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6

Shallow Foundations
Bearing Capacity

When we are satisfied with the spot .fIXed on for the site of the city ...
the foundations should be carried down to a solid bottom, if such can be
found, and should be built thereon of such thickness as may be
necessary for the proper support of that part of the wall which stands
above the natural level of the ground. They should be of the soundest
workmanship and materials, and of greater thickness than the walls
above. If solid ground can be come to, the foundations should go down
to it and into it, according to the magnitude of the work, and the
substruction to be built up as solid as possible. Above the ground of the

foundation, the wall should be one-half thicker than the column it is to
receive so that the lower parts which carry the greatest weight, may be
stronger than the upper part ... Nor must the mouldings of the bases of
the columns project beyond the solid. Thus, also, should be regulated the
thickness of all walls above ground.

Marcus Vitruvius, Roman Architect and Engineer
1st century H.C.

as translated by Morgan (1914)

Shallow foundations must satisfy various performance requirements, as discussed in

Chapter 2. One of them is called bearing capacity, which is a geotechnical strength re
quirement. This chapter explores this requirement, and shows how to design shallow
foundations so that they do not experience bearing capacity failures.

170 1

6.1 BEARING CAPACITY FAILURES

Shallow foundations transmit the applied structural loads to the near-surface soils. In the
process of doing so, they induce both compressive and shear stresses in these soils. The
magnitudes of these stresses depend largely on the bearing pressure and the size of the
footing. If the bearing pressure is large enough, or the footing is small enough, the shear
stresses may exceed the shear strength of the soil or rock, resulting in a bearing capacity
failure. Researchers have identified three types of bearing capacity failures: general shear
failure, local shear failure, and punching shear failure, as shown in Figure 6.1. A typical
load-displacement curve for each mode of failure is shown in Figure 6.2.

General shear failure is the most common mode. It occurs in soils that are relatively
incompressible and reasonably strong, in rock, and in saturated, normally consolidated
clays that are loaded rapidly enough that the undrained condition prevails. The failure
surface is well defined and failure occurs quite suddenly, as illustrated by the load
displacement curve. A clearly formed bulge appears on the ground surface adjacent to the
foundation. Although bulges may appear on both sides of the foundation, ultimate failure
occurs on one side only, and it is often accompanied by rotations of the foundation.

The opposite extreme is the punching shear failure. It occurs in very loose sands, in
a thin crust of strong soil underlain by a very weak soil, or in weak clays loaded under
slow, drained conditions. The high compressibility of such soil profiles causes large set
tlements and poorly defined vertical shear surfaces. Little or no bulging occurs at the
ground surface and failure develops gradually, as illustrated by the ever-increasing load
settlement curve.

Local shear failure is an intermediate case. The shear surfaces are well defined

under the foundation, and then become vague near the ground surface. A small bulge may
occur, but considerable settlement, perhaps on the order of half the foundation width, is
necessary before a clear shear surface forms near the ground. Even then, a sudden failure
does not occur, as happens in the general shear case. The foundation just continues to sink
ever deeper into the ground.

Vesic (1973) investigated these three modes of failure by conducting load tests on
model circular foundations in a sand. These tests included both shallow and deep founda
tions. The results, shown in Figure 6.3, indicate shallow foundations (D/B less than about
2) can fail in any of the three modes, depending on the relative density. However, deep
foundations (DIB greater than about 4) are always governed by punching shear. Although
these test results apply only to circular foundations in Vesic's sand and cannot necessarily
be generalized to other soils, it does give a general relationship between the mode of fail
ure, relative density, and the DIB ratio.

Complete quantitative criteria have yet to be developed to determine which of these
three modes of failure will govern in any given circumstance, but the following guidelines
are helpful:

• Shallow foundations in rock and undrained clays are governed by the general shear
case.
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Figure 6.2 Typical load-displacement

curves for different modes of bearing capac

ity failure: (a) general shear failure; (b) local

shear failure: (c) punching shear failure. The

circles indicate various interpretations of

failure. (Adapted from Vesic. 1963).
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Figure 6.1 Modes of bearing capacity failure: (a) general shear failure: (b) local shear

failufe: (c) punching shear failure.

I~

• Shallow foundations in dense sands are governed by the general shear case. In this
context, a dense sand is one with a relative density, D" greater than about 67%.

• Shallow foundations on loose to medium dense sands (30% < Dr< 67%) are proba
bly governed by local shear.

• Shallow foundations on very loose sand (Dr < 30%) are probably governed by
punching shear.

For nearly all practical shallow foundation design problems, it is only necessary to
check the general shear case, and then conduct settlement analyses to verify that the foun
dation will not settle excessively. These settlement analyses implicitly protect against
local and punching shear failures.



174 Chapter 6 Shallow Foundations-Bearing Capacity

1
6.2 Bearing Capacity Analyses in Soil-General Shear Case 175

o

~
-. 2
is"
Cl"
.~"
0:

4
Punching Shear

proper scaling factors. However, the advent of centrifuge model tests has partially over
come this problem.

Limit equilibrium analyses are the dominant way to assess bearing capacity of shal
low foundations. These analyses define the shape of the failure surface, as shown in Fig
ure 6.1, then evaluate the stresses and strengths along this surface. These methods of
analysis have their roots in Prandtl' s studies of the punching resistance of metals (Prandtl,
1920). He considered the ability of very thick masses of metal (i.e., not sheet metal) to re
sist concentrated loads. Limit equilibrium analyses usually include empirical factors de
veloped from model tests.

Occasionally, geotechnical engineers perform more detailed bearing capacity analy
ses using numerical methods, such as the finite element method (FEM). These analyses
are more complex, and are justified only on very critical and unusual projects.

We will consider only limit equilibrium methods of bearing capacity analyses, be
cause these methods are used on the overwhelming majority of projects.

Simple Bearing Capacity Formula

Methods of Analyzing Bearing Capacity

6.2 BEARING CAPACITY ANALYSES IN SOIL-GENERAL SHEAR CASE

Figure 6.3 Modes of failure of model cir
cular foundations in Chattahoochee Sand

(Adapted from Yesic. 1963 and 1973).

5
o 20% 40% 60%

Relative Density of Sand. D,

80% 100%
The limit equilibrium method can be illustrated by considering the continuous footing
shown in Figure 6.4. Let us assume this footing experiences a bearing capacity failure,
and that this failure occurs along a circular shear surface as shown. We will further as
sume the soil is an undrained clay with a shear strength s". Finally, we will neglect the
shear strength between the ground surface and a depth D, which is conservative. Thus, the
soil in this zone is considered to be only a surcharge load that produces a vertical total
stress of er:D = "(D at a depth D.

The objective of this derivation is to obtain a formula for the ultimate bearing ca
pacity, qui" which is the bearing pressure required to cause a bearing capacity failure. By

To analyze spread foatings for bearing capacity failures and design them in a way to
avoid such failures, we must understand the relationship between bearing capacity, load,

footing dimensions, and soil properties. Various researchers have studied these relation
ships using a variety of techniques, including:

• Assessments of the performance of real foundations, including full-scale load tests.

• Load tests on model footings.

• Limit equilibrium analyses.

Detailed stress analyses, such as finite element method (FEM) analyses.

Full-scale load tests, which consist of constructing real spread footings and loading
them to failure, are the most precise way to evaluate bearing capacity. However, such
tests are expensive, and thus are rarely, if ever, performed as a part of routine design. A
few such tests have been performed for research purposes.

Model footing tests have been used quite extensively, mostly because the cost of
these tests is far below that for full-scale tests. Unfortunately, model tests have their limi

tations, especially when conducted in sands, because of uncertainties in applying the

i

-1

Plb

D

Figure 6.4 Bearing capacity analysis along a circular failure surface.
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considering a slice of the foundation of length b and taking moments about Point A, we

obtain the following:

MA = (qultBb)(B/2) - (su'rrBb)(B) - er,oBb(B/2)

quit = 2 '11" Su + er:o

(6.1)

(6.2)

p

j

Terzaghi's Bearing Capacity Formulas

It is convenient to define a new parameter, called a bearing capacity factor, Ne' and

rewrite Equation 6.2 as:

Equation 6.3 is known as a bearing capacity formula, and could be used to evaluate the

bearing capacity of a proposed foundation. According to this derivation, Ne = 2'11"= 6.28.

This simplified formula has only limited applicability in practice because it consid

ers only continuous footings and undrained soil conditions (<I> = 0), and it assumes the

foundation rotates as the bearing capacity failure occurs. However, this simple derivation

illustrates the general methodology required to develop more comprehensive bearing ca

pacity formulas.

T
=8

(6.3)
I quit = Nesu + er:o I

Various limit equilibrium methods of computing bearing capacity of soils were advanced

in the first half of the twentieth century, but the first one to achieve widespread accep

tance was that of Terzaghi (1943). His method includes the following assumptions:

Radial Shear Zone

Figure 6.5 Geometry of failure surface for Terzaghi's bearing capacity formulas.

foundation. Next, a radial shear zone extends from each side of the wedge, where he took

the shape of the shear planes to be logarithmic spirals. Finally, the outer portion is the lin
earshear zone in which the soil shears along planar surfaces.

Since Terzaghi neglected the shear strength of soils between the ground surface and

a depth D, the shear surface stops at this depth and the overlying soil has been replaced

with the surcharge pressure er:,;'. This approach is conservative, and is part of the reason
for limiting the method to relatively shallow foundations (D ~ B).

Terzaghi developed his theory for continuous foundations (i.e., those with a very

large VB ratio). This is the simplest case because it is a two-dimensional problem. He

then extended it to square and round foundations by adding empirical coefficients ob

tained from model tests and produced the following bearing capacity formulas:
For square foundations:

o The depth of the foundation is less than or equal to its width (D ~ B).
o The bottom of the foundation is sufficiently rough that no sliding occurs between

the foundation and the soil.

o The soil beneath the foundation is a homogeneous semi-infinite mass (i.e., the soil

extends for a great distance below the foundation and the soil properties are uniform

throughout).

o The shear strength of the soil is described by the formula s = c' + er' tan <1>'.

o The general shear mode of failure governs.

o No consolidation of the soil occurs (Le., settlement of the foundation is due only to

the shearing and lateral movement of the soil).

o The foundation is very rigid in comparison to the soil.

o The soil between the ground surface and a depth D has no shear strength, and serves

only as a surcharge load.

o The applied load is compressive and applied vertically to the centroid of the founda

tion and no applied moment loads are present.

[ quit = 1.3 c' Ne + er;oNq + 0.4-/ BN~ I

For continuous foundations:

(6.4)

Terzaghi considered three zones in the soil, as shown in Figure 6.5. Immediately

beneath the foundation is a wedge zone that remains intact and moves downward with the -L I quit = c· Ne + er;oNq + 0.5"(' BN~ I
(6.5)
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For circular foundations:
TABLE 6.1 BEARING CAPACITY FACTORS

These bearing capacity factors are also presented in tabular form in Table 6.1. Notice that
Terzaghi's Ne of 5.7 is smaller than the value of 6.28 derived from the simple bearing ca~
pacity analysis. This difference the result of using a circular failure surface in the simple
method and a more complex geometry in Terzaghi's method.

Because of the shape of the failure surface, the values of e' and <1>'only need to rep
resent the soil between the bottom of the footing and a depth B below the bottom. The

soils between the ground surface and a depth D are treated simply as overburden.
Terzaghi's formulas are presented in terms of effective stresses. However, they also

may be used in a total stress analyses by substituting eT' <l>T>and aD for e', <1>', and aD" If
saturated undrained conditions exist, we may conduct a total stress analysis with the shear

strength defined as eT= SII and <l>T= O.In this case, Ne = 5.7, N'I = 1.0, and Ne = 0.0.

The Terzaghi bearing capacity factors are:

Where:

quit = ultimate bearing capacity
e' = effective cohesion for soil beneath foundation

<I>' = effective friction angle for soil beneath foundation

a,p' = vertical effective stress at depth D below the ground surface
(a,p' = -y D if depth to groundwater table is greater than D)

-y' = effective unit weight of the soil (-y = -y' if groundwater table is very deep;
see discussion later in this chapter for shallow groundwater conditions)

D = depth of foundation below ground surface
B = width (or diameter) of foundation

N" N,I' N~ = Terzaghi's bearing capacity factors =!(<I>') (See Table 6.1 or Equations
6.7-6.12.)

Tef2aghi Vesic

(for use in Equations 6.4-6.6)
(for use in Equation 6.13)

(I>' (deg)
N,NqN~NeN'IN~

0

5.71.00.05.11.00.0

1
6.01.10.15.41.10.1

2
6.31.20.15.61.20.2

3
6.61.30.25.91.30.2

4
7.01.50.36.21.40.3

5
7.31.60.46.51.60.4

6

7.71.80.56.81.70.6

7

8.22.00.67.21.90.7
8

8.62.20.77.52.10.9

9

9.12.40.97.92.31.0

10

9.62.71.08.32.51.2

11
10.23.01.28.82.71.4

12
10.83.31.49.33.01.7

13
11.43.61.69.83.32.0

14
12.14.01.910.43.62.3

15
12.94.42.211.03.92.6

16

13.74.92.511.64.33.1
17

14.65.52.912.34.83.5

18

15.56.03.313.15.34.1
19

16.66.73.813.95.84.7

20
17.77.44.414.86.45.4

21

18.98.35.115.87.16.2

22

20.39.25.916.97.87.1

23
21.710.26.818.08.78.2

24

23.411.47.919.'39.69.4

25

25.112.79.220.710.710.9
26

27.114.210.722.311.912.5

27

29.215.912.523.913.214.5
28

31.617.814.625.814.716.7
29

34.220.017.127.916.419.3
30

37.222.520.130.118.422.4

31

40.425.323.732.720.626.0
32

44.028.528.035.523.230.2
33

48.132.233.338.626.135.2
34

52.636.539.642.229.441.1

35

57.841.447.346.133.348.0

36
63.547.256.750.637.856.3

37
70.153.868.155.642.966.2

38

77.561.582.361.448.978.0

39

86.070.699.867.956.092,2
40

95.781.3121.575.364.2109.4

41
106.893.8148.583.973.9130.2

(6.8)

(6.9)

(6.7)

(6.6)

(6.11)

(6.10)for <1>'> 0

for <1>'=0

ao = e1r(O.75 -""/36O)'an<l>'

I Ne = 5.71

>
a-

N = 0

q 2 cos2(45 + <1>'/2)

tan<l> , (KfTY )N~ = -2- cos2<1>' - I

I quit = 1.3 e'Ne + a~DNq + 0.3-y' BN~ I

-.....oiL
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Terzaghi used a tedious graphical method to obtain values for Kp-y. then used these
values to compute N~.He also computed values of the other bearing capacity factors and
presented the results in plots of Ne.N~. and N~ as a function of <I>'- These plots and tables
such as Table 6.1 are still a convenient way to evaluate these parameters. However, the
advent of computers and hand-held calculators has generated the need for the following
simplified formula for N~:

Setting q = q"'t' using Equation 5.1, and solving for P gives:

Wr = (3.25 ft)(3.25 ft)(2.0 ft)(150 Ib/ftJ) = 3169lb

= (1.3)(150 IbW)(37.2) + (242Ib/ft2)(22.5) + (0.4)(121Ib/fr')(3.25 ft)(20.1)

= 7254 + 5445 + 3162

<=Answer= 15.900 Ib/fr

q"'t = 1.3c'N,. + a~Nq + 0.4-y' BN,

(6.12)
2 (Nq + I) tan<l>'

N~ = I + 0.4 sin(4 <1>')

The author developed Equation 6.12 by fitting a curve to match Terzaghi's. It pro

duces N~values within about 10 percent of Terzaghi's values. Alternatively, Kumbhojkar
(1993) provides a more precise. but more complex. formula for NT

Example 6.1

A square footing is to be constructed as shown in Figure 6.6. The groundwater table is at a
depth of 50 ft below the ground surface. Compute the ultimate bearing capacity and the col
umn load required to produce a bearing capacity failure.

Solution

For purposed of evaluating bearing capacity, ignore the slab-on-grade floor.

P+ W/q=----u
A

P + 3169lb

15,9001b/ft2 = ( )_ - 03.25 ft '

P = 165.000 lb

= 165 k <=Answer

According to this analysis, a column load of 165 k would cause a bearing capacity failure be
neath this footing. Nearly half of this capacity comes from the first term in the bearing capac
ity formula and is therefore dependent on the cohesion of the soil. Since the cohesive strength
is rather tenuous, it is prudent to use conservative values of c in bearing capacity analyses. In
contrast, the frictional strength is more reliable and does not need to be interpreted as conser
vatively.

For <1>' = 30°: N, = 37.2, Nq = 22.5, N, = 20.1 (from Table 6.1)

a;o = -yD - u = (121Ib/ftJ)(2 ft) - 0 = 2421b/ft2

Example 6.2

The proposed continuous footing shown in Figure 6.7 will support the exterior wall of a new
industrial building. The underlying soil is an undrained clay. and the groundwater table is
below the bottom of the footing. Compute the ultimate bearing capacity, and compute the
wall load required to cause a bearing capacity failure.

p Solution

q"'t = s,,N,.+ a;oNq + 0.5-y' BN,

The depth of embedment, D, is measured from the lowest ground surface, so D = 0.4 m.

<=Answer

= (120 kPa)(5.7) + (7.2)(1) + 0.5-y'B(0)

= 691 kPa

a;o = -yD = (18.0)(0.4) = 7.2kPa

For <I> = 0: N, = 5.7,Nq = I,N, = o (from Table 6.1)

This analysis uses the undrained shear strength, S", Therefore, we will use Terzaghi's bearing
capacity formula with CT = S" = 120 kPa and <I> = o.

~

I I ( Slab-on-gradeFloor

I Oft

" > "O,!;--- 3ft 3m ----.J----L
cjl~"" 30"

Y'''''1211blft3Figure 6.6 Proposedfooting for Example
6.1.

~
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tributed. The formula developed in Vesic (1973, 1975) is based on theoretical and experi
mental findings from these and other sources and is an excellent alternative to Terzaghi. It
produces more accurate bearing values and it applies to a much broader range of loading
and geometry conditions. The primary disadvantage is its added complexity.

Vesic retained Terzaghi's basic format and added the following additional factors:

t
400 mm

..l

llOOmm1
I-700mm-l

S", Sq, S~ = shape factors

d", dq, d~ = depth factors

i", iq, i~ = load inclination factors

b", bq, b~ = base inclination factors

g,., gq, g~ = ground inclinationjactors

He incorporated these factors into the bearing capacity formula as follows:

The zone abovethe bottom of the footing is partly concreteand partlysoil.The weightof this
zone is small compared to the wall load. so compute it using 21 kN/m3 as the estimated
weightedaveragefor -y:

Clay s. = 120 kPa
'Y = 18.0 kN/m3

Once again, this formula is written in terms of the effective stress parameters e' and
<p', but also may be used in a total stress analysis by substituting eT and <PT' For undrained
total stress analyses, use eT= S" and <PT = O.

Terzaghi's formulas consider only vertical loads acting on a footing with a horizon
tal base with a level ground surface, whereas Vesic' s factors allow any or all of these to'
vary. The notation for these factors is shown in Figure 6.8.

Figure 6.7
6.2.

Proposed footing for Example

(0.4 m + l.l m) 1WJb = (0.7 m) 2 (21 kN/m) = 11 kN/m

Using Equation5.2:

<=Answer

q"lt = e'N"s"d"i,.b"g" + rr;f)Nqsqdqiqbqgq + 05y'BN~s~di~b~g~ (6.13)

P/b + ~/b

q"lt = q = B U

P/b + II kN/m

691 kPa = (0.7 m) - 0

P = 473 kN/m <=Answer

Terzaghi's method is still often used, primarily because it is simple and familiar.
However, it does not consider special cases, such as rectangular footings, inclined loads,
or footings with large depth:width ratios.

Vesi6's Bearing Capacity Formulas

The topic of bearing capacity has spawned extensive research and numerous methods of
analysis. Skempton (1951), Meyerhof (1953), Brinch Hansen (196Ib), DeBeer and
Ladanyi (1961), Meyerhof (1963), Brinch Hansen (1970), and many others have con-

~

Figure 6.8 Notation for Yesic's load inclination. base inclination. and ground inclination factors. All angles are

expressed in degrees.
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Shape Factors

Vesic considered a broader range of footing shapes and defined them in his S factors:

For loads inclined in the B direction:

]m+ I

V ~ 0

i = [1 - Ac'~ P + - ..
tan <1>'

(6.22)

(6.21)

]m

V >0

[1- +~ _
P tan <I>

i =
q

(6.14)

(6.15)

(6.16)

S, = 1 + (z) (~:)

Sq= 1 + (z)tan<l>'

I s~ = I - 0.4 (z) I

For continuous footings, BIL -? 0, so Se' Sq, and s~ become equal to I. This means
the S factors may be ignored when analyzing continuous footings.

2 + BILm=---
1 + BIL

(6.23)

Depth Factors For loads inclined in the L direction:

Unlike Terzaghi, Vesic has no limitations on the depth of the footing. This method might
even be used for deep foundations, although other methods are probably better for reasons
discussed in Chapter 14. The depth of the footing is considered in the following depth
factors:

2 + LIB
m=

1 + LIB
(6.24)

Load Inclination Factors

For relatively shallow foundations (DIB :5 1), use k = DIB. For deeper footings
(DIB> 1), use k = tan-I (DIB)with the tan-I term expressed in radians. Note that this pro
duces a discontinuous function at DIB = 1.

The load inclination factors are for loads that do not act perpendicular to the base of the
footing, but still act through its centroid (eccentric loads are discussed in Chapter 8). The
variable P refers to the component of the load that acts perpendicular to the bottom of
the footing, and V refers to the component that acts parallel to the bottom.

The load inclination factors are:

I d, = 1 + 0.4 k I

I dq = 1 + 2ktan<l>' (1 - sin <1>')2I

I d~ = 1 I

I ~~O Iie = 1 - Ac'N,

(6.17)

(6.18)

(6.19)

(6.20)

Where:

V = applied shear load

P = applied normal load

A = base area of footing

c' = effective cohesion (use c = SII for undrained analyses)

<1>'= effective friction angle (use <I>= 0 for undrained analyses)
B = foundation width

L = foundation length

If the load acts perpendicular to the base of the footing, the i factors equal 1 and
may be neglected. The i factors also equal 1 when <I>= O.

See the discussion in Chapter 8 for additional information on design of spread foot
ings subjected to applied shear loads.

Base Inclination Factors

The vast majority of footings are built with horizontal bases. However, if the applied load
is inclined at a large angle from the vertical, it may be better to incline the base of the
footing to the same angle so the applied load acts perpendicular to the base. Howev,er,
keep in mind that such footings may be difficult to construct.

The base inclination factors are:

~.-1l
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I be = 1 - ~ I

bq = b~ = (1 _ a tan <1>')257°

\\ (6.25)

(6.26)

QUESTIONS AND PRACTICE PROBLEMS

Note: Unless otherwise stated, all foundations have level bases, are located at sites with level

ground surfaces, support vertical loads, and are oriented so the top of the foundation is flush with
the ground surface.

(6.28)

(6.27)

(6.29)

for <1>'> 0 (6.30)

for <I>= 0 (6.31)

(6.32)

If the base of the footing is level, which is the usual case, all of the b factors become

equal to 1 and may be ignored.

Ground Inclination Factors

Footings located near the top of a slope have a lower bearing capacity than those on level

ground. VesiC's ground inclination factors, presented below, account for this. However,

there are also other considerations when placing footings on or near slopes, as discussed

in Chapter 8.

I ge = 1 -~

I gq = g~ = [1 - tanfjj21

If the ground surface is level (fj = 0), the g factors become equal to 1 and may be ig
nored.

Bearing Capacity Factors

Vesic used the following formulas for computing the bearing capacity factors Nq and Ne:

I Nq = e1Ttan<l>' tan2(45 + <1>'/2) I

INe=~ I

I Ne = 5.14 I

Most other authorities also accept Equations 6.29 to 6.31, or others that produce

very similar results. However, there is much more disagreement regarding the proper
value of N~. Relatively small changes in the geometry of the failure surface below the

footing can create significant differences in N~, especially in soils with high friction an
gles. Vesic recommended the following formula:

I N~ = 2 (Nq + 1) tan <1>'I

Vesic's bearing capacity factors also are presented in tabular form in Table 6.1. The

application of VesiC' s formula is illustrated in Example 6.3 later in this chapter.

~

6.1 List the three types of bearing capacity failures and explain the differences between them.

6.2 A 1.2-m square, OA-m deep spread footing is underlain by a soil with the following proper
ties: "y = 19.2 kN/m\ c' = 5 kPa, <1>'= 30°. The groundwater table is at a great depth.

a. Compute the ultimate bearing capacity using Terzaghi' s method.

b. Compute the ultimate bearing capacity using Vesic's method.

6.3 A 5 ft wide, 8 ft long, 2 ft deep spread footing is underlain by a soil with the following proper
ties: "y = 120 Ib/fr\ c' = 100 Ib/ft2, <1>'= 28°. The groundwater table is at a great depth. Using

Vesic' s method, compute the column load required to cause a bearing capacity failure.

6.3 GROUNDWATER EFFECTS

The presence of shallow groundwater affects shear strength in two ways: the reduction of

apparent cohesion, and the increase in pore water pressure. Both of these affect bearing

capacity, and thus need to be considered.

Apparent Cohesion

Sometimes soil samples obtained from the exploratory borings are not saturated, espe

cially if the site is in an arid or semi-arid area. These soils have additional shear strength

due to the presence of apparent cohesion, as discussed in Chapter 3. However, this addi

tional strength will disappear if the moisture content increases. Water may come from

landscape irrigation, rainwater infiltration, leaking pipes, rising groundwater, or other

sources. Therefore, we do not rely on the strength due to apparent cohesion.

In order to remove the apparent cohesion effects and simulate the "worst case" con

dition, geotechnical engineers usually wet the samples in the lab prior to testing. This may

be done by simply soaking the sample, or, in the case of the triaxial test, by backpressure

saturation. However, even with these precautions, the cohesion measured in the labora

tory test may still include some apparent cohesion. Therefore, we often perform bearing

capacity computations using a cohesion value less than that measured in the laboratory.

Pore Water Pressure

If there is enough water in the soil to develop a groundwater table, and this groundwater

table is within the potential shear zone, then pore water pressures will be present, the ef

fective stress and shear strength along the failure surface will be smaller, and the ultimllte

bearing capacity will be reduced (Meyerhof, 1955). We must consider this effect when

conducting bearing capacity computations.



If a total stress analysis is being performed, do not apply any groundwater correc
tion because the groundwater effects are supposedly implicit within the values of CT and
<!>T' In this case, simply use "I' = "I in the bearing capacity equations, regardless of the
groundwater table position.
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When exploring the subsurface conditions, we determine the current location of the
groundwater table and worst-case (highest) location that might reasonably be expected
during the life of the proposed structure. We then determine which of the following three
cases describes the worst-case field conditions:
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• Case I: D", S;D

• Case 2: D < Dw < D + B

• Case 3: D + B S; D",

All three cases are shown in Figure 6.9.
We account for the decreased effective stresses along the failure surface by adjust

ing the effective unit weight, "I', in the third term of Equations 6.4 to 6.6 and 6.13 (Vesic,
1973). The effective unit weight is the value that, when multiplied by the appropriate soil
thickness, will give the vertical effective stress. It is the weighted average of the buoyant
unit weight, 'Yh' and the unit weight, "I, and depends on the position of the groundwater
table. We compute "I' as follows:

For Case I (D" S; D):

Example 6.3

A 30-m by 50-m mat foundation is to be built as shown in Figure 6.10. Compute the ultimate
bearing capacity.

Solution

Determine groundwater case:

Dw= 12m;D= IOm:B=30m D<D".<D+B:. Case 2

Using Equation 6.34:

( ( D" - D ),\ (( 12 - 10))'1/ = 'I - 'I ••. I - -B- ')= 18.5 - 9.8 I - ~ = 9.4 kN/ml

In Case I, the second term in the bearing capacity formulas also is affected, but the
appropriate correction is implicit in the computation of (]"D"

I "If = 'Yh = "I - "1",1

For Case 2 (D < D" < D + B):

I "1/ = "I - 'Yw (I - ( ~)) I

For Case 3 (D + B S;D,,; no groundwater correction is necessary):

I "If = "I I

(6.33)

(6.34)

(6.35)

Use Vesic's method with 'I' in the third term. Since c' = 0, there is no need to compute any of
the other factors in the first term of the bearing capacity equation.

For 4>' = 30°: Nq = 18.4, N, = 22.4 (from Table 6.1)

cr;D = 'ID - u

= (I8.5kN/m1)(lOm) - 0

= 185 kPa

s" = 1 + (z) tan 4> = I + G~)tan 30° = 1.35

D 10
k = - = - = 0.33

B 30

Figure 6.9 Three groundwater cases for bearing capacity analyses. 1 Figure 6.10 Proposed mat foundation for

Example 6.3.
c'=o

30 m

+' =30" '1 = 18.5 kNlm3

I
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The various i, b, and g factors in Vesic's equationare all equal to I, and thus may be ignored.

ALLOWABLE BEARING CAPACITY

= 0 + 185(18.4)(1.35)(1.10) + 0.5(9.4)(30)(22.4)(0.76)(1)

qll{/ = c'Ncs)chcg,· + (J'':J)N(fS'fd,/qb(fgq + 0.5 ,,/'BN",s"(d-yi-yb'Yg-y

• Soil type. Shear strength in clays is less reliable than that in sands, and more fail
ures have occurred in clays than in sands. Therefore, use higher factors of safety in
clays.

• Site characterization data. Projects with minimal subsurface exploration and labo
ratory or in-situ tests have more uncertainty in the design soil parameters, and thus
require higher factors of safety. However, when extensive site characterization data
is available, there is less uncertainty so lower factors of safety may be used.

• Soil variability. Projects on sites with erratic soil profiles should use higher factors
of safety than those with uniform soil profiles.

• Importance of the structure and the consequences of a failure. Important pro
jects, such as hospitals, where foundation failure would be more catastrophic may
use higher factors of safety than less important projects, such as agricultural storage
buildings, where cost of construction is more important. Likewise, permanent struc
tures justify higher factors of safety than temporary structures, such as construction
falsework. Structures with large height-to-width ratios, such as chimneys or towers,
could experience more catastrophic failure, and thus should be designed using
higher factors of safety.

• The likelihood of the design load ever actually occurring. Some structures, such
as grain silos, are much more likely to actually experience their design loads, and
thus might be designed using a higher factor of safety. Conversely, office buildings
are much less likely to experience the design load, and might use a slightly lower
factor of safety.

Figure 6.11 shows ranges of these parameters and typical values of the factor of
safety. Geotechnical engineers usually use factors of safety between 2.5 and 3.5 for bear
ing capacity analyses of shallow foundations. Occasionally we might use values as low as
2.0 or as high as 4.0.

(6.36)
I - qUI'1

qu - F

<=Answer= 7455 kPa

Commentary

Becauseof the large depth and large width, this is a very large ultimatebearingcapacity. It is
an order of magnitude greater than the bearing pressure producedby the heaviest structures,
so there is virtuallyno risk of a bearing capacity failure.This is alwaysthe case with mats on
sandy soils. However, mats on saturated clays need to be evaluated using the undrained
strength,c = Su' q, = 0), so quit is much smaller and bearingcapacity might be a concern (see
the case study of the Fargo Grain Elevator later in this chapter).

d'l = I + 2ktanq,'(1 - sinq,')2

= I + 2(0.33) tan 30°(1 - sin 30°)2

=1.10

Nearly all bearing capacity analyses are currently implemented using allowable stress de
sign (ASD) methods. This is true regardless of whether or not load and resistance factor
design (LRFD) methods are being used in the structural design. To use ASD, we divide
the ultimate bearing capacity by a factor of safety to obtain the allowable bearing capac
ity, q,,:

6.4

We then design the foundation so that the bearing pressure, q, does not exceed the
allowable bearing pressure, q,,:

Most building codes do not specify design factors of safety. Therefore, engineers
must use their own discretion and professional judgment when selecting F. Items to con
sider when selecting a design factor of safety include the following: Figure 6,11 Factors affecting the design factor of safety. and lypical values of F.

Where:

qa = allowable bearing capacity

qui' = ultimate bearing capacity

F = factor of safety

I q :5 qa I
(6.37)

SoilType

SiteCharacterizationData

Soil Variability

Importanceof Structure
& Consequencesof Failure

Likehoodof DesignLoad
Occurring

DesignF [Extreme ValuesTypicalRange

Sand , , Clay

Extensive__- Minimal

Uniform , , Erratic

Low, • High

Low •• High

2.0 , .4.0

2.5+------3.5

;..



6.5 Selection of Soil Strength Parameters

SELECTION OF SOIL STRENGTH PARAMETERS

Degree of Saturation and Location of Groundwater Table

Note: Chapter 8 presents an alternativemethod of sizing footingssubjected to wind or seis
mic loads.

193

<=AnswerB = 10 ft 0 in

Round off to the nearest3 in (withSI units, round off to nearest 100mm):

Proper selection of the soil strength parameters, c' and 4>', can be the most difficult part of
performing bearing capacity analyses. Field and laboratory test data is often incomplete
and ambiguous, and thus difficult to interpret. In addition, the computed ultimate bearing
capacity, quit' is very sensitive to changes in the shear strength. For example, if a bearing
capacity analysis on a sandy soil is based on 4>' = 40°, but the true friction angle is only
35° (a 13 percent drop), the ultimate bearing capacity will be 50 to 60 percent less than
expected. Thus, it is very important not to overestimate the soil strength parameters. This
is why most engineers intentionally use a fairly conservative interpretation of field and
laboratory test data when assessing soil strength parameters.

6.5

Chapter 6 Shallow Foundations-Bearing Capacity

The true factor of safety is probably much greater than the design factor of safety,

because of the following:

• The shear strength data are normally interpreted conservatively, so the design val
ues of c and 4> implicitly contain another factor of safety.

• The service loads are probably less than the design loads.

• Settlement, not bearing capacity, often controls the final design, so the footing will

likely be larger than that required to satisfy bearing capacity criteria.

• Spread footings are commonly built somewhat larger than the plan dimensions.

Bearing capacity analyses also can be performed using LRFD, as described ID

Chapter 21.

Example 6.4

A columnhas the followingdesign vertical loads: Po = 300 k. PL = 140k. Pw = 160k will be
supportedon a spread footing located 3 ft below the groundsurface.The underlyingsoil has
an undrainedshear strength of 2000 Ib/ft2 and a unit weight of 109 lb!ft'. The groundwater
table is at adepth of 4 ft. Determine the minimumrequired footingwidth to maintaina factor
of safetyof 3 againsta bearing capacity failure.

192

Solution

Determinedesignworking load using Equations 2.1,2.2, 2.3a, and 2.4a:

Po = 300k

Po + PL = 300k + 140k = 440k

0.75 (Po + PL + PIV) = 0.75(3OOk+ 140k + 160k) = 450k+-Controls

0.75 (Po + pw) = 0.75 (300 k + 160k) = 345 k

UsingTerzaghi's method:

<T~ = 'ID - u = (109Ib/ft')(3 ft) - 0 = 327 lb/ft"

As discussed in Section 6.3, soils that are presently dry could become wetted sometime
during the life of the structure. It is prudent to design for the worst-case conditions, so we
nearly always use the saturated strength when performing bearing capacity analyses, even
if the soil is not currently saturated in the field. This produces worst-case values of c' and
<1>'. We can do this by saturating, or at least soaking, the samples in the laboratory before
testing them.

However, determining the location of the groundwater table is a different matter.
We normally attempt to estimate the highest potential location of the groundwater table
and design accordingly using the methods described in Section 6.3. The location of the
groundwater table influences the bearing capacity because of its effect on the effective
stress, er'.

q"'t = 1.3s"N, + <T~N"+ 0.4'1'BN,

= 1.3(2000Ib/ft")(5.7) + (327 Ib/ft")(I) + 0

= 15,147Ib/ft"

quit 15,147Ib/ft" ,
qa = F = 3 = 5049 lb/ft-

Wf = 3 B2(150 lb/ft)) = 450 B"

P + ~. 450,000 + 450 B"

qu=q=-A--U405049= B2 -040B=9.89ft

Drained vs. Undrained Strength

Footings located on saturated clays generate positive excess pore water pressures when
they are loaded, so the most likely time for a bearing capacity failure is immediately after
the load is applied. Therefore, we conduct bearing capacity analyses on these soils using
the undrained shear strength, s".

For footings on saturated sands and gravels, any excess pore water pressures are
very small and dissipate very rapidly. Therefore, evaluate such footings using the effec
tive cohesion and effective friction angle, c' and 4>' ..

Saturated intermediate soils, such as silts, are likely to be partially drained, and en
gineers have varying opinions on how to evaluate them. The more conservative approach
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Collapse of the Fargo Grain Elevator

One of the most dramatic bearing capacity failures was the Fargo Grain Elevator collapse of

1955. This grain elevator, shown in Figure 6.12, was built near Fargo, North Dakota, in 1954.1t
was a reinforced concrete structure composed of twenty cylindrical bins and other appurtenant
structures, all supported on a 52-ft (15.8 m) wide, 218-ft (66.4 m) long, 2-ft 4-in (0.71 m) thick
mat foundation.

is to use the undrained strength, but many engineers use design strengths somewhere be

tween the drained and undrained strength.

Unsaturated soils are more complex and thus more difficult to analyze. If the

groundwater table will always be well below the ground surface, many engineers use total

stress parameters er and <l>r based on samples that have been "soaked," but not necessarily

fully saturated, in the laboratory. Another option is to treat such soils as being fully satu

rated and analyze them as such.

'",
.;
~ I
~ 4 :v ,
~ :

.~ 3 Net Dead_ Load Pressure i

~ 2 ----------------------------------~-----------------l-z ,
~ I :e I
v I< 0

1 10 20 30 10 20 31 1012

r-----April -/------ May • r-- June. 1955

Figure 6.13 Rate of loading (Nordlund and Deere, 1970;Reprinted by permissionof ASCE).

Failure

•• 6

3

Early on the morning of June 12, 1955, the elevator collapsed and was completely de
stroyed. This failure was accompanied by the formation of a 6 ft (2 m) bulge, as shown in Figure 6.15.

No geotechnical investigation had been performed prior to the construction of the eleva

tor, but Nordlund and Deere (1970) conducted an extensive after-the-fact investigation. They
found that the soils were primarily saturated clays with s" = 600-1000 Ib/ft2 (30-50 kPa). Bear
ing capacity analyses based on this data indicated a net ultimate bearing capacity of 4110 to

6520 Ib/ft2 (197-312 kPa) which compared well with the q' at failure of 4750 Ib/ft2 (average)
and 5210 Iblft2 (maximum).
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Figure 6.14 Settlementat centroid of
mat (Nordlundand Deere. 1970;
Reprintedby permissionof ASCE).

Sheet
Piling

The average net bearing pressure, q' = q - <7zJJ', caused by the weight of the empty struc
ture was 1590 Ib/ft2 (76.1 kPa). When the bins began to be filled with grain in April 1955, q'
began to rise, as shown in Figure 6.13. In this type of structure, the live load (i.e., the grain) is
much larger than the dead load; so by mid-June, the average net bearing pressure had tripled and
reached 4750 Ib/ft2 (227 kPa). Unfortunately, as the bearing pressure rose, the elevator began to
settle at an accelerating rate, as shown in Figure 6.14.

