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Preface

Pile design is mostly about application of engineering concepts rather
than use of elaborate mathematical techniques. Most pile design work
can be done with simple arithmetic. I have provided necessary equa-
tions and concepts in a manner so that the reader would be able to
refer to them with ease. All chapters are provided with plethora of
design examples. The solutions to design examples are given in a step
by step basis with many illustrations.

In geotechnical engineering, formulas and methodologies change
significantly from sandy soils to clay soils. I made all attempts to
separate equations based on soil type. Different pile types also would
affect the design methods used. As often the case, one may find mixed
soil conditions. I have provided necessary theory and design examples
to tackle pile design in mixed soil conditions.

This book is mainly aimed at practicing geotechnical engineers,
graduate and undergraduate students who are planning to become
geotechnical engineers. The book should be a great addition to the
civil professional engineer exam in USA or the chartered engineer
exam in commonwealth countries. This book would also be of interest
to structural engineers and architects who may run into piling work
occasionally.

Ruwan Rajapakse, CCM, CCE, PE



PART 1

Introduction to Pile Selection



Site Investigation and Soil Conditions

The geotechnical engineer needs to develop an appropriate game
plan to conduct a piling engineering project. Investigation of the
site is a very important step in any geotechnical engineering project.
The following major steps can be identified in a site investigation
program.

e Literature survey
e Site visit
e Subsurface investigation program and sampling

e Laboratory test program

1.1 Literature Survey

The very first step in a site investigation program is to obtain published
information relevant to the project.

Subsurface Information: Subsurface information can be obtained from
the following sources.

e National Geological Surveys: Many countries have national geolo-
gical surveys. In the United States, the United States Geological
Survey (USGS) has subsurface information on many parts of the
country. In some instances it can provide precise information in
some localities. The USGS Web site, http://www.usgs.gov, is a good
place to start.
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* Adjacent Property Owners: Adjacent property owners may have
conducted subsurface investigations in the past. In some cases it
may not be possible to obtain information from these owners.

e Published Literature: Geologists have published many articles
regarding the geological history of the United States. It is possible
to find general information such as soil types, depth to bedrock, and
depth to groundwater by conducting a literature survey on pub-
lished scientific articles.

e Aerial Photographs: Aerial photographs are available from state
agencies and private companies. Google earth now provides aerial
maps for many parts of the world.

Aerial photographs can give information that is easily missed by
borings. For example, a dark patch in the site could be organic material,
or a different color stripe going through the site could be an old
streambed.

I
Dark patch ——>
— Old streambed

[ ]

Figure 1.1 Aerial photograph

Groundwater Information: Groundwater information is extremely
important during the design process.

Groundwater flow Fresh concrete could erode due to high groundwater flow.
(Gravel beds or coarse sand porous fills could produce fast

groundwater flow conditions.)

Figure 1.2 Erosion of concrete due to groundwater
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Utilities: Existing utilities in the project site need to be researched and
identified to avoid serious consequences. Special attention should
be paid to gas and electrical utilities. Other utilities such as tele-
phone, cable, water, sewer, and storm sewer also need to be fully and
completely identified.

The next step is to mark the utility locations in the site.
A site plan should be prepared with a utility markout, indicating
the type of utility, depth to the utility, and location of the
utility.

If the existing utilities are not known accurately, the following
procedure should be adopted.

Hand Digging Prior to Drilling: Most utilities are rarely deeper than
6 ft. Hand digging the first 6 ft prior to drilling boreholes is an
effective way to avoid utilities. During excavation activities,
the backhoe operator should be advised to be aware of utilities.
The operator should check for fill materials because in many
instances utilities are backfilled with select fill material. It is advisa-
ble to be cautious because sometimes utilities are buried with the
same surrounding soil. In such cases, it is a good idea to have a
second person present assigned exclusively to watch the backhoe
operation.

Contaminants: The geotechnical engineer should obtain all the avail-
able information pertaining to contaminants present in the project
site. Project duration and project methodology will be severely
affected if contaminants are present.

1.2 Site Visit

After conducting a literature survey, it is a good idea to pay a site visit.
The following information can be gathered during a site visit.

e Surface soil characteristics. Surface soil may indicate the existence of
underlying fill material or loose organic soil.

e Water level in nearby streams, lakes, and other surface water bodies
may provide information regarding the groundwater condition in
the area.
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v Groundwater [‘

Figure 1.3 Groundwater flow near a stream

* Closeness to adjacent buildings. (If adjacent buildings are too close,
noise due to pile driving could be a problem.)

e Stability of the ground surface: This information is important in
deciding the type of pile-driving rig to be used. Pile-driving rigs
often get stuck in soft soils owing to lack of proper planning.

e Overhead obstructions: Special rigs may be necessary if there are
overhead obstructions such as power lines.

1.3 Subsurface Investigation

Borings: A comprehensive boring program should be conducted to iden-
tify soil types existing in the site. Local codes should be consulted prior
to developing the boring program.

e Typically, one boring is made for every 2,500 sq ft of the building.

e At least two-thirds of the borings should be constructed within the
footprint of the building.

1.3.1 International Building Code (IBC)

The IBC recommends that borings be constructed 10 ft below the level
of the foundation.

Test Pits: In some situations, test pits can be more advantageous than
borings. Test pits can provide information down to 15 ft below the
surface. Unlike borings, soil can be visually observed from the sides
of the test pit.

Soil Sampling: Split spoon samples are obtained during boring construc-
tion. They are adequate for sieve analysis, soil identification, and
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Atterberg limit tests. Split spoon samples are not enough to conduct
unconfined compressive tests, consolidation tests, and triaxial tests.
Shelby tube samples are obtained when clay soils are encountered.
Shelby tubes have a larger diameter, and Shelby tube samples can be
used to conduct consolidation tests and unconfined compressive
strength tests.

1.4 Soil Types

For geotechnical engineering purposes, soils can be classified as sands,
clays, and silts. The strength of sandy soils is represented with friction
angle (®), while the strength of clay soils is represented with
“cohesion.”

Pure silts are frictional material and for all practical purposes behave
as sands, whereas clayey silts and silty clays behave more like clays.

1.4.1 Conversion of Rocks to Soil

How did the soil originate? Geologists tell us that the young earth
was made of inner magma, and at the beginning outer layer of
magma was cooled and the rock crust was formed. When the earth
started to cool off from its hot origin, water vapor fell onto the earth
as rain. The initial rain lasted many million years until the oceans
were formed. Water and dissolved chemicals eroded the rocky crust
for million more years. Other factors such as meteor impacts, volca-
nic eruptions, and plate tectonic movements also helped to break
down the original rock surface. Today, four billion years after the
earth began, the first few feet of the earth are completely broken
down into small pieces and are known as soils. Chemical processes
are capable of breaking the larger sandy particles into much smaller
clay particles.

1.4.2 Conversion of Soils to Rock

As rock breaks up and forms soil, soil also can convert back to rock.
Sandy particles deposited in a river or lake with time becomes sand-
stone; similarly, clay depositions become shale or claystone. Sedimen-
tary rocks originate through the sedimentation process occurring in
rivers, lakes, and oceans.
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Sedimentation l l l l

Sediments

Figure 1.4 Sedimentation process in a lake

1.5 Design Parameters

1.5.1 Sandy Soils

The most important design parameter for sandy soils is the friction
angle. The bearing capacity of shallow foundations, pile capacity, and
skin friction of piles depend largely on the friction angle (o).

The strength of sandy soils comes mainly from friction between
particles. The friction angle of a sandy soil can be obtained by con-
ducting a triaxial test. There are correlations between friction angle
and standard penetration test (SPT) values. Many engineers use SPT
and friction angle correlations to obtain the friction angle of a soil.

To predict the settlement of a pile or a shallow foundation, one
needs to use Young’s elastic modulus and Poisson’s ratio.

1.5.2 Clay Soils

The strength of clayey soils is developed through cohesion between
clay particles. Friction is a mechanical process, whereas cohesion is an
electrochemical process. Cohesion of a soil is obtained by using an
unconfined compressive strength test. To conduct an unconfined
compressive strength test, one needs to obtain a Shelby tube sample.
Settlement of clay soils depends on consolidation parameters. These
parameters are obtained by conducting consolidation tests.

SPT — N (Standard Penetration Test Value)
and Friction Angle

SPT (N) value and friction angle are important parameters in the
design of piles in sandy soils. The following table provides guidelines
for obtaining the friction angle using SPT values.
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Table 1.1 Friction angle, SPT (N) values and relative density (Bowles 2004)

SPT Friction Relative
Soil Type (N7o value) Consistency Angle (9) Density (D)
Fine sand 1-2 Very loose 26-28 0-0.15
3-6 Loose 28-30 0.15-0.35
7-15 Medium 30-33 0.35-0.65
16-30 Dense 33-38 0.65-0.85
<30 Very dense <38 <0.85
Medium sand 2-3 Very loose 27-30 0-0.15
4-7 Loose 30-32 0.15-0.35
8-20 Medium 32-36 0.35-0.65
21-40 Dense 36-42 0.65-0.85
<40 Very dense <42 <0.85
Coarse sand 3-6 Very loose 28-30 0-0.15
5-9 Loose 30-33 0.15-0.35
10-25 Medium 33-40 0.35-0.65
26-45 Dense 40-50 0.65-0.85
<45 Very dense <50 <0.85

Table 1.2 SPT (N) value and soil consistency

SPT (N) value vs. Total Density

Soil Type SPT (N;o value) Consistency

Total Density

Fine sand 1-2 Very loose
3-6 Loose
7-15 Medium
16-30 Dense
<30 Very dense
Medium sand 2-3 Very loose
4-7 Loose
8-20 Medium
21-40 Dense
<40 Very dense
Coarse sand 3-6 Very loose
5-9 Loose
10-25 Medium
26-45 Dense
<45 Very dense

70-90 pcf (11-14 KN/m?)
90-110 pcf (14-17 kN/m?)
110-130 pcf (17-20 kN/m?)
130-140 pcf (20-22 kN/m?)
<140 pcf <22 kN/m?
70-90 pcf (11-14 kN/m?)
90-110 pcf (14-17 kKN/m?)
110-130 pcf (17-20 kN/m?)
130-140 pcf (20-22 kN/m?)
<140 pcf <22 kN/m*
70-90 pcf (11-14 KN/m?)
90-110 pcf (14-17 kN/m?)
110-130 pcf (17-20 kN/m?)
130-140 pcf (20-22 kN/m?)
<140 pcf <22 kN/m*
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Reference

Bowles, J., Foundation Analysis and Design, McGraw-Hill Book Company,
New York, 1988.

1.6 Selection of Foundation Type

A number of foundation types are available for geotechnical engineers.

1.6.1 Shallow Foundations

Shallow foundations are the cheapest and most common type of
toundation. They are ideal for situations when the soil immediately
below the footing is strong enough to carry the building loads. In cases
where soil immediately below the footing is weak or compressible,
other foundation types need to be considered.

Figure 1.5 Shallow foundation

1.6.2 Mat Foundations

Mat foundations are also known as raft foundations. Mat foundations,
as the name implies, spread like a mat. The building load is distributed
in a large area.

Figure 1.6 Mat foundation
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1.6.3 Pile Foundations

Piles are used when bearing soil is at a greater depth. In such situations,
the load has to be transferred to the bearing soil stratum.

] ]

Weak soil

Bearing soil

Figure 1.7 Pile foundation

1.6.4 Caissons

Caissons are simply larger piles. Instead of a pile group, one large
caisson can be utilized. In some situations, caissons can be the best

alternative.

Weak soil

Bearing soil

Figure 1.8 Caissons or drilled shafts

1.6.5 Foundation Selection Criteria

Normally, every attempt is made to select shallow foundations. This is
the cheapest and fastest foundation type. The designer should look
into bearing capacity and settlement when considering shallow
foundations.
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Soil immediately below the footing

Figure 1.9 Shallow foundation

The geotechnical engineer needs to compute the bearing capacity of
the soil immediately below the footing. If the bearing capacity is
adequate, settlement needs to be computed. Settlement can be
immediate or long term. Both immediate and long-term settlements
should be computed.

. M

New fill

Weak soil layer 1

Bearing soil

Weak soil layer 2

Figure 1.10 Foundation types (Shallow, mat, pile and caisson)

Figure 1.10 shows a shallow foundation, mat foundation, pile
group, and a caisson. The geotechnical engineer needs to investigate
the feasibility of designing a shallow foundation owing to its cheap-
ness and ease of construction. In the above situation, it is clear that a
weak soil layer just below the new fill may not be enough to support
the shallow foundation. Settlement in weak soil due to loading of the
footing also needs to be computed.

If shallow foundations are not feasible, then other options need to
be investigated. Mat foundations can be designed to carry large loads
in the presence of weak soils. Unfortunately, cost is a major issue with
mat foundations.

Piles can be installed as shown in the figure ending in the bearing
stratum. In this situation, one needs to be careful of the second weak
layer of soil below the bearing stratum. Piles could fail due to punching
into a weak stratum below.
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New fill

Weak soil layer 1

Bearing soil

Weak soil layer 2

Figure 1.11 Punching failure (Soil punching into the weak soil below due to
pile load)

The engineer needs to consider negative skin friction due to new fill
layer. Negative skin friction would reduce the capacity of piles.

1 |
New fill
Weak soil layer 1 l l
Bearing soil L] L]
Weak soil layer 2

Figure 1.12 Negative skin friction due to consolidation

Due to the new load of the added fill material, weak soil layer 1 will
consolidate and settle, and the settling soil will drag down piles with it.
This is known as negative skin friction or down drag.



Pile Types

e All piles can be categorized as displacement piles and nondisplace-
ment piles. Timber piles, closed-end steel pipe piles, and precast
concrete piles displace the soil when driven into the ground. These
piles are categorized as displacement piles.

e Some piles (H-piles, open-end steel tubes, hollow concrete piles).

Displacement Piles

Large displacement piles Small displacement piles

Timber piles Tubular concrete piles

Precast concrete piles H-piles

(reinforced and prestressed) Open-end pipe piles

Closed-end steel pipe piles Thin-shell type

Jacked down solid concrete piles Jacked down solid concrete cylinders

Nondisplacement Piles

e Steel casing withdrawn after concreting (Alpha piles, Delta piles,
Frankie piles, Vibrex piles)

e Continuous flight auger drilling and concrete placement. (with or
without reinforcements)

e Augering a hole and placing a thin shell and concreting

e Drilling or augering a hole and placing concrete blocks inside the
hole.
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2.1 Timber Piles

To have a 100-ft-long timber pile, one needs to cut down a tree of
150 ft or more.

e Timber piles are cheaper than steel or concrete piles.

e Timber piles decay due to living microbes. Microbes need two ingre-
dients to thrive: oxygen and moisture. For timber piles to decay,
both ingredients are needed. Below groundwater, there is ample
moisture but very little oxygen.

e Timber piles submerged in groundwater will not decay. Oxygen is
needed for the fungi (wood decaying microbes) to grow. Below
groundwater level, there is no significant amount of air in the
soil. For this reason very little decay occurs below groundwater
level.

* Moisture is the other ingredient needed for the fungi to survive.
Above groundwater level, there is ample oxygen.

e States such as Nevada, Arizona, and Texas have very little moisture
above the groundwater level. Since microbes cannot survive without
water, timber piles could last a long period of time.

e This is not the case for states in northern parts of the United
States. A significant amount of moisture will be present above
groundwater level due to snow and rain. Hence, both oxygen
and moisture are available for the fungi to thrive. Timber
piles will decay under such conditions. Creasoting and other
techniques should be used to protect timber from decay above
groundwater level.

* When the church of St. Mark in Venice was demolished owing
to structural defects in 1902, the wood piles driven in ap 900 were
in good condition. These old piles were reused to construct a new
tower in place of the old church. Venice is a city with very high
groundwater level, and piles were under water for centuries.

e Engineers should consider possible future construction activities
that could trigger lowering of the groundwater level.
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<— Slurry wall Slurry walls are constructed
’\ across landfils and around
basement construction sites to

lower the groundwater level.

Pile ——>

4

Figure 2.1 Lowering of groundwater due to slurry wall

o Water constantly drains into
tunnels. This water is

’\ Tunnel pumped out constantly. Long
tunnels could pump out

enough water to create a

Pile ——> drawdown in the groundwater
level.
L]

Figure 2.2 Lowering of groundwater due to tunnel

2.1.1 Timber Pile Decay—Biological Agents

Many forms of biological agents attack timber piles. Timber is an
organic substance, and nature will not permit any organic substance
to go to waste.

Fungi: Fungi belong to the plant kingdom. The main distinction
between plants and animals is the plants’ ability to generate food on
their own. On the other hand, all food types of animals come from
plants. On that account fungi differ from other plants. Fungi are not
capable of generating their own food because they lack chlorophyll,
the agent that allows plants to generate organic matter using sunlight
and inorganic nutrients. For this reason, fungi have to rely on organic
matter for its supply of food.

Fungi need organic nutrients (the pile itself), water, and atmospheric
air to survive.

Identification of fungi attack: Wood piles subjected to fungi attack
can be identified by their swollen, rotted, and patched surface. Unfor-
tunately, many piles lie underground and are not visible. For this
reason, piles that could be subjected to environmental conditions
tavorable to fungi growth should be treated.

Marine Borers: Marine borers belong to two families: mollusk and
crustacean. Both groups live in seawater and in brackish water. Water-
front structures usually need to be protected from them.
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Marine borers

Mollusks Crustaceans

Pholads (Piddocks) Teredines (Shipworms)

Limnoriids Sphaeromatids Chelurids
(Gribble) (Pill bugs)

Figure 2.3 Marine borers

Pholads (Piddocks): These are sturdy creatures that can penetrate the
toughest of woods. Pholads can hide inside their shells for prolonged
periods of time.

Teredines (Shipworms): Teredines are commonly known as shipworms
because of their wormed like appearance. They typically enter the
wood at larvae stage and grow, inside the wood.

Limnoriids: Limnoria, a member of the crustacean, group has seven legs
and could grow to 6 mm. They are capable of digging deep into the
pile and damage the pile within, without any outward sign.

Sphaeromatids: Sphaeromatids create large-size holes, approximately
%2 in. in size, and can devastate wood piles and other marine
structures.

Chelurids: Chelurids are known to drive out Limnoriids from their
burrows and to occupy them.

2.1.2 Preservation of Timber Piles

Three main types of wood preservatives are available.

1. Creosote
2. Oil-borne preservatives
3. Water-borne preservatives
These preservatives are usually applied in accordance with the spe-
cifications of the American Wood Preserver’s Association (AWPA).

Preservatives are usually applied under pressure, hence the term
pressure treated.
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Figure 2.4 Pressure treating timber plies. (a) Timber piles are arranged inside
a sealed chamber. (b) Timber piles are subjected to a vacuum. Due to the
vacuum, moisture inside piles is removed. (c) After applying the vacuum,
the chamber is filled with preservatives. The preservative is subjected to
high pressure until a prespecified volume of liquid is absorbed by the wood.

Shotcrete Encasement of Timber Piles

e Shotcrete is a mixture of cement, gravel, and water. High-strength
shotcrete is reinforced with fibers.

e Shotcrete is sprayed onto the top portion of the pile where it can
possibly be above groundwater level.

Shotcrete gun

Figure 2.5 Shotcrete encasement of timber piles

2.1.3 Timber Pile Installation

Timber piles need to be installed with special care. They are susceptible
to brooming and damage. Any sudden decrease in driving resistance
should be investigated.

Splicing of Timber Piles

e Splicing of timber piles should be avoided if possible. Unlike steel or
concrete piles, timber piles cannot be spliced effectively.

e The usual practice is to provide a pipe section (known as a sleeve)
and bolt it to two piles.
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Bolts

L

(@) (b) © (d)

Figure 2.6 Splicing of timber piles. (a) Usually, timber piles are tapered prior
to splicing as shown here. (b) The sleeve (or the pipe section) is inserted.
(c) The bottom pile is inserted. (d) The pipe section is bolted to two piles.

=

e Sleeve joints are approximately 3 to 4 ft in length. As one can easily
see, the bending strength of the joint is much lower than the pile.
Splice strength can be increased by increasing the length of
the sleeve.

e Most building codes require that no splicing be conducted on the
upper 10ft of the pile since the pile is subjected to high bending
stresses at upper levels.

Concrete

Timber pile —»,

Figure 2.7 Concrete-timber composite pile

e Sleeves Larger Than the Pile Diameter: Sleeves larger than the pile
may get torn and damaged during driving and should be avoided. If
this type of sleeve is to be used, the engineer should be certain that
the pile sleeve is not driven through hard strata.

e Uplift Piles: Timber splices are extremely vulnerable to uplift (tensile)
forces and should be avoided. Other than sleeves, steel bars and straps
are also used for splicing.
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2.2 Steel H-Piles

e Timber piles cannot be driven through hard ground.

» Steel H-piles are essentially end-bearing piles. Due to limited peri-
meter area, H-piles cannot generate much frictional resistance.

e Corrosion is a major problem for steel H-piles. The corrosion is
controlled by adding copper into steel.

e H-piles are easily spliced. They are ideal for highly variable soil conditions.

e H-piles can bend under very hard ground conditions. This is known
as dog legging, and the pile installation supervisor needs to make sure
that the piles are not out of plumb.

e H-piles can get plugged during the driving process.

L ]

L]

Unplugged Plugged

Figure 2.8 Soil plugging

e If the H-pile is plugged, end bearing may increase due to larger area. On
the other hand, skin friction may become smaller due to smaller wall area.

e When H-piles are driven, both analyses should be done (unplugged
and plugged) and the lower value should be used for design.

Unplugged: Low end bearing, high skin friction;
Plugged: Low skin friction, high end bearing.

2.2.1 Splicing of H-Piles
Sleeve
L N
1

Plan view of a steel H-pile Plan view of a steel H-pile, with the sleeve inserted

Figure 2.9 Splicing of H-piles
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e Step 1: The sleeve is inserted into the bottom part of the H-pile as
shown and bolted to the web.

e Step 2: The top part of the pile is inserted into the sleeve and bolted.

Guidelines for Splicing (International Building Code)

IBC states that splices shall develop not less than 50% of the pile
bending capacity. If the splice is occurring in the upper 10 ft of the
pile, eccentricity of 3 in. should be assumed for the column load. The
splice should be capable of withstanding the bending moment and
shear forces due to a 3-in. eccentricity.

2.3 Pipe Piles

e Pipe piles are available in many sizes; 12-in.-diameter pipe piles have
a range of thicknesses.

Pipe piles can be driven either open end or closed end. When driven
open end, the pipe is cleaned with a jet of water.

2.3.1 Closed-End Pipe Piles

e Closed-end pipe piles are constructed by covering the bottom of the
pile with a steel plate.

e In most cases, pipe piles are filled with concrete. In some instances,
pipe piles are not filled with concrete to reduce the cost. If pipe piles
are not filled with concrete, then corrosion protection layer should
be applied.

e If a concrete-filled pipe pile is corroded, most of the load-carrying
capacity of the pile remains intact due to concrete. On the other
hand, empty pipe pile loses a significant amount of its load-carrying
capacity.

 Pipe piles are a good candidate for batter piles.

e The structural capacity of pipe piles is calculated based on concrete
strength and steel strength. The thickness of the steel should

be reduced to account for corrosion (and is typically reduced by
1/16 in. to account for corrosion).
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Weld
Steel pla&
| [ ]

A pipe pile is covered with an end cap. The end cap is welded as shown.

Figure 2.10 Closed-end pipe pile

e In the case of closed-end driving, soil heave can occur. Open-end
piles can also generate soil heave, due to plugging of the open end of
the pile with soil.

¢ Pipe piles are cheaper than steel H-piles or concrete piles.
2.3.2 Open-End Pipe Piles

e Open-end pipe piles are driven, and the soil inside the pile is
removed by a water jet.

S R

Open-end pipe pile Soil inside the pile The pipe is driven more,
is driven. is washed out using  and the procedure is repeated.
a water jet.

(@) (b) (©)
Figure 2.11 Driving procedure for open-end pipe piles

e Open-end pipe piles are easier to drive through hard soils than
closed-end pipe piles.

Closed-end pipe pile Open-end pipe pile Soil removed and ready
to be driven

(a) (b) (c)
Figure 2.12 Open-end pipe pile and closed-end pipe piles
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Ideal Situations for Open-End Pipe Piles

e Soft layer of soil followed by a dense layer of soil

« Site condition: Soft layer of soil followed by a
hard layer of soil.

Soft soil e Open-end pipe piles are ideal for this situation.

After driving to the desired depth, soil inside the
pipe is removed and concreted.

Dense soil e Closed-end pipe piles also could be considered to
be ideal for this type of situation.

Figure 2.13 Open-end pipe pile in soft soil underlain by dense soil

* Medium-dense layer of soil followed by a dense layer of soil

» Site condition: Medium-dense layer of soil followed
by a hard layer of soil.

Medium-dense ¢ Open-end pipe piles are ideal for this situation as well.

soil » Closed-end pipe piles may not be a good choice, since
driving closed-end pipe piles through medium-dense
soil layer may be problematic.

Dense soll . . . . .
e |t is easier to drive open-end pipe piles through a
dense soil layer than closed-end pipe piles.

Figure 2.14 Open-end pipe pile in medium dense soil underlain by dense soil

Telescoping

e Usually telescoping is conducted, when very
dense soil is encountered.

¢ In such situations, it may not be possible to
drive a larger pipe pile.

Very dense soil e Hence, a small-diameter pipe pile is driven

inside the original pipe pile.

Figure 2.15 Telescoping

* Due to the smaller diameter of the telescoping pipe pile, the end-
bearing capacity of the pile is reduced. To accommodate the loss, the
length of the telescoping pile should be increased.
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Splicing of Pipe Piles

Pipe piles are spliced by fitting a sleeve. The sleeve fits into the bottom
section of the pile as well as the top section.

| _— Upper section of the pile

Sleeve —>

é

Lower section of the pile

Figure 2.16 Slicing of pipe piles

2.4 Precast Concrete Piles

Precast concrete piles can be either reinforced concrete piles or pre-
stressed concrete piles.

Precast concrete piles

Reinforced concrete piles  Prestressed concrete piles

Pretensioned Post-tensioned

Figure 2.17 Precast concrete piles

2.4.1 Reinforced Concrete Piles

L .

Figure 2.18 Reinforced concrete piles
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2.4.2 Prestressed Concrete Piles

Pre-tensioning Procedure

: | (R

Reinforcement cables are Concrete pile is cast -

pulled and attached to around. After the concrete is

metal supports. set, supports are
cut off.

Figure 2.19 Pre-tensioning procedure

Post-tensioning Procedure

MH—H

Concrete pile is cast and Cables are inserted through Supports are cut off to
allowed to set. Hollow hollow tubes and pulled. allow the cables to
tubes are inserted prior compress the concrete.
to concreting.

Figure 2.20 Post-tensioning procedure

International Building Code—IBC: IBC specifies a minimum lateral
dimension (diameter or width) of 8 in. for precast concrete piles.

Reinforcements for Precast Concrete Piles (IBC)
As per IBC, longitudinal reinforcements should be arranged symme-
trically. Lateral ties should be placed every 4 to 6 in.

Concrete Strength (1BC)
As per IBC, 28-day concrete strength (f”.) should be no less than 3,000 psi.

2.4.3 Hollow Tubular Section Concrete Piles

e Most hollow tubular piles are post-tensioned to withstand tensile
stresses.

e Hollow tubular concrete piles can be driven either closed end or
open end. A cap is fitted at the end for closed end driving.
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These piles are not suitable for dense soils.

Splicing is expensive.

Cutting off these piles is a difficult and expensive process. It is very
important to know the depth to the bearing stratum with reasonable
accuracy.

2.4.4 Driven Cast-in-Place Concrete Piles

STEP 1: The steel tube is driven first.

STEP 2: Soil inside the tube is removed by water jetting.

STEP 3: A reinforcement cage is set inside the casing.

STEP 4: The empty space inside the tube is concreted while removing
the casing.

2.4.5 Splicing of Concrete Piles

Splicing of prestressed concrete piles is not an easy task.

e Holes are drilled in the bottom section of the pile.

e Dowels are inserted into the holes and filled with epoxy.

Holes are driven in the upper section of the pile as well.

The top part is inserted into the protruding dowels.

e Epoxy grout is injected into the joint.

E injected
|| L poxy injecte
I

Holes are drilled in the Dowels are inserted Top part of the pile is lowered.
lower part of the pile. and epoxy is injected.

Figure 2.21 Splicing of concrete piles



28 Pile Design and Construction Rules of Thumb

2.5 Casing Removal Type

2.5.1 Frankie Piles

The following major components are needed for Frankie piles: pile
hammer, casing, mandrel, bottom cap, reinforcement cage, and con-
creting method.

Hammer 4E|

Mandrel

R ———1
- ———

Casing

Bottom cap /

(a) (b) (©) (d)
Figure 2.22 Frankie pile installation. (a) The casing is driven to the desired
depth using an internal mandrel. (b) The bottom cap is broken off by heavy
hammer drops. (¢) The mandrel is removed, and the reinforcement cage is
inserted. (d) The casing is lifted and concreted.

2.5.2 Delta Piles

The following major components are needed for Delta piles: pile
hammer, casing, mandrel, bottom cap, concreting method.

Mandrel

Casing ——>

Bottom cap ff/ E ;F
(d)

(@) (b) (©)
Figure 2.23 Delta pile installation. (a) The casing is driven to the desired
depth using an internal mandrel. (b) The bottom cap is broken off by
heavy hammer drops. (¢) The mandrel is removed. (d) The casing is lifted
and concreted (no reinforcement cage).
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2.5.3 Vibrex Piles (Casing Removal Type)

The following major components are needed for Vibrex piles: vibrating
hammer, casing, bottom cap, reinforcement cage, and concreting
method.

Vibrating —

hammer 7

Casing —>

Bottom cap —/

(@) (b) (©) (d)

Figure 2.24 Vibrex pile installation. (a) The casing is driven to the desired depth
using a vibrating hammer. (b) The reinforcement cage is inserted. (c) The bottom
cap is removed. A removal mechanism is needed to remove the bottom cap.
(d) The casing is lifted and concreted.

2.5.4 Compressed Base Type

Remove soil

[
T

Mandrel

NNWSN
NONCOUN AN

(a) (b) (© (d)

Figure 2.25 Compressed base piles. (a) Insert a casing to the hard
stratum and remove soil inside the casing. (b) Lift the casing and concrete.
(c) Apply pressure using a hammer and an internal mandrel. (d) Concrete rest
of the pile.

In this pile type, a larger base area is created. In most cases, it is not
easy to estimate the bearing area of the base.
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2.6 Precast Piles with Grouted Base

Grouted base piles are constructed by augering a hole and grouting the
bottom under pressure. A precast pile (steel, concrete, or timber) is
inserted into the grouted base.

Ve d

(a) (b) (©)

Figure 2.26 Precast piles with grouted base. (a) Auger a hole. (b) Grout the
base under pressure. (c) Insert the precast pile. (d) Grout the annulus of the
hole.

2.6.1 Capacity of Grouted Base Piles

Failure mechanisms of grouted base piles

(a) (b)

Figure 2.27 Failure of grouted base piles. (a) Pile penetrates the grouted base
and fails (punching failure). (b) Grouted base fails (splitting failure).
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2.7 Mandrel-Driven Piles

Theory: Mandrels are used to drive a thin shell into the soil. The
mandrel is later withdrawn, and the shell is concreted.

Thin shell Mandrel

(a) / (b) () (d)
é g B— Pile hammer

;
L

¢— Concrete

Figure 2.28 Mandrel driven piles. (a) Thin shell. (b) Insert the mandrel into
the thin shell. The mandrel is fitted into the corrugations of the thin shell.
The mandrel is a solid object that can be driven into the ground with a pile
hammer. (c) Drive the mandrel and the thin shell into the ground. The
mandrel will drag down the thin shell with it. (d) Collapse the mandrel.
(Mandrels are collapsible). After the mandrel is collapsed, it is removed from
the hole. (e) Insert the reinforcement cage. (f) Concrete the thin shell.

Note: Mandrel-driven piles are not suitable for unpredictable soil conditions. It is not easy
to increase the length of the mandrel if the pile had to be driven to a longer depth.
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2.8 Composite Piles

Piles that consist of two or more different types of piles are known as
composite piles.

2.8.1 Pipe Pile/Timber Pile Composite
Method 1

It is a well-known fact that timber piles decay above groundwater.
For this reason, steel (or concrete) pipe piles are used above groundwater
level.

Groundwater Groundwater

STEP 1 STEP 2

Figure 2.29 Pipe pile-timber pile composite. STEP 1: Drive the pipe pile
below the groundwater level. STEP 2: Drive the timber pile inside the steel
or concrete pipe pile. STEP 3: Concrete the annulus between the pipe pile and
the timber pile.

Method 2
Casing
iﬁ GW
Timber pile ———— >

Figure 2.30 Pipe pile-timber pile composite (short timber pile).
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e A steel pipe is driven into the ground, and soil inside the pipe is
removed. The timber pile is driven inside the casing.

e The casing is grouted.

2.8.2 Precast Concrete Piles with H-Section

Precast concrete piles are not economical for
lengths more than 60 ft. For this reason an
Approximatel 5ft$ H sect_ion is attached at the end. Further

PP yomy H sections are very capable of penetrating
hard soil stratas and boulders. Skin friction is
much larger in the concrete section due to
larger diameter.

Precast concrete pile —>

H-section ——>

Figure 2.31 Concrete pile-H-pile composite.
2.8.3 Uncased Concrete and Timber Piles

(a) (b) (c) (d) (e)

: Concrete

GW

/
s
/

Timber pile éJ U

Figure 2.32 Concrete-timber composite pile

* A steel casing is driven. The soil is removed and the timber pile is
installed (Figs. 2.32a, b, ¢).

e Concreting is done while the casing is lifted (Figs. 2.32d, e).

e The timber pile is installed below the groundwater level.
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2.9 Fiber-Reinforced Plastic Piles (FRP Piles)

e Fiber-reinforced plastic (FRP) piles are becoming increasingly popu-
lar because of their special properties.

* Timber piles deteriorate over time and are also vulnerable to marine
borer attack. Plastic piles are not vulnerable to marine borer attack.

e Corrosion is a major problem for steel piles.
e Concrete piles may deteriorate in marine environments.

e For a instance, plastic pile with steel core can be used in highly
corrosive environments. A plastic outer layer can protects the inner
core from marine borer attack and corrosion.

Materials Used

Fiberglass and high density polyethylene (HDPE) plastic are the most
popular materials used.
Types of FRP Piles:

Plastic pile with a steel core Reinforced plastic pile
Fiberglass
Concrete Q
Concrete-filled fiberglass pipe pile Plastic piles

Figure 2.33 Fiberglass composite piles

Plastic Pile with a Steel Core: A steel core provides rigidity and
compressive strength to the FRP pile. In some instances, the plastic
could peel off from the steel core.

Reinforced Plastic Piles: Most of these piles are made of recycled
plastic. Instead of the steel core, steel rebars are also used to provide
rigidity and strength.
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Fiberglass Pipe Piles: These piles consists of a fiberglass pipe and a
concrete core. Typically, fiberglass piles are driven and filled with
concrete.

Plastic Lumber: Plastic lumber consists of recycled HDPE and
fiberglass.

Use of Wave Equation for Plastic Piles: Wave equation can be used
for driveability analysis of plastic piling by using adjusted piling
parameters.

Reference

Iskander M. G., et al. “Driveability of FRP Composite Piling,” ASCE ]. of
Geotechnical and Geoenvironmental Eng., Feb. 2001.



Selection of Pile Type

Once the geotechnical engineer has decided to use piles, the next
question is, which piles? Many types of piles are available as discussed
in Chapter 20. Timber piles are cheap but difficult to install in
hard soil. Steel piles may not be good in marine environments owing
to corrosion.

Some possible scenarios are discussed in the following.

CASE 1
Granular soil with boulders underlain by medium-stiff clay.

/

Granular soil with boulders

Medium-stiff clay

Rock

Figure 3.1 End bearing pile

Timber piles are not suitable for the situation given above owing to
the existence of boulders in upper layers. The obvious choice is to drive
piles all the way to the rock. The piles can be designed as end bearing
piles. If the decision is taken to drive piles to the rock for the above
configuration, H-piles are ideal. Unlike timber piles or pipe piles,
H-piles can go through boulders.
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On the other hand, the rock may be too far for the piles to be driven.
If the rock is too deep for piles, a number of alternatives can be
envisioned.

1. Drive large-diameter pipe piles and place them in medium-stiff
clay.

2. Construct a caisson and place it in the medium-stiff clay.

In the first case, driving large-diameter pipe piles through boulders
could be problematic. It is possible to excavate and remove boulders if
the boulders are mostly at shallower depths.

In the case of H-piles, one has to be extra careful not to damage
the piles.

Caissons placed in the medium-stiff clay is a good alternative. Set-
tlement of caissons needs to be computed.

CASE 2

Granular soil with boulders

Medium-stiff clay

Soft clay Z N N

Figure 3.2 Pile ends in medium stiff clay

Piles cannot be placed in soft clay, but they can be placed in
medium-stiff clay. In this situation, piles need to be designed as
friction piles. Pile capacity comes mainly from end bearing and skin
friction. End bearing piles, as the name indicates, obtain their capacity
mainly from the end bearing, while friction piles obtain their capacity
from skin friction.

If the piles were placed in the medium-stiff clay, stresses
would reach the soft clay layer below. The engineer needs to
make sure that settlement due to compression of soft clay is within
acceptable limits.
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CASE 3

39

GW

Soft clay

Medium-stiff clay

Soft clay s

AN
AN

Figure 3.3 Pile ends in medium stiff clay with groundwater present

Timber Piles: Timber piles can be placed in the medium-stiff clay. In
this situation, soft clay in upper layers may not pose a problem for
driving. Timber piles above groundwater should be protected.

Pipe Piles: Pipe piles can also be used in this situation. Pipe piles cost
more than timber piles. One of the main advantages of pipe piles
over timber piles is that they can be driven hard. At the same time,
large-diameter pipe piles may be readily available, and higher loads

can be accommodated by few piles.

H-Piles: H-piles are ideal candidates for end bearing piles. The above
situation calls for friction piles. Hence, H-piles may not be suitable

for the above situation.



PART 2

Design of Pile Foundations



Pile Design in Sandy Soils

A modified version of the Terzaghi bearing capacity equation is widely
used for pile design.

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

Pultimate = [Glt X Ng X Al+[K- G/V X tan § x Ap}

End Bearing Term Skin Friction Term

Puitimate = ultimate pile capacity

o'y = effective stress at the tip of the pile

Ny = bearing factor coefficient

A = cross-sectional area of the pile at the tip

K=lateral earth pressure coefficient. (Use the table below for K values)

o'y =effective stress at the perimeter of the pile. (¢, varies with the
depth. Usually, ¢’y value at the midpoint of the pile is obtained).

Tan 6 =friction angle between pile and soil. See the table below for &
values.

Ap = perimeter area of the pile

For round piles, A, = (n x d) x L (d = diameter, L =length of the pile)
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Description of Terms

Effective Stress (6') = when a pile is driven, effective stress of the existing
soil around and below the pile will change. Figure 4.1 shows effective
stress prior to driving a pile.

Soil density =y h11
o, A o
hy

G’b B o

Figure 4.1 Effective stress

oa=vh;
op =7hs

Effective stress after driving the pile is shown in Figure 4.2. When
a pile is driven, soil around the pile and below the pile becomes
compacted.

Compacted zone

Figure 4.2 Compaction of soil around driven piles

Because of soil disturbance during the pile-driving process, ¢’,, and
o'pp cannot be accurately computed. Usually the increase in effective
stress due to pile driving is ignored.

Nq (Bearing Capacity Factor): Many researchers have provided tech-
niques to compute bearing capacity factors. End bearing capacity is a
function of friction angle, dilatancy of soil, and relative density. All
these parameters are lumped into Ng. Different methods of obtain-
ing the Ng value will be discussed here.
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K (Lateral Earth Pressure Coefficient): Prior to discussing the lateral

earth pressure coefficient related to piles, it is necessary to investi-
gate lateral earth pressure coefficients in general.

K0><0 KK xo’ / Ky xc K-c’

Ko (Soil at rest) K, (active state) K (passive state) K (pile)

Figure 4.3 Lateral earth pressure coefficients

Ko—In-situ soil condition: For at rest conditions, horizontal effective
stress is given by Ky x 6’ (Ko =lateral earth pressure coefficient at rest
and o’-vertical effective stress).

K,—Active condition: In this case, soil is exerting the minimum hor-
izontal effective stress, since soil particles have room to move (K, =
active earth pressure coefficient). K, is always smaller than K.

Ky,—Passive condition: In this case, soil is exerting the maximum hor-
izontal effective stress, since soil particles have been compressed (K,
= passive earth pressure coefficient). K, is always greater than K, and
K,.

K—Soil near piles: Soil near a driven pile will be compressed. In this
case, soil is definitely exerting more horizontal pressure than the
in-situ horizontal effective stress (Ko). Since K, is the maximum
horizontal stress that can be achieved, K should be between K,
and K,

Ka <Ko <K (pile condition)<K,

Hence, K= (Ko +K; +K},)/3 can be used as an approximation.
Equations for Ko, K;, and K, are:

Ko=1—sind
K, = tan®(45—¢/2)
K, = tan?(45+¢/2)

Tan o (wall friction angle)—The friction angle between pile material
and soil 6 decides the skin friction. Friction angle (3) varies with the pile
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material and soil type. Various agencies have conducted laboratory tests
and have published & values for different pile materials and soils.

Ap (Perimeter Surface Area of the Pile)

—

Length (L) Area (A)

Figure 4.4 Perimeter surface area

Perimeter surface area of a circular pile=n-D-L
Perimeter surface area of a rectangular pile=A-L
Skin friction acts on the perimeter surface area of the pile.

4.1 Equations for End Bearing Capacity in Sandy Soils

A number of methods are available for computing the end bearing
capacity of piles in sandy soils.

API Method (American Petroleum Institute, 1984)

q=Ng-0'

q =end-bearing capacity of the pile (units same as ¢'y)

o'y = effective stress at pile tip

(Maximum effective stress allowed for the computation is 240 kPa or
5.0 ksf.)

Ny =8 to 12 for loose sand

Ny =12 to 40 for medium-dense sand

Ny =40 for dense sand

Note: Sand consistency (loose, medium, and dense) can be obtained from Tables 1.1 and 1.2.
Martin et al. (1987)

SI units: q=C-N (MN/sq m)
fps units: q=20.88 x C-N (ksf)
g =end bearing capacity of the pile
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N =SPT value at pile tip (blows per foot)
C=0.45 (for pure sand)
C=0.35 (for silty sand)

Example: SPT (N) value at the pile tip is 10 blows per foot. Find the
ultimate end bearing capacity of the pile assuming that the pile tip is
in pure sand and the diameter of the pile is 1 ft.

tps units: q=20.88 x C-N (ksf)
q=20.88 x 0.45 x 10 =94 ksf
Total end bearing capacity =q x area
Total end bearing capacity = q x  x (d%)/4 = 74 kips
=37 tons (329 kN)

NAVFAC DM 7.2

q= G/t X Nq
q=end bearing capacity of the pile (units same as ¢'y)
o'y = effective stress at pile tip

4.1.1 Bearing Capacity Factor (Ng)
Table 4.1 Friction angle vs. Nq

[0 26 28 30 31 32 33 34 35 36 37 38 39 40
Ny (for 10 15 21 24 29 35 42 50 62 77 86 120 145
driven piles)
N, (for 5 8 10 12 14 17 21 25 30 38 43 60 72
bored piles)

(Source: NAVFAC DM 7.2)

Table 4.1 shows that the Ny value is lower in bored piles; this is
expected. During pile driving, the soil just below the pile tip will be
compacted. Hence, it is reasonable to assume a higher Ny value for
driven piles.

If water jetting is used, ¢ should be limited to 28°. This is because
water jets tend to loosen the soil. Hence, higher friction angle values
are not warranted.

4.1.2 Kulhawy (1984)

Kulhawy reported the following values for the end bearing capacity
using pile load test data.
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Table 4.2 End bearing capacity in sandy soils

Saturated
Saturated Dry Loose Very Dense Dry Very
Depth Loose Sand Sand Sand Dense Sand

feet  meters tsf MN/m?> Tsf MN/m® tsf  MN/m’ tsf MN/m?
m  (m)

20 6.1 10 0.95 50 4.8 60 5.7 140 134
40 12.2 25 2.4 60 5.7 110 10.5 200 19.2
60 18.3 40 3.8 70 6.7 160 15.3 250 239

80 24.4 50 4.8 90 8.6 200 19.2 300  28.7
100  30.5 55 5.3 110 10.5 230 22.0 370 354

(Source: Kulhawy, 1984)

Design Example 4.1

Find the end bearing capacity of a 3-ft (1-m) diameter caisson using the
Kulhawy values. Assume that the soil is saturated at tip level of the
caisson and that the average SPT (N) value at the tip level is 10 blows/ft.

5ft (1.5m)

15ft (4.5m)

Figure 4.5 Pile diagram

Average N values at tip level =10

Solution

Average N values of 10 blows per foot can be considered as loose sand.
Hence, soil below the pile tip can be considered to be loose sand. The
depth to the bottom of the pile is 20 ft.

Ultimate end bearing capacity for saturated loose sand at 20 ft=
10 tsf (0.95 MN/m?) (see Table 4.2).

Cross-sectional area of the caisson = (t x D?/4) = 7.07 sq ft (0. 785 m?)

Ultimate end bearing capacity = Area x 10 tons = 70.7 tons (0.74 MN)
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Some of the values in the table provided by Kulhawy are very high.
For instance, a caisson placed in very dense dry soil at 20 ft gives
140 tsf. (see Table 4.2)

Use of other methods is recommended to check the values obtained
using tables provided by Kulhawy.

References

American Petroleum Institute, Recommended Practice for Planning, Designing
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4.2 Equations for Skin Friction in Sandy Soils

Numerous techniques have been proposed to compute the skin fric-
tion in piles in sandy soils. These different methodologies are briefly
discussed in this chapter.

McClelland (1974) (Driven Piles)
McClelland (1974) suggested the following equation:

S:B'G/VAP

S =skin friction
o'y = effective stress at midpoint of the pile
S =total skin friction

o’y changes along the length of the pile. Hence, ¢’ at the midpoint
of the pile should be taken.

Ap, = perimeter surface area of the pile

Length (L)

Figure 4.6 Pile parameters
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Perimeter surface area of a circular pile (Ap)=n-D-L
B=0.15 to 0.35 for compression
B=0.10 to 0.25 for tension (for uplift piles)

Meyerhof (1976) (Driven Piles)
Meyerhof (1976) suggested the following equations for driven
piles.

S=B-0, A,

S =skin friction
o'y = effective stress at the midpoint of the pile
A, =perimeter surface area of the pile

B=0.44 for ¢’ =28°
B=0.75 for ¢’ =35°
B=1.2 for ¢/ =37°

Meyerhof (1976) (Bored Piles)
Meyerhof (1976) suggested the following equations for bored piles.

S=PB-0,A,

S=skin friction of the pile
o', = effective stress at the midpoint of the pile
A, = perimeter surface area of the pile

B=0.10 for 6 =33°
B=0.20 for ¢ =35°
B=0.35 for 6=37°

Kraft and Lyons (1974)
S — B . G/V Ap

S =skin friction of the pile
o', = effective stress at the midpoint of the pile

B =C-tan(¢-95)

C=0.7 for compression
C=0.5 for tension (uplift piles)
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NAVFAC DM 7.2
S=K-0y x tand x A,

S =skin friction of the pile

o'y = effective stress at the midpoint of the pile
K=lateral earth pressure coefficient
d =pile skin friction angle

Table 4.3 Pile skin friction angle (8)

Pile Type )

Steel piles 20°
Timber piles lad
Concrete piles 3,0

(Source: NAVFAC DM 7.2)

d is the skin friction angle between pile material and surrounding
sandy soils. Usually, smooth surfaces tend to have less skin friction
compared to rough surfaces.

Table 4.4 Lateral earth pressure coefficient (K)

K (piles under K (piles under tension—

Pile Type compression) uplift piles)
Driven H-piles 0.5-1.0 0.3-0.5
Driven displacement piles 1.0-1.5 0.6-1.0

(round and square)
Driven displacement tapered 1.5-2.0 1.0-1.3

piles
Driven jetted piles 0.4-0.9 0.3-0.6
Bored piles (less than 24" 0.7 0.4

diameter)

(Source: NAVFAC DM 7.2)

The lateral earth pressure coefficient is less in uplift piles than in
regular piles. Tapered piles tend to have the highest K value.
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Average K Method
Earth pressure coefficient K can be averaged from K,, K, and K.

Equations for Ko, K, and K, are

Ko=1-sin ¢ (earth pressure coefficient at rest)
Ko=1-—tan?(45—¢/2) (active earth pressure coefficient)
K,=1+tan?(45+¢/2)  (passive earth pressure coefficient)
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4.2.1 Design Examples

Design Example 4.2: Single Pile in Uniform Sand Layer
(no groundwater present)

A 0.5-m (1.64-ft) diameter, 10-m (32.8-ft) long, round steel pipe pile is
driven into a sandy soil stratum as shown in Figure 4.7. Compute the
ultimate bearing capacity of the pile.
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— — Sand
v=17.3kN/m? (110 Ib/1t5)
— 10m Pile length=10m (32.81t)
Pile diameter=0.5m (1.64ft)

— Friction angle (¢)=30°

Figure 4.7 Pile in sandy soil

STEP 1: Compute the end bearing capacity

Quitimate = [0 X Ng x A] +[K- &', x tan§ x (n x d) x L]

End Bearing Term Skin Friction Term

End bearing term =o'¢ x Ng x A (o’ =effective stress at the tip of the
pile)
o’¢=7. depth to the tip of the pile=17.3 x 10 =173 kKN/m? (3,610 psf)
Find Nq using Table 4.1.
For a friction angle of 30, Ng =21 for driven piles.
End bearing capacity = ¢’y x Ng x A =173 x 21 x (n- d?/4)
=7133 kN (160 kips)

STEP 2: Compute the skin friction.
Skin friction term =K. o', x tan 6 x (n xd) x L

Obtain the K value.
From Table 4.4, for driven round piles the K value lies between 1.0 and
1.5. Hence assume K=1.25.

Obtain the &'y, (effective stress at the perimeter of the pile).

The effective stress along the perimeter of the pile varies with the
depth. Hence, obtain the o', value at the midpoint of the pile.

The pile is 10m long; hence, use the effective stress at 5m below the
ground surface.

o'y (midpoint) =5 x y=5 x 17.3=86.5 kKN/m? (1.8 ksf)

Obtain the skin friction angle (3).
From Table 4.3, the skin friction angle for steel piles is 20°.
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Find the skin friction of the pile.

Skin friction = K- 6’ x tand x (m xd) x L
=1.25 x 86.5 x (tan20) x (n x 0.5) x 10
= 618.2 kKN (139 kips)

STEP 3: Compute the ultimate bearing capacity of the pile.

Q uitimate = Ultimate bearing capacity of the pile
Q uitimate = End-bearing capacity + skin friction
Quitimate = 713.3+ 618.2 = 1,331.4 kN (300 kips)
Assume a factor of safety of 3.0.
Hence, allowable bearing capacity of the pile = Qutimate/FOS
FOS = Factor of Safety
Assume FOS = 3.0
=1,331.4/3.0
Allowable pile capacity =443.8 kN (99.8 kips)

Note: 1 kN is equal to 0.225 Kips. Hence, allowable capacity of the pile is 99.8 Kips.

Design Example 4.3: Single Pile in Uniform Sand Layer
(groundwater present)

As shown in Figure 4.8, 0.5-m-diameter, 10-m-long round concrete
pile is driven into a sandy soil stratum. Groundwater is located
3m below the surface. Compute the ultimate bearing capacity of
the pile.

A

3m Sand

\V/ y=17.3kN/m3 (110 Ibs/ft3)
--------------- B R G Pile length=10m (32.81t)
B Pile diameter=0.5m (1.61f)
Friction angle (¢)=30°

7m

c Ul N

Figure 4.8 Pile in sandy soil with groundwater present

STEP 1: Compute the end bearing capacity
Qultimate = [Glt X Nq X A] + [K : G/V x tand x (TC X d) X L}

End Bearing Term Skin Friction Term
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End bearing term = ¢’ x Ng x A (¢'y = effective stress at the tip of the pile)
0, =173 x3+ (173 -7,) x7
Yw = density of water = 9.8 kN/m?
=173 x3+(17.3-9.8) x 7 = 104.4 kKN/m* (2,180 psf)
Find Nq using Table 4.1.
For a friction angle of 30, Ny = 21 for driven piles.
End bearing capacity =c¢’s x Ng x A
=104.4 x 21 x (n-0.5%/4) = 403.5 kN (96.8 kips)

STEP 2: Compute the skin friction (A to B).

Skin friction has to be computed in two parts. First find the skin
friction from A to B and then find the skin friction from B to C.
Skin friction term=K-o'y x tan 6 x (m x d) x L

Obtain the K value.
From Table 4.4, for driven round piles the K value lies between 1.0 and
1.5. Hence, assume K=1.25.

Obtain the o', (effective stress at the perimeter of the pile).
The effective stress along the perimeter of the pile varies with the
depth. Hence, obtain the ¢’ value at the midpoint of the pile from
point A to B. The length of pile section from A to B is 3 m. Hence, find
the effective stress at 1.5 m below the ground surface.

Obtain the skin friction angle (J),
From Table 4.3, the skin friction angle for steel piles is 20°.

Skin friction =K-o', xtan § x (n xd) x L

o', = Effective stress at midpoint of section A to B (1.5m below the
surface).
o, =15x17.3=259kN/m* (0.54 Ksf)
K =1.25, §=20°
Skin friction (A to B) =1.25 x (25.9) x (tan 20) x (1 x 0.5) x 3
= 55.5 KN (12.5 kips)

Find the skin friction of the pile from B to C.

Skin friction = K-6', x tan 8 x (mxd) x L
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o'y =Effective stress at midpoint of section B to C=3x17.3+
(17.3-9.8) x 3.5
o', = Effective stress at midpoint of section B to C=78.2kN/m?*
(1,633 psf)
K=1.25 and § =20°
Skin friction (B to C) =1.25 x (78.2) x tan (20) x (1 x 0.5) x 7
=391 kN (87.9 kips)

STEP 3: Compute the ultimate bearing capacity of the pile.

Quitimate = ultimate bearing capacity of the pile

Quitimate = €nd bearing capacity + skin friction

Quitimate =403.5 4+ 55.5 + 391 =850 kN

Assume a factor of safety of 3.0.

Hence, allowable bearing capacity of the pile = Qutimate/FOS
= 850.1/3.0=283 kN

Allowable pile capacity =283 kKN (63.6 kips)

Note: 1 kN is equal to 0.225 kips.

Design Example—4.4 (multiple sand layers with no groundwater
present)

As shown in figure 4.9, a 0.5-m-diameter, 12-m-long round concrete
pile is driven into a sandy soil stratum. Compute the ultimate bearing
capacity of the pile.

A
Sand layer 1
5m ¢®=30°.
vy =17.3kN/m® (110 1b/1t3)
B
12m
Sand layer 2
7m p=32°.
¥ =16.9kN/m? (107.6 Ib/ft%)
C

Figure 4.9 Pile in multiple sand layers with no groundwater present
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Solution
STEP 1: Compute the end bearing capacity:
Quitimate = [G/t X Ng X Al+[K- G/V x tan § x Ap]

End Bearing Term Skin Friction Term

End bearing term =6’y x Ng x A

(o't = Effective stress at the tip of the pile)

O ="71-5S+72-7

0, =173 x5+16.9 x 7 =204.8 KN/m? (4.28 ksf)

Find N, using Table 4.1. Use the friction angle of soil where the pile tip
rests.

For a friction angle of 32, Ny = 29 for driven piles. The Diameter of the
pile is 0.5 m.

The ¢ value of the bottom sand layer is used to find Ng, since the tip of
the pile lies on the bottom sand layer.

