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1. Know and describe the branches of geotechnical engineering.

2. Know and describe other fields related to geotechnical
engineering.

3. Know and understand the term: heterogeneous, anisotropic,
nonconservative (i.e., inelastic) and nonlinear and how these terms
are related to soils.

4. Understand how defects in the soil or rock (e.g., joints, fractures,
weak layers and zones, etc.) can affect the behavior of the soil or
rock and may lead to unacceptable performance.

5. Know and describe an example where such defects have led to a
failure condition.

6. Understand the knowledge that is required to practice geotechnical
engineering.

7. Know ways that you can develop/cultivate engineering judgment.

8. Understand the professional etiquette that will help may you a
successful engineer.

Ch 1 World of Foundations - Learning Objectives
Wednesday, August 17, 2011 12:45 PM
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Useful conversions (http://www.onlineconversion.com)

1 kilonewton = 224.808 943 87 pound-force
100 kPa ~ 1 tsf = 2000 psf 
1 m = 3.28 feet
1 inch = 2.54 cm
62.4 lb/ft^3 = 1 Mg / m^3 (unit weight of water)
1 kilogram = 2.2046226218 pound
1 kip = 1000 lbs

© Steven F. Bartlett, 2011

System of Units
Wednesday, August 17, 2011 12:45 PM
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Pascal
(Pa)

Bar
(bar)

Technical 
atmosphere
(at)

Atmosphere
(atm)

Torr
(Torr)

Pound-
force per
square inch
(psi)

1 Pa ≡ 1 N/m2 10−5 1.0197×10−5 9.8692×10−6 7.5006×10−3 145.04×10−6

1 bar 105 ≡ 106 

dyn/cm2

1.0197 0.98692 750.06 14.5037744

1 at 0.980665 ×
105

0.980665 ≡ 1 kgf/cm2 0.96784 735.56 14.223

1 atm 1.01325 ×
105

1.01325 1.0332 ≡ 1 atm 760 14.696

1 Torr 133.322 1.3332×10−3 1.3595×10−3 1.3158×10−3 ≡ 1 Torr; ≈ 1 
mmHg

19.337×10−3

1 psi 6.895×103 68.948×10−3 70.307×10−3 68.046×10−3 51.715 ≡ 1 lbf/in2

Pressure units

Pasted from <http://en.wikipedia.org/wiki/Technical_atmosphere> 

Stress or Pressure

Acceleration

1 g = 9.80665 m/s2 or 35.30394 (km/h)/s (~32.174 ft/s2 )

For this course, it is sufficient to use 9.81 m/s2 and 32.2ft/s2)

Pasted from <http://en.wikipedia.org/wiki/Standard_gravity> 

Unit Weight of Water

W = 62.4 lb/ft3 = 9.81 kN/m3

Mass Density of Water

W = 1.940 slug/ft3 = 1000 kg/m3 or 1 Mg/m3

Force

1 N = 0.2248089431 lbs

Unit Conversions
Wednesday, August 17, 2011 12:45 PM
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In a dimensionless equation, there is one or more variables that assume different 
values depending on the units in use.

•

Try to write engineering equations in dimensionless form, whenever possible.•
The equation can be written in a dimensionless form by replacing the units in the 
equation with reference units.

•

Reference unit for stress = atmospheric pressure (pa)○

Reference unit for acceleration = gravitational constant (g)○

Reference unit for unit weight = unit weight of water (w)○

Dimensionless equations are used throughout the text.  This practice avoids the 
awkward alternative of using equations specifically derived for a certain set of 
units.  When unit-dependent equations are used and results are desired in a 
different set of units, the quantities in the equation need first to be converted to 
the desired units, which is often a source of error, confusion, or a waste of time.

All physical equations express relationships between certain quantities that 
should be fully independent of the way we decide to measure them.  In order for 
this to be true, the expression relating the quantities must be dimensionally 
compatible or homogeneous.  The dimensions on both sides of an equation must 
be the same, in terms of the fundamental dimensions.

Dimensionless Equations
Wednesday, August 17, 2011 12:45 PM

   Ch. 1 - World of Foundations Page 6    



Example

The standard penetration blow count and the cone tip resistance can be related 
to each other for a clean sand by the following equation:

N = qc (tsf) /4.5

where: N = standard penetration in blows per foot, qc tsf = cone penetrometer 
tip resistance (tsf).

Note that the above equation is not dimensionless, because one of its variables, 
qc is expressed in tsf (tons per square foot).

The unit tsf is a stress unit.  The reference variable for stress is atmospheric 
pressure, which is abbreviated as pA in our text book

The standard atmosphere (symbol: atm = pA ) is an international reference 
pressure defined as 101,325 Pa and formerly used as unit of pressure.[1] For 
practical purposes it has been replaced by the bar which is 100,000 Pa.[1] The 
difference of about 1% is not significant for many applications, and is within the 
error range of common pressure gauges. Pasted from 

<http://en.wikipedia.org/wiki/Atmosphere_(unit)> 

Thus, the equation above can be written in it dimensionless form as:

N = qc * tons / ft2 / 4.5 * (2000 lb / ton) * (ft2 / 144 in2) * (1 atm / 14.696 
lb/in2)

N =  qc /pA * 1/4.5 * 0.94507937

N = 0.21* qc/pA

Dimensionless Equations (cont.)
Thursday, August 31, 2017 2:27 PM
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1.    Geology is the study of the earth and other nearby planets. It is concerned 
with the materials that makeup the planet, the physical and chemical process 
that create and change these materials with time, and the history of the planet 
and the life that has formed and evolved. 

2.    Geophysics is a branch of experimental physics dealing with the earth, 
including it atmosphere and hydrosphere. It includes the sciences of dynamical 
geology and physical geography, and make use of geodesy, geology, seismology, 
meteorology, oceanography, magnetism, and other earth sciences in collecting 
and interpreting earth data. Applied geophysics applies methods of physics and 
engineering exploration by observation of seismic or electrical phenomena or of 
the earth's gravitational or magnetic fields or thermal distribution.

3.    Geological Engineering / Engineering Geology are the application of the 
earth sciences to engineering practice for the purpose of assuring that the 
geologic factors affecting the location, design, construction, operation, and 
maintenance of engineering works are recognized and adequately addressed.

4.    Seismology a geophysical science which is concerned with the study of 
earthquakes and how earthquake wave propagate through the earth and the 
measurement of the elastic properties of the earth.

5.    Geoenvironmental Engineering a branch of civil/geotechnical engineering. 
Environmental concerns in relation to groundwater and waste disposal have 
spawned a new area of study called geoenvironmental engineering 
where biology and chemistry are important.  This branch deals with waste 
contamination, clean-up, containment systems, etc. 

Fields Related to Geotechnical Engineering
Thursday, March 11, 2010 11:43 AM
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(From “Application of Soil Mechanics in Practice” by Ralph Peck)

A.    The first area of required knowledge is the theoretical and experimental 
tools that are often regarded as soil mechanics proper. Although the instances 
may be few in which elaborate theoretical calculations are justified, or in which 
elaborate testing programs of soil samples may be useful, the insight and 
judgment arising from an intimate knowledge of these matters cannot be 
overemphasized. In spite of the fact that some of the more experienced 
practitioners of soil mechanics may rarely make a theoretical calculation, 
unconsciously they bring to focus on many a problem the fruit of years of 
theoretical studies and investigations that subsequently become an integral part 
of the engineering background.

B.    The second foundation of soil mechanics is experience and judgment. The 
traditional knowledge of our predecessors, as well as a thorough knowledge of 
design and construction procedures and their consequences, are utterly 
indispensable for successful practice.

1.    Empirical basis of judgment - There was a time when all engineering 
judgment was empirical. Before the injection of science into engineering, the 
test of a design was often precedent. The builders of the great Gothic 
cathedrals were ignorant of stress analysis. There is considerable evidence 
that they consulted with the local designers and builders.

No engineer can design successfully if he is not aware of what is practical to 
accomplish with the tools and equipment available at the time and place of 
his project. He needs detailed knowledge of what has to be done so that he 
can appreciate whether his proposed enterprise fall routinely among projects 
for which there is ample precedent or is in some respect unique. If he 
recognizes his enterprise as falling within the limits of precedent, he can test 
the results of all his calculations and assumptions against the accumulated 
experience of his fellow engineers and their predecessors. (Ralph Peck)

Knowledge Req'd to Practice Geotechnical Engineering
Thursday, March 11, 2010 11:43 AM
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Dome of Santa Maria del Fiore

From <https://en.wikipedia.org/wiki/Florence_Cathedral> 

How an Amateur Built the World's Biggest Dome

Empirical Basis of Judgement
Wednesday, August 17, 2011 12:45 PM
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2.   Theoretical basis of judgment - The power of theoretical and analytical 
procedures in engineering is unquestioned. Computers not only enormously 
accelerate our thinking , they change the pattern of our thought. The rewards to 
be reaped from the computer seem almost limitless. Almost, but not quite.

Theory and calculations are not substitutes for judgment, but are the bases for 
sounder judgment. A theoretical framework into which the known empirical 
observations and facts can be accommodated permits us to extrapolate the new 
conditions with far greater confidence than we could justify by empiricism alone.

Theory, particularly with the aid of the electronic computer, permits us to carry 
out what we might call parametric exercises in which we can investigate the 
influence on the final design of variations in each of the factors affecting the 
design. (Ralph Peck)

C    Sense of proportion is one of the main facets of engineering judgment. 
Without it, an engineer cannot test the results of a calculation against 
reasonableness. Physical quantities, the size of things, could have not real 
meaning to him.

Knowledge Req'd to Practice Geotechnical Engineering (cont.)
Thursday, March 11, 2010 11:43 AM
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C.    The third fundamental aspect of soil mechanics, and the one that has 
increased in significance in my mind over the past 20 years, is geology. Except 
for those projects dealing with earth as a construction material, all problems in 
applied soil mechanics are concerned with the behavior of natural materials in 
place. The history of formation and the anatomy of these deposits is the 
domain of geology.

Listing of geology courses potentially useful to geotechnical engineer

Physical geology○

Historical geology○

Geomorphology○

Stratigraphy and Sedimentology○

Applied Geophysics○

Geologic Hazards○

Groundwater○

Knowledge Req'd to Practice Geotechnical Engineering (cont.)
Thursday, March 11, 2010 11:43 AM
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Figure 2-6 Seismic profile in seismic profile showing (a) Vs30 profile, (b) Vs profile for upper 30 m, 
(c) Vp map with unmigrated reflection image, and (d) migrated reflection image (Liberty 2016). 

Knowledge Req'd to Practice Geotechnical Engineering (cont.)
Thursday, March 11, 2010 11:43 AM
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Make the most of your educational experience by devoting yourself to a 
systematic study of your chosen subject and those related to it.

1.

Select your first job for the quality and kind of experience it can offer. 
Plan a program of successive jobs with different experience during the first 
few years of your professional career. All too many graduates interested in 
soil mechanics and foundations find themselves working in firms whose 
principal endeavor is to obtain the logs of test borings, test the samples, 
and write reports containing the recommendations for types of foundations 
and for allowable soil or pile loads. Without an opportunity to follow 
through on such projects, to see how the construction procedures work out 
and to learn how successfully the facilities performed, such experience is 
sterile. There is no feed-back.

2.

Be involved with construction, whenever possible. Learn how things are 
constructed and how design and construction must interact.

3.

I would suggest that you not only read carefully your professional 
magazines, but that you look closely at the advertisements. A foundation 
engineer can profit greatly by reading the ads in magazines dealing with 
heavy construction. He gets a feeling for the tools of the trade, the 
problems being solved, and the general activity in the field.

4.

Attend specialty lectures offered at the University and professional 
organizations.

5.

Keep a detailed notebook about everything you do. The purpose is not so 
much as to make a record as to develop the power of observation. I also 
kept in that notebook the records of conversations with all sorts of people, 
including Terzaghi on his frequent visits.

6.

Read the Terzaghi Lectures (ASCE publication) and case histories of design 
and construction failures in geotechnical engineering literature.

7.

Ways to Develop Engineering Judgment
Thursday, March 11, 2010 11:43 AM
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A.    Rules to Be Remembered (by Karl Terzaghi)

1.    Engineering in a noble sport which calls for good sportsmanship. 
Occasional blundering is part of the game. Let it be your ambition to be 
the first to discover and announce your blunders. If somebody else gets 
ahead of you take it with a smile and thank him for his interest. Once you 
begin to feel tempted to deny your blunders in the face of reasonable 
evidence, you have ceased to be a good sport. You are already a crank or a 
grouch.

2.    The worst habit you can possibly acquire is to become uncritical 
towards your own concepts and at the same time skeptical towards those 
of others. Once you arrive at that state you are in the grip of senility, 
regardless of your age.

3.    When you commit one of your ideas to print, emphasize every 
controversial aspect of you thesis, which you can perceive. Thus you win 
the respect of your readers and it keeps you aware of the possibilities for 
further improvement. A departure for this role is the safest way to wreck 
you reputation and to paralyze your mental activities.

4.    Very few people are either so dumb or so dishonest that you could not 
learn anything from them.

Professional Etiquette
Thursday, March 11, 2010 11:43 AM

   Ch. 1 - World of Foundations Page 15    



Lump Sum Contract - a construction agreement in which the contractor agrees to 

complete the project for a predetermined, set price

○

Unit Price Contract - a contractor is paid for the actual quantity of each line item 

performed as measured in the field during construction

○

Cost Plus Contract - a contractor is paid for all of a project's expenses plus an 

additional fee for the job

○

Incentive Contracts - An incentive contract is a contract between two parties 
in which one party promises to grant an additional remuneration to another 
party for outstanding performances.

○

Percentage of Construction Fee Contracts -○

Most construction managers will charge a fee of three to five percent of the 

total project cost. Some will also charge a five percent fee, yet mark their 
materials and labor up 10 percent, meaning you are actually paying them 15 
percent.

Types of Contracts

© Steven F. Bartlett, 2022

Practice of Engineering - Contracting Parties and Relationships
Monday, August 22, 2022 12:45 PM
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Here’s some 2013 data from the North American Industry Classification 
System. Below are the median pretax profit rates of various industries that 
fiscal year.

New single-family residential buildings: 3.2%•

Road, street, and bridge construction: 3.0%•

Commercial & industrial buildings: 2.1%•

Industrial buildings: 3.8%•

Land subdivision: 8.7%•

From <https://www.freshbooks.com/hub/estimates/average-profit-margin-for-construction-industry> 

Construction Profit Margins

There is a huge variation in the profit margins from one to another. While some 
firms struggle to hit 8% profit, others are sailing along with consistent profit 
margins over 30%, and in some cases, in excess of 40%!

What Profit Should You Be Making?

While these higher margins are much more expected and targeted in most other 
professional services industries, the average architecture, engineering, 
environmental and Geotech consulting firm is targeting 13% to 15%, and lower if 
100% of their work is public. In fact, many firms that offer exclusively public work 
are averaging 6% to 8% – hardly enough to counter the huge risk of these high-
exposure projects.

From <https://aecbusiness.com/why-some-firms-make-more-money-than-others/> 

Architect and Engineering (A&E) Firms

Practice of Engineering - Profit Margins
Monday, August 22, 2022 12:45 PM
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Principal Engineer -
A principal engineer is an engineering professional with many years of experience in 
their field. They oversee projects and staff after working as engineers in a particular 
field. Different from other engineers, the role of principal engineer is a leadership role 
where they guide staff to ensure an engineering team completes projects on time and 
within budgets. They are professionally licensed engineers.
<https://www.indeed.com/career-advice/finding-a-job/principal-engineer-vs-senior-
engineer> 

Often principal engineers own founding stock or shares in the company.

Managing or Senior Engineer -
Senior engineers are engineering professionals who earn this title through experience. 
People in this role may handle several projects simultaneously, performing tasks of 
engineers and providing guidance for teams. These engineers are highly technical and 
ensure teams apply common engineering principles and concepts to their own teams' 
responsibilities. They are professionally licensed engineers.

From <https://www.indeed.com/career-advice/finding-a-job/principal-engineer-vs-senior-engineer> 

Project Engineer - A project engineer is responsible for the engineering and technical 

disciplines needed to complete a project. The project engineer works to plan projects, 
establish project criteria, coordinate project reviews, and ensure the proper 
implementation of project elements. They are professionally licensed engineers.

