120 psi

which is well below the permissible value of 4 +/f7 = 220 psi. The
correctness of this result is questionable, if we look at the plan
of the footing in Fig. 5-34 which is illustrating the conditien. An
even distribution of the two-way shear along the perimeter is
hardly probable if we consider the narrow width of the influence
area paraile] (o the short sides of the pier,

A more reasonable result is obtained if we divide fhe influence
area in four portions, and investigate the greatest shear stress caused
by each part separately.

le=Gp+d) _21.0X12-08+36)
2 " X 12

Ay =

182

= 63.75 ft?
2% 144 63

-2X

18 %%n. - fip—ﬂ-EL‘; |
i
Y

I L—f:l-.l-—gg —

Fig. B-34 Two-way shear in ablong footings.
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Vi =A'yy g =63.75 X 5.7= 365 kip

, Viu 365 X 1000
v = =
ey +dyd 085024 + 36) 36

= 200 psi

which is considerably greater and more realistic than the first value
of vy, found above, but still within the permissible limit of 220 psi.

Step 4: The depth of 36 in, will permit the use of any bar size
for dowels, regarding their development in compression.

Step 5: Investigation for flexure. The oblong shape of the {ooting
requires the design to be made independently for both directions.
It is good practice, and reasonable, to assume that the reinforcement
in the long direction will be placed at the bottom in order to
utilize a greater depth, It is safer, however, and recommended, to
design both layers for the shorter effective depth to stay indepen-
dent of the field inspection.
a. In the long direction of the mat

_21.6-10

=10.0
2

ay,

ay, 10
My =ay, bqunér— = 100X 8.0X 5.7 —= 2280 kip-ft

b= bfd2/12,000 = (8 X 12) X 36%/12,000 = 10.4,
Ky = 2280/10.4 = 218
a, = 2.85, from Flexure Table 1-2 in Chapter 1 of this handbook

The minimum available anchorage length in this direction isay, - 3 =
10 X 12 — 3 = 117 in. It can be seen from Tables i-10 in Chapter 1
of this bandbook that this tength permits the use of any bar size
up to #11. Select

A= 15~ #11, Ag=2341in"
b. In the short direction of the mat
80-1.5
ag= =5 =325 Mt

a 3.25
My = aslqug =325 X 21 X 5.7 X == 630 kip-ft

Ird® (21X 12) % 362 540
= = =212, K,= — =20
12,000 12,000 L )

a, =2.96

only minimum reinforcement wilt be required.

1.33M,, 133 54
- "= D 68in?

§ a,d 296 X 36

of  Agmin * Pminiph = 0.0018(21 X 12)41 = 18.7 in.?

For evaluation of # see below, The smaller value can be used.

The minimum avaitable anchorage length in this direction is
ag- 3 ={(3 X 12) - 3= 33 in. According to Tables I~10in Chapter {
of this handbook, the maximum permissible bar size which can be
wsed in this respect is #9. Because of the large footing length a
greater number of Lars is desirable and we select #7 bars.

In an oblong footing, section 15.4.4 of ACI 318-71 requires that
a portion of the reinforcement in the shori direction Agy, be dis-
tributed over a width by and the balance of the reinforcement be
spread evenly over the rest of the footing length, eq. {15-1).

If Ag = total required reinforcement in the short direction, then

CAgp X2 6.8%2
@ 265+ 1)

=3.7in.2

S=lgby = 21/8 = 2.65

To avoid unequal spacings of reinforcement, the total reinforce-
ment 4 g7 may be increased t0.4 g, in order to be spread evenly over
the entire length of the footing.

_2AgrS _2X 6.8 X 2.65

As = S+  (265+1)

=9 8 in.? still less than 18.7 in.2

Reinforcement used is 31 #7 bars, 4; =186 in.2 and the total
thickness of the footing is

1 0.88
Bed+34dpp +dys=36+3+ 1414 ——= 40.85 = 41 in,

where dpy, and dpg are the bar diameters in the long and short
direction.

EXAMPLE 5-4: Stepped footing. If the thickness of the footing
investigated in ex. 3-3 is considered ic be uneconomicat or other-
wise excessive, it may be designed as a stepped fooling and required
to be cast monolithically, see Fig, 5-27,

It is commen practice to make the cap (the upper portion)} about
0.6 by long, however this length should be checked as described
below. The cap thickness is usually assumed with a fraction of the
total footing thickness depending on the number of steps to be
used, In this case the shear investigations of ex. 3-3, for one-way
and for two-way shear, are applicable only as long as the critical
sections fall within the extent of the cap; otherwise, the depth oc-
curring at the critical section has to be used. The shear-cone or
pyramid must not intersect the step, or the size of the cap has to be
adjusted as needed. The entire shear investigation has to be repeated
along the perimeter of the cap.

In the flexural investigation, care has to be exercised so that only
that portion of the cross section that is in compression is utilized
for determining the F-value, »d2/12,000, and consequently the
amount of reinforcement. In addition to the maximum moment
occurring at the critical section, the amount at the edge of each
step has to be investigated, and the amount of reinforcement at
these focations checked for the reduced available depth.

EXAMPLIC 5-5: Structurai plain concrete footing

column dead load: 40 kips
column live load: 60 kips
total column load: 100 kips

(service)
allowable soil pressure
Py = 4.0 kipffe?
f.= 3000 psi, piersize 12 X 12in.
footing size
Ap= LgL 25162, or SX 5ft

Start with the flexural investigation because it governs the design
of a square, structural plain concrete footing supporting a square
column or pier. See Fig, 5-35.

Pup=40.0% 1.4= 56.0kips
Py, =60.0 % 1.7 102.0 kips

Py = 158.0 kips
P, 158
§ == = = 6,35 Kips-f1?
Ap 25
a 24
My =brags—=5x %y 6.35 X = 63.5 kip-ft
u=braqs 1z 7% 13 833k
12b¢ X h*
Sp = = 1042, for br=15.0

The permissible flexural strengih is, according to sections 15.7.2 and
9.2.1.5 of ACI 318-71

Fr=5.0%¢x JFZ=5% 065X /3000 = 179 psi




My % 12,000 63.5 X 12,000
I 179
4230 = 104, h® =423, h=205in, say 21in.

