Foundation Engineering

Course Syllabus and Schedule Department of Damas and Water Resources Eng.
Spring 2020 University of Anbar

Course Description: Foundation engineering combines the study of soil behavior (the
material you learned in soil mechanics) with topics from engineering mechanics and
structures (structural analysis, concrete, and steel design) in order to design all manner of
geotechnical structures. It may be one of the most rigorous courses you will take as part of
your Civil Engineering program. In general, we discuss practical concepts of soil behavior,
develop mechanistic methods of analysis, and apply our knowledge of soil properties and
basic mechanics to the design of earth structures and foundations.

General Information:

Instructor: Nabeel Shaker Mahmood

PhD Civil Engineering, Consultant Geotechnical Engineer

email: nabeel.sm@uoanbar.edu.iq

office: DWE 101

office hours: Tuesday 11AM-12PM, Thursday 9:45 AM-11:45 AM.

Reference Texts: Foundation Design — Principles and Practice, Third Edition, by

Donald P. Coduto, 2014, Pearson Education, Inc.

Course Objectives:
When you complete this course you will be able to:

a.

Material behavior and site characterization:

Plan a subsurface Exploration

Select drilling, sampling and field property measurement tools
Specify necessary laboratory tests

Interpret field and laboratory data to get design properties

Design and Analysis of Shallow Foundations:

Idealize a soil profile for analysis and design

Use Bearing Capacity Equations correctly

Determination of Correction Factors

Evaluate the effects of water and layered soil systems on foundation performance
Predict foundation settlement (consolidation, elastic)

Design and Analysis of Retaining Structures:

Select proper earth pressure calculation method

Calculate earth pressures for layered systems

Evaluate the effects of water and drainage provisions

Determine internal stability requirements of MSE walls

Design and Analysis of Deep Foundations

Identify major deep foundation types

Calculate side and tip capacity of driven piles in clay (alpha)
Calculate side and tip capacity of driven piles in sand (beta)

Specity pile material types for various applications

Evaluate pile capacity in the field

Introduction to Slope Stability Analysis:

Identify analysis type to be used for different slope and soils conditions
Predict stability in homogeneous sand using infinite slope procedures
Predict stability in homogeneous clays using circular arc charts



Predict stability in all homogeneous soil types using log spiral charts

ABET Outcomes:
a. Math and science principles are applied daily in the design and analysis process.
b. Field and laboratory data are analyzed and interpreted to obtain design properties.
c. Major geotechnical structures are designed from a geotechnical perspective.
d. Semester-long interaction amongst students is encouraged on homework and design
submittals.
Design submittals are open-ended requiring student formulation of the problem
solving process.
Public safety in design is emphasized for every major structure type considered.
Two design submittals (engineer to client) are required.
Not addressed
Through external research required for design and creation of design tools.
Contemporary geotechnical projects either in design or under construction are
discussed along with their impact on society.
k. Required use of spreadsheets, mathematical assistants and CADD along with using
current state of practice design concepts.

o
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Participation:

Come to class on time. Class attendance is in accordance with the published university course
schedule. Attendance to class is required and comprises a portion of your final grade. Quizzes
will be periodically administered to keep a record of your participation and preparedness. Any
absence should be coordinated before the absence, if possible.

Homework Assignments:

Daily homework will be due at the beginning of the next class after it is assigned unless
otherwise noted in class. All homework assignments should be turned in before class begins.
Work turned in late will be penalized in increments of 10% per day. Work will not be
accepted beyond two days late without special coordination affected prior to the due date.

Course Grading: The final grade will be assigned based on this distribution:

Homework and quizzes  20%

Exam 1 10%
Exam 2 10%
Final Exam 60%

Academic Integrity:

The engineering profession does not need, and should not tolerate, dishonesty. Students are
required to be familiar with and abide by the University’ s Academic Integrity Policy. Students
may consult with each other about homework assignments. However, each student is
responsible for understanding the principles behind the correct homework solution (not just the
correct answer). Cheating (e.g. copying other students work) on homework assignments will
NOT betolerated. Violationswill be dealt with immediately and severely in accordance with
the university policies.

Disability:
Students in this course with disability requiring an accommodation should contact the
professor as soon as possible or contact the head of the department.



Class 1: Review of Soil Mechanics
1- Particle size
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2- Index Properties Atterberg limits (LL, PL, PI) why important (Classification,
correlations with swelling, shear strength...)

3- Unite weight ( wtere = 62.4 psf or 9.81 kPa, 1 gm /cm3, 1000 kg/m3)

4- Specific Gravity (Gs) Gs water =1
5- Dr = emax-e/ emax-emin

6- Stress conditions in soil:
a. Total stress
b. Effective stress

7- Shear strength:

a. what is the shear strength: resistance to sliding along a failure surface
b. the two component of shear strength (cohesion, friction)
c. T=c+s’n tan f (Mohr-coulomb failure criterion)
d. Tests:
1. Sand:

1. Direct shear test
2. Triaxial test
ii. Clay:
1. Unconfined compression
2. Triaxial test

a. UU test
b. CU test
c. CD test

e. Type of analysis:



1. Total stress analysis
1. Effective stress analysis
1ii.  Which one is more critical

8- Settlement:
a. Elastic settlement
b. Consolidation settlement (curve)
c. Secondary Settlement

9- Psi=6.8 kPa
Pst=0.047 kPa ( kPa= 20.8 psf)

HW: Read through chapter 3 (quiz next class)
Solve Problems 5, 6, and 11 (Coduto)
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Site Exploration
Purpose:
1- Determine properties, location and thickness of strata.
2- Location of bed rock.
3- Location of GWT.
4- Problems and concerns.
The information obtained from the site exploration program will be utilized to:
- Evaluate whether the site is suitable for project construction or not.
- Design appropriate foundations for the project.
Phases:

1- Reconnaissance Investigation

- Search for all existing information (previous site exploration reports, topographic
maps, geologic maps, soil surveys, aerial photographs)

- Field reconnaissance to inspect:

0 Accessibility of the site

0 Exposed soil and rock

0 Ground water flow

0 Conditions of nearby structures

- A limited number of borings or test pits may be required if the obtained
information is not sufficient.

- For preselected sites, this phase is limited in scope. However, it is important
when several proposed sites are under consideration for major projects such as
dams and highways.

2- Exploration for Preliminary Design:

- This is the main phase of the exploration program and is typically accomplished with
borings or test pits.

- The soil and rock strata that will be affected by the project must be investigated
(depth, thickness, properties).

- Soil and rock used as construction materials must be investigated (quantity, quality).

3- Explorations for Detailed Design:

- Additional explorations may be required to provide the designer with adequate
information prior or during construction.

- Critical parts of structures (such as spillways, tunnels and shear walls) may require
additional borings so that the subsurface conditions are well defined.

Methods of Site Investigation:
1- Test Pits and Tunnels.

2- Exploratory borings.

3- Geophysical Methods.

1- Test Pits and Tunnels:
- Suitable for all types of soil above GWT
- To obtain disturbed and undisturbed samples.
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«——— Disturbed samples

Block samples (M
2- Exploratory borings:

-Typically 75 to 600 mm (3-24 in ) in diameter and 3 to 30 m ( 10-100 ft) deep.
- There are a wide variety of boring equipment and techniques.

1- Auger Drilling:

-Hand auger:
- For shallow foundations and small structures. =T =
- Depth (3-5 m) T ]
- Not suitable for sandy and silty soils below GWT. J

\
1 |-

~

- Power driven auger (two types): L )
a- Continuous flight auger AN 4

ﬁx’
.

b- Hollow stem auger Hand augers (Das, 2011
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Power driven auger (Coduto, 2013)
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3- Wash Boring Drilling:
- To drill through sand, and soft clay and silt.
- Israrely used now.
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4- Rotary Drilling:

- To drill through hard soil and rock by rotating drilling bits attached to the
drilling rod.

- Water or air flow through the drilling rod forces the cutting to the surface.
- Samples (cores) can be taken by replacing the drilling bit by a coring bit.

Rotary drilling bits a- Drilling bits b- Coring bit (Fang, 1991)

* Observation of water Tables:
- Water encountered in a borehole should be recorded (Depending on the permeability of
the soil, water table level may take 24 hrs to several weeks to stabilize).

- Piezometers may be used to obtain accurate and continues measurements of water level
and pore water pressure.

- Water samples may be required to conduct some chemical tests.
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Soil Sampling:
* Most common samplers:
- Split spoon sampler (mainly for cohesionless soils)
- Thin-wall (Shelby) Tube:
- To obtain undisturbed samples from soft and medium cohesive soils
- 2 to 6 inch in diameter, and 24 to 30 in in length.
* Types of Samples:
1- Disturbed Samples >> for index and physical tests.
2- Undisturbed Samples>> for strength and permeability tests.

* Types of Disturbance: +2,

— p—

1- Drilling disturbance: — &
a- Stress relief. b
b- Piping < faning
c- Casing

| o
130 l D// Uy~ negative pore

’ waler prossare
. . Sample
2- Sampling Disturbance:

a- Compression and shearing the soil during inserting the sampler
_z/4D] —7r£4D22 _D’ —2022 < 100%
/4D, D,
Ar : Area ratio
To give good undisturbed samples:
Ar <20 % for medium and stiff soil
Ar <10 % for soft and medium soil

A

7

b- Soil jamming:
Jamming may occurred when L/D ~ 2.5 for soft soil
L/D ~ 4.5 for stiff soil
C = D =Dy yo0v
D2
Cr = Clearance ratio.
To minimize jamming Cr must be between (0.3 % -0.4%)

L

c- Method of sampler driving:

- Minimum disturbance results from fast and steady driving with a static
pressure.

- Maximum disturbance results from hammering.
3- Other causes of disturbance:

- Change in moisture content.

- Chemical changes.

- Mixing and segregation of soil.

- Disturbance during recovery and transport
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Spacing of Boreholes:
There are no hard rules to calculate the spacing of boring. The spacing can be increased or
decreased depending on structure type and subsurface soil conditions.

Guideline for Spacing of Borings (Das, 2011)

Spacing
Type of project {m) (ft)
Multistory building 1030 J0-1N0
One-story industrial plants 20-64) 60200
Highways 250500 8001600
Residential subdivision 2500-S(X) SO0-1600
Dams and dikes 40-80 130260

Subsurface soil conditions:

Regular — Good quality- Use upper limit.

Regular — Poor quality- Use lower limit.

Irregular — Poor quality- Reduce lower limit by 30%
Spacing should be selected so that the cost of the exploration program is between 0.1 to 0.5
% of the total cost of the project.

Depth of Boreholes
It depends on:
- Foundation type (shallow or deep foundation)
- Structural load.
- Subsurface soil conditions.
- The depth at which engineering parameters are required for the design.