From <https://www.google.com/search?q=project+engineer&rlz=1C1SQJL_enUS822US822
&oq=project+engineer&aqs=chrome..69i57j69i65.2933j0j15&sourceid=chrome&ie=UTF-8> 

Design Engineer -
Design engineers identify complex design problems, conduct root-cause failure analyses, and 

anticipate production issues. They then develop innovative design solutions, evaluate 
options, conduct tests, and implement solutions to meet timing, product cost and 
reliability targets. They are professionally licensed engineers.

Staff Engineer - Engineer In Training. Engineers graduating from an accredited 
engineering program that have passed the fundamentals of engineering examination.

Practice of Engineering - Civil Engineering Hierarchy
Monday, August 22, 2022 12:45 PM
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https://money.usnews.com/careers/best-jobs/civil-engineer/salary

2024 Utah

https://www.ziprecruiter.com/Salaries/Civil-Engineering-Salary--in-Utah

Practice of Engineering - Civil Engineering Salaries
Wednesday, August 17, 2011 12:45 PM
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Civil Engineering Calculations and Drawings must be:

Accurate•
Drawn to scale (can be used to obtain measurements)•
Dimensioned (shows dimensions of objects and features)•
Clear•
Complete•
Compliant with required codes and laws•
Preformed using the Standard of Care•
Reviewed•
Certified by professional engineer•

These drawings are legal documents and professional engineers originating these 
drawings certify that they are correct.

This is an example of an engineer's stamp that is used to certify drawings and 
other engineering documents.

Professional Engineer License

General Requirements for Engineering Calculations & Drawings
Sunday, February 17, 2019 5:48 AM
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The law provides that an engineer performing professional services for a client, 
owes the client the duty to have a degree of learning and skill ordinarily 
possessed by reputable civil engineers, practicing under similar circumstances. 
The engineer also has the duty to use the care and skill ordinarily used in like 
cases by reputable members of the profession practicing under similar 
circumstances. Also, the engineer has the duty to use reasonable diligence and 
best judgment in the exercise of skill and the application of learning. The failure to 
perform any one of these duties is defined as negligence.

Pasted from <http://www.asce-sf.org/index.php?option=com_content&task=view&id=378&Itemid=80> 

Failure to meet the standard of care is one of the elements of negligence. 
Performing in accordance with the applicable standard of care, however, can 
present conflicts in the practice of engineering. For example, compliance with the 
standard of care may require that a more extensive investigation be conducted 
than was originally anticipated in the original contract. A proper investigation will 
cost more money and therein lies the potential for conflict. “You get what you pay 
for” is not an absolute legal defense against failure to meet the standard of care.

Pasted from <http://www.asce-sf.org/index.php?option=com_content&task=view&id=378&Itemid=80> 

A cautious approach to the practice of engineering should protect the engineer 
from liability risks.  However, it is also true that continuous use of the same 
methods and techniques stifles innovation, creativity and progress and may not 
lead to the best, most economical solutions.  An experienced engineer should be 
able to find a balance between proven methods and techniques and adopting 
innovative ones. (Salgado p. 4)

© Steven F. Bartlett, 2011

Standard of Care

Negligence

Conservatism vs Economical Solutions

Practice of Engineering - Standard of Care and Professional Ethics
Wednesday, August 17, 2011 12:45 PM
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Observations○

Rules of Thumb○

Long-established construction practices○

Empirical methods•

Based on theory and analysis○

Usually satisfy force equilibrium ○

Closed-form solutions○

Simple to complex, depending on situation○

Widely used in this course○

Analytical methods•

Based on more advanced theory○

Satisfy force equilibrium○

Can obtain estimates of deformation○

Finite difference method▪

Finite element method▪

Involve computer modeling○

Numerical methods•

After many decades of research on analytical and numerical models for modeling 
geotechnical problems, user-friendly programs that take advantage of research 
results are now becoming available. Increasing use of computer analysis in 
geotechnical and foundation design, with a corresponding decline in reliance on 
rough rules of thumb and approximate methods, is likely to scale up in the coming 
years (Salgado, p. 9)

© Steven F. Bartlett, 2011

Methods of Analysis

Trends in Geotechnical / Foundation Engineering
Wednesday, August 17, 2011 12:45 PM
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Leaning Tower of Pisa
Friday, January 04, 2013 2:31 PM
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Geotechnical Engineering Materials
Friday, January 04, 2013 2:31 PM

   Ch. 1 - World of Foundations Page 24    



Soil Behavior
Friday, January 04, 2013 2:31 PM

   Ch. 1 - World of Foundations Page 25    



© Steven F. Bartlett, 2013

   Ch. 1 - World of Foundations Page 26    



Soil Behavior (cont.)
Friday, January 04, 2013 2:31 PM
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Soil Behavior (cont.)
Friday, January 04, 2013 2:31 PM
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Soil Behavior (cont.)
Friday, January 04, 2013 2:31 PM

   Ch. 1 - World of Foundations Page 29    



Soil Behavior (cont.)
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A.    Most of the theories for the mechanic behavior of engineering materials 
assume that the materials are homogeneous and isotropic, and that they follow 
linear-stress strain law (e.g., steel and concrete).

B.    Soils are heterogeneous, anisotropic, nonconservative, nonlinear
materials.

heterogeneous - material properties vary widely from point to point within 
the soil mass.

○

homogeneous - material properties are the same from point to point within 
the soil mass.

○

anisotropic - material properties are not the same in all directions○

isotropic - material properties are the same in all directions○

conservative - past history does not affect the current engineering behavior 
(i.e., memoryless)

○

nonconservative - past history affects the current engineering behavior (i.e. 
soils have a memory of past stress history

○

nonlinear - stress-strain curve is curved according the stress level○

linear - stress-strain curve is a straight line○

Because soils are heterogeneous, anisotropic, nonconservative, nonlinear
materials, we must use more complex theory to describe their behavior, or 
apply large empirical corrections (safety factors) to our design to account for 
the real material behavior.

The behavior of soil and rock is often controlled by defects in the material (e.g., 
joints, fractures, weak layers and zones), yet laboratory tests and simplified 
methods often do not take into account such real characteristics.

Soil Behavior (cont.)
Thursday, March 11, 2010 11:43 AM
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Heterogeneity
Friday, January 04, 2013 2:31 PM
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Anisotrophy
Friday, January 04, 2013 2:31 PM
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Nonconservative (Inelastic)
Friday, January 04, 2013 2:31 PM
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Nonlinearity
Friday, January 04, 2013 2:31 PM
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From Building Big by David Macaulay

Engineering Projects - Chunnel Statistics
Friday, January 04, 2013 2:31 PM
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From Building Big by David Macaulay

Engineering Projects - Constructing Tunnels - Old and New
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From Building Big by David Macaulay

Engineering Projects - Golden Gate Bridge
Friday, January 04, 2013 2:31 PM
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From Building Big by David Macaulay

Engineering Projects - Golden Gate Bridge - Creating Piers
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Engineering Projects - Modern Sheet Piles with Retaining Ring
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From Building Big by David Macaulay

Engineering Projects - Petronas Towers Statistics
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Engineering Projects - Sheet Pile Coffer Dam with Dewating with 
Pumps
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Engineering Projects - Petronas Towers - Deep Foundations
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Engineering Projects - Pile Foundations
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Offshore Pile Foundations
Friday, January 04, 2013 2:31 PM
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Ground Improvement Examples
Friday, January 04, 2013 2:31 PM
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Ground Improvement Examples (cont.)
Friday, January 04, 2013 2:31 PM
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Ground Improvement Examples (cont.)
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Mechanically Stabilized Earth (MSE) Retaining Wall
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Light Weight Embankments Using Geofoam (Expanded Polystyrene)
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landslide
japan

Geologic Hazards - Landslides
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mudslide
brazil

Geologic Hazards - Debris Flow
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Geologic Hazards - Primary Types of Earthquake Hazard
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Geologic Hazards - Fault Rupture and Offset
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Fault Offset - San Andres Fault
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Geologic Hazards - Fault Offset - Wasatch Fault
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Fault Offset - Wasatch Fault (cont.)
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Fault Offset - 1999 Taiwan Earthquake
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Strong Ground Motion
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Strong Ground Motion and Building Collapse
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Liquefaction
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Liquefaction (cont.)
Friday, January 04, 2013 2:31 PM
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Geologic Hazards - Earthquake Induced Ground Failure
Friday, January 04, 2013 2:31 PM
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Japan Earthquake and Tsnumai, 
2011

Geologic Hazards - Tsunami
Friday, January 04, 2013 2:31 PM

   Ch. 1 - World of Foundations Page 64    



Blank
Wednesday, August 17, 2011 12:45 PM

   Ch. 1 - World of Foundations Page 65    



Ch. 2 Lecture Notes○

Sections 2.1 to 2.7 (Salgado)○

Reading Assignment

none○

Other Materials

Problems 2-4 (5 points), 2-5 (10 points), 2-6 (10 points), 2-7 (10 points), 2-9 
(10 points), 2-10 (15 points), 2-10 (20 points)

○

Homework Assignment 2

© Steven F. Bartlett, 2024

2.10 
A foundation element has an estimated average strength of 200 kips with a 

coefficient of variation of 0.4. The design load on this foundation element has an 
average value of 80 kips with a coefficient of variation of 0.2.  From this information, 
calculate the reliability index and the probability of failure.

Ch 2 Foundation Design
Tuesday, August 27, 2024 12:45 PM
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Know the goals of an effective civil engineering design1.

Define the steps of the  general engineering design process.2.

Know the steps of the foundation design process. 3.

Know how to identify and the characteristics  the two types of limit states in working 
state design.

4.

Know the Limit States for Shallow Foundation Design5.

Know how to calculate the allowable load for working stress design6.

Know how to calculate the factor of safety given capacity and demand data.7.

Know how to apply LRFD design with its partial factors of safety and potential load 
combinations.

8.

Given capacity and demand information, know how to calculate the reliability index 
and the probability of failure.

9.

Know how to calculate the allowable differential settlement for a building system.10.

Ch 2 Foundation Design - Learning Objectives
Tuesday, October 3, 2023 12:45 PM
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Its construction began in 1173 and continued (with two long interruptions) for 
about two hundred years as illustrated in Fig. 2. The Tower is built as a hollow 
masonry cylinder surrounded by six colonnades with columns and vaults rising 
from the base cylinder. The outer and inner walls are faced with competent San 
Giuliano marble, while the annular cavity between is filled with miscellaneous 
rock fragments and mortar, forming a typical medieval infill masonry structure. 
The Tower commenced leaning southwards during the second construction 
stage as shown in Fig. 2, and thereafter its inclination continued to increase. Fig. 
3 shows the cross section through the Tower in the plane of maximum tilt as it 
was in 1993 before the stabilisation work commenced. The average foundation 
pressure is 500 kPa and a detailed computer analysis (Burland and Potts, 
1994), indicates that the pressure at the south edge was about 1000 kPa with 
the soil in a state of local yield, while the pressure at the north edge was
close to zero.

https://www.google.com/search?sca_esv=561038293&rlz=1C1SQJL_enUS822US822
&q=fixing+the+leaning+tower+of+pisa&tbm=vid&source=lnms&sa=X&ved=2ahUKEwii4YXQooKBAxW-
JUQIHW9JCpAQ0pQJegQICBAB&biw=1128&bih=525&dpr=3.41#fpstate=ive&vld=cid:2d40d52b,vid:XZ-r8a9C4fE

Case History - Tower of Pisa
Wednesday, August 17, 2011 12:45 PM
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What is the problem?1.
What are the constraints and design criteria?2.
What are the possible solutions?3.
What is the best or best solutions? (Can't answer this yet.)4.
How do we test the effectiveness of the solution?5.

Application of the Design Process to Tower of Pisa
Wednesday, August 17, 2011 12:45 PM

   Ch. 2 - Foundation Design Page 4    



© Steven F. Bartlett, 2011

The ground underlying the Pisa Tower consists of three formations as shown in 
Fig. 4. Horizon A, about 10m thick, is composed of soft estuarine deposits of 
sandy and clayey silts laid down under tidal conditions. Horizon B consists of 
soft sensitive normally consolidated marine clay extending to a depth of about 
40m. Because it is very sensitive, this material loses much of its strength if 
disturbed. Horizon C is dense marine sand extending to a depth of about 60m. 
An upper perched water table in Horizon A is encountered between 1m and 
2m below the level of Piazza dei Miracoli corresponding to elev. +3.0 above 
m.s.l. The contact between Horizon A and the marine clay of Horizon B is 
dished beneath the Tower,  indicating that it experienced average settlements 
of between 3.0m and 3.5m.

Soft, sensitive, 
normally 
consolidated 
marine clay

Tower of Pisa (cont.)
Wednesday, August 17, 2011 12:45 PM
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Temporary stabilization of the foundation was achieved during the second half of 
1993 by the application of 600 t of lead weights on the north side of the 
foundations via a post-tensioned removable concrete ring cast around the base 
of the Tower at plinth level. This caused a reduction in inclination of about one 
minute of arc and, more importantly, reduced the overturning moment by about 
ten percent. In September 1995 the load was increased to 900 t in order to 
control the accelerating southward movements of the Tower during an 
unsuccessful attempt to replace the unsightly lead weights with temporary 
ground anchors. This difficult period during the Committee’s activity has been 
called “Black September.

Tower of Pisa (cont.)
Wednesday, August 17, 2011 12:45 PM
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Tower of Pisa (cont.)
Wednesday, August 17, 2011 12:45 PM
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1948/60/60=0.5411

Tower of Pisa (cont.)
Wednesday, August 17, 2011 12:45 PM
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Pasted from <http://www.ahm531.com/Images/pbsd.jpg> 

(and appropriate design 
criteria from codes, 
regulations, etc.)

Value 
Engineering

Value engineering is usually done by an independent design firm.  In this process, 
the proposed design is reviewed to see if it can be made more cost-effective, 
more efficient, constructed more quickly, or if value can be added without 
increasing the cost.

© Steven F. Bartlett, 2023

(sometimes called
conceptual design)

(large projects 
require development 
of alternatives and 
alternative selection)

Goals

Design Process

General Design Goals and Process
Tuesday, October 3, 2023 12:45 PM

   Ch. 2 - Foundation Design Page 9    
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Determination of Design Loads (in conjunction with structural engineer)1.
Subsurface Investigation (sufficient depth and extent for the foundation type)2.
Selection of Suitable Type of Foundation (based on loads and ground conditions)3.
Final Selection, Placement and Proportioning of Foundation Elements (optimization -
calculations play a large role)

4.

Construction5.

1 kN ≈  225 lb
100 kN ≈ 225000 lb = 225 kips

1 kN/m2 = 1 kPa ≈ 0.01 tsf = 20 psf
12 kN/m2 ≈ 240 psf ≈ 0.25 ksf

Dead loads (i.e., loads from self-weight due to gravity)○

People▪

Traffic▪

Equipment▪

Live loads○

Wind○

Snow○

Water (Flood)○

Seismic○

Blast (as applicable)○

Determination of Design Loads

© Steven F. Bartlett, 2011

Magnitude of load○

Direction (vertical, horizontal, inclined)○

Point of Application (centered or eccentric)○

Required Information

Foundation Design Process

Foundation Design Process
Wednesday, August 17, 2011 12:45 PM
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Existing Performance Data (e.g., field monitoring, Load test data) (see below)○

Existing Subsurface Data (from previous or nearby geotechnical reports)○

Drilling, Trenching, Test Pits○

Sampling (Disturbed vs Undisturbed)○

In situ testing (e.g., SPT, CPT, borehole shear, pressure meter tests)○

Laboratory Testing (shear strength, consolidation, shrink, swell, collapse, 
etc.)