End bearing capacity =c¢’s x Ng x A

= 204.8x29 x (n-d%/4)=1,166.2 kN (262.2 kips)

STEP 2: Compute of the skin friction.

The skin friction of the pile needs to be done in two parts.
Skin friction of the pile portion in sand layer 1 (A to B)
Skin friction of the pile portion in sand layer 2 (B to C)

Compute the skin friction of the pile portion in sand layer 1 (A to B).

/
p

Ap=(nxd)xL

Skin friction term = K- ¢’ x tand x Ap

Obtain the K value.

From Table 4.4, for driven round piles the K value lies between 1.0 and
1.5.

Hence, assume K=1.25.

Obtain the o', (average effective stress at the perimeter of the pile).
Obtain the ¢’ value at the midpoint of the pile in sand layer 1.
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o'y (midpoint) = 2.5 x (y,) = 2.5 x 17.3 kN/m?*
o'y (midpoint) = 43.3 kN/m?* (0.9 ksf)
Obtain the skin friction angle (J).
From Table 4.3, the skin friction angle (8) for concrete piles is %/, .
8 =3/4 x 30°= 22.5° (Friction angle of layer 1 is 30°.)
Skin friction in sand layer 1 = K- 6', x tand x (r x d) x L

=1.25x43.3 x (tan22.5) x (® x 0.5) x §
=176.1kN (39.6 kips)

STEP 3: Find the skin friction of the pile portion in sand layer 2 (B to C).
Skin friction term=K-o'y x tan  x (m x d) x L
Obtain the &', (effective stress at the perimeter of the pile).
Obtain the ¢’y value at the midpoint of the pile in sand layer 2.
o', (mid point) = (5 x y;) + (3.5 X v,)
o', (mid point) = 5 x 17.3 + 3.5 x 16.9 kN/m?
= 145.7 kKN/m? (3043 psf)

Obtain the skin friction angle (3).
From Table 4.3, the skin friction angle (8) for concrete piles is %/, ¢.

8 =3/, x 32° = 24° (Friction angle of layer 2 is 32°.)

Skin friction in sand layer 2 = K- G’p xtan & x (mx d) x L

=1.25 x 145.7 x (tan 24) x (1 x 0.5) x 7
=891.6 KN (200.4 kips)

Puitimate = end bearing capacity + skin friction in layer 1
+ skin friction in layer 2
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End bearing capacity = 1,166.2 kN
Skin friction in sand layer 1 = 176.1 kN
Skin friction in sand layer 2 = 891.6 kN

Puttimate = 2,233.9 KN (502.2 kips)

One can see that the bulk of the pile capacity comes from the end
bearing. Next, is the skin friction in layer 2 (bottom layer). Skin
friction in the top layer is very small. One reason is that the effective
stress acting on the perimeter of the pile is very low in the top layer.
This is because effective stress is directly related to depth.

Hence, allowable bearing capacity of the pile = Pyjtimate/FOS

FOS =Factor of safety =3.0

=2,233.9/3.0 kN
Allowable pile capacity =744.6 KN (167.4 kips)

Design Example—4.5 (multiple sand layers with groundwater
present)

As shown in Figure 4.10, a 0.5-m-diameter, 15-m-long round concrete
pile is driven into a sandy soil stratum. Groundwater is 3 m below the
surface. Compute the ultimate bearing capacity of the pile.

A
3m Sand layer 1
=10 VAR 2 5m ¢ =30°.
$2 n (16.411) vy =17.3kN/m3 (110 pcf)
C
15m
Sand layer 2
10m ¢ =32°.
(32.8f1) ¥ =16.9kN/m3 (08 pcf)
D

Figure 4.10 Pile in multiple sand layers with groundwater present
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Solution
STEP 1: Compute the end bearing capacity
Quitimate = [Glt X Ng x Al + K- G/V x tand x Ap}

End Bearing Term Skin Friction Term

End bearing term =6’y x Ng x A
(o't =effective stress at the tip of the pile)
o =Y1-3+ 01—V 2+ (12— Yw)10
0, =173 %x3+ (173 -9.8)x 2+ (16.9 —9.8)x 10

=137.9 kN/m? (2,880 psf)
Find Nq using Table 4.1.
For a friction angle of 32, Ny = 29 for driven piles.
The ¢ value of the bottom sand layer is used to find Ng, since the tip of

the pile lies on the bottom sand layer.
End bearing capacity = ¢’y x Ng x A
—=137.9 x 29 x (n-d*/4) = 785.2kN (176.5 kips)

STEP 2: Compute the skin friction.

The skin friction of the pile needs to be done in three parts.

Skin friction of the pile portion in sand layer 1 above groundwater
(A to B)

Skin friction of the pile portion in sand layer 1 below groundwater
(B to C)

Skin friction of the pile portion in sand layer 2 below groundwater
(Cto D)

STEP 3: Compute the skin friction of the pile portion in sand layer 1
above groundwater (A to B).

Skin friction term =K-¢', x tan § x (m x d) x L

Obtain the K value.

From Table 4.4, for driven round piles, the K value lies between 1.0 and
1.5.

Hence, assume K=1.25.
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Obtain the &' (effective stress at the perimeter of the pile).
Obtain the ¢’ value at the midpoint of the pile in sand layer 1, above
groundwater (A to B).

o'y (midpoint) = 1.5 x (y;) = 1.5 x 17.3 kKN/m?
o'y (midpoint) = 26 kN/m?* (543 psf)

Obtain the skin friction angle (3).
From Table 4.3, the skin friction angle (8) for concrete piles is %/, ¢.

8 =3/, x30°=22.5° (Friction angle of layer 1 is 30°)

Skin friction in sand layer 1 (A to B)=K-0', x tan 8 x (t x d) x L

=1.25 x (26) x (tan 22.5)
x (mx0.5)x3
=63.4 kN (14.3 kips)

STEP 4: Find the skin friction of the pile portion in sand layer 1 below
groundwater (B to C).

Skin friction term =K-¢’, x tand x (m x d) x L
Obtain the &' (effective stress at the perimeter of the pile).
o', (midpoint) =3 xvy; + 1.0 (y; — vy)
o', (midpoint) =3 x 17.3 + 1.0 x (17.3 — 9.8) kN/m?
=59.4 KN/m? (1,241 psf)
Skin friction in sand layer 1 (B to C) =K-¢/, x tand x (m x d) x L
=1.25x59.4 x (tan22.5)
X (mx0.5)x2
=96.6 KN (21.7 kips)
STEP 5: Find the skin friction in sand layer 2 below groundwater (C to D).
Skin friction term = K- ¢, x tand x (mr x d) x L
Obtain the &'y, (effective stress at the midpoint of the pile).
o'y (midpoint) =3 X y; +2(y;=Yy) +5 X (Y2=Yw)
o'y (midpoint) = 3x17.3 +2.0%x(17.3 —9.8) + 5 x (16.9 — 9.8) kN/m?
=102.4 kN/m* (2.14 ksf)
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From Table 4.3, the skin friction angle (8) for concrete piles is %/ ¢.
8 =34 x 32°=24° (Friction angle of layer 2 is 32°.)

Skin friction in sand layer 2 (C to D) =K-¢'y xtan 8 x (t x d) x L
=1.25 x 102.4 x (tan 24)
x (mx 0.5) x 10
=895.2 kKN (201.2 kips)

Puitimate = €nd bearing capacity + skin friction in layer 1 (above GW)
+ skin friction in layer 1 (below GW)
+ skin friction in layer 2 (below GW)

End bearing capacity = 785.2 kN
Skin friction in layer 1 (above GW) (A to B) = 63.4 kN
Skin friction in layer 1 (below GW) (B to C) = 96.6 kN
Skin friction in layer 2 (below GW) (C to D) = 895.2 kN
Total = 1,840 kN

Puttimate = 1,840.4 KN (413.7 kips)

In this case, the bulk of the pile capacity comes from the end bearing
and the skin friction in the bottom layer.
Hence, allowable bearing capacity of the pile = Pyjtimate/FOS
FOS =Factor of safety =3.0
=1,840.4/3.0
Allowable pile capacity =613.5 kKN (137.9 kips)

4.3 Pile Design Using the Meyerhof Equation
(Correlation with SPT (N)

4.3.1 End Bearing Capacity

Meyerhof proposed the following equation based on SPT (N) value
to compute the ultimate end bearing capacity of driven piles. The
Meyerhof equation was adopted by DM 7.2 as an alternative method
to static analysis.

Qut =0.4 Cy x N xD/B
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quit = ultimate point resistance of driven piles (tsf)

N =standard penetration resistance (blows/ft) near pile tip
Cn=0.77 log 20/p

p = effective overburden stress at pile tip (tsf)

Effective stress “p” should be more than 500 psf. It is very rare for
effective overburden stress at pile tip to be less than 500 psf.

D =depth driven into granular (sandy) bearing stratum (ft)

B =width or diameter of the pile (ft)
q; = limiting point resistance (tsf), equal to 4N for sand and 3N for silt
quit should not exceed 4N (tsf) for sand and 3N (tsf) for silt.

4.4 Modified Meyerhof Equation

Meyerhof developed the above equation using many available load
test data and obtaining average N values. Pile tip resistance is a func-
tion of the friction angle. For a given SPT (N) value, different friction
angles are obtained for different soils.

For a given SPT (N) value, friction angle for coarse sand is 7 to 8%
higher compared to medium sand. At the same time, for a given SPT
(N) value, friction angle is 7 to 8% lower in fine sand compared to
medium sand. For this reason, the following modified equations can
be proposed.

Qi = 0.45Cn x N D/B tsf (coarse sand)
Qui = 0.4Cn x N D/B tsf (medium sand)
Quie = 0.35Cn x N D/B tsf (fine sand)

Design Example 4.6

Find the tip resistance of the 2-ft (0.609-m) diameter pile shown
using the Meyerhof equation. SPT (N) value at pile tip is 25 blows
per foot.
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Fill material ISﬂ y=110pcf (17.3kN/m?)

32 ft
Fine sand y=115pcf (18.1 kN/m®)

Figure 4.11 Pile in fill material underlain by fine sand

Solution
STEP 1: Ultimate point resistance for driven piles for fine sand

Quit=0.35 Cy x N x D/B tst (fine sand)

Cn=0.77 log 20/p

p = effective overburden stress at pile tip (tsf)

p=5x110+32x115=4,230 pst=2.11 tsf (0.202 MPa)

Cn=0.77 log [20/2.11] =0.751

D =depth driven into bearing stratum =32 ft (9.75 m)

Fill material is not considered to be a bearing stratum.

B =2 ft (width or diameter of the pile) (0.61 m)

Quit=0.35 Cx x N x D/B (fine sand)

Quit=0.35 x0.751 x 25 x 32/2=105 tsf (10.1 MPa)

Maximum allowable point resistance =4 N for sandy soils

4 xN=4x25=100 tsf

Hence, qu¢=100 tsf (9.58 MPa)

Allowable point bearing capacity = 100/FOS

FOS =Factor of safety.

Assume a factor of safety of 3.0

Hence, Qaiowable =33.3 tsf (3.2 MPa)

Total allowable point bearing capacity = Qaiowable X Tip area
= (allowable X Tt X (22)/ 4
=105 tons (934 kN)

Meyerhof Equations for Skin Friction
Meyerhof proposes the following equation for skin friction:
f =N/50 tsf
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f =unit skin friction (tsf)
N =average SPT (N) value along the pile

Note: As per Meyerhof, unit skin friction “f” should not exceed 1 tsf.

The following modified equations can be proposed to account for
soil gradation.

f =N/46 tsf coarse sand
f =N/50 tsf medium sand
f =N/54 tsf fine sand

Design Example 4.7

Find the skin friction of the 2-ft-diameter pile shown using the
Meyerhof equation. The average SPT (N) value along the shaft is 15
blows per foot.

Fill material I5ﬂ (1.5m) y=110pcf (17.3kN/m?)
321t
Fine sand (9-8m) v=115pct (18.1 kN/md)

Figure 4.12 Skin friction of a pile in fill material underlain by fine sand

Solution
STEP 1: Ignore the skin friction in fill material.

For fine sand:
Unit skin friction; f =N/54 tsf
Unit skin friction; f=15/54 tsf=0.28 tsf (26.8 kN/m?)
Total skin friction = unit skin friction x perimeter surface area
Total skin friction=0.28 x t x D x L
Total skin friction =0.28 x t x 2 x 32 =56 tons
Allowable skin friction = 56/FOS
Assume a (FOS) factor of safety of 3.0
Allowable skin friction =56/3.0 =18.7 tons
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4.5 Parameters that Affect the End Bearing Capacity

The following parameters affect the end bearing capacity.

Effective stress at pile tip

Friction angle at pile tip and below (¢’)

The dilation angle of soil ()
Shear modulus (G)

e Poisson’s ratio (v)

Most of these parameters have been bundled into the bearing capa-
city factor (Ng). It is known that the friction angle decreases with the
depth. Hence Ny, which is a function of the friction angle, also would
reduce with depth. Variation of other parameters with depth has not
been researched thoroughly.

Increase of end bearing capacity do not increase at the same rate
with increasing depth.

The Figure 4.13 is an attempt to formulate the end bearing capacity
of a pile with regard to relative density (RD) and effective stress.

5 10 15 20 25 q (End Bearing) MPa

1 1 1 1 1 >
100 —
200 —

RD=0.75
300 RD=0.5
RD=0.25

400 4 RD =Relative density’
500 —

v
Effective stress (kPa)

Figure 4.13 Relative density of soil. (Source: Randolph et al., 1994)

RD =Relative density (see the section “SPT and Friction Angle” to
obtain the relative density value using SPT (N) values).

e As per Figure 4.13, end bearing capacity tapers down with increasing
effective stress.
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4.6 Critical Depth for Skin Friction (Sandy Soils)

Vertical effective stress (¢') increases with depth. Hence, skin friction
should increase with depth indefinitely. In reality, skin friction will
not increase with depth indefinitely.

It was once believed that skin friction would become a constant at a
certain depth. This depth was named critical depth.

Skin friction (K- o’ tand)
Pile diameter (d)

de Depth

d,= critica7 depth
Figure 4.14 Critical depth
e As shown in Figure 4.14, skin friction was assumed to increase till
the critical depth and then maintain a constant value.

d. = critical depth
Sc=skin friction at critical depth (K- ¢’ - tan 9)
o' =effective stress at critical depth

The following approximations were assumed for the critical depth.

e Critical depth for loose sand=10d (d is the pile diameter or the
width.)
e Critical depth for medium dense sand=15d

e Critical depth for dense sand=20d
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This theory does not explain recent precise pile load test data.
According to recent experiments, skin friction will not become a con-
stant abruptly as was once believed.

Experimental Evidence for Critical Depth

Figure 4.15 shows the typical variation of skin friction with depth in a
pile.

A

Unit skin friction .
New evidence

Critical depth theory ———>

>

Depth

Figure 4.15 Variation of skin friction. (Source: Randolph et al., 1994)

e As one can see, experimental data does not support the old theory
with a constant skin friction below the critical depth.

e Skin friction tends to increase with depth and just above the tip of
the pile to attain its maximum value. Skin friction would drop
rapidly after that.

e Skin friction does not increase linearly with depth as was once
believed.

e No satisfactory theory exists at the present to explain the field data.

e Due to lack of a better theory, engineers are still using critical depth
theory of the past.

4.6.1 Reasons for Limiting Skin Friction

The following reasons have been offered to explain why skin friction
does not increase with depth indefinitely, as suggested by the skin
friction equation.

/

Unit Skin Friction =K-¢’' tan §; o =1v-d
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1. The above K value is a function of the soil friction angle (¢'). Fric-
tion angle tends to decrease with depth. Hence, K value decreases
with depth (Kulhawy 1983).

2. The above skin friction equation does not hold true at high stress
levels due to readjustment of sand particles.

3. Reduction of local shaft friction with increasing pile depth. (See
Figure 4.16) (Randolph et al. 1994).

Assume that a pile was driven to a depth of 10ft and unit skin
friction was measured at a depth of 5ft. Then assume that the pile
was driven further to a depth of 15 ft and unit skin friction was mea-
sured at the same depth of 5ft. It has been reported that unit skin
friction at S ft is less in the second case.

Depth
A

Reduction of local skin friction

Unit skin friction

Figure 4.16 Variation of skin friction in relation to depth

According to Figure 4.16, local skin friction decreases when the pile
is driven further into the ground.

As per NAVFAC DM 7.2, maximum value of skin friction and end
bearing capacity is achieved after 20 diameters within the bearing zone.

4.7 Critical Depth for End Bearing Capacity
(Sandy Soils)

e Pile end bearing capacity in sandy soils is related to effective stress.
Experimental data indicates that end bearing capacity does not
increase with depth indefinitely. Due to lack of a valid theory,
engineers use the same critical depth concept adopted for skin fric-
tion for end bearing capacity as well.
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End bearing (N4 - o)

Pile diameter (d)
d; ’

de Depth
d, = critical depth

Figure 4.17 Critical depth for end bearing capacity

e As shown in Figure 4.17, the end bearing capacity was assumed to
increase till the critical depth.

d. = Critical depth; Q.=end bearing at critical depth
o' =effective stress at critical depth

The following approximations were assumed for the critical depth.

e Critical depth for loose sand=10d (d is the pile diameter or the
width.)

e (Critical depth for medium dense sand=15d

e Critical depth for dense sand =20d

Is critical depth for end bearing the same as the critical depth for
skin friction?

Since the critical depth concept is a gross approximation that can-
not be supported by experimental evidence, the question is irrelevant.
It is clear that there is a connection between end bearing capacity and
skin friction since the same soil properties act in both cases such as
effective stress, friction angle, and relative density. On the other hand,
two processes are vastly different in nature.

Critical Depth Example

Design Example 4.8: Find the skin friction and end bearing capacity of
the pile shown. Assume that critical depth is achieved at 20 ft into the
bearing layer (Ref. DM 7.2). Pile diameter is 1 ft, and other soil para-
meters are as shown in the figure.
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Soft clay 121t | (3.65m) - 4 100 pof (15.7 kN/m?)
Cohesion= 700 psf (33.5 kPa) a.= 0.4
) 281t = 110pcf (17.3 kN/m®)
Medium sand (8.5m) K=0.9,6=25°Ny=15

Figure 4.18 Pile in soft clay underlain by medium sand

Solution

The skin friction is calculated in the overburden soil. In this case, skin
friction is calculated in the soft clay. Then the skin friction is calcu-
lated in the bearing layer (medium sand) assuming the skin friction
attains a limiting value after 20 diameters (critical depth).

A
Soft clay 121t (3.65 m) - 14 w [/
B
/
Medium sand 20 d=(6250 g m) /// /
v / \¢
8ft / / / /
— D

Figure 4.19 Pile skin friction diagram

STEP 1: Find the skin friction from A to B.

Skin friction in soft clay = o x ¢ x perimeter surface area
=04x700xmtxdxL
=04x700x7mtx1x12=10,5601bs

— (46.9kN)



72 Pile Design and Construction Rules of Thumb

STEP 2: Find the skin friction from B to C.

Skin friction in sandy soils=S=K- o'y x tan 8 x A,

S =skin friction of the pile

o'y =average effective stress along the pile shaft

Average effective stress along pile shaft from B to C= (o5 +0¢)/2
op = effective stress at B

oc = effective stress at C

To obtain the average effective stress from B to C, find the effective
stresses at B and C and obtain the average of those two values.

op = 100 x 4 + (100 — 62.4) x 8 = 700.81b/ft*> (33.6kPa)
oc =100 x 4 + (100 — 62.4) x 8 + (110 — 62.4) x 20
=1,452.81b/ft> (69.5kPa)
Average effective stress along pile shaft from B to C= (65 + 6¢)/2

= (700.8 + 1452.8)/2 = 1076.8 Ib/ft2.

Skin friction from B to C =K- ¢, x tand x A,
=0.9 x 1076.8 x tan (25°)
x (mx 1 x20)= 28,407 Ibs

STEP 3: Find the skin friction from C to D.

Skin friction reaches a constant value at point C, 20 diameters into the
bearing layer.
Skin friction at point C=K-o'y xtan 6 x A,
o', at point C =100 x 4 + (100 — 62.4) x 8 + (110 — 62.4) x 20
= 1,452.81b/ft?
Unit skin friction at point C = 0.9 x 1,452.8 x tan 25°
= 609.71b/ft> (29 kPa)
Unit skin friction is constant from C to D. This is because skin friction
does not increase after the critical depth.

Skin friction from C to D = 609.7 x surface perimeter area
=609.7 x (mn x 1 x 8)1lbs = 15,323.41bs
= (68.2 kN)
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Summary

Skin friction in soft clay (A to B) =10,560 lbs

Skin friction in sand (B to C) =28,407 1bs

Skin friction in sand (C to D) =15,323 lbs
Total = 54,290 Ibs (241 kN)

STEP 4: Compute the end bearing capacity.

End bearing capacity also reaches a constant value below the critical
depth.

End bearing capacity = q x Ng x A

q = effective stress at pile tip
N, =bearing capacity factor (given to be 15)
A = cross-sectional area of the pile

If the pile tip is below the critical depth, q should be taken at critical
depth. In this example, pile tip is below the critical depth, which is 20
diameters into the bearing layer. Hence, q is equal to the effective
stress at critical depth (point C).

Effective stress at point C = 100 x 4 + (100 — 62.4) x 8 + (110 — 62.4)
x 20 = 1,452.81b/ft?
End bearing capacity = q x Ng x A = 1,452.8 x 15 x (m x d?/4)1bs
=17,115 Ibs
Total ultimate capacity of the pile = total skin friction + end bearing
= 54,290+ 17,115 = 71,405 Ibs
= 35.7 tons (317.6 kN)
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Pile Design in Clay Soils

Two types of forces act on piles.

1. End bearing acts on the bottom of the pile.
2. Skin friction acts on the sides of the pile.
To compute the total load that can be applied to a pile, one needs

to compute the end bearing and the skin friction acting on sides of
the pile.

— = —]

Skin friction
(or side resistance)

T

Figure 5.1 Skin friction in piles

End bearing capacity
(or tip resistance)
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A modified Terzaghi bearing capacity equation is used to find the pile
capacity

P, = ultimate pile capacity
Qu =ultimate end bearing capacity
S, = ultimate skin friction
¢ =cohesion of the soil
A.=cross-sectional area of the pile
A, = perimeter surface area of the pile
o =adhesion factor between pile and soil

As per the above equation, clay soils with a higher cohesion would
have a higher end bearing capacity. The end bearing capacity of piles
in clayey soils is usually taken to be 9 - c.

Skin Friction

Assume a block is placed on a clay surface. Now if a force is applied to
move the block, the adhesion between the block and the clay will
resist the movement. If the cohesion of clay is “c,” the force due to
adhesion will be o- c. (o is the adhesion coefficient.)

@)

| / Cohesion between table and weight=c

| Clay

W

Figure 5.2 Friction acting on a solid block

o=adhesion coefficient depends on pile material and clay type
c=cohesion

Highly plastic clays would have a higher adhesion coefficient. Typi-
cally, it is assumed that adhesion is not dependent on the weight of
the block. This is not strictly true as explained later. Now let’s look at a
pile outer surface.
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Il

Adhesion between soil and pile=c. ¢

Figure 5.3 Development of skin friction
Ultimate skin friction =S, = o x ¢c-A,
It is usually assumed that ultimate skin friction is independent of

the effective stress and depth. In reality, skin friction is dependent on
effective stress and cohesion of soil.

The skin friction acts on the perimeter surface of the pile.
For a circular pile, the surface area of the pile is given by n-D-L
(1 x D) = circumference of the pile (L = length of the pile)

/

Length (L)

Figure 5.4 Pile dimensions

Perimeter surface area of a circular pile (Ay)) =n-D-L

5.1 Shear Strength (Clays)

o Tensile Failure: When a material is subjected to tensile stress, it under-
goes tensile failure.

f

e Two figures show material failure
under tension.

For soils this type of failure is rare.
Soils in most situations fail under
compression due to shear failure.

gk iy

Figure 5.5 Failure under tension
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e Shear Failure: When a soil sample is subjected to compressive stress,
the soil tends to fail under shear.

}

AN e Shear failure is different from tensile failure.

e The figure to the left shows a soil sample being subjected to a
compressive load. The soil sample is about to fail under shear.

* Resistance to shearing depends on soil type, water content, and
.|. drainage of water from the soil sample.

Figure 5.6 Shear failure

e Cohesion and Friction: Resistance to shear failure (or shear strength) is
developed due to cohesion and friction (¢) between particles.

—
F+Cv$\

Figure 5.7 Failure plane. F = friction; C = cohesion; N = normal stress

The top part of the soil sample is about to move to the right as shown
by the top arrow.

This movement is resisted by friction (F) and cohesion (C) existing
between soil particles.

Friction is a function of the normal stress (N).

e Pure sand have no cohesion.

5.2 Cohesion in Clay Soils

How does one measure the cohesion of clays?

Unconfined Compressive Strength Test: The easiest and most common
test done to measure the cohesion is the unconfined compressive
strength test (commonly known as the unconfined test). In this test,
a soil sample is obtained using a Shelby tube, and a load is applied. No
cell pressure is applied.
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e Since there is no confining cell pressure, the test is given the adjec-
tive “unconfined.”

e Since the load is applied rapidly, there is no time for the soil sample
to drain. Hence, this test is an “undrained” test.

.
!

Figure 5.8 Undrained test

5.2.1 Unconfined Compressive Strength Test

e The load is applied rapidly. Hence, pore pressures will develop inside
the soil sample.

e When the soil sample is under high pore pressure, friction between
particles will be minimal. This is understandable since, due to
water, soil particles will not have a great chance of contacting
each other.

Water particles

B =

Clay particles —————»——,

Figure 5.9 Undrained condition

Contact between clay particles is limited owing to water particles.
Hence, frictional force due to contact between soil particles is
negligible.

Electromagnetic cohesion between clay particles dominates.
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o O(%)
)
%
Clay particles

Figure 5.10 Drained condition

Unlike the undrained condition in which there were water particles,
now during the “drained” condition contact between clay particles is
high. Hence frictional force due to soil particle contact is high. Electro-
magnetic cohesion between clay particles also exists.

e [t is obvious that the drain condition would have a higher shear
strength than the undrained condition.

e [f the load is applied slowly, then the soil sample will have enough
time to drain. Hence, soil particles will get a chance to contact each
other. This will increase the friction between particles.

e If the load is applied rapidly, then soil sample will not have enough
time to drain. The contact between soil particles is limited owing to
water molecules. Hence, frictional forces become negligible.

5.2.2 Parameters

The total capacity of a pile depends on many parameters.

e Skin friction

e End bearing capacity

* Negative skin friction

e Pile properties (toe area, perimeter area, pile material, pile flexibility)

e Driving process (driven, jetted down, vibrated down, or jacked
down)

e Hammer type, hammer weight, and stroke for driven piles

e Loading type (cyclic and vibratory loads reduce the pile capacity)
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5.3 End Bearing Capacity in Clay Soils
(Different Methods)

5.3.1 Driven Piles
Skempton (1959)

The equation proposed by Skempton is widely being used to find the
end bearing capacity in clay soils.

q=9-Cu
q = end bearing capacity; C, = cohesion of soil at the tip of the pile

Martin et al. (1987)
q = C-N MN/m?
C =0.20; N = SPT value at pile tip

5.3.2 Bored Piles
Shioi and Fukui (1982)

q = C-N MN/m?
C =0.15; N = SPT value at pile tip

5.3.3 NAVFACDM 7.2
q=9-C,
q = end bearing capacity; C, = cohesion of soil at the tip of the pile

References

Martin, R., et al., “Concrete Pile Design in Tidewater,” ASCE, J. Geotechnical
Eng. 113, No. 6, 1987.

Shioi, Y., and Fukui, J., “Application of ‘N’ Value to Design of Foundations in
Japan,” Proc. ESOPT2, Amsterdam 1, 159-164, 1982.

Skempton, A.W., “Cast-in-situ Bored Piles in London Clay,” Geotechnique,
153-173, 1959.



82 Pile Design and Construction Rules of Thumb

5.4 Skin Friction in Clay Soils (Different Methods)
5.4.1 Equation Based on Undrained Shear Strength (Cohesion)
- fult = 0 X Su

f, ;= ultimate skin friction
o= skin friction coefficient
Sy =undrained shear strength or cohesion
Su=Qu/2; (Q,= Unconfined compressive strength)

This equation ignores effective stress effects.

Sul__

N ]

Figure 5.11 Mohr’s diagram

Driven Piles

American Petroleum Institute (API) (1984)
API provides the following equation to find the skin friction in clay
soils.

f=o0-Cy

f =unit skin friction; C,=cohesion
o= 1.0 for clays with C, < 25kN/m?* (522 ps)
a=0.5 for clays with C, > 70kN/m? (1,460 psf)

Interpolate for the o value for cohesion values between 25 kN/m?
and 70 kN/m?.

As per the API method, the skin friction is solely dependent on
cohesion. Effective stress changes with depth, and the API method
disregards the effective stress effects in soil.



Chapter 5 Pile Design in Clay Soils

NAVFAC DM 7.2

f=a-Cy-Ap

83

S =skin friction; C, = cohesion; Aj,= perimeter surface area of the pile

Table 5.1 o vs cohesion

Soil Cohesion

Pile Type Consistency Range (kN/m?) o

Timber and concrete piles Very soft 0-12 0-1.0
Soft 12-24 1.0-0.96
Medium stiff 24-48 0.96-0.75
Stitf 48-96 0.75-0.48
Very stitf 96-192 0.48-0.33

Steel piles Very soft 0-12 0.0-1.0
Soft 12-24 1.0-0.92
Medium stiff 24-48 0.92-0.70
Stiff 48-96 0.70-0.36
Very stiff 96-192 0.36-0.19

Source: NAVFAC DM 7.2

As in the API method, effective stress effects are neglected in the DM

7.2 method.

Bored Piles
Fleming et al. (1985)

f =unit skin friction;

f=0-Cy
C, = cohesion

a=0.7 for clays with C, < 25kN/m? (522 psf)
=0.35 for clays with C, >70kN/m? (1,460 psf)

(Note: o value for bored piles is chosen to be 0.7 times the value for driven piles.)

5.4.2 Equations Based on Vertical Effective Stress — f, ;= x ¢

f,;: = ultimate skin friction

B =skin friction coefficient based on effective stress

o’ = effective stress

This equation ignores cohesion effects.
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Burland (1973)

f=p- o
f =unit skin friction; o,/ =effective stress
B=(1-sin ¢) tan ¢/ (OCR)*>
OCR = over consolidation ratio of clay

The Burland method does not consider the cohesion of soil. One
could argue that OCR is indirectly related to cohesion.

5.4.3 Equation Based on Both Cohesion and Effective Stress

A new method proposed by Kolk and Van der Velde (1996) considered
both cohesion and effective stress to compute the skin friction of piles
in clay soils.

Kolk and Van der Velde Method (1996)

The Kolk and Van der Velde method considers both cohesion and
effective stress.

fult = O(XSu

f, ;= ultimate skin friction
o= skin friction coefficient obtained using the correlations provided
by Kolk and Van der Velde. o is a parameter based on both
cohesion and effective stress.
Sy =undrained shear strength (cohesion)

In the Kolk and Van der Velde equation, o is based on the ratio of
undrained shear strength and effective stress. A large database of pile
skin friction results was analyzed and correlated to obtain a values.

Table 5.2 Skin friction factor

Su/6’ 0.2 03 04 05 06 0.7 08 09 10 11 12 13 14
o 0.95 0.77 0.7 0.65 0.62 0.60 0.56 0.55 0.53 0.52 0.50 0.49 0.48

Su/6’ 1.5 16 17 18 19 20 21 22 23 24 25 3.0 40
o 0.47 0.42 0.41 0.41 0.42 0.41 0.41 0.40 0.40 0.40 0.4 0.39 0.39

Source: Kolk and Van der Velde (1996)
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According to Table 5.2, o decreases when S, increases and o increases

when o’ (effective stress) increases.

Design Example 5.1

Find the skin friction of the 1-ft-diameter pile shown using the Kolk
and Van der Velde method.

Clay
cohesion = 1,000 psf 151t (4.5m)

(47.88 kPa)
Y=110pcf (17.3 kN/m®)

Figure 5.12 Pile in clay soil

Solution

The Kolk and Van der Velde method depends on both effective stress
and cohesion. Effective stress varies with the depth. Hence, you should
obtain the average effective stress along the pile length and in this
case, obtain the effective stress at the midpoint of the pile.

Effective stress at midpoint of pile=110 x 7.5 psf=825 psf (39.5 kPa)

Cohesion=S,=1,000 pst (47.88 kPa)

Su/o’ =1,000/825 = 1.21

From the table provided by Kolk and Van der Velde a=0.5 for

Su/o’=1.2.

Hence, use ao=0.5.

Ultimate unit skin friction =o x S, =0.5 x 1,000 = 500 psf (23.9 kPa)
Ultimate skin friction of the pile = 500 x (mr x d x L)

=500 xmx1x151bs
=23,5621bs (104.8kN)
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5.5 Bored Piles in Clay Soils

5.5.1 Skin Friction in Clay Soils

As mentioned in previous chapters, attempts to correlate skin friction
with undrained shear strength were not very successful. Better correla-
tion was found with the skin friction and (Su/c¢’) ratio, “Su” being the
undrained shear strength and ¢’ being the effective stress.

What will happen to a soil element when a hole is drilled?

[ Soil element

Figure 5.13 Soil element near a drilled hole

The following changes occur in a soil element near the wall after
the drilling process:

e The soil element shown will be subjected to a stress relief. Undrained
shear strength decreases due to the stress relief.

e Reduction of undrained shear strength reduces the skin friction as well.

5.5.2 Computation of Skin Friction in Bored Piles

e The same procedure used for driven piles can be used for bored piles, but
with less undrained shear strength. The question is how much reduc-
tion should be applied to the undrained shear strength for bored piles?
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e Undrained shear strength may decline as much as 50% due to the
stress reliet in bored piles. On the other hand, measured
undrained shear strength is already reduced due to the stress
relief that occurs when the sample is removed from the ground.
By the time the soil sample reaches the laboratory, the soil
sample has undergone stress relief and measured value already
indicates the stress reduction. Considering these two aspects,
reduction of 30% in the undrained shear strength is realistic for
bored piles.
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Design Example 5.2 (Single Pile in a Uniform Clay Layer)

Find the capacity of the pile shown in Figure 5.14. The length of the
pile is 10 m, and the diameter of the pile is 0.5 m. Cohesion of the soil
is 50 kPa, and o= 0.75. Note that the groundwater level is at 2 m below
the surface.

Clay
Total density () =17.5kN/m? (110 pcf) Pile length=10m (32.8ft)
Cohesion=50kN/m?. (1.04 ksf) Pile diameter=0.5m (1.64{t)

Adhesion factor (o) =0.75

Figure 5.14 Single pile in a uniform clay layer
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Solution
STEP 1: Find the end bearing capacity.

End bearing capacity in clay soils=9-c-A

¢ = cohesion = 50 kN/m?*

Nc=9

A=1xD?*/4=1-0.5*/4 m*=0.196 m*

Ultimate end bearing capacity =9 x 50 x 0.196=88.2 KN (19.8 kips)

STEP 2: Find the skin friction.

Ultimate skin friction=S,=oa x ¢- A,

Ultimate skin friction =0.75 x 50 x A,

A, = perimeter surface area of the pile=1x D x L=11x 0.5 x 10 m?
Ap=15.7m?

Ultimate skin friction =0.75 x 50 x 15.7 =588.8 kKN (132 kips)

STEP 3: Find the ultimate capacity of the pile.

Ultimate pile capacity = ultimate end bearing capacity + ultimate skin
friction

Ultimate pile capacity =88.2 + 588.8 =677 KN (152 kips)

Allowable pile capacity = ultimate pile capacity/FOS

Assume a factor of safety of 3.0.

Allowable pile capacity =677/3.0=225.7 KN (50.6 kips)

Note: The skin friction was much higher than the end bearing in this situation.

Design Example 5.3 (Single Pile in a Uniform Clay Layer
with Groundwater Present)

Find the allowable capacity of the pile shown. Pile diameter is given to
be 1m, and the cohesion of the clay layer is 35 kPa. Groundwater is
2m below the surface. Find the allowable capacity of the pile.

A A
awW 1 2m (6.56ft)
Clay Al s 12m (39.41)
Total density (Y) =17 kN/m® (108 pcf)
Clay cohesion=35kPa (730 psf)

Figure 5.15 Skin friction in a pile
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Solution

Unlike sands, groundwater does not affect the skin friction in clayey
soils.

STEP 1: Find the end bearing capacity.

End bearing capacity in clay soils=9-c-A
¢ = cohesion = 35kN/ m?
Ne=9
A =n1xD?/4=n-1*/4m*= 0.785 m?
Ultimate end bearing capacity =9 x 35 x 0.785=247.3 kKN (55.5 kips)

STEP 2: Find the skin friction.
Ultimate skin friction =S, = o x ¢ Ap

Adhesion factor, o, is not given. Use the method given by the American

Petroleum Institute (API).
o= 1.0 for clays with cohesion = <25 kN/m?

a.=0.5 for clays with cohesion = >70 kN/m?

Since the cohesion is 35 kN/m?, interpolate to obtain the adhesion
factor (o).

25 < 1.0
35 e X
7| F 0.5

(X - 1.0)/(35 — 25) = (X — 0.5)/(35 — 70)
(X - 1.0)/10 = (X — 0.5)/—35
~35X +35=10X -5
45X = 40
X =0.89

Hence, o at 35 kN/m? is 0.89.

Ultimate skin friction =0.89 x 35 x A,

A, =perimeter surface area of the pile=rxD xL=7x1.0x 12 m?
Ap=37.7 m*

Ultimate skin friction =0.89 x 35x 37.7 kN

Ultimate skin friction=1,174.4 kKN (264 kips)
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STEP 3: Find the ultimate capacity of the pile.

Ultimate pile capacity =ultimate end bearing capacity + ultimate
skin friction
Ultimate pile capacity =247.3 + 1,174.4=1,421.7 kN
Allowable pile capacity = ultimate pile capacity/FOS
Assume a factor of safety of 3.0.
Allowable pile capacity =1,421.7/3.0=473.9 KN (106.6 kips)

Design Example 5.4 (Computation of Skin Friction Using
the Kolk and Van der Velde Method)

A 3-m sand layer is underlain by a clay layer with cohesion of
25 kN/m?. Find the skin friction of the pile within the clay layer. Use
the Kolk and Van der Velde method. The density of both sand and clay
are 17 kN/m?>. Diameter of the pile is 0.5 m.

Sand 3M(9.8#) Veang =17 kN/m3 (108 1b/#3)

Yotay = 17 KN/mS (108 Ib/1t3)

- 2
Clay 3m (9.8ft) S, =25kN/m* (522 psf)

B

Figure 5.16 Pile in sand layer underlain by a clay layer

Solution

Find the skin friction at the top of the clay layer and bottom of the clay
layer. Obtain the average of the two values.

STEP 1:
At point A: ¢'=3x17=51 kN/m? (1,065 Ib/ft?)
Su =25 kN/m?

Su/6'=25/51=0.50
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From the Kolk and Van der Velde table; o=0.65
At point B: ¢’ =6 x 17 =102 kN/m?

S. =25 kN/m?

Su/0'=25/102=0.25

From the Kolk and Van der Velde table; o.=0.86

STEP 2

Ultimate skin friction at point A: f,;=axS8,=0.65%x25=16 kN/m?

Ultimate skin friction at point B: f,;=0a xS,;=0.86 x25=21 kN/m?

Assume the average of two points to obtain the total skin friction.

Average = (16 + 21)/2 =18.5 kN/m?

Total skin friction=18.5 x (perimeter) x length=18.5 x (7 x 0.5) x 3
=87 kN (19.6 kips)

Table 5.3 Summary of equations

Sand Clay
Pile end bearing capacity Ng-oyv-A 9.c-A
Pile unit skin friction Kxoyxtan d x Ap o-C-Ap

A =Dbottom cross-sectional area of the pile
A, =perimeter surface area of the pile
o, = vertical effective stress
N, = terzaghi bearing capacity factor

¢ =cohesion of the soil

K=Ilateral earth pressure coefficient

o= adhesion factor

d =soil and pile friction angle

5.6 Case Study: Foundation Design Options

D’Appolonia and Lamb (1971) describe construction of several build-
ings at MIT. The soil conditions of the site are given in Figure 5.17.
Different foundation options were considered for the building.
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5.6.1 General Soil Conditions

Organic silt, some peat | 201t (6.1m)

e Organic silt was compressible and

Sand and gravel 101t (3.05m) cannot be used for shallow foundations.
e Sand and gravel were medium dense
Boston blue clay and can be used for shallow foundations.

(Upper portion is over
consolidated while lower
portion is normally

e Upper portion of Boston blue clay was
1001 (30.5m) over consolidated. Lower portion was
normally consolidated.

consolidated.
! ) * Normally consolidated clays settle appre-
T ciably more than over consolidated clays.
Glacial Till - .
o Glacial till can be used for end bearing
Shale piles.

Figure 5.17 Soil profile

Note: All clays start as normally consolidated clays. Over consolidated clays had been
subjected to higher pressures in the past than existing in situ pressures. This happens
mainly due to glazier movement, fill placement, and groundwater change. On the other
hand, normally consolidated soils are presently experiencing the largest pressure ever.

For this reason, normally consolidated soils tend to settle more than over consolidated
clays.

Foundation Option 1: Shallow Footing Placed
on Compacted Backfill

20-ft organic silt (6.1m)

101t ?and and gravel (3.05m)

Boston blue clay
100ft (30.5m)

Till

Shale

Figure 5.18 Shallow foundation option
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Construction Procedure

e Organic silt was excavated to the sand and gravel layer.
e Compacted backfill was placed, and footing was constructed.
e This method was used for light loads.

e [t has been reported that Boston blue clay would settle by more than
4 in. when subjected to a stress of 400 psf (Aldrich, 1952). Hence,
engineers had to design the footing so that the stress on Boston blue
clay was less than 400 psf.

Foundation Option 2: Timber Piles Ending
on Sand and Gravel Layer

20-ft (6.1-m) organic silt

i i 101t |, Sand and gravel

Boston blue clay
1001t (30.5m)

Till

Shale

Figure 5.19 Short timber pile option

Construction Procedure

¢ Foundations were placed on timber piles ending in a sand and gravel
layer.

e Engineers had to make sure that the underlying clay layer was not
stressed excessively due to piles.

This option was used for light loads.
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Foundation Option 3: Timber Piles Ending in Boston
Blue Clay Layer

I:_ _:I 20-ft (6.1-m) organic silt

Sand and gravel

Boston blue clay 1004t (30.5m)

Till

Shale

Figure 5.20 Long timber pile option

Construction Procedure

e Pile foundations were designed on timber piles ending in Boston
blue clay.

e This method was found to be a mistake, since huge settlements
occurred due to consolidation of the clay layer.

Foundation Option 4: Belled Piers Ending in Sand and Gravel

20-ft organic silt

A X 101t {, Sand and gravel

Boston blue clay

Till i

Figure 5.21 Belled pier option

100 ft
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Foundations were placed on belled piers ending in sand and gravel
layer. It is not easy to construct belled piers in sandy soils. This option
presented major construction difficulties.

Foundation Option 5: Deep Piles Ending in Till or Shale

.S -

20-ft organic silt

10ft Sand gravel

Boston blue clay
1001t

L] L Till

Figure 5.22 Long piles to the till

e Foundations were placed on deep concrete pipe piles ending in
till.

e These foundations were used for buildings with 20 to 30 stories.

e Their performance was found to be excellent. Settlement readings in
all buildings were less than 1 in.

e Closed-end concrete filled pipe piles were used. These piles were
selected over H-piles because of their lower cost.

e During pile driving, adjacent buildings underwent slight upheaval.
After completion of driving, buildings started to settle. (Great settle-
ment in adjacent buildings within 50 ft of piles was noticed.)

e Measured excess pore water pressures exceeded 40 ft of water col-
umn, 15 ft away from the pile. Excess pore pressures dropped sig-
nificantly after 10 to 40 days.

e Due to upheaval of buildings, some piles were pre-augered down to
15 ft, prior to driving. Pre-augering reduced the generation of excess
pore water pressures. In some cases, excess pore water pressures were
still unacceptably high.
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e Piles in a group were not driven at the same time. After one pile was
driven, sufficient time was allowed for the pore water pressure to
dissipate prior to driving the next pile.

¢ Another solution was to drive the pipe piles open end and then to clean
out the piles. This option was found to be costly and time consuming.

Foundation Option 6: Floating Foundations Placed
on Sand and Gravel (Rafts)

20-ft (6.1-m) organic silt

Sand and gravel

Boston blue clay
100ft (30.5m)

Till

Shale

Figure 5.23 Floating (mat) foundation option

e Mat or floating foundations were placed on sand and gravel.

e Settlement of floating foundations was larger than deep piles
(Option 5).

e Settlement of floating foundations varied from 1.0 to 1.5 in. Perfor-
mance of rafts was inferior to deep piles. Average settlements in raft
foundations were slightly higher than deep footings.

e There was a concern that excavations for rafts could create settle-
ments in adjacent buildings. This was found to be a false alarm since
adjacent buildings did not undergo any major settlement due to
braced excavations constructed for raft foundations.

e When the cost of driving deep piles is equal to the cost of raft
foundations, it is desirable to construct raft foundations, since rafts
would give a basement.

e A basement may not be available in the piling option, unless it is
specially constructed with additional funds.
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Average
Foundation Bearing No. of No. of
Type Stratum Buildings Stories Settlement
Timber piles Boston blue 27 1to6 1 to 16 in.

clay

Belled Sand and 22 1to8 1to 3in.
caissons gravel
Raft Sand and 7 6 to 20 1to 1.5 in.
foundations gravel
Deep piles Shale or Till S 6 to 30 0.5
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5.7 Maximum Allowable Pile Loads

The following guidelines can be used when recommending pile capa-
cities (NYC Building Code). These guidelines are provided for reference
purposes only. Practicing engineers should refer to local building
codes for applicable regulations.

e Open-end pipe piles greater than 18 in. in diameter, bearing on sound
rock to intermediate rock. Maximum allowable capacity 250 tons.

e Open-end pipe piles smaller than 18 in. in diameter, bearing on sound
rock to intermediate rock. Maximum allowable capacity 200 tons.

¢ Closed-end pipe piles, H-piles, and cast-in-place concrete piles bear-
ing on sound rock to intermediate rock. Maximum allowable capacity
150 tons.
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* Closed-end pipe piles, cast in place concrete piles and compacted
concrete piles bearing on soft rock. Maximum allowable capacity
60 tons.

e Open-end pipe piles and H-piles bearing on soft rock. Maximum
allowable capacity 80 tons.

e Timber piles bearing on any type of rock. Maximum allowable capacity
25 tons.



Pile Design: Special Situations

6.1 Timber Pile Design

6.1.1 Quality of Timber Piles

The engineer needs to make sure that the timber is of good sound
quality, free from decay, and without damage during transportation
and insect attack.

6.1.2 Knots

Timber piles contain knots and need to be observed. Local codes may
provide guidelines on acceptable and nonacceptable knots. Acceptable
knot size is dependent on the type of timber. Typically, knots greater
than 4 ins are considered unacceptable. Knots grouped together (clus-
ter knots) may be undesirable, and such piles should be rejected.

6.1.3 Holes

Timber piles may contain holes that are larger than acceptable size.
Local codes should be referred for the acceptable size of holes. Typi-
cally, holes greater than 2 in. may be considered undesirable.

6.1.4 Preservatives

No portion of the pile should be exposed above the groundwater
unless the pile is treated with a preservative. Untreated piles usually
last a very long time below groundwater level. Piles are susceptible to
decay above groundwater level.
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Creosote is widely used, and other preservatives such as chloro-
phenols and napthelenates are also used to treat piles. Some preser-
vatives are not suitable for piles located in marine environments.
The pile designer should investigate the preservative type for the
environment where the piles are located. Timber species also affects
the preservative type.

Piles in Marine Environments

A study has been done by Grall (1992) of many bacteria, algae, and
other unicellular organisms that get attached to piles in the ocean.
Following is a summary of Grall’s account.

When a pile is driven to the bottom of the bay, life takes up residence
almost immediately. Bacteria, algae and protozoans cover the submerged
surface. This “slime” provides a foothold for larger creatures to attach
themselves in succession. In the summer ivory barnacles, bryzoans and
sun sponges get attached themselves to the pile. Bright patches of algae
such as sea lettuce soon arrive, followed by hydroids and bulbous sea
squirts. Tube builder amphipods construct tunnels of mud and detritus
for protection and for a niche on the crowded pile. Almost every underwater
part of the piling is covered with various species each looking for food,
shelter and a place to propagate.

Eventually the pile would fail and drop to the ocean floor taking the
animals and the structure it supports as well. Hence, timber piles need
to be preserved with extra care when used in marine environments.

Allowable Stresses in Timber

Allowable stress in timber piles is dependent on the timber species.
ASTM D25 provides allowable stress in various timber species. A few
examples are as follows.

Compression Parallel Bending Modulus of
Timber Species to Grains Stress Elasticity
Southern Pine 1,200 psi 2,400 psi 1.5 x 10° psi

Douglas Fir 1,250 psi 2,450 psi 1.5 x 10° psi
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¢

)

Figure 6.1 Compression parallel to grains

Straightness Criteria: Piles are made of timber and may not be as straight
as a steel H-pile. Straightness criteria for timber piles should be estab-
lished by the engineer. Local codes may provide the minimum criteria
required. Rule-of-thumb methods such as drawing a straight line from
one end to the other to make sure that the line is within the pile is
popular.

Allowable Working Stress for Round Timber Piles

The allowable working stress of round timber piles depends on
the wood species. The following table is provided by the American
Association of State Highway and Transportation Officials (AASHTO).
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Allowable Unit Allowable Unit
Working Stress Working Stress
Compression Compression
Parallel to Parallel to
Grain for Grain for
Normal Normal
Timber Duration of Duration of
Species Loading (psi) Timber Species Loading (psi)
Ash, White 1,200 Hickory 1,650
Beech 1,300 Larch 1,200
Birch 1,300 Hard Maple 1,300
Chestnut 900 Oak (red and white) 1,100
Southern 1,200 Pecan 1,650
Cypress
Tidewater 1,200 Pine, Lodgepole 800
red Cypress
Douglas 1,100 Pine, Norway 850
Fir, inland
Douglas Fir 1,200 Pine, Southern 1,200
coast type
Elm, rock 1,300 Pine, Southern dense 1,400
Elm, soft 850 Poplar, yellow 800
Gum (black 850 Redwood 1,100
and red)
Eastern 800 Spruce, Eastern 850
Hemlock
West coat 1,000 Tupelo 850
Hemlock

Timber Pile Case Study

The site contained 5 ft of loose, fine sand followed by 15 ft of soft clay.
Fine sand had an average SPT (N) value of 3, and the cohesion of soft
clay was found to be 500 pst. Medium-dense coarse sand was encoun-
tered below the clay layer, which had an average SPT (N) value of 15.
Groundwater was found to be at 8 ft below the surface. Due to loose,
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fine sand and soft clay, shallow foundations were considered to be
risky. A decision was made to drive piles to the medium-dense sand
layer. Timber piles were selected owing to the lesser cost compared to
other types of piles. Static analysis was conducted with 8-in.-diameter,
30-ft-long piles.
Assume the density of all soils to be 110 pcf (17.3 kN/m?>).

The main reasons for selecting timber piles are as follows.

e No boulders or any other obstructions were found in the overburden
soil.
e Bearing stratum (medium dense sand) was within the reach of typi-

cal length of timber piles.

Piles were driven with a 20,000-1bs. ft hammer till 30 blows per foot.
Conduct a static analysis and a dynamic analysis of the pile capacity.

A
- i 93 5 ft
Loose fine sand (average SPT “[N]’=3)
o =28° B
v $3ft

Soft clay (cohesion 500 psf) 151t
D

Medium-dense coarse sand (SPT ‘[N]’=15) 101t

®=35°

L | E

Figure 6.2 Soil profile and the pile

Static Analysis
STEP 1: Find the friction angle from SPT “N” values.
Loose, fine sand (N = 3), from table 1.1 & =28°
Coarse sand (N =15), from table 1.1 & =35°
STEP 2: Find the end bearing capacity.
Ultimate end bearing capacity (Q,) = q x Ny x A
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q = Vertical effective stress at the bottom (tip) of the pile
N, = Bearing capacity factor
A = Cross-sectional area

Effective stress at bottom of the pile =110 x 5+ 110 x 3+ (110 — 62.4
x 12 + (110 — 62.4) x 10
= 1,927 pst

Cross-sectional area of the pile = & x D2/4 =T X (8/12)2/4 = 0.35 ft*

Ngy =50 (Bottom of the pile is located in coarse sand with friction angle
of 35°.
NAVFAC DM 7.2 provides Ny = 50.)

Ultimate end bearing capacity = q x Ng x A
=1,927 x 50 x 0.35
= 33.7 kips

STEP 3: Find the skin friction from A to B (loose, fine sand).

Skin friction from A to B=K x g x tan &
x (perimeter surface area)

q = Vertical effective stress at the midpoint of the section considered

K = Lateral earth pressure coefficient
q =110 x 2.5 = 275 pst

K= (K,+Ko +K;)/3

K, = tan?(45 — ®/2) = 0.36
Koy=1—-sin® =1 —sin 28 = 0.53
Kp = tan?(45 + ®/2) = 2.77

K=(0.36 + 0.53+2.77)/3.0=1.22
d for timber piles = 3/4 x ® (Ref. NAVFAC DM 7.2)

5 =3/4xd=3/4x28=21°
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Skin friction from A to B=K x q x tané x (perimeter surface area)
=122 x 275 x tan (21°) x w x (8/12) x 5
= 1.35 kips (6.0 kN)

STEP 4: Find the skin friction from B to C (soft clay).

Skin friction from B to C (soft clay) = o x cohesion
x (perimeter surface area)

o= Adhesion factor = 0.96 (NAVFAC DM 7.2)
Cohesion = 500 psf

Skin friction from B to C (clay) = 0.96 x 500 x © x 8/12 x 3
= 3.02 kips

STEP 5: Find the skin friction from C to D (soft clay).

Skin friction from C to D (clay) = o x cohesion
x (perimeter surface area)

o = Adhesion factor = 0.96 (NAVFAC DM 7.2)
Cohesion = 500 psf

Skin friction from C to D (clay) = 0.96 x 500 x © x 8/12 x 12
=12.1 kips

Note: One could have computed the skin friction from B to D directly in this situation since
cohesion of saturated clay and unsaturated clay is the same.
STEP 6: Find the skin friction from D to E (coarse sand).

Skin friction from D to E=K x g x tan § x (perimeter surface area)

q = Vertical effective stress at the midpoint of the section considered
K= Lateral earth pressure coefficient

q=110x 8 + (110 — 62.4) x 17 = 1,690 psf
K= (Ka+KO+KP)/3
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K, =tan?(45 — ®/2)=0.27
Kop=1-sin ®=1-sin 35=0.43
K,=tan® (45 + ©/2) =3.69

K=(0.43+0.27 +3.69)/3.0=1.46
d for timber piles = 3/4 x ® (Ref. NAVFAC DM 7.2)
8=3/4%x35=3/4x35=26°
Skin friction from D to E = K x q x tan d x (perimeter surface area)
=1.46 x 1,690 x tan(26°) x m x (8/12) x 10
= 25.2 Kkips

STEP 7:

End bearing capacity = 33.7 kips

Skin friction from A to B = 1.35

Skin friction from B to C = 3.02

Skin friction from Cto D = 12.1

Skin friction from D to E = 25.2

Total ultimate pile capacity = 75.4 kips

Total allowable capacity = 25.1 kips (assuming a factor of safety of 3.0)

STEP 8: Hammer energy is given as 20,000 lbs. ft. The piles were driven
till 30 blows per foot.
Engineering news record formula

R = Hammer energy/(s + 0.1)
R = Ultimate capacity of the pile
s = Distance per blow
30 blows per foot is equal to 1/30 ft per blow.
s=1/30 ft = 0.033
R=20,000/(0.033 + 0.1) Ibs. = 150 Kips
Allowable capacity of the pile (dynamic analysis) =150/3.0 = 50 kips
We obtained an allowable capacity of 25 kips from static analysis.
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6.2 Case Study—Bridge Pile Design (Timber Piles)

6.2.1 Bridge Pile Design

Timber piles are rarely used for bridge abutments and piers today. This
case study presents details of a timber pile project for bridge abutments
and piers.

e Center pier is supported on 25 piles as shown above.

e 1-ft diameter timber piles, length = 50 ft pile cap = 15 x 15 ft; pile
cap height = 3.5 ft

e Abutment is supported on 7 piles each with diameter of 1 ft. (See next
page.)