Figure 6.12 Elevation,views of the elevator (Nordlund and Deere, 1970:Reprinted by permission
of ASCE).
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Probable Sliding
Surface

Boring 3I
:

o 10 20 30

6.5 A 120-ft diameter cylindrical tank with an empty weight of 1,900,000 Ib (including the weight
of the cylindrical mat foundation) is to be built. The bottom of the mat will be at a depth of
2 ft below the ground surface. This tank is to be filled with water. The underlying soil is an
undrained clay with SIt = 1000 Ib/ft2 and"y = 118Ib/ft', and the groundwater table is at a depth
of 5 ft. Using Terzaghi's equations, compute the maximum allowable depth of the water in the
tank that will maintain a factor of safety of 3.0 against a bearing capacity failure. Assume the
weight of the water and tank is spread uniformly across the bottom of the tank.

Note: Unless otherwise stated, all foundations have level bases, are located at sites with level

ground surfaces, support vertical loads, and are oriented so the top of the foundation is flush with
the ground surface.

6.4 A column carrying a vertical downward dead load and live load of 150 k and 120 k, respec
tively, is to be supported on a 3-ft deep square spread footing. The soil beneath this footing is
an undrained clay with Su = 3000 Ib/ft2 and "y= 117 Ib/fi'. The groundwater table is below the

bottom of the footing. Compute the width B required to obtain a factor of safety of 3 against a
bearing capacity failure.

QUESTIONS AND PRACTICE PROBLEMS

Bori~g I
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~
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Figure 6.15 Cross section of collapsed elevator (Nordlund and Deere. 1970; Reprinted

by permission of ASCE).

The investigation of the Fargo Grain Elevator failure demonstrated the reliability of bear
ing capacity analyses. Even a modest exploration and testing program would have produced
shear strength values that would have predicted this failure. If such an investigation had been
performed. and if the design had included an appropriate factor of safety, the failure would not
have occurred. However, we should not be too harsh on the designers, since most engineers in
the early 1950s were not performing bearing capacity analyses.

Although bearing capacity failures of this size are unusual, this failure was not without
precedent. A very similar failure occurred in 1913 at a grain elevator near Winnipeg, Manitoba,
approximately 200 miles (320 km) north of Fargo (Peck and Bryant, 1953; White, 1953; Skaft
feld, 1998). This elevator rotated to an inclination of 27" from the vertical when the soil below

experienced a bearing capacity failure at an average q' of 4680 Ib/ft2 (224 kPa). The soil profile
is very similar to the Fargo site, as is the average q' values at failure.

Geotechnical researchers from the University of lllinois investigated the Winnipeg fail
ure in 1951. They drilled exploratory borings, performed laboratory tests, and computed a net
ultimate bearing capacity of 5140 Iblft2 (246 kPa). Once again, a bearing capacity analysis
would have predicted the failure, and a design with a suitable factor of safety would have pre
vented it. Curiously, the results of their study were published in 1953, only two years before
the Fargo failure. This is a classic example of engineers failing to learn from the mistakes of
others.

1

6.6 A 1.5-m wide, 2.5-m long, 0.5-m deep spread footing is underlain by a soil with c' = 10 kPa,

<1>' = 32°, "y= 18.8 kN/m·~. The groundwater table is at a great depth. Compute the maximum
load this footing can support while maintaining a factor of safety of 2.5 against a bearing ca
pacity failure.

6.7 A bearing wall carries a dead load of 120 kN/m and a live load of 100 kN/m. It is to be sup
ported on a 4QO-mm deep continuous footing. The underlying soils are medium sands with

c' = 0, <1>' = 37°,"y = 19.2 kN/m'. The groundwater table is at a great depth. Compute the mini
mum footing width required to maintain a factor of safety of at least 2 against a bearing capac
ity failure. Express your answer to the nearest 100 mm.

6.8 After the footing in Problem 6.7 was built, the groundwater table rose to a depth of 0.5 m
below the ground surface. Compute the new factor of safety against a bearing capacity failure.
Compare it with the original design value of 2 and explain why it is different.

6.9 A 5-ft wide, 8-ft long, 3-ft deep footing supports a downward load of 200 k and a horizontal

shear load of 25 k. The shear load acts parallel to the 8-ft dimension. The underlying soils
have CT= 500 Ib/ft2, <l>T= 28°, "y= 123 Ib/fe. Using a total stress analysis, compute the factor
of safety against a bearing capacity failure.

6.10 A spread footing supported on a sandy soil has been designed to support a certain column load
with a factor of safety of 2.5 against a bearing capacity failure. However, there is some uncer- ,

tainty in both the column load, P, and the friction angle. <1>. Which would have the greatest im
pact on the actual factor of safety: An actual P that is twice the design value, or actual <I> that
is half the design value? Use bearing capacity computations with reasonable assumed values
to demonstrate the reason for your response.
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(6.39)

(6.38)

6.6 BEARING CAPACITY ANAL VSIS IN SOil-lOCAL AND PUNCHING
SHEAR CASES

As discussed earlier, engineers rarely need to compute the local or punching shear bearing
capacities because settlement analyses implicitly protect against this type of failure. In ad
dition, a complete bearing capacity analysis would be more complex because of the fol
lowing:

• These modes of failure do not have well-defined shear surfaces, such as those

shown in Figure 6.1, and are therefore more difficult to evaluate.

• The soil can no longer be considered incompressible (Ismael and Vesic, 1981).

• The failure is not catastrophic (refer to Figure 6.2), so the failure load is more diffi
cult to define.

• Scale effects make it difficult to properly interpret model footing tests.

Terzaghi (1943) suggested a simplified way to compute the local shear bearing ca
pacity using the general shear formulas with appropriately reduced values of c' and <1>':

I C~dj = 0.67 c' I

I <1>~dj = tan -I (0.67 tan <1>') I

Vesic (1975) expanded upon this concept and developed the following adjustment
formula for sands with a relative density, D" less than 67%: •.

6.7 BEARING CAPACITY ON lA VERED SOilS

Thus far, the analyses in this chapter have considered only the condition where c', <1>', and
'Y are constant with depth. However, many soil profiles are not that uniform. Therefore,
we need to have a method of computing the bearing capacity of foundations on soilS
where c, <1>, and 'Y vary with depth. There are three primary ways to do this:

1. Evaluate the bearing capacity using the lowest values of c', <1>', and 'Y in the zone be
tween the bottom of the foundation and a depth B below the bottom. where B = the
width of the foundation. This is the zone in which bearing capacity failures occur
(per Figure 6.5), and thus is the only zone in which we need to assess the soil para
meters. This method is conservative, since some of the shearing occurs in the other,
stronger layers. However, many design problems are controlled by settlement any
way, so a conservative bearing capacity analysis may be the simplest and easiest so
lution. In other words, if bearing capacity does not control the design even with a
conservative analysis, there is no need to conduct a more detailed analysis.

or 2. Use weighted average values of c', <1>', and 'Y based on the relative thicknesses of
each stratum in the zone between the bottom of the footing and a depth B below the
bottom. This method could be conservative or unconservative, but should provide
acceptable results so long as the differences in the strength parameters are not too
great.

or 3. Consider a series of trial failure surfaces beneath the footing and evaluate the
stresses on each surface using methods similar to those employed in slope stability
analyses. The surface that produces the lowest value of qull is the critical failure sur
face. This method is the most precise of the three. but also requires the most effort
to implement. It would be appropriate only for critical projects on complex soil pro
tiles.

I <1>~dj = tan-I [(0.67 + Dr - 0.75D~) tan <1>'] I

Where:

C'.dj = adjusted effective cohesion

<1>'.dj = adjusted effective friction angle
Dr = relative density of sand, expressed in decimal form (0 ~ Dr~ 67%)

(6.40)
Example 6.5

Using the secondmethod describedabove, compute the factorof safety against a bearingca
pacity failurein the square footing shown in Figure 6.16.

Solution

Although Equation 6.40 was confirmed with a few model footing tests, both meth
ods are flawed because the failure mode is not being modeled correctly. However, local or
punching shear will normally only govern the final design with shallow, narrow footings
on loose sands, so an approximate analysis is acceptable. The low cost of such footings
does not justify a more extensive analysis, especially if it would require additional testing.

An important exception to this conclusion is the case of a footing supported by a
thin crust of strong soil underlain by very weak soil. This would likely be governed by
punching shear and would justify a custom analysis. 1'.,._ :'.-If.

Weightingfactors
Upperstratum: 1.1/1.8 = 0.611
Lowerstratum:0.7/1.8 = 0.389

Weightedvaluesof soil parameters:

c' = (0.611 )(5 kPa) + (0.389)(0) = 3 kPa

<1>' = (0.611)(32°) + (0.389)(38°) = W
'f = (0.611)(18.2 kN/m') + (0.389)(20.1 kN/m') = 18.9 kN/m'
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Figure 6.16 Spread footing for Example 6.6.

Figure 6.17 Spread fOOling on a hard <:rust underlain by softer soils.

The computed factor of safety of 5.7 is much greater than the typical minimum values
of 2.5 to 3.5. Therefore, the footing is overdesigned as far as bearing capacity is con
cerned. However, it is necessary to check settlement (as discussed in Chapter 7) before
reducing the size of this footing. <= Answer

Groundwater case 1 (Dw :0;D)

-y' = -y - -Yw = 18.9 kN/m3 - 9.8 kN/m3 = 9.1 kN/m3

w, = (1.8 m)2(1.5 m)(17.5 kN/m3) + (1.8 m)2(0.4 m)(23.6 kN/m3) = 116 kN

Figure 6.17 shows a layered soil condition that deserves special attention: a shallow
foundation constructed on a thin crust underlain by softer soils. Such crusts are common
in many soft clay deposits, and can be deceiving because they appear to provide good
support for foundations. However, the shear surface for a bearing capacity failure would
extend into the underlying weak soils. This is especially problematic for wide founda
tions, such as mats. because they have correspondingly deeper shear surfaces.

This condition should be evaluated using the third method described above. In addi
tion, the potential for a punching shear failure needs to be checked.

cr~ = ~ -yH - u

qui' = 1.3c'Ne + cr'oNq + 0.4 -yBN~

Use Terzaghi's formula

For <1>' = 34°, Ne = 52.6, Nq = 36.5, N~ = 39.6

P + W, 800kN + 116kN _ 27kPa = 256kPa
q= -A--UD= (1.8m2)

= (1.3)(3)(52.6) + (27)(36.5) + (0.4)(9.1)(1.8)(39.6)

= 1450 kPa

Engineers have had a few opportunities to evaluate the accuracy of bearing capacity
analyses by evaluating full-scale bearing capacity failures in real foundations. and by con
ducting experimental load tests on full-size foundations.

Bishop and Bjerrum (1960) compiled the results of fourteen case studies of failures
or load tests on saturated clays. as shown in Table 6.2, and found the computed factor of
safety in each case was within 10 percent of the true value of 1.0. This is excellent agree
ment. and indicates the bearing capacity analyses are very accurate in this kind of soil.
The primary source of error is probably the design value of the undrained shear strength.
s••.In most practical designs. the uncertainty in s" is probably greater than 10 percent, but
certainly well within the typical factor of safety for bearing capacity analyses.

Shallow foundations on sands have a high ultimate bearing capacity, especially
when the foundation width. B. is large, because these soils have a high friction angle.
Small-model footings. such as those described in Section 6.1. can be made to fail. buLit is
very difficult to induce failure in large footings on sand. For example. Briaud and

6.8 ACCURACY OF BEARING CAPACITY ANALYSES

{=AnswerF = quit _ 1450 kPa
q - 256kPa = 5.7

= (17.5 kN/m3)(1.2 m) + (18.2 kN/m3)(0.7 m) - (9.8 kN/m3)(0.7 m)

= 27 kPa

1
.L



QUESTIONS AND PRACTICE PROBLEMS-SPREADSHEET ANALYSES

6.13 A certain column carries a vertical downward load of 424 k. It is to be supported on a 3-ft

deep rectangular footing. Because of a nearby property line. this footing may be no more than

6.12 a. Using the BEARtNG.XLS spreadsheet, solve Problem 6.7.

b. This footing has been built to the size determined in Part a of this problem. Sometime after
construction, assume the groundwater table rises to a depth of 0.5 m below the ground sur
face. Use the spreadsheet to determine the new factor of safety.
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6.11 A certain column carries a vertical downward load of 1200 kN. It is to be supported on a I m

deep, square footing. The soil beneath this footing has the following properties: 'I = 20.5
kN/m3, c' = 5 kPa, <1>' =36°. The groundwater table is at a depth of 1.5 m below the ground
surface. Using the BEARtNG.XLS spreadsheet, compute the footing width required for a factor
of safety of 3.5.

Bearing capacity analyses can easily be performed using a spreadsheet, such as Microsoft

Excel. These· spreadsheets remove much of the tedium of performing the analyses by

hand. For example, to find the required footing width, the engineer can simply input all of

the other parameters and, through a rapid process of trial-and-error, find the value of B
that produces the required allowable load capacity. Spreadsheets also facilitate "what-if'
studies.

A Microsoft Excel spreadsheet called BEARING.XLS has been developed in conjunc

tion with this book. It may be downloaded from the Prentice Hall web site, as described in

Appendix B. Figure 6.19 shows a typical screen.

6.9 Bearing Spreadsheet

Fi~ure 6.18 Results of static load tests on

full-sized spread footings (Adapted from
Briaud and Gibbens. 1994).

6.9 BEARING SPREADSHEET

Gibbens (1994) conducted static load tests on five spread footings built on a silty fine

sand. The widths of these footings ranged from 1 to 3 m, the computed ultimate bearing

capacity ranged from 800 to 1400 kPa, and the load-settlement curves are shown in Fig

ure 6.18. The smaller footings show no indiction of approaching the ultimate bearing ca

pacity, even at bearing pressures of twice quit and settlements of about 150 mm. The larger
footings appear to have an ultimate bearing capacity close to quit' but a settlement of well

over 150 mm would be required to reach it. These curves also indicate the design of the
larger footings would be governed by settlement, not bearing capacity, so even a conserv

ative evaluation of bearing capacity does not adversely affect the final design. For smaller

footings, the design might be controlled by the computed bearing capacity and might be

conservative. However, even then the conservatism in the design should not significantly
affect the construction cost.

Therefore, we have good evidence to support the claim that bearing capacity analy

sis methods as presented in this chapter are suitable for the practical design of shallow

foundations. Assuming reliable soil strength data is available, the computed values of q"u

are either approximately correct or conservative. The design factors of safety discussed in

Section 6.4 appear to adequately cover the uncertainties in the analysis.
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TABLE 6.2

EVALUATIONS OF BEARING CAPACITY FAILURES ON SATURATED CLAYS
(Bishop and Bjerrum, 1960).

Clay Properties
Computed

Moisture
LiquidPlasticPlasticityLiquidityFactor of

content
limitlimitindexindexSafety

Locality
IVIV/.IVpIpILF

Loading test, Marmoreni

10351520--0.250.92

Kensal Green
1.02

Silo, Transcona

501103080 0.251.09

Kippen

50702842 0.520.95

Screw pile, Lock Ryan
1.05

Screw pile, Newport
1.07

Oil tank, Fredrikstad

45552530 0.671.08

Oil tank A. Shellhaven

70872562 0.731.03

Oil tank B, Shellhaven
1.05

Silo, US

402035 1.370.98

Loading test, Moss

9168 1.391.10

Loading test, Hagalund

68551918 1.440.93

Loading test, Torp

2724 0.96

Loading test, Rygge

4537 0.95
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Figure 6.19 Typical screen from BEARING.XLS spreadsheet.

March 2.3. 2000

Example 6 4

most appropriate for quick hand calculations, whereas Brinch Hansen's are more

useful when greater precision is needed or special loading or geometry conditions
must be considered.

4. Shallow groundwater tables reduce the effective stress in the near-surface soils and

can therefore adversely affect bearing capacity. Adjustment factors are available to
account for this effect.

5. The allowable bearing capacity, qu' is the ultimate bearing capacity divided by a

factor of safety. The bearing pressure, q, produced by the unfactored structural load

must not exceed q",

6. Bearing capacity analyses should be based on the worst-case soil conditions that are

likely to occur during the life of the structure. Thus, we typically wet the soil sam

ples in the lab, even if they were not saturated in the field.

7. Bearing capacity analyses on sands and gravels are normally based on the effective

stress parameters, c' and <1>'. However, those on saturated clays are normally based

on the undrained strength, Sw

8. Bearing capacity computations also may be performed for the local and punching
shear cases. These analyses use reduced values of c' and (V

9. Bearing capacity analyses on layered soils are more complex because they need to

consider the c' and <1>' values for each layer.

10. Evaluations of foundation failures and static load tests indicate the bearing capacity

analysis methods presented in this chapter are suitable for the practical design of
shallow foundations.

416 k

VeSIC

14,097 Ib/ft"2

4,699 Ib/lt"2

T.;:rzaghl

Bearing Capacity

quit = 15,147 Iblft"]
q a ::; 5,049 Ib/ft"\~

AJlowable Column Load

p::; 450 k

Results

3 ft

so SO. Cl. CO. or RE

939 ft

n

E SI orE

2000 Ib/ft"2

(i deg
109Iblft'"'3

4 ft

Factor of Safety
F=

SOil Information

c=

phi ::

gamma ::;
Dw=

Foundabon Information

Shape

8=
L =

D=

Units of Measurement

Vocabulary

5 ft wide. The soil beneath this footing has the following properties: "y= 124 lb/ft', c' = 50

Ib/ft2, <1>' =34°. The groundwater table is at a depth of 6 ft below the ground surface. Using the
BEARING.XLS spreadsheet, compute the footing length required for a factor of safety of 3.0.

Allowable bearing capacity

Apparent cohesion

Bearing capacity factors

Bearing capacity formula

Bearing capacity failure

General shear failure

Local shear failure

Punching shear failure

Ultimate bearing capacity

COMPREHENSIVE QUESTIONS AND PRACTICE PROBLEMS
SUMMARY

Major Points

1. A bearing capacity failure occurs when the soil beneath the footing fails in shear.

There are three types of bearing capacity failures: general shear, local shear, and

punching shear.

2. Most bearing capacity analyses for shallow foundations consider only the general
shear case.

3. A variety of formulas have been developed to compute the ultimate bearing capac
ity, quit. These include Terzaghi's formulas and VesiC's formulas. Terzaghi's are

6.14 Conduct a bearing capacity analysis on the Fargo Grain Elevator (see sidebar) and back

calculate the average undrained shear strength of the soil. The groundwater table is at a depth
of 6 ft below the ground surface. Soil strata A and B have unit weights of 110 lb/ft): stratum D
has 95 Ib/ftJ. The unit weight of stratum C is unknown. Assume that the load on the founda
tion acted through the centroid of the mat.

6.15 Three columns, A, B, and C, are colinear, 500 mm in diameter, and 2.0 m on-center. They
have vertical downward loads of 1000, 550, and 700 kN, respectively, and are to be supported
on a single, 1.0 m deep rectangular combined footing. The soil beneath this proposed footing
has the following properties: "y= 19.5 kN/mJ, c' = 10 kPa, and <1>'= 31°. The groundwater
table is at a depth of 25 m below the ground surface.

.--4-
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a. Determine the minimum footing length, L, and the placement of the columns on the foot
ing that will place the resultant load at the centroid of the footing. The footing must extend
at least 500 mm beyond the edges of columns A and C.

b. Using the results from part a, determine the minimum footing width, B, that will maintain
a factor of safety of 2.5 against a bearing capacity failure. Show the final design in a
sketch.

Hint: Assume a value for B. compute the allowable bearing capacity. then solve for B. Re
peat this process until the computed B is approximately equal to the assumed B.

6.16 Two columns. A and B, are to be built 6 ft 0 in apart (measured from their centerlines). Col
umn A has a vertical downward dead load and live loads of 90 k and 80 k, respectively. Col
umn B has corresponding loads of 250 k and 175 k. The dead loads are always present, but the
live loads mayor may not be present at various times during the life of the structure. It is also
possible that the live load would be present on one column, but not the other.

These two columns are to be supported on a 4 ft 0 in deep rectangular spread footing
founded on a soil with the following parameters: unit weight = 122 lb/ft'. effective friction
angle = 37°. and effective cohesion = 100 lb/ft'. The groundwater table is at a very great
depth.

a. The location of the resultant of the loads from columns A and B depends on the amount of
live load acting on each at any particular time. Considering all of the possible loading con
ditions. how close could it be to column A? To column B?

b. Using the results of part a. determine the minimum footing length, L, and the location of
the columns on the footing necessary to keep the resultant force within the middle third of
the footing under all possible loading conditions. The footing does not need to be symmet
rical. The footing must extend at least 24 in beyond the centerline of each column.

c. Determine the minimum required footing width. B, to maintain a factor of safety of at least
2.5 against a bearing capacity failure under all possible loading conditions.

d. If the B computed in part c is less than the L computed in part b. then use a rectangular
footing with dimensions B x L. If not, then redesign using a square footing. Show your
final design in a sketch.

6.17 In May 1970, a 70 ft tall, 20 ft diameter concrete grain silo was constructed at a site in Eastern
Canada (Bozozuk, 1972b). This cylindrical silo, which had a weight of 183 tons, was sup
ported on a 3 ft wide, 4 ft deep ring foundation. The outside diameter of this foundation was
23.6 ft. and its weight was about 54 tons. There was no structural floor (in other words, the
contents of the silo rested directly on the ground).

The silo was then filled with grain. The exact weight of this grain is not known, but was
probably about 533 tons. Unfortunately. the silo collapsed on September 30. 1970 as a result
of a bearing capacity failure.

The soils beneath the silo are primarily marine silty clays. Using an average undrained
shear strength of 500 Ib/ft', a unit weight of 80 Ib/ft', and a groundwater table 2 ft below the
ground surface. compute the factor of safety against a bearing capacity failure, then comment
on the accuracy of the analysis. considering the fact that a failure did occur.

~
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From decayed fortunes every flatterer shrinks,
Men cease to build where the foundation sinks.

From the seventeenth-century British opera

The Duchess of Malfi by John Webster (1624)

By the 1950s, engineers were performing bearing capacity analyses as a part of many rou

tine design projects. However, during that period many engineers seemed to have the mis

conception that any footing designed with an adequate factor of safety against a bearing ca

pacity failure would not settle excessively. Although settlement analysis methods were

available. Hough (1959) observed that these analyses. if conducted at all, were considered

to be secondary. Fortunately, Hough and others emphasized that bearing capacity and set

tlement do not go hand-in-hand. and that independent settlement analyses also need to be

performed. We now know that settlement frequently controls the design of spread footings,

especially when B is large, and that the bearing capacity analysis is. in fact, often secondary.

Although this chapter concentrates on settlements caused by the application of

structural loads on the footing. other sources of settlement also may be important. These

include the following:

• Settlements caused by the weight of a recently placed fill

• Settlements caused by a falling groundwater table

• Settlements caused by underground mining or tunneling

• Settlements caused by the formation of sinkholes

• Settlements caused by secondary compression of the underlying soils

• Lateral movements resulting from nearby excavations that indirectly cause settle
ments
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a. Detennine the minimum footing length, L, and the placement of the columns on the foot
ing that will place the resultant load at the centroid of the footing. The footing must extend
at least 500 mm beyond the edges of columns A and C.

b. Using the results from part a, determine the minimum footing width, 8, that will maintain
a factor of safety of 2.5 against a bearing capacity failure. Show the final design in a
sketch.

Hint: Assume a value for 8, compute the allowable bearing capacity, then solve for 8. Re
peat this process until the computed 8 is approximately equal to the assumed 8.

6.16 Two columns, A and B, are to be built 6 ft 0 in apart (measured from their centerlines). Col
umn A has a vertical downward dead load and live loads of 90 k and 80 k, respectively. Col

umn B has corresponding loads of 250 k and 175 k. The dead loads are always present, but the
live loads mayor may not be present at various times during the life of the structure. It is also
possible that the live load would be present on one column, but not the other.

These two columns are to be supported on a 4 ft 0 in deep rectangular spread footing
founded on a soil with the following parameters: unit weight = 122 Ib/ft', effective friction
angle = 37°, and effective cohesion = lOO lb/ft'. The groundwater table is at a very great
depth.

a. The location of the resultant of the loads from columns A and B depends on the amount of
live load acting on each at any particular time. Considering all of the possible loading con
ditions, how close could it be to column A? To column B?

b. Using the results of part a, detennine the minimum footing length, L, and the location of
the columns on the footing necessary to keep the resultant force within the middle third of
the footing under all possible loading conditions. The footing does not need to be symmet
rical. The footing must extend at least 24 in beyond the centerline of each column.

c. Detennine the minimum required footing width, 8, to maintain a factor of safety of at least
2.5 against a bearing capacity failure under all possible loading conditions.

d. If the 8 computed in part c is less than the L computed in part b, then use a rectangular
footing with dimensions 8 x L. If not, then redesign using a square footing. Show your
final design in a sketch.

6.17 In May 1970, a 70 ft tall, 20 ft diameter concrete grain silo was constructed at a site in Eastern
Canada (Bozozuk, 1972b). This cylindrical silo, which had a weight of 183 tons, was sup
ported on a 3 ft wide, 4 ft deep ring foundation. The outside diameter of this foundation was

23.6 ft, and its weight was about 54 tons. There was no structural floor (in other words, the
contents of the silo rested directly on the ground).

Ihe silo was then filled with grain. The exact weight of this grain is not known, but was
probably. about 533 tons. Unfortunately, the silo collapsed on September 30, 1970 as a result
of a bearing capacity failure.

The soils beneath the silo are primarily marine silty clays. Using an average undrained
shear strength of 500 Ib/ft', a unit weight of 80 Ib/ft', and a groundwater table 2 ft below the
ground surface, compute the factor of safety against a bearing capacity failure, then comment
on the accuracy of the analysis, considering the fact that a failure did occur.
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From decayed fortunes every flatterer shrinks,
Men cease to build where the foundation sinks.

From the seventeenth-century British opera

The Duchess of Malft by John Webster (1624)

By the 1950s, engineers were performing bearing capacity analyses as a part of many rou

tine design projects. However, during that period many engineers seemed to have the mis

conception that any footing designed with an adequate factor of safety against a bearing ca

pacity failure would not settle excessively. Although settlement analysis methods were

available, Hough (1959) observed that these analyses, if conducted at all, were considered
to be secondary. Fortunately, Hough and others emphasized that bearing capacity and set

tlement do not go hand-in-hand, and that independent settlement analyses also need to be

performed. We now know that settlement frequently controls the design of spread footings,

especially when B is large, and that the bearing capacity analysis is, in fact, often secondary.

Although this chapter concentrates on settlements caused by the application of

slrUcturalloads on the footing, other sources of settlement also may be important. These

include the following:

• Settlements caused by the weight of a recently placed fill

• Settlements caused by a falling groundwater table

• Settlements caused by underground mining or tunneling

• Settlements caused by the formation of sinkholes

• Settlements caused by secondary compression of the underlying soils

• Lateral movements resulting from nearby excavations that indirectly cause settle
ments
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The design of most foundations must satisfy certain settlement requirements, as discussed
in Chapter 2. These requirements are usually stated in terms of the allowable total settle
ment, 8", and the allowable differential settlement, &0", as follows:

7.1 DESIGN REQUIREMENTS

Footing
t

\
Deptbof

Significant
Stress

Penetration

Figure 7.1 The stresses induced by a plate

load test do nOl penetrate very deep into the
soil. so its load-settlement behavior is not

the same as that of a full-sized footing.

(7.1)

(7.2)

~

180 :5 &D<l I

8 = settlement (or total settlement)

8" = allowable settlement (or allowable total settlement)

80 = differential settlement

80" = allowable differential settlement

Where:

The design must satisfy both of these requirements.
Note that there is no factor of safety in either equation, because the factor of safety

is already included in &" and 8D(/" The adjective "allowable" always indicates a factor of
safety has already been applied. The values of &" and 80" are obtained using the tech
niques described in Chapter 2. They depend on the type of structure being supported by
the foundation, and its tolerance of total and differential settlements. This chapter de
scribes how to compute 8 and 80 for shallow foundations.

Both 8 and 80 must be computed using the unfactored downward load as computed
using Equations 2.1 to 2.4. Chapter 8 discusses design loads in more detail.

7.2 OVERVIEW OF SETTLEMENT ANAL VSIS METHODS

of the near-surface soils. This can introduce large errors, and several complete foundation
failures occurred in spite of the use of plate load tests (Terzaghi and Peck, 1967).

In addition, because of the small size of the plate, the test reflects only the proper
ties of the uppermost soils and thus can be very misleading, especially when the soil prop
erties vary with depth. For example, D' Appolonia, et al. (1968) conducted a series of
plate load tests in northern Indiana and found that, even after adjusting the test results for
scale effects, the plate load tests underestimated the actual settlements by an average of a
factor of 2. The test for a certain 12-ft wide footing at the site was in error by a factor
of 3.2.

Because of these problems, and because of the development of better methods of
testing and analysis, current engineering practice rarely uses plate load tests for founda
tion design problems. However, these tests are still useful for other design problems, such
as those involving wheel loads on pavement subgrades, where the service loads act over
smaller areas.

Analyses Based on Plate Load Tests

Some of the earliest attempts to assess settlement potential in shallow foundations con
sisted of conducting plate load tests. This approach consisted of making an excavation to
the depth of the proposed footings, temporarily placing a loft (305 mm) square steel plate
on the base of the excavation, and loading it to obtain in-situ load-settlement data. Usually
the test continued until a certain settlement was reached, then the foundations were de

signed using the bearing pressure that corresponded to some specific settlement of the
plate, such as 0.5 in or 1.0 cm.

Although plate load tests may seem to be a reasonable approach, experience has
proven otherwise. This is primarily because the plate is so much smaller than the founda
tion, and we cannot always extrapolate the data accurately.

The depth of influence of the plate (about twice the plate width) is much shallower
than that of the real footing, as shown in Figure 7.1, so the test reflects only the properties

Analyses Based on Laboratory or In-Situ Tests

Today, nearly all settlement analyses are based on the results of laboratory or in-situ tests.
The laboratory methods are based on the results of consolidation tests, and thus are pri
marily applicable to soils that can be sampled and tested without excessive disturbance.
This is usually the preferred method for foundations underlain by clayey soils.

In-situ methods are based on standard penetration tests, cone penetration tests, or
other in-situ tests. In principle, these methods are applicable to all soil types, but have
been most often applied to sandy soils because they are difficult to sample and thus are
not well suited to consolidation testing.

This chapter discusses both laboratory and in-situ methods. both of which produce
predictions of the total settlement, 8. It also discusses methods of computing the differen
tial settlement, 80,

~
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7.3 INDUCED STRESSES BENEATH SHALLOW FOUNDATIONS

The bearing pressure from shallow foundations induces a vertical compressive stress
in the underlying soils. We call this stress ~O":, because it is the change in stress that is
superimposed on the initial vertical stress:

I ~O": = l,,(q - 0";/)) I (7.3)

Where:

~O": = induced vertical stress due to load from foundation

I" = stress influence factor

q = bearing pressure along bottom of foundation

0" :JJ' = vertical effective stress at a depth D below the ground surface

The q term reflects the increase in vertical stress caused by the applied structural
load and the weight of the foundation, while the aof)' term reflects the reduction in vertical
stress caused by excavation of soil to build the foundation. Thus, ~O"o reflects the net re
sult of these two effects.

Immediately beneath the foundation, the applied load is distributed across the base
area of the foundation, so I" = 1. However, as the load propagates through the ground, it is
spread over an increasingly larger area, so ~O": and I" decrease with depth, as shown in
Figure 7.2.

Boussinesq's Method

1 7.3 Induced Stresses Beneath Shallow Foundations

2

~
~

Continuous Footing

211

Boussinesq (1885) developed the classic solution for induced stresses in an elastic mater
ial due to an applied point load. Newmark (1935) then integrated the Boussinesq equation
to produce a solution for I" at a depth zf beneath the corner of a rectangular foundation of
width B and length L, as shown in Figure 7.3. This solution produces the following two
equations:

If B2 + L2 + i} < B2L2/zl

1 [( 2BLzf YB2 + L2 + zj ) (B2 + L2 + 2zJ)I" = 4'TT zj (B2 + L2 + zj) + B2L2 B2 + L2 + zj

2BLz YB2 + L2 + Z2 ]
+ 'TT - sin-1 f f

ir (B2 + L2 + ir) + B2L2f f

(7.4)
2

4

5

o I I 0
Yf/B

Yf = horizontal distance from centerHne of footing

zf = depth below bottom of footing
B = footing width

la = stress innence factor

YJlB

Otherwise:

1 [( 2BLz YB2 + L2 + Z2 ) (B2 + L2 + 2ir)
I -_ f f f

" - 4'TT zj (B2 + L2 + zj) + B2L2 B2 + L2 + zj

. _ 2BLzrYB2 + L2 + zJ ]
+ SIn 1 _

zj (B2 + e + zj) + B2L2

(7.5)

Figure 7.2 Stress bulbs based on Newmark's solution of Boussinesq's equation for square and continuous footings.



Notes:

1. The sin-1 term must be expressed in radians.

2. Newrnark's solution is often presented as a single equation with a tan-I term, but

that equation is incorrect when B2 + L2 + zl < B2L2!z/

3. It is customary to use B as the shorter dimension and L as the longer dimension, as
shown in Figure 7.3.

where:

/" = strain influence factor at a point beneath the corner of a rectangular founda-
tion

B = width of the foundation

L = length of the foundation

zf= vertical distance from the bottom of the foundation to the point (always> 0)
q = bearing pressure

Using superposition, Newmark's solution of Boussinesq's method also can be used
to compute /la, at other locations, both beneath and beyond the footing. This technique is
shown in Figure 7.4, and illustrated in Example 7.2.

I
j
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I [( 2BLzJ YW + L2 + zJ ) (B2 + L2 + 2Z;)Irr = 41T z} (B2 + L2 + z}) + B2L2 B2 + L' + :}

+ . _I 2BLz,YB2 + L2 + z; ]
sm -------

z} (B2 + L2 + z}) + B2L'

= ~ [( 2(1.2)(1.2)(1.5) v'5.i3O ) ((1.2)2 + (1.2)' + 2(1.5)2)41T (1.5)'(5.130) + (1.2)'(1.2)2 5.130

. _I 2(1.2)(1.2)(1.5) \1'5.130 ]
+ sm -------

(1.5)2(5.130) + (1.2)2(1.2)2

= 0.146

6.a, = Irr(q - a;o)

= (0.146)(181 - 6)

= 26 kPa <= Answer

P+Wj 250kN+lOkN
q = -- - Uo = ------ 0 = 181kPa

A (1;2 m)2

B2 + L2 + :; = 1.22+ 1.22+ 1.52= 5.130
B2L21zi = (1.2)2(1.2)2/(1.5)2= 0.9216
B2 + L2 + :; > B2L2/z;. Therefore, use Equation 7.5

7.3 Induced Stresses Beneath Shallow Foundations
7~~,

I
I
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Figure 7.3 Newmark's solution for in
duced vertical stress beneath the corner of a

rectangular footing.
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Example 7.1

Al.2 m x 1.2m square footing supportsa columnload of 250 kN. The bottomof this footing
is 0.3 m below the ground sUIface,the groundwater table is at a great depth, and the unit
weight of the soil is 19.0 kN/m3• Compute the induced vertical stress, 6.a" at a point 1.5 m
below the cornerof this footing.

Footing

F

E

C

B

Solution

To Compute Stress at Point A Due to Load from Footing EFHI:
(dcr/)A = (dcr/)ACGt- (dcr/)ACDF- (dcr/)ABGH + (dcr,,')ABDE

Unless stated otherwise, we can assume the top of this footing is essentially flush with the
groundsurface.

a';]) = 'VD - u = (19.0 kN/m3)(0.3 m) - 0 = 6 kPa

Wf = (1.2 m)(1.2 m)(O.3m)(23.6 kN/m3) = 10kN

Figure 7.4 Using Newmark's solution and
superposition to find the induced vertical

stress at any point beneath a rectangular
footing.

G D A

L-j1,
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1 7.3 Induced Stresses Beneath Shallow Foundations 215.

Example 7.2

Compute the induced vertical stress, Aa:, at a point 1.5m below the center of the footingde
scribed in Example7.1.

Solution

Since Newmark's solution of Boussinesq's equation considersonly stressesbeneath the cor
ner of a rectangular footing, we must divide the real footing into fourequal quadrants.These
quadrants meet at the center of the footing, which is where we wish to compute Aa,. Since
each quadrant imparts one-quarter of the total load on one-quarterof the total base area, the
bearingpressure is the same as computed in Example7.1. However,the remainingcomputa
tions must be redone using B = L = 1.2m/2 = 0.6 m.

B2 + L2 + z] = 0.62 + 0.6' + 1.52= 2.970
B2L2iz7 = (0.6)'(0.6)'/(1.5)2 = 0.0576
B2 + L2 + zj > B'L'/z7- Therefore, use Equation7.5

The Westergaard solution produces ~<T, values equal to or less than the Boussinesq
values. As Poisson's ratio, v, increases, the computed stress becomes smaller, eventually
reaching zero at v = 0.5. Although some geotechnical engineers prefer Westergaard, at
least for certain soil profiles, Boussinesq is more conservative. and probably more appro
priate for most problems.

Simplified Method

The Boussinesq equations are tedious to solve by hand, so it is useful to have simple ap
proximate methods of computing stresses in soil for use when a quick answer is needed.
or when a computer is not available.

The following approximate formulas compute the induced vertical stress. <T,. be
neath the center of a shallow foundation. 1 They produce answers that are within 5 percent
of the Boussinesq values, which is more than sufficient for virtually all practical prob
lems.

For circular foundations (adapted from Poulos and Davis. 1974):

I [( 2BLzrVB2 + L2 + z] ) (B2 + L2 + 2Z7)lIT = -4 ' (' , ') 2" ., "l .,'IT Zj B- + L- + Zj + B L- B- + L- + z(

2BLz VB2 + L' + Z2 ]
+ sin-I- ., 1., ., .f .,

Zj (B2 + L- + Zj) + B2L-

= ~ [( 2(0.6)(0.6)(1.5) v'2.97O ) (0.6)2 + (0.6)2 + 2(1.5)')4'IT (Q)'(2.970) + (0.6)'(0.6)2 2.970

. _I 2(0.6)(0.6)(1.5) '112.970 ]
+ sm -------

(1.5)'(2.970) + (0.6)2(0.6)2

= 0.602

Since there are four identical "sub-footings,"we must multiply the computedstress by four.

Aa: = 4 Ja(q - a~)

= 4(0.602)(181 ..,.6)

[ ( I ) 1.50]A<T,= 1- I + (~)' (q-<T~/))

For square foundations:

[ ( I )1.76]A<T, = I - I + (~)' (q - <T;/))

For continuous foundations of width B:

au, ~ [1- (I + (~)' r}-.~)

(7.6)

(7.7)

(7.8)

= 42kPa {=Answer

For rectangular foundations of width B and length L:

'Equations 7.4 and 7.5 compute the induced vertical stress beneath the comer of the loaded area. while Equa

tions 7.6 to 7.9 compute it beneath the ,.•.oler of the loaded area.

Westergaard's Method

Westergaard (1938) solved the same problem Boussinesq addressed, but with slightly
different assumptions. Instead of using a perfectly elastic material, he assumed one that
contained closely spaced horizontal reinforcement members of infinitesimal thickness,
such that the horizontal strain is zero at all points. His equation also can be integrated over
an area and thus may be used to compute ~<T, beneath shallow foundations (Taylor,
1948).

