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ENCE 4610
Foundation Analysis and Design

Shallow Foundations Part II (Settlement)

Effects of Settlement on Structures

Schmertmann’s Method

Mat Foundations and Foundation Flexibility



Topics for Shallow Foundations Part II 
(Settlement)

● Overview
○ Nature of Settlement
○ Acceptable Settlement in 

Structures
● Methods for Cohesive Soils

○ Primary and Secondary 
Consolidation, covered in Soil 
Mechanics

○ Elastic methods sometimes used 
for immediate settlements

● Methods for Cohesionless Soils
○ Hough’s Method, covered in Soil 

Mechanics
○ Schmertmann’s Method, covered 

here

● Mat Foundations
○ Mat foundations is a broad topic
○ Design of mat foundations in 

contemporary practice generally 
requires a computer solution

○ We will concentrate on 
understanding aspects of mat 
foundations that also apply (to 
some extent) to other shallow 
foundations
■ Limited thickness of 

compressible soil (vs. semi-
infinite half space)

■ Floating Foundations
■ Relative flexibility of mat and 

soil
■ Coefficient of subgrade 

reaction and size effect



Two Failure Modes: Strength and 
Serviceability

● Strength
● Geotechnical Strength 

Requirements
● Design to prevent failure by 

soil plastic shear failure
● Failure is generally 

catastrophic 
● Can be done either using ASD 

or LRFD
● Structural Strength Requirements

● Design to avoid structural 
failure of foundation 
components

● Similar to other structural 
analyses

● Common examples: bearing 
capacity failure, retaining wall 
failure

● Serviceability
● Generally refers to failure when 

gradual movement of the structure 
makes its use difficult or 
impossible

● Failure is gradual

● Can also be analyzed using ASD 
or LRFD

● Most common example in 
geotechnical engineering is 
settlement failure



Goals in Settlement Analysis

●How much will the 
structure settle until it’s 
either completely or 
partially inoperable?

●Analysis based on:
● Type of Structure

● Size of Structure

● Use of Structure

● How much will the 
structure settle given the 
geotechnical 
configuration?



Components of Settlement



Total vs. Differential Settlement
• Differential Settlement 

(Regular and Irregular)
o The settlement of a structure 

from one column/pier/load 
bearing member to the next

o Is expressed as a ratio of the 
distance between the relative 
settlement of two 
columns/piers and the 
distance between them

o Can be influenced by the 
following:

• Type of construction (steel, 
concrete, etc.)

• Use of structure

• Total or Uniform 
Settlement
o The uniform settlement of an 

entire structure
o Assumes that the structure settles 

as a unit
o Is expressed in units of length
o Can be influenced by the 

following:
• Neighboring structures 

(access, physical connection, 
utility connections)

• Aesthetics
• Drainage (a settled structure 

may be more vulnerable to 
ground water intrusion)

o What is acceptable depends 
upon how the structure interacts 
with its neighbors



Typical Values of Differential Settlement



Example of Settlement 
Calculations

● Given
● Steel framed office building with stucco, 20' 

column spacing, unreinforced load-bearing walls, 
L/H = 2 (building is relatively tall)

● Find
● Allowable differential settlement

● Solution
● From previous table, δ/L = 1/1000
● Typical total settlement specification = 4” (Frames 

structure)
● δdu = (1/1000)(20') = 0.02' = 0.25”



Schmertmann’s 
Method

• Originally set forth by John 
Schmertmann, who did 
extensive research concerning 
settlement in sands (FL) and 
application of CPT methods to 
deep foundation capacity

• Several versions; modified 
version is presented

• Not necessary to use elastic 
settlement as initial settlement, 
as it incorporates theory of 
elasticity considerations



Elastic Modulus of Soils for 
Schmertmann’s Method (and other 

applications)











Mat Foundations

● Mat Foundations are those where the 
entire foundation (and not just the 
footing) carry the load of the structure

● The size of the mats require the 
consideration of factors not usually 
considered in shallow foundations that 
we have covered

● Mat foundations are complex in their 
implementation, we will consider four 
aspects of their design:
○ Limited thickness of compressible 

soil (vs. semi-infinite half space)
○ Floating Foundations
○ Relative flexibility of mat and soil
○ Coefficient of subgrade reaction and 

size effect



Floating Foundations

For more information: 
http://vulcanhammer.net/2023/04/05/floating-or-compensated-foundations/

http://vulcanhammer.net/2023/04/05/floating-or-compensated-foundations/


Limited Elastic Soil Depth; Flexible and Rigid 
Foundations

● In Soil Mechanics, we looked at elastic 
solutions solely as semi-infinite 
homogeneous elastic spaces
○ Most of the foundations were flexible, 

i.e. they had no stiffness of their own to 
alter the distribution of pressure from 
the load to the soil