Guidelines by the American Soicty of Civil Engineers (1972):

* The net increase in stress caused by the new construction Ac at the end of boring is about
10% or less of the stress increment at the footing base.

* Boreholes should penetrate all unsuitable soil layers such as highly compressible fills and
organic soils.

* Minimum depth of boring into bedrock is 3m (10ft).

Depth of boring suggested by Sowers (1979) from Coduto (2013)

Minimum Depth of Borings
(S = number of stories;

Subsurface Conditions D = anticipated depth of foundation)
(m) (ft)

Poor 65" +D 05" +D

Average 58"+D 155" +D

Good 18"+ D 105" +D
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HW#2: Subsurface Exploration

You have been asked to formulate a boring plan (recommended boring depths, spacing,
boring method, sampling method..etc) for a four-story office building and parking lot. The
office building has a footprint of 50 m x 70 m and the parking area is 150 x 250 m (Figure 1).
Your back ground search and field reconnaissance revealed that the soil profile consists a 2 m
loose fill overlying thick clay deposits. Try to do the best job of characterizing the site for the
least amount of money. Also, discuss the logic behind your exploration program.

Office
/ Building

*

150m Parking

v

s 250m

Figure 1. Plan View of Office Building and Parking Facility
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3- Geophysical Methods:

1- Seismic Methods:

Various layers of soil or rock have different wave velocities
*Refraction Method:

- Impacting the surface (generate P waves and S waves) and recording the
arrival time of the direct and the refracted waves.
- For depths up to 300 m.

Shock generator
“

For rapid and sometimes cost effective evaluation of subsoil conditions (thickness of
layers, GWT level, contacts..etc.)

- For major projects and large areas

Used for preliminary exploration but they are not alternative to the direct methods.

d : Gec/)phone

D
H—Q v, —w,
2\v, +v

*Cross-Hole Method:

L
Vs =—

t

v,
G=

o,

G= Shear modulus of soil
P= Mass density of soil

d
t

Tise

as G G ¥
|

T X

\
\

\ Refracted
| \ waves O\

Bed rock
| ¢ }
| 1
- -+
e t
- ot
'//
/ T
-
Dasta
Impulse =1 Dscill .
| — @ (ﬂv»}- simmecrri,_adid
Virticdd vekociy
ranudie
—

l |
Vel

vebowity

tramsducer

UL L stearume .

—-

Cross-hole method (Das 2011)
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2- Resistivity Methods:

Resistivity of soils depends on water content and concentration of dissolved ions.
Wenner Method:

Electric flow
lines
. «— Equipotential
lines

D=3-10m

R=2aD V/

R= Electric resistivity (ohm/m).

V= Drop in voltage between electrodes B1 & B2.
I= Current imposed on electrodes A1 & A2.

In Situ — Testing

1- Standard Penetration Test (SPT)

- Split-spoon sampler can be used to obtain disturbed samples from soils without coarse
gravel or rock.

Wisnier
poet
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Split-Spoon Sampler (Das, 2011)
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- The sampler is driven into the bottom of a borehole by a
hummer (140 1b) drops a distance of (30 in.) on the top of

. H
the drill rode. ammer
- The number of blows required for the sampler penetration of (140%) 0in
three intervals (6 in.) intervals are recorded.
- N value for the Standard Penetration Test (SPT) is the —t— o
number of blows required to drive the sampler the last two
intervals (12 in.) [ASTM D1586].
- Stop the test if the number of blows at any 6 in interval
reaches 50, or if the total blows counts reaches 100.
- Typically SPT is performed at intervals of 1.5 m (5 ft).
- Many factors may affect N values at a given depth such as
hammer type and efficiency, borehole diameter, sampler
type, and rode length, so it must be corrected.
6in.
E C,C.C,N 6in.
o = LSk Skempton (1985) 5in
0.60 :
Where
Nsp = standard penetration number, corrected for field conditions
E, =hammer efficiency
Cp = correction for borehole diameter
Cs = sampler correction
Cr = correction for rod length
N  =measured penetration number
From Coduto (2001) From Coduto (2001)
TABLE 43 SPT HAMMER EFFIC:ENCIES (A0apted hom Clyeos, 1350 TABLE 4.4 BOREHOLE, SAMPLER, AND ROD CORREC-
B~ e ——— TION FACTORS (Adapied from Skempton, 1906).
\;_._n_n— per "lt‘w 410 vlim Rexwe Nechantus l'mw\\i Foactoe Equipmen Vanabes Value
;"""" :"' f::“ , 12 Dorehole dumetcs 65-115 aum (2545 ia) 1.00
ar wer [ an
C::u Mm:: Iny i anh Rochm s £50 mm {6 in) 103
Doest Han! troppal BEL 200 mm (8 ) 115
Dosst Cothond 130 Sempling menod Stmdand P 100
Civcwsdes Ooest . Cotvosd aso  dactoe, €, Sempler without liner 120
Jpans Dossl Toeam mgger 275048 (0t recommended)
Dowst Catyond 2 e 4 pecud relemse sAS-04) R“k“mw'c' 34 mii0-13 /) nrs
e AR fre Ry A4ms-20 8 033
= e e e D 610 m (20-20 ) 095
SI0m(>30M 1.00

Vearersasa Dot Cathend LR
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- In granular soils, N is also affected by over burden stress:

P
N, 1,60 — N, 60 a,
o
Where:
Niso = standard penetration number corrected to for overburden stress
Nso = standard penetration number, corrected for field conditions
Pa ~100 kN/m? or 2000 psf (atmospheric pressure)

- Uses of SPT data (some examples of the available correlations):
1- Relative Density:

!

o)

Dr(%) =122+0.75[222N, +2311-7110CR — 779(P" )— SOCMZ]O'5 [Kulhawy & Mayne,
a
1990]

Cy = uniformity coefficient of sand

OCR = Over consolidation ratio

Pa ~100 kN/m? or 2000 psf (atmospheric pressure)

N
Dr 1,60
CpCaCocr

Cp=60+25logDso
Ca=1.2+0.05 log(t/100)

t=age of soil [time since deposition (years)], usually taken as 1000 years
Cocr=OCR®'?* (for sand, usually do not use OCR, in this case OCR=1)

Properties for sand based on SPT (Terzaghi and Peck, 1967)

Blow count Consistency Relative Density Friction Angle
0-4 Very loose 0-15 26-30
5-10 Loose 16-35 28-35
10-30 Medium 36-65 35-42
31-50 Dense 66-85 38-46
>50 Very Dense >85 >42

Properties for clay based on SPT (Terzaghi and Peck, 1967)

Blow count Consistency Undrained Cohesion, Cu (psf)
>2 Very soft <250
2-4 Soft 250-500
5-8 Medium Stiff 500-1000
9-15 Stiff 1000-2000
16-30 Very Stiff 2000-4000

>30 Hard >4000
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2- Angle of Friction:

Nso

0.34
W} [Kulhawy & Mayne, 1990]

@' =tan~?! [

@' = J20(Ny)go + 20 [Hatanka and Uchida, 1996]

Y
L ;
N -m =
Y ©
i 3
B ¥
- 2
3 | 4
' 4

A LA :-
4 o
= =
a Iy
2 e
o 4
[ ;)
> - N -

|

4 ™
[ ] T | | 1 Il i l
) 13 = w ] s " N w
ST R Yame

Flgaew 411 Engessal combaton Scrvom N, aad &' S ssconmmnd sl | Adaid
oo Dedeila. W7

2- Cone Penetration Test (CPT)

'y

Also known as Static Penetration Test

No boreholes are necessary, no samples recovered, not suitable for soils with gravel,
the cost of the test is high

Test procedure: The cone is pushed at a steady rate of 20 mm/sec (0.8in./sec) and
both cone (or point) resistance (qc) friction resistance (fc) are recorded through
transducers connected to the cone and the sleeve. fc is the sum of friction and
adhesion developed between the sleeve and the surrounding soil.

J56mm

x ' <
ruxL;".: 'gv'zzr@‘m :

<+—
} 60° Cone
1 Comeal posst (10 e’y 2 1
AT Area 10 cm*(1.55 in2)
X Strain gauges
4 Frcium sleeve (180 cm?)
& Adjustment ning Advantage VS. Disadvantage

& Waterprood bushing
7 Cahke
N Connection with nxks

Electric Cone Penetrometer (Das, 2011)
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Uses of CPT data (some examples of the available correlations):

Qc= Cmpressiblity factor
=0.91 for highly compressible sands
=1.00 for moderately compressible sands
=1.09 for slightly compressible sands
Sand with high fines content or high mica content is “high
Pure quantize sand is “slightly compressible”

@' = tan™* 0.1+ 0.38log (£°)| (Kulhawy and Mayne, 1990)
0

= N—O Robertson and Campanella (1983)
K

Nk= 15 for electric cone
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Dr (%) = /(W) /G—,O x100%  (Kulhawy and Mayne, 1990)
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From Coduto (2001)

YT

i 7T T .' ]
L
-

" O /
‘e & -~ o -
5 [ :":
&l
® 1 c
%5 =
we
g "
3 1 ._c:6 =
a A \
1 \
o o
Kxfarwy ool
My, 10

Ll &) 405 a0l [T N 0
Moen Parte i Siae. Do (xen)

Figure 477 Cortiden Serwem 3, N, ind T s grus A IASape from
Kakawy snd Mapw, 1990 Copyrght © 0 Dlecaic Power Sceexd Lusi,

reprioeed we i e luas

‘
-
|
1

From Coduto (2001)




Nabeel S. Mahmood, PhD

DWE3311: Foundation Engineering

Site Exploration (1 3)

T

cC =

2

miz(ﬁ+

Sensitivity =

3- Vane Shear Test

- To evaluate undrained shear strength of soft and medium clay with undrained shear

strength.
- Driving the vane into the bottom of a borehole and recording the maximum torque (T)

required to rotate the vane.
- Cu s too high and it must be reduced for design purposes.

k = vane factor

i) = kT
2
(c,)remolded

5- Rock Quality Designation(RQD)
- To evaluate rock quality from the recovered rock cores.

Z Length of recovered pieces >4 in.

ROD =

b

[}
/J
d

o~

P \U

|
|
1

-

length of rock cored
Relationship between the RQD and the rock qua;ity (Deere, 1963)
RQD Rock Quality
0-0.25 Very poor

0.25-0.5 Poor

0.5-0.75 Fair

0.75-0.9 Good
0.9-1 Excellent

5- Other methods (Plate load test, pressuremeter)




Nabeel S. Mahmood, PhD DWE3311: Foundation Engineering Site Exploration ( 1 4)

Sample Description (general)

A-Soil:
1- Consistency or density:
Clay — — » very soft Sand — , veryloss

5 soft -5 loss
- firm - » medium dense
5 stiff . » dense
—— very stiff L » very dense
L hard

2- Structure or texture: fissured, laminated....etc.