ACT, =
[ ( I )2'60-0'84BIL]I - I + (~) 1.38+0.628/L (q - <T~)

(7.9)



7.2 Examine the stress bulbs for square and continuaus faatings shown in Figure 7.2. Why do.

thase far continuous faatings extend deeper than those for square foatings?

7.1 The consalidatian settlement camputations described in Chapter 3 considered 1l0', to. be can
stant with depth. Hawever, in this chapter. ~O', decreases with depth. Why?
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7.3 A 1500-mm square, 400-mm deep square faoting supports a column laad af 350 kN. The un

derlying soil has a unit weight of 18.0 kN/m.1 and the graundwater table is at a depth of 2 m
belaw the ground surface. Compute the change in vertical stress. 1l0'" beneath the center af
this faoting at a paint 500 mm belaw the battam af the faating:

a. Using the simplified methad .

b. Using Newmark's integratian of Boussinesq's method.

7.4 Settlement Analyses Based on Laboratory Tests

QUESTIONS AND PRACTICE PROBLEMS
1!

-=
c."
Cl
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Figure 7.5 Distributionof induced stress.
.lo.. in layered strata.

Where:

6.<T: = induced vertical stress beneath the center of a foundation

B = width or diameter of foundation

L = length of foundation

zf = depth from bottom of foundation to point

q = bearing pressure

<T:v' = vertical effective stress at a depth D below the ground surface

7.4 A column that carries a vertical dawnward load af 120 k is supparted an a 5-ti square. 2-ti
deep spread footing. The sail belaw has a unit weight af 124Ib/ft·' abave the groundwater table
and 127 lb/ft' belaw. The ground water table is at a depth af 8 ft below the ground surface.

a. Develop a plat of the initial vertical stress, 0' ~,', (i.e., the stress present before the faating
was built) vs. depth from the ground surface to. a depth of 15 ti belaw the ground surface.

b. Using the simplified method, develap a plat of ~O', vs. depth below the center af the bot
tarn af the faating and plot it on the diagram develaped in part a.

c. Using Newmark's integratian af Baussinesq's methad, campute 1l0', at depths of 2 ft and
5 ft below the center of the battam af the foating and platthem on the diagram.

7.4 SETTLEMENT ANALYSES BASED ON LABORATORY TESTS

Stresses in Layered Strata

Thus far, our computations have assumed the soil beneath the foundation is homoge

neous, which in this context means the modulus of elasticity, E, shear modulus, G, and

Poisson's ratio, v, are constants. This is an acceptable assumption for many soil profiles,

even when there are only slight variations in the soil. However, when the strata beneath

the foundation are distinctly stratified, the stress distribution changes.

One common condition consists of a soil layer underlain by a much stiffer bedrock

(Et < E2), as shown in Figure 7.5. In this case, there is less spreading of the load, so the

induced stresses in the soil are greater than those computed by Boussinesq. Conversely, if

we have a stiff stratum underlain by one that is softer (E, > E2), the load spreading is en

hanced and the induced stresses are less than the Boussinesq values.

Usually, engineers do not explicitly consider these effects, but we must be mindful

of them to properly interpret settlement analyses. Poulos and Davis (1974) provide meth

ods for computing these stresses in situations where an explicit analysis is warranted. Al

ternatively, a finite element analysis could be used.

Many different physical processes can contribute to settlement of shallow foundations.

Some of these, as listed on the first page of this chapter, are beyond the scope of our dis

cussion. However, the most common source of settlement, and usually the only signifi

cant source, is consolidation. In Chapter 3 we reviewed the process of consolidation, and

noted that it is caused by shifting of the solid particles in response to an increase in the
vertical effective stress.

To evaluate consolidation settlement, we begin by drilling exploratory borings into

the ground and retrieving undisturbed soil samples. We then bring these samples to a soil
mechanics laboratory and conduct consolidation tests, which measure the stress-strain

properties of the soil. The test results are presented in terms of Cc, C,.. eo, and <Tu:' as dis

cussed in Chapter 3. Finally, we perform settlement analyses based on these parameters.

This approach is usable only if we can obtain good-quality samples suitable for con

solidation testing. Such samples can easily be obtained in most clayey or silty soils. How
ever, they are very difficult to obtain in clean sands. Therefore, the methods discussed in

this section are most applicable to foundations to be supported on clays or silts. Settle

ment of foundations on sands is most often evaluated using in-situ tests, as discussed in
the next section.
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Classical Method

Computation of Effective Stresses

We will cover two methods of using consolidation test data to compute total settle
ment: The classical method and the Skempton and Bjerrum method.

The classical method of computing total settlement of shallow foundations is based on

Terzaghi's theory of consolidation. It assumes settlement is a one-dimensional process, in
which all of the strains are vertical.

However, such an analysis would not apply to square spread footings, such as the
one shown in Figure 7.6, because footings are much more rigid than plate steel tank
floors. Although the center of the footing "wants" to settle more than the edge, the rigidity
of the footing forces the settlement to be the same everywhere.

A third possibility would be a mat foundation, which is more rigid than the tank, but
less rigid than the footing. Thus, there will be some differential settlement between the
center and the edge, but not as much as with a comparably-loaded steel tank. Chapter 10
discusses methods of computing differential settlements in mat foundations, and the cor
responding flexural stresses in the mat.

When performing settlement analyses on spread footings, we account for this rigid
ity effect by computing the settlement using AlJ': values beneath the center of the footing,
then multiplying the result by a rigidity factor, r. Table 7.1 presents r-values for various
conditions.

Many engineers choose to ignore the rigidity effect (i.e., they use r = I for all con
ditions), which is conservative. This practice is acceptable, especially on small or moderate
size structures, and usually has a small impact on construction costs. The use of r < I is
most appropriate when the subsurface conditions have been well defined by extensive
subsurface investigation and laboratory testing, which provides the needed data for a
more "precise" analysis.

(7.10)
I lJ';j = lJ';0 + AlJ', I

To apply Terzaghi's theory of consolidation, we need to know both the initial vertical ef
fective stress, lJ':0', and the final vertical effective stress, lJ',/, at various depths beneath the
foundation. The values of lJ':0' are computed using the techniques described in Section 3.4,
and reflect the pre-construction conditions (i.e., without the proposed foundation). We
then compute lJ' ,,/ using the following equation:

Foundation Rigidity Effects Settlement Computation

According to Figure 7.2, the value of AlJ'z is greater under the center of a foundation than
it is at the same depth under the edge. Therefore, the computed consolidation settlement
will be greater at the center.

For example, consider the cylindrical steel water tank in Figure 7.6. The water inside
the tank weighs much more than the tank itself, and this weight is supported directly on the
plate-steel floor. In addition, the floor is relatively thin, and could be considered to be per
fectly flexible. We could compute the settlement beneath both the center and the edge,
using the respective values of AlJ',. The difference between these two is the differential set
tlement, liD'which could then be compared to the allowable differential settlement, &D"'

SteelTank

We compute the consolidation settlement by dividing the soil beneath the foundation into
layers, computing the settlement of each layer, and summing. The top of first layer should
be at the bottom of the foundation, and the bottom of the last layer should be at a depth
such that AlJ', < 0.10 lJ',o', as shown in Figure 7.7. Unless the soil is exceptionally soft, the
strain below this depth is negligible, and thus may be ignored.

TABLE 7.1 r-VALUES FOR COMPUTATION OF TOTAL SETTLEMENT
AT THE CENTER OF A SHALLOW FOUNDATION, AND METHODOLOGY
FOR COMPUTING DIFFERENTIAL SETTLEMENT

Foundation

Figure7.6 Influenceof foundationrigidityon settlement.Thesteeltankontheleftis
veryflexible.so thecentersettlesmorethantheedge.Conversely,thereinforcedcon
cretefootingonTherightisveryrigid, andthussettlesuniformly.

Foundationrigidity

Perfectlyflexible
(i.e., steel tanks)

Intermediate
(i.e., mat foundations)

Perfectlyrigid
(i.e., spread footings)

r for computationof 3
at center of foundation

1.00

0.85-1.00,

typicallyabout 0.90

0.85

Methodologyfor computing3D

ComputeLl.crzbelowedge and use r = 1.

Use methoddescribedin Chapter 10.

Entire footingsettlesuniformly,so long as
bearingpressureis uniform.Computedif
ferentialsettlementbetweenfootingsor
along lengthof continuousfooting using
methoddescribedin Section7.7.
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Since strain varies nonlinearly with depth, analyses that use a large number of thin

layers produce a more precise results than those that use a few thick layers. Thus, com

puter analyses generally use a large number of thin layers. However, this would be too te
dious to do by hand, so manual computations normally use fewer layers. For most soils,

the guidelines in Table 7.2 should produce reasonable results.
The consolidation settlement equations in Chapter 3 (Equations 3.25-3.27) must be

modified by incorporating the r factor, as follows:

Where:

Example 7.3

B

2B

4B

Continuous Footing

Approximate Layer Thickness

B/2

B

2B

Square Footing

I
2

3

Layer Number

As discussed earlier, many engineers choose to ignore the rigidity effect, which

means the r factor drops out of these equations.

3, = ultimate consolidation settlement

r = rigidity factor (see Table 7.1)

C, = compression index

C,. = recompression index

eo = initial void ratio

H = thickness of soil layer

aj( = initial vertical effective stress at midpoint of soil layer

a,/ = final vertical effective stress at midpoint of soil layer

cr/ = preconsolidation stress at midpoint of soil layer

TABLE 7.2 APPROXIMATE THICKNESSES OF SOIL LAYERS FOR MANUAL
COMPUTATION OF CONSOLIDATION SETTLEMENT OF SHALLOW FOUNDATIONS

I. Adjust the number and thickness of the layers to account for changes in soil propenies. Locate each layer en

tirely within one soil stratum.

2. For rectangular footings, use layer thicknesses between those given for square and continuous footings.

3. Use somewhat thicker layers (perhaps up to 1.5 times the thicknesses sho" nj if the ground water table is very
shallow.

4. For quick, but less precise, analyses, use a single layer with a thickness of about 38 (square footings) or 68

(continuous footings).

(7.11)
. C, (a;,)3, = r2:--Hlog -,

I + eo er:o

p-1'1
1=_------._1

For normaily consolidated soils (a:o' '" a,.'):

Figure 7.7 The classical method divides
the soil beneath the footing into layers. The

best precision is obtained when the upper

most layer is thin. and they become progres

sively thicker with depth.

For overconsolidated soils-Case I (a:j' < er,.'):

Cr (er;,)3, = r2:--Hlog ~
I + eo er:o

(7.12)

The allowable settlement for the proposed square footing in Figure 7.8 is 1.0 in. Using the
classical method, compute its settlement and determine if it satisfies this criterion.

Solution

For overconsolidated soils-Case II (a:o' < a,.'< er,/):

[ Cr ( a;.) C, (a~,)]3, = r2: --Hlog -, + --Hlog ~
I + eo er:o I + eo a,

(7.13)

W, = (6 ft)2(2 ft)(150 lb/ft) = 10,800 Ib

p + W, 100,000 Ib + 10.800 Ib ,

q = -- - UD = ()' - 0 = 3078 Ib/ft-A 6ft-

<T;" = (1I5Ib/ft3)(2 ft) = 230lb/ft'

]...
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lOOk

~

2ft

I, 6ft I

10ft

Example 7.4

The allowable settlement for the proposed continuous footing in Figure 7.9 is 25 mm. Using
the classical method. compute its settlement and determine if it satisfies this criterion.,

Solution

P = PI) + PL = 40 kN/m + 25 kN/m = 65 kN/m

W,/b = (1.2 m)(O.5 m)(23.6 kN/m') = 14 kN/m

P/b + W,/b 65 kN/m + 14 kN/m

q = B' - UI) = 1.2 m - 0 = 66 kPa

s. = 3000 Ibln2
c,,/(I+e) = 0.11
Cr/(1 +e) = 0.02

cr,: =40001bln2
y = 1151blftl

er~1) = (18.0 kN/m')(0.5 m) = 9 kPa

Using Equations 3.13. 3.23. 7.7. 7.\0. 7.12. and 7.13 with r= 0.85,

Figure 7.8 Proposed spread footing for

Example 7.3.

Using Equations 3.13, 7.7, 7.10, and 7.12 with r = 0.85,

At midpoint of soil layer
Layer

H O'~<ler_a~
, C,. Cr

8,.er,.
----

No. (ft)Zj (ft)(lb/ft")(lb/fi2)(lb/ft")(lb/ft2)CaseI + eoI + eo(in)

1

3.01.5402268030824402QC-l-0.110.020.54

2

6.06.092092518454920QC-I0.110.020.37

3

12.015.0151819017085518QC-I0.110.020.13-2= 1.04

Round off to II = 1.0 in

~Answer

8 S 80, so the settlement criterion has been satisfied

~Answer

Note: In this case. errn' > q. so the soil must be overconsolidated case 1. Therefore. there is no
need to compute er,.', or to list the C/(l +eo) values. J Figure 7.9 Proposed fOOling for Exam

pie 7.4.
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In addition, Skempton and Bjerrum accounted for differences in the way excess
pore water pressures are generated when the soil experiences lateral strain. This is re
flected in the parameter 1jI, as shown in Figure 7.11.

According to Skempton and Bjerrum's method, the settlement of a shallow founda
tion is computed as:

when a load is placed on a bowl of Jello®, and occurs immediately after application
of the load.

• Consolidation settlement, 3, (also known as primary consolidation settlement), is
that caused by the change in volume of the soil that results from changes in the ef
fective stress.

At midpointof soil layer

Layer

H (J~Aa,a;
, Cc C,

8,.a,. ----
No. (m)Zf(m)(kPa)(kPa)(kPa)(kPa)CaseI + eoI + eo(mm)

I

1.00.50185068318QC-I0.130.0420

2

1.01.50362763336OC-I0.130.048

3

1.52.7551156661OC-I10.130.04]0

4

2.04.506587375OC-I0.130.043

5

3.07.0087592487OC-I0.160.053-~= 44

8 = 44 mm <= Answer 8 > 8",so the settlement criterion has not been satisfied

<=Answer

Skempton and Bjerrum Method

The classical method is based on the assumption that settlement is a one-dimensional
process in which all of the strains are vertical. This assumption is accurate when evaluat
ing settlement beneath the center of wide fills, but it is less accurate when applied to shal
low foundations, especially spread footings, because their loaded area is much smaller.
Therefore, Skempton and Bjerrum (1957) presented another method of computing the
total settlement of shallow foundations. This method accounts for three-dimensional ef

fects by dividing the settlement into two components:

13 = 3" + 1j13, I

Where:

3 = settlement

3,/= distortion settlement (per Equation 7.15)

IjI = three-dimensional adjustment factor (from Figure 7.11)

3, = consolidation settlement (per Equations 7.4-7.13)

Based on elastic theory, the distortion settlement is:

3" = (q - a;,,)B
E Ill," -

(7.14)

(7.15)

1.11

II.X

IXIt>6 X III 12 14

OvcrconsoliJalion Ralio. OCR

4

0.4

11.2
o

'1111.6

Figure 7.11 ljJ factors for Skempton and
Bjem.m method (Adapted from Leonards.
1976).

p

~

• Distortion settlement, 3", (also called immediate settlemellf, initial settlement, or
undrained settlement) is that caused by the lateral distortion of the soil beneath the
foundation, as shown in Figure 7.10. This settlement is similar to that which occurs

Figure 7.10 Distortion settlement beneath

a spread footing.

-l
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Where:

Figure 7.12 Influence factors I, and I, for use in Equation 7.15 (Adapted from Christian and Car

rier, 1978; used with permission). The recommended function for continuous footings is the au

thor's interpretation. z, is the distance from the bottom of the fooling to some very hard strata, such

as bedrock. Usually, the zJB ratio is very large.

Janbu, Bjerrum, and Kjaemsli (1956) first proposed this formula. Since then, Christian
and Carrier (1978) revised the procedure and Taylor and Matyas (1983) shed additional
light on its theoretical basis. The updated influence factors are shown in Figure 7.12.

(7.16)lE" = 300s" I

E" = 300 s" = (300)(3000 Ib/ft2) = 900,000 [b/ft2

DIB = 2/6 = 0.3 :.11 = 0.98

LIB = I, z,./B = 00 :. 12 = 0.7

The thickness of the silty clay stratum is not given, but it appears to extend to a great depth.
Therefore, use a large value of z,.
Distortion settlement

Eql:lation 7.15 implicitly uses a Poisson's ratio of 0.5, which is the usual design
value for saturated soils.

The undrained modulus of elasticity, E", is the most difficult factor to assess. Soil
does not have linear stress-strain properties, so E" must represent an equivalent linear ma
terial. One method of measuring it is to apply incremental loads on an undisturbed sample
in a triaxial compression machine and measure the corresponding deformations. Unfortu
nately, this method tends to underestimate the modulus, sometimes by a large margin (Si
mons, 1987). It appears that measurements of the modulus are exceptionally sensitive to
sample disturbance and the test results can be in error by as much as a factor of 3. Al
though careful sampling and special laboratory test techniques can reduce this error, di
rect laboratory testing is generally not a reliable method of measuring the modulus of
elasticity.

Normally, geotechnical engineers obtain E" for this analysis using empirical corre
lations with the undrained shear strength, s". This is convenient because we already have
s" from the bearing capacity analysis, and thus don't need to spend any extra money on
additional tests. This correlation is very rough, and the ratio EJs" varies between about
100 and 1500 (Duncan and Buchignani, 1976). However, the following equation should
produce ad values that are accurate to within ±5 mm, which should be sufficient for nearly
all design problems:

If the soil has a large organic content, the modulus may be smaller than suggested
by Equation 7.16 and the distortion settlement will be correspondingly higher. For exam
ple, Foott and Ladd (1981) reported E" ~ 100 s" for normally consolidated Taylor River
Peat at shear stress levels comparable to those that might be found beneath a spread foot
ing.

If the computed distortion settlement is large, it may be necessary to obtain a more
precise assessment of E", perhaps using pressuremeter or dilatometer tests. In that case, a
more sophisticated analysis, such as that proposed by D' Appolonia, Poulos, and Ladd
(1971) may be justified.

Example 7.5

Solve Example 7.3 using the Skempton and Bjerrum method.

Solution

~

Zh E"

Continuous (LIB = ~ )
2.5

2.0
E

IIwr~b
1.5

12
1.0 t I/£----4d

Square
0.51

~I ICircul

0

0.1
1101001000

Zh/B

p

r~~
I, B I I

ad = distortion settlement

q = bearing pressure

rr:f)' = vertical effective stress at a depth D below the ground surface
B = foundation width

1,,12 = influence factors (per Figure 7.12)

E" = undrained modulus of elasticity of soil

1.0

"~ut:0.8

0

5101520
DIB
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8" = (q - a',D)BE 1,1," -

(3078Ib/ft' - 230 lb/ft')(6 ft)

= 900,000 lb/ft' (0.98)(0.7)

= 0.013 ft

8. Using Equation 7.11, 7.12, or 7.13, compute 8" for each layer, then sum. Note that
the some layers may require the use of one of these equations, while other layers
may require another. If using the classical method, this is the computed settlement.

If the analysis is being performed using the Skempton and Bjerrum method, con
tinue with the following steps:

= 0.2 in

Consolidationsettlement

Per Figure7.11, use \jI = 0.9

Total settlement

8 = 8" + \jI8, = 0.2 in + (0.9)(1.0 in) = 1.1 in

General Methodology

*=Answer

9. Determine the average undrained shear strength, s", in the soils between the bottom
of the footing and a depth B below the bottom, then use Equation 7.16 to estimate
the undrained modulus, E",

10. Use Equation 7.15 to compute the distortion settlement, 8,/.

11. Use Figure 7.11 to determine the three-dimensional adjustment coefficient, 1jI.

12. Compute the settlement using Equation 7.14.

QUESTIONS AND PRACTICE PROBLEMS

In summary, the general methodology for computing total settlement of shallow founda
tions based on laboratory tests is as follows:

1. Drill exploratory borings at the site of the proposed foundations and obtain undis
turbed samples of each soil strata. Also use these borings to develop a design soil
profile.

2. Perform one or more consolidation tests for each of the soil strata encountered be
neath the foundation, and determine the parameters C,f( I + eo), C/( I + eo)' and er,,:

for each strata using the techniques describe in Chapter 3. In many cases, all of the
soil may be considered to be a single stratum, so only one set of these parameters is
needed. However, if multiple clearly defined strata are present, then each must have
its own set of parameters.

3. Divide the soil below the foundation into layers. Usually, about three layers provide
sufficient accuracy, but more layers may be necessary if multiple strata are present
or if additional precision is required. For square foundations, the bottom of the low
est layer should be about 3B to 5B below the bottom of the foundation; for continu
ous foundations it should be about 6B to 9B below the bottom of the foundation.

When using three layers, choose their thicknesses approximately as shown in Table
7.2.

4. Compute er,o at the midpoint of each layer.

5. Using any of the methods described in Section 7.3, compute Aer, at the midpoint of
each layer. For hand computations, it is usually best to used Equations 7.6 to 7.9.

6. Using Equation 7.10, compute er,/ at the midpoint of each layer.

7. If the soil might be overconsolidated case n, use Equation 3.23 to compute er,' at
the midpoint of each layer.

-L

7.5 A proposedoffice buildingwill include an 8-ft 6-in square, 3-ft deep spread footing that will
support a verticaldownward load of 160k. The soil below this footingis an overconsolidated
clay (OC case I) with the following engineering properties:CJ(\ + e,,) = 0.10, C,.I(\ + e,,) =
0.022, and 'I = 113lb/ft.1.This soil strata extends to a great depth and the groundwatertable is
at a depth of 50 ft below the ground surface. Using the classicalmethodwith hand computa
tions, determinethe total settlementof this footing.

7.6 A 1.0-msquare,0.5-m deep footingcarries a downward load of 200 kN. It is underlainby an
overconsolidated clay (OC case I) with the following engineering properties: C, = 0.20,
C,_ = 0.05, e = 0.7, and 'I = 15.0 kN/m' above the groun~watertable and 16.0 kN/mJ below.
The groundwatertable is at a depth of 1.0 m below the ground surface.The secondarycom
pression settlement is negligible. Using the classical method with hand computations,deter
mine the total settlementof this footing.

7.7 Solve Problem7.5 using Skemptonand Bjerrum's methodwith s" = 3500 lb/ft2and OCR = 3.

7.8 SolveProblem7.6 using Skemptonand Bjerrum's methodwith s" = 200 kPa and OCR = 2.

7.5 SETTLEMENT SPREADSHEET

Settlement analyses of shallow foundations, as presented in Section 7.4, can be performed
using a spreadsheet such as Microsoft® Excel. Such spreadsheet solutions allow the use of
much thinner layers, which improves accuracy and flexibility, and allows the analyses to
be performed much more quickly. Spreadsheets are especially useful when the engineer
wishes to size a footing to satisfy a particular settlement criterion, which is the most com
mon design problem. Such analyses may be performed by quickly trying various values of
footing width, B, until the required settlement is obtained.
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March :23,~OOO

Example 7 4

UnIts SI E or SI

Shape CO SQ, Cl, CO, or RE
B:. 12 m

L:;: m

D = 05 m

p = 65 kNlm

Dt.I::: 1"':, m

I] 35

Results

q = 66 kPa

,j~lta = 48 90 mm

a,: = 5000 lb/ftz, and 'Y= 118Ib/ftJ• This soil strata extends to a great depth and the groundwa
tertable is at a depth of 10 ft below the ground surface. The allowable settlement is 1.0 in. Using
the SETTLEMENT.XLS spreadsheet, develop a plot of allowable column load vs. footing width.

7.6 SETTLEMENT ANALYSES BASED ON IN-SITU TESTS

The second category of settlement analysis techniques consists of those based on in-situ
tests. Most of these analyses use results from the standard penetration test (SPT) or the
cone penetration test (CPT). However, other in-situ tests, especially the dilatometer test
(DMT) and the pressure meter test (PMT) also may be used.

In principle, settlement analyses based on in-situ tests are suitable for all soil types.
However, in practice they are most often used on sandy soils, because they are so difficult
to sample. Many different methods have been proposed (for example, Meyerhof, 1965,
Burland and Burbidge, 1985), but we will consider only Schmertmann's method.

Figure 7.13 Typical screen from SETTLEMENT.XLS spreadsheet.

A Microsoft Excel spreadsheet SEITLEMENT.XLS has been developed in conjunction
with this book and may be downloaded from the Prentice Hall website. Downloading in
structions are presented in Appendix B. A typical screen is shown in Figure 7.13.

Equivalent Modulus of Elasticity

Schmertmann's method (Schmertmann, 1970, 1978; and Schmertmann, et aI., 1978) was
developed primarily as a means of computing the settlement of spread footings on sandy
soils. It is most often used with cone penetration test (CPT) results, but can be adapted to
other in-situ tests. This method was developed from field and laboratory tests, most of
which were conducted by the University of Florida. Unlike many of the other methods,
which are purely empirical, the Schmertmann method is based on a physical model of set
tlement, which has been calibrated using empirical data.

Schmertmann's Method
Cc/(1+e) Cr/(1+>?) slgmam'r)amma zf sl'Jmac' sJt;lmaZrj'dBltasigma "31'JlT

(kPa) (~,NJm"2.) imOI ~kPa) 'l.;Pa) (kPa) (!<.F
0.5 IS
06 013 004 300 13 005 310
0.1 013 004 300 18 015 312

Depth to SOil Laver

Top E·otte·m

~ (m)
00
05
06

aUESTIONS AND PRACTICE PROBLEMS-SPREADSHEET ANALYSES

7.9 Using the SETTLEMENT.XLS spreadsheet, solve Problem 7.5. Since the soil is stated as being
"overconsolidated case I," you should use a large value for a",'.

7.10 Using the SETTLEMENT.XLS spreadsheet and the data in Problem 7.5, determine the required
footing width to obtain a total settlement of no more than 1.0 in. Select a width that is a multi
ple of 3 in. Would it be practical to build such a footing?

7.11 Solve Problem 7.6 using the SETTLEMENT.XLS spreadsheet.

7.12 Using the SETTLEMENT.XLS spreadsheet and the data in Problem 7.6, determine the required
footing width to obtain a total settlement of no more than 25 mm. Select a width that is a mul

tiple of 100 mm. Would it be practical to build such a footing?

The classical method of computing foundation settlements described the stress-strain
properties using the compression index, Cc, for normally consolidated soils, or the recom
pression index, Cr, for overconsolidated soils. Both of these parameters are logarithmic,
as discussed in Chapter 3.

Schmertmann's method uses the equivalent modulus of elasticity, E" which is a lin
ear function and thus simplifies the computations. However, soil is not a linear material
(i.e., stress and strain are not proportional), so the value of Es must reflect that of an
equivalent unconfined linear material such that the computed settlement will be the same
as in the real soil.

The design value of E, implicitly reflects the lateral strains in the soil. Thus, it is
larger than the modulus of elasticity, E (also known as Young's modulus), but smaller than
the confined modulus, M.

Es From Cone Penetration Test (CPT) Results

7.13 A proposed building is to be supported on a series of spread footings embedded 36 inches into
the ground. The underlying soils consist ofsiltyclays with CJ(l + eo) =0.12, C,I(I + eo) =0.030,

Schmertmann developed empirical correlations between E, and the cone resistance, qc'

from a cone penetration test (CPT). This method is especially useful because the CPT

->-..
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TABLE 7.3 Es-VALUES FROM CPT RESULTS [Adapted from Schmertmann, et al.
(1978), Robertson and Campanella (1989), and other sources.]

scatter is probably caused in part by the lack of precision in the SPT, and in part to the in
fluence of other factors beside N6o. Nevertheless, the following relationship should pro
duce approximate, if somewhat conservative, values of E,:

Soil Type

Young,normallyconsolidatedclean silica sands (age < 100 years)

Aged, normallyconsolidatedclean silica sands (age> 3000 years)

Overconsolidatedclean silica sands

Normallyconsolidatedsilty or clayeysands

Overconsolidatedsilty or clayey sands

USCS
GroupSymbol

EJq,

SW orSP

2.5-3.5

SW orSP

3.5-6.0

SW orSP

6.0-10.0

SM orSC

1.5

SM orSC

3

lE, = 130 v'5CR + I3,N6o I

Where:

E, = equivalent modulus of elasticity

130' 13, = correlation factors from Table 7.4
OCR = overconsolidation ratio

N60 = SPT N-value corrected for field procedures

(7.17)

i ~

ll..

provides a continuous plot of q, vs. depth, so our analysis can model E, as a function of
depth. Table 7.3 presents a range of recommended design values of E, Iq,. It is usually
best to treat all soils as being young and normally consolidated unless there is compelling
evidence to the contrary. Such evidence might include:

• Clear indications that the soil is very old. This might be established by certain geo

logic evidence.
• Clear indications that the soil is overconsolidated. Such evidence would not be based

on consolidation tests on the sand (because of soil sampling problems), but might be
based on consolidation tests performed on samples from interbedded clay strata. Al
ternatively, overconsolidation could be deduced from the origin of the soil deposit.
For example, lodgement till and compacted fill are clearly overconsolidated.

When interpreting the CPT data for use in Schmertmann's method, do not apply an
overburden correction to q,..

Es From Standard Penetration Test (SPT) Results

Schmertmann's method also may be used with E, values based on the standard penetra
tion test. However, these values are not as precise as those obtained from the cone pene
tration test because:

• The standard penetration test is more prone to error, and is a less precise measure
ment, as discussed in Chapter 4.

• The standard penetration test provides only a series of isolated data points, whereas
the cone penetration test provides a continuous plot.

Nevertheless, SPT data is adequate for many projects, especially those in which the loads
are small and the soil conditions are good.

Several direct correlations between E,. and N6f) have been developed, often produc

ing widely disparate results (Anagnostopoulos, 1990; Kulhawy and Mayne, 1990). This 1

Once again, most analyses should use OCR = I unless there is clear evidence of overcon
solidation.

E, From Dilatometer Test (DMT) Results

The dilatometer test (DMT) measures the modulus directly, and this data also could be
used as the basis for a Schmertmann analysis. Alternatively, Leonards and Frost (1988)
proposed a method of combining CPT and DMT data to assess both compressibility and
overconsolidation and use the results in a modified version of Schmertmann's method.

E, From Pressuremeter Test (PMT) Results

The pressuremeter test also measures the modulus, and also could be used with Schmert
mann's method. However, special analysis methods intended specifically for pressureme
ter data also are available.

Strain Influence Factor

Schmertmann conducted extensive research on the distribution of vertical strain, E" below
spread footings. He found the greatest strains do not occur immediately below the footing,
as one might expect, but at a depth of 0.5 B to B below the bottom of the footing, where B

is the footing width. This distribution is described by the strain influence factor, I" which
is a type of weighting factor. The distribution of I, with depth has been idealized as two
straight lines, as shown in Figure 7.14.

TABLE 7.4 FACTORS FOR EQUATION 7.17.

130f3,

SoilType

(lb/fe)(kPa)(lb/ft2)(kPa)

Clean sands (SW and SP)

100,0005,00024,0001,200

Silty sands and clayeysands (SM and SC)

50,0002,50012,000600



234 Chapter 7 Shallow Foundations-Settlement 7.6 Settlement Analyses Based on In-Situ Tests 235

The exact value of lE at any given depth may be computed using the following equa
tions:

Square and circular foundations:

IEp = peak strain influence factor
q = bearing pressure

rr' zD = vertical effective stress at a depth D below the ground surface

rr':p = initial vertical effective stress at depth of peak strain influence factor (for
square and circular foundations (L /B = 1), compute rr':p at a depth of
D+B/2 below the ground surface; for continuous footings (L /B ;:: 10), com
pute it at a depth of D+B)

(7.21)
(7.22)

(7.23)

(7.24)

(7.26)

(7.25)

Continuous foundations (liB;::lO):

For zf= 0 to B: lE = 0.2 + (Z/B)(lEP - 0.2)
For Zf= B to 4B: lE = 0.333IEp(4 - z,lB)

Rectangular foundations (1 < liB < 10):

lE = lE' + 0.1 11 (IEc - IE,)(L/B - 1)

Where:

zf = depth from bottom of foundation to midpoint of layer
lE = strain influence factor

lE<"= lE for a continuous foundation

IEp = peak lE from Equation 7.18

IEr = lE for a square foundation;:: 0

C = 1-05(~)
I . ,

q - rr,o

Cz = 1 + 0.2 log (~)0.1

I C3 = 1.03 - 0.03 L/B 2: 0.731

Where:

1) = settlement offooting

Cl = depth factor

Cz = secondary creep factor (see discussion in Section 7.8)

C3 = shape factor = 1 for square and circular foundations

q = bearing pressure

rrzD' = effective vertical stress at a depth D below the ground surface

lE = influence factor at midpoint of soil layer

H = thickness of soil layer

E, = equivalent modulus of elasticity in soil layer

t = time since application of load (yr) (t~.1 yr)
B = foundation width

L = foundation length

The procedure for computing lE beneath rectangular foundations requires computation of

lE for each layer using the equations for square foundations (based on the IEp for square
foundations) and the lE for each layer using the equations for continuous foundations
(based on the Iep for continuous foundations), then combining them using Equation 7.23.

Schmertmann's method also includes empirical corrections for the depth of embed
ment, secondary creep in the soil, and footing shape. These are implemented through the
factors Cl' Cz, and C3:

(7.19)
(7.20)

(7.18)

-'1/8=0.5

:f = Depth Below Bottom of Footing
8 = Width of Footing
L = Length of Footing

lE = 0.1+(z/B)(2Iep - 0.2)
lE = 0.667IEp(2 - zr/B)

...
.•.

,..-:/8= 1.0,,,,,,,,,,,,
" Ll8> 10,,,,,,,,,,

4

3

o

=t2N"

For zf = 0 to B/2:

For zf = B/2 to 2B:

Iep = 0.5 + 0.1 ~q -,rr;orr,p

The peak value of the strain influence factor, lop is:

Where:

Figure 7.14 Distribution of strain influ
ence factor with depth under square and

continuous footings (Adapted from Schmert

mann 1978; used with permission of ASCE).
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These formulas may be used with any consistent set of units, except that t must be ex
pressed in years. If no time is given, use t = 50 yr (C2 = 1.54).

Finally, this information is combined using the following formula to compute the
settlement, 0:
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Slrain-Inllw:ncc

Factor. If:

-5L
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.1/1

~/I

160120xo~o

Cone Bearing. q,.(kg/cm2)

(2)--- Strata Number

~

o

12

~

Fi~ure 7.15 CPT results al McDol1i.1ld"s farm (Adapted from Rohcrtson and Camralll...·lIa. 19XX).

7.6 Settlement Analyses Based on In-Situ Tests1II
j
j

(7.27)
, IH

, )" _E_
o = Cl C2Cl(Q - cr,v ~ E,

Analysis Procedure

1. Perform appropriate in-situ tests to define the subsurface conditions.

2. Consider the soil from the base of the foundation to the depth of influence below
the base. This depth ranges from 2B for square footings or mats to 4B for con
tinuous footings. Divide this zone into layers and assign a representative E, value
to each layer. The required number of layers and the thickness of each layer depend
on the variations in the E vs. depth profile. Typically 5 to 10 layers are appro
priate.

3. Compute the peak strain influence factor, lE'" using Equation 7.18.

4. Compute the strain influence factor, lE' at the midpoint of each layer. This factor
varies with depth as shown in Figure 7.14, but is most easily computed using Equa
tions 7.19 to 7.23.

5. Compute the correction factors, C" Cc, and Cl, using Equations 7.24 to 7.26.

6, Compute the settlement using Equation 7.27.

The Schmertmann method uses the following procedure:
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Example 7.6

The results of a CPT sounding performed at McDonald's Farm near Vancouver,British Co
lumbia, are shown in Figure 7.15. The soils at this site consist of young. normally consoli
dated sands with some interbedded silts, The groundwater table is at a depth of 2.0 m below
the ground surface,

A 375 kN/m load is to he supportedon a 2.5 m x 30 m footing to be founded at a depth
of 2.0 m in this soiL Use Schmertmann's method to compute the settlement of this footing
soon after construction and the settlement50 years after construction.

Solution

Use E, = 2.5 qc

I kPa = 0.01020 kg/cm'
Depth of influence = D + 4B = 2.0 + 4(2,5) = 12.0 m

Layer No, Depth (m)q, (kg/cm',E, (kPa)

1

2.0-3.0 204.902

2

3.0-5.0 307.353

3

5.0-6.0 4110.049

4

6.0-7.0 6816.667

5

7.0-8.0 9022.059

6

8.0-9.Q 5814.216

7

9.0-12.010826.471



Solution

Example 7.7

Equations 7.28 and 7.29 are especially useful when only minimal subsurface data is
available, as is often the case with the SPT, and the soil appears to be fairly homogeneous.
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(7.28)

(7.29)

<=Answer

<=Answer

8 = 38 (1.54) = 59 mm

= (0.896)(1)(0.73)(197 - 34)(35.73 x 10-5)

= 0.038 n\

= 38 mm

I,H
8 = Cl C2 C3 (q - <T;o) ~ e-

.,.

l\ = Cl Cz C3 (q - <J";/»)(2/,1' + 0.1 )B
E,

l\ = Cl Cz C, (q - rr;/»)(/", + 0.025)B
E,.

C, = I + 0.2 log ( O~I) = I + 0.2 log ( ~.~) = 1.54

Att= 50 y~:

For continuous footings (UB ~ 10):

E, = 130 VQCR + I3IN60 = 50.000v'I + (12,000)(28) = 386,000 lb/ft'

<T;o = (120 Ib/ft3)(3 ft) = 360Ib/ft'

A 200-k column load is to be supported on a 3-ft deep square footing underlain by a silty
sand with an average N60 of 28 and 'I = 120 Ib/fr1. The groundwater table is at a depth of 50 ft
below the ground surface. The allowable total senlement is 0.75 in. Using the simplified
Schmertmann method. determine the required footing width.

Simplified Schmertmann Method

If E, is constant with depth between the bottom of the foundation and the depth of intlu
ence (2 zJB for square and circular foundations to 4 z, /B for continuous footings). then
Equation 7.24 simplifies to the following:

For square and circular foundations (UB = 1):

7.6 SettlementAnalyses Basedon In-Situ Tests

C3 = 1.03 - 0.03 L/B 2: 0.73

= 1.03 - 0.03 (30/2.5)

= 0.67

Chapter7 Shallow Foundations-Settlement

C2 = I

W,fb = (2.5 m)(2.0 m)(23.6 kN/m3) = 118 kN/m

P/b + IV/b 375 kN/m + 118 kN/m

q = --B-- - Uo = ---2.-5 -m--- - 0 = 197 kPa

Use C., = 0.73

(. rr~ ) (34 kPa )Cl = I - 0.5 ---'. = I - 0.5 = 0.896q - <TeO 197 kPa - 34 kPa

<T;D = 'ID = (17)(2) = 34 kPa

I", = 0.5 + O.I ) q - <T.:D = 0.5 + 0.1 f 197 kPa - 34 kPa = 0.666<T:" \j 59 kPa

Layer E,z, H
No.

ikPa)(m)I,(m)I,HIE,

I

.+.9020.50.2931.05.98 x 10-;

2

7..3532.00.5732.015.58 x 10-;

3

10.0-+93.50.5771.05.74 x 10-;

4

16.6674.50.4881.02.93 x 10-;

5

22.0595.50.3991.01.81 x 10-5

6

1.+.2166.50.3101.02.18 x 10-5

7

26.-+718.50.1333.01.51 x 10-5

I=

35.73 x 10-5

<T;p (at z = D + B) = '5:.-yH - U

= (17 k.'\"/m3)(2 m) + (20 kN/m3)(2.5 cm) - (9.8 kN/m3)(2.5 m)

= 59 kPa

Use-y = 17 kN/m3 above groundwate~ table and 20 kN/m3 below (from Table 3.2).