= 4230

Sr(required) =

] 12 in.

24 in~|

by \A1\D
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Fig. 5-35 Flexural design of structural plain concrete footings,
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Fig. 5-36 Two-way shear in structural plain concrete faotings.

Check footing thickness for two-way shear (for illustrative pur-
poses only). See Fig. 5-36.

33\2 .
=121 =155
AAys (12) ft

AVay = AdYy X qg= T.55 X 6.35 = 48 Kips
Py~ APy, = 158 ~ 48 = 110 kip

_ Py~ aP)1006 110X 1000
bod 4% 33x 2]

Vau =40 psi

permissible
vy = 49~/Fh = 4 X 0.85 X /3000 = 187 psi

55 REINFORCED CONCRETE FOOTINGS WITH
CONCENTRATED REACTIONS (PILE CAPS)

5.5.1 General Principles

Where soil conditions do not favor the design or construc-
tion of shallow foundations (spread footings), but a firm
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soil stratum can be found at greater depth, piles can be used
to transfer the loads from the superstructure down to the
soil stratum, where the required resistance is available. The
piles may deveiop this resistance by end bearing (bearing
piles) on the firm stratum; or by skin friction {friction piles)
developed by driving the piles into the firm stratum. Foun-
dation piers or caissons can also be used for similar pur-
poses but do not form a part of this discussion,

Similar to the action of a spread footing, a footing on
piles (commoniy calied pile cap) has to distribute the col-
umn load fo the piles in each group, which in turn will
transmit it to the subsoil. The main difference between the
two types of footings lies in the application of the base re-
actions which, in the case of a footing on piles, consists of
a number of concentrated loads. If we divide the sum
of all pile reactions in a group, just for reasons of
comparison, by the base arca of the pile cap, we obtain
an equivalent bearing pressure caused by the Dbearing
capacities of the individual piles. Such an average bearing
pressure would be quite high because of the large bearing
capacities of the individual piles. These large pile capacities
were brought about by great progress made in the theo-
retical undersianding of the soil resistance; by itmprovement
in the quality of the materials used; and by the higher
power and reliability of modern driving procedures and
equipment.

The allowable bearing capacity that can be expected
from a pile is usvally based on the information gained
from exploratory soil borings, and evaluated with the help
of soil mechanical principles; it should be confirmed, how-
ever, by performance tests made on the site to ascertain
the actual conditions. Depending on the availability of
rock, hardpan, or other firm soil stratum and on their dis-
tance below grade, the engineer will decide whether bear-
ing piles can be used economically. Otherwise, he has to
resort to friction piles of some sort to utilize the available
soil condition.

Lack of a firm soil stratumn at reasonable depth can some-
times be treated also with the help of floating (boatlike)
foundations which do not form a part of this discussion.
The structural design of a pile cap is, in principle, not af-
fected by the type of pile to be used, because it is primarily
dependent on the magnitude of the pile reaction; however,
a few explanations are necessary for a betier understanding
in the evaluation of the basic design approach.

5.5.2 Number of Piles Required

In the case of a spread footing, the size of the footing is
determined from the total load on the footing and the al-
lowable bearing pressure; hence, the size of the footing is
rather made to order. In the case of a pile group, however,
the number of piles is determined from the total group and
the allowable load bearing capacity of each individual pile.
Since the addition of a pile will raise the capacity of the
whole group by a considerable amount, some of the pile
groups may have, in order to be on the safe side, a capacity
that exceeds that of the column load by a substantial
amount, Furthermeore, it is common practice tc use, for
reasons of stability, a minimum of three piles in a free
standing pile group; 2 minimum of two piles if a founda-
tion beam or similar provides lateral support; and a single
pile only if lateral support can be provided in two direc-
tions, These minimum requirements have to be satisfied
even if the capacity provided by the pile group far exceeds
the amount of the load to be supported. It is good practice
to design the pile caps in any case for the full allowable
capacity of the group. This is done whether required by
the column load or not, and in spite of the waste that may
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be connected with if, to permit full utilization of the pile
capacity under any circumstances,

In the case of bearing piles, every pile in a group may be
considered to act as an independent pier down to the bear-
ing stratum and to share equally in the carrving of the load.
In the case of friction piles, the number of piles in a group
affects their carrying capacity, especially that of the in-
terior piles. Although this deficiency is usually averaged
over the entire pile group, as far as the capacity of the
group is concerned, the variations in the capacity of each
individual pile requires, sometimes, consideration in the
design of the pile cap.

In either case, whether we are dealing with bearing piles
or friction piles, there is always a chance that some piles
in the group may deveiop a smaller {or greater) resistance
than others: a pile cap ought to be stiff enough to equalize
this condition. It is therefore advisable not to keep the
effective depth of a pile cap down to the minimum re-
quired, but to increase it somewhat wherever possible.

The design of a pile cap follows in general the same rules
and regulations as that of a spread footing, except that the
base reactions (pile reactions) are applied as congentrated
loads in the center of each pile, Attention is drawn fo sec-
tion 15.5.5 of ACI 318-71 which states that “in computing
the external shear on any section through a footing sup-
ported on piles, the entire reaction from any pile whose
center is located dj /2 (dp is the pile diameter at the upper
end) or more oulside the section shall e assumed as pro-
ducing shear on the section, The reaction from any pile
whose center is located dp/2 or more inside the section
shall be assumed as producing no shear on the section. For
intermediate positions of the pile center, the portion of the
pile reaction to be assumed as producing shear on the sec-
tion shall be based on straight line interpolation between
full value at dp/2 outside the section snd zero value at
dp 2 inside the section.”

For evaluation of pile reactions under various loading
conditions see the following section.

The considerable intensity of the concentrated pile reac-
tions requires that more than usual attention be given to
the design for shear in the concréte cap and the develop-
ment (anchorage) of the reinforcement in the section. Due
to the importance of a crack free entify of a pile cap in the
distribution of the column load to the supporting pile
group, the use of plain concrete is not permitted for pile
caps.