○

Subsurface Investigations (see also Ch. 7)

Existing Performance Data

Load test for a shallow foundation (B = footing width)

Foundation Design Process (cont.)
Wednesday, August 17, 2011 12:45 PM
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Existing Subsurface Data

Drill log with SPT (Standard Penetration 
Test) Blow Count (i.e., N values)

Auger (left)○

Rotary (middle)○

Coring (right)○

Drilling

Pasted from 
<http://www.thewaterexperts.com/goodsservices.htm> 

Pasted from <http://www.geotechnicaldrillingontario.com/wp-
content/uploads/2011/03/drillfocus3.jpg> 

Foundation Design Process (cont.)
Wednesday, August 17, 2011 12:45 PM
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Trenching

Pasted from <http://www.uvu.edu/gel/data/region.html> 

Trench safety

http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10932

Foundation Design Process (cont.)
Wednesday, August 17, 2011 12:45 PM
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Test Pits

Pasted from <http://www.robertsongeoconsultants.com/index.php?page=imggalleries&id=22&library=2&title=field 
investigation> 

Sampling

Disturbed
Pasted from 
<http://torquato.dthrotarydrilling.com/geotech-
tools.html> 

Undisturbed

Pasted from 
<http://www.premat.com.sg/dht/soilsamplingtool.ht
ml> 

Foundation Design Process (cont.)
Wednesday, August 17, 2011 12:45 PM
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Standard Penetration Test (SPT)○

Cone Penetrometer Test (CPT)○

Dilatometer Test (DMT)○

Borehole Shear Test (BST)○

Pressure meter Test (PMT)○

Vane Shear Test (VST)○

In situ Testing (Common Types)

Compaction Tests○

Consolidation○

Unconfined compression test▪

Direct Shear Test▪

Triaxial Shear Test▪

Shear Strength○

California Bearing Ratio (CBR)○

Falling head▪

Constant head▪

Permeability Test○

Laboratory Testing (Common Types)

Foundation Design Process (cont.)
Wednesday, August 17, 2011 12:45 PM
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Suitability○

Constructability○

Cost○

Expected Performance○

Selection of Suitable Type of Foundation

Codes of practice○

Local practice ○

Contractor's experience and capability○

Project specific factors and requirements○

Resources for Selection of Foundation Type

Most economical▪

Cost estimate for possible foundation types○

Load-carrying capacity○

Depth of foundation elements○

Develop construction specifications○

Final Selection, Placement and Proportioning of Foundation Elements

Procurement of specialty contractor (sometimes required for deep 
foundations)

○

Observation (inspection) of construction activities○

Foundation testing (load tests on piles, pull-out tests for anchors and soil 
nails, integrity tests on drilled piles and shafts) 

○

Construction

Foundation Design Process (cont.)
Wednesday, August 17, 2011 12:45 PM
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Limit state is a condition to be avoided (e.g., collapse, unacceptable 
deformation or performance).  A Limit State is a defined condition beyond 
which a structural component ceases to satisfy the provisions for which it is 
designed.

○

State where there is an inability of the system to perform its 
intended function safely or efficiently (e.g., excessive settlement, 
deformation or premature loss of operation).

□

Serviceability Limit State▪

State where there is collapse, catastrophic failure, or extreme 
deformation (e.g., structural collapse, bearing capacity failure, 
global failure of slope or retaining wall.

□

Ultimate Limit State▪

Two types of limit states in working stress design○

Limit States

Serviceability Limit State

Pasted from <http://www.structural-design-
solutions.com/Foundation_Wall_Cracks.html> 

Excessive settlement of 
house has rendered part 
of the house 
uninhabitable.

Excessive deformation and buckling of welded-wire face 
of mechanically stabilized earth (MSE) wall.  I-15 
Reconstruction Project, Salt Lake City

Could the deformation of the wire face lead to premature 
corrosion and damage to wall system?

Limit State or Working Stress Design or Allowable Stress Design
Wednesday, August 17, 2011 12:45 PM
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Ultimate Limit State

Toppling of newly constructed 
apartment building in Shanghai, 
China

Pasted from 
<http://www.deseretnews.com/photo/gallery/slideshow/?
storyId=695263278&photoId=690319141> 

Failure of retaining wall at 
Judge Memorial High 
School, Salt Lake City Utah. Pasted from 

<http://www.austin360.com/blogs/content/
shared-
gen/blogs/austin/blotter/entries/news/> 

Retaining wall failure, San Antonio, 
Texas.  Note that house above wall 
is threatened.

Limit State Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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Ultimate Limit State

Earthquake (liquefaction) 
damage to bridge during 1964 
Alaska Earthquake

Liquefaction damage to multi span 
bridge during 1964 Niigata, Japan 
Earthquake.

Limit State Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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Limit States for Shallow Foundation Design

Design practice requires the engineer to check each possible limit state 
independently and show that none will be reached under the proposed design 
with the appropriate factor of safety.

Limit State Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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This table is very general for foundation systems.  For more specific information, 
see next page.

Limit State Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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Factors of Safety (cont.)

Typical values of customary safety factors, F.S., as presented by Bowels.

Failure Mode Foundation Type F.S.

Shear Earthwork for Dams, Fills, etc. 1.2 - 1.6 

Shear Retaining Walls 1.5 - 2.0 

Shear Sheet piling, Cofferdams 1.2 - 1.6 

Shear Braced Excavations (Temporary) 1.2 - 1.5 

Shear Spread Footings 2 - 3 

Shear Mat Footings 1.7 - 2.5 

Shear Uplift for Footings 1.7 - 2.5 

Seepage Uplift, heaving 1.5 - 2.5 

Seepage Piping 3 - 5 

Pasted from <http://www.geotechnicalinfo.com/factor_of_safety.html> 

Foundation Analysis by Bowels has good recommendations for safety factors. He 
evaluates uncertainties and assigns a factor of safety by taking into account the 
following:
1. Magnitude of damages (loss of life and property damage) 
2. Relative cost of increasing or decreasing the factor of safety 
3. Relative change in probability of failure by changing the factor of safety 
4. Reliability of soil data 
5. Construction tolerances 
6. Changes in soil properties due to construction operations 
7. Accuracy (or approximations used) in developing design/ analysis methods

Pasted from <http://www.geotechnicalinfo.com/factor_of_safety.html> 

Limit State Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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The above 2' x 2' footing is loaded with 100 kips.  The ultimate bearing capacity, 
qu, of the footing is 50 kips per square foot.  Calculate the factor of safety 
against bearing capacity failure.

FS = q ult / q

FS = 50 ksf / (100  kips / 2 ft x 2 ft) = 50 / 25

FS = 2

100 kips

Note:  The ultimate bearing capacity, q ult,  is determined from an analytical 
solution (i.e., bearing capacity equation).  We will learn how to use such 
equations later in the semester.

Limit State Design - Bearing Capacity Example
Wednesday, August 17, 2011 12:45 PM
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LRFD is an acronym for load and resistance factor design. ○

LRFD is widely used as an alternative to working stress design (WSD) and is 
popular in structural and geotechnical engineering codes.

○

ACI (American Concrete Institute)▪

AASHTO (American Association of Highway and Transportation Officials)▪

ASCE (American Society of Civil Engineers)▪

LRFD has been adopted by:○

An important distinction between LRFD and WSD is the specific of 
uncertainty in LRFD to both the loads or resistances, whereas in WSD 
the uncertainty of both is blended into the factor of safety.

▪

Considers uncertainty in both the loads and the soils resistance○

Background

 (LF)iQni ≤ (RF)Rn

Basic Equation

LF = load factors, Qn = nominal loads, RF = resistance factors, Rn = nominal 
resistance

Load factors are used to cover the uncertainty in the nominal loads to ensure 
that the resistance is not exceeded during the service life of the system.

○

Exceeded Nominal 
Resistance?

Load and Resistance Factor Design (LRFD)
Tuesday, August 29, 2017 6:08 AM
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LRFD (cont.)
Wednesday, August 28, 2024 12:45 PM
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Nominal Loads (Qn) and Load Factors (LF)

Nominal means the characteristic or unfactored load calculated for a 
particular loading case.

○

The unfactored or nominal load in geotechnical engineering is calculated 
using the best estimate or the actual load using analytical or numerical 
techniques.

○

A load factor is applied to the nominal load to account for the uncertainty in 
the nominal load.

○

Load factors vary according to the specific code or agency (see below)○

Resistance Factors (RF)

Resistance is a quantifiable value that defines the point beyond which the 
particular limit state under investigation for a particular component will be 
exceeded.

○

Load/Force (static/ dynamic, dead/ live)▪

Stress (normal, shear, torsional)▪

Strain or deformation▪

Number of cycles▪

Temperature▪

Resistance can be defined in terms of:○

A resistance factors is a partial factor of safety applied to the resistance of 
the component to account for uncertainty in the actual resistance or to place 
additional conservatism in the resistance value used in design.

○

LRFD (cont.)
Wednesday, August 17, 2011 12:45 PM
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Strength Limit State (similar to Ultimate Limit State in WSD)○

Service Limit State ○

Extreme Event Limit State (wind, earthquake, flood, etc.)○

Fatigue Limit State○

Limit States in LRFD

Strength Limit State

Service Limit State

Failure of a retaining wall 
system resulting from 
shear failure within the 
backslope behind the 
retaining wall

Rotation of a pedestal 
for a bridge girder.  
Although the pedestal 
has not reached an 
ultimate state, such 
rotation is undesirable 
and dangerous to safety.

LRFD (cont.)
Wednesday, August 17, 2011 12:45 PM
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Extreme Event Limit State

Fatigue or Corrosion Limit State

Collapse of the I-880 
double decker bridge 
structure during the 
1989 Loma Prieta 
California Earthquake.  
Multiple fatalities 
resulted from this 
collapse.  This 
collaspe was caused 
by shearing the 
supporting columns 
due to lateral 
earthquake loads.

Corrosion and fatigue 
of a bent for I-15 
bridge at South 
Temple, Salt Lake City 
Utah.

This bridge and similar 
bridges were replaced 
by new construction 
in 1998 to 2001.

LRFD (cont.)
Wednesday, August 17, 2011 12:45 PM
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Bearing Resistance▪

Sliding▪

Eccentricity Limits (Overturning)▪

LRFD Strength Limit State○

Overall Stability•
Vertical (Settlement) and Horizontal Movements•

LRFD Service Limit State○

Limit States for Shallow Foundations

Bearing Resistance and Bearing Capacity Failure

Bearing capacity failure of building 
resulting of liquefaction of foundation 
soil (Adapazari, Turkey)

Pasted from <http://www.geerassociation.org/GEER_Post%
20EQ%20Reports/Duzce_1999/Adapazari.htm> 

LRFD (cont.)
Wednesday, August 17, 2011 12:45 PM
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Sliding

Pasted from 
<http://www.ask.com/wiki/File:089srUSGSoffFoundation.jpg?
qsrc=3044> 

Sliding failure of retaining wall

Sliding of house atop foundation.  If 
the foundation is not embedded 
enough, it can slide also.

Pasted from <http://3.bp.blogspot.com/_dp6ybQVtWsw/TL-
e5cAybKI/AAAAAAAAADo/WPZcPRM7qgw/s1600/building_collapse.b
mp> 

Overturning

Overturning failure of 
retaining wall

Overturning failure of apartment building on 
deep foundation

LRFD (cont.)
Wednesday, August 17, 2011 12:45 PM
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Overall (i.e., Global) Stability

Global failure of MSE wall 
(Philippines)
Note that in a global 
failure the failure occurs 
behind and underneath the 
wall

Settlement

LRFD (cont.)
Wednesday, August 17, 2011 12:45 PM
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For this example, EPS19 (19 kg/m3) based on ASTM D6817 will be used. This density of 
EPS19 was selected for this example because it is commonly used in highways in both the 
U.S. and Europe and is the density used on the I-15 Reconstruction Project. The nominal 
compressive resistance at 10 percent vertical strain for EPS19 is 110 kPa from ASTM D6817. 
The estimated elastic limit stress for EPS19 as required by NCHRP 529 is calculated as 110 
* 0.45 or about 50 kPa based on the relations given in the above figure. In other words, 
the D6817 value has been factored by a resistance factor of 0.45.

Using NCHRP 529 and the dead load of 14.1 kPa and the live load of 15 kPa for this example 
produces:

DL+1.3LL  < 0.45 r @10@strain

DL + LL = (14.1 kPa + 1.3*15.0)*1.2 = 40.32 kPa

where 14.1 is the dead load of the pavement system, 15 is the live load from traffic loading, 
and 1.3 is an impact load factor that is adjusted the live load for impact effects.  In addition, 
another load factor of 1.2 is applied to the live and dead load, as required by NCHRP 529

40.32 < 0.45*110
40.32 < 49.5

The serviceability limit state safety factor for this loading combination using NCHRP 529 is:
FS = 49.5/40.32=1.23

© Steven F. Bartlett, 2024

19

50

110

LRFD - EPS Geofoam Example
Wednesday, August 17, 2011 12:45 PM
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Calculating probability of failure

This is the same as Salgado where M is the safety 
margin which is called S.

This graph shows the capacity (resistance) and demand 
(load) separately.

Area of overlap of these distributions can be used to 
calculate the probability of failure because the capacity is 
less than the load or demand.

Reliability based design uses statistical methods to account for the uncertainty in 
both the loads (demand) and capacity (resistance).

○

It can be used to express the reliability of the system (reliability index) and the 
probability of failure and is more rigorous than LRFD and WSD.

○

It is often the basis for performance-based design and risk assessment○

○

Reliability Based Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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C = capacity
D = demand
S = safety margin = C - D

If S > 0, system has not failed, S < 0, system has failed
Pf = probability of failure = area of shaded area = p(C<D)

E[S] = Expected (mean) value of S = Cavg - Davg

Cavg = Expected (mean) value of C
Davg = Expected (mean) value of D

 = Reliability Index

 = E[S]/S = (Cavg - Davg)/(C
2 + D

2)0.5 (see previous page)

S = standard deviation of S = standard deviation of C-D

C = standard deviation of C

D = standard deviation of D

Reliability Based Design (cont.)
Wednesday, August 17, 2011 12:45 PM
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Reliability Based Design - Probability of Failure
Tuesday, September 5, 2017 9:08 AM
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Based on the above chart, a reliability index, , of about 3 or higher is desirable.  

The associated probability of failure (pf) for  =  is about 1e-03 or 1 in 1000 (see 
table on next page).

The acceptable probability of failure is a function of the criticality of the 
structure and its societal importance.  For example, nuclear facilities are 
designed with very low probabilities of failures because the consequences from 
failure have very high societal and environmental costs.

Reliability Based Design - Probability of Failure
Tuesday, September 5, 2017 9:09 AM
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Given: 

The ultimate strength of a foundation member of 3000 psf (exact) in 
compression, on average.

•

This coefficient of variation is 0.2 (exact) for this member.•
The member is loaded with a compressional stress that is equivalent to 1000 
psf (exact), on average.

•

The coefficient of variation for compressive stress is 0.5 (exact).•
Coefficient of variation = standard deviation / mean •

Solution below (Hidden)

Reliability Index, •
Probability of Failure, P(f)•

Required:

Failure occurs with the applied compressional stress exceeds the ultimate 
strength of the foundation member.

•

The variation in strength and load are normally distributed.•

Assumptions:

Solution:

 = E[S]/QS = (Cavg - Davg)/(C
2 + D

2)0.5 (see previous page)

S = standard deviation of S = standard deviation of C-D

C = standard deviation of C

D = standard deviation of D

 = (3000-1000)/(((0.2x3000)^2+(0.5x1000)^2)^0.5)=2.5607 ≈ 2.56

P(f) for  = 2.55 is 0.005414 (table on previous page)

P(f) for  = 2.60 is 0.004687

P(f) for  =  2.56 using linear interpolation is:
P(f) = 0.005414+(0.005414-0.004687)/(2.60-2.55)*(2.55-2.56)=0.005269

Summary of Answers

 = 2.56
P(f) = 5.27 to  x 10-3

Reliability Based Design - Example Problem
Tuesday, September 5, 2017 12:45 PM
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The geometry of the slope is as shown in Fig. 1 and this example is the well-
known Congress Street cut.  The clay deposit is divided into three layers. One 
set of mean values and standard deviations of the undrained shear strength are 
shown in Table 1(a). The set of slip surface tangential to bottom of clay 2 is 
denoted as set 2 and the set of slip surfaces tangent to bottom of clay 3 is 
denoted as set 3. The top layer of sand has negligible influence on stability 
because of zero cohesion and low normal stress and has, therefore, been 
neglected as in the analysis.