208 ft

Clay soil

I_4|J
(5x5) pile group Center pier

r
(see detail on below right)

: Bridge Deck : 151t

5 347t |

[ ]
OO0OO0O0O0
5'5”1 L)L 158 | oooo0oO
OO0OO0O0O0O
OO0OO0O0O0O
Center pier _____ 5 OO0O0OO0O0
(10ft x 10ft) b asn A
Pile cap (15x 151t) 1-ft-diameter timber piles J

(5x5) pile group (length of piles =50 ft, center-to-center spacing = 3 ft)

Figure 6.3 Bridge piles
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Abutment
131t
| (I) 2ft
3ft
1-ft-dia. timber
piles
P

Figure 6.4 Bridge abutment

Abutment pile cap

3ft —>

OO0OO0OO0OO0O0O0

Spacing 31t
(center to center)

e Soil Parameters: Soil is mostly medium Stiff to stiff clay.
Unconfined compressive strength =2.3 tsf

Average N value of the clay soil = 14 (Lower values occurred near the

surface.)

e Earthquake: An earthquake of magnitude 6.4 caused significant shak-
ing of the structure but no damage. (Peak horizontal and vertical
accelerations measured during the earthquake were 0.5g and 0.51g,

respectively.)
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6.3 Auger Cast Pile Design (Empirical Method)

e

Step 1 Step 2 Step 3 Step 4

Figure 6.5 Auger cast pile construction. STEP 1: Auger a hole. STEP 2: Start
pumping grout or concrete through the auger while lifting the auger. Grout
should be pumped inside the grout. The auger should not be raised above the
grout level. The auger should be lifted slowly so that the grout level is always
above the tip of the auger. STEP 3: Concrete or grout the hole completely
and place an “H” section or a steel rod to anchor the pile to the pile cap.
STEP 4: Construct the pile cap.

6.3.1 Design Concepts

The bearing capacity of auger cast piles is low compared to that
similar of size driven piles.

The volume of grout depends on the applied pressure. If grout is
pumped at a higher pressure, more volume of grout will be pumped.
In most cases, the volume of grout pumped is more than the volume
of the hole.

The grout factor is defined as the ratio of grout volume pumped to
volume of the hole.

grout volume pumped

Grout Factor = volume of the hole

Auger cast piles with high grout factors perform better than auger
cast piles with low grout factors.
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A

Pile load Piles with high grout factors

Piles with low grout factors

>

Pile settlement

Figure 6.6 Pile settlement

(larger settlement for a smaller load)

e Piles with low grout factors have less skin friction since not much
grout goes into the surrounding soil. On the other hand, when a
higher grout pressure is applied, grout goes into the voids in the

surrounding soil and develops a higher skin friction.

6.3.2 Auger Cast Pile Design in Sandy Soils

The ultimate strength of a pile depends on three factors:

e Skin friction
e End bearing

e Structural capacity of the pile

Computation of Skin Friction

The skin friction of auger cast piles is given by the following equation:

fs = Py x Ks tan &

fs = unit skin friction; P, = effective stress at the depth considered

Ks = lateral earth pressure coefficient;
d = friction angle between grout and soil
Assume P, x Ks = B. Hence, fs = - tan & tsf.

Table ACP 1 Shaft length vs.

Shaft length (ft) 80 60 40 30 20

10

B 0.2 0.25 0.55 1.0 1.7

2.5

Source: Neely (1991).
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e Intermediate values can be interpolated.

e Experiments indicate that the B for concrete and grout did not
change significantly (Montgomery 1980).

e Research has not shown any variation of the § value based on the
N value of sand. Hence, B factors are independent of N value of
sand.

Computation of End Bearing:

After analyzing the vast number of empirical data, Neely (1991) pro-
vided the following equation:

q=19N<75 tst
q = end bearing resistance (tsf); N = SPT value at the tip of the pile

The “q” value should not be larger than 75 tsf.

References

Neely, W.]., “Bearing Capacity of Auger Cast Piles in Sand,” ASCE Geotechnical
Eng.]J., 1991.

Montgomery, M.W., “Prediction and Verification of Friction Pile Behavior,”
Proc. ASCE Symp. on Deep Fdns, Atlanta, GA, 274-287, 1980.

6.4 Capacity of Grouted Base Piles

Failure mechanisms of grouted base piles

(a) (b)

Figure 6.7 Grouted base pile failure. (a) Pile penetrates the grouted base and
fails (punching failure). (b) Grouted base fails (splitting failure)



112 Pile Design and Construction Rules of Thumb

6.4.1 Structural Capacity of Grouted Base Piles

The structural capacity of grouted base piles is given by

Q =0c +2{0c/(6c—0)}'/*- P, (Kusakabe, 1994)

Q = pressure exerted by pile on the grouted base

6. = compressive strength of grout

o = tensile strength of grout

P, = ultimate inner pressure of hollow thick cylinder (The following
equation for Pa is obtained from structural mechanics.)

p, — {1*(a/b)z}ﬁﬁ{;ﬂa/b)z}Ko v-D

Ko = earth pressure coefficient at rest = (1 — sin @')
= Unit weight of soil

2a

Figure 6.8 Grouted base pile diagram
Reference
Kusakabe, O., et al., “Structural Capacity of Precast Piles with Grouted Base,”

ASCE Geotechnical Eng. ]., August, 1994.

6.5 Case Study: Comparison between Bored Piles
and Driven Piles

* A case study was conducted to compare the capacities of bored piles
and driven piles in clay soils (Meyerhof, G.G, 1953).
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e Bored and driven piles were installed to a depth of 40 ft and load
tested.

e Pile load test values were compared with theoretical computations.

Clay Properties:

e The plastic limit and liquid limit of the clay were constant through-
out the total depth.

25% 80% R
101t
201t
30k PL LL
401t
Depth v

Figure 6.9 Atterberg limits

e Shelby tube samples were taken and tested for shear strength, under
different conditions.

1.

Shelby tube samples were tested immediately after taking them
(curve 1).

Shelby tube samples were tested after remolding the clay (curve 2).
Shelby tube samples were tested after 1 week (curve 3).

Shelby tube samples were tested after softening them by adding
water (curve 4).

1,000 2,000 3,000 4,000 .
10ft S I Shelar strength (psf)
201t
30t 4
401t

Depth y

Figure 6.10 Shear strength vs. depth
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Samples tested immediately after taking them had the highest shear
strength.

Samples tested after adding water had the lowest shear strength.

The shear strength of remolded samples was less than that of the
ones tested immediately.

Shear strength decreased when tested after one week. This was due
to the creation of cracks and fissures during that time due to loss
of moisture.

6.5.1 Results

Driven piles had a higher capacity than bored piles.

Load test values for bored piles were compatible with the shear
strength values given by curve 4. The reason for this was assumed
to be migration of water from wet concrete to surrounding clay. The
increase of water content in clay decreased the shear strength value
drastically.

The solution to this problem is to use a dry concrete mix. In that
case, compaction of concrete could be a problem.

Pile load test values of driven piles were compatible with shear
strength values given by curve 2. This was expected. When a pile is
driven, the soil surrounding the pile is remolded.

Reference

Meyerhof, G.G., and Murdock, L.J., “Bearing Capacity of Bored Piles and
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6.6 Case Study: Friction Piles

The capacity of a pile comes from skin friction and end bearing resis-
tance. Piles that obtain their capacity mainly from skin friction are
known as friction piles. Most engineers are more comfortable recom-
mending end bearing piles than friction piles. This case study gives
details of a project that included different types of friction piles.
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6.6.1 Project Description (Blanchet, et al., 1980)

The task was to design a bridge over Maskinonge River in Canada. Two
abutments and four piers were deemed necessary for the bridge.

Figure 6.11 Friction piles in a bridge

Soil Condition at the Site

The top layers of soil were mostly sand, silt, and clayey silt. Below the
top layers of soil, a very thick (175 ft) layer of silty clay was encoun-
tered. Below the silty clay layer, glacial till and shale bedrock were
founded. It was clear that end bearing piles would be very costly for
this site. If one were to design end bearing piles, they would be more
than 220 ft in length.

20-ft layer of sand and silt

5-ft layer of silt

20-ft layer of clayey silt 1,000 psf

175-ft layer of silty clay

Shale ///\{/, 4,000 psf
Undrained shear strength of silty clay

Figure 6.12 Soil profile

The trapezoid shows the distribution of undrained shear strength of
the clay soil layer. Shear strength of the silty clay layer gradually
increases from 1,000 psf to 4,000 psf.

The decision was made to design friction piles for this site.
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Pile Types Considered
1. Tapered timber piles
2. Precast concrete piles (Herkules H-420, 2 segments)

3. Steel pipe piles (wall thickness 6.35 mm)
Load Test Data

Pile Ultimate Load Carried
Length Load by 1 ft of Pile
Pile Type Pile Diameter (ft) (tons) (tons/ft)
Tapered Head = 14.5 in. 50 78 1.56
timber piles Butt = 9 in.
Precast 9in. 78 65 0.83
concrete piles
Precast 9in. 120 95 0.80
concrete piles
Steel pipe piles 9 in 78 50 0.64

e Precast concrete piles with two different lengths were tested (78 ft
and 120 ft).

e From load test data, it is clear that timber piles had the highest load-
carrying capacity per foot of pile. This was mainly due to the taper of
timber piles.

Load Settlement Curves

e Load settlement curves obtained during pile load tests were similar
in nature, and one standard curve is shown in Figure 6.13.

Load 4

<—— Elastic curve [e=FL/AE]

» Settlement

Figure 6.13 Load vs. settlement
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e Above curve 2 is the elastic line shown for comparison purposes.

e The initial section of the pile load settlement curve is much steeper
than the elastic curve.

e This means that for a given load, the pile would have a lesser settle-
ment than the elastic compression. At a given load of P as shown, the
settlement of the pile was almost half of the elastic settlement.

e This is due to skin friction between soil and pile. A portion of the
load on the pile was absorbed by soil skin friction.
Settlement Values

e Settlement values obtained during pile load tests are given in the
following table.

Timber Steel Pipe Precast Precast
Piles (50 ft Piles (78 ft  Concrete Piles Concrete Piles
Pile Type long) long) (78 ft long) (120 ft long)
Settlement 3mm 4mm 2mm 3mm
at 35 tons
Settlement 4mm 6mm 3mm 4mm
at 45 tons
Settlement 8 mm Fail 4mm 8 mm
at 70 tons

Settlement of piles occurs primarily for the following reasons.

Elastic settlement of soil

Elastic deformation of the pile

Penetration of the pile into clay

Long-term consolidation settlement of clay soil

At 35 tons, short precast concrete piles had the lowest settlement.
Long precast concrete piles settled more than the short precast con-
crete piles with the same diameter. This is due to larger elastic
compression in long piles.

In this situation, short piles may be more appropriate since, long
piles would stress the soft silty clay underneath.
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Pore Pressure Measurements

e Pore pressures were measured during pile driving. Pore pressure
increase at a given depth was noticed to reach a peak value when
the pile tip passed that depth.

Ground surface
S

B D O Pore pressure gauge
Figure 6.14 Pore pressure gauge location

e Pore pressure starts to decrease when the pile tip moves deeper.

Reference

Blanchet, C., et al. “Behavior of Friction Piles in Soft Sensitive Clays”,
Canadian Geotechnical Eng. ]., May 1980.

6.7 Open-End Pipe Pile Design—Semi-empirical
Approach

Open-end pipe piles are driven in order to reduce driving stresses.
During driving, a soil plug can develop inside the pipe pile.

L (plug length)

Figure 6.15 Plug length of can open end pile

Plug Ratio: Soil plug characteristics strongly affect the bearing capacity
of open-end piles.

Plug Ratio = L/D
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IFR (Incremental Filling Ratio): IFR is defined as the increase of the
plug length with respect to increase of depth.

Figure 6.16 Development of plug

IFR% = (L,~L1)/(D,~Dy) x 100

e If L, = L, then IFR = 0. In this case, soil plug length did not change
due to further driving. This happens when the pile is driven through
a soft soil strata.

e IfL,-L; =D, - D, then IFR = 1. In this case, change in plug length
is equal to change in depth. (When the pile is driven 1 ft, soil plug
length increases by 1 ft.) This happens when the pile is driven
through a hard soil stratum.

Measurement of IFR:

Figure 6.17 Measurement of IFR

e A hole is made through the pile as shown, and two weights are put
in place.
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e [tisclear that H, - H; = L, - L;. Hence, by measuring H; and H, it is
possible to compute IFR.

Correlation Between PLR and IFR:

PLR = Plug length ratio = L/D
IFR% = (L, — L;)/(D2 — D1) x 100
Correlation — [FR% = 109 x PLR — 22 (Kyuho, 2003)

6.7.1 End Bearing Capacity of Open-End Piles in Sandy Soils

The following equation was proposed by Kyuho (2003) to compute the
end bearing capacity of open end pipe piles.

Qp/ (0 6),) = 326 — 295 x IFR%/100

Qp = ultimate end bearing capacity (same units as effective stress)
= 1.0 for dense sands
= 0.6 for medium sands
= 0.25 for loose sands

o', = horizontal effective stress = Ky x o'

Ko = earth pressure coefficient at rest = (1 — sin ®')

o', = vertical effective stress

6.7.2 Skin Friction of Open-End Pipe Piles in Sandy Soils

The following equation was proposed by Kyuho (2003) to compute the
skin friction of open-end pipe piles.

f (unit skin friction) = (7.2 — 4.8 x PLR) x (K, -0}, - tan §) - B

f = unit skin friction (Units same as ¢'y);
Ko = lateral earth pressure coefficient = (1 - sin ¢’)
o’y = vertical effective stress
d = friction angle between pile and soil
= function of relative density
= 1.0 for dense sands
= 0.4 for medium sands
= 0.22 for loose sands
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6.7.3 Prediction of Plugging

It is important to predict the possibility of plugging during pile driv-
ing. Plugging of piles is dependent on denseness of soil. Sands with
high relative density (Dr) have a higher tendency to plug than sands
with low relative density.

Relative Density and Plugging

Relative Density (D,) at Pile Tip 40 50 60 70 80 90 100
Internal Dia. of the Pile Required for 0.2 04 06 08 1.0 12 14
Zero Plugging (m)

Source: Jardine and Chow (1996).

Example: If the relative density (D,) of the soil at pile tip is 60%, find
the minimum internal diameter required to avoid plugging.

Solution: 0.6 m (from the table above).
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6.8 Design of Pin Piles—Semi-empirical Approach

6.8.1 Theory

e A few decades ago, no engineer would have recommended any
pile less than 9 in. in diameter. Today some piles can be as small as
4 in. in diameter.
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* These small-diameter piles are known as Pin Piles. Other names such
as mini piles, micro piles, GEWI piles, Pali radice, root piles, and needle
piles, are also used to describe small-diameter piles.

Construction of a Pin Pile

_— Lift the casing
and pressure grout.

Remove

the casing
fully (or leave
part of the
casing).

(a) Drill a hole and | (b) Tremie grout the (c) Insert the (d) Lift the casing (e) Casing Removal
Install a casting hole reinforcement bar | and pressure grout
or cage the hole

Figure 6.18 Construction of pin piles.(a) Drill a hole using a roller bit or an
auger. A casing is installed to stop soil from dropping into the hole. If the hole
is steady, a casing may not be necessary. (b) Tremie grout the hole. (c) Insert
the reinforcement bar or bars. In some cases, more than one bar may be
necessary. (d) Lift the casing and pressure grout the hole. (e) Fully remove
the casing. Some engineers prefer to leave part of the casing. This increases the
strength and the cost.

Concepts to Consider
e Fig. 6.18a: Drilling the hole

e Augering can be a bad idea for soft clays because augers tend to
disturb the soil more than roller bits. This decreases the bond
between soil and grout and lowers the skin friction. Drilling should
be conducted with water. Drilling mud should not be used. Since
casing is utilized to stop soil from falling in, drilling mud is not
necessary. Drilling mud travels into the pores of the surrounding
soil. When drilling mud occupies the pores, grout may not spread
into the soil pores. This reduces the bond between grout and soil.

e Fig. 6.18b: Tremie Grouting
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e After the hole is drilled, Tremie grout is placed. Tremie grout is a
cement/water mix (typically with a water content ratio of 0.45 to
0.5 by weight).

e Fig. 6.18c: Placing Reinforcement Bars

e A high-strength reinforcement bar (or number of bars wrapped
together) or steel pipes can be used at the core. High-strength
reinforcement bars specially designed for pin piles are available
from Dywidag Systems International and William Anchors (leaders
in the industry). These bars can be spliced easily, so that any length
can be accommodated.

e Fig. 6.18d: Lifting the Casing and Pressure Grout

e During the next step, the casing is lifted and pressure grouted. The
pressure should be adequate to force the grout into the surround-
ing soil to provide a good soil/grout bond. At the same time,
pressure should not be large enough to fracture the surrounding
soil. Failure of surrounding soil would drastically reduce the bond
between grout and soil. This would decrease the skin friction.
Typically, grout pressure ranges from 0.5 MPa (10 ksf) to 1.0 MPa
(1 MPa = 20.9 Ksf).

e Ground Heave: In many instances, ground heave occurs during
pressure grouting. This aspect needs to be considered during the
design phase. If there are nearby buildings, action should be taken
to avoid any grout flow into these buildings.

¢ Fig. 6.18e: Remove the Casing

e During end of pressure grouting, the casing is completely removed.
Some engineers prefer to leave part of the casing intact. Obviously,
this increases the cost. The casing increases the rigidity and
strength of the pin pile. Casing increases the lateral resistance of
the pile significantly. Furthermore it is guaranteed that there is a
pin pile with a diameter not less than the diameter of the casing.
The diameter of a pin pile can be reduced due to soil encroachment
into the hole. On some occasions it is possible for the grout to
spread into the surrounding soil and create an irregular pile.
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Figure 6.19 Irregular grout distribution

The grout can spread in an irregular manner as shown. This can
happen when the surrounding soil is loose. The main disadvantage of
leaving the casing in the hole is the additional cost.

Design of Pin Piles in Sandy Soils

6in —_—
Sandy soil 13 ﬂI

Figure 6.20 Pin pile diagram

Design Example:

Compute the design capacity of the pin pile shown (diameter 6 in).
The surrounding soil has an average SPT (N) value of 15.

STEP 1: The ultimate unit skin friction in gravity grouted pin piles is
given by
T =21x (0.007N +0.12) Ksf (Suzuki, et al., 1972).

Note: The above equation has been developed based on empirical data.

N = SPT value; t = unit skin friction in ksf
For N value of 15

1=21 x (0.007 x 5 +0.12) ksf
1=4.725 kst

The diameter of the pile = 6 in. and the length of the grouted
section = 13 ft.
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STEP 2:

Skin friction below the casing =n x (6/12) x 13 x 4.725 Kkips

= 96.5 kips = 48.2 tons.
Note: Most engineers ignore the skin friction along the casing. The end bearing
capacity of pin piles is not significant in most cases due to low cross sectional

area. If the pin piles are seated on a hard soil or rock stratum, end bearing needs
to be accounted.

Assume a factor of safety of 2.5.

Allowable capacity of the pin pile = 48.2/(2.5) = 19 tons

Note: (1) The above Suzuki’s equation was developed for pin piles grouted using gravity.
For pressure grouted pin piles, the ultimate skin friction can be increased by 20 to 40%.
(2) (Littlejohn, 1970) proposed another equation.

T = 0.21IN ksf (where N is the SPT value)
For N = 15, 1=0.21 x 15 = 3.15 ksf
The above Suzuki’s equation yielded 1= 4.725 ksf.

For this case Littlejohn’s equation provides a conservative value for
skin friction. If Littlejohn’s equation was used for the above pin
pile:

Ultimate skin friction =n x (6/12) x 13 x 3.15 = 64.3 Kips
Allowable skin friction = 64.3/2,5 = 25 kips = 12.5 tons

Suzuki’s equation yielded 19 tons for the above pin pile.

o Pin Pile Example: The building
shown is built on a shallow
foundation resting on a compressible
clay layer. The building has been
subjected to settlement. Pin piles are

— — |
|
driven through the foundation to
provide additional support.
. The rig is taken inside the building to
\
|£:I

install pin piles.

Pin piles extend to the deep bearing
Clay layer ground. If the building tends to settle
further, pin piles will stop it.

Dense sand /

Figure 6.21 Pin piles in a building
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6.9 Recommended Guidelines for Pile Design

The American Society of Civil Engineers (ASCE) has provided the
tollowing guidelines for pile foundation design. (ASCE 1997).

6.9.1 Steel Piles

e Steel pipe piles should have minimum yield strength of not less than
35,000 psi.

e Structural steel piles should conform to ASTM A36, ASTM AS572,
ASTM AS588.

e Steel pipe piles should conform to ASTM A252.

* Steel encased cast-in-situ concrete piles should conform to ASTM
A252, ASTM A283, ASTM A569, ASTM A570, or ASTM A611.

e The allowable design stress in steel should not be more than 35% of
the minimum yield strength of steel.

Minimum Dimensions for Steel Pipe Piles
* Pipe piles should have a minimum outside diameter of 8 in.

* A minimum wall thickness of 0.25 in. is recommended for pipe
diameters of 14 in. or less. Minimum wall thickness of 0.375 in. is
recommended for pipe diameters greater than 14 in.

e Steel pipe piles with lesser wall thickness are allowed when the pipe
piles are filled with concrete.
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6.9.2 Concrete Piles

Reinforced Precast Concrete Piles

Diameter or minimum dimension measured through the center
should not be less than 8 in.

Minimum 28-day concrete strength (f) = 4,000 psi.
Minimum yield strength of re-bars = 40,000 psi.

The allowable design stress in concrete should not be more than
one-third of the minimum concrete strength.

The allowable design stress in steel should not be more than 40% of
the minimum yield strength of steel.

Prestressed Concrete Piles

Diameter or minimum dimension measured through the center
should not be less than 8 in.

Minimum 28-day concrete strength = 4,000 psi.
Minimum yield strength of re-bars = 40,000 psi.
The effective prestress should not be less than 700 psi.

The allowable axial design compressive stress applied to the full cross
section should not exceed 33% of the specified minimum concrete
strength minus 27% of the effective prestress force.

Concrete-Filled Shell Piles

The diameter or minimum dimension measured through the center
should not be less than 8 in.

Minimum 28-day concrete strength = 3,000 psi.
Minimum yield strength of re-bars = 40,000 psi.

Thin shells less than 0.1 in. thick should not be considered as load-
carrying members.

The allowable design stress in concrete should not be more than
one-third of the minimum concrete strength.

The allowable design stress in steel should not be more than 40% of
the minimum yield strength of steel.
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Augered Pressure Grouted Concrete Piles

Diameter should not be less than 8 in.
Minimum 28-day concrete strength (f¢) = 3,000 psi.
Minimum yield strength of rebars = 40,000 psi.

The allowable design stress in concrete should not be more than
one-third of the minimum concrete strength.

The allowable design stress in steel should not be more than 40% of
the minimum yield strength of steel.

6.9.3 Maximum Driving Stress

Maximum driving stress for steel piles = 0.9 f, (for both tension and
compression)

ty = yield strength

Maximum driving stress for timber piles = 2.5 x (z)

[z = allowable design strength of timber piles]

Maximum driving stress for precast concrete piles = 0.85 f/ for
compression

— 3(f.")"/? for tension
f.'= 28 day concrete strength.

Maximum driving stress for prestressed concrete piles = (0.85 f." — f,.)
for compression

(f o = Effective prestress force).

Maximum driving stress for prestressed concrete piles = [3(f.") "/ + fpel
for tension

(f po = Effective prestress force).



Chapter 6 Pile Design: Special Situations 129

Reference

ASCE, Standard Guidelines for the Design and Installation of Pile Foundations,
American Society of Civil Engineers, 1997.

6.10 ASTM Standards for Pile Design

6.10.1 Timber Piles
ASTM*

ASTM D25—Specification for round timber piles
ASTM D1760—Pressure treatment of timber products
ASTM D2899—Establishing design stresses for round timber piles

C 3 - Pile Preservative Treatment by Pressure Processes

C 18—Pressure treated material in marine environment
M 4—Standard for the care of preservative treated wood products

Steel H-Piles

ASTM A690—High-strength low-alloy steel H-piles and sheetpiles for
use in marine environments.

Steel Pipe Piles

A 252—Specification for welded and seamless steel pipe piles

Pile Testing

ASTM D1143—Method of testing of piles under static axial compres-
sive loads

ASTM D3689—Method of testing piles under static axial tensile loads
ASTM D3966—Testing piles under lateral loads

ASTM D4945—High strain dynamic testing of piles

* AWPA Standards for Timber Piles (American Wood Preservers Association, Woodstock, MD).
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American Concrete Institute (ACI) Standards for General Concreting

ACI 304—Recommended practice for measuring, mixing, transporta-
tion, and placing concrete

ACI 305—Recommended practice for hot weather concreting

ACI 306—Recommended practice for cold weather concreting

ACI 308—Recommended practice for curing of concrete

ACI 309—Recommended practice for consolidation of concrete

ACI 315—Recommended practice for detailing of reinforced concrete
structures

ACI 318—Requirements for structural concrete

ACI 347—Recommended practice for concrete formwork

ACI 403—Recommended practice for use of epoxy compounds with
concrete

ACI 517—Recommended practice for atmospheric pressure steam curing

of concrete

Design Stresses and Driving Stresses

Permissible design and driving stresses for various piles are given here.
(Source: “Pile Driving Equipment,” US Army Corps of Engineers, July 1997)

Authoritative Design Stress Driving Stress
Pile Type Code (Permissible) (Permissible)
Timber piles
Douglas Fir 1.2 ksi 3.6 ksi
Red Oak 1.1 ksi 3.3 ksi
Eastern ASTM D 25 0.8 ksi 2.4 ksi
hemlock
Southern ASTM D 25 1.2 ksi 3.6 ksi
pine
Reinforced ACI 318 0.33 f'. (compression)  0.85 f.
concrete piles  (concrete) f'c = strength at 28 (compression)
(non- days. (Use gross 30 Y2
prestressed) cross-sectional area for (tension)
compression and net
concrete area for
tension.)
ASTM A615

(reinforced steel)
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Authoritative Design Stress Driving Stress
Pile Type Code (Permissible) (Permissible)
Prestressed ACI 318 0.33 f'; (compression)  For
concrete (concrete) f'. = strength at 28 compression
days {0.85 .-
effective
prestress}
Minimum ASTM A615 Use gross cross- For tension:
effective (reinforced steel)  sectional area for BIF 1Y +
prestress = compression and net effective
0.7 ksi concrete area for prestress}
Minimum tension.
28-day
concrete
strength (')
= 5.0 ksi
Steel pipe ASTM A252 for 097,
piles steel pipe f, =yield stress
ACI 318 for
concrete filling
Concrete ACI 318 for 0.33 1. Not applicable
cast-in-shell concrete

driven with
mandrel

Concrete
cast-in-shell
driven
without
mandrel

Steel HP
section piles

ASTM A36 for
core ASTM A252
for pipe ACI 318
for concrete

ASTM A36

0.9 f, for steel
shell (f, =
yield stress)

097,

6.11

Case Study: Prestressed Concrete Piles

In this case study, driving stresses generated inside a prestressed con-
crete pile are studied (Mazen, 2001).
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Prestressed concrete pile

0.5-in.-dia. bars (6 bars total)<—— — 0.25-in.-dia. spiral reinforcement

355 mm

355 mm

Figure 6.22 Prestressed concrete pile
Tensile strength of concrete is given by the following equation:

Tensile strength = 0.5(f,.)**° MPa

fé = 28-day concrete compressive strength
(should be in MPa)

E = Young’s modulus of concrete = 4,700 x (f ¢)°> MPa

Soil Profile

Fill (3m)

High-plastic clay (5m)

Low-plastic clay (8 m)

Sandy soil (3m)
Figure 6.23 Soil profile

6.11.1 Pile Hammer Used: DELMAG D30-23 Diesel Hammer

e Pile will be subjected to tensile and compressive stresses during driv-
ing. The GRLWEAP program was used to calculate driving stresses.

* Computed maximum tensile stress occurring during driving when
the stroke of the hammer was 1.5m = 7 MPa.

e Maximum tensile stress occurred during driving when the stroke of
the hammer was 2.1 m = 8.5 MPa.
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Tensile strength of concrete = 3.1 MPa

The pile already had a prestress of 5.2 MPa (Prestress is a compressive
stress.)

Hence total tensile strength of the pile = (5.2 + 3.1) = 8.3 MPa < 8.5
MPa.

Hence, a hammer stroke of 2.1 m cannot be used; use a hammer
stroke of 1.5 m instead.

Computed maximum compressive stress during driving = 28 MPa
(from GRLWEAP program)

28-day compressive strength of concrete = 41 MPa
The concrete was already prestressed to 5.2 MPa.
Available compressive strength in concrete = (41 - 5.2) MPa = 35.8 MPa

Compressive strength is greater than compressive stress occurring
during driving (35.8 > 28).

A hammer with a stroke of 1.5 m was used for this project.

Reference

Mazen, E.A., “Load tests of Pre-Stressed Pre-Cast Concrete and Timber Piles,”

ASCE Geotechnical Eng. J. 127, No. 12, December 2001.

6.12 Driving Stresses

°

When a pile is driven, it is subjected to both tensile and compressive
stresses. The pile needs to be designed to withstand driving stresses
(compressive and tensile).

Driving stresses are calculated using the wave equation.

Computer programs such as GRLWEAP by Goble, Rausch, Likins,
and Associates can be used to compute the driving stresses.

Maximum tensile stress and maximum compressive stress during
pile driving should be less than the tensile strength and compressive
strength of the pile, respectively.
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e Driving stresses are dependent on the stroke of the hammer and the
driving resistance of soil.

Hammer energy = driving resistance x set
Hammer energy = weight of hammer x stroke

]

Set is the distance pile would penetrate per each blow

Figure 6.24 Pile driving

Example

For a 12-in. concrete pile, the following maximum tensile stresses are
provided by the wave equation for a single-acting air hammer with a
rating of 26,000 1b/ft.

Maximum Tensile Stress (lb/sq. ft)

4

A
T Stroke 36in.

Tensile strength of concrete

T ——  Stroke=24in.
——  _ Stroke=18in.

>

Driving resistance (Ibs)

Figure 6.25 Maximum tensile stress vs. driving resistance

According to the above data, the pile-driving operator should not use
a stroke of 36 in.
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6.13 Maximum Allowable Driving Stresses
AASHTO recommends following maximum allowable driving stresses.

e Steel piles-0.90 f, (compression and tension)
f, = steel yield stress
e Concrete piles — 0.85 f/ (compression)

—0.70 f, (for steel reinforcements under tension during driving)
f¢ = 28-day concrete strength

e Prestressed concrete piles (normal environment)

[0.85 f' — [pe] (compression)
(f! + fp)""* (tension)
fpe = prestress force

* Prestressed concrete piles (corrosive environment)—f,. (tension)
e Timber piles — 3 x allowable working stress (compression)

3 x allowable working stress (tension)

Note: See earlier section, “Timber Piles,” to obtain the allowable working stress for a given
species of timber.

Reference

American Association of State Highway and Transportation Officials
(AASHTO), Standard Specifications for Highway Bridges, 1992.

6.14 Uplift Forces

Uplift forces ————>| H

Figure 6.26 Uplift forces in-piles



136 Pile Design and Construction Rules of Thumb

Outside piles in a building are usually subject to uplift forces.

Total uplift capacity of a pile depends on the skin friction.

Is the skin friction in an uplift pile the same as the skin friction of a
loaded pile?

According to research data provided by Dennis and Olson (1983),
there is no significant difference in skin friction between two
situations.

Contrary to Dennis and Olson’s contention (1983), many engineers
and academics believe that there is less skin friction during uplift
than when the pile is loaded downward.

6.14.1 Uplift Due to High Groundwater

Archimedes’ theorem suggests that uplift force due to water is
equivalent to the weight of water displaced.

As shown in the figure, groundwater level has risen unexpectedly.

This would increase the uplift force on the buiding structure. If
the weight of the building is less than the uplift force due to
buoyancy, then piles will be called in to resist the uplift force due
to buoyancy.

If the weight of the building is less than the buoyant forces acting
upward, then the skin friction on piles will be facing down. The piles
are acting as uplift piles.

Unexpected_ | [ ________
rise in GW level

Initial GW Iey_eil__]_ I ______

Direction of
skin frictionl

Figure 6.27 Uplift forces in a pile group
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6.14.2 Uplift Forces Due to Wind

* Wind forces would generate a
moment on the building.
M < ¢ Piles on the side of the wind
would be under uplift forces.

Figure 6.28 Uplift forces due to wind

Wind force ——»

Direction of skin
friction.

* AASHTO recommends only one-third of the frictional resistance
obtained using static equations for uplift piles.

e Uplift load test procedure can be found in ASTM D-3689.

Reference

American Association of State Highway and Transportation (AASHTO), Stan-
dard Specifications for Highway Bridges, 1992.

6.15 Load Distribution—Skin Friction and End Bearing

Generally, it is assumed that both skin friction and end bearing resis-
tance occur simultaneously: in reality, this is not the case. When the
pile is loaded, the total load is taken by skin friction at the initial
stages. At small loads, end bearing resistance is almost negligible.
When the load is increased, skin friction starts to increase without
much increase in the end bearing. Load distribution between skin
friction and end bearing is explained with an example below.
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P

> > > >

Figure 6.29 SKkin friction and end bearing

e Assume the pile shown has an ultimate skin friction capacity (SF) of
600 kN and ultimate end bearing capacity (Q) of 400 kN.

e Hence total ultimate capacity of the pile is 1,000 kN. Assuming a
factor of safety of 3.0, design capacity of the pile is 1,000/3.0 kN =
333 kN (74.8 kips)

e Load vs. settlement was recorded for the pile and shown in Figure 6.30.
According to the figure, when the total load was 400 kN, settlement (s)
wasapproximately 2 mm. Pileresistance due to skin friction was 390 kN,
and end bearing was only 10 kN.

Total = 400 kN; skin friction = 390 kN; end bearing =10 kN; s = 2 mm

End Bearing vs. Skin Friction (Typical Example)

Load (kN)
A

1000 —
800 —
600 —
400 —

0

200 /1

Total resistance (P)

Skin friction (F)

_.-—----End bearing
L resistance (Q)

| | | | g
5 10 15 20 25 30

o Most of the load was
absorbed by the skin
friction during early stages
of the loading process.

o After 600 kN, resistance due
to skin friction did not
increase. The ultimate skin
friction was achieved at a
settlement of 3 mm.

¢ Ultimate end bearing
resistance occurred at a
settlement of 25 mm.

(Settlement mm)

Figure 6.30 Load vs. settlement

e When P was increased to 615 kN, values were:

Total =615 kN; skin friction = 600 kN; end bearing = 15kN; s=3 mm
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When total load was increased beyond 615 kN, skin friction no longer
increased. For an example, at a total load of 900 kN, the following
values were obtained.

Total =900 kN; skin friction = 600 kN; end bearing = 300kN; s=15mm

e The pile had reached its ultimate skin friction at 600 kN. Skin fric-
tion will no longer increase. For this pile, the ultimate skin friction is
developed at a settlement of 3 mm. Any additional load after the first
600 kN, would be taken fully by end bearing.

e Generally, piles generate skin friction at a very slight settlement,
while full end bearing resistance occurs at a very high settlement.

Many engineers estimate the total ultimate capacity of the pile and
divide it by a factor of safety. In some instances, little attention is paid
to the development process of skin friction and end bearing. In the
example given above, ultimate total resistance was 1,000 kN. Assum-
ing a factor of safety of 3, one would obtain an allowable pile capacity
of 333 kN.

At 333 kN, almost all the load is taken by skin friction (see the
figure). At this load, end bearing resistance is negligible. Hence, one
could question the logic of dividing the total ultimate resistance by a
factor of safety.



Design of Caissons

7.1 Design of Caissons

The term caisson is normally used to identify large bored concrete
piles. Caissons are constructed by drilling a hole in the ground and
tilling it with concrete. A reinforcement cage is placed prior to con-
creting. The diameter of caissons can be as high as 15 ft.

Other commonly used names to identify caissons are

a. Drilled shafts
b. Drilled caissons
c. Bored concrete piers

d. Drilled piers

A bell can be constructed at the bottom to increase the capacity.
Caissons with a bell at the bottom are known as belled piers, belled
caissons, or underreamed piers.

Brief History of Caissons

Many engineers recognized that large-diameter piles were required to
transfer heavy loads to deep bearing strata. The obvious problem was
the inability of piling rigs to drive these large-diameter piles.

The concept of excavating a hole and filling with concrete was the
next progression. The end bearing of the caisson was improved by
constructing a bell at the bottom.
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Early excavations were constructed using steel rings and timber
lagging. This idea was borrowed from the tunneling industry.

e —

Lagging —»

[ O Plan view
| | Rings are inserted into the hole.

Figure 7.1 Early caissons

Machine Digging

With time, machine digging replaced hand digging. Two types of
machines are in use.

e Auger types
e Bucket types

Augering is the most popular method used for excavating caissons.

7.2 Construction Methodology of Caissons
(Dry Method)

(1) A hole is drilled in the ground. (2) A reinforcement cage is placed. (3) The hole is concreted.

Figure 7.2 Construction of caissons — dry method

Use of Casing

Both bucket and auger methods create problems when groundwater is
present. Sidewall failure and difficulty of keeping the hole open are very
common problems. The casing method is well suited for such situations,
since the steel casing would prevent the sidewalls from falling.
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The casing is inserted into the ground by pushing and rotating.
Usually, the casing is removed during concreting. In some cases, the
casing is left in the hole. Needless to say, this is an expensive
proposition.

Use of Slurry
Slurry can also be used during drilling to keep the sidewalls from
falling. Basically, two types of slurry are used.
e Polymer-based fluids
¢ Bentonite-based fluids
Polymer drilling fluids tend to increase the viscosity of the grout.

Some polymers can lubricate the bored pile walls, causing less skin
friction.

Belled Caissons

Belleld caissons are used to increase the bearing capacity of caissons.
Because of the large area at the base, the end bearing capacity will
increase. Belled caissons can be used to resist tension as well. The
heavy weight and resistance at the bell provide additional capacity.
Belling buckets are used to create the bell at the bottom.

Figure 7.3 Belled caisson

Integrity of Caissons

The following items are important for the integrity of a caisson.

e Control of concrete slump

¢ Avoiding sidewall failure
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e Bottom clearing prior to concreting (In many occasions, soil from
the sidewalls may fall to the bottom of the hole. This debris has to be
cleaned prior to concreting.)

e Water in the bottom of the hole (If there is water in the bottom of
the hole, it has to be removed prior to concreting. If there is a
significant amount of water, then the Tremie method should be
used for concreting).

Examining Caissons for Defects

If a caisson is suspected of being defective, the best way to inspect it is
to construct a side test pit. This method may not be suitable for deep
caissons. In such situations, the seismic wave method is used. A seis-
mic wave is sent through the caisson, and the time lag for the return
wave is measured. The return wave provides information regarding the
integrity of the caisson.

Repairing Defective Caissons

If a caisson is found to be defective, the most common repair method is
to drill holes and insert steel bars and grout. Another method is to
provide an additional caisson to relieve the load on the defective caisson.

Steel bars

O,
®© ©

Figure 7.4 Steel bars in a caisson

I-beams
U ¢_

/— New caisson is added, and part
of the load is transferred
to the new caisson using an I-beam.

Steel bars are inserted
and annulus is grouted.

Figure 7.5 Adding a new caisson using an I-beam
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7.3 Caisson Inspection in Soil

The geotechnical engineer is responsible for inspection during con-
struction of caissons. An experienced geotechnical engineer should
carry out this inspection.

[tems that need to be inspected are as follows:

e Drilling Operation: Soil can cave in during the drilling operation.
The engineer should inspect the sides of the shaft and record the
depth and extent of the caving of soil. The inspector should observe
the movement of the auger. The auger should go into the hole and come
out of the hole without any disturbance. Soil caving is extremely critical
when there are nearby buildings. Soil movement could cause settle-
ment in nearby buildings.

e Water inflow: The field engineer should inspect the walls of the
shaft for water inflow. A powerful flashlight (or a mirror to direct
sunlight) can be used to inspect the shaft wall. Water inflow could
cause failure of sidewalls. Groundwater could mix with concrete and
reduce the strength.

e Shaft Centering: The shaft should be centered as designed. The field
engineer should drive four pegs close to the shaft prior to drilling.
Then he should measure the distance to the shaft from these pegs to
check the plumbness of the shaft.

X4 Monitor x4, X5, X3, and x4 for any
Pty deviation from the vertical.
/ v X4
O i <—>®
Xz \\ //
~ -
Pegs @ X3
\.

Figure 7.6 Construction monitoring of caissons
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Bearing Stratum: The field engineer should confirm the bearing
stratum. The soil condition should be identified and compared to
the soil conditions in nearby borings. If soil conditions are different,
this information should be provided to the design engineer. Most
projects require drilling to a certain soil stratum, and the field engi-
neer is responsible for making sure that the required soil stratum is
reached. If not, he or she should direct the contractor to dig deeper.
In some cases, the field engineer may have to enter the hole. The
field engineer should make sure that OSHA safety requirements are
met prior to entering the hole. If the hole is drilled without a casing,
a monitoring casing (or protection casing) should be utilized for the
inspection purposes.

Construction of the Bell: Under-reamed shafts (shafts with a bell at
the bottom) need special attention. The field engineer should
inspect the belling bucket to check the maximum angle it could
excavate. Sometimes it may be necessary to go to the bottom of
the hole to inspect the bell. In that case OSHA safety guidelines
should be used prior to entering the hole. The field engineer should
identify the soil stratum. Any presence of weak soil, water seepage,
and angle and height of the bell should be recorded and provided to
the design engineer.

Soil Caving: If soil caving was noticed, the engineer has the option
of recommending drilling mud. For loose sands and soft clays, a
casing should be used to counter soil caving.

Preconstruction Meeting

A preconstruction meeting should be held among client, consultant,
and the contractor prior to start of work. During this meeting the
following items need to be discussed.

Unexpected Soil Conditions: A payment procedure needs to be
established if the caisson has to be drilled deeper due to unexpected
weak soil conditions. Change orders for work delays due to boulders
and other obstructions also need to be addressed. In most cases these
items are included in contract documents. Finer details need to be
clarified and agreed upon by all parties.

Field Inspector’s Role: The field inspector’s role and his or her
extent of authority need to be clarified. Theoretically, all changes
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need to be approved by the design engineer. This may not always be
feasible. In such situations, the field engineer needs to be able to
make decisions in oder to make changes to the size of the bell, depth
of the shaft, usage of casings, concrete mixture, and construction
procedures.
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The equations for caissons in clay soils are similar to those for piles.

Different Methods

Reese et al. (1976): ultimate caisson capacity = ultimate end bearing
capacity + ultimate skin friction

Pu:Qu‘i‘Su

P, = ultimate capacity of the caisson
Qu = ultimate end bearing capacity
Su = ultimate skin friction
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End bearing capacity (Q,)=9-c-A

Cc = cohesion;
A = cross-sectional area

Skin friction = o ¢- A,
“o" is obtained from Table 7.1.

Cc = cohesion
Ap, = perimeter surface area

Table 7.1 “o” value

o (for soil to  Limiting Unit

Caisson Construction Method concrete) Skin Friction (f)
kPa

Uncased Caissons

(1) Dry or using lightweight drilling slurry 0.5 90

(2) Using drilling mud where filter cake 0.3 40

removal is uncertain (see note 1)

(3) Belled piers on about same soil as on
shaft sides

(3.1) By dry method 0.3 40
(3.2) Using drilling mud where filter  0.15 25
cake removal is uncertain
(4) Straight or belled piers resting on 0.0 0
much firmer soil than around shaft
(5) Cased Caissons (see note 2) 0.1 to 0.25

Source: Reese et al., (1976)

Note 1:
Filter Cake: When drilling mud is used, the layer of mud gets attached to
the soil. This layer of mud is known as the filter cake. In some soils, this
filter cake gets washed away during concreting. In some situations, it is
not clear whether the filter cake will be removed during concreting. If the
filter cake does not get removed during concreting, the bond between
concrete and soil will be inferior. Hence, low o value is expected.

Note 2:
Cased Caissons: In the case of cased caissons, the skin friction would
be between soil and steel casing. o is significantly low for steel—soil
bond compared to concrete—soil bond.
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Factor of Safety: Due to uncertainties of soil parameters such as
cohesion and friction angle, the factor of safety should be included.
Suggested factor of safety values in the literature range from 1.5 to 3.0.
The factor of safety of a caisson affects the economy of a caisson
significantly. Assume that the ultimate capacity was found to be
3,000 kN and that a factor of safety of 3.0 is used. In this case the
allowable caisson capacity would be 1,000 kN. On the other hand, a
tactor of safety of 2.0 would give an allowable caisson capacity of
1,500kN, or a 50% increase in the design capacity. A lower factor of
safety value would result in a much more economical design. Yet,
failure of a caisson can never be tolerated. In the case of a pile group,
failure of one pile will probably not have a significant effect on the
group. Caissons stand alone and typically are not being used as a group.

When selecting the factor of safety, the following procedure is
suggested.

e Make sure enough borings are conducted so that soil conditions are
well known in the vicinity of the caisson.

e Conduct sufficient unconfined strength tests on all different clay
layers to obtain an accurate value of for cohesion.

* Make sufficient borings with SPT values to obtain the friction angle
of sandy soils.

If the subsurface investigation program is extensive, a lower factor
of safety of 2.0 could be justified. If not, a factor of safety of 3.0 may be
the safe bet. As a middle ground, a factor of safety of 3.0 for skin
friction and a factor of safety of 2.0 for end bearing can be used.

Weight of the Caisson

Unlike in piles, the weight of the caisson is significant and needs to be
considered for the design capacity.

Panowable = Qu/FOS + Su/FOS — W+ Ws

P.iiowable = allowable column load
Q. = ultimate end bearing capacity
Su = ultimate skin friction
W = weight of the caisson
W; = weight of soil removed
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[Pallowable =allowable column load

S,/FOS

P ailowable i W (weight of the caisson) —Weight of soil removed

TQU/FOS

Figure 7.7 Forces acting on a caisson

Logically, the weight of the soil removed during construction of the
caisson should be reduced from the weight of the caisson.

Ignore skin friction on top and bottom of the shaft

Reese and O’Neill (1988) suggest that the skin friction at the top 5 ft
(1.5m) of the caisson in clay be ignored since load tests show that the
skin friction in this region is negligible. For the skin friction to mobilize,
slight relative movement is needed between caisson and surrounding
soil. The top 5 ft of the caisson do not have enough relative movement
between the caisson and the surrounding soil. It has been reported that
clay at the top S ft could desiccate and crack and result in negligible skin
friction. At the same time, the bottom of the shaft will undergo very
little relative displacement in relation to the soil as well. Hence, Reese
and O’Neill suggest ignoring the skin friction at the bottom distance
equal to the diameter of the caisson as well.

Soil cracks and

desiccations due to weathering _N,

\/ \/\/ $ 5ft (1.5m) (skin friction ignored)

$ D (skin friction ignored)

D-Diameter of the shaft

Figure 7.8 Skin friction acting on a caisson
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Ignore the skin friction in

e Top Sft (1.5m)

e Bottom distance equal to diameter of the shaft (D)

AASHTO Method

The American Association of State Highway and Transportation
Officials (AASHTO) proposes the following method for caisson design
in clay soils.

Pu: Qu+su

P, = ultimate capacity of the caisson
Q, = ultimate end bearing capacity
S. = ultimate skin friction

End bearing capacity (Q,)=9-c-A

¢ = cohesion
A = cross-sectional area

Skin friction=0o.- c- Ap

“o/” adhesion factor is obtained from Table 7.2.
Cc = cohesion
A, = perimeter surface area

Table 7.2 AASHTO Skin friction coefficient (o)

Value Maximum Allowable
Location along Drilled Shaft of o Unit Skin Friction
From ground surface to depth along 0 0
drilled shaft of 5 ft
Bottom 1 diameter of the drilled shaft 0 0
All other portions along the sides of the 0.55 5.5 ksf (253 kPa)
drilled shaft

It should be mentioned here that the AASHTO method has only one
value for “a”.
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Design Example 7.1 (Caisson Design in Single Clay Layer)

Find the allowable capacity of a 2-m diameter caisson placed at 10 m
below the surface. The soil was found to be clay with a cohesion of
50 kPa. The caisson was constructed using the dry method. The density
of soil = 17kN/m?®. Groundwater is at 2m below the surface.

VA o o

Clay v=17kN/m3 (110 pcf)

(10mf) c=50kPa (1,044 psf)
32.81t

Figure 7.9 Caisson in a single clay layer

Solution
STEP 1: Find the end bearing capacity.
P u= Qu + Su

End bearing capacity (Q,) =9-c-A
End bearing capacity (Q,) = 9 x 50 x (n - d?)/4

=9 x50 x (n-22)/4 = 1,413.8 KN (318 kips)

STEP 2: Find the skin friction.

The cohesion of soil and the adhesion factors may be different above
groundwater level in the unsaturated zone. Unless the cohesion of the
soil is significantly different above groundwater, such differences are
ignored.

Skin friction = o.-¢- Ap

o = 0.5 from Table 7.1. The caisson was constructed using the dry
method.)

Ap=nmxd x L=nx2xL

Total length of the shaft = 10m

Ignore the top 1.5 m of the shaft and the bottom “D” of the shaft for
skin friction.

The diameter of the shaft is 2m.
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Effective length of the shaft =10-1.5-2 =6.5m (21.3ft)
Ap=nxd xL=mn x 2 xL=40.8 m?
¢ (cohesion) = 50 kPa
Skin friction = 0.5 x 50 x 40.8 KN
=1,020kN (229 kips)

STEP 3: Find the allowable caisson capacity.

Pattowable = Su/FOS + Q, /FOS — Weight of the caisson
+ Weight of soil removed

Weight of the caisson (W) = Volume of the caisson x Density of
concrete
Assume density of concrete to be 23.5kN/m”.
Weight of the caisson (W) = (t x D?/4 x L) x 23.5kN
= (1 x 2%/4 x 10) x 23.5kN

Weight of the caisson (W) = 738.3kN (166 kips)

Assume a factor of safety of 3.0 for skin friction and 2.0 for end
bearing.

Panowable = Su/FOS + Qu/FOS — Weight of the caisson + Weight of soil
removed
Patowable = 1,413.8/3.0 + 1,020/2.0 — 738.3 = 243kN (55 kips)

In this example, the weight of soil removed is ignored.

Note: P,jowapie Obtained in this case is fairly low. Piles may be more suitable for this
situation. If stiffer soil is available at a lower depth, the caisson can be placed at a much
stronger soil. Another option is to consider a bell.

Design Example 7.2 (Caisson Design in Multiple Clay Layers)

Find the allowable capacity of a 1.5-m-diameter caisson placed at 15 m
below the surface. The top layer was found to be clay with a cohesion
of 60kPa, and the bottom layer was found to have a cohesion of
75kPa. The top clay layer has a thickness of 5m. The caisson was
constructed using drilling mud where it is not certain that the filter
cake will be removed during concreting. The density of soil = 17 kN/m?
for both layers and groundwater is at 2m below the surface.
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Diameter of the cassion=1.5m

C=60kPa GW 5m (16.4f)
(1.25 ksf) Clay layer 1
15m
(49.21t)
Clay layer 2
C=75kPa
(1.6 ksf)

Figure 7.10 Caisson in a multiple clay layer

Solution
STEP 1: Find the end bearing capacity.
Pu = Qu + Su

End bearing capacity (Q,) =9-c-A
End bearing capacity (Q,) = 9 x 75 x (n-d%)/4

=9 x 75 x (n-1.5%)/4 = 1,192.8KkN (268 kips)

STEP 2: Find the skin friction in clay layer 1.
Skin friction=o-¢-Ap
o = 0.3 (From Table 7.1. Assume that the filter cake will be not be removed.)
Ap=mxdxL=mx15xL

Ignore the top 1.5 m of the shaft and bottom “D” of the shaft for skin
friction.
The effective length of the shaft in clay layer 1 =5-1.5=3.5m
Ap=nxdxL=nx15x3.5=16.5m"
¢ (cohesion) = 60 kPa
Skin friction = 0.3 x 60 x 16.5kN
= 297KkN (67 kips)

STEP 3: Find the skin friction in clay layer 2.
Skin friction=o-¢-Ap

o = 0.3 (From Table 7.1. Assume that the filter cake will be not be removed.)
Ap=nxdxL=mnx15xL
Ignore the bottom “D” of the shaft.
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Effective length of the shaft in clay layer 2 = 10 — Diameter = 10 — 1.5
=8.5m
Ap=nxdxL=mnx15x85=40.1m?
¢ (cohesion) = 75 kPa
SKin friction = 0.3 x 75 x 40.1kN
=902.2kN (203 kips)

Total skin friction = 297 + 902.2 = 1,199.2 kN

STEP 4: Find the allowable caisson capacity.

Pattowable = Su/FOS + Q/FOS — Weight of the caisson
+ Weight of soil removed

Weight of the caisson (W) = Volume of the caisson x Density of
concrete
Assume the density of concrete to be 23.5kN/m?.
Weight of the caisson (W) = (t x D?/4 x L) x 23.5kN
= (nx 1.5%/4 x 15) x 23.5kN
Weight of the caisson (W) = 622.9 kN

Assume a factor of safety of 3.0 for skin friction and 2.0 for end
bearing.

Panowable = Su/FOS + Q,/FOS — Weight of the caisson
Patowable = 1,199.2/3.0 + 1,192.8/2.0 — 622.9 = 373.2KkN (84 kips)

The weight of soil removed is ignored in this example.

7.4 Meyerhof Equation for Caissons

End Bearing Capacity

Meyerhof proposed the following equation based on the SPT (N) value
to compute the ultimate end bearing capacity of caissons. The Meyer-
hof equation was adopted by DM 7.2 as an alternative method to static
analysis.

Qui =0.13 Cx x N x D/B

Juit = ultimate point resistance of caissons (tsf)

N = standard penetration resistance (blows/ft) near pile tip
Cn = 0.77 log 20/p

p = effective overburden stress at pile tip (tsf)
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Note: “p” should be more than 500 psf. It is very rare for effective overburden stress at the
pile tip to be less than 500 psf.

D = depth driven into granular (sandy) bearing stratum (ft)
B = width or diameter of the pile (ft)
q; = limiting point resistance (tsf), equal to 4 N for sand and 3 N for silt

Modified Meyerhof Equation

Meyerhof developed the above equation using many available load
test data and obtaining average N values. Pile tip resistance is a func-
tion of the friction angle. For a given SPT (N) value, different friction
angles are obtained for ditferent soils.

For a given SPT (N) value, the friction angle for coarse sand is 7 to
8% higher than that for medium sand. At the same time, for a given
SPT (N) value, the friction angle is 7 to 8% lower in fine sand compared
to that for medium sand. Hence, the following modified equations are
proposed:

Quit =0.15 Cy x N D/B tsf (coarse sand)

Quie = 0.13 Cx x N D/B tsf (medium sand)
Qe =0.12 Cy x N D/B tsf (fine sand)

Design Example 7.3

Find the tip resistance of the 4-ft diameter caisson shown using the
modified Meyerhof equation. The SPT (N) value at caisson tip is 15
blows per foot.

