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ENCE 4610
Foundation Analysis and Design

Lecture 2
Shallow Foundations:
Overview
Basic Bearing Capacity Equations



Types of Shallow
Foundations

Shallow foundations are
usually placed within a depth D
beneath the ground surface less
than the minimum width B of
the foundation

Shallow foundations consist of:
— Spread and continuous footings

— Square, Rectangular or Circular
Footings

— Continuous footings
— Ring Foundations
— Strap Footings

Wall footings

Mats or Rafts Figure 8-1. Geometry of a typical shallow foundation (FHWA, 2002¢, AASHTO 2002).




Types of Shallow
Foundations

e Shallow foundations are
usually placed within a depth
D beneath the ground surface
less than the minimum width B
of the foundation

e Shallow foundations consist of:
e Spread and continuous footings

e Square, Rectangular or
Circular Footings

e Continuous footings
e Ring Foundations
e Strap Footings

e Wall footings

e Mats or Rafts



Footings

Figure 8-3. Continuous strip footing (FHWA, 2002c¢).

A finite spread footing
IS a shallow
foundation that
transmits loads and
has an aspect ratio of
1<t/,<10

A continuous spread
footing is an “infinite”
footing where '/, > 10
and the effects of L
are ighored



Dimension and Rubble
Stone Footings

e Before 1800, most

¢ all footings were
unreinforced
masonry, as shown

[T T e Dimension stone
footings

e Rubble stone footings

| e Satisfactory for
lighter structures,
they were too
heavy for the larger

structures of the
19t century



Steel Grillage Footings
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Used first with the Montauk Block Building in Chicago
(1882). First foundation type specifically designed for
flexure.



Typical Concrete Footing

Column
,i//]}m\-:lﬁ

Capital, Pier, or Pedestal i Optional )
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Eeintorced-Concrete
Footing
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Concrete Footings

Once form is made, before concrete Proposed Calumn
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dowels are placed to enable
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Mat Foundations

e A matis continuous in two
directions capable of
supporting multiple columns,
wall or floor loads. It has
dimensions from 20 to 80 ft or
‘ 1 more for houses and hundreds

. - = e T -] of feet for large structures

/ such as multi-story hospitals
and some warehouses

REINFORCED CONCRETE MAT

Figure 8-9. Typical mat foundation (FHWA, 2002c¢). o R|bbed matS, ConS|St|ng Of
stiffening beams placed
below a flat slab are useful in

/ﬁ ﬁ i ﬁ unstable soils such as
expansive, collapsible or soft
%I wﬁﬁ? materials where differential

movements can be significant
e, FLAT MAT WITB 4, RIBBED WAT (exceeding 0.5 inch).

MULTIPLE GOLUMNID



Conditions for Mat
Foundations

Structural loads
require large area to
spread the load

Soil is erratic and | Example:

prone to differential  Chase Tower
ttlements !

o Houston, TX

Structural loads are

erratic

Unevenly distributed  Mat

lateral loads foundation is

Uplift loads are larger )
than spread footings 3 metres thick

can accommodate; and bottomed
weight of the matisa gt 19.2 m

factor here
Mat foundations are  Lc10W Street

easier to waterproof level




Distribution of Bearing
Pressure

e Distribution of bearing e Spread footings are

pressure depends on nearly rigid; effects of
e Eccentricity, if any, of applied foundation/soill flexibility
e | usually ignored
e Magnitude of the applied _
moment, if any e Mat foundations are
e Structuralrigidity of the more flexible; flexibility
foundation

an important factor

Stress-strain properties of the soil

Roughness of the bottom of the
foundation



Bearing Pressure Distribution
Concentric Loads

Flexible
foundation
on clay

Rigid
foundation
on clay

IH 'DI/’ Flexible

]‘I[BI Foundation
on Sand

| | | Rigid
Foundati
\MW or?uSnanac}mn
Simplified

Distribution



Types of Bearing Capacity

 Traditionally, bearing capacity

LOAD

has been classified as follows: L
— General Shear ‘Qv?
— Local Shear (2) GENERAL SHEAR