3- Color : brown, grey,....etc.

4- Subsidiary constitutes

5- Principle soil type.

6- Additional description: with plant root, with little gypsum ...etc.

Examples: G)
- stiff fissured brown silty CLAY (with little gypsum)

®© 6 ®

- dense grey gravelly S@ND (with@gome mica)

B- Rock:

1- Color

2- Hardiness (Brittle, Weak, Medium, Hard)

3- Structure (Laminated, Cohesive....etc)

4- Weathering ( Slightly, Moderately, Highly Weathered)
5- Cavities

6- Voids

7- Rock type (Limestone, Sandstone....etc )
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Geotechnical Report

A typical geotechnical report may include the following items:

1-
2-

Executive Summary
Introduction:
- The scope of the investigation.
- Description of the proposed project
Site Conditions:
- Location of the site
- Geology ( provide maps, seismic activity)
- Description of the site and nearby structures and any unique features in the site.
- Limitations
Site Exploration:
- Number and locations of boreholes on the site plan
- Equipment used for drilling and sampling
- Methods of sampling
Subsurface Conditions:
- Description of the surface conditions
- Description of the water table conditions
Evaluation and Engineering Analysis of the Data
- Select foundation types to provide an adequate factor of safety against
bearing capacity failure and maintain settlement within the allowable
limits.
- Evaluation of earth pressure, slope stability, liquefaction ...etc.
Recommendations:
- Type of foundations
- Bearing capacity and settlement at the proposed depths of foundations
- Site earth work preparation.
- Using of in-situ soil and rock as construction materials
- Specific precautions to protect subsurface structures from corrosion

- Dewatering
References
Appendices
a. Laboratory and field tests results
b. Boring logs
c. Profiles
d. Calculation sheets

o

Maps and photos
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Shallow Foundations (1)

DESIGN OF SHALLOW FOUNDATIONS

We need shallow foundations to transmit structural load to soil so that the foundation:

1- Safe against shear failure in soil
2- Cannot undergo excessive settlement

Shallow foundation when D< 4B

Types of shallow foundations:

1- Spread Footing

Most common
Low cost
Easy to construct

P
— "L
P iy .
s .J:. Ty S

le— B ——

s Bowidth > (7 coat
>34 spled

x P= gﬁc{ufc laad
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L B -
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tidatoad

7 Vet 3 Trickiess enoush 42 fa sist Shear (al‘-«(‘

n__conCrefe
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Nabeel S. Mahmood, PhD DWE3311: Foundation Engineering Shallow Foundations ( 3)

2- Strap footings

when close to property line==== reduce differential settlement

Figare 52 Use of 2 srap footing 10 support
; & when o cannot
extend beyood the propecty lime.

3- Mat (raft) foundation

- If spread footing area > 50 % of the building foot print
- To minimize differential settlement in variable soils

Columny

Fg

Figure 5.9 A mu foundation
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Footing Depth
Considerations:
1- Below inadequate soil layers

0 Organic
o Fill
0 Compressible or weak

2- Below frost penetration depth

0 water expands 9% when it freezes- causes “frost heave”
= some cold areas 25 to 50 mm, but nonuniform
= water may forms ice lens
0 Depth of frost heave from building cods (Example: Chicago 1.1
m)

3- Depth of expansive soil:

- Below water fluctuations
- Highly expansive soils === other considerations

4- footing near slopes

Need to step back criteria

L B

H3 Buc ™
Need Not
 Excoed > .
408(127m)

JH:IVw IH:1V

A
b
A)
A
)
A
b
r—..

im

H/3, But
Need Not
Exceed
WOR(I2m)

H

Steeper than I1H: 1V
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5- Below Scouring Depth
6- Other considerations

- Avoid working below ground water
- Avoid excavation support
- Avoid substructures and utilities

Minimum depth — Tables

TABLE 8.1 MINIMUM DEPTH OF EMBEDMENT FOR
SQUARE AND RECTANGULAR FOOTINGS

Load Mintmum Load Minimum
P D L D

(k) (in) (kN) (mm)
0-65 12 0300 300
65-140 I8 300-500 400
140-260 24 500-800 500
260-420 0 8001100 600
420-650 36 11001500 700
1500-2000 800
2000-2700 900
27003500 1000

TABLES.2 MINIMUM DEPTH OF EMBEDMENT

FOR CONTINUOUS FOOTINGS
Load Minimum Load Mimimum
P D Pio D
) (i) (kN/m) (mm)
=10 12 B<170 100
1020 1 170250 400
20-28 24 250-3%) SO0
I8-36 W 330410 600
o4 % 410-4%0 700
490570 300
$10-5%0 w0

650-740 1000




Nabeel S. Mahmood, PhD DWE3311: Foundation Engineering Shallow Foundations ( 6)

Bearing capacity of shallow foundations
Bearing capacity = shaer strength failure
Occurs when applied pressure > > soil shear strength
1- General shear failure

- Most common

- Failure occurs suddenly

- Formed bulges on the surface

- Ultimate failure occurs on side (rotation) even though bulges may appear on both
sides

- Sand and clay loaded rapidly

2- Local shear failure

- Settlement +bulging (sometimes)
- Failure surface gradually extends to the surface
- Medium sand and clay

3- Punching shear failure

- Failure surface will nit extend to the surface
- Large settlement
- Loose sand and soft clay

** Vesic (1970) — from lab testing

- D/B <2 footing can fail in any mode
- D/B >4 punching shear

** Rules of thumb:

1- Shallow in rock and undrained ==== general shear failure

2- Dense sand (Dr<67%) ==== General shear failure

3- Loose to medium sand (30<Dr< 67%)==== local shear failure

4- Very loose sand (Dr<67%) ====Punching

In practice:
1- Check only general shear failure
2- Check settlement (from settlement analysis) << settlement from local or punching

Exception: Punching shear governs the design if strong layer above very weak layer
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Fipmte 65 Lavmmnny of Taduie yeraee (0 Tetraghi's dwarmg opavus (feivuln

@) From Cexluto (2001)

Terzaghi assumplions:
- D<=B
- No sliding between the faundatlen bottem and the sail

({ - The sollis hamogenous and semi-infinite
\(:?(al.{hear failore

- ear= crtang’
- The foundatlion is very rigld

- Na shear between the ground surface and depth D
- Na applied moment

@ g, = €'N, = g, + 1¥BN, {continvous or strip foumdation )

G = 1.3¢'N. + gN, + 0.4yBN, (sguare foundation)

o = 13N+ g, + 03vBN,  (circular foundation)

L —



6.2 Beanng Capacity Analyses In Sci—Genetal Shear Case

179

TABLE 8.1 BEARING CAPACITY FACTORS
Terzaghs Yesid
(for use in Equations 6.4—6.6) {for use in Equalion &.13}
b}

(deg) N, N, Ny N, N, My
0 5.7 1.0 0.0 S 1.0 0.0
1 6.0 (N 0.1 54 1l 6.1
2 6.3 1.2 0.1 56 i.2 0.2
3 6.6 1.3 0.2 39 .3 0.2
- 10 1.5 03 6.2 |4 0.3
3 7.3 1.6 0.4 6.5 LB D4
& 1.7 1.8 0.5 6.8 1.7 06
7 8.2 20 0.6 7.2 19 0.7
8 8.6 22 0.7 7.5 2.1 (1A%
9 2.1 24 0.9 7.9 2. 1.0

10 9.6 2.2 1.0 k.2 25 1.2
1l In2 0 1.2 B.8 2.1 1.4
12 0.3 33 |4 9.1 30 .7
13 l1a 3.6 16 9.8 33 20
14 12.] 4,0 19 104 36 23
15 129 4.4 2.2 11.0 KRS 2.6
16 3.7 4.9 25 .6 42 KA
17 (4.6 3.5 LAY 123 4. 15
1B 155 6.0 3.3 131 53 4.1
19 (6.6 6.7 3B 13.9 5.8 4,7
20 i7.7 1.4 44 143 6.4 $4
Al 13.9 4.3 3.1 15.8 7.1 6.2
22 20.3 9.2 59 169 7.8 T
23 21.7 10.2 6.8 18.0 R.7 8.2
24 234 1.4 7.8 19.2 9.6 9.4
25 251 127 9.2 207 0.7 109
26 27.1 14.2 10.2 22.3 1.9 12.5
a7 29.2 159 12.5 239 15.2 14.5
28 16 178 4.6 238 14.7 6.7
22 4.2 20.0 17.] 219 if.d 19.3
30 37.2 2.5 20.1 3.1 134 224
3] 404 233 237 327 206 260
32 #O 85 28.0 33.5 232 0.2
33 8.1 222 33.3 L6 6.1 5.2
3 52.6 36.5 39.6 2.2 264 4].1
35 57.8 114 41,3 46.1 333 484
36 63.5 47.2 56.7 50.6 a3 56.3
37 70.1 $3.8 64.1 556 429 66.2
k- n.s 6L.5 §2.3 Bl.4 449 780
39 8.0 70.6 9% R 679 56.0 92.2
40 9s.7 81.3 121.% 73,3 64.2 1094
q1 106.8 93.8 |48.5 839 7319 130.2

Fromy Coduta {20411
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Vesic's Bearing Capucity Equation:

o = c'Nsdibg + o W dibe = 05YBNdibe

Shape factors:

J e~

For etz facdry Se=|
——

BA__-:-O

Depth Faciors:

Load Inclination Factors:

g xt
- -
<

SRR s sl

Id,- | + 04k

d, =1+ Uuné' (] —sing’y

2, =\

k= OV8 if itDiB<=1}
k= tqu (D/B) if (OB 1}
faer? $E%B) i roddiens

.