5ft

Fill material (1.5m) v=110pcf (17.3kN/m?3)
. 22 ft
Fine sand
(6.7m) y=115pcf (18.1kN/m?3)

Figure 7.11 Caisson in a sand layer
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Solution

Pile capacity comes form tip resistance and skin friction. In this example,
only the tip resistance is calculated.

STEP 1: Ultimate point resistance for driven piles for fine sand =

Qiip = 0.12 Cy x N x D/B tsf (fine sand)
Cn = 0.77 log 20/p
p = effective overburden stress at pile tip (tsf)
p=95x110+ 22 x 115 = 3,080 psf = 1.54 tst (147 kPa)
Cn = 0.77 log [20/1.54] = 0.86
D = depth into bearing stratum = 22ft (6.7 m)

Fill material is not considered to be a bearing stratum.

B = 4 ft (width or diameter of the pile)
quip = 0.12 Cy x N x D/B (fine sand)
Quip = 0.12 x 0.86 x 15 x 22/4 = 8.5 tst (814 kPa)

Maximum allowable point resistance = 4 N tsf for sandy soils
4 x N=4 x15=060 tsf

Hence, q;ip = 8.5 tsf
Allowable point bearing capacity = 8.5/FOS
Assume a factor of safety of 3.0.

Hence, the total allowable point bearing capacity Qyip.alowable_tip =
2.84 tsf (272 kPa)

Qtip - allowable X tip area = Yatlowable_tip < T % (42)/ 4
=36 tons (320 kN)

Only the tip resistance was computed in this example.

Meyerhof Equation for Skin Friction
Meyerhof proposes the following equation for skin friction for caissons:

f = N/100 tsf
f = unit skin friction (tsf)
N = average SPT (N) value along the pile

Note: As per Meyerhof, unit skin friction “ " should not exceed 1 tsf. Here the Meyerhof
equations have been modified to account for soil gradation.
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f = N/92 tsf (coarse sand)
f = N/100 tsf (medium sand)
f = N/108 tsf (fine sand)

Design Example 7.4

Find the skin friction of the 4-ft-diameter caisson shown using the
Meyerhof equation. Average SPT (N) value along the shaft is 15 blows
per foot. Ignore the skin friction in fill material.

Fill material Sft y=110pcf (17.3kN/m?3)
(1.5m)
321t

Fine sand (9.8m) y=115pcf (18.1 kN/m3)

Figure 7.12 Caisson design using Meyerhof equation

Solution

Only the skin friction is calculated in this example.

STEP 1: For fine sand

Unit skin friction: f = N/108 tsf
Unit skin friction: f = 15/108 tsf = 0.14 tsf

Total skin friction =unit skin friction x perimeter surface area

Total skin friction = 0.14 x t x D x L
Total skin friction = 0.14 xtx 4 x 32 = 56 tons (498 kN)
Allowable skin friction = 56/FOS

Assume a factor of safety (FOS) of 3.0
Allowable skin friction = 56/3.0 = 18.7 tons (166 kN)

7.5 Caisson Design for Uplift Forces

Caissons are widely used to resist uplift forces. Uplift forces are caused
by wind and buoyancy. Buoyancy could be a factor for buildings with
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basements where change in groundwater levels could create uplift
forces.

0 0 1 O

Wind

0 0 L— 2 Y

|

Figure 7.13 Uplift forces acting on caissons

Design Example 7.5

A telecommunication transmission tower is supported on a triangular
foundation placed on three caissons as shown. Each caisson can
be subjected to a tensile force of 700kN due to wind loading acting
on the tower. Each caisson should also be capable of providing a
compressive capacity of 600kN to account for the weight of the
structure. The unconfined compressive strength (S,) of the clay soil is
found to be 100 kPa. Provide a suitable diameter and a length to
account for above loading. The adhesion factor between soil and
caisson (o) = 0.5 for tension and 0.6 for compression.

ng* M

o o
Plan view

—>
%

10m (32.8m)

Figure 7.14 Telecommunication tower
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STEP 1: Design the caissons for uplift forces.

Assume a diameter of 1.5m and a length of 10 m for the caissons.

Allowable resistance against uplift force = Allowable skin friction +
Weight of the caisson

The weight of the caisson itself will be helpful in resisting the uplift
forces.

Ultimate skin friction = (o.- C) x Ag

C = cohesion = (unconfined compressive strength)/2
= (Q,)/2=100/2 kPa =50 kPa
o = adhesion factor=0.5
A, = surface area of the caisson=(n-D).length=n-1.5-10=47.1m

Ultimate skin friction = 0.5 x 50 x (47.1) kN = 1,177.5kN
Allowable skin friction =1177.5/F-O-S=1177.5/3.0=392.5 kN (88.2 kips)

2

A factor of safety of 3.0 is normally assigned for skin friction.

Weight of the caisson = (Volume of the caisson x Density of concrete)
= (mx D?/4) x length x 23.5 (Density of concrete = 23.5 kN/m3)
= (nx 1.5%/4) x 10 x 23.5 (Density of concrete = 23.5 kN/m">)
=415.3 kN (93.3 kips)

Use a smaller factor of safety for the weight of the caisson since the
density and volume of concrete is accurately known.

Allowable weight of the caisson = 415.3/FOS = 1,661/1.1 = 377.5kN
(85 kips)
Allowable uplift resistance = 392.5 + 377.5 = 770kN

Required uplift resistance = 700kN (157 kips)
Caissons are sufficient to resist the uplift forces.

STEP 2: Design the caissons for compressive forces.

Allowable compressive capacity =Tip bearing resistance
+ Allowable skin friction — Weight of the caisson
+ Weight of soil removed

Tip bearing resistance=N_-C- A,

N.=bearing capacity factor =9
C =cohesion = 50 kN
A= area at the tip of the caisson = (- D*/4) =1t x (1.5)*/4 = 1.767 m?
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Tip bearing resistance = (9 x 50 x 1.767) kN = 795.2 kN

Allowable tip bearing resistance = 795.2/2.0 = 397.6 kN

Factor of safety of 2.0 is used for the end bearing resistance.

Ultimate skin friction = (o - C) x A

“o" for compression is found to be 0.6.

Ultimate skin friction = (0.6 x 50) x A

Ultimate skin friction in compression = (0.6 x 50) x (1 x 1.5 x 10) =
1,413.7kN

Allowable skin friction in compression = 1,413.7/3.0=471.2KkN (106 kips)

Allowable compressive capacity = Allowable tip bearing resistance +
Allowable skin friction — Weight of the caisson + Weight of soil removed

Allowable compressive capacity = 397.6 + 471.2 — 415.3 = 453.5kN
(102 kips)

The weight of soil removed is ignored in this example.

Required compressive capacity = 600 kN (135 kips)

The assumed caisson diameter and length are not sufficient to provide
adequate compressive capacity.

The following solutions are available for the designer.

a. Increase the diameter or the length of the caisson.

b. Provide a bell at the bottom.

c. Increase piles to a deeper depth.

d. Create a large shallow foundation.

7.6 Caisson Design in Sandy Soils
As in piles, the capacity of caissons comes from the end bearing and
the skin friction.

Ultimate caisson capacity (P,) = Ultimate end bearing capacity (Qy)
+ Ultimate skin friction (Sy)
1)u = Qu + Su
End bearing capacity (Q,) = q,/0 x Ap

qp is obtained from the following table.
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Table 7.3 “q,” values for different sand conditions

Sand State at the Bottom of the Caisson kPa ksf
Loose sand (not recommended) 0 0
Medium-dense sand 1,600 32
Dense sand 4,000 08

(Source: Reese et al., 1976)

o = 2.0 B for base width “B” in meters
o = 0.6 B for base width “B” in feet
Skin friction = K- py -tan 8- (Ap)

K = lateral earth pressure coefficient

Table 7.4 K Value

Depth to Base (m) K

Less than or equal to 7.5 m 0.7
Between 7.5m and 12 m 0.6
Greater than 12 m 0.5

(Source: Reese et al., 1976)

pv = stress in the perimeter of the caisson. Usually taken as the soil
pressure at midpoint of the caisson.

d = ¢; for caissons in sandy soils

A, = perimeter surface area of the caisson

Allowable Caisson Capacity
Allowable capacity of the caisson is given by;

Paniowable = Su + Qu/FOS — Weight of the caisson
+ Weight of soil removed

Only the end bearing capacity is divided by a factor of safety. The
weight of the caisson should be deducted to obtain the allowable
column load.
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AASHTO Method for End Bearing Capacity

The AASHTO Method
The ultimate end bearing capacity in caissons, placed in sandy soils,
is given by:

Qu:qt'A
q;=1.20 Nksf (0 <N < 75)

N = standard penetration test value (blows/ft)
Metric units q; = 57.5N kPa (0 < N < 75)

A = cross-sectional area at the bottom of the shaft
For all N values above 75; q; = 90 ksf (in psf units)
gt = 4,310 kPa (in metric units)

Design Example 7.6 (Caisson Design in Sandy Soil)

Find the ultimate capacity of a 2-m-diameter caisson placed at 10 m
below the surface. The soil was found to be medium dense. The density
of soil = 17kN/m?, and the friction angle of the soil is 30°.

vy=17kN/m3 (110 pcf)
©=30°
Sand

Figure 7.15 Caisson in sandy soils

Solution

Py = Qu + Su
End bearing capacity (Qu) = (qp/0) x A
Skin friction (S,) = K-py-tan §-(Ap)

STEP 1: Find the end bearing capacity.
End bearing capacity (Q,)=(q,/o) x A,

gp = 1,600 kPa from Table 7.3 for medium-dense sand
o = 2.0B for SI units =2.0x2 =4
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A = cross-sectional area of the caisson = (n-D?/4)-L = (n-2%/4)
=3.14m?

End bearing capacity (Q,) = (1,600/4) x 3.14 kN
=1,256.6 kN (282 kips)

STEP 2: Find the skin friction.
Skin friction =K p, - tand - (A,)

K = 0.6 (From Table 7.4 provided by Reese. The depth to base is 10 m.)
pv = effective stress at the midpoint of the caisson
py = 17 x 5.0 = 85kN/m?

8 = ¢ for sandy soils; hence, & = 30°
Ap=(m-d)xL=(n-2)x10 = 62.8m*
Ultimate skin friction = K- py-tan 8- (Ap)
Ultimate skin friction (S,) = 0.6 x 85 x (tan 30) x 62.8

= 1,849KkN (416 kips)

STEP 3: Find the allowable caisson capacity.

Pattowable = Su+Q,/FOS — Weight of the caisson
+ Weight of soil removed

Weight of the caisson (W) = Volume of the caisson x Density of
concrete

Assume density of concrete to be 23.5kN/m?>

Weight of the caisson (W) = (n x D?/4 x L) x 23.5kN

= (nx 2%/4 x L) x 23.5kN

Weight of the caisson (W) = 738.3 kN

Assume a factor of safety of 3.0.

Panowable = Su + Qu/FOS — Weight of the caisson + Weight of soil
removed

Panowable = 1,849 + 1,256.6/3.0 — 738.3 = 1,530KkN (344 kips)

The weight of soil removed is ignored in this example.

Design Example 7.7 (Caisson Design in Sandy Soil—Multiple
Sand Layers)

Find the ultimate capacity of a 2-m-diameter caisson placed at 12m
below the surface. Soil strata are as shown in figure 7.16. Groundwater
is 2m below the surface. Find the allowable capacity of the caisson.
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A lz-m diameter caisson

_____ ol 1l 2w
y=17kN/m?3 (110 pcf) 5m Sand layer #1
@ =25° C (medium dense)
y=17.5kN/m? (113 pcf) 8m Sand layer #2
©=30° (dense sand)
D

Figure 7.16 Caisson in a multiple sand layers

Solution

Pu:Qu‘l‘Su

End bearing capacity (Qu) = (qp/o0) x A

Skin friction (S,) = K-py-tan & - (Ap)

STEP 1: Find the end bearing capacity.

End bearing capacity (Q,) =(q,/a) x A

gp = 4,000 kPa from Table 7.3 for dense sand

o= 2.0B for Sl units =2.0x2 =4

A = cross-sectional area of the caisson = (n-D?/4)-L = (n-2%/4)

= 3.14m?

End bearing capacity (Qq) = (4,000/4) x 3.14 kN = 3,140 kN

165

(706 kips)

STEP 2: Find the skin friction in sand layer #1 (above groundwater)

(A to B).

Skin friction=K-p, - tand - (A,

K = 0.5 (The depth to base is 13 m; hence, from Table 7.4, K= 0.5.)
pv = effective stress at the midpoint of the sand layer 1 from A to B

py =17 x 1 = 17kN/m?

d = ¢ for sandy soils; hence, & = 25° for sand layer 1

Ap=(m-d)xL=(n-2)x2=12.6m*

Ultimate skin friction = K- p, -tan - (Ap)

Ultimate skin friction (S,) (A to B) = 0.5 x 17 x (tan 25) x 12.6

=49.9kN
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STEP 3: Find the skin friction in sand layer #1 (below groundwater)
(B to C).

Skin friction =K. p, - tand - (A,

K = 0.5 (The depth to base is 13 m; hence, from Table 7.4, K= 0.5.)
pv = effective stress at the midpoint of the sand layer 1 from B to C
Pv=(yx2+4 (y — yw) x 1.5 = 17kN/m?
py=17%x2+ (17 -9.8) x 1.5 = 44.8 KN/m?

& = ¢ for sandy soils; hence, & = 25° for sand layer 1
Ap=(m-d)xL=(n-2)x2=12.6m>
Ultimate skin friction = K- p, -tan 8- (Ap)

Ultimate skin friction (Sy) (B to C) = 0.5 x 44.8 x (tan 25) x 12.6
= 131.6 kN (29.7 kips)

STEP 4: Find the skin friction in sand layer #2 (below groundwater)
(Cto D).

Skin friction =K. p, - tand - (A,

K = 0.5 (The depth to base is 13 m; hence from 7.4, K= 0.5.)
pv = effective stress at the midpoint of the sand layer 2 from C to D
Pv=(11x2+ (1 — Yw) X3 + (72 — yw) x 4 = 17kN/m?
Py =17 x2+4(17-9.8) x3 + (17.5-9.8) x 4 = 86.4kN/m? (1,804 psf)

8 = ¢ for sandy soils; hence, § = 30° for sand layer 2
Ap=(m-d)xL=(n-2)x8=50.3m>
Ultimate skin friction = K- p, - tan - (Ap)
Ultimate skin friction (Su) (C to D) = 0.5 x 86.4 x (tan 30) x 50.3

= 1,254 kN

Total skin friction:

Skin friction from A to B = 49.9

Skin friction from B to C = 131.6

Skin friction from C to D = 1,254

Total skin friction from A to D = 49.9 + 131.6 + 1,254
= 1,436 kKN (322 kips)

STEP 5: Find the allowable caisson capacity.

Pattowable = Su+Qy/FOS — Weight of the caisson
+ Weight of soil removed
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Weight of the caisson (W) = Volume of the caisson x Density of concrete
Assume density of concrete to be 23.5kN/m?>
Weight of the caisson (W) = (t x D?/4 x L) x 23.5kN
= (tx2%/4 x 13) x 23.5kN
Weight of the caisson (W) = 959.8 kN (216 kips)
Assume a factor of safety of 3.0 for skin friction and 2.0 for end
bearing.
Panowable = Su/FOS + Q,/FOS — Weight of the caisson
Panowable = 1,436/3.0 + 3,140/2.0 — 959.8 = 1,088KkN (244 kips)

Weight of soil removed was ignored in this example.

7.7 Belled Caisson Design

Belled caissons are used to increase the end bearing capacity. Unfortu-
nately, one loses the skin friction in the bell area since experiments
have shown the skin friction in the bell to be negligible (Reese 1976).
In addition, Reese and O’Neill (1988) and ASHTO suggest excluding
the skin friction in a length equal to the shaft diameter above the bell.
(See Figure 7.17.)

Belled caissons are usually placed in clay soils. It is almost impossi-
ble to create a bell in sandy soils. On rare occasions, with special
equipment belled caissons are constructed in sandy soils.

Belled caissons are used to increase the end bearing capacity. Unfor-
tunately, one loses the skin friction in the bell area and one diameter
above the bell (Reese and O’Neill, 1988).

D |, Skin friction ignored

Skin friction ignored in the bell
D-Diameter of the shaft

Figure 7.17 Belled caisson
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Skin friction in the bell and one diameter of the shaft (D) above the
bell are ignored.

The ultimate capacity of belled caissons is given by the following
equation.

Ultimate capacity of the belled caisson = Ultimate end bearing
capacity + Ultimate skin friction

Pu = Qu + Su
Q, = 9-c-Bottom cross-sectional area of the bell
¢ = cohesion
Area of the bell = n x d,,?/4 (d, = bottom diameter of the bell)
Sy = o x ¢ x perimeter surface area of the shaft (ignore the bell)
Su=axcx(mxdxL)
d = diameter of the shaft
L = length of the shaft portion.
o = 0.55 for all soil conditions unless found by experiments (AASHTO)

Design Example 7.8

Find the allowable capacity of the belled caisson shown. The diameter
of the bottom of the bell is 4 m, and the height of the bell is 2m. The
diameter of the shaft is 1.8 m, and the height of the shaft is 10m.
Cohesion of the clay layer is 100 kN/m?. Adhesion factor (o) was found
to be 0.55. Ignore the skin friction in the bell and one diameter of the
shaft above the bell.

8.2m

1.8m
(Ignore the skin friction)

2m
(Ignore the skin friction)

<>
4m

Figure 7.18 Belled caisson in a clay layer
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Solution
STEP 1: Ultimate caisson capacity (Py) = Qy + Sy - W

Qu =ultimate end bearing capacity
=9 x ¢ x (area of the bottom of the bell)
=9 x 100 x (1 x 4%/4)=11,310kN (2,543 kips)

Su. = ultimate skin friction
W = Weight of the caisson

STEP 2: Find the ultimate skin friction.

Ultimate skin friction (S,)=o xc¢ x (rxd x L)
Ultimate skin friction (§,) =0.55 x 100 x (n x 1.8 x 8.2)
=2550 kKN (573 kips)

The height of the shaft is 10m, and length equal to one diameter of
the shaft above the bell is ignored. Hence, the effective length of the
shaft is 8.2 m.

STEP 3: Find the weight of the caisson.

Assume the density of concrete to be 23 kKN/m?>.

Weight of the shaft = (1 x d%/4) x 10 x 23
= (mx 1.8%/4) x 10 x 23kN = 585.3kN (131 kips)

Find the weight of the bell.

Average diameter of the bell (d;) = (1.8 + 4)/2 =2.9m

Use the average diameter of the bell (d,) to find the volume of the bell.

Volume of the bell = x d,?/4 xh

h = height of the bell.

Tx2.9%4x2=13.21m?

Weight of the bell = Volume x density of concrete = 13.21 x 23
= 303.8kN (68.3 kips)

STEP 4:

Ultimate caisson capacity(P,) =Q, + Sy — Weight of the caisson
+ Weight of soil removed

Allowable caisson capacity = 11,310/FOS + 2318/FOS - 585.3 — 303.8
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Assume a factor of safety of 2.0 for end bearing and 3.0 for skin
friction. Since the weight of the caisson is known fairly accurately, no
safety factor is needed. The weight of soil removed is ignored in this
example.

Allowable caisson capacity =11,310/2.0 + 2550/3.0 — 585.3 — 303.8
Allowable caisson capacity=5,615kN (1,262 kips)

Design Example 7.9

Find the allowable capacity of the shaft in the previous example,
assuming a bell was not constructed. Assume the skin friction is mobi-
lized in the full length of the shaft.

1.8m

(5.911)
12m (39.4f)

Figure 7.19 Caisson in a clay layer

Solution
STEP 1: Ultimate end bearing capacity (Q) = 9 x ¢ x (1 x 1.8?%/4)
Since there is no bell, the new diameter at the bottom is 1.8 m.
Ultimate end bearing capacity (Qu) = 9 x 100 x (1 x 1.8%/4)

= 2,290kN (515 kips)
STEP 2: Ultimate skin friction (S,) = axcx (m x 1.8) x 12

The new height of the shaft is 12m since a bell is not constructed.

Ultimate skin friction (S,) = 0.55 x 100 x (1 x 1.8) x 12
= 3,732KkN (839 kips)

Note: It is assumed that the skin friction of the shaft is mobilized along the full length
of the shaft for 12 m.
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STEP 3: Find the weight of the shaft.

W = Weight of the shaft=(n x d*/4) x L x Density of concrete

W = Weight of the shaft=(r x 1.8%/4) x 12 x 23=702.3 kN (158 kips)
STEP 4: Find the allowable caisson capacity.

Allowable caisson capacity =Q,/FOS +§,/FOS — Weight of caisson
+ Weight of soil removed

Assume a factor of safety of 2.0 for end bearing and 3.0 for skin
friction. Since the weight of the caisson is known fairly accurately, no
safety factor is needed.

Allowable caisson capacity =2,290/2.0 + 3,732/3.0 — 702.3 kN
=1,686.7 kKN

Note: The weight of soil removed is ignored in this example.

In the previous example, we found the allowable capacity with the
bell to be 5,615 kN, significantly higher than the straight shaft.

Design Example 7.10

Find the allowable capacity of the belled caisson shown. The diameter of
the bottom of the bell is 4 m, and the height of the bell is 2 m. The diameter
of the shaft is 1.8 m, and the height of the shaft is 11.8 m. The cohesion
of the clay layer is 100kN/m?. The adhesion factor (o) was found to
be 0.5. Ignore the skin friction in the bell and one diameter above the bell.

1.8m
(5.91t) 10m (32.08ft)
Clay
Cohesion= 100 kPa
(2.09 ksf) 1
1.8m (no skin friction)
b.9ft) L

2m (6.6 ft) (no skin friction)

4m (13.21)

Figure 7.20 Belled caisson example in clay soil
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Solution

STEP 1: Ultimate caisson capacity (P,) = Q, + Sy — Weight of caisson +
Weight of soil removed

Q. =ultimate end bearing capacity
=9 x ¢ x (area of the bottom of the bell)
=9 x 100 x (nx4%/4)=11,310kN (2,542 kips)
Su = ultimate skin friction

STEP 2: Find the ultimate skin friction.

Ultimate skin friction (§,) = o x ¢ x (mxd x L)
Ultimate skin friction (S,)= 0.5 x 100 x (x x 1.8 x 10)
= 2827KkN (636 kips)

Skin friction in 1.8 m (length equal to diameter of the shaft) is ignored.

STEP 3: Find the weight of the caisson.
Assume the density of concrete to be 23 kN/m?.

Weight of the shaft = (1 x d?/4) x 11.8 x 23
=(mx1.8%/4) x 11.8 x 23KkN
=690.6 kN (155 kips)
Find the weight of the bell.
Average diameter of the bell (d,)=(1.8+4)/2=29m (9.5 1)
Use the average diameter of the bell (d,) to find the volume of the bell.
Volume of the bell = & x dZ/4 x h
h =height of the bell.

nx29%/4x2=13.21m?
Weight of the bell = Volume x density of concrete=13.21 x 23
=303.8kN

STEP 4: Ultimate caisson capacity (Py) = Q, + Sy — Weight of caisson +
Weight of soil removed
Allowable caisson capacity =11,310/FOS + 2827 /FOS — 690.6 — 303.8

Note: The weight of soil removed ignored in this example.



Chapter 7 Design of Caissons 173

Assume a factor of safety of 2.0 for end bearing and 3.0 for skin
friction. Since the weight of the caisson is known fairly accurately, no
safety factor is needed.

Allowable caisson capacity =11,310/2.0 + 2827/3.0 — 690.6 — 303.8
Allowable caisson capacity =5,602 kN (1,259 kips)

7.8 Settlement of Caissons

Total settlement of a caisson is given by the following equation for
caissons subjected to compressive loads as shown.

Stotal =S, + Stip + Sskin

S. = settlement of the caisson due to axial deformation
Stip = settlement due to tip load
Sskin = settlement due to skin friction loading

l

P (load on top of the caisson)

Skin friction on pile acts upwards
Surrounding soil gets pushed down
due to caisson load.

S; = Skin friction T
Qtip

Figure 7.21 Development of skin friction

When a caisson is loaded, some of the load will be taken by skin
friction and the rest will be transferred to the bottom (tip) of the
caisson.

P = load applied at the top of the caisson
Quip = load transferred to the tip of the caisson
P = Qqip + S¢ (skin friction)
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Axial Deformation (S,)

Owing to the load on the caisson, the caisson material will undergo
deformation. If there is no skin friction, this deformation can be found
using Young’s elastic equation.

e=FL/AE

e = deformation;

F = force;

L = length of the caisson;
A = cross-sectional area

E = Young’s modulus

Unfortunately, this equation cannot be used when skin friction is
present. “F” (force) acting along the caisson is not a constant in the
presence of skin friction.

Deformation Due to Tip Load (Sip)

Settlement would occur due to loading at the tip of the caisson.

Deformation Due to Skin Friction (Sgin)

Skin friction on the caisson acts upward. All actions have an equal and
opposite reaction. If the skin friction is acting upward on the caisson, it
should act downward on the surrounding soil. (See Figure 7.21.) Settle-
ment would occur due to downward loading on the surrounding soil.

Methodology to Compute Axial Deformation (S,)

Methodology proposed by Kulhawy (1990) is provided here.
Axial deformation (S,) is given by

Sa= (Qtip +2/3 §) x D/(AEC)

Quip = load transferred to the tip of the caisson
S¢ = skin friction

Note that P = Qqp + Sg; P = load acting on top of the caisson
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D = depth of the caisson
A = cross-sectional area of the caisson
E. = Young’'s modulus of concrete

The following table can be used to obtain the Qy, value.

Table 7.5 Foundation stiffness factor

D/B K (foundation stiffness factor) Quip/P

D = Depth of the caisson Kts = Econcrete/Esoit

B = Diameter of the caisson

2 100 0.20
1,000 0.25
10,000 and over 0.3

5 100 0.15
1,000 0.17
10,000 and over 0.18

10 100 0.09
1,000 0.095
10,000 and over 0.1

25 100 0.03
1,000 0.04
10,000 and over 0.05

50 100 0.01
1,000 0.02
10,000 and over 0.03

Source: Fang, H., and Kulhawy, F., Foundation Engineering Handbook, 1990.

First obtain the D/B value for the caisson. (D = depth of the caisson,
B = diameter of the caisson)

Find K (foundation stiffness factor).

Kfs = Econcrete/ Esoil

Econcrete = Young’s modulus of concrete is approximately 4.8 x 10° ksf.
(23 x 10° N/m?).

This value depends on the concrete mix and curing process.

Esoil = Young’s modulus of soil

The following table provides the range of E value for various soil
types.
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Table 7.6 Young’s Modulus

Soil Type E (Young’s Modulus) Tons/ft? MN/m?
Loose sand 50-200 5-20
Medium sand 200-500 20-50
Dense sand 500-1000 50-100
Soft clay 25-150 2.5-15
Medium clay 150-500 15-50
Stiff clay 500-2000 50-200

Source: Fang, H., Kulhawy, F. Foundation Engineering Handbook, 1990

Methodology to Compute Settlement Due to Tip Load (Sqip)
Settlement due to tip load is given by
Stip = Ct X Quip/ (B X Q)

Stip = settlement due to tip load
C; = empirical parameter
Quip = load transferred to the tip of the caisson

The following table is provided to find C..

Table 7.7 Sand Consistency vs. C;

Soil Type C; (for Caissons)
Sand (loose to dense) 0.09-0.18
Clay (stiff to soft) 0.03-0.06
Silt (dense to loose) 0.09-0.12

Source: Fang, H., and Kulhawy, F., Foundation Engineering Handbook,
1990.

B = diameter of the caisson
quit = ultimate bearing capacity of the caisson
quit = 9 - ¢ for clayey soils (c = cohesion)

Methodology to Compute Settlement Due to Skin Friction (Sgin)
Settlement due to skin friction is given by

Skin = Cs X Sf/(D X qult)
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Sqin = settlement due to skin friction
Cs = empirical parameter
Cs = [0.93 + 0.16 x (D/B)*?] x C,
D = depth of the caisson; B = diameter; C; = empirical parameter
quit = ultimate bearing capacity

Design Example 7.11

Find the total (long-term and short-term) settlement of the caisson
shown. Soil is found to be medium stiff clay.

P=100tons

D=3ft ———> S

301t

O'tip T

Figure 7.22 Caisson settlement

STEP 1: Total settlement Syta1 = Sa + Stip + Sskin

S. = settlement of the caisson due to axial deformation
Siip = settlement due to tip load
Sskin = settlement due to skin friction loading

STEP 2: Compute the axial deformation (S,).
Sa=(Qup +2/3 S;) x D/(AE)

Quip = load transferred to the tip of the caisson
S¢ = skin friction
D = depth of the caisson = 30 ft
A = cross-sectional area of the caisson = 1 x 3%/4 = 7.07 ft*
Econcrete = Young’s modulus of concrete = 4.8 x 10° ksf
Esoi1 = 150 to 500 tsf for medium clay (15-50 MN/m?)
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Assume 250 tsf for Eg;;.

K¢s = Econcrete/Esoil = 4.8 x 10° ksf/250 tsf = 4.8 x 10° ksf/500
ksf =960

D/B =30/3 =10

From Table 7.5; Quip /P = 0.095 P = 100 tons (given)

Hence, Q. =100 x 0.095=9.5 tons=19 kips

S¢=P — Q4p=100—-9.5=90.5 tons =181 Kips

Sa = (Qtip + 2/3 Sf) X D/<AEC)

Sa=(19+2/3x181)x30/(7.07 x 4.8 x 10°) ft = 0.00123 ft =0.015 in.

STEP 3: Compute the settlement due to tip load (Sgp).

Settlement due to tip load is given by
Stip = Ct X Quip/(B X qy¢)

Sip = Settlement at due to tip load

C; = empirical parameter (obtained from Table 7.7)
From the table for stiff to soft clay C; = 0.03 to 0.06.
Assume C; = 0.05.

B = diameter of the caisson
quit = ultimate bearing capacity of the caisson
quit = 9 - ¢ for clayey soils (c = cohesion)
Quit = 9 x 1,000 = 9,000 psf = 9 ksf
Stip = Ct X Quip/(B X quir)
Stip = 0.05 x 19/(3 x 9) ft = 0.035 ft = 0.42 in.

Compute the Settlement due to Skin Friction (Ssin)

Settlement due to skin friction is given by

Sskin = Cs XSf/(D X qult)

Sskin = settlement due to skin friction
Cs = empirical parameter
Cs = [0.93 + 0.16 x (D/B)?] x C,
D = depth of the caisson; B = diameter; Ct = Empirical parameter
(Table 7.7)
quit = Ultimate bearing capacity
C, = [0.93 + 0.16 x (30/3)'/?] x 0.05 = 0.072
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Sskin = Cs X Sf/(D X qult)
S¢ = 181 Kkips (calculated in step 2)
Sskin = 0.072 x 181/(10 x 9) ft = 0.145ft = 1.73 in.

Summary

S, = settlement due to axial deformation = 0.015 in.
Siip = settlement due to tip load = 0.42 in.
Sskin = settlement due to skin friction loading = 1.73 in.
Total settlement (long-term and short-term) = 2.17 in. (5.5 cm)

This value is excessive, configuration of the caisson needs to be
changed, and settlement should be computed again. The largest set-
tlement occurs due to skin friction loading in surrounding soil.
Increasing the depth and reducing the diameter provides one solution
to the problem.

Reference

Fang, H., Foundation Engineering Handbook, Kulhawy, F, “Drilled shaft founda-
tions,” in Springer, 1990.



Design of Pile Groups

8.1 Introduction

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

© 0 0 ©o
© 0 0 ©o
© 0 O ©o
o 0 O ©O

Figure 8.1 Pile groups

The capacity of a pile group is obtained by using an efficiency factor.

Pile group capacity = Efficiency of the pile group x Single pile
capacity x Number of piles
If the pile group contains 16 piles and capacity of a single pile is

30 tons and the group efficiency is found to be 0.9, the group capacity
is 432 tons.
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Pile group capacity = 0.9 x 30 x 16 = 432 tons

Clearly, high pile group efficiency is desirable; the question is how
to improve the group efficiency. Pile group efficiency is dependent on
the spacing between piles. When the piles in the group are closer
together, the pile group efficiency decreases. When the piles are placed
far apart, efficiency increases, but because the size of the pile cap has to
be larger, the cost of the pile cap increases.

Soil Disturbance during Driving

What happens in a pile group? When piles are driven, the soil sur-
rounding the pile is disturbed. Disturbed soil has less strength than
undisturbed soil. Some of the piles in the group are installed in par-
tially disturbed soil causing them to have less capacity than others.
Typically, piles in the center are driven first.

Disturbed soil

Figure 8.2 Soil disturbance due to pile driving

Soil disturbance caused by one pile impacts the capacity of adjacent
piles. The group efficiency can be improved by placing the piles at a larger
spacing. In clay soils, shear strength is reduced owing to disturbance.

Soil Compaction in Sandy Soil

When driving piles in sandy soils, surrounding soil will be compacted.
Compacted soil tends to increase the skin friction of piles. Pile group
placed in sandy soils may have a larger than one group efficiency. Soil
compaction due to pile driving will be minimal in clay soils.

Pile Bending

When driving piles in a group, some piles can be bent owing to soil
movement. This effect is more pronounced in clayey soils.
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i
v

el
Figure 8.3 Pile bending

Assume that pile A is driven first and pile B is driven next. Soil
movement caused by pile B can bend pile A as shown. This in return
creates a lower group capacity.

End Bearing Piles

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

Hard stratum

Figure 8.4 End bearing piles

Piles ending in very strong bearing stratum or in rock: When piles are not
dependent on skin friction, group efficiency of 1.0 can be used.
Various guidelines for computing group capacity are given next.

AASHTO (1992) Guidelines

The American Association of State Highway and Transportation
(AASHTO) provides the following guidelines.

AASHTO considers three situations:
a. Pile group in cohesive soils (clays and clayey silts)

b. Pile group in noncohesive soils (sands and silts)

c. Pile group in strong soil overlying weaker soil
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The following tables use AASHTO guidelines for pile group effi-

ciency in cohesive soils.

Pile Group Efficiency for Clayey Soils

Pile Spacing (center to center)

Group Efficiency

3D
4D
5D
6 D or more

D = Diameter of piles

0.67
0.78
0.89
1.00

Pile Group Efficiency for Sandy Soils

Pile Spacing (center to center)

Group Efficiency

3D
4D
5D
6D
7D
8 D or more

D = Diameter of piles

0.67
0.74
0.80
0.87
0.93
1.00

Design Example: P

The pile group is constructed in clayey soils as shown in Figure 8.5.
Single-pile capacity was computed to be 30 tons, and each pile is 12 in.
in diameter. The center-to-center distance of piles is 48 in. Find the

ile Group Capacity

capacity of the pile group using the AASHTO method.

o O
o O

Figure 8.5 Pile group - plan view
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Solution
Pile group capacity = Efficiency of the pile group x Single pile
capacity x number of piles

Center-to-center distance between piles = 48 in.

Since the diameter of piles is 12 in., center to center distance is 4 D.
Efficiency of the pile group = 0.78 (AASHTO table)

Pile group capacity = 0.78 x 30 x 4 = 93.6 tons

Pile Group Capacity When Strong Soil Overlies
Weaker Soil: (AASHTO)

Usually, piles are ended in strong soils. In some cases, a weaker
soil stratum may lie underneath the strong soil strata. In such situa-
tions, settlement due to weaker soil underneath has to be computed.

Strong soil — —

Weak soil

Figure 8.6 Friction piles

Pile Spacing (Center-to-Center Distance): International
Building Code Guidelines

In no case should minimum distance be less than 24 in.

For circular piles: minimum distance (center-to-center)—twice the
average diameter of the butt.

Rectangular piles (minimum center-to-center distance)—3/4 times the
diagonal for rectangular piles.
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Tapered piles (minimum center-to-center distance)—Twice the
diameter at 1/3 of the distance of the pile measured from top
of pile.

Pile spacing=2D, or more

1/3L

D1—> —

Figure 8.7 Tapered piles

8.2 Eccentric Loading on a Pile Group

Usually, piles are arranged in a group, so that the load will be equally
distributed and no additional loads will be generated due to bending
moments.

Column — O O O O O
S ]
o O o O O

Figure 8.8 Eccentric loading on a pile group

When a pile group is subjected to an eccentric load, individual piles
have different loads. The following example shows how to calculate
the load on individual piles.

Design Example 1

A 10-ton column load is acting on point K. Find the loads on piles 1, 2, 3,
and 4.

Eccentricity (e) = 1 ft
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Y
1 n 2
O ay i O
<>
K '
----------- @b X 5 ft
<>
e=1 ft;
4 O 3 O
5ft

Figure 8.9 Eccentric loading

Solution

STEP 1: If the column load were to act on the center of gravity, all four
columns would get 2.5 tons each.

e Since the load is acting at point K, the load on piles 1 and 4 would
be larger and the load on piles 2 and 3 would be smaller.

e Assume loads on piles to be Ry, Ry, R3 and R, respectively. The area
of a pile is considered to be A.

Stress of a pileis given by Eq. (1). The first term C/(n - A) represents the
load on each pile if there is no eccentricity. The second term (C-e-aq)/I
represents the stress due to bending moment induced by eccentricity.

The stress on some piles increases due to eccentricity, while stress on
some other piles decreases. For example, stress on piles 1 and 4 would
increase due to eccentricity while stress on piles 2 and 3 would decrease.

R1 C C-e-a1

= = _— 4 1
°'TA T hnA I W)
T T
Stress on a pile if there  Additional stress
is no eccentricity due to eccentricity

61 = stress on pile 1; A = area of the pile; C = column load
n = number of piles; e = eccentricity
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a; = the distance between the center of pile 1 and the center of
gravity of the pile group, measured parallel to e (eccentricity).
(See Figure 8.9.)
I = moment of inertia of the pile group, measured from the axis
perpendicular to the eccentricity (going through the center of
gravity).

In this case the Y-axis is perpendicular to the eccentricity. Hence all
distances should be obtained from the Y-axis.

STEP 2: Compute I (moment of inertia).

Moment of inertia = A - 1* (r = distance to the pile from the axis. In this
case the axis perpendicular to the eccentricity passing through the
center of gravity should be considered.)

[=Ax252+Ax25%+A%x25%+Ax25%°=25A

(Note: The above distances to the piles are measured from the axis perpendicular to
e passing through the center of gravity. The measurement should be taken parallel to e.
In this case distance to all piles were taken from the Y-axis measured parallel to
eccentricity).

STEP 3: Compute a;.

a; = the distance between the center of pile 1 and the center of gravity
of the pile group, measured parallel to e (eccentricity).
a] = 2.5ft

STEP 4: Apply Eq. (1):
R4 C C-e-aq
AT AT I
Ri 10 10x1x2.5 3_5
A

A 4A T 25A
R; = 3.5 tons

(Note: Above the “+” sign was used since pile 1 was on the same side as the column
load. The location of the load enhances the load on pile 1. If the 10-ton column load
was applied at the center of gravity, then all four piles would be loaded equally.)

By symmetry, load on pile 4 is the same as pile 1. Hence,
R; = R4 = 3.5tons.
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STEP 5: Compute the load on pile 2.

. Rz . C 4 C-e~a2
27X ThnAT I
oy =stressinpile 2; A =areaofthepile; C=columnload
n = number of piles; e=eccentricity
a, = The distance between the center of pile 2 and the center of gravity
of the pile group, measured parallel to e (eccentricity)
I = moment of inertia of the pile group, measured around the axis
perpendicular to the eccentricity going through the center of gravity

Rz 10 10x1x25 1.5
A s T A T A
In this case (—) sign is used, since the bending moment due to
eccentricity tends to reduce the load on pile 2. R, =1.5 tons.
By symmetry, the load on pile 3 is also 1.5 tons.
Hence, Ry = 3.5 tons, R, = 1.5 tons, R3 = 1.5 tons, and R4 = 3.5 tons.
(Total equals to 10 tons.)

8.3 Double Eccentricity

Design Example 2

It is possible to have a column load eccentric to both the X- and Y-axis
as shown in Figure 8.10. The column load is given as 20 tons. Find the
load on each pile.

Y
'O " ok R
------------------ bomommmommemee> X 6t
ey=1.5ft$ ;
OH:
e, =11t

71t

Figure 8.10 Eccentric load location and pile group dimensions
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Solution

STEP 1: If the column load is to act on the center of gravity of piles, all
four columns will get 5 tons each.

e Assume loads on piles to be R1, R2, R3, and R4, respectively. The
area of pile is considered to be A.
Ry €  Coexrax  C-ey-ay

S Y. +
TTATIAT T, I 2)

T T

Additional stress on pile 1, Additional stress on pile 1,
due to eccentricity along the due to eccentricity along the
X-axis Y-axis

I, =>In the second term, I is used instead of 1. The moment of inertia
should be considered along the axis perpendicular to the eccen-
tricity. If eccentricity is along the X-axis, then the moment of
inertia should be considered along the Y-axis.

o= stress in pile 1; A = area of the pile; C = column load

n = number of piles; e; = eccentricity parallel to X-axis (ex = 1ft)

e, = eccentricity parallel to Y-axis (e, = 1.5 ft)

ay = the distance between the center of pile 1 and the center of gravity
of the pile group, measured parallel to ey (ax = 3.5ft)

ay = the distance between the center of pile 1 and the center of gravity
of the pile group, measured parallel to e, (a, = 3 ft)

STEP 2: Compute I, and I.

[y=A-35"+A-35"+A-35 +A-35=49A
(Distances are measured from the Y-axis.)

I,=A-30°+A-3.0°+A-3.0° + A-3.0° = 36A
(Distances are measured from the X-axis.)

ay =3.5ft and ay=3.0ft forpile1.
(ax is measured parallel to the X-axis, and ay is
measured parallel to the Y-axis.)

ex=1ft and ey =1.5ft
(These two values are given.)
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STEP 3: Apply Eq. 2 to pile 1.

61:& C jEC~ex~axj:C~ey-ay

A nA I Ix
o _Ri_ 20 20-(1fY)-(35ft) 20 (1ft) (3.0ft)
V7A 7 4A 49 A 36 A

61 = 3.93/A tons/sq ft; R; =3.93 tons

Eccentricity ey increases the load on pile 1, while eccentricity e,
decreases the load on pile 1.

STEP 4: Apply the above equation to pile 2.

02:& C C-ex-axiceyoay

A nA Iy Ik
o _ R 20 20-(1fH)(3.5ft) 20 (15ft) (3.0ft)
27 A T 4A 49A 36A

Note: Both signs are (—) since both eccentricities are moving away from pile 2.
(See Figure 8.10.)

o, =1.07/Atons/sqft; R, =1.07tons

STEP 5: Apply the above equation to pile 3.

63:&: C jEC~ex~aX iC~ey-ay

A nA Iy I
o _Rs 20 20 (1) (35f) 20- (1.5f)-(3.0f)
ST A T 4A 49A 36A

o3 = 6.07/A tons/sq ft; Rz = 6.07 tons

For pile 3, eccentricity e, reduces the load on pile 3, while eccen-
tricity e, increaes the load on pile 3.

STEP 6: Apply the above equation to pile 4.
& C jEC~ex~axiC-ey~ay

4= A T nA Iy Iy
o R _ 20 20 (1ft)-(35ft) 20-(1.5f) (3.0ft)
YTA T 4A 49A 36A

o4 = 8.93/A tons/sqft; Ry =8.93tons
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Both eccentricities increase the load on pile 4.

Check whether the sum of four piles adds to 20 tons.
R;=3.93; R,=1.07; R3=6.07; R,=8.93

8.4 Pile Groups in Clay Soils

Piles in a group can fail as a group; this type of failure is known as
group failure.

D
L Subsidence
o o o
w
o o o

Figure 8.11 Subsidence of a pile group

Group failure as shown above does not occur in sandy soils and is
not a design consideration.
Design Methodology for Pile Group Failure
Assume a pile group with dimensions of L x W x D as shown above.
Skin friction of thegroup=2-(L+ W) xD x a-Cy

o = skin friction coefficient; C, = cohesion of the clay soil
End bearing of the group = N.- C, x (L x W)

Pile group capacity =2 - (L+W) xD x o C,+ N¢- Cy x (L x W)
N. = bearing capacity factor = usually taken as 9

Pile Group Capacity Based on Individual Pile Capacity
Pile group capacity based on capacity of individual piles

= Efficiency x N x single pile capacity
N = number of piles in the group
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Design Example

Find the allowable pile capacity of the pile group shown. Individual
piles are of 1-ft diameter. Pile spacing = 4 ft.

16t
O O O @)
Q, =600 psf
=1 10ft o) o) 11 ft
Q,=1,800 psf 8ft 9 o o °
a=0.7 L L L] L]
S S=41t

Figure 8.12 Pile group and soil profile

Note: (1) Pile spacing (S) is normally in the range of 3d to 5d. (d = pile diameter)

STEP 1: Find the ultimate pile capacity of an individual pile.
Top layer — Q, = 600 pst; Q,/2=Sy=C =300 psf = 0.15 tsf;

o = 1.0 (oo value can be obtained from the Kolk and Van der Valde table.)
Skin friction due to top layer = o - C x perimeter = 1.0 x 0.15 x &t x
1 x 10 = 4.7 tons

Bottom layer — Q, = 1800 psf; Q,/2=Sy= C =900 psf;
C=045tsta=0.7

Skin friction due to bottom layer = o - C x perimeter = 0.7 x 0.45 x &t x
1x8 =7.9 tons

Total skin friction (for an individual pile) = 7.9 +4.7 = 12.6 tons

Tip bearing resistance = 9-C. area of the pile at the tip = 9 x 0.45 x
(n x 1%)/4 = 3.2 tons

Tip bearing resistance = 3.2 tons

Ultimate pile capacity of an individual pile = 3.2 + 12.6 = 15.8 tons

Assume an efficiency factor of 0.8. (the efficiency factor is used
because the piles in the group are closely spaced. Hence, piles could
stress the soil more than individual piles located far apart.)

Ultimate capacity of the group = 0.8 x 12 x 15.8 tons = 151.7 tons

Note: AASHTO (4.5.6.4) recommends an efficiency factor of 0.7 for pile groups in clay
soils with a center-to-center spacing of 3D or more.
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STEP 2: Find the ultimate pile capacity of the group as a whole.

e The pile group can fail as a group. This type of failure is known as
group failure.
The ultimate capacity of the group = Group skin friction

+ Group tip bearing resistance

e The pile group is considered as one big rectangular pile with
dimensions of 11ft x 16 ft.

Group skin friction = Group skin friction (top layer)
+ Group skin friction (bottom layer)

Group skin friction (top layer) = o - C - perimeter area of the group
within the top layer
=1.0x0.15x2x(16+11) x 10
= 81 tons

The perimeter area of the pile group is 2 x (16+11) x 10 (Depth
= 10 ft)

Group skin friction (bottom layer) = o.- C- perimeter area of the
group within the bottom layer
=10 x045x2x(16+11)x8
= 194 tons
For group failure, the o value is taken to be 1.0 since the failure
occurs between soil against soil. For soil/pile failure, the o coefficient
may or may not be equal to 1.0.
Group tip bearing resistance = 9-C x (area of the group)
= 9x0.45 x (16 x 11) = 713 tons
Ultimate group capacity = 81+ 194+ 713 = 988 tons
Select the lesser of 988 tons and 151.7 tons.

Hence, the ultimate capacity of the group = 151.7 tons
Allowable pile capacity of the group = 151.7/3.0 = 50.6 tons (FOS = 3.0).

Reference

American Association of State Highway and Transportation Officials (AASHTO),
Standard Specifications for Highway Bridges, 1992.



Pile Settlement

9.1 Pile Settlement Measurement

Measurement of settlement in piles is not as straightforward as one
would think. When a pile is loaded, two things happen.

1. The pile settles into the soil.

2. The pile material compresses due to the load.

Figure 9.1 Settlement of piles

In Figure 9.1, a pile is loaded with a load P and the settlement at the
top (y) is measured. Assume the compression of the pile due to the load
to be c.

Due to compression of the pile, y is not equal to s.

Settlement y=s+c  (Onlyycanbemeasured.)



196 Pile Design and Construction Rules of Thumb

Why Pile Compression Is Difficult to Compute

Unfortunately, Hook’s equation (FL/Ae)=E cannot be used to com-
pute the compression of the pile. This is due to skin friction acting on
the pile walls.

F¢ F¢
Midpoint —b Midpoint \L TS
Tt
| E—
Column Pile

Figure 9.2 Building column and a pile

1. Figures 9.1 and 9.2 show a column and a pile. At midpoint, a strain
gauge is attached to both the pile and the column. (Strain gauge
would measure the strain at the point of contact. The stress at that
point is calculated using the measured strain value.)

2. The stress at the midpoint of the column =F/A (A = cross-sectional
area)

3. The stress at the midpoint of the pile = (F-S)/A
(A = cross-sectional area, S = total skin friction above midpoint)
S = Unit skin friction (f) x Pile perimeter x Depth to the midpoint

1. The stress along a column is a constant. The stress along a pile
varies with the depth since total skin friction above a given point
depends on the depth to that point measured from the top of the
pile.

2. Due to skin friction, Hook’s equation FL/Ae=E cannot be used
directly for piles.
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Method to Compute the Settlement and Pile Compression

(a) (b) (c)

Figure 9.3 Settlement measurement. (a): A regular H-pile is shown. (b): A
pipe is welded to the H-pile. (c): A rod is inserted into the pipe. (The above
procedure can be done for steel pipe piles, concrete piles, or timber piles.)

t == "

<—— Pile

Pipe welded to the pile

CS'_\ L
<= >

(@ (b) o1 (©)

Figure 9.5 Pile settlement diagram
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STEP 1: An elevation view of an H-pile with a welded pipe is shown in
the left diagram in Figure 9.5.

STEP 2: A rod is inserted into the welded pipe.

STEP 3: The pileisloaded. When the pile is loaded, the pile and the welded
pipe compress due to the load. The rod is not loaded. The rod is freely
sitting inside the welded pipe. The length of the rod will not change.

STEP 4: y and x can be measured; ¢ and s need to be computed.

STEP 5: y=s The rod is not compressed. Hence, if the rod goes down by
s, at the bottom, that same amount will go down at the top of the rod.

STEP 6: Total settlement of the pile at the top (x) =settlement of the
pile into the soil (s) + elastic compression of the pile (c)

X =s+c (from the above relationship)

y=s (from step 5)

Hence,x =y +c¢

x and y can be measured. Hence, ¢ can be computed.

9.2 Stiffness of Single Piles

Stiffness of a Spring

Stiffness =Load/Settlement=P/e

Figure 9.6 Springs

Stiffness of Soil—Pile System

Stiffness of soil—pile system=P/s

Figure 9.7 Stiffness of Soil — Pile System =P/s
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Soil settles by a distance of s. This settlement occurs for two reasons.

1. Shortening of the pile due to the load

2. Settlement of surrounding soil

In this analysis, settlement due to 1 is ignored. Settlement of the pile
due to settlement of soil would be analyzed.

Figure 9.8 Settlement of single pile

Two hypothetical soil layers are selected. When the pile is loaded, the
pile stresses the soil immediately next to the pile wall. Hence, the soil
immediately next to the wall settles. Soil particles further away from the
pile feel less stress; hence, these soil particles settle less. Experiments
have shown, that in most cases, soil particles lying at a distance that
equals to the length of the pile can be considered to be unstressed.

Assume the shear stress between soil particles and pile wall to be f.
(f is the skin friction of the pile.) Skin friction is dependent on the
depth in sandy soils.

Shear force acting on a unit length of the pile =f x pile perimeter =
f x 2 x 19 (19 = radius of the pile)

ro (pile radius)

) Consider a pile of radius r.
Pile Consider a soil layer at a radius of r.
Soil layer %

. Shear force on the pile wall should be
at distance r

transferred to the soil layer located at a
distance of radius r.

Figure 9.9 Shear zone around the pile
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t =shear stress at the pile wall; fs = shear stress of soil at a distance r
fx2nxrg=fsx2nxr fs=(f x ro)/r
Shear modulus (G) is defined as — G =shear stress/shear strain

(Note: Shear modulus (G)=E/2 (1 + v) (E= Young’s modulus; v= Poisson’s ratio)

Assume the shear strain at r=v.
Hence,

Shear stress  f;  fx1o

~ Shear strain vy Iy

B fl'()

- G-r
Assume the settlement at a distance r to be s.
Hence, shear strain =y =ds/dr

ds = YdI‘
rl(f )
—_ ﬂ
S—/ Gr dr

To

r; = influence zone (r; varies with the type of soil and pile diameter.
Usually, r; is taken to be the length of the pile. Shear stress beyond that
distance is negligible in most cases)

C FExr)dr  (Fx1o)In(Ti)
S_/ Gr G :

Iy

9.3 Settlement of Single Piles (Semi-empirical Approach)

The following semi-empirical procedure can be used to compute the
settlement of single piles.

The settlement of single piles can be broken down into three dis-
tinct parts.
* Settlement due to axial deformation
* Settlement at pile point

e Settlement due to skin friction

Let’s look at each component.
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9.3.1 Settlement Due to Axial Deformation

As described in this chapter under “Load Distribution of Piles,” it is not
easy to accurately compute the load distribution along the length of
the pile. Skin friction acting on the sidewalls of the pile absorbs a
certain percentage of the load. In some cases, skin friction is so para-
mount that very little load develops at the tip of the pile. Axial com-
pression of the pile is directly linked to the load distribution of the
pile.

The following semi-empirical equation is provided to compute the
axial compression of piles

Sa=(Qp+a-Q,)L/AE, (Vesic,1977)

Sa=settlement due to axial compression of the pile
Qp =load transferred to the soil at tip level
a=0.5 for clay soils
a=0.67 for sandy soils
Q, =total skin friction load
L=Ilength of the pile
A = cross-sectional area of the pile
E, = Young’s modulus of pile
Compare the above equation with axial compression in a free-standing
column.
Axial compression of a column (s) = FL/AE (elasticity equation)

l

Column Pile
Axial compression = FL/AE Axial compression=(Q, +a-Qs) L/AE,

Figure 9.10 Loading on a building column and a pile

Skin friction acting along pile walls is the main difference between
piles and columns.
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9.3.2 Settlement at Pile Point

Because of the load transmitted at the pile tip, soil just under the pile
tip could settle.

Tt
ot
ot
Tip settlement
T

Figure 9.11 Tip settlement

Settlement at pile tip (S;) =(Cp - Qp)/(B-qo) (Vesic,1977)

Cp = empirical coefficient; B = pile diameter;
qo = ultimate end bearing capacity
Qp = point load transmitted to the soil at pile tip

Table 9.1 Typical values of C,

Soil Type Driven Piles Bored Piles
Dense sand 0.02 0.09
Loose sand 0.04 0.18
Stiff clay 0.02 0.03
Soft clay 0.03 0.06
Dense silt 0.03 0.09
Loose silt 0.05 0.12

Note: Bored piles have higher C,, values compared to driven piles. Higher C,, values would
result in higher settlement at the pile point.

9.3.3 Settlement Due to Skin Friction

Skin friction acting along the shaft may stress the surrounding soil.
Skin friction acts in an upward direction along the pile. Equal and
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opposite force acts on the surrounding soil. The force due to pile on
surrounding soil would be in a downward direction.

|

/ Mo \/ Stress on soil is in downward direction due to pile

/r skin friction.
Ly

Figure 9.12 Skin friction development in a pile

When the pile is loaded, the pile moves down slightly. The pile
drags the surrounding soil with it. Hence, pile settlement occurs due
to skin friction.

Settlement due to skin friction (S¢) = (Cs - Qs)/(D - qo)

C, = empirical coefficient = (0.93 +0.16 x D/B) C,
Cp values are obtained from the Table 9.1.

Q, = total skin friction load

D = length of the pile; B=diameter of the pile

References

NAVFAC DM-7, Foundations and Earth Structures, U.S. Department of the
Navy, 1982.

Vesic, A.S., Design of Pile Foundations, National Cooperative Highway Research
Program 42, Transportation Research Board, 1977.