The results of analysis for the upper and lower hounds of the system failure 
probability are shown in Table 1(h) along with failure probability associated 
with the critical slip surface considering either slip surface set 2 or slip surface 
set 3 or both together i.e. the whole system. In this example, the results for set 
2 and 3 considered separately show no difference between critical slip surface 
probability and system failure probability bounds. Even when the whole system 
is considered together, the lower bound is identical to the critical failure surface 
probability but the upper bound is higher by nearly 40%. 

Reliability Based Design - Example
Wednesday, August 17, 2011 12:45 PM
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The coefficient of 
variation has been 
expressed in percent 
here and not in decimal 
fraction.

Reliability Based Design - Example
Wednesday, August 17, 2011 12:45 PM
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Settlement damage
Wednesday, August 17, 2011 12:45 PM

   Ch. 2 - Foundation Design Page 40    



© Steven F. Bartlett, 2011

Cracking and degree of damage

Settlement damage (cont.)
Wednesday, August 17, 2011 12:45 PM
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Quantification of Settlement

Differential movement between 
columns

Differential movement between 
columns divided by separation distance,

Angular distortion of floor slab

Differential Settlement and Angular Distortion
Wednesday, August 17, 2011 12:45 PM
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Skempton and McDonald Criterion
Wednesday, August 17, 2011 12:45 PM
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Foundation configurations and maximum relative deformation, wr,max for (a) 
simple case of symmetric sagging and (b) more complex case where the 
foundation in the sagging mode and part in the hogging mode.

L = width of load bearing wall
H = height of load bearing wall

Skempton and MacDonald works well for frame buildings.○

Polshin and Tokar works well for masonry buildings○

Burland and Wroth works reasonably well for both and has hogging criterion.○

Maximum Relative Deflection, wr,max

Wednesday, August 17, 2011 12:45 PM
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Blank
Wednesday, August 17, 2011 12:45 PM
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Ch. 4a Lecture Notes○

Sections 4.1 - 4.3 (Salgado)○

Reading Assignment

Handout 4○

Other Materials

Problems 4-13 (15 points), 4-14 (25 points), 4-15 (25 points), 4-17 (30 points)○

Homework Assignment 3

© Steven F. Bartlett, 2011

Y-plane

X-plane

Ch 4a Stress, Strain and Shearing
Wednesday, August 17, 2011 12:45 PM

   Ch. 4a - Stress, Strain, Shearing Page 1    



Know how to calculate normal and shear stresses on any plane1.

For a given general state of stress, know how to determine the magnitude and spatial 
orientation of the principal stresses using Mohr's circles or appropriate stress 
transformation equations.

2.

Evaluate the peak shear strength given laboratory stress-strain data3.
.
Determine Mohr's-Coulomb failure envelope from a set of stress-strain data.4.

Calculate the peak friction angle from the principal stresses at failure for a 
cohesionless material.

5.

Know the general effects that shear generated excess porewater pressure has on the 
failure envelop.

6.

Ch 4a - Stress, Stress Transformation, Failure State Learning 
Objectives
Tuesday, October 3, 2023 12:45 PM
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External forces on the soil mass induced internal stresses○

Normal stress (stress that acts normal to plane)▪

Shear stress (stress that acts parallel to a plane)▪

These stress can be categorized into:○

Soils usually reach a failure state by shearing▪

Unsaturated, dry soil

Shearing can be drained (i.e., no effect of pore water)□

Saturated soil

Shearing can be undrained (pore water pressure has an effect)□

Mohr-Coulomb theory can be used to define the strength of the soil to 
resist shearing

▪

These models are based on critical state soil mechanics which links 
shear strength theory with void ratio changes in the soil fabric

□

More advance soil models are also available, which are based on a better 
description of the soil behavior

▪

If the external stress is large, then a failure state may be reached○

FS = capacity/demand▪

FS = soil's shear strength along failure plane / shear stress on failure 
plane

▪

If the state of stress (i.e., demand) is known on a soil element and the strength 
(i.e., capacity) of the soil is also known, then a safety margin, or factor of 
safety can be defined for that element.

○

However, failure is complicated by the presence of water. Also, failure is often 
progressive soils, in that overstressing of the soil in one area can lead to 
redistribution of the shearing stress and concentration of stress in adjacent 
areas causing them to also reach a failure state.

○

Introduction

Stress - Strain in Soils
Wednesday, August 17, 2011 12:45 PM
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Mohr–Coulomb theory is a mathematical model (see yield surface) describing 
the response of brittle materials such as concrete, or rubble piles, to shear stress
as well as normal stress. Most of the classical engineering materials somehow 
follow this rule in at least a portion of their shear failure envelope. Generally the 
theory applies to materials for which the compressive strength far exceeds the 
tensile strength.[1] In Geotechnical Engineering it is used to define shear strength 
of soils and rocks at different effective stresses. In structural engineering it is 
used to determine failure load as well as the angle of fracture of a displacement 
fracture in concrete and similar materials. Coulomb's friction hypothesis is used 
to determine the combination of shear and normal stress that will cause a 
fracture of the material. Mohr's circle is used to determine which principal 
stresses that will produce this combination of shear and normal stress, and the 
angle of the plane in which this will occur. According to the principle of 
normality the stress introduced at failure will be perpendicular to the line 
describing the fracture condition.

Pasted from <http://en.wikipedia.org/wiki/Mohr%E2%80%93Coulomb_theory> 

The Mohr–Coulomb [5] failure criterion represents the linear envelope that is 
obtained from a plot of the shear strength of a material versus the applied 
normal stress. This relation is expressed as

where τ is the shear strength, σ is the normal stress, c is the intercept of the 
failure envelope with the τ axis, and φ is the slope of the failure envelope. The 
quantity c is often called the cohesion and the angle φ is called the angle of 
internal friction . Compression is assumed to be positive in the following 
discussion

Pasted from <http://en.wikipedia.org/wiki/Mohr%E2%80%93Coulomb_theory> 

1 and 3 are the principal 
stresses at failure

Mohr's-Coulomb Strength Theory
Wednesday, August 17, 2011 12:45 PM
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FN = normal force
FT = shear force
A = area of plane P

 = FN / A  (normal stress)

 = FT / A (shear stress)

CVEEN 5305 - Mohr Circles Part 1

Definitions of Normal and Shear Stress on a Plane
Thursday, September 7, 2023 7:16 AM
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





Note that no shear stress are 
acting on this element. These are 
principal stresses.



or









Note that the Mohr's circle 
does not inform us about 
the orientation of the 
principal planes.

CVEEN 5305 - Mohr Circles Part 2

Geometry of Mohr's Circle
Thursday, September 7, 2023 12:45 PM
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X plane

Y plane

X  plane

Y plane

Note that the Mohr's circle can be used to calculate state of stress on any plane.  

The first coordinate is the magnitude of the normal stress () and the second 

coordinate is the magnitude of the shear stress (). 

To construct a Mohr's circle, we need to know one of the following:  (1) state of 
stress on 2 planes and the angle between those planes, or (2) state of stress on 
the principal planes, or (3) state of stress on the failure plane and the Mohr's-
Coulomb properties of the material

x

y

Note the X plane is 
perpendicular to 
the x axis. Similarly 
the Y plane is 
perpendicular to 
the y axis

stress on X  
plane

stress on y plane

We will describe how to use the 
pole later

CVEEN 5305 - Mohr Circles 
Part 3

Mohr Circle of Stress
Wednesday, August 17, 2011 12:45 PM
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

2

z 





Note that the major principal stress, 1, has the largest value of normal stress and 
the shear stress is zero.  The plane upon which this stress acts is called the major 
principal plane.

The minor principal stress, 3, has the smallest value of the normal stress and the 
shear stress is also zero.  The plane upon which this stress acts is called the minor 
principal plane



State of stress on plane 
perpendicular to major 
principal stress

State of stress on 
plane perpendicular 
to minor principal 
stress

In this example we 
want to find the 
location and 
magnitude of the 
principal stresses, 

1 and 3

Finding Major and Minor Principal Stresses - 2 alpha method
Wednesday, August 17, 2011 12:45 PM
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z 



Note that the major principal stress, 1, has the largest value of normal stress and 
the shear stress is zero.  The plane upon which this stress acts is called the major 
principal plane.

The minor principal stress, 3, has the smallest value of the normal stress and the 
shear stress is also zero.  The plane upon which this stress acts is called the minor 
principal plane

Draw line from pole to major principal 
stress coordinate.  The orientation of 
this blue line is the orientation in true 
space of the plane upon which the 
major principal stress acts.








To find the pole, start at a known state 
of stress on the Mohr circle. Draw a 
line in real space that is a parallel to 
the plane upon which that stress acts. 
Where this line intersect the circle is 
the pole. 

Finding Major and Minor Principal Stresses - Pole method 
Wednesday, August 17, 2011 12:45 PM
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Earthen embankment on soil foundation

Embankment

Layered Soil

Water table

 (kN/m3) γ (lb/ft3) E (kPa) v

Soil Layer 1 15.72 100 100000 0.37

Soil Layer 2 16.51 105 100000 0.37

Soil Layer 3 17.29 110 150000 0.35

Soil Layer 4 18.08 115 200000 0.3

Soil Layer 5 18.08 115 250000 0.3

Embankment 21.22 135 300000 0.3

Soil properties

Vertical stress from finite element (FEM) analysis

State of Stress in Foundation Soil Example
Wednesday, August 17, 2011 12:45 PM
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Effective vertical stress from finite element (FEM) analysis

Element 74

Given:  The normal and shear stress on element 74

Find:  The magnitudes and directions of the major and minor principal stresses

State of Stress in Foundation Soil Example (cont.)
Wednesday, August 17, 2011 12:45 PM
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Calculate FS for element 74 for the potential of shearing on a horizontal plane  
(Hidden)

FS = soil's shear resistance / applied shear stress

For horz. sliding N = y and  =  deg. (loose sand)

Soil resistance,  = N tan 

 = 37.004 tan 30 = 21.36 kPa
Applied shear stress = 10.223kPa
F.S. = 21.36/10.223 = 2.0894 

Even though the F.S. is acceptable for this element does this mean the entire 
slope is stable?

Solution:  (Hidden)

Approximate answer: (Hidden)

S1 = 50 kPa
S3 = 29 kPa

S1 = 50.425 kPa
S3 = 29.217 kPa
Precise Answer

State of Stress in Foundation Soil Example (cont.)
Wednesday, August 17, 2011 12:45 PM
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Let y and X be positive

and Y > X

(i.e., both in compression)

Derivation of Formulas for Stresses on an Arbitrary Plane 
Wednesday, August 17, 2011 12:45 PM
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For y > X,   referenced from Y-plane. For 1, let 1 

=  N and  = P1 if you want to obtain 1

For y > X,   referenced from X-plane. For 3, let 3 

=  N and  = P3 if you want to obtain 3

Derivation of Formulas for Stresses on an Arbitrary Plane  (cont.)
Wednesday, August 17, 2011
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Derivation of Formulas for Stresses on an Arbitrary Plane  (cont.)
Wednesday, August 17, 2011 12:45 PM
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Note this example is for the 
case of finding the stress on 
an arbitrary plane given the 
principal stresses.

Note that the alpha angle is 
referenced from the plane 
upon which the principal 
stress acts.

Example Problem - Using Formulas
Wednesday, August 17, 2011 12:45 PM
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Another Example Problem
Wednesday, August 17, 2011 12:45 PM
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Another Example Problem (cont.)
Wednesday, August 17, 2011 12:45 PM
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Another Example Problem (cont.)
Wednesday, August 17, 2011 12:45 PM
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Note y is the largest of the two normal stresses in this equation

Note y is the largest of the two normal stresses in this equation

Analytical Example Problem (cont.)
Wednesday, August 17, 2011 12:45 PM
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Pole Method - Principal Stress Known (e.g., Triaxial Test)
Wednesday, August 17, 2011 12:45 PM
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Pole Method Example - Normal and Shear Stress Known (Direct 
Shear)
Wednesday, August 17, 2011 12:45 PM
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Pole Method Example
Wednesday, August 17, 2011 12:45 PM
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Ductile 
Failure

Strain 
Softening 
Failure

Shear Failure and Maximum Shear Stress
Wednesday, August 17, 2011 12:45 PM
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Note that the triaxial 
shear device can be 
used to control 

values values of 1 

and 3

© Steven F. Bartlett, 2011

Developing the Failure Surface
Wednesday, August 17, 2011 12:45 PM
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Note:  These 
relationships 
are only valid 
when c = 0

Inclination of Failure Plane
Wednesday, August 17, 2011 12:45 PM
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Geometry of the Failure Envelope
Wednesday, August 17, 2011 12:45 PM
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Example Problem with Failure Criteria
Wednesday, August 17, 2011 12:45 PM
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'



' = effective stress friction angle or drained friction angle

 = total stress friction angle or undrained  friction angle

Effects of pore water on failure envelope
Wednesday, August 17, 2011 12:45 PM
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Pasted from <http://www.google.com/imgres?q=progressive+failure+of+slope&um=1&hl=en&safe=off&sa=N&rlz=
1T4TSNF_enUS436US436&tbm=isch&tbnid=1fgzDk74as7DwM:
&imgrefurl=http://www.rockslide.ethz.ch/Phase1/prelimnum&docid=cd5mWIfXvYgs2M&w=500&h=491
&ei=SNxfTp2BBoStsAKluaQh&zoom=1&iact=rc&page=1&tbnh=120&tbnw=122&start=0&ndsp=23&ved=1t:429,r:14,s:0&tx=61
&ty=95&biw=1024&bih=676> 

1 2

3 4

1 Initial rock mass with no displacement

2 Failure of rock mass is initiated at red zone

3 Stresses are redistributed and additional failure is caused and propagates 
upslope

4 Rock mass continues to fail until it reaches a joint

Progressive Failure
Wednesday, August 17, 2011 12:45 PM
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(240, 80)

(120, -80)

x
y

100

100

Find the magnitude and orientation of the principal stress1)
Find the magnitude of the stress on the X and Y planes2)

Workout Problem 1
Thursday, September 7, 2023 12:45 PM
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Graph Paper
Thursday, September 7, 2023 12:45 PM
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Ch. 4b Lecture Notes○

Sections 4.4 - 4.8 (Salgado)○

Reading Assignment

none○

Other Materials

Problems 4-18 (15 points), 4-19 (20 points), 4-21 (15 points), 4-22 (10 
points), 4-23 (5 points) , 4-25 (30 points), 4-28 part c only (30 points)

○

Homework Assignment 4

Ch 4b Foundation Engineering
Wednesday, August 17, 2011 12:45 PM
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Normal strain in a given direction (this case the x1 direction) quantifies the 
change in length (contraction or elongation) of an infinitesimal linear element 
(i.e., very small straight line) aligned with that direction.

ii = - ui  / xi

AB is elongated to AB*

Definition of normal strain increment:

To be consistent with the sign convention for stresses, according to which tensile 
stresses are negative, the normal strain is negative for elongation.

Strain measures
Depending on the amount of strain, or local deformation, the analysis of deformation is subdivided into 
three deformation theories. We are using infinitesimal strain theory using small strain increments in 
Ch. 4 of Salgado.

Infinitesimal strain theory, also called small strain theory, small deformation theory, small displacement 
theory, or small displacement-gradient theory, where strains and rotations are both small. In this case, 
the undeformed and deformed configurations of the body can be assumed identical. The infinitesimal 
strain theory is used in the analysis of deformations of materials exhibiting elastic behavior, such as 
materials found in mechanical and civil engineering applications, e.g. concrete and ste el.

•

Finite strain theory also called large strain theory, or large deformation theory, deals with deformations 
in which both rotations and strains are arbitrarily large. In this case, the undeformed and deformed 
configurations of the continuum are significantly different and a clear distinction has to be made 
between them. 

•

Large-displacement or large-rotation theory, which assumes small strains but large rotations and 
displacements

•

Pasted from <http://en.wikipedia.org/wiki/Deformation_(mechanics)> 

For normal strain increment is:

ii = - dui  / dxi

where dx is the length of the original,  
undeformed element.