5.5.3 Evaluation of Pile Reactions

~]. Concentric loading conditions—After the aliowable

pile reaction, Ry, (often incorrectly called “allowable pile.

capacity”), has been determined or evaluated by principies
of soil mechanics,® the minimum number of piles for each
column load can be determined as follows:

The effective pile reaction, Rpe (kips), consists of the
allowsble pile reaction, Ry, (tons), less the weight of the
pile cap per pile, W,. Any eventual surcharge shall be
added to the weight of the pile cap.

Rpe (in kips) = 2Rp, - Wp

The number of piles, i, required to support the unfac-
tored total column load P is then np, = P/Rpe, where 7p is
to be rounded off to the next whole number.

#Yerification of the validity of this “allowable pile reaction” is
usually established by one or more pile loading tests performed at
the site under actual driving conditions and at the beginning of con-
struction. A safe assumption of the allowable pile reaction, however,
has to be made, at a much earlier date to enable the engineer fo
design the foundation ahead of the actual construction,

Uniess special conditions require a spreading of the piles,
they are assembled in tight patterns to arrive at the most
economical design for the pile caps. An often recommended
spacing, ¢, is about three times the butt diameter of the
pile, usually not less than 214 ft. The most common spacing
for piles of an average pile reaction ranging from 30 to 70
tonsis 3 f1.

-2, Eecentric loading condition or coneentric loading with
moment at base—To transform eccentric loading conditions
into concentric loadings with moment at base proceed as
follows:

a. find pile reaction Ry for concentric loading condition

b. find pile reaction Kpps for moment at base

c. superpose | and 2

Ry +Rpp < 2Rpy

Where wind or earthguake are included, the Rp, can be
increased by 33% if so allowed by the local building code.
The exireme pile reaction due to a moment M is

M
Iprsz

To calculate the moment of ineriia of a pile group Iya,
first find the centroid of the pile group and moment of
inertia of all units in the group about the centroidal axis.

n
— 2
- ]pG_.Zy
H

where y is the distance of each pile in the group from the
centroidal axis.

Where a pile group consists of m equal, paraliel rows of
piles, the moment of inertia of the entire group is

RPM=

2
B - Npr(Rpy - 1} 2
Ipg = mIp[Row =m——75—""C(p

and the section modulus for the extreme piles in the
group is

Apr (Mpr + 1)
8 ‘v

However, if the parallei rows are nol of the same configura-
tion, sum up the moments of inertia for the various rows
and find the section modulus of the extreme pile by divid-
ing the moment of inertia of the entire group by the dis-
tance of the extreme pile from the centroid, as

Sp g =m

Spe =Ipclipc

EXAMPLE 5-6:  As discussed in section 5.3.2 for ordinary spread
footings, the number of piles of their arrangement in the pile group
depends only on the Unfactored loading conditions, as shown in
Iig. 5-37, and the strength design of the pile cap has to be done by
converting all loads and reactions to the factored conditions.

column Toad:
D =400 kip
L =520
total = 920 kip

Rpg = 50 tons

Rpe = 2Rpq = Wp=2% 50~ 6.5 = 93.5 kip

%20 . :
e 9.8 & 10 piles

W, = Ap(Aq) = 37(50 + 75 + 150 + 450)
= 6525 1b & 6.5 kip
where Ag = [wy, + slab + fill + cap]. See Tig. 5-37.




vy = 50 psf

W

| % in. slab

4

Ap=3ftX3ft

Fig. 8-37 Pile cap. Conventional pile arrangement in ten-pile cap.

EXAMPLE 5-7:  Investigate ex. 5-6 for an additional wind moment
of 450 kip-f1 in the tong direction of the pike group,

The moment of inertia of the entire pile group can be considered
as the sum of the moments of inertia of each row of piles or

2
o fprlipr —1) 5

_ 33%-1)
IpG—Z 2 p= |2X

12

442 -1, 3

+ 1N e | 32 = 81 14
12

The section modulus of the extreme pile in longitudinal direction
is then
SpG =IpGi1.5¢p=81/1.5 X 3 = [8 ft*

3

_)&\ ,,
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and the reaction on this pile due to the wind moment is

Summing up, we obtain a total maximum pile reaction under
wind of

Rp +Rppr=98.5+25.0=123.5 kip
Since the maximun allowable pite reaction under wind is
Rpa(wy= 1.33 X Rpg = 133 X 100 = 133 > 123.5 kip
no iacrease in the number of piles is required due fo wind.

EXAMPLE 5-8: Strength design of pile cap. The column load and
allowable pite capacity is the same as in ex. 5-6.

fe=3000psi, and fy=60,000 psi

Pier size is 22 X 22 in,, the butt diameter of the piies is 14 in, De-
termine the thickness and reinforcement of the pile cap.

The strength design of the pile cap is based on the Rpu which
is determined from the factored loading, similar to the g for the
spread footings, and has also here no other significance.

from dead load

400 % 1.4

o =56.0 kip
from live load
520 % 1.7
— = B8 4
10

The factored pile reaction is then 56.0 + 88.4 = 144.4 kips; it is,
however, recommended to design the pile cap for the maximum
factored pile reaction based on the average load factor.

average load factor

400X 1.4 + 520X 1.7
920

maximum factored pile reaction due o column load is

93.5 X 1.6 = 150 kip

1.6

B

Fig. 5-38 shows the layout for a ten-pile cap and the various ap-
proaches that need to be followed in the evaluation of its strength
design.

Step I Tor two-way shear section (a), as indicated in the lower
lef{ quadrant of‘\I"‘ig. 5-38, Jet us assume that the necessary depth
has been evaluaied with 30 in. and is checked herewith: the critical

VS
N

Two - way shear (b)

P

w--36—+9

NT

+ 46

One - way shear

Two - way shear {a) + 10

| Flexure

:i%—?a 18-i
1t T

72 in.

Fig, B-38 Stress evaluation in pile caps,
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base size of the truncated pyramid is 22 + 2 X 30/2 = 52 in. The
critical shear force Vo, is then

Vo =6 % 150.0 +2 X 16 =932 kip
where the contribution of the outer piles located on the y - ¥ axisis

1.5 d
150 % == 16 kip, dp= 14 in, —-55=15n

- Vou _ 932 % 1000
M7 pode (4% 52)% 30 % (.85

=170 psi

which is smaller than 4 \/j"z= 220 psi.