9.4 Pile Settlement Comparison (End Bearing vs.
Floating)

e Most engineers are reluctant to recommend floating piles due to
high settlement compared to end bearing piles.

e This chapter compares floating piles and end bearing piles.
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Factors that Affect Settlement
The following parameters affect the settlement of piles:

L/D ratio (L =1ength of the pile and D = diameter of the pile)
Ep/Es ratio (Ep and Es = Young’s modulus of pile and soil, respectively)

SWAH
A
1.0
A0
0.8 | < e
AP
0.6 —| 6&65
0.4 —
E./E.=1,000
0.2 —| oEs
| | | | >
0 20 40 60 80 100 L/d

Figure 9.13 Pile settlement graph. (Source: Poulos, H.G, 1989)

Se = Settlementofanendbearingpile; S¢= Settlementofafloatingpile

|

End bearing pile (settlement=S,) Floating pile (settlement=S;)

Figure 9.14 End bearing and floating piles

Figure 9.14 shows the relationship between the S./S¢ ratio and L/d ratio
for a given load.

Design Example

A 30-ft-long pile with a diameter of 1 ft is placed on bedrock. The E,/E
ratio was computed to be 100. If the pile is designed as a floating pile,
find the increase of settlement.
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Solution

L/d=30; Ep/Es =100
From the graph; S./S¢=0.62; Sf = S./0.62=1.61 S,
A floating pile would have a 60% higher settlement than the end

bearing pile.
The following observations could be made from the graph in Figure 9.14.

e When the L/d ratio increases, the settlement difference between two
pile types becomes negligible. For an instance, when L/d is 100, S¢/S¢ ratio
reaches 1. This means that it is not profitable to extend long piles all the
way to the bedrock.

e When the Ep/Es ratio increases, the Se/Sf ratio decreases.

Assume a pile with an L/d ratio of 20 and an % ratio of 100. This
pile would have a g—i ratio of 0.5. Assume that the pile material is

changed and the new % ratio is 1,000. Then the 2—; ratio would change

to 0.2. This means that it is not very profitable to extend a pile with a
low Ep/Es ratio to bedrock.

L/d=20 and E,/Es=100; then S./S¢=0.5 or §;=2 x S,
L/d =20 and E,/Es=1000; then S¢/S;=0.2 or §;=35 x S

9.5 Critical Depth for Settlement

e Pile settlement can be reduced by increasing the length of the pile. It
is been reported that increasing the length beyond the critical depth
will not cause a reduction of settlement.

Critical depth for settlement is given by the following equation:
Le/d = {(r - Ep - Ap)/(Es - d*)}*  (Hull, 1987)

L. = critical depth for settlement; E, = Young’s modulus of pile material
Es = Young’s modulus of soil; A,=area of the pile;
d = pile diameter

e Critical depth for settlement has no relationship to critical depth for
end bearing and skin friction.
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9.6 Pile Group Settlement in Sandy Soils

The following equation could be adopted to compute pile group set-
tlement in sandy soils.

Sg = S(B/D)”2  (Vesic,1977)

S¢ = settlement of the pile group

S =settlement of a single pile

B =smallest dimension of the pile group
D =diameter of a single pile

Design Example

A (3 x 3) pile group (with 1-ft-diameter piles) is loaded with 270 tons. It
is assumed that the load is uniformly distributed among all piles.
Settlement of a single pile due to a load of 30 tons is calculated to be
1in. Estimate the pile group settlement.

@ 0 O 9ft

Figure 9.15 (9 x 9) Pile group
Sg=S (B/D)”
B=9ft; D=1ft; S=1in.
Sg=1in.x (9/1)”=3in.
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When a single pile is loaded to 30 tons, the settlement was 1in.
When the same pile is loaded to 30 tons inside a group, the
settlement becomes 3in. (Total load on the group is 270 tons.
There are nine piles in the group. Hence, each pile is loaded to
30 tons.)

Larger settlement in a pile group can be attributed to the shadowing
effect.

Highly stressed regions

Figure 9.16 Stressed region in a pile group
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9.7 Long-Term Pile Group Settlement in Clay Soils

Pile groups may undergo consolidation settlement in clay soils. Con-
solidation settlement of pile groups is computed using the following
simplified assumptions.

e Assume the pile group to be a solid foundation with a depth of two-
thirds the length of piles.

e Effective stress at the midpoint of the clay layer is used to compute
settlement.
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e Consolidation equation:
Consolidation settlement (S) = C./(1 +¢,) - H-10g;, - (po'+3p)/po’

C. = compression index

eo =initial void ratio of the clay layer

H = thickness of the clay layer
po’ =initial effective stress at midpoint of the clay layer
8, = increase of effective stress due to pile load

Design Example

A pile group consists of nine piles each, with a length of 30ft and
a diameter of 1ft. The pile group is 10ft x 10ft and is loaded with
160 tons. Density of soil is 120 pcf.

The following clay parameters are given:

C.=compression index =0.30

eo = initial void ratio of the clay layer=1.10

Depth to bedrock from the bottom of the piles =20 ft
Groundwater is at a depth of 8 ft below the surface.
Find the long-term settlement due to consolidation.

8t
GW
30ft 201t
A D
151t
30ft LAV 2 Midlayer \ F
201t
151t
B C
Bedrock
Figure 9.17 Load distribution underneath a pile group
Solution

STEP 1: Simplify the pile group to a solid footing with a depth of 20 ft
(two-thirds of the length of piles).
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STEP 2: Find the effective stress at midlayer of the clay stratum. The
midlayer occurs 15 ft below the end of the assumed solid footing.

po’ = (8 x 120) 427 x(120 — 62.4) = 2,515.2 pst

(8 x 120) =effective stress component above the groundwater level
27 x (120 - 62.4) =effective stress component from the groundwater
level to the midlayer

STEP 3: Find the effective stress increase due to the pile group.

Assume a 2V to 1H stress distribution.

Pile group dimensions =10 ft x 10 ft

Length EF=10+2 x (15/2) =25 ft (see Figure 9.17)

Pile group load =160 tons

Stress at bottom of assumed solid footing =160/(10 x 10) = 1.6 tsf
Stress at midlayer 160/(25 x 25) =0.256 tst =512 pst

O, = 512 psf

STEP 4: Consolidation settlement of the pile group (S)=C. /(1+ep)-
H - 1og1o - (po’ +3p)/po’

C.=0.30

€p = 1.10

H =thickness of the compressible portion of the clay layer = 30 ft
$=0.30/(1 + 1.10)0.30-log1o- (2,515 + 512)/2,515 = 0.345ft=4.13in.

Note: The consolidation settlement can be reduced by conducting any of the following:

a) Increase the length of piles. (When the length of piles is increased, the H value in
the above equation will reduce. H is the thickness of the compressible portion of the clay
layer.)

b) Increase the length and width of the pile group. (When the length and width of
the pile group are increased, stress increment (3,) due to pile group load would
decrease.)

9.8 Long-Term Pile Group Settlement
in Clay Soils—Janbu Method

The method explained in Chapter 9.7 needs C. value and e, value.
Laboratory tests are needed to obtain these parameters. This chapter
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presents a simplified procedure to deduce long-term settlement in pile
groups. The parameters in the Janbu method are easily obtained and
compared to the compression index method described in the previous
chapter.

e The Janbu method can be used to compute the long-term elastic
settlement in both sandy soils and clayey soils.

Janbu assumed that the soil settlement is related to two nondimen-
sional parameters.

Stress exponent—j (nondimensional parameter)

Modulus number—m (nondimensional parameter)

The stress exponent (j) and modulus number (m) are unique to
individual soils.

Janbu Equation for Clay Soils

Settlement = L x 1/m In(o;’/c0’)

Since stress exponent, j =0 for pure clay soils, it does not appear in
the above equation.

The modulus number is obtained from Table 9.2. Note that j is not
equal to zero for silty clays and clayey silts. (See Table 9.2.)

L = thickness of the clay layer; In =natural log
m = the modulus number (dimensionless)
o,' = new effective stress after the pile load
oo = effective stress prior to the pile load (original effective stress)

Table 9.2 Janbu soil settlement parameters

Soil Type Modulus Number (m) Stress Exponent (j)
Till (very dense to dense) 1,000-300 1

Gravel 400-40 0.5

Sand (dense) 400-250 0.5

Sand (medium dense) 250-150 0.5

Sand (loose) 150-100 0.5

Silt (dense) 200-80 0.5

Silt (medium dense) 80-60 0.5

Silt (loose) 60-40 0.5




Chapter 9 Pile Settlement 211

Table 9.2—Cont’d

Soil Type Modulus Number (m) Stress Exponent (j)
Silty Clay (or Clayey Silt)

Stiff silty clay 60-20 0.5
Medium silty clay 20-10 0.5

Soft silty clay 10-5 0.5

Soft marine clay 20-5 0

Soft organic clay 20-5 0

Peat 5-1 0

Settlement Calculation Methodology

The pile group is represented with an equivalent footing located at the
neutral plane. The neutral plane is considered to be located at 2/3H
from the pile cap (H = pile length).

The settlement of the pile group is computed using the Janbu equation.

Design Example

Estimate the settlement of the pile group shown. (H=30ft and D =10 ft)
(Density of organic clay = 110 pcf; Column load = 100 tons;
Pile cap size = 5 ft x 5ft)

100tons 100tons
Organic clay Organic clay
oH/3 2H/3 =201t
HL L1 Vv I_\I_e_qtral plane| | | ¥
1H/3 ! |
200 R B SO 2 PlaneC __ / v |HB+D
! \ =20ft

Bedrock \

D=10ft Bedrock !

4 ! N
S S S

2V: 1H stress distribution
(a) (b)

Figure 9.18 Pile group settlement example
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STEP 1: Consider a footing located at the neutral plane.
1. The stress at the neutral plane =100/(5 x 5) tst = 4 tst

2. The thickness of the compressible clay layer =H/3 + D = (30/3 + 10)
ft = 20 ft

STEP 2: Apply the Janbu equation.
Janbu Equation — Settlement = L x 1/m In(o;’/0¢’)

L = thickness of the clay layer =20 ft

m = Table PG -1 gives arange of 20 to 5 for soft organic clay. Usem = 10.

oo = initial effective stress at midpoint of the compressible clay layer.

The midpoint of the compressible clay layer occurs at plane C, at a
depth of 30 ft below the ground surface.

6o = 30 x 110 = 330 pst

61 = 330 psf + Stress increase due to column load at the midpoint. (1)

Column load at neutral plane = 100 tons. (The width and length of
the equivalent footing at the neutral plane is S ft x S ft.)

Length at plane C = 5 ft+10/2+10/2 = 15 ft (assuming a 2 Vertical to
1 Horizontal stress distribution)

Hence, the area at plane C=15ft x 15ft=225sq ft

Stressincrease due to columnload at point C = 100/ 225 = 0.444 tsf = 889 pst

o1’ = 330 psf+ Stress increase due to column load at the midpoint.
[From above Eq. (1)]

o, = 330+889 = 1,219 pst

Janbu equation — Settlement = L x 1/m In(c;’/c0")
Settlement = 20 x 1/10 In (1219/330) = 2.61 ft

This is a very high settlement; hence, increase the area of the pile
cap or embedment depth of piles.

9.9 Pile Group Settlement in Sandy Soils
e Janbu proposed the following semi-empirical equation for sandy

soils. Sandy soils reach the maximum settlement within a short
period of time.

Settlement = L x (2/m) x [(61'/o:)"? — (60 /or)/?] tsf
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Note that the stress exponent (j) for sandy soils is 0.5 and that it is
already integrated into the above equation. The above equation is unit
sensitive. All parameters should be in tons and feet for English units or
meters and kPa for metric units.

L = thickness of the compressible sand layer

m = the modulus number (dimensionless)

61 = new effective stress after the pile load

oo = effective stress prior to the pile load (original effective stress)
o, = reference stress (100 kPa for metric units and or 1 tsf for English
units)

Janbu Procedure for Sandy Soils
¢ Assume the neutral axis to be at a depth two-thirds the length of the piles.

e The pile group is simplified to a solid footing ending at a depth of
two-thirds the length of the piles.

e Compute the original stress (stress due to overburden prior to the
construction of piles).

e Compute the stress increase due to pile group.

e Use the Janbu equation to find the settlement.

Design Example

Estimate the settlement of the pile group shown. (H=30ftand D = 10ft)
(Column load = 100 tons; Pile cap size = 5ft x 5ft, Density of
medium dense sand = 100 pcf).

]

Medium-dense sand 2H/3=201t
2H/3
H Neural plane
i[H/ 3 Plane C
___________________________________ H/3+D
=20ft
D Bedrock Bedrock
2224 S S

(@) (b)
Figure 9.19 Neutral plane concept
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STEP 1: Simplify the pile group to a solid footing ending at two-thirds
the depth of the pile group.
The stress at the neutral plane =100/(5 x 5) tst =4 tsf

1. The thickness of the compressible sand layer = H/3 + D= (30/3 + 10) ft
=20ft

STEP 2: Apply the Janbu equation.
Janbu equation — Settlement = L x (2/m) x [ (61'/6:)"*= (64 /oy) V2] tsf (1)

L =thickness of the sand layer =20 ft

m = Table 9.2 gives a range of 250 to 150 for medium-dense sand.

Use m = 200.

oo =initial effective stress at midpoint of the compressible sand layer

The midpoint of the compressible sand layer occurs at plane C, at a
depth of 30 ft below the ground surface.

6o’ =30 x 100 =300 psf =0.15 tsf. (All units should be converted to tsf.)

o1’ =0.15 tsf + Stress increase due to column load at the midpoint. (2)

Column load at neutral plane =100 tons. (the width and length of the
equivalent footing at the neutral plane is 5 ft x 5 ft.)

Length of footing at plane C=5ft+10/2+10/2=15ft

Hence, the area at plane C=15ft x 15ft=225sq ft

Stress increase due to column load at point C=100/225 =0.444 tsf

61’ =0.15 tsf + Stress increase due to column load at the midpoint.
[From Eq. (2)]

61 =0.15+0.444=0.594 tsf

When computing the stress increase due to the column load at mid-
point, stress distribution of 2V:1H is used.

Settlement =L x (2/m) x [(61'/6,)"? = (60//0:)Y/?] tsf

or =reference stress =1 tsf

Settlement = 20 x 2/200 x [(0.594)? — (0.15)"/?] tsf=0.077 ft = 0.92 in.

Reference

Winterkorn, H.F., and Fang, H.H., Foundation Engineering Handbook, Van
Nostrand Reinhold Co., New York, 1975.
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9.10 Pile Group Settlement vs. Single Pile Settlement

Researchers in the past did not see any relationship between settle-
ment of single piles and settlement of pile groups. The following
comment was made by Karl Terzaghi regarding this issue.

Both theoretical considerations and experience leave no doubt that there is
no relation whatever between the settlement of an individual pile at a given
load and that of a large group of piles having the same load per pile.

James Forrest Lecture, Karl Terzaghi (1939)

Thanks to numerous analytical methods and high-powered compu-
ters, researchers have been able to develop relationships between
single-pile settlement and pile group settlement.

Factors that Affect Pile Group Settlement

L/d ratio (L = pile length; d =pile diameter)
s/d ratio (s =spacing between piles)
Ep/E; ratio (E, = Young’s modulus of pile; Es= Young’s modulus of soil)

Interestingly, the geometry of the group does not have much of an
influence on the settlement. A (2 x 8) group and a (4 x 4) group would
act in almost the same manner.

Group Settlement Ratio (Rs)

Group Settlement Ratio (Rs) = (Settlement of Group/Settlement
of Single Pile)
R can be approximated as follows:
Ry=n%° (n =number of piles in the group)

Design Example

A single pile has a settlement of 1.5 in. when it is loaded to 100 tons. A
(4 x 4) pile group (of similar piles) was loaded to 1,600 tons. Find the
settlement of the group.

Solution

Settlement of the group = Rs x Settlement of a single pile
Rs = n®5=16"=4
Settlement of the group =4 x 1.5in. = 6in.
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The pile group settles more than a single pile when the load per pile
is the same as the single pile. This happens due to the increase of soil
stress within the group.

Consolidation Settlement

1. Settlement due to consolidation is more important for pile groups,
than for single piles. Hence, it is recommended to compute the
settlement due to consolidation as well as the elastic settlement.

References
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Poulos, H.G., “Pile Behavior, Theory and Application,” Geotechnique, 366413,
1989.

Pile Group Design (Capacity and Settlement)—Example

Design Example

Find the allowable pile capacity and the settlement of the pile group
shown. Individual piles are of 1-ft diameter. Pile group efficiency =0.75.

16 ft

aW [ — m r o} O o O
At 2 ft N e} ¢) O Of|111t
Medium sand 121t fe o o o
. 1 S

Organic clay S=4ft

151t
Silty sand

131t

L L L A

Soft clay 121t

Bedrock

Figure 9.20 Pile group design example
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The following table provides soil parameters for the soil strata in
Figure 9.20.

Medium Organic Silty Soft

Sand Clay Sand Clay
Thickness (ft) 12 10 15 25
Density (pcf) 120 115 118 110
K (Earth pressure coefficient) 1 1.2
d (Friction angle between pile 25 30

and soil)

¢ (Sail friction angle) 30 35
o 1 0.65
(C) Cohesion (psf) 500 psf 120 pst
Nc 9
M (Janbu parameter) 200 10 80 15
J (Janbu parameter) 0.5 0 0.5 0.5

STEP 1: Compute the skin friction of an individual pile:

Skin friction in sands — S (skin friction) =K x ¢ x tan &

x Perimeter of the pile
Skin friction in clays — S (skin friction) = o x ¢

x Perimeter of the pile

e Skin friction in first layer (medium sand) =K x ¢ x tand x [(m x 1) x 12]
at mid point of the pile in the given layer is used.

e =120 x 2+ (120-62.4) x 4=470.4 pst (Groundwater is at 2 ft.)

Skin friction in first layer (medium sand) =1 x 470.4 x tan 25 x [(t x 1)
x 12]=7,345 lbs

e Skin friction in second layer (organic clay) = o x C x [(m x 1) x 10] =1
x 500 x [(mr x 1) x 10] =15,708 lbs

e Skin friction in third layer (silty sand) =K x ¢ x tand x[(m x 1) x 15]
¢ at midpoint of the pile in the given layer is used

6=120x2+(120—-62.4) x 10+ (115 - 62.4) x 10+ (118 - 62.4) x 7.5
= 1,759 pst

Skin friction in third layer (silty sand) =1.2 x 1759 x tan 30 x[(w x 1)
x 15] = 350,682 Ibs
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e Skin friction in fourth layer (soft clay)=o xCx[(mx1)x13] =
0.65x120 x [(mrx 1) x 13]=3,185 lbs

Total skin friction =7345+ 15708 + 50682 + 3185 =76,920 lbs

STEP 2: Compute the ultimate end bearing capacity (acting as indivi-
dual piles).

Ultimate end bearing capacity in clay =N, x C x Pile tip area (N.=9)

Ultimate end bearing capacity in soft clay =9 x 120 x & x Diameter?/4
= 848.2 lbs/per pile

Total ultimate bearing capacity per pile =76,920 +848.2=77,768 lbs

Total ultimate bearing capacity of the group (assume a group efficiency
of 0.8) =12 x 77,768 x 0.8 =746,573 lbs = 373 tons

STEP 3: Compute the pile group capacity (failure as a group)

e Skin friction of a pile group in clay = C x Perimeter of the pile group
Since the failure is between soil and soil, o coefficient is essentially 1.

e Skin friction of a pile group in sand =K x ¢ x tan ¢ x Perimeter of the
pile group Notice in the case of a pile group that ¢ is used instead of
9, since failure is between soil and soil.

e Skin friction in first layer (medium sand) =K x o x tan ¢ x [16 +16 +
11+11] x 12

o at midpoint of the pile in the given layer is used = 120 x 2 + (120-
62.4) x 4 = 470.4 psf

e Skin friction in first layer (medium sand) =1 x 470.4 x tan 30 x 54 x
12=155,313 Ibs

e Skin friction in second layer (organic clay)=C x [16 4+ 16+ 11+ 11]
x 10=1500 x 54 x 10 =270,000 lbs

e Skin friction in third layer (silty sand)=Kx ¢ x tan ¢ x [16+ 16+ 11+
11] x 15 o at midpoint of the pile in the given layer is used.

6=120x2+(120-62.4) x 10+ (115-62.4) x 10+ (118-62.4) x 7.5=
1,759 psf

Skin friction in third layer (silty sand) =1.2 x 1759 x tan 30 x 54 x 15
= 871,160 lbs

e Skin friction in fourth layer (medium stiff clay) =C x [16 + 16 + 11 +
11] x 13 =120 x 54 x 13 =84,240 1bs
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Total skin friction = 155,313 4 270,000 4+ 871,160 + 84,240 =
1,380,713 1bs = 690 tons

¢ End bearing capacity of the pile group in clay=N. x C x Area (N.=9)
=9 x120 x (16 x 11) =190,080 Ibs =95 tons

e Total ultimate capacity = 690 + 95 =785 tons

In this case, the pile group capacity acting as a group is greater than
the collective capacity of individual piles. Hence, the lower value of
373 tons is used with a factor of safety of 2.5.

Allowable load on the pile group =150 tons

STEP 4: Settlement Computation

e The Janbu tangent modulus procedure is used to compute the pile
group settlement. Consider an equivalent shallow foundation
placed at a neutral plane (at a depth of 2H/3 from the surface).
(H=Iength of piles)

Gw [ T T T
at2ft - ffo--
121t
Medium sand N
10ft
Organic clay
151t
Silty sand Silty sand ,'I
131t
L L L LA
Medium stiff clay Mediumf'stiff clay
121t I

Bedrock

Figure 9.21 Pile group settlement example

e Compute the settlement of the 4-ft-thick silty sand layer.
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Janbu Equation for Sandy Soils
Settlements = L x 2/m[(o1)"/? — (01)"/?] tsf

L = thickness of the compressible sand layer;

m = the modulus number (dimensionless)

o1’ = new effective stress after the pile load

oo = effective stress prior to the pile load (original effective stress)

L = thickness of the sand layer = 4 ft

m = Table 9.2 gives a range of 250 to 150 for medium dense sand.
Use m = 200.

oo = initial effective stress at midpoint of the compressible sand layer.

The midpoint of the compressible sand layer occurs 2 ft below the

hypothetical footing.

6o =2x118=236 psf=0.118 tsf. (All units should be converted

to tsf.)

o1’ =0.118 tsf 4 Stress increase due to column load at the midpoint.

Column load at neutral plane =150 tons. (Width and length of
the equivalent footing at the neutral plane is 11ft x 161t.)

Length of base at midpoint of the silty sand layer=16ft+2/2 +
2/2=18ft

Width of base at midpoint of the silty sand layer=11ft+2/2+2/2=
13 ft

Hence, area at midplane of silty sand layer =18 ft x 13 ft=234sq ft

Stress increase due to column load at midpoint =150/234 = 0.64 tst

01’ =0.118 tsf + Stress increase due to column load at the midpoint.

61'=0.118+40.64=0.758 tsf

vy When computing the stress increase due to the column load at
midpoint, stress distribution of 2V:1H is used.

i — ! 1/2 ! l/
— = 1 2
Ianbu equatlon Settlement L x Z/m [(G ) (GQ ) }tSf

Settlement = 2 x 2,/200 [(0.758)1/2—(0.118)1/2} tsf = 0.011 ft = 0.92in.

e Settlement in medium-stiff clay
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Janbu Equation for Clay Soils
Settlements = Lx1/m [In (o7'/0¢’)]

L = thickness of the clay layer; In = natural log

m = the modulus number (dimensionless)

c,' = new effective stress after the pile load

oo = effective stress prior to the pile load (original effective stress)

Consider a footing located at neutral plane.

Thickness of the compressible clay layer =25 ft

m =Table 9.2 gives a range of 20 to 10 for medium silty clay. Use m = 15.

oo =initial effective stress at midpoint of the compressible clay layer.
Midpoint of the medium silty clay layer occurs at a depth of 49.5 ft
from the surface.

60 =2x120+10x (120 - 62.4) +10 x (115 - 62.4) + 15 x (118 - 62.4) +
12.5 x (110 - 62.4) =2,771 pst =1.385 tsf

0, =00 + Stress increase due to column load at the midpoint

Area at the midpoint of the medium-stiff clay layer = (16 + 16.5/

2 +16.5/2) x (11 + 16.5/2 + 16.5/2) =893.75 sq ft

01 =060 +150/893.75=1.385+0.1678 = 1.552 tsf

Settlement in medium-stiff clay=25x1/15 [In (1.552/1.385)]=
0.189 ft=2.28in.

Settlement due to both medium-stiff clay and silty sand = 2.28 +
0.92=3.21in.

This settlement is excessive. Piles need to be driven deeper, or the
number of piles needs to be increased.



Pile Design in Rock

10.1 Rock Coring and Logging

The following information has been found to be valuable for most
projects.

Rock Joints

A rock joint is basically a fracture in the rock mass. Most rocks consist

of joints. Joints can occur in the rock mass for many reasons.

e Farthquakes—Major earthquakes can shatter the bedrock and create
joints.

e Plate tectonic movements—Continents move relative to each other.
When they collide, the bedrock folds and joints are created.

e Volcanic eruptions.
¢ Generation of excessive heat in the rock.
Depending on the location of the bedrock, the number of joints in a

core run can vary. Some core runs contain few joints, whereas other
core runs may contain dozens of joints.

Joint Set

When a group of joints are parallel to each other, that group of joints is
called a joint set.



224 Pile Design and Construction Rules of Thumb

Core run with one set of joints Core run with two sets of joints

Figure 10.1 Rock cores with joints

Joint Filler Materials
Some joints are filled with matter. Typical joint filler materials are
 Sands: Sands occur in joints where there is high-energy flow (or high
velocity).
e Silts: Silts indicate that the flow is less energetic.
e Clays: Clay inside joints indicates stagnant water in joints.
Joint filler material information would be very useful in interpreting

Packer test data. It is known that filler material could clog up joints
and reduce the flow rate with time.

Rock Joint Types

Most joints can be divided into two types.

e Extensional joints (joints due to tensile failure)
e Shear joints

Slickensided (very smooth) joint surfaces indicate shearing. Smooth
planar joints also most probably could be shear joints.

Core Loss Information

Experts have stated that core loss information is more important than
the rock core information. Core loss location may not be obvious in
most cases. Coring rate, color of return water, and arrangement of core
in the box can be used to identify the location of the core loss.
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Core loss

\J1 7]

Figure 10.2 Rock core loss

Core loss occurs in weak rock or in highly weathered rock.

Fractured Zones

A fracture log can provide fractured zones. Fracture logs of each boring
can be compared to check for joints.

Drill Water Return Information

The engineer should be able to assess the quantity of returning drill
water. Drill water return can vary from 90 to 0%. This information can
be very valuable in determining weak rock strata. Typically, drill water
return is high in sound rock.

Water Color

The color of returning drill water can be used to identify the rock type.

e Rock Joint Parameters

Rock joint

Figure 10.3 Rock joint
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Joint Roughness

Joint surface can be rough or smooth. Smooth joints can be less stable
than rough joints.

Joint Alteration

Alterations to the joint, such as color and filling of materials.

Joint Filler Material

Some joints can be filled with sand, while other joints can get filled
with clay. Smooth joints filled with sand may provide additional fric-
tion. However, rough joints filled with clay may reduce the friction in
the joint.

Joint Stains

Joint stains should be noted. Stains can be due to groundwater and
various other chemicals.

e Joint Types

Extensional joints: Joints that form due to tension or pulling apart.
Shear joints: Joints that occur due to shearing.

tt 2]

v

W t

Extensional joint Shear joint (shearing along
(tensile failure) the failure plane)

/

Figure 10.4 Extensional joints and shear joints
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Dip Angle and Strike

Each set of joints would have a dip angle and a strike.

E North direction
Dip angle )

Strike direction

Dip angle Dip direction

Figure 10.5 Dip and strike

Joint Plane

EBCF is the joint plane in Figure 10.5.

Dip Angle

The dip angle is the angle between the joint plane (EBCF) and the
horizontal plane (ABCD). This angle is easily measured in the field.

Strike

The strike line is the horizontal line BC as shown in the figure.

Strike Direction

The right-hand rule is used to obtain the strike direction.

e Open your right hand and face the palm down. Mentally lay the
palm on the joint plane.

¢ Point four fingers (except the thumb) along the downward direction
of the slope.

e The direction of the thumb indicates the strike direction.

* The clockwise angle between the strike direction and the North direc-
tion is called the strike angle. The ABCD plane and North direction
are in the same horizontal plane.
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Dip Direction

The dip direction is the direction of the downward slope and is differ-
ent from the dip angle. Strike and dip directions are perpendicular to
each other.

Notation: Dip angle and strike angle are written as shown below.

35/100

The above first value indicates the dip angle (not the dip direction).
The second value indicates the strike direction measured clockwise
from the North. Dip angle is always written with two digits, while
strike direction is always written with three digits. A joint plane with
a dip angle of 40° and a 70° strike angle is written as 40°/070°.

10.2 Oriented Rock Coring

Oriented Coring Procedure

STEP 1: A knife is installed in the core barrel to create a mark in the
rock core. This mark is known as the scribe mark.

STEP 2: The knife is installed in such a manner that a line drawn
through the scribe mark and the center of the core would point toward
the North direction (line AB). The driller would use a magnetic com-
pass, prior to coring and locate the North direction. Then he would be
able to locate the knife.

Strike line

o=Dip angle

Scribe mark

A

Figure 10.6 Oriented coring
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STEP 3: Draw a horizontal line going through point C, at the joint (line
CD). Both lines (line AN and line CD) are in horizontal planes.

STEP 4: Measure the clockwise angle between line AN (which is the
North direction) and line CD. This angle is the strike angle of the joint.

Oriented Coring Procedure (Summary)

e The driller finds the North direction using a compass. Then the
driller places the knife along the North direction. The line connect-
ing the knife point (point A) and the center of the core will be the
North-South line (line AN).

e Rock coring is conducted. A scribe mark will be created along the
rock core. (The rock core does not rotate during coring.)

e After the rock core is removed from the hole, a horizontal line is
drawn along the plane of the joint (line CD). The clockwise angle
between line AN and line CD is the strike angle.

10.3 Oriented Core Data

Sphere A ——»

Line B

Joint plane

Pole

Pole point ——> ¢

Figure 10.7 Oriented coring geometry

e Oriented coring would produce a dip angle and a strike angle for each
joint.

e A “joint” can be represented by one point known as the pole.
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Concept of Pole

STEP 1: The joint plane is drawn across the sphere A.

STEP 2: A perpendicular line is drawn (line B) to the joint plane.

STEP 3: The point where line B intersects the sphere is known as the
pole.

STEP 4: A vertical line is dropped from the pole to obtain the pole
point.

Theoretically, there are two poles for any given joint (one in the
lower hemisphere and the other one in the upper hemisphere). The
pole in the lower hemisphere is always selected.

As you can see, it is not easy to obtain the pole point for a given joint.
For that purpose, one needs a sphere and has to go through lot of
trouble. Charts are available to obtain the pole point for any given joint.

10.4 Rock Mass Classification

Who is the better athlete?

Athlete A: Long Jump: 23 ft, runs 100m in 11 sec, High jump 6.5 ft
Athlete B: Long Jump: 26 ft, runs 100 m in 13 sec, High jump 6.4 ft

Athlete A is very weak in long jump but very strong in 100 meters.
Athlete B is very good in long jump but not very good in 100 meters.
Athlete A has a slight edge in high jump.

It is not easy to determine which athlete is better. For this reason, the
Olympic committee came up with a marking system for the decathlon.
The best athlete is selected based on the marking system.

A similar situation exists in rock types. Let’s look at an example.

Example

A geotechnical engineer has the choice to construct a tunnel in either
rock type A or rock type B.

Rock Type A — Average RQD = 60%, joints are smooth, joints are
filled with clay

Rock Type B— Average RQD = 50%, joints are rough, joints are filled
with sand
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Rock type A has a higher RQD value. On the other hand, Rock type B
has rougher joints. Smooth joints in rock type A are not favorable for
geotechnical engineering work. Joints in rock type A are filled with
clay, while joints in rock type B are filled with sands. Based on the
above information, it is not easy to select a candidate, since both rock
types have good properties and bad properties. Early engineers recog-
nized the need of a classification system to determine the better rock
type. Unfortunately, more than one classification system exist. These
systems are named Rock Mass Classification Systems.

Popular Rock Mass Classification Systems are:

Terzaghi Rock Mass Classification System (rarely used)
Rock Structure Rating (RSR) method by Wickham (1972)
Rock Mass Rating system (RMR) by Bieniawski (1976)

Rock Tunneling Quality Index by Barton et al. (1972). (Better known
as the Q system)

Recently, the Q system has gained popularity over other systems.

10.5 Q System

_RQD e
Jn Ja SRF
Q = Rock Quality Index; RQD = Rock Quality Designation
Jn = joint set number; J, = joint roughness number; J, = joint
alteration number
Jw = joint water reduction factor; SRF = stress reduction factor

Q

Rock Quality Designation (RQD)

To obtain RQD, select all the rock pieces longer than 4 in. in the rock
core. Measure the total length of all the individual rock pieces greater
than 4 in. This length is given as a percentage of the total length of
the core.

Total length of the core = 60 in.
Total length of all the pieces longer than 4 in. = 20 in.
RQD = 20/60 = 0.333 = 33.3%
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RQD (0%-25%) = Very poor
RQD (25%-50%) = Poor

RQD (50%-75%) = Fair

RQD (75%-90%) = Good
RQD (90%-100%) = Excellent

Joint Set Number (J,,)

Find the number of joint sets. When a group of joints have the same
dip angle and a strike angle, that group is known as a joint set. In some
cases many joint sets exist. Assume there are eight joints in the rock
core with the following dip angles: 32, 67, 335, 65, 28, 64, 62, 30, 31. It
is clear that there are at least two joint sets. One joint set has a dip
angle approximately at 30°, while the other joint set has a dip angle of
approximately at 65°.
The Q system allocates the following numbers:

Zero Joints — J, = 1.0
One Joint Set — J, =2
Two Joint Sets — J, =4
Three Joint Sets — J, =9
Four Joint Sets — J, = 15

The higher J, number indicates a weaker rock for construction.

Joint Roughness Number (J,)

When subjected to stress, smoother joints may slip and failure can
occur before rougher joints. For this reason, joint roughness plays a
part in rock stability.

N\
! T

Smooth joint Rough joint

Figure 10.8 Smooth and rough joints
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Note: Slippage occurs along a smoother joint at a lower load (P).

L |

Rock core Rock core Rock core

Wavy (undulating) joint Stepped joint Planar joint

Figure 10.9 Rock joint types

How to Obtain the Joint Roughness Number?

STEP 1: There are three types of joint surface profiles.

e Wavy (undulating) joint surface profiles.
e Stepped joint surface profiles.

e Planar joint surface profiles.

No joint surface is either 100% planar, stepped, or wavy. Select the
type that best describes the joint surface (see Figure 10.9).

STEP 2: Feel the joint surface and categorize into one of the following
types.

e Rough—If the surface feels rough
o Smooth—If the surface feels smooth

o Slickensided—Slickensided surfaces are very smooth and slick. They
occur when there is a shear movement along the joint. In some
cases, the surface could be polished. One would notice polished
(shining) patches. These polished patches indicate shear movement
along the joint surface. The name “slickensided” was given to indi-
cate slick surfaces.
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STEP 3: Use the following table to obtain J;.

Table 10.1 Joint roughness coefficient (J,)

Joint Profile Joint Roughness J:
Stepped Rough 4
Smooth 3
Slickensided 2
Undulating Rough 3
Smooth 2
Slickensided 1.5
Planar Rough 1.5
Smooth 1.0
Slickensided 0.5

Source: Hoek, Kaiser and Bawden (1975).

e Rock joints with stepped profiles provide the best resistance against
shearing. From the above table smooth joint with a stepped profile

would be better than a rough joint with a planar profile.

Joint Alteration Number (J,)

Joints get altered with time. They get altered due to material filling
inside them. In some cases filler material could cement the joint
tightly. In other cases, filler material could introduce a slippery surface

creating a much more unstable joint surface.

Table 10.2 Joint alteration number (J,)

Description of Filler Material Ja
(A) Tightly healed with a nonsoftening impermeable filling seen in 0.75
joints (quartz or epidote)

(B) Unaltered joint walls. No filler material seen (surface stains only) 1.0
(C) Slightly altered joint walls. Nonsoftening mineral coatings are 2.0
formed; sandy particles, clay, or disintegrated rock are seen in the joint.

(D) Silty or sandy clay coatings, small fraction of clay in the joint 3.0
(E) Low friction clay in the joint (Kaolinite, talc, and chlorite are low 4.0

friction clays.)

Source: Hoek, Kaiser and Bawden (1975).
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It is easy to notice a tightly healed joint. In this case use J, = 0.75. If
the joint has not undergone any alteration other than surface stains,
use J, = 1.0. If there are sandy particles in the joint, then use J, = 2.0. If
there is clay in the joint, then use J, = 3.0. If clay in the joint can be
considered low friction, use J, = 4.0. For this purpose, clay type exist-
ing in the joint needs to be identified.

Joint Water Reduction Factor (J,,)

Jw cannot be obtained from boring data. A tunnel in the rock needs to
be constructed to obtain it. Usually data from previous tunnels con-
structed in the same formation is used to obtain J,,. Another option is
to construct a pilot tunnel ahead of the real tunnel.

Table 10.3 Joint water reduction factor (J)

Approximate Water

Description Pressure (Kg/cm?) Jw
(A) Excavation (or the tunnel) is dry. Less than 1.0 1.0
No or slight water flow into the

tunnel.

(B) Water flows into the tunnel at a -2.5 0.66

medium rate (water pressure 1.0-2.5
kgf/cm?). Joint fillings get washed out
occasionally due to water flow.

(C) Large inflow of water into the tunnel 2.5-10.0 0.5
or excavation. The rock is competent

and joints are unfilled (water pressure

1.0-2.5 kgf/cm?).

(D) Large inflow of water into the tunnel Greater than 10 0.33
or excavation. The joint filler material

gets washed away (water pressure

2.5-10 kgf/cm?).

(E) Exceptionally high inflow of Greater than 10 0.1t00.2
water into the tunnel or excavation
(water pressure > 10 kgf/cm?).

Source: Hoek, Kaiser and Bawden (1975).
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Stress Reduction Factor (SRF)

SRF cannot be obtained from boring data. A tunnel in the rock needs
to be constructed to obtain SRF as in the case of J,,. Usually, data from
previous tunnels constructed in the same formation is used to obtain
SRF. Another option is to construct a pilot tunnel ahead of the real
tunnel.

All rock formations have weak zones, that is, a region in the rock
formation which has a low RQD value. Weak zones may have weath-
ered rock or different rock type.

Table 10.4 Stress reduction factor (SRF)

More than one weak zone occur in the tunnel. In this
case use SRF = 10.0.

Single weak zone of rock with clay or chemically
disintegrated rock. (Excavation depth < 150 ft).
Use SRF = 5.0.

Single weak zone of rock with clay or chemically
disintegrated rock. (Excavation depth > 150 ft).
Use SRF = 2.5.

More than one weak zone of rock without clay or
chemically disintegrated rock. Use SRF = 7.5.

Single weak zone of rock without clay or chemically
disintegrated rock. (Excavation depth < 150 ft).
Use SRF = 5.0.

Single weak zone of rock without clay or chemically
disintegrated rock. (Excavation depth > 150 ft).
Use SRF = 2.5.

Loose open joints observed. Use SRF = 5.0.

Design Example 1

The average RQD of a rock formation was found to be 60%. Two sets
of joints have been identified. Most joint surfaces are undulated
(wavy) and rough. Most joints are filled with silts and sands. It has
been reported that medium inflow of water has occurred during the
construction of past tunnels. During earlier constructions, a single
weak zone containing clay was observed at a depth of 100 ft. Find the
Q value.
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STEP 1:
_RQD )i Jw

Jn .  SRE

Q

SRF

RQD = 60%

Since there are two sets of joints J, = 4.

J: = 3 (from Table 10.1, for undulating, rough joints).

Since most joints are filled with silts and sands, J, =2 (from Table 10.2).
Jw=0.66 (from Table 10.3).

SRF = 5 (from Table 10.4).

Hence, Q =(60/4) x (3/2) x (0.66/5) =2.97.

References

Hoek, E., Kaiser, P.K., and Bawden, W.F., “Support of Underground Excava-
tions in Hard Rock,” A.A Balkeema Publishers, 1995.

10.6 Caisson Design in Rock

Caissons under Compression

Concrete
caisson

o
F = Skin friction B = End bearing P = Applied load

Figure 10.10 Loading on a caisson

Note: Most of the load is taken by skin friction in rock. In most cases, end bearing is less
than 5% of the total load. In other words, 95% or more load will be carried by skin
friction.
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Design Example 2

Design a concrete caisson with a W—section (steel) at the core to carry a
load of 1,000 tons. Assume the skin friction to be 150 psi and end
bearing to be 200 psi.

P = 1,000 tons

F1 Bedrock
Concrete L

0

Q(allowable)

Figure 10.11 Concrete caisson with an I section

The following parameters are given:

Ultimate Steel Compressive Strength = 36,000 psi
Ultimate Concrete Compressive Strength = 3,000 psi

Simplified Design Procedure

A Simplified design procedure is explained first. In this procedure, the
composite nature of the section is ignored.

STEP 1: Structural Design of the Caisson

Assume a diameter of 30 in. for the concrete caisson. Since the E
(elastic modulus) of steel is much higher than concrete, a major
portion of the load is taken by steel. Assume 90% of the load is carried
by steel.

Load carried by steel = 0.9 x 1,000 tons = 900 tons
Allowable Steel Compressive Strength = 0.5 x 36,000 = 18,000 psi
Factor of safety of 0.5 is used.

900 x 2000

Steel area required = — 8,000

=100sqin
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Check the manual of steel construction for an appropriate W section.
Use W14 x 342. This section has an area of 101 sq in. The dimensions
of this section are given in Figure 10.12.

17.54 in.

<>
16.36 in.

Figure 10.12 I-section

STEP 2: Check whether this section fits inside a 30-in. hole.

Distance along a diagonal (Pythagoras theorem) = (16.36% + 17.54%)"/% =
23.98in.

This value is smaller than 30 in. Hence, the section can easily fit inside
a 30-in. hole.

STEP 3: Compute the load carried by concrete.

e Concrete area
= Area of the hole — Area of steel
= 706.8 - 101 = 605.8

e Allowable concrete compressive strength
= 0.25 x Ultimate compressive strength
= 0.25 x 3000 = 750 psi
Factor of safety of 0.25 is used. Engineers should refer to local
Building Codes for the relevant factor of safety values.

e Load carried by concrete
= Concrete Area x 750 psi

= 605.8 x 7501bs = 227.6 tons

e Load carried by steel
= 900 tons (computed earlier)

e Total capacity of the caisson
=900 + 227.6 = 1127.6 tons > 1,000 tons

(Note: The designer can start with a smaller steel section to optimize the above value.)
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STEP 4: Compute the required length (L) of the caisson.

The skin friction is developed along the perimeter of the caisson.

Total perimeter of the caisson
=1 x (Diameter) x (Length) =n x D x L

Total skin friction
=1 x 30 x L x Unit skin friction of rock (in this case 150 psi)

Total skin friction = x 30 x L x 1501bs (L should be in inches)

Design the caisson so that 95% of the load is carried by skin friction.
0.95 x 1,000 tons = 950 tons

Hence, the total load carried through skin friction = 950 tons

Total skin friction = © x 30 x L x 150 = 950 tons = 950 x 2,000 lbs
(L) Length of the caisson required = 134 in. = 11.1ft

Design Example 3

The following parameters are given.

l P = 600,000 Ibs

Clay Cohesion =250 psf
=1
20 ft ¢
—> <— 41t
Rock 12 ft Cohesion =24,000 psf
a=0.5

Figure 10.13 Caisson in clay and rock

Caisson diameter = 4 ft

Compressive strength of steel = 36,000 psi

E./E. = 0.5 (E, = elastic modulus of rock; E. = elastic modulus of
concrete)

Cohesion of the bedrock = 24,000 psf
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Adhesion coefficient (o) for rock = 0.5
Adhesion coefficient (o) for clay = 1.0

Solution
STEP 1: Compute the ultimate end bearing capacity:

qu = Ultimate end bearing strength of the bedrock = N. x Cohesion;
Ne=9

Hence, q, = 9 x Cohesion = 216,000 pst

Ultimate end bearing capacity (Q,) = area x qy

Qu = (n x 4%/4) x 216,000 = 1,357 tons

Allowable end bearing capacity (Qanowable) = 1,357/3 = 452 tons

STEP 2: Compute the ultimate skin friction:

Ultimate unit skin friction per unit area within the rock mass (f) = o.- C
= o.- 24,000

Adhesion coefficient (o) = 0.5

Hence, Ultimate unit skin friction (f) = 0.5 x 24,000 = 12,000 psf

Assuming a FOS of 3.0, the allowable unit skin friction per unit area
within the rock mass [fajiowable]l = 12,000/3.0 = 4,000 pst = 2 tsf.

STEP 3: Find the skin friction within the soil layer.

The skin friction generated within the soil layer can be calculated as in
a pile.

Soil skin friction (fsy;) = o - C; oo = adhesion factor

(fsoi) = 1.0 x 250 = 250 psf

Skin friction mobilized along the pile shaft within the clay layer =
(fsoi1) x Perimeter = 250 x (m x d) x 20 = 62,800 Ibs

Allowable skin friction = 62,800/3.0 = 20,9001bs = 10 tons
(A factor of safety of 3.0 is assumed.)

Load transferred to the rock (F) = (P - 20,900) Ibs = 600,000 — 20,900 =
579,1001bs

Note: It is assumed that allowable skin friction within soil is fully mobilized.

STEP 4: Load transferred to the rock

The load transferred to the rock is divided between the total skin
friction (Fsin) and the end bearing at the bottom of the caisson [Qpase]-
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(fskin) = unit skin friction mobilized within the rock mass

(Fskin) = total skin friction = £y, x perimeter area within the rock mass
(gbase) = end bearing stress mobilized at the base of the caisson
(Qbase) = Qbase X area of the caisson at the base

STEP 5: Find the end bearing (Qpase) and skin friction (Fgin) within the
rock mass

The end bearing ratio (n) is defined as the ratio between the end
bearing load of the rock mass (Qpase) and the total resistive force
mobilized (Qpase + Fskin) Within the rock mass.

End bearing ratio (n) = Qpase/[Qbase + Fskinl; N is obtained from
Table 10.5.

Quase = end bearing load generated at the base; Fg, = Total skin fric-
tion generated within the rock mass.

Table 10.5 End bearing ratio (n)

E./E. = 0.5 E./E.=1.0 E./E.= 2.0 E./E. = 4.0
L/a n L/a n L/a n L/a n
1 0.5 1 0.48 1 0.45 1 0.44
2 0.28 2 0.23 2 0.20 2 0.16
3 0.17 3 0.14 3 0.12 3 0.08
4 0.12 4 0.08 4 0.06 4 0.03

Source: Osterberg and Gill (1973).

L = length of the caisson within the rock mass
a = radius of the caisson = 2 ft

E _ Elastic modulus of rock
E. Flastic modulus of concrete

= 0.5(given)

Total load transferred to the rock mass = 579,1001bs = Qpase + Fskin
(see step 3)

Assume a length (L) of 8 ft (since a = 2 ft; L/a = 4)

From Table 10.5, for L/a of 4 and E,/E. of 0.5, end bearing ratio
(n) = 0.12

n=0.12= Qbase/(Qbase + Fskin)

0.12 = Qpase/579,100

Hence Qpase = 579,100 x 0.12 = 69,492 1bs = 35 tons
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Qallowable = 452 tons (see step 1)

Qanowable 1 greater than the end bearing load (Qpase) generated at the
base.

Fskin = load transferred to the rock — end bearing load

Fexin = 579,100 - 69,492 = 509,608 1bs = 255 tons

Fqin should be less than F.jowable-

Fallowable = fallowable X perimeter of the caisson within the rock mass

falllowable = 21tst (See Step 2)

Since a length (L) of 8 ft was assumed within the rock mass,

Fantowable = 2tsf x (m x 4) x 8 = 201 tons.

Skin friction generated = 255 tons (see above)

Fallowable 1S less than the skin friction generated. Hence, increase the
pile diameter or length of the pile.

Reference

Osterberg, J.O., and Gill, S.A., “Load Transfer Mechanism for Piers Socketed in
Hard Soils or Rock,” Proceedings of the Canadian Rock Mechanics Symposium,
235-261, Montreal, 1973.



PART 3
Design Strategies



Lateral Loading Analysis

11.1 Winkler Modulus for Piles

Springs are often used to model the soil-pile interaction. These springs
are known as Winkler springs after Winkler who was the first to use
springs to model pile behavior.

Modeling of Skin Friction Using Winkler Springs

The skin friction of a pile can be represented using a series of springs.

A\ 4

DN
PN

RIS
PN

WAV R R

Springs to model vertical forces (Skin friction) Springs to model horizontal forces

Figure 11.1 Winkler spring model
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Spring Constant (k)

e The spring constant (k) is defined as k=1f/w (f=force or pressure;
w = displacement).

Soil Spring Constant (Coefficient of Subgrade Reaction)

e Coefficient of Subgrade Reaction = Pressure/displacement; (Units —
Ibs/cu ft)

Methods to Find Coefficient of Subgrade Reaction

All techniques used to find the subgrade modulus can be divided into
three categories.

e Experimental methods

e Numerical methods

e Simple theoretical models

Vertical Spring Constant (Vertical Modulus of Subgrade Reaction—k)
k/G,=1.3 (E,/E)""* [1+7 (L/D)"*°]  (Mylonakis, 2001)
G, = soil shear modulus; E, and E = pile and soil Young’s modulus;

L = pile length
D = pile diameter

(Note: The above equation should be used only for vertical springs.)

Reference

Mylonakis, G., “Winkler Modulus for Axially Loaded Piles,” Geotechnique,
455-460, 2001.

11.2 Lateral Loading Analysis—Simple Procedure
e Lateral loads are exerted on piles due to wind, soil, and water. In

such cases, lateral pile capacity needs to be designed to accommo-
date the loading.
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Wind
e
«—— Soil
pressure
|
Transmission tower Earth retaining structure

Figure 11.2 Lateral loads
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e The deformation of piles due to lateral loading is normally limited to
the upper part of the pile. Lateral pile deflection, 8 to 10 diameters
below the ground level, is negligible in most cases.

e Piles that can carry heavy vertical loads may be very weak under

lateral loads.

11.2.1 Design Methodology of Laterally Loaded Piles

e It is assumed that the pile is being held by springs as shown in
Figure 11.3. The spring constant or the coefficient of subgrade reac-
tion varies with the depth. In most cases, the coefficient of subgrade
reaction increases with depth.

e Simplified analysis of lateral loads on piles can be conducted by
assuming the coefficient of subgrade reaction to be a constant with
depth. For most cases, the error induced by this assumption is not

significant.
M e When a pile is subjected to a horizontal load, it will try to
H ;/N deflect.
N e The surrounding soil will generate a resistance against
K N~ deflection.
T~ * The resistance provided by the soil is represented with a
‘¢; serie_s_of springs. The sprin_g constant is taken as the
coefficient of subgrade reaction (k).
RARN e In reality (k) changes with depth.
RARA * Simplified analysis is conducted assuming (k) to be a
RASE) constant.
L~ e For most cases, this assumption does not produce a

significant error.

Figure 11.3 Lateral loading model
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e The equation for lateral load analysis is as follows:
u=(2)"Y2(H/k) x (1./4)"" + (M/K)(1./4)> (Matlock and Reese, 1960)

u = lateral deflection

H = applied lateral load on the pile (normally due to wind or earth
pressure)

k = coefficient of subgrade reaction (assumed to be a constant with
depth)

M = moment induced due to lateral forces (when the lateral load is
acting at a height above the ground level, then moment
induced also should be taken into consideration).

l. = critical pile length (Below this length, the pile is acting as an
infinitely long pile.)

1. is obtained using the following equation:

le = 4 [(ED,/k]

(EI)p = Young’s modulus and moment of inertia of the pile. In the
case of wind loading, the moment of inertia should be taken against
the axis, which has the minimum moment of inertia, since wind load
could act from any direction.

In the case of soil pressure and water pressure, the direction of the
lateral load does not change. In these situations, the moment of inertia
should be taken against the axis of bending.

A similar equation is obtained for the rotational angle (6) at the top
of the pile.

0 = (H/K) x (I/4) 2 +(2)*(M/K)(1./4)

The derivation of the above equations is provided by Matlock and
Reese (1960).
Reference

Matlock, H., and Reese, L.C., “Generalized Solution for Laterally Loaded
Piles,” ASCE ]. of Soil Mechanics and Foundation Eng. 86, SM 5 (63-91), 1960.



Load Distribution Inside Piles

12.1 Introduction

e Prior to analyzing the load distribution inside a pile, it is important
to look at the load distribution inside a building column.

Distance
|P

< A

<~ B
T =) P Load

() (b)

Figure 12.1 Load distribution inside a building column

e Strain gauges can be attached to points A and B, and stress inside
the column can be deduced. Multiplication of the stress by the
cross-sectional area would provide the internal load in the column.

e Consider point A, immediately below load P. At this location, the
column will be stressed to compensate the load from above. Hence,
load inside the column will be equal to P.

e This load will be transferred all the way down to the bottom. Load at
point B will be equal to P as well. Upward reaction at the footing
level also will be equal to P.
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Load Distribution inside a Pile Prior to Loading (Sandy Soils)

First, we need to look at the load distribution inside a pile immediately
after driving the pile, prior to applying the load.

Neutral axis _\1

Downward

> > >l <« <

<>
Unit skin friction Load inside the pile

(a) (b) (©

iy

Figure 12.2 Neutral axis

e Figure 12.2a shows a pile immediately after driving, prior to applying
the load. Interestingly, there is an end bearing load (Q1) even before any
load is applied. This is due to the weight of the pile and downward skin
friction. In this example, the weight of the pile is ignored for simplicity.

Elasticity in Soil

* When a pile is driven, the soil around the pile is stressed. Because of
elastic forces, surrounding soil tries to push the pile upward.

; ~JH

---- Neutral axis \—/—
$/ Weight placed on a rubber surface

(a) (b)

Stressed
soil layers

Figure 12.3 Soil stress due to piles

e After pile driving is completed, the bottom soil layers try to push the
pile out of the ground due to elastic forces. This action of the bottom
soil layers is countered by the action of the top soil layers.
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e Think of a weight placed on a rubber mattress as shown above right
in Figure 12.3b. The rubber mattress is exerting an upward force on
the weight due to elasticity. Similarly, the bottom soil layers are
exerting an upward force on the pile.

¢ Elastic forces acting upward are resisted by the skin friction of top layers.
If elastic forces are too large to be countered by skin friction, then the
pile will pop out of the ground. This does not usually happen.

Neutral Axis

e The neutral axis is defined as the layer of soil that stays neutral or
that does not exert a force on the pile. Reversal of force direction
occurs at the neutral axis.

Residual Stresses

e Through elasticity of soil, the pile is stressed just after it has been
driven prior to loading. These stresses existing in the pile just after
driving, prior to loading, are known as residual stresses. In the past,
researchers ignored residual stresses inside piles prior to loading.
Today it is well accepted that residual stresses could be significant
in some soils.

e The difference between the upward and downward load will be
transferred to the soil below the pile in the form of end bearing
load. (In this case it is taken to be “Q1.”)

e Figure 12.2c shows the loads generated inside the pile. The internal
pile load at the very top of the pile is zero, since there is no external
load sitting on the pile.

e When one moves downward along the pile, the pile starts to get
stressed owing to downward skin frictional load. Hence, the internal
pile load increases as shown.

e The internal pile load keeps increasing until the neutral axis. At
the neutral axis, the internal pile load reaches its maximum.
Below the neutral axis, the direction of the skin friction changes.
Hence, the internal pile load starts to decrease.

e Bottom of the pile: In sandy soils there is an end bearing load at the
bottom of the pile.
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e Relationship between applied load (in this case zero) and the end
bearing load:
End bearing load = Applied load + Downward skin friction +
Weight of the pile

Q; = 0 + Downward skin friction — Upward force due to elasticity of soil

Note: The weight of the pile is ignored.

