CivilHee
dsdell dawigll paui) daossSVI diclll

www.Civilittee.com

CJl.).g\L.u
: L 1 )
Olwlw! dwilun

(Sglol & 10:.)

@www.civilittee.com - - @B CivilitteeHashemite "€ Civilittee HU | 5ol dicu




FOUNDATION ENGINEERING AND DESIGN




TYPIGAL GEOTECHNICAL PROJECT

Geo-Laboratory

for testing

construction site

Design Office
for design & analysis
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SHALLOW FOUNDATIONS

for transferring building loads to underlying
ground

mostly for firm soils or light loads
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SHALLOW FOUNDATIONS
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DEEP FOUNDATIONS

» for transferring building loads to underlying

ground
» mostly for weak soils or he'iavy loads




PILE DRIVING RIG — ROSS RIVER
DAM




PILE DRIVING RIG — ROSS RIVER




DEEP FOUNDATIONS

Driven timber piles, Pacific Highway



PIER FOUNDATIONS FOR
BRIDGES

Millau Viaduct in France (2005)

® CABLE-STAYED BRIDGE
* SUPPORTED ON 7 PIERS, 342 M APART
°® LONGEST PIER (336] IN THE WORLD
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PIER FOUNDATIONS FOR
BRIDGES

=
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Millau Viaduct in France (2005)




The new link between Copenhagen,
(Denmark) and Malmo (Sweden)
includes the causeway and its tunnel
seen in this photograph, plus one of the
world’s longest cable-stayed bridges
(not seen here).



RETAINING WALLS

¢ for retaining soils from spreading laterally
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REINFORGED EARTH WALLS

~ using geofabrics to strengthen the soll
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SHEET PILES

~ sheets of interlocking-steel or timber driven into
the ground, forming a continuous sheet




SHEET PILES

~ resist lateral earth pressures

~ used In excavations, waterfront structures, ..




SHEET PILE AT WOOLCOCK ST
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SHEET PILES

~ used in temporary works
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~ sheet pile walls enclosing an area, to
prevent water seeping in




~ sheet pile walls enclosing an area, to
prevent water seeping in




propping and supporting the exposed walls to
resist lateral earth pressures




EXCAVATIONS




TYPIGAL SAFETY FACTORS

Type of Design

Safety
Factor

Probability of
Failure

Earthworks

1.3-1.5

1/500

Retaining
structures

1.5-2.0

1/1500

Foundations

2.0-3.0

1/5000
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SOME CIVIL ENGINEERING MARVELS ...
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.. buried right under your feet.
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GEOTECHNICAL ENGINEERING
LANDMARKS



LEANING TOWER OF PISA

Our blunders become monuments!




FOUNDATION ENGINEERING
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IMPORTANCE & PURPOSE

® All engineered construction resting on the earth must be carried by some kind
of interfacing element called a foundation

® Foundation is the part of an engineered system that transmits to, and into, the
underlying soil or rock the loads supported by the foundation and its self-
weight

® The term superstructure is commonly used to describe the engineered part of
the system bringing load to the foundation, or substructure. the term
superstructure has particular significance for buildings and bridges; however,
foundations also may carry only machinery, support industrial equipment
(pipes, towers, tanks), act as sign bases, and the like.

® The foundation as that part of the engineered system that interfaces the load-
carrying components to the ground.

® it is evident on the basis of this definition that a foundation is the most
Important part of the engineering system.



MINIMUM REQUIRED FOR DESIGNING
A FOUNDATION

Locate the site and the position of load. a rough estimate of the
foundation load(s) is usually provided by the client or made in-house.
depending on the site or load system complexity, a literature survey
may be started to see how others have approached similar problems.

Physically inspect the site for any geological or other evidence that
may indicate a potential design problem that will have to be taken
Into account when making the design or giving a design
recommendation. supplement this inspection with any previously
obtained soil data.

Establish the field exploration program and, on the basis of discovery
(or what is found in the initial phase), set up the necessary
supplemental field testing and any laboratory test program.



MINIMUM REQUIRED FOR
DESIGNING A FOUNDATION CONT

Determine the necessary soil design parameters based on integration of test
data, scientific principles, and engineering judgment. simple or complex
computer analyses may be involved.

For complex problems, compare the recommended data with published
literature or engage another geotechnical consultant to give an outside
perspective to the results.

Design the foundation using the soil parameters from step 4. the
foundation should be economical and be able to be built by the available
construction personnel. take into account practical construction tolerances
and local construction practices. interact closely with all concerned (client,
engineers, architect, contractor) so that the substructure system is not
excessively overdesigned and risk is kept within acceptable levels. a
computer may be used extensively (or not at all) in this step.



FOUNDATIONS: CLASSIFICATIONS

® Foundations may be classified based on where the load is carried by the ground,
producing:

* Shallow foundations—termed hases, footings, spread footings, or mats. the depthis
generally

J/8<1hut may he somewhat more.

* Deep foundations—niles, drilled piers, or drilled caissons. ///8> 4+



FOUNDATIONS:
CLASSIFICATIONS
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OTHER FOUNDATIONS TYPE

Foundations

Shallow Foundations
Piles

Spread
Footings

Mats

Manderel-
Driven
Thin Shells
Filled with
Concrete

Deep Foundations

Anchors DIillE\

Shafts  Other
I Types
Auger-Cast

Piles

Cassions

Pressure-
Injected
Footings



GENERAL REQUIREMENTS

® Foundation elements must be proportioned both to
interface with the soil at a safe stress level and to limit
settlements to an acceptable amount

® Excessive settlement problems are fairly common and
somewhat concealed

® In summary, a proper design requires the following:

1. Determining the building purpose, probable service-life
loading, type of framing, soil profile, construction methods,
and construction costs

2. Determining the client/owner's needs

3. Making the design, but ensuring that it does not excessively
degrade the environment, and provides a margin of safety
that produces a tolerable risk level to all parties: the public,
the owner, and the engineer



ADDITIONAL CONSIDERATIONS
THAT MAY HAVE TO BE TAKEN
INTO ACCOUNT AT SPECIFIC SITES

Depth must be adequate to avoid lateral squeezing of material from beneath the
foundation for footings and mats. Similarly, excavation for the foundation must
take into account that this can happen to existing building footings on adjacent
sites and requires that suitable precautions be taken. The number of settlement
cracks that are found by owners of existing buildings when excavations for
adjacent structures begin is truly amazing.

Depth of foundation must be below the zone of seasonal volume changes
caused by freezing, thawing, and plant growth. Most local building codes will
contain minimum depth requirements.

The foundation scheme may have to consider expansive soil conditions. Here
the building tends to capture upward-migrating soil water vapor, which
condenses and saturates the soil in the interior zone, even as normal perimeter
evaporation takes place. The soil in a distressingly large number of geographic
areas tends to swell in the presence of substantial moisture and carry the
foundation up with it.



ADDITIONAL CONSIDERATIONS
THAT MAY HAVE TO BE TAKEN
INTO ACCOUNT AT SPECIFIC SITES
CONT’

In addition to compressive strength considerations, the foundation system
must be safe against overturning, sliding, and any uplift (flotation).

System must be protected against corrosion or deterioration due to harmful
materials present in the soil. safety is a particular concern in reclaiming
sanitary landfills but has application for marine and other situations where
chemical agents that are present can corrode metal pilings, destroy wood
sheeting/piling, cause adverse reactions with portland cement in concrete
footings or piles, and so forth.

Foundation system should be adequate to sustain some later changes in site or
construction geometry and be easily modified should changes in the
superstructure and loading become necessary.



ADDITIONAL CONSIDERATIONS
THAT MAY HAVE TO BE TAKEN
INTO ACCOUNT AT SPECIFIC SITES
CONT’

The foundation should be buildable with available construction
personnel. For one-of-akind projects there may be no previous
experience. In this case, It Is necessary that all concerned parties
carefully work together to achieve the desired result.

The foundation and site development must meet local
environmental standards, including determining if the building is or
has the potential for being contaminated with hazardous materials
from ground contact (for example, radon or methane gas). Adequate
air circulation and ventilation within the building are the
responsibility of the mechanical engineering group of the design
team.



SELECTION OF TYPE

Foundation type

Use

Applicable soil conditions

Shallow foundations (generally D/B < 1)

Spread footings,
wall footings

Combined footings

Mat foundations

Individual columns, walls

Two to four columns on
footing and/or space is
limited

Several rcws of parallel
columns; heavy column
loads; use to reduce differ-
ential settlements

Any conditions where bearing
capacity is adequate for applied
load. May use on a single stra-
tum; firm layer over soft layer or
soft layer over firm layer. Check
settlements from any source.

Same as for spread footings
above.

Soil bearing capacity 1s generally
less than for spread footings, and
over half the plan area would be
covered by spread footings. Check
settlements from any source.




SELECTION OF TYPE

Deep foundations (generally L,/B = 47)

Floating pile

Bearing pile

Drilled piers or
caissons

In groups of 2 supporting
a cap that interfaces with
column(s)

Same as for floating pile

Same as for piles; use
fewer; For large column
loads

Surface and near-surface soils
have low bearing capacity and
competent soil is at great depth.
Sufficient skin resistance can be
developed by soil-to-pile perime-
ter to carry anticipated loads.

Surface and near-surface soils
not relied on for skin resistance;
competent soil for point load is at
a practical depth (8-20 m).

Same as for piles, May be float-
ing or point-bearing (or combina-
tion). Depends on depth to com-
petent bearing stratum.




SELECTION OF TYPE

—

Retaining structures
Retaining walls, Permanent material Any type of soil but a specified
bridge abutments retention zone (Chaps. 11, 12} in backfill is
usually of controlled fill.
Sheeting structures Temporary or permanent Retain any soil or water. Back-
(sheet pile, wood for excavations, marine fill for waterfront and cofferdam
sheeting, etc.) cofferdams for river work systems 1s usually granular for

greater drainage.

Where the groundwater table (GWT) Is present, it IS common to
lower it below the construction zone either permanently or for the
duration of the construction work.

If the GWT later rises above the footing level, the footing will
be subject to uplift or flotation, which would have to be taken into
account.



Foundation Engineering

Review to Soil Mechanics
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* Grain size distribution

* Weight — volume relationship
* Relative Density

e Atterberg limits

* Soil classification system

* Hydraulic conductivity

* Effective stress

* Shear strength parameters

* Consolidation



Grain size distribution

 Sieve Analysis

Table 1.1 U.S. Standard Sieve Sizes

* A sieve analysis is conducted by taking

Sieve No. Opening (mm)
a measured amount of dry, well-pulverized 3 4750
& 31.350
1 1 1 1 2 2.360
soil and passing it through a stack of progressively * 2360
. . . 16 1.180
finer sieves with a pan at the bottom. 20 0.850
30 0,600
40 0.425
50 0.300
60 0.250
20 0. 180
100 0.150
140 0.106
170 0088
200 0.075

270 0.053




Grain size distribution

100 L
Two parameters can be determined from the grain-size o
distribution curves of coarsegrained %0 - \x
soils: (1) the uniformity coefficient (Cu) and (2) the £ \
coefficient of gradation, or coefficient of curvature (Cc) 5 o N\
These coefficients are g 1\
= i
=i | 1
< - N
c. = 2o TN
D“:F - 20 - I I AY
_ | Y
v N
(0 Mrrer T IIIIIIIII II IIIIIIIII | |
10 I 0.1 0.01
Grain size, D) (mm)
D]
- = By
(Dso) (Dho) Figure 1.7 Grain-size distribution

curve of a coarse-grained soil
obtained from sieve analysis



Grain size distribution

* Hydrometer Analysis
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Weight—Volume Relationships
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Relative Density

* In granular soils, the degree of compaction in the field can be
measured according to the relative density, defined as:

where

€y — vOId ratio of the soil in the loosest state
e, — void ratio in the densest state
€ = in situ voud ratio



Atterberg Limits

YWolume of the
soll—water
mixture

state Ipcrease of
-

r

T moisture content

| | |
Solid I Semisolid I Plastic IScmiliquid
I state | state | state |
! | | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | t
| | |
| | |
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| | |
| | |

The difference between the liquid limit and the plastic limit
of a soll is defined as the plasticity index (PI), or

PI =LL — PL

-

Moisture
content



* Liquidity index:

* The relative consistency of a cohesive soil in the natural state can be
defined by a ratio called the liquidity index, which is given by:

w - PL
”'LL-H

* Activity:
P]

(% of clay-size fraction, by weight)

A=




Soil Classification Systems

AASHTO

USCS




Hydraulic conductivity

* The void spaces, or pores, between soil grains allow water to flow
through them. In soil mechanics and foundation engineering, you
must know how much water is flowing through a soil per unit time.
This knowledge is required to design earth dams, determine the
guantity of seepage under hydraulic structures, and dewater
foundations before and during their construction



In this equation,

v = Darcy velocity (unmit: cm/sec)
k = hydraulic conductivity of soil (unit: cm/sec)
I = hydraulic gradient

The hydraulic gradient 15 defined as

12



Effective Stress

* The total stress at a given point in a soil mass can be expressed as:
od = +u
where

a = total stress
a’ = effective stress
i = pore water pressure

13



Shear strength parameters

* Direct shear test
e Triaxial test
 Unconfined test



Consolidation

* How we calculate the primary consolidation settlement and
secondary consolidation

NN
o = N &
I R

Void ratio, ¢

Slope = O,

__' [ ] (] - ey
£ b o4 m @
|

T L 1 I 1 i LI | ¥ I 1
HO 1R =HM
Effective pressure. o (kMN/mY)
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IN SITU SOIL MEASUREMENTS




oil Testing

Variety of Field Testing Devices




Standard Penetration Test

or Pullevs)

T\rpmalhr l-m. {25-@:1}

Standard Penetration Test




SPT sampler
(Adapted from ASTM D1586)

Tube

I

1.5 m.

’E/_n]]pin
7

Vent

Head
>
_ S
— G8lmm ] |(51nm) - l% — ]
| ok

S| =i

| -

1402 in, 18 o 30 in.
(23 to 50 zom) (457 to 762 um)
Vv




Types of SPT hammers
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SPT discrepancies (correction)

Equipment from different manufacturers. A large variety of drilling rigs
are in current use; however, the rotary auger with the safety hammer of
is the most common in North American practice (type of hammer).

Drive hammer configurations. The anvil also seems to have some
influence on the amount of energy input to the sampler.

Whether a liner is used inside the split barrel sampler. Side friction
increases the driving resistance (and AO and is less without the liner. It
is common practice not to use a liner. Also it would aIp}t)_ear that Nvalues
should be larger for soils with OCR > 1 (and larger relative density Dr)
than for normally consolidated soils. borehole size)

Overburden pressure. Soils of the same density will éive smaller TV
values if p'ois smaller (as near the ground surface). Oversize boreholes
on the order of 150 to 200 mm will also reduce N unless a rotary hollow-
stem auger is used with the auger left in close contact with the soil in
the hole bottom. Degree of cementation may also be significant in giving
higher N counts in cemented zones that may have little overburden
pressure.

Length of drill rod.




Correction SPT, N,

N — Nnpyngnsng
60 — 60

N60= SPT values corrected for field procedure
= hammer efficiency (table 2.2 Das)

ng= borehole diameter correction (table 2.2 Das)

ns= Sampler correction (table 2.2 Das)
ng= Rod length correction (table 2.2 Das )

N= Measured SPT N values (table 2.2 Das)




Correction Tables

Tabie 2.3 Variations of 0y, Mg, s, and ng [Eq. (2.8)]

1. Variation of gy -
Country Hammer type in

mm

Japan Donut
Donut
United States Safety
Donut
Argentina Donut
China Donut
Donut

60-120 2.4-4.7
150 6
200 8

3. Variation of ns
Variable
Standard sampler

With liner fordense sand and clay
With liner for loose sand




Correction SPT, (N.),

20001b/ ft?
(N1)60 - N6O\/ o'

0.5

/

100kPa
(Nl)GO:CNNGO: :Nao\/ 5’0

Ngo: N corrected for field procedure
(N,)go: N corrected for field procedure and overburden pressure




SAMPLING AND
EXPLORATION




SPT discrepancies (correction)

Equipment from different manufacturers. A large variety of drilling rigs
are in current use; however, the rotary auger with the safety hammer of
is the most common in North American practice (type of hammer).

Drive hammer configurations. The anvil also seems to have some
influence on the amount of energy input to the sampler.

Whether a liner is used inside the split barrel sampler. Side friction
increases the driving resistance (and AO and is less without the liner. It
is common practice not to use a liner. Also it would aIp}t)_ear that Nvalues
should be larger for soils with OCR > 1 (and larger relative density Dr)
than for normally consolidated soils. borehole size)

Overburden pressure. Soils of the same density will éive smaller TV
values if p'ois smaller (as near the ground surface). Oversize boreholes
on the order of 150 to 200 mm will also reduce N unless a rotary hollow-
stem auger is used with the auger left in close contact with the soil in
the hole bottom. Degree of cementation may also be significant in giving
higher N counts in cemented zones that may have little overburden
pressure.

Length of drill rod.




Correction SPT, N,

N — Nnpyngnsng
60 — 60

N60= SPT values corrected for field procedure
= hammer efficiency (table 2.2 Das)

ng= borehole diameter correction (table 2.2 Das)

ns= Sampler correction (table 2.2 Das)
ng= Rod length correction (table 2.2 Das )

N= Measured SPT N values (table 2.2 Das)




Correction Tables

Tabie 2.3 Variations of 0y, Mg, s, and ng [Eq. (2.8)]

1. Variation of gy -
Country Hammer type in

mm

Japan Donut
Donut
United States Safety
Donut
Argentina Donut
China Donut
Donut

60-120 2.4-4.7
150 6
200 8

3. Variation of ns
Variable
Standard sampler

With liner fordense sand and clay
With liner for loose sand




Correction SPT, (N.),

20001b/ ft?
(N1)60 - N6O\/ o'

0.5

/

100kPa
(Nl)GO:CNNGO: :Nao\/ 5’0

Ngo: N corrected for field procedure
(N,)go: N corrected for field procedure and overburden pressure




Consistency of clay

Table 2.4 Approximate Correlation between Cl, Ny and g,

Standard panatration
numbar, My, Consistancy (]

<2 <0.5
2-8

8-15
15-20

=30

LL —w

=1 —w

the consistency index (Cl)

w = natural moisture content
LL = liquid limit
PL = plastic limit




Consistency of saturated
cohesive soils

Cy =KNg

Consistency of od cohesive soils K= (3:5°6.5 kN/m?)

Consistency (Neo) §u: kP2 Remarks

3-5 25= 50 Very easily deformed by squeezing
6=9 30= 104 TT

Suif ,E“E § 10-16  100- 200  Hard to deform by hand squeezing
Very stiff E B i 17-30 200 = 400 Very hard to deform by hand squeezing
Hard =30 =400  Nearly impossible to deform by hand

Very soft gh 0-2 <25 Squishes between fingers when squeezed
Soft 2|24

Medium

* Blow counts and OCR dividon are for o gurde-—in ¢clay “exceptions o the rule” are very common,

Water Table correction (drained vs undrained)

N'= N+ 3(N-15)for N = 15,N' = Nfor N = 15.




SPT Correlations

Relative Density and Internal Friction Angle

- -10.5
(0.23+@)1-7

50
9

Table 25 FRelation between the Corrected (M, ) g
Values and the Relative Density in 5ands

(Ngo) Standard Approximatea
! I - .
12.2+20.3(°°) number, (A5l D,.1%)
i pa” | s .
5-10 5-30

10-=30 ‘ 30-60
@' = V20(N)e + 20 10--50 60-95

¢ =tan




SPT Correlations

Empirical values for ¢ Drand unit weight of granular soils based on
the SPT at about 6 m depth and normally consolidated

¢ = 28 + 15D, (£2%)]
Description Very loose Loose Mediom Dense Very dense

Felauve density L), 0 015 0.35 (.65 0.85

SPT o fine 1-2 -6 T-15 1630 ?
(N;)60 medium 2-3 4-7 8-20 2140 = 40
COATSE 34 549 10-25 2645

g fine 2628 28-30 3034 3338
meditm 27-1% 30-31 321-36 3642 < &0
COArse 25-30 3-34 3340 40-50

¥ wers kMY 1-16* | 418 17-20 17-22 20-23

* Excavated soil or material dumped from a truck has a unit weight of 11w 14 kNfm? and muost be quite dense
b weigh much over 21 KNfm®, No existing soil has a 0, = 000 nor a value of 100, Commeon ranges ane from
0.3 e 0.7,




The modulus of elasticity of granular soils (ES)

p. = atmospheric pressure (same unit as E,)
Jforsands withfines
a= {1{] for clean normally consolidated sand
15 for clean overconsolidated sand




Cone Penetration Test

|

T

E

g =
[N
T N — e W T D

2
2aIane Wy

146 mm I

337 mm din

(a)
Colla psed

Types of cones (Most common): (a) A mechanical cone (also known

as a Begemann Cone); and (b) An electric cone
[see Figure 2.12 & 2.13 page 69 Das]
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Standard | { _

split spoon |
barrel J :

d

B

L

'
[
’

mm — — 4~
Wi
oy - - -

i

with flush
coupling

|

b
Do
é
%

TNl

. Packing or an O-

form "soil tight"

20 mm

(Y]

(a) Cone to replace
shoe on standard
sphit spoon.
[After Palmer and
Stuart (1957)]

—— Sold steel
point

57 mm

(b) Cone attached to drill rods.

1 Conical point (10 em?®)
2 Loadeell

3 Sirain gauges

4 Friction sleeve (150 cm?)
§ Adjustment ring

& Waterproof bushing
T Cable

B Connection with rods

e Driving rate 10 to 20 mm/s

« The tip (or cone) usually has a
projected cross-sectional area of
10 cm?,

« Friction sleeve area 150 cm?




Typical measurements

Sleeve friction g,,  Point resistance g.,  Friction ratio fj,
kPa MPa &
nﬂ' 200 400 600 0 4 8 10 150245311]“
| .

T I L T L

12 - 12 -

Figure 220 Cone penetrometer test with friction measurement




Correlation

a

1 P
Dr = 18 | o
\ 305Q.0CR™® | 96 y0s
Pa

« With Relative density as { } e
(

Qc : compressibility factor ranges between 0.91 for High compressible sand (loose)
to 1.09 law compressible sand (dense to very dense)

= Internal Friction angle ¢':tan‘1[0.1+0.38log(g—c)}

= Undrained Shear Strength, Cu ;

Cy :(qc —Go] 1 N, Bearing capacity factor 15 for
' oo )Nk mechanical and 20 for electrical

Gy

= Maximum past pressure and OCR as

1.01
OCR = 0.37[@J o, =0.243(q,)*® (MN/m?)

Go




Classification of soil based
on CPT test results

Cone point resistance, i, (MN/m?)

40
20
g
i}
4

2

] ad
08 -
0.6 -
04 -
0.2
0.1 5




Correlation between q./N,, and the mean grain
size, D50.

Clayey silt & Sandy silt
siltyclay  andsik  SiltySand  Sand

=

Ne

LRI ELEL




FIELD VANE SHEAR TESTING (FVST)

A-pod (sizel for applylesg torgue
to vane. Made up in 1.5 m kengths

BX rsize) casimg for hausing
lorque rod amd & rod
Rubber “07 ring seal

Wane nod
Frease chamber

BX-caming-pounl contaning % ; o )
BeRfing and waner seals for ; i - Fining for greasing
wang rosd "
Rectangular vane varying sioes Rubber "0 ring sal
sihmm diam by 100 mm
6% mm diam by 130 mm
Mmm diam. by 152 mm
10 i dias. by 00 i

{a) The Bereau of Reclamaison vane shear vest apparanus, Gibbs e al, | 7%60),
cowrfesy of Gy and Hadiz of the S8R ]




Data Reduction
undrained shear strength

T = f(c,, H,and D)

LN l._..-\.l
' ' ; L ;-‘ﬂ }3_;.4-‘&.
‘ . '-"-'.-: R, W

' K=366x10°9D°; D(cm) if H/D=2.0

Cu=ACysr)

Rectangular vane

P A =1.7-0.54l0g(P1%)
or use Figure 2.11 in text page 67




ROCK SAMPLING

« blow counts are at the refusal level (N > 100)—Use Rock cores

Typical standard designation and sizes for rock drill
casing (barrel) and bits*

Casing OD, mm Core bit OD, mm Bit 1D, mm

RW EWT 37 23
EW AWT 48 3
AW 5 BWT 60 a4
BW NWT 75 59
NW HWT 100 81
PW 140 194 152

* Sec ASTM D 2113 for the complete range in core bit, casing, and drill rod sizes in
current use. Sizes are nominal—use actual diameter of recovered core.




Ipment

(b) Coring bits to attach to core barrel. (The Acker Drill Company)
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(a) Core barrels to collect rock cores
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Rock quality designation

« Rock guality designation (RQD) is an index or measure of the quality of a
rock mass used by many engineers. RQD is computed from recovered core
samples as

— > Lengths of intact pieces of core > 100 mm

RQD Length of core advance

Table 28 Relation between in i
Rock Quality and RQD

RAQD Rock quality

0-0.25 Very poor
0.25-0.35
0.5-0.75
0.75-0.9
0.9-1




Depth of Rock Cores

There are no fast rules for rock core depths. Generally one should core
approximately as follows:

. A depth sufficient to locate sound rock or to as certain that it is fractured
and jointed to a very great depth.

. For heavily loaded members such as piles or drilled piers, a depth of
approximately 3 to 4 m below the location of the base. The purpose is to
check that the "sound" rock does not have discontinuities at a lower
depth in the stress influence zone and is not a large suspended boulder.




GROUNDWATER TABLE (GWT) LOCATION

« The GWT is generally determined by directly measuring to the
stabilized water level in the borehole after a suitable time lapse,
often 24 to 48 hr later. This measurement is done by lowering a
weighted tape down the hole until water contact is made. In soils
with a high permeability, such as sands and gravels, 24 hris usually a
sufficient time for the water level to stabilize unless the hole wall
has been somewhat sealed with drilling mud.




Soil tests

Examples



Example 1

Following is the variation of the field standard penetration number (N,) in a sand deposit:

Dapth (m) N,
1.5 5
3 7
4.5 9
f 8
74 13
g 12

The groundwater table is located at a depth of 5.5 m. Given: the dry unit weight of sand

from 0 to a depth of 5.5 mis 18 .08 kN/m3, and the saturated unit weight of sand for depth

6 to 10.5 m is 19.34 kN/m?3. Calculate the corrected penetration numbers.

0.5

. 1 100kPa
(Ny)eo =CxNgo = | — =N6{I\:f
g0



Depth (m) g, (kN / m’) _

1.5 18.08 x 1.5=27.12
3 18.08 x 3.0 = 54.24

4.5 18.08 x 4.5 = 81.36

5 18.08 x 5.5+ (19.34 - 9.81)(0.5) = 104.2
75 18.08 x 5.5+ (19.34 - 9.81)(2) = 118.5

9 18.08 x 5.5+ (19.34 - 9.81)(3.5) = 132.8




*rounded to nﬁrﬁtwhulemmmer




Example 2

For the soll profile e i

described in question  epth | Neg | % | & @ | ¢ (dep) |
1, estimate an | |0 (B2 | (B 223
- 5| I 28.59 33.04
average peak soll 50 | 7 | s424 | 2007 | 3363
friction angle t5 | 9 | 8136 | 2976 33.98
50 [ 8 | 1042 | 2947 31.61
¢'(deg) = 27.1 + 03N, = 0.00054[N ] (2.24) 1.5 12 118.5 30.62 34 .48
0 | 11 | 1328 | 3033 | 330
AV 2966 Av 3329
(2.25) = J[° = 3309

d' = tﬂn“[ Nos

034
i
o)
Pa



Example 3

A soil profile is shown in Figure P22 glong with the standard penetration
numbers in the clay layer. Use Eqs. (2,11} and (2.12) to determine and plot the
variation of ¢, and OCR with depih. .

- T‘ --..-'!._--...- - _-'| |- ; 'pn-l:i' -
2 ET . ﬂlzll_nllj'l'ﬂ:lh._ = 17 !IrJ"-I-'m-"
___*__ oy Wl .
& m - 19 KNI
4___ Mg, Tae
e e e B e
e | S el e s e
—— e —-— il e e — L
|f g Clay
m Yor = 17 KM
I Aw=s
i.9m
¥ =
1.5m
Id
My P T et LT I A g T
- ] [ [ - = T | bl



Example 3

Cy 072 (189
—_—= = N
0.5N & OCR = u.lqz(—ff’)
0;



Depth
from

ground
surface
(m)

o,

4.0

MN / m?)
1.

oo [2(17)+2(19 - 9.81)] =0.0524

55

1
0.0524 + —— (17 - 9.81)(1.5) =0.0632
1000 ( X1-3)

7.0

: 1
00632+ —— (17 - 981X1.5)=0074
1000 ( B1(E-5)

8.5

10

152.2

1
0074 + —— (17 - 9.81K1.5)=0.0848
1000 ( X1.3)

10.0

11

163.0

1
. + ——(17 - 9.81%1.5) = 0.0956
0.0848 mnu( 9.81)1.5)

2o, (KN / m®) = 20N ,°™; POCR = 0.193(N/07)" *®

Example 3




THE BEARING
CAPACITY OF SOILS




Example of Bearing Capacity Failure

Transcona Graln Sllos Fallure Canada




Modern bearing Capacity failure
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The Bearing Capacity of Soils

« -Terzaghi’s Ultimate Bearing Capacity
- -Meyerhof’s Method

« -Brinch Hansen’ Method

« -Vesic’s Method

- - General Ultimate Bearing Capacity




Classification of foundations

Foundations

/\

Shallow ( cH 3-ch4 ) Deep (C CH8-Ch9 )

/ \ Pﬂﬂ///" / \ \\c@swng

Spread Mats  Napderel- Anchors Drilled Pressure-
Footings Driven Shafts  Other Injected

Thin Shells | Types  Footings

Filled with Auger-Cast
Piles

Concrete




Spread footing  Shapes & Dimensions




Requirement for Foundation

A shallow foundation must:
1. be safe against an overall shear failure in the soil that supports it.

2. cannot experience excessive displacement (in other words, settlement).
3. cannot experience Excessive Lateral Movement.

The definitions of bearing capacity are,
g, 1s the contact pressure of the soil at the footing’s invert;

q, Is the load per unit area of the foundation at which the shear
failure in soil occurs and is called the ultimate bearing capacity of
the foundation; and

d. IS the load per unit area of the foundation that is supported
without an unsafe movement of the soil, and is called the allowable
bearing capacity.




Mode of Failure

General Shear Failure
Local Shear Failure
Punching Shear Failure




Mode of Failure

« A continuous footing resting on the surface of a dense sand or a stiff
cohesive soil is shown in Figure 2a with a width of B. If a load is gradually
applied to the footing, its settlement will increase. When the load per unit
area equals qg,;a sudden failure in the soil supporting the foundation will take
place, with the failure surface in the soil extending to the ground surface.
This type of sudden failure is called a general shear failure

B

Load/unit area, g
T——

~q
Iy a
y

(a) N

=
==m
]
]

Cluﬂ

Dense sands and stiff cohesive soils. ’

Settlement




Mode of Failure

If the foundation rests on send or clayey soil of medium compaction (Figure 2b), a
Increase of load on the foundation will increase the settlement and the failure surfac
will gradually extend outward from the foundation (as shown by the solid line). Whe
the load per unit area on the foundation equals g, the foundation movement will b
like sudden jerks. A considerable movement of the foundation is required for th
failure surface in soil to extend to the ground surface (as shown by the broken lines
The load per unit area at which this happens is the ultimate bearing capacity qul
Beyond this point, an increase of the load will be accompanied by a large increase o

footing’s settlement. The load per unit area of the footing qult, is referred to as th
first failure load (Vesic 1963). Note that the peak value of q is not realized in this typ
of failure, which is called the local shear failure in soil.

B

Load/unit area, g
A—

‘ﬂx_g_ il

"

___.Kq .

Soils of medium density or stiffness. |

Settlement




Mode of Failure

If the foundation is supported by a fairly loose soil, the load-settlemen
plot will be like the one in Figure 2c. In this case, the failure surface |
soil will not extend to the ground surface. Past the value qult, the load
to-settlement plot will be steep and practically linear. This type o

failure is called the punching shear failure.

Load/unit area, g
T—

_\;\_‘q u L\q u

Surface
footing

Loose and soft soils.




Modes of failure

Based on experimental results from Vesic (1963), a relation for the mode of bearing
capacity failure of foundations can be proposed (Figure 4), where

D, is the relative density in sand,

D is the depth of the footing measured from the ground surface,

B is the width and L is the length of the footing (Note: L is always greater than B)

Relative density D¢
0.2 0.4 0.6 0.% 1.0

Punching Shear | LocalShear

failure | fatlure

D/Be




Mode of Failure and Settlement

Relative density D,
0.2 0.2 ; 0.5 0.&

oY, » i
Punching Sheat Local Shear

g 1in.
6 in.
4 1in
2
2
(

. -
X 12 in. Rectangular plate
width B) i : .
25 0
Dry unit weight (Ib/ft*)

Range of settlement of circular and rectangular plates at ultimate loads for
Df / B =0 in sand (after Vesic, 1973).
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Terzaghi’s Ultimate
Bearing Capacity Theory

Using an equilibrium analysis, Karl Terzaghi expressed in 1943 the ultimate
bearing capacity g, of a particular soil to be of the form,

q,=cN,+qN,+ 05yBN, (for strip footings, such as wall foundations)

q _1 ’%cN +qN + 0_1 yBN (forsquare footings, typical of interior columns

qﬂ = 13¢'N + qN + 03-,;3}\;‘ ‘or circular footings, such as towers, chimneys

Where o
q.l =g = yDy is the removed pressure from the soil to place the footing

N, N,, and N, are the soil-bearing capacity factors, dimensionless terms, whose value
relate to the angle of internal friction . These values can be calculated when is known o
they can be looked up in Terzaghi’s Bearing Capacity Factor Table 3.1 page 87.

¢' = cohesion of soil
vy= unit weight of soll




Terzaghi’s Ultimate
Bearing Capacity Factors

he bearing capacity factors Nc Ng, and Ny are defined by

g 23mjd = ¢/ 20an &

¥
N. = cot —— 1| =cot$'(N, - 1)
2 ﬂﬂﬁl E + i Table 21 Terzaghi's Bearing Capacity Factors—Egs. (3.4), (3.5),and (3.6)

4 I & "c "4 "'r. & "c "4 ":'.
0 5.70 100 000 26 21.09 14.21 984
1 6.00 10 001 27 20.24 15.90 11.60
2 6.30 122 004 B8 31.61 17.81 13.70
3 6.62 135 006 29 34.24 19.98 16.18
4 6.97 149 010 30 37.16 2246 19.13
Miw/d =" fTpan & 5 7.34 1.64 0.14 31 4041 2528 2265
_ € 6 773 181 020 32 44.04 28.52 2687
Nq. = p 7 8.15 200 027 33 48,09 32.23 3194
i 8 860 221 035 34 5264 3650 38.04
2 costl 45 + — 9 9.09 244 044 35 51.75 41.44 45.41
2 10 9,61 269 056 36 63.53 47.16 5436
11 10.16 208 069 37 20.01 5380 6527
12 ' 1076 329 085 38 77.50 6155 7861
K 3 11.41 363 104 39 85.97 70.61 95.03
1 14 12.11 402 126 40 95.66 81.27 115.31
NT == T - 1 |ltan &' 15 1286 445 152 41 106.81 9385 14051
P & 16 13.68 492 182 42 11967 10875 171.99
17 1460 545 218 43 13458 126.50 211.56
18 1512 604 250 44 15195 14774 261.60
19 1656 670 307 45 17228 17328 32534
— 2 ’ / 20 17.69 7.44 364 46 196.22 204.19 407.11
K =tan (45+(|) 2) 21 18.92 826 431 47 22455 24180 512.84
Py 2 2027 910 500 48 25828 28785 650.67
23 2175 1023 600 49 29871 344,63 831.99
24 2336 1140 708 S0 347.50 41514  1072.80

25 2513 12712 834

*From Kumbhojkar (1993)




B.C. Factor of Safety

he factor of safety FS against a bearing capacity failure defined

q., = Qun Use J.t INStead of g,
FS

where gall is the gross allowable load-bearing capacity and gnet is the net
ultimate bearing capacity.

The factor of safety is chosen according the function of the structure, but never

less than 3 in all cases.

The net ultimate bearing capacity is defined as the ultimate pressure per unit
area of the footing that can be supported by the soil in excess of the pressure
caused by the surrounding soil at the foundation level.

qms-r = quh‘ _‘? = quﬂ‘ o ny

A footing will obviously not settle at all if the footing is placed at a depth
where the weight of the soil removed is equal to the weight of the




Modification of the Bearing Capacity

Equations for the Water Table
Case I: When 0 < D, <Dy

q{? =Dly+D2(ymt_yw)

Yt ™ saturated
unit weight

In term 2 of BC equation

Use y’ In term 3 of BC equation




Modification of the Bearing Capacity

Equations for the Water

Case ll: Wheno<d<B

[

able

N e

____I._..__________l"itSE.SP_‘?'f.v_ ______ — Case II

Yt — saturated
unit weight

_ ,\d .
y=v+(r-v )E In term 3 of BC equation

Use y in term 2 of BC equation




Modification of the Bearing Capacity
Equations for the Water Table

Case IIl. When d > B, the water table will have no effect
on the ultimate bearing capacity.

[r—— N VI
“Ground + water

,_..._!fy_e_ b AR ;:'__. Case |

Y = saturated
unit weight




The Bearing Capacity for
Local or Punching Shear failure

For the local shear failure Terzaghi proposed reducing
the cohesion and internal friction angle as

¢ = 0.67c
&' = tan”"(0.67 tan &)




Examples




The Bearing Capacity of
Soils



The General Bearing Capacity Equation.

The Terzaghi ultimate bearing capacity equations presented previously are for
continuous, square, and circular footings only. They do not include
rectangular footings (0 < B/L < 1), or take into account the shearing
resistance along the failure surface in the soil above the bottom of the
foundation, or the inclination of the footing or the load (Hansen, 1970)

w = C N F F b, + qN#Equqd'F#i + iTHNrFﬁFTd'Fﬂ

Where

c = the cohesion;

q = the excavated soil’s pressure at the footing’s invert (its bottom);

v = the unit weight of the soil;

B = width of foundation ( equal to the diameter for a circular foundation);
Nc, Nqg, Ny are the bearing capacity factors;

Fcs, Fqs, Fy s are the shape factors;

Fcd, Fqd, Fyd are the depth factors; and

Fci, Fqi, Fy 1 are the load inclination factors.



.
N'
F

q

bearing capacity factors

=e™"? tan*(45°+@ /2) N, =(N,—1)cotg N, =2(N,+ 1)tan¢’
Table 3.3 Bearing Capacity Factors
o’ N, N, N, P N, N, N,
0 514 1.00 0.00 26 22.25 11.85 12.54
1 538 1.09 0.07 27 23594 13.20 14.47
2 5.63 1.20 0.15 28 25.80 14.72 16.72
3 5.90 1.31 0.24 29 27.86 16.44 19.34
4 6.19 1.43 0.34 30 30.14 18.40 2240
5 6.49 1.57 045 3 3267 20.63 25.99
6 6.81 1.72 0.57 32 3549 23.18 30.22
7 7.16 1.88 0.71 33 38.64 26.09 3519
8 1.53 2.06 0.86 34 42.16 29.44 41.06
9 7.92 2.25 1.03 35 46.12 33.30 4803
10 B35 247 1.22 36 50.59 . 3175 56.31
11 8.80 2.1 1.44 37 55.63 42.92 6619
12 9.28 2.97 1.69 38 61.35 48.93 78.03
13 081 3.26 1.97 39 6787 55.96 0225
14 10.37 3.59 2.29 40 7531 64.20 109.41
15 10.98 3.94 2.65 41 B186 73.90 130.22
16 11.63 4.34 3.06 42 93.71 85.38 155.55
17 12.34 4.77 353 43 105.11 99.02 186.54
18 13.10 526 4.07 44 118.37 115.31 224.64
19 13.93 580 4.68 45 133.88 134.88 271.76
20 14.83 6.40 5.39 46 152.10 158.51 33035
21 15.82 7.07 6.20 47 173.64 187.21 403.67
r 24 16.88 7.82 7.13 48 199.26 222.31 496,01
23 18.05 8.66 8.20 49 229.93 265.51 613.16
24 19.32 9.60 9.44 50 266.59 319.07 76289
25 20.72 10.66 10.88



Terzaghi’'s Bearing Capacity Factors

Table 3.7 Terzaghi's Bearing Capacity Factors—
Kumbhojkar (1993)

Ty N, N, n,® b’ N, N, e
0 5.70 1.00 0.00 26 27.09 14.21 9.84
1 6.00 1.10 0.01 27 20.24 15.90 11.60
2 6.30 1.22 0.04 28 31.61 17.81 13.70
3 6.62 1.35 0.06 29 34.24 19.98 16.18
4 6.97 1.49 0.10 30 37.16 22 .46 19.13
5 7.34 1.64 0.14 31 40.41 25.28 22.65
i 7.73 1.81 020 32 44.04 28.52 26.87
7 8.15 2.00 0.27 33 48.09 32.23 31.04
8 8.60 2.21 0.35 34 52.64 36.50 38.04
9 9.09 2.44 .44 35 37.75 41.44 45.41
10 9.61 2.60 0.56 36 63.53 47.16 54.36
11 10.16 2.98 0.69 37 70.01 53.80 65.27
12 10. 76 3.29 .85 3B T7.50 6l1.55 T8.61
13 11.41 3.63 1.04 30 85.97 T0.61 95.03
14 12.11 4.02 1.26 40 95.66 81.27 115.31
15 12.86 4.45 1.52 41 10681 03.85 140.51
16 13.68 4.92 1.82 42 119.67 108.75 171.99
17 14.60 5.45 2.18 43 13458 126.50 211.56
18 15.12 6.04 2.50 44 151.95 147.74 261.60
19 16.56 6.70 3.07 45 172.28 173.28 325.34
20 17.69 7.44 3.64 46 196.22 204.19 407.11
21 18.92 8.26 4.31 47 224 55 241.80 512.84
22 20.27 9.19 5.00 48 258.28 28785 650.67
23 21.75 1023 6.0 49 298.71 344.63 23199
24 23.36 11.40 7.08 50 347.50 415.14 1072.80
25 25.13 12.72 8.34

*From Kumbhojkar (1993



Shape and Depth, and Inclination Factors

Shape Factors.

BN B B
F.=1+——L||F =1+—tang||F,_=1-04—
L N L . VS I

qs

¢

Depth Factors for D/ B <1,

L= F-Jd . . "rJf —
Fog = Foq — Noan qu =1+ 2tan@(1—sin @) ? F;vd — 1

Depth Factors for DB =1,

| F, )
Fog = Foq — - qu:l+2m[1¢fr(1—sin¢$}‘mn_]I—; Fd =

N_tan ¢’ I
Ford =0 D For ¢ =0 (D,
D/B<L |F,=1+04—L DB >i.  |Fu=1+04tan™ E.r ‘
L0 =1, o !j) Y A

Inclination Factors with pis the inclination of load with respect to the vertical,

)

F.:F.:‘Iﬁl £ ) F, :[pﬁ]ﬂ

i o | g{jp J. {:j |




Bearing Capacity For Footings
On Layered Solls

* There are three general cases of the footing on
a layered soil as follows:

Case 1. Footing on layered clays (all ¢ = 0) as in Fig..
a. Top layer weaker than lower layer (c1 < c2)
b. Top layer stronger than lower layer (c1 > c2)

Case 2. Footing on layered ¢-c soils with a, b same as case 1.
Case 3. Footing on layered sand and clay solils as in Fig.

a. Sand overlying clay
b. Clay overlying sand




Stronger Soll Is Underlain By A Weaker Soll -1

Stronger soil

......
......................
...................

Weaker soil

If H, the thickness of the layer of soil below the ;ﬁ
footing, is relatively large then the failure surface “

will be completely located in the top soil layer,
which is the upper limit for the ultimate bearing

capacity.



Stronger Soil Is Underlain By A Weaker Soll -11

If H is small compared to the foundation width B, a punching shear failure will occur in the top
soil layer followed by a general shear failure in the bottom soil layer.




In this condition, where the stronger surface soil is underlain by

a weaker stratum, the general Bearing capacity equation is
modified to,

qls )™ gilz) 1= ral

|
qs =[12*.“|,-’:l21}7;ﬂ21 +;;l{ﬂlr' +H)N o, F . +E:"IEB*M.=*LE F

i 1 .
g, =cN F.o+n D N F .+ E;qﬂﬁ' o g

g(l)™ gsil} ¥a(l)

where, c, Is the adhesion, K, is the punching shear coefficient, g, Is
the bearing capacity of the top soil layer, g, Is the bearing capacity
of the bottom solil layer, H is the height of top layer, ¢, Is the angle
of internal friction of top soil and ¢, for the bottom soll.
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punching shear coefficient Ks
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The Other Cases

1. The top layer Is strong, and the bottom layer is
a saturated soft clay (¢ = 0);

2. The top layer is stronger sand and the bottom
layer Is a weaker sand (c1 = 0) (c2 = 0);

3. The top layer Is a stronger saturated clay (¢1 =
0), and the bottom layer Is weaker saturated

clay (¢2 =0).

Use the same method before
and apply corrections were needed



The Bearing Capacity of Foundations
on
Top of a Slope




The Bearing Capacity of Foundations
on
Top of a Slope - I

The ultimate bearing capacity for a continuous footing Is
given by the equation below, where the variations of N,
and N, are defined in the graphs shown in the next slide,

|
q, = {.‘N;,_T -I-; B NT,I. q}”

-




Bearing Capacity of Foundations
on Top of a Slope - I

400 -

300 =

...................................
I s
—————————
— i -
200 - e -
-] . _-
- - r 5

e e -

Bearing capacity factors Nyq, for granular soils (c=0)



Bearing Capacity of Foundations
on Top of a Slope - Il

Bearing capacity
factor N, for
purely co%esive
soils.

where
Ns is the stability number. X

Hy

[‘I

N, =

&

Note: If B < H use the curves for
Ns= 0;

if B > H use the curves for the
calculated stability number Ns.




Bearing Capacity From SPT

« Two Ways:

1. Using the correlation to find ¢’and using the
general bearing capacity equation

2. Using the following chart (for surface footing)



Bearing Capacity From S

Allowable
bearing capacity
for surface-
loaded footings
with settlement
limited to
approximately 25
mm.

Allowable bearing pressure (kN/m”)

PT

| I
Max. settlement 25 mm
an|— N i T
-"'"--.___
4{:{' ] ----ﬁ-""_—m
h""--.._, {
._--"-l--__
300 : —
_h--q""-nh""l-_‘___‘
200 h‘--u-—'-—z —
20
5
i} 1 2 3 4 5 B

Width of footing, B {m)

Standard penalralion resistance



Bearing Capacity From SPT

Onet(an) = 19-16NgoFy ( Sa ) For B<1.22 m
25.4
3.28B +1 2 S
=11.98N F a For B21.22 m
Onet(all) 60 ( 3288 ) Fy ( 2 4 )

Where

Onetcainy™= Jan-yDs  KN/m?

Sa: tolerable settlement in mm
Fd=depth factor=1+0.33(Df/B)<1.33

Bearing Capacity Using The Cone Penetration Test (CPT)

Onet(all) = (il_;) For Bs1.22 m

3.28B+1

385 )? For B21.22 m

_ (9
Onet(all) (25 )¢

Where
Onetcan™= Yan-yDs  KN/m?



The Bearing Capacity
of
Mat Foundations



Mat foundations must be designed to limit their settlements to a tolerable amount.

The ultimate bearing capacity of a soil supporting a mat foundation can be computed from,

q" =C ﬁr.'{_ I'-I-:_r I'-Im‘ I‘-I{"i" + yf.]fj'r'q I‘ﬂqﬁ I‘ﬂqd j*ﬂq'r' + yB ﬁrr:r I‘-I'_]E I‘ﬂ:pu' .F:pi

When ¢ = 0 use,

B D
q, =3.14c, (14—[].195— | 1+0.4—L ‘
\ L b )

where ¢y 1s the un-drained cohesion. When using corrected SPT values, the allowable bearing
capacity may be calculated by,
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where [V is the corrected standard penetration resistance, and § is the settlement in millimeters.

A

G, in kN /m*)=36N(1+0.33D, )(—)
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Compensation Mat Foundation

The depth of embedment Dy for fully compensated foundation is, Q
: u

Unit‘ wéigﬁt =




Examples

Example 4.5

A foundation 1.5 m = 1 m is located uI:-lde.pthD‘r-ufl m in a stronger clay. A softer
clay layer is located at a depth H of 3 fi, measured from the bottom of the foundation.
For the top clay layer,

Undrained shear strength = 120 kN/m®
Unit weight = 16.8 kMN/m’
and for the bottom clay layver,

Undrained shear strength = 48 kN/m*
Unit weight = 16.2 kN/m"
Determine the gross allowable load for the foundation with an FS of 3.

Solution
For this problem, Eqs. (4.29), (4.300, and (4.3 1) will apply, or

B BY [ 2c,H
G =(I+D_EI)5.I4c;+(I+ f)( - )+~_-;D;

B
= (| + 0_11)5144:, + 7D,

We are given the following data:
B=1m H =1m D}. = 1m
L.=15m v, = 16.8 kN/m?
From Figure 4.10 for c3fc, = 48/120 = 0.4, the value of cfc, = 0.9, so
€, = (0.9)(2500) = 108 kN/m?

[I + {D_E}(%):I(E.M}(-IE}+ (I + é)[%] + (16.:8)(1)

2706 + 360 + 168 = 656.4 1:]‘»:[..-"1312
As a check, we have, from Eq. (4.30),

and

T

[I + {0.2}(1—'5)](514}“20} + (16.8)(1)
699 + 16.8 = 715.8 kN/m?

Thus, g, = 6564 Ir_l‘“il."m2 {i.e., the smaller of the two values just calculated), and
G G564

oy

The total allowable koad is therefore
(@) (1 = 1.5) = I2ZB.Z KN ]



Exam P le: The Bearing Capacity of Foundations on Top of a Slope

Example 4.7

In Figure 4.14, for a shallow continuous foundation in a clay, the following data
are given: B=12m; Dy =12m;b=08m H = 62m; § = 30° unit weight of
soil = 17.5kN/m’; ¢ = 0; and ¢ = 50 kN/m". Determine the gross allowable bearing b B

capacity with a factor of safety FS = 4. _b‘

Solution 3
Since B < H, we will assume the stability number N; = 0. From Eq. (4.39), J{
Gy = CN, y

We are given that ;.

12,

B 1.2

and

b 08

— =—=0.67

B 12

For § = 30°, By/B = 1 and b/B = 0.67, Figurc 4.16 gives N, = 6.3. Henec,
g, = (30){63) = 315 kN/m"

= 78.8 kN/m®



Example: The Bearing Capacity of Mat Foundations

« Determine the net ultimate bearing capacity of a mat
foundation for an industrial component with the following
design parameters, B Is 32 feet, L is 50 feet, the undrained
cohesion of the soil cu is 1850 Ib/ft2, ¢= 0°, and the depth of

the mat’s invert 1s 6 feet.

When ¢ = O use,

_ _ B\ [,
g =314c_ | 1+-0.195— || 1+0.4—
) o L) 15

g, = 11.5 ksf



Seismic Loading BC

« The figure below shows the failure surface under
earthquake conditions. The values o, and o, are the
angles of the active and passive pressure conditions.




Seismic Loading BC

According to Richards, the ultimate bearing capacities for continuous footings in granular soils
vary between static and seismic conditions,

T ] T
Static conditions: q, = C N cq -+ P BN va Y

a—"

Seismic conditions:

1
q.rp — € hlrqu + EB N vqE 4

where Ng, N¥. Nge, Ny are the bearing capacity factors.

Ng and Ny = f{() are shown in the Figure &.
Nge and Npe = {(0, tan () are shown in Figure 9.

k
Also, tan g = —=&

v

where kp is the horizontal coefficient of acceleration due to an earthquake and ky is the vertical
coefficient of acceleration due to an earthquake.



Seismic Loading BC factors
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Figure 8. Ng versus Ny. Figure 9. The variations of N/ Ny and Nge/ Ngq.



Bearing Capacity Based On Building Codes
(Presumptive Pressure)

Presumptive bearing capacities from indicated building codes, kPa
Soil descriptions vary widely between codes. The following represents author’s interpretations.

Mail. Board
of Fire
Chicago, Underwriters, BOCA * Uniform
Soil description 1995 1976 1993 Bidg. Code, 19911

Clay, very soft 25
Clay, soft 15 100 100 100
Clay, ordinary 125
Clay, mediom stiff 175 10 100
Clay, stiff 210 140
Clay, hard ELL
Sand, compact and clean 240 140} 200
Sand, compact and silty 1040
Inorganic silt, compact 125
Sand, loose and fine 140 210
Sand, loose and coarse, or 140

sand-gravel mixture, or b

compact and fine 400 240 KL
Gravel, loose and compadct

coarse sand 300 240 300
Sand-gravel, compact 240 300
Hardpan, cemented sand,

cemented gravel G0 950 340
Soft rock

Sedimentary layered rock

Th o Lk T e e B



Safety Factors In Foundation Design

There are more uncertainties in determining the
allowable strength of the soil than in the superstructure
elements. These may be summarized as follows:

Complexity of soil behavior

Lack of control over environmental changes after
construction

Incomplete knowledge of subsurface conditions

Inability to develop a good mathematical model for the
foundation

Inability to determine the soil parameters accurately



Safety Factors In Foundation Design

These uncertainties and resulting approximations have to be
evaluated for each site and a suitable safety factor directly (or
Indirectly) assigned that is not overly conservative but that takes
Into account at least the following:

1. Magnitude of damages (loss of life, property damage, and
lawsuits) if a failure results

2. Relative cost of increasing or decreasing SF
3. Relative change in probability of failure by changing SF
4. Reliability of soil data

5. Changes iIn soil properties from construction operations, and
later from any other causes

6. Accuracy of currently used design/analysis methods



Safety Factors Usually Used

« Values of stability numbers (or safety factors) usually used

[t is customary to use overall safety factors on the order of
those shown In Table. Shear should be interpreted as bearing
capacity for footings.

Failure mode Foundation type aF
Shear Earthworks

Dams, flls, ete. 1.2-1.6
Shear Retaining structure

Walls 1.5=20)
Shear Sheetpiling cofferdams 1.2-1.6

Temporary braced

excavations 1.2-1.5
Shear Footings

Spread -3

% |.7=2.5

Uplift 1.7-2.5
Secpage Uplify, heaving 1.5-2.3

Piping 3=3




Bearing Capacity Of Rock

Range of properties for selected rock groups; data from several sources

Typical Modulus of Poisson’s ratio, Compressive
Type of rock unit wt., kN/m* elasticity E, MPa x 1(F ji strength, MPa
Basalt 28 17-103 0.27-0.32 170415
Granite 26.4 1453 0.26-0,30 T0=-276
Schist 26 783 0.18-0.22 35-105
Limestone 26 21103 0,240 .45 35-170
Porous imesione =83 (35045 =32
Sandstone 22.8-23.6 342 0200 .45 28-138
Shale 15.7=22 321 025045 740
Concrete 15.7-23.6 Varable 015 1540

®*Diepends heavily on confining pressure and how determined; £ = tangent modulus at approximately 30 percent of oltimate
comipression strength.

the bearing-capacity factors for sound rock are approximately

qulﬂnﬁ(diﬂ"l'%) N, =5[HJ14(45¢+§) N‘.I" =N4+1

q ::It =g ult'(chl']:-"']1

RQD: Rock Quality Designation



BEARING CAPACITY
EXAMPLES




General Bearing Capacity Equation
Example 1

A sguare foundation 1s 2 m > 2 m in plan. The soil supporting the foundation has a
friction angle of ¢ = 25° and ¢'" = 20kN/m*. The unit weight of scil. . is
16.5 kN/m". Determine the allowable gross load on the foundation with a factor of
safety (F5) of 3. Assume that the depth of the foundation (£2) is 1.5 m and that general

shear faillure occurs 1n the soil.




Example 1 continue




Table 3.3 Bearing Capacity Factors

"

N,

0
1
2
3
4
S
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
2
23
24
25

514
538
5.63
5.90
6.19
6.49
681
7.16
7.53
7.92
835
8.80
9.28
981
10.37
10.98
1163
12.34
1310
13.93
1483
15.82
16.88
18.05
19.32
20.72

1.00
1.09
1.20
1.31
1.43
1.57
1.72
1.88
206
2.25
2.47
2.7
2.97
3.26

0.00
0.07
0.15
024
034
045
0.57
0.71
0.86
1.03
1.22
1.44
1.69
1.97
229

306
353
4.07
4.68
5.39
6.20

8.20
9.44

BEBABLLOR2BBRYRNRUKESERNG|®




Example 2

A square foundation (B > B) has to be constructed as shown in Figure 3.7. Assume
that y = 16.5kN/m", y,, = 18.55 kN/m", ¢’ = 34°, D, = 1.22 m, and D, = 0.61 m.
The gross allowable load, O, with FS = 3 i1s 667.2 kN. Determine the size of the
footing. Use Eq. (3.19).

We have

_ Qi _ 6672, 4, -

e B2 B2

From Eq. (3.19) {(with ¢ = ), for vertical loading, we obtain

e

1 1
Fan — ES — E(ENGF';FFM —i— ET’BNTFTJFW)

For ¢¢* = 347, from Table 3.3, N, = 29.44 and N, = 41.06. Hence,

=)
1 +Etm]qb'='l + tan 34 = 1.67

B
1—04( — ] =1—04 =06

D
1 + 2tan ¢'(1 — sin 45-*}2?’: 1 + 2 tan 34 (1 — sin 34}1%=

g = (0.61)(16.5) + 0.61 (18.55 — 9.81) = 154 kN/m?




Example 2 continue




Example 3

Calculate the effective stress for a soil element at depth 5 m in a uniform deposit of soil, as shown in Figure E7.5.
Assume that the pore air pressure is zero.

Ground level

FIGURE ET7.5
Strategy You need to get unit weights from the given data. and vou should note that the soil above the ground-
water level is not saturated.

Solution 7.5
Step 1: Calculate unit weights.

Above groundwater level

N

O, + Se Gl + w)
Yy = —————

1+ e 1 + e

0.3 = 2.7
H-JG,,—., a8 = T = 1.35

_ 2.7(1 + 0.3)

— a
T + 135 % 0.8 146 kKMN/m

Below groundwater level

Soil is saturated. 5§ = 1L

wiG, = 04 > 27 = 1.08

Cre + . .
’—E)..l.w = (ﬁ g8 = 17.8 kN/m"

1+ e 1+ 1.08




Example 3

Step 2 Calculate the effective stress.

Totalstress: o, =2y + 3y =2 X 146+ 3 X 178 =816 kPa
Porewater pressure: = 3y, =3 X 98 = 294 kPa

Effective stress: of =, - u =826 -294=332kPa

Alternatively:
ot =2y + 3y = y,) = 2y + 3y =20 146+ 3(178 - 98) = 532 kPa




Foundation Settlements



Foundation settlements

dFoundation settlements must be estimated
with great care for buildings, bridges,
towers, power plants, and similar high-cost
structures.

dFor structures such as fills, earth dams,
levees, braced sheeting, and retaining walls
a greater margin of error In the settlements
can usually be tolerated



problems with soll settlement analyses

There are two major problems with soil settlement analyses:
1. Obtaining reliable values of the "elastic" parameters.

 Problems of recovering "undisturbed” soil samples mean that laboratory
values are often in error by 50 percent or more.

« There Is now a greater tendency to use in situ tests, but a major
drawback is they tend to obtain horizontal values.

» Anisotropy Is a common occurrence, making vertical elastic values
(usually needed) different from horizontal ones.

« Often the difference is substantial. Because of these problems,

correlations are commonly used, particularly for preliminary design
studies.

« More than one set of elastic parameters must be obtained (or estimated)
If there is stratification in the zone of influence H.



problems with soil settlement analyses

2. Obtaining a reliable stress profile from the applied load.

We have the problem of computing both the correct numerical
values and the effective depth H of the influence zone.

Theory of Elasticity equations are usually used for the stress
computations, with the influence depth H below the loaded area
taken from H = 0 to H — oo (but more correctly from 0 to about 4B
or 5B).

The Theory of Elasticity usually assumes an isotropic, homogeneous
soil, agreement between computations and reality is often a happy
coincidence.



Settlements are usually classification

1. Immediate settlement, or those that take place as the
load iIs applied or within a time period of about 7
days.

2. Consolidation settlement, or those that are time-
dependent and take months to years to develop. The
Leaning Tower of Pisa in Italy has been undergoing
consolidation settlement for over 700 years. The lean
IS caused by the consolidation settlement being
greater on one side. This, however, IS an extreme case
with the principal settlements for most projects
occurring in 3 to 10 years.



Stresses Distribution

A) Approximate method
2:1 Method

B) Elasticity theory

a) und
b) Unc
c) Und
d) Und

e) uUndc

er point Load

er rectangular (square) area
er circular area

er embankment

er wedge

f) From any uniform shape



Approximate Method 2:1 method

Strip Load Width B

Ao = G (BXY
(B+2)

Square Load Width B
~—_ 4,(BxB)
" (B+Z)(B+2)

Rectangular Load B XL
G, (BXL)

0]
P B >
—1 1-
2
Z

Mlulllllllllllllll

o, =
(B+Z)(L+2)

Aoy



Point Load

the vertical stress increase at point A caused by a
point load of magnitude P Is given by

3P
A = N
Izl 1+ = :|
z
r= x4t

X, ¥. 2 = coordinates of the point A




Stress Due to a Circularly Loaded Area

z .r"“i'

e S —
| pimr=BR 3(gyrdedr)
ao = ldo = - ERTT
J =0 Ar=0 5 r
2wzt 1+
1
== B LA !b
1 —
| P
“ ’
Table 5.1 Variation of Ae /g, for 8 Uniformly Loaded Flexible Circular Area
rfl Bl 2}
zf(Bf2) 0 02 0.4 0.6 0.8 10
0 L000 L00O LO0O 1.000 L.000 1.000
0.1 0.999 0999 0.998 0.996 0.976 0.484
02 04992 0.991 0987 0970 0.890 0.468
03 0976 0.973 0963 0.922 0.793 0.451
04 0.949 0943 0.920 0.860 0.7112 0.435
0.5 0.911 0902 0869 0.796 0.646 0.417
0.6 0.864 0.852 0.814 0.732 0.5 0.400
03 0.811 0.798 0.756 0674 0545 0.367
08 0.756 0.743 0,699 0.619 0.504 0366
09 0701 0.688 0644 0.570 0.467 0.348
1.0 0646 0633 0.59 0.525 0434 0.332
1.2 0.546 0.535 0.501 0.447 0377 0.300
1.5 0.424 0.416 0.392 0.355 0308 0.256
20 0.286 0.286 0268 0.248 0.224 0.196
25 0.200 0.197 0.191 0.180 0167 0.151
30 0146 (145 0.141 0.135 0127 0118
a0 0.087 0086  D0OSS 0082 0080 0075

T
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Figure 3.25 page 226



Vertical Stress under uniformly
loaded circular area

I, stress in percent of surface contact pressure

0.1 0.2 0304 060810 oAt e e Y 20 30 40 5080 80 100
DEEFE_:F#H ] f
E R B LT o6) 10434
I s i M BB iz":(“?*‘wh, TS VAl Zs”
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h. f
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: } indicate offset distances
I\ f in radii, x/r.
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z/r, depth in radii
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Fig. 8.22 Influence values, expressed in percentage of surface contact pressure, g, for vertical stress
under uniformly loaded circular area (after Foster and Ahivin, 1954, as cited by U.5. Navy, 1971).



Stress Under
I 2mavmd + 0 41 mf + 2%+
Corner of F = influence fator = o

f Lﬂl‘i"l.l"rl'ill'!“;..l:l' ¥ | }
7

Uniformly Loaded o L o ey >
Rectangular (table s
5.2 page 228) ,,

m 1.6 1.8 2.0 2.5 3.0 4.0 5.0

0.1 003058 L0300 003111 003138 003150 0031558 0.03160
0.2 0.05994 (L0605 (.06 100 L6155 006178 00al194 006199
0.3 (LOETO9 (LOESE0 OLOBEET (LOR94E (LOE9E2 009007 009014
0.4 011135 (0. 11260 0.11342 0.1 1450 011495 011527 0.1 1537
0.5 0.13241 (. 1332095 (. 13496 013628 013684 0.13724 013737

(.6 (L 15028 (L 15207 (L15326 (L15483 (L15550 (L15598 .15612
0.7 016515 0. 16720 (. 16856 017036 017113 0.17168 017185
0.8 017739 0. 17967 18119 0.18321 018407 0. 18469 (. 18488
0.9 018737 (L 18956 19152 (L19375 019470 L19540  0.19561
1.0 0L 19546 19514 0. 19994 0L.20236 0.20341] 020417 0.20440

i 1.2 020731 021032 021235 021512 021633 021722 021749
i 1.4 021510 021836 022058 022364 022499 022600 0.22632
i 1.6 022025 022372 022610 022940 023088 023200 023236
z 1.8 0.22372 022736 022086 023334 023495 023617 023656
i 20 022610 022086 023247 023614 023782 023912 0.23954
i 2.5 022040 023334 023614 024010 024196 024344 024302
o 3.0 023088 023495 023782 024196 024394 024554 024608

4.0 0. 23200 (0.23617 (.23912 (1.24344 (1.24554 (0.24729 0.24791
5.0 (.23236 (.23656 (1.23954 (0.24392 (0.24608 (0.24791 (.24 857

6.0 (0.23249 (.23671 (.23970 0.24412 (.24630 024817 (1.24885
8.0 (0.23258 (0.23681 (1.23981 0.24425 024646 (0.24836 0.24907
1010 .23261 (1.23684 (1.23985 0.24429 0.24650 (0.24842 0.24914
o 0.23263 (L.23686 0.23957 (.24432 024654 024546 0.24919

“After Mewmark, 1935,



Stress Under
Corner of

Uniformly Loaded

Rectangular

Load g, per unit of area
z x Y

r 4 Zz

m and n are interchangeable -

0, = q,1

Influeres valwe, I

‘ o , ; {;—-.-,__
T z
-lIr n-!
Load g, per unit of aree 024
4

028
0.4
022 0.22
m and n sre Intarchangeshle ]|
0.20MH 0.20
0.18
018
0.01 01 0203 0
0,18 H0.18
0.14 0.14
0.12 N A {012
010 m= 10 1Ho.10
m = 2.0-
0.08 0 0.08
71 3]
0.08 0.06
AL LS .
0.04 A o {1 0.04
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0.02 Lol 0.02
o . 0
001 002 004 0) 020305081 2 34 8810

Vafua of n

Fg. 82t Infiuenpe value for verlicsl siress undar comer of & untformiy

londed rectengidsr sren (after LS. Mavy, 18711



Stress bulbs AH

based on NN
Newmark’s -

N
solution of NN

Boussinesq’s \ o
equation for

square and
continuous ;

footings. ./

t 1 1 0 1
'l F!

vf =horizontal distance from centerling of footmz
Zf = depth helow bottom of footing

B =footing width

Ig =stess mflance Sactor

Figure 7.2 Stress bulbs based on Wewmark's solution of Boussinesq's equation for square and contimmcus footmzs.



Elastic Settlement

JThe elastic settlement of a shallow foundation
can be estimated by using the theory of

S, = elastic settlement

E. = modulus of elasticity of soil

H = thickness of the soil layer

us = Poisson's ratio of the soil

Aoy, Ac,, Ac, = stress increase due to the net
applied foundation load in the X, y, and z
directions, respectively

Load = gy funit drea

¥ ¥

H

O U 7-'“. t "

¥
Ar,

v I

A
d i
Aer,
r |/
'f

Y

l Incompressible

¢ layer



Settlement On Clay

St =S4 +S, + S5,

S,=total settlement
S =distortion (elastic) settlement F(P, E, B, D)

S.=Primary consolidation Settlement f(P,Cc, Cr, €0)
S;= secondary consolidation settlement (creep settlement) f(p,t)




Elastic Settlement of Foundations
on Saturated Clay

the average settlement of flexible foundations “ [ p
on saturated clay soils (u=0.5). h—s o “,"j*
O 10 =
S, =AA, 2B K
E u A oo
go: net applied contact pressure 08 ,
E,= undrained young modulus 18

B=width of footing
A,=Depth factors
A,=Shape factors

Note: wherever elastic parameters
exist the principle of superposition
always valid




Settlement on Sand
S. = €G3~ a) ;‘E‘;;—‘m

'r-"ﬂ' 'I.'I.
] * I l I
1§ —4q
Ly = 05 + 0.1, P ~0s8'Y J,T"J, 4
Yy vt B i
g = slress at IJ'u: ]L‘"I-L"] of the I'ﬂun'daliq;n
Cl — 1 O 5(—q q) :;-=f31’f
L/g=1
C, =1+0. 2Iog(—) :

LAR=10

|, = strain influence factor

=4
tz

C, = a correction factor N
for the depth of foundation embedment = %#2=" L =01+ 001 '(E - 1) =02

_ «  Variation of z,/B for I, i) =05+ 0. []ﬁw.( L IJ = |
C, = a correction factor to account for B e
Z_24 nwr{—— |] - 4

creep in soil » Variation of z,/B B “\ B

§ = stress at the level of the foundation l
q = vD, For rectangle
foundation



Strain Influence Factors

Step 1: Plot the foundation and the variation of 1,
with depth to scale

Step 2: Using the correlation from (N60) or (qc),
plot the actual variation of E with depth

Step 3. Approximate the actual variation of E,

e number of layers will depend on the break in
ontinuity in the 1z, and E, diagrams.

Step 5. Prepare a table to obtainzz az.
e e Step 6 Calculate C1, and C2

(b}

Figure 523 Procedure for calculation of 8, using the strain influence factor Step 7 Calculate S



Depth (m)

16

Settlement Based on Field Test

g, (Cone Profile)

i _;— g, (Bo1l Layers)

40 EO 120

Cone Bearmng, g, (kg'om-)

160

B s

45 -

Stram-Influence
Factor, I



Typical Elastic Parameters of Various Solls

Table5.8 Elastic Parameters of Various Soils

Modulus of elasticity, E,

Type of soil MM/ Ib fin® Poisson's ratio, g,
Loose sand 10.5-24.0 1500-3500 0.20-0.40
Mediom dense sand 17.25=-27.60 2500-4000 0.25-0.40
Dense sand 34,50-55.20 S000-8000 0.30-0.45
Silty sand . 10.35-17.25 15002500 0.20-0.40
Sand and gravel 69.00-172.50 10,000-25,000 0.15-0.35
Soft clay 4.1-20.7 600=3000

Medium clay 20.7-41.4 30006000 0.20-0.50
Suff clay 41.4-96.6 &000-14.000




Modulus of elasticity, Es
JSand

E, = 2.5q.
where

for square foundations (L/B = 1)
E, = 3.5g,

for long foundations (L/B = 10)
p. = atmospheric pressure = 100 kN/m? (= 2000 Ib/ft*)

{ 5 for sands with fines
f_‘f —

. LYy
10 for clean normally consolidated sand E i rocimagley = (l + 0.4 |ﬂ]=’Ej”'-.-:| sepam |
15 for clean overconsolidated sand

JClays

E, = fc, Cu=undrained shear strength:

Table 5.9 Range of g for Clay [Eq. (5.45))°

Plasticity B

index OCR = 1 OCR =2 OCR=3 OCR =4 OCR =5
< 30 1500-600 1380-500 1200-580 950-380 730-300
30to 50 600-300 350-270 580-220 380-180 300-150
=30 300-150 270-120 220-100 180-90 150-75

Interpolated from Duncan and Buchignani (1976)



Simplified Settlement of Foundation on Sand Based
on Standard Penetration Resistance

» Elastic Settlement, Se (mm)

1.25q, :l[kHi'rmI:'

§.(mm) = NoF (forB =1.22m)
]
2q,(kN/m?®) /B é
S.(mm) = ?:lw LE+D3) (for B = 1.22 m)
/ i h vt J
Qe = 9 — yD

Fy = depthfactor = 1 + 033(D,/ B)

The Ng, Is the standard penetration resistance between the
bottom of the foundation and 2B below the bottom for
(square) and 4B for strip footing.



Examples

Consider o shallow foundation 2 m > 1 m in plan i a saturated clay layer. A rigid rock
layer is located 8 m below the bottom of the foundation. Given:

Foundation: Dy = 1 m, g, = 120 kN/m?

Clay: ¢, = 150 kN/m’. OCR = 2, and Plasticity ndex, Pl = 3§
Estimate the elastic settlement of the foundation.
Solution
From Eq. (7.1),

q.8
S, =AA—
'AI E,
Given:
L_2_,
Besiliass
D _1_,
B 1
H 8
5 i
E, = Be,

For OCR = 2 and Pl = 35, the value of B = 480 (Table 7.1). Hence,
E, = (480)(150) = 72,000 kN/m*
Also, from Figure 7.1, A, = 0.9 and A, = 0.92. Hence,

0.B (120)(1) _ _
£ = 090927500 = 000138 m = 138 mm

S, = A|A3



Elastic Settlement of Foundations
on Saturated Clay (related to the example)

the average settlement of flexible foundations “ [ p
on saturated clay soils (u=0.5). s &
O 10 =
S, =AA, 2B
E u A oo
go: net applied contact pressure 08 ,
E,= undrained young modulus ’ o, 18

B=width of footing
A,=Depth factors
A,=Shape factors

Note: wherever elastic parameters
exist the principle of superposition
always valid




Example

Consider a rectangular foundation 2 m X 4 m in plan at a depth of 1.2 m in a sand
deposit, as shown in Figure 7.11a. Given: ¥ = 17.5 kKN/m®; § = 145 kKN/m?, and the

following approximated variation of ¢, with z:

r4 (m) q. (’k",mZ)
0-0.5 2250
0.5-2.5 3430
2.5-6.0 2950
Estimate the elastic settlement of the foundation using the strain influence factor method

Solution
From Eq. (7.23),

-
_._|

L = 0.5 + 0.0555
(5

oL

21 = (0.56)(2)= 1.12m

From Eq. (7.24).

2: 2 4+ 0222 L_'
B '"“(B
H2) =444 m




1 7= 145 kN’

=) ]

L=dm

(a)

40

504

ol V4 [

b))

0675 L

T kNm?

6300

[ —p——

bt o e o o0 00 an ¢

L]

2 (m)

(b)

- (m)

(c)



[,=0.1 +0.0]ll(%— l) =0.1 +0.011|(%— l) = (.11

From Eq. (7.21),

145 — (1.2 X 17.5)
(1.2 + 1.12)(17.5)

Ly =05 +0.1 4 [ = 05 + 0.1[
(1)

0.5
] = 0.675

The plot of 1. versus z is shown in Figure 7.11c. Again, from Eq. (7.27)

E,(mmglc) = (l + 0.4]08%)Es(square) = [I + 0'4108(%)](2-5 X qc) = 2'8qc

Hence. the approximated variation of E, with z is as follows:

z(m) q. (kN/m?*)  E, (kN/m?)

0-0.5 2250 6300
0.5-2.5 3430 9604
25-6.0 2950 8260




I, at middle EA, (m/kN)

Layerno.  Az(m)  E, (kN/m?) of layer E,
| 0.50 6300 (.236 1.87 X 107
2 0.62 9604 0.519 335 % 107
3 1.38 9604 0.335 768 X 107°
4 1.94 8260 0.197 462 % 107°

31752107

S=CClG-9Y

C| =]- 05(

q

9=9

[,
ESA‘

21
=1-05 = 0915
) 1 0(145—21) =

Assume the time for creep is 10 years. So,

Hence,

S, = (0.915)(1.4)(145 = 21)(17.52 X 107) = 2783 X 10~ m = 27.83 mm

0
C,=1+02 log(l—) =14

0.1



Consolidation
Settlement



Primary Consolidation Settlement

Normally consolidation Soll

Cc O ¢ A
S. = H lo
© l+e, g(a'o) | cr

 Qver consolidated Saoll
Cc

l. 6’ ,<6’<c’

P

. 1
&l H Iog(o-lf )

+ €, O,

SC=1

Log o
9 9 )
Il. 6°y<c’ <o

“T Hiog(Z2 )+ Hiog(ZL)
O

S =
+€, o, +€, )




where

7, = average effective pressure on the clay layer before the construction of the foundation

Awr;, = average increase in effective pressure on the clay laver caused by the
construction of the foundation

. = preconsolidation pressure

¢, = initial void ratio of the clay layer

(. = compression index

C, = swelling index

H. = thickness of the clay layer



Definition of Basic Term

|
500 mm |—| |—| 500 mm

' 1200 mm | L
CC O-f 25m Silty Clay Cl"'r .
S¢ = 7 H log(——) o S |
T Co O o STy ST S
Cc compression index (3) 15m

e, void ratio Silty Clay T
H Height of clay layer

c’, Initial overburden stress
of =6, +Ac final effective stress

Y=178 NS (1) 20m

Clay
G i(1+e) = 0.05 (5) 3.0m




Secondary Compression Settlements

S=C_ Hlog(t/ty)
Where
t: the time in which secondary settlement needed
t,: primary consolidation settlement ended
H: the height of soil layer
c,. Secondary Compression index

* Forinorganic claysand silts:
Cof C. = 004 = 0.01

* For organic clays and silts:

Vioid ratio, ¢
™
o

C/C, = 0.05 = 001

* For peats:

Co/C. = 0.075 = 0.01 N n

Time, r{log scale)



Example

VERTICAL
LINE

n-lhl—--h-

VARIABLE

FIGURE 3.4 Leaning Tower of Pisa—variable tilt.



Definition of parameters
for differential settlement

///,\‘

5; = total settlement of a given point
ASy = difference in total settlement between any two points

- L E a = gradient between two successive points
ASri
e Ly . f = angular distortion = ——
B ¢ D hi
As Y g to—ek Note: I, = distance between points i and j)
. L S P w=tilt
A i‘.__ —_ -}-— =¥ I 1 F : -~ E T . . . . . e .
i i i e A = relative deflection (i.e. movement from a straightline joining two refer-
‘*f I A _‘L L Mflmh"-- ence points)
e A . ,
i J_ 7= deflection ratio

o 1

Maximum settlement, Srima v

In sand 32 mm
: In clay 45 mm
J I\/Iaxn_num settlement Maximum differential settlement, ASpyma)
and maximum angular [solated foundations in sand 51 mm
distortion, to be used for Isolated foundations in clay Jomm
B ) R.aftin sand 31-76mm
building purposes: Raft in clay 76-127 mm

Maximum angular distortion, 5 g 1,/300



Limiting Angular Distortion

J recommended the following limiting angular
distortion, B,,,, for various structures

Category of potential damage (-

Safe limit for flexible brick wall (L/H > 4) 1/150
Danger of structural damage to most buildings 1/150
Cracking of panel and brick walls /150
Visible ilting of high ngid buildings 1/250
First cracking of panel walls 1/300
Safe hmit forno cracking of building 1/500

Danger to frames with diagonals

1/600




European Committee Recommendation

- limiting values for serviceability and the maximum accepted
foundation movements.

Table 5,13 Recommendations of European Committee for Standardization on Differen-
tial Settlement Paramelers

Item Parameter Magnitude Comments

Limiting values for 57 23 mm Isolated shallow foundation
serviceability 30 mm Raft foundation

(European Commiltee ASr 3 mm Frames with ngid cladding
for Slandardization. 10 mm Frames with flexible cladding
1994da) . 20 mm Cpen frames

[ 17500 —

Maximum acceplable 57 20 [solated shallow foundation
foundation movement ASy 20 Isolated shallow foundation

(European Committee B ==]/500 —

for Standardization. 1 494b)




Note on Structural Tolerance To Settlement
& Differential Settlements

1. The values in Table above should be adequate most of the time.
The values In brackets are recommended for design; others are
the range of settlements found for satisfactory structural
performance.

2. One must carefully look at the differential movement between
two adjacent points in assessing what constitutes an acceptable
slope.

3. Residual stresses In the structure may be Important, as it has been
observed that there is a range of tolerable differential settlements
between similar buildings.

4. Construction materials that are more ductile—for example,
steel—can tolerate larger movements than either concrete or
load-bearing masonry walls.

5. Time Interval during which settlement occurs can be important—
long time spans allow the structure to adjust and better resist
differential movement.



Foundation Settlements

Primary settlement & Secondary
settlement



Example 1

The soil profile at a site for a proposed office building consists of a layer of fine sand 10.4 m thick above a layer
of soft, normally consolidated clay 2 m thick. Below the soft clay is a deposit of coarse sand. The groundwater
table was observed at 3 m below ground level. The void ratio of the sand is 0.76 and the water content of the clay
is 43%.The building will impose a vertical stress increase of 140 kPa at the middle of the clay layer. Estimate the
primary consolidation settlement of the clay. Assume the soil above the water table to be saturated, C, = 0.3, and

G, =21

e, (for sand) = 0.76; w (for clay) = 43%
H,=2m, Ao, =140kPa, C, =03, G,=27

Fine sand |; s 7.4m




Example 1

Step 1: Calculate o, and ¢, at the center of the clay layer.

_(Gi+e\ (274076 o 3
Sand: Y = ( —— )'yw = ( YT )9.8 = 19.3 kN/m
G, -1 2.7 -1
t=—= = ————)9.8 = 9.5 kN/m’
B ( T )’“ (1 ™S ().76) =3

or ¥ = Y — Yo = 193 — 9.8 = 9.5 kN/m’

Clay: e, = wG, =27 X 043 = 1.16

p G_\’ VR, 1 2.7 = 1 3
( Ve )'yM = (l m 1.16)9'8 = 7.7kN/m

2
Il

The vertical effective stress at the mid-depth of the clay layer is

ol =(193 %X 3)+ (95 %x74) + (7.7 X 1) = 1359kPa

Step Z: Calculate the increase of stress at the mid-depth of the clay layer. You do not need to calculate Ac, for
this problem. It 1s given as Ao, = 140 kPa.
Step 3:  Calculate o,
Oy = 0, + Ao, = 1359 + 140 = 275.9 kPa

Step 4 Calculate the primary consolidation settlement.

H F fi 2 2759
= _cl = — X 03log=2—
P = T ¥ ey gl 1+ 116 “8 1359

= (LOB5S m = B5 mm



Example 2

* Inthe figure below: Giyen for the clay layer: C, = 0.02. Estimate the total consolida-
tion settlement five years after the completion of the primary consolidation settlement.
(Note: Time for completion of primary consolidation settlement is 1.3 years).

Assume: Ac” = 14.38 kN/m?, and primary consolidation settlement = 36.6 mm

[

: o ='-'_I'5ﬂ ldﬂ,{:rr_.? (net stress increase)

1. m
4*7 ¥ ¥ Y l ¥Y_¥Y ¥ .- " _.:
Gl BXEETmX2m  Sand
LMo T Ly = 165 KN
oy .oy Groundwater table. - v
Y S P N o Kand" -

0.5m’

L yai = 185 kNIm?
' Normally consolidated clay
v = 16 kN/m’ e, =08
E_ = 6,000 kN/m* C, =032
Hy = 0.5 C:: = 0.09

ol =(2.5)(16.5) + (0.5)(17.5 — 9.81) + (1.25)(16 — 9.81)
=41.25 + 3.85 + 7.74 = 52.84 kN/m’



Example 2

oy =0, + Ac' = 52.84 + 14.38 = 67.22 kN/m’
o) = o, = 52.84 kN/m*
C.=0.32

o T A 67.22
Ae = C.log (%) = 0.32 log (ﬁ) — 0.0335

Given: ¢, = (.8. Hence,

e, =e,— ¢ =08 — 0.0335 = 0.7665
C 0.02
C,=—=

= = — = 00113
““1+e, 1+0.7665

t,
8., = C.H_log (r__)
1

Note: t; = 1.3 years; t, = 1.3 + 5 = 6.3 years.
Thus,

6.3
S.n = (0.0113)(2.5 m) log(ﬁ) =0.0194 m = 19.4 mm

Total consolidation settlement 18

36.3mm + 194 = 55.7m

[ ———



Factors to Consider in
Foundation Design



FOOTING DEPTH AND SPACING

Footings should be carried below
1. The frost line

2. Zones of high volume change due to moisture
fluctuations

3. Topsoil or organic material
4. Peat and muck

5. Unconsolidated material such as abandoned (or
closed) garbage dumps and similar filled 1n areas.



Spacing with respect to exist
structures

When footings are to be placed adjacent to an
existing structure, the line from the base of
the new footing to the bottom edge of the
existing footing should be 45° or less with
the horizontal plane.

From this requirement 1t follows that the
distance should be greater than the difference
in elevation of the two footings.



Spacing with respect to exist structures

New footing m—s
T s | |
I .
N AN

v Existing footing

{a) An approximalion for the spacing of foolings
to avoid interference between old and new
footings, If the “new™ footing is in the relative

position of the “existing”™ footing of this figure,

interchange the words “existing” and “new.”
Make m = z.

o= 2 4o
"7 spyJKk Py

m Ground ]im::

—— b — Excavation line

g
s foots ||| |
Soil “bulges™ from—_| NeW footing
loss of lateral support
(b} Possible settlement of “existing” footing

becanse of loss of lateral support of soil
wedge beneath existing footing.

c: cohesion

v unit weight

SF: Safety factors
K=coefficient of lateral pressure
q,=pressure of new footing



Spacing with respect to exist structures

* This equation indicates two factors for consideration:

1. If the so1l 1s a sand (does not have cohesion) one
cannot excavate to a depth greater than that of the
existing foundation.

2. The excavation depth of a ¢-c soil 1s limited by the
preceding equation.

The K in these equations 1s a lateral pressure coefficient
of Ka < K<Kp

3. The problem may be avoided by constructing a wall
(sheet pile) to retain the soil in essentially the K
state outside the excavation.



Potential settlement or instability from loss
of overburden pressure

Ground
line

el v S— TE— — i |

Existing footin A |
..L : ° L 4 li '4"' T~ — - 4
T 5 N
AH \ <
S o yD lost Potential soil bulge
™~ - from loss of over-
S~ " burden pressure




Displaced Soil Effects

* Soil 1s always displaced by installing a
foundation.

* In the case of spread footings the displacement
1s the volume of the footing pad and the
negligible amount from the column resting on
the footing.

* In cases where a basement 1s involved, the
basement floor slab usually rests directly on
top of the footing pad.



Footing placement and significance "net"
pressure 1ncrease.

In general:

¥, = unit weight of soil

Existing pressure = 4, D

Increase in pressure due to P = P/B? = g,
Increase due to displaced soil = (¥, = 1) D. = g2
MNetincrease = @ = @y + g2 < 4,

(b) Spread footings with basement.



2

a.

b

Net Versus Gross Soil Pressure:
Design Soil Pressures

What 1s the significance of q,?

. Is it a net pressure, 1.e., pressure in excess of the existing
overburden pressure that can be safely carried at the
foundation depth D (based on settlement limitations)?

. Is it a gross pressure, 1. €., the total pressure that can be carried
at the foundation depth, including the existing overburden
pressure (and based on soil strength considerations)?

The bearing-capacity equations are based on gross soil
pressure g, which 1s everything above the foundation level.

Settlements are caused only by net increases in pressure
over the existing overburden pressure. Therefore,

If the allowable pressure 1s based on the bearing-capacity
equations, the pressure 1s a gross pressure.

. If the allowable pressure 1s based on settlement considerations,
it 1S a net pressure.



NUMBER AND DEPTH OF
BORINGS

* Depth of Boring for a building of 30.5 m
wide
— Db=3SO'7 for light steel and narrow concrete building

— Db=6SO'7 for heavy steel or wide concrete structure

 For deep excavation at least 1.5 timers of the depth of
excavation

* In bed rock at least 3m
« Approximate spacing of Boreholes (Number)



Approximate spacing of Boreholes

(number)
Type of Project Spacing (m)
Multistory building 10-30
One store industrial 20-60
plants
Highways 250-500
Dams and Dukes 40-80




Minimum Depths Requirements For Boring for Shallow Foundation

AASHTO Standard Specifications for Design of Highway Bridges

For isolated footings of breadth Lf and width Bf, where Lf
< 2Bf, borings shall extend a minimum of two footing widths
below the bearing level.

For isolated footings where Lf >5Bf, borings shall extend a
minimum of four footing widths below the bearing level.

For 2Bf < Lf < 5Bf, minimum boring length shall be
determined by linear interpolation between depths of 2Bf and
5Bf below the bearing level.



Minimum Depths Requirements For Boring for Deep Foundation
AASHTO Standard Specifications for Design of Highway Bridges

* In soil, borings shall extend below the anticipated pile or shaft
tip elevation a minimum of 6 m, or a minimum of two times the
maximum pile group dimension, whichever 1s deeper.

* For piles bearing on rock, a minimum of 3 m of rock core shall
be obtained at each boring location to verify that the boring has
not terminated on a boulder.

» For shafts supported on or extending into rock, a minimum of 3
m of rock core, or a length of rock core equal to at least three
times the shaft diameter for isolated shafts or two times the
maximum shaft group dimension, whichever is greater, shall be
extended below the anticipated shaft tip elevation to determine
the physical characteristics of rock within the zone of
foundation influence.



Minimum Depths Requirements For Boring for Retaining Walls
AASHTO Standard Specifications for Design of Highway Bridges

* Extend borings to depth below final ground line between 0.75
and 1.5 times the height of the wall. Where stratification
indicates possible deep stability or settlement problem, borings
should extend to hard stratum.

Minimum Depths Requirements For Boring for Roadways
AASHTO Standard Specifications for Design of Highway Bridges

Extend borings a minimum of 2 m below the proposed subgrade level.



Guidelines For Boring Layout
FHWA Geotechnical Checklist and Guidelines; FHWA-ED-88-053

Bridge *For piers or abutments over 30 m wide, provide a minimum of two
Foundations borings.

*For piers or abutments less than 30 m wide, provide a minimum of one
boring.

«Additional borings should be provided in areas of erratic subsurface
conditions.

Retaining Walls | *A minimum of one boring should be performed for each retaining wall.

*For retaining walls more than 30 m in length, the spacing between
borings should be no greater than 60 m.

*Additional borings inboard and outboard of the wall line to define
conditions at the toe of the wall and in the zone behind the wall to
estimate lateral loads and anchorage capacities should be considered.




Bornng Log

Name of the Project Two-story apaniment building
Location _Johnson & Olive St. Date of Boring March 2, 2005

Boring No. 3 Type of _Hollow-stem avger Ground _60.8m

Boring Elevation
Soil b r. Soil
01 epl sample | ng W, C
. " ' omments
description (m) |wpeand | | (%)
number
Light brown clay (fill)
| =
Silty sand ( SM) MM $5.1 9 8.2
3
LWT . | 55-2 12 17.6 W“...“_..H —unm_
3.5m —
4
Light gray elayey ST-1 704 | LL =3
silt (ML) 3 X | g, = 112 ke
4 ss2 | | 206
Sand with some
T -—
gravel (SP)
Endofboring @8m | g W ss4 [27 | 9
M, = standard penctration numboer *Groundwater tahle

', = natural moisture contenl
LL = liquid limit; Pl = plasticity index obscivedafter one
g, = vnconfined compression strength week of drilling
55 = split-spoon sample; 5T = Shelby whe sample

Figure 2.30 A typical boring log




Ultimate Bearing Capacity under
Eccentric Loading



Ultimate Bearing Capacity under
Eccentric Loading

» One-Way Eccentricity

Effective Area Method (Meyerhoff, 1953)

In 1953, Meyerhof proposed a theory that is generally referred to as the effective

area method.
0

 6e /_i\ —> o
a(+5) nk ]

BL
T | P E=Tr |
L N L 8 1 .
- - j i 5 Jl -
kA ; .t : Y
= g(l — ﬁ_f) B> L
(b)
BL B Fore < B/6 '
F I
'r'llll'l'lll'l
'r-||I]]',;1:r__
M
g = — For e > Bf6 R
Q A A
G max
T

(a)



One-Way Eccentricity

The following is a step-by-step procedure for determining the
ultimate load that the soil can support and the factor of safety
against bearing capacity failure:

Step 1. Determine the effective dimensions of the foundation
(Figure 4.19a):

B = effective width =B - 2e

L" = effective length =L



One-Way Eccentricity

\’T“ d, J Q.

!

[-‘
[
&
i
|
|
|
|

'Ill._.-’___.-'__..'_.-’_____"__'
.-'|_ -

.

- ————————

&

Figure 4.19 Definition of g, and gq.,,.,

|--é’=3 — Ze

{a)



One-Way Eccentricity

* Step 2. Use general bearing capacity equation:
g. = ¢'N.FFF,;+ gN;F,FF,+ 3yB'N,F,F F.

gt gat gi

To evaluate F, F,,, and F,, use the relationships given in Table 4.3

with effective length and effective width dimensions instead of L and B,
respectively. To determine F 4, F 4, and F;, use the relationships given in
Table 4.3. However, do not replace B with B



Shape, Depth, and Inclination Factors
Commonly used shape. depth. and inclination factors are given in Table 4.3,

Table 4.3 Shape. Depth and Inclination Factors [DeBeer (1970): Hansen (1970): Meyerhof (1963):
Mevyerhof and Hanna (1981)]

Factor Relationship Reference
Shape BN, DeBeer (1970)
F.=141=-WI-
’ L\ N,

Fom 1+ (B) an o
et (B) ne

B
Fo=1-04|F

Depth D_.I" Hansen ( 1970)
— =1
B
For «» = 0:
Dy
Fau=1+04(4
Fo=1
Fo=1
For ¢»" == 0:
1 — F
- .
Fea = Fou N_tan ¢b”
. By
Fa=1+%+ 2tan ¢’ (1 — singh")~ B_
Fou=1
D
B

For «» — O

[P
g 1 + 0.4 tam
ol Fag

Fo,=1 radians
Fo,=1
For o = O:
1 Faa

Foy=F 4, — —————
o et N tan "

ro
Foe= 1+ 2Ztan ¢'(1 — sin ') an™’ (EJ)

radians
Foa=1
Inclination B= N2 Meyerhof ( 1963); Hanna and
Fo = Fgu = 1 — o0° Mewverhof ( 1981)
B2
Fou = (] _ P
B = inclination of the load on the

foundation with respect to the wvertical




One-Way Eccentricity

e Step 3. The total ultimate load that the
foundation can sustain is

/‘1'
g, (B’ J(L")

Q“ —

where A° = effectuive area.

Srep 4.  The ftactor of safety against bearing capacity failure 1s

Qli

FS = —

o
It is important to note that g, is the ultimate bearing capacity of a foundation of
width B' = B — 2¢ with a centric load (Figure 4.19a). However, the actual distribution of

soil reaction at ultimate load will be of the type shown in Figure 4.19b. In Figure 4.19b,
Ty 1% The average load per nnmit area of the fonndation. Thas,

g B — 2e)
II:.fllrh!'l - B




Bearing Capacity—Two-Way
Eccentricity

Consider a situation in which a foundation is subjected to a
vertical ultimate load Q ; and a moment M, as shown in
Figures a and b (next slide)

For this case, the components of the moment M about the x-
and y-axes can be determined as M, and M,, respectively. (See
Figure c.) This condition is equivalent to a load Qu placed

eccentrically on the foundation with x=e; and y = e, (Figure
d).



Two-Way Eccentricity

N
|:i.'|._' 11‘;’
o |.E><L.'_-'.
I
i | |
| r*e—;'l

|
|
| M, |
, M Ier I
N 3 | X N ) 1] i .,__ ) ) ) _Ef- )
[ |




Two-Way Eccentricity

M,
¢ 0, -
=a A’
.Eu.l Qn‘l‘ {.:i'i.!n!
o
L,

q,= ¢'N.F.F. F.,;+gNF,F,F,+yBNF,F.F.

(il g gs° ge it

A’ = effective area = B'L’



Two-Way Eccentricity

Case I. ¢ /L = 5 and ey/B E{; The effective area for this condition i1s shown in
Figure 4.25, or

|*_ B, —> Effective
area
A’ =3BL, " 7 /
Eg
B —nB[1s5— 2% K
b . B Qn [ 'E’;_/ LI
L_ —_ — —_
3 : L J
L, =L(1.5—ﬂ) -
L v

The effective length L is the larger of the two dimensions B1
and L1. So the effective width is



Two-Way Eccentricity

Case Il. ¢;/L < 0.5 and 0 < ¢p/B < é— The effective area for this case, shown in
Figure 4.26a, is

The magnitudes of L1 and L2 can be determined from

0.5

0.4

0.3

e,’/L

0.2

0.1 4

Effective
' area

A'=YL, + L,)B

(a)

The effective width is

3 \\\ "0. ) A,
. \\ Br

i LyorL, (whicheveris larger)

obtaining 7, 00/ For
L,/L BN obtaining

. . | , Y The effective length 1s

0 0.2 0.4 0.6 0.8

L/l A, L'=LorL, (whicheveris larger)
(b)




Two-Way Eccentricity

Case |l

ratio B,/B, and thus B,, can be determined by using the ¢; /L curves that slope upward.
Similarly, the ratio L,/L, and thus L,, can be determined by using the ¢,/L curves that

slope downward. The effective area 1s then

A'=LB+ (B + B,)(L — Ly) . B .
The effective width is :
A’ ¢ A
B =— L,
L v
0.20 _;m:btaining B, /B ] _L

0.05

o For obtaining ./
T T T T
0.4 0.6
B> /B, L, /L
(b)

0.8 1.0

e /L < fg and ez/B < fg. Figure 4.28a shows the effective area for this case. The

_____ﬂ__q_Effec tive
area

: /-
e

The effective lengthis L’ =L



Examples



Example 1

A continuous foundation is shown in Figure 4.23. If the load eccentricity is 0.2 m,
determine the ultimate load, Q,, per unit length of the foundation. Use Meyerhof™s
effective area method.

Solution
For ¢’ = 0, Eq. (4.51) gives
¥ l r 1
QM:quFq:ququ+ETBNYFﬂF ¥i

where g = (16.5) (1.5) = 24.75 kKN/m’.

/ﬁ

[t
Sm | [ @ =407
e et A 165 kN/M™  Fioyre 4.23 A continuous foundation with load
fe—=2m—> eccentricity

For ¢' — 40°, from Table 4.2, N, — 64.2 and N, — 109.41. Also,
B'"=2-01202)=16m



Example 1

Because the foundation in question is a continuous foundation, B' /L' is zero. Hence,
F,, = 1,F, = 1. From Table 4.3,

F,=F,=1

) . 1.5 _
F,=1+2tand¢'(1 - mncﬁ}-E: 1 +0.214 = 1.16

F, =1
and
g, = (24.75)(64.2)(1)(1.16)(1)
+ (%){16.5}{1.6}{1[]9.41}{1}(l}{1} = 3287.39 kN/m’
Consequently,

Q, = (B')(1)(g,) = (1.6)(1)(3287.39) = 5260 KN m



Example 2

A square foundation is shown in Figure 4.30, with ¢, = 0.3 m and e; = 0.15 m. Assume
two-way eccentricity, and determine the ultimate load, Q.,,.

Solution

We have
e 0.3
—==—=0.2
L 1.5

and
€ 0.15
- =——=0.1
B 1.5

This case is similar to that shown in Figure 4.26a. From Figure 4.26b, for ¢, /L = 0.2
and EB;’B — 0.1,

L
fl ~0.85 L, =(0.85)(1.5) =1275m
and
L,
— ~021; L, = (0.21)(1.5) = 0.315m
From Eq. (4.71),
A" =$(L, + L,)B = $(1.275 + 0.315)(1.5) = 1.193 m’

From Eq. (4.73),
L'=L=1275m



N
U

0.7m o e oLy =18 kN/m?
o | = ' ' b =307
LSmx1Sm | “rog
e
N ]
A |
|....).{ eg = 0.15m
I L ]
L->m | e =_+E.3 m
B I S I
|
|
y | | | Figure 4.30 An eccentrically loaded
< 1.5m > foundation

From Eq. (4.72),

A" 1193
B ———=——-=0936m
L' 1275

Note from Eq. (4.51) with ¢’ = 0,
Gy = qNF,F F, + 1YB'N.F F F.

where ¢ = (0.7)(18) = 12.6 kN/m’.



Example 2

For ¢’ = 30°, from Table 4.2, N, = 18.4 and N, = 22.4. Thus from Table 4.3,

F,=1+ (B—)tan o' =1+ (0'936)1311 30° = 1.424
LF

1.275
B’ 0.936 .
F,=1-04|{—|=1-04[——] =0.706
’ L' 1.275
, .o D (0.289)(0.7)
qu= 1 + 2tan ¢'(1 — sind’) E: 1 +T: 1.135
and
F.w: =]
So

Qu — A'ql,l = A'(quFqAqu T é_yB’NyFyrF'yd)
= (1.193)[(12.6)(18.4)(1.424)(1.135)
+ (0.5)(18)(0.936)(22.4)(0.706)(1)] = 606 kKN u



Example 3

Consider the foundation shown in Figure 4.30 with the following changes:

e; =0.18m
eg=0.12m
For the soil, y = 16.5 kN/m’
¢ = 25°
¢’ = 25 kN/m*
Determine the ultimate load, Q,.
Solution
€ 0.18 e 0.12
T =0 -0z = =008

This is the case shown in Figure 4.28a. From Figure 4.28b,

B, L,
— = ().1; — == (.32
B L
So

B, = (0.1)1.5) =0.15m

L, =(0.32)(1.5) =048 m



A" =L,B+ %{B + B,)(L — L,) = (0.48)(1.5) + %{1.5 +0.15)(1.5 — 0.48)

=(0.72 + 0.8415 = 1.5615 m*

, A" 15615
B = . s 1.041m
L'=15m

From Eq. (4.51),

1
qu = ¢'NF Foq+ gNF,F + ;?B'NTFHFTJ
For ¢’ = 25°, Table 4.2 gives N. = 20.72, ﬁ".i'qf = 10.66 and N, = 10.88. From Table 4.3,

B'\(N, 1.041\/10.66
F.=1+|—|l—|=1+ = 1.357
L' \N. 1.5 /\20.72

B’ 1.041
Fq_ﬁ.=l+(E)tan¢’= 1+( )tan25=l.324

1.5

B 1.041
F,=1-04 (—) =1-04 (—) = 0.722
L 1.5

(D 0.7
F,=1+2tan¢'(1 — sin ¢’}-(E‘r) =1+ 2 tan 25(1 — sin Eﬁ}z(ﬁ) = 1.145

1 = F 1 — 1.145
ged .
F,=F , —————=1145—- ———— =1.16
« "4 N tan ¢’ 20.72 tan 25



Example 3

g, = (25)(20.72)(1.357)(1.16) + (16.5 X 0.7)(10.66)(1.324)(1.145)

+ %( 16.5)(1.041)(10.88)(0.722)(1)

= 815.39 + 186.65 + 67.46 = 1069.5 kKN/m°
Q,=A'g, = (1069.5)(1.5615) = 1670 kN



Example 4

A square column foundation (Figure 4.11) is to be constructed on a sand deposit. The
allowable load Q will be inclined at an angle B = 20° with the vertical. The standard
penetration numbers N, obtained from the field are as follows.

Depth (m) Neo
1.5 3
3.0 6
4.5
6.0 10
7.5 10
9.0 8

c=0
v = 18 kN/m®

[e——B = 1.25 m—>| Figure 4.11

Determine Q. Use FS = 3, Eq. (3.29), and Eq. (4.26).



d’ (deg) = 27.1 + 0.3Ng4; — 0.00054(Ng,)>

The following is an estimation of ¢’ in the field using Eq. (3.29).

Depth (m) N, ¢’ (deg)
1.5 3 28
3.0 6 29
4.5 O 30
6.0 10 30
75 10 30
9.0 8 29

Average = 29.4° = 30°

With ¢’ = 0, the ultimate bearing capacity [Eq. (4.26)] becomes

G
q

"y=

From Table 4.2 for ¢b" = 30°,

From Table 4.3, (Note: B = L)

N

¥E

D,
Faa=1+2tang'(1 — sing’)’ — =1+

18 kN/m?
N, = 184
N, =224

F.=1-— U.—'—l(E) = 0.6
L

B

B
F.=1 +(E)Lan:f>'= 1 + 0577 = 1.577

(0.289)(0.7)

1.25

1
= N F ol + S VBN E FL .,
(0.7)(18) = 12.6 kN/m?

= 1.162



Example 4

g, = (12.6)(18.4)(1.577)(1.162)(0.605) + (%)[IE]{1.25}{22.4][(}.6}[1}({1l 1)
= 273.66 kN/m~

q., 273.66 5
= = = 01.22 kKN/m-
gan ES 3

Now,
O cos 20 = .qrauﬂz = (91.22)(1.25)°

Q = 151.7 kN



LATERAL PRESSURE
THEORIES




Lateral Earth Pressure At-rest

”TH 4




Lateral Earth Pressure At-rest

At any depth z below the ground surface, the vertical subsurface stress is:

T, =4+ 72

o If the wall is at rest and is not allowed to move at all, either away from the soil mass or
into the soil mass the lateral pressure at a depth ziis:

Ty — Kﬂﬂ';+ﬂ
where

i = pore water pressure
K, = coefficient of at-rest earth pressure




Lateral Earth Pressure At-rest
For normally consolidated soil, the relation for K, (Jaky, 1944) 15

K,~1-sing’

For overconsolidated soil, the at-rest earth pressure coefficient may be expressed as

(Mayne and Kulhawy, 1982)
K, = (1 — sin ¢")OCR"*

where OCR = overconsolidation ratio.




« The total force (Po), per unit length of the wall can be obtained

« from the area of the pressure diagram is:
P,=P + P =gK,H + 3yH*K,
where

P, = area of rectangle 1
P, = area of tnangle 2

The location of the line of action of the resultant force., P,. can be obtained by taking the
moment about the bottom of the wall. Thus,

H H
Pl =)+ Al =
z = )




| ateral Pressure Theories

« Rankine Theory ( Frictionless walls)

« Coloumb Theory
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« Rankine Theory (Frictionless wall)
= Active pressure

= Passive pressure

« Coloumb Theory
= Active pressure

= Passive pressure




Rankine Theory

MOVEMENT —
to lefi
—>|Axfe— 45 +¢.';2ﬁ\ /4\45
‘. ] .r
| E T L L
\ RV
Rankine Active Earth Pressure: I \ i “1?,’
< " £ #
« if a wall tends to move away from the 1 R
4
: : e
soil a distance Ax as shown below. H Y
2
 The soil pressure on the wall
at any depth will decrease.
e With Ax > 0, g, will be less than
{(K, 0,)} at rest pressure S RATT

Rotation of wall
about this point



Active lateral pressure:

o, = -ﬂ';,tﬂﬂz(q-j — E) — 2’ 1]1[[(45 — i ) 4= Forc-¢ soil

:F;Kn_zﬂl""xu

where K, = tan*(45 — d'/2) = Rankine active-pressure coefficient.

The variation of the active pressure with depth for the wall

z. the depth 1s usually referred to as the depth of tensile crack




Tensile crack

« Tension Cracks appearing at the surface of a soil mass; often occur adjacent to
a retaining wall or top of a slope, where they influence the stability analysis. The
depth to which tension cracks extend from the surface and at which the
horizontal effective stress is zero.




Active lateral pressure:

>The total Rankine active force per unit length of the wall (p,) before the tensile

= WWHK, - 2’ HVK,

crack occurs is:

« After the tensile crack appears, the force per unit length on the wall will be caused
only by the pressure distribution between depths z=z_and z=H, and its:

P,=4(H - ) (yHK, - ’'VK,)




Active lateral pressure:

« For granular soil (c=0)

T = g;,mn“(ctﬁ ¢")




How much the movement of wall in active
condition:

<For granular soil backfills: Ax= 0.001H to 0.004H

<+For cohesive soil backfills: Ax=0.01H to 0.04H




Example:

« A 6-m-high retaining wall is to support a soil with unit weight y = 17.4 kN/m?, soil
friction angle ¢’ =26°, and cohesion ¢’ = 14.36 kN/m?. Determine the Rankine
active force per unit length of the wall both before and after the tensile crack occurs,
and determine the line of action of the resultant in both cases.




Solution

For ¢ = 26°,
K, = tnnz(-iﬁ - %) = tan’(45 — 13) = 0.30
VK, = 0625
o, = yHK, — 2¢'VK,
Atz=0 4= —20VK,= —2(1436)(0.625) = —17.95 kN/m?

and at z = 6 m,
o, = (17.406M0.39) — 2(14.36)00.625)
= 40.72 — 17.95 = 22.77 kN/m*
Active Force before the Tensile Crack Appeared: Eqg. (7.10)

P, =iyHK, — 2cHVK,
= 1(6)(40.72) — (6)(17.95) = 122.16 — 107.7 = 14.46 kN/m

The line of action of the resultant can be determined by taking the moment of the area
of the pressure diagrams about the bottom of the wall, or

Pz — (122.15)(2) - (m}'.?]@)

Thus,
_ 24432 — 323.1
= 1446 = — 545 m.
Active Force after the Tensile Crack Appeared: Eqg. (7.9)
’ 2(14.36
E ( ) =261m

T JVEK, (17.4)(0.625)
Using Eq. (7.11) gives

Po=3(H — 2)(yHK, — 2cVK,) = }(6 — 2.64)(22.77) = 3825 kN/m

Figure 7.6¢c indicates that the force P, = 38.25 kIN/m is the area of the hatched triangle.
Hence, the line of action of the resultant will be located at a height T = (H — z.)/3
above the bottom of the wall, or

6 — 2.64
E=f = 1.12m ]




A Generalized Case for Rankine Active Pressure

« Granular Backfill

» general cases of frictionless walls with
inclined backs and inclined backfills.
 The granular backfill is inclined at an

angle a with the horizontal.




A Generalized Case for Rankine Active Pressure

 The lateral eath pressure at a depth z can be given as (Chu, 1991):

 yzecosaV1 + sin’ ¢' — 2sing’ cosy,

Ty

cosa + "b.i’fsiuzt,tr' — sin” a

where r, = Ei]]_l( E,mﬂr — a + 26.
singh’




A Generalized Case for Rankine Active Pressure

e The pressure ¢°, will be inclined at an angle 3 with the plane drawn at right angle
to the backface of the wall, and

B — tan_l( sing" sin, )

1 — sing’' cosy,

The active force P, for unit length of the wall then can be calculated as

1
P, = —yH?K

cos{a — )V 1 + sin’¢p’ — 2sing’ cos ¢,
E{IEIE{ED‘EE —+ ”"v"'rsiuziﬁ' — sinza;l

K, =

= Rankine active earth-pressure coefficient for generalized case




A Generalized Case for
Rankine Active Pressure

« The location and direction of the
resultant force P, is shown in Figure
below. Also shown

« in this figure is the failure wedge, ABC.
Note that BC will be inclined at an
anglen

?T+¢'+ﬂ 1. [ sina
=—+—+———sin
=72 722" Ging

Failure
wedge




Granular Backfill with Vertical Back Face

« As a special case, for a vertical backface of a wall (that is,0 =0 ), as shown in the figure:

o If the backfill of a frictionless retaining wall

1s a granular soil and rises at an angle o with

respect to the horizontal

« The active earth-pressure coefficient =

COSs n—ﬁcnsza—cnsz uy

cos a + V cos’a—cos® @'

K, = cos o

Table 7.1 presents the values of K, (active
earth pressure) for various values of a
and ¢. (Next slide)




Table 77 Yalues of K,

x ldeg) & (degl —
) 28 29 30 3 32 33 34 35 36 37 38 39 40

i 03610 0.3470 03333 03200 03073 02948 02827 02710 02596 02486 02379 0.2275 0.2

| 03612 0371 0335 0202 0374 02949 0288 02711 02597 02487 02380 02276 021
2 03618 0376 03I/ 0307 03078 02953 02832 02714 02600 02489 02382 02278 0.21
3 0327 0MES 03MT 0 03204 0AB4 020% 028 02719 02605 0240 0236 02282 021
4 N3G 03496 03358 03224 0384 02967 02845 02726 02611 02500 02392 02287 021
5 03656 03512 003320 03237 03105 02978 02855 02736 02620 02508 02399 02204 0.2
5 03676 0353 03 0253 03120 02902 02868 02747 02631 02518 02408 02%3 022
7 03701 03553 03410 03272 03138 03008 02883 02761 02644 02530 02420 0.2313 22
8 03730 03580 0M3S 0 0329 03159 03027 02900 02778 0265 0254 02432 02125 0.2
9 03Ted 03611 03463 03320 03182 03049 02921 0296 02676 02560 02447 02338 022
10 03802 03646 03495 03350 03200 03074 02944 02818 02696 025TR 02464 0.2354 22
I 0386 0368 03532 03383 03241 03103 02970 02841 02718 0258 02482 02371 0.2
2 03896 03731 03573 00321 03275 03134 02990 02868 02742 02621 02503 0.2390 22
13 0,305 03782 0360 0M& 0334 0370 003 02898 02770 02646 02927 02412 023
14 04015 03839 03671 Q3S1 03357 03200 03068 02931 02800 02674 02552 02435 023
15 04086 03903 03729 03S6d 0305 03253 03108 0296R 02834 02705 02581 02461 0,23
16 04165 03975 03T 03622 0SS 03302 0315 0308 02871 0273 02612 02490 023
17 04255 04056 03867 03688 03518 03356 03200 03083 02911 02776 02646 02521 024
18 04357 04146 03ME 03761 03384 0MI5 0 03255 03102 0295 02817 02683 02535 024
19 04473 04249 04039 03842 03657 03481 03315 03156 03006 02862 02724 02593 024
2 04605 04365 04142 03934 03739 03555 03381 03206 03060 02911 02769 02634 0,25
21 04758 04498 04259 04037 03830 03637 0MSS 03283 03120 02965 02818 02678 025
22 04936 04651 04392 04154 03934 03720 03537 03356 03186 03025 02872 02727 025
23 05147 04829 04545 04287 04050 03812 0368 0MIS 032% 03081 02932 02781 026
24 0540 05041 04724 040 04183 03948 03730 03529 03341 03164 02007 02840 026
2 0.5727  0.5299 04936 04619 04336 04081 03847 03631 03431 03MS 03070 02905 0,27




Granular Backfill with Vertical Back Face

« At any depth z, the Rankine active pressure may be expressed as:

oz = yIK,
Also, the total force per unit length of the wall is:

P = 4yIK,

Note that, in this case, the direction of the resultant force p,, is

inclined at an angle with the horizontal and intersects the wall
at a distance H/3 from the base of the
wall.




Vertical Backface with (¢ -¢") Soil Backfill

« For a retaining wall with a vertical back (8 = 0) and inclined backfill of (c'-¢") soil.

o, = yIK, = yIK cos «x

where

' k'

[y
2cos” @ + 1(—):1}5 "sin b’
S Jeos &' sin g

’ P82 ’
—\/I:-flu:l:nszuﬂf|:|:l:-5.1 a—cos” ¢') + 4(E—) cos” @' + E(E—)cusi @ sin @' cos :i:-’]
r< r< 4




Vertical Backface with (¢ -¢") Soil Backfill

« Some values of k' are given in Table 7.2.

« For a problem of this type,

« the depth of tensile crack is given as:

Table 7.2 Values of K;

+ sin ¢’

_zc*\/I
e = —\5

— s1n ¢’

¥z
&' (degl  a (deg) 0.025 0.05 0.1 05

15 0 0350 0512 0435  -0179
5 0566 0525 0445 -0.184

10 0.621 0571 0477  —0.186

15 0776 0683 0546  —0.19

20 0 0455 0420 0350  -0.210
5 0465 0429 0357 0212

10 0497 0456 0377  -0.218

15 0367 0514 0417  -0229

25 0 0374 0342 0278 -0231
5 0381 0348 0283  -0.233

10 0402 0366 029  -0.239

15 0443 0401 0321  -0.250

30 0 0305 0276 0218 -024
5 0309 0280 0221 -0.246

10 0323 0292 0230 -0.252

15 0350 0315 0246  —0.263




Example:

Refer to the retaining wall in the figure The backfill is granular soil.
Given:
Wall:  H = 10t
6= +10°
Backfill:  a=15°
¢ =35°
c =0

y = 110 Ib/fi’

Determine the Rankine active force, P., and its location and direction.




Solution

W, = sin_'(ifinﬂ:) —a+20= sin_'(::: ;;) — 15 + (2)(10) = 31.82°

K - cos(@ — B)V'1 + sin® ¢’ — 2 sing’ cos i,
L‘DSEB(E{!S a + Vsin® ¢ — sin’ u:)
_ cos(15 — 10)V1 + sin?35 — (2)(sin 35) (sin 31.82)
cos?10{cos 15 + Vsin® 35 — sin® 15)
P, =V yH?K, = (¥2)(110)(10)*(0.59) = 3245 Ib/ft

= 0.59

sin ' sin i, ) _ m-'[ (sin 35) (sin 31.82)

B = t“""_](1 — sin ¢’ cos o, 1 — (sin 35)(cos 31.32}] =305

The force P, will act at a distance of 10/3 = 3.33 ft above the bottom of the wall and will
be inclined at an angle of +30.5" to the normal drawn to the back face of the wall. |




Lateral Earth Pressure Due to Surcharge and point load

The theory of elasticity is used to determine the lateral earth pressure on unyielding retaining structures
caused by various types of surcharge loading, such as line loading and strip loading

. - | a'—
Line load g/ unit length
4/ unit length

. For
For line .
loading = :ur;harge T = ;(ﬁ — sinfj cos 2ar)
oa




Lateral Earth Pressure Due to Surcharge

» The total force per unit length (P) due to the strip loading only:

_ 9 _




Lateral Earth Pressure Due to Surcharge

The location z of the resultant force, P, can be given as:

-y [Hz{ﬂ: —6,) + (R— Q) — 57.3arH]

2H(0, — 8))

R = (a" + b"')90 — &)
Q = bB"90 — 8,)




Example 7.8

Refer to Figure 7.14b. Here, a" = 2 m, " = 1 m, g = 40 kN/m~, and H = 6 m. Deter-
mine the total force on the wall (kIN/m) caused by the strip loading only.

Solution From Eqs. (7.35) and (7.38),

e, = tﬂn_'(%) = 0.46°

e, = n:aam—l(2 ; ') — 26.57°

From Eq. (7.34)

P = g5 [H (62 — 61)] = 55 [6(26.57 — 9.46)] = 45.63 kN/ -

Example 7.9
Refer to Example 7.8. Determine the location of the resultant .

Solution
From Egs. (7.38) and (7.39),

R = (a' + B"%90 — &) = (2 + 1DX90 — 26.57) = 570.87
Q = b"H90 — 8D = (1)(90 — 9.46) = 80.54

From Eq. (7.37).

- [Hz{ﬂz — ) + (R — Q) — 5?.3.-::-H]

2ZH (62 — 6,)
_ [(6)>(26.57 — 9.46) + (570.87 — 80.54) — (57.3) (2) (6)
(2) (6) (26.57 — 9.46)

= & :|=3.5|'ﬁm [ ]




Rankine Passive Earth Pressure

aTh = n'{,tanz(iﬁ - %) + 2c'tan| 45 + —)

2

K, = Rankine passive earth pressure coefficient

= tan’®| 45 + —
(s5+%)

o, = o,K, + 2ZcV K,




Rankine Passive Earth Pressure

 The passive force per unit length of the wall can be determined from the area of

the pressure diagram, or
2cVK,
R

h.

P =i + WHVK,

x

e— K, vH + 2c'VK, —>|
(c)
Rankine passive pressure




Rankine Passive Earth Pressure

 Rankine Passive Earth Pressure: Vertical Back face and Inclined Backfill

» Granular Soil
For a frictionless vertical retaining wall with a granular backfill (c ' =0) the Rankine passive

pressure at any depth can be determined in a manner similar to that done in the case of active

pressure.
op = YK,

and the passive force is




cos @ + Vcos®a — cos? b’

KF = cos a

cos a—Vcos? a — cos® ¢’

Table 78 Passive Earth Pressure Coefficient K, [from Eq. (7.67)]

& (deg)—
+a (deg) 34

0 3.537
5 3.476

10 3.295
15 3.003
20 2.612
25 . 2.135




Coulomb’s
Active Earth
Pressure

e Coulomb proposed a theory for
calculating the lateral earth
pressure on a retaining wall with
granular soil backfill. This theory
takes wall friction nto
consideration.

¢ Back face inclined at an angle f with

the horizontal, as shown in Figure.

¢ The backfill is a granular soil that

slopes at an angle a with the horizontal.

% Let 0" be the angle of friction between
the soil and the wall (i.e., the angle of
wall friction).




Coulomb’s Active Earth Pressure

e Assumptions:
« Wall friction

« The failure surface in soil mass would be a plane BCz, BC2..




Coulomb’s Active Earth Pressure

« The maximum value of p, thus determined is Coulomb’s active force which may be
expressed as:

P, = K, yH"

K, = Coulomb’s active earth pressure coefficient
sin® (B + &)

sin® Bsin(B—8&" sin (" + &")sin (' —a) :|2
P 3][1 ) \f sin (§—6')sin (a + B)




Coulomb’s Active Earth Pressure

» The values of the active earth pressure coefficient k,, for a vertical retaining wall
(B = 90°) with horizontal backfill (o. = 0) are given in Table 7.3.

Table 7.3 Values of K, [Eq. (7.26)] for g = 90" and a = (¥

&' (deg)
¢ (deg) 0 L 10 16 20 25
28 0.3610 0.3448 0.3330 0.3251 0.3203 0.3186
30 0.3333 0.3189 0.3085 0.3014 0.2973 0.2956
32 0.3073 0.2945 (0.2853 0.2791 0.2755 0.2745
34 0.2827 0.2714 0.2633 0.2579 (.2549 0.2542
36 0.2596 0.2497 0.2426 0.2379 0.2354 0.2350
38 0.2379 0.2292 0.2230 0.2190 0.2169 0.2167
40 0.2174 0.2098 0.2045 0.2011 (0.1994 0.1995

42 01982 01916  0.1870  0.1841 0.1828  0.1831




Talbrbs 74 Walues of K [from Eg. {7.26)] for 8" = 5

a {deg) o’ ldegl

o z8
o
0
=1
32
33
=4
35
35
7
8
1]
Eat]
41
42
8
o
0
=1
32
I3
x4
5
35
)
=8
o
Bt
41
42
-
ok
0
31
32
I3
x4
5
35
)
-
1]
Bt
41
432
z8




Table 74 {Continued)

@ (deg) " (deq)

29
30
31

32
33
34
a5
36
EX)
iR
39
40
41

42
28
29
30
31

32
33
4
a5
36
EX)
iR
39
40
41

42




Table 75 Values of K, [from Eq. (7.26)] for & = ¢'/2

@ (deg)

&' (deg)

B (deg)

8b

80

15

10

0

28
it

30
il
k)

33
M

33
36

0.3264
0.3137

0.3014
0.28%
0.2782

0.2671
0.2564

0.2461
0.2362

.3629
0.3302

0.3379
0.3260
0.3143

.3033
0.2923

.2820
0.2718

0.4034
0.3907

0.3784
0.3663
0.3549

0.3436
0.3327

0.3221
0.3118

0.4490
0.4363

0.4241
04121
0.4005

0.3892
0.3782

0.3675
0.3571

0.3011
0.4886

04764
04643
04529

0.4413
0.4303

0.4197
0.4092




Talbrbke 75 (Comrinmed)

& ldegl
& {deg) = {degl o 85 a0 75 7O 35

a7 0. X265 0. 2620 O30T (. 359 . 30 0. 4509
=8 O2LT2 0.2524 0. 290 0. 33F0 (i = | DA REET T
a9 O 0E 2430 0.2E2S 0.3ITTE 0. 3TRT DA REE Ty ]
Ty (o [Erv T 2340 0273z 03T i, 3G . 2300
41 . 1 02253 i, 26542 03087 i, 302 LR L
42 0. 1828 02168 02554 (i e T i) 03510 O.41TT
5 28 0. 34TT I3ETH 04327 (4EET 05425 i B
a9 0.3337 MIATIET N E (WP ] OSTET O ST
0 033202 (.30 CIETI R 04556 (i [T 0. S83F
=1 03072 0.3470 03015 4422 i, S 0. SEOE
32 [ e E N 3342 O3TET (i B ) O 4ETE 0. 5566
=3 0. IRZS (i B . S .41 66 04T 50 0. 5437
=4 (Tl 1 3100 3541 R Py R O GG 05312
a5 0. 2506 0. 2EG (R e | (i e e | 045005 0. 5190
36 0. 24ER O.2ETH 03310 0. 3OS 0.43IET 0O, ST
a7 O X3IES O.2TET 0.3 s 0. 3605 (3 I e e O RS54
a8 0. IZRED (.22 (i e Dy e . 3ISES . L (L =Ty ]
-1n ] O.21ES m.2561 0.2 0ES 0.3478 L IE R LT ] 0. 4720
Ty (o e N ] 2465 O2EET 0. 33ITH [ E I 0, MEI0
41 (o [E+ v T .2 36E 02TES 0. 3TTE . 3E0 04514
el e O2XT6E (i el ] 31T O3ITIE A REER T
1w 8 037435 O3 1ET 0 SGES 05261 0. 52 E Dl
el ] 0. 3584 .42 6E i0.4525 . 506 05761 0. f5-40
00 03432 IRT2 04368 04036 . 5500 0. G3IRS
=1 0. 3TEG 3TES (I el I 4 TED .54 7 0. G325
32 03145 3580 Tl | I P k] 0. 5200 Ll |
=3 03000 3447 03930 (.44 ED 0S5 143 0. S0
=4 0. EEE] (1.3 300 0.3 TS 04350 i S 0.57T7S
35 0757 MILEL 0, S 2 04215 LV I E ] 0. 5633
a6 0. 3GE3T .305E 03534 (0 <HDES 0O.4TET 0. 5495
37 0. 2522 02938 LRcER N 0. 3P57 0,455 7T 0. 5361
a8 02412 2EZS 032302 LIRS A IEE ] 0. 5230
9 0305 2712 03176 0. 3TIS 04346 O S105
Ty 0302 . 2 i, 35 H.3507 Lo I S on T 0. I TD
41 (e [ e (. 25000 0. 2956 0. 3454 Ve S DL 0. 4858
42 O T (.20 0.2RS0 0. 33ITS 0.3 S 0. STH0
15 8 e P (03504 05150 5812 OGS To 0. TR
el | O 30 (N T e LBt .56 10 OGITE 0. TIE4
ETh ) O.3TI0 0.4230 0.4TTT (.54 19 0.a1TS . D
=1 0. 3560 T =T 02505 5235 0. SOES 0. GEE4
32 0. 330 .3 ES0 04427 (. 5050 SRS 0. SRS
33 0. 3244 e | L B ] EED 0. S562T LV ]
L E . 3T (1.3 568 N D 04726 05455 0. G33R
5 0. 2RS6 .3422 03053 (. 4569 05305 D T




Table 7.5 (Continued)

B (deg)
o (deg) &' (deg) a0 85 80 15 70 &5

36 02821 03282 03807 04417 05138 0.6004
37 02692 03147 03667 04271 04985  0.5846
38 02560 03017 03531 04130 04838  0.5602
39 02450 02893 03401 03093 04695  0.5543
40 0233 02773 03275 03861 04557  0.5399
41 02227 02657 03153 03733 04423 0.5258
42 02122 02546 03035 03600 04293 05122
20 28 04614 05188 05844 06608 07514  0.8613
29 04374 04940 0558 06339 07232 08313
30 04150 04708 05345 06087  0.6968  0.8034
31 03941 04491 05119 05851 06720 07772
32 03744 0428 04906 05628  0.648 0754
13 03550 04093 04704 05417 06264 0.7289
34 03384 03910 04513 05216 06052  0.7066
35 03218 0373 04331 05025 05851  0.6853
36 03061 03571 04157 04842 05658  0.6649
37 02911 03413 03991 04668 05474  0.6453
38 02760 03263 03833 04500 05297  0.6266
39 02633 03120 03681 04340 05127  0.6085
40 02504 02982 03535 04185 04963  0.5912
41 02381 02851 03395 04037 04805 0574
42 02263 02725 03261 03894 04653  0.5582




Coulomb’s active pressure with a surcharge on
the

backfill

[f a uniform surcharge of intensity g 1s
located above the backfill, as shown in
Figure the active force, Pa, can be
calculated as:

P, = 3Ky, H*
T
Eq. (7.25)

A Y &)




Lateral Earth Pressure



Example 1

Use Eq. (7.3), Figure P7.2, and the following values to determine the at-rest lateral
earth force per unit length of the wall. Also find the location of the resultant.
H=5mH =2m.H,=3m.y=155kN/m’, y,, = 18.5kN/m’, ¢' = 34°,
¢’ =0.¢=20kN/m* and OCR = 1.

Solution: i -
K,=1-sinbd =044 | = | J Y
Atz=0m  0;=K,0,=(044)20) =88 kN/m’ Groudae
Atz=2m  0;=(044)]20 +(2)(15.5) = =NUN/ntu=0 | .
Atz=Sm: 0} = (04420 +(D(155)+ ()(185-981)] =331 kN ‘5':

u=(3)0.81)= 2943 KN/’



u (kN / m?)
>

S b e e m oo\ 2943

v z(m)

P, = A+ Ay +4; +A, +4,=17.6 + 13,64 + 67.32 + 17.21 + 44.15

=15992 kN /m

5 (76)(4) + (1364)(367) + (67:32)(15) + (1721)(1) + (44.15X1)

15092 =177 m



Example 2

Refer to Figure 7.5a. Given the height of the retaining wall, & is 18 ft; the
backfill is a saturated clay with ¢ = 0°,¢ = 500 Ib/ft2, v, = 120 Ib/ft3,
a. Determine the Rankine active pressure distribution diagram behind the wall,

b. Determine the depth of the tensile crack, z,.

c. Estimate the Rankine active force per foot length of the wall before and

after the cccurrence of the tensile crack.

Wali
movement -s——-——
to left
_p! Ax (e 45 + ¢'f2 2\ AIH + @'f2
) ' Y 7 FES P N o i
1 N 4 L S R A L .
i W W v Y bd TR ) 7
i FEN EAN £ A P . ’
I B A N L A : '
I A Y Y
i i RN P P Y
1 L W L by 5 - o
i W Yy *r e L&
= | RN P AN - ¢
[ F N W d’
¥ Yy
LY }'i % !..I‘ H
H At
s
— R ¥
N0y,
I
X

Rotation of wail
about this point

(a)

i

—| 1K,

]

2
|

Pﬂ'
Eq. (7.12)
oy Ky — 2K, [e—




Solution:

a. K, =tan2[45--g- s K, =1, ¢=0

The pressure distribution diagram is similar to that shown in Figure 7.5c.

Atz=0ft: g,=-2eVE, =-(2)(500)(1) = -1000 I / £

Atz=18f: a,=vyiK,~2eVES = (120)(18X1) = 1000 = 1160 Ib / f?

L, __2c _(2)(500)
b Bq.(79): 2 =7 JK,  (120)()

=833 ft

¢. Before crack: Eq. (7.10):

P =%ny K, ~2cH|K, =(%J(lzo)as)?(l)-'(2)(500)‘(13)(1)
= 1440 Ib/ ft | - .



Example 3

Refer to Figure 7.13a. Given: H=6.1m, ¢' = 30°, & = 20°, a =5% g = 85",
g = 96 kN/m’, and y = 18 kN/m’. Determine Coulomb’s active force and the location
of the line of action of the resultant P,.

Solution

For =85 a=>5° & =20° ¢ =30° and K,= 03578 (Table 7.4).

Eqgs. (7.27) and (7.28),

= = g l ﬂﬂ] ig— _I 2
Pa = 5 KaYeel Ka[}f + H* =K, yH

2 H sin (B + a)
- Kﬂffq[ﬂ] Faa
sin (B + «) ;l
Faa)
) : _sings
= (05)(03578) (18) (6.1)? + fﬂ-ﬁﬁ?fﬁ-li'f%?'[m 85 +3)

= 119.8 + 208.7 = 328.5kN/m

Location of the line of action of the resultant:

Z

_ H H
Pz = F‘E[J]T + Pamz_

(119.8) (6—;) - {2{:3.?}(%1)

328.5

= 2.68 m (measured vertically from the bottom of the wall)

From

Surcharge = g

71 K wH sin (3

[ sin*
|s|n g+ u.}l
la) (k)

Figure 713 Coulomb’s active pressure with a surcharge on the
backfill



Pile foundation



Principal types of deep Foundation:

(a)Precast RC Pile, TN

(b)Steel H Pile, 0 H © O (0

(c)Shell Pile, q, ;

(d)Concrete Pile Cast As  ~={— T~ i
Driven Tube Withdrawn | | |

(e)Bored Pile

(Cast In Situ) And

(f)Under-reamed

Bored Pile (Cast In Situ).

e L
_I_A
~ |

e R D - - [ By
e B L P gL /

—

-—

=

=

(I —\
IR
., 0 Wlf;ﬁ

ial b} ¢l {d} &l Lf}



Purpose of a Deep Foundation

The purpose of a deep foundation 1s to transmit the structural loads to a stratum that
is capable of providing both bearing capacity and acceptable settlements. The
deep foundation must be also capable of resisting vertical compressive, lateral
and uplift loads.

Piles are commonly used for,

1. To carry structure loads into or through a soil stratum.
2. To resist uplift or overturning forces.
3. To control settlements when spread footings are on marginal or highly
compressible soil.
4. To control scour problems on bridge abutments or piers.
5. In offshore construction to transmit loads through the water and into the
underlying soil.
6. To control earth movements, such as landslides.
Piles are inserted into the soil by the following methods:
1. Driving using a pile hammer.
2. Driving using a vibratory device.
3. Jacking the pile.
4. Drilling a hole (pre-drilling) and inserting a pile into it.
5. Screwed into the ground and injected with a column of grout (augercast shafts).



Conditions for the pile foundation

i S— _ —

ElR

PR r J",Eq'* R
7 Rt S
e }E?Rmk f ki
) (b) ()
Zone of
! 4
T 4 Swelling
soil
' 0L
Stable
soil

(d) () (f)



Piles' Cross section
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common types of Deep Foundations

The most common types of Deep Foundations

Driven:
1. Timber piles
2. Steel and composite piles
3. Precast prestressed concrete piles
4. Pressure injected footings
5. Pin piles, geo-piles, soil nailing
Placed:
1. Auger-cast
2. Drilled shafts (with steel casing or with slurry)
3. Under-reamed or belled shafts
4. Pin piles.



Classification of pile w.r.t their effect on the soil.

Driven

o S B -l i o %

Generally a nn-displacemet pile, where a

Driven piles are considered to be void is formed by boring, and concrete is
displacement piles. In the process of cast into the void. Stiff clays are

driving the pile into the ground, soil is particularly amenable, since the bore hole
moved radically as the pile shaft enters walls do not requires temporary support
the ground. There may also be a except cloth to the ground surface. In
component of movement of the soil in unstable ground, such as gravel the ground
The vertical direction. requires temporary support from a steel

casing or using a Bentonite slurry



Classification of piles with respect to load

transmission and functional behavior
End bearing piles (point bearing piles)

Transfer their load on to a firm stratum below the base of the structure.

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 Even in weak soil a pile will not fail by buckling
and this effect need only be considered if part of the pile is unsupported, 1.e. if it 1s in
either air or water.

Load 1s transmitted to the soil through friction or cohesion. But 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
of the soil. The founding depth of the pile 1s influenced by the results of the site
investigate on and soil test.



Classification of piles with respect to load
transmission and functional behavior

Friction piles (cohesion piles ).
Carrying capacity is derived mainly from the adhesion or friction of the soil in
contact with the shaft of the pile.

These piles transmit most of their load to the soil through skin friction. This
process of driving such piles close to each other in groups greatly reduces
the porosity and compressibility of the soil within and around the groups.

The piles of this category are sometimes called compaction piles. During the
process of driving the pile into the ground, the soil becomes molded and, as
a result loses some of its strength.

Therefore the pile 1s not able to transfer the exact amount of load which it is
intended to immediately after it has been driven. Usually, the soil regains
some of its strength three to five months after it has been driven.

- Combination of friction and cohesion piles.



Typical pile characteristics and uses

Cast-in-place concrete piles

Cast-in-place concrete piles

Pile type Timber Steel (shells driven without mandrel) (shells withdrawn)

E'th'lfﬁﬁfﬁ'léh'g'th ......... g Ry e :

: Optimum length e 1250 e 2 812m.....;
Applicable material ASTM-D25 for piles; P1- ASTM-A36, A252, A283, ACI ACT?
specifications 54 for quality of creosote; A572, AS88 for structural

C1-60 for creosote treat- sections

ASTM-AL1 for rail sections

ment (Standards of Ameri-
can Wood Preservers Assoc.)

: Recommended Measured at midpoint of fs = 0.35-0.5f, 0.331.; 0.4f! if shell gauge < 0.25-0.33f;
: maximum stresses length: 4-6 MPa for cedar, 14; shell stress = 0.35f, if :
western hemlock, Norway thickness of shell = 3 mm .
. pine, spruce, and depending f; =18 MPa
N 0 sttt s e rera s s e RN RN R AR R RN AEA R REAEA R REaEa R Rnanarannannrannnnnrannd .
5-8 MPa for southern pine,
Douglas fir, oak, cypress,
hiCkory lllllllllllllll
* Maximum load for 450 kN Maximum allowable stress X 900 kN 1300 kN
= usual conditions cross section :
= Optimum load range 80-240 kN 350-1050 kN 450-700 kN 350-900 kN ‘

Disadvantages Difficult to splice Vulnerable to corrosion Hard to splice after concreting Concrete should be placed in -

Vulnerable to damage in
hard driving

Vulnerable to decay unless
treated

Difficult to puli and replace
when broken during driving

HP section may be dam-
aged or deflected by major
obstructions

Considerable displacement

dry

More than average de-
pendence on quality of
workmanship




Typical pile characteristics and uses continues

Cast-in-place concrete piles

Cast-in-place concrete piles

Pile type Timber Steel (shells driven without mandrel) (shells withdrawn)
. Advantages .............. zo pa: anvely TTRCERPIALIII o y - sphce .................... P e e e I L LI L T e LT y .....
cost High capacity Shell not easily damaged
Permanently submerged piles Small displacement :
are resistant to decay Able to penetrate through :
Easy to handle light obstructions
Remarks Best suited for friction pile Best suited for end bearing Best suited for friction piles of Allowable load on pedestal
in granular material on rock medium length pile is controlled by bearing
Reduce allowable capacity capacity of stratum immedi-
for corrosive locations or ately below pile
provide corrosion protection
Typical
illustrations
Grad 200-900 mm Typical combinations Grade
race 300-600 mm :
< Cross section

A

End closure
may be omitted

of plain pipe pile
Shell thickness 8-12
300-900 dia.
Cross section of
pipe pile with steel core

Rock

1 filled

Socket reguired
for vertical high
loads only

concrete
: /Timbcr
i Steel pipe
|} concrete

Concgrete
filled

section

A

Taper may
be omitted

300600 diam.
Note: reinforcing
may be prestressed

300-1400 diam.

Typical cross sections

200450 diameter

Cross section

Corrugated shell
Thickness 10 ga to

24 ga

Sides straight
or tapered




Auger-placed

Typical pile characteristics and uses continues Cast in place pressure-injected
Precast concrete (thin shell driven concrete
Pile type Concrete-filled steel pipe piles Composite piles (including prestressed) with mandrel) (grout) piles
" "Maximum lcngth ......... Practlcally unlimited 55m 10-15 m for precast 6-35 m for straight 5-25 m
20-30 m for prestressed sections
12 m for tapered
sections
- Optimum length 12-36 m 18-36 m 10-12 m for precast 12-18 m for straight 10-18 m
: 18-25 m for prestressed 5-12 m for tapered
Applicable material ASTM A36 for core ACI Code 318 for ASTM AIlS reinforcing ACl See ACI
spectifications ASTM A252, A283 for pipe concrete steel
ACI Code 318 for concrete ASTM A36 for ASTM AS82 cold-drawn
structural section wire
ASTM A252 for ACI Code 318 for con-
steel pipe crete
e S S SRS ASIM. D2 Mo ..., R
timber }! = 35 MPa prestressed
' Recommended 0.40f, reinforcement Same as concrete in 0.33 f unless local 0.33f f = 04f, 0.25f =
. maximum stresses < 205 MPa other piles building code is less if shell gauge = 14
0.35-0.50f, for shell Same as steel in 0.4 f, for reinforced use f, = 0.35f, if .
< 175 MPa other piles uniess prestressed shell thickness = 3
0.33 /. for concrete Same as timber mm :
(St famt o atatatateSetatetaafabeatatamnfamnfaJmntaJ g Lhe e 4 A4\t KMkl 4 @ etotateleatataTutatateTutatafalelatataletatateletatatelueatelelatalaleleatsleiaataleiatats eiutstaleluls{alalelatataleatetaleats
. Maximum load for 1800 kN without cores 1800 kN 8500 kN for prestressed 675 kN 700 kN
- usual conditions 18000 kN for large sections 900 kN for precast
with steel cores :
-~ Optimum load range 700-110 kN without cores 250-725 kN 350-3500 kN 250-550 kN 350-900 kN

4500-14 000 kN with cores

Disadvantages

High initial cost
Displacement for closed-end
pipe

Difficult to attain
good joint between
twe materials

Difficult to handle un-
less prestressed
High initial cost

Difficult to splice
after concreting
Redriving not rec-

Considerable displace- ommended

ment Thin shell vulnera-
Prestressed difficult to ble during driving
splice Considerable dis-

placement

Dependence on
workmanship

Not suitable in com-

pressible soil




Typical pile characteristics and uses continues

Pile type

Concrete-filled steel pipe piles

Composite piles

Precast concrete

(including prestressed)

Cast in place
(thin shell driven
with mandrel)

Auger-placed
pressure-injected
concrete

{grout} piles

, Advantages

Remarks

Typical
illustrations

Best control during installation
No displacement for open-end
installation

Open-end pipe best against
obstruction

High load capacities

Easy to splice

Provides high bending re-
sistance where unsupported
length is loaded laterally

Considerable length
can be provided at
comparatively low
cost

The weakest of any
material used shall
govern allowable

stresses and capac-

ity

High load capacities
Corrosion resistance
can be attained

Hard driving possible

Cylinder piles in par-
ticular are suited for
bending resistance

Initial economy
Tapered sections
provide higher bear-
ing resistance in
granular stratum

Best suited for
medium-load fric-
tion piles in granu-
lar materials

Freedom from noise
and vibration
Economy

High skin friction
No splicing

Patented method

300~450 mm diameter

Grade Butt diameter

—] [ 300-500 mm

f| wood preservative

| Cross section

—| —Tip diameter 150-250

#—Pile may be treated with

|

| f p
Typical cross section
Sides ||  Typical cross section ‘

Rails or sheet pile straight (fluted shell) Shell _
sections can be used  or 250-900dia. it nece 350-500 diameter
as shown below: [apered

Welded —

Rail Typical cross section Typical cross section
A (spiral welded shell) '
—Ue—— Pedestal may

Welded Q

Sheet pile

Minimum tip
diameter 200

be omitted

*Additional comments in Practical Guidelines for the Selection, Design and Installation of Piles by ASCE Committee on Deep Foundations, ASCE, 1984, 105 pages.

+ACI Committee 543, “Recommendations for Design, Manufacture, and Installation of Concrete Piles,” JAC!, August 1973, October 1974; also in ACI MCP 4 (reaffirmed 1980).



A common use of concrete precast piles 1s in
marine sites where the soils are soft and loose.



Driving Steel Piles




Dwelling Building — temper pile



Drilled Shafts

- Built by vibrating a steel casing into the ground and
then filling i1t with concrete.

- Casings are removed as the concrete 1s being placed in
the shatft.

- The casings are light, easy to handle, cut, and splice.

- The shafts are clean out and visually inspection before
filling with concrete.

- In expansive soils, the shafts are filled as soon as
possible to avoid damage due to lateral soil pressures.



Drilled Shafts

Axial Load

The elements of a drilled shaft.
Notice the “bell” at the bottom
| of the shaft, also called “underreaming”.
gRiametercanvary  Thig expanded shaft
serves to increase the bearing
area by as much as 50% of the
shaft’s capacity.

LateralLoad

Reinforcing Steel
v v:i‘g-. ently required by design)

~ Bell
; May be used or

- omitted as desired
Size varies

No r than three fimes
shaft diometer of base

Base Resistance



auger rig & bit

A 5-foot diameter auger bit,
being centered over the surveyed
location of the shaft.




The Behavior of Soils Around a Driven Pile.

The effect of pile is reflected in remolding the soil around the pile. Sands
and clays respond to pile driving differently. First, we describe the
behavior of clays and then the behavior of sands.

Clays
The effects of pile driving in clays are listed in four major categories:
1. Remolding or disturbance to structure of the soil surrounding the pile
2. Changes of the state of stress in the soil in the vicinity of the pile
3. Dissipation of the excess pore pressure developed around the pile
4. Long term phenomena of strength regain in the soil
The essential difference between the actions of piles under dynamic and
static loading is the fact that clays show pronounced time effects, and

hence the show the greatest difference between dynamic and static
action. These effects may be mechanistically described as follow.

Let us consider piles driven into a deep deposit of a soft impervious
saturated clay. Since a pile has a volume of many cubic feet, an equal
volume of clay must be displaced when the pile is driven.



The Behavior of Soils Around a Driven Pile
Sands

A pile 1n sand 1s usually installed by driving. The vibrations from
driving a pile in sand have two effects:

1. Densify the sand, and
2. Increase the value of lateral pressure around the pile.

« Penetration tests results in a sand prior to pile driving and after pile
driving indicate significant densification of the sand for distances
as large as eight diameters away from the center of the pile.

* Increasing the density results in an increase in friction angle.

* Driving of a pile displaces soil laterally and thus increases the
horizontal stress acting on the pile.



Group Action of Piles

Piles are driven in groups at a spacing ranging from 3 to 4B where B
is the diameter or side of a pile. The behavior of piles in a group
may be quite different than that of a single pile if the piles are
friction piles. This difference may not be so marked in bearing
piles.

3

S

T =

- —~__

(ay Sihgls pils (p)y Group of piles



Negative Skin Friction

If a pile is driven in a soft clay or recently placed fill and has its tip resting in a
dense stratum , the settlement of both the pile and the soft clay or fill is
taking place after the pile has been driven and loaded. During and
immediately after driving, a portion of the load is resisted by adhesion of
soft soil with pile. But, as consolidation of the soft clay proceeds, it transmits
all the load onto the tip of the pile.

In case of a fill, the settlement of the fill may be greater than that of the pile. In
the initial stages of consolidation of the fill, it transmit all the load resisted
by adhesion onto the tip of the pile. A further settlement results in a
downward drag on the pile. It is known as negative skin friction. Both these
cases should be recognized in the field in the design of bearing piles. When
this condition occurs, the pile must be capable of supporting the soil weight
as well as all other loads that the pile is designed to carry. Also, if fill is to be
placed around an existing pile foundation, the ability of the piles to carry
the added load should be thoroughly investigated.



Piles 1n a soft soil overlying a dense strata
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(a) SKin friction immediately and during pile driving,
(b) negative skin friction afterwards.



Static Pile Capacity



Equations for Estimating Pile Capacity

* The ultimate load-carrying capacity Q, of a pile 1s given by the

equation
e = er + 0,

Q, = load-carrying capacity of the pile point
Q, = Frictional resistance (skin friction) derived from the soil-pile interface

Steel
Soil plug

B 0,
I —>—
¥ (b) Open-Ended Pipe Pile Section

o,
v

- D e

WL

o,
L = length of embedment
L, = length of embedment in fe—d, —]
bearing stratum {¢) H-Pile Section
(a)

(Note: A, = areaof steel + soil plug)



Point Bearing Capacity

Remember General Bearing Capacity given by

Gu = ¢ NFuFy + qNFoFoq + 5yBNF,F,
It can be written as

gu =Nt +qN7 + yBNJ

For pile with width , D can be written as
g = qp = Nt + gNJ + yDN3

Since D is small, third term become negligible
gp = CNT+ gNj

load-carrying capacity of the plle point 1S given as
Q, = Ayq, = A;C'NE + g'N¥)

where Ap = area of pile tip
c' = cohesion of the soil supporting the pile tip

q, = unit point resistance
q' = effective vertical stress at the level of the pile tip
N*. Ng* = the bearing capacity factors



The Frictional Resistance

] The Frictional, skin, or shaft resistance of a pile may be written as
0. =ZpALf
where

p = perimeter of the pile section
AL = incremental pile length over which p and f are taken to be constant
[ = umit friction resistance at any depth :

JAllowable Load, Q,;

where
Q,; = Allowable load-carrying capacity for each pile
FS= Factor of Safety



Static Pile Capacity

 All static pile capacities can be computed
by the following equations:

P, = P+ > Py |
> {compression)

T, = > Psu+Wp  (tension)
where Pu = ultimate (maximum) pile capacity in compression
Tu = ultimate pullout capacity
Ppu = ultimate pile tip capacity
Psi,u =ultimate skin resistance capacity
Pp = tip capacity
W = weight of pile being pulled
2= summation process over I soil layers making up the soil
profile over length of pile shaft embedment



Static Pile Capacity

= Pu or I = T

SF SF
This value of Pa or Ta should be compatible with the capacity based
on the pile material (timber, concrete, or steel) considered earlier;
and SF/ represents the safety factors, which commonly range from
2.0 to 4 or more, depending on designer uncertainties.

P,



Meyerhot's Method for Estimating Qp

“ FOr tlp Plle reSt On Sand IEZ Table 71.5 Interpolated Values o
600 - N Based on Meyerhof’s Theory
: 400 - e e

QP £ - ‘qu’pi ey 200 - aﬁgl:efqbfidegl N
L .-_.' e L 20 12.4

Shall not exceed - . 2
23 17.9

. 40 - 24 21.4
gy = l}.ﬁpﬁ: tan £f.!j ) . 25 26.0
. 7 40

where p, = atmospheric pressure 19 - 28 39.7
- 29 46.5

(=100 kN/m2 or 2000 Ib/ft?) j 30 56.7
¢' = effective soil friction angle | * :TE
of the bearing stratum l 4 1150
' ! ) ) ! ) 35 143.0
° mSu il frim'ﬁ angle, é?[ieg] “ :; i ;j::
o Clay (d) — O) :i 5;{11':;:
. . 40 346.0
For piles in saturated clays under “ 4200
undrained conditions (q) = 0), a“ 700
g g R T g L 45 930.0

where C, - ﬁﬁdfémed cohesmn of the soil below the tip of the pile.



Coyle and Castello's Method

J Coyle and Castello's Method Applied Bearing capacity factor, N2

for Estimating Qp in Driven Pile in Sand T .E:].E:]. N

Q, =a'Nj4,

10 =

where
q' = effective vertical stress at the pile tip
N*q = bearing capacity factor

Ed
=
E

Embedment ratio, L/D
) =
k| |

LA
=
l
Ladi
=

Z

' 5
~__!
"""'-‘-ﬁ ﬁ
N
‘-n.__h_:_'ﬁ

=
=
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Frictional Resistance (QQs) in Sand

= Unit
frictional
: resislance,
| = D e f
2 L
f . The unit skin friction
L ‘17'“'3 | 1ncreasingly with depth until
§ + critical depth L’ which
.'.'!-.LL approximately 15 to 20 D
1 < L'=15D
, Depth )
F b
Forz =0t L’
f’# uE'.' 3 ;f-l'i-i“sf B Where o 1s the effective stress at each level considered
andforz = L'to L, 0" 1s the friction angle between the soil and the pile or the
f o shaft: o' ranges between 0.5¢" to 0.80¢’
Fillr;:ﬂur K

Bored or jetted
Low-displacement driven
High-displacement driven

=K,=1 - sing’
=K, =1=sing told4K, = 1.4(1 — singd’)
=K,=1- sind" to 18K, = L8(1 — sing’)




Coyle and Castello's Method

1 Coyle and Castello's Method Applied
for Estimating Qs in Driven Pile in Sand Sarh presure coehace. K

D.Iﬁﬂl 5
“ 1

= f.pL = (Ko,tand")pL

: ////
j -
where
=i . 10
r » = average effective overburden pressure
d'= soil-pile friction angle = 0.8¢' ﬁ
K from the chart ‘N
= 20 -
an -
35
36

hediment raties, LA

E




Frictional (Skin) Resistance in Clay

J  Three method exist
1.  a method 2. B method 3. A method

Table 11.7 Variation of A with
pile embedment

“*A method length, L
Embe dment
: ATl A LR Length. L (m]) A
fu = A(@, + 26,).
T R s e 0 0.5
' ' 5 0.336
10 0.245
_ _ _ 15 0.200
o, = mean effective vertical 20 0.172
stress for the entire embedment length 23 0.150
30 0.136
c,= mean (weighted average) 33 0132
. _ 40 0.127
undrained shear strength (¢, = 0) 50 0118
60 0.113
70 0.110
BO 0.110

90 0.110




Frictional (Skin) Resistance in Clay

*2A method continue...

Care should be taken in obtaining the values of o/, and ¢, in layered soil. Figure 9.20 helps
explain the reason. Figure 9.20a shows a pile penetrating three layers of clay. According
to Figure 9.20b, the mean value of ¢, is (¢,,L, + €,2L2 + - -+ )}/L. Similarly, Figure 9.20c
shows the plot of the variation of effective stress with depth. The mean effective stress is

_'_A1+A2+A3+"'

crI'J L
where A, A,, A;,... = areas of the vertical effective stress diagrams.
, Vertical
. Undrained N LF ]L.a
a e > . » cffective
N ; T cohesion, ¢, e
[ R D o o slress, o,
f1| :_m:”' _ Area = A
L Ll - r'lul:JP = -_ -- . Area = Al
Ly < * Area = A,
Cuis
X L 4 _———— -
(a)
v Y
Depth Depth
(b) ic)

Figure 9.20 Application of A method in layered soil



Frictional (Skin) Resistance in Clay

1.2
L0~
0.8 = Randelph and

Murphy {1985)
0.6

0.4

02 -

0 T | =

T T T
0 0.5 1.0 (] 20 2.5 0 33 4.0

“* B Method (effective stress) i

f = Bal
f = (1 — sin ¢hx)tan &z OCR o,

o, = vertical effective stress
3= K tan gy
¢y = drained friction angle of remolded clay

K = earth pressure coefficient
+ OCR = overconsolidation ratio.