Two-way shear action (b}, is indicated in the upper left quadrant
of Fig. 5-38. 1t can be realized, by inspection of Fig, 5-38, that the
actual shear distribution is unequal and will be muchi greater in the
long direction. If we take an approach similar to ex. 5-3(b) we
require a much greater cap thickness, as evaluated in the approach
(a) described above. In this respect we divide the shear action again
into two portions separated by a 45° line placed at the corner of the
truncaled pyramid¢ base, Lei us assume again that the necessary
thickness of 34 in. has been evaluated before and is checked below.

The critical base size of the truncated pyramid is herc 22 + 2 X
34/2 = 56 in. and the shear force for the most stressed quadrant
pecomes

Vo, =1X 150+ 2 X 107 = 364.0 kip
where the contribution of the outer piles is
150 % 10/14 = 107.0 kip, dpf2+3=10in.
Vau 364 X 1000

Vs = =225 > 220 psi
W pode 56 X 34 X 0.85 P

put acceptabie. The greater depth of 34 in. is, therefore, selected.

Step 2: One-way shear action, as indicated in the upper right
quadrant of Fig. 5-38. The critical line is 22/2 + 34 = 45 in. away
from the ¥ ~ v axis. The eritical shear force is then ¥y, = 150.0 kip,

Viw 150X 1000

Vi = ; =
hpdd 92X 34 X 0.85
which is smaller than 2\/f—c‘,= 110 psi.

Step 3: The critical sections for flexuse, as indicated in the lower

right quadrant of Fig. 5-38, are at the face of the pier; the moments
and reinforcements are determined for these sections.

=56 psi

critical section 1:

T+2X 25+ 43
M, = 150.0 (—MWTEMM—-—) = 1250 kip-ft
p= 22X 347 29.6, Ky=1250/9.6= 130, ay=4.37
12000 T Y ' e
M 250 200
Age o M0 g ain? pin s = 0.0033

agd 437% 34

minimum frost-

. free d(:pth

Agmn = 0.0033 X 99X 34 = 11.3in”, or 133 % 8.4=112n.

which geverns
critical section 2:

My =3 % 150X 20.5/12 = 770 kip-t

] mew 13.7, ¥ M. 56 4.45
= =13.7, = =56, ay =4
12,000 S kW u

M 170
A = e — = 51 in.?

Tnd 445X 34
Agmin = pmin bd = 0.0033 X 144 X 34 = 16.1in.%, or
1.33 % 5.1 = 6.8 in.? which governs

The selection and distribution of the baxs is dene as described in
Example 5-1, Step 4b. The maximum bar size that may be used has
to be selected in such a way that the development {(anchor) length
of the bar is smaller or equal than the shoriest available embedment
length of the bar at either side of the critical section.

5.6 RETAINING WALLS

5.6.1 General

A retaining wall is a structure designed for the purpose of
providing one-sided lateral confinement of soil or fill.

All retaining walis, with the exception of true cantilever
walls anchored to rock, are in principle gravity walls, Le.,
their action depends primarily on their developed weight.
In common practice, however, only those retaining walls
are called gravity walls where the dead weight required to
make the resultant vector intersect the base within safe
allowable limits is made up solely by the dead weight of
the concrete. Such walls are usually designed unreinforced,
Fig. 5-39a. The commonly called cantilever walls are in
principie gravity walls where reinforcement is used to re-
duce and modify the cross section of the concrete in such
a way that portions of the soil or fill are utilized for devet-
oping the necessary rightening momeat, Fig. 5-39b.

In every retaining wall design, regardless of the type used,
three resultant forces, namely, the lateral confinement pres-
sure, (7, the total developed weight, P, and the soil reaction
or bearing resistance, R, have to be brought into equilibrium
Fig. 5-40a; in addition ali internal stresses in the structure
and all external soil reactions have to be within the per-
missible limits.

Retaining walls of the commonly called cantilever type
can be subdivided into two main groups.

1, Continuous wails of constant cross section, where
every foot of wall length is providing its own equilib-
rium, Fig. 5-39b.

2. Sectional walls, where crosswalls introduced at certain

buttress

footing at crosswalls only

(c)

Fig. 5-39 Types of retaining walls,




(b}
Fig, 540 Conditions of equilibrium for retaining watls.

spacings, provide all stability requirements and the
walls between them act only as intermediate elements,
Fig. 5-39c.

Where the crosswalls are visible in front they are called
buttresses, where they are behind the wall and inside the
soil, they are called counterforts, Some retaining walls are
designed to have both.

The porfion of a continuous cantilever wall or crosswall
which is pressed downward into the soil is called the toe,
and the portion which is lifted upward is called the heel.
The vertical portion is called the stem, Fig. 5-39b.

The footing of a continuous retaining wall or crosswall
must be large enough--

1. to resist the resultant vector due to confinement pres-
sures, dead weight of the concrete and developed
weight of the soil by means of safe bearing pressures;
and

2. to keep the wall safely from overturning.

5.6,2 Confinement Pressure

The magnitude and distribution of the lateral pressures ex-
erted by the confined soil or backfill depends on the kind
of material, its moisture content, existence and depth of
the groundwater, slope of backfill, and eventual surcharge
due to live loads, storage, building loads, ete., applied close
enough to be of influence, These pressures and their dis-
tribution have to be evaluated by principles of soil mechan-
ics and do not form a part of this discussion. Most text-
books on Soil Mechanics contain detailed information on
this subject, 51232

The resultant of these pressures is located at the centroid
of the pressure wedge. The angle of inclination between the
resultant and a line perpendicular to the back of the wall
indicates the wall friction and is usually expressed as a
fraction of the angle of internal friction, ¢, of the fill ma-
terial; it is often assumed with ¢/2. It is, however, impor-
tant to keep in mind that this angle is also influenced by
the slope, material and compaction of the backfill, by the
surface texture of the concrete (at the back of the wall),
by the existence of ground water behind the wall, ot
merely, by moisture in the soil which can act like a Iubri-
cant and reduce the friction angle to a minimal value, It is
common practice with many designers to disregard the wall
friction and to apply the resultant perpendicular to the
back of the wall, in order to be on the safe side.

