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Floating Structures Underground

Effects of Settlement on Structures



  

Topics for Shallow Foundations 
Part II (Settlement)

● 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

● Other Settlement Topics
 Floatation of Foundations and 

Uplift of Structures
 Settlement of Footings on 

Intermediate Geomaterials 
(IGM)

 Modulus of Subgrade 
Reaction

● Acceptable Settlements in 
Structures



  

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?



Schmertmann’s Schmertmann’s 

MethodMethod
• 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



  



  



  



  



  

Flotation and Uplift of Foundations

● Generally speaking, soil 
does not exert vertical 
upward force on the 
foundation above it

● There are exceptions, 
such as expansive soils 
(later in the course)

● However, water is certainly 
capable of exerting 
upward pressure on a 
foundation

● The phenomenon can 
be considered as 
flotation or uplift

● Flow of water through 
soil increases the 
uplift force of the 
water, which can 
make problems for 
the foundation worse



  

Archimedes’ Principle



  

Example 1: Concrete Floor

● Given: Concrete floor as shown
 Water table is 1 m below the surface
 Top of concrete floor is 5 m below the surface of the soil
 Unit weight of concrete = 25 kN/m3

● Find
 Thickness of concrete to balance the buoyant force of the 

water



  

Example 1: Concrete Floor



  

Example 2: Underground Pipe or Tunnel



  

Example 2: Underground Pipe or Tunnel



  

Example 2: Underground Tunnel

● Given: Tunnel as shown
 Square, 8 m x 8 m cross 

section
 Tunnel empty weighs 500 kN/

m
 Sand surrounding the tunnel 

has a unit weight of 20 kN/m3.
● Find

 Depth of sand above to keep 
tunnel from having a net 
upward flotation force



  

Example 2: Underground Tunnel

● Solution
 Problem of water above the 

ground surface
 Water above the ground 

surface can be ignored
 The downward force of the 

water on the soil surface 
cancels its buoyant effect 
on the tunnel

 See effective stress 
example in Soil 
Mechanics, effective 
stress at bottom of lake is 
zero



  

Example 2: Underground Tunnel

● Solution using a combination 
of statics and Archimedes’ 
principles
 Let h be the distance from the 

top of the tunnel to the surface of 
the soil

 Weight of water displaced by 
tunnel = (10)(8)(8) = 640 kN/m of 
tunnel length

 Weight of tunnel plus force of 
effective stress at top of tunnel = 
500 kN/m + (20-10)(8)(h) = 500 + 
80h

 Equating, the minimum h = 1.75 
m



  

Example 3: Uplift on Dams

● Flow under a dam 
produces greater pore 
water pressures than 
hydrostatic conditions

● The simplest way to 
analyze is to determine the 
pore water head at both 
sides of the dam, assume 
a linear distribution, and 
compute the water upward 
pressure



  

Settlements in Intermediate Geomaterials 
(IGM’s)

● Definition of IGM
 Intermediate 

geomaterials (IGMs) are 
transition materials 
between soils and rocks. 
The distinction of IGMs 
from soils or rocks for 
geotechnical engineering 
purposes is made purely 
on the basis of strength 
of the geomaterials.

● Settlements in IGM’s 
can be estimated using 
elastic theory



  

Settlements in Intermediate Geomaterials 
(IGM’s)

● These values can also 
be used for initial 
elastic settlements in 
soils, using the same 
equation and 
appropriate values of 
Young’s Modulus and 
Poisson’s Ratio (see 
table in Schmertmann’s 
Method section)



  

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

● Definition of Coefficient of 
Subgrade Reaction

 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
 δ = settlement

δ

q
=ks



  

Coefficient of Subgrade Reaction



  

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 21 
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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



  

Types of Settlement

● Definitions of Settlement
 Absolute settlement, usually 

associated with uniform/total 
settlement 

 Angular distortion settlement, 
usually associated with 
differential settlement 

● Can be expensive and 
hinder the use of a 
structure
 “Bump in the bridge”
 Damage to walls and utilities 

(gas leaks and explosions)
● These consideration apply 

to deep foundations as 
well as shallow ones



Total vs. Differential Total vs. Differential 
SettlementSettlement

• Differential Settlement
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 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)



““Typical” Values of Typical” Values of 
Total SettlementTotal Settlement



Example of Example of 
Settlement Settlement 

CalculationsCalculations Given
 Steel framed office building, 20' column spacing, 

unreinforced load-bearing walls, δ/L < 1/1000 
 Find
 Allowable total settlement
 Allowable differential settlement

 Solution
 Typical total settlement specification = 4” (Frames 

structure)
 Use δ/L = 1/1000 (Steel and concrete frame); δdu = 

(1/1000)(20') = 0.02' = 0.25”



Questions?Questions?
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