Att=O.1 yr:
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Note; All depths for CPT and SPT data are measured from the ground surface.

QUESTIONS AND PRACTICE PROBLEMS

7.15 A 190-k column load is to be supported on a lO·ft square, 3-ft deep spread fOOlingunderlain
by young, normally consolidaled sandy soils. The resulls of a representative CPT sounding at
Ihis site are as follows:

-i

241

1

-<= Answer (as a multiple of 3 in)

Depth (fll q, (kg/cm')

0.0-6.0

30

6.0-10.0

51

10.0-18.0

65

18.0-21.0

59

21.0-40.0

110

UseB = 8ft9in

C, C, C, (q -- 0",,,)(1.,. + 0.025)8
1\ = on .• • ._, _

E,

:- -- ".......•

(200,000 + 4508' ')0.75 in (0.933)(1.54)(1) ------iT------ - 360Ib/ft- (0.675 + 0.025)8

12 iniii = --------- 'J86-:000lb-7it"2 -------~-,._-~-----------.---

8 = 8.75 ft

Application to Mat Foundations

7.14 A 250·k column load is 10 be supported on a 9 ft x 9 ft square footing embedded 2 ft below
the ground surface. The underlying soil is a silly sand with an average N"" of 32 and a unit
weighl of 129 lb/fll. The ground water table is at a depth of 35 ft. Using the simplified
Schmertmann method, compute the selllement of this fOOlingat t = 50 yr.

Schmertmann's method was developed primarily for spread footings, so the various em

pirical data used to calibrate the method have heen developed with this lypc of foundation

in mind. In principle, the method also may hc used with mat foundations. Hdwevcr, it

-teriuS-toQyerestimate the seulemcnt of mats heeausc their dcpth of influence is much
greater and the;: equivalent modulus values at these depths is largcr than prcdicted hy the
methods describM.earlier in this section.

Therefore, when-applying Schmertmann's method to Illat foundations, it is best to
progressively increase the E,yaIues with depth, such that E, at 30 m ( 100 ft) is about three

times that predicted by the mclhods described earlier in this section.,

7.6 Settlement Analyses Based on In-Situ Tellts

C, C2 C) (q - 0",,,)(1,,, + 0.025)B
1\ = -.--------.--

E.•

Wf = (8.75 ft)'(3 ft)(150 Ib/ft)) = 34,500 Ib

( t ) (SOYI')C2 = I + 0.2 log 0.1 = I + 0.2 log Qj- = 1.54

C, = I - 0.5 (q-~;/~J = I - 0.5 (3062Ib7~-~{~~o Ib/t'(2) = 0.933

0';,. @z = 7.37 ft = (120 lb/ft))(7.37 ft) = 885 Ib/ft'

f·-0'0 J3062lb/ft2 ..:. 3601b/ft'
1 = 0.5 + 0.1 -- = 0.5 + 0.1 no = 0.675
,,. 0';,. ~85 Ib/ft'

P + Wf 200,000 Ib + 34,500 Ib _ 0 = 3062 Ih/ft'
q = --8'- - u = (8.75 ft)2

P + "j. 200,000 Ib + 22,000 lb _ 0 = 4,530 Ib/ft2
q = ~. - u = (7 ft)2

c) = 1

Wf = (7 ft)2(3 ft)(150 tb/ft') = 22,000 lb

Chapter 7 Shallow Foundations-Settlement

0';,. @z = 6.5 ft = (120 lb/ft')(6.5 ft) = 780 Ih/ft'

fl-":'~;; (4530IbW-=36<J-fil/fl21", = 0.5 + 0.1 v--.,.;~n = 0.5 + 0.\ V------780 tb/ni-- = 0.731

( u~j) ) (360 lb/ft' )
C = I - 0.5 --'.- = I - 0.5 --------- = 0.957

I q _ 0';" 4530 Ib/ft' - 360 Ib/ft'

(200,000 + 450 B2 ')75 . (0.957)( 1.54)( I )--'--2--- - 3601h/ft' (n.731 + 0.(25)8O. ID B . _

12in/ii - --- 386,000 Ib/ft2------·

B = 9 ft3in

Reevaluate with B = 8 ft 9 in

Estimate B = 7 ft

240
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The groundwater table is at a depth of IS ft; the unit weight of the soil is\124 Ib/ft3 above the
groundwater table and 130 Ib/ft3 below. Using Schmertmann's method with hand computa
tions, compute the total settlement of this footing 30 years after construction.

7.16 A 650-kN column load is supported on a l.5-m wide by 2.0-m long by 0.5 m deep spread
footing. The soil below is a well graded, normally consolidated sand with 'Y= 17.0 kN/m3anct
the following SPT N"o values:

l
I
I,!

7.8 Settlement of Shallow Foundations on Stratified Soils

QUESTIONS AND PRACTICE PROBLEMS-SPREADSHEET ANAL VSES

Note: All depths for CPT and SPT data are measured from the ground surface.

7.17 Solve Problem 7.14 using the SCHMERTMANN.XLSspreadsheet.
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Depth (m)

N60

1.0

12

2.0

13

3.0

13

4.0

18

5.0

22

7.18 Solve Problem 7.15 using the SCHMERTMANN.XLSspreadsheet.

7.19 Solve Problem 7.16 using the SCHMERTMANN.XLSspreadsheet.

7.7 SCHMERTMANN SPREADSHEET

The groundwater table is at a depth of 25 m. Using Schmertmann's method and hand compu
tations. compute the total settlement at t = 30 yr.

Depth to Soil Layer
Top

BottomEszlI epsilonstraindela
Im)

(ml(kPal(ml i%)(mm)
00

20
20

2249020102350770415409

When computing the settlement of shallow foundations on soil profiles that are primarily

clays or silts, we normally use the methods based on laboratory tests as discussed in Sec

tion 7.4. Conversely, when the soil profile consists primarily of sands, we normally use

methods based on in-situ tests, as discussed in Section 7.6. However, when the profile is

stratified and includes both types of soil, it can be difficult to determine which method to
use.

If the soil profile consists predominantly of clays and silts, then it is probably best
to use the methods described in Section 7.4. Determine the values of CJ(1 + eo) and

C,.I(1 + eo) for the clayey and silty strata using laboratory consolidation tests, and those

for the sandy strata using Table 3.7.

Conversely, if the profile is primarily sandy, then it is probably better to use

Schmertmann's method. The equivalent modulus, E" for normally consolidated clayey

layers may be computed using the following equation:

7.21 A proposed building is to be supported on a series of spread footings embedded 36 inches into
the ground. The underlying soils consist of silty sands with N"o= 30, an estimated overconsol
idation ratio of 2, and 'Y= 118 Iblft'. This soil strata extends to a great depth and the ground

water table is at a depth of lOft below the ground surface. The allowable settlement is 1.0 in.
Using the SCH~IERTMANN.X1.Sspreadsheet, develop a plot of allowable column load vs. footing
width.

7.20 A 300-k column load is to be supported on a lO-ft square, 4-ft deep spread footing. Cone pen
etration tests have been conducted at this site, and the results are shown in Figure 7.15. The

groundwater table is at a depth of 6 ft, 'Y = 121Ib/ft', and 'Y"l = 125 lb/ft!.

a. Compute the settlement of this footing using the SCHMERTMANI'.XLSspreadsheet.

b. The design engineer is considering the use of vibroflotation to densify the soils at this site
(see discussion in Chapter 19). This process would increase the q,. values by 70 percent.
and make the soil slightly overconsolidated. The unit weights would increase by 5 Ib/ft!.
Use the spreadsheet to compute the settlement of a footing built and loaded after densifica
tion by vibrot1otation.

7.8 SETTLEMENT OF SHALLOW FOUNDATIONS ON STRATIFIED SOILS

197 kPa

6077 mm

q=
delta ::;:

Results

2m

18 kNIm'\3

50 yr

SI E orSI
RE sa. Cl. co. or RE

25 m

30 m

2 m

11250 kN

Figure 7.16 Typical screen from SCHMERTMANN.XLSspreadsheet.

March 23. 2000

Exampl~7 6

B=
L=
D=
p=

Dw=

gamma =

t =

Input
Units

Shape

Date

tdentificabon

The SEITLEMENT.XLSspreadsheet described earlier in this chapter can be modified to com

pute settlements using the Schmertmann method. This has been done, and a spreadsheet

called SCHMERTMANN.XLSis available from the Prentice Hall website. Figure 7.16 is a typ

ical screen from this spreadsheet.
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E,
2.300<

Cj(l + eo)
<7.30)

For overconsolidated soils, substitute C, for C, in Equation 7.30.
Another option is to conduct two parallel analyses, one for the clayey strata using

laboratory test data. and another for the sandy strata using in-situ data. and adding the two
computed settlements.

7.9 DIFFERENTIAL SETTLEMENT

Differential settlement, S/), is the difference in settlement between two foundations, or the
difference in settlement between two points on a single foundation. Excessive differential
settlement is troublesome because it distorts the structure and thus introduces serviceabil

ity problems, as discussed in Chapter 2.
Normally we design the foundations for a structure such that all of them have the

same computed total settlement, S. Therefore, in theory, there should be no differential
settlement. However, in reality differential settlements usually occur anyway. There are
many potential sources of these differential settlements, including:

• Variations in the soil profile. For example, part of structure might be underlain by
stiff natural soils, and part by a loose, uncompacted fill. Such a structure may have
excessive differential settlement because of the different compressibility of these
soil types, and possibly because of settlement due to the weight of the fill. This
source of differential settlements is present to some degree on nearly all sites be
cause of the natural variations in all soils, and is usually the most important source
of differential settlement.

• Variations in the structural loads. The various foundations in a structure are de

signed to accommodate different loads according to the portion of the structure they
support. Normally each would be designed for the same total settlement under its
design load, so in theory the differential settlement should be zero. However, the
ratio of actual load to design load may not be same for all of the foundations. Thus,
those with a high ratio will settle more than those with a low ratio.

• Design controlled by bearing capacity. The design of some of the foundations
may have been controlled by bearing capacity. not settlement. so even the design
settlement may be less than that of other foundations in the same structure.

• Construction tolerances. The as-built dimensions of the foundations will differ

from the design dimensions, so their settlement behavior will vary accordingly.

The rigidity of the structure also has an important influence on differential settle
ments. Some structures, such as the steel frame in Figure 7.17, are very flexible. Each
foundation acts nearly independent of the others, so the settlement of one foundation has
almost no impact on the other foundations. However, other structures are much stiffer,
perhaps because of the presence of shear walls or diagonal bracing. The braced steel
frame structure in Figure 7.18 is an example of a more rigid structure. In this case, the

Figure 7.17 This steel-frame structure has no diagonal bracing or shear walls, and thus \vould be c1assitied as nflexible,"

structure tends to smooth over differential settlement problems. For example, if one foun
dation settles more than the others, a rigid structure will redirect some of its load, as
shown in Figure 7.19, thus reducing the differential settlement.

Computing Differential Settlement of Spread Footings

There are at least two methods of predicting differential settlements of spread footings.
The first method uses a series of total settlement analyses that consider the expected vari
ations in each of the relevant factors. For example, one analysis might consider the best-

Figure 7.18 The diagonat bracing in this steet-frame structure has been installed to re

sist seismic loads. However, a side benefit is that this bracing provides more rigidity.
which helps even out potential differential settlements. Shear walls have a simitar effect.

The two bays in the center of the photograph have no diagonal bracing. and thus would be
more susceptible to differentiat settlement problems.
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Figure 7.19 Influence of structural rigidity on differential settlements: (a) a very flexible structure has little load transfer.

and thus could have larger differential settlements; (b) a more rigid structure has greater capacity for load transfer, and thus

provides more resistance to excessive differential settlements.
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Figure 7.20 Total and differential settlements of spread footings on clays (Adapted from Bjerrum, 1963).

case scenario of soil properties, loading, and so forth, while another would consider the
worst-case scenario. The difference between these two total settlements is the differential
settlement.

The second method uses OD/O ratios that have been observed in similar structures on
siinilar soil profiles. For example, Bjerrum (1963) compared the total and differential set
tlements of spread footings on clays and sands, as shown in Figures 7.20 and 7.21. Pre
sumably, this data was obtained primarily from sites in Scandinavia, and thus reflects the
very soft soil conditions encountered in that region. This is why much of the data reflects
very large settlements.

Sometimes locally-obtained OD/O observations are available. Such data is more use
ful than generic data, such as Bjerrum's, because it implicitly reflects local soil condi
tions. This kind of empirical local data is probably the most reliable way to assess OD/O

ratios.

In the absence of local data, the generic OD/O ratios in Table 7.5 may be used to pre
dict differential settlements. The values in this table are based on Bjerrum's data and the
author's professional judgement, and are probably conservative.

Remedying Differential Settlement Problems

If the computed differential settlements in a structure supported on spread footings are ex
cessive (OD> OD,,)' the design must be changed, even if the total settlements are accept
able. Possible remedies include:

• Enlarge all of the footings until the differential settlements are acceptable. This
could be done by using the allowable differential settlement, OD" and the OD/O ratio
to compute a new value of 0", then sizing the footings accordingly. Example 7.8 il
lustrates this technique.
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Fi~ure 7.22 Use of grade beams to tic spread footings lOgclhcr.

A "t1exible" steel frame building is to be built on a series of spread footing foundations
supportedon a natural clayey soil. The allowable total and differentialsettlementsare 20 and

• Connect the footings with grade heams, as shown in Figure 7.22. These beams pro
vide additional rigidity to the foundation system, thus reducing the differential set
tlements. The effectiveness of this method could bc evaluated using a structural
analysis.

• Replace the spread footings with a mat foundation. This method provides even
more rigidity, and thus further reduces the differential settlements. Chapter 10 dis
cusses the analysis and design of mats.

• Replace the spread footings with a system of deep foundations, as discussed in
Chapter 11.

• Redesign the superstructure so that it can accommodate larger differential settle
ments, so that the structural loads are lower, or both. For example, a masonry struc
ture could be replaced by a wood-frame structure,

• Provide a method of releveling the structure if the differential settlements become
excessive. This can be done by temporarily lifting selected columns from the foot
ing and installing shims between the base plate and the footing.

• Accept the large differential settlements and repair any damage as it occurs. For
some structures, such as industrial buildings, where minor distress is acceptable,
this may be the most cost-effective alternative.

Example 7.8
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Figure 7.21 Total and differential settlement of spread footings on sands (Adapted from Bjerrum.
1963).

PredominantSoil Type Below Footings

Sandy

Natural soils

Compactedfills of uniform thicknessunderlainby stiff
natural soils

Clayey

Natural soils

Compactedfills of uniform thicknessunderlain by stiff
natural soils
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12mm, respectively.The footings have been designed such that their total settlementwill not
exceed 20 mm, as determinedby the analysis techniquesdescribed in this chapter.
Will the differential settlementsbe within tolerable limits?

Solution

According to Table 7.5, the '6D/'6 ratio is about 0.8. Therefore, the differential settlements
may be as large as (0.8)(20 mm) = 16mm. This is greater than the allowable value of 12 mm,
and thus is unacceptable.Therefore, it is necessary to design the footings such that their total
settlement is no greater than (12 mm)/(0.8) = 15 mm. Thus, in this case the allowable total
settlementmust be reduced to '6"= 15 mm.

Mats

Because of their structural continuity, mat foundations generally experience less differen
tial settlement, or at least the differential settlement is spread over a longer distance and
thus is less troublesome. In addition, differential settlements in mat foundations are much

better suited to rational analysis because they are largely controlled by the structural rigid
ity of the mat. We will cover these methods in Chapter 10.

QUESTIONS AND PRACTICE PROBLEMS

7.22 A steel frame office building with no diagonal bracing will be supported on spread footings
founded in a natural clay. The computed total settlement of these footingsis 20 mm. Compute
the differential settlement.

7.23 A reinforced concrete building with numerous concrete shear walls will be supported on
spread footings founded in a compacted sand. The computed total settlementof these footings
is 0.6 in. Compute the differential settlement.

7.10 RATE OF SETTLEMENT

Clays

If the clay is saturated, it is safe to assume the distortion settlement occurs as rapidly as
the load is applied. The consolidation settlement will occur over some period, depending
on the drainage rate.

Terzaghi's theory of consolidation includes a methodology for computing the rate
of consolidation settlement in saturated soils. It is controlled by the rate water is able to
squeeze out of the pores and drain away. However, because the soil beneath a footing is
able to drain in three dimensions, not one as assumed in Terzaghi's theory, the water will
drain away more quickly, so consolidation settlement also will occur more quickly. Davis
and Poulos (1968) observed this behavior when they reviewed fourteen case histories. In
four of these cases, the rate was very much faster than predicted, and in another four
cases, the rate was somewhat faster. In the remaining six cases, the rate was very close to

or slightly slower than predicted, but this was attributed to the drainage conditions being
close to one-dimensional. They also presented a method of accounting for this effect.

Rate estimates become more complex for some partially saturated soils, as dis
cussed in Chapters 19 and 20.

Sands

The rate of settlement in sands depends on the pattern of loading. If the load is applied
only once and then remains constant, then the settlement occurs essentially as fast as the
load is applied. The placement of a fill is an example of this kind of loading. The dead
load acting on a foundation is another example.

However, if the load varies over time, sands exhibit additional settlement that typi
cally occurs over a period of years or decades. The live loads on a foundation are an ex
ample, especially with tanks, warehouses, or other structures in which the live load
fluctuates widely and is a large portion of the total load.

A series of long-term measurements on structures in Poland (Bolenski, 1973) has
verified this behavior. Bolenski found that footings with fairly constant loads, such as those
supporting office buildings, exhibit only a small amount of additional settlement after con
struction. However, those with varying loads, such as storage tanks, have much more long
term settlement. Burland and Burbidge (1985) indicate the settlement of footings on sand
30 years after construction might be 1.5 to 2.5 times as much as the post-construction set
tlement. This is the reason for the secondary creep factor, C2, in Schmertmann's equation.

7.11 ACCURACY OF SETTLEMENT PREDICTIONS

After studying many pages of formulas and procedures, the reader may develop the mis
taken impression that settlement analyses are an exact science. This is by no means true. It
is good to recall a quote from Terzaghi (1936):

Whoeverexpects from soil mechanics a set of simple, hard-and-fastrules for settlementcom
putations will be deeply disappointed. He might as well expect a simple rule for constructing
a geologic profile from a single test boring record. The nature of the problem strictly pre
cludes such rules.

Although much progress has been made since 1936, the settlement problem is still a
difficult one. The methods described in this chapter should be taken as guides, not dicta
tors, and should be used with engineering judgment. A vital ingredient in this judgement
is an understanding of the sources of error in the analysis. These include:

• Uncertainties in defining the soil profile. This is the largest single cause. There have
been many cases of unexpectedly large settlements due to undetected compressible
layers, such as peat lenses.

• Disturbance of soil samples.

• Errors in in-situ tests (especially the SPT).

• Errors in laboratory tests.
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Figure 7.23 Comparison between computed and measured settlements of spread foot

ings. Each bar represents the 90 percent confidence interval (i.e .. 90 percent of the settle

ment predictions will be within this range). The line in the middle of each bar represents

the average prediction. and the number to the right indicates the number of data points
used to evaluate each method. (Based on data from Burland and Burbridge. 1985: Butler.

1975: Schmertmann. 1970; and Wahls. 1985).

• Uncertainties in defining the service loads, especially when the live load is a large

portion of the total load.

• Construction tolerances (Le., footing not built to the design dimensions).

• Errors in determining the degree of overconsolidation.

• Inaccuracies in the analysis methodologies.

• Neglecting soil-structure interaction effects.

We can reduce some of these errors by employing more extensive and meticulous

exploration and testing techniques, but there are economic and technological limits to
such efforts.

Because of these errors, the actual settlement of a spread footing may be quite dif-

ferent from the computed settlement. Figure 7.23 shows 90 percent confidence intervals

for spread footing settlement computations.

The Leaning Tower of Pisa

During the Middle Ages, Europeans began to build larger and heavier structures, pushing the
limits of design well beyond those of the past. In Italy, the various republics erected towers and
campaniles to symbolize their power (Kerisel, 1987). Unfortunately, vanity and ignorance often

lead to more emphasis on creative architecture than on structural integrity, and many of these
structures collapsed. Although some of these failures were caused by poor structural design,
many were the result of overloading the soil. Other monuments tilted, but did not collapse. The
most famous of these is the campanile in Pisa, more popularly known as the Leaning Tower of
Pisa.

Construction of the tower began in the year 1173 under the direction of Bananno Pisano

and continued slowly until 1178. This early work included construction of a ring-shaped footing
64.2 ft (19.6 m) in diameter along with three and one-half stories of the tower. By then, the av

erage bearing pressure below the footing was about 6900 Ib/ft2 (330 kPa) and the tower had al
ready begun to tilt. Construction ceased at this level, primarily because of political and
economic unrest. We now know that this suspension of work probably saved the tower, because
it provided time for the underlying soils to consolidate and gain strength.

Nearly a century later, in the year 1271, construction resumed under the direction of a
new architect. Giovanni Di Simone. Although it probably would have been best to tear down the
completed portion and start from scratch with a new and larger foundation. Di Simone chose to
continue working on the uncompleted tower, attempting to compensate for the tilt by tapering
the successive stories and adding extra weight to the high side. He stopped work in 1278 at the
seventh cornice. Finally. the tower was completed with the construction of the belfry during a
third construction period. sometime between 1360 and 1370. The axis of the belfry is inclined at
an angle of 3° from the rest of the tower. which was probably the angle of tilt at that time. Alto
gether. the project had taken nearly two hundred years to complete.

Both the north and south sides of the tower continued to settle (the tilt has occurred be

cause the south side settled more than the north side). so that by the early nineteenth century, the
tower had settled about 2.5 meters into the ground. As a result, the elegant carvings at the base
of the columns were no longer visible. To "rectify" this problem, a circular trench was exca

vated around the perimeter of the tower in 1838 to expose the bottom of the columns. This
trench is known as the catino. Unfortunately, construction of the trench disturbed the groundwa

ter table and removed some lateral support from the side of the tower. As a result, the tower sud
denly lurched and added about half a meter to the tilt at the top. Amazingly, it did not collapse.
Nobody dared do anything else for the next hundred years.

During the 1930s, the Fascist dictator Benito Mussolini decided the leaning tower pre
sented an inappropriate image of the country, and ordered a fix. His workers drilled holes
through the floor of the tower and pumped 200 tons of concrete .into the underlying soil. but this
only aggravated the problem and the tower gained an additional 0.1 degree of tilt.

During most of the twentieth century the tower has been moving at a rate of about 7 sec
onds of arc per year. By the end of the century the total tilt was about 5.5 degrees to the south
which means that the top of the tower structure was 5.2 m (17.0 ft) off of being plumb. The av
erage bearing pressure under the tower is 497 kPa (10,400 Ib/fr), but the tilting caused its
weight to act eccentrically on the foundation. so the bearing pressure is not uniform. By the
twentieth century, it ranged from 62 to 930 kPa (1,300-19,600 Ib/ft2), as shown in Figure 7.24.
The tower is clearly on the brink of collapse. Even a minor earthquake could cause it to topple.
so it became clear that some remedial measure must be taken.
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The subsurface conditions below the tower have been investigated, including an exhaus
tive program sponsored by the Italian government that began in 1965. The profile, shown in
Figure 7.25, is fairly uniform across the site and consists of sands underlain by fat

This problem has attracted the attention of both amateurs and professionals, and the au
thorities have received countless "solutions," sometimes at the rate of more than fifty per week.

Some are clearly absurd, such as tying helium balloons to the top of the tower, or installing a se
ries of cherub statues with flapping wings. Others, such as large structural supports (perhaps
even a large statue leaning against the tower?), may be technically feasible, but aesthetically un
acceptable.

In 1990 the interior of the tower was closed to visitors, and in 1993 about 600 tons of

lead ingots were placed on the north side of the tower as a temporary stabilization measure.

Figure 7.25 Soil profile below tower (Adapted from Mitchell, et aI., 1977; Used by per
mission of ASCE).
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Then, in 1995, engineers installed a concrete ring around the foundation and began drilling
tiedown anchors through the ring and into the dense sand stratum located at a depth of about
40 ft (see profile in Figure 7.25). The weights caused the underlying soils to compress and
slightly reduced the tilt, but construction of the anchors disturbed the soil and produced a sud
den increase in the tilt of the tower. In one night the tower moved about 1.5 mm, which is the

equivatentto a year's worth of normal movement. As a result, the work was quickly abandoned
and more lead ingots were added to the north side.

Clay

Ll~T I

q=150kP~-1a ~ q=864kPa

Figure 7.24 Current configura

tion of the tower (Adapted from
Costnazo, lamiolkowski, Lancel

10lla and Pepe, 1994 and Terzaghi,
1934a).
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A period of inactivity followed, but in 1997 an earthquake in nearby Assisi caused a
tower in that city to collapse-and that tower was not even leaning! This failure induced a new
cycle of activityat Pisa, and the overseeing committee approved a new methodof stabilizingthe
tower: soit extraction.

The method of soil extraction consists of carefulIy drilling diagonal borings into the
ground beneaththe north side of the tower and extracting small amountsof soi1:The overlying
soils then collapse into the newly created void, which should cause the north side of the tower to
settle, thus decreasingthe tilt. The objective of this effort is to reduce the tilt from 5.5 degrees to
5.0 degrees,which is the equivalent of returning the tower to its position of three hundred years
ago. There is no interest in making the tower perfectly plumb.

Soil extraction has been successfully used to stabilize structures in Mexico City, and ap
pears to be the most promising method for Pisa. This process must proceedvery slowly, perhaps
over a period of months or years, while continuously monitoring the movements of the tower.
When this book was published, the soil extraction work had begun and the tilt had been very
slightly reduced.If this effort is successful, the temporary lead weights will no longer be neces
sary, and the life of the tower should be extended for at least three hundredyears.

Recommended reference: Costanzo, D.; Jarniolkowski, M., Lancellotta, R., and Pepe, M.C.
(1994), Leaning Tower of Pisa: Description of the Behavior, Settlement 94 Banquet Lecture,
Texas A&M University

We can draw the following conclusions from this data:

• Settlement predictions are conservative more often than they are unconservative
(Le., they tend to overpredict the settlement more often than they underpredict it).
However, the range of error is quite wide.

• Settlement predictions made using the Schmertmann method with CPT data are
much more precise than those based on the SPT. (Note that these results are based
on the 1970 version of Schmertmann's method. Later refinements, as reflected in
this chapter, should produce more precise results.)

• Settlement predictions in clays, especially those that are overconsolidated, are usu
ally more precise than those in sands. However, the magnitude of settlement in
clays is often greater.

SUMMARY

Major Points

1. Foundations must meet two settlement requirements: total settlement and differen
tial settlement.

2. The load on spread footings causes an increase in the vertical stress, Aa" in the soil
below. This stress increase causes settlement in the soil beneath the footing.

3. The magnitude of Aa, directly beneath the footing is equal to the bearing pressure,
q. It decreases with depth and becomes very small at a depth of about 2B below
square footings or about 6B below continuous footings.

4. The distribution of Aa, below a footing may be calculated using Boussinesq's
method, Westergaard's method, or the simplified method.

5, Settlement analyses in clays and silts are usually based on laboratory consolidation
tests. The corresponding settlement analysis is an extension of the Terzaghi settle
ment analyses for fills, as discussed in Chapter 3.

6. Settlement analyses based on laboratory tests may use either the classical method,
which assumes one-dimensional consolidation, or the Skempton and Bjerrum
method, which accounts for three-dimensional effects.

7. Settlement analyses in sands are usually based on in-situ tests. The Schmertmann
method may be used with these test results.

8. Differential settlements may be estimated based on observed ratios of differential to
total settlement.

9. Settlement estimates based on laboratory consolidation tests of clays and silts typi
cally range from a 50 percent overestimate (unconservative) to a 100 percent under
estimate (conservative).

10. Settlement estimates based on CPT data from sandy soils typically range from a 50
percent overestimate (unconservative) to a 100 percent underestimate (conserva
tive). However, estimates based on the SPT are much less precise.

Vocabulary

Many of the soil factors that cause the scatter in Figure 7.23 do not change over
short distances, so predictions of differential settlements should be more precise than
those for total settlements. Therefore, the allowable differential settlement criteria de

scribed in Table 2.2 (which include factors of safety of at least 1.5) reflect an appropriate
level of conservatism.

Allowable differential
settlement

Allowable settlement

Boussinesq's method
Classical method

Differential settlement

Distortion settlement

Induced stress

Plate load test

Rigidity

Schmertmann's method

Settlement

Skempton and Bjerrum
method
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Spread Footings-Geotechnical Design
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A 6oo-mm wide, 500-mm deep continuous footing carries a vertical downward load of

85 kN/m. The soil has -y= 19kN/m3• Using Boussinesq's method, compute alT, at a depth of
200 mm below the bottom of the footing at the following locations:

• Beneath the center of the footing

• 150 mm from the center of the footing

• 300 mm from the center of the footing (i.e., beneath the edge)

• 450 mm from the center of the footing

Plot the results in the fonn of a pressure diagram similar to those in Figure 5.\0 in Chapter 5.

7.24

258

COMPREHENSIVE QUESTIONS AND PRACTICE PROBLEMS

7.25

7.26

7.27

Hint: Use the principle of superposition.

A 3-ft square, 2-ft deep footing carries a column load of 28.2 k. An architect is proposing to
build a new 4 ft wide, 2 ft deep continuous footing adjacent to this existing footing. The side
of the new footing will be only 6 inches away from the side of the existing footing. The new

footing will carry a load of 12.3 klft. "y = Il9lb/ft3•

Develop a plot of alT, due to the new footing vs. depth along a vertical line beneath the center
of the existing footing. This plot should extend from the bottom of the existing footing to a

depth of 35 ft below the bottom of this footing.

Using the data from Problem 7.25, C,/(1 + eo) =0.08 and -y=119Ib/ft'. compute the consolida
tion settlement of the old footing due to the construction and loading of the new footing. The
soil is an overconsolidated (case I) silty clay, and the groundwater table is at a depth of 8 ft

below the ground surface.

Using the SCHMERTMANN.XLS spreadsheet and the subsurface data from Example 7.6, develop

a plot of footing width, B, vs. column load, P, for square spread footings embedded 3 ft below
the ground surface. Develop a P vs. B curve for each of the following settlements: 0.5 in, 1.0
in, and 1.5 in, and present all three curves on the same diagram.

Your greatest danger is letting the urgent things
crowd out the important.

From Tyranny afthe Urgent by Charles E. Hummell

This chapter shows how to use the results of bearing capacity and settlement computa

tions, as well as other considerations, to develop spread footing designs that satisfy geo
technical requirements. These are the requirements that relate to the safe transfer of the

applied loads from the footing to the ground. Chapter 9 builds on this information, and

discusses the structural design aspects, which are those that relate to the structural in

tegrity of the footing and the connection between the footing and the superstructure.

8.1 DESIGN FOR CONCENTRIC DOWNWARD LOADS

The primary load on most spread footings is the downward compressive load, P. This

load produces a bearing pressure q along the bottom of the footing, as described in Sec

tion 5.3. Usually we design such footings so that the applied load acts through the cen

troid (i.e., the column is located in the center of the footing). This way the bearing

pressure is uniformly distributed along the base of the footing (or at least it can be as

sumed to be uniformly distributed) and the footing settles evenly.

'© 1967 by InterVarsity Christian Fellowship of the USA. Used by permission of InterVarsity Press-USA.
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A 6OO-mm wide, 500-mm deep continuous footing carries a vertical downward load of
85 kN/m. The soil has"y = 19kN/m3. Using Boussinesq's method, compute t::.a: at a depth of
200 mm below the bottom of the footing at the following locations:

• Beneath the center of the footing

• 150 mm from the center of the footing

• 300 mm from the center of the footing (Le., beneath the edge)

• 450 mm from the center of the footing

Plot the results in the form of a pressure diagram similar to those in Figure 5.10 in Chapter 5.
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COMPREHENSIVE QUESTIONS AND PRACTICE PROBLEMS

7.25

7.26

7.27

Hint: Use the principle of superposition.

A 3-ft square, 2-ft deep footing carries a column load of 28.2 k. An architect is proposing to
build a new 4 ft wide, 2 ft deep continuous footing adjacent to this existing footing. The side
of the new footing will be only 6 inches away from the side of the existing footing. The new

footing will carry a load of 12.3 klft. "y= ll9lb/ft3.

Develop a plot of t::.a: due to the new footing vs. depth along a vertical line beneath the center
of the existing footing. This plot should extend from the bottom of the existing footing to a

depth of 35 ft below the bottom of this footing.

Using the data from Problem 7.25, C,I(l + eo) =0.08 and -y=1l9lb/ft3, compute the consolida
tion settlement of the old footing due to the construction and loading of the new footing. The
soil is an overconsolidated (case I) silty clay, and the groundwater table is at a depth of 8 ft

below the ground surface.

Using the SCHMERTMANN.XLS spreadsheet and the subsurface data from Example 7.6, develop

a plot of footing width, 8, vs. column load, P, for square spread footings embedded 3 ft below
the ground surface. Develop a P vs. 8 curve for each of the following settlements: 0.5 in, 1.0
in, and 1.5 in, and present all three curves on the same diagram.

Your greatest danger is letting the urgent things
crowd out the important.

From Tyranny of the Urgent by Charles E. Hummel'

This chapter shows how to use the results of bearing capacity and settlement computa

tions, as well as other considerations, to develop spread footing designs that satisfy geo

technical requirements. These are the requirements that relate to the safe transfer of the

applied loads from the footing to the ground. Chapter 9 builds on this information, and

discusses the structural design aspects, which are those that relate to the structural in

tegrity of the footing and the connection between the footing and the superstructure.

8.1 DESIGN FOR CONCENTRIC DOWNWARD LOADS

The primary load on most spread footings is the downward compressive load, P. This

load produces a bearing pressure q along the bottom of the footing, as described in Sec

tion 5.3. Usually we design such footings so that the applied load acts through the cen

troid (i.e., the column is located in the center of the footing). This way the bearing

pressure is uniformly distributed along the base of the footing (or at least it can be as

sumed to be uniformly distributed) and the footing settles evenly.

'© 1967 by InterVarsity Christian Fellowship of the USA. Used by permission of InterVarsity Press-USA.
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300

400

500

600

700

800

900

1000

Minimum
D

(mm)

Load
Plb

(kN/m)

0-170

170-250

250-330

330-410

410-490

490-570

570-650

650-740

12

18

24

30

36

Minimum
D

(in)

Load
P!h

(kift)

0-10

10-20

20-28

28-36

36-44

TABLE 8.2 MINIMUM DEPTH OF EMBEDMENT
FOR CONTINUOUS FOOTINGS

8.1 Design for Concentric Downward Loadsl
1

D

Footing Depth

260

TABLE 8,1 MINIMUM DEPTH OF EMBEDMENT FOR
SQUARE AND RECTANGULAR FOOTINGS

The depth of embedment, D, must be at least large enough to accommodate the required
footing thickness, T, as shown in Figure 8.1. This depth is measured from the lowest adja
cent ground surface to the bottom of the footing. In the case of footings overlain by a slab
on-grade floor, D is measured from the subgrade below the slab.

Tables 8.1 and 8.2 present minimum D values for various applied loads. These are
the unfactored loads (i.e., the greatest from Equations 2.1-2.4). These D values are in

tended to provide enough room for the required footing thickness, T. In some cases, a
more detailed analysis may justify shallower depths, but D should never be less than 300
mm (12 in). The required footing thickness, T, is governed by structural concerns, as dis
cussed in Chapter 9.

Load
P

(k)

0-65

65-140

140-260

260-420

420-650

Minimum
D

(in)

12

18

24

30

36

Load
P

(kN)

0-300

300-500

500-800

800-1100

1100-1500

1500-2000

2000-2700

2700-3500

Minimum
D

(mm)

300

400

500

600

700

800

900

1000

Sometimes it is necessary to use embedment depths greater than those listed in Ta
bles 8.1 and 8.2. This situations include the following:

• The upper soils are loose or weak, or perhaps consist of a fill of unknown quality. In
such cases. we usually extend the footing through these soils and into the underly
ing competent soils.

• The soils are prone to frost heave. as discussed later in this section. The customary
procedure in such soils is to extend the footings to a depth that exceeds the depth of
frost penetration.

• The soils are expansive. One of the methods of dealing with expansive soils is to
extend the footings to a greater depth. This gives them additional flexural strength,
and places them below the zone of greatest moisture fluctuation. Chapter 19 dis
cusses this technique in more detail.

• The soils are prone to scour, which is erosion caused by flowing water. Footings in
such soils must extend below the potential scour depth. This is discussed in more
detail later in this chapter.

• The footing is located near the top of a slope in which there is some, even remote,
possibility of a shallow landslide. Such footings should be placed deeper than usual
in order to provide additional protection against undermining from any such slides.

Sometimes we also may need to specify a maximum depth. It might be governed by
such considerations as:

• Potential undermining of existing foundations, structures. streets, utility lines, etc.

• The presence of soft layers beneath harder and stronger near-surface soils, and the
desire to support the footings in the upper stratum.
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A desire to avoid working below the groundwater table, and thus avoid construction
dewatering expenses.

• A desire to avoid the expense of excavation shoring, which may be needed for foot
ing excavations that are more than 1.5 m (5 ft) deep.

Footing Width

Sometimes bearing capacity and settlement concerns can be addressed by increasing the
footing depth. For example, if the near-surface soils are poor, but those at slightly greater
depths are substantially better, bearing capacity and settlement problems might be solved
by simply deepening the footing until it reaches the higher quality stratum. However, in
more uniform soil profiles, we usually satisfy bearing capacity and settlement require
ments by adjusting the footing width, B. Increasing B causes the bearing pressure, q, to
decrease, which improves the factor of safety against a bearing capacity failure and de
creases the settlement.

Most structures require many spread footings, perhaps dozens of them, so it is in
convenient to perform custom bearing capacity and settlement analyses for each one. In
stead, geotechnical engineers develop generic design criteria that are applicable to the
entire site, then the structural engineer sizes each footing based on its load and these
generic criteria. We will discuss two methods of presenting these design criteria: the al
lowable bearing pressure method and the design chart method.

a. Using Equation 5.1 or 5.2, write the bearing pressure, q, as a function of B.
b. Using Equation 6.4, 6.5,6.6, or 6.13, along with Equation 6.36, write the allow

able bearing capacity, q", as a function of B.
c. Set q = q" and solve for B.

d. Using Equation 6.4, 6.5, 6.6, or 6.13, along with Equation 6.36 and the B from
Step c, determine the allowable bearing capacity, q".

S. Using the techniques described in Chapter 2, determine the allowable total and dif

ferential settlements, a" and aD". Normally the structural engineer performs this step
and provides these values to the geotechnical engineer.

6. Using local experience or Table 7.5, select an appropriate aD/a ratio.

7. If aD,,;::: a" (aD/a), then designing the footings to satisfy the total settlement require
ment (a ::; a,,) will implicitly satisfy the differential settlement requirement as well
(aD::; aD,,)' Therefore, continue to Step 8 using a". However, if aD" < a" (aD/a), it is
necessary to reduce a" to keep differential settlement under control (see Example
7.8). In that case, continue to Step 8 using a revised a" = ao" / (aD/a).