Spaced weep holes or continuous backdrains are often
Provided to alleviate the heavy pres§ure condition thaf can
be caused by groundwater accumulating behind the back
of the wall. Since weep holes and other drainage provisions
may be clogged, it is recommended to investigate a retain-
Ing wall for a condition of full, or at least increased, water
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pressure. Such loading, however, represents an emergency
condition and it is up to the engineer’s judgement to reduce
the safety factor for such a design as he sees fit.

5.6,3 Bearing Pressure

The pressure distribution under the footing of a retaining
wall follows the same rules and is determined by the same
methods as the pressure distribution under an eccentrically
loaded footing. It is of course desirable, and to be at-
tempted wherever possible, to keep the intersection of the
resultant of all active forces (confinement pressures and
developed weight) within the kern of the footing base. (In
the case of a strip footing under a continuous retaining wall,
the kern distance is Y/ of the footing size in the direction
of the loading.) However, in many cases this is not eco-
nomically feasible and greater eccentricities have to be
accepted with & pressure distribution extending only over
a part of the footing. The maximum edge pressure is then
determined as discussed in sections 5.2.2 and 5.2.3 and
shown in Fig. 5-5.

5.6.4 Overturning

Overturning can also be treated similarly as for regular col-
umn or wall footings, Where the base of the retaining wall
is resting on rock or very hard soil, overturning may be cal-
culated about the pressed edge and the safety factor can be
expressed by the ratio SF = Mg/Mp, where Mp is the
overturning moment caused by the confinement pressures
acting about the pressed edge, and My is the resisting mo-
men{ consisting of the dead weight of the retaining struc-
ture plus the developed weight of the fill material and any
other frictional or passive resistances in the soil that may
be mobilized during the overturning, The safety factor may
also be expressed according to the “Suggested Design Pro-
cedures for Combined Footings and Mats”® as the ratio
of the distance of the pressed edge from the base centroid
to the eccentricity, e. In this ratio, e = Mp/P, where Mp is
the sum of all moments about the base centroid and P is
the sum of all forces acting perpendicular to the base. The
safety factor against overturning should customarily be
not fess than 1.5.

Where the retaining wall rests on soil, the investigation
regarding overturning may proceed along similar lines, ex-
cept that the critical line about which the overturning and
resisting moments are to be calculated is not at the pressed
edge but somewhat inside, at the distance ¢y from the
centroid which is the center of gravity of the pressure block
evaluated for an ultimate soil bearing condition. The evalua-
tion of this condition is similar to the one described in sec-
tion 5.2.1 and shown in Fig. 5-5¢. Where the ultimate soil
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A key

leey

Fig. 5-41 |.ateral resistance at base for retaining walls.

pressure is not known, it may be assumed to be 2.5 times
the allowable soil pressure.’

5.6.5 Sliding Resistance

Laferal resistance against the horizontal component of the
confinement pressure, commonly called resistance against
sliding, has to be supplied by static friction at the footing
bage and by passive earth pressure against the embedded
front portion of the retaining wall. Where this resisiance is
insufficient, the passive pressure can be increased by ex-
tending a key oz lug into the soil below the footing base.
Since the preference for the location of the lug can be
argued about, it is probably located best where it is most
practical with regard to construction and placement of
reinforcement, Fig. 5-41,

5.6.6 Type Selection

The quality of the available subsoil and its allowable bear-
ing pressure, as welt as the height of the wall itself and the
available construction space in front of the slope, can in-
fluence the selection of an economical type of wall to a
great degree,

Where the construction space is ample, the allowable soil
pressure is reasonable, and the height of the structure is
not excessive, gravity walls of structural plain concrete can
be used with advantage. Their weight is usually large enough
to develop all the necessary base friction; however, the pro-
vision of keys or lugs projecting into the firm subsoil are
rather common.

Where the available bearing pressure is large and construc-
tion space is available, the designer can utilize a long heel
and develop much back fill weight to deflect the horizontal
pressure resultant sharply down to the ground Fig. 5-40D.
However, where the available bearing pressure is small, too
much of it would have to be used to carry the developed
weight of the backfill. In this case, the designer will have fo
be satisfied with a smaller total dead weight which will de-
crease the inclination of the resultant. Consequently he
will have to increase the toe to keep the resultant suffi-
ciently within the base to satisfy the allowable bearing
pressure, and to keep the wall from overturning Fig. 5-40c.
For ordinary conditions it may be considered good prac-
tice to keep the sizes of heel and toe about the same. The
base of the toe has to be placed at frost free level.

Butresses and/or counterforts are used présently only for
retaining walls of greater height (more than 20 to 25 fi,
unless buttresses are architecturally desired) because of the
greal expense usually involved in the formwork, This type
of design may sce a kind of revival in combination with the
use of precast wall panels.

For the enclosure of underground storage or extra large
basements areas, freestanding retaining walls are sometimes
used as basement walls,

In certain cases retaining walls are designed to act as such
only temporarily until a full tie-in with the rest of the struc-
ture is achieved. In other cases such walls are designed only

for the final loading condition, but not for the loading
during construction, and will therefore require temporary
shoring to maintain their stability, Some retaining walls
may during construction change from a fully independent
free standing structure to a top and bottom supported
basement wall and in such a case every condition of load-
ing ought to be considered for their stability as well as for
their strength.

The use of precast sections may also here see a consider-
able field of application in the future, Such sections may,
in the form of sheetings or in the form of entire wall panels,
be driven or inmserted into the ground before the main
excavation has taken place. In such a case the same unit
may: serve successively as protective sheeting, retaining wall
and final basement enclosure,®

Free standing retaining walls may also be constructed
entirely of precast units. Such designs may simulate either
the action of a sectional cantilever wall as shown in
Fig. 5-39¢, or that of a gravity wall in which case they are
called cribbings.