— Punching Shear

— Which one takes place depends
upon consistency or density of é

soil, which decreases from general
to local to punching wy
e For our purposes, we will only
consider general shear; other

modes are better predicted
using settlement analysis

LOAD

LOAD

TEST AT
GREATER
DEPTH

(c) PUNCHING SHEAR SURFACE TEST



Plasticity: Lower and
Upper Bound Solutions

* Review of Concept * \We saw this when we went
— Lower Bound: The true failure through unsupported cuts in
load is larger than the load purely cohesive soils
corresponding to an equilibrium . | inciol | licabl
system. The system has failed in n principle, only applicable to
at least one place. purely cohesive soils without
— Upper Bound: The true failure friction, due to volume
load is smaller than the load expansion considerations
corresponding to a mechanism, if . - - IR
that load is determined using the We W!“ be_gln by COUS'de“ng
virtual work principle. The strip (infinite or continuous)
system has failed “in general.” foundations only) in cohesive
e The idea is that the true soils

solution Is somewhere between
the two



Lower Bound Solution

« By direct application . By theory of elasticity
and Mohr's Circle

.r 4 " I p
| |
1 de 1
i I
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BEC : QC: DEE

J
H
SRS

T =

| sin(|5'1 - 92) |

The maximum value of | sin(;, — f,) | is 1

p = e

« The more realistic
lower bound



Upper Bound Limit Equilibrium Method

(Circular Failure Surface, Cohesive Soil)

ZI\/I = qu,tBbxg—ncBbe—aoBbxg:O

qult — 27[0 + O
. N.=27 ~=6.28
qult — N CC + 0-0

Figure 40.5: Mechanism 1.

Assume: No soil strength due to internal friction (cohesive soil,) shear strength above
foundation base neglected

We add the effect of the weight of the soil (effective stress) acting on the top of the
right side of the circle against rotation.



More Realistic Upper
Bound Case

p SERERERE)
v YYy
e S
c: “‘*—--;__L_ ,._/”‘E
T
dea
— )
sin™ a

The smallest value is obtained for o = 1.165562, or o = 66.78°. The center of the circle
then is located at a height 0.429a. The corresponding value of p is
5.52¢. This is an upper bound, hence

pe < 5.52c. (40.9)

So the solution is bounded by

3.14c < p < 5.52¢



urface (Upper Bound
Condition)
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Ultimate Bearing Capacity of Two Layer Cohesive Soil (p=0)
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LEGEND

D = DEPTH OF EMBEDMENT OF FOOTING
Nc = BEARING CAPACITY FACTOR FOR CONTINUOUS FOOTING WITH D=0
Ngp = FACTOR FOR CONTINUOUS FOOTING WITH D 30

NcR © FACTOR FOR RECTANGULAR FOOTING WITH D=0

CONTINUOUS FOOTING RECTANGULAR FOOTING
Gyt 2€ Ncp+ 7D Ner=Neo [1+0268], gy ¢, Ner+ 0

NcD/jye FROM TABLE ABOVE

FIGURE 5 (continued)

Ultimate Bearing Capacity of Two Layer Cohesive Soil (@=0)




Example Using Circular
Failure Surtface

Circular failure surface is
especially useful when
considering soft clays

Derived from upper bound
limit equilibrium solution

Adapted in NAVFAC DM
7.02 to two-layer solls

Correction for rectangular
(and square footing) shown
In charts

e Example Problem

— Continuous Shallow
Foundation
e B=2m
e D=05m
— Soil Profile

o Layer 1: ¢ =50 kPa, depth =
1.5m, y = 18 kN/m3

e Layer 2: ¢ =110 kPa
— Find: g, for foundation



Example of Circular
Failure Surface

« Solution: e N, =5.7 (from chart)

— Since centre of failure circle is — However, the formula in the chart calls
assumed to be at the surface, the for using Np, which is modified for
bottom of the circle is 0.5 m below the the depth oﬁ)he foundation
layer boundary, thus the “depth” of — Ngp/N. = 1.08 (using interpolation)
#a}’e[; 2 t:ho-?[” | De15_05< ~ N, = (5.7)(1.08) = 6.16