Normal Strain
Wednesday, August 17, 2011 12:45 PM
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Shear strain is the distortion or change in shape of an element caused by shear 
stress acting on the edges of the element.  It can be defined by the angular 
change of the element compared with its original shape.





 = shear distortion angle (in radians)

 = shear distortion angle in radians)

13 = shear strain of x1 x3 plane

13 = - (1 + 3)

hus, the shear strain increment is:

13 ≈ - (u3/x1 + u1/X3)   Eq.  (1)

13  ≈ - (tan 1 + tan 3)

Note that partial derivatives in Eq. 1 are 
required because we are exploring 
displacement that is occurring in a plane 

(i.e., two coordinate directions). u3/X1

means the change in position in the x3

direction (y direction) with respect to the 
original length of the line segment dx1                         

The shear strain, as defined in mechanics, Ij, is based on small strain 
theory, where incremental strain are used; the shear strain for this case 

is one half the value of the engineering strain,13 .

ij = - 1/213 = - [u3/x1 + u1/X3]/2

Note:  as drawn, this 
is a negative shear 
strain, see Fig. 4-12 
from Salgado. See 
also par. 2 p. 127

Mechanical shear strain (small 
strain) = 50 percent of engineering 
(large) shear strain

for small angles (small shear strain)

tan   Is approximately equal to 

Shear Strain
Wednesday, August 17, 2011 12:45 PM
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Note that for this drawing both 11 and 33 are in elongation

Small strain theory

Nomenclature for Normal and Shearing Strain (Salgado)
Wednesday, August 17, 2011 12:45 PM

   Ch. 4b - Stress, Strain, Shearing Page 4    



© Steven F. Bartlett, 2022

The sign convention we use for plotting the normal and shear strain increments 
are:

Normal incremental strains (du1/dx1) are positive for compression○

Normal incremental strains are negative for elongation○

Incremental shear strains are positive if the shear stress that acts on the 
plane is positive causes the right angle to increase (see below plot of strain)

○

Draw the element with 
the normal and shear 
strains  that caused the 
distortion to consistent 
with the normal and 
shear stresses.

Note 13 is 1/2d

Note 13 is the shear stress 

acting on the 11 plane in 
the x3 direction.

x1 

x3

dx1

Plot of Strain

du1

Distortion due to normal stresses

Stresses combined

11 plane

33 plane

Plot of stress

Blue = positive
Red = negative

11

33

13

Red = original shape

du3

Normal strains

 = -du1/dx1

 = -du3/dx3

Shear strains

13 = -1/2(du1/dx3 + 

du3/dx1)

dx3

13 is pos. if 
angle opens. 
Note longest 
leg of L is 
parallel 

11 plane

11

13

du1

du3

33

Note that for this drawing 11 caused compression and 33

causes elongation

Distortion due to normal and

Note: x1 is in the 
direction of the greatest 
compressive normal 
strain.

Note: The 11 plane is 
normal to the x1

direction and 33 plane 
is normal to the x3

direction.

Mohr's Circle of Strain 
Wednesday, September 14, 2022 5:35 PM
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Example 

Given:  11 = 0.0206% (compression) 33 = -0.0406% (elongation), 13 =  0.0257% 

Find:  (a) magnitude of principal normal strain increments, d1 and d3

           (b) orientation of the principle planes

dx1

du1

du3

dx3

du1

du3

Shear pos.

x3

x1

11

33

See definitions on previous page

Mohr's Circle of Strain - Example
Monday, September 12, 2022 5:35 PM
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1/2d

11, 13

33, -31

d1= 0.03d3= -0.05
2 = 40 deg.

P1 = 70 deg.

Solution

Pole

33 plane

11 plane

d

S1 = 115 deg.

1/2d = 0.04 (max. shear strain)

1/2d = 0.04 (max. shear strain)

P3 = 25 deg.

3

1

11

33

From problem
statement

From problem
statement

Mohr's Circle of Strain - Example (cont.)
Friday, September 22, 2017 5:36 PM
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Solution from strain calculator (see link below)
  

http://www.efunda.com/formulae/solid_mechanics/mat_mechanics/calc_principal_strain.cfm#calc

Compression negative using this solver

Tension positive

Angle is greater than 90 deg.

CCW from horizontal plane

This will plot as a negative -0.05 
on the Mohr's circle construction

This will plot as a positive 0.03 

CCW  from the horizontal

CCW from horizontal plane

Pos. RHR

Mohr's Circle of Strain - Example (cont.)
Thursday, September 30, 2021 5:36 PM
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Definition of shear 
strain for use in 
above equations.

L is opening up = positive incremental shear strain

Principal Strain Increments
Wednesday, August 17, 2011 12:45 PM

   Ch. 4b - Stress, Strain, Shearing Page 10    



The angle of dilation controls an amount of plastic volumetric strain developed during 
plastic shearing and is assumed constant during plastic yielding. The value of ψ=0 
corresponds to the volume preserving deformation while in shear.
Clays (regardless of overconsolidated layers) are characterized by a very low amount of 
dilation (ψ≈0). As for sands, the angle of dilation depends on the angle of internal friction. 
For non-cohesive soils (sand, gravel) with the angle of internal friction φ > 30° the value of 
dilation angle can be estimated as ψ=φ-30°. A negative value of dilation angle is acceptable 
only for rather loose sands.
Pasted from <http://www.finesoftware.eu/geotechnical-software/help/fem/angle-of-dilation/> 

How does dilatancy affect the behavior of soil?

No dilatancy, dilatancy angle = 0.  Note that 
the unit square has undergone distortion 
solely.

Sometimes this is called pure shear (i.e., no 
dilatancy is occurring)

Dilatancy during shear.  Note that the unit 
square has undergone distortion and 
volumetric strain (change in volume).

Why is dilatancy important? How does it affect 
the behavior of the specimen during shear? How 
does it affect the pore pressures of a specimen 
during undrained shear?

Dilatancy is a significant contributor to shear strength in dense, coarse granular 
materials, which is why proper compaction of engineered fill is so important. Increasing 
the density of the aggregate by compaction increases both dilatancy and internal 
friction and therefore the overall peak shear strength. Oct 1, 2020

From <https://www.google.com/search?q=dilatancy&rlz=1C1SQJL_enUS822US822&oq=dilatancy&aqs=chrome..69i57.5283j0j15
&sourceid=chrome&ie=UTF-8> 

Dilatancy Angle
Wednesday, August 17, 2011 12:45 PM
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Soils dilate (expand) or contract upon shearing and the degree of this dilatancy 

can be explained by the dilatancy angle, .

The dilatancy angle can be calculated from the Mohr's circle of strain, see 
previous page.  It can also be estimated from the following formulas.

This element is dilating 
during shear.  This is 
plastic behavior.

Volumetric 
Strain

Shear Strain

Dilatancy Angle (cont.)
Wednesday, August 17, 2011 12:45 PM
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The pole method can also be used in conjunction with the Mohr's circle of 
incremental strain to find the directions and magnitude of the incremental strain for 
other arbitrary planes.  For the above use the following method to find the pole. 

First, note that the principal normal strain increment, d1, is caused by a stress acting 

on a horizontal plane.  To find the pole, start at (d1, 0) on the Mohr's circle of strain  
and draw a horizontal line until you intersect the Mohr's circle once again at the point 
labeled Pole P.  Once found, this pole can be used to locate other planes and find the 
magnitude of the normal and shear strains acting on these planes.

For a strain solver, see the following link.  However, the sign conventions are different 
than those we have adopted.

http://www.efunda.com/formulae/solid_mechanics/mat_mechanics/calc_principal_strain.cfm

The dilatancy angle  

is defined later.

Deformed shape = red
Undeformed shape = black
No shear strain

The leftmost and rightmost points of the circle correspond to the magnitude of the 

principal strain increments (d1, 0) and (d3, 0)

○

The highest and lowest points on the circle correspond to the magnitude of the 
maximum engineering shear strain increment divided by 2.

○

33

11

x1

x3

Note: for this case the 
normal compressive strain 
has occurred in the vertical 
direction.

Dilatancy Angle (cont.)
Monday, September 12, 2022 12:03 PM
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The zero extension lines (ZEL) (i.e., potential slip surface) (red lines) are normal 

(90 degrees) to the planes where d is zero (blue lines 1 & 2).  Note that these d

= zero planes intersect the y-axis (i.e., 1/2d axis). One ZEL is found 90 deg 

(purple normal) to the d = zero plane 1. The other ZEL  is found 90 deg (green 

normal) to the d = zero plane 2.

•

The dilatancy angle,  , is the angle between the ZEL lines and the d = zero 
planes 

•

Process to find slip planes: 1) draw Mohr's circle of strain, 2) find the pole, 3) 
using the pole find the orientation of blue lines 1 & 2 above. These represent the 
planes where the normal strains are zero. Find the potential slip planes (i.e., zero 
extension lines (ZELs) which are located 90 degrees from the blue lines. Note also 

the dilatancy angle  is the angle between the ZEL and the blue lines. 

(potential slip 
plane)

(potential slip plane 
represent potential 
failure planes)

Green line = original shape
Purple line = deformed shape

1

2





Note the 1 direction has been
changed to the vertical direction. Note that below ground, the largest 
stress is often in the vertical direction.

33

11

Zero Extension Line
Monday, September 12, 2022 12:45 PM
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Given 11= 1.0 (compression positive), 33= -0.50(elongation negative), 13 = 0.2

Fine ZELs, Find   

P

ZEL

ZEL

1.0
-0.5

-1.0 -0.5





1

3

=20

=20

11,13

33,-13

33

11

Zero Extension Line - Example
Wednesday, September 14, 2022 12:45 PM
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compression

Neg. = compression

Neg. RHR

Comp = Neg.

Neg. RHR

CCW from horizontal

CW from horizontal

Pos. = elongation

Zero Extension Line - Example
Thursday, September 30, 2021 12:45 PM
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dV = change in volume for a unit cube

dV = (1+du1) * (1 + du2) * (1 + du3) - 13 

Volumetric strain increment (small strain theory)

dV = - dV/1 = 1 - (1-d1)(1-d2)(1-d3) 
(neg. sign req'd to make contraction positive)

In small strain theory, the strain increment dV is very small and the 
second and third order terms are negligible, thus the above equation 
reduces to:

dV = d1 + d2 + d3

In terms of principal strains, then

dV = d11 + d22 + d33

Note that no distortion 
of the cube is 
occurring.  The only 
strain is compressional 
or extensional. 

Volumetric Strain
Wednesday, August 17, 2011 12:45 PM
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The bulk modulus (K) of a substance measures the substance's resistance to uniform 
compression. It is defined as the pressure increase needed to cause a given relative 
decrease in volume. Its base unit is that of pressure.
As an example, suppose an iron cannon ball with bulk modulus 160 GPa is to be reduced in 
volume by 0.5%. This requires a pressure increase of 0.005×160 GPa = 0.8 GPa 
(116,000 psi).

Definition

The bulk modulus K can be formally defined by the equation:

where P is pressure, V is volume, and ∂P/∂V denotes the partial derivative of pressure with 
respect to volume. The inverse of the bulk modulus gives a substance's compressibility.

Other moduli describe the material's response (strain) to other kinds of stress: the shear 
modulus describes the response to shear, and Young's modulus describes the response to 
linear strain. For a fluid, only the bulk modulus is meaningful. For an anisotropic solid such 
as wood or paper, these three moduli do not contain enough information to describe its 
behavior, and one must use the full generalized Hooke's law

Pasted from <http://en.wikipedia.org/wiki/Bulk_modulus> 

© Steven F. Bartlett, 2011

Bulk Modulus
Wednesday, August 17, 2011 12:45 PM
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Note that for the plane strain case the normal stress in 
the z direction is not zero.  However, since this stress is 
balanced, it produces no strain in this direction.

Hooke's Law

E = Young's Modulus or the Elastic Modulus

 = Poisson's ratio

Strains from 2D Plane Strain - Elastic Theory - Hooke's Law
Thursday, March 11, 2010 11:43 AM
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Strains from 3D  Elastic Theory
Wednesday, August 17, 2011 12:45 PM
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http://en.wikipedia.org/wiki/Bulk_modulus

Elastic Constants  - Relationships
Thursday, March 11, 2010 11:43 AM
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Let us assume that:

wall is perfectly smooth (no 

shear stress develop on the 

interface between wall and the 

retained soil)

a)

no sloping backfillb)

back of the wall is verticalc)

retained soil is a purely     

frictional material (c=0)

d)

At-rest earth pressure:

Shear stress are zero.a.

V = b.

H =                             = hvc.

H = Kod.

K0 = 1 - sin  (Normally 

consolidated 

e.

K0 = (1 - sin ) OCR-1/2f.

OCR = 'vp/'vg.

K0 =   (−)h.

At-rest condition

At-Rest, Active and Passive Earth Pressure
Wednesday, August 17, 2011 12:45 PM
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Active Case
Wednesday, August 17, 2011 12:45 PM

   Ch. 4b - Stress, Strain, Shearing Page 24    



© Steven F. Bartlett, 2011

Active Case (cont.)
Wednesday, August 17, 2011 12:45 PM
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Passive Case
Wednesday, August 17, 2011 12:45 PM
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Passive Case (cont.)
Wednesday, August 17, 2011 12:45 PM
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Active and Passive State - Mohr's Circles
Wednesday, August 17, 2011 12:45 PM
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https://www.youtube.com/wat
ch?v=L1fWPypBP0g

Video of direct shear test

Direct Shear Test
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Direct Shear (cont.)
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 = tan 

Direct Shear (cont.)
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Direct Shear (cont.)
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Direct Shear (cont.)
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? What are 1 and 3 at failure?
? What is the orientation of the principal planes?

Direct Shear (cont.)
Wednesday, August 17, 2011 12:45 PM
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https://www.youtube.com/watc
h?v=eiAzJAffbLo

Triaxial Test Setup

Triaxial Shear Test
Wednesday, August 17, 2011 12:45 PM
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CD test CU test

UU Test

Triaxial Test and Effects of Pore Water Pressure
Wednesday, August 17, 2011 12:45 PM
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Axial Compression and Lateral Extension Triaxial Tests
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Axial Extension and Lateral Compression Triaxial Tests
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Stress paths in s-t space

s = 1/2 (1 + 3) = ctr. circle

t = 1/2 (1 - 3) = top circle
(s,t)

(top of circle)

Axial Compression (AC)Lateral Extension (LE)

Lateral Compression (LC)Axial Extension (AE)

13

A stress path is the locus of 
points formed by the plot of 
s,t as the triaxial test 
progresses.  It is useful in 
determining the potential 
path to failure and the state 
of stress at failure

Triaxial Test Results shown with s-t plots
Wednesday, August 17, 2011 12:45 PM
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Potential stress paths for Ko 
Consolidated Specimen

Ko = anisotrophically 
consolidated specimens

Generally v = h for Ko 
conditions

p= 1/3 (1 + 2 + 3)

q=1/20.5 *[ (1 - ) + (1 - ) + (2 - )

p

q

Kf line defines the ratio of the failure envelope.

sin  = tan  where   is the slope of the Mohr-Coulomb envelope and  is the 
slope of the Kf line 

(Note that   is not the dilation angle. This is a bit confusing because we 

previously used   as the dilation angle.)



s-t plots (cont.) in p-q space
Wednesday, August 17, 2011 12:45 PM
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Blank
Thursday, September 30, 2021 12:45 PM
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Ch. 5 Lecture Notes○

Sections 5.1 - 5.7 (Salgado)○

Reading Assignment

Other Materials

Problems 5-9 (20 points), 5-12 (20 points), 5-23 (30 points)○

Homework Assignment 5

© Steven F. Bartlett, 2023

Note that this plot is a generalized behavior plot. In the case of rock, fracture is 
possible. For soils, fracture does not occur, the material continues to deform 
along the internal failure plane.  Also, for dense granular materials and 
overconsolidated clayey soils, there is not a necking phase. Instead, the soil 
continues to deform like a plastic material (i.e., at a constant shear stress).

Plastic material

Brittle material

Ch 5 Strength and Stiffness of Granular Soils
Tuesday, September 19, 2023 12:45 PM
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What factors contribute to the strength of granular materials? 