○ As we saw in the upper bound solution 
to bearing capacity, foundations can be 
considered as purely rigid as well, i.e., 
their displacement is uniform across 
the foundation

○ The space under the soil may not be 
semi-infinite, and at a distance h under 
the soil there be a “competent” rigid 
layer beyond which there is no soil 
deflection

● Effect of Rigidity of foundation
○ Foundation is perfectly flexible (  = )𝞒 ∞
○ Foundation is perfectly rigid (  = 0)𝞒
○ Foundation is somewhere in between ( 

0 < < )𝞒 ∞

● Cases to Consider
○ Flexible foundation (  = ,) 𝞒 ∞ limited 

elastic space under foundation (h <  
)∞

○ Rigid foundation (  = 0,) limited 𝞒
elastic space under foundation
(h <  )∞

○ Rigid foundation (  = 0,) infinite 𝞒
elastic space under foundation
(h =  )∞

○ Varying values of  will produce 𝞒
different results
■ Flexible foundation will 

minimize soil stress but settle 
differently (sag in middle) which 
may affect the structure

■ Rigid foundations will settle 
uniformly (assuming soil is 
uniform) but produce higher soil 
stress

■ Intermediate results are…well, 
intermediate



Settlement of Foundations, Flexible and 
Rigid

Where

∙ Se = elastic settlement

∙ ω = geometry and rigidity coefficient 
(see table at right)

∙ p = uniform pressure on foundation

∙ B or b = width of foundation

∙ L or l = length of foundation

∙ h = distance to competent layer (for 
half space, h = )∞

∙ h/b = ratio of foundation width to 
distance to completent layer 

∙  = Poisson’s Ratioν

∙ E = Young’s modulus of material

∙ Left side of table good for semi-
infinite half space; right side good for 
a soil where a hard layer exists at a 
depth of h below the base of the 
foundation



Example of Settlement of Flexible 
foundation (  = ,) limited elastic space 𝞒 ∞
under foundation (h <  )∞
 

● Given
○ Problem shown at lower right

● Find
○ Average settlement assuming 

flexible foundation
● Solution

○ h = 10’
○ b = B = 20’
○ h/b = 0.5
○ Square Foundation
○ p = 4 ksf
○ E = 20 ksf
○  𝞶 = 0.5 (which, in theory, makes the 

soil a fluid)
○ 𝟂mh = 0.39 (from table in previous 

slide)

Se = (0.39)(4)(20)(1-.52)/20 = 
1.17’ = 14.04”



Distribution of Stress and the Effect of 
Rigidity (Semi-Infinite Soil Mass)

In both cases, the soil stress at the edge is elastically 
infinite 



Soil Pressures Under Rigid Foundations with 
a Uniform Load

● Variables
○ r = distance from centre of circle to 

point of interest
○ R = radius of circle
○ r/R = ratio of point of interest 

distance to radius
○ y = distance from geometric 

centroid of foundation to point of 
interest

○ b1 = half-width of foundation 
○ y/b1 = ratio between interest point 

to edge of foundation (y=0 at 
centre of foundation)

○ p = uniform pressure on 
foundation, stresses in soil are 
numbers in table times this 
pressure

○ h = distance from base of 
foundation to competent layer

○ h/R = ratio of distance to 
competent layer to radius of 
foundation

○ h/b1  = ratio of diatance to 
competent layer to half-width of 
foundation



Relative Flexibility of Mat Foundations and 
Soils

where
●  𝞒 = flexibility constant, 0 for absolutely rigid foundations, infinite for absolutely flexible 

ones
● Ef, 𝞶f = Young’s Modulus and Poisson’s Ratio of foundation

● Es, 𝞶s = Young’s Modulus and Poisson’s Ratio of soil
● l = half length of foundation
● t = thickness of foundation (assumed constant)

For practical purposes:
● We can use the approximate formulation
● For cases of  <0.16, the foundation is rigid𝞒
● For cases of  >31, the foundation is flexible𝞒

For more information visit:
 https://vulcanhammer.net/2023/04/04/when-semi-infinite-spaces-arent-and-when-foundations-are-neither-rigid-nor-flexible/

https://vulcanhammer.net/2023/04/04/when-semi-infinite-spaces-arent-and-when-foundations-are-neither-rigid-nor-flexible/


Soil Pressures, Intermediate and Rigid 
Foundations (0 < < )𝞒 ∞

● Variables
○ x = distance from 

centroid of 
foundation to point 
of interest

○ l = half-length of 
foundation

○ x/l = ratio of distance 
from centroid to 
point of interest to 
distance from 
centroid to edge 
(half length)

○  𝞒 = flexibility variable 
(previously defined)

○ H = thickness from 
base of foundation 
to completent layer 
(in table, H is 
expressed in terms 
of the half-length l



Example Problem
● Given

○ Problem as shown at lower right 
(same as previous problem)

