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ENCE 4610ENCE 4610
Foundation Analysis and DesignFoundation Analysis and Design

Lecture 3
Bearing Capacity of Shallow Foundations:

Eccentric Loading of Foundations
Effect of Water Table and Layered Soils
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Groundwater Table 
Correction Factors
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Load Inclination Factors
• A convenient way to account for the 

effects of an inclined load applied to the 
footing by the column or wall stem is to 
consider the effects of the axial and shear 
components of the inclined load 
individually. If the vertical component is 
checked against the available bearing 
capacity and the shear component is 
checked against the available sliding 
resistance, the inclusion of load 
inclination factors in the bearing capacity 
equation can generally be omitted. The 
bearing capacity should, however, be 
evaluated by using effective footing 
dimensions, as discussed in Section 
8.4.3.1 and in the footnote to Table 8-4, 
since large moments can frequently be 
transmitted to bridge foundations by the 
columns or pier walls. The simultaneous 
application of shape and load 
inclination factors can result in an 
overly conservative design.

• Unusual column geometry or loading 
configurations should be evaluated on a 
case-by-case basis relative to the 
foregoing recommendation before the load 
inclination factors are omitted. An 
example might be a column that is not 
aligned normal to the footing bearing 
surface. In this case, an inclined footing 
may be considered to offset the effects of 
the inclined load by providing improved 
bearing efficiency (see Section 8.4.3.4). 
Keep in mind that bearing surfaces that 
are not level may be difficult to construct 
and inspect. (FHWA NHI-06-089)



Allowable Bearing Allowable Bearing 
CapacityCapacity

Most foundations 
designed by ASD for 
geotechnical 
strength (LRFD to be 
discussed later)

Foundation is then 
designed so that the 
allowable bearing 
pressure is not 
exceeded
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Factors when considering 
selection of a factor of safety



Bearing Capacity 
Example

• Given
– Square shallow foundation, 

5’ x 5’
– Foundation depth = 2’
– Cohesionless
– Unit weight 121 pcf
– Internal friction angle 31 

degrees
– Load on foundation = 76 

kips
– Groundwater table very 

deep

• Find
– Factor of safety against 

bearing capacity failure
• Solution

– Governing equation:

– We can neglect factors due 
to groundwater table (Cw), 
load inclination (b) and 
depth (d)



Bearing Capacity 
Example

• Bearing capacity “N”
factors for 31 degree 
friction angle
– Nc = 32.7
– Nq = 20.6
– Nγ = 26.0



Bearing Capacity 
Example

• Shape Factors
– sc = 1+(5/5)(20.6/32.7) = 1.63
– sγ=1=0.4(5/5) = 0.6
– sq = 1+(5/5)(tan(31)) = 1.6



Bearing Capacity 
Example

• Other variables
– c=0 (problem statement)
– q=(121)(2) = 242 psf
– γ= 121 pcf (problem 

statement)

• Substitute and solve
• qult = (0) + 

(242)(20.6)(1.6) + 
(0.5)(121)(5)(26.0)(0.6) = 
0 + 7976.32 + 4719 = 
12,695 psf

• Compute ultimate load
– Qult = qult * A
– (12695)(5)(5) = 317,383 lbs. 

= 317.3 kips

• Compute Factor of Safety
– FS = 317.3/76 = 4.17

• It’s also possible to do this 
using the pressures
– qa = 76,000/(25) = 3040 psf
– FS = 12,695/3040 = 4.17



Groundwater and Groundwater and 
Layered Soil EffectsLayered Soil Effects

• Shallow groundwater 
affects shear strength in 
two ways:

o Reduces apparent cohesion 
that takes place when soils are 
not saturated; may 
necessitate reducing the 
cohesion measured in the 
laboratory

o Pore water pressure increases; 
reduces both effective stress 
and shear strength in the soil 
(same problem as is 
experienced with unsupported 
slopes)

• Layered Soils are 
virtually unavoidable in 
real geotechnical 
situations

• Softer layers below the 
surface can and do 
significantly affect both 
the bearing capacity 
and settlement of 
foundations 



Solution for Effect of Groundwater 
Table on Bearing Capacity

• Three ways to analyze layered soil profiles:
– Use the lowest of values of shear strength, friction angle and unit weight 

below the foundation.  Simplest but most conservative.  Use groundwater 
factors in conjunction with this.