Pt

For loads itelined o the B direvtion:

*+ BiL

S I 77

For 1oads irg)ired tn the L dirccuion:




Nabeel S. Mahmood, PhD DWE3311: Foundation Engineering Shallow Foundations ( 9)
Factor of safety

Allowable stress design (ASD)

Ja= qu/ F

ga AI‘O“LL b“f'ﬂd Cdsz "b ‘) uw,.;yumow\ e O Ml
Q'u; /fl)ﬂ‘/‘ B.c (‘/S*Iuﬁh-\}* Wf)
Fa faclor s Safely
L. depends on ; -Sail Type P. Fn‘wsi Net tin legs 4 s

- Sihe Dale mentune A it
- StruClure Type 15 s
F=(25-3.5)
=14 _E+_Wt
\,f J
2 Benring Pregsure

g Vakc.nf Column ,oﬁ.d
WE = Weight af Poundodion and Hhe weiyhi o) ol

Qbow, -Hv_ /BuM(,J-Ln

Assume ¥sui) = Youn ,So
W§a bex Yeon Yeon (150 I/t

oy gczf— 45/-?—5"’—- L'1-"{‘"" (2“*"0)
A afen base P

Assume  Fyu= 120 kpa

20
TR = ko Kpa
Wauge P *:’" & Ho Epa
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CVEG 4143 BEARING CAPACITY CLASS PROBLEM

CAnss Pivk |
¥ou have just taken the job as City Engincer of Pez Ridge, Arkansas. One of your first
tusks is to evaluate the gafety of an elevated water tank in the nationzl park. The tank
weighs approximate|y-=t wns when full and is supporied on four legs. Cach leg has a
ciccular foundation as shown beiow. Determine-the-allowable. capasity-o Ethe-fouadations.
Us¢ both general shiezf tonsiderationsand-locatshear considerations. = <

22 = 2otert = UoO,000 &
i "= YDsu=

|

= 1

3.5° \)AI’%— 76

——

9.: 9 e

e

\o

Properiivs: A
WL_ AwDa¥e = Db %3150 fef o ypzo0lb
Silt (ML =
Ho w00 22
¢=250 ia: + "'{.?U _‘Lféré p
y= 110 pef 2.6 = s
¢ =170 psf

:i—xpzllo,ﬁ';:_gi i+ gb/gf\/}’

f‘f.rm Toble  for P28, Me.asy

ia: Iof 300 FS?C

Py _ '2° < 25 Netok

o 4 616

&t

cMg<ie Ny-9.,
Fao b2 () (250 +{%330) {2 + 0.2 (1) 3.5) (4.2)



CVEG 4143 BEARING CAPACITY CLASS PROBLEM (2

job as City Engineer of Pea Ridge, Arkansas. One of your first

You bave just taken

Lasks is to evaluale the water taok in the national park. The 1ank
weighs approximately 20 tons 'Ls supported on four legs. Each leg has a
circular foundation ag wable capacuy of the Foundations.

Use both genetal shiéar ccnndcrahons end local shear consi
Sdie e popo for cH ard w-Tef 3H

T 1

+— 3 —»

Properties:
_(cH)
Siit (%)

4o o

‘r-IIOpcf
c= \2emr Fom PsF

L A A ‘=
ia: L.';bl‘é‘ !l‘fr. F£rum '—'.“'J”r 20

-~

?ﬁ«:(ZLu}j1 Ng"‘—o.&"{,bl

Low IJM,,O , Ne. s. N?—- {,F\?}':O \
[\!b Cu!’fc.‘\'—l"w 5 r’lv.@:‘g-m‘.; ( Io'stsj <ide £ C-V\AL{S!'S)

e b3 Fa) (7R (33901} = 6262
’ -
I:_— 1—'(4' - 6-')- &‘o ] r"‘nq" q_:-/ :\LS—‘
- - - I'_,)" —

:?a & &6
) S L 7 e
L5 told $heg analysts hih 1



CVES 4143 Bearing Capacity Class Problem 3

A square foundalion has 1o be constructed as shown below. Delermine Lhe size of the
footing vath F=3.

Pyross=1500C0 Lb

. &I g i ETX

=118 paf
£ I > B=34°
! vl




m cless Prub. (2) )l’

=X - 106 Pf - '[‘zf T
Req. & DF =3 Bt —| —
¥ oieltg ef 4=
= \ B
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CYEG 4143 Bearing Capacity Class Problem 4

Delermine the adequacy of the footings {shown below) against a pereeraf shear failuve.
The 1otal load is 100 1ons. Usc a factor of safety of thrce.,

Soit Properties:

p =133
C= 100 psf ELEVATION YIEW Q
i
X
ne=L17 pl 2N

15° 52 L

—~ 1
You = 123 pcl T
AN

l v

P TN
PLAN VIEW .

F - 101




One- way Eccentricity  ;From Coduie, 2001) (

—F

TP TS

¥ "’L_s__]-_ff’.':-—fl;_

<
i s
i1) L]

Figure 5,14 {3) Exeeniic and | b) mamend Toads on shaflow foundalions.

|f|

¢ <86 bie= 2%

4P
Hmax = 3708 - 2¢)




Two-way Eccentricity

P
]
t
When:
Geg be
7 + B =10 . y )
_ P gt
q"‘“_BL(l+ B T L)
F=QJQ|M:

LEquivalent {Effective) nniformly loaded Avea Method (Meyerhodf, 1953):
Intermediate value between average and maximum bearing pressure

Will be used (o calculaie bearing capacity und settlemnent

I- Determune equivalent dimensions fonc or two way cceentricity) .

B'=B —2eg

U'=L-2¢
2. Calculme gy ( witimate bcarin%up:lcity]:
a. Use cffective dimensiomto colculate shipe factons
b. Use original dimensions to calculate depih factors

3+ Qu=qu= (P+Wf)@

- A=frem B and L’
4. F=qufq,

See Exomple 7.4 pp. 239




CYEG 4143 Beaping Capacity Homework# 4
=
A 5.t square, 2-ft daep spread fooding is subjected 1o 3 concentric vertica {cad of 60 k and an
overmming momeenk of 30 fi-k. The avernurning momen acts paralied 1o one of M sides of (e
fooiing, the top of dw looting is flush with the ground surface, and the proundwater 1able i at
a depeh of 20 (1 below the ground suciace. Determine whether the resulant forge a1y wachin
Lhe maddle thard of the footing, compule the minifum and maximum beanng pressures, and
show the distnbution of dearing peessure in 2 skeich.

2- A sguare footing 2 X 2 m has to be constructed as shown below. Are the footing
dimensions adequate for the given loads if we use a safety factor F= 37

£ = 600KN

AR w | ALYy A A Y
m
Bul y w 175 KN/m?
R = |{" O m 25
tm25kPy

3- {Bonus question): Bused on what we have discussed in class about friclion and
adheston between soils and consiruction materials such is conereie und stecl, check
sliding safety of the footing due 1o the effect of the force Hy. For now, negleet the fooling
weight and the iatcral resistance of the soil {passive resistance).

‘:p.-p'¢a C_ |""l.'-42 =
T -
ime ; T F & | 4y L
T bkl Pt =
o [ad Fomdh g gt
e L o EN T
Ll S I (9 o) M
'I:"-I 1'\1‘{ Fﬂ‘r o"\J L‘jw 3 - - LI"L'U\

@) -ﬁ"" % %1
¢y bone FaM T =
- F' "\3‘]' q’ﬂ,.l .-Irf.- ) F—y-}),—v—"?)
0 - ? - pd[ - 'I""llfL. |
- ol .th.rl' !. I..u‘ -. __'_-_ﬁ )

-~ ¢ I:u,,,..,fr. Pall «? Ly P
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TABLE 2.1 TYPICAL ALLOWABLE TOTAL SETTLEMENTS

FOR FOUNDATION DESIGN
Typrcal Allawnble Toral Senbement. §,
Type of Swructure {in) {rom}
Office buildings 05-2001.0isthe 12-50 (25 is the masl
Mot common value) common valise)
Heavy industrial butldings LO-3.0 2575
Bridges 2.0 50

TABLE 22 ALLOWABLE ANGULAR DISTORTION, #, {COMFILED FROM WAHLS,
1984; AASHTO, 1296; AND OTHER SOURCES)

Type of Struciure 9,
Steel tanks 1725
Bridges with simply-supponed spaps 1125
Bridges with continuous spans ' 17250
Buildings that aae very toleraot of differential settlements, such as industnial buildines
with cormugnied sleet seding and no sensiitve nlérios fimishes. 17254
Typical cornmercial and ressdenqial builldings. [#500
Querheud (eaveling crane rails. 17500
Buildings that are ¢specially initderant of differeaual semlement. such as those wilh
sensitive wall oc floar fioishes. 171000
Machinery® 111500
Buildings with unweinforced masonry load-beanog wallz
Lenghvhaght 5 3 172500
Lengduheight 2 5 1230

*{ argc inochines. such s wibines of larpe punch presses. ofren have iheir own [candaaon. spasate from 1tha af
1hc building 1hae houses 1hem. [I ofien is appmpaate 10 discuss alipwae giltereniiat seodement issaes widh ahe
Mmawhine manwaciurr.
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CVEG 4143 Settlement Homework# 5

Solve 2.5, 2.6, and 2.7 [ Codulo 2001]
In Codwie (2014), these problems are .11, 5.[2, amd .13

25 A seveo-sinry stecl-frame office betlding will Rove ¢olumas spaved 7 m o cender sod will
buve 1ypacal utierior amd eacesior finiches. Cumpute ibe Sllinvable (ol amd difEeverdind settk-

mcttis tar thie dubidag

26 A two-sory reisfarced cancrels i tiavettt id 16 be boill using an umpsua) anctivcnml de.
vign. [t will include mpny tile muraly aad vaher scnsitive wall finishes. The eolumn spacing
will ¥ary beiween 3 and K . Cowtipic the allowabie 1ol dnd differemeyl deulcments fos thas

buiding.

A7 A H) [ix 60l one-stury agnculard siorage buikding will have camugored seel suling amt no
inicrior fioish of imeniar columns. However, il will have two rofl-up doors. Compure the -
lawabie total and ditfensinl sedllemont for 1his busldipg.