Soil Fabric•

Density (void ratio)•

Confinement•

Cementation•

Aging•

Friction between soil particles (influenced by angularity and roughness 

of particles)

○

Particle rearrangement and grain-size distribution (see diagrams below)○

Interlocking between particles (influenced by angularity and  particle 

arrangement

○

Sources of shear resistance (at the particle (i.e., fabric level)•

Particle arrangement

Contractive behavior

Dilative behavior

SOIL FABRIC

The effects of density and 
confinement can be accounted for 
using critical state theory for sands

Stress-Strain Behavior, Volume Change and Shear of Granular Soils
Tuesday, September 19, 2023 12:45 PM
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(DR = relative density)

Relationship between 
relative density and 
void ratio
(emax - e)/(emax - e min)

Residual strength

Normalized Peak strength 

(Normalized by dividing by '3)

Effects of confinement

Note that the sand's post-yield behavior changes as a function of the 

confining stress.  The sample with the lowest '1/'3 ratio has the lowest 
reduction in residual strength when compared with the peak strength.  
Samples with higher ratios have less reduction. At large strain, the residual 
strength is reached and the soil has reached the critical state.

Axial strain

e max, emin from 
ASTM. 2006a. Standard test 
methods for maximum index 
density and unit weight of soils 
using a vibratory table. ASTM 
standard D4253. 

Stress-Strain Behavior, Volume Change and Shear of Granular Soils 
(cont.)
Tuesday, September 19, 2023 12:45 PM
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The critical state is a condition in which 
the soil is sheared at constant shear 
stress, constant effective confining stress, 
and constant volume (or void ratio). The 
critical state can be thought of as a state 
in which the soil is in equilibrium with the 
imposed stresses, no longer needing to 
either dilate or contract in order to shear. 

Stress-Strain Behavior, Volume Change and Shear of Granular Soils 
(cont.)
Tuesday, September 19, 2023 12:45 PM

   Ch. 5 - Strength and Stiffness of Sand Page 4    
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Note that at large axial 
strain the ratio of 

'1/'3 remains 
unchanged.  Because 

'3 remains constant 
during an axial 
compression test, this 

means that '1 is not 
changing with axial 
strain.  When this point 
is reached, this is called 
the critical state.

Note that the volumetric 
strain (y axis)  remains 
unchanged with axial 
strain when the critical 
state is reached.  This 
means that the sample 
is neither contracting or 
dilating, but straining at 
a constant void ratio.  

Note that the dilatancy 
angle is reducing with 
axial strain and is near 
zero at the critical state.

Stress-Strain Behavior of Sands at the Critical State
Wednesday, August 17, 2011 12:45 PM
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(loose sand)

(dense sand)

CSL = Critical State Line.  
This line shows the 
relationship between the 
critical void ratio, ec and 
effective confining stress, 

'3 that produces the 
critical state for a given 
soil

Stress-Strain Behavior of Sands (cont.)
Wednesday, September 29, 2021 12:45 PM
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How does the critical state phi angle differ from the peak friction angle we 
have previously developed?

Critical state friction 
angle

Critical State Friction Angle - Contractive Sand in 2D
Wednesday, August 17, 2011 12:45 PM
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Figure 5-10 shows the critical-state line in e-p'-q space. This three-dimensional view of the CSL 
allows us to take a global view of the relationships between density, confining stress and shear 
stress at critical state. It also allows us to track what happens to void ratio and to the stresses 
as we shear a sample all the way to the critical state. We will return to this later in this 
chapter. 

p = 1/3(1+2+3)

q = 1/2[(1−3)^2+1−2)^2+2−3)^2 ]

Critical State Friction Angle - Contractive Sand in 3D
Wednesday, September 29, 2021 12:45 PM
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N = '1 / '3 =

(1+ sin ) / (1 - sin ) = tan 2

(45 +  /2)

FLOW Number

Critical State Friction Angle - Dilative Sand
Wednesday, August 17, 2011 12:45 PM
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Note that below point A. The slope of the 
peak failure envelop is changing (decreasing) 
as a function of the confining stress.

Critical State Friction Angle - Dilative Sand (cont.)
Wednesday, August 17, 2011 12:45 PM
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What friction angle do we use for design?

Do we use the peak friction angle p or critical state friction angel c?

(see discussion on p. 203 of Salgado)

Critical State Friction Angle

Initial Estimates of the Critical State Friction Angle
Wednesday, August 17, 2011 12:45 PM
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1=2=3

1>2>3
Plane strain

1>2=3
Triaxial (axisymmetric) 
compression

?•
?•
?•

Plane strain conditions are applicable for what type of geotechnical structures?

?•
?•
?•

Plane strain conditions are applicable for what type of geotechnical structures?

Plane Strain and Axisymmetric (Triaxial Compression) - Definitions
Wednesday, August 17, 2011 12:45 PM
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The shear strength of sand has a component due to interparticle friction and 
particle rearrangement (i.e., critical-state shear strength) and another due to 
dilatancy or contraction during shear.

de Josselin de Jong (1976) showed that this can be expressed mathematically for 
plane-strain conditions as:

N = MNc 

where N is the flow number, M is the dilatancy number and Nc is the critical-state 
flow number.  These are related by:

N =  (1 + sin ) / (1 - sin ) = f f         for c = 0 
(from Lecture 4a, Inclination of Failure Plane)

Nc = (1 + sin c) / (1 - sin c)  (This is the flow number for the critical state)

M = (1 + sin ) / (1 - sin ) (Similar to flow number but uses dilation angle)

where  is the friction angle,  is the dilatancy angle, and c is the critical state 
friction angle.

sin  = - (dV /(d1 - kd3)) 

see Eq. 4-19 in Salgado, where k = 1 for plane-strain conditions and 2 for triaxial 
conditions. (see next page)

For k =1 (plane-strain conditions), then 

sin  = - dV /(d1 - d3)

Bolton (1986) examined a large number of triaxial compression and plane-strain 
compression tests and concluded that, for both types of loading, the following 
relationship held:

-(dV / d1 )p = 0.3IR

where the p subscript indicates that quantity in parenthesis should be calculated 
at the peak strength and IR is the relative dilatancy index

Estimating the Peak Drained Friction angle Shear Strength of Sands
Thursday, September 21, 2023 12:45 PM

   Ch. 5 - Strength and Stiffness of Sand Page 13    
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Bolton defined the relative dilatancy index for the peak strength as:

IR = ID [Q - ln (100 'mp /pA)] - RQ

where ID = DR/100 = relative density (%) divided by 100, Q and RQ = fitted 
parameters that depend on the intrinsic characteristics of the sand (Table 5-1), pA is 

the reference stress (1 atm ≈ 100 kPa = 0.1 Mpa  ≈ 1 tsf = 2000 psf), and 'mp = 
mean effective stress at the peak shear strength.

'mp = ('1p + '2p + '3p)/3

For triaxial compression test during shear phase of the test,  '2 = '3 = 'c
where 'c is the confining or consolidation stress applied on the outer cell

Bolton found that the following equation describes the peak friction angle very 
well for triaxial and plane-strain conditions.

p = c + A IR   (Eq. 5-16) Salgado

where A = 3 for triaxial conditions and A = 5 for plane-strain conditions

Estimating the Peak Drained Friction angle Shear Strength of Sands
(cont.)
Thursday, September 21, 2023 12:45 PM
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Plane StrainTriaxial Strain

(See Eq. 5-16 on 
previous page 

to relate p and

c)

p  = peak 
friction angle

C = critical 
state friction 
angle

Valid only for a 
confining stress 
of 1 atm

Estimating the peak friction angle from the critical state friction 
angle for sand (cont.)
Wednesday, August 17, 2011 12:45 PM
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If we know or can estimate the critical state friction angle of a soil, the 
horizontal earth pressure coefficient Ko, and the relative density of the deposit, 
we can estimate the peak friction angle.  This is valuable for design because 
most often, the peak friction angle is used to define the strength (i.e., resistance) 
of the soil for shallow foundation calculations.

▪

Practical application○

Iteration to estimate peak friction angle from stress state and void ratio

This is the peak mean effective principle stress for a 
peak friction angle of 40 degrees.

Estimation of the peak friction angle from critical state friction angle
Wednesday, August 17, 2011 12:45 PM
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Note that in the above example, the peak friction angle calculated from Bolton's 
equation is not consistent with the assumed peak friction angle of 40 degrees. 
Therefore, our initial assumption of 40 degrees needs to be revised. Hence, 
another iteration is required.

This is done by adjusting the assumed peak friction angle to a new estimate of 
39.1 degrees and recalculating the mean stress and resulting friction angle until 
convergence is reached.  In practice, friction angles are usually reported to the 
rounded nearest whole number, so once the iteration converges to a stable 
whole number value, then iteration can cease.

For more information on the iterative process, see Example 5-2 in Salgado.

We can then use Bolton's equation to calculate the peak friction angle based on a  
peak mean effective principle stress of 30.6 kPa

From our assumption 

for p = 40 deg.

Estimation of the peak friction angle from critical state friction 
angle
Wednesday, August 17, 2011 12:45 PM
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Triaxial Compression Plane Strain

Note that these charts are useful for obtaining a first guess for the iterative procedure

Estimation of the peak friction angle from critical state friction 
angle
Wednesday, August 17, 2011 12:45 PM
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Undrained tests will be more fully explained in Ch. 6.

Note that there is no 
change in volume or void 
ratio during undrained 
shear because the drain 
value of the cell is closed.  

Thus, the sample 
responds to shear by 
increasing or decreasing  
the pore pressures, u.  
The change in pore 
pressure during shear is 

called u, which in turn 
changes the effective 
stress during shear, as 
shown by changes in p'

The implications of pore 
pore pressures generated 
during shearing are 
further discussed in Ch. 6.

Note that no volume (i.e., void 
ratio) change is allowed because 
the drain value is close during 
shearing (undrained test)

u = excess porewater 
change above 
hydrostatic

What real world conditions could cause a saturated sand to behave undrained?
1.
2
3.

Undrained Shear Tests in Sands
Wednesday, August 17, 2011 12:45 PM
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Effective Stress Calculations (with capillary rise)
Sunday, February 24, 2013 1:48 PM
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Effective Stress Calculations (with capillary rise) (cont.)
Sunday, February 24, 2013 1:48 PM
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Note that saturated units 
weights are use here because 
layers 2 & 3 are saturated with 
capillary rise

Effective Stress Calculations( (with capillary rise) cont.)
Sunday, February 24, 2013 1:48 PM

   Ch. 5 - Strength and Stiffness of Sand Page 22    



Steven F. Bartlett, 2016

Effective Stress Calculations (with capillary rise) (cont.)
Sunday, February 24, 2013 1:48 PM
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2875-624=2251

Effective Stress Calculations (with capillary rise) (cont.)
Sunday, February 24, 2013 1:48 PM
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v' = (100*5)+(105*5)+(110*5)+(120-62.4)*10=2,151 psf

v' = m1*t1 + m2*t2 +  m3*t3 + b4*t4            where b =sat - w

Effective Stress Calculations (without capillary rise)
Sunday, February 24, 2013 1:48 PM

   Ch. 5 - Strength and Stiffness of Sand Page 25    



© Steven F. Bartlett, 2011

Blank
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Ch. 6 Lecture Notes○

Sections 6.1 - 6.3, 6.5 (Salgado)○

Reading Assignment

Other Materials

Problems 6-11 (15 points), 6-12 a-b (15 points), 6-15 a-c (15 points), 6-17 (20 points)○

Homework Assignment 6

Ch 6 Strength and Stiffness of Clay
Wednesday, August 17, 2011 12:45 PM
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Predicting
Void ratio, e, 
from 
consolidation 
curve

Homogeneous 
clay

Do we consider the sand layer?a.
Do we consider the applied semi-infinite load of Pv of 30 kPa?b.
What about the load of 49 kPa at the depth of 7 m?c.

How do we calculate the 'v values in each of the layers?1.

Questions:

Vertical Effective Stress and Void ratio changes versus depth
Monday, October 4, 2021 12:45 PM
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Preconsolidation 
stress

Virgin compression 
curve

Cc = virgin 
compression index

Cs = recompression
index

Can water compacted 
clay?

Compression and Void Ratio Change
Wednesday, August 17, 2011 12:45 PM
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Isochrones of 
consolidation
Note the initial 
isochrone is a 
rectangle. Why?

H is drained both 
top and bottom

U = 0.99 means at 
99 percent 
consolidation.

Tv is the dimensionless time factor of 
consolidation,

cv is the coefficient of vertical consolidation

t is elapsed time 

Time rate of consolidation
Monday, October 4, 2021 12:45 PM
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See more explanation at the bottom of page

Eq. 2 implies that the change in 
void ratio change and change in 
vertical stress are linearly 
related. This is only true over a 
narrow range of change in stress

Consolidation of a Layer (cont.)
Thursday, March 11, 2010 11:43 AM
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Example 2 (cont.)
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What factors contribute to the strength of granular materials? 

Excess Pore Pressure (Undrained Behavior under Loading•

Soil Compression (i.e., Preconsolidation Stress)•

Degree of Saturation•

Percentage of Clay and Clay Mineralogy•

Cementation•

Aging•

Stress-Strain Behavior, Volume Change and Shear of Cohesive Soils
Tuesday, September 19, 2023 12:45 PM

   Ch. 6 - Strength and Stiffness of Clay Page 22    
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CONSOLIDATION PHASE

SHEAR PHASE

Consolidated Drained (CD) Triaxial Shear Test
Wednesday, August 17, 2011 12:45 PM
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CD Strength of Saturated Clay
Wednesday, August 17, 2011 12:45 PM
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-

Would a CD test be appropriate if a steady-state seepage condition did 
not exist?

Probably a more likely failure 
surface

CD Test Application (from Nalin)
Monday, October 4, 2021 12:45 PM
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In our textbook, we use the symbols c' and ' to represent the drained cohesion 
intercept and drained friction angle.

Note that in the above case, the cut was made some time ago, so that any 
excess pore pressures in the slope has long dissipated.  Also, there is no sudden 
change in the ground water conditions.  Why is failure then reached after such 
a passage of time?

s

Undrained

Envelope,  Drained 

Envelope, '

Effective Stress path
Total Stress path

Overconsolidated clay

Initial excess pore 
water pressure, delta u, 
in slope was negative 
due to dilation as cut 
was made.  This excess 
pore water pressure 
dissipates with time 
producing failure on 
the drained envelope, 
which has a lower 
strength.

t

(See more on next page)

CD Test Application (from Nalin)
Monday, October 4, 2021 12:45 PM

   Ch. 6 - Strength and Stiffness of Clay Page 26    



© Steven F. Bartlett, 2011

The overconsolidation 
of the soil causes a 
break in the failure 
envelope '

Effects of Overconsolidation (Drained Test)
Wednesday, August 17, 2011 12:45 PM
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Normally consolidated (NC) clay is qualitatively similar to contractive 
sand

▪

Overconsolidated (OC) clay is qualitatively similar to dilative sand▪

Response of clay to drained loading is similar to sand○

The Mohr Coulomb envelope and critical state line of an NC clay passes 
through the origin.

○

Clay, because of its cohesion is much easier to obtain an "undisturbed" 
sample.  Sand, on the other hand is almost impossible to sample 
without causing significant disturbance, which is manifest by change in 
void ratio.

▪

Clay critical state friction angles varies from 15 to 30 degrees▪

Sand critical state friction angle varies from about 28 to 36 degrees.▪

Clay are much less permeable and must be loaded very slowly to 
achieve  a truly drained condition.  In the laboratory, performing a 
drained test on a clay may take serval days or weeks to ensure that no 
excess pore pressure is built-up during shear.

▪

In many field situations, the rate of loading of clay is rapid enough to 
cause undrained behavior.  Thus, drained test on clay have limited 
applicability for short-term loading construction situations.

▪

The effect of "stress history," such a preloading or preconsolidation is 
significant in clay and can affect is strength.  OC clay can have an 
apparent cohesion which results from this preloading.

▪

Clays that have been pre-sheared (e.g., landslide slip surface) may 
have a friction angle that is lower than the critical-state friction angle 
because of the alignment of clay particles in the direction of shearing.  