Load Distribution Inside a Pile (Small Load Applied)
(Sandy Soils)

Assume that a small load has been applied to the pile. Load distribu-
tion diagrams are as shown in Figure 12.4.

lP1 (small load)
N B R E R R
iy i
Neutral axis
b T IR
M
M
M
MO Downward | Upward
<>
TQ2 QQ
Unit skin friction Load inside the pile

(@) (b) (©
Figure 12.4 Load distribution inside a pile
e When a small load is applied to the pile, the neutral axis moves up.
This occurs since the pile has a higher tendency to move downward

due to the applied load (P;). The end bearing load (Q) will be higher
than the previous case (Qz > Q).

* End bearing load = Applied load + Downward skin friction +
Weight of the pile — Upward skin friction

Q2 = P1 + Downward skin friction — Upward forces due to elasticity

Note: The weight of the pile is ignored.
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e When a load is applied to the pile, the neutral axis moves up. Hence,
downward skin friction is reduced.

e When the applied load is increased, the neutral axis moves upward
and eventually disappears. At that point there will be no downward
skin friction. The total length of the pile will try to resist the applied
load.

Load Distribution Inside a Pile (Large Load Applied)
(Sandy Soils)

le (large load) Py
A
M
Mt
NG
G
G
G
T Q Unit skin friction ?3
Load inside the pile
(a) Distribution of skin (b) Distribution of unit (c) Distribution of load
friction in a pile skin friction inside the pile

Figure 12.5 Load distribution inside a pile (large load)

e When the applied load is increased, the neutral axis moves up. This
occurs since the pile has a higher tendency to move downward due
to the applied load (P,). End bearing load (Q3) will be higher in this
case than the previous end bearing load (Q5).

e End bearing load = Applied load + Weight of the pile — Upward
skin friction

Q3 = P, + Weight of the pile — Upward skin friction

(Note: No downward skin friction.)
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Residual Stresses in Clay Soils

Residual stress in sandy soils was discussed earlier. Elastic forces similar
to sandy soils act on a pile driven in clay soils. In addition to elastic
forces, hydrostatic forces are also a factor in clay soils. When a pile is
driven, the soil underneath the pile gets pushed down and to the side.
This soil movement can create stress in the surrounding soil (see
Figure 12.6).

! Stressed soil
zone

Figure 12.6 Stressed soil around a pile

e Pore pressure in the surrounding soil increases due to induced stress.

e In sandy soils, pore pressure dissipates within minutes, whereas in
clay soils it may take months or years.

e When pore pressure dissipates, soil tends to settle. Settling soil
around the pile creates a downward force on the pile known as the
residual compression. Elastic forces act in an upward direction on the
pile just after driving, while hydrostatic forces act downward.

12.2 Computation of the Loading Inside a Pile

e Unit skin friction is proportional to the effective stress.

e Hence, unit skin friction at a depth of Z can be represented by kZ.
(k is a constant.)

e Total skin friction load at depth Z would be kZ%/2.
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Q ¢ A A Y

Z]: Kz2/2_ [O - KZZ/2]_
........... b -\ KZ I S

P—T_ P

(a) Unit skin friction (b) Total skin friction (c) Load inside the pile

Figure 12.7 Skin friction and load distribution

e Figure 12.7a shows the unit skin friction at depth Z (or the skin
friction per sq ft at depth Z). The second figure shows the total skin
friction load at depth Z. Total skin friction load is equal to the area
inside the triangle.

e Total skin friction at depth Z = KZ?/2

e Figure 12.7c shows the loading generated inside the pile. Q is the
total load applied from the top. At depth Z, soil skin friction has
absorbed a load of kZ?/2. Hence, only a load of [Q — kZ?/2] would be
transferred below depth Z.

e Loading inside the pile at depth Z = Q — kZ?/2

e The bottom of the pile shows an end bearing of P transferred to the
soil underneath, from the pile.

e The NYC Building Code recommends that 75% of the load be
taken by end bearing when the pile tip is located in any type of
rock (including soft rock).



Neutral Plane Concept

13.1 Introduction

e During the pile-driving process, the soil around the pile is stressed.

Water moves out ]
Clay Layer Water starts to move in
Stressed soil
— zone —
Water moves out during pile
driving
(a) During pile driving (b) After driving is completed

Figure 13.1 Water movement around piles

e Due to the high stress generated in surrounding soil during pile
driving, water is dissipated from the soil as shown in Figure 13.1a.

e After pile driving is completed, water starts to come back to the
previously stressed soil region around the pile (Figure 13.1b).

e Due to migration of water, soil around the pile consolidates and
settles.

e Settlement of soil surrounding the pile is very small, yet large
enough to exert a downward force on the pile. This downward
force is known as residual compression.
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e Due to the downward force exerted on the pile, the pile starts to
move downward.

e Eventually the pile comes to an equilibrium and stop.

e At equilibrium, upper layers of soil exert a downward force on
the pile, while lower layers of soil exert an upward force on the
pile.

VIV Downward force is exerted on the pile
JE above the neutral plane.

Vi

Vel /— Neutral plane

M Upward force is exerted on the pile
N below the neutral plane.

Figure 13.2 Negative skin friction and neutral axis

e The direction of the force reverses at neutral plane.

Soil and Pile Movement (above the neutral plane)

e Both soil and the pile move downward above the neutral plane. But
the soil moves slightly more in downward direction than the pile.
Hence, relative to the pile, soil moves downward.

e This downward movement of soil relative to the pile can exert a
downward drag on the pile.

Soil and Pile Movement (below the neutral plane)

* Both soil and the pile move downward below the neutral plane as in
the previous case.

* But this time, the pile moves slightly more in a downward direction
relative to the soil. Hence, relative to the pile, soil moves upward.

e This upward movement of soil relative to the pile exerts an upward
force on the pile.
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Soil and Pile Movement (at the neutral plane)

¢ Both soil and the pile move downward at the neutral plane as in
previous cases.

e But at the neutral plane both soil and pile move downward by the
same margin.

e Hence, relative movement between soil and pile is zero.

e At the neutral plane, no force is exerted on the pile.

Location of the Neutral Plane

e The exact location of the neutral plane cannot be estimated without
elaborate techniques involving complicated mathematics.

e For floating piles, the neutral plane is taken at two-thirds of the pile
length.

VTV A VI

s VY i Vv
VEV ViV
eV /— Neutral plane Vi

173L T VRV Neutral

Yo /I\ i 0 \I/ VN plane
Qp=0 _T_ (Toe resistance is zero.) Solid bedrock
Floating pile (zero end bearing) Full end bearing pile

Figure 13.3 Floating piles and end bearing piles

¢ In the case of full end bearing piles (piles located on solid bedrock),
the neutral plane lies at the bedrock surface. For an upward force to
be generated on the pile, the pile has to move downward relative to
the surrounding soil.

¢ Due to the solid bedrock, the pile is incapable of moving downward.
Hence, the neutral plane would lie at the bedrock surface.



Negative Skin Friction

and Bitumen-Coated Pile Design

14.1 Introduction

Negative skin friction is the process through which skin friction due to
soil acts downward. When skin friction is acting downward, pile capa-

city decreases.

Negative skin friction (also known as down drag) can be a major

problem in some sites.

The causes of negative skin friction are as follows.

e Placement of fill—Fill needs to be placed to gain required elevation
for the floor slab. Additional fill would consolidate clay soils under-

neath. Settling clays would drag the pile down.

e Change in groundwater level—When groundwater level in a site
goes down, buoyancy force diminishes. Hence, the effective stress
in clay will increase, causing the clay layer to settle. Settling clay

layer would generate a negative skin friction on the pile.

Fill (Fill layer is placed before l
the pile is driven.)

Clay layer - ____ l_ L

Neutral plane J T

—
—

Figure 14.1

— l—— —

Fill layer is placed on top of the
clay layer to achieve necessary
elevations.

A pile is driven into the clay layer.

Due to weight of the fill, the clay layer
will start to consolidate and settle.
Settlement of the clay layer will
produce a down drag on the pile.
Effective pile capacity could be
significantly reduced due to down
drag.

Negative skin friction due to fill layer
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e In most situations, fill has to be placed to achieve necessary eleva-

tions. The weight of the fill would consolidate the clay layer.

* Generally, the piles are driven after placing the fill layer.

e Settlement of the clay layer (due to the weight of the fill) induces a

down drag force on the pile.

e If the piles are driven after full consolidation of the clay layer has

occurred, no down drag will occur.

e Unfortunately, full consolidation may not be completed for years,

and many developers may not wait that long to drive piles.

14.2 Bitumen-Coated Pile Installation

* Negative skin friction can be effectively reduced by providing a

bitumen coat around the pile.

Fill
Sand
Clay
2
Bedrock 300X
Step 1 Step 2

A hole is bored.  The bitumen-coated
pipe pile is placed.

<z Z
Step 2 Step 4
The pipe pile is The annular space
concreted. is grouted.

Figure 14.2 Bitumen coated pile installation

How Bitumen Coating Would Work Against Down Drag

&

<- Downdrag due to the consolidation of the clay layer.

e The consolidating clay layer would pull the outer grout layer down.

e The grout layer would pull down the bitumen-coated pile with it.

e The bitumen coating would be pulled down, but the down drag force on the
pile is reduced due to the extension of the bitumen coating.

Figure 14.3 Bitumen coating and the down drag



Chapter 14 Negative Skin Friction and Bitumen-Coated Pile Design 265

Typical Situation

Soft soil

Hard soil

Original Site Soil Profile

O O
Cracks
O O
$
[\ I
Fill —
_—/_

Pile A Pile B Hard soil

New Building Construction

Figure 14.4 New building configuration

Note: Due to larger fill load acting on the left half of the building, negative skin
friction acting on pile A will be greater than pile B. Hence, pile A would undergo larger
settlement than pile B. Tension cracks could form as shown due to differential
settlement.

14.3 Bitumen-Coated Pile Design
Bitumen-coated piles are used to reduce negative skin friction.
Causes of Negative Skin Friction

e Embankment loads

e Groundwater drawdown
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Embankment Loads

Embankment
v
~—— Neutral plane
Clay Clay 1771 *
T

Figure 14.5 Embankment loads

» Negative skin friction occurs above the neutral plane. (See the pre-
vious section under “Negative Skin Friction”).

e Negative skin friction occurs due to consolidation of the clay layer.
When the clay layer settles, it drags the pile down.

Negative Skin Friction Due to Groundwater Drawdown

GW X1

X2

T

LJ LJ A ...... ] _A
Case 1 Case 2

Y1 GW

Figure 14.6 Negative skin friction due to groundwater drawdown

Effective stress at point A (Case 1—prior to drawdown) = vy-x; + (y —
Effective stress at point A (Case 2—after drawdown) = v X, + (y —
vy = density of soil

As can be seen, effective stress at point A is larger in case 2 since Xx; is
greater than x,. Higher effective stress would cause the clay to consolidate.
Bitumen Coating

e Bitumen coating should be applied above the neutral plane. In some
cases, it may not be necessary to apply bitumen on the full length of
the pile above the neutral plane.

e Bitumen can reduce the skin friction by 50 to 90%.
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Bitumen Behavior

It is important to understand the behavior of bitumen prior to design-
ing bitumen-coated piles. Bitumen does not behave as a solid or fluid;
it has its own behavior.

Shear Strain Rate

Geotechnical engineers are very familiar with shear stress and shear
strain. On the other hand, shear strain rate is rarely encountered in
geotechnical engineering.

Consider a steel cylinder.

| b
(length reduction) e Ly er__-:

(time) t=0 t=t

Figure 14.7 Shear strain
e When a steel cylinder is subjected to a load of P, it undergoes a
length reduction of e. After a time period of t;, length reduction e
remains the same. (Creep behavior of steel is ignored.) Stress and

strain in steel do not change with time; hence, shear strain rate is
zero for solids for all practical purposes.

Bitumen Shear Strain Rate

| P

Figure 14.8 Bitumen shear strain rate

t(time) =0, t=1, £€=¢& t=t, 1=1, £=¢
T = shear stress and € = shear strain
e Assume that at time (t) = O, shear stress is t; and shear strain is ;. At

time t = t, the bitumen will deform and the area will change. Hence,
shear stress and shear strain will change.
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e At t =t, shear stress is 1, and shear strain is ¢,.

Hence, shear strain rate

(v) = (2 —&1)/t (1)

Does the Shear Strain Rate Vary with the Temperature?

e Bitumen deforms faster at high temperatures. Hence, shear strain
rate depends on the temperature.

The Shear Strain Rate Is Dependent on Shear Stress

High shear stress produces a high shear strain rate. Hence, shear strain
rate is dependent on shear stress as well.

A

Shear stress (1) (Temp) T4

Increasing temperature
(T2) (To>Ty)

Y

Y1 Y2
Shear strain rate (y)

Figure 14.9 Shear stress vs shear strain rate

e When temperature increases from T; to T,, the shear strain rate
increases for a given shear stress.

e Similarly, application of a higher shear stress will increase the shear
strain rate.

Viscosity

e Viscosity is defined as the ratio of shear stress to shear strain at a
given temperature.

e Fluids with high viscosity flow more slowly than fluids with low
viscosity. High viscous bitumen flows more slowly than water.
Bitumen has a higher viscosity than water.
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Viscosity at Temperature (T) = Shear stress/Shear Strain Rate at
Temperature (T)

I
Shear stress (1) 4 | H1

Increasing temperature
] To (To>Ty)

Y1 Yo
Shear strain rate (y)

Figure 14.10 Shear stress vs shear strain rate with viscosity
Wy = Viscosity of bitumen at temperature T; and shear strain rate vy,
Ly = Viscosity of bitumen of temperature T, and shear strain rate y,
PEN Number

The penetration or PEN number is defined as the penetration of a
standard needle into bitumen under a load of 100 g at 25 C in 5 seconds.

100-g weight After 5sec
==

A\

Figure 14.11 Bitumen penetration test

e A 100-g standard needle is placed on bitumen for 5 seconds. After
5 seconds, the penetration is measured in tenths of millimeters.

e If the penetration is 1 mm, the PEN number will be 10.

Designing Bitumen-Coated Piles for Negative Skin Friction
STEP 1: Find the mean ground temperature.

Bitumen viscosity and shear strain rate are dependent on the ground
temperature.

Mean ground temperature is approximately the same as mean air
temperature.
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Mean air temperatures (in Fahrenheit) for major U.S. cities and states
are as follows.

NYCSSF, Upstate NY 40 F, Florida 70 F, LA 60 F, Arizona 70 F, Seattle 50 F

PA 55 F, CO 50 F, U.S. states near the Canadian border 40 F,

States near the Mexican border 70 F (Visher, 1954)

STEP 2: Find the required bitumen shear stress (1).

Typically, bitumen shear stress is selected as 10% of the unit negative
skin friction. In this case, 90% reduction of the negative skin friction
occurs. If this is too costly, then bitumen shear stress could be selected
as 20% of the unit negative skin friction to reduce the negative
skin friction by only 80%. In order to obtain the required bitumen
shear stress, it is necessary to find the unit negative skin friction.
(See Chapters 4 and 5 to compute the unit negative skin friction.)

Simple Formulas to Find Unit Negative Skin Friction

For Clays: Unit negative skin friction = a- C,
C, = undrained shear strength.
For Sands: Unit negative skin friction = K- ¢,/ - tan (3)

Example

If average unit negative skin friction along the shaft is found to be 100
kN/sq m, then shear stress (1) in bitumen is selected to be 10 kN/sq m.

STEP 3: Bitumen thickness (d)

Typical bitumen thickness varies from 10 mm to 20 mm.

STEP 4: Settlement rate (SR)

Embankment
v N I pl
—— Neutral plane
Clay Clay - *
Piles driven (t=0) Embankment constructed

Figure 14.12 Settlement rate
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After the embankment is constructed, the largest settlement rate
occurs at the start. With time, the settlement rate tapers down.

Find the settlement rate using the consolidation theory during the
first month.

(1 month = 2.6 x 10°)
Settlement rate (first month) (m/s) = Settlement/(2.6 x 10° seconds)

STEP 5: Bitumen viscosity required to control the down drag.

Bitumen viscosity required for down drag (ug) is given by the following
equation:

g = (t-d)/SR (Briaud, 1997) (2)
t© = shear stress in bitumen (kN/m?),

d = thickness of the bitumen layer (m),

SR = settlement rate (m/s)

STEP 6: Find a bitumen with viscosity less than pgq.

Inquire from bitumen manufacturers for a suitable bitumen, which
would have a viscosity less than computed pq. Provide the operating
temperature (mean ground temperature) to the Bitumen manufacturer
since viscosity changes with temperature.

Why look for a bitumen that has a viscosity less than pg?

If the soil settles faster than calculated, the settlement rate increases.
Hence, the right-hand side of the above equation would decrease. For
this reason, bitumen with viscosity less than pgq should be selected.
When viscosity goes down, fluidity increases.

Design Example

A soil is computed to settle by 0.02m during the first month of load-
ing. A bitumen thickness of 15 mm was assumed. Unit negative skin
friction between soil and pile was computed to be 150 kN/sqm.
Ground temperature was found to be 50 F. Find the viscosity required
to reduce the negative skin friction by 80%.
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Solution
* Negative skin friction = 150 kN/sqm

e Bitumen shear stress (1) = 150 x 20% = 30 kN/sqm (to obtain 80%
reduction)

Settlement rate during first month = (0.02/2.6 x 10°) m/s = 7.6 x
1072 m/s

Bitumen thickness = 15mm = 0.015m

pg= (t-d)/SR (2)
Ity = (30 x 0.015)/7.6 x 10~° kPa-s = 6 x 107 kPa-s

Specification to the Bitumen Manufacturer Should Include
the Following

e Bitumen should have a viscosity less than 6 x 10” kPa-s at 50F and at
a shear stress level of 30 kN/sqm.

Bitumen Behavior during Storage

If bitumen is stored at a high temperature environment, it melts and
peels off from the pile.

Other than the temperature, another important factor is period of
storage. If bitumen is stored for a prolonged period of time, it slowly
deforms and peels off from the pile.

STEP 1: Estimate the time period piles need to be stored.

STEP 2: Estimate the mean storage temperature. If piles are to be stored
outside, mean air temperature during the storage time period should
be estimated.

STEP 3: Find the shear strain rate induced in bitumen coating due to
gravity.

Y =1/t (3)
¥ = Shear strain rate induced due to gravity (s !); t = Storage time
period (seconds)

(Briaud, 1997)
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STEP 4: Compute the viscosity (i) needed to ensure proper storage using
the following equation.

H=(p t d) (4)

p = density of bitumen measured in kN/Cu - m; d = bitumen
thickness (m); t = storage time period (in seconds)

(Briaud, 1997)

Design Example

Assume the unit weight of bitumen to be 1,100 Kg/cum, bitumen
thickness to be 0.015m, storage time to be 20 days, and storage
temperature SOF. Find the viscosity required for proper storage
purposes.

Solution

U= (ptd)

Density = 1,100 Kg/cum = 11,000 N/cum = 11 kN/cum

t =20 x 24 x 60 x 60 = 1.73 x 10° seconds; d (thickness) = 0.015 m

e=ptd=(11) x (1.73 x 10° x 0.015 =2.85 x 10°K-Pa-s

Induced shear strain rate (from Eq. 3) = 1/(1.73 x 10% = 5.7 x 107/
sec !

Specification to the Bitumen Manufacturer

Provide a bitumen with a viscosity higher than 2.85 x 10° K-Pa-sata
temperature of 50F at a shear strain rate of 5.7 x 10~7 sec™".

Note: Bitumen with a viscosity higher than the computed value should be used for storage
purposes. When the viscosity goes up, fluidity goes down. Hence, high viscous bitumen is
better during storage.

Bitumen Behavior during Driving

It is necessary to make sure that the bitumen will not be damaged
during driving. In some cases it may not be possible to save the Bitu-
men coating during driving. Predrilling a hole is a common solution to
avoid damage.



274 Pile Design and Construction Rules of Thumb

STEP 1: Find the shear strain rate during driving. Equation 3 can be
used to find the shear strain rate.

v =1/t (3)

It is found that after each blow, bitumen recovers. t is the time
period when the pile hammer is in contact with the pile during pile
driving. Usually this is a fraction of a second.

STEP 2: Find the viscosity needed to maintain bitumen integrity dur-
ing driving (Uqr)-
Low viscous bitumen is damaged when driving in a high strength
soil. (High viscous bitumens are less fluid.) For this reason, high vis-
cous bitumen should be selected when driving in a high-strength soil.

Wy = (T soil) -t  (Briaud, 1997) (5)
(t soil) = Shear strength of soil (kPa)

For clay soils

(t soil) = C, (usually taken as the undrained shear strength)

For sandy soils

(t soil) = ¢’ tan ¢’ (¢’ = effective stress, ¢’ = friction angle)

Shear strength of sand varies with depth. Hence, average value along
the shaft needs to be taken.

t = time period per one blow (seconds)

The viscosity of bitumen should be greater than the computed pg;.

Temperature

It is assumed that bitumen will be under the same temperature as
storage temperature during driving. It is assumed that there is not
enough time for the bitumen to reach the ground temperature during
driving.
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Design Example

Assume that the time period per blow is 0.015s and that the shear
strength of soil is 150 Kpa. The time period per blow is basically the
time period when pile hammer would be in contact with the pile. The
storage temperature of the pile is 50 F. Find the viscosity requirement
for pile driving.

Solution
STEP 1: Find the shear strain rate during driving.

y=1/t (3)
¥ =1/0.015 = 66.7 sec!

STEP 2: Find the viscosity needed to maintain bitumen integrity dur-
ing driving (Uqy)-

Wy = (t soil) - t
Uy, = (150) x 0.015 = 2.25KPa s
(Viscosity should be greater than 2.25Kpa-s.)

Note: When the viscosity of bitumen goes up, fluidity goes down.

Specification to the Bitumen manufacturer

Provide a bitumen with a viscosity greater than 2.25 K-Pa-s at a

temperature of 50 F and at a shear strain rate of 66.7 sec™'.

Final Bitumen Selection

Selected bitumen should comply with all the conditions (conditions
for down drag, storage, and driving).

e Bitumen viscosity requirement for negative skin friction control
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Provide a bitumen with a viscosity less than 6 x 10” kPa-s at 50 F ata
shear stress level of 30 kN/sq m.
e Bitumen viscosity requirement for storage

Provide a bitumen with a viscosity greater than 2.85 x 10°> K-Pa s at
a temperature of 50 F at a shear strain rate of 5.7 x 10~” sec™ .

e Bitumen viscosity requirement for driving

Provide a bitumen with a viscosity greater than 2.25 K-Pa-s at a

temperature of 50 F at a shear strain rate of 66.7 sec™".

This could be done by preparing a bitumen selection chart.

Driving Storage
- »> Bitumen viscosity
2.25 2.85x10° 6x107
. «—,
i Down drag

Acceptable range

Figure 14.13 Bitumen viscosity
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14.4 Case Study: Bitumen-Coated Piles

| N
FILL

SAND

12-in. Concrete piles

Sheetpiling ——>I1
! CLAY

<— 24” PIPEPILES

(coated with bitumen to reduce down
drag. [Read the text for explanation])

Figure 14.14 Bitumen coated pile case study

24" PIPE PILES: Concrete-filled pipe piles were used to support the
abutment. These piles were extended to the bedrock. Initial calcula-
tions were done to investigate the possibility of ending the piles in the
sand layer. The settlements were found to be too large if they were to
be ended in the sand layer. The capacity of the piles was estimated to
be 150 tons per pile.

Why Pipe Piles?

The clay layer would undergo settlement due to the fill above. When
the clay layer settles, it carries the piles down with it, creating negative
skin friction (down drag) on piles. The negative skin friction forces can
be as high as 100 tons per pile. The capacity of the piles is not more
than 150 tons per pile. The effective capacity (the capacity that is
useful) of the pile will be 50 tons per pile. This is not economical.
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A bitumen coating (1/8 in. thick) was used to reduce the down drag.
Bitumen-coated piles were placed on bored holes. Holes were bored,
and the piles were placed inside the hole.

Note: H-piles have less perimeter area compared to similar pipe piles. Hence, H-piles
would have less down drag. On the other hand, H-piles are much more expensive than
pipe piles (without bitumen coating). Cost comparison between bitumen-coated pipe piles
and H-piles was done, and bitumen-coated pipe piles were selected.



Pile Design in Expansive Soils

Expansive soils swell when water is introduced. Such soils can create
major problems for both shallow foundations and pile foundations.

Expansive soil \ / \ f

Upward thrust due to expansive soil

Shallow foundation subjected to upward thrust

Expansive soil I I Upward thrust on a pile due to soil expansion

Piles in expansive soil

Figure 15.1 Foundations in expansive soil

Piles in Expansive Soil

Expansive soils are present in many countries, and in some cases, have
caused large financial losses.
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Identification of Expansive Soils

Expansive soils are mostly silty clays. Not all clays can be considered
expansive soils. If the design engineer suspects the presence of expan-
sive soil, he or she should obtain the expansive index of the soil.

The expansive index test is described in ASTM D 4829, “Standard
Test Method for Expansion Index of Soils.” In this test, a soil specimen
is compacted into a metal ring so that the degree of saturation is
between 40 and 60%. The specimen is placed in a consolidometer,
and a vertical pressure of 1 psi is applied to the specimen. Next, the
specimen is inundated with distilled water, and the deformation of
the specimen is recorded for 24 hours. The swell or the expansion of
the soil volume is computed.

Vertical pressure

Figure 15.2 Expansive soil index test

Expansion Index = Expansion of soil volume/Initial soil volume

Expansive Index General Guidelines

0 to 20 No special design is needed.

20 to 50 Design engineer should consider effects of
expansive soil.

50 to 90 Special design methods to counter expansive soil
is needed.

90 to 130 Special design methods to counter expansive soil
is needed.

Greater than 130 Special design methods to counter expansive soil

is needed.
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Pile Design Options

The design engineer should identify expansive soil by conducting
expansion index tests. Local codes provide design guidelines under
expansive soil conditions. Typically, no action is necessary if
the expansion index is less than 20%. If the expansion index is between
20 and 50%, the design engineer can ignore the skin friction developed
in expansive soils. If the expansive index is greater than 50%, the pile
should be designed against uplift due to expansive soil.
Solutions for expansive soil conditions

e Excavate and remove expansive soils This option is possible only if the
expansive soil is limited to a small area of the site.

* Design against the uplift due to expansive soils The pile should be able to
withstand the uplift caused by expansive soils. The pile should be
embedded deep in the soil so that the uplift forces due to expansive
soils will be resisted.

e Ignore the positive skin friction in expansive soil section The design
engineer should ignore any positive skin friction in expansive soils.

Pile Caps

The space between pile caps and the expansive soil strata should be
provided for the soil underneath to expand.

B N

N7

Figure 15.3 Raised foundations



Wave Equation Analysis

16.1 Introduction

In 1931, D. V. Isaacs first proposed the wave equation (Smith, 1960). In
1938, E.N. Fox published a solution to the wave equation. During that time,
computers did not exist, and Fox used many simplifying assumptions. Smith
(1960) solved the wave equation without simplifying assumptions using a
computer. According to Smith, his numerical solution was within 5% of the
analytical solution. Smith’s solution was based on the finite difference
technique.

e Prior to discussing the wave equation, it is important to look at
dynamic equations.
e Fundamental Driving Formula - Q -s =W - h

e Assumptions

T T

Figure 16.1 Pile driving
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It is assumed that Q is a constant force acting at the bottom of the
pile. This assumption is not correct. The resistance of the pile is due to
two forces: the end bearing force and skin friction. Neither of these
forces remains constant during pile movement. (The pile moves by s
inches in a downward direction.)

Dynamic equations do not consider stress distribution in the pile,
pile diameter, or type of pile. For instance, both piles shown in
Figure 16.2 would give the same bearing capacity.

0.1inperblow ——— — —— 0.1in per blow
Sand Silt
Dense sand L] Clay

Figure 16.2 Same driving energy for different piles

e The hammer is dropped on the pile, and the set (s) is measured.
e The set is the distance that the pile had moved into the ground.
e h is the drop of the hammer.

e Energy imparted to the pile by the hammer = W - h

e Energy used by the pile = Q - s

e Energy imparted to the pile is equaled to energy used by the pile.
(Energy losses are ignored.)

e Hence, W-h=Q -s

e The two piles shown are located in completely different soil
conditions. Dynamic equations will not differentiate between
the two cases.

e Dynamic equations consider the pile to be rigid during driving. In
reality, the pile would recoil and rebound during driving.

e Springs
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* Springs

4
PT Force P is applied to
the spring. The spring
settles by a distance of e.
P=k-e

k = spring constant

Pi=k-e4

¢ Dashpots

\l/V = velocity

Vi
Py=C-V,

" Velocity (V)

Figure 16.3 Springs and dashpots

e In the case of dashpots, the force is proportional to the velocity of the
dashpot. Above, C is known as the dashpot constant.

Springs — Force is proportional to distance — P =k - e
Dashpots — Force is proportional to velocity - P=C -V
Representation of Piles in Wave Equation Analysis

e The pile is broken down into small segments.

e Skin friction is represented by springs and dashpots acting on each
segment.

- ¢T
& L=
|| 1 é

(@) (b) ()
Figure 16.4 Spring and dashpot model
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These figures are as follows:

A pile is shown in Figure 16.4a.

In Figure 16.4b the pile is divided into segments. If the pile is divided
into more segments, the accuracy of the analysis can be improved. On
the other hand, it would take more computer time for the analysis.

One segment is shown in Figure 16.4c. The skin friction is represented
with a dashpot and a spring.

Wave Equation
o’u  , 0%u

- = C° —
ot? Ox2
u = displacement; ¢ = wave speed; t=time; x = length
The finite difference method is used to solve the above equation.

Computer programs such as WEAP and GRLWEAP are available in the
market to perform the wave equation analysis.

16.2 Soil Strength under Rapid Loading

This chapter is designed to provide information regarding the strength
properties of soil under rapid loading situations. During pile driving,
the pile is subjected to rapid loading.

Experiments have shown that failure stress is higher under rapid
loading conditions than during gradual loading.

: :

Gradual loading (pile load test) Rapid loading (pile driving)

Figure 16.5 Gradual loading and rapid loading
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e During pile driving, the pile is subjected to rapid loading.

R, = ultimate tip resistance during static loading
Ry = ultimate tip resistance during rapid loading
Sy = ultimate skin friction during static loading
S¢ = ultimate skin friction during rapid loading

Equation for Tip Resistance for Rapid Loading Condition

The following relationship has been developed for tip resistance under
rapid loading condition.

Rp = Ry(1+]J, x V)

Sy = ultimate skin friction during static loading
S¢ = ultimate skin friction during rapid loading
Ju = rate effect parameter for tip resistance

V = velocity of the pile

N, = rate effect exponent for tip resistance

Ju = 1.2-0.007 C, (for clay soils)

(Lee et al., 1988)

Cy = (cohesion measured in kN/sq m)
Units of J,, would be (sec/m)N
Ju=2.2-0.08 (¢ — 20) (for sandy soils)

(Lee et al., 1988)

¢ = Friction angle of sand
Units of Rf and R, = kN/sq m

(Note: The above equations were developed by the author based on experimental data
provided by Lee et al., 1988.)

N, => Experiments show that N,, lies between 0.17 and 0.37 for
both sandy and clayey soils. Hence, Nu can be taken as 0.2.

Equations for Skin Friction for Rapid Loading Condition

The following relationship has been developed for skin friction under
rapid loading condition.

S= Su(1+], x V)
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Sy = ultimate skin friction during static loading
S¢ = ultimate skin friction during rapid loading
Js = rate effect parameter for skin friction

V = velocity of the pile

N; = rate effect exponent for skin friction

Js = 1.6-0.008 C, (for clay soils)

(Lee et al., 1988)

Cy = (cohesion measured in kN/sq m)
Units of Js would be (sec/m)™
Js = O (for sandy soils)

(Heerema, 1979)

N => Experiments show that Ns lies between 0.17 and 0.37 for
both sandy and clayey soils. Hence, N can be taken as 0.2 (Heerema,
1979). Both Ny (skin friction exponent) and N, (tip resistance expo-
nent) both lie in the same range.

Units of S¢and S, = kN/sq m
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16.3 Wave Equation Analysis Software

e Geotechnical engineers are required to provide information to wave
equation computer programs for analysis.
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Example of Input Data for Wave Equation Software

Pile Hammer Data

e Hammer type—Delmag D 12-32 Diesel Hammer (single acting)
e Hammer energy—31,320 ft Ibs

e Hammer efficiency—80%

e Blows per minute—36

e Hammer weight (striking part only)—2,820 Ibs

e Hammer stroke—11'1"
(The engineer should obtain the equivalent stroke for double-acting
hammers from the manufacturer.)

e Hammer efficiency—80%

Capblock Data

Type—Micarta sheets

Modulus of elasticity—70,000 psi

Coefficient of restitution—O0.6

Diameter—12 in.

Thickness—6 in.

Pile Cushion Data

Usually, pile cushions are used only for concrete piles.
If a pile cushion is used, material, modulus of elasticity, and dimen-
sions of the cushion should be provided.

Pile Properties

¢ Pile material—steel

e Density—475 lbs/cu ft

e Outer diameter of pile—24 in.

e Wall thickness—¥ in.
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* Modulus of elasticity—30,000 psi
e Pile is driven closed end.

e Pile embedment—30 ft

Note: For concrete piles, the area of steel reinforcements and prestress force also should be
provided.

Soil Information

Depth 0-1—Top soil SPT (N) values—(10,13)

Depth 1-5—Silty sand SPT (N) values—(15,13), (12,18),
(13,15), (19,10)

Depth 5-9—Soft clay SPT (N) values—(2,2), (3,1), (2,5), (4,7)

e Cohesion of clay (C,) (Cohesion values should be provided for clay
soils.)

e Rapid loading parameters for soil layers (J, Js, Ny and Ny)

(Note: See Chapter 15 for an explanation of these parameters.)

e Density of soil

* G, (shear modulus of soil). G, can be obtained experimentally. If not,
the following approximate equations can be used. See under “Shear
Modulus.”

Gs = 150 C,, (for clays); Gs would have same units as C,,.
G, = 200 o,/ (for sands); ov' = Vertical effective stress.

(Lee et al., 1988)
e Information provided by wave equation programs

Wave equation programs are capable of providing the following
information.

e Blows required to penetrate a certain soil stratum (or rate of penetra-
tion per blow)
e Pile capacity

e Ability of the given pile hammer to complete the project on a timely
basis.
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Batter Piles

Batter piles are used for bridge abutments, retaining walls, and platforms.

© 0 O @ o O
\7 Batter or vertical piles
© 0 O (@)
Batter piles A7
e @ o ( ®e © o
® & ¢ o
o e e o
Row1 Row 1 Row3 Row 1 Row 1 Row 3
(a) Bridge abutments (b) Typical profile for retaining wall with batter piles

Figure 17.1 Batter piles

* In most cases, one row of piles is battered as in Figure 17.1a. In some
cases it is necessary to have more than one row of batter piles, as in
Figure 17.1b.
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Theory: Forces on Batter Piles

F F = axial force on batter pile
P P = vertical component
< Q = horizontal component
R /‘ Q R = axial reaction

Horizontal resistance %9
due to soil (H -
(H) S

Figure 17.2 Forces on a batter pile

Batter piles are capable of resisting significant lateral forces. Lateral
resistance of batter piles comes from two sources.
1. Horizontal component of the axial reaction

2. Horizontal resistance due to soil (H)

Note: Horizontal resistance (H) and horizontal component of the pile axial reaction are
two different quantities.

Negative Skin Friction

Batter piles should be avoided in situations where negative skin fric-
tional forces can be present. Settling soil could induce large bending
moments in batter piles.

Thrust Due to Settling Soil

Settling soil would create a void underneath
the batter pile. At the same time, settling soil
would induce a large downward thrust from
the top. Combination of the two would result
in unforeseen bending moments in the pile.

Figure 17.3 Batter pile in a settling soil
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Force Polygon for Figure 17.1a

295

Please refer to Figure 17.1a for the following force polygon. (Calculation
of loads will be shown later in the chapter.)

F__ A
Pile load on row 1
piles
E

Pile load on Total
row 2 piles vertical

D-4----- load
Pile load on
row 3 piles

B
Total horizontal load
Figure 17.4

Force Polygon for Figure 17.1b

Line AB: Calculate the total vertical load on piles.
Draw the total vertical load.

Line BC: Draw the total horizontal load (load

due to wind or water).

Piles should be able to withstand these two loads.
Line CD: Draw the load on piles along row 3.
These piles are vertical.

Line DE: Draw the load on piles along row 2.

Line EF: Draw the load on piles along row 1.
These are batter piles.

Line FA: This line indicates the lateral force
required to stabilize the piles. Lateral resistance of
pile should be more than the load indicated by
line FA.

Force diagram

Please refer to Figure 17.1b for the following force polygon.

F__ A
Pile load on row 1
piles
. E

Pile load on Total
row 2 piles vertical

D-x----- load
Pile load on
row 3 piles

Cl B

Total horizontal load

Figure 17.5

Design Example 1

Line AB: Calculate the total vertical load on
piles. Draw the total vertical load.

Line BC: Draw the total horizontal load.

Line CD: Draw the load on piles along row 3.
These piles are vertical.

Line DE: Draw the load on piles along row 2.
These piles are batter piles.

Line EF: Draw the load on piles along row 1.
Line FA: This line indicates the lateral force
required to stabilize the piles. Lateral resistance
of the pile should be more than the load indicated
by line FA.

Force diagram

Compute the loads on piles due to the retaining wall shown. Assume the
lateral earth pressure coefficient at rest (Kg) to be 0.5. Piles in the front
are battered at 20°, and center piles are battered at 15° to the vertical.
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181t y=110pcf
2ft
B H =area of the force triangle
2 ft 51t - =1,100x20/2=11,000 Ibs per linear foot of wall
Al y=20/3=6.666 ft

2ft| Kyx20x110=0.5%x2200=1,100 psf
(Use this value to compute H)

Figure 17.6 Batter piles in a retaining wall

STEP 1: Horizontal force

Horizontal force H acts 6.666 ft from the base. (y = 20/3)

Moment (M) = 11,000 x 6.666 1b/ft = 73,333 lb/ft per linear ft of wall
Moment in 3-linear-foot section = 3 x 73,333 = 219,999 1b/ft
Assume the piles have been placed at 3-ft intervals.

_______________________ Consider a section of 3 ft for computational

@ @ o iI; 3ft  purposes. There are three piles in this section.
_______________________ Rows 1 and 2 are batter piles.

@ @0 ©

) LA

®© 0 ¢

150t 3ft: 3fti1.5ft
Row'1 Row2 Row 3

Figure 17.7 Batter piles — plan view

STEP 2: Weight of soil and concrete

Weight of soil resting on the retaining wall (height = 18, width = 5)
=5x18 x 110=9,900 lbs

Weight of concrete = (2x9+42x18)x160=8,640 lbs (160 pcf
= concrete density)

Total weight = 18,540 lbs per linear feet of wall

Total weight (W) in a 3-ft section = 55,620 Ibs
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There are three piles in the 3-ft section. Hence, each pile carries a
vertical load of 18,540 Ibs.

5ft |y

L

R=W

Figure 17.8 Batter piles — elevation view

STEP 3: Overturning Moment

Overturning moment = Resisting moment

Take moments around point E

RxL=WxL=M=H" y=219,999 Ib/ft (See step 1.)
L =219,999/W = 219,999/55,620 = 3.96 ft

M = overturning moment due to H

P e
10.541 || 23061t
Row 1 Row?2 Row3

Figure 17.9 Batter piles — plan view

STEP 4: Stability

The center of gravity of the piles lies along the center of the middle
row. Vertical reaction acts 3.96 ft from the edge.

Distance to the reaction from the center of the pile system = 4.5 - 3.96
=0.54 ft

Moment around the centerline = R x 0.54 = 55,620 x 0.54 = 30,038.4 1bs
per 3-ft section
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Note that the moment around the centerline is different from the
moment around the edge (point E).

STEP 5: Additional load due to bending moments:
e FEach pile carries a vertical load of 18,540 1bs. (See step 2.)

e Due to the moment, the base of the retaining wall undergoes a
bending moment. This bending moment can create additional stress
on piles. Stress developed on piles due to bending is given by the
following equation.

y

M o
o=

M = bending moments; ¢ = bending stress; I = moments of area;
y = distance

Find the moment of area of piles by taking moments around the
centerline of the footing.

Moment of area of row 1 = A x 3> = 9A (A = area of piles)

Moment of area of row 2 = A x 0 = 0 (Distance is taken from the
center of gravity of piles.)

Moment of area of row 3 = A x 3% = 9A
Total moment of area = 18 A

M 30,034.8

Bending load on piles in row 1 (o) = T Y= 18 * 3
= 50(115'8 Ibs/sq ft

M = 30,034.8 Ibs per 3-ft section (See step 4)
y = 3 ft (distance from centerline to corner row of piles)

Bending load per pile = 5005.8

x A=5005.8 lbs per pile

STEP 6: Total loads on piles

Total vertical load on pile = Vertical load + Load due to bending
Total vertical load on piles in row 1 = 18,540 + 5005.8 = 23,545.8 Ibs
Bending load is positive for piles in row 1.

Total vertical load on piles in row 2 = 18,540 + 0 = 18,540 1bs  (since y = 0)
Load due to bending is zero for row 2.



Chapter 17 Batter Piles 299

Total vertical load on piles in row 3 = 18,540 — 5005.8 = 13,534.2 lbs
Bending load is negative for piles in row 3.

STEP 7: Force polygon

Draw the force polygon for the 3-ft section selected. Total horizontal
load for a 3-ft section is 33,000 Ibs (11,000 Ibs per linear foot; see step 1).
Total vertical load for a 3-ft section is 55,620 lbs; see step 4. Start
drawing the force polygon from I to J. HI is the final leg.

20,898.5 Ibs (computation shown below)
|[¢«———>| Hlisthe final leg.
|
Vertical load on piles in
row 1 =23,545.8 Ibs
(GF) | J =Total vertical load on 3-ft
section = 55,620 Ibs (see step 4)
Vertical load on piles
in row 2 = 18,540 Ibs
(see step 6)

Vertical load on piles in
row 3 =13,534.2 Ibs
(see step 6)

K J
Total horizontal load = 33,000 Ibs (see step 1)

Figure 17.10 Force distribution diagram

EF = 18,540 x tan 15 = 4451 1bs; GH = 23,545.8 tan 20 = 7,650.5 1bs

Total horizontal load resisted = 4,451 + 7,650.5 = 12,101.5 lbs

Additional load that needs to be resisted = 33,000 - 12,101.5 =
20,898.5 lbs

This load needs to be resisted by the soil pressure acting on the piles
laterally. (See Figure 17.11.)

The lateral pile resistance should not be confused with axial pile
resistance. In the case of a vertical pile, axial load is vertical, and there
is no horizontal component to the axial load.

On the other hand, when a horizontal load is applied to a vertical
pile, it will resist. Hence, all piles (including vertical piles) have a
lateral resistance.
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Axial load (no horizontal component
to the axial load)

Lateral resistance
due to soil

Figure 17.11 Vertical pile

Y|

/”
Z<— X
e

e
e

Figure 17.12 Batter pile

Axial load P can be broken down into X and Y components. Com-
putation of lateral resistance of the pile due to soil pressure is given in
the chapter 11.

There are three piles in the considered 3-ft section. Each pile should
be able to resist a load of 6,966.5 lbs. Use the principles given in
“Lateral Pile Resistance” to compute the lateral pile capacity due to
soil pressure.

A factor of safety (FOS) of 2.5 to 3.0 should be used. For instance,
required vertical pile capacity for piles in row 1 is 23,545 lbs. The
piles should have an ultimate pile capacity of 70,635 Ibs assuming
an FOS of 3.0.

Note: No credit should be given to the resistance due to soil friction acting on the base of
the retaining wall. Piles would stress the soil due to the horizontal load acting on them.
Stressed soil underneath the retaining wall will not be able to provide any frictional
resistance to the retaining wall. If piles were to fail, piles would pull the soil with them.
Hence, soil would not be able to provide any frictional resistance to the retaining structure.

Design Example 2

Compute the loads on piles due to the retaining wall shown. Assume
the lateral earth pressure coefficient at rest (Ky) to be 0.5. Piles
in the front are battered at 20°, and center piles are battered at 15° to
the vertical. (This problem is similar to the previous example, except
for the pile configuration.)
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181t v= 110 pcf

<— 2ft
21t H = area of the force triangle

—5ft =1,100%x20/2=11,000 Ibs per linear foot of wall

A

Al k=20/3=6.666 ft

2 ft KOx20x110=0.5%2,200
=1,100 psf (For cantilever walls, KO is used instead of Ka.)

Figure 17.13 Load distribution in a batter pile—elevation view

STEP 1: Horizontal force H, acts 6.666 ft from the base.

Moment (M) = 11,000 x 6.666 1b/ft = 73,333 1b/ft per linear ft of wall
Moment in 6-linear-foot section = 6 x 73,333 = 439,998 1b/ft
Assume the piles have been placed at 3-ft intervals.

15ft 3ft 3ft 1.5f
Row 1 Row 2 Row 3

Figure 17.14 Batter piles—plan view

Consider a section of 6 ft for computational purposes. There are six
half piles and one full pile in this section. Rows 1 and 2 are batter piles.
Row 1 has twice as many piles than rows 2 and 3.

Weight of soil resting on the retaining wall =5 x 18 x 110 = 9,900 lbs

Weight of concrete = (2 x 9 + 2 x 18) x 160 = 8,640 1Ibs (160 pcf =
concrete density)

Total weight = 18,540 lbs per linear feet of wall

Total weight (W) in a 6-ft section = 111,240 Ibs



302 Pile Design and Construction Rules of Thumb

There are four piles in the 6-ft section. Hence, each pile carries a load of
27,810 lbs.

181t Take moments around point E.
H RxL=WxL=M=H.k=439,998 Ib/ft
< L=439,998/111,240=3.96 ft
K=6.666 ft
5ft
7y E
L
R=W

156t 3ft 3ft 151t
Row 1 Row 2 Row 3

Figure 17.15 Batter pile example

Center of Gravity of Piles

There are six half piles and one full pile in this section.

There are two half piles and one full pile in row 1.

There are two half piles in row 2 and two half piles in row 3. (Total piles
in the section = 4)

Take moments around row 3.

2x6+1x3)/4=3.75ft

e As per the above calculations, the center of gravity of piles is located
3.75 ft from row 3.

e The moment of area of the system has to be computed from the
center of gravity of piles.

Distance to row 1 from center of gravity = (6 — 3.75) ft = 2.25 ft
Distance to row 2 from center of gravity = 0.75 ft
Distance to row 3 from center of gravity = 3.75 ft
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STEP 2: Each pile carries a load of 27,810 lbs. (See step 1.)

e Stress developed on piles

y

M = bending moment; ¢ = bending stress; 1= moment of area;
y = distance

M o
T

Find the moment of area of piles.

Row 1

Moment of area of row 1 = A-1* = A x 2.25* = 10.12A (A = area of piles)
Moment of area of row 2 = A x 0.75% = 0.56 A

(Distance is taken from the center of gravity.)

Moment of area of row 3 = A x 3.75% = 14.06 A

Total moment of area = 24.74 A

Bending moment (M) = 439,998 1b/ft (See step 1)

Bending load on piles in row 1 (6)= ' -y = % .

_ 40,/:)16 Ibs

2.25

40,016

T 2A=80,032 Ibs

Bending load on row 1 piles =

(There are two piles in the first row. Two half piles and one full pile is
equivalent to 2 piles.)

Total load on pile = Vertical load + Load due to bending

Total load on piles in row 1 = 27,810 x 2 + 80,032 = 135,652 1bs

Vertical load per pile is 27,810 Ibs. Since there are two piles in row 1,
multiply 27,810 lbs by 2.

STEP 3: Row 2
. o M 439,998
Bending load on piles in row 2 (c) = T Y= D474A
x0.75= 13339 g

A
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13,339
A
(There are two half piles in row 2, which amounts to one pile.)

Multiply by area of the pile to convert the load from Ibs per sq ft to 1bs
per pile.

Bending load per pile =

x A=13,339 Ibs per pile

Total load on piles in row 2=27,810 — 13,339 =14,4711bs

(Since center of gravity is on the opposite side, the bending moment
creates a tensile force on the pile.)

STEP 4: Row 3
. I M _ 439,998
Bending load on piles in row 3 (o) = T 4 DA TAA
x3.75 = 66’693le
A
Bending load per pile = 66’:93 x A=66,693 lbs per pile

Row 3 has two half piles, which amounts to one pile.
Total load on piles in row 3=27,810 — 66,693 = —38,883 lbs per pile

Above, 27,810 1bs is the vertical load on piles, and 66,693 lbs is the
load due to bending, which is tensile.

The total force on piles in row 3 is tensile.
STEP 5: Draw the force polygon.

12,750 Ibs (computation shown below)

[«—>]
Heoo |
Vertical load on piles in
row 1=135,652Ibs
(see step 2) Total vertical load on 6-ft section
=111,240 Ibs
(see step 1)
Vertical load due to piles in row 3
= 38,883 Ibs
Vertical load due to piles in (Load is acting downward on
row 2=14,471lbs the structure, pulling down) (step 2)

(see step 3) L K

Total horizontal load per 6-ft section = 66,000 Ibs (see step 1)
(horizontal force per linear foot = 11,000 Ibs)

Figure 17.16 Load distribution diagram
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NM=14,471 x tan 15=3,877 Ibs;
GH =135,652 x tan 20=49,373 lbs (This load accounts
for two piles in row 1.)

Total horizontal load resisted by axial forces of piles = 49,373 + 3,877
= 53,250 Ibs

Additional load that needs to be resisted = 66,000 - 53,250 = 12,750 Ibs

This load needs to be resisted by the soil pressure acting on piles
laterally.

Each pile should have a lateral pile capacity of 12,750/4 Ibs = 3,188 lbs



Vibratory Hammers — Design of Piles

18.1 Introduction

Although many piles have been driven in clay soils using vibratory
hammers, vibratory pile hammers are best suited for sandy soils. Vibra-
tory hammers are less noisy and do not cause pile damage as compared
to pile driving hammers.

One of the major problems of vibratory hammers is the unavail-
ability of credible methods to compute the bearing capacity of piles
based on penetration rates. On the other hand, pile-driving formulas
can be used to compute the ultimate bearing capacity of piles driven
with drop hammers.

Vibratory Pile-Driving Depends on:

e Pile and soil characteristics

Elastic modulus of pile and soil (E;, and E)

Lateral earth pressure coefficient (Kq)

Relative density of soil (D,)

Vibratory hammer properties
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18.2 Vibratory Hammer Properties
The effectiveness of a vibratory hammer depends on:
e Frequency of the vibratory hammer (Frequency = Number of vibra-

tions per second)

e Amplitude of the hammer (distance traveled during up and down
motion of the vibratory hammer)

e Vibrating weight of the hammer

e Surcharge weight of the hammer (In addition to the vibrating weight, a
nonvibrating weight is also attached to the hammer to produce a down-
ward thrust. Bias weight is another name for the surcharge weight).

Definitions
e Eccentric moment = Rotating weight (m) x Eccentricity (e)
e Centrifugal force=C-m - e - ®°
m = Eccentric weight or the rotating weight. This is different from
the vibrating weight (M). Vibrations are caused by the rotating weight.

The rotating weight is attached to a housing, and the whole unit is
allowed to vibrate due to the rotating weight.

* Vibrating weight = Rotating weight + Bias weight + Weight of the
housing

e C = constant depending on the vibratory hammer

Rotating weight (m)
<—  Vibrating weight (M)

e = Eccentricity; o = Rotations per second

Figure 18.1 Vibratory hammer weights
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e Eccentric moment =m - e
e A (amplitude) = distance travel during up and down motion of the
vibrating weight.

Some parameters of vibratory pile hammers are given below as an
example.

Vibratory Pile Hammer Data (ICE—Model 416L)

Eccentric moment (m - e) = 2,200 lbs. in = 2,534 Kg. cm
Frequency () = 1,600 vpm (vibrations per minute)
Centrifugal force = 80 tons = 712 kN

The pile hammer manufacturer (ICE) provides the following equa-
tion to compute the centrifugal force for their hammers:

Units (U.S. tons)

Centrifugal force = 0.00005112 x (m - e - ®%) tons
m should be in Ibs, e should be in inches, and ® should be in vibrations
per second.

Units (kN)

Centrifugal force = 0.04032 x (m - e - ®%) kN
m should be in Kgs, e should be in meters, and ® should be in vibra-
tions per second.

Design Example

Find the centrifugal force of a vibratory pile hammer, which has an
eccentric weight (m) of 1,000 Kgs, an eccentricity (e) of 2 cm, and a
vibrating frequency () of 30 vibrations per second.

Solution

Centrifugal force =0.04032 x (m-e - ®?) kN
=0.04032 x (1,000 x 0.02 x 900) kN =725kN
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18.3 Ultimate Pile Capacity

The ultimate capacity of a pile driven using a vibrating hammer can be
obtained by using the equation proposed by Feng and Deschamps
(2000).

Q3O FE AT W) Le
[1 +V, (OCR)VZ] L

Q. = ultimate pile capacity (kN); F. = centrifugal force (kN):
Wy, =surcharge weight or bias weight (kN); V, = penetration
velocity (m/min)
OCR = overconsolidation ratio; L. =embedded length of the pile (m)
L =total length of the pile (m)

Design Example

A vibratory hammer has the following properties.
Surcharge weight of the hammer = 8 kN; Centrifugal force = 600 kN
Find the penetration rate (V) required to obtain an ultimate pile
capacity of 800 kN. Assume the pile to be fully embedded and the OCR
of the soil to be 1.0.

Solution

3.6 (F +11-Wy) L

[1 +V, (OCR)VZ} L

3.6 (600 + 11 x 8) Le

500= [1 +V, (1)‘/2} L

(Le = L, since the pile is fully embedded)

V, = 2.096 m/min

(The pile should penetrate 2.096 m/min or less to achieve an ultimate
pile capacity of 800 kN.)
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Penetration Rate and Other Parameters

Penetration rate Penetration rate

Driving force kept
constant

Earth pressure coefficient (Ko) Frequency (o)
Penetration rate Penetration rate
Embedment depth (L) Surcharge weight (bias weight) (W)

Figure 18.2 Penetration rates

Vibratory Hammers (International Building Code—IBC):

IBC states that vibratory drivers shall be used only when pile load
capacity is verified by pile load tests.
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Seismic Analysis of Piles

19.1 A Short Course on Seismology

A general understanding of seismology is needed to design piles for
seismic events.

Figure 19.1a shows a pendulum moving back and forth drawing a
straight line prior to an earthquake event. Figure 19.1b shows the same
pendulum drawing a wavy line during an earthquake event.

PEN
/s
4
-

R

Piles

(a) No earthquake (b) Earthquake event

Figure 19.1 Earthquake measurement

e Seismographs are designed using the above principle.

e Due to the movement of the pile cap, piles are subjected to addi-
tional shear forces and bending moments.
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e Earthquakes occur as a result of disturbances occurring inside the
earth’s crust. Earthquakes produce three main types of waves.

1. P-waves (primary waves): P-waves are also known as compres-
sional waves or longitudinal waves.

2. S-waves (secondary waves): S-waves are also known as shear waves
or transverse waves.

3. Surface waves: Surface waves are shear waves that travel near the
surface.

Epicenter Surface waves

Primary waves

Location of the disturbance —>

Figure 19.2 Seismic waves

Faults

Faults—fractures where a block of earth has moved relative to the
other—are a common occurrence in the earth. Fortunately, most faults
are inactive and will not cause earthquakes.

Horizontal Fault

/

~— S~ |
v \ L
Original ground One block moves horizontally relative to the other

Figure 19.3 Movement near faults

e In a horizontal fault, one earth block moves horizontally relative to
the other.
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Vertical Fault (Strike Slip Faults)

=N

Figure 19.4 Vertical movement

In this type of fault, one block moves in a downward direction relative
to the other.