5.6.7 Cribbings®*?

Cribbings consist in general of two types of units, namely,
face and anchor units, also called stretchers and headers,

The structural design of cribbings is usually based on an
empirical evaluation. The open faced units provide excellent
drainage; in other cases drainage has to be provided to pre-
vent groundwater from backing up and exerting pressure
and unsightly leakage.

The satisfactory behavior of such precast cribbings de-
pends to a considerable degree on the guality of the com-
pacted backfill, which shall be installed in close coordina-
tion with the placement of the sections.

The face units are straight precast members of various
cross sections, often with protruding lugs at their ends to
connect them to the adjacent face and/or anchor members,
Face members can be designed to open, closed, and flush-
type manner, depending on the architectural requirements.
They are usually set with a batter of about 1: 6 at the front
and can also be placed so as to form a curved face, up fo
20°, without special units,

The anchor units usually come in two types of design,
fishtail units or continuous back units. A fishtail unit is a
T-shaped, precast section, placed perpendicular to the face
of the wall with the purpose of tying two adjacent face
units together and anchor them back to the fill material.

Continuous back units are used together with cross wall o

units to form box like openings that are filled with com-
pacted soil. There exist also combined units, where face and
anchor units are cast together, simplifying erection where
transportation permits.

5.6.8 Pile Supported Retaining Watls

Retaining walls may also be supported on piles which is
often the case along waterfronts, or where the subsoil does
not have a sufficient bearing capacity or lateral stability.



In such designs the vertical component of the pressure re-
sultant is to be taken by the piles similarly as for a strip
footing and the horizonial component is to be taken either
by batter piles, tie backs, or similar devices.

Where the subsoil is also capable of providing uplift an-
chorage for the piles, the necessary developed weight may
be reduced accordingly.

5.6.9 Design Procedure

The static design and the stability investigation of a
retaining wall shall be based on service load conditions;
the size of the footing and its location with regard to
the wall itself is, therefore, entirely governed by the
actual fill andfor liquid -pressures under consideration
of the aliowable soil bearing pressures and allowable
values for soil friction and passive resistance. The structural
design of the stem and footing sections and their reinforce-
ment, however, shall be based on the ultimate strength
design method. For this purpose, the actual loads and
active confinement pressures have to be multiplied by the
appropriate load factors, and the resulting bearing pressures
and other resistances have to be evaluated from these fac-
tored loading conditions. The procedure is not always easy
to be executed because of variations in eccentricities that
may be caused by it (see ex. 5-9, section 7). It is important
to keep in mind, just as in the case of the ordinary footing,
that these reactions are only caused by assumed factored
loading conditions, but have no relationship to ultimate
soil bearing values or similar.

After the ultimate foadings and corresponding reactions
have been determined, every part of the retaining wall
(stem, toe, or heel) has to be desipned independently as a
fully restrained cantilever section protruding from a mass
center and carrying all applied loads,

The design to be performed for the service load condi-
tions consists of a trial-and-error approach. The result is not
too sensitive to slightly incorrect assumptions and can
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usually be adjusted in & second trial, if so desired. Due to
the multitude of possible combinations it is rather difficult
to arrive at reliable recommendations in this respect, how-
ever, if the conditions are not too much out of the ordinary,
the footing size perpendicular fo the wall directions can be
assumed to be about %5 to ¥4 of the total wall height, the
footing thickness about Y3 to ¥y, of the footing size, and
the base of the stem about Y to Y:2 of its height. The
following example has not been cut down to the minimum
size, i.e., it could be adjusted and recalculated for further
savings; such a procedure would be mostly repetitive and
more confusing than heiping. The top of the stem should
not be made less than § in. to be able to place into it two
layers of reinforcement, if so required. It is customary to
place a second layer of reinforcement inside the exposed
face for shrinkage and cracking control. It is practical to
coordinate the reinforcements of stem and toe in such a
way that the reinforcing bars of the stem can be bent right
into the toe. For greater wall heights it is economical to
run only a part of the vertical wall reinforcement to the top
and stop the remainder at lower elevations.

EXAMPLE 5-9: Design a continuous retaining wall {cantilever

wail) for the following conditions:

a. The difference between upper and lower level is 12 ft.

b. The upper level shall sustain a surcharge of 200 W/ft% (me-
dium heavy parking).

¢. Soil of satisfactory bearing capacity is encountered at a depth
of 4 ft below lower fevel (must be equal or greater than
frost-free depth).

b, Provide weep holes to relieve water pressure; maximum ex-
pected ground water level 3 ft above lower level.

e. Use concrete with minimum f;= 3000 psi, and reinforcing
steel having 2 minimum vield poeint of 60,000 psi.

f. Soii mechanical considerations provided the following values:
The bearing soil is a medium dense, silty sand with an allow-
able bearing pressure of 3000 1b/ft2. The weight of the mod-
erately dry soil can be assumed with 100 lbs/f1?® and its angle
of internal friction ¢ = 32°.

0.2 kip/ft?

T
2ft-0in,
|

4

12 ft-0in.
14 t-9in

8in.'-—l r—

VTSI Y

P
) 3ft-
4 ft- Oin. 12W6in.
in, e
0.42%
Pty OIRCIELAARIENG PN
rd @
<TO
\ hi
4f1-0in. Q2
LN i
- 1ft-3in.”
s et rniny i — o diimnn
130
. e 0.31 ft = 4 in,

l— 819 =08 n. ‘

Fig. 542 L oadings and reactions for retaining wall, Example 5-8.
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-1. Assumption of size and evaluation of loadings—Based on the
requirements and other informations given above, the designes
makes an assumption for the shape, sizes, and other relationships,
and arrives at an arbitrary cross section as given in Fig. 5-42. Using
these assumptions he arrives at the following values:

Py S a7 X 015 = 1.85 kip
12x 2

Py = 850 % 15/12 % 0.15 = 1.60kip

Py =3.50(14.75 X 0.1+ 0.20) = 5.90kip

Pa=2.75%4.00% 0.1 = 1L.10kip

total dead load P = P| + Py + Py + Pq = 10.45 kipffoot of wall

eccentricity of total dead load P from centroid of base area, o;

_ Py % 0.05-P3 X 2.50+Pg X 225

ep 5 ~1.15 11

the active earth pressure
Pa=nh tan® (45° — ¢/2)

Introducing above values the pressure increment can be evaluated
with pg = 0,03 kip/ft? per foot of depth. Transforming the given
surcharge into an equivalent height.of additional soil we obtain, for
the active earth pressure at the upper lfevel, pgy = 2 X 0,03 = 0.06
kip/fi2, and at the lower level pyo = 14 X 0.03 = 0,42 kip/t2.