This friction angle is known as the residual friction angle, r.

▪

Differences between drain behavior in sands and clays○

CD Strength of Clay (Summary)
Monday, October 4, 2021 12:45 PM
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CONSOLIDAITON PHASE

SHEAR PHASE

Consolidated Undrained (CU) Shear Test
Wednesday, August 17, 2011 12:45 PM
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Note that because the drain value is closed during the shear phase 

of this test, excess pore water press, u is generated.  NC clay 
generates positive pore water pressure at large shear; whereas, OC 
clay generates negative pore water pressure.

Attempts 
contraction

Attempts 
dilation

CU Shear
Wednesday, August 17, 2011 12:45 PM
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CU Test Application (from Nalin)
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CU Test Application (from Nalin)
Wednesday, August 17, 2011 12:45 PM
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Undrained

Drained

More on Effects of Overconsolidation (Undrained & Drained Tests)
Wednesday, August 17, 2011 12:45 PM
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During undrained shear, excess pore water pressure is generated because 
this pressure cannot escape from the triaxial cell.

○

Skempton developed a method that attempts to predicted the magnitude of 
the generated excess pore water pressure in the sample.

○

u =B3 + A(1 - 3)

Accounts for 
isotropic change in 
stress

Accounts for 
deviatoric 
change in 
stress

B≈1 (see table)•

A varies according to soil type and overconsolidation ratio (OCR)•

Skempton's Pore Water Pressure Equation and Parameters
Wednesday, August 17, 2011 12:45 PM
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Circle B is for A = 1 (Normally Consolidated)○

Circle C is for A = 1/2 (slightly Over Consolidated)○

Circle A is for A = 0 (heavily Over Consolidated)○

No pore pressure 
generation during 
shear

Skempton's Pore Water Pressure Equation and Parameters (cont.)
Wednesday, August 17, 2011 12:45 PM
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CONSOLIDATION PHASE (NOT DONE)

SHEAR PHASE

UU Shear
Wednesday, August 17, 2011 12:45 PM
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Explain why the failure envelope is horizontal for this test?

The above figure shows three Mohr's circles for differing confining stresses.

su is the undrained shear strength for the case where  = 0

UU Shear
Wednesday, August 17, 2011 12:45 PM
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Why is the failure envelope for the UU test horizontal?

Hint, think about whether or not there is void ratio change during the 
consolidation and shear phase of this test and how the void ratio change or the 
lack thereof affects the shear strength during the shear phase of the test.

UU Shear (cont.)
Wednesday, August 17, 2011 12:45 PM
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' drained

CU Test

CD Test

UU Test

Undrained 
Shear Strength

 

Comparison of Tests
Wednesday, August 17, 2011 12:45 PM
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NC Clay (Skempton 1957)○

su NC/v' = 0.11 + 0.0037(PI)   where PI is the plasticity index

NC Clay (Wroth 1984)○

su/v'   = c/100

NC and OC Clay (Ladd 1977)○

(su OC/v') =   (su NC/v'NC)*OCR0.8

su NC/v'NC varies from about 0.2 to 0.3 depending on the type clay and 
direction of shearing.

See following attachments

v' is the current effective vertical stress, not the maximum past effective 
vertical stress.

Correlations for Predicting Undrained Shear Strength, Su
Wednesday, August 17, 2011 12:45 PM
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Evaluation of Undrained Shear Strength
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Evaluation of Undrained Shear Strength (cont.)
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Evaluation of Undrained Shear Strength (cont.)
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Evaluation of Undrained Shear Strength (cont.)
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Evaluation of Undrained Shear Strength (cont.)
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Evaluation of Undrained Shear Strength (cont.)
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Ch. 9 Lecture Notes○

Ch. 8 and 9 (Salgado)○

Reading Assignment

Other Materials

Problems 9-5, 9-6, 9-8 (use Schmertmann's method), 9-16 (b) (use 
Myerhof's method)

○

Homework Assignment 7

Settlement of Shallow Foundations
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Introduction to Shallow Foundations
Wednesday, August 17, 2011 12:45 PM
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Square footing

(Note that any horizontal loading to the footing that is not 
through the center of the footing causes an overturning 
moment.)

Rectangular footing

(Note that the moment is shown in this 
figure.  The overturning moment causes 
eccentricity in the loading configuration that 
effects the resultant load and the pressure 
distribution that develops along the base of 
the footing.

Loadings to Shallow Foundations
Wednesday, August 17, 2011 12:45 PM
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Strip footing

Strip footing with columns 
and strip footing with 
continuous wall panel

Loadings to Shallow Foundations (cont.)
Wednesday, August 17, 2011 12:45 PM
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Excavation and 
compaction of 
bearing level for 
foundation.

Note that the 
footing is placed 
below the surface 
at a depth below 
frost penetration.

Reinforcement for 
footing.

Construction of Footings
Wednesday, August 17, 2011 12:45 PM
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Forming of 
footings

Forming of 
footings

Construction of Footings (cont.)
Wednesday, August 17, 2011 12:45 PM
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Pouring of 
concrete

Finished footing 
with anchor 
bolts

Construction of Footings (cont.)
Wednesday, August 17, 2011 12:45 PM
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Attaching steel 
columns to 
anchor bolts

Tightening of 
nuts on 
anchor bolts

Construction of Footings (cont.)
Wednesday, August 17, 2011 12:45 PM
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Proximity to Buried Utilities and Other Foundations
Wednesday, August 17, 2011 12:45 PM
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Note that this lecture deals with calculating the immediate settlement.

For calculating the consolidation settlement, see methods described in CVEEN 
3310 or Salgado p. 389.

Comparison of Settlement of Sands and Clays
Wednesday, August 17, 2011 12:45 PM
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Rigid 
footing
on elastic 
foundation

Pressure Distribution Under Footing Versus Depth
Monday, October 24, 2022 12:45 PM
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Sand has inverted parabolic shape Clay has parabolic shape

Influence of soil type on contact pressure (assumption of rigid footing)

Influence of footing flexibility on contact pressure (non-rigid footing)

Contact Pressure at Base of Footing
Wednesday, August 17, 2011 12:45 PM
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http://civil-engg-world.blogspot.com/2008/12/contact-pressure-distribution_24.html 

http://civil-engg-world.blogspot.com/2008/12/contact-pressure-distribution_24.html 

The fact that the contact pressure changes as a function of footing flexibility is 
called soil-structure interaction. 

Contact Pressure (cont.)
Wednesday, August 17, 2011 12:45 PM
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Q = Wsoil + Qtop + Wftg 

©Evert C. Lawton

D - footing thickness

Contact Pressure - Uniform Distribution Incorporating Weight of 
Footing and Overlying Soil
Wednesday, August 17, 2011 12:45 PM
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Show your calculations here:

Given footing is 1.5 feet thick•

10111

Find qb

(182*2000)/36=10111.1111

Contact Pressure - Uniform Distribution Incorporating Weight of 
Footing and Overlying Soil - Example
Wednesday, August 17, 2011 12:45 PM

   Ch. 8 and 9 - Settlement Page 15    



© Steven F. Bartlett, 2011

   Ch. 8 and 9 - Settlement Page 16    



© Steven F. Bartlett, 2023

Q = footing load (force)
G = Shear modulus

 = Poisson's ratio
r = radius of footing

Radial displacement

Vertical Displacement

Saint-Venant's Principle

The geometry of the loading has a negligible effect on the calculated stresses so 
long as the distance from the point where the stresses are desired to the 
loading is much larger than the scale of the load.

G = (from Ch. 4)

Immediate Radial and Vertical Displacement at a Point from Elastic 
Theory (Point Load)
Wednesday, August 17, 2011 12:45 PM
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Q = footing load (force)
E = Young's modulus

 = Poisson's ratio
r= radius of footing

Immediate Settlement at Surface from Elastic Theory (Point Load)
Wednesday, August 17, 2011 12:45 PM
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The above chart is for a uniform circular load:

Settlement (Eq. 9-16 Salgado)

z = qb/E * Iz

Or use chart above.

Immediate Settlement from Elastic Theory (Flexible Circular Load)
Wednesday, August 17, 2011 12:45 PM
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I is determined from Eq. 9.19

The settlement at the center of a flexible rectangular load can be calculated by 
superimposing the settlements at the corners of four rectangle, A,  with the total 
area equal to the desired area.

A 

I center = 4 * IA

Immediate Settlement from Elastic Theory (Flexible Rectangular 
Load)
Wednesday, August 17, 2011 12:45 PM
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Influence factor, I, based on influence charts○

Rectangular shaped footing (cont.)•

To find the stress at depth at a certain point under the foundation, we 

can simply find the V from each foundation element then sum the 

V values from each element to find the total stress.

○

Principle of Superposition in Elastic Body•

Immediate Settlement from Elastic Theory (Flexible Rectangular 
Load)
Thursday, March 11, 2010 11:43 AM
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The size B equals the diameter of the loaded circle in Equations 9.20 and 9.21

Note that all previous methods from elastic theory are for perfectly flexible 
foundations. However, many concrete footings are closer to rigid than flexible, 
hence this should also be considered using the approximations given below.

Settlement of Rigid Footings
Wednesday, August 17, 2011 12:45 PM
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Method for Estimating Young's Modulus E from CPT data○

Myerhof and Fellenius (1985) (Granular Materials)○

E = k qc

where: qc = uncorrected CPT tip stress

k = 1.5 for silts and sand
   = 2 for compacted sand
   = 3 for dense sand
   = 4 for sand and gravel

Jamiolkowski (1988) (Cohesive Materials with ○

E=[M(v+1)(2v-1)]/(v-1)

M = constrained 
modulus

qc is the uncorrected 
CPT tip stress

Methods of Estimating E (CPT)
Wednesday, August 17, 2011 12:45 PM
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Meyerhof (1965) 

Notes.  Meyerhof (1965) suggested a relationships for settlements of spread 
footings on sand

©Evert C. Lawton

Zone of
Influence=

1B for sq. ftg.

2B for strip ftg.

Method for calculating N60 bar

SPT-Based Methods - Myerhof (1965)
Wednesday, August 17, 2011 12:45 PM
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SPT-Based Methods (Schmertmann Method example)
Wednesday, August 17, 2011 12:45 PM
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SPT-Based Methods (Schmertmann Method)
Wednesday, August 17, 2011 12:45 PM
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SPT-Based Methods (Schmertmann Method example)
Wednesday, August 17, 2011 12:45 PM
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SPT-Based Methods (Schmertmann Method example)
Wednesday, August 17, 2011 12:45 PM
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1 

2 

3 

4

SPT-Based Methods (Schmertmann Method example)
Wednesday, August 17, 2011 12:45 PM
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x
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SPT-Based Methods (Schmertmann Method example)
Wednesday, August 17, 2011 12:45 PM
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2B for sq. or circular footings

4B for rectangular footing with L/B > 10

For lowest y-coordinate for Iz0 = 0 (y-axis intercept) 

For y-coordinate of break point (i.e., y-coordinate for Izp max)

For x-coordinate for zf = 0

For x-coordinate of break point

For Iz between zf and zfp (i.e., bottom part)

For Iz between z0 and zfp  (i.e., top part)

CPT Based Methods
Wednesday, August 17, 2011 12:45 PM
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Ei = 2.5qc for young NC sand
Ei = 3.5qc for aged NC sand
Ei = 6.0qc for overconsolidated silica sand

C1  from Eq. 9.43 Salgado =   C1 = 1-0.5('v|zf=0 /  q) > 0.5
C2 = 1 (see below)

 q = qb - 'v|zf=0

C2 from Eq. 9.44 or usually set to 1 i.e., 1'v|zf=0 (see note below )

CPT Based Methods
Wednesday, August 17, 2011 12:45 PM
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CPT Based Methods (Example)
Wednesday, August 17, 2011 12:45 PM

   Ch. 8 and 9 - Settlement Page 34    



© Steven F. Bartlett, 2021

CPT Based Methods (Example cont.)
Wednesday, August 17, 2011 12:45 PM
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CPT Based Methods (Example cont.)
Wednesday, August 17, 2011 12:45 PM
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CPT Based Methods (Example cont.)
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   Ch. 8 and 9 - Settlement Page 37    



© Steven F. Bartlett, 2021

CPT Based Methods (Example cont.)
Wednesday, August 17, 2011 12:45 PM
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  Elastic Theory

Numerical Approach
a/z

Note:  Influence 
factor values 
from this chart 
must be double 
to account for 
the right side of 
the 
embankment.

I =
(influence 
factor)

(z = depth below 
ground surface (i.e., 
depth below base of 
embankment)

Stresses Under Embankment and Slopes
Thursday, March 11, 2010 11:43 AM
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Blank
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Salgado 10.1 -10.6○

Ch. 10 Lecture Notes○

Reading Assignment

None○

Other Materials

Homework Assignment 9 

To help you in this task, an example printout is shown in the course notes. 
This output is given for your information only. You may use the format 
shown or any other format you wish so long as the input section is first and 
distinctly separate from the output section.

a.

Include rγ at the end of the Nγ term of the Myerhof Bearing Capacity
equations for all footings with B′ > 2.0 m. Note: κ = 2.0 m and B′ should have 
the same units as κ. For example, the general equation for a vertical load 
will be as follows:

b.

(see correction for B > 2m in course notes  and Bowles, Ch. 4 p. 230 for 
further discussion )
Include a conditional statement to determine if the load is vertical or 
inclined and then use the appropriate main equation.

c.

When appropriate, include a correction to the triaxial friction angle of the 
soil for plane-strain conditions. Use the following rules and have the plane-
strain fiction angle rounded off to the nearest whole degree:

d.

Develop a spreadsheet program or use and AI engine to calculate qult for a 
shallow foundation using Meyerhof’s method as discussed in the lecture notes 
with the following additions and clarifications:

1.

Bearing Capacity
Wednesday, August 17, 2011 12:45 PM
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Account for eccentricities in either direction (in the direction of the width of 
the footing and/or the length of the footing) using Meyerhof’s effective area 
method illustrated in Fig. 4-4 on p. 237 and described on p. 236. (Note: Use 
B′ in place of B and L′ in place of L in all calculations.

e.

You will need to include conditional statements on some of the factors. For 
example, the equations for sq and sγ are different for φ = 0 and φ > 10°. 
Note also that the equation for Nc will “blow up” when φ = 0. The correct 

value of Nc for φ = 0 is 5.14 which is  + 2 limit as  approaches zero. 
Therefore, when Nc is calculated in your spreadsheet, you will need to 
include a conditional statement for the special case when φ = 0.  You do not 
need to worry about the case where φ is between 0 and 10 degrees.  This 
case will not occur for almost all soils.

f.

The value of γ input for the soil data is the value to be used in the Nγ term.  
This value needs to be adjusted to γe if the watertable falls within a zone of 

0.5B tan (45 + /2) (see effects of water table).  Then q is calculated as: q = 
γeD.

g.

Note: The answer for the spreadsheet are somewhat different than in 
Bowles, Ch. 4 owing to the use of B and L in Bowles’ solution given in the 
textbook compared to B′ and L′ in the spreadsheet program. Also, Bowles 
rounded the N factors to integer values.

h.

B = 6.0 ft, L = 6.0 ft, D = 3.0 ft, γ = 110 pcf, φ = 35°, and c = 250 psf. The 
water table is far below the bearing zone. The strength parameters were 
determined from triaxial tests. (Answers: qult = 58.8 ksf, Va = 705 kips).

a.

Same as footing in Part a except that L = 15 ft. (Partial Answer: qult = 50.5 
ksf).

b.

Same as footing in Part a except that the footing is a continuous (strip) 
footing (L = ∞). (Partial Answer: qult = 42.0 kips/ft).

c.

Each of the following footings below bears in a relatively homogeneous soil 
deposit and will support a centric, vertical load at the bearing level. Calculate the 
ultimate bearing capacity (qult ) using Meyerhof’s method and the program you 
developed in Problem 1.  Also calculate the allowable bearing capacity (qa ), and 
the allowable vertical load for each footing (Va) for the case below.  Use a factor 
of safety (SF) of 3.0.

2.