8. Using the a" value obtained from Step 7, and the techniques described in Chapter 7,
perform a settlement analysis on the footing with the largest applied normal load.
This analysis is most easily performed using the SEITLEMENT.XLS or SCHMERTMANN

.XLS spreadsheets. Determine the maximum bearing pressure, q, that keeps the total
settlement within tolerable limits (i.e., a ::; a,,).

9. Set the allowable bearing pressure, qA equal to the lower of the q" from Step 4 or q
from Step 8. Express it as a multiple of 500 Ib/ft" or 25 kPa.

If the structure will include both square and continuous footings, we can develop
separate qA values for each.

We use the most lightly loaded footing for the bearing capacity analysis because it
is the one that has the smallest B and therefore the lowest ultimate bearing capacity (per
Equations 6.4-6.6). Thus, this footing has the lowest q" of any on the site, and it is conser
vative to design the other footings using this value.

However, we use the most heavily loaded footing (i.e., the one with the largest B)

for the settlement analysis, because it is the one that requires the lowest value of q to sat
isfy settlement criteria. To understand why this is so, compare the two footing in Figure
8.2. Both of these footings have the same bearing pressure, q. However, since a greater
volume of soil is being stressed by the larger footing, it will settle more than the smaller

footing. For footings on clays loaded to the same q, the settlement is approximately pro
portional to B, while in sands it is approximately proportional to BD'. Therefore, the larger
footing is the more critical one for settlement analyses ..

The geotechnical engineer presents qA' along with other design criteria, in a written

report. The structural engineer receives this report, and uses the recommended qA to design
the spread footings such that q::; qA- Thus, for square, rectangular. and circular footings:

Allowable Bearing Pressure Method

The allowable bearing pressure, qAo is the largest bearing pressure that satisfies both bear
ing capacity and settlement criteria. In other words, it is equal to the allowable bearing ca
pacity, q", or the q that produces the greatest acceptable settlement, whichever is less.
Normally we develop a single qA value that applies to the entire site, or at least to all the
footings of a particular shape at that site.

Geotechnical engineers develop qA using the following procedure:

1. Select a depth of embedment, D, as described earlier in this chapter. If different
depths of embedment are required for various footings, perform the following com
putations using the smallest D.

2. Determine the design groundwater depth, D" .. This should be the shallowest ground
water depth expected to occur during the life of the structure.

3. Determine the required factor of safety against a bearing capacity failure (see Fig
ure 6.11).

4. Using the techniques described in Chapter 6, perform a bearing capacity analysis on
the footing with the smallest applied normal load. This analysis is most easily per
formed using the BEARING.XLS spreadsheet. Alternatively, it may be performed as
follows:

i

J
t-

P + Wf

q = -A- - Uo :5 q, (8.1)
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~. = weight of foundation

Wrlb = weight of foundation per unit length

b = unit length of foundation (normally 1 m or 1 ft)

qA = allowable bearing pressure

Uf) = pore water pressure along base of footing. Uf) = 0 if the groundwater table

is at a depth greater than D. Otherwise, Uf) = '(.. (D - D,,).

Solution

As part of an urban redevelopment project, a new parking garage is to be built at a site for
merly occupied by two-story commercial buildings. These old buildings have already been
demolished and their former basements have been backfilled with well-graded sand, sandy

silt, and silty sand. The lower level of the proposed parking garage will be approximately
flush with the existing ground surface, and the design column loads range from 250 to 900 k.

The allowable total and differential settlements are 1.0 and 0.6 inches, respectively.
A series of five exploratory borings have been drilled at the site to evaluate the subsur

face conditions. The soils consist primarily of the basement backfill, underlain by alluvial sands
and silts. The groundwater table is at a depth of about 200 ft. Figure 8.3 shows a design soil
profile compiled from these borings, along with all of the standard penetration test N,,,, values.

The basement backfills were not properly compacted and only encompass portions of
the site. Therefore, in the interest of providing more uniform support for the proposed spread
footing foundations, the upper ten feet of soil across the entire site will be excavated and re
compacted to form a stratum of properly compacted fill. This fill will have an estimated over
consolidation ratio of 3 and an estimated N", of 60. A laboratory direct shear test on a
compacted sample of this soil produced c' = 0 and "" = 35°.

Determine the allowable bearing pressures, qA' for square and continuous footings at
this site, then use this qA to determine the required dimensions for a square footing that will
support a 300 k column load.

The footing width must be determined using the unfactored design load (Le., the largest

load computed from Equations 2.1-2.4), even if the superstructure has been designed

using the factored load.

ExampleS.!

8.1 Design for Concentric Downward Loads

(8.3)

(8,2)

1

f!.cr,/q = 0.1

P,

~

f!.cr,/q = 0.1

Figure 8.2 These two footings are loaded to the same q, but each has a different width
and a correspondingly different P. The larger footing induces stresses to a greater depth in
the soil. so it settles more than the smaller footing.

P/b + ~/bB=--
qA + UD

Setting q = qA and rewriting gives:

264

Where:

A = required base area

for square footings, A = If

for rectangular footings, A = BL

for circular footings, A = -rrB2/4

B = footing width or diameter

L = footing length

P = applied normal load (unfactored)

PIb = applied normal load per unit length (unfactored)

Stepl
Step 2
Step3
Step4-

Step 5
Step 6-

Step 7
Step8-

Use an estimated D of 3 ft

The groundwater table is very deep, and is not a concern at this site
UseF=2.5

Using the BEARING.XLS spreadsheet with P = 250 k, the computed allowable
bearing pressure, q" is 10,500 Ib/ft2
Per the problem statement, 8" = 1.0 in and 8D" = 0.6 in
Using Table 7.5 and assuming the parking garage is a "flexible" structure, the
design value of 8018 is 0.5
S/R, > 8" (8D/8), so the total settlement requirement controls the settlement analysis
Using Table 7.3 and Equation 7.17, the equivalent modulus values for each SPT
data point are as follows:
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Boring No.

Depth (ft)Soil TypeN60130131E, (lb/ft2) NIi)

0-

0102030405060708090 100110120
14

SW20100,00024,000580,000

25

SP104100,00024,0002,596,000

11 Fill (Excavate
I and Recompact)I

35SP88100,00024,0002,212,000 Y= 123lblft3
101

45SW96100,00024,0002,404,000

2

14SW44100,00024,0001,156,000

J•A y•
2

25SP122100,00024,0003,028,000

14

SP&SW72100,00024,0001,828,000
*

3
25

SW90100,00024,0002,260,000
-

3 .::
11 ._ ~.~I~VJ-aIlU

I Ia y••A<:J4 15SW46100,00024,0001,204,000 Cl

4

25SW102100,00024,0002,548,000 30 -1 j
•• ~_ ••.• ~ '1
I I *

5

19SW92100,00024,0002,308,000

~l
• = Boring I• = Boring"
•

5
29SP68100,00024,0001,732,000

A = Boring 2 * = Boring 55
40SW74100,00024,0001.876,000 Y = Boring 3*

5

45SW60100,00024,0001,540,000

49

SW56100,00024,0001,444,000
*•5 ---50-J II I *

The equivalent modulus of the proposed compacted fill is: Fi~ure 8.3
Design soil protile and SPT results for proposed parking garage site.

E, = 80 voeR + I3IN60 = 7000 v'3 + (16,000)(60)7' 1,100,000 Ib/it2

300,000 + 450 82

6500 + 0

8=VA=)P+""JqA + UD

For a 300 k column load, ""J= (3 ft)( 150 Ib/ftJ) 82 = 450 82
Based on this data, we can perform the settlement analysis using the following equivalent
modulus values:

Depth (ft) E, (lb/ft2)

0-10

1,100,000

10-20

1,000,000

>20

1,700,000

=7ftOin <=Answer

Using the SCHMERTMANN.XLS spreadsheet with P = 900 k and 8a = 1.0 in produces q = 6,700
lb/fr

Step 9 - 6,700 < 10,500, so settlement controls the design. Rounding to a multiple of 500
Ib/ft2 gives:

qA = 6500 Iblft2 <=Answer

1

Design Chart Method

The allowable bearing pressure method is sufficient for most small to medium-size struc

tures. However, larger structures, especially those with a wide range of column loads,

warrant a more precise method: the design chart. This added precision helps us reduce
both differential settlements and construction costs.
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Instead of using a single allowable bearing pressure for all footings, it is better to
use a higher pressure for small ones and a lower pressure for large ones. This method re
duces the differential settlements and avoid the material waste generated by the allowable

bearing pressure method. This concept is implicit in a design chart such as the one in Fig
ure 8.4.

Use the following procedure to develop design charts:

1. Determine the footing shape (i.e., square, continuous, etc.) for this design chart. If
different shapes are to be used. each must have its own design chart.

2. Select the depth of embedment, D, using the guidelines described earlier in this
chapter. If different D values are required for different footings, perform these com
putations using the smallest D.

3. Determine the design groundwater depth, D". This should be the shallowest ground
water depth expected to occur during the life of the structure.

4. Select the design factor of safety against a bearing capacity failure (see Figure
6.11).

Figure SA A typical design ch an for spread footings.

5. Set the footing width B equal to 300 mm or I ft, then conduct a bearing capacity
analysis and compute the column load that corresponds to the desired factor of
safety. Plot this (B, P) data point on the design chart. Then select a series of new B

values, compute the corresponding P, and plot the data points. Continue this process
until the computed P is slightly larger than the maximum design column load. Fi
nally, connect these data points with a curve labeled "bearing capacity." The
spreadsheet developed in Chapter 6 makes this task much easier.

6. Develop the first settlement curve as follows:
a. Select a settlement value for the first curve (e.g., 0.25 in).
b. Select a footing width, B, that is within the range of interest and arbitrarily se

lect a corresponding column load, P.Then, compute the settlement of this foot
ing using the spreadsheets developed in Chapters 6 and 7, or some other suitable
method.

c. By trial-and-error, adjust the column load until the computed settlement
matches the value assigned in step a. Then, plot the point B, P" on the design
chart.

d. Repeat steps band c with new values of B until a satisfactory settlement curve
has been produced.

7. Repeat step 6 for other settlement values, thus producing a family of settlement
curves on the design chart. These curves should encompass a range of column loads
and footing widths appropriate for the proposed structure.

8. Using the factors in Table 7.5, develop a note for the design chart indicating the de
sign differential settlements are _% of the total settlements.

1. Compute the design load, P, which is the largest load computed from Equations 2.1,
2.2, 2.3a, or 2.4a. Note that this is the unfactored load, even if the superstructure has
been designed using the factored load.

2. Using the bearing capacity curve on the design chart, determine the minimum re
quired footing width, B, to support the load P while satisfying bearing capacity re
quirements.

3. Using the settlement curve that corresponds to the allowable total settlement, 8", de
termine the footing width, B, that corresponds to the design load, P. This is the min
imum width required to satisfy total settlement requirements.

4. Using the 80/8 ratio stated on the design chart, compute the differential settlement,
80, and compare it to the allowable differential settlement, 80".

5. If the differential settlement is excessive (80 > 80,,), then use the following proce
dure:

a. Use the allowable differential settlement, 80a> and the 80/8 ratio to compute a
new value for allowable total settlement, 8", This value implicitly satisfies both
total and differential settlement requirements.

Once the design chart has been obtained, the geotechnical engineer gives it to the
structural engineer who sizes each footing using the following procedure:

B(m)B

for
8= 20 mm

B

for Bearing
Capacity

Design P

?tkNl
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b. Using the settlement curve on the design chart that corresponds to this revised
1\a' determine the required footing width, B. This footing width is smaller than
that computed in step 3, and satisfies both total and differential settlement
criteria.

6. Select the larger of the B values obtained from the bearing capacity analysis (step 2)
and the settlement analysis (step 3 or 5b). This is the design footing width.

7. Repeat steps I to 6 for the remaining columns.

These charts clearly demonstrate how the bearing capacity governs the design of
narrow footings, whereas settlement governs the design of wide ones.

The advantages of this method over the allowable bearing pressure method include:

• The differential settlements are reduced because the bearing pressure varies with the
footing width.

• The selection of design values for total and differential settlement becomes the di
rect responsibility of the structural engineer, as it should be. (With the allowable
bearing pressure method, the structural engineer must give allowable settlement
data to the geotechnical engineer who incorporates it into qA-)

• The plot shows the load-settlement behavior, which we could use in a soil-structure
interaction analysis.

1000 -

HOO/\00

Plkl 400

2000

0

Figure 8.5

Dilh:rcmiaJ Settlement = 5(Yi( llfTntal Settlemcnt

H l) 10 I] 12 I~ 14 15 16
B(ftj

Design chart for Example 8.2.

Example 8.2

Develop a design chart for the proposed arena described in Example 8.1, then use this chart
to determine the required width for a footing that is to support a 300-k column load.

Solution

Bearing capacity analyses (based on BEARING.XLS spreadsheet)

B (ft) P(k)

2

29

3

74

4

146

5

251

6

395

7

582

8

818

9

1109

~,
~-

'f
-it

Settlement analyses (based on SCHMERTMANN.XLS spreadsheet)

Column loads to obtain a specified total settlement

B=2ftB=7ftB = 12 ftB= 17 ft

5 = 0.25 in

32 k145 k280 k450 k
5 = 0.50 in

56 k260k510k830 k
5=0.75 in

77k365 knOk1190 k
5 = 1.00 in

97 k465 k925 k
5 = 1.25 in

115k555 k1120 k

The result of these analyses are plotted in Figure 8.5.

According to this design chart, a 300-k column load may be supported on a 5 ft. 6 in wide
footing. This is much smaller than the 7 ft. 0 in wide footing in Example 8.1.
Use B = 5 Ct6 in ~Answer

QUESTIONS AND PRACTICE PROBLEMS

8.1 Which niethod of expressing footing width criteria (allowable bearing pressure or design
chart) would be most appropriate for each of the following structures?
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a. A ten-story reinforced concrete building

b. A one-story wood frame house

c. A nuclear power plant

d. A highway bridge

8.9 Several cone penetration tests have been conducted in a young, normally consolidated

silica sand. Based on these tests, an engineer has developed the following design soilprofile:

DESIGN FOR ECCENTRIC OR MOMENT LOADS

This soil has an average unit weight of 18.1 kN/m' above the groundwater table and
20.8 kN/m' below. The groundwater table is at a depth of 3. I m.

Using this data with the spreadsheets described in Chapters 6 and 7, create a design
chart for 1.0-m deep square footings. Consider footing widths of up to 4 m and column loads
up to 1500 kN. a factor of safety of 2.5, and a design life of 50 years.

Hint: In a homogeneous soil, the critical shear surface for a bearing capacity failure ex
tends to a depth of approximately B below the bottom of the footing. See Chapter 4 for a cor
relation between q, in this zone and <1>'.

Sometimes it becomes necessary to build a footing in which the downward load, P, does

not act through the centroid, as shown in Figure 8.6a. One example is in an exterior foot

ing in a structure located close to the property line, as shown in Figure 5.2. The bearing
pressure beneath such footings is skewed, as discussed in Section 5.3.

8.2 Explain why an 8-ft wide footing with q = 3000 Ib/ft' will settle more than a 3-ft wide one
with the same q.

8.3 Under what circumstances would bearing capacity most likely control the design of spread
footings? Under what circumstances would settlement usually control?

8.4 A proposed building will have column loads ranging from 40 to 300 k. All of these columns
will be supported on square spread footings. When computing the allowable bearing pressure,
qA' which load should be used to perform the bearing capacity analyses? Which should be
used to perform the settlement analyses?

8.5 A proposed building will have column loads ranging from 50 to 250 k. These columns are to
be supported on spread footings which will be founded in a silty sand with the following engi
neering properties: 'Y = 119 lb/ft' above the groundwater table and 122 lb/ft' below, c' = 0,
<l>' = 32°, N60 = 30. The groundwater table is 15 ft below the ground surface. The required fac
tor of safety against a bearing capacity failure must be at least 2.5 and the allowable settle
ment. 8", is 0.75 in.

Compute the allowable bearing pressure for square spread footings founded 2 ft below
the ground surface at this site. You may use the spreadsheets described in Chapters 6 and 7 to
perform the computations, or you may do so by hand. Then, comment on the feasibility of
using spread footings at this site.

8.6 A proposed office building will have column loads between 200 and 1000 kN. These columns
are to be supported on spread footings which will be founded in a silty clay with the following
engineering properties: 'Y = 15.1 kN/m' above the groundwater table and 16.5 kN/m' below,
s" = 200 kPa, C,/(1+eo) = 0.020, 0-",' = 400 kPa. The groundwater table is 5 m below the
ground surface. The required factor of safety against a bearing capacity failure must be at least
3 and the allowable settlement, 8", is 20 mm.

Compute the allowable bearing pressure for square spread footings founded 0.5 m
below the ground surface at this site. You may use the spreadsheets described in Chapters 6
and 7 to perform the computations, or you may do so by hand. Then, comment on the feasibil
ity of using spread footings at this site.

8.7 A series of columns carrying vertical loads of 20 to 90 k are to be supported on 3-ft deep
square footings. The soil below is a clay with the following engineering properties:
'Y = 105 lb/ft' above the groundwater table and 110 Ib/ft' below, S" = 3000 Ib/ft', C, /( I + eo) =
0.03 in the upper 10 ft and 0.05 below. Both soil strata are overconsolidated Case 1. The

groundwater table is 5 ft below the ground surface. The factor of safety against a bearing ca
pacity failure must be at least 3. Use the spreadsheets described in Chapters 6 and 7 to com
pute the allowable bearing pressure, qA' The allowable settlement is 1.4 in.

8.2

Depth (m)

0-2.0

2.0-3.5

3.5-4.0

4.0-6.5

-~~~-

q, (kg/cm')

40

78

125

100

f""'\M

tP

,J~
8.8 Using the information in Problem 8.7, develop a design chart. Consider footing widths of up

to 12 ft.
Figure 8.6
men! load. (a) Spread footing subjected to an eccentric downward load: (b) Spread footing subjected to a mo-
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Example 8.3

5. Compare qequiv with the allowable bearing pressure, qu. If qequiv :5;qu then the design
is satisfactory. If not, then increase the footing size as necessary to satisfy this criterion.

(8.4)

(8.5)

(8.6)

P + WJ

qequiv = s;z:- - Uo

b. Compute the effective footing dimensions:

I B' = B - 2eBI

I L' = L - 2eLI

A 5-ft square,2-ft deep footing supportsa vertical load of 80 k and a moment load of 60 ft-k.
The underlyingsoil has an allowable bearing pressure,qA' of 3500 Ib/ft2 and the groundwater
table is at a great depth. Is this design satisfactory?

This produces an equivalent footing with an area A' = B'x L' as shown in Figure 8.7.
4. Compute the equivalent bearing pressure using:

/ 11

", ,, ," ,

~eB / / ,;

:LL--j ,','- ' '
__ /1_- / /

-, --L-I I r_, ', ', ', '

_nn_ I / /
, un "

: n / _,'
I 1 I ,
I / i /1/

Figure8.7 Equivalentfootingforevaluatingthebearingcapacityof footingswithec
centricor appliedmomentloads.Notethattheequivalentfootinghasnoeccentricity.

Solution

UsingEquation5.5:

Wf = (5 ft)(5 ft)(2 ft)(150 lb/ft3) = 7500lb

B' = B - Zes = 5 - (2)(0.686) = 3.63 ft

P + Wf 800,000lb + 7,500 lb 2

qequiv = -A- - UD = (3.63 ft)(5 ft) 0 = 4821lb/ft

:. OK for eccentric loading
e $~

6

e=~- 60ft-k
P + Wf - 80 k + 7.5 k 0.686ft

B 5 ft

"6 = 6 = 0.833 ft

Since qequiv > qA (4821 > 3500), this design is not satisfactory. This is true even
though eccentric loading requirement (e :5;B/6) has been met. Therefore, a larger Bis required. <= Answer

Further trials will demonstratethat B = 6 ft 0 in satisfiesall of the designcriteria.

t

if

1. Developprelirninary values for the plan dimensions B and L. If the footing is
square, then B = L. These values might be based on a concentric downward load
analysis, as discussed in Section 8.1, or on some other method.

2. Determine if the resultant of the bearing pressure acts within the middle third of the
footing (for one-way loading) or within the kern (for two-way loading). The tests
for these conditions are described in Equations 5.9 and 5.10, and illustrated in Ex
amples 5.4 and 5.5. If these criteria are not satisfied, then some of the footing will
tend to lift off the soil, which is unacceptable. Therefore, any such footings need to
be modified by increasing the width or length, as illustrated in Example 5.5.

3. Using the following procedure, determine the effective footing dimensions, B' and
L', as shown in Figure 8.7 (Meyerhof, 1963; Brinch Hansen, 1970):
a. Using Equations 5.3 to 5.6, compute the bearing pressure eccentricity in the B

and/or L directions (eB' eL)'

Another, more common possibility is a footing that is subjected to an applied mo
ment load, M, as shown in Figure 8.6b. This moment may be permanent, but more often it
is a temporary load due to wind or seismic forces acting on the structure. These moment
loads also produce a skewed bearing pressure.

Use the following process to design for footings with eccentric or moment loads:
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Figure 8.8 Shear load acting on a spread

footing.

2n

(8.11)

(8.12)

fJ.

0.70

0.55-0.60

0.45-0.55

0.35-0.45

0.30-0.35

0.40-0.50

0.30-0.35

IV:5Val

V = applied shear load

~a = allowable footing shear load capacity
P = downward load acting on the footing

Wr = weight of footing
B = footing width

D = depth of embedment

fJ. = coefficient of friction (from Table 8.3 or Equation 8.12)

fJ. a = allowable coefficient of friction

A= equivalent passive fluid density

Aa = allowable equivalent passive fluid density

4>= friction angle of soil (use 4>'for drained loading conditions or 4>T for
undrained loading conditions)

F = factor of safety (typically 1.5 to 2.0 for fJ. and 2 to 3 for A)

I fJ. = tan(0.74>') I

The footing must then be designed so that:

MII or Rock Classification

Where:

Clean sound rock

Clean gravel, gravel-sand mixtures. coarse sand

Clean fine-ta-medium sand, silty medium-ta-coarse sand, silty or clayey gravel

Clean fine sand, silty or clayey fine to medium sand

Fine sandy silt, nonplastic silt

Very stiff and hard residual or overconsolidated clay

Medium stiff and stiff clay and silty clay

When quoting or using fJ. and A, it is important to clearly indicate whether they are
ultimate and allowable values. This is often a source of confusion, which can result in

compounding factors of safety, or designing without a factor of safety. Normally, geo
technical engineering reports quote allowable values of these parameters.

The engineer also must be careful to use the proper value of P in Equation 8.8. Typ
ically, multiple load combinations must be considered, and the shear capacity must be sat
isfactory for each combination. Thus, the P for a particular analysis must be the minimum

TABLE 8.3 DESIGN VALUES OF fJ. FOR CAST-iN-PLACE CONCRETE
(U.S. Navy, 1982b)

8.3 Design for Shear Loads

(8.9)

(8.8)

(8.10)

(8.7)

Chapter 8 Spread Footings-Geotechnical Design

(P + Wr)fJ. + Pp - p"

~a = F

[ Via = (P + WI)fJ.a + 0.5 AaBD2\8
. -y[ tan2( 45° + 4>/2) - tan2( 45° - 4>/2)]
A =------

a F

Passive and active forces are discussed in Chapter 23. However, rather than individ

ually computing them for each footing, it is usually easier to compute A, which is the net
result of the active and passive pressures expressed in terms of an equivalent fluid den

sity. In other words, we evaluate the problem as if the soil along one side of the footing is
replaced with a fluid that has a unit weight of A, then using the principles of fluid statics
to compute the equivalent of Pp - Pa. Thus, for square footings, Equation 8.7 may be
rewritten as:

Equation 8.10 considers only the frictional strength of the soil. In some cases, it
may be appropriate to also consider the cohesive strength using the techniques described
in Chapter 23.

r

Some footings are also subjected to applied shear loads, as shown in Figure 8.8. These
loads may be permanent, as those from retaining walls, or temporary, as with wind or
seismic loads on buildings.

Shear loads are resisted by passive pressure acting on the side of the footing, and by

sliding friction along the bottom. The allowable shear capacity, ~a' for footings located
above the groundwater table at a site with a level ground surface is:

8.3 DESIGN FOR SHEAR LOADS

276
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Solution

QUESTIONS AND PRACTICE PROBLEMS

Per Table 8.3: f.l. = 0.35-0.45
Per Equation 8.11: f.l. = tan [0.7(29)]= 0.37
:. Use f.l. = 0.38

normal load that would be present when the design shear load acts on the footing. For ex

ample, if V is due to wind loads on a building, P should be based on dead load only be
cause the live load might not be present when the wind loads occur. If the wind load also
causes an upward normal load on the footing, then P would be equal to the dead load
minus the upward wind load.

Many spread footings are subjected to wind or seismic loads in addition to the static
loads. For purposes of foundation design, these loads are nearly always expressed in
terms of equivalent static loads, as discussed in Section 2.1. In some cases, engineers
might use dynamic analyses to evaluate the seismic loads acting on foundations, but such
methods are beyond the scope of this book.

Wind and seismic loads are primarily horizontal, so they produce shear loads on the
foundations and thus require a shear load capacity evaluation as discussed in Section 8.3.
In addition, wind and seismic loads on the superstructure can produce additional normal
loads (either downward or upward) on the foundations. These loads are superimposed on
the static normal loads. In some cases, such as single pole transmission towers, wind and
seismic loads impart moments onto the foundation.

When these loads are expressed as equivalent static loads, the methods of evaluat
ing the load capacity of foundations is essentially the same as for static loads. However,
geotechnical engineers usually permit a 33 percent greater load-bearing capacity for load
comminations that include wind or seismic components. This increase is based on the fol
lowing considerations:

and a very deep groundwater table. Using a factor of safety of 2.5, determine if this design is
acceptablefor bearing capacity.

For example, if the allowable bearing pressure, qA' for static loads computed using the
technique described in Section 8.1 is 150 kPa, the allowable bearing pressure for load com
binations that include wind or seismic components would be (1.33)(150 kPa) = 200 kPa.

• The shear strength of soils subjected to rapid loading, such as from wind or seismic
loads, is greater than that during sustained loading, especially in sands. Therefore
the ultimate bearing capacity and ultimate lateral capacity is correspondingly larger.

• We are willing to accept a lower factor of safety against a bearing capacity failure
or a lateral sliding failure under the transitory loads because these loads are less
likely to occur.

• Settlement in soils subjected to transitory loading is generally less than that under
an equal sustained load, because the soil has less time to respond.

• We can tolerate larger settlements under transitory loading conditions. In other
words, most people would accept some cracking and other minor distress in a struc
ture following a design windstorm or a design earthquake, both of which would be
rare events.

8.12 A 4-ft square spread footing embedded 1.5ft into the ground is subjectedto the followingde
sign loads: P = 25 k, V = 6 k. The underlying soil is a well-gradedsand with c' = 0, <1>' = 36°,
'Y= 126 Ib/ftJ, and a very deep groundwater table. Using a factor of safety of 2.5 on bearing
capacity, 2 on passive pressure, and 1.5 on sliding friction. determine if this design is accept
able for bearingcapacity and for lateral load capacity.

8.4 DESIGN FOR WIND OR SEISMIC LOADS

<=Answer
v S Vf.(20 S 34) so the footing has sufficient lateral load capacity

Footings subjected to applied shear loads also have a smaller ultimate bearing capacity,
which may be assessed using the i factors in Vesic's method, as describedin Chapter 6. This
reduction in bearing capacity is often ignored when the shear load is small (i.e., less than
about 0.20 P), but it can become significantwith larger shear loads.

f.l. 0.38

f.l.a = F = T5 = 0.25

120[tan2(45 + 29/2) - tan2(45 - 29/2)] J

Aa = 2 = 1521b/ft

Wf = (6)(6)(2.5)(150) = 13,500Ib

)( 152) ,Vfa = (112 + 12.5)(0.25) + (0.5 1000 (6)(2.5-) = 34 k <=Answer

8.11

8.10 A square spread footing with B = 1000 mm and D = 500 mm supportsa column with the fol
lowing design loads: P = 150kN, M = 22 kN-m.The underlying soil has an allowablebearing
pressure of 200 kPa. Is this design acceptable?If not, compute the minimumrequired footing
width and express it as a multiple of 100mm.

A 3 ft X 7 ft rectangular footing is to be embedded2 ft into the ground and will support a sin

gle centrally-locatedcolumn with the following design loads: P = 50 k, M = 80 ft·k (acts in
long direction only). The underlying soil is a silly sand with c' = 0, <1>' = 310, 'Y= 123 Ib/ftJ,

Example 8.4

A 6 ft x 6 ft x 2.5 ft deep footing supports a column with the following design loads:
P = 112k. V = 20 k. The soil is a silty fine-ta-medium sand with <1>' = 29°. and the ground
water table is well below the bottom of the footing. Check the shear capacity of this footing
and determine if the design will safely withstand the design shear load.
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Most building codes allow this one-third increase for short term loads [ICBO
1612.3, 1809.2, and Table 18-I-A], [BOCA 1805.2], [ICC 1605.3.2 and Table 1804.2]. In
addition. most building codes permit the geotechnical engineer to specify allowable bear
ing pressures based on a geotechnical investigation. and implicitly allow the flexibility to
express separate allowable bearing pressures for short- and long-term loading conditions.

This one-third increase is appropriate for most soil conditions. However, it probably
should not be used for foundations supported on soft clayey soils, because they may have
lower strength when subjected to strong wind or seismic loading (Krinitzky. et al., 1993).
In these soils, the foundations should be sized using a design load equal to the greatest of
Equations 2.1 to 2.4 and the qA value from Chapter 8.

There are two ways to implement this one-third increase in the design process for
downward loads:

Method 1:

1. Compute the long duration load as the greater of that produced by Equations 2.1
and 2.2.

2. Size the foundation using the load from Step I. the q, from Chapter 8, and Equation
8.2 or 8.3.

3. Compute the short duration load as the greater of that produced by Equations 2.3
and 2.4.

4. Size the foundation using the load from Step 3, 1.33 times the qA from Chapter 8.
and Equation 8.2 or 8.3.

S. Use the larger of the footing sizes from Steps 2 and 4 (i.e., the final design may be con
trolled by either the long term loading condition or the short term loading condition).

This method is a straightforward application of the principle described above, but can be
tedious to implement. The second method is an attempt to simplify the analysis while pro
ducing the same design:

Method 2:

1. Compute the design load as the greatest of that produced by Equations 2.1, 2.2.
2.3a, and 2.4a.

2. Size the foundation using the load from Step 1, the qA from Chapter 8, and Equation
8.2 or 8.3.

Therefore, the author recommends using Method 2.
The design process for shear loads also may use either of these two methods. Once

again, it is often easier to use Method 2.

Special Seismic Considerations

Loose sandy soils pose special problems when subjected to seismic loads, especially if
these soils are saturated. The most dramatic problem is soil liquefaction, which is the sud
den loss of shear strength due to the build-up of excess pore water pressures (see Coduto,

;J:

Figure 8.9 The soils beneath these apartment buildings in Niigata. Japan liquified dur

ing the 1964 earthquake. which produced bearing capacity failures. These failures report

edly occurred very slowly. and the buildings were very strong and rigid. so they remained
virtually intact as they tilted. Afterwards. the occupants of the center building were able to

evacuate by walking down the exterior wall (Earthquake Engineering Research Center Li
brary. University of California. Berkeley. Steinbrugge Collection).

1999). This loss in strength can produce a bearing capacity failure, as shown in Figure
8.9. Another problem with loose sands, even if they are not saturated and not prone to liq
uefaction, is earthquake-induced settlement. In some cases, such settlements can be very
large.

Earthquakes also can induce landslides, which can undermine foundations built

near the top of a slope. This type of failure occurred in Anchorage, Alaska, during the
1964 earthquake, as well as elsewhere. The evaluation of such problems is a slope stabil
ity concern, and thus is beyond the scope of this book.

8.5 L1GHTLV-LOADED FOOTINGS

The principles of bearing capacity and settlement apply to all sizes of spread footings.
However, the design process can be simplified for lightly-loaded footings. For purposes
of geotechnical foundation design, we will define lightly-loaded footings as those sub

jected to vertical loads less than 200 kN (45 k) or 60 kN/m (4 klft). These include typical
one- and two-story wood-frame buildings, and other similar structures. The foundations
for such structures are small, and do not impose large loads onto the ground, so extensive



Minimum Dimensions

Presumptive allowable bearing pressures have been used since the late nineteenth

century, and thus predate bearing capacity and settlement analyses. Today they are used
primarily for lightweight structures on sites known to be underlain by good soils. Al
though presumptive bearing pressures are usually conservative (i.e., they produce larger
footings), the additional construction costs are small compared to the savings in soil ex
ploration and testing costs.

However, it is inappropriate to use presumptive bearing pressures for larger struc
tures founded on soil because they are not sufficiently reliable. Such structures warrant

more extensive engineering and design, including soil exploration and testing. They also
should not be used on sites underlain by poor soils.
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subsurface investigation and soil testing programs are generally not cost-effective. Nor
mally it is less expensive to use conservative designs than it is to conduct extensive inves
tigations and analyses.

Presumptive Allowable Bearing Pressures

Spread footings for lightweight structures are often designed using presumptive allowable
bearing pressures (also known as prescriptive bearing pressures) which are allowable
bearing pressures obtained directly from the soil classification. These presumptive bear
ing pressures appear in building codes, as shown in Table 8.4. They are easy to imple
ment, and do not require borings, laboratory testing, or extensive analyses. The engineer
simply obtains the qA value from the table and uses it with Equation 8.2 or 8.3 to design
the footings.

8.5 Lightly-Loaded Footings 283

TABLE 8.4 PRESUMPTIVE ALLOWABLE BEARING PRESSURES
FROM VARIOUS BUILDING CODESa,c

If the applied loads are small, such as with most one- or two-story wood-frame structures,

bearing capacity and settlement analyses may suggest that extremely small footings
would be sufficient. However, from a praCtical perspective, very small footings are not
acceptable for the following reasons:

ICBO values reproduced from the 1997 edition of the Unifonn Building Code, © 1997, with permission of the publisher,

the International Conference of Building Officials. Boca Values copyright 1996, Building Officials and Code Administra

tors International, Inc., County Club Hills, IL. Reproduced with permission.

'The values in this table are for illustrative purposes only and are not a complete description of the code provisions. Portions

of the table include the author's interpretations to classify the presumptive bearing values into uniform soil groups. Refer to
the individual codes for more details.

"The Uniform Building Code values in soil are intended to provide a factor of safety of at least 3 against a bearing capacity
failure, and a total settlement of no more than 0.5 in (12 mm) (ICBO, 1997). The lower value for each soil is intended for

footings with B = 12 in (300 mm) and D = 12 in (300 mm) and may be increased by 20 percent for each additional foot of

width and depth to the maximum value shown. Exception: No increase for additional width is allowed for clay, sandy clay.

silty clay, or clayey silt.

'The Standard Building Code (SBCCI, 1997) does not include any presumptive allowable bearing pressures.

Soil or Rock
Classification

Massive crystalline
bedrock

Sedimentaryrock

Sandy gravel or gravel

Sand, silly sand, clayey
sand, silly gravel, or
clayey gravel

Clay, sandy clay, silly .
c1ay,tJr.clayey.silt

Uniform Building
Codeb

(ICBO, 1997)

4,000-12,000

(200-600)

2,000--6,000

(100-300)

2,000-6,000

(100-300)

1,500-4,500
(75-225)

1,000-3,000
(50-150)

Allowable Bearing Pressure, qA Ib/ft2 (kPa)

National Building Code
(BOCA, 1996) and International

Building Code (ICC, 2000)

12,000

(600)

6,000

(300)

5,000
(250)

3,000

(150)

2,000
(100)

CanadianCode
(NRCC, 1990)

40,000-200,000

(2,000-10,000)

10,000-80,000

(500-4000)

4,000-12,000

(200-600)

2,000-8,000
(100-400)

1,000-12,000
(50--600)

it
11.
'fl

• Construction of the footing and the portions of the structure that connect to it would
be difficult.

• Excavation of soil to build a footing is by no means a precise operation. If the foot
ing dimensions were very small, the ratio of the construction tolerances to the foot

ing dimensions would be large, which would create other construction problems.
• A certain amount of flexural strength is necessary to accommodate nonuniformities

in the loads and local inconsistencies in the soil, but an undersized footing would
have little flexural strength.

Therefore, all spread footings should be built with certain minimum dimensions. Figure
8.10 shows typical minimums, In addition, building codes sometimes dictate other mini

mum dimensions. For example, the Uniform Building Code and the International Building
Code stipulate certain minimum dimensions for footings that support wood-frame struc
tures. The minimum dimensions for continuous footings are presented in Table 8.5, and
those for square footings are presented in Note 3 of the table. This code also allows the

geotechnical engineer to supercede these minimum dimensions [UBC 1806.1, IBC
1805.21].

Potential Problems

Although the design of spread footings for lightweight structures can be a simple process,
as just described, be aware that such structures are not immune to foundation problems,
Simply following these presumptive bearing pressures and code minimums does not nec

essarily produce a good design, Engineers need to know when these simple design guide
lines are sufficient, and when additional considerations need to be included.

Most problems with foundations of lightweight structures are caused by the soils
below the foundations, rather than high loads from the structure. For example, founda-
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12 in.

I
(300 mm)

I

9 in.

(200 mm)u
I 12 in. (300 mm) I..

Figure 8.10 Minimum dimensions for spread footings. If the footing is reinforced. the
thickness should be at least 12 in (3000 mm).

tions placed in loose fill may settle because of the weight of the fill or because of infiltra

tion of water into the fill. Expansive soils, collapsible soils, landslides, and other prob
lems also can affect foundations of lightweight structures. These problems may justify
more extensive investigation and design effort.

QUESTIONS AND PRACTICE PROBLEMS

8.13 A certain square spread footing for an office building is to support the following downward

design loads: dead load = 800 kN, live load = 500 kN. seismic load = 400 kN. The 33 percent
increase for seismic load capacity is applicable to this site.

a. Compute the design load.

b. Using the design chart from Example 8.2. determine the required width of this footing
such that the total settlement is no more than 20 mm.

8.14 A three-story wood-frame building is to be built on a site underlain by sandy clay. This build
ing will have wall loads of 1900 lb/ft on a certain exterior wall. Using the minimum dimen
sions presented in Table 8.4 and presumptive bearing pressures from the International

Building Code as presented in Table 8.5. compute the required width and depth of this foot
ing. Show your final design in a sketch.

TABLE 8.5 MINIMUM DIMENSIONS FOR CONTINUOUS FOOTINGS THAT SUPPORT

WOOD-FRAME BEARING WALLS PER UBC AND IBC (ICBO, 1997 and ICC, 2000)

Number of Thickness ofFootingFootingFooting Depth
floors

FoundationWidth.Thickness,Below Undisturbed

supported

WallBTGround Surface, D
by the foundation

(mm)(in)(mm)(in)(mill)(in)(mm)(in)

1

150630012150630012

2

200837515175745018

3

2501045018200860024

I. Where unusual conditions or frost conditions are found. footings and foundations shall be as required by UBC Section
1806.1 or !BC Section 1805.2.1.

2. The ground under the floor may be excavated to the elevation of the lOpof the footing.

3. Interior stud bearing walls may be supported by isolated footings. The footing width and length shall be twice the width
shown in this table and the footings shall be spaced not more than 6 ft (1829 mm) on center.

4. In Seismic Zone 4. continuous footings shall be provided with a minimum of one No. 4 bar top and bottom.

5. Foundations may support a roof in addition to the stipulated number of floors. Foundations supporting roofs only shall
be as required for supporting one floor.