Active Fault

An active fault is defined as a fault in which there was an average historic
slip rate of 1 mm/year or more during the last 11,000 years (IBC).

19.1.1 Richter Magnitude Scale (M)
M = Log (A) - Log (Ao) = Log (A/Ao)

M = Richter magnitude scale; A = maximum trace amplitude during
the earthquake;

Ap = standard amplitude (A standard value of 0.001 mm is used for
comparison. This corresponds to a very small earthquake.)

Design Example 1

What is the Richter magnitude scale for an earthquake that recorded
an amplitude of (a) 0.001 mm, (b) 0.01 mm, and (c¢) 10 mm?

Answer
(@) A=0.001lmm

M = Log (A/Ao) = Log (0.001/0.001) = Log (1) = 0
M=0

(b) A =0.01

M = Log (A/A0) = Log (0.01/0.001) = Log (10) =1
M=1
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(c) A=10mm

M = Log (A/Ap) = Log (10/0.001) = Log (10,000) = 4
M=4

Largest Earthquakes Recorded

Location Date Magnitude
Chile 1960 9.5
Prince William, Alaska 1964 9.2
Aleutian Islands 1957 9.1
Kamchatka 1952 9.0
Ecuador 1906 8.8
Rat Islands 1965 8.7
India-China Border 1950 8.6
Kamchatka 1923 8.5
Indonesia 1938 8.5
Kuril Islands 1963 8.5

Source: USGS Web site (www.usgs.org United States Geological Survey).

19.1.2 Peak Ground Acceleration

This is a very important parameter for geotechnical engineers. During
an earthquake, soil particles accelerate. Acceleration of soil particles
can be either horizontal or vertical.

19.1.3 Seismic Waves

The following partial differential equation represents seismic waves.
G(9%u/0x2 + 9%u/02%) = p(9?u/ot? + 92v/t?)

G = shear modulus of soil; ¥ = partial differential operator;
u = horizontal motion of soil; v = vertical motion of soil;
p = density of soil;

Fortunately, geotechnical engineers are not called upon to solve this
partial differential equation.

A seismic wave form described by the above equation would create
shear forces and bending moments on piles.
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Seismic Wave Velocities

The velocity of seismic waves is dependent on the soil/rock type.
Seismic waves travel much faster in sound rock than in soils.

Soil/Rock Type Velocity (ft/sec)
Dry Silt, sand, loose gravel, loam, loose 600-2500
rock, moist fine-grained top soil
Compact till, gravel below water table, 2,500-7,500
compact clayey gravel, cemented sand,
sandy clay
Weathered rock, partly decomposed 2,000-10,000
rock, fractured rock
Sound shale 2,500-11,000
Sound sandstone 5,000-14,000
Sound limestone and chalk 6,000-20,000
Sound igneous rock (granite, diabase) 12,000-20,000
Sound metamorphic rock 10,000-16,000

Source: Peck, Hanson, and Thornburn (1974).
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19.2 Seismic Pile Design

Earthquakes can cause additional bending moments and shear forces
on piles. Earthquake-induced bending moments and shear forces can
be categorized into three types.

1. Kinematic loads

2. Inertial loads

3. Loads due to liquefaction
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19.2.1 Kinematic Loads

Seismic waves travel at different velocities in different soils. Because of
these differences, piles are subjected to bending and shear forces. This
bending is known as kinematic pile bending.

Vs1 >

Layer 1 Vsi Hk / A

Layer 2
Voo™ Voo —>

Figure 19.5 Pile deformation due to earthquakes

V1 and Vi, are seismic wave velocities in layers 1 and 2, respectively.
The pile is subjected to differential forces due to different seismic
waves arriving in two soil layers. Kinematic pile bending can occur in
homogeneous soils as well, owing to the fact that seismic wave forms
can have different strengths depending on the depth and surrounding
structures that could damp the wave in a nonuniform manner.

e Kinematic pile bending can also occur in free piles (i.e., piles that are
not supporting building structures).

e The maximum bending moment in the pile occurs near the interface
of two layers. In Figure 19.5, maximum bending moment occurs at
point A.

19.2.2 Inertial Loads

In addition to kinematic loads, seismic waves can induce inertial
loads.

High shear forces
occur at top of the pile.

L

Figure 19.6 Earthquake loading on piles
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Inertial Loading Mechanism

The inertial loading mechanism on piles is different from the kine-
matic loading mechanism. Inertial loading occurs due to building
mass acting on piles.

When a seismic wave reaches the pile, the pile is accelerated.
Assume the acceleration at the top of the pile to be “a”. The pile is
not free to accelerate because it is attached to a pile cap and then to a
structure on top. Due to the mass of the structure on top, the pile will
be subjected to inertial forces and bending moments.

Shear force at top of the pile can be computed using Newton'’s equation:

Shear force =M x a

Where M = portion of the building mass acting on the pile
a = acceleration of the pile

e Inertial loadings due to seismic waves are limited to the top 10d to
15 d measured from the surface.
(d = diameter of the pile)

¢ On the other hand, kinematic loading can occur at any depth. If a
pile fails at a greater depth, then it is reasonable to assume that the
pile has failed due to kinematic loading.

19.2.3 Soil Liquefaction

Soil liquefaction occurs in sandy soils below the groundwater level.
During an earthquake, loose sandy soils tend to liquefy (i.e., reach a
liquid-like state). When this happens, the piles lose the lateral support
provided by soil.

19.3 Design of Piles for Kinematic Loadings

ki
Layer 1 (G, kq, E;) E, hy

Layer 2 (Gy, ko, E3) hy NN
ANANS e

Hypothetical springs

Figure 19.7 Spring model
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G = soil shear modulus
k = soil subgrade modulus or the spring constant
E = Young’s modulus of soil
E, = Young’s modulus of pile
Relationships
k=3G
(Dobry & O’Rourke, 1983)

The (k/G) ratio ranges from 2.5 to 4.0 for soils. k = 3G is a good
approximation for any soil. The pile bending moment is proportional
to (k)/%, and any attempt to find an accurate value for k is not
warranted.

ki/E1 = ko /Ep = &
(Mylanakis, 2001)

E1, E2 = Young's modulus of soil layers 1 and 2, respectively
Here 6 is a dimensionless parameter. 6 can be computed using the
following equation.
8=3/(1—v*)[(Ep/Ex)”*(L/d)* (1 /ha) 2(G?/Gy) /)

d = pile diameter; L = pile length; E, = Young’s modulus of the pile;
h;, h, = thickness of soil layers 1 and 2, respectively

Pile Bending Strain

y = distance from center to outermost fibers

Figure 19.8 Pile bending strain

¢p = Bending strain at the outermost fiber of the pile
Ep, (Young’'s Modulus) = Stress (c,)/Strain (gp,)

E=op/ep
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Bending Equation
M/I=o0p/y
I = moment of inertia, M = bending moment, and y (see Figure 19.8)

M= (op-1))y=(Ep-&-1))y

If &, (bending strain) can be deduced, the maximum bending moment
in the pile can be computed.

Seismic Pile Design for Kinematic Loads

STEP 1: Find the peak soil shear strain at the soil interface of two
layers.

(Seed and Idriss, 1982)

a;—Soil acceleration at the surface due to the earthquake

z
1 e Interface shear strain—7,

Figure 19.9 Interface shear strain

The interface peak shear strain due to the soil acceleration is given
below.

Y1 = (ra X p; x h1 x a5)/Gq

v1 = peak shear strain at the interface of two soil layers

as = soil acceleration due to the earthquake at the surface
rq = depth factor; rg =1-0.015z

(z = depth to the interface measured in meters)

p1 = soil density of the top layer

h; = thickness of the top soil layer

STEP 2: Find 6 (the ratio between k and E)
6 =ki/E1 =ky/E;

k; and k, = spring constants of layers 1 and 2
E; and E; = Young’s modulus of layers 1 and 2
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d is given by the following equation.
8=3/(1—v?)[(Ep/E1)”/*(L/d) B (hy /ha) /*(G?/Gr) /]
STEP 3: Find the strain transfer ratio (gp/v1).

(2 — c+ D{[3(ky /Ep)*(hy/d) = 1] c(c — 1) — 1}
(&p/v1) = ;c‘*(hl/d)

c = (GZ/G1)1/4
€p = bending strain at the outermost fiber of the pile
v1 = interface shear strain (computed in step 1)

Values of Gy, G, ky, Ky, Ep,, hy, hy and d are required to compute g,
STEP 4: Find the bending moment (M) in the pile.

M= (op-I)/y
(See the earlier section, “Pile Bending Strain”)

E (Young’'s modulus) = Stress/Strain = op /e,

M= (E,-&-I)/y

Since ¢, was calculated and y, I, and E, are known pile properties,
the bending moment (M) induced due to earthquake can be deduced.

Design Example 2

Find the kinematic bending moment induced in the pile shown due to
an earthquake that produces a surface acceleration of 0.5 g.

Young’s modulus of pile material (E;)=3.5 x 107 Kpa; pile diam-
eter=0.5m

ag=0.5g
—

p1 (soil density) =1.2 Mg/cu m
hy=15m v4=(Poisson’s Ratio) =0.5

V1 (shear wave velocity) =60 m/s
Gy (shear modulus)

po =1.8 Mg/cum

hy,=10m v, = (Poisson’s ratio) =0.4

Vg, (shear wave velocity) =100 m/s
G, (shear modulus)

Figure 19.10 Seismic pile design example
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The following parameters need to be deduced from given informa-
tion (Gl, Gz, El/ €p).

Note that instead of soil shear modulus, shear wave velocity is given.

STEP 1: Find G,/G; (shear modulus ratio of two layers).

Shear modulus is proportional to soil density and shear wave velocity.
The relationship between shear wave velocity and soil shear modulus
is as follows.

G=pxV?
Hence, G1 =p1 X Vfl and G2 = P2 X ng
G; = 1.2 x 60% = 4320; G, = 1.8 x 100

G,/G; = (1.8 x 100%)/(1.2 x 60%) = 4.17

STEP 2: Find the Young’s modulus of soil layer 1.

The following relationship between Young’s modulus and shear
modulus can be used to find the Young’s modulus of the soil layer.

E=2G1 +v)
E1=2G:(1 +v1) =2 x 4320 (1 + 0.5) = 12,960 kPa
STEP 3: Find the ratio (Ep/E,)

Ep/Ei= (3.5 x 107)/(12,960) = 2,700
(E,—Young’s modulus of the pile is given, and E, is computed in
step 2.)

STEP 4: Find the peak soil shear strain at the soil interface of two layers.

(Seed and Idriss, 1982)

as—Soil acceleration at the surface due to the earthquake

h1 =15m
e Interface shear strain—vy;

Figure 19.11 Interface shear strain and soil acceleration
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The peak interface shear strain due to the soil acceleration follows.

Y1 = (ta x p; x h; x a5)/Gy

rq =depth factor; rq=1 - 0.015 z (z=depth to the interface measured
in meters)

rg=1-0.015xh1=1-0.015%x15=0.775

p1(soil density)=1.2Mg/cu m, a;=0.5 g G;=4320 (computed in
step 1)

71 =(0.775%x1.2 x 15 % 0.5 x 9.81)/4320=1.6 x 10>

STEP 5: Find & (The ratio between k and E).

) :kl/El = kz/Ez

k; and k; = spring constants in layers 1 and 2
E; and E,; = Young’s modulus in layers 1 and 2

d is given by the following equation:
d= {3/(1 — VZ)} X [(Ep/El)71/8(L/d)1/8(h1/h2)1/2(G2/G1),1/30]

Ep/Eq= 2,700 (calculated in step 3); G2/G= 4.17 (calculated in step 1);

Pile diameter (d) = 0.5m (pile diameter is given); L = pile length =
25m

& = {3/(1 - 0.5%)} x [(2700)"1/8(25/0.5)*83(15/10)'/%(4.17)~1/39

60 =4 x[0.372 x 1.63 x 1.22 x 0.954] = 2.82

STEP 6: Find the strain transfer ratio (ep/y1).

(2 — c+ D{[3(ki /Ep)*(hy/d) = 1] c(c — 1) — 1}
(ep/11) = §C4 D /d)

c = (Go/Gy)V* = 1.429

G,/G1=4.17 (see step 1)

¢p, =bending strain at the outermost fiber of the pile
v1 =interface shear strain (see step 4)

All parameters in the above equation are known except for the soil
spring constant (k,). The soil spring constant can be computed using
the following equation:

& = ki /E1 = ko /Ey
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E; =12,960Kpa (see step 2); 6 =2.82 (from step 35).
2.82=Kk1/12,960; k; = 36,547 Kpa; E, = 3.5 x 107 Kpa (pile parameter)

(2 — ¢+ D{[3(ky /Ep)*(h1/d) — 1]c(c — 1) — 1}
(8P/Yl) = ;C4(h1/d)

(1.429% — 1.429 + 1){[3[36,547/(3.5 x 107)]"/*
_(15/0.5) — 1] x 1.429 x (1.429 — 1) — 1}
&/11 = 2 x 1.4294(15/0.5)

1.613{[16.17 — 1] x 0.613 — 1}

2502 = 0.056.

& /Y1 =

¥, = 1.6 x 1072 (from step 4)
Hence, g, = 1.6 x 107% x 0.056 = 8.96 x 10™*

STEP 7: Find the bending moment (M) in the pile.
M= (opI)/y
(See the section “Pile Bending Strain.”)
Ep, (Young’s modulus of the pile) = Stress/ Strain = 6, /¢,
M= (E, gl)/y y=d/2=05/2=0.25m
I (moment of inertia) = n-d*/64 = ©-0.5*/64 = 3.068 x 1073
gp=8.96 x 107* (see step 6)

M = {3.5x 10"x 8.96 x 10 *x 3.068 x 1073}/0.25 = 384.8kN-m

e The pile should be designed to withstand an additional bending
moment of 384.8 kN - m induced by earthquake loading.

19.4 Seismic Pile Design—Inertial Loads

As mentioned earlier, inertial loads occur in piles due to shaking of the
building.
Assume a pile as shown in Figure 19.12.
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Building —>
uilding U U — Building shakes during an earthquake.

Springs are used to represent the soil
reaction.

Figure 19.12 Spring model for seismic forces

* When the building starts to shake as a result of an earthquake event,
the piles are subjected to additional shear forces and bending
moments.

e Usually, loads occurring in the piles due to building loads are limited
to 15d from the ground surface (d = diameter of the pile).

e Unfortunately, there is no easy equation to represent the motion of
the building and piles. The following partial differential equation
has been proposed.

OV /OZ-dZ+p-0?y/0t? - dZ+k-D(y —u)-dZ =0

V = shear force in the pile at a depth of “Z"”; Z = depth; D = pile
diameter;

u = horizontal soil movement due to the earthquake; v = horizontal
pile movement due to the earthquake

(u—v) = horizontal pile movement relative to soil due to the earth-
quake; p = pile density

e This equation cannot be solved with reasonable accuracy by manual
methods. Hence, computer programs are used to calculate the shear
forces that develop in piles.

e The SHAKE computer program by Schnable Engineering is one such
program that can be used for the purpose.
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19.5 Liquefaction Analysis

Theory
Sandy and silty soils tend to lose strength and turn into a liquid-like
state during an earthquake. This happens in response to the increased
pore pressure during an earthquake event in the soil caused by seismic
waves.

V Soil below the footing had liquefied, causing
footing failure.

Sandy soil

Figure 19.13 Soil liquefaction

e Liquefaction of the soil was thoroughly studied by Bolten Seed and
[.M Idris during the 1970s. As one would expect, liquefaction beha-
vior of soil cannot be expressed in one simple equation. Many
correlations and semi-empirical equations have been introduced by
researchers. For this reason, Professor Robert W. Whitman convened
a workshop in 1985 (Liquefaction Resistance of Soils) on behalf of
the National Research Council (NRC). Experts from many countries
participated in this workshop, and a procedure was developed to
evaluate the liquefaction behavior of soils.

* Only sandy and silty soils tend to liquety. Clay soils do not undergo
liquefaction.
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Impact Due to Earthquakes

Imagine a bullet hitting a wall. ( ‘;\ ‘
The extent of damage to the wall due to the bullet

depends on a number of parameters.

Bullet Properties

(1) Velocity of the bullet

(2) Weight of the bullet

(3) Hardness of the bullet material

Wall Properties

(1) Hardness of the wall material
(2) Type of wall material

Figure 19.14 Bullet properties

Parameters that affect liquefaction are shown below.

Earthquake Properties

Magnitude of the earthquake

Peak horizontal acceleration at the ground surface (amax)

Soil Properties

Soil strength, measured by Standard Penetration Test (SPT) value
Effective stress at the point of liquefaction

Content of fines (Fines are defined as particles that pass through the
#200 sieve.)

Earthquake properties that affect soil liquefaction are amalgamated
into one parameter known as cyclic stress ratio (CSR).
Cyclic stress ratio (CSR) = 0.65(a,,,,,/g) X (6/0') x 14 (1)

amax = peak horizontal acceleration at the ground surface

o = total stress at the point of concern; ¢’ = effective stress at the
point of concern

rq = stress reduction coefficient (This parameter accounts for the
flexibility of the soil profile.)

rg =1.0-0.00765Z for Z<9.15m (1.1)
rg =1.174-0.0267Z for 9.15m<Z<23m (1.2)

(Z = depth to the point of concern in meters)
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Soil Resistance to Liquefaction

¢ As a rule of thumb, any soil that has a SPT value higher than 30 will
not liquefy.

e Asmentioned earlier, resistance to liquefaction of a soil depends on its
strength measured by SPT value. Researchers have found that resis-
tance to liquefaction of a soil depends on the content of fines as well.

The following equation can be used for a clean sand. (Clean sand is
defined as a sand with less than 5% fines.)

1 (N1) 50 2
34— (N1)go] = 135 [10-(N1),,+45]> 200

CRR; 5 = soil resistance to liquefaction for an earthquake of 7.5
Richter magnitude.

The correction factor needs to be applied to any other magnitude.
That process is described later in the chapter. The above equation can
be used only for sands. (Content of fines should be less than 5%.) The
correction factor has to be used for soils with a higher content of fines.
That procedure is also described later in the chapter.

(N1)go = Standard penetration value corrected to a 60% hammer
and an overburden pressure of 100 Kpa. (Note that the above equations
were developed in metric units.)

CRR; 5= (2)

How to obtain (N1)¢o
<N1)GO: Nm x CN X CE X CB X CR (3)

Nm = SPT value measured in the field

Cy = overburden correction factor = (Pa/c

Pa = 100 Kpa; ¢’ = Effective stress of soil at point of measurement

Cg, = energy correction factor for the SPT hammer

For donut hammers Cy=0.5 to 1.0; for trip type donut hammers
Cg=08t01.3

Cp = borehole diameter correction

For boreholes 65mm to 115mm, use Cy=1.0

For a borehole diameter of 150 mm, use Cz=1.05

For a borehole diameter of 200 mm, use Cg=1.15

Cr=Rod length correction (rods attached to the SPT spoon exert their
weight on the soil. Longer rods exert a higher load on soil, and in
some cases the spoon goes down due to the weight of rods without

/)0.5
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any hammer blows. Hence correction is made to account for the
weight of rods).

For rod length <3m use Cg=0.75; for rod length 3m to 4m use
Cr=0.8; for rod length 4m to 6 m use Cr=0.85; for rod length
6m to 10 m use Cgr =0.95; for rod length 10m to 30 m use Cx=1.0

Design Example 3

Consider a point at a depth of 5m in a sandy soil (fines <5%). Total
density of soil is 1,800 Kg/m®. The groundwater is at a depth of 2m.
The corrected (N1)go value is 15. Peak horizontal acceleration at the
ground surface (amax) was found to be 0.15g for an earthquake of
magnitude 7.5. Check to see whether the soil at a depth of Sm
would liquefy under an earthquake of 7.5 magnitude.

Figure 19.15 Groundwater level

STEP 1: Find the cyclic stress ratio.
Cyclic stress ratio (CSR) = 0.65(amax/g) x (6/0') x1q (1)

amax = peak horizontal acceleration at the ground surface = 0.15g

o = total stress at the point of concern; ¢’ = effective stress at the point
of concern

rq = stress reduction coefficient (This parameter accounts for the flex-
ibility of the soil profile.)

rq =1.0-0.007657Z for 7Z<9.15m (1.1)
(Z = depth to the point of concern in meters)

rq =1.174-0.0267Z for 9.15m<Z<23m (1.2)

6 =5 x 1,800 = 9,000 Kg/m?
o' =2 x 1,800 + 3 (1,800 — 1,000) — 6000 Kg/m?
(Density of water = 1,000 Kgm?)

Since the depth of concern is S m (which is less than 9.15 m), use the
above first equation to find rg.
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rq=1.0-0.00765Z for Z <9.15m; rg=1.0-0.00765 x 5 =0.962

9,000
Hence, CSR = 0.65 x (0.15) x 6.000 x 0.962 = 0.1407
STEP 2: Find the soil resistance to liquefaction
CRRy s — 1 (N1)go 50 2 2)

34— (N1)g] = 135 7 [10.(N1)y, +45]> 200

(N1)gp value is given to be 15. Hence, CRR; 5 = 0.1585.

Since soil resistance to liquefaction (0.155) is larger than the CSR
value (0.1407), the soil at 5m depth will not undergo liquefaction for
an earthquake of magnitude 7.5.

Correction Factor for Magnitude

As you are aware, Eq. (2) (for CRR7 5) is valid only for earthquakes of
magnitude 7.5. The correction factor is proposed to account for mag-
nitudes different than 7.5.

Factor of safety (FOS) is given by = (CRR; 5/CSR)

CRR; 5= resistance to soil liquefaction for an earthquake of 7.5
magnitude and

CSR = cyclic stress ratio (which is a measure of the impact due to the
earthquake load)

The FOS for any other earthquake is given by the following equation.
FOS = (CRR 75/CSR) x MSF (4)

MSF = magnitude scaling factor
MSF is given by the following table.

Table 19.1 Magnitude scaling factors

Earthquake MSF Suggested MSF Suggested by Andrus
Magnitude by Idris (1995) and Stokoe (1997)

5.5 2.2 2.8
6.0 1.76 2.1
6.5 1.44 1.6
7.0 1.19 1.25
7.5 1.00 1.00
8.0 0.84

8.5 0.72
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The 1985 NRC conference participants gave engineers the freedom to
select either of the values suggested by Idris or Andrus and Stokoe. Idris’s
values are more conservative, and in noncritical buildings such as ware-
houses, the engineers may be able to use Andrus and Stokoe values.

Design Example 4

The CRR; 5 value of a soil was found to be 0.11. The CSR value for the
soil was computed to be 0.16. Will this soil liquefy for an earthquake of
6.5 magnitude?

STEP 1: Find the factor of safety.
FOS = (CRR75/CSR) x MSF (4)

MSF (magnitude scaling factor) for an earthquake of 6.5 = 1.44 (Idris)
FOS = (0.11/0.16) x 1.44 = 0.99 (Soil will liquefy.)

Use MSF given by Andrus and Stokoe.

FOS = (0.11/0.16) x 1.6 = 1.1 (Soil will not liquefy.)

Correction Factor for Content of Fines

Equation (2) was developed for clean sand with fines content less than
5%. The correction factor is suggested for soils with higher fines
content.

1 N (N1)go N 50 2
(34 — (N1)g,] 135 [10- (N1), + 45]2 200
Corrected (N1)40 value should be used in Eq. (2) for soils with higher

fines content.
The following procedure should be used to find the correction factor.

CRR75= (2)

e Compute (N1)go as in the previous case.

e Use the following equations to account for the fines content.
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(Ny)soc=a+b(Ny)g (Ny)goc = corrected (N )4 value

a=0 for FC < 5% (FC = fines content) (5.1)
a=exp[1.76 — 190/FC?] for 5% < FC < 35% (5.2)
a=50 for FC>35% (5.3)
b=10 for FC< 5% (5.4)
b =[0.99 + (FC'°/1,000)] for 5% < FC < 35% (5.5)
b=12 for FC> 35% (5.6)

Design Example 5

(N1)eo value for soil with 30% fines content was found to be 20. Find
the corrected (N)¢oc Value for that soil.

STEP 1: (N1)goc = a + b(N1)s0
For FC = 30%; a = exp|[1.76 — 190/FC?]
— exp[1.76 — 190/30%] = 4.706 (5.2)
For FC = 30% b =[0.99 + (FC'°/1,000)] = 1.154 (5.5)
(N1)goc = 4.706 4+ 1.154 x 20 = 27.78

Design Example 6

Consider a point at a depth of Sm in a sandy soil (fines = 40%).
Total density of soil is 1,800 Kg/m®. The groundwater is at a depth of
2m (yw = 1,000 Kg/m?). Corrected (N1) value is 15. (All the correc-
tion parameters Cy, Cg, Cg, Cp are applied, except for the fines
content.) Peak horizontal acceleration at the ground surface (amax)
was found to be 0.15 g for an earthquake of magnitude 8.5. Check
to see whether the soil at a depth of 5m would liquefy under this
earthquake load.

STEP 1: Find the cyclic stress ratio.
Cyclic stress ratio (CSR) = 0.65(amax/g) x (6/6') x 14 (1)
6=>5 x 1,800 = 9,000Kg/m?; ¢’ = 2 x 1,800 + 3(1,800 — 1,000)
= 6,000 Kg/m?
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Since the depth of concern is 5 m (which is less than 9.15m) use

Eq. (1.1)
rg = 1.0-0.00765Z for Z < 9.15m;rq = 1.0 - 0.00765 x 5 = 0.962
Hence, CSR = 0.65 x (0.15) x 2’888 % 0.962 = 0.1407

STEP 2: Provide the correction factor for fines content.

For soils with 40% fines — a = 5 and b = 1.2 (Egs. 5.3 and 5.6).
(N1)soc=a + b (Ny)eo
(N1)60C: 54+41.2x15=23

STEP 3: Find the soil resistance to liquefaction.

CRR7.5 = + + - (2)
34— (N1)go] 135 [10-(Ny), +45]° 200

(N1eoc value is found to be 23. (See step 2.)
Hence, CRR; 5 = 0.25 (from Eq. 2)

FOS = (CRR, s /CSR) x MSF (4)
MSF = magnitude scaling factor

Obtain MSF from Table 19.1.

MSF = 0.72 for an earthquake of 8.5 magnitude (table by Idris)
CSR = 0.1407 (see step 1)

FOS = (0.25/0.1407) x 0.72 = 1.27

The soil would not liquetfy.
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19.6 General Guidelines for Seismic Pile Design

IBC classifies sites based on SPT value and cohesion values.

Site Class
Site V; (Soil Shear
Class Soil/Rock Type SPT Cu (psf) Velocity)
A Hard rock N/A N/A Vs > 5,000
B Rock N/A N/A 2,500 < V4 < 5,000
C Very dense soil N> 50 Cy > 2,000 1,200 < V4 < 2,500
and soft rock
D Stiff soil 15<N<50 1,000<C,;<2,000 600<Vs<1,200
E Soft soil N<15 Cu. < 1,000 V< 600
F Peats,
liquefiable
soils, and
high-plastic
soils

(P1 > 75%)

Pre Cast Concrete Piles

Class C Sites
e Longitudinal reinforcements shall be provided with a minimum
steel ratio of 0.01. Lateral ties should be not less than % in. thick.

e Lateral ties should not be placed more than 6 in. apart.

e Longitudinal and lateral reinforcements should be provided for the
full length of the pile.

Class D, E and F

e Class C, requirements must be met.

e In addition, lateral ties should not be placed more than 4 in. apart.



Pile Design Software

Introduction

20.1

* Any type of soil condition can be simulated using the finite element
method.

ment method, which is considered to be the most powerful mathema-

Most geotechnical engineering software are based on the finite ele-
tical method today for solving piling problems.

Pocket of soft soil

(Layer 5)

_d_ Lol
v

Layer 2 :-

GW

[0, v (density), cohesion, SPT (N)]

Single element

Finite element grid

Figure 20.1
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e A complicated soil profile is shown in the figure. Nodes in each of
the finite elements are given the soil properties of that layer such as
¢, v (density), cohesion, and SPT (N) value.

¢ Nodes of elements in layer 1 are given the soil properties of layer 1.
Similarly, nodes on layer 2 will be given the soil properties of layer 2.

e Because of this flexibility, isolated soil pockets also can be effectively
represented.

20.1.1 Representation of Time History

* The capacity of a pile is dependent on the history of loading. A pile
that was loaded gradually would have a higher capacity than a pile
that was loaded rapidly.

* Assume that a developer is planning to construct a 10-story building
in five years. In this case, a full building load on piles would gradu-
ally develop in a time period of ten years.

¢ On the other hand, the developer would change his mind and decide to
construct the ten-story building in two years. In this case, full load on
piles would develop in two years. If the piles were to be fully loaded in
two years, the capacity of piles would be less than in the first scenario.

e In such situations, the finite element method could be used to
simulate the time history of loading.

Groundwater Changes: Change in groundwater conditions also
affects the capacity of piles. Change of groundwater level can
easily be simulated by the finite element method.

Disadvantages: The main disadvantage of the finite element method
is its complex nature. In many cases, engineers may wonder
whether it is profitable to perform a finite element analysis.

Finite Element Computer Programs

Computer programs are available with finite element platforms. These
programs can be used to solve a wide array of piling problems. The user
is expected to have a working knowledge of finite element analysis to
use these programs. More specialized computer programs are also
available in the market. These programs do not require knowledge of
finite element analysis.
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20.2 Boundary Element Method

e The boundary element method, a simplified version of the finite
element method, considers only the elements at boundaries.

Layer 1 i
GW Layer 2\;_'_—-; _———
Layer3___ Sdifiod

L @ Pocket of soft soil

PR (Layer§)

Figure 20.2 Boundary elements

e Only the elements at the soil pile boundary are represented.

¢ In this method, a full soil profile is not represented. As one can see,
the isolated soft soil pocket is not represented.

e On the other hand, fewer elements would make the computational
procedure much simpler than the finite element method.

20.3 Lateral Loading Analysis—Computer Software

P————»

PS1

A

Figure 20.3 Lateral loading analysis

When a lateral load (P) is applied as shown, the following resistances
are developed.
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PS1 = passive soil resistance due to pile cap on one side of the pile cap
S1=skin friction at the base of the pile cap
P1 and P2 =lateral soil resistance of piles.

If the pile cap is connected to other pile caps with tie beams, there
will be resistance due to tie beams as well.

Computer Programs for Lateral Load Analysis

COM624P: This program is capable of analyzing laterally loaded single
piles. It is based on the finite difference technique.

FLPIER (Florida Pier): This program is specially designed to analyze
bridge pier systems. It is capable of analyzing pile groups/pile cap
systems. FLPIER is based on the finite element method.

Lateral Loading Analysis Using Computer Programs

Input parameters to computer programs are twofold.

1. Pile parameters

2. Soil parameters

Pile Parameters

e Pile diameter

e Center-to-center spacing of piles in the group
e Number of piles in the group

e Pile cap dimensions

Soil Parameters for Sandy Soils

Soil parameters should be provided to the computer for each stratum.

e Strata thickness
e ¢ value of the strata

e Coefficient of subgrade reaction (k)

Note: &' value of sandy soil can be calculated using the following equation.
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o = 53.881 —27.6034 - e "OMN(peck et al., 1974)
(N = Average SPT value of the strata)

Note: The coefficient of subgrade reaction (k) can be obtained using the following table.

Coefficient of Subgrade Reaction (k) vs. N (SPT)

SPT (N) 8 10 15 20 30
k (kN/m3®  2.67E-6  4.08E-6  7.38E6  9.74FE6  145E6

Source: Johnson & Kavanaugh (1968).

Similarly, soil parameters for other strata also need to be provided.

Soil Parameters for Clayey Soils

Soil parameters required for clayey soils:

e S, (undrained shear strength. S, is obtained by conducting uncon-
fined compressive strength tests.)

* ¢, (strain corresponding to 50% of the ultimate stress. If the ultimate
stress is 3 tsi, then €. is the strain at 1.5 tsi.)

e Kk (coefficient of subgrade reaction)
The coefficient of subgrade reaction for clay soils is obtained from
the following table.

Coefficient of Subgrade Reaction vs. Undrained Shear Strength

Average Undrained Shear Strength (tsf)

(0.5-1) tsf (1-2) tsf (2-4) tsf
ks (static) 1bs/in3 500 1,000 2,000
ks (cyclic) Ibs/in3 200 400 800

Source: Reese (1975).
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Freeware from the Federal Highway Authority
The Federal Highway Authority (FHWA) provides computer software
for geotechnical engineering professionals. The following Website link
can be used to download the free programs.
http://www.thwa.dot.gov/engineering/geotech/software/
softwaredetail.cfm#driven
For pile design work, the FHWA provides the following programs.

20.4 Spile

Spile is a versatile program that determines the ultimate vertical static
pile capacity. The program is capable of computing the vertical
static pile capacity in clayey soils and sandy soils.

Pile Group Analysis: Pile groups need to be able to support vertical
loads, lateral loads, bending moments, and uplift forces. In some
cases, some of the piles may get damaged, and new piles need to be
driven at a slightly different location. When the location of a pile is
changed slightly, a new set of computations needs to be carried out.

Pile group program by Kalny Software company provides the following

a) Forces on individual piles in a pile group

b) Forces on corner piles for a given load.



Dynamic Analysis

Dynamic analysis is another technique used to evaluate the capacity of
a pile, though presently many engineers prefer to use static analysis.
Dynamic analysis is based on pile-driving data. Many dynamic equa-
tions are available, but their accuracy has been debated. The most
popular formulas are:

e Engineering News Formula

e Danish Formula

e Hiley’s Formula (more complicated than the other two formulas).
Dynamic formulas are better suited for cohesionless soils. The fol-

lowing comments were made by Peck, Hanson and Thornburn (1974).

All dynamic analysis formulas are unsound because their neglect of the
time dependant aspects of the dynamic phenomena. Hence, except where
well supported empirical correlations under a given set of physical and
geological conditions are available, the use of formulas apparently superior
to the Engineering News Formula is not justifiable.

In addition to neglecting the time-dependent aspect, pile dynamic
formulas also ignore soil parameters and pile type.

21.1 Engineering News Formula

The energy generated by the hammer during free fall = Wy, x H
Wy, = weight of the hammer; H = height of fall of the hammer (ft)
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The energy absorbed by the pile = Q, x S

Qu = ultimate pile capacity
S = penetration in feet during the last blow to the pile. (Normally,
average penetration during the last five blows is taken.)

Note: The work energy is defined as (force x distance).

During pile driving, the pile has to penetrate by overcoming a force of
Qy (ultimate pile capacity). Hence, the work energy is given by Q, x S.

WhrxH=Q, xS

There is elastic compression in the pile and the pile cap. These
inefficiencies are represented by a constant (C).

Hence, W;, x H=Q, x (S+ C); C is an empirical constant.
C = 1in. (0.083 ft) for drop hammers and C = 0.1 in. (0.0083 ft) for air
hammers.

WhXH

Engineering News Formula — Q,= 510

e Units of H, S, and C should be the same.
Design Example: A timber pile was driven by an air hammer weigh-
ing 2 tons with a free fall of 3 ft. The average penetration (S) of the
last five blows was found to be 0.2 ins. Use the Engineering News
Formula to obtain the ultimate pile capacity (Qy).

Wy x H
Engineering News Formula — Qu:(ShTXC)

Convert all units to tons and inches. The C value for steam hammers
is 0.1 in.

Wh=2tons; H=3x12in.; S =0.2in.; C = 0.1 in,;

Q.= 2x(3x12)
Y (0.2+0.1)
Q(allowable) = 240/6 = 40 tons; (355 kN)

= 240tons (2,135kN)

Normally, a FOS of 6 is used.



Chapter 21  Dynamic Analysis 345

21.2 Danish Formula

WhXH

Q=N 5655

n = efficiency of the hammer

Not all the energy is transferred from the hammer to the pile. A
certain amount of energy is lost during the impact. n is used to repre-
sent the energy loss.

2Wp x Hx L

So = elastic compression of the pile _cTh e X
AxE

L = length of the pile; A = cross-sectional area of the pile;

E = modulus of elasticity of the pile.

21.2.1 Driving Criteria (International Building Code)

IBC states that the allowable compressive load on any pile should not
be more than 40 tons, if driving formulas were used to compute the
allowable pile capacity. According to IBC, if an engineer specifies an
allowable pile capacity of more than 40 tons, wave equation analysis
and pile load tests should be conducted.

Many building codes around the world depend on dynamic formu-
las for guidance.

The following table, based on the Engineering News Formula, has
been adopted by the NYC Building Code.

Reference
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PART 4

Construction Methods



Pile Hammers

22.1 Introduction

e Driving a stick into the ground can be done by one person with a
hammer.

In earlier times, piles were driven by dropping a weight on the pile.

The weight was lifted using various lever and pulley mechanisms.

Guiding systems were developed to guide the weight so that it would
fall vertically.

Guide rails

Driving a stick into the ground
Simple pile-driving mechanism

Figure 22.1 Pile driving

In the simple pile-driving mechanism shown in Figure 22.1, the fol-
lowing components are used.

1. A weight
2. A lifting mechanism (in this case a pulley)

3. Guide rails to make sure that the hammer falls vertically.
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Early engineers who used this simple mechanism found out that it is
more productive to use a smaller fall height. If the fall height is
increased, then the time taken for a blow also will increase. It was
more productive to have many low-energy blows than few high-
energy blows. It was noted that low-energy blows could also minimize
damage to piles.

22.2 Steam-Operated Pile Hammers

H m

Steam Steam I

Single-acting steam hammer Double-acting steam hammer

Figure 22.2 Steam operated pile hammers

22.2.1 Single-Acting Steam Hammers

Steam was allowed to enter the pile hammer chamber from the
bottom. The hammer was lifted due to steam pressure. After lifting
the hammer, the steam inflow is cut off. The hammer would then
drop onto the pile.

22.2.2 Double-Acting Steam Hammers

Steam was allowed to enter the pile hammer chamber from the
bottom. The hammer was lifted due to steam pressure. After lifting
the hammer, the steam inflow was cut off. When the hammer started
to drop, a second stream of steam was sent to the chamber from the
top. The hammer falls faster due to gravity and the steam pressure
above.

Note: Today compressed air is used instead of steam.



Chapter 22 Pile Hammers 351

22.3 Diesel Hammers

Mechanism

Hammer

Exhaust air
l coming out

Exhaust
\\ BANG@#
\ Combustion
. chamber
Diesel

nozzle

Pile

/
i 5=//'1=

(@) (b) () (d)

Figure 22.3 Diesel hammers. (a) The hammer is raised and ready to fall.
(b) The hammer is dropping. The combustion chamber is filled with
compressed air. At this point diesel is injected into the combustion chamber
through the nozzle. (c) BANG! . . . .. Impact. When the impact occurs, diesel
in the combustion chamber ignites and an explosion occurs. (d) The
explosion inside the combustion chamber raises the hammer. Exhaust
comes out of the exhaust air outlet. The cycle repeats.

22.3.1 Single-Acting Diesel Hammers

e The picture shown above is of a single-acting diesel hammer.
Double-acting hammers have two combustion chambers. (See
Figure 22.4.)

e Single-acting hammers have open-end tops, while double-acting
hammers have closed-end tops. Diesel would be injected into both
lower and upper chambers in double-acting hammers.

e In the case of single-acting diesel hammers, the hammer moves
downward only because of gravitational force.
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* In the case of double-acting diesel hammers, the hammer moves
downward due to gravitational force and the explosion force in the
upper combustion chamber.

e Double-acting hammers are capable of generating much more force
than single-acting hammers.

22.3.2 Double-Acting Diesel Hammers

Diesel nozzle

Hammer
Combustion chambers
Exhaust (two combustion
| chambers)
) Combustion
< chamber < —I
Diesel (only one combustion chamber)
nozzle\
Pile >
Single-acting hammer Double-acting hammer

(no force acting on the hammer from top)

Figure 22.4 Single-acting and double-acting hammers

e Noise: Another major complaint against diesel hammers is the
“noise.” Special diesel models available from major manufacturers
make less noise.

e Operation in cold weather: Both single- and double-acting diesel
hammers are known to operate well under cold weather
conditions.

e Hammer as a pile extractor: Single-acting hammers cannot be used
as a pile extractor. Double-acting hammers are inverted and can be
used as a pile extractor.

e Frequency: Single-acting hammers have a frequency of 50 to 60
blows per minute, while double-acting hammers could be as high
as 80 blows per minute.
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e Soft soil conditions: Diesel hammers can stall when driving in soft
soil conditions.

e Air pollution: It is not a secret that diesel hammers create diesel
exhaust after each stroke. For this reason, many engineers are reluc-
tant to specity diesel hammers for urban pile-driving work. The latest
models have a much better track record for cleanliness. This aspect
needs to be investigated prior to specifying a diesel hammer.

Diesel Hammer Manufacturers

Delmag (www.delmag.de), Berminghammer (www.Berminghammer.
com), APE (www.apevibro.com), MKT (www.mktpileman.com), ICE
(www.iceusa.com), HMC (www.hmc-us.com), Mitsubishi, Kobe.

e The energy of diesel hammers can be as high as 500,000 Ib/ft. A large
diesel hammer D200-42 by Delmag imparts energy of 500,000 Ib/ft
to the pile at maximum rating. It has a hammer of 44,0001bs (22
tons) and a stroke of 11 ft. Furthermore, it can provide 30 to 50 blows
per minute as well.

* On a smaller side of the scale, D2 by Delmag has a hammer of 484 1bs
with a stroke of 3 ft 8 in. providing an energy of 1,000 lb/ft with 60 to
70 blows per minute.

22.3.3 Environmental Friendly Diesel Hammers

e Asan answer to the air pollution problem, a new generation of diesel
hammers is being manufactured that uses Bio Diesel. Bio Diesel is
made of soybean oil and is both nontoxic and biodegradable.

e Bio Diesel hammers can be used for projects in urban areas where
exhaust gases are regulated.

e Example: Bio Diesel hammer by ICE (www.iceusa.com).

22.4 Hydraulic Hammers

e Instead of air or steam, hydraulic fluid is used to move the hammer.

e Hydraulic hammers are much cleaner because they do not emit
exhaust gases.
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be controlled.

Mechanism

Compressed air

chamber

|\ Piston
T
Fluid chamber G p Fluid chamber G
==a
Valve A | valve B
g Q

Fluid chamber H
under HIGH pressure

Pile

Fluid chamber L
under LOW pressure

L
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Hydraulic hammers are less noisy than most other impact hammers.
Unfortunately, hydraulic hammers are expensive to buy and rent.
Hydraulic hammers are capable of working underwater as well.

Unlike steam or air hammers, the energy of hydraulic hammers can

STEP 1: Valve A is opened
and valve B is closed.

When valve A is opened, high -
pressure fluid comes from
chamber H to chamber G and
lifts the piston and hammer.

STEP 2:  After the piston is
raised, valve A is closed and
valve B is opened.

Then high-pressure fluid inside
fluid chamber G goes into the
low-pressure chamber L. The
piston and hammer start to fall.
Free fall is intensified by the
high-pressure compressed air
inside the chamber on top. The
process will repeat.

Figure 22.5 Hydraulic hammer

* Any free-falling object usually falls under gravitational acceleration g.
But due to high-pressure compressed air on the top chamber,
acceleration of the hammer can be raised to 2 g or more.

e Large hydraulic hammers can impart energy as high as 2.5 million
Ib/ft on the pile.

e For example, MHU 3000T by MENCK can impart energy of 2.43 mil-
lion Ib/ft. It has a striking part weighing 198.4 tons with a stroke of

5.5 ft.
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Energy = Weight of striking part x Stroke =396,8001bs x 5.5 ft
= 2.28 million Ib/ft.

This giant is also capable of providing 40 blows per minute.

(Additional energy is obtained from the high-pressure gas inside the
chamber above the piston.)

e $-2300 hammer by IHC has an energy rating of 1.6million lb/ft
with a hammer weighing 115 tons. It can provide 30 to 80 blows
per minute as well.

Stroke of S-2300 hammer (assuming free fall) = 1,600,000/(115 x 2000)
=6.95 ft

Stroke = Energy/Weight of the striking part of the hammer

But the stroke of the S-2300 hammer is only 3.5 ft. Higher energy is
obtained from the high-pressure gas inside the chamber above the
piston.

e [HC provides two hammer types. The S series by IHC has a lighter
hammer and high hammer speed; these hammers are ideal for steel
piles. IHC SC series hammers have heavier hammers and slow ham-
mer speed; these are good for concrete piles.

* On the smaller side of the scale, HMC 28H has an energy rating of
21,000 Ib/ft with a hammer of 16,500 Ibs with a stroke of 1 ft.

¢ Energy can be varied: Energy imparted to the pile can be controlled
by varying the pressure in the gas chamber above the piston. The
control panel can be hooked to a printer to obtain printouts.

e Control panel: Electronic control panels are available with latest
models. The typical control panel provides energy, engine rpm,
and so on.

e Noise reduction: Special housings have been developed for the pur-
pose of noise reduction.

e Energy per blow: The operator can adjust the energy per blow.

e Blow rate: Hydraulic hammers are capable of providing high blow
rates 50 to 200 blows per minute.
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22.5 Vibratory Hammers

Mechanism

Vibratory hammers consist of three main components.

1. Gear case
2. Vibration suppressor

3. Clamp

Holding unt——»

Vibration
suppressor

(springs)

Gear case >
Rotating — |
weights

Clamp L]

Pile

The gear case has eccentric rotating
weights.

Due to the eccentricity of the weight,
the gear case moves up and down
(or vibrates up and down).

These vibrations are transferred to the
pile below.

The suppressor above the gear case
suppresses any up-and-down vibrations.
The suppressor is made up of springs.

Due to the suppressor, the holding unit
will not feel any vibrations.

The holding unit can be attached to an
arm of a backhoe, hung by a crane or
by a helicopter in rare occasions.
Up-and-down movement of the gear
case is dependent on the RPM
(revolutions per minute) of weights.

Figure 22.6 Vibratory hammer

Principle of the Vibratory Hammer

e Imagine a weight attached to a rod. If the weight is attached to the
rod at the center of gravity, there will not be any vibrations during

rotation.

e If, however, the weight is attached from a point other than the

center of gravity, then vibrations will occur. (See Figure 22.7.)
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(a)

No vibrations (b)
(Vibrations) Rotating weight
Strings —>| M Rod moves _ is not attached
Rod = up and at center of
down. I of gravity
Rotating weight — >
(attached at center L

of gravity)
L

Figure 22.7 Vibratory hammer mechanism

¢ In the case shown in Figure 22.7a, the rod will not move up and
down when the mass is rotated. Thus, the rotating mass is attached
to the rod at the center of gravity.

e In the case shown in Figure 22.7b, the rod will move up and down
when the mass is rotated. In this case, the rotating mass is not
attached to the rod at the center of gravity.

e This principle is used for vibratory hammers. The gear case contains
a rotating mass attached to a rod as shown in Figure 22.7b, with an
eccentricity.

e Eccentricity = distance between point of attachment and center of
gravity

é\ Eccentric moment = W. e

Eccentricity (e) l ;

Figure 22.8 Eccentric moment

Amplitude: Up-and-down movement of the vibratory hammer. Ampli-
tude could be 0.2 to 1.5 in.

Frequency: The number of up-and-down movements of the vibratory
hammer per minute. Typically, frequency ranges from 1,000 to
2,000 rpm (revolutions of rotating weights per minute).

Power Pack: Vibratory hammers are usually powered by a power pack.
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Some Vibratory Hammer Specifications

Pile
Max. Clamp Eccentric
Frequency Amplitude Pull Force = Moment

Manufacturer Model (RPM) (in) (Tons) (Tons) (in. lbs)

DAWSON EMV 2,400 0.58 8.8 40 400
300

TRAMAC 428B 3,000 0.35 14 56 348

HPSI 40E 2,200 0.875 15 30 400

ICE 216E 1,600 1.02 45 50 1,100

Electronic monitoring: Most vibratory hammers come with electronic
monitoring devices. These devices provide information such as fre-
quency, amplitude, maximum pull, and eccentric moment at any
given moment.

Sands and clays: Vibratory hammers are ideal for sandy soils. When
the pile vibrates, the soil particles immediately next to the tip of the
pile liquefy and resistance to driving diminishes. In clay soils, this
process does not occur. Vibratory pile hammers are not usually
effective for driving in clay soils. If one encounters clay soil during
driving, larger amplitude should be used for clay soils. This way, clay
soil can be moved and pile can progress. When a smaller amplitude
is selected, pile and surrounding clay can move up and down
together without any progress.

Popular dynamic formulas cannot be used: One major disadvant-
age of vibratory hammers is their inability to use popular
dynamic formulas. (Many engineers and city codes are used to
specifying the end of pile driving using a certain number of blows
per foot.)

22.5.1 Resonance-Free Vibratory Pile Drivers

e Highest amplitude occurs at the startup and finish of a vibratory
pile driver. At startup, weights inside the vibratory driver accel-
erate to achieve a high velocity. This induces a high amplitude
at the beginning. High amplitude can cause damage to nearby
buildings.
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Amplitude 4
<——— Standard vibratory driver

Resonance-free vibratory
driver

>

Startup Normal operation

Figure 22.9 Amplitude in a vibratory hammer

e At startup, standard vibratory drivers generate high amplitudes as
shown in Figure 22.9. Specially designed resonance-free vibratory
drivers do not generate high amplitudes during startup.

¢ Resonance-free vibratory drivers may be selected when driving near
buildings.

22.6 Pile-Driving Procedure
The following procedure is generally used during the driving of piles.

e A stake is driven at the location of the pile.

The pile is straightened and kept upright on the location marked.
e The plumbness of the pile is checked.

e The pile-driving hammer is lowered to the top of the pile.

e Few light blows are given and checked for plumbness.

e Full driving starts.

e The rate of penetration is recorded.

Rate of penetration = Number of blows per inch

e The pile is driven to the planned depth. In some cases, pile driving is
stopped when the required rate of penetration is achieved.

e The inspector should keep an eye on rate of penetration of the pile.
Unusually high blows per inch may indicate boulders or bedrock.
Some piles (especially timber piles) get damaged if they hit a boulder.

o After the pile is driven as per the required criteria, the pile is cut off
from the top.



Pile Inspection

23.1 Pile-Driving Inspector’s Checklist

e Review of the Geotechnical Engineering Report
* Inspection of piles prior to installation

¢ Inspection of pile-driving equipment (prior to driving and during
driving)

Inspection of the pile-driving procedure

Maintenance of a driving record log

23.2 Review of the Geotechnical
Engineering Report

The inspector should read and understand the Geotechnical Engineer-
ing Report. He should be aware of soil conditions, expected capacity of
piles, specifications of piles and driving equipment, and pile-driving
criteria.
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23.3 Inspection of Piles Prior to Installation

* Inspection of Timber Piles: The piles should comply with the speci-
fications of the project, and the timber should be of the species
specified. Tip and butt diameter should be measured and recorded
for each pile. These diameters should not vary significantly from the
specified diameters. Timber piles should be straight. Timber piles
that are not as straight as specified should be rejected. The inspector
should look for any damage due to fungus attack. If steel shoes are
specified, these shoes should be properly attached.

e Inspection of Steel H-piles: The inspector should check for the steel
grade, section dimensions, and length. Pile shoes and pile-splicing
techniques should be in accordance with the specifications. Piles
should be free of damage and corrosion.

e Inspection of Concrete Piles: Check for the dimensions, slump
report, and strength report of concrete. Specifications normally
require a minimum waiting period after casting, prior to driving. It
is common for concrete piles to have slight damage during transpor-
tation. The inspector should check for this damage and if it is
significant, that pile should be rejected.

23.4 Inspection of Pile-Driving Equipment
(prior to driving and during driving)

* The pile-driving rig should be in accordance with specifications.

e The pile hammer should be as specified. A higher energy rating than
specified energy can damage the pile, while a smaller energy rating
may not produce the driving energy required.

e The helmet of the pile should properly fit the pile. If the helmet does
not fit the pile properly, that could cause damage to the pile.

e Determine the weight of the ram (for drop hammers and air/steam
hammers).
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23.5 Pile-Driving Inspection Report

363

Pile Information

The Equipment

The Hammer

Ground Elevation
Length Driven
Pile Cutoff Elevation

Contractor Information:
Contractor’s Name:
Contractor’s Address:

Pile Inspector’s Name

o Pile type: wood__H Rig Make:
pile__concrete__pipe Type: Model:
pile__ Mandrel: Rated Energy:
e Pile diameter: Follower Wt of Ram:
(Wood) Stroke:
Ti But Hammer cushion:
P v Thickness__
e H pile: Cap:
Section Type Wt:
Weight per
foot
e Pipe Pile:
Outer
diameter
Inner
diameter
Project Name: Address Project #

Pile Toe Elevation

Pile Splicing Information

Field Foreman’s Name:

Pile Inspection Company:

Weather: Temp: Rain
Ft No. of Speed |Remarks |Ft No. of Speed Remarks
Blows (blows Blows (blows
per per
minute) minute)
1 26
2 27
3 28
4 29
25 50
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23.6 General Guidelines for Selecting a Pile Hammer

23.6.1 Single-Acting Steam and Air Hammers

Dense sands and stiff clays need heavy hammers with low blow
counts. This makes single-acting hammers ideal for such situations.

23.6.2 Double-Acting Steam and Air Hammers

Double-acting hammers have light hammers compared to single-
acting hammers with the same energy level. Light hammers with
high-velocity blows are ideal for medium-dense sands and soft
clays.

23.6.3 Vibratory Hammers

Vibratory hammers for concrete and timber piles should be avoided.
Vibratory hammers can create cracks in concrete.

Vibratory hammers for clayey soils should also be avoided. Vibratory
hammers are best suited for loose to medium sands.

Vibratory hammers are widely used for sheetpiles since it may be
necessary to extract and re-install piles. Piles can be readily extracted
with vibratory hammers.

In loose to medium soil conditions, sheetpiles can be installed at a
much faster rate by vibratory hammers.

23.6.4 Hydraulic Hammers

Hydraulic hammers provide an environmentally friendly operation.
Unfortunately, the rental cost for these hammers is high.

23.6.5 Noise Level

Another important aspect of selection of piles is the noise level.
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Installation Method  Observed Noise Level Distance of Observation

Pressing (jacking) 61dB 7m

Vibratory (medium 90dB 1m
freq.)

Drop hammer 98-107 dB 7m

Light diesel hammer 97 dB 18m

Source: White et al. (1999).

Reference
White, D.J., et al. Press in Piling: The Influence of Plugging on Driveability, 8™
International Conference on Plugging on Driveability, 1999.

23.7 Pile Driving Through Obstructions

e Most pile-driving projects encounter obstructions. The types of
obstructions usually encountered are

1. Boulders

2. Fill material (concrete, wood, debris)

23.7.1 Obstructions Occurring at Shallow Depths

If the obstruction to pile driving is occurring at a shallow depth, a
number of alternatives are available.

Excavate Obstructions Using a Backhoe

I~ & o &
o N,
3

Excavate and remove obstructions Backfill with clean fill

Figure 23.1 Obstructions
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This method may be cost prohibitive for large piling projects. The
reach of most backhoes is limited to 10 to 15 ft and any obstruction
below that level would remain.

Use Specially Manufactured Piles

Most pile-driving contractors have specially designed thick-walled pipe
piles or H-piles that penetrate most obstructions. Usually, these piles are
driven to penetrate obstructions. After penetrating the obstruction, a
special pile is removed and the permanent pile is driven. The annulus is
later backfilled with sand or grout.

FEP P

(a)

Figure 23.2 Driving through obstructions. (a) Drive the stronger pile (special
pile) through obstructions. (b) Remove the special pile. (The hole is shown
here). (c) Insert the permanent pile and drive it to the desired depth. (d) Grout
the annulus or fill it with sand.