Below this elevation the active earth pressure remains constant.

0.06 +0.42
0y = o X 12 2.8 Kips
0y =042% 4.0 = 1.68 kips

total active earth pressure is
Q=0 + @, = 4.56 kip/lin-{t of wall.

The elevations at which they arc appiied are for 4

22X 0.06+0,
,,Q1=4,G+1_(M

3 .06+ 0.42 )=4.0 +45=85"0t
for o

fge = 2.0t
and for the resultant active earth pressure,

o BB X85 168 20
Q= 4.56

=611t

-2. Caleulation of bearing pressures—The resultant eccentricity at
the base of the retaining wall can be found from

Mg+ Mp QXhQiPXep
e = =
P P

The () sign depends on the location of ep with regard to the base
centroid, o.
o= 456X 6.1~1045x 1.15  15.9

= = 1.5211
1045 10.45 1.3

which is slightly outside the ke distance ¢, = -g—éi =143 ft,
The maximum toe pressure can be calculated according to Fig,
5-5 as
ar 2 X 10.45

- = = 2.55 kip/ft® < 3.0 kip/ft*
Tmb 3251591 0 ip/ft* < 3.0 kip/

4q

-3, Overturning—Qverturning according to Fig, 5-5¢ can be com-
puted as follows:

B e ® o e = 355 0
A Yy P R YR BB

e 3.558
sF=L =220 2930515
e 1.52

Overturning under full water pressuse is computed using: the total
water pressure above base elevation

7.0
Ow=(7.0% 0.0624}) Hiwz 1.55 kip
and the additional moment due to the waterpressure about the base
7.0
My=155X ——3~= 3.6 kip-ft

The eccentricity under this extreme condition would be
MQ + Mp+ My ~ 280~ 12,1 +3.6
PRrED 9.57

The P in this equation was reduced to account for the buoyancy
of the submerged portions.

ew= =201t

-4, Sliding—A friction coefficient of 0.45 was assumed from soil
mechanical considerations,

The total horizontal force is {) = 4,56 kip, then the frictional re-
sistance that can be developed at the base is

Rp=045P =045 X 10.45= 4,75 kip

The passive earth pressure that can be developed at the front of the
refaining wall is

32°
Pp1 = tan? (45° + ¢/2)/1 = 0.1 tan® (45° + -2~—) 4.0 = 1.3 kip/ft*

4.0 .
Rp=ppy /2713 X - = 2.6 kip

The total resistance is therefore
R=Rp+Rp=475+260="735kip

and the safety factor
7.35
SF= w—=16>15
4.56

This safety factor appears to be satisfactory. However, under full
water pressure the horizontal force will be larger and the frictional
resistance smaller due to the lubricating effect of the water, Pro-
vision of a key at the base is therefore recommended.

-5, Design of concrete thicknesses and reinforcement—In order to
proceed with the strength design of the elements the actual service
loads have to be multiptied by the appropriate load factors, and the
respective strengths of the clements be evaluated under considera-
tion of the appropriate ¢-factors.

-6, Stem design—Moment about base of stem

2.75)%

M, =17 [Ql (g = 1.25) + gy ¢ ) ]
2.75)*

= 1,7 {2.88(8.50 — 1.25) + 0.42 % 5

= 38.2 kip-ft
for 2 in. concrete protection,
dogp=12~2.5=9.5in.
pa®  12% 9.57 M, 382
Foome— = 2" =09, K,=—=% = -——=425

12,000 12,000 YR 0.09

ay from Table 1-2 of Chapter 1, @y, =4.03
Ag= Myjayd = 38.2/4.03 X 9.5= 1,01 in? #7@7




Check for full water pressure:

7 - 1,25) 7-1.25
Mu = 38.2 + 1,4 [(———2—-)—' 00624 X w
=382+ 1.4[1.04 X 1.9] = 40.95 kip-ft
40,95 40.95
= — = = 4.0, Ao s = 1
Ku=ggg =435 au= 40, Ag= gaogs = 107
1.07
Ajg provided = #7 @ 7= 1.03 in.%, To3 = 104 0K,

-7. Toe design--1t is advisable to check the shear condition first.
In connection with bearing pressures, il is sometimes difficult to
apply the corresponding load factors properly if the bearing pres-
sures were caused by loadings with different load factors. Such a
procedure may sometimes cause relocation of the resuiting ec-
centricities and lead to pressure distributions that are in principle
different from those obtained under service load conditions. Since
this is not considered to be the intent of the design it is recom-
mended to select in such cases either the highest toad factor, 1.7,
in order to be on the safe side, or to select by judgment an ap-
proximate load factor between 1.4 and 1.7, to apply to the beating
pressures obtained from the investigation of the service load
conditions.
In this example a load factor of 1.7 was used.

11.5in.
le—— 36.5 in. =
i
-
d=11.5 in.E 7 ,I 15 in.
______ P A _._i.._
TR |
3.5 in. <
T 1.30 foud
cu\} 1.60 &
. b O

Lo 3(4.25-152)=8.19 n___,i

98 in.
Fig. 5-43 Toe Design

dogp= 15~ 3.5= 115 in,

2.55 + 1.60Y 36.5
V=17 (—_-m) 227w 10.8 kips

3 i2
1000 Vs, 1000 X 10.8
= = =92 psi
Ve TR O X 13k iis 2P

Upalt = Zx/f_é =110 psi
92 < 110

For flexure, the bearing pressure outside the critical line (face of

stem) is
2.55+ 1.30
1.7 (——————i————-) 4= 13.0 kip

The centroid of the trapezoidal pressure distribution is 2.25 ft
away from the face of the stem. Hence

12X 11.5%
My, =13.0 X 2.25 = 20.5 kipft, F= —— " =0,132
u ® 2000 04
29.5 29.5
K, ="""=1722 = 4, = ={, '.2
w513 220 au=427 As= o T 062

Since it is practical to bend the stem reinforcement right into the
t({e, the provided stem reinforcement, A = 1.03 in.z, is compared
with the required one and found to be ample.’
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-8, Heel design—

42in.
Ifzg.sm.“— 25
Ly
15ﬂ |~—Qd—-|///7— 3in—~| r-_ﬁ:;ﬁ in.