○ Assume Ef = 720,000 ksf
○ Assume that foundation has a 

uniform thickness of 0.45’ (5.4”)
● Find

○ Soil stress under foundation 
considering flexibility of foundation

○ Soil stress under the foundation 
assuming foundation is rigid

● Solution
○ Since foundation is square, aspect 

ratio = 1
○ Likewise the ratio between either 

the half-width or the half-length of 
the foundation and the thickness 
of the layer = 1, or H = l

○  𝞒 = 10 (20/720000)(10/0.45)3 = 3



Example Problem (Intermediate Foundation,
 0 < < )𝞒 ∞



Example Problem (Intermediate Foundation,
 0 < < )𝞒 ∞

Fraction of Pressure Soil Vertical Reaction, ksf

xi
Rigid 

Foundation Gamma = 3
Flexible 

Foundation
Rigid 

Foundation
Gamma = 

3
Flexible 

Foundation

0.0625 0.828 0.876 1 3.312 3.504 4

0.1875 0.829 0.874 1 3.316 3.496 4

0.3125 0.836 0.874 1 3.344 3.496 4

0.4375 0.837 0.866 1 3.348 3.464 4

0.5625 0.857 0.87 1 3.428 3.48 4

0.6875 0.899 0.893 1 3.596 3.572 4

0.8125 0.987 0.958 1 3.948 3.832 4

0.9375 1.927 1.791 1 7.708 7.164 4



Example Problem
(Rigid Foundation)

● Given
○ Same stratigraphy as before
○ Same uniform pressure as before
○ Circular foundation, 20’ in 

diameter
○ Rigid foundation

● Find
○ Soil stresses under foundation for 

stratigraphy shown
○ Soil stresses under foundation for 

semi-infinite soil mass
● Solution

○ h/r = 10/10 = 1
○ For semi-infinite soil mass, 

formula is as below:



Example Problem
(Rigid Foundation)

𝞺/r y, m Pressure Ratio (from chart)
Pressure, Limited Layer 
Depth, ksf

Pressure Ratio, Semi-Infinite 
Half-Space

Pressure, Semi-Infinite Half 
Space, ksf

0 0 0.652 2.608 0.500 2.000

0.1 1 0.652 2.608 0.503 2.010

0.2 2 0.654 2.616 0.510 2.041

0.3 3 0.658 2.632 0.524 2.097

0.4 4 0.665 2.66 0.546 2.182

0.5 5 0.678 2.712 0.577 2.309

0.6 6 0.7 2.8 0.625 2.500

0.7 7 0.744 2.976 0.700 2.801

0.8 8 0.833 3.332 0.833 3.333

0.9 9 1.073 4.292 1.147 4.588

0.95 9.5 1.446 5.784 1.601 6.405



Coefficient of Subgrade Reaction

● Nonrigid foundations must take 
into account that both the soil 
and the foundation have 
deformation characteristics.
● These deformation characteristics 

can be either linear or non-linear 
(especially in the case of the soils)

● The best known type of 
foundations of this type are 
pavements, especially non-rigid 
pavements (asphalt)

● The deformation characteristics 
of the soil are quantified in the 
coefficient of subgrade reaction, 
or subgrade modulus

● Variables: 
● ks = coefficient of subgrade 

reaction, units of force/length3 (the 
units are the same as the unit 
weight, but not the significance!)

● q = bearing pressure

●  = settlementδ



Plate Load Test



Fundamental Problems with 
Coefficient of Subgrade Reaction

●Example
● Consider a foundation on an 

elastic medium

● Use SFH Equation 8-19 and 
combine this with the basic 
equation for the coefficient of 
subgrade reaction

● The result is this:

●The coefficient of subgrade 
reaction is a function of 
Young’s Modulus and 
Poisson’s Ratio (which are 
mechanical properties of 
the soil) and foundation 
size, shape and rigidity 
(which is not a soil 
property)

●The coefficient of subgrade 
reaction is thus not a 
fundamental soil property



Size Effect of Foundations on Deflection 
Characteristics

Relationship between settlement of natural soils and dimensions of 
loading area (from Tsytovich (1976).) The variable F is the area of the 
foundation, thus the square root of F is the basic dimension of the 
foundation and, in the case of square foundations, the exact dimension b 
or B (see below.)



Problems with Coefficient of Subgrade 
Reaction

●Other problems include:
● Non-linearity of soils

● Strain-softening of soils

● Change in soil mechanical 
properties with depth

● Change in depth affected by 
pressure at foundation (larger 
the foundation, larger the 
region of influence under the 
foundation

●Nevertheless, the 
coefficient of subgrade 
reaction is used 
extensively in pavement 
and mat foundation design

● It can be determined in a 
number of ways, such as 
plate load tests, or 
sometimes back 
calculation from elastic 
modulus



Questions?
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