T g CPROTEAREE =D = LS =EST o Compute overburden pressure at base

_ TIB=1%4=05 of foundation

_ C,IC,=110/50=2.2 - 0,=yD =(18)(0.5) = 9 kPa (assumes

no water table involved)
» Compute ultimate bearing capacity
— 0= N¢pC + gy
— g=(6.16)(50) + 9 = 316.8 kPa
— Q=(316.8)(2) = 633.6 kN/m

— D/B=0.5/2=0.25



Development of Prandtl
Bearing Capac1ty Theory

Application of limit Note the three zones, the
equilibrium methods first

done by Prandtl on the foundation fails along the
punching of thick masses of lower boundary of these
metal (materials with no 70Nes

Internal frictional effects)

Prandtl's methods first
adapted by Terzaghi to p

bearing capacity failure of i :
shallow foundations "
(specifically, he added the
effects of frictional
materials)

Vesi¢ and others (Meyerhof,
Brinch Hansen, etc.)
Improved on Terzaghl
original theory and added
other factors for a more
comblete analvsis



Assumptions for Bearing
Capacity Methods

e Foundation-Soil e Geometric assumption
Interface e Depth of foundation is less than
ASSUFﬂptiOﬂS or equal to _|ts width

e Foundation is very rigia @ Geotechnical
relative to the soi Assumptions

e No sliding occurs e Soil beneath foundation is 5
between foundation and homogeneous semi-infinite mass
soil (rough foundation) e Mohr-Coulomb model for soil

P Loading ASSU[T\ptiOﬂS e General shearéailure mode is the

_ : governing mode
e Applied load is _ e No soil consolidation occurs
compressive and applied e Soil above bottom of foundation
vertically to the centroid has no shear strength; is only a
of the foundation* surcharge load against the
e No applied moments overturning load*
present

° * We will discuss “workarounds” to these assumptions °



Loads and Failure Zones
on Strip Foundations

[ =®

bhbbbbbddd

i,

Figure 8-13. Boundaries of zone of plastic equilibrium after failure of soil beneath
continuous footing (FHWA, 2002c).

Q = load/unit length on foundation %0°
g = load/unit area due to effective stress at base of foundation

, I, lll = regions of failure in Prantdl theory for bearing capacity failure
=]



Basic Equation of Bearing
Capacity

where: ¢

8.4.2 Bearing Capacity Equation Formulation

In essence, the bearing capacity failure mechanism is similar to the embankment slope failure
mechamsm discussed in Chapter 6. In the case of footings, the ultimate bearing capacity 1s
equivalent to the stress applied to the soil by the footing that causes shear failure to occur in

the soil below the footing base. For a concentrically loaded rigid strip footing with a rough

base on a level homogeneous foundation material without the presence of water, the gross

ultimate bearing capacity, qui. 18 expressed as follows (after Terzagha, 1943 ):

Qut - < (N{_‘)+q (N{])+ 0.5 {."’](Bi )(Nl.r) 8-1
T \

“Cohesion” term “Surcharge” term Foundation soil “Weight” term

cohesion of the soil (ksf) (kPa)

total surcharge at the base of the footing = qapp1 + ¥a D (kst) (kPa)
Qappl =  applied surcharge (kst)(kPa)

'}/a

unit weight of the overburden material above the base of the
footing causing the surcharge pressure (kef) (kN/m")

depth of embedment (tt) (m) (Figure 8-1)

unit weight of the soil under the footing (kef) (kN/m)

footing width, 1.e., least lateral dimension of the footing (ft) (m) (Figure 8-1)

bearing capacity factor for the “surcharge” term (dimensionless)

e TA00 102 (450 + g) 8-2

bearing capacity factor for the “cohesion” term (dimensionless)

(Ng-D cotd for ¢>0° 8-3

2+m=5.14 for $=0° 8-4

bearing capacity factor for the “weight” term (dimensionless)

2(N,+ D) tan(¢) 8-5
[



Basic Equation of Bearing
Capacity

Basic bearing capacity equation: Bearing Capacity

p = cN.+ qNy + 37BN, Factors
p = unit pressure on foundation e Several variations on
q = effective stress at base of the basic theory exist

foundations
y = (average) soil unit weight « Values of Nc’ Nq

under foundation mostly the same:

B = basic width of foundations

Strictly speaking, applicable to 1+ sin

continuous foundations only Ng = ] n o exp(m tan ¢),
— sin

N. = (Ny— 1) cot ¢.



Basic Equation of Bearing
Capacity

» Values of N, N, mostly Vesi¢-AASHTO Factors:
the same. Values of N,

Table 8-2

depend upon theory Bearing Capacity Factors (AASHTO, 2004 with 2006 Interims)
_ 0 N, N, N, 0 N, N, N,
. Brinch-Hansen: 0 5.14 1.0 0.0 23 18.1 8.7 8.2
1 5.4 L1 0.1 24 193 9.6 9.4
N. = Z(N — 1) tan gﬁ 2 5.6 1.2 0.2 25 20.7 107 109
v 9 3 5.9 13 0.2 26 223 119 12.5
_ 4 6.2 1.4 03 27 239 132 14.5
3 CFEM: 5 6.5 L6 05 28 258 14.7 16.7
6 6.8 1.7 0.6 29 279 16.4 19.3
' 7 7.2 L9 0.7 30 30.1 18.4 224
N = 1_5(N — 1)(tan¢ ) 8 75 2.1 0.9 31 327 20.6 26.0
4 q 9 7.9 2.3 1.0 32 355 232 302
) 10 2.4 2.5 1.2 33 38.6 26.1 352
- 11 8.8 2.7 14 34 422 29.4 411
. vesic: 12 9.3 3.0 17 35 46.1 333 48.0
13 9.8 33 2.0 36 50.6 3738 56.3
' 14 10.4 3.6 23 37 55.6 429 66.2
> N — 2(N —+ 1)(tan¢ ) 15 11.0 3.9 27 38 614 489 78.0
Y q 16 1.6 4.3 3.1 39 67.9 56.0 923
17 123 4.8 35 40 753 642 | 109.4
. DIN 18 13.1 53 4.1 41 83.9 739 | 1302
19 13.9 5.8 4.7 42 93.7 854 | 1556
20 14.8 6.4 5.4 43 105.1 99.0 | 186.5
21 15.8 71 6.2 44 1184 | 1153 | 2246
22 16.9 7.8 7.1 45 1339 | 1349 | 2718

N, =2(Ng - 1) (tan¢)



Bearing
Capacity
Example

Example 8-1: Determine the ultimate bearing capacity for a rigid strip footing with a rough
base having the dimensions shown in the sketch below. Assume that the
footing is concentrically loaded and that the total unit weight below the base
of the footing 1s equal to the total unit weight above the base of the footing,
i.e., in terms of the symbols used previously, v = vy, First assume that the
ground water table 1s well below the base of the footing and therefore it has
no effect on the bearing capacity. Then, assume that the groundwater table is

at the base of the footing and recompute the ultimate bearing capacity.

7a = 125 pef 6 =20°
¢ = 500 psf

=125 pef

Brz()ﬂ

Solution:

Assume a general shear condition and enter Table 8-2 for ¢= 20° and read the bearing

capacity factors as follows:

N.= 14.8, Ny =64, N, = 5.4. These values can also be read from Figure 8-15,
Quu= ¢(N.)+ v, (Dy ]{Nq )+ 0.5(y)By )(N\r )

qQuit = (500 psf)(14.8) + (125 pef) (5 f1) (6.4) + 0.5(125 pef) (6 f1)(5.4)

7.400 psf + 4,000 psf+ 2,025 pst
qQuie = 13,425 pst

Effect of water: If the ground water table 1s at the base of the footing, 1.e., a depth of 5 fi

from the ground surface, then effective unit weight should be used i the “weight” term as

follows:

Quit = (500 psf)(14.8) + (125 pef) (5 ft) (6.4) + 0.5(125 pef - 62.4 pet) (6 f1)(5.4)
7,400 psf + 4,000 psf+ 1,014 psf
quit = 12,414 psf

Sections 8.4.2.1 and 8.4.3.2 further discuss the effect of water on ultimate bearing capacity.



Questions?
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