– Use weighted average of these parameters based on relative 
thicknesses below the foundation.  Best balance of conservatism and 
computational effort. Use width of foundation B as depth for weighted 
average

– Consider series of trial surfaces beneath the footing and evaluate the 
stresses on each surface (similar to slope failure analysis.)  Most accurate 
but calculations are tedious; use only when quality of soil data justify the 
effort



Example with Layered Example with Layered 
Soils and GroundwaterSoils and Groundwater

• Given
o Square spread footing as 

shown

• Find
o Check adequacy 

against  bearing 
capacity failure using 
weighted average 
method, AASHTO 
Formula and FS = 3

2.5 m



Groundwater Example
• Use silty sand for bearing 

capacity and other values
– Nc = 35.5
– Nq = 23.2
– Nγ = 30.2

• Use same shape factors as 
previous example (both square)
– sc = 1+(5/5)(20.6/32.7) = 1.63
– sγ=1=0.4(5/5) = 0.6
– sq = 1+(5/5)(tan(31)) = 1.6

• Groundwater factors:
– 1.5Bf + Df = (1.5)(1.8) + (1.9) = 

4.6 m
– Water table depth = 2.5 m
– For Cwγ, we interpolate and 

obtain Cwγ = 0.5+0.5*(2.5-
1.9)/(4.6-1.9) = 0.61

– Cwq = 1.0 for any groundwater 
below the base of the foundation

• Other variables
– c = 5 kPa (problem statement)
– q = (1.2)(17.5)+(0.7)(18.2) = 

33.74 kPa
– γ= 18.2 pcf (problem statement)

qult = (5)(35.5)(1.63) + (33.74)(23.2)(1)(1.6) + (0.5)(18.2)(30.2)(0.61)(0.6) = 
1642.3 kPa



Expressions of Eccentric 
Loading



Expressing Load Eccentricity 
and Inclination

Load Divided by 
Inclination Angle

Total Load Q
Total Vertical Load Qv

Total Horizontal Load Qh

Angle of Inclination α = 
arctan(Qh/Qv)
Load can be concentric or 
eccentric

Load and Eccentricity
Total Vertical Load Q
Eccentricity from centroid of 
foundation e
Horizontal Load (if any) not 
included

Moment and Eccentric 
Load

Total eccentric vertical Load 
Q with eccentricity e
Replace with concentric 
vertical load Q and eccentric 
moment M=Qe

Continuous 
Foundations

Moments, loads expressed as 
per unit length of foundation, 
thus Q/b or M/b



One Way Loading
• One-way loading is 

loading along one of 
the centre axes of the 
foundation

• Three cases to consider
• Resultant loads outside 

the “middle third”
result in foundation lift-
off and are thus not 
permitted at all 



Equations for OneEquations for One--Way Pressures with Way Pressures with 

Eccentric/Moment LoadsEccentric/Moment Loads

If q at any point is less than zero, resultant is outside the middle third

Wf is foundation weight



Example of One Way Example of One Way 
EccentricityEccentricity

• Given
o Continuous Foundation as 

shown
o Groundwater table at great 

depth
o Weight of foundation 

(concrete) not included in 
load shown

• Find
o Whether resultant force acts 

in middle third
o Minimum and maximum 

bearing pressures



Example of One Way Example of One Way 
EccentricityEccentricity

Compute Weight of Foundation
Wf/b = (5)(1.5)(150) = 1125 lb/ft

Compute eccentricity

Thus, eccentricity is within the “middle third” of the 
foundation and foundation can be analysed further 
without enlargement at this point

e= (M /b)
Q /b = 8000

12000+1125 = 0.61 ft .