8.6 FOOTINGS ON OR NEAR SLOPES

Yesic's bearing capacity formulas in Chapter 6 are able to consider footings near sloping
ground, and we also could compute the settlement of such footings. However, it is best to
avoid this condition whenever possible. Special concerns for such situations include:

• The reduction in lateral support makes bearing capacity failures more likely.

• The foundation might be undermined if a shallow (or deep!) landslide were to
occur.

• The near-surface soils may be slowly creeping downhill, and this creep may cause
the footing to move slowly downslope. This is especially likely in clays.

However, there are circumstances where footings must be built on or near a slope.
Examples include abutments of bridges supported on approach embankments, founda
tions for electrical transmission towers, and some buildings.

Shields, Chandler, and Gamier (1990) produced another solution for the bearing ca
pacity of footings located on sandy slopes. This method, based on centrifuge tests, relates
the bearing capacity of footings at various locations with that of a comparable footing
with D = 0 located on level ground. Figures 8.11 to 8.13 give this ratio for 1.5:1 and 2:1
slopes.

The Uniform Building Code and the International Building Code require setbacks
as shown in Figure 8.14. We can meet these criteria either by moving the footing away
from the slope or by making it deeper.
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Figure 8.13 Bearing capacity of footings near or on a 1.5H: IV sandy slopes. The con

tours are the bearing capacity divided by the bearing capacity of a comparable footing lo
cated at the surface of level ground. expressed as a percentage. (Adapted from Shields,
Chandler and Garnier, 1990; Used by permission of ASCE).
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Figure 8.11 Definition of tenns for computing bearing capacity of footings near or on

sandy slopes (Adapted from Shields, Chandler and Gamier, 1990; Used by permission of
ASCE).

Steeper than IH: 1V

H

Figure 8.14 Footing setback as required
by the Uniform Building Code [1806.5] and

the International Building Code [1805.3] for
slopes steeper than 3 horizontal to 1 vertical.

The horizontal distance from the footing to
the face of the slope should be at least H13.

but need not exceed 40 ft (12 m). For slopes
that are steeper than 1 horizontal to I verti

cal, this setback distance should be mea

sured from a line that extends from the toe

of the slope at an angle of 45°. (Adapted

from the 1997 edition of the Uniform Build
ing Code, © 1997, with the permission of
the publisher, the International Conference

of Building Officials and the 2000 edition of

the International Building Code).

[j,'

3

A.

Figure 8.12 Bearing capacity of footings near or on a 2H; 1V sandy slopes. The con

tours are the bearing capacity divided by the bearing capacity of a comparable footing lo

cated at the surface of level ground, expressed as a percentage. (Adapted from Shields,

Chandler and Gamier, 1990; Used by permission of ASCE).
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Figure 8.15 Approximate depth of frost penetration in the United States (U.S. Navy, 1982a).

To be considered frost-susceptible, a soil must be capable of drawing significant
quantities of water up from the groundwater table into the frozen zone. Clean sands and

1. There is a nearby source of water; and

2. The soil is frost-susceptible.
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To design foundations in soils that are prone to frost heave, we need to know the

depth of frost penetration. This depth could be estimated using Figure 8.15, but as a prac
tical matter it is normally dictated by local building codes. For example, the Chicago
Building Code specifies a design frost penetration depth of 1.1 m (42 in). Rarely, if ever,
would a rigorous thermodynamic analysis be performed in practice.

Next, the engineer will consider whether ice lenses are likely to form within the

frozen zone, thus causing frost heave. This will occur only if both of the following conditions are met:

However, this setback criteria does not justify building foundations above unstable
slopes. Therefore, we also should perform appropriate slope stability analyses to verify
the overall stability.

Frost Heave

In many parts of the world, the air temperature in the winter often falls below the freezing
point of water (0° C) and remains there for extended periods. When this happens, the
ground becomes frozen. In the summer, the soils become warmer and return to their un
frozen state. Much of the northern United States, Canada, central Europe, and other places
with similar climates experience this annual phenomenon.

The greatest depth to which the ground might become frozen at a given locality is
known as the depth of frost penetration. This distance is part of an interesting thermody
namics problem and is a function of the air temperature and its variation with time, the
initial'soil temperature, the thermal properties of the soil, and other factors. The deepest
penetrations are obtained when very cold air temperatures are maintained for a long dura
tion. Typical depths of frost penetration in the United States are shown in Figure 8.15.

These annual freeze-thaw cycles create special problems that need to be considered
in foundation design.

The most common foundation problem with frozen soils is frost heave, which is a ri.sing
of the ground when it freezes.

When water freezes, it expands about 9 percent in volume. If the soil is saturated and
has a typical porosity (say, 40 percent), it will expand about 9% x 40% '" 4% in volume
when it freezes. In climates comparable to those in the northern United States, this could
correspond to surface heaves of as much as 25 to 50 mm (1-2 in). Although such heaves
are significant, they are usually fairly uniform, and thus cause relatively little damage.

However, there is a second, more insidious source of frost heave. If the groundwater
table is relatively shallow, capillary action can draw water up to the frozen zone and form
ice lenses, as shown in Figure 8.16. In some soils, this mechanism can move large quanti
ties of water, so it is not unusual for these lenses to produce ground surface heaves of 300
mm (1 ft) or more. Such heaves are likely to be very irregular and create a hummocky
ground surface that could extensively damage structures, pavements, and other civil engi
neering works.

In the spring, the warmer weather permits the soil to thaw, beginning at the ground
surface. As the ice melts, it leaves a soil with much more water than was originally pre
sent. Because the lower soils will still be frozen for a time, this water temporarily cannot
drain away, and the result is a supersaturated soil that is very weak. This condition is
often the cause of ruts and potholes in highways and can also effect the performance of
shallow foundations and floor slabs. Once all the soil has thawed, the excess water drains

down and the soil regains its strength. This annual cycle is shown in Figure 8.17.

8.7 FOOTINGS ON FROZEN SOILS
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Figure 8.17 Idealized freeze-thaw cycle in temperate climates. During the summer. none of the

ground is frozen. During the fall and winter. it progressively freezes from the ground surface down.
Then. in the spring. it progressively thaws from the ground surface down.

foundations are shallower than the normal frost depth. Both heated and nonheated build
ings can use this technique (NAHB, 1988 and 1990).

Alternatively, the natural soils may be excavated to the frost penetration depth and
replaced with soils that are known to be frost-free. This may be an attractive alternative
for unheated buildings with slab floors to protect both the floor and the foundation from
frost heave.

Although frost heave problems are usually due to freezing temperatures from nat
ural causes, it is also possible to freeze the soil artificially. For example, refrigerated
buildings such as cold-storage warehouses or indoor ice skating rinks can freeze the soils
below and be damaged by frost heave, even in areas where natural frost heave is not a
concern (Thorson and Braun, 1975). Placing insulation or air passages between the build
ing and the soil and/or using non-frost-susceptible soils usually prevents these problems.

A peculiar hazard to keep in mind when foundations or walls extend through frost
susceptible soils is adfreezing (CGS, 1992). This is the bonding of soil to a wall or founda
tion as it freezes. If heaving occurs after the adfreezing, the rising soil will impose a large

I:: : I Unfrozen Soil

~ Frozen Soil

~ Recently Thawed, Moisture-Softened Soil

•••• Ice Lens

Figure 8.16 Formation of ice lenses. Water is drawn up by capillary action and freezes when it
nears the surface. The frozen water forms ice lenses that cause heaving at the ground surface. Foun

dations placed below the depth of frost penetration are not subject to heaving.

gravels are not frost-susceptible because they are not capable of significant capillary rise.
Conversely, clays are capable of raising water through capillary rise, but they have a low
permeability and are therefore unable to deliver large quantities of water. Therefore,.clays
are capable of only limited frost heave. However, intermediate soils, such as silts and fine
sands, have both characteristics: They are capable of substantial capillary rise and have a
high permeability. Large ice lenses are able to form in these soils, so they are considered
to be very frost -susceptible.

The U.S. Army Corps of Engineers has classified frost-susceptible soils into four
groups, as shown in Table 8.6. Higher group numbers correspond to greater frost suscepti
bility and more potential for formation of ice lenses. Clean sands and gravels (i.e., < 3%
finer than 0.02 mm) may be considered non frost-susceptible and are not included in this
table.

The most common method of protecting foundations from the effects of frost heave
is to build them at a depth below the depth of frost penetration. This is usually wise in all
soils, whether or not they are frost-susceptible and whether or not the groundwater table is
nearby. Even "frost-free" clean sands and gravels often have silt lenses that are prone to
heave, and groundwater conditions can change unexpectedly, thus introducing new
sources of water. The small cost of building deeper foundations is a wise investment in
such cases. However, foundations supported on bedrock or interior foundations in heated
buildings normally do not need to be extended below the depth of frost penetration.

Builders in Canada and Scandinavia often protect buildings with slab-on-grade
floors using thermal insulation, as shown in Figure 8.18. This method traps heat stored in
the ground during the summer and thus protects against frost heave, even though the

Summer Fall Winter Spring
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The Alaska Pipeline project is an excellent example of a major engineering work
partially supported on permafrost (Luscher et. al, 1975).

Scour is the loss of soil because of erosion in river bottoms or in waterfront areas. This is

an important consideration for design of foundations for bridges, piers, docks, and other
structures, because the soils around and beneath the foundation could be washed away.

Scour around the foundations is the most common cause of bridge failure. For ex
ample, during spring 1987, there were seventeen bridge failures caused by scour in the
northeastern United States alone (Huber, 1991). The most notable of these was the col

lapse of the Interstate Route 90 bridge over Schoharie Creek in New York (Murillo,

Figure 8.18 Thermal insulation traps heat in the soil, thus protecting a foundation from frost heave
(NAHB. 1988, 1990).
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8.8 FOOTINGS ON SOILS PRONE TO SCOUR

Optional
Perimeter

Drain

USCSGroup Symbolsb

GW, GP, GW-GM,GP-GM

CL,CH

ML,MH
SM

CL,CL-ML

GM, GW-GM.GP-GM
SW, SP, SM, SW-SM, SP-SM

GM,GC
SM,SC

Soil Types'

Gravels with 3-10% finer than 0.02 mm

a. Gravels with 10-20% finer than 0.02 mm
b. Sands with 3-15% finer than 0.02 mm

a. Gravels with more than 20% finer than 0.02 mm
b. Sands. except very fme silty sands. with more

than 15% finer than 0.02 mm
c. Clays with Jp> 12. except varved clays

a. Silts and sandy silts
b. Fine silty sands with more than 15%finer than

0.02 mm

c. Lean clays with Jp< 12

d. Varvedclays and other fine-grained,banded
sediments

upward load on the structure, possibly separating structural members. Placing a lO-mm
(0.5 in) thick sheet of rigid polystyrene between the foundation and the frozen soil re
duces the adfreezing potential.

In areas where the mean annual temperature is less than O°C, the penetration of freezing
in the winter may exceed the penetration of thawing in the summer and the ground can
become frozen to a great depth. This creates a zone of permanently frozen soil known as
permafrost. In the harshest of cold climates, such as Greenland, the frozen ground is con
tinuous, whereas in slightly "milder" climates, such as central Alaska, central Canada,
and much of Siberia, the permafrost is discontinuous. Areas of seasonal and continuous
permafrost in Canada are shown in Figure 8.19.

In areas where the summer thaws occur, the upper soils can be very wet and weak
and probably not capable of supporting any significant loads, while the deeper soils re
main permanently frozen. Foundations must penetrate through this seasonal zone and well
into the permanently frozen ground below. It is very important that these foundations be
designed so that they do not transmit heat to the permafrost, so buildings are typically
built with raised floors and a ducting system to maintain subfreezing air temperatures be
tween the floor and the ground surface.

F3

Group

Fl
(least susceptible)

F2

F4

(most susceptible)

TABLE 8.6 FROST SUSCEPTIBILITY OF VARIOUS SOILS ACCORDING TO THE U.S. ARMY

CORPS OF ENGINEERS (Adapted from Johnston. 1981).

'Ip = Plasticity Index (explained in Chapter 3).

'See Chapter 3 for an explanation of USCS group symbols.
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Figure 8.19 Zones of continous and discontinuous permafrost in Canada (Adapted from Crawford
and Johnson. 1971).

1987), a failure that killed ten people. Figures 8.20 and 8.21 show another bridge that col
lapsed as a result of scour.

Scour is part of the natural process that moves river-bottom sediments downstream.
It can create large changes in the elevation of the river bottom. For example, Murphy
(1908) describes a site on the Colorado River near Yuma, Arizona, where the river bed
consists of highly erodible fine silty sands and silts. While passing a flood, the water level
at this point rose 4.3 m (14 ft) and the bottom soils scoured to depths of up to 11 m
(36 ft)! If a bridge foundation located 10.7 m (35 ft) below the river bottom had been built
at this location, it would have been completely undermined by the scour and the bridge
would have collapsed.

:r

£.i

Figure 8.20 One of the mid-channel piers supporting this bridge sank about 1.5 m when

it was undermined by scour in the river channel.

Figure 8.21 Deck view of the bridge shown in Figure 8.20. The lanes on the right side

of the fence are supported by a separate pier that was not undermined by the scour.
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TABLE 8.7 TYPICAL PRESUMPTIVE ALLOWABLE BEARING PRESSURES

FOR FOUNDATIONS ON BEDROCK (Adapted from US Navy, 1982b)

AllowableBearingPressure, qA

Scour is often greatest at places where the river is narrowest and constrained by lev
ees or other means. Unfortunately, these are the locations most often selected for bridges.
The presence of a bridge pier also creates water flow patterns that intensify the scour.
However, methods are available to predict scour depths (Richardson et al., 1991) and en
gineers can use preventive measures, such as armoring, to prevent scour problems (TRB,
1984).

8.9 FOOTINGS ON ROCK

In comparison to foundations on soil, those on bedrock usually present few difficulties for
the designer (Peck, 1976). The greatest problems often involve difficulties in construc
tion, such as excavation problems and proper removal of weathered or disturbed material
to provide good contact between the footing and the bedrock.

The allowable bearing pressure on rock may be determined in at least four ways
(Kulhawy and Goodman, 1980):

Rock Type

Massivecrystalline igneousand metamorphic
rock: Granite,diorite, basalt,gneiss, thoroughly
cementedconglomerate

Foliatedmetamorphicrock: Slate, schist

Sedimentaryrock: Hard-cementedshales, siltstone,
sandstone,limestonewithout cavities

Weatheredor broken bedrockof any kind; com
paction shale or other argillaceousrock in sound
condition

Rock
Consistency

Hard and
sound (minor
cracks OK)

Medium hard,
sound (minor
cracks OK)

Medium hard,
sound

Soft

(lb/ft~)

120,000-200,000

60,000-80.000

30,000-50,000

16.000-24.000

(kPa)

6000-10,000

3000-4000

1500-2500

800-1200

• Presumptive allowable. bearing pressures

• Empirical rules

• Rational methods based on bearing capacity and settlement analyses
• Full-scale load tests

When supported on good quality rock, spread footings are normally able to support
moderately large loads with very little settlement. Engineers usually design them using
presumptive bearing pressures, preferably those developed for the local geologic condi
tions. Typical values are listed in Table 8.7.

If the rock is very strong, the strength of the concrete may govern the bearing ca
pacity of spread footings. Therefore, do not use an allowable bearing value, qu' greater
than one-third of the compressive strength of the concrete (0.33 !/).

When working with bedrock, be aware of certain special problems. For example,
soluble rocks, including limestone, may have underground cavities that might collapse,
causing sinkholes to form at the ground surface. These have caused extensive damage to
buildings in Florida and elsewhere.

Soft rocks, such as silts tone, claystone, and mudstone, are very similar to hard soil,
and often can be sampled, tested, and evaluated using methods developed for soils .

!
.~

QUESTIONS AND PRACTICE PROBLEMS

8.15 A 4 ft square. 2 ft deep spread footing carries a compressivecolumn load of 50 k. The edge of
this footing is I ft behind the top of a 40 ft tall. 2H:IV descendingslope. The soil has the fol
lowing properties: c = 200 Ib/ft~,4> = 31°. 'I = 121 Ib/ft'. and the groundwater table is at a
great depth. Compute the factor of safety against a bearing capacity failure and comment on
this design.

8.16 Classify the frost susceptibilityof the following soils:

a. Sandy gravel (GW) with 3% finer than 0.02 mm.

b. Well graded sand (SW) with 4% tiner than 0.02 mm.
c. Silty sand (SM) with 20% finer than 0.02 mm.
d. Fine silty sand (SM) with 35% finer than 0.02 mm.

e. Sandy silt (ML) with 70% finer than 0.02 mm.

f. Clay (CH) with plasticity index = 60.

8.17 A compactedfill is to be placed at a site in North Dakota.The followingsoils are availablefor
import: Soil I - silty sand; Soil 2 - lean clay; Soil 3 - Gravelly coarse sand. Which of these
soils would be least likely to have frost heave problems?

8.18 Would it be wise to use slab-on-gradefloors for houses built on permafrost?Explain.

8.19 What is the most common cause of failure in bridges?

8.20 A single-storybuilding is to be built on a sandy silt in Detroit. How deep must the exterior
footings be below the ground surface to avoid problemswith frostheave?
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SUMMARY COMPREHENSIVE QUESTIONS AND PRACTICE PROBLEMS

1. The depth of embedment, D. must be great enough to accommodate the required
footing thickness, T. In addition, certain geotechnical concerns, such as loose soils
or frost heave, may dictate an even greater depth.

2. The required footing width, B, is a geotechnical problem, and is governed by bear
ing capacity and settlement criteria. It is inconvenient to satisfy these criteria by
performing custom bearing capacity and settlement computations for each footing.
so we present the results of generic computations in a way that is applicable to the
entire site. There are two methods of doing so: the allowable bearing pressure
method and the design chart method.

3. Footings subjected to eccentric or moment loads need to be evaluated using the
"equivalent footing."

4. Footings can resist applied shear loads through passive pressure and sliding friction.

S. Wind and seismic loads are normally treated as equivalent static loads. For most
soils, load combinations that include wind or seismic components may be evaluated
using a 33 percent greater allowable bearing pressure.

6. The design of lightly-loaded footings is often governed by minimum practical di
mensions.

7. Lightly-loaded footings are often designed using an presumptive allowable bearing
pressure, which is typically obtained from the applicable building code.

8. The design of footings on or near slopes needs to consider the sloping ground.

9. Footings on frozen soils need special cpnsiderations. The most common problem is
frost heave, and the normal solution is to place the footing below the depth of frost
penetration.

10. Footings in or near riverbeds are often prone to scour, and must be designed accord
ingly.

11. Rock usually provides excellent support for spread footings. Such footings are typi
cally designed using a presumptive allowable bearing pressure.

8.22 The soil at a certain site has the following geotechnical design parameters: qA = 4000 tb/ftz,

l1-a = 0.28, and Aa = 200 Ib/ftJ• The groundwater table is at a depth of 20 ft. A column that is to

8.21 A 2.0-m square,0.5-m deep spread footing carries a concentricallyapplied downward load of
1200 kN and a moment load of 300 m-kN. The underlying soil has an undrained shear
strength of 200 kPa. The design must satisfy the eccentric load requirements described in
Chapter 5, and it must have a factor of safety of at teast 3 against a bearing capacity failure.
Determineif these requirementsare being met. If not, adjust the footingdimensionsuntil both
requirementshave been satisfied.
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Figure 8.22 ePT data and synthesis of boring for Problems 8.23 and 8.24.
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be supported on a square spread footing on this soil will impart the following load combina
tions onto the footing: P = 200 k, V = 18 k.

Determine the required footing width and depth of embedment.

Six cone penetration tests and four exploratory borings have been performed at the site of a

proposed warehouse building. The underlying soils are natural sands and silty sands with oc
casional gravel. The CPT results and a synthesis of the borings are shown in Figure 8.22. The
warehouse will be supported on 3 ft deep square footings that will have design downward
loads of 100 to 600 k. The allowable total settlement is 1.0 in and the allowable differential
settlement is 0.5 in. Using this data with reasonable factors of safety, develop values of qA' /La'

and }.".Use Figure 4.16 to estimate the friction angle.

Using the design values in Problem 8.23. determine the required width of a footing that must

support the following load combinations:
Load combination I: P D = 200 k. P L = O. V = 0

Load combination 2: PD = 200 k. PL = 0, VE = 21 k

Load combination 3: Po = 200 k, PL = 240, VE = 40 k

Load combination 4: Po = 200 k. PL = 240. PE = -20 k. VE = 40 k

9

Spread Footings
Structural Design

Foundations ought to be twice as thick as the wall to be built on
them; and regard in this should be had to the quality of the ground, and
the largeness of the edifice; making them greater in soft soils, and very
solid where they are to sustain a considerable weight.

The bottom of the trench must be level, that the weight may press
equally, and not sink more on one side than on the other, by which the
walls would open. It wasfor this reason the ancients paved the said bottom
with tivertino, and we usually put beams or planks, and build on them.

The foundations must be made sloping, that is, diminished in
proportion as they rise; but in such a manner, that there may be just as
much set off one side as on the other, that the middle of the wall above
may fall plumb upon the middle of that below: Which also must be
observed in the setting off of the wall above ground; because the
building is by this method made much stronger than if the diminutions
were done any other way.

Sometimes (especially in fenny places, and where the columns
intervene) to lessen the expence, the foundations are not made
continued, but with arches, over which the building is to be.

It is very commendable in great fabricks, to make some cavities in
the thickness of the wall from the foundatWn to the roof, because they
give vent to the winds and vapours, and cause them to do less damage to
the building. They save expence, and are of no little use if there are to be
circular stairs from the foundation to the top of the edifice.

The First Book of Andrea PaIladio's Architecture (1570),

as translated by Isaac Ware (1738)

301
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The plan dimensions and minimum embedment depth of spread footings are primarily
geotechnical concerns, as discussed in Chapters 6 to 8. Once these dimensions have been
set, the next step is to develop a structural design that gives the foundation enough in
tegrity to safely transmit the design loads from the structure to the ground. The structural
design process for reinforced concrete foundations includes:

ever, it is not a comprehensive discussion of every code provision, and thus is not a sub
stitute for the code books.

9.1 SELECTION OF MATERIALS

• Selecting a concrete with an appropriate strength

• Selecting an appropriate grade of reinforcing steel

• Determining the required foundation thickness, T, as shown in Figure 9.1

• Determining the size, number, and spacing of the reinforcing bars

• Designing the connection between the superstructure and the foundation.

The structural design aspects of foundation engineering are far more codified than
are the geotechnical aspects. These codes are based on the results of research, the perfor
mance of existing structures, and the professional judgment of experts. Engineers in
North America use the Building Code Requirements for Structural Concrete (ACI 318-99
and ACI 318M-99) for most projects. This code is published by the American Concrete
Institute (ACI, 1999). The most notable alternative to ACI is the Standard Specifications

for Highway Bridges published by the American Association of State Highway and
Transportation Officials (AASHTO, 1996). The model building codes (ICBO, 1997;
BOCA, 1996; SBCCI, 1997; ICC, 2000) contain additional design requirements.

This chapter covers the major principles of structural design of spread footings, and
often refers to specific code requirements, with references shown in brackets [ ]. How-

Ij:\M"
.--... VI.

~

Figure 9.1 Cross section of a spread fOOling showing applied loads. reinforcing steel.
and relevant dimensions.

9.2

Unlike geotechnical engineers, who usually have little or no control over the engineering
properties of the soil, structural engineers can, within limits, select the engineering prop
erties of the structural materials. In the context of spread footing design, we must select an

appropriate concrete strength, j,.', and reinforcing steel strength, f,..
When designing a concrete superstructure, engineers typically use concrete that has

fe' = 20-35 MPa (3000-5000 Ib/in2). In very tall structures,};.' might be as large as 70 MPa
(10,000 Ib/in2). The primary motive for using high-strength concrete in the superstructure
is that it reduces the section sizes, which allows more space for occupancy and reduces
the weight of the structure. These reduced member weights also reduce the dead loads on
the underlying members.

However. the plan dimensions of spread footings are governed by bearing capacity
and settlement concerns and will not be affected by changes in the strength of the con
crete; only the thickness, T, will change. Even then, the required excavation depth, D,
mayor may not change because it might be governed by other factors. In addition, saving
weight in a footing is of little concern because it is the lowest structural member and does
not affect the dead load on any other members. In fact, additional weight may actually be
a benefit in that it increases the uplift capacity.

Because of these considerations, and because of the additional materials and inspec
tion costs of high strength concrete, spread footings are usually designed using an j,.' of
only 15-20 MPa (2000-3000 Ib/in2). For footings that carry relatively large loads, per
haps greater than about 2000 kN (500 k), higher strength concrete might be justified to
keep the footing thickness within reasonable limits, perhaps using an fc' as high as 35
MPa (5000 Ib/in2) •

Since the flexural stresses in footings are small, grade 40 steel (metric grade 300) is
usually adequate. However, this grade is readily available only in sizes up through #6
(metric #22), and grade 60 steel (metric grade 420) may be required on the remainder of
the project. Therefore, engineers often use grade 60 (metric grade 420) steel in the foot
ings for reinforced concrete buildings so only one grade of steel is used on the project.
This makes it less likely that leftover grade 40 (metric grade 300) bars would accidently
be placed in the superstructure.

BASIS FOR DESIGN METHODS

Before the twentieth century, the design of spread footings was based primarily on prece
dent. Engineers knew very little about how footings behaved, so they followed designs
that had worked in the past.
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The fIrst major advance in our understanding of the structural behavior of rein
forced concrete footings came as a result of full-scale load tests conducted at the Univer
sity of Illinois by Talbot (1913). He tested 197 footings in the laboratory and studied the
mechanisms of failure. These tests highlighted the importance of shear in footings.

During the next fIve decades, other individuals in the United States, Germany, and
elsewhere conducted additional tests. These tests produced important experimental infor
mation on the flexural and shear resistance of spread footings and slabs as well as the re
sponse of new and improved materials. Richart's (1948) tests were among the most
significant of these. He tested 156 footings of various shapes and construction details by
placing them on a bed of automotive coil springs that simulated the support from the soil
and loaded them using a large testing machine until they failed. Whitney (1957) and Moe
(1961) also made important contributions.

A committee of engineers (ACI-ASCE, 1962) synthesized this data and developed
the analysis and design methodology that engineers now use. Because of the experimental
nature of its development, this method uses simplifIed, and sometimes arbitrary, models
of the behavior of foolings. It also is conservative.

As often happens, theoretical studies have come after the experimental studies and
after the establishment of design procedures (Jiang, 1983; Rao and Singh, 1987). Al
though work of this type has had some impact on engineering practice, it is not likely that
the basic approach will change soon. Engineers are satisfIed with the current procedures
for the following reasons:

• Spread footings are inexpensive, and the additional costs of a conservative design
are small.

• The additional weight that results from a conservative design does not increase the
dead load on any other member.

• The construction tolerances for spread footings are wider than those for the super
structure, so additional precision in the design probably would be lost during con
struction.

• Although perhaps crude when compared to some methods available to analyze su
perstructures, the current methods are probably more precise than the geotechnical
analyses of spread footings and therefore are not the weak link in the design
process.

Spread footings have performed well from a structural point-of-view. Failures and
other diffIculties have usually been due to geotechnical or construction problems,
not bad structural design.

• The additional weight of conservatively designed spread footings provides more re
sistance to uplift loads.

Standard design methods emphasize two modes of failure: shear and flexure. A
shear failure, shown in Figure 9.2, occurs when part of the footing comes out of the bot
tom. This type of failure is actually a combination of tension and shear on inclined failure
surfaces. We resist this mode of failure by providing an adequate footing thickness, T.

9.3

Figure 9.2 "Shear" failure in a spread footing loaded in a laboratory iTalbot. 1913). Ob
serve how this failure actually is a combination of tension and shear.

A flexural failure is shown in Figure 9.3. We analyze this mode of failure by treat
ing the footing as an inverted cantilever beam and resisting the flexural stresses by plac
ing tensile steel reinforcement near the bottom of the footing.

DESIGN LOADS

The structural design of spread footings is based on LRFD methods (ACl calls it ultimate

strength design or USD), and thus uses the factored loads as defined in Equations 2.7 to
2.15. Virtually all footings support a compressive load, P", and it should be computed

Figure 9.3 Flexural failure in a spread footing loaded in a laboratory (Talbot. 1913).



Where d" is the nominal diameter of the steel reinforcing bars (see Table 9.1).
ACI [15.7] requires d be at least 6 in (150 mm), so the minimum acceptable T for

reinforced footings is 12 in or 300 mm.

Footings are typically excavated using backhoes, and thus do not have precise as
built dimensions. Therefore, there is no need to be overly precise when specifying the
footing thickness T. Round it to a multiple of 3 in or 100 mm (i.e., 12, 15, 18, 21, etc.
inches or 300, 400, 500, etc. mm). The corresponding values of dare:
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without including the weight of the footing because this weight is evenly distributed and
thus does not produce shear or moment in the footing. Some footings also support shear
(Vu) and/or moment (Mu) loads, as shown in Figure 9.1, both of which must be expressed
as the factored load. This is often a point of confusion, because the geotechnical design of
the same footing is normally based on ASD methods, and thus use the unfactored load, as
defined in Equations 2.1 to 2.4. In addition, the geotechnical design must include the
weight of the footing.

Therefore, when designing spread footings, be especially careful when computing
the load. The footing width, B, is based on geotechnical requirements and is thus based on
the unfactored load, as discussed in Chapter 8, whereas the thickness, T, and the rein
forcement are structural concerns, and thus are based on the factored load. Examples 9.1

and 9.2 illustrate the application of these principles.

9.5 SquareFootings

Id=T-3in-d,,!

I d = T - 70 mm - d" I

307

(9.1 English)

(9.1 SI)

9.4 MINIMUM COVER REQUIREMENTS AND STANDARD DIMENSIONS 9.5 SQUARE FOOTINGS

Figure 9.4 In square spread footings. the effective depth is the distance from the top of
the concrete to the contact point of the flexural steel.

The ACI code specifies the minimum amount of concrete cover that must be present
around all steel reinforcing bars [7.7]. For concrete in contact with the ground, such as
spread footings, at least 70 mm (3 in) of concrete cover is required, as shown in Figure
9.4. This cover distance is measured from the edge of the bars, not the centerlines. It pro
vides proper anchorage of the bars and corrosion protection. It also allows for irregulari
ties in the excavation and accommodates possible contamination of the lower portion of
the concrete.

Sometimes it is appropriate to specify additional cover between the rebar and the
soil. For example, it is very difficult to maintain smooth footing excavation at sites with
loose sands or soft clays, so more cover may be appropriate. Sometimes contractors place a
thin layer of lean concrete, called a mud slab or a leveling slab, in the bottom of the footing
excavation at such sites before placing the steel, thus providing a smooth working surface.

For design purposes, we ignore any strength in the concrete below the reinforcing
steel. Only the concrete between the top of the footing and the rebars is considered in our
analyses. This depth is the effective depth, d, as shown in Figure 9.4.

Flexural Steel 70 mm
or 3 in

d

T

70 mm or 3 in

This section considers the design of square footings supporting a single centrally-located
column. Other types of footings are covered in subsequent sections.

In most reinforced concrete design problems, the flexural analysis is customarily
done first. However, with spread footings, it is most expedient to do the shear analysis
first. This is because it is not cost -effective to use shear reinforcement (stirrups) in most

TABLE 9.1 DESIGN DATA FOR STEEL REINFORCING BARS

Nominal DimensionsBar Size

Available Cross-Sectional
Designation

GradesDiameter, d"Area, A,

English

SIEnglish SI(in)(mm)(in2)(mm2)

#3

#1040.60300.4200.3759.5 71

#4

#1340,60300.4200.50012.7 129

#5

#1640,60300,4200.62515.90.31199

#6

#1940,60300,4200.75019.10.44284

#7

#22604200.87522.20.60387

#8

#25604201.00025.40.79510

#9

#29604201.12828.71.00645

#10

#32604201.27032.31.27819

#ll

#3660420l.4lO35.81.561006

#14

#43604201.69343.02.251452

#18

#57604202.25757.34.002581
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spread footings, and because we neglect the shear strength of the flexural steel. The only
source of shear resistance is the concrete above the flexural reinforcement, so the effec

tive depth, d, as shown in Figure 9.4, must be large enough to provide sufficient shear ca
pacity. We then perform the flexural analysis using this value of d.

Designing for Shear

Various investigators have suggested different locations for the idealized critical
shear surfaces shown in Figure 9.5. The ACI code [11.12.1] specifies that they be located
a distance d from the face of the column for one-way shear and a distance d/2 for two-way
shear.

The footing design is satisfactory for shear when it satisfies the following condition
on all critical shear surfaces:

ACI defines two modes of shear failure, one-way shear (also known as beam shear or
wide-beam shear) and two-way shear (also known as diagonal tension shear). In the con
text of spread footings, these two modes correspond to the failures shown in Figure 9.5.
Although the failure surfaces are actually inclined, as shown in Figure 9.2, engineers use
these idealized vertical surfaces to simplify the computations.

(a)

I Vu<. ~ 4> V"cl

Where:

Vu<.= factored shear force on critical surface

<l> = resistance factor for shear = 0.85

11,,,. = nominal shear capacity on the critical surface

The nominal shear load capacity, V,,,, on the critical shear surface is [11.1]:

IV"c=Vc+V,1

Where:

Vc = nominal shear load capacity of concrete

V, = nominal shear load capacity of reinforcing steel

For spread footings, we neglect V, and rely only on the concrete for shear resistance.

Two-Way Shear

(9.2)

(9.3)

Figure 9.S The two modes of shear fail

ure: (a) one-way shear. and (bl two-way
shear. (b)

:1

The footing may be subjected to applied normal, moment, and shear loads, Pu, M", and Vu,

all of which produce shear forces on the critical shear surfaces.
To visualize the shear force on the critical surface, V,,,,, caused by the applied nor

mal load, P", we divide the footing into two blocks, one inside the shear surface and the
other outside, as shown in Figure 9.6. The factored normal load, Pu, is applied to the top
of the inner block and is transferred to a uniform pressure acting on the base of both
blocks. Some of this load is transferred to the soil beneath the inner block, while the re

mainder must pass through the critical shear surface and enters the soil beneath the lower
block. Only the later portion produces a shear force on the critical shear surface. In other
words, the percentage of P" that produces shear along the critical surfaces is the ratio of
the base area of the outer block to the total base area.

If an applied moment load, Mu, is present, it produces an additional shear force on
two opposing faces of the inner block, as shown in Figure 9.7. The shear force on one of
the faces acts in the same direction as the shear force induced by the normal load, while
that on the other face acts in the opposite direction. Therefore, the face with both forces
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Figure 9.6 The inner block is the portion

of the footing inside the critical section for

two-way shear. The factored shear force act

ing along the perimeter of this block. V".
must not exceed <I> V", The factored shear

force. V,•.• is the portion of the factored col

umn load. p•• that must pass through the
outside surfaces of the inner block before

reaching the ground.
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Inner Block

}
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acting in the same direction has the greatest shear force, and thus controls the design. The
force on this face is:

Figure 9.8 Distribution of shear forces on the critical shear surfaces for two-way shear when the footing is
subjected to both normal and shear loads.

v = (P" + ~) (base area of outer blOCk)"c 4 c + d total base area

= (P" + ~)(B2 - (c + d)2)4 c+d ~

(9.4) If an applied shear load, Vu, is present and it acts in the same direction as the mo
ment load (which is the usual case), it produces a shear force on the other two faces, as
shown in Figure 9.8. If we assume the applied shear force is evenly divided between these
two faces, then the shear force on each face is:

The design should be based on the larger of the Vuc values obtained from Equations
9.4 and 9.5, thus accounting for applied normal, shear, and/or moment loads.

Where:

Vuc = factored shear force on the most critical face

Pu = applied normal load .

M" = applied moment load

Vu = applied shear load

c = column width or diameter (for concrete columns) or base plate width (for
steel columns)

d = effective depth

B = footing width

M"

Figure 9.7 Distribution of shear forces on

Ihe critical shear surfaces for two-way shear

when the footing is subjected 10 both normal
and moment loads. Most Critical Face

V",. = (base area of outer blOCk) I(Pu)2 + (Vu)2total base area \I 4 2

= (B2 - ~2 + d)2) ~ (ir + (i r
(9.5)
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For square footings supporting square or circular columns located in the interior of
the footing (Le., not on the edge or corner), the nominal two-way shear capacity is [ACI
11.12.2.1]:

Other criteria apply if the column has another shape, or if it is located along edge or cor
ner of the footing [ACI 11.12.2.1]. Special criteria also apply if the footing is made of
prestressed concrete [ACI 11.12.2.2], but spread foatings are rarely, if ever, prestressed.

The objective of this analysis is to find the effective depth, d, that satisfies
Equation 9.2. Both v"". and V"" depend on the effective depth, d, but there is no direct so
lution. Therefore, it is necessary to use the following procedure:

Where:

V"" = nominal two-way shear capacity on the critical section (lb, N)

V" = nominal two-way shear capacity of concrete (Ib, N)

bo = length of critical shear surface = length of one face of inner block

c = column width (in, mm)

d = effective depth (in, mm)

j;: = 28-day compressive strength of concrete (lb/in2, MPa)
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One-Way Shear

• The shear stress caused by the applied vertical load. Pu' is uniformly distributed
across the two critical vertical planes shown in Figure 9.5a.

• The shear stress on the vertical planes caused by the applied moment load, M,,, is
expressed by the flexure formula, cr = Mc/I, and thus is greatest at the left and right
edges of these planes.

• The shear stress caused by the applied shear load is uniformly distributed across the
planes.

• The applied normal, moment, and shear loads must be multiplied by (B - c - 2d)/B
before applying them to the critical vertical planes. This factor is the ratio of the
footing base area outside the critical planes to the total area, and thus reflects the

percentage of the applied loads that must be transmitted through the critical vertical
planes.

• The maximum shear stress on the critical vertical surfaces is the vector sum of those
due to the applied normal, moment, and shear loads.

• The factored shear stress on the critical vertical surfaces is the greatest shear stress
multiplied by the area of the shear surfaces. This may be greater than the integral of
the shear stress across the shear surfaces, but is useful because it produces a design
that keeps the maximum shear stress within acceptable limits.

Two-way shear always governs the design of square foatings subjected only to vertical
loads. There is no need to check one-way shear in such foatings. However, if applied
shear and/or moment loads are present, both kinds of shear need to be checked.

To analyze this situation, we will make the following assumptions:

9.5 Square Footings
l

I
II
!

(9.7)

(9.6 SI)

(9.6 English)I V"" = Vc = 4 bodvJ: I

, v,,, = Vc = .!.bodvJ:'
3

I bo=c+d I
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Based on these as,sumptions, we compute the factored shear force on the critical vertical
surfaces, v,,,., as follows:

1. Assume a trial value for d. Usually a value approximately equal to the column
width is a good first trial. When selecting trial values of d, remember T must be a
multiple of 3 in or 100 mm, as discussed in Section 9.4, so the corresponding values
of d are the only ones worth considering. Assuming db'" 1 in (25 mm), the potential
values of dare 8,11,14,17, etc. inches or 200,300,400, etc. mm.

2. Compute VU" and V"c' and check if Equation 9.2 has been satisfied.

3. Repeat Steps 1 and 2 as necessary until finding the smallest d that satisfies Equa
tion 9.2.

4. Using Equlltion 9.1 with db= 1 in or 25 mm, compute the foating thickness, T. Ex
press it as a multiple of 3 in or 100 mm. T must be at least 12 in or 300 mm.