2L

P
B\

1+

i d ]
spt8 " 1 \id
Ir = horizonial didarcr mdm ¢ nidt ok af frating
Ip  mdepth Bdaw boram of Saoding
8 wRnollap malth
fo = tfcwee faoice

Fawe?d Sarn Onia baned om Newmrk ‘s sofulion of Boussinesg's ranadrant oy Muars Sl comcT o o g



Yerttcal Siress Cansed by o Polnt 1.0ad
e

Baussinesq Cqueation:

3r =

3

A% * T E At

NORMALIZED DEPTH, 2R

T r r

r C 7 C, z C,
0.0 Tpd7es| 032 [03m2 | LOD | 0.08H
D03 04770 | 05+ | 03632 | L.20 | 0.0SI13
0D " DATES T 0,38 | 43521 | 1.40 | 00317
O0fF | D423 038 | 0.3408 + 160 | 0.0
CO8 | 04659 . D40 03294 |50 | 90129
®10 | 04657 | 045  G5000 . 200 - ©.0D9S
Q.12 [ 04807 | 00 § 03733 [ 220 (.1)58
014 | 24548 | 055 [ 02466 | 240 | &.0040
0.6 [¢a482 [ e [ 0210 260 | 04629
018 (044 | 065 | 048 | 280 | 0.002)
020 [0232¢ | O | 0752 | S00 | wedls
02> | 04342 | .75 | 0.1565 | 3.20 | 0.00:1
034 {04151 240 | IR6 [ 130 | O.0008
D36 J 04080 | 085 | 236 | 260 | €.DAGE
PIK FNIgsd | n90 | 01083 | 280 | ¢ DI0A|
030 [ 03840 1 092 | 0.K%6 | 4.00 | 0.000K

Yertical Strass Benealh a Uniformly Loaded C.le Ares

a - -
=T e
A e M
SR o g s B e e
1 T s e f//'_i:(é?c\"'
3 — = _— -
: :aggiﬁ " o —
————— — 7 ey
5 ~ 2y ATy r;
. - = e a—
00 0.2 a4 o4 08 10
INFLUENCE VALUE, I.

atz= 17 4

ouLenGiNEERING 139



§ -1, 7,28 Taabu_etal (450)
S

P Acerere beariy St

RB= Fp ;/.f-;i W'lp/-['lx

@.;.ﬁugamwlww&ﬁﬁ_so /|

Lo Lirfluence tagdor aceurding bor bohnclpls [

f =)
+
L :_71: nv@cm&cﬁmcakaﬁ_yﬁné&gswc __3"7'
i [l's_n,opquciagy-vkb;nésﬂdi@ Y ¥
Kﬂ.wxﬂki /i” _
o A A 4 I
C L - 6. . e =  &x2s
8 A sand
£ e //3 Bt ey [ e L 25 (e oo kSE
L _Bv _s. o Zr _23 P v A
G Sem/ Fons
prpfr-»[f’i Z—I '-fr;-gq G
= e +

= .L-L—j’gé——L/i?&)(ZS) Lgolc X 2
5

Ksr E.J—J-ﬁ Jov k.ﬂ-‘:--

\__,,
=a-0608 H~= 0.72 iq




P

lﬂ\
e 0.7

)
C
——

l

™
o &K
oe
(4] 3 10 1§ >
Dis
ALl
ng Comtitamugd (L/F u e )
- /
2}
" U)!" It
u oy
14 b 7 5
' s
- 1
10 :
E . Squarr |
os | Circala
o E
ot ) 10 | ¢0 {0
/8

Flgure (8.2} Influence factors for Janbu et al. Eguation [Coduto, 2014).



Consolideion SeoHpmat

i ;&,,,s._&’ﬁ?;;mwm;éimg) e i

o Tj"i—

il b it iy =

UL B R “° | S,
TR : 3
e

7Y

SMigsg 1o Solf = (it 4 Axy

U= ht Koo Lad oo e SM4
Az (it —ha) Y 7275 S Sy W QU] "y
— D He cod § ot Lmi?__q___b&a_au—ﬁ-mib_‘
Uz kN E’....{(r g D52 A——buadt
A "‘—"of_!:'-
L tﬂ :v '_{ 7+
2 { ; 5, L ~— ;'—_:l;
oe— O"E'J'M
50 /HU LAP ( Te o 24 ol
ex (L) er Zoght’s Theary sHlcorslehd®)
Ho=doitid feger hictnes
to = dnidicd Voidiatie _ (St=Giw) e 080 =
&8 Chﬂw_fﬂ_tfa,alfa:{‘}u sl (4

lA 94,14_35'.; dux_tfc._f)éfom QanItdﬂZﬁd‘_r'
Tesd




_}r_Ncmcf&U_.onﬁ;:uGi
e AL NN

Ugwato @.VJ,A&{{ Ae?

-

ﬁoMJC%M&W )

G2 = M past efockle ns AN

8273 :cms_vioia o Sheegs) i WL T
——C& —Cﬁﬁﬁﬂbﬁ—lm‘

— @;—-G‘u\ +_.0.-'__ . ——C

ey o»wr-msul.dg,ko?_mars;n'

- LHC = CL—( J_Q_g__@f_.-_fﬂ_g_‘-z\i'n.)_t_CG. J O&%—‘*

- /
o Hie T%f
= g—'— H.g, "":’J--g-a;

mg%m@m;_ (0cR>1)

/ i BV, R
2t (refth gl gy 4
_______ G M Gy T N N
e YR & B i
Croz_Suotdh r!j_mcfm }tesorfressis) \
J:_g’ ! - o ! A\
(o _Gizf_>_g~us_4__aa o By lor_g.u'
- B ’ T e B
SQ; H _Ir_Cr_lL_Dj ._9-__+ Q Lua 6-‘4 o

S+ c il

— - -




_iWperizal el Sligs {ie cors. prmdov-s @

Co=0-909( LLoiv) i = Il

C’{‘.-

»*

&/4

= _:__I_.- qufafl-:ltj_zfls&x_ (I — PL

8L pncL v

ﬁﬁﬁﬁﬁﬁ LI_;,/JJ_":_W,N o e BT
.S L_:L - = Lgul}O =
LT <. O HCsw-lﬁ ) ol = Dt By O
WY e ST R, e i

) Break the consol. Jd%faga’_; ot st leyerg K€
Q)_CmLcﬂc-_f— Cue_and. AT @_m.d__h.lgld é}- €ach laye -

. AR L) ul/aa_wj_qiﬂ-ted_sm;

s A0 — Ute BB o_ss. n «quli
%)_Qef ar_ﬂi_lmﬂwfc._blw 8c Co £, Gz

4.1)_&@@%@, Lo

T

i

(&5

@_Chu.k.' = S8 g_g__._ Lo g |

-Fay f&h‘ﬁiﬁ]/_mc{ﬂ/f MMM i T et |
The lai_kgzz.ai'_éﬁssrz_é_a 5 =

b= Foy Manuad MMMMWMHx__ :

/ﬁ'l 't;JI.r' S‘]’LL\(‘_;.WQ—;Q{ CJW — C-O‘VF- 6]—‘L ]
~."'¢'<' Cim;li'_[:{[.__, = "I 12/, ) R -
( *‘AW‘ Ht n ZB ;
=i B lﬂ\" N g = — - - -‘!4'—
3 by 28 ui —




CVEG 4133 Settlement Homework# 7

From Coduto (2 4)

B.11 4 propased wifice huilding will include un ¥ 01 6 in sqQuart, 3 [t decp spread footing thar will sup-
Pty vertical downward service loed of 160k Thee soil below this foating is an avercunsalidaird
clix with the fn!lowinp vnginecniag propenios: G010 + oy ='[11-10. CAl + 29) = 0.@2. '
er” = LI IBAE ard 3 = 183 I Mais suil strity) extends to @ great depth und the ground-
;\';ll?f Gl is it oo deprh ol 90 below the ground surface. Dejatmine the st Stl;lEﬁléii’l of this l

[T |

)
.
]

12 f\ 2 - U3 m deep foutiog cumics o doenwerd service lagl of 200 N, [t
% unceclam by an - overconsoliced clay with the following cnginecring  propemacs:
€, = 0200 = 05 ¢, = 0.7 OCR =R urdl v = 150 &N/m’ above tlse gmnndwater iahle

and 6.0 kN/m® below. The groundwatst Lable i3 aL o depih of |4} @ below Lhe pround serdae.
Determine the (o] settlement of thig fouting.
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CYEG 4143 Foundation Settlement Llass Problem 2

You are required 1 predict the consolidation settlersent of the water tank previously
deemed dangerously close (o a bearing capacity failure (See Bearing Capacity class
problem # 3). As you may call the tank wcighs appreximately 8¢ tuns when full and is
supported on four legs. Each leg has a cireular foundalion as shown below. The sail is fat
clay (CFH} exiends to a great depth. Assume WisWse 1550 |bs, and o' = 1000+G", 0. Is
the calculated settlenwent acceptablc?

o N |
- 3.
K-
|l r] EJI-L‘ 1 L’_‘ -—é_"vl ¢
— 35 T—— -
Fat Clay (CH) 2 gl i
Yeat = 115pck g.L V.o ’ .
G, =27
o =40% ”
11.=85 Lzrzszs

PL=3ﬂ .,J."—‘——'-‘ " — ] L



Earth Retaining Structures Foundation Engineering Nabeel S. Mahmood, PhD

EARTH RETAINING STRUCTURES (ERS)

Lateral Earth and Water Pressures:

Retaining structures are designed to resist lateral earth pressures and water pressures that
develop behind the wall. Earth pressures develop primarily as a result of loads induced by the
weight of the backfill and/or retained (in-situ) soil, earthquake ground motions, and various
surcharge loads. For purposes of earth retaining system design, three different lateral earth
pressures are usually considered:

1) At-rest earth pressure is defined as the lateral pressure that exists in level ground for a
condition of no lateral deformation.

2) Active earth pressure is developed as the wall moves away from the backfill or the retained
soil. This movement results in a decrease in lateral pressure relative to the at-rest condition. A
relatively small amount of lateral movement is necessary to reach the active condition.

3)Passive earth pressure is developed as the wall moves towards the backfill or the retained
soil. This movement results in an increase in lateral pressure relative to the at-rest condition.
The movements required to reach the passive condition are approximately ten times greater
than those required to develop active earth pressure.

k=21

m o=y
o, l

Ko= Coefficient of earth pressure at rest.
Ka= Coefficient of active earth pressure. a,
Kp= Coefficient of passive earth pressure.
.I<p>KO>Ka Extension Compression

c.= active earth pressure. .