Obstructions Occurring at Any Depth

The second method above can be implemented for deeper obstruc-
tions as well, provided the hole remains open. Unfortunately, driving
a special pile deep is somewhat equivalent to driving two piles. Other
methods exist to tackle obstructions at deeper levels.
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Spudding

Spudding is the process of lifting and dropping the pile constantly
until the obstruction is broken into pieces. Obviously, spudding
cannot be done with lighter piles (timber or pipe piles). Concrete
piles and steel H-piles are good candidates for spudding.

Spudding generates extremely high stresses. The spudding piles
should be approved by the engineer prior to use in the site since
spudding could damage the pile.

Augering and Drilling

It is possible to auger through some obstructions. Usually, local con-
tractors with experience in the area should be consulted prior to
specifying augering or drilling through obstructions.

Toe Strengthening of Piles

The toe of piles can be strengthened using metal shoes to penetrate
obstructions.

23.8 Pile Hammer Selection Guide

In most cases piles are selected using wave equation programs. If wave
equation analysis is not conducted, the following table can be used as
an approximate guide. (The table was prepared by adapting the table
presented in “Pile Driving Equipment,” U.S. Army Corps of Engineers,
July 1997).



23.8.1 Sandy Soils
SPT (N) Timber Open-End Closed-End Concrete
Value Soil Type Piles Pipe Piles Pipe Piles H-Piles Sheetpiles Piles
0-3 Very DA, SA DA, SA, V (A, S, H) DA, SA, V DA, SA, V DA, SA
loose (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)

4-10 Loose DA, SA DA, SA, V DA, SA, V DA, SA, V DA, SA, V DA, SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
10-30 Medium SA DA, SA, V DA, SA, V DA, SA, V DA, SA, V SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
30-50 Dense SA DA, SA, V SA, V SA, V DA, SA, V SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
S0+ Very dense SA SA SA SA DA, SA, V SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)

Legend: DA =Double Acting; SA =Single Acting; A= Air, S=Steam, H = Hydraulic, V = Vibratory
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23.8.2 Clay Soils

SPT (N) Timber Open-End Closed-End Concrete
Value Soil Type Piles Pipe Piles Pipe Piles H-Piles Sheetpiles Piles
04 Very Soft DA, SA DA, SA, V DA, SA DA, SA, V DA, SA, V DA, SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
4-8 Medium DA, SA DA, SA, V SA DA,V DA, SA, V SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
8-15 Stiff SA DA, SA SA DA, SA DA, SA SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
15-30 Very stiff SA SA SA SA SA SA

(A, S, H) (A, 'S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)
30+ Hard SA SA SA SA SA SA

(A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H) (A, S, H)

uondadsul ajd ¢z 491deyd
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23.9 Pile Heave and Re-Driving

e When driving piles in a group, nearby piles heave due to driving.

Pile hammer\E|

<——— Pile heave due to driving of pile “A”

e [t is important to re-drive piles that have been heaved by more than
1 in. (Local codes need to be consulted by engineers with regard to

pile heave.)

Pile “A”

Pile “B”

Figure 23.3 Pile heave

23.9.1 Case Study (Koutsoftas, 1982)

In this case study, groups of piles were driven and pile heave was

measured.

Site Conditions

o Pile type: H-piles
Sand 15ft
e Hammer type: Single-acting
steam hammer (Vulcan 016)
Silty clay 35t e Hammer energy: 48,750 Ib/ft
Number of piles in the group=40
Bedrock
Figure 23.4 Pile - soil diagram
Pile group =5 x 8 cluster,
Pile type = = H-piles, HP 14 x 117, Grade 50 steel

Pile spacing = 3.5 ft center to center
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Pile-driving sequence: One row at a time. Started from the southern-
most row and moved north, driving row by row. (See Figure 23.5.)

0.25in.

N 0.5in.  0.5in.

o O O O

0.25/in.

o O 0O O O

o

Figure 23.5 Pile location plan

Pile Heave Contours

The piles at the middle heaved more than the piles at the periphery.

Reference

Koutsoftas, D.C., “H-Pile Heave: A Field Test,” ASCE ]. of Geotechnical Eng.
August 1982.

23.10 Soil Displacement During Pile Driving

Volume displacement during pile driving is significant in clayey soils.
On the other hand, sandy soils tend to compact. Volume displacement
of saturated clayey soils is close to 100%. In other words, if a 10-cu-ft
pile is driven, 10 cuft of saturated clay soil will need to find another
home. Displaced soil usually shows up as surface heave or displace-
ment of nearby sheetpiling or basement walls.
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Pile Sheetpile wall Pile
|

Cracked basement wall due to soil movement

Figure 23.6 Possible problems due to pile driving

e Failure of a sheetpile wall due to pile driving is shown in Figure 23.6.

e The sheetpile wall probably would not have failed if the soil had
been sand instead of clay.

e Pile driving could damage nearby buildings due to soil displacement
or pore pressure increase. If there is a danger of affecting nearby
buildings, pore pressure gauges should be installed.

e If pore pressure is increasing during pile driving, the engineer should
direct the contractor to stop pile driving till pore pressure comes
down to an acceptable level.

23.11 Pile Integrity Testing

e Low-strain methods (ASTM D 5882)

Hand-held hammer —— Analyzer

Sensor

Pile ——>

Figure 23.7 Pile driving analyzer

A hand-held hammer is used to provide an impact on the pile. The
impact generates two types of waves: (1) longitudinal waves and
(2) shear waves.

Waves generated due to the hammer impact travel along the pile
and return. The sensor will relay the information to the analyzer. The
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analyzer makes computations and provides information regarding
the integrity of the pile. If the pile is in good condition, both waves
will return rapidly. If the pile has a broken section, that will delay the
signal. Delay of each wave gives information such as necking, dog
legging (bends), and cracked concrete. Depending on the product,
some sensors are capable of recording the load on the pile, strain in
the pile material, and stress relief.

e High-strain methods (ASTM D 4945)

Instead of a hand-held hammer, a pile-driving hammer also can be
used. This technique provides the bearing capacity of soil in addition
to pile integrity. The wave equation is used to analyze the strain and
load on the pile.

/— Pile-driving hammer

—— Analyzer
H_‘:l <—— Computer
o

\ Sensor

Pile ——>/|

Figure 23.8 Pile driving analyzer with a pile hammer

Radar Analyzer

/— Pile-driving hammer

- T Radar antenna

7
-

Figure 23.9 Radar analyzer
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In this method, radar signals are sent to the pile hammer. Radar
signals collide with the pile hammer and return to the antenna. From
this information, the sensors in the antenna are able to detect the
velocity of the pile. From the velocity, it is possible to compute the
kinetic energy imparted to the pile. Some radar devices are capable of
monitoring the stroke as well.

23.12 Use of Existing Piles

After demolition of a structure, piles of the old structure may remain.
Cost of construction of the new structure can be reduced if old piles
can be used. Many building codes allow use of old piles with proper
procedures.

Demolished building

Existing piles ———>/|

Figure 23.10 Use of existing piles

The design engineer should conduct a thorough survey of old piles.
The following factors should be taken into consideration during the
survey.

1. Capacity of old existing piles: If old Geotechnical Engineering
Reports can be obtained, it may be possible to find pile-driving
logs, pile load test data, and boring logs belonging to the old
structure. These data can be used to find the capacity of old piles.

2. Reliability of old information: Piles may have been driven decades
ago. The reliability of old information needs to be assessed.
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3.

Present status of old piles: Timber piles can be subject to deteriora-
tion. Steel piles may get rusted, and concrete piles are susceptible to
chemical attack.

e Test pits can be dug near randomly selected piles to observe the
existing condition of piles

e Few piles can be extruded to check their present status

Pile load tests: Pile load tests can be conducted to verify the capacity.

. Pile integrity testing: Seismic wave techniques are available to check

the integrity of existing piles. These techniques are much cheaper
than pile load tests.

Approval from the building commissioner: Usually, the building
commissioner needs to approve the use of old piles. The report of
findings needs to be prepared and submitted to the local building
department for approval.

23.13 Environmental Issues

23.13.1 Creation of Water-Migrating Pathways

Piles are capable of contaminating drinking water aquifers. When
piles are driven through contaminated soil into clean water aqui-
fers, water migration pathways can be created. Water migrates from
contaminated soil layers above to lower aquifers.

Contaminated soil
Water seepage

~

Impermeable soil layer

Groundwater aquifer l
R /

Figure 23.11 Water seepage along piles
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As shown in Figure 23.11, water may seep along the pile into
the clean water aquifer below.

e When a pile is driven or bored, a slight gap between soil and pile wall
is created. Water can seep along this gap into clean water aquifers
below. H-piles are more susceptible to creating water migration path-
ways than circular piles.

Contaminated soil L~ Water seepage through the pile

Impermeable soil layer

Groundwater aquifer

Figure 23.12 Wick effect

e Figure 23.12 shows water seeping through the pile into the lower
soil strata. This situation is common to timber piles. Researchers
have found that treated timber piles are less likely to transport
water than untreated piles. Geotechnical engineers should be
aware of this phenomenon when designing piles in contaminated
soil conditions.

23.14 Utilities

Summary: Every geotechnical engineer should have good knowledge
of utilities. Utilities are encountered during drilling, excavation, and
construction. This chapter gives basic information regarding utilities.
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General Outline of Utilities: In a perfectly planned city, utilities
will be located as shown in Figure 23.13.

Sidewalk Road Sidewalk
D Gas ::l
00 v High-pressure water % ¢ Electric cables
OA o O
l

Telephone cables

Q Domestic water
Steam \©

City sewer
Storm drain \G

Figure 23.13 Typical utility distribution

Most cities were not built overnight; they were built over many
centuries. Utility companies lay down utilities in accordance with
the availability of space. Figure 23.13 shows how utilities would have
been laid out, if there were no obstructions.

Electric, Cable TV, and Telephone Lines: Usually located at shallow
depths closer to the edge of the road. These cables are enclosed in
wooden or plastic boxes as shown in the figure.

Domestic Water: Domestic water lines are located relatively deep
(approximately 4 to 6 ft). Domestic water lines consist of

e Mains
e Sub-mains

e Branch lines supplying buildings and houses
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Water sub-main (located under roadways)

\_

) S—— Branch lines (supplying houses)
Water main (located under major streets)

Figure 23.14 Water distribution lines

Note: The water main would go underneath a major street. Side roads would get water
from this main. Sub-mains are connected to houses through branch lines. Main water
lines are made of concrete or steel. Water lines are usually laid on top of stones and
backfilled with clean sand. Prior to a water main, clean fill will be encountered. Water is
carried through pipes by pressure.

High-pressure Water Lines: These lines are needed for fire hydrants.
These lines are usually smaller in diameter and lie at shallow depths
near the edge of roads.

Sewer Systems: Sewer lines are located at great depths away from
water lines to avoid any contamination in the case of a sewer pipe
tailure. Usually, sewer lines are located 10 ft or more from the surface.
Modern sewer lines are built of concrete. Old lines could be either clay
or brick. Unlike water lines, sewer lines operate under gravity. Most
sewer lines in major cities have been operating for many centuries
without any interference from man; some believe that new creatures
have evolved inside them.

Storm Drains: Storm drains are much larger than sewer pipes. They
were usually built using concrete. (Older systems could be bricks or
clay pipes.) Storm drains are responsible for removing water accumu-
lated during storm events.
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Rainwater is collected at catch basins and carried away by storm
drains.

Catch basin

Sidewalk Catch basin
/—

Sidewalk

Road

Storm drain

Figure 23.15 Storm drains

Combined Sewer: It is not unusual to connect sewer lines to storm
drains. Since they are usually near discharge points, storm drains and
sewer lines are combined. These lines are known as combined sewer
lines.



Water Jetting

Water jetting is the process of providing a high-pressure water jet at
the tip of the pile. Water jetting may ease the pile driving process by

e Loosening the soil

e Creating a lubricating effect on the side walls of the pile

24.1 Water Jet Types

Water jets can be external or internal. (See Figure 24.1.)

1

' DAYy

(@) (b) (© (d)

Figure 24.1 Water jet types. (a) Internal water jet pipe is shown here. Internal
water jet pipes can be installed only in concrete piles and steel pipe piles.
(b) External jet pipe attached to the side of the pile is shown. This is the usual
procedure for timber piles. (c) Two jet pipes attached to opposite sides of the
pile are shown here. (d) Internal jet pipe with two branches.

|
|
AN
/
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24.2 |deal Water Pathway

Figure 24.1a shows the ideal water pathway. Water should return to
the surface along the gap existing between the pile wall and soil. In
some cases, water may stray and fill up nearby basements or resurface
at a different location.

24.2.1 Pile Slanting Toward the Water Jet

e Piles tend to slant toward the water jet when driving.

—\

N

Figrue 24.2 Pile slanting due to water jet

e Pile slant toward the water jet can be avoided by providing two water
jets symmetrically as shown in Figures 24.1c and 24.1d. Providing
the water jet at the middle also (Figure 24.1a) is a solution to this
problem.

Jet Pipe Movement

Many experienced pile drivers move the jet pipe up and down along
the pile to ease driving. This process is specially conducted to keep the
plumbness of the pile. This luxury is not available with internal jet

pipes.

Water Jetting in Different Soil Types

Sand: Water jetting is ideal for dense sandy soils.
Silt: Water jetting can be successful in many silty soil beds. Yet, it is
not unusual to have a clogged jet pipe. Clogging occurs when tiny
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particles block the nozzle of the jet pipe. It is also important for the
surrounding soil to close up on the pile after jetting is over. In some
silty soils this may not happen. That would reduce the skin friction.

Clay: Water jetting can be used with different success levels in clay
soils. Clay soils could clog the jet pipe as in the case of silty soils.
Ideally, the water jets are supposed to travel back to the surface along
the gap between pile wall and soil. In clay soils, this gap may be
closed due to adhesion, and water may not be able to find a pathway
to the surface. In such situations, jetting will not be possible.

Gravel: Water jetting is not recommended in loose gravel. Water
travels through gravel (due to high permeability) and may not
provide any loosening effect. Water jetting can be used in dense
gravel with different levels of success.

Advantages of Water Jetting
e Water jetting is a silent process.

e Water jetting can minimize damage to piles.

24.3 Water Requirement

Case 1: Pile Driving in Dry Sand (water table is below the pile tip)

GW

Figrue 24.3 Pile driving in dry sand

Q/D=530(dsy)"? -1 +01n-L-K

Q = flow rate of water required for pile jetting (units—cu m/hour)
D = pile diameter (m)
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dso = 50% passing sieve size
L = pile length (m)
K = permeability of soil (m/day) (Tsinker, 1988)

Note: When the water table is located above the pile tip, the flow rate required will be less

than the above computed value.

Case 2: Pile Driving in Dry Multilayer Sand (water table is below the

pile tip)

K; (permeability), L; (layer thickness)

Kz, L2

Ks, La

GW

Figrue 24.4 Pile driving in multi sand layers

Q/D=530(dsy)"” - L +0.17-L-Kp,

Km = (Ki- L1 + Kz Lz + K3+ L3)/(Ly + Lz + L)
K = combined permeability of sand layers

Determination of Required Pump Capacity
H=(Q" Ly)/C

H = head loss in the hoses

Q = flow rate (cu m/hour)

L, = total length of water supply hoses (m)

C = head loss parameter (obtained from the table below)

For Rubber Hoses

Jet pipe internal diameter (mm) 33 50 65
C 50 200 850

76
2,000
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Case 3: Pile Driving in Dry Sand (water table is above the pile tip)

GW

Figrue 24.5 Pile driving in sand (water table above the pile tip)

Q/D=530(dsy)"? - L% +0.017n-L-K

Q = flow rate of water required for pile jetting in cu m/hour
D = pile diameter (m)

dso = 50% passing sieve size

L = pile length (m)

K = permeability of soil (m/day) (Tsinker, 1988)

Note: Saturated sand requires much less water than dry sand.

Reference

Tsinker, G.P., “Pile Jetting,” ] of ASCE Geotechnical Eng., March 1988.
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Cost Estimate for Pile-Driving Projects

As in any project, pile-driving projects consist of material and labor
costs. The following guidelines help to generate a cost estimate for a

piling project.

e Mobilization cost: Depends on the location, project size, and

equipment.

e Material cost: Use the following chart.

Pile Type

Linear ft Unit Cost Total Cost

Wood piles, Class __
dia. ___treated Y/N,

Steel H Piles
Size

Pipe Piles
dia. , wall thickness

Precast concrete piles
Size

Concrete-filled pipe piles
Size

Cast-in-situ concrete piles
Size
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e Pile shoes: No. of shoes required , Cost of shoes
e Pile-splicing cost: Material cost for splicing , Labor cost

e *Equipment Cost

Driving rig make , Model
Estimated driving rate , Total driving time ,
Allowance to move from pile to pile
Rental rate , Cost of driving rig for the project
Mandrel rate , Cost of mandrel for the project
e Labor
Rig operator rate , Operator cost for the project
Oiler rate , Oiler cost for the project
Fireman rate , Fireman cost for the project

Labor rate , Labor cost for the project



Pile Load Tests

26.1 Introduction

Pile load tests are conducted to assess the capacity of piles.

26.1.1 Theory

e Pile load test procedures can change slightly from region to region
depending on local building codes.

e A pile is driven, and a load is applied to the pile.

3 iomp

Hydraulic jack and gauges
<—  Side supports

<— Pile

Figure 26.1 Pile load test

e Figure 26.1 is a highly simplified diagram of a pile load test. Never-
theless, it shows all the main parts that need to conduct a pile load
test.

e Generally, to conduct a pile load test, one needs a driven pile, a load
(usually steel and timber), a hydraulic jack, a deflection gauge, and a
load indicator.



390 Pile Design and Construction Rules of Thumb

* The gauges should be placed to measure
1. The load on the pile
2. Settlement of the pile

Another Popular Configuration

Steel beam
‘ly_

Q\ Hydraulic jack
Supporting piles —>, and gauges

/A | N

Pile to be tested

Figure 26.2 Pile load test using a steel beam

e In this configuration, a steel beam is held to the ground by support-
ing piles. A hydraulic jack is placed between the pile to be tested and
the steel beam.

e The jack is expanded pushing the steel beam upward while pushing
the test pile downward into the ground.

Pile Load Test Procedure
e Compute the ultimate pile capacity based on soil mechanics theory.

e Compute the design load using a suitable factor of safety

Design Load (D) = Ultimate Pile Capacity (U)/FOS

Generally, total test load is twice the design load. (This could change
depending on local building codes.)

Total Test Load (Q) = 2 x Design Load (D)

Apply 12.5% of the test load and record the settlement of the pile
every two hours.

Readings should be taken until the settlement recorded is less than
0.001 ft during a period of two hours. When the pile settlement rate
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is less than 0.001 ft per two hours, add another 12.5% of the test
load. Now the total load is 25% of the test load. The settlement is
monitored as previously. When the settlement rate is less than
0.001 ft per two hours, the next load is added.

e The next load is 25% of the test load. Now the total load is 50%.
The load is increased to 75% and 100% and settlement readings are
taken.

e The load is removed in the same sequence, and the settlement read-
ings are recorded. At least a one-hour time period should elapse
during removal of loads.

e The final settlement reading should be recorded 48 hours after
removal of the final load.

Settlement (in)

1.64
1.55
1.2 Q = Test load
0.8
0.4
T T T 1 >
0.25Q 0.5Q Q Load

Figure 26.3 Load vs. settlement

e Q = Maximum Test Load; Maximum test load (Q) is twice the design
load. Settlement is marked along the Y-axis. The settlement increases
during the application stage of the load and decreases during the
removal stage of the load.

Gross settlement = the total settlement at test load (In this case it is
1.55in.)
Gross settlement = settlement of pile into the soil + Pile shortening

e [t is obvious that the pile compresses due to the load, and as a
consequence the pile will shorten.

Net settlement = settlement at the end after the load is fully removed
(In this case it is 0.4 in.)
Net settlement = settlement of pile into the soil after removal of the load
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* When the load is released, the pile returns to its original length. In a
strict sense, there may be a slight deformation even after the load is
removed. In most cases, it is assumed that the pile comes to its
original length when the load is removed.

e The pile load test is considered to have failed if the settlement into the soil
is greater than 1 in. at full test load

or

if the settlement into the soil is greater than 0.5 in., at the end of the
test after removal of the load.
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26.2 Pile Load Test Data Form
Pile Information The Equipment The Hammer
e Pile type: wood: __ H pile: __ Rig Type: Make:
concrete: __ pipe pile: __ Mandrel: Model:
e Pile diameter: (Wood) Follower: Rated energy:
Tip: Butt: Wt of ram:
e H pile: Cap: Stroke:
Section: Type: ___Wt: L
Weight per foot: Ha.mmer Cushion:
« Pipe pile: Thickness:
Outer diameter:
Inner diameter:
Project Name: Address: Project #:
Ground Elevation: Pile Toe Length Driven:
Elevation:
Pile Cutoff Elevation:
Pile Splice Data: Depth of the Type of the
Splice: Splice:
Contractor Information:
Contractor’s Name: Field Foreman’s Name:
Contractor’s Address:
Pile Inspector’s Name: Pile Inspection Company:
Design Load:
Test Load:
Weather: Temp: Rain:
Gauge
Inspector’s | Load |Pressure | Settlement | Settlement
Date |Time | Name (Tons) | (psi) Gauge #1 | Gauge #2 |Remarks




Underpinning

27.1 Introduction
Underpinning is conducted mainly for two reasons.
1. To stop settlement of structures

2. To transfer the load to a lower hard stratum

27.1.1 Underpinning to Stop Settlement

Design Example 1. Underpin the strip footing shown in Figure 27.1 to
stop further settlement.

Clay

D
Hard sand

Underpinning columns

Figure 27.1 Underpinning with columns
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27.1.2 Procedure

STEP 1: Excavate an area as shown in the figure (the excavation area is
marked ABCD). Expose the area under the footing to erect under-
pinning columns. The structural integrity of the strip footing needs
to be assessed prior to excavation of the footing. Normally 10 to 15%
of a strip footing can be excavated in this manner.

STEP 2: Erect column footings X and Y as shown. Usually, columns are
made of reinforced concrete.

Conduct the same procedure for the other end of the strip footing.
Contractors usually buttress the excavated footing with timber, dur-
ing construction of the concrete underpinning columns.

STEP 3: The following aspects need to be taken into consideration
during the design process.

e Eventually, the total load will be transferred to underpinning
piles.

e The central portion of the strip footing may crack due to sagging.
If the strip footing is too long, underpinning columns may be
necessary at the center of the strip footing as well.

27.2 Pier Underpinning

Scenario: A wall supported by a strip footing has developed cracks.
These cracks have been attributed to uneven settlement in the strip
footing. By conducting boreholes, a previously unnoticed pocket of
soft clay was located (see Figure 27.2).

Wall cracks _
s > —

Soft clay layer

= N\
—\\ — @W
aANY,

Frontal view Side view

Figure 27.2 Structural damage due to weak soil
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Solution: It is proposed to provide a concrete pier underneath the
footing as shown below. The pier would extend below the clay
layer to the hard soil layers below.

Wall cracks

- —
/\

Proposed concrete pier W

Frontal view Side view

Figure 27.3 Pier underpinning

27.2.1 Pier Underpinning—Construction Procedure

Basically, a pit needs to be dug underneath the footing. In a strip
footing, a pit can be dug underneath a small section.

STEP 1: Construct an approach pit.

only for a short length of the

Shoring Construct an approach pit outside
\ the footing and provide shoring as
[ shown. The pit should extend

Shoring — footing. (In most cases less than
RN 4 ft is recommended.)
4t05ft 3 to 4 ft wide
Frontal view Side view

Figure 27.4 Approach pit

STEP 2: Generally, these approach pits are not more than 3 to 4 ft wide.
In most cases, depth can be kept under 4 ft. The purpose of the
approach pit is to provide space for the workers to dig underneath
the footing and later concrete underneath the footing. All precau-
tions should be taken to avoid any soil failure. Proper shoring should
be provided to hold the soil from failing.
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Excavate underneath the footing and provide shoring.

|

Figure 27.5 Excavate underneath the footing

STEP 3: Excavate to the stable ground.

underneath the footing to
extend to the capable soil
below. Shoring should be
provided to avoid any soil
failure.

H The excavation is deepened

M~ 1

Figure 27.6 Excavate to the stable ground

STEP 4: Concrete within 2 to 3 in. from the footing.

Concrete the pit as shown. A 2-to
3-inch gap is left when concreting.
After the concrete is set, this gap is
filled with drypack. (Drypack is rammed
into the gap). The drypack provides
Finally, fill the good contact petween the footing and
approach pit the concrete pier. Steel plates also can

. . be used for this purpose. Steel plates
with soil and can be driven into the gap to obtain a
compact. good seating.

2- to 3-in. gap

/]

Figure 27.7 Concreting

After one section is concreted and underpinned, the approach pit
for the next section is constructed and the procedure is repeated. It is
important that each section not be more than 3 to 4ft in length.
Removal of soil under a large section of footing should be avoided.
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27.3 Jack Underpinning

Pier underpinning is not feasible when the bearing strata are too deep.
Manual excavation and construction of a pier will be too cumbersome.
In such cases, jack underpinning can be a practical solution. A pit is
constructed and a pipe pile is jacked underneath the footing. The load
is transferred from the soil to the pipe pile.

Jack Underpinning of a Strip Footing

STEP 1: Construct an approach pit.

Shoring Construct an approach pit
outside the footing and
provide shoring as shown,

similar to pier underpinning.

Shoring —>|
4to 51t 3 to 4 ft wide
Frontal view Side view

Figure 27.8 Construction of an approach pit

STEP 2: Excavate underneath the footing and provide shoring.

The excavation is extended

below the footing as shown.

It is important to make sure
that soil will not fail.

Figure 27.9 Excavate underneath the footing and provide shoring.

STEP 3: Set up the pipe pile and the jack.

Steel plates
__ Jacks o Place the pipe pile first. Then
\ place the steel plate on the pipe

i o pile.
¢ Place the jacks.
: . . o Place steel plates between the
— Pipe pile footing and the jacks.
o Extend the jacks. The jacks
push the pipe pile into the
ground.

Figure 27.10 Setup the jack and the pipe pile
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STEP 4: Push the pipe pile into the ground.

* Extend the jack and push the
pipe pile into the ground. The
pipe pile will get filled with
soil.

Figure 27.11 Push the pipe pile to stable ground

STEP 5: Remove the jacking assembly and clean the soil inside.

— |_| e Remove the jacking assembly.
e Remove soil inside the pipe pile.
¢ Remove soil by hand augers,
Remove the soil inside the pile. suction pumps, peel buckets,

and water jets.
e Attach another piece of pipe and

assemble the jacks.
Figure 27.12 Remove the jack and clean the soil

STEP 6: Attach another section of pipe and assemble the jacks.

* Extend the jack and push the
second pipe pile into the ground.

e Remove the soil inside the pile.

* Repeat the process until the
desired depth is reached.

o After the desired depth is reached,
concrete the pipe pile.

o Wait till the concrete is set and
use drypack and steel plates to
transfer the footing load to the pile.

Figure 27.13 Attach another section to the pile and repeat the procedure
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Notes: Instead of open-end pipe piles, H sections and Closed-end pipe piles also can be used.
Closed-end pipe piles may be suitable in soft soil conditions. It may not be feasible to jack a
closed-end pipe pile into a relatively hard soil layer. H sections may be easier to jack than
a closed-end pipe pile. Extreme caution should be taken not to disturb the existing footing.

Monitoring Upward Movement of the Footing: When the pile has
been jacked into the ground, the jacks will exert an upward force on
the footing. The upward movement of the footing should be carefully
monitored. In most cases, jacking the piles is conducted while keeping
the upward movement of the footing at “zero.” If the pile cannot be
jacked into the ground without causing damage to the existing foot-
ing, a different type of a pile should be used. A smaller diameter pipe
pile or smaller size H-pile should be selected in such situations.

27.4 Underpinning with Driven Piles

Strip footings can be underpinned with driven piles. An approach pit is
constructed as before. A pile is driven outside the footing. The footing
load is transferred to the pile through a bracket.

Pile (H section)
Shoring \ H
T 1 1

4to5ft

(a) Construct an approach pit. (b) Dig underneath the  (c) Drive a pile outside the footing
footing. to the desired depth.

Figure 27.14 Underpinning with driven piles

Gap H Drypack or steel plates
I 1
(a) Provide a bracket with a gap (b) Place drypack or ram steel plates into
(bracket detail shown below). the gap.

Figure 27.15 Provide a bracket
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Bracket (I or H section)

L Weld
/ Pile
(H section)
N
— Bracket (A steel | section)
Weld
Side view Plan view

Figure 27.16 Bracket detail

27.5 Mudjacking (Underpinning Concrete Slabs)

Settling concrete slabs can be underpinned using a process known as
mudjacking. In this technique, small holes are drilled, and a sand,
cement, and limestone mixture is pumped underneath the slab to
provide support.

Step 1: Drill holes in the concrete slab.
Step 2: Pump grout into the holes.

Drill holes in the Grout —
slab I

I oo n

Ty\loids causing cracks in the slab  Grout spreads into voids

Figure 27.17 Mudjacking

The procedure is simple to understand. The engineer has to deter-
mine the following parameters:

Grout Pressure: Higher grout pressure can carry grout to greater dis-
tances. Voids under the slab can be filled at a faster rate with a high
grout pressure. On the other hand, grout pressure has to be low
enough, so that grout will not damage nearby existing structures.

Spacing between Holes: Greater spacing between holes requires high
grout pressure. If the grout pressure has to be maintained at a
lower level, spacing between the holes should be reduced. In gen-
eral, holes are drilled at 3- to 4-ft spacing.
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Composition of Grout: Grout for slab underpinning is mainly created
using cement, sand, limestone, and water. Thicker grout can be used
for coarser material, while a thinner grout needs to be used for fine
sands. Silty soils and clays are difficult or impossible to grout.

Underpinning Companies

http://www.underpinning.com—Underpinning & Foundation Construc-
tion, New York-based company specializing in underpinning.
(718)786-6557, Fax (718)786-6981.

http://www.haywardbaker.com—Nationwide contractor.

http://www.abchance.com—Nationwide contractor. Atlas helical pier
technique. This technique is good for small-scale underpinning
work. (5§73)682-8414.

http://www.casefoundation.com—Nationwide contractor.

http://www.mudjackers.com—Underpinning of concrete slabs using
grout. (800)262-7584.

27.6 Underpinning: Case Study

* A 26-story building was settling on one side. The building was
built on Frankie piles, which were constructed by hammering out
a concrete base and concreting the top portion of the pile.
(See Chapter 2.)

¢ The settlement took place rapidly.
e The building was 300 ft high, and the width was relatively small.

Concrete )
base Medium sand

QOO0 Stiff clay ololole]

Very soft clay
Medium sand

Figure 27.18 Underpinning case study



404 Pile Design and Construction Rules of Thumb

e A soil profile of the site is shown in Figure 27.18. During the boring
program, a very soft clay layer occurring on the right-hand side of
the figure was missed. For this reason, pile foundations on that side
started to settle.

Pile Load Tests

e Pile load tests were conducted on the side that had the very soft clay
layer. Pile load tests of single piles passed. This could be explained
using a pressure bulb.

B
—i||i«—8B
Pressure bulb QOONAT a
L> $ 2B
2B _—
Soft clay Soft clay
(a) Pile group in the building (b) Pile load test (passed)

Figure 27.19 Pile group loading

e Typically, the pressure bulb of a footing extends 2B below the
bottom of the footing (B = width of the footing). The width of
the pile group is larger than the width of the concrete bulb of a
single pile.

* In the case of the single pile (see Figure 27.19b), the pressure bulb
does not extend to the soft clay layer below. This is not the situation
with the pile group. The stress bulb due to the pile group extends to
the soft clay layer. The stressed soft clay consolidated and settled.
The success of pile load tests done on single piles could be explained
using pressure bulbs.

The engineers were called upon to provide solutions to two
problems: (1) Stop further settlement of the building; and (2) bring
back the building to its original status. Further settlement was stopped
by ground freezing.
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Brine I

=

P E—

l
|

4—
0
0

Ground freezing was
conducted by
circulating a brine
solution in pipes.
Ground freezing

stopped further
settlement.

Figure 27.20 Ground freezing

Bringing the Building Back to the Original Position

405

o After further settlement was stopped by freezing the ground, an
underpinning program was developed to bring the building back to

the original level.

Jack Jack
Pile segment_
(Concrete) —

(c) STEPC

(a) STEP A (b) STEP B
H  Soft clay
(d) STEP D (e) STEP E (side view)

Figure 27.21 Underpinning procedure. (a) An approach pit was constructed
as shown. (b) A concrete pile segment was placed, and a jack was assembled on
top of the pile. (c) A concrete pile segment was jacked down using the pile cap
above. The engineer had to make sure that the pile cap would be able to resist
the load due to jacking. Usually, piles are jacked down one at a time. At any
given time only one pile was jacked. (d) The pile segments are jacked down
below the soft soil layer. (e) The new pile segments were jacked down between
the existing piles without damaging the existing piles. Side view of a jacked

down pile is shown in Figure 27.22.
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Pile cap —— >

Jack S | |
(500 ton Jack)

Concrete

pile segments > Connectors

Figure 27.22 Underpinning with pile segments

Reference

Dummont, A., “The Underpinning of the 26 Story Compania Paulista
De Seguros Building,” Geotechnique 6, 1956.



Offshore Piling

e There are few fundamental differences between offshore piles and

piles driven in land.

Water

Unsupported
length of pile

28.1 Seabed

Seabed

Figure 28.1

Differences between offshore piles
and land piles

Large unsupported lengths
Horizontal forces due to
waves

Differences in subsurface
soils

Driving methodology

Offshore piles

e Almost all the offshore structures are constructed in continental crust.

|

%L‘u

| Continental crust Deep sea

Land

Figure 28.2 Continental crust and deep sea
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e Continental crust was part of the land in the past. Land features such
as canyons, eroded rocks, and land animal fossils could be seen in
the continental crust. Deep-sea bed, however, had never been part of
the land.

e Continental crust extends to hundreds of miles off Siberia while
it stops a few hundred feet from the southern tip of South
America. Extension of the continental crust varies from location
to location.

* Most offshore structures are constructed in the continental crust.
The major reason for this could be the shallowness of the water in
the continental crust compared to the deep sea.

28.2 Soil Types in Continental Crust

Calcareous Sand: Calcareous sands are made of shells. Shells are living
organisms. When the animal is dead, the shell is deposited and
converted to calcareous sand.

Calcareous sands create major problems for the pile designer.
Calcareous sands do not develop much skin friction. On one occa-
sion, a 180-ft-long pile driven in calcareous sand had a skin friction
of almost zero! The pile was removed with a force almost equivalent
to its self weight.

Dense Sands: Extremely dense sands are found in the continental
shelf. Due to wave action, sand deposits can become very
dense. In some occasions, ¢, angle of soil, can be as high as
40 degrees.

Glacial Till: Glacial tills were formed by advancing glaciers and
are extremely unpredictable since anything from boulders to clay
particles can be encountered.

Silts: Highly overconsolidated silts can pose serious problems for pile
driving. In such situations, water jetting is used to break up dense
soils.

Clays: Clays in the continental shelf are overconsolidated due to water
pressure.
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28.3 Offshore Structures

A typical offshore structure would have three units.

e Piles
o Jacket Deck
o Deck

Jacket

Piles

Figure 28.3 Offshore platform

28.3.1 Pile Installation
e Driving with hammers: This is the most popular installation method.

e Drilling and grouting: In this method, a hole is drilled and the pile is
inserted. Then the annulus is grouted.

28.3.2 Pile Hammers

Single-Acting Air Hammers: Single-acting large air hammers have been
more popular than other hammers. Air hammers with energy rating
exceeding 1 million 1b/ft are sometimes used to drive offshore piles.
These hammers could weigh as much as 400 tons.

Diesel Hammers: Recently, Diesel hammers have also gained popular-
ity. Instead of large air hammers, smaller Diesel hammers can be
used with a higher number of blows per minute.

Hydraulic Hammers: Hydraulic hammers are capable of operating
underwater and are gaining popularity.

Vibratory Hammers: Vibratory hammers may be useful in dense sands.

Water Jetting: Water jetting is increasingly used in offshore driving.
Large pipe piles are manufactured with water jetting pipes in them.
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t pi — —
Je plpe\<

Pile wall ——

/

v

Figure 28.4 Water jetting

Water jets can have pressures up to 300 psi.

28.3.3 Drilling Prior to Driving

When boreholes indicate very dense soil conditions, a hole is
drilled prior to driving the pile. The drill hole is made smaller
than the pile in order to make sure that drilling does not affect
the skin friction.

Seawater
Pile

Drill hole —_—

Drill hofe Pile being driven (pile is larger than the hole)

Figure 28.5 Bored piles

28.3.4 Pile Hammer Selection

In offshore pile driving, the following empirical rule is used to select
hammers.
Rated energy of the hammer measured in ft kips
= 2 x Cross-sectional area of the pile wall measured in sq in
Using a hammer with higher energy can damage the pile. In some

instances, pile-driving contractors may be forced to use larger ham-
mers to reach the desired depth.
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28.4 Drilled and Grouted Piles

Drilled and grouted piles are constructed by drilling a hole, then
placing the pile and grouting. (See figures 28.6 and 28.7.)

Water

Seabed

Drill a hole. Place the pile. Grout the annulus.

Figure 28.6 Dirilled and grouted piles

e The drill hole should be at least 6 in. larger than the outside diameter
of the pile. This method is used in situations where pile driving is
difficult.

* In calcareous sands, this is the only method that could be used to
generate skin friction. As mentioned earlier, calcareous sands do not
provide much skin friction for driven piles. On the other hand, in
drilled and grouted method, grout can migrate into voids to create a
bond between grout and soil.

28.4.1 Belled Piers

Bells are used to increase the bearing capacity and uplift capacity of
piles.

Belling drill rod —>

Water

Seabed

Drive a casing.  Construct the bell. Place the rebar cage.  Pour concrete.

Figure 28.7 Belled caissons
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e Placement of concrete below water needs special attention and skill.
Usually, the Tremie method is used to concrete offshore piles.

References

Gerwick, B.C., Construction of Offshore Structures, John Wiley and Sons,
New York, 1986.

McClelland, B., and Reifel, M.D., Planning and Design of Fixed Offshore
Forms, Van Nostrand-Reinhold, New York, 1986.



Tie Beams, Grade Beams, and Pile Caps

The purpose of tie beams is to connect pile caps together. Tie beams
will not carry any vertical loads such as walls etc.

Tie beams Column footings or pile caps

—\ /J H Tie beams&/ H
I e B

Figure 29.1 Tie beams

Unlike tie beams, grade beams carry walls and other loads.

Wall

Grade beams —NColumn footings or pile caps

~

Grade beams j

Figure 29.2 Grade beams

For this reason, grade beams are larger than tie beams.
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After construction of pile caps or column footings, the next step is
to construct tie beams and grade beams. Supervision of rebars needs to

be conducted by qualified personnel prior to concreting.

Pile cap Pile cap and tie beam or grade beam

Piles

P
Figure 29.3 Pile cap and grade beams

Note: The contractor should provide rebars jutting out prior to concreting of pile caps.

This way when the grade beams are constructed, continuous rebars
can be provided.

29.1 Pile Caps

The NYC Building Code recommends not using the vertical and lateral
support capacities of pile caps. On the other hand, pile cap resting on a
hard ground may be able to provide significant load-bearing capacity.

r Pile cap

—> <«— Hard ground

MIRTyT

Figure 29.4 Pile cap

Vertical soil pressures acting on a pile cap are shown in Figure 29.4.

29.1.1 Sizing of the Pile Cap

STEP 1: The size of the pile cap depends on pile spacing and soil type.
STEP 2: Assume a pile type. In most cases, concrete auger cast piles are
the cheapest and should be considered for feasibility. Closed-end pipe
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piles are cheaper than any other driven pile. If there are obstructions
(such as boulders or debris), then H-piles should be considered.
Depending on site conditions, precast concrete piles, timber piles,
or composite piles may be the most suitable pile type for the
application.

STEP 3: Compute the ultimate bearing capacity of a single pile.

STEP 4: Obtain the design pile capacity of a single pile by applying a
safety factor.

STEP 5: Find the number of piles required to carry the load.

STEP 6: Assume a center-to-center distance between piles. Typically,
engineers use 2.5d to 3.0d. If center-to-center distance is too small,
piles will damage each other. But, if the piles are too far, the pile
cap will be too large and the cost will increase. If the site contains
heavy obstructions, such as boulders, it is advisable to use a larger
spacing.

Deflected pile due to a boulder Pile driving in homogenous soils
interferes with an adjacent pile may be less troublesome.

Figure 29.5 Pile damage due to obstructions

STEP 7: Design the pile cap. (Some examples are given below.)

0 %70 & O/ O O
O 2.5d
O O O

(a) (b) (c)

Figure 29.6 Pile caps. (a) Pile group with 5 piles. (b) Pile group with 3 piles.
(c) Pile group with 4 piles.
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Example

STEP 1: Assume 12-inch steel pipe piles.

STEP 2: Assume 3d center-to-center spacing between piles.

STEP 3: Assume the ultimate bearing capacity of a pile to be 100 tons.

STEP 4: Use a factor of safety of 2.5 to obtain the design pile capacity of
40 tons.

STEP 5: Assume a column load of 200 tons. Hence, five piles are required
to carry the column load.

STEP 6: Use a square pile cap configuration as shown in Figure 29.6a.



Design Drawings and As-Built Drawings

30.1 Design Drawing Preparation

The design engineer should provide adequate information to the con-
tractor and pile-driving inspector.

The following information is vital and should be provided without
any ambiguity.

e Location of piles

e Allowable tolerance for the location (In some cases, piles may not
be driven at the exact location indicated by the design engineer. In
such cases, the contractor and pile-driving inspector should be given
proper direction regarding the tolerance of change in location.)
(Example: In the case of driving difficulties, the contractor may move
the location of the pile no more than 6 in.)

¢ Location of borings and boring logs
e Contour map of the bearing stratum
¢ Fasy to follow driving criteria

Information to the pile-driving inspector should be provided in an
easily readable manner. A table as shown here should be provided to
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the pile-driving inspector so that he can take it to the field during pile
driving.

Estimated
Depth to
Bearing
Pile Nearby Depth to Bearing Stratum at Engineer’s
Group # Borings Stratum (ft) Pile Group Comments
1A BS B6 B10 B1=15 B6=25 B10=18 20 ft Expect
boulders
at 15 ft
1B B3 B9 B11 B3=35 B9=30 B11=25 32 ft Nearest
boring is 50
ft away. Soil
conditions
at this
location
could vary
significantly.
1C B1 B8 B9 B1=32 B8§=30 B9=22 35 ft

The following information is provided for the foundation plan (F-1)
shown on the next page.

Horizontal centerlines are given letters A through D. (See the boxes on
the left.)

Vertical centerlines are given numbers 1.0, 2.0, 2.1, 2.2, and 3.0.

Centerlines 1.0, 2.0, and 3.0 have columns from one end to the other.

Centerlines 2.1 and 2.2 have only one or two columns.

The letter G means grade beam.

The letter T means tie beam.

X-X is a cross section across a grade beam.

Y-Y is a cross section across a tie beam.

7-7. is a cross section across a column line.

The design engineer should provide all the necessary cross sections
for the contractor to perform the work.
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Notes:

1. All material, construction methods, inspections, tolerances, fabrication and installations should conform to the
local building code.

2. All backfill material shall be approved by the Engineer prior to use.

3. Compaction of backfill material should be done to with layers of 12 inches or less. Modified Proctor compaction
of 95% should be achieved. All compaction tests shall be conducted by certified technicians belonging to the
inspection company chosen for this project.

4. The contractor shall follow all safety requirements promulgated by OSHA and other local jurisdictions.

5. The contractor shall obtain utility maps from utility companies and markout utilities prior to start of any
excavation. If it is possible the contractor shall have utility company representatives markout utility locations
in the ground.

6. The contractor shall obtain prior approval from the Engineer prior to any excavation within 20 feet of an existing
building.
7. The contractor shall verify all dimensions and in doubt, should consult the Engineer through a formal RFI.
(Request for information).
8. The contractor shall prepare an as built plan indicating exact location of the pile with relative to the design
location. Pile locations shall be surveyed by a licensed surveyor.
9. The contractor shall seek permission from the Engineer prior to filling the pile with concrete.
Project: Geotechnical University Complex, 221 Harbor Avenue Architects & Engineers: Drawing Title:Foundation n
New York Ruwan Rajapakse Incorporated Submission: 100%

New York City Planning Division 111 Chorkes Street, Yonkers, NJ | Design No: D-1231
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Board of Trustees: Howard Agiles, PE (Chairman), Harold Furon (member), C. Goh (member) Chief Architect: B. Nasaroy
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Elevations:

1. Top of pile cap El.=10ft. (As per ABC Grid)
2. Top of grade beam El. = 14 ft.

3. Top of pier El. = 14 ft

4. Top of first floor slab elevation=15.00

Top of pier El= 14 ft

Top of grade beam El. =14 ft
Base plate N

Top of pile cap El. 10 ft

Pile Cap Detail

Project: Geotechnical University Complex, 221 Harbor Avenue
New York

New York City Planning Division
Joseph Haiti, PhD (President)

Board of Trustees: Howard Agiles, PE (Chairman), Harold Furon (member), C. Goh

Architects & Engineers:
Ruwan Rajapakse Incorporated
111 Charles Street, Yonkers, NJ

Project Manager: A. Saterta, PE
Chief Engineer: B. Galol, PE
Chief Architect: B. Nasaroy,

Drawing Title:

Submission:
Design No:

Rev. Date:
2/11/02

Foundation Plan
100%
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Pile Cap Details:

Pile Diameter =12 in.

P-1 P-2 P-3 P-4
— <— 9in. —! <~ 9in | <= 9in.
T @ O ©o
______ © (@] N
1 2 ft
T T AN 1o )
______ _ P Q — <
9 © S < : 3ft
D~y 31t <> —r—9in.
41t 3ft
For pile caps A-1, A-3 For pile caps B-1, B-2 For pile caps A-2 and C-3 For pile caps D-2.1, D2.2
and C-1. and B-3. C-2.2 and C2.1.

Explanation: Pile cap A-1 is the pile cap for column number A-1. (See drawing F-1).

Columns A-1, A-3 and C-1 would have the same pile P-1.

Similarly columns B-1, B-2 and B-3 would have the same pile cap P-2.
Project: Geotechnical University Complex, 221 Harbor Avenue Architects & Engineers: Drawing Title: ~ Foundation Plan

New York Ruwan Rajapakse Incorporated Submissinn: 100%

New York City Planning Division 111 Charles Street, Yonkers, NJ Design No: D-1231
Joseph Haiti, PhD (President) E?je;c}tz Ma'mage'r: g gatlerllang Rev. Date: F-4
Board of Trustees: Howard Agiles, PE (Chairman), Harold Furon (member), C. Goh (member) Ch;:f Arrlcg}ll?; ecrl B' N::u’oy 2/11/02 Sh. 3 of 9
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30.2 As-Built Plans

After construction of piles, it is necessary to prepare an as-built pile
location plan. Typically, a licensed surveyor develops the as-built pile
location plan.

(@) (b) (©

° 0l %%
O O o " o "%
o o o

O— Design pile location O— As-built location .— Additional pile

Figure 30.1 Pile locations

e Figure 30.1a shows the design locations of a pile group. Figure 30.1a
shows actual locations where the piles were driven. As one can see,
the pile group is not symmetrical. Pile A would be overloaded
beyond the design capacity. Hence, the engineer may decide to
add another pile to relieve the load on pile A.

30.2.1 Batter Information

e In reality, a large number of piles would have a batter, after they
have been driven. Piles that have a batter larger than the allowable
limit should be identified. The batter angle of piles should be pro-
vided to the engineer.

Figure 30.2 Batter angle of piles
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Typically, batter angle (the angle measured from the vertical) is
measured and provided to the design engineer. If the batter angle is
excessive, allowable capacity of the pile needs to be reduced.

If the allowable pile capacity is q and the pile has a batter angle of o,
new allowable pile capacity is given by = q x cos (o).

e Pile batter will reduce the axial capacity of piles. If piles have exces-
sive batter, then new piles need to be added.
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Appendix A
Soil Mechanics Relationships

A.1 SPT (N) Value and Friction Angle (¢)

Young’s Modulus of Clay Soils
Shear Modulus
SPT-CPT Correlations

SPT (N) Value and Friction Angle

SPT (Nyo Friction Relative
Soil Type value) Consistency Angle (@) Density (D,)
Fine sand 1-2 Very loose 26-28 0-0.15
3-6 Loose 28-30 0.15-0.35
7-15 Medium 30-33 0.35-0.65
16-30 Dense 33-38 0.65-0.85
<30 Very dense <38 <0.85
Medium sand 2-3 Very loose 27-30 0-0.15
4-7 Loose 30-32 0.15-0.35
8-20 Medium 32-36 0.35-0.65
21-40 Dense 36-42 0.65-0.85
<40 Very dense <42 <0.85
Coarse sand 3-6 Very loose 28-30 0-0.15
5-9 Loose 30-33 0.15-0.35
10-25 Medium 33-40 0.35-0.65
26-45 Dense 40-50 0.65-0.85
<45 Very dense <50 <0.85

Source: Bowles (2004).
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A.2 Young’s Modulus of Clay Soils
e Laboratory tests for Young’s modulus of clay soil are typically done

in the triaxial test apparatus. These tests can be done under either
drained or undrained conditions.

¢ In most cases, the difference between two modulus values is not great.

Young’s Modulus—E,(MN/sq m)

Figure A.1 Young’'s modulus vs. undrained shear strength. Curve 1: Driven
Piles (Poulos, 1989). Curve 2: Bored Piles (Poulos, 1989).

Design Example: Find the Young’s modulus value of a bored pile con-
structed in clay, which has an undrained shear strength of 100 kN/sq m.

Solution: Use curve 2 for bored piles.

E;=25 MN/sq m

Reference
Poulos, H.G., “Pile Behavior—Theory and Application,” Geotechnique, 366403,

1989.

Modulus of Elasticity of Sands and Clays

Soil Type Modulus of Elasticity (psi)
Very soft clay 50-400

Soft clay 250-600

Medium clay 600-1,200

Hard clay 1,000-2,500

Sandy clay 4,000-6,000

Silty sand 1,000-3,000

Loose sand 1,500-3,500

Dense sand 7,000-12,000
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—Cont’d
Soil Type SPT (N;¢ value)
Consistency Friction Angle (¢)

Relative Density
(Dr)

14,000-28,000

Dense sand and
gravel

Source: Arpad Kezdy (1975).

Modulus of Elasticity of Pile Materials

Pile Type Modulus of Elasticity (psi)
Wood 1,200,000-1,500,000
Concrete 2,800,000-4,000,000
Steel 30,000,000

Source: Arpad Kezdy (1979).

Reference

Winterkorn, H.F., and Fang, H.Y., Foundation Engineering Handbook, article by
Arpad Kezdy, “Deep Foundations,” Van Nostrand Reinhold, New York, 1975.

A.3 Shear Modulus

A.3.1 Shear Modulus of Sandy Soils

The following approximate equation is provided by Lee et al. (1988) to

tind the shear modulus in sandy soils.

Gs =200 o’ (for sands); o’ = vertical effective stress
G; =150 C, (for clays); G,would have the same units as C,.
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Reference

Lee, S.L., et al. “Rational Wave Equation Model for Pile Driving Analysis,” J. of
ASCE Geotechnical Eng., March 1988.

A.3.2 SPT-CPT Correlations

In the United States, the Standard Penetration Test (SPT) is used exten-
sively. The CPT (Cone Penetration Test) is popular in Europe.
Europeans have developed many pile design methods using CPT
data.
The following correlation between SPT and CPT can be used to
convert CPT values to SPT number.

SPT-CPT Correlations for Clays and Sands

Mean Grain Size (D5g)

Soil Type (measured in mm) Q./N
Clay 0.001 1
Silty clay 0.005 1.7
Clayey silt 0.01 2.1
Sandy silt 0.05 3.0
Silty sand 0.10 4.0
Sand 0.5 5.7
1.0 7.0

Source: Robertson et al. (1983).

Q.= CPT value measured in bars (1 bar =100 Kpa)
N =SPT value

Dso = Size of the sieve that would pass 50% of the soil

Example: SPT tests were done on a sandy silt with a D5y value of
0.05mm. The average SPT (N) value for this soil is 12. Find the
CPT value.
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Solution: From the preceding table, for sandy silt with a D5 value of
0.05 mm

Q./N=3.0
N = 12; hence, Q. =3 x 12 =36 bars = 3,600 Kpa.

Standard CPT Device
A standard cone has a base area of 10 sq cm and an apex angle of 60°.

Standard SPT Device
Donut hammer with a weight of 140 lbs and a drop of 30 in. Donut
hammers have an efficiency of 50 to 60%.

Reference

Robertson, P.K., et al., “SPT-CPT Correlations,” J. of ASCE Geotechnical Engi-
neering, November 1983.

Specific Gravity (Gs)

Soil Specific Gravity
Gravel 2.65-2.68
Sand 2.65-2.68
Silt (inorganic) 2.62-2.68
Organic clay 2.58-2.65
Inorganic clay 2.68-2.75

Poisson’s Ratio

Soil Poisson’s Ratio ()
Saturated clay 0.4t0 0.5
Unsaturated clay 0.1t0 0.3
Sandy clay 0.2t0 0.3

Silt 0.3 to0 0.35
Dense sand 0.2t00.4
Coarse sand 0.15

Fine sand 0.25

Rock 0.1to0 0.4

Concrete 0.15
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Size Ranges for Soils and Gravels

Pile Design and Construction Rules of Thumb

Soil Size Size Comments
Boulders 6 in. or larger 150 mm or larger
Cobbles 3 to 6 in. 75 mm to 150 mm
Gravel 0.187 in. to 3 in. 4.76 mm to 75 mm Greater than
#4 sieve size
Sand 0.003 in. to 0.187 in. 0.074 mm to 4.76 mm Sieve #200 to
sieve #4
Silt 0.00024 in. to 0.003 in. 0.006 mm to 0.074 mm  Smaller than
sieve #200
Clay 0.00004 in. to 0.00008 in.  0.001 mm to 0.002 mm  Smaller than
sieve #200
Colloids less than 0.00004 in. Less than 0.001 mm
Sieve Sizes
U.S. Sieve No. Size (mm) British Sieve No. Size (mm)
4 4.76
10 2.00 8 2.057
20 0.841 16 1.003
30 0.595 30 0.500
40 0.420 36 0.422
50 0.297 52 0.295
60 0.250 60 0.251
80 0.177 85 0.178
100 0.149 100 0.152
200 0.074 200 0.076
270 0.053 300 0.053
Note

Sizes greater than #4 sieve are considered to be gravel.
Sands—#4 to #200
Silts and Clays—smaller than #200
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Aerial photographs, 4
American Association of State
Highway and Transpor-
tation Officials
caisson design in clay soils, 151
pile group guidelines, 183-184
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American Petroleum Institute,
82-83
As-built plans and drawings,
423-424
ASTM standards
for pile testing, 129
for pipe piles, 129
for timber piles, 129
Auger cast pile, 109-111
Augered pressure grouted concrete
piles, 128
Augering, 367
Axial deformation
of caissons, 174-176
pile settlement caused by, 201
Axial pile resistance, 299

B

Batter angle, 423-424

Batter piles
applications of, 293
center of gravity of, 302-305
design of, 293-302
force polygons, 295
negative skin friction and, 294
in retaining wall, 296

Bearing capacity factor,
44, 47
Bearing stratum, 146
Belled caissons, 143,
167-173
Belled piles, 411-412
Bending strain, 320-321
Bitumen coating
behavior of
description of, 267
during driving, 273-274
during storage, 272-273
description of, 266
shear strain rate of, 267-268
temperature considerations,
274-275
viscosity, 268-269, 271
Bitumen-coated piles
case study of, 277-278
design of, 265-276
installation of, 264-265
for negative skin friction,
269-276
Bored piles
in clay soils
end bearing capacity, 81
skin friction, 83-84
driven piles and, comparison
between, 112-114
in offshore piling, 410
Borings, 6
Boston Blue clay layer, 94
Boundary element method, 339
Bridge pile design, 107-108
Burