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ENCE 4610
Foundation Analysis and Design

Driven Piles



Why Deep Foundations?

“Foundation design and construction involves assessment of factors 
related to engineering and economics. As discussed in Chapter 8, the 
selection of the most feasible foundation system requires 
consideration of both shallow and deep foundation types in relation to 
the characteristics and constraints of the project and site conditions. 
Situations commonly exist where shallow foundations are 
inappropriate for support of structural elements. These situations may 
be related either to the presence of unsuitable soil layers in the 
subsurface profile, adverse hydraulic conditions, or intolerable 
movements of the structure. Deep foundations are designed to 
transfer load through unsuitable subsurface layers to suitable bearing 
strata.”



Reasons for Deep Foundations



Loading of Deep Foundations

● One of the main 
reasons for deep 
foundations is the 
ability of deep 
foundations to bear 
loads that shallow 
foundations cannot

● Lateral Loads

● Tension Loads

● Compression Loads in Soft 
Soils



Types of Deep 
Foundations

●We will consider two 
main types of deep 
foundations

−Driven Piles

−Drilled Shafts (Auger 
Cast piles have a 
similar design 
process, but different 
installation)



Outline of Driven Piles

●Rationale for Deep 
Foundations in 
General

●Overview of Driven 
Piles and Pile Driving

●Design Process of 
Driven Piles and Pile 
Driving Equipment

●Factor of Safety 
Considerations

● Single Pile Static Design

− Fellenius β Method

− Soil Set-up

− TAMWAVE Software

− Settlement Calculations

● Design of Pile Groups

− Bearing Capacity and 
Settlement

● Downdrag

● Topics to be Covered Later

− Static Load Testing of Piles

− Dynamic Load Testing of Piles



Driven 
Piles

A long, slender, 
prefabricated 
structural member 
driven by impact or 
vibration, or otherwise 
inserted into the 
ground



History of Driven Piles
● The oldest form of 

deep foundation in 
existence

● All ancient civilizations 
(Greek, Roman, 
Chinese) used driven 
piles to support 
structures in poor soils

● Driving equipment 
involved positioning, 
raising and lowering 
the driver by hand



Caesar's Bridge over the 
Rhine

● Built in a span of ten days

● Consisted of batter piles for the lateral loads of 
the river



Advances in Driven Piles 
and Pile Drivers

● Piles
● Steel Piles

● H-Piles – addressed problems of 
bridge scour in the Midwest

● Pipe Piles

● Precast Concrete Piles
● François Hennebique (1897) – first 

use
● A.A. Raymond (1901) – built with it 

Raymond Concrete Pile 
Company

● Hammers
● Steam Hammers
● Naysmith (1845) – related 

to forging hammers
● Vulcan (1887), MKT, etc.

● Pile Driving Rigs
● Rotating Skid Rigs
● Crawler mounted rigs



Types of Piles
● Selection of Pile 

Type
● Applied Loads
● Required Diameter
● Required Length
● Local availability of 

each pile type
● Durability of the pile 

material in a specific 
environment

● Anticipated driving 
conditions

● Types of Piles Used
● Timber Piles
● Steel Piles
● H-Beams
● Pipe Piles

● Concrete Piles
● Precast Piles
● Prestressed Piles

● Other Types of Piles
● Plastic-Steel 

Composites
● Sheet Piling



Timber Piles
● The oldest type of pile in 

use

● Most used today are 
Southern Pine or 
Douglas Fir



Steel Piles
● Steel piles first came into 

use in the 1890's
● Can be driven through 

hard soils and carry large 
loads

● Especially useful for 
tension and uplift loads

● Easy to splice and add 
onto

● Expensive compared to 
other piles

● May be subject to 
corrosion, depending 
upon soil and water 
conditions



H-Piles
● Similar to WF beams used 

in structural applications 
but flanges and webs 
are of equal thickness 
with H-beams

● Often used as end 
bearing piles in rock



H-Pile Chart

From Skyline Steel



Pipe 
Piles



●Pipe Piles and Steel Pile Materials





Concrete 
Piles

● Either precast or 
prestressed piles
● Precast contain 

rebar similar to 
shallow foundations 
– not commonly 
used in North 
America

● Prestressed uses 
cables tensioned 
before concrete is 
poured



Square Concrete Piles



Concrete Cylinder Piles



Technical 
Overview of 

Concrete Piles



Square and 
Cylinder Pile 
Specifications



Cutting Concrete Piles
●Can be cut with 

concrete saws or 
special pile 
cutters

●Usually best to 
drive as friction 
piles where 
refusal is not as 
likely to take 
place



Composite 
Piles

● Two possible 
definitions
● Pile made up of two 

other pile types, such as 
a concrete pile with an 
H-pile "stinger" on the 
end

● Pile made up of two 
materials

● Plastic-steel 
composite
● A useful substitute for 

wood piles in 
applications where 
wood is 
environmentally 
unacceptable



Mandrel-Driven Thin 
Shelled Piles

● Thin shelled steel piles 
which are driven with the 
assistance of a mandrel, 
as they would collapse if 
driven directly (as with 
pipe piles)

● Piles then filled with 
concrete and a 
reinforcing cage

● First widely popular 
mandrel driven thin 
shelled pile was the 
Raymond Step-Taper Pile, 
but there are many other 
kinds available today



Pressure-Injected Footings
(Franki Piles)

Large end-bearing is possible



Typical Capacities and Lengths of 
Driven Pile Types



Installation 
Equipment for Driven 

Piles
● Pile Driving Rigs

● Pile Hammers

● Hammer Accessories
● Leaders

● Cushion Material

● Predrilling, Jetting 
and Spudding



Pile Hammers

● Impact Hammers
● Drop Hammers

● Air/Steam Hammers

● Diesel Hammers

● Hydraulic Hammers

● Vibratory 
Hammers

● Pile Jacking 
Devices



Drop Hammers
● Oldest type of hammer 

in use
● Simply raised by the 

crane (or hoist) and 
released to impact the 
pile top

● A very simple hammer, 
yet slow and efficiency 
is inconsistent



Air/Steam Hammers
● In use since the 

nineteenth century
● Hammers are simple; 

require little 
maintenance and are 
of long duration

● Efficiency also variable 
due to age of 
hammers and 
conditions of operation

● Hammers can be 
single, double or 
differential acting



Air/Steam Cycles
• Single-Acting (No 

Downward Assist)
• Differential or Double-

Acting (Downward 
assist)

https://youtu.be/3eSienjdj1E

https://youtu.be/3eSienjdj1E


Diesel Hammers
● Developed in Germany 

between the two World 
Wars

● Does not require an 
external power source; 
usually light

● Can also be single-
acting or double-acting



Operating Cycle of Diesel Hammers

I. Upstroke or starting of 
the hammer with 
starting device (crab)

II. Lowering of ram; 
injection of fuel

III. Combustion at 
bottom of stroke

IV.Fuel ignition and 
upward lifting of ram

http://www.youtube.com/watch?v=ElBGcYhdjMA 

http://www.youtube.com/watch?v=ElBGcYhdjMA




Hydraulic
Impact 

Hammers



Vibratory Hammers



Operating Principle

● Vibratory hammers apply a rapidly 
alternating force to the pile by 
rotating eccentric weights about 
horizontal shafts

● Each eccentric produces 
centrifugal, dynamic force acting 
in a single plane and directed 
toward the centreline of the shaft

● The eccentrics are paired so the 
horizontal forces cancel each 
other, leaving only vertical force for 
the pile



Original Development and Soviet 
Equipment

● Soviet B-402 pile driver
– Dynamic force, 270 kN
– Maximum eccentric moment, 

12 kg-m
– Rotation frequency, 23.8 Hz

●Driving sheet piling in 
Leningrad (St. 
Petersburg)

● First job in the USSR -- Gorki 
hydroelectric development, 
1949
● Model BT-5

■ Dynamic Force, 214 kN, 
Eccentric Frequency, 41.67 Hz, 
Power, 28 kW

● Sheet Piles
■ 3700 sheet piles, 9-12 m long, 2-3 

minutes driving time



Other Vibratory Hammers

● Japan
● Nippei
● Uraga
● Tomen

● France
● PTC

● Germany
● Müller
● MGF

● U.S.
● MKT – first 

U.S. 
Vibratory 
(V-10)

● Foster 
(PTC, 
then 
Nippei 
derived)

● ICE (US 
and 
Europe)

● Vulcan
● HPSI
● APE



Basic Types of Vibratory 
Hammers

● Low frequency vibrators

● Medium frequency vibrators

● High frequency vibrators



Low Frequency Vibrators
● Characteristics

– Vibration frequency of 5-10 
Hz

– Used with piles with high mass 
and toe resistance

– Drive with high eccentric 
moments and amplitudes

● VPM-170
– Dynamic force 1,700 kN
– Frequency 9.17 hZ
– Eccentric moment 510 kg-m



Medium Frequency 
Vibrators

● Characteristics
● Frequency range – 

10-30 Hz

●  Balance of 
frequency, eccentric 
moment and 
dynamic force 
needed to drive wide 
variety of piles

● Most larger 
vibratories fall in this 
range

http://www.youtube.com/watch?v=L5xFptZbfTw 

http://www.youtube.com/watch?v=L5xFptZbfTw


High Frequency Vibrators
● Characteristics

● Operate at frequencies 
above 30 Hz

● Reduces amplitude and 
velocity for decreased 
ground vibrations

●Two ranges
●Non-resonant
●Resonant



Pile Jacking Device
● Installs piling by pushing them into the soil, not 

impact

● Useful in situations where vibrations cannot be 
tolerated



Driving Accessories
● Drive Caps

● Mate the hammer to the pile

● Hold the cushion material in 
place

● Weight of the cap 
influences the energy 
transmission from the 
hammer to the pile



Cushion 
Material
● Hammer Cushion

● Protects the hammer and 
modulates the blow

● Usually struck via a top plate 
above

● Pile Cushion
● Used only with concrete 

piles

● Protects the pile from 
cracking and spalling



Leaders

Fixed 
Leaders

Swinging Leaders



Predrilling and Jetting
● Methods of 

reducing the soil 
resistance to assist 
driving
● Predrilling

● Using an auger (usually 
continous flight) to drill 
a hole into which the 
pile is driven

● Does result in loss of 
shaft friction

● Jetting



Axial Capacity of Driven Piles



Failure Methods of Deep Foundations
• Bearing Capacity

o Catastrophic, limit-state 
failure of deep foundations 
(such as with slope stability 
and shallow foundations) is 
rare due to the difficulties of 
generating a “clean” failure 
surface

o Nevertheless, we have an 
extensive collection of 
methods to estimate the 
“bearing capacity” of the pile

o These can be used (with 
caution and generous 
safety/resistance factors) to 
estimate the point at which 
settlement is unacceptable

Settlement
Excessive settlement is the normal 

way we expect failure in deep 
foundations

Best way to anticipate excessive 
settlement is to model the load-
deflection characteristics of the 
pile head

We can use information from 
“bearing capacity” methods to 
help this analysis

We can also model the soil mass 
around the pile as well

Must be verified in the field, either 
with static or dynamic load 
testing



Shaft and Toe Resistance
● The interaction between the 

pile and the soil allows the pile 
to resist the axial load

● This resistance is divided into 
two parts:

− Shaft resistance, the shear 
resistance of the side surface 
of the pile to the downward 
movement of the pile during 
loading

− Toe resistance, the 
compressive resistance of the 
end of the pile to downward 
movement

● The resistance of each is the 
product of the area of 
interaction with the soil and 
the ability of the soil to resist 
load
− Shaft resistance: the “wetted” 

area, which is the perimeter 
of the pile times the length of 
the shaft

● The shaft can be divided into 
layers, as soils vary with depth

− Toe resistance: the cross-
sectional area at the toe 
(sometimes different from the 
rest of the pile, sometimes the 
same) which faces the soil at 
the toe



●Static Method of Pile Design

The general equation for the ultimate axial capacity 
of driven piles is

 
Where
• Qu = ultimate axial capacity of the pile, kN
• Rs = ultimate shaft capacity of the pile, kN
• Rt = ultimate toe capacity of the pile, kN
• Wp = weight of the pile, kN
This is valid for piles loaded in compression; for 

tension piles, the toe capacity is not included 
and (in some cases) the weight of the pile is 
added.

The shaft capacity is in turn estimated by the 
equation

Where
• f(z)s = unit shaft friction along the pile shaft as a 

function of depth, kPa
• As = shaft area of the pile which interfaces with 

the soil, m2

• fsn = average shaft friction along a portion n of 
the pile, kPa

• Asn = shaft area of portion n of the pile, m2

This equation is only solved in the integral form in 
theoretical considerations.  For practical 
considerations, it is solved in the summation 
form.  Piles are customarily divided up into 
regions with a reasonably uniform soil type and 
unit shaft resistance.

The capacity of the pile toe is computed by the 
equation

Where
• qt = unit pile toe capacity, kPa
• Ap = area of pile toe, m2



Load Transfer Characteristics of Piles
● Unlike shallow foundations, deep 

foundations transfer the load 
“progressively” to the soil during 
loading

● This is due to:

− Flexibility of the pile

− Variations in soil resistance along the 
pile and at the toe

● Diagram at the right shows these 
variations due to soil:

− a) “Toe-bearing” pile, no shaft 
resistance

− b) Typical cohesive soil

− c) Typical cohesionless soil



Driven Pile Factors of 
Safety (ASD)



Driven Pile Capacity using Static Method



Example of Pile Capacity 
Using Static Method



Methods for Static Analysis (from FHWA 
Driven Pile Manual)



Fellenius Method

●Based on a concept 
originally set forth by 
John Burland in the 
early 1970’s

−Cohesive soils, 
especially when 
disturbed, act like 
cohesionless ones in 
that the resistance they 
offer to load is 
dependent upon 
effective stress



Fellenius Method



Fellenius Method



Example of Fellenius Method

Find: ultimate static capacity of pile using Fellenius Method.  Assume no plugging in pile toe and 
static load testing for verification.



Example of Fellenius Method
● Solution

− There are two layers, one in clay 
and one in sand

− Since this is a  method, the first β
thing we do is to compute the 
effective stresses in all of the 
layers

● Effective Stresses

− Effective Stress at 
Clay/Sand Layer 
Boundary = 1800 psf

− Average Effective Stress 
in Clay Layer = 900 psf

− Effective Stress at Pile 
Toe = 2400 psf

−  Average Effective Stress 
in Sand Layer = 2100 psf



Example of Fellenius Method
● Shaft and Toe Areas

○ The soil has two layers (the water 
table is conveniently at the 
boundary of the two)

○ The pile diameter (18”,) shape 
(circular,) and layer thickness are 
the same for both layers, thus the 
shaft area for each layer is the 
same, thus

○ Because we assume there is no 
soil plugging, the toe area is the 
same as the cross-sectional area 
of the pile, thus



Example of Fellenius Method

●Solution

−We then need to 
compute Fellenius’  β
factors for the shaft

●For the top layer, 
assume  = 0.23 β
(Table 9-7)

●For the bottom layer, 
assume  = 0.46 β
(Table 9-7)

●Shaft Layer Unit 
Resistances

−Layer 1: f1 = (0.23)
(900) = 207 psf = 
0.207 ksf

−Layer 2: f2 = (0.46)
(2100) = 966 psf = 
0.966 ksf

Note: values of  can vary with different presentations of the method;β
the author has revised these over the years.  These are based on the values
in the SFH.



Example of Fellenius Method

● Solution

− Now we need to compute 
the shaft resistance for 
each layer and sum them 
up for the total shaft 
resistance
● Layer 1: R1 = f1 A1= (0.207 

ksf)(70.69 ft2) = 14.6 kips

● Layer 2: R2 = f2 A2= (0.966 
ksf)(70.69 ft2) = 68.3 kips

● Total shaft Resistance Rt = 
14.6 + 68.3 = 82.9 kips

● Toe Resistance
○ There is only one toe; we only 

need to compute its resistance 
for the one layer it is embedded 
in

○ That layer is the sand layer and 
the effective stress at the toe is 
2.4 ksf

○ The value of Nt for the toe is ~90 
(Table 9-7)

○ The unit shaft resistance qt = 
(90)(2.4) = 216 ksf

○ The toe resistance Qt = (216)
(0.191) =  41.3 kips

● Total Ultimate Resistance = Rt + 
Qt = 82.9 + 41.3 = 124.2 kips



Example of Fellenius Method

●Total Ultimate Resistance Qu = Rt + Qt = 82.9 + 41.3 = 
124.2 kips

●The factor of safety we use depends upon the 
verification method

●Since we called for static load testing, FS = 2 (see table 
below)

●Thus, Qallow = 124.2/2 = 62.1 kips



Profiles and Contact 
Areas

● Contact Areas
● Closed-section foundations

● where foundation-soil contact takes place along a well defined border between 
pile and soil

● Most deep foundations come under this designation
● Open Section Foundations

● Where foundation-soil contact is poorly defined and the soil will move as the pile 
penetrates

● This includes open-ended pipe piles and (to some degree) H-beams
● This phenomenon is referred to as plugging

● Displacement Characteristics



Plugging in Open-Section Foundations



Soil Set-Up



Settlement
● Pile axial capacity is 

developed by “mobilizing” 
the shaft and toe 
resistance

● Without pile deflection, 
there is no axial resistance 
to loading

● Pile capacity thus cannot 
be considered without 
considering pile settlement

● As with shallow 
foundations, settlement 
must ultimately be the 
main analysis

● In the case of “critical” 
structures, settlement 
analysis will be 
performed using a “t-
z” method computer 
program
● Example of one is in the 

TAMWAVE program

● Another is the ALP 
program, which is 
available



t-z Method of Axial Load and 

Settlement Analysis



●Settlement Example
• Given

– 16” Square Concrete Pile
– 60’ long
– Water table 40’ below 

ground surface
– Driven into medium SP 

sands

• Find
– Load-settlement curve using 

TAMWAVE software
– Ultimate Capacity Using 

Davisson’s Method

• Solution
– Program returns 120 pcf 

unit weight, 32 degree 
internal friction angle (no 
cohesion), N60 = 20

– We will accept these values, 
but have the option to 
change them



●Settlement Example



●Settlement Example



●Settlement Example

Davisson Capacity about 260 kips, at 
intersection of lines



Group Effects
• Piles are generally used 

in groups; drilled shafts 
are less frequently so

• Group capacity can 
vary significantly from 
the sum of the 
individual capacities of 
the piles, depending 
upon a number of 
factors

• Group settlements can 
also be driven by 
different considerations 
than settlements of 
single piles



Stress Zones 
in 

Supporting 
Soils













●Group Settlement Example
• Pile Group

– 12” Square Concrete Piles, 
50’ long/embedment

– Pile Cap 12’ x 12’ (B)

– Piles arranged in a 5 x 5 
arrangement (25 piles total)

– Total cap load 1250 kips

– Group driven into SW soils, 
typical N160 value of 20

• Find
– Estimated group settlement

• Solution
– Cap area = 144 sq. ft.

– Overall cap pressure pf = 
1250/144 = 8.68 psf

– Influence Factor If = 
1-(50/(8*12)) = 0.479 (must 
be raised to 0.5)

– s = (4)(8.68)(5)1/2(0.5)/20

– s = 1.94”



Downdrag in Piles



Questions
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