. == ! j
op= passive earth pressure. | i ro

”~r L 1 1 T - Y

Pa= Resultant of active earth pressure. A 0 A
Pp= Resultant of passive earth pressure. Active condition  Passive condition

passive condition

active condition

v



Earth Retaining Structures Foundation Engineering Nabeel S. Mahmood, PhD
Lateral Earth Pressure Theories:

1- Rankine Earth Pressure:

0= Angle of friction between soil and wall= 0

a- Active condition:

ov—ou
sin ¢ = 2

ov+ou

+ccotg

1 —sin 1 —sin
oa = ov - ¢ -2c - ¢

1+sing 1+sing

C
1 —sin a, e
Ka=1"5M9 25— 0y —| L
1+ sin ¢ 2 ov+ou
cootad =
oa = O'VKCZ — 2C'\/ Ka Oulward movement
p=a5+2)
2 y
p=angle of failure surface AAXXNIN_ Acsve
2008
Fassive zone
= - ) ~
et 1\ 457+ 12

b- Passive condition:

c,—0,
e 2
sing = o,+0,
+ccotg

—qi 1 C
szavl s%n¢+2c l+s?n¢

1+sing¢ 1—-sing | | a3 I

1+ si ccoty ap - n
Kp=FS¢ _ n24s+ 2 »

1—sin¢g 2

op =ovKp +2c+/Kp

¢

P=(45—5)



Earth Retaining Structures Foundation Engineering Nabeel S. Mahmood, PhD
Notes:
1- Resultant of earth pressure

tension crack -

i >
A A X X
< Zo = depth of tension \
N\ > ) ¢
cracks

—_—

Active earth pressure Passive Ié;l{t\ﬁ.’ll)l:e;;ﬁl‘;“
2- Ka= L
Kp
q.Ka - 2cvKa :
3-Forclay ou=()z+q,)Ka—2c\Ka : hmmﬂ/\gv\
If (q,)Ka = (2¢~/ Ka) = No tension cracks \% Zo
Ifea=0 Tt
0=(z+q,)Ka—2cVKa H p
2c q,
Zo = = Yy
y~NKa y (/H +q,)Ka —2c\Ka

active earth pressure

For short term analysis ¢,=0, Ka=1, then:
_2c—gq,
Vg

Zg

c- Inclined surface (6=0):

1
Py = Eyz2 Ka cosp

B cos B —+Jcos® B —cos® ¢
oS B ++/cos® B —cos> @

Ka

...Eq.(1)

Tr e
PPZE]/ZZ Kpcosﬁ R

K> 1 cos B ++/cos® B—cos’ ¢
ka cosﬂ—\/coszﬂ—cosng




Earth Retaining Structures Foundation Engineering Nabeel S. Mahmood, PhD

2- Coulomb Earth Pressure:

- Friction between soil and wall is considerable (6#0)

- In practice, walls are not smooth. Both wall friction and wall adhesion
modify the stress distribution near a wall, so wall friction, 9, and wall
adhesion, cw, should both be considered as proportions of ¢', and ¢’ or su,
respectively.

a- Cohesionless soil (c=0):
Active case only do not use Coulomb for passive case (Kp over estimated)

failure
surface

R
|
P, = E H K,
B cos’(¢-0) Eq. (3) R is the resultant of the
ac . s 2 perpendicular reaction
cos’(8)cos(d + )| 1+ J sin(¢ +0)sin(¢ ~ ) force and the parallel
cos(d + 0)cos(6 - ) friction force

If p=0,6=0,0=0= Ka = tan2(45—§)
Note here that PA is NOT horizontal

Another method to calculate Pa: Direction

. known Pa ~ aNn_fA_ 8
from force diagram

\\%
Magnitude and
direction known

Direction known R h

Procedure:

1- Assume different values for p.
2- Calculate W

3- Use force diagram to calculate P. Pal-----
4- Plot p vs. P and find Pa ( Prmax ) p /\

0= 2/3 ¢ concrete wall
0= 1/3 ¢ steel
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b- Cohesive soil: (¢ & ¢ soil) Tension cracks o
Active Case:

o, =K, .c'v-K*.c. Eq@4

! C -
K®. =2 /KAC(1+—”7) an E” ;
C )

cw = soil wall adhesion= 0.5 ¢, but cw< 1000 psf for active case
cw< 500 psf for passive case

C

\

Total stress analysis (¢.=0) for both active and passive: Force diagram

- Use oy (total stress) to calculate . and G,
- Kac=Kpc=1

- KM KR =) /(1+Z—W)
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Notes:

1) Equivalent Fluid pressure:
- Sometimes for design purposed, engineers use equivalent fluid density (yeq)

Yeq= equivalent fluid density = Ky
- According to AASHTO, vyeq shall noly be used when the backfill is free drain (Gravel

and Sand)
ou= Kyz
O-a: ’quz

z = depth below surface of soil, the resultant of the horizontal earth pressure acts at a

height of H/3.

Typical values of equivalent fluid density for wall heights not exceeding 6m for

sand or gravel are provided in Table 1. The values are presented for at- rest

conditions and for walls that can tolerate movements of 25 mm in 6 m (i.e., A/H

= 1/240).

Table 1. Typical Values for Equivalent Fluid Unit Weight of Soils (after AASHTO, 2007)

Level Backfill Backfill with p=25°
) At-rest Active At-rest Active
Type of soil
Yeq (kN /m3) A/H =1/240 Yeq A/H =1/240
Yeq (kN/m3) (kN/m3) Yeq (kIN/m3)
Loose sand or gravel 8.6 0.2 10.2 7.8
Medium sand or gravel 7.8 5.4 9.4 7

Dense sand or gravel 7 4.7 8.6 6.2

2) The Rankine method cannot take account of wall friction, and accordingly Ka
is overestimated slightly, and Kp is under estimated, thereby making the
Rankine method conservative for most applications.
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Design of Retaining Structures

Earth retaining systems (or retaining walls) are used to hold back earth and maintain a
difference in the elevation of the ground surface as shown in Figure 1-1. The retaining wall is
designed to withstand the forces exerted by the retained ground or “backfill”, and to transmit
these forces safely to foundation and/or to the portion of restraining elements located beyond
the failure surface (FHWA Reference Manual, 2007).

O,
e
’Surchargé"
g loads
c ya S f Faiturc
Front 7 surfave
e S z
r.ILC Vd h‘. . .-
7 - Restraining
p,=Lateral clement
Front |—B.ack pressurc . {c.g. Deadman)
/
Backtace

p,=Bearing pressure

CLASSIFICATION OF EARTH RETAINING STRUCTURES

In this manual, earth retaining systems may be classified according to:
e Load support mechanism, i.e., externally or internally stabilized walls;
e Construction concept, 1.e., fill or cut walls; and
e System rigidity, i.e., rigid or flexible walls.

Types of retaining walls
Retaining walls are usually classified by their stability mechanism
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1- Gravity walls:
-H <3m
- Stability due to self-weight aided by passive resistance.

0.3 m—H/12
[«

_EDﬂMme

(0.5-0.7) H

2- Cantilever walls:
- Hfrom3to7.5m
- Reinforced concrete walls

- Utilize cantilever action to retain the soil mass l(')l
- Stability partially achieved from weight of soil 7+ T KK
on the heel portion of base slab. .

12D-D|.".

<—>| .

e Hy2-my10)
B=(0.4-0.7) H
€|

Heel

3- Counterfort walls:
- H>7.5m
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- Is used when the cantilever is long,
or for high pressure behind the wall.
- Counterforts tie the wall and the base together.

20-30 cm

Counterfort

|‘ ’l

H/14-H/12

<>

(0.3-0.6)H

>20cm

B =(0.4-0.7)H

Stability of Retaining Walls:

(1) Assume a direction of possible unacceptable movement (sliding, overturning).

(2) Draw a FBD (free body diagram) of the wall.

(3) Determine the forces acting on the wall which tend to cause sliding or overturning.
(4) Determine the forces which resist the failure mode.

(5) Compute the Factor of Safety (FS) for each failure mode.

(6) Compare the FS with the accepted minimum (design criteria).
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'\ \ ¥ 4 \\ A Figurs 2.5 Faluse of retamuag wall:
e gt ~ . (2) Ly overturneg; (b) by slidmg.

() by beanng capacity fadlure;

(<) (d) (d) by deep-seated shear failure

From Das (2011)

1- Sliding Stability. Factor of safety against sliding (FSsr), is calculated as follows:

10 X
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FSo = Zresisting - forces
SL=
Zdriving. force

S+Pp
Pa

Example: FSs; = >2

If Pp neglected, (FS) sliding > 1.5
S = adhesion + friction

friction (F)= yt N= N tano
S =cw.B + N tano

N= The vertical component of the resultant (R).

Pa is the horizontal component of the lateral earth pressure force (Pa) when P4 acts at an

angle.

Sometimes soils of foundation and fill behind the wall are different.

2- Overturning Stability. The FSor is calculated as follows.

2 Mr X Resisting Moments about the Toe
> Mor Y. Overturning Moments about the Toe

FSor =

Example: (FS)overturning: LZC >2

Pala—Pv.B

11
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3- Kern: The normal component of the resultant, N, should be located within the middle

1/3 (the “kern”) of the wall’s base (e < B/6 ). The magnitude of N is found by summing the
vertical forces on the free body diagram of the wall and adjacent soil masses. The point of
application of N is found by summing moments of all appropriate forces acting on the free

body diagram about some convenient point and solving for d.

e=B2-d
Z Mioe=0

2 Mr—2 Mor=Nxd

g > Mz - Mor
.. N K
Example:
N=Wc + Pv
g We. lw + Pv.B + Pp.lp — Pa./
We + Pv
B/3|, B3 I B/3
v
When e <B/6 ;€
N " 6e) T B2 B2

9 max B B Ymax WQMin
When e > B/6

g = ;N A e l Tension

3(7 — e) qmax
2
Not preferred because of tension | B
3 — e)

A wall for which N falls outside of the middle 1/3 should be redesigned. If N is found to be
forward of the middle third of the base (towards the toe), the analysis indicates the soil under
the rear of the base must be placed in tension to maintain stability. If N is found to be to the
rear of the middle third of the base (towards the heel), the structure is over designed and
could be designed/built more economically.

4- Bearing Failure. The bearing stability of a retaining wall depends upon a comparison of
the bearing capacity of the supporting soil (qu) and the maximum bearing pressure applied to
the soil (qmax). Bearing stability analysis of a retaining wall is an adaptation of the bearing
capacity analysis for continuous or strip footings. Two important differences exist:

12



Earth Retaining Structures Foundation Engineering Nabeel S. Mahmood, PhD

a. The resultant normal force applied by the wall base on the soil is not located at the
center of the wall base as it is with footings. The wall’s applied normal force, N, is
eccentrically located a distance d from the toe of the wall (usually within the middle
third of the wall).

b. The depth of surcharge for the wall’s base is always much less on the toe side of
the wall than the heel side (see the typical shape of cantilever walls). This results in a
different pressure distribution than a strip footing where the depth of surcharge is often
the same on both sides

BearingCapacity Ultimate _Gu

FSs = »3.0

Bearing Pressure  Applied ~ qa
4- Other considerations:

A. Settlement and General Stability: Thorough analysis of a retaining wall should include
settlement and general stability. Settlement refers to the change in height of compressible
layers associated with a change in effective stress on the soil. It is not typically checked for
walls of modest size since it usually replaces excavated soil. General stability refers to the
overall slope stability of the surrounding soil. It is possible for the entire wall to be within
the failure zone of a larger stability failure. This topic will be addressed in the Earth
Structures course as part of advanced slope stability.

B. Drainage: As seen in example problems and class problems during the lesson block on
lateral earth pressure, a saturated backfill exerts a tremendous amount of pressure on the
retaining structure. Therefore, it is essential to provide adequate drainage of the soil behind
the retaining wall. The drainage often requires more than just weepholes at the base of the
wall. For example, a select backfill of gravel or sand may be necessary if the in situ soil is a
compressible clay. Additionally, filter material (often geosynthetics) or a properly designed
aggregate filter is required to prevent the weephole or drainage pipes from clogging

2
weepholes / Geosynthetics or granular soil drain pipe (perforated)

@) ®

\fi

Iter layer

(©)

Use Rankine or Coulomb to calculate lateral earth pressure as follows:

13
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Rankine (6 = 0) Coulomb (6# 0)

i *
?: Ws [<

>
? l
w

i e——

L H/3
[7_‘,",5.,..’;-_-,, ¥

14
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Class Problem (4): Retaining Wall Stability

For the wall shown in Figure 2 determine the stability of the retaining wall for sliding,
overturning, and kern.

P2 SN
SAND (SW):
c=0
¢ =37°

3ft 21t y = 120 pcf
A 7 § = 25°

13ft

1ft

p:tanﬁ

Yeone =150 pCf

1 21t

y 1/

d 5 ft 4
/. 4,

/ /
10ft
Figure 1. Cantilevered Retaining Wall with Well-Graded Sand Backfill (SW)

1. Draw the FBD.

J'wszmb

V, A
WZ
| o
?I SOl w a
Pp LA
v > F

et

d N

Figure 2. FBD of Example Problem Cantilevered Retaining Wall

2. Determine Rankine active and passive earth pressure coefficients.

K, = tan 2 (45 + ¢/2) = tan 2 (45 + 37/2) = 4.0
Ka= /K, = tan 2 (45 - ¢/2) = tan 2 (45 - 37/2) = 0.25

3. Determine Rankine Soil Forces (Note: No GWT or surcharge).

%120)(15)2 (0.25) =33801bs

Pa:%]/HzKa— Mor=P.* 5 ft = 16900 ft-1b

1 1
Py= 57/ H*K, = 5(120)(3)2(4) =2160/b

y = 120 pCf ’Yconc = 150 pCf

15
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Weights: Moment Arm Mg
(about toe)
Wi=1v (5)(13)= 78001b 7.5 ft = 58500 ft-1b
W=7 3)(1) = 3601b 1.5 ft = 540 ft-1b
Wi=y:(2)(13)= 3900 1b 4.0 ft = 15600 ft-1b
Wi= v.(2) (10)= 3000 Ib 5.0 ft = 15000 ft-1b
N = 15060 Ib Mr = 89640 ft-1b

4. Compute Factors of Safety:

a. FSsL
F = N =tan 25° (15060 1b) = .466 (15060 Ib) F = 7018]Ib.

F+P, 7018+2160 9180
FSst = = =
P 3380 3380

FSs=272)15 ..0OK

b. FSor

Mz 89640 filb
Mor 16900 filb

FSor = =53)20 ..0OK

c. Kern

M= Mor _ 89640 ~16900 il _ 72740 il

N 150607b 150605
d =483 ft
e=B/2-d=10/2-483=0.17f
B/6=1.66ft
e<Bl6 . OK
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Class Problem (5): Retaining Wall Stability (Gravity Wall)

Given the wall shown below. Evaluate the stability of the wall. The wall shown below is the
same wall analyzed in class problem 3 of Lateral Earth Pressure.

v: = 120 pcf
¢ =32°
0=7.6°
121 0=20°
aB:11.3°
B
3ft ZEN ¥ cone = qu= 8000 psf
------------------ 7.5 ft
1. Draw the FBD.
2 ft
S < aof
0 P
12 ft \W a
3ft )X%Pp —
q F
<d > N
7.5 ft

17
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2. Determine Active and Passive Earth Pressure Coefficients

a. Active Earth Pressure (Coulomb).

b. Passive Earth Pressure (Rankine).

3. Determine forces and moments

a. Pa

bc Pp

¢. Wyan

d. Friction

e. Table

Forces Magnitude (Ibf) POA (ft) Moment
(about toe)

18
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3. Factors of Safety.

a. FSsl
FSy — 2 Fx  Resisting Forces
> F,  Driving Forces
b. FSor
>Mr X Resisting Moments about the Toe
2. Mor > Overturning Moments about the Toe
c. Kerm e<B/6
d. Bearing
BearingCapaci Ultimate u
sy = Dearingtapactty  Jimate g
Bearing Pressure  Applied  qa
4. Conclusion.
Check Result Goal Conclusion Course of Action
FS sL FSsL21.5
FS or FS s1. 22.0
Kern 1/3<d/B<2/3
FS Bearing FS BeariNG 2 3.0

Mechanically stabilized Earth (MSE)

19

Soil reinforcement has been used in the construction of foundations, retaining
walls, and embankments.
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- Metal strips , geotextile, or geogrids may be utilized to lock soil mass together
through shearing stresses

- Facing panels are used to o maintain appearance and to avoid soil erosion between
the reinforcements. The facing units may be curved or flat metal plates or precast
concrete strips or plates.

- Typically free draining granular backfill (with less than 15 percent passing the No.
200 sieve) is used in reinforced zoon.

W 3 sin
™ '.5-.14

From Das (2011)

MSE wall stability:
- Tests with experimental walls indicate that the Rankine wedge (of angle p = 45° +
¢/2) adequately defines the "soil wedge”.
- Assume all the tension stresses are in the reinforcement outside the assumed soil
wedge zone—typically the distance Le.
The wall failure may occur in one of three ways:
a. Tension in the reinforcements (breakage or pullout)
b. Bearing-capacity failure of the base soil supporting the wall.
c. Sliding of the full-wall block along base AB.

20
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Design of Deep Foundations

Deep Foundation
A deep foundation is used to carry and transfer the applied load to the bearing ground
located at some depth below ground surface. The main components of the deep foundation are
the pile cap and the piles.
e Piles are long and slender members which transfer the load to a deeper soil or
rock of high bearing capacity avoiding shallow soils of low bearing capacity.
e The main types of materials used for piles are wood, steel and concrete. Piles
made from these materials are driven, drilled or jacked into the ground and
connected to the pile cap.

When to use pile foundations:
1- The soil immediately beneath the structure is weak or unstable i.e.:
- the soil does not have adequate bearing capacity,
- the magnitude of the estimated settlement is not acceptable
- expansive or collapsible soils.

2- When a cost estimate indicates that a pile foundation is cheaper than any other compared
foundation or ground improvement.

3- Piles are a convenient method when foundation must penetrate through water such as
those for a pier or when the soil is subjected to scour.

4- Piles are sometimes used to resist horizontal loads. This type of situation is generally
encountered in the construction of earth-retaining structures and foundations of tall
structures that are subjected to high wind or to earthquake forces.

5- Piles can also be used to resist uplift forces. The foundations of some structures such as
offshore platforms, transmission towers, and basement mats below the water table are
subjected to uplift forces.

Classification of piles
Piles are classified according to pile material, their effect on the soil, and load transmission
1- Type of material:
* Timber:
- Have been used for thousands of years and still used for many applications.
- Cannot withstand high driving stress
- Can stay undamaged indefinitely if they are surrounded by saturated soils. However,
they are subjected to attack from marine organisms and insects.
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* Steel:

- Usually pipe piles or steel H-section piles.

- Steel piles can penetrate hard layers such as dense gravel and soft rock because of their
small cross-sectional area combined with their high strength.

- They can be easily cut off or joined by welding.

- If the pile is driven into a soil with low pH value, then there is a risk of corrosion. Tar
coating, epoxy coating, or cathodic protection can be employed against corrosion. The
speed of corrosion is 0.2-0.5 mm/year and, in design, this value can be taken as
Imm/year.

- In many cases, the pipe piles are filled with concrete after they have been driven.

- Disadvantages: high level of noise during driving, corrosion, may be damaged or
deflected during driving

* Concrete:

- Precast or cast in place (CIP) piles

- Reinforcement is needed to resist the vertical load, the bending moment developed
during pickup and transportation, and the bending moment due to a lateral load.

2- Effect on the soil:
- Driven piles:

- Driven piles are considered to be displacement piles. In the process of driving the
pile into the ground, soil is moved radially as the pile shaft enters the ground. There
may also be a component of movement of the soil in the vertical direction.

- Precast concrete piles usually of square, triangle, circle or octagonal section.

- Reinforcement is necessary within the pile to help withstand both handling and
driving stresses.

- Precast piles can be prestressed and are becoming more popular than the ordinary pre
cast as less reinforcement is required.

From Das (2011)




Nabeel S. Mahmood, PhD DWE3311: Foundation Engineering Deep Foundations ( 3)

- Drilled shafts:
- Drilled shafts are generally considered to be non-displacement piles (Replacement
piles).
- A hole is formed by boring or excavation and then it filled with concrete. A
reinforcement cage is placed prior to concreting.

- The diameter of the shaft can be as high as 15 ft.
- Other commonly used names to identify drilled shafts are:

A. Bored piles

B. Cast in place (CIP) piles

C. Dirilled piers

D. Caissons
- A bell can be constructed at the bottom to increase the capacity. Piles with a bell at the
bottom are known as belled piers or underreamed piers.
-CIP piles can be cased or uncased. Sidewall failure and difficulty of keeping the hole
open are very common problems. Steel casing would prevent the sidewalls from falling.
Slurry can also be used during drilling. Basically, two types of slurry are used.
* Polymer-based fluids
* Bentonite-based fluids

Y
P AP r Surface Casing, \ \I
Z / if Reguired L —1C
¥ ;

Competent,

Noncaving Soil NO'S'C:‘;"'E .
U

i

Competent,
Noncaving
Seil

-

N )

Figure 11.27  Dniled shaft construction in competent soils using the dry method: (a) Drilling the
shall; (b) Starting to place the concrete; (c) Placing the reinforcing steel cage: and (d) Finishing the
coacrete placement (Reese and O'Netll, 1988).

From Coduto (2001)
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Belled piers (from Das, 2011)

3- Load transmission and functional behavior:
Point bearing piles

of the soil.

These piles transfer their load to a firm stratum located at a considerable depth below
the base of the structure and they derive most of their carrying capacity from the
penetration resistance of the soil at the toe of the pile.

The pile behaves as an ordinary column and should be designed as such.

Even in weak soil a pile will not fail by buckling and this effect needs only be
considered if part of the pile is unsupported, i.e. if it is in either air or water.

The depth of the pile is influenced by the results of the site investigation and soil
tests.

Friction piles

Carrying capacity is derived mainly from skin friction of the soil in contact with the
shaft of the pile when no layer of rock or strong soil is present at a reasonable depth at
a site.

The lengths of friction piles depend on the applied load, the pile size, and the shear
strength of the soil.

Sometimes, the soil surrounding the pile may adhere to the surface of the pile and causes
"Negative Skin Friction" on the pile. This, sometimes have considerable effect on the capacity of
the pile. Negative skin friction is caused by the drainage of the ground water and consolidation
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Deep Foundations ( 5)

Py

|

Py

|

Weak
soil

— 0

Weak
soil
i A - Strong
% Lb soil
B AT T i _}_ layer
(@)
Cr
P, =g,

L; = depth of penetration

into bearing stratum

(b)

Figure 11.6 (a) and (b) Point bearing piles; (c) friction piles

From Das (2011)
Py =Qp + Qs
n

Po=ap A+ ) (fir A
i=1

Op=load carried at the pile tip
Os=load carried by skin friction developed at the side of the pile (caused by
shearing resistance between the soil and the pile)
gp=unit tip resistance (point resistance)

A= area of pile tip

Py

!

—> el

Weak
soll

fs=unit skin friction (friction or adhesion resistance). In clay, skin friction is also

used to refer to adhesion.

A= surface area of the pile= perimeter * layer thickness =p*Hi

Pui =

Pu _ CIP-A + Z?:l(fSi-Asi)

FS FS

Py = allowable load capacity of the pile

FS= factor of safety=3
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Piles in Sand

Py =Qp + Qs
1- Tip (point) Resistance - Sand

A modified version of the Terzaghi bearing capacity equation is widely used for pile
design. The third term or the density term in the Terzaghi bearing capacity equation is negligible
in piles and hence usually ignored. The lateral earth pressure coefficient (K) is introduced to
compute the skin friction of piles.

Qpr = qpA
_ 1]
qp = 0'¢Nq
o'y = effective stress at the tip of the pile

N, = bearing factor coefficlent
A = cross-sectional area of the pilg at the tip

A number of methods are available for computing Nq:

- From Table 1.

Table 1 Frction angle vs. Ng

& 26 28 30 31 32 33 3 35 36 37 38 39 40
N, (for 10 153 21 24 29 35 42 50 62 77 86 120 145
driven piles)

N, (for S 8 10 12 14 17 21 25 30 38 43 60 72

q
bored piles)

{Sowre: NAVEAC DM 7.2)

- The American Petroleum Institute (API) method, 2000:
Ny =40 + 60logN
qiim = 3.4 + 38logN MPa
qiim= limit tip resistance (9, < qjim )
If SPT data is not available, see Table 2. for Nq and qiim
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2- Skin Friction- Sand

Qs = zn: (Fsi- Asi)
i=1

Numerous techniques have been proposed to compute the skin friction in sandy soils.

2.1 API Method, 2000

fi = Ko',tand < fiim

ﬂ'.' clifective steess at the ”Iil"luilll of the pile
K = lateral carth pressure coefficient
& = pile sKin friction angle

- K=0.16+0.15N

— K=0.70+0.15N

- §=20+8logN
If SPT data is not available, see Table 2.

non-displacement piles
displacement piles
fiim = 67logN kPa

Table 2. API Method

Density Soil Type | & (deg) | Limiting Bearing Limiting
Skin Capacity | End Bearing
Friction, fim | Factor, Stress, qiim
(ksf) Ng (ksf)

Very loose Sand 15 1.0 8 40

Loose Sand/Silt 47.9 (kPa) 1916 (kPa)

Medium Silt

Very loose Sand 20 1.4 12 60

Loose Sand/Silt 67.0 (kPa) 2873 (kPa)

Medium Silt

Medium Sand 25 1.7 20 100

Dense Sand/Silt 81.4 kPa) 4788 (kPa)

Dense Sand 30 2.0 40 200

Very Dense Sand/Silt 95.8 (kPa) 9576 (kPa)

Dense Gravel 35 24 50 250

Very Dense Sand 114.9 (kPa) 11,970 (kPa)

K=0.8 for non-displacement piles

K=1.0 for displacement piles
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DWE3311: Foundation Engineering
2.2. Meyerhof (1976):

B = Ktand
fs = Bo’y

L}

o'y = cffectdve stress at the midpoint of the pile
Ay = perimeter surface area of the pile
f=0.10for ¢ =33
f=10.201or =
B=0.35foré

3- Correlations with SPT and CPT data- Sand
SPT Data:

Tip Capacity

* Sand and Gravel
0.4ND,
Qp = —F =
 Silt
__0.3NDj

dp <3N

Side Capacity

f:g:

Displacement

a|=

N .
fs = 700 Non-Displacement

CPT Data
Tip Capacity

¢ 4y = qlcODBb < Qiim
qiim =0.5Ngtan¢
Side Capacity

* fs=2fcorq./100

displacement
* fs = feorqc./200

non-displacement

Deep Foundations ( 8)




Nabeel S. Mahmood, PhD DWE3311: Foundation Engineering Deep Foundations (9 )
Piles in Clay

Py, =Qp+ Qs
1- Tip Resistance- Clay
Qp = QpA
* q,=9c,
* q,=2Ng (tsf)
© q,=0a,/k (tsf)
Note: c and Ngo averaged 1.5 D below and 3D above pile tip

Robartrom, 2023

Bearing Capacity Factors, k.

Afer Bustamante and Gianesell, 1952 Factors k..

. Nature Of soil 74177(7.\71‘1’17} (&ﬂmp ! 7;irnmprlrl
. Soft clay and rmud 0.4 ns
Moderarely comgpact clay
| Silr and loose sand
Compact 1o stff clay and compact sill
: Saott chalk

Modemtely couguct sand and gravel

| Weathered o fagmented chalk

Compact 1o very compact sand and grvel

Group I: plam bored paes, mmd bored piles, mecro piles {gronted under low pressare), cased bored piles, holow anger
bared piles, piers, barrettes. Le. low displacement piles

Group IT: cast screwed pies, driven pre-cass plks, pre-siie udar deven cast piles, yecked metal piles
mncropiles (sanll dnaneter peles grouted under Ingh pressure wit S 250eum), chrr W pEEs sare
prossing), driven mesal piles, driven mmsned piles, jacket concrete pilles, ligh pressure gromed piles ¢

i.c, high displacement piles
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2- SKkin Friction — Clay
n

Qs = Z(fSi' As)
i=1

2.1 Based on Undrained Shear Strength (Cohesion)

fs = acy

- & Driven piles
Undralned shear serengeh, Cy i kN/m?

0 S0 100 150 100 250
1-00 e~ T\ T— L=lent lhan_ﬁ-
B ! ~ ! r-un || 1 sANDS or
L 075 i T 1 t o e ssandy
~ L
m g | g } l i GRAVELS
-
§ 050 ! ! \\ L= greater than402 | / A 7 suk
; | i e b 8
< pas | : | | A
| l I l /- /'/
100 T TT T
l | I L) ZOII?
~ I . L= grester than !
- 0'75 S —— ' -£ T
g l ‘1- “"'L~\14*
(B) g 00} —c | :
s \.4_ J/ L=10R | |
< 0'25 B — r—-“—‘__.T‘_‘
I | l
000 I l L
b e S G R
- "t\ |
07% ) \\ l-&- :_L., L = greaverchan 40 B
8 NN i I
2 | ’\ \< ' ‘
{9 g oso}——uo—f } \\‘ \lr-\ L
: | ' \\\*\ a4 )
< 025 1 L—’ e ‘I — RS
| | L= loB
0-00 L | | L1
0 1050 2000 3000 4000 5900

Undralned shear strength, Oy o 1o/3q, It

Note: |. Curves not applicable to M or cruciform sections or ta bored or driven and cast in place piles
2. Safety faccor should not be less than 2-5 oxcepr for designs based on adejuace loading cesc data
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- & Drilled shafts

o= 0.55 (AASHTO)

2-2 Based on Both Cohesion and Effective Stress (A Method)

* f=(c'm+2cm)A
o'm = mean effective vertical stress along the pile side
cm = mean undrained cohesion along pile side

) o4 0s
0 /—
s
25
5Q p— -
0‘5
P ———,——
5 (ém + 2Cn]A!
)— ‘ c—
: |
s
e
s |
Z  wol——— .t} |
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o otimerd a el
= oA - s
4 vt o oseee s
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Deep Foundations (12)

3- Correlations with SPT and CPT data- Clay
-SPT
Meyerhof - 1956
— f5=Naw/100 (tsf) displacement piles
— fs = Nave/200 (tsf) non-displacement piles

-CPT
e fi= qc/ 30(c0ncrete) = qc/ 30(steel) qe= IMPa
e fi= qc/ 40(c0ncrete) = qc/ So(steel) IMPa<qc§ SMPa
e fi= qc/60(c0ncrete) = qc/lzo(steel) qe> SMPa

Specific Considerations for Drilled Shafts:

- Unlike driven piles, drilled shafts relive the stresses in the ground and loosen the soil
at the toe which may reduce the shear stress of the soil at the toe and the side friction.

- In cohesive soils, the skin friction within 5 ft (1.5 m) of the ground surface should be
neglected because of clay shrinkage and foundation lateral movement.

Upward load capacity

FS>= 5 because f; uplift is 70 to 85 percent of f; downward.
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Pile Groups

e Typically, piles are installed in a group and provided with a pile cap. The column is
placed on the pile cap so that the column load is equally distributed among the individual
piles in the group.

[ e | ® @ 0 @
@ © © ©

e & & @

1 e ¢ ¢ @

Figure 8.1 [Plle groups

e In clay, when piles are driven, the soil surrounding the pile is disturbed. Disturbed soil
has less strength than undisturbed soil. Some of the piles in the group are installed in
partially disturbed soil causing them to have less capacity than others.

e The capacity of a pile group is obtained by using an efficiency factor.
Pile group capacity = Efficiency of the pile group X Single pile capacity X Number of piles

Example: If the pile group contains 16 piles and capacity of a single pile is 30 tons and the group
efficiency is found to be 0.9, the group capacity is 432 tons.

e However, when driving piles in sandy soils, surrounding soil will be compacted.
Compacted soil tends to increase the skin friction of piles. Pile group placed in sandy

soils may have a larger than one group efficiency.

e Piles that mainly rely on end bearing capacity may not be affected by other piles in the
group.

following tables use AASHTO guidelines for pile group effi-
in cohesive soils,

Pile Group Efticency tor Clayey Sails

Pile Spacing (center o center) Group Fificiency

ip 0.67
4D 0.78
3D {1.89
6 D or more 1.04)

D = Dhameter of piles

Equivalent Footing to calculate settlement of pile groups
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nQ,

!

LR | | By

Load is assumed to
act at this level on

Equivalent Footing (B)(Z)

S A | | | 1 1 |

s\ D/3
\\

AL
I: (B+d), (Z+d) —I
:'I nQﬂ ‘\‘\

' Pq

" (B+d)(Z+d)

Note: Pile Group has Plan Dimension of B and Z