The final value of db will be determined as a part of.the flexural analysis, and may be dif
ferent from the 1 in or 25 mm assumed here. However, this difference is small compared
to the construction tolerances, so there is no need to repeat the shear analysis with the re
vised db'

(B-C-2d)!( 6M)2V,,,= B V PI/+1f +V;

Where:

VI/" = shear force on critical shear surfaces

B = footing width
c = column width

d = effective depth

PI/ = applied norrnalload

M" = applied moment load

V" = applied shear load

(9.8)
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The nominal one-way shear load capacity on the critical section [11.3.1.1] is:

Example 9.1- Part A

Once again, the design is satisfactory when Equation 9.2 has been satisfied.

Both V ne and V"c depend on the effective depth, d, which must be determined using

Equations 9.8 and 9.9 with the procedure described under two-way shear. The final design

value of d is the larger of that obtained from the one-way and two-way shear analyses.

The fmal value of db will be determined as a part of the flexural analysis, and may
be different from the 1 in or 25 mm assumed here. However, this difference is small com

pared to the construction tolerances, so there is no need to repeat the shear analysis with

the revised db'

I Vnc = Vc = 2 bwd v1c I

, V"c = Vc = ~ bwd v1c '

Where:

V"c = nominal one-way shear capacity on the critical section (lb, N)

Vc = nominal one-way shear capacity of concrete (lb, N)

bw = length of critical shear surface = 2B (in, mm)

d = effective depth (in, mm)

le' = 28-day compressive strength of concrete (lb/in2, MPa)

(9.9 English)

(9.9 SI)

Factored load (Equation 2.7 governs)

Pu = 1.4 PD + 1.7 PL = (1.4)(380) + (1.7)(270) = 991 k

Because of the large applied load and because this is a large spread footing, we will use
!C' = 4000 Ib/in2 and J,. = 60 klin2.

Since there are no applied moment or shear loads. there is no need to check one-way shear.
Determine required thickness based on a two-way shear analysis.
Try T=24in:

d = T - 1 bar diameter - 3 in = 24 - 1 - 3 = 20 in

v = (Pu + _Mu ) (_B2 -_(c_+ _d2»)uc 4 c+d B2

= (991,000 lb + 0) (126 in)2 - (21 in + 20 in?)4 (126 in)2

= 221.5OOlb

bo = c + d = 21 + 20 = 41 in

V"c = 4 bod Vj:,

= 4(41 in)(20in)V4000lbjin2

= 207.400 Ib

A 21-inch square reinforced concrete column carries a vertical dead load of 380 k and a verti

callive load of 270 k. It is to be supported on a square spread footing that will be founded on
a soil with an allowable bearing pressure of 6500 Ib/ft2. The groundwater table is well be
low the bottom of the footing. Determine the required width, B, thickness, T, and effective
depth, d.

Solution

Unfactored load-Equation 2.2 governs

"
'!;.l <I> Vnc = (0.85)(207.400lb) = 176,3OOlb

Vuc > <I> Vne :. Not acceptable

Try T= 27 in:

d = T - 1 bar diameter - 3 in = 27 - 1 - 3 = 23 in

Wf = B2D-yc = B2 (3 ft)(150 Ibjtt1) = 450 B2

B = ) P + Wf = 650,000 + 450 B2qA + UD 6500 + 0

B = 10.36 ft ~ use B = 10 ft 6 in (126 in)

P = PD + PL +

Per Table 8.1, use D = 36 in

= 380k + 270k + 0 = 650k

V = (Pu + _Mu ) (_B2 _- (C_+_d)2)uc 4 c+d W

= (991,000 Ib + 0) (126 in)2 - (21 in + 23 in)2)4 (126in)2

= 217,500 Jb

bo = c + d = 21 + 23 = 44 in
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<l> Vu = (0.85)(256,000 lb) = 217,600 lb

Designing for Flexure

ACI Flexural Design Standards

Once we have completed the shear analysis, the design process can move to the flexural
analysis.

(9.10)

(9.11)

(9.12)

Mn = A,/.. (d -~)
pdf..a=--'

0.85f:

~~

Flexural Design Principles

The primary design problem for flexural members is as follows: Given a factored moment

on the critical surface, Mu" determine the necessary dimensions of the member and the
necessary size and location of reinforcing bars. Fortunately, flexural design in foundations
is simpler than that for some other structural members because geotechnical concerns dic
tate some of the dimensions.

The amount of steel required to resist flexure depends on the effective depth, d,
which is the distance from the extreme compression fiber to the centroid of the tension re
inforcement, as shown in Figure 9.9.

The nominal moment capacity of a flexural member made of reinforced concrete
with};,' ~ 30 MPa (4000 Ib/in2) as shown in Figure 9.9 is:

Setting Mu = <I> Mn, where Mu is the factored moment at the section being analyzed. and
solving for A, gives:

<=Answer

V",. :S <l> Vu,. OK

:. Use B = 10 ft 6 in; T = 27 in; d = 23 in

Note I: In this case, V,,, is almost exactly equal to cpVuc. However, since we are considering

only certain values of d, it is unusual for them to match so closely.

Note 2: The depth of embedment of 3 ft, as obtained from Table 8.1, is not needed here (un
less frost depth or other concerns dictate it). We could use D = 30 in and still have plenty of
room for a 27 inch-thick footing.

v"'. = 4 ba dVi:.

= 4(41 in)(23 in)V4000 Ib/in2

= 256,ooolb

Reinforcing Steel
( f: b ) ( ) 2 2.353 Mllc)

A = -- d- d ----
s 1.176/v <l>f: b

(9.13)

a/2
c

T

jd=d-a/2

0.85f'c

H-±-

(c)

J,

(b)

NeutralAxis
(Axisof ZeroStrain)

d

Figure 9.9 The reinforcing bars are placed in the portion of the member that is subjectedto tension.
(a) Cross section, (b) actual stress distribution, and (c) equivalent rectangular stress distribution.The
effective depth, d, is the distance from the extreme compression fiber to the centroid of the tension
reinforcement. 13, is an empirical factor that ranges between 0.65 and 0.85. (Adapted from MacGre
gor, 1996).

(a)

•••

I, b • I

~~
~,

• Grade 40 bars (also known as metric grade 300), which have a yield strength, f.., of
40 klin2 (300 MPa) .

• Grade 60 bars (also known as metric grade 420), which have a yield strength,f, of
60 klin2 (420 MPa) .

Concrete is strong in compression, but weak in tension. Therefore, engineers add reinforc
ing steel, which is strong in tension, to form reinforced concrete. This reinforcement is
necessary in members subjected to pure tension, and those that must resistflexure (bend
ing). Reinforcing steel may consist of either defonned bars (more commonly known as
reinforcing bars, or rebars) or welded wire fabric. However, wire fabric is rarely used in
foundations.

Manufacturers produce reinforcing bars in various standard diameters, typically
ranging between 9.5 mm (3/8 in) and 57.3 mm (2 1/4 in). In the United States, the English
and metric bars are the same size (i.e., we have used a soft conversion), and are identified
by the bar size designations in Table 9.1.

Rebars are available in various strengths, depending on the steel alloys used to man
ufacture them. The two most common bar strengths used in the United States are:
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Where:

A., = cross-sectional area of reinforcing steel

1/ = 28-day compressive strength of concrete

J,. = yield strength of reinforcing steel

P = steel ratio
b = width of flexural member

d = effective depth

<p = 0.9 for flexure in reinforced concrete

Mile = factored moment at the section being analyzed

Two additional considerations also enter the design process: minimum steel and
maximum steel. The minimum steel in footings is governed by ACI 10.5.4 and 7.12.2, be
cause footings are treated as "structural slabs of uniform thickness" (MacGregor, 1996).
These requirements are as follows:

Id 3 /y a 13 'Y >.

db = 40 Vi: (c :b Ktr)

Id _~~ a13'Y>'

db - 10 Vi: ( C :b KIr )

Atr/VI

KIr = 1500sn

Atrf\'l

KIr = 10sn

For spread footings, use Ktr = 0, which is conservative.

(9.14 English)

(9.14 SI)

(9.15 Englt)

(9.15 SI)

Development Length

Notice how one of these criteria is based on the "clear space" which is the distance be
tween the edges. of two adjacent bars, while the other is based on the center-to-center
spacing, which is the distance between their centerlines.

The rebars must extend a sufficient distance into the concrete to develop proper anchor
age [ACI 15.6]. This distance is called the development length. Provides the clear spacing
between the bars is at least 2db, and the concrete cover is at least db' the ratio of the mini
mum required development length, Id' to the bar diameter, db is [ACI 12.2.3]:

Where:

Id = minimum required development length (in, mm)

db = nominal bar diameter (in, mm)

J,. = yield strength of reinforcing steel Ob/in", MPa)

1\'1 = yield strength of transverse reinforcing steel Ob/in", MPa)

1/ = 28-day compressive strength of concrete Ob/in", MPa)
a = reinforcement location factor

a = 1.3 for horizontal reinforcement with more than 300 mm (12 in) of
fresh concrete below the bar

a = 1.0 for all other cases

13 = coating factor

13 = 1.5 for epoxy coated bars or wires with cover less than 3db or clear
spacing less than 6db

13 = 1.2 for other epoxy coated bars or wires

13 = 1.0 for uncoated bars or wires
y = reinforcement factor

y = 0.8 for #6 (metric #19) and smaller bars

y = 1.0 for #7 (metric #22) and larger bars

A. = lightweight concrete factor = 1.0 for normal concrete (lightweight concrete
is not used in foundations)

c = spacing or cover dimension (in, mm) = the smaller of the distance from the
center of the bar to the nearest concrete surface or one-half the center-to
center spacing of the bars

Air = total cross-sectional area of all transverse reinforcement that is within the

spacing s and which crosses the potential plane of splitting through the re-

As ;:: 0.0020 Ag

A,;:: 0.0018 Ag

For grade 40 (metric grade 300) steel

For grade 60 (metric grade 420) steel

Where:

Ag = gross cross-sectional area

• The clear space between bars must be at least equal to db' 25 mm (1 in), or 4/3 times
the nominal maximum aggregate size [3.3.2 and 7.6.1], whichever is greatest.

• The center-to-center spacing of the reinforcement must not exceed 3T or 500 mm
(18 in), whichever is less [10.5.4].

The Pmin criteria in ACI 10.5.1 do not apply to footings.
The maximum steel requirement [10.3] is intended to maintain sufficient ductility.

It never govems the design of simple footings, but it may be of concern in combined foot
ings or mats.

We can supply the required area of steel, computed using Equation 9.13 by any of
several combinations of bar size and number of bars. This selection must satisfy the fol
lowing minimum and maximum spacing requirements:
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inforcement being developed (in2, mm2)-may conservatively be taken to
be zero

s = maximum center-to-center spacing of transverse reinforcement within Id

(in, mm)

The term (c + K,,)ldh must be no greater than 2.5, and the product a.~ need not exceed 1.7.
In addition, the development length must always be at least 300 mm {l2 in).

Application to Spread Footings

Principles

A square footing bends in two perpendicular directions as shown in Figure 9.lOa, and
therefore might be designed as a two-way slab using methods similar to those that might
be applied to a floor slab that is supported on all four sides. However, for practical pur
poses, it is customary to design footings as if they were a one-way slab as shown in Figure
9.l0b. This conservative simplification is justified because of the following:

• The full-scale load tests on which this analysis method is based were interpreted
this way.

• It is appropriate to design foundations more conservatively than the superstructure.

• The flexural stresses are low, so the amount of steel required is nominal and often
governed by Pmin'

• The additional construction cost due to this simplified approach is nominal.

Once we know the amount of steel needed to carry the applied load in one-way
bending, we place the same steel area in the perpendicular direction. In essence the foot
ing is reinforced twice, which provides more reinforcement than required by a more rigor
ous two-way analysis.

Steel Area

-
9.5 SquareFootings

Figure 9.10 (a) A spread footing is actu
ally a two-way slab. bending in both the

"nonh-south" and '"east-west" directions;

(b) For purposes of analysis. engineers as

sume that the footing is a one-way slab that
bends in one axis only.

(a)

(b)
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The usual procedure for designing flexural members is to prepare a moment diagram and
select an appropriate amount of steel for each portion of the member. However, for simple
spread footings, we again simplify the problem and design all the steel for the moment
that occurs at the critical section for bending. The location of this section for various
types of columns is shown in Figure 9.11.

We can simplify the computations by defining a distance I, measured from the criti
cal section to the outside edge of the footing. In other words, I is the cantilever distance. It
is computed using the formulas in Table 9.2.

The factored bending moment at the critical section, Muc, is:

Where:

M"c = factored moment at critical section for bending
Pu = factored compressive load from column

M" = factored moment load from column

I = cantilever distance (from Table 9.2)
B = footing width

p)2 2MJ
M =-+--

uc 2 B B (9.16)
The first term in Equation 9.16 is based on the assumption that P" acts through the

centroid of the footing. The second term is based on a soil bearing pressure with an as
sumed eccentricity of B13, which is conservative (see Figure 5.15).
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Figure 9.11 Location of critical section for bending: (a) with a concrete column; (b)

with a masonry column; and (c) with a steel column.

r-i
(9.17)

(9.18)

I As = pBdl

The required area of steel for each direction is:

I (l"),,,pplied = I - 70 mm (3 in) I

Where:

(ld)",pplied = supplied development length

I = cantilever distance (per Table 9.2)

Carry the flexural steel out to a point 70 mm (3 in) from the edge of the footing as
shown in Figure 9.4.

Development Length

ACI [15.6] requires the flexural steel in spread footings meet standard developme~tlength requirements. This development length is measured from the critical section IfOr
bending to the end of the bars as defined in Figure 9.11 to the end of the bars, which is 70

mm (3 in) from the edge of the footing. Thus, the supplied development length, (/")",pplie"
is:

-icr-

I: / .1 .1
B

(c)

,,
,
,
,
,
,
,

c14_

t== ,
I B

(b)

Flexural
Steel

H

,
,
,
,

t== .
J B

(a)

After computing Muc' fmd the steel area, As, and reinforcement ratio, p, using Equa
tions 9.12 and 9.15. Check if the computed p is less than Pmin' If so, then use Pmin' Rarely
will P be larger than 0.0040. This light reinforcement requirement develops because we
made the effective depth d relatively large to avoid the need for stirrups.

TABLE 9.2 DESIGN CANTILEVER DISTANCE FOR USE IN

DESIGNING REINFORCEMENT IN SPREAD FOOTINGS [15.4.2].

-i1

~,
~

This supplied development length must be at least equal to the required development
length, as computed using Equation 9.14 or 9.15. If this criteria is not satisfied, we do not
enlarge the footing width, B. Instead, it is better to use smaller diameter bars, which have
a correspondingly shorter required development length.

If the supplied development length is greater than the required development length,
we still extend the bars to 70 mm (3 in) from the edge of the footing. Do not cut them off
at a different location.

Example 9.1-Part B

Type of Column
Using the results from Part A, design the required flexural steel.

Concrete

Masonry

Steel

(B - c)12

(B - cl2)/2

(2B - (c + cp))/4

Solution

Find the requiredsteel area
I. ACI does not specify the location of the critical section for timber columns, but

in this context. it seems reasonable to treat them in the same way as concrete
columns.

2. If the column has a circular. octagonal, or other similar shape, use a square with

an equivalent cross-sectional area.

3. B = footing width; c = column width; cr = base plate width. If column has a cir
cular or regular polygon cross section. base the analysis on an equivalent square.

B - c 126 - 21 = 52.5 in
1=-2 --= 2

p.z2 (991,000)(52.5)2 .
Mu,· = 2B + 0 = ,_,,,_,, = 10.800.000 tn-Ib
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( t: b ) ( ~' 2.353 M,,)
A= -- d- d-----

'1.176!. H:b

( (4000 Ib/in1)( 126 in) ( .. , 2.353 (10,800,000 in-lb) )
= ------ 23 In - (23 In)- -

(1.176)(6O,000Ib/in") (0.9)(4000 Ib/in1)(126 in)

= 8.94 in1

Check minimum steel

A,~0.018 (27) (126)

~6.l2 in"

8.94~6.12 ok

9.5 Square Footings

Po=JKOk
PI. = 270 k

~

10'6"

325

Use 12 #8 bars each way (A, = 9.42 in1) <=Answer
12 #8 Bars Each Way

Clear space between bars = 126/13-1 = 8.7 in OK

Check development length

(t"tuppUed = I - 3 = 52.5 - 3 = 49.5 in

c + K" 3.5 + 0
-- = --- = 35> 25 use25

dh I ...

Id 3 f, a 13"Y ~ 3 60,000 (1)(1)(1)(1)

d,: = 4O-v'r:-t: -(-C-:-hK-,,-) = 40-Y-4ooo---2.-5-= 28

Id = 28 dh = (28)(1) = 28 in

Id < (tdt"""Ued' so development length is OK.

The final design is shown in Figure 9.12.

QUESTIONS AND PRACTICE PROBLEMS

The ASD load for determining the required footing width should be computed using the largest of

Equations 2.1, 2.2, 2.3a, or 2.4a, unless otherwise stated. The factored loads should be computed
using the ACI load factors (Equations 2.7-2.17).

9.1 A column carries the following vertical downward loads: dead load = 400 kN, live load =
300 kN, wind load = 150 kN, and earthquake load = 250 kN. Compl!te the unfactored load, p,
and the factored load, P", to be used in the design of a concrete footing. 1

Figure 9.12 Footing design for Example 9.1.

9.2 A tlexural member has a dead load moment of 200 ft-k and a live load moment of 150 ft-k.

The computed nominal moment capacity. M", is 600 ft-k. Is the design of this member satis
factory? Use the ACI ultimate strength criterion.

9.3 Why are spread footings usually made of low-strength concrete?

9.4 Explain the difference between the shape of the actual shear failure surfaces in footings with
those used for analysis and design.

9.5 A 4oo-mm square concrete column that carries a factored vertical downward load of 450 kN

and a factored moment load of 100 kN-m is supported on a I.5-m square footing. The effec
tive depth of the concrete in this footing is 500 mm. Compute the ultimate shear force that acts
on the most critical section for two-way shear failure in the footing.

9.6 A 16-in square concrete column carries vertical dead and live loads of 150 and 100 k, respec
tively. It is to be supported on a square footing with!:.' = 3000 lblin" and!. = 60 k/in1. The soil

has an allowable bearing pressure. of 4500 Ib/ftl and the groundwater table is at a great depth.
Because of frost heave considerations, the bottom of this footing must be at least 30 inches
below the ground surface. Determine the required footing thickness, size the tlexural rein
forcement, and show your design in a sketch.

9.7 A WI6x50 steel column with a 22-inch square base plate is to be supported on a square
spread footing. This column has a design dead load of 200 k and a design live load of 120 k.
The footing will be made of concrete with t..' = 2500 Ib/in1 and reinforcing steel with f. = 60
k/in1. The soil has an allowable bearing pressure of 3000 Ib/ft" and the groundwater table is at
a great depth. Determine the required footing thickness, size the tlexural reinforcement. and
show your design in a sketch.
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9.8 A 500-mmsquare concrete column carries verticaldead and live loads of 500 and 280 \eN,re
spectively. It is to be supported on a square footing with};' = 17 MPa and!, = 420 MPa. The
soil has an allowable bearing pressure of 200 kPa and the groundwater table is at a great
depth. Determine the required footing thickness, size the tlexural reinforcement, and show
your design in a sketch.

9.6 CONTINUOUS FOOTINGS

Where:

VIle /b = factored shear force on critical shear surface per unit length of footing

P" /b = factored applied compressive load per unit length of footing
c = width of wall

b = unit length of footing (usually I ft or I m)

Setting VII<. = $ V;". equating Equations 9.9 and 9. 19, and solving for d gives:

The structural design of continuous footings is very similar to that for square footings.
The differences, described below, are primarily the result of the differences in geometry.

d = (P,jb)(B - c)

~ 484> B Vi: + 2 P,,/b I (9.20 English)

Designing for Shear

As with square footings, the depth of continuous footings is governed by shear criteria.
However. we only need to check one-way shear because it is the only type that has any
physical significance. The critical surfaces for evaluating one-way shear are located a dis
tance d from the face of the wall as shown in Figure 9. I3.

The factored shear force acting on a unit length of the critical shear surface is:

Then, compute the footing thickness, T, using the criterion described earlier.

(9.21)M"Jb = (P,,/b)12 + 2 (M,,/b)l
2B B

Where:

d = effective depth (in, mm)

P,,/b = applied vertical load per unit length of footing (lb/ft, kN/m)

b = footing width (in, mm)

c = wall width (in, mm)

$ = resistance factor = 0.85

le' = 28-day compressive strength of concrete (lb/in~, MPa)

d = 1500 (P,jb)(B - c)

500 4>B Vi: + 3 P,jb I (9.20 SI)

Nearly all continuous footings should have longitudinal reinforcing steel (i.e., running
parallel to the wall). This steel helps the footing resist flexural stresses from non-uniform
loading, soft spots in the soil, or other causes. Temperature and shrinkage stresses also are
a concern. Therefore, place a nominal amount of longitudinal steel in the footing (0.0018
A, to 0.0020 A) with at least two #4 bars (2 metric #13 bars). If large differential heaves
or settlements are likely, we may need to use additional longitudinal reinforcement. Chap
ter 19 includes a discussion of this issue.

Transverse steel (that which runs perpendicular to the wall) is another issue. Most
continuous footings are narrow enough so the entire base is within a 45° frustum, as
shown in Figure 9.14. Thus, they do not need transverse steel. However, wider footings
should include transverse steel designed to resist the flexural stresses at the critical section
as defined in Table 9.2. The factored moment at this section is:

Designing for Flexure

-1

(9.19)
V,.jb = (P,jb) ( B - ~ - 2d)

Fi2ure 9.13 Location of idealized critical

shear surface for one-way shear in a contin

uous footing.
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Factored load-Equation 2.7 governs

329

"") ~SO

Figure 9.14 Zone of compres>ionin
lightly-loaded foolings. Zone of Compression

1
Pjb = 1.4Po!b + 1.7PJb

= 1.4(120) + 1.7(88)

= 318 kN/m

Compute the required thickneS~ing a shear analysis

1500 (Pjb)(B - c)d=------
500 q, BV[ + 3 Pjb

(1500)(318 kN/m)(llOO mm - 200 mm)

(500)(0.85)(1100 mm)v'15 MPA + (3)(318 kN/m)

= 237 mm

Where:

M,,)b = factored moment at critical section per unit length of footing

P,/b = factored applied compressive load per unit length of footing

M,/b = factored applied moment load perpendicular to wall per unit length of foot

ing

I = cantilever distance (from Figure 9.11 or Table 9.2)

Compute the required transverse steel area per unit length, AJb, using Equation 9.13, as

demonstrated in Example 9.2.

Example 9.2

A 2oo-mm wide concrete block wall carries a vertical dead load of 120 kN/m and a vertical

live load of 88 kN/m. It is to be supported on a continuous spread footing that is to be
founded at a depth of at least 500 mm below the ground surface. The ::llowable bearing pres
sure of the soil beneath the footing is 200 kPa, and the groundwater table is at a depth of
10 m. Develop a structural design for this footing using le' = 15 MPa and;; = 300 MPa.

Solution

Unfactored load-Equation 2.2 governs

P/b = (P/b)D + (P/b)L + ... = 120 kN/rn + 88 kN/m + 0 = 208 kN/m

Per Table 8.1, minimum D = 400 mm, but problem statement says use D = 500 mm

W,/b = BD '/. = B(0.5 m)(23.6 kN/mJ) = 11.8 B

P/b + Wt/b 208 + 11.8 BB=----=----= 1.1 m
qA - UD 200 - 0

jI

I

I

1

I

1

I
I

1

For ease of construction, place the longitudinal steel below the lateral steel. Assuming metric
#13 bars (diameter = 12.7 mm), the footing thickness. T, is:

T = d + (1/2)( diam. of lat. steel) + diam. of long steel + 70 mm

= 237 + 12.7/2 + 12.7 + 70

= 326 mm --+ Use 400 mm

d = 400 - 12.7/2 - 12.7 - 70 = 311 mm

In the square footing design of Example 9.1, we used an effecti ve depth, d, as the distance
from the top of the footing to the contact point of the two layers of reinforcing bars (as shown
in Figure 9.4. We used this definition because square footings have two-way bending, this is
the average d of the two sets of rebar. However, with continuous footings we are designing
only the lateral steel, so d is measured from the top of the footing to the center of the lateral
bars. The longitudinal bars will be designed separately.

Design the lateral steel

B - e/2 _ 1.1 - 0.2/2 = 0.50 m = 500 mm
1= -2~- 2

(PjbW (318)(0.50)'

M"jb = -- + 0 = () = 36.1 kN-m/m2B 2 I.I

AJb = C.{~:/,)( d - ~ d2 _ 2.:~:,,)

( (IS MPa)(1m) )( I ,2.3S3(36.1kN-mj )(10'0101)'= -(I-.1-76-j-(3-00-M-Pa-)0.311 m-\! (0.311 m)- - -(0-.9-)(-IS-.0-0-0-k-Pa-j-(I-m-)-m-

= 437 mm'/m
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Check minimum steel

AJb ~ 0.0020 (460)(1000)

~8oomm~/m -- 200 mm Concrete Block

Use metric #13 bars @ 150 mm QC [A, = (129 mm'/bar)(6.67 bars/m) = 860 mm2/m > 800

mm~/m]
Slah·on·Grade Floor

Check development length

Figure 9.15 Final design for Example 9.2.

1100 mm

500 mm
300 mm

7 #13

ooofo
#13 @ 150 mm a.c.(ld)",I",Ued = I - 75 = 500 - 75 = 425 mm

c + Kt,· = 70 + 0 = 5.5 > 2.5 use 2.5
d" 12.7

1., 9 J:. O:~'YA 9 300 (1)(1)(1)(1)-----------28
d" - 10 Vi: (C + Ku.) - 10 vT5 2.5 -d"

Id = 28 d" = (28)(12.7) = 355 mm

Id < (ld},uppUed. so development length is OK.
Design the longitudinal steel

420 MPa steel. The soil has an allowable bearing pressure of 150 kPa. and the groundwater
table is at a great depth. The local building code requires that the bottom of this footing be at
least 500 mm below the ground surface. Determine the required footing thickness. and design
the lateral and longitudinal steel. Show your design in a sketch.

A, = p b d = (0.0020)(1100)(400) = 880 mm~

Use 7 metric #13 bars (A, = 903 mm2 = > 880 mm')

The final design is shown in Figure 9.15.

9.7 RECTANGULAR FOOTINGS

Rectangular footings with width B and length L that support only one column are similar

to square footings. Design them as follows:

QUESTIONS AND PRACTICE PROBLEMS

9.9 A 12-in wide concrete block wall canies vertical dead and live loads of 13.0 and 12.1 klft. re

spectively. It is to be supported on a continuous footing made of 2000 lb/in~ concrete and
40 klin2 steel. The soil has an allowable bearing pressure of 4000 lb/ft~, and the groundwater
table is at a great depth. The local building code requires that the bottom of this footing be at
least 24 inches below the ground surface. Determine the required footing thickness, and de
sign the lateral and longitudinal steel. Show your design in a sketch.

9.10 A 2oo-mm wide concrete block wall canies vertical dead and live loads of 50 and 70 kN/m,

respectively. It is to be supported on a continuous footing made of 18 MPa concrete and

J

1. Check both one-way shear (Equation 9.9) and two-way shear (Equation 9.6) using

the critical shear surfaces shown in Figure 9.l6a. Determine the minimum required

d and T to satisfy both.

2. Design the long steel (see Figure 9.16b) by substituting L for B in Table 9.2 and

Equation 9.16, and using Equation 9.17 with no modifications. Distribute this steel

evenly across the footing as shown in Figure 9.l6c.

3. Design the short steel (see Figure 9.16b) using Table 9.2 and Equation 9.16 with no

modifications, and substituting L for B in Equation 9.17.

4. Since the central portion of the footing takes a larger portion of the short-direction

flexural stresses. place more of the short steel in this zone [15.4.4]. To do so, divide

the footing into inner and outer zones. as shown in Figure 9.16c. The portion of the

total short steel area. A." to be placed in the inner zone is E:
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One-Way Shear Surface

lE = L/B\ I1

(9.22)

Distribute the balance of the steel evenly across the outer zones.

I: : 1.-1

I. I. : .1 .1

Short Steel

t

I~

9.8 COM.BINED FOOTINGS

Although the principles described in Sections 9.5 to 9.8 apply to footings of all sizes,
some footings are so lightly loaded that practical minimums begin to govern'the design.
For example, if P" is less than about 400 kN (90 k) or P,/b is less than about 150 kN/m
(10 klft), the minimum d of 150 mm (6 in) [ACI 15.7] controls. Thus, there is no need to
conduct a shear analysis, only to compute a T smaller than the minimum. In the same
vein, if P" is less than about 130 kN (30 k) or P,/b is less than about 60 kN/m (4 kif!), the
minimum steel requirement (p = 0.0018) governs, so there is no need to conduct a flexural
analysis. Often, these minimums also apply to footings that support larger loads.

In addition, if the entire base of the footing is within a 45° frustum, as shown in Fig
ure 9.14, we can safely presume that very little or no tensile stresses will develop. This is
often the case with lightly loaded footings. Technically, no reinforcement is required in
such cases. However, some building codes [ICBO 1806.7] have minimum reinforcement
requirements for certain footings, and it is good practice to include at least the following
reinforcement in all footings:

Combined footings are those that carry more than one column. Their loading and geome
try is more complex, so it is appropriate to conduct a more rigorous structural analysis.
The rigid method, described in Chapter 10, is appropriate for most combined footings. It
uses a soil bearing pressure that varies linearly across the footing, thus simplifying the

computations. O~ the soil pressure has been established, MacGregor (1996) suggests
designing the longitudinal steel using idealized beam strips ABC, as shown in Figure
9.17. Then, design the transverse steel using idealized beam strips AD. See MacGregor
(1996) for a complete design example.

Large or heavily loaded combined footings may justify a beam on elastic founda
tion analysis, as described in Chapter 10.

Square footings

• If bottom of footing is completely within the zone of compression-no reinforce
ment required

• If bottom of footing extends beyond the zone of compression-as determined by a
flexural analysis, but at least #4 @ 18 in o.c. each way (metric #13 @ 500 mm o.c.
each way)

LIGHTL V-LOADED FOOTINGS9.9

J

BOuter
Zone

Inner
Zone

(b)

(c)

Long Steel

,
,

j~
,
,----------

Two-Way Shear Surface

(a)

Outer
Zone

. Figure 9.16 Structural design of rectangu

lar footings: (a) critical shear surfaces: (b)

long steel and shon steel: (c) distribution of
short steel.
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Connections with Columns

Continuous footings
Longitudinal reinforcement

• Minimum two #4 bars (metric #13)
Lateral reinforcement

• If bottom of footing is completely within the zone of compression-no lateral
reinforcement required

• If bottom of footing extends beyond the zone of compression-as determined
by a flexural analysis, but at least #4 @ 18 in o.c. (metric #13 @ 500 mm o.c.)

This minimum reinforcement helps accommodate unanticipated stresses, temperature and
shrinkage stresses. and other phenomena.

Columns may be made of concrete, masonry, steel, or wood, and each has its own con
cerns when designing connections.

CONNECTIONS ~H THE SUPERSTRUCTURE

One last design feature that needs to be addressed is the connection between the footing and
the superstructure. Connections are often the weak link in structures, so this portion of the
design must be done carefully. A variety of connection types are available, each intended for
particular construction materials and loading conditions. The design of proper connections
is especially important when significant seismic or wind loads are present (Dowrick, 1987).

Connections are designed using either ASD (with the unfactored loads) or LRFD
(with the factored loads) depending on the design method used in the superstructure.

9.10

(a)

Transverse Reinforcement

(b)
Concrete or Masonry Columns

Connect concrete or masonry columns to their footing [ACI 15.8] using dowels, as shown
in Figure 9.18. These dowels are simply pieces of reinforcing bars that transmit axial,
shear, and moment loads. Use at least four dowels with a total area of steel, A" at least
equal to that of the column steel or 0.005 times the cross-sectional area of the column,
whichever is greater. They may not be larger than #11 bars [ACI 15.8.2.3] and must have
a 90° hook at the bottom. Normally, the number of dowels is equal to the number of verti
cal bars in the column.

(c)

Figure 9.17 Structural design of combined footings: (a) idealized beam strips: (b) longi

tudinal beam strip; (c) transverse beam strip (Adapted from MacGregor. 1996).

Design for Compressive Loads

Check the bearing strength of the footing [ACI 10.17] to verify that it is able to support
the axial column load. This is especially likely to be a concern if the column carries large
compressive stresses that might cause something comparable to a bearing capacity failure
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Wall Sleel

L:.tp Joinl

Do~'l'I

;
Figure 9.18 Use of dowels to connect a concrete or masonry column to its fooling.

--
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[ I. c+ 4" .1• B •..i

c+4c1

337

inside the footing. To check this possibility, compute the factored column load, P", and
compare it to the nominal column bearing capacity, P'd':

I P"" = 0.85f:AI si

Then, determine whether the following statement is true:

I P,,:s <pp",,1

(9.23)

(9.24) Figure 9.19 Application of a frustrum to

find s and A,.

2 , "2

, I,V '~2""~~-----------------------------~

c+ 4"

~AI ~A~

J"

If Equation 9.24 is not satisfied, use a higher strength concrete (greater f;') in the
footing or design the dowels as compression steel.

If the column imparts moment loads onto the footing, then some of the dowels will be in
tension. Therefore, the dowels must be embedded at least one development length into the
footing, as shown in Figure 9.20 and defined by the following equations [ACI 12.5]:

Where:

P" = factored column load

P"" = nominal column bearing capacity (i.e., bearing of column on top of foot
ing)

fe' = 28-day compressive strength of concrete

s = (A:lA 1)°5 ::; 2 if the frustum in Figure 9.19 fits entirely within the footing
(i.e., if c + 4d ::;B)

s = I if the frustum in Figure 9.19 does not fit entirely within the footing

A I = cross-sectional area of the column = c1

A1 = (c + 4d)1 as shown in Figure 9.19
c = column width or diameter

<jl = resistance factor = 0.7 [ACI 9.3.2.4]

iJ

Design for Moment Loads

1200 d"

id" = Vi: (9.25 English)
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or 3 in

Figure 9.20 Minimum required embed

ment of dowels subjected to tension.

1 -

T

100 d"

id" = Vi:

12 dh

(9.25 SI)

~

As long as the number and size of dowels are at least as large as the vertical steel in
the column, then they will have sufficient capacity to carry the moment loads.

Design for Shear Loads

If the column also imparts a shear load, V,,, onto the footing, the connection must be able
to transmit this load. Since the footing and column are poured separately, there is a weak
shear plane along the cold joint. Therefore, the dowels must transmit all of the applied
shear load. The minimum required dowel steel area is:

(9.26)

Where:

A, = minimum required dowel steel area

Vu = applied factored shear load

<I> = 0.85 for shear

f...= yield strength of reinforcing steel

Jl = 0.6 if the cold joint not intentionally roughened or 1.0 if the cold joint is
roughened by heavy raking or grooving [ACI 11.7.4.3]

However, the ultimate shear load, Vu, cannot exceed 0.2 <l>t.'A,., where t.' is the compres
sive strength of the column concrete, and A, is the cross-sectional area of the column.

Where:

T = footing thickness (in, mm)

id" = development length for 90° hooks, as defined in Figure 9.20 (in, mm)

d" = bar diameter (in, mm)

fe' = 28-day compressive strength of concrete (lb/in", MPa)

The development length computed from Equation 9.25 may be modified by the following
factors [ACI 12.5.3]1 :

For standard reinforcing bars with yield strength other than 60,000 Ib/in" :f../60,OOO

For metric reinforcing bars with yield strength other than 420 Ib/in" :fJ420

If at least 50 mm (2 in) of cover is present beyond the end of the hook: 0.7

Sometimes this development length requirement will dictate a footing thickness T greater
than that required for shear (as computed earlier in this chapter).

'This list only includes modification factors that are applicable to anchorage of vertical steel in retaining wall

footings. ACI 12.5.3 includes additional modification factors that apply to other situations.

1

Splices

Most designs use a lap splice to connect the dowels and the vertical column steel. How
ever, some columns have failed in the vicinity of these splices during earthquakes, as
shown in Figure 9.21. Therefore, current codes require much more spiral reinforcement in
columns subjected to seismic loads. In addition, some structures with large moment loads,
such as certain highway bridges, require mechanical splices or welded splices to connect
the dowels and the column steel.

Steel Columns

Steel columns are connected to their foundations using base plates and anchor bolts, as
shown in Figure 9.22. The base plates are welded to the bottom of the columns when they
are fabricated, and the anchor bolts are cast into the foundation when the concrete is
placed. The column is then erected over the foundation, and the anchor bolts are fit
through predrilled holes in the base plate.

The top of the footing is very rough and not necessarily level, so the contractor must
use special construction methods to provide uniform support for the b.ase plate and to
make the column plumb. For traffic signal poles, light standards, and other lightweight
columns, the most common method is to provide a nut above and below the base plate, as
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figure 9.23 Methods of Ieveling lhe hase plate: al Douhle nulS, bl Blocks and shims.

shown in Figure 9.23a, and adjust these nuts as needed to make the column plumb. How
ever, columns for buildings, bridges, and other large structures are generally too heavy for
this method, so the contractor must temporarily support the base plate on steel blocks and
shims, and clamp it down with a single nut on each anchor bolt, as shown in Figure 9.23b.
These shims are carefully selected to produce a level base plate and a plumb column.
Other construction methods also have been used.

Once the column is securely in place and the various members that frame into it
have been erected, the contractor places a nonshrink grout between the base plate and the
footing. This grout swells slightly when it cures (as compared to normal grout, which
shrinks), thus maintaining continuous support for the base plate. The structural loads from
the column are then transmitted to the footing as follows:

Ih)la)

Figure 9.21 Imperial County Services Building, El Centra, California. The hases of

these columns failed during the 1979 El Centra earthquake. causing the building to sag
ahout 300 ml11. As a result. this six-story building had to he demolished. (U.S. Geological

Survey photo)

Figure 9.22 Base plate and anchor bolts to
connect Cl steel column to its found3tions.

Anchor Bolt
Embedded

in Concrete

• Compressive loads are spread over the base plate and transmitted through the grout
to the footing.

• Tensile loads pass through the base plate and are resisted by the anchor bolts.

• Moment loads are resisted by a combination of compression through the grout and
tension in half of the bolts.

• Shear loads are transmitted through the anchor bolts, through sliding friction along
the bottom of the base plate, or possibly both,

Design Principles

The base plate must be large enough to avoid exceeding the nominal bearing strength of
the concrete (see earlier discussion under concrete and masonry columns). In addition, it
must be thick enough to transmit the load from the column to the footing. The design of
base plates is beyond the scope of this book, but it is covered in most steel design texts
and in DeWolf and Ricker (1990).

1
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Anchor bolts can fail either by fracture of the bolts themselves, or by loss of anchor
age in the concrete. Steel is much more ductile than the concrete, and this ductility is im
portant, especially when wind or seismic loads are present. Therefore, anchor bolts should
be designed so the critical mode of failure is shear or tension of the bolt itself rather than
failure of the anchorage. In other words, the bolt should fail before the concrete fails.

The following methods may be used to design anchor bolts that satisfy this princi
ple. These methods are based on ACI and AISC requirements, but some building codes
may impose additional requirements, or specify different design techniques, so the engi
neer must check the applicable code.

Selection and Sizing of Anchor Bolts

• Proprietary anchor bolts are patented designs that often are intended for special ap
plications, principally with wood-frame structures.

• Drilled-in anchor bolts are used when a cast-in-place anchor bolt was not installed
during construction of the footing. They are constructed by drilling a hole in the con
crete, then embedding a threaded rod into the hole and anchoring it using either epoxy
grout or mechanical wedges. This is the most expensive of the five types and is usu
ally required only to rectify mistakes in the placement of conventional anchor bolts.

Most anchor bolts are made of steel that satisfies ASTM A36 or ASTM A307, both of
which have F, = 36 kJin" (250 MPa). However, higher strength steel may be used, if needed.

Each bolt must satisfy both of the following design criteria:

(9.27)

(9.28)

Ip" $ <l>p"l

I V" $ <l>V,,1

Where:

P" = factored tensile force based on AISC load factors (Equations 2.18-2.23)
expressed as a positive number

V" = factored shear force based on AISC load factors (Equations 2.18-2.23)
<I> = resistance factor

P" = nominal tensile capacity

V" = nominal shear capacity

Once the bolt diameter has been selected, the engineer must determine the required depth
of embedment into the concrete to provide the necessary anchorage. The required embed
ment depends on the type of anchor, the spacing between the anchors, the kind of loading,

In addition, the design must satisfy AISC requirements for interaction between shear and
tensile stresses. Figure 9.25 presents the shear and tensile capacities for ASTM A36 and
ASTM A307 bolts that satisfies Equations 9.27 and 9.28 and the interaction requirements,
and may be used to select the required diameter.

Typically four anchor bolts are used for each column. It is best to place them in a
square pattern to simplify construction and leave less opportunity for mistakes. Rectangu
lar or hexagonal patterns are more likely to be accidentally built with the wrong orienta
tion. More bolts and other patterns also may be used, if necessary.

If the design loads between the column and the footing consist solely of compres
sion, then anchor bolts are required only to resist erection loads, accidental collisions dur

ing erection, and unanticipated shear or tensile loads. The engineer might attempt to
estimate these loads and design accordingly, or simply select the bolts using engineering
judgement. Often these columns simply use the same anchor bolt design as nearby
columns, thus reducing the potential for mistakes during construction.

Anchorage

.-1

Drilled-in

Proprietary

Hooked Bar

Figure 9.24 Types of anchor bolts.

RodBolt

• Standard structural steel bolts may simply be embedded into the concrete to form
anchor bolts. These bolts are similar to those used in bolted steel connections, ex

cept they are much longer. Unfortunately, these bolts may not be easily available in
lengths greater than about 6 inches, so they often are not a practical choice.

• Structural steel rods that have been cut to length and threaded form anchor bolts
that are nearly identical to a standard steel bolts and have the advantage of being
more readily available. This is the most common type of anchor bolt for steel
columns. If one nut is used at the bottom of each rod, it should be tack welded to

prevent the rod from turning when the top nut is tightened. Alternatively, two nuts
may be used.

• Hooked bars (also known as an L-bolts or a I-bolts) are specially fabricated fasten
ers made for this purpose. These are principally used for wood-frame structures,
and are generally suitable for steel structures only when no tensile or shear loads are
present.

Five types of anchor bolts are available, as shown in Figure 9.24:
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40

A307 or A36 Steel Anchor BoilS

Figure 9.25 AISC tensile and shear capacities of A36 and A307 anchor bolts.
(9.29)

<l> V" = <l> f.l.P

= (0.90)(0.55) P

= 0.50P

Some engineers rely on both sources of shear resistance, while others rely only on one or
the other.

When transferring shear loads through the anchor bolts. the engineer must recog
nize that the bolt holes in the base plate are oversized in order to simplify the erection of
the column onto the footing. As a result. the resulting gap between the bolts and the base
plate does not allow for etficient transfer of the shear loads. The base plate may need to
move laterally before touching the bolts. and most likely only some of the bolts will be
come fully engaged with the plate. Therefore. when using this mode of shear transfer. it is
probably prudent to assume the shear load is carried by only half of the bolts.

So long as the grout has been carefully installed between the base plate and the
footing. and the base plate has not been installed using the double nut method as shown in
Figure 9.23a. there will be sliding friction along the bottom of the base plate. AISC rec
ommends using a coefficient of friction of 0.55 for conventional base plates. such as that
shown in Figure 9.23b, and the resistance factor. <1>, is 0.90. Thus. the available sliding
friction resistance. <I> V"' is:

60504030

$J:l-Tension (k)

2010

0,
o

10

30

~ 20"
e-

and the strength of the concrete. In addition, the bolt must be located at least a minimum
horizontal distance from the edge of the concrete. Table 9.3 presents conservative design
values for embedment depth and edge distance. Alternatively, the engineer may use the
more refined procedure described by Marsh and Burdette (1985).

Shear Transfer

The value of P in Equation 9.29 should be the lowest unfactored normal load obtained

from Equations 2.1 to 2.4. Usually Equation 2.1 governs, except when uplift wind or seis
mic loads are present, as described in Equation 2.4. It is good practice to ignore any nor
mal stress produced by live loads or the clamping forces from the nuts.

Sometimes short vertical fins are welded to the bottom of the base plate to improve
shear transfer to the grout. These fins may justify raising the coefficient of friction to 0.7.

Shear forces may be transferred from the base plate to the foundation in two ways: Example 9.3

• Through shear in the anchor bolts

• By sliding friction along the bottom of the base plate

A steel wide flangecolumn with a steel base plate is to be supponed on a spread footing. The
AISe factoreddesign loads are: P" = 270 k compressionand M" = 200 ft-k. Design an anchor
bolt system for this column using four bolts arranged in a 15xl5 inch square.

TABLE 9.3 ANCHORAGE REQUIREMENTS FOR BOLTS AND THREADED RODS

(Shipp and Haninger, 1983) Copyright © American Institute of Steel Construction.
Reprinted with permission.

Solution

Reduce the applied loads to a couple separated by 15in:

Steel Grade

A307, A36

A325. A449

MinimumEmbedment Depth

12d

17 d

MinimumEdge Distance

5d or lOOmm (4 in), whicheveris greater

7d or lOOmm (4 in), whicheveris greater

270 k 200 ft-k

P = ~2- ± (15/12) ft

= 135 ± 160 k

d = nominal bolt diameter There are two bolts on each side. so the maximum tensile force in each bolt is:
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135 - 160 = 12.5 k tension
p= 2
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Wood columns, often called posts, usually carry light loads and require relatively simple
connections. The most common type is a metal bracket, as shown in Figure 9.26. These
are set in the wet concrete immediately after it is poured. The manufacturers deter
mine the allowable loads and tabulate them in their catalogs (for example. see www.

strongtie.com).
It is poor practice to simply embed a wooden post into the footing. Although at first

this would be a very strong connection, in time the wood will rot and become weakened.

The shear force is zero.

Per Figure 9.25. use 3/4 inch bolts.

The depth of embedment should be (12)(0.75) = 9 in.

Use four 3/4 inch diameter x 13 inch long A36 threaded rods
embedded 9 inches into the footing. Firmly tighten two nuts
at the bottom of each rod.

Wood Columns

~Answer

The connection between a concrete or masonry wall and its footing is a simple one. Sim
ply extend the vertical wall steel into the footing [ACI 15.8.2.2], as shown in Figure 9.27.
For construction convenience, design this steel with a lap joint immediately above the
footing.

The design of vertical steel in concrete retaining walls is discussed in Chapter 24.
Design procedures for other walls are beyond the scope of this book.

Connect wood-frame walls to the footing using anchor bolts, as shown in
Figure 9.28. Normally, standard building code criteria govern the size and spacing of
these bolts. For example, the Unifonn Building Code (lCBO, 1997) specifies 1/2 in
(12 mm) nominal diameter bolts embedded at least 7 in (175 mm) into the concrete. It

also specifies bolt spacings of no more than 6 ft (1.8 m) on center.
Sometimes we must supply a higher capacity connection between wood frame walls

and footings, especially when large uplift loads are anticipated. Steel holdown brackets,
such as that shown in Figure 9.29, are useful for these situations.

Many older wood-frame buildings have inadequate connections between the struc
ture and its foundation. Figure 9.30 shows one such structure that literally fell off its foun
dation during the 1989 Loma Prieta Earthquake in Northern California.

Some wood-frame buildings have failed during earthquakes because the cripple
walls collapsed. These are short wood-frame walls that connect the foundation to the
floor. They may be retrofitted by installing plywood shear panels or by using diagonal
steel bracing (Shepherd and Delos-Santos, 1991).

CB

V Column Steel

V Dowel"

'" " ,,'"

Aexural Steel

r

Figure 9.26 Steel post base for securing a wood post to a spread footing (Simpson

Strong-Tie Co .. Inc.) .

.-1

Figure 9.27 Connection between a concrete or masonry wall and its footing.
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Slah-on-Gr<ldt.:: F]()or

Anchor Bolt

Footing

Woou Stuu Wall

1150mml

Figure 9.30 HOWiL' that separated fmlll its foundation Juring the 1999 Lama Prieta

EanhquJt\c (Photo hy C. Stover. L~.S.Geological Sur\'(:y).

QUESTIONS AND PRACTICE PROBLEMS

Figure 9.28 Use of anchor bolts to connect a wood-frame wall to a continuous fOOling.

Figure 9.1<) l' '" of steel holdown bracket

to connect ,1 \\\','d-frJme wall with large up

lift flll\:l' (1,1.\ :-'\"lIllg ISimpson Strong-Tie
Co .. In\"'.1.
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9.11 An I8-inch square concrete column catries dead and live compressive loads of 240 and 220 k.
respectively. It is to be supported on a 8 ft wide 12 ft long rectangular spread footing. Select
appropriate values for f' and f. then determine the required footing thickness and design the
tlexural reinforcing steel. Show the results of your design in a sketch.

9.12 The column described in Problem 9.11 is reinforced with 6 #8 bars. Design the dowels re

quired to connect it with the footing. and show your design in a sketch.

9.13 A 400-mm diameter concrete column carrying a factored compressive load of 1500 kN is sup
ported on a 600-mm thick. 2500-mm-wide square spread footing. It is reinforced with eight
metric #19 bars. Using};' = 18 MPa and}; = 420 MPa. design the dowels for this connection.

9.14 A 24-inch square concrete column carries a facIOred compressive load of 900 k and a factored
shear load of 100 k. It is to be supported on a spread footing with};' = 3000 Ib/ft' and); = 60
klin'. The column is reinforced with twelve #9 bars. Design the dowels for this connection.

9.15 A steel column with a square base plate is to be supported on a spread footing. The AISC fac
tored design loads are: P" = 600 k compression and V"= !O5 k. Design an anchor bolt system
for this base plate and show your design in a sketch.
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Major Points

1. The plan dimensions and minimum embedment depth of a spread footing are gov
erned by geotechnical concerns, and are determined using the unfactored loads.

2. The thickness and reinforcement of a spread footing are governed by structural con
cerns. Structural design is governed by the ACI code, which means these analyses
are based on the factored load.

3. The structural design of spread footings must consider both shear and flexural fail
ure modes. A shear failure consists of the column or wall punching through the
footing, while a flexural failure occurs when the footing has insufficient cantilever
strength.

4. Since we do not wish to use stirrups (shear reinforcement), we conduct the shear
analysis first and select an effective depth, d, so the footing that provides enough
shear resistance in the concrete to resist the shear force induced by the applied load.
This analysis ignores the shear strength of the flexural steel.

5. Once the shear analysis is completed, we conduct a flexural analysis to determine
the amount of steel required to provide the needed flexural strength. Since d is
large, the required steel area will be small, and it is often governed by Pmin'

6. For square footings, use the same flexural steel in both directions. Thus, the footing
is reinforced twice.

7. For continuous footings, the lateral steel, if needed, is based on a flexural analysis.
Use nominal longitudinal steel to resist nonuniformities in the load and to accom
modate inconsistencies in the soil bearing pressure.

8. Design rectangular footings similar to square footings, but group a greater portion
of the short steel near the center.

9. Practical minimum dimensions will often govern the design of lightly loaded foot
ings.

10. The connection between the footing and the superstructure is very important. Use
dowels to connect concrete or masonry structures. For steel columns and wood
frame walls, use anchor bolts. For wood posts, use specially manufactured brackets.

Vocabulary

9.16 A 4oo-mm square concrete column reinforced with eight metric #19 bars carries vertical dead
and live loads of980 and 825 kN, respectively. It is to be supported on a 2.0 m x 3.5 m rectan

gular footing. The concrete in the footing will have /.' = 20 MPa and j; = 400 MPa. The build
ing will have a slab-on-grade floor. so the top of the footing must be at least 150 mm below

the finish floor elevation. Develop a complete structural design. including dowels. and show it
in a sketch.

9.17 A 12-in wide masonry wall carries dead and live loads of 5 klft and 8 kif!. respectively and is
reinforced with #6 bars at 24 inches on center. This wall is to be supported on a continuous

footing with!.' = 2000 lb/in' and}; = 60 klin'. The underlying soil has an allowable bearing
pressure of 3000 Iblft". Develop a complete structural design for this footing. including dow
els. and show your design in a sketch.

Anchor bolts

Critical section for

bending
Critical shear surface

Development length
Dowels

Effective depth
Factored load

Flexural failure

Minimum steel

One-way shear
Post base

Reinforcing bars
Shear failure

Two-way shear
Unfactored load

28-day compressive

strength

1
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The mere formulation of a problem is far more often essential than its
solution, which may be merely a matter of mathematical or experimental

skill. To raise new questions, new possibilities, to regard old problems
from a new angle requires creative imagination and marks real

advances in science.

Albert Einstein

The second type of shallow foundation is the mat foundation, as shown in Figure IO.!. A
mat is essentially a very large spread footing that usually encompasses the entire footprint
of the structure. They are also known as raft foundations.

Foundation engineers often consider mats when dealing with any of the following
conditions:

• The structural loads are so high or the soil conditions so poor that spread footings
would be exceptionally large. As a general rule of thumb, if spread footings would
cover more than about one-third of the building footprint area, a mat or some type
of deep foundation will probably be more economical.

• The soil is very erratic and prone to excessive differential settlements. The struc
tural continuity and flexural strength of a mat will bridge over these irregularities.
The same is true of mats on highly expansive soils prone to differential heaves.

• The structural loads are erratic, and thus increase the likelihood of excessive differ

ential settlements. Again, the structural continuity and flexural strength of the mat
will absorb these irregularities.

352

Figure 10.1 A mat foundation supported directly on soil.

Lateral loads are not uniformly distributed through the structure and thus may cause
differential horizontal movements in spread footings or pile caps. The continuity of
a mat will resist such movements. r

• The uplift loads are larger than spread footings can accommodate. The greater
weight and continuity of a mat may provide sufficient resistance .

• The bottom of the structure is located below the groundwater table, so waterproof
ing is an important concern. Because mats are monolithic, they are much easier to
waterproof. The weight of the mat also helps resist hydrostatic uplift forces from
the groundwater.

Many buildings are supported on mat foundations, as are silos, chimneys, and other
types of tower structures. Mats are also used to support storage tanks and large machines.
Typically, the thickness, T, is 1 to 2 m (3-6 ft), so mats are massive structural elements.

The seventy five story Texas Commerce Tower in Houston is one of the largest mat
supported structures in the world. Its mat is 3 m (9ft 9 in) thick and is bottomed 19.2 m
(63ft) below the street level.

Although most mat foundations are directly supported on soil, sometimes engineers
use pile- or shaft-supported mats, as shown in Figure 10.2. These foundations are often
called piled rafts. and they are hybrid foundations that combine features of both mat and
deep foundations. Pile- and shaft-supported mats are discussed in Section 1!.9.
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Figure 10.2 A pile- or shaft-supported mat foundation. The deep foundations are not

necessarily distributed evenly across the mat.

Various methods have been used to design mat foundations. We will divide them
into two categories: Rigid methods and nonrigid methods.

10.1 RIGID METHODS

Figure 10.3 Bearing pressure distribution for rigid method.

Although this type of analysis is appropriate for spread footings, it does not accu
rately model mat foundations because the width-to-thickness ratio is much greater in
mats, and the assumption of rigidity is no longer valid. Portions of a mat beneath columns
and bearing walls settle more than the portions with less load, which means the bearing
pressure will be greater beneath the heavily-loaded zones, as shown in Figure 10.4. This
redistribution of bearing pressure is most pronounced when the ground is stiff compared
to the mat, as shown in Figure 10.5, but is present to some degree in all soils.

Because the rigid method does not consider this redistribution of bearing pressure, it
does not produce reliable estimates of the shears, moments, and deformations in the mat.
In addition, even if the mat was perfectly rigid, the simplified bearing pressure distribu
tions in Figure 10.3 are not correct-in reality, the bearing pressure is greater on the edges '-c

and smaller in the center than shown in this figure.

Figure 10.4 The rigid method assumes there are no flexural deflections in the mat. so

the distribution of soil bearing pressure is simple to define. However. these detlections are

important because they influence the bearing pressure distribution.

The simplest approach to structural design of mats is the rigid method (also known as the
conventional method or the conventional method of static equilibrium) (Teng, 1962). This
method assumes the mat is much more rigid than the underlying soils, which means any
distortions in the mat are too small to significantly impact the distribution of bearing pres
sure. Therefore, the magnitude and distribution of bearing pressure depends only on the
applied loads and the weight of the mat, and is either uniform across the bottom of the mat
(if the normal load acts through the centroid and no moment load is present) or varies lin
early across the mat (if eccentric or moment loads are present) as shown in Figure 10.3.
This is the same simplifying assumption used in the analysis of spread footings, as shown
in Figure 5.10e.

This simple distribution makes it easy to compute the flexural stresses and deflec
tions (differential settlements) in the mat. For analysis purposes, the mat becomes an in
verted and simply loaded two-way slab, which means the shears, moments, and
deflections may be easily computed using the principles of structural mechanics. The en
gineer can then select the appropriate mat thickness and reinforcement.

,
I
I
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Pressure tJI1JJI1IJID
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Rock

Where:

k, = coefficient of subgrade reaction

q = bearing pressure
l) = settlement

(a)

Stiff
Soil

The coefficient k, has units of force per length cubed. Although we use the same units to
express unit weight, k, is not the same as the unit weight and they are not numerically
equal.

The interaction between the mat and the underlying soil may then be represented as
a "bed of springs," each with a stiffness k, per unit area, as shown in Figure 10.6. Portions
of the mat that experience more settlement produce more compression in the "springs,"
which represents the higher bearing pressure, whereas portions that settle less do not com
press the springs as far and thus have less bearing pressure. The sum of these spring
forces must equal the applied structural loads plus the weight of the mat:

(b)

LP + Wr - Uf) = J qdA = J l) k, dA (10.2)

Figure 10.5 Distribution of bearing pres
sure under a mat foundation; (a) on bedrock

or very hard soil; (b) on stiff soil; (c) on soft

soil (Adapted from Teng, 1962).
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(c)

Where:

LP = sum of structural loads acting on the mat

Wr = weight of the mat

Coefficient of Subgrade Reaction

Because nonrigid methods consider the effects of local mat deformations on the distribu
tion of bearing pressure, we need to define the relationship between settlement and bear
ing pressure. This is usually done using the coefficient of subgrade reaction, ks (also
known as the modulus of subgrade reaction, or the subgrade modulus):

We overcome the inaccuracies of the rigid method by using analyses that consider defor
mations in the mat and their influence on the bearing pressure distribution. These are
called non rigid methods, and produce more accurate values of mat deformations and
stresses. Unfortunately, nonrigid analyses also are more difficult to implement because
they require consideration of soil-structure interaction and because the bearing pressure
distribution is not as simple.

Figure 10.6 The coefficient of subgrade reaction forms the basis for a "bed of springs"
analogy to model the soil-structure interaction in mat foundations.

(10.1)Ik, = ~I

10.2 NONRIGID METHODS



The next step up from a Winkler analysis is to use a coupled method, which uses addi
tional springs as shown in Figure 10.9. This way the vertical springs no longer act inde
pendently, and the uniformly loaded mat of Figure 10.8 exhibits the desired dish shape. In
principle, this approach is more accurate than the Winkler method, but it is not clear how

to select the k, values for the coupling springs, and it may be necessary to develop custom
software to implement this analysis.

~~~~~~~

~

358 Chapter 10 Mats

Un = pore water pressure along base of the mat

q = bearing pressure between mat and soil
A = mat-soil contact area

o = settlement at a point on the mat

This method of describing bearing pressure is called a soil-structure interaction
analysis because the bearing pressure depends on the mat deformations, and the mat de
formations depend on the bearing pressure.

Winkler Method

The "bed of springs" model is used to compute the shears, moments, and deformations in
the mat, which then become the basis for developing a structural design. The earliest use
of these "springs" to represent the interaction between soil and foundations has been at
tributed to Winkler (1867), so the analytical model is sometimes called a Winkler founda
tion or the Winkler method. It also is known as a beam on elastic foundation analysis.

In its classical form the Winkler method assumes each "spring" is linear and acts in
dependently from the others, and that all of the springs have the same k,. This representa
tion has the desired effect of increasing the bearing pressure beneath the columns, and
thus is a significant improvement over the rigid method. However, it is still only a coarse
representation of the true interaction between mats and soil (Hain and Lee, 1974; Hor
vath, 1983), and suffers from many problems, including the following:

1. The load-settlement behavior of soil is nonlinear, so the k, value must represent
some equivalent linear function, as shown in Figure 10.7.

2. According to this analysis, a uniformly loaded mat underlain by a perfectly uniform
soil, as shown in Figure 10.8, will settle uniformly into the soil (i.e., there will be no
differential settlement) and all of the "springs" will be equally compressed. In real
ity, the settlement at the center of such a mat will be greater than that along the
edges, as discussed in Chapter 7. This is because the 6.CT: values in the soil are
greater beneath the center.

3. The "springs" should not act independently. In reality, the bearing pressure induced
at one point on the mat influences more than just the nearest spring.

4. Primarily because of items 2 and 3, there is no single value of k, that truly repre
sents the interaction between soil and a mat.

10.2 Nonrigid Methods
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Figure to.8 Settlement of a uniformly-loaded mat on a uniform soil: (a) per Winkler
analysis. (b) actual.

Items 2 and 3 are the primary sources of error, and this error is potentially unconser
vative (i.e., the shears, moments, and deflections in the mat may be greater than those pre
dicted by Winkler). The heart of these problems is the use of independent springs in the
Winkler model. In reality, a load at one point on the mat induces settlement both at that
point and in the adjacent parts of the mat, which is why a uniformly mat exhibits dish
shaped settlement, not the uniform settlement pre!iicted by Winkler.

J
PerWinkler Actual
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Coupling Spring

FiKure 10.9 ModeJing of soil-struclUre inleraction using coupled springs.
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Pseudo-Coupled Method

The pseudo-coupled method (Liao, 1991; Horvath, 1993) is an attempt to overcome the
lack of coupling in the Winkler method while avoiding the difficulties of the coupled
method. It does so by using "springs" that act independently, but have different k, values

depending on their location on the mat. To properly model the real response of a uniform
soil, the "springs" along the perimeter of the mat should be stiffer than those in the center,
thus producing the desired dish-shaped deformation in a uniformly-loaded mat. If concen
trated loads, such as those from columns, also are present, the resulting mat deformations
are automatically superimposed on the dish-shape.

Model studies indicale that reasonable results are obtained when k, values along the

perimeter of the mat are about twice those in the center (ACI, 1993). We can implement
this in a variety of ways, including the following:

1. Divide the mat into two or more concentric zones, as shown in Figure 10.10. The
innermost zone should be about half as wide and half as long as the mat.

2. Assign a k, value to each zone. These values should progressively increase from the
center such that the outermost zone has a k, about twice as large at the innermost

zone. Example 10.1 illustrates this technique.

3. Evaluate the shears, moments, and deformations in the mat using the Winkler "bed

of springs" analysis, as discussed later in this chapter.

4. Adjust the mat thickness and reinforcement as needed to satisfy strength and ser
viceability requirements.

ACI (1993) found the pseudo-coupled method produced computed moments 18 to

25 percent higher than those determined from the Winkler method, which is an indication
of how unconservative Winker can be.

Most commercial mat design software uses the Winkler method to represent the
soil-structure interaction, and these software packages usually can accommodate the

I

J

Zone A

k, = 50 Ib/in'

Zone B

k, = 75 Iblin'

Zone C

k, = 100 Ib/in'

FiKure to.IO A lypical mal divided inlo zones for a pseudo-coupled analysis. Tbe coef

ficient of suhgradc real.'tioll. k,. progressively increases from the innermost zone to the
outermost lone.

pseudo-coupled method. Given the current state of technology and software availability,
this is probably the most practical approach to designing most mat foundations.

Multiple-Parameter Method

Another way of representing soil-structure interaction is to use the multiple parameter
method (Horvath, 1993). This method replaces the independently-acting linear springs of
the Winkler method (a single-parameter model) with springs and other mechanical ele
ments (a multiple-parameter model). These additional elements define the coupling effects.

The multiple-parameter method bypasses the guesswork involved in distributing the
k, values in the psuedo-coupled me!hod because coupling effects are inherently incorpo
rated into the model, and thus should be more accurate. However, it has not yet been im
plemented into readily-available software packages. Therefore, this method is not yet
ready to be used on routine projects.

Finite Element Method

All of the methods discussed thus far attempt to model a three-dimensional soil by a series
of one-dimensional springs. They do so in order to make the problem simple enough to
perform the structural analysis. An alternative method would be to use a three-dimensional
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mathematical model of both the mat and the soil, or perhaps the mat, soil, and superstruc

ture. This can be accomplished using theftnite element method.
This analysis method divides the soil into a network of small elements, each with

defined engineering properties and each connected to the adjacent elements in a specified
way. The structural and gravitational loads are then applied and the elements are stressed
and deformed accordingly. This. in principle. should be an accurate representation of the
mat, and should facilitate a precise and economical design.

Unfortunately, such analyses are not yet practical for routine design problems be
cause:

1. A three-dimensional finite element model requires tens of thousands or perhaps
hundreds of thousands of elements, and thus place corresponding demands on com

puter resources. few engineers have access to computers that can accommodate
such intensive analyses.

2. It is difficult to determine the required soil properties with enough precision, espe

cially at sites where the soils are highly variable. In other words, the analysis
method far outweighs our ability to input accurate parameters.

Nevertheless, this approach may become more usable in the future, especially as increas
ingly powerful computers become more widely available.

This method should not be confused with structural analysis methods that use two
dimensional finite elements to model the mat and WinkleI' springs to model the soil. Such

methods require far less computational resources, and are widely used. We will discuss
this use of finite element analyses in Section lOA.

10.3 DETERMINING THE COEFFICIENT OF SUBGRADE REACTION

Most mat foundation designs are currently developed using either the Winkler method or
the pseudo-coupled method, both of which depend on our ability to define the coefficient
of subgrade reaction, k,. Unfortunately, this task is not as simple as it might first appear
because k, is not a fundamental soil property. Its magnitude also depends on many other
factors, including the following:

• The width of the loaded area-A wide mat will settle more than a narrow one

with the same q because it mobilizes the soil to a greater depth as shown in Fig
ure 8.2. Therefore, each has a different k,.

• The shape of the loaded area-The stresses below long narrow loaded areas are
different from those below square loaded areas as shown in Figure 7.2. Therefore, ks

will differ.

• The depth of the loaded area below the ground surface-At greater depths, the
change in stress in the soil due to q is a smaller percentage of the initial stress, so
the settlement is also smaller and k, is greater.

1

• The position on the mat-To model the soil accurately, k, needs to be larger near
the edges of the mat and smaller near the center.

• Time-Much of the settlement of mats on deep compressible soils will be due to
consolidation and thus may occur over a period of several years. Therefore, it may
be necessary to consider both short-term and long-term cases.

Actually, there is no single k, value, even if we could define these factors because
the q-S relationship is nonlinear and because neither method accounts for interaction be
tween the springs.

Engineers have tried various techniques of measuring or computing k,. Some rely
on plate load tests to measure k, in situ. However, the test results must be adjusted to com
pensate for the differences in width, shape, and depth of the plate and the mat. Terzaghi
(1955) proposed a series of correction factors, but the extrapolation from a small plate to a
mat is so great that these factors are not very reliable. Plate load tests also include the du
bious assumption that the soils within the shallow zone of influence below the plate are
comparable to those in the much deeper zone below the mat. Therefore, plate load tests
generally do not provide good estimates of k, for mat foundation design.

Others have used derived relationships between k, and the soil's modulus of elasti
city, E (Vesic and Saxena, 1970; Scott, 1981).Although these relationships provide some
insight, they too are limited.

Another method consists of computing the average mat settlement using the tech
niques described in Chapter 7 and expressing the results in the form of k, using Equation
10.1. If using the pseudo-coupled method, use k, values in the center of the mat that are
less than the computed value, and k, values along the perimeter that are greater. This
should be done in such a way that the perimeter values are twice the central values, and
the integral of all the values over the area of the mat is the same as the produce of the
original k, and the mat area. Example 10.1 describes this methodology.

Example 10.1

A structure is to be supported on a 30-m wide, 50-m long mat foundation.The averagebear
ing pressure is 120 kPa. According to a settlement analysis conducted using the techniques
described in Chapter 7, the average settlement, ll, will be 30 mm. Determine the design val
ues of k, to be used in a pseduo-coupledanalysis.

Solution

Compute averagek, using Equation 10.1:

q 120kPa = 4000 kN/m-'
(k.)", .• = 5 = 0.030 ID

Divide the mat into three zones, as shown in Figure lO.l!, with (k,lc = 2(k,.)Aand
(k,)B = 1.5(k,lA
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Figure 10.11 Mat foundation for Example 10.1.

Compute the area of each zone:

A, = (25 m)(15 m) = 375 m2

A{j = (37.5 m)(22.5 m) - (25 m)(15 m) = 469 m2

Ac = (50 m)(30 m) - (37.5 m)(22.5 m) = 656 m2

37.5 m

25 m

ZoncA

15 m22.5 In

Zone B

ZoneC

30 m

General Methodology

The structural design of mat foundations must satisfy both strength and serviceability re
quirements. This requires two separate analyses, as follows:

Step I: Evaluate the strength requirements using the factored loads (Equations 2.7
2.15) and LRFD design methods (which ACI calls ultimate strength design).
The mat must have a sufficient thickness, T, and reinforcement to safely resist
these loads. As with spread footings, T should be large enough that no shear re
inforcement is needed.

Step 2: Evaluate mat deformations (which is the primary serviceability requirement)
using the unfactored loads (Equations 2.1-2.4). These deformations are the re
sult of concentrated loading at the column locations, possible non-uniformities
in the mat, and variations in the soil stiffness. In effect, these deformations are

the equivalent of differential settlement. If they are excessive, then the mat must
be made stiffer by increasing its thickness.

Closed-Form Solutions

Compute the design k, values:

A, (k,)A + An (k,){j + Ac (k,)c = (A. + AB + Ac) (k,),,,,

375 (k,)A + 469 (1.5)(k,), + 656 (2)(k,)A = 1500 (k,L"

2390 (k,)A = 1500 (k,),,,,

(k,)A = 0.627 (k,),,,g

Because it is so difficult to develop accurate k,. values, it may be appropriate to con
duct a parametric studies to evaluate its effect on the mat design. ACI (1993) suggests
varying k, from one-half the computed value to five or ten times the computed value, and
basing the structural design on the worst case condition.

This wide range in k,. values will produce proportional changes in the computed
total settlement. However, we ignore these total settlement computations because they are
not reliable anyway, and compute it using the methods described in Chapter 7. These
changes in k,. have much less impact on the shears, moments, and deflections in the mat,
and thus have only a small impact on the structural design.

(k,)A = (0.627)(4000 kN/m-') = 2510 kN/m3

(k,)n = (1.,5)(0.627)(4000 kN/m-') = 3765 kN/m3

(k,)c = (2)(0.627)(4000 kN/m') = 5020 kN/m3

0(= Answer

0(= Answer

0(= Answer

---1

When the Winkler method is used (i.e., when all "springs" have the same k,.) and the
geometry of the problem can be represented in two-dimensions, it is possible to develop
closed-form solutions using the principles of structural mechanics (Scott, 1981; Hetenyi,
1974). These solutions produce values of shear, moment, and deflection at all points in
the idealized foundation. When the loading is complex, the principle of superposition may
be used to divide the problem into multiple simpler problems.

These closed-form solutions were once very popular, because they were the only
practical means of solving this problem. However, the advent and widespread availability
of powerful computers and the associated software now allows us to use other methods
that are more precise and more flexible.

Finite Element Method

Today, most mat foundations are designed with the aid of a computer using the finite ele
ment method (FEM). This method divides the mat into hundreds or perhaps thousands of
elements, as shown in Figure 10.12. Each element has certain defined dimensions, a spec
ified stiffness and strength (which may be defined in terms of concrete and steel proper
ties) and is connected to the adjacent elements in a specified way.

The mat elements are connected to the ground through a series of "springs," which
are defined using the coefficient of subgrade reaction. Typically, one spring is located at
each corner of each element.

The loads on the mat include the externally applied column loads, applied line loads,
applied area loads, and the weight of the mat itself. These loads press the mat downward,
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10.6 BEARING CAPACITY

Because of their large width, mat foundations on sands and gravels do not have bearing
capacity problems. However, bearing capacity might be important in silts and clays, espe
cially if undrained conditions prevail. The Fargo Grain Silo failure described in Chapter 6
is a notabl6 example of a bearing capacity failure in a saturated clay.

We can evaluate bearing capacity using the analysis techniques described in Chap
ter 6. It is good practice to design the mat so the bearing pressure at all points is less than
the allowable bearing capacity.

Plan

111ii111i1i1i"1'11
Prolile

Figure 10.12 Use of the finite elemeIll method to analyze mat foundations. The mat is

divided into a series of elements which arc connected in a specified IJ./ay. The elements

are connected to the ground through a "bed of springs."

and this downward movement is resisted by the soil "springs." These opposing forces,
along with the stiffness of the mat, can be evaluated simultaneously using matrix algebra,
which allows us to compute the stresses, strains, and distortions in the mat. If the results of
the analysis are not acceptable, the design is modified accordingly and reanalyzed.

This type of finite element analysis does not consider the stiffness of the superstruc
ture. In other words, it assumes the superstructure is perfectly flexible and offers no resis
tance to deformations in the mat. This is conservative.

The finite element analysis can be extended to include the superstructure, the mat,
and the underlying soil in a single three-dimensional finite element model. This method
would, in principle, be a more accurate model of the soil-structure system, and thus may
produce a more economical design. However, such analyses are substantially more com
plex and time-consuming, and it is very difficult to develop accurate soil properties for such
models. Therefore, these extended finite element analyses are rarely performed in practice.

10.5 TOTAL SETTLEMENT

The bed of springs analyses produce a computed total settlement. However, this value is
unreliable and should not be used for design. These analyses are useful only for comput
ing shears, moments, and deformations (differential settlements) in the mat. Total settle
ment should be computed using the methods described in Chapter 7.

----.-.-tIii...

SUMMARY

Major Points

1. Mat foundations are essentially large spread footings that usually encompass the en
tire footprint of a structure. They are often an appropriate choice for structures that
are too heavy for spread footings.

2. The analysis and design of mats must include an evaluation of the flexural stresses
and must provide sufficient flexural strength to resist these stresses.

3. The oldest and simplest method of analyzing mats is the rigid method. It assumes
that the mat is much more rigid than the underlying soil. which means the magnitude
and distribution of bearing pressure is easy to determine. This means the shears, mo
ment, and deformations in the mat are easily determined. However, this method is
not an accurate representation because the assumption of rigidity is not correct.

4. Nonrigid analyses are superior because they consider the flexural deflections in the
mat and the corresponding redistribution of the soil bearing pressure.

S. Nonrigid methods must include a definition of soil-structure interaction. This is

usually done using a "bed of springs" analogy, with each spring having a linear
force-displacement function as defined by the coefficient of subgrade reaction, k,.

6. The simplest and oldest nonrigid method is the Winkler method, which uses inde

pendent springs, all of which have the same k,. This method is an improvement over
rigid analyses, but still does not accurately model soil-structure interaction, primar
ily because it does not consider coupling effects.

7. The coupled method is an extension of the Winkler method that considers coupling
between the springs.

8. The pseudo-coupled method uses independent springs, but adjusts the k, values to
implicitly account for coupling effects.

9. The multiple parameter and finite element methods are more advanced ways of de
scribing soil-structure interaction.

10. The coefficient of subgrade reaction is difficult to determine. Fortunately, the mat
design is often not overly sensitive to global changes in k,. Parametric studies are
often appropriate.
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11. If the Winkler method is used to describe soil-structure interaction. and the mat

geometry is not too complex, the structural analysis may be performed using

closed-form solutions. However, these methods are generally considered obsolete.

12. Most structural analyses are performed using numerical methods, especially the fi
nite element method. This method uses finite elements to model the mat, and de

fines soil-structure interaction using the Winker or pseudo-coupled models. In

principle, it also could use the multiple parameter model.

13. A design could be based entirely on a three-dimensional finite element analysis that

includes the soil, mat, and superstructure. However, such analyses are beyond cur

rent practices, mostly because they are difficult to set up and require especially

powerful computers.

14. The total settlement is best determined using the methods described in Chapter 7.

Do not use the coefficient of subgrade reaction to determine total settlement.

15. Bearing capacity is not a problem with sands and gravels, but can be important in

silts and clays. It should be checked using the methods described in Chapter 6.

Vocabulary

10.5 A 25-m diameter cylindrical water storage tank is to be supported on a mat foundation. The

weight of the tank and its contents will be 50,000 kN and the weight of the mat will be
12.000 kN. According to a settlement analysis conducted using the techniques described in

Chapter 7. the total settlement will be 40 mm. The groundwater table is at a depth of 5 m
below the bottom of the mat. Using the pseudo-coupled method. divide the mat into zones and
compute k for each ZOlle.Then indicate the high-end and low-end values of k. that should be
used in the analysis.

10.6 An office building is to be supported on 150-ft x 300-ft mat foundation. The sum of the col

umn loads plus the weight of the mat will be 90.000 k. According to a settlement analysis con
ducted using the techniques described in Chapter 7. the total settlement will be 1.8 inches. The

groundwater table is at a depth of 10ft below the bottom of the mal. Using the pseudo
coupled method. divide the mat into zones and composite each zone. Then indicate the high
end and low-end valves of k, that should be used in the analysis.

Beam on elastic foundation

Bed of springs

Coefficient of subgrade

reaction

Coupled method

Finite element method

Mat foundation

Multiple parameter method

Nonrigid method

Pile-supported mat

Pseudo-coupled method

Raft foundation

Rigid method

Shaft-supported mat

Soil-structure interaction

Winkler method

COMPREHENSIVE QUESTIONS AND PRACTICE PROBLEMS

10.1 Explain the reasoning behind the statement in Section 10.6: "Because of their large width, mat
foundations on sands and gravels do not have bearing capacity problems."

10.2 How has the development of powerful and inexpensive digital computers affected the analysis
and design of mat foundations? What changes do you expect in the future as this trend con
tinues?

10.3 A mat foundation supports forty rwo columns for a building. These columns are spaced on a
uniform grid pattern. How would the moments and differential settlements change if we used
a nonrigid analysis with a constant k, in lieu of a rigid analysis?

10.4 According to a settlement analysis conducted using the techniques described in Chapter 7, a
certain mat will have a total settlement of 2.1 inches if the average bearing pressure is
5500 lb/ft'. Compute the average k, and express your answer in units of Ib/in.1.

---'-