B
6

= 5
6

= 0.833 ft .>0 .61 ft .



Example of One Way Example of One Way 
EccentricityEccentricity

Compute minimum and maximum bearing pressures



Two-Way Eccentricity
Eccentricity in both “B”

and “L” directions 
produces a planar 
distribution of stress

Kern of Stability
– Foundation stable 

against overturn only 
if resultant falls in the 
kern in the centre of 
the foundation

– Resultant in the kern if
6 eB

B +
6eL

L ≤ 1

eB, eL = eccentricity in B, L directions



Bearing Pressure at CornersBearing Pressure at Corners
TwoTwo--Way EccentricityWay Eccentricity

• Helpful hint to prevent 
confusion of 
eccentricity of finite vs. 
infinite (continuous) 
foundations

o Always use one-way 
eccentricity equations for 
continuous foundations

o Always use two-way 
eccentricity equations for finite 
foundations

o Two-way equations will reduce 
to one-way equations if one of 
the eccentricities (eB, eL) is 
zero
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Two-Way Eccentricity 
Example

• Given
– Grain silo design as shown
– Each silo has an empty 

weight of 29 MN; can hold 
up to 110 MN of grain

– Weight of mat = 60 MN
– Silos can be loaded 

independently of each other
• Find

– Whether or not eccentricity 
will be met with the various 
loading conditions possible

– Eccentricity can be one-way 
or two-way



TwoTwo--Way Eccentricity Way Eccentricity 
ExampleExample

One-Way 
Eccentricity

Largest Loading: two 
adjacent silos full and 
the rest empty
Q = (4)(29) + 2(110) + 
60 = 396 MN
M = (2)(110)(12) = 
2640 MN-m

e= M
Q

e= 2640
396

e=6 .67 m
B
6

= 50
6

= 8 .33m>6. 67m

Eccentricity OK 
for one-way 
eccentricity



TwoTwo--Way Eccentricity Way Eccentricity 
ExampleExample

Two-Way Eccentricity
Largest Loading: one silo full and the rest 
empty
P = (4)(29) + 110 + 60 = 286 MN
MB = ML = (110)(12) = 1320 MN-m

eB=eL= M
Q

= 1320
286

= 4 .62m

6 eB

B
+

6eL

L
= 2((6)(4 .62)

50 )= 1.11>1

Not acceptable



TwoTwo--Way Eccentricity Way Eccentricity 
ExampleExample

Two-Way Eccentricity
Solution to Eccentricity 
Problem: increase the size of 
the mat

Necessary to also take other 
considerations into account 
(bearing failure, settlement, 
etc.)

6 eB

B
+

6eL

L
= 2((6)(4 .62)

B )= 1

B=L=55. 4 m



Eccentricity 
and Equivalent 

Footing 
Procedure



Eccentricity 
and Equivalent 

Footing 
Procedure



Equivalent Footing Using TwoEquivalent Footing Using Two--
Way Eccentricity ExampleWay Eccentricity Example

Largest Loading: one silo full and the rest 
empty

Result of Two-Way 
Eccentricity Analysis
eB = eL = 4.62 m
B = L = 55.4 m (expanded 
foundation)
Equivalent Footing 
Dimensions
B’ = B – 2eB = 55.4 – (2)(4.62)
B’ = 45.8 m = L’ (as B = L and 
eB = eL)



Equivalent Footing Using TwoEquivalent Footing Using Two--
Way Eccentricity ExampleWay Eccentricity Example

One-Way 
Eccentricity

Largest Loading: two 
adjacent silos full and 
the rest empty
B = L = 55.4 m 
(expanded 
foundation)
eB = 6.67m
eL = 0 m
B’ = B’-2eB = 55.4 –
(2)(6.67) = 42.1 m
L = L’ = 55.4 m B

6
= 50

6
= 8 .33m>6. 67m



Questions?
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