Pile-load Tests

Concrete
Weights

X )
. s =—— Test Beams

Timber Cribbing

NRZERE YV EY 77A
NZZ ., “Tieee NNIZ

— Jac
Cell \ “T
Dial

= "'._ ;_/ —] = —\:q .*/a-—~

— ], Gages
Referenu:e_’_
Beam

Test Pile /N/V\

hf

Use of a hydraulic jack reacting against dead weight to
develop the test load in a static load test



Use of a hydraulic jack reacting against a beam and
reaction piles to develop the test load in a static load test

Beam —
Y

I_I_I_I

| Hydraulic Jack
Load Cell =
T Dial Gages

[ ]
Eeference Be;{@ %

Test Pile -

Reaction Pile 7 Reaction Pile "’-’




Estimate pile capacity

Applied Load. P
Py

4

b

4 mm(0.15 1n]|+ﬁ[

PD
AE

Davisson's

/ Criterion

Load Test Data

= Foundation Diameter
Applied Load
Settlement
= Foundation Depth
= Foundation Cross-Section Area
= Foundation Modulus of Elasticity
(200,000 MPa) 29.000,000 1b/in .~ : fc:r Steel
= 4700 v f MPa or 57 GG{]“\'f 1b/1 n.- 2 for Concrete
= (11,000 MPa} 1.600_ 000 ].b in? for Pine or Fir
S = 28 day compressive strength (MPa, Ib/ in.2)

Settlement. &
Il

by b by @0 My b
|
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8 4 ) IE.! 'm?
Test , -f : K_n m, Al
; 3

i
k
l T N |
P - l
|
| '
1




Vesic’'s Method for Estimating Q, in sand

Q) = Ay = A, 0N

¥

where
o, = mean effective normal ground stress at the level of the pile point
B (l + 2K,\ |
e —— f’l'
3
K, = earth pressure coefficient at rest = 1 — sin ¢’
and
N* = bearing capacity factor
3NG
N¥t= —
o
(I +2K)
According to Vesic's theory,
N =1U,)

where I,, = reduced rigidity index for the soil. However,




where
E. G

5 . 5
2(1 + p,) g’ tang" g’ tan @'
E, = modulus of elasticity of soil
., = Poisson’s ratio of soil
(G, = shear modulus of soil
A = average volumatic strain in the plastic zone below the pile point

I, = rigidity index =

r

The general ranges of [, for various soils are

Sand(relative density = 50% to 80%): 75 to 150
Silt : 50to 75

In order to estimate Ir and hence Irr, the following approximations may be used
(Chen and Kulhawy, 1994):

where

p. = atmospheric pressure ( = 100 kN/m” or 2000 Ib/ft%)

100 to 200 (loose soil)
m = % 200 to 500 (medium dense soil)
500 to 1000 (dense soil)



&' — 25
w,=0.1+03 0 (for 25° = ¢' = 45°)
(ﬁ: — 25 qr
A= D.l’}lJS(l -~ % )pu

On the basis of cone penetration tests in the field, Baldi et al. (1981) gave the
following correlations for I.:

300
I = m (for mechanical cone penetration)
and
170 . .
I, = (for electric cone penetration)

" F (%)



Table 9.7 Bearing Capacity Factors N, Based on the Theory of Expansion of Cavities

Irr

¢’ 10 20 40 60 80 100 200 300 400

25 12,12 15,95 20,98 24.64 27.61 016 3970 46.61 5224
26 13,18 17.47 23,15 27.30 30.69 33.60 44.53 52.51 59.02
27 14.33 19,12 25.52 30.21 34.06 3137 49 88 39.05 66,56
28 1557 20,91 28.10 33.40 3775 41.51 55.77 66,20 7493
29 16,90 2285 30,90 36.87 41.79 46.05 6227 74.30 84.21
30 18.24 24.95 33.95 40). 66 46.21 51.02 6943 53,14 04,48
31 19.88 nn 3.0 44,749 51.03 56.46 7731 92.90 105,84
iz 21.55 20.68 40,88 49,30 56.30 6241 8596 103.66 11839
i3 2334 32.34 44.80 54.20 62.05 6R.92 9546 115.51 132.24
34 2528 35.21 49.05 .5 68.33 76.02 103,90 128,55 147.51
5 27.36 3832 53.67 65.36 7517 B3.7H 117.33 142,89 164,33
36 29.60 41.68 S8.68 71.649 8162 59224 129,87 158.65 182,85
37 3202 4531 64.13 T8.57 90.75 101,48 143.61 17595 203.23
38 34.63 4924 70.03 86.05 99.60 111,56 158.65 194.94 225.62
39 3744 53.50 7645 94,20 109,24 122,54 175.11 215.78 250.23
40 4047 SE.10 B340 103.05 119,74 134,52 193,13 238.62 277.26
41 4374 63.07 00.96 112.68 13118 147.59 21284 263.67 306.94
42 47.27 6846 949.16 123,16 143,64 161,53 23440 291.13 339,52
43 5108 74.30 108,08 134,56 157.21 177,36 25799 321.22 375,28
44 55.20 8062 117.76 146,97 172,00 194.31 28380 354.20 414.51
435 39.66 BT 48 128,28 160,48 188,12 212,79 312,03 39035 457,537

Based on “Design on pile foundations,” by A5, Vesic. Synthesis of Highway Praciice by American Association of State Highway and

Transportation, 1969,



Table 9.8 Variation of N * with I, for
¢ = 0 Condition Based on Vesic’s Theory

',I'i' H’:.‘
10 6.97
20 7.90
40 8.82
60 9.36
80 9.75

100 10.04

200 10.97

300 11.51

400 11.89

500 12.19




Vesic’'s Method for Estimating Q,, in clay

Clay (¢ = 0)

In saturated clay (¢ = 0 condition), the net ultimate point bearing capacity of a pile can
be approximated as

0, = Aygy = AN

where ¢, = undrained cohesion
According to the expansion of cavity theory of Vesic (1977),

o
NE= =(nF T+ =41

-

W | &~

For saturated clay with no volume change, A = 0. Hence,

For ¢ = 0,



O’ Neill and Reese (1999) suggested the following approximate relationships for 7,
and the undrained cohesion, c,.

€y
Pa A
0.24 50
0.48 150

=0.96 250—300

Note: p, = atmospheric pressure
= 100 kN/m’ or 2000 Ib/ft’.

The preceding values can be approximated as

I = 34?(‘:—”) ~ 33 =300
Pa



Elastic Settlement of Piles

« The total settlement of a pile under a vertical working load Qw
1s given by
5 = Sy F Sqn T Sy
5. = elastic settlement of pile
5.2, = settlement of pile caused by the load at the pile tip

§.5y = settlement of pile caused by the load transmitted along the pile shaft
£=0.5 £= 0.5 £ =067
(O, + £0,)L
Fal) = AE e [~ = f
pep — f
where S

Qyp = load carried at the pile point under working load condition
Q... = load camed by frictional (skin) resistance under working load condition
A, = area of cross section of pile
L = length of pile

E, = modulus of elasticity of the pile material

The magnitude of & varies between 0.5 and 0.67 and will depend on the nature of the
distnbution of the unit Inction (skin) resistance f along the pile shaft.



The settlement of a pile caused by the load carried at the pile point may be expressed
in the form:

Gy

Se(2) T E {l - ”E}pr

where

D = width or diameter of pile

gy, = point load per unit area at the pile point = Q,,,/A,
E, = modulus of elasticity of soil at or below the pile point
i, = Poisson’s ratio of soil

I, = influence factor = 0.85

Vesic (1977) also proposed a semi-empirical method for obtaining the magnitude of
the settlement of s,(,). His equation is

0urCy
Dg,

‘Tt"[l] —



where
g, = ultimate point resistance of the pile
C, = an empirical coefficient

Representative values of C, for various soils are given in Table 9.14.

Table 9.14 Typical Values of C, [from Eq. (9.83)]

Type of soil Driven pile Bored pile
Sand (dense to loose) 0.02-0.04 0.09-0.18
Clay (stiff to soft) 0.02-0.03 0.03-0.06
Silt (dense to loose) 0.03-0.05 0.09-0.12




Ouws\ D
) =|—]—(1 — pi)I
¥o(3) (PL Ej( p"x) ws

where

p = perimeter of the pile
L. = embedded length of pile

I... = influence factor

WE

Note that the term Q,./pL in Eq. (9.84) is the average value of f along the pile shaft. The
influence factor, I, has a simple empirical relation (Vesic, 1977):

I,,=2+035 \fz
' D

Vesic (1977) also proposed a simple empirical relation
obtaining s,

Wa?

QusCs
Ly

.i'e{ 3) =

In this equation, C, = an empirical constant = (0.93 + U.lﬁvL}D}Cp

The values of C, for use in Eq. (9.83) may be estimated from Table 9.14.



Additional upward capacity
in deep foundations with enlarged bases.

I
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Estimates of the bearing capacity of pile
groups upon soils

To estimate the ultimate bearing capacity of group piles Qg(u) , choose
the smaller of,

. > 0,=nnl9A c,(p)+ D a(p)c,AL] or
2. > 0,=LByc,(pN_+> 2(L,+B,)cAL

Estimate of the bearing capacity of pile groups upon rocks.

Most building codes permit Qg(u) = XQu
provided that the minimum distance from center-to-center of each pile
is d + 300 mm.

For H-piles and piles with square cross sections, d is the diagonal
distance.



The bearing capacity factor Nc* for a pile

group 1n clay soils.

1 | ' Cy = Cy(1)
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o factor for side-friction computations

Adhesion Factor, o

1.2

Undrained Shear Strength, s, (kPa)

Undrained Shear Strength, s, (Ib/ftZ)

0 50 100 150 200 250 300
LA | I I I
Legend
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A ry
A
o®
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Pile Group Efficiency

Stresses coming from the piles in the soil mass overlap when the piles are placed too
close to each other. The load-bearing capacity of each pile should therefore be
reduced. The following is a simplified analysis to obtain the group’s efficiency for
friction piles in sand.

P P P

J L

_ — 4 piles contribute to the stress in this zone
[ 3 piles contribute to the stress in this zone

L #a o — 2 piles contribute to the stress in this zone
B I
s — : :
‘ : Note that adequate spacing of the piles
5 reduces the overlap zones and number

of piles contribute to any zone

Stress surrounding a friction pile and the summing effects of a pile group



Calculate The Group’s Efficiency

1) The Converse-LaBarré method. In all methods, 1s the symbol
used for the group’s efficiency expressed as a percentage of
the theoretical total group load. The theoretical group load 1s
obviously the ultimate load of each pile multiplied by the total
number of piles. The ni represents the number of rows and
columns, d 1s the pile diameter and s is the spacing between
piles (center-to-center).

C(n,—Dn, +{n,—in ) d
n=1-|— 2 T — 8 where 8(deg) = tan™' —
' 90 n,n, 5

2) The Sand rule 1s used for piles carried through friction 1n sand,

2[(n, +n, —=2)+4d |

7=

p n,i,



Deep Foundation

Examples



Example 1

Consider a 20-m-long concrete pile with a cross section of 0.407m * 0.407 m fully em-
bedded in sand. For the sand, given: unit weight, y = 18 kN/m’: and soil friction angle,
¢’ = 35° Estimate the ultimate point Q, with each of the following:

a. Meyerhof’s method
b. Vesic's method
¢. The method of Coyle and Castello

d. Based on the results of parts a, b, and ¢, adopt a value for Q,

Solution
Part a

0,=A,q'N, = A,(0.5p,N, tan )

For ¢’ = 35° the value of N, = 143 (Table 9.5). Also, ¢’ = yL = (18)(20) = 360 kN/m".
Thus,

A,q'N, = (0.407 X 0.407)(360)(143) =~ 8528 kN
Again,
A,(0.5p,N, tan ¢') = (0.407 X 0.407)[(0.5)(100)(143)(tan 35)] = 829 kN

Hence., QF = 829 kN.



Examplel...

Partb
From Eq. (9.19),

0, =A,0.N,
1+ 2(1 — sing’ 1+ 2(1 — sin35
5 — [ ( sin ¢ }]q’ _ ( ( sin 35) )[18 X 20)
3 3
= 222.34 kN/m?
E,
- = m
Pa

Assume m = 250 (medium sand). So,
E, = (250)(100) = 25,000 kN/m®
From Eq. (9.27),

&' — 25 35 — 25
—0.1+03 —0.1+03 — 0.25
Hs ( 20 ) ( 20 )




¢ — 25\ q' 35 — 25 \/18 x 20
A =0.0051 — — | =0.005(1 — = 0.009
( 20 )( Pa ) ( 20 )( 100 )

From Eq. (9.25),
7= E, _ 25,000
: 2(1 + w,)g tan ¢’ (2)(1 + 0.25)(18 X 20)(tan 35)

From Eq. (9.24),

= 39.67

i 39.67

r

I, = = = 2923
o 1 + 1A 1 + (39.67)(0.009)

From Table 9.7, for ¢¢" = 35° and I, = 29.23, the value of N* = 47. Hence,
Q, = Ao, N% = (0407 X 0.407)(222.34)(47) = 1731 kN

Part c
From Eq. (9.36),
0, = a'N3A,
L 20
— = —— =491
D 0.407

For ¢’ = 35°and L/D = 49.1, the value of N is about 34 (Figure 9.15). Thus,
0, = q'N*A, = (20 X 18)(34)(0.407 X 0.407) ~ 2028 kN

Part d
It appears that Q, obtained from the method of Coyle and Castello is too large. Thus,
the average of the results from parts a and b is

829 + 1731
2
Use 0, = 1280 kN. ¥

= 1280 kN



Table 9.5 Interpolated Values of
N7 Based on Meyerhof's Theory

Soil friction
angle, ¢ (deg)

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
+4
45

v,
12.4
13.8
15.5
17.9
214
26.0
205
34.0
39.7
46.5
56.7
68.2
s1.0
96.0

115.0

143.0

168.0

194.0

231.0

276.0

346.0

420.0

525.0

650.0

780.0

930.0

I ! I ! I
10 20 30
Soil friction angle, ¢'(deg)

40 45



Table 9.7 Bearing Capacity Factors N, Based on the Theory of Expansion of Cavities

’Il

¢’ 10 20 4“0 60 80 100 200 300 400

25 12.12 15.95 20.98 24.64 27.61 30.16 39.70 46.61 52.24
26 13,18 17.47 23.15 27.30 30.69 33.60 44.53 52,51 59.02
27 14.33 19.12 25.52 30.21 34.06 37.37 49.88 59.05 66.56
28 15.57 20.91 28.10 33.40 37.75 4151 55.77 66.29 7493
29 16.90 22.85 30.90 36.87 41.79 46.05 62.27 74.30 84.21
30 18.24 24.95 33.95 40.66 46.21 51.02 6943 83.14 9448
31 19.88 2.2 37.27 44.79 51.03 56.46 71.31 92.90 105.84
32 21.55 29.68 40.88 49.30 56.30 6241 85.96 103.66 118.39
33 2334 3234 44.80 54.20 62.05 68.92 95.46 115.51 13224
34 2528 3521 49.05 59.5¢ 68.33 76.02 105.90 128.55 147.51
35 27.36 38.32 53.67 65.36 7517 83.78 117.33 142.89 164.33
36 29.60 41.68 58.68 71.69 82.62 92.24 129.87 158.65 182.85
37 32.02 4531 64.13 78.57 90.75 101.48 143.61 175.95 203.23
38 34.63 4924 7003 86.05 99.60 111.56 158.65 194.94 225.62
39 3744 53.50 7645 94.20 109.24 122.54 175.11 215.78 250.23
40 4047 58.10 8340 103.05 119.74 134.52 193.13 238.62 277.26
41 43.74 63.07 9096 112.68 13118 147.59 21284 263.67 306.94
42 47.27 68.46 99.16 123.16 143.64 161.83 23440 291.13 339.52
43 51.08 74.30 108,08 134.56 157.21 177.36 25799 321.22 375.28
44 55.20 80.62 117.76 146.97 172.00 194,31 283.80 354.20 414.51
45 59.66 87.48 128.28 160.48 188.12 21279 312.03 390.35 457.57

Based on “Design on pile foundations,” by A.S. Vesic. Synthesis of Highway Practice by American Association of State Highway and

Transportation, 1969.
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Figure 9.15 Variation of N¥ with L/D
(Based on Coyle and Costello, 1981)



Example 2

Refer to the pipe pile in saturated clay shown in Figure 9.24. For the pile,

a. Calculate the skin resistance (Q,) by (1) the @ method, (2) the A method,
and (3) the B method. For the B method, use ¢ = 30° for all clay layers.
The top 10 m of clay is normally consolidated. The bottom clay layer has an

OCR = 2. (Note: diameter of pile = 457 mm)

o), (kN/m?)
: 3* 3 Saturated clay Cum =!9%" kN/m".'
m . vl :
e, 2 Ly .G_roundwater : f 16L’N/m . M=7 i
' b 28 —=table :
;’?“" T g O 40kN/m- il
7. Aty 98.33
10 m
O RN Ay = 13928
Y = 18 kKN/m?
. Diameler —
¥ 5
o o 20m 180.23

Figure 9.24 Estimation of the load bearing capacity of a driven-pipe pile



Part a
(1) From Eqg. (9.59),

Q, = Zac,pAL
[Note: p = m(0.457) = 1.436 m] Now the following table can be prepared.

Depth AL c, o ac,pAL
(m) (m) (kN/m?) (Table 9.10) (kN)
0-3 3 25 0.87 Q3.7
3-10 7 40 0.74 297.5

10-20 10 90 0.51 6359.1

Q, = 1050 kN

(2) From Eq. 9.51, f,, = A(&, + 2¢,). Now, the average value of ¢, is

cuny(3) + €.2(T) + ¢,5)(10) _ (25)(3) + (40)(7) + (90)(10)

_ z
20 0 62.75 kN/m

To obtain the average value of o, the diagram for vertical effective stress variation
with depth is plotted in Figure 9.24b. From Eq. (9.52),

A +A+HA . .
- | Lg 3:'}'24—512;3#‘13923:98.851{1\”“12

Sl

From Tahle 9.9, the magnitude of A is 0.173. So

£, = 0.173[98.85 + (2)(62.75)] = 38.81 kN/m?

Hence,

Q, = pLf,, = m(0.457)(20)(38.81) = 1114.4 kN



(3) The top layer of clay (10 m) is normally consolidated, and ¢, = 30°. For z = 0-3 m,
from Eq. (9.64), we have

fav{lj = (1 - SiI] ‘i’:&‘) tan ‘i’.:? E:r

+
= (1 — sin 30°)(tan 30“)(0 i

) = 6.93 kN/m’

Similarly, for z = 3—10 m.

48 + 98.33

finzy = (1 = sin 30°)(tan 3[]”]( 5 ) = 21.12 kN/m?

For z = 10-20 m from Lq. (9.65),
fov — (1 — sin ¢L}Lﬂ]‘l 4’;«: VOCR o,
For OCR = 2,

V3l 98.33 + 180.23

fivz) = (1 — sin 30°)(tan 30°) ( 5 ) = 56.86 kN/m?

So,

O, = plfuw)3) + fu(7) + foyz(10)]
= (m)(0.457)[(6.93)(3) + (21.12)(7) + (56.86)(10)] = 1058.45 kN



Example 2...

* Assume: ¢, =~ i51kN

estimate the allowable pile capacity (Qy).

Again, the values of Q, from the @ method. A method. and 8 method are close. So,

+ 4 + .
0. = 1050 111434 1058.45 ~ 1074 kN

Q. 151 + 1074
Qum = =

FS — 1 - 306.25 kN = 306 kN




Table 9.9 Variation of A with Pile Embedment
Length, L

Embedment

length, L (m) A
0 (0.5

5 (0.336

10 (0.245

15 (0.200

20 0.173

25 0.150

30 0.136

35 0.132

40 0.127

50 0.118

60 0.113

70 0.110

80 0.110

90 0.110




Table 9.70 Variation of «
(Interpolated Values Based on
Terzaghi, Peck and Mesri, 1996)

ﬂﬂ'
b, a
=0.1 1.00
0.2 0.92
0.3 0.82
0.4 0.74
0.6 0.62
0.8 0.54
1.0 0.48
1.2 042
1.4 0.40
1.6 0.38
1.8 0.36
2.0 0.35
2.4 0.34
2.8 0.34

Note: p, = atmospheric pressure
= 100 kN/m? or 2000 1b/ft®



Example 3

The allowable working load on a prestressed concrete pile 21-m long that has been driven
into sand is 502 kN. The pile is octagonal in shape with D = 356 mm (see Table 9.3a).
Skin resistance carries 350 kN of the allowable load, and point bearing carries the rest.
Use E, = 21 X 10°kN/m?, E, = 25 X 10" kN/m’, u, 0.35, and £ = 0.62. Determine the
settlement of the pile.

Solution

[pr + § QWS}L
AFEF

e(1) =

From Table 9.3a for D = 356 mm, the area of pile cross section. A, = 1045 cm’, Also,
perimeter p = 1.168 m. Given: @, = 350 kN, so

Qyp = 502 — 350 = 152 kN

_[152 + 0.62(350)](21)

3 = = 0.00353 m = 3.35 mm
"D~ (0.1045 m)(21 X 10°)

From Eq. (9.82),

Se(2) = M(1 — )l = ( 152 )( 0336 ){1 - 0.35%(0.85)

E 0.1045 J\ 25 < 10°

El

=0.0155m = 15.5 mm

Again, from Eq. (9.84),

ws \[ D
83y — (f_L)(E)(l - M%}Iu%



350 0.356 :
te = [{1.1&3)(211](25 X 103)“ ~ 035(4.69)

= 0.00084 m = 0.84 mm

Hence, total settlement is

S, = Syt S Fose =335 4+ 155 + 0.84 = 19.69 mm



Example 3

Table 9.3a Typical Prestressed Conerete Pile in Use (SI Units)

Design bearing

capacity (kN)
Minimum Strength
Area of cross Number of strands effective Section oint;c;‘r;cr:t)a
Pile D section Perimeter 12.7-mm 11.1-mm  prestress modulus C m
shape® (mm) (ecm?) (mm) diameter diameter force (kN) (m® x 107%) 34.5 f41.4
S 254 645 1016 4 4 312 2.737 556 T8
(8] 254 536 838 4 4 258 1.786 462 555
S 305 929 1219 5 6 449 4.719 801 962
(8] 305 768 1016 4 5 3609 3.097 002 795
S 356 1265 1422 6 8 610 7.489 1091 1310
(8] 356 1045 1168 5 T 503 4916 901 1082
S 406 1652 1626 8 11 796 11.192 1425 1710
(8] 406 1368 1346 7 9 658 7.341 1180 1416
S 457 2000 1829 10 13 1010 15.928 1803 2163
(8] 457 1729 1524 8 11 836 10.455 1491 1790
S 508 2581 2032 12 16 1245 21.844 2226 2672
(0] 508 2136 1677 10 14 1032 14.355 1842 2239
S 559 3123 2235 15 20 1508 29.087 2694 3232
(8] 559 2587 1854 12 16 1250 19.107 2231 2678
S 610 3658 2438 18 23 1793 37.756 3155 3786
(8] 610 3078 2032 15 19 1486 34.794 2655 3186
5 = square section; O = octagonal section
Prestressed Wire
strand spiral
b Wire
spiral Prestressed

strand
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