2.55 0.7

1.0

12.5 in. 25.5in, 4 in.

deﬁ =15-256=1251n,
Fig. 5-44 Heel Design.

The shear force is

Py %295 0.7 255
Viw= 17 (=250 L 2y 22 s 6.0k
i ( PR 12) 6.0k

1000¥;, 100X 6.0
Ve = T T 0BS X 12X 12.5

=47 psi < 110 psi

The flexural moment to be resisted is

2
. 1
My=14X Py X 1.75-1.7 [——1 v (38) mjl =145-28

2 \12/ .3
= 11.7 kip-ft
12 % 12.5° 11.7
"= 15000 =(.185, K= 6.—{.‘;5—= 76 less than min.
1.33 M
s Y or fmin 04
ayd
133X 117

= =0.28in.2 : % 12 5=0.49in2
Y TERTY 0.28in.”, or 0.0033X 12X 12.5=049in

Ag=0.28 in.? governs

A bar size has to be selected for which the development length is
smaller than the available embedment 42 ~ 3 = 39 in. Use #35 bars
@ 12 in, o.c. See Fables [-10 of Chapter 1. The bars have to be ex-
tended for the full development length beyond the face of the stem,

NOTATION

Ap = base area of footing, ft?

Ap = cross sectional area of pier, in.?

Agp = gverage influence area per pile, 12

Ayy = influence area of bearing pressure for one-way
shear, {t?

Ayq = influence area of bearing pressure for two-way
shear, ft?

AAdy, =basearea of truncated cone or pyramid fortwo-
way shear, ft?

a = fooling projection in general, ft

ay, = projection of footing beyond critical face in
long direction, in. '

g = projection of footing beyond critical face in
short direction, in.

dy = factor used in determining A, = M, fa, d

b = width of combined footing, ft

by = gide of square footing, ft

by = ghort side of oblong footing, {1
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b, = hase perimeter of iruncaied cone or pyramid
for two-way shear, in.

by = dimension of pier parallel to footing side by, in.

Co = concrete protection, in.

Cy = kern distance, ft

cp = pile spacing, ft

D = dead loads or their related internal moments
and forces

d = effective depth of section, in.

dp = bar diameter, in.

dy = diameter of round or polygonal footing, ft

dy = diameter of opening in circular or polygonal
footings, ft

dp = pile diameter, in. .

E = earthquake ioads or their related moments and
forces

e = eccentricity of load resultant from footing
centroid, ft

ef = gccentricity, as under e, causing failure pressure
qy at edge, ft

- = maximum pertissible ecceniricity to prevent
overturning, ft

Iy = bd?}12,000

Vs = average unit weight of footing + surcharge,
kip/ft?

H = horizontal force, kip

h = Jever arm of horizontal force, ft

hy = thickness of footing, in.

) = lever arm of force 2, ft

hy = depth of footing base below floos, ft

1. = moment of inertia of concrete cross section,
in?

Ir = moment of inertia of footing base area, ft*

Ipg = moment of inertia of pile group, {t?

K, = factor used in determining F = M, /K,

Ky = coefficient of vertical subgrade reaction for a
1 ft? area, tons/ft* /ft

L = live loads and their related internal moments and
forces

! = long dimension of combined footing, ft

i = distance between column centers, ft

Ia = development length (anchorage) of bar, in.

Iy = long side of rectangular footing, ft

ip = dimension of pier parallel to footing side Iy, in,

M,M, = flexural moment, kip-ft

My = moment about base, kip-ft

m = distance of eccentric load from pressed edge of
footing, ft

m = general footing dimension, ft

e = number of pile rows of equal configuration

N = blow count of standard penetration test

R = general footing dimension, {1

np = number of piles in group
number of piles in row

=
5
H|

centroid of footing or pile group
P P, = total column load at base, kip

Pp, Ppy = column dead load, kip

Py, Pp, = column live load, kip

Prus = resultant load, kip

Pa = active earth pressure, kip/{t?

Dp = passive earth pressure, kip/ft?

¢ = lateral force against retaining wail, kip

g = bearing pressure, kip/ft?

Agq = weight of footing + surcharge, kip/ft?

G = allowable bearing pressure, kip/ft®

qe = pearing pressure atf base of column or pier,
kip/in.?

de = effective bearing pressure (¢ — Ag), kip/ft?

ar = bearing pressure at failure, kip/ft?

G = bearing pressure due to moment, kip/ft?

ap = bearing pressure under concentric loading,
kip/ft?

de = bearing pressure at footing base due to factored
loading, kip/ft?

R = lateral resistance, kip

Rg = frictional resistance at base, kip

Rz, Ry = pile reaction due to moment, kip
Rp, Rp, = pile reaction due to concentric loading, kip

R Py = gllowable pile reaction, tons

Rpe = effective pile reaction (2R_pa = Wp), kip

o = percentage of reinforcement

by = ratio of long side to short side of footing

s = goil deformation

Spe = gection modulus of pile group, ft

Ser = gection modulus of pile row, ft

SF = safety factor

U = uplift force, kip

Vi = ghear force for one-way shear, kip

Vau = shear force for two-way shear, kip

Uy = average shear siress for one-way shear, psi

Uay = average shear stress for two-way shear, psi

W = wind loads or their related moments and forces

Wp = weight of pile footing + surcharge, per pile, kip

w = line oad, kip/ft

wy, = live load on floor, kip/ft?

z "= distance of exireme fiber from centroid, ft

Ipg = distance of extreme pile from centroid of pile
group, ft

%y = distance of extreme tensile fiber from centroid,
in.

Zy = distance of reference line from centroid, ft
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