Bearing Capacity (cont.)
Wednesday, August 17, 2011 12:45 PM
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The square footing of width B shown in the figure below will bear on the ground 
surface of a deep silty clay deposit and will be subjected to loads from the 
superstructure V , H, and M as shown in the figure. The footing is composed of 
reinforced concrete with a unit weight, γconc = 23.6 kN/m3 and will be 1.00 m 
thick (T ). Values of UU strength parameters and unit weight for the silty clay are 
given in the figure.

3.

Write an equation for the weight of the footing (Wftg) in terms of B, T, and 
γconc. (5 points)

a.

Draw a free body diagram of the footing. Use the following terminology for 
the resisting moment, vertical force, and horizontal force from the soil at 
the bearing level: Mb, Vb, and Hb. (10 points)

b.

Derive equations for Mb, Vb, and Hb that satisfy static equilibrium. (10 
points)

c.

A structural engineer has determined that the design loads from the 
superstructure are as follows:  M = 750 kN-m, V = 2,000 kN, H = 250 kN

d.

Using the program you developed in Problem 1, determine the required 
width of the footing (B) to the nearest 0.05 m that will provide a minimum 
factor of safety (SF) of 3.0 against ultimate bearing capacity failure. The
input loads are Mbrg, Vbrg, and Hbrg. (5 points)
For the size of footing you determined in Part d, determine the maximum 
value of Hb that can be developed along the interface of the bottom of the 
footing and the silty clay. Assume that the interface is perfectly rough so 
that the maximum shearing resistance is equal to the shearing strength of 
the soil. Assume the shearing resistance will act only on the effective area 
of the footing not the total area. (5 points)

e.

      

Bearing Capacity (cont.)
Wednesday, August 17, 2011 12:45 PM
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Punching failure

Local shear failure

General shear failure

Types of Bearing Capacity Failures
Wednesday, August 17, 2011 12:45 PM
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Development of shear planes under footing

General
Shear
Failure

Punching Shear Failure

Bearing Capacity Failure Examples
Wednesday, August 17, 2011 12:45 PM
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General Bearing Capacity Failure (note relatively large failure surface)

General bearing capacity failure of grain silos

Bearing Capacity Failure Examples (cont.)
Wednesday, August 17, 2011 12:45 PM
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Estimating Type of Failure
Wednesday, August 17, 2011 12:45 PM
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Failure zones
Wednesday, August 17, 2011 12:45 PM
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Karl von Terzaghi was the first to present a comprehensive theory for the 
evaluation of the ultimate bearing capacity of rough shallow foundations. This 
theory states that a foundation is shallow if its depth is less than or equal to its 
width.[3] Later investigations, however, have suggested that foundations with a 
depth, measured from the ground surface, equal to 3 to 4 times their width may 
be defined as shallow foundations(Das, 2007). Terzaghi developed a method for 
determining bearing capacity for the general shear failure case in 1943. The 
equations are given below.

For square foundations:

For continuous foundations:

For circular foundations:

where

for φ' = 0

Steven F. Bartlett, 2010

for φ' > 0

Terzaghi's Bearing Capacity Theory
Thursday, March 11, 2010 11:43 AM
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c′ is the effective cohesion.

σzD′ is the vertical effective stress at the base of the foundation 

γ′ is the effective unit weight when saturated or the total unit weight when not 
fully saturated.
B is the width or the diameter of the foundation.

φ′ is the effective internal angle of friction.

Kpγ is obtained graphically. Simplifications have been made to eliminate the need 
for Kpγ. One such was done by Coduto, given below, and it is accurate to within 
10%.[2]

For foundations that exhibit the local shear failure mode in soils, Terzaghi 
suggested the following modifications to the previous equations. The equations 
are given below.

For square foundations:

For continuous foundations:

For circular foundations:

N'c, N'q and N'y, the modified bearing capacity factors, can be calculated by using 
the bearing capacity factors equations(for Nc, Nq, and Ny, respectively) by 
replacing the effective internal angle of friction(φ') by a value equal to 

Pasted from <http://en.wikipedia.org/wiki/Bearing_capacity> 

Terzaghi's Bearing Capacity Theory (cont.)
Thursday, March 11, 2010 11:43 AM
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Nc = 5.14 for  = 0

Myerhof's Bearing Capacity Equation
Wednesday, August 17, 2011 12:45 PM
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Myerhof's Bearing Capacity Equation (cont.)
Wednesday, August 17, 2011 12:45 PM
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My = ML
Mx = MB

Eccentric Loads (cont.)
Wednesday, August 17, 2011 12:45 PM
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Eccentric Loads (cont.)
Wednesday, August 17, 2011 12:45 PM
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Eccentricity (cont.)
Wednesday, August 17, 2011 12:45 PM
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(Use peak friction angle, p for phi)

Hand Calculation Example
Wednesday, August 17, 2011 12:45 PM
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Example (cont.)
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Use Fig. 10-20 of Salgado

Example (cont.)
Wednesday, August 17, 2011 12:45 PM
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Example (cont.)
Wednesday, August 17, 2011 12:45 PM
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Blue = inputs, red = equations

Spreadsheet Calculation
Wednesday, August 17, 2011 12:45 PM
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ps = phi adjusted for plane strain conditions (L'/B' > 2) for Myerhof Method

tr = phi from peak friction angle p obtained from triaxial conditions

If L’/B’ > 2.0, Ps is used in place of tr. 

ps = 1 .5tr  - 17 ° for , tr > 34 ° 

Correction of phi for plane strain
Wednesday, August 17, 2011 12:45 PM
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© Steven F. Bartlett, 2011

Correction for B > 2 m
Wednesday, August 17, 2011 12:45 PM
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Effects of Water Table
Wednesday, August 17, 2011 12:45 PM
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Steven F. Bartlett, 2010

Ftg. Embedded 2 m
(No Interfaces)

properties s=40e6 bul=80e6 d 2000 coh 0 fric 35.0 dilation 0 ten 0

Numerical Model - Embedment of Footing
Thursday, March 11, 2010 11:43 AM
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Steven F. Bartlett, 2010

3.38 MP

Vertical = Horizontal scale = 1 m

(Mpa)

(cm)

Embedment of Footing - Numerical Model
Thursday, March 11, 2010 11:43 AM

   Ch. 10 - Bearing Capacity Page 25    



Steven F. Bartlett, 2010

3.8 MPa

Embedment of Footing - Numerical Model
Thursday, March 11, 2010 11:43 AM
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Steven F. Bartlett, 2010

3.4 Mpa

Embedment of Footing - Numerical Model
Thursday, March 11, 2010 11:43 AM
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Steven F. Bartlett, 2010

3.1 Mpa

Numerical Model - Embedment of Footing
Thursday, March 11, 2010 11:43 AM
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Steven F. Bartlett, 2010

Embedment of Footing - Model Comparison
Thursday, March 11, 2010 11:43 AM
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More Spreadsheet Examples - Example 1
Wednesday, August 17, 2011 12:45 PM
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More Spreadsheet Examples - Example 2
Wednesday, August 17, 2011 12:45 PM
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More Spreadsheet Examples - Example 3
Wednesday, August 17, 2011 12:45 PM
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© Steven F. Bartlett, 2011

More Spreadsheet Examples - Example 4
Wednesday, August 17, 2011 12:45 PM
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© Steven F. Bartlett, 2022

http://www.geotechdata.info/parameter/bearing-capacity

https://www.thenbs.com/PublicationIndex/documents/details?Pub=BSI&DocID=310971

Approximate Bearing Capacity by Soil Type - BS 8004
Tuesday, November 1, 2022 12:45 PM
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© Steven F. Bartlett, 2011

Approximate Bearing Capacity by Soil Type  - IBC 2018
Wednesday, August 17, 2011 12:45 PM
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Salgado 16.1 -16.3○

Ch. 16 Lecture Notes○

Reading Assignment

Develop a spreadsheet for the design of an embedded gravity wall (see 
example in class notes.) Turn in your solution for the case given in the 
lecture notes

1.

Determine the factor of safety against overturning and sliding for the 
following case:

2.

Wall Dimensions Fill Properties

Top 4 ft  backfill deg 20 0.349 radians

Bottom 4 ft  toe deg 0 0.000 radians

γconcrete 150 pcf φ deg 40 0.698 radians

H 15 ft δ deg 20 0.349 radians

D 3 ft γ backfill 120 pcf

Partial Answer
Factors of Safety

FSsliding 2.813

FSoturn 1.462

Determine the factor of safety against overturning and sliding for the 
following case:

3.

Wall Dimensions Fill Properties

Top 3 ft  backfill deg 0 0.000 radians

Bottom 3 ft  toe deg 0 0.000 radians

γconcrete 150 pcf φ deg 40 0.698 radians

H 10 ft δ deg 20 0.349 radians

D 0 ft γ backfill 120 pcf

Foundation Soil Properties

φ deg 40 0.698 radians

δ deg note 2 40 0.698 radians

Homework Assignment

Ch. 16 Retaining Structures
Monday, November 9, 2015 11:43 AM
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Failure modes
(a) bearing capacity failure of base or footing
(b) sliding
(c) overturning
(d) global instability

Introduction to Retaining Structures
Monday, November 9, 2015 11:43 AM
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Retaining wall || Types of retaining walls || Retaining wall construction || Gabion 
retaining wall
VinCivil World

Retaining Walls  - General
Tuesday, November 1, 2022 5:39 PM
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https://www.youtube.com/watch?v=m7w8iwlR3zU
https://www.youtube.com/watch?v=m7w8iwlR3zU


Gravity Wall
Monday, November 9, 2015 11:43 AM
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Cantilever Wall
Monday, November 9, 2015 11:43 AM
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Reinforced Soil Wall or Mechanically Stabilized Earth Wall
Monday, November 9, 2015 11:43 AM
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Tieback Walls
Monday, November 9, 2015 11:43 AM
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Soil Nailing
Monday, November 9, 2015 11:43 AM

   Ch. 16 - Retaining Structures Page 8    



Remediation of a MSE wall using soil nailing

Soil nailing - Provo Canyon
To stabilize a potential landslide, which could be triggered by a cut for the new roadway 
alignment, Schnabel Foundation Company installed 208 encapsulated 14-strand anchors in the sidehill 
cut. The anchors have a design load of 400 kips and an average installed length of 160 feet in order to 
make capacity behind the failure plain

From <http://www.schnabel.com/projects/view/75> 

Soil Nailing
Monday, November 9, 2015 11:43 AM
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(a) bearing capacity failure

http://www.fhwa.dot.gov/publications/research/infrastructure/structures/11030/005.cfm

This failure was due to liquefaction of the foundation soils - 2010 Chilean 
earthquake

Introduction to Retaining Structures (cont.)
Monday, November 9, 2015 11:43 AM
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(b) sliding

http://www.michael-roberts.co.uk/photo/pmisc0.jpg

Introduction to Retaining Structures (cont.)
Monday, November 9, 2015 11:43 AM
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(c) overturning

http://designandbuildllc.com/design-and-build-gallery/

Introduction to Retaining Structures (cont.)
Monday, November 9, 2015 11:43 AM
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(d) global instability

Introduction to Retaining Structures (cont.)
Monday, November 9, 2015 11:43 AM
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Remediation of MSE wall failure - Woodlands Building C, Philippines

Introduction to Retaining Structures (cont.)
Monday, November 9, 2015 11:43 AM
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Remediation of MSE wall failure - Woodlands Building C, Philippines

Final configuration without EPS Geofoam

Introduction to Retaining Structures (cont.)
Monday, November 9, 2015 11:43 AM

   Ch. 16 - Retaining Structures Page 15    



K = 'h / 'v

Earth Pressure Theory - Which Theory?
Monday, November 9, 2015 11:43 AM
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'

'

Earth Pressure Theory, Ko Conditions
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Ko Conditions (cont.)
Monday, November 9, 2015 11:43 AM

   Ch. 16 - Retaining Structures Page 18    



Ko*v'

Ko*v'

Earth Pressure Theory, Ko Conditions (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Ko Conditions (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Ko Conditions (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Active State
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Active State (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Active State (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Active State (cont.)
Monday, November 9, 2015 11:43 AM
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For sliding

For toppling

Earth pressure diagram for the active case
(for case without water in backfill).

Earth pressure diagram

Active Failure State Pressure Diagrams
Monday, November 9, 2015 11:43 AM
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For sliding

For toppling

Earth pressure diagram for the active case
(for case with water)

Earth pressure diagram Hydrostatic water pressure 
diagram

Active Failure State Pressure Diagrams (cont.)
Monday, November 9, 2015 11:43 AM
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Force diagram

EA is unknown.  Maximize EA by solving 

for dEA / d = 0

For more information, see Coulomb 
Theory

Active Failure State - Sloped Backfill
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Passive State
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Passive State (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Passive State (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory - More Pressure Diagrams
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory - More Pressure Diagrams (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory - More Pressure Diagrams (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory - More Pressure Diagrams (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory - More Pressure Diagrams (cont.)
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Coulomb Theory - Active State
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Coulomb Theory - Active State (cont.)
Monday, November 9, 2015 11:43 AM
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Kp equation from Das, Principles of Geotechnical Engineering
4th Edition.  I have corrected the error in this equation.

Earth Pressure Theory, Coulomb Theory - Active and Passive State
Monday, November 9, 2015 11:43 AM
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The notation in this table is different from that used in the free body diagrams in 

the previous pages.  For this table,  (ALPHA) is the inclination of the backwall 

measured from the horizontal (i.e.,  is 90 for a vertical backwall);  (BETA) is the 

inclination of the slope behind the wall,  (phi) is the internal angle of friction of 

the backfill soil, and  (delta) is the interface friction between the backfill soil and 
the wall (i.e., concrete).

The values in this table can be used to check your functions entered in the 
homework spreadsheet.

Earth Pressure Theory, Coulomb Theory - Active and Passive State
Monday, November 9, 2015 11:43 AM
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Earth Pressure Theory, Rankine Approximation for Sloped Backfill
Monday, November 9, 2015 11:43 AM
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Note that the amount of lateral displacement wlat is much larger for the passive 
state e when compare with that of active state.  This means that full active earth 
pressure is mobilized after only small displacements; whereas full passive earth 
pressure requires more displacement. Hence, especially for passive earth 
pressure, one must consider the amount of displacement that is expected in order 
to estimate the passive earth pressure.

Active and Passive Pressure - Movement of Wall
Monday, November 9, 2015 11:43 AM
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      Active and Passive Pressure - Application in Wall Design
Monday, November 9, 2015 11:43 AM
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Retaining Wall Design (Free Body Diagrams - Gravity Wall)
Monday, November 9, 2015 11:43 AM

   Ch. 16 - Retaining Structures Page 44    



The Kp factor recommended is using 0.1. This reduces Kp to 10 percent. This is done 
because the displacement to produce the peak passive pressure is 10 times larger 
than that to produce peak active pressure (see Table C3.11.1-1 above)

Also, Pp factored has been additionally factored by 0.5 as recommended by 
geotechnical guidance documents. (see cell labeled "Pp factored by 0.5")

Notes

The table is not factors, but shows that the amount of movement to mobilize full 
passive pressure is 10 times that of active.  Hence, when 100 percent of active is 
mobilized, only 10 percent of passive pressure is mobilized, Thus, the reduction 
factor for KP is 10/100 or 0.1.

Retaining Wall Design (Gravity Wall - Spreadsheet)
Monday, November 28, 2022 2:49 PM
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HW Solutions (cont.)
Monday, December 5, 2022 3:52 PM
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HW Solutions (cont.)
Monday, December 5, 2022 3:52 PM
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Additional Examples
Monday, December 5, 2022 3:52 PM
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Additional Examples (cont.)
Monday, December 5, 2022 3:52 PM
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For more information on the design of cantilevered wall systems, see handout on 
course website

Retaining Wall Design ( FBD - Cantilevered Wall)
Monday, November 9, 2015 11:43 AM
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Retaining Wall Design ( FBD - Cantilevered Wall with Tieback)
Monday, November 9, 2015 11:43 AM
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Cantilevered Retaining Wall Calculations
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Cantilevered Retaining Wall Calculations (cont.)
Wednesday, November 2, 2022 11:43 AM
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Retaining Wall Design (Mechanically Stabilized Earth Walls ( MSE))
Monday, November 9, 2015 11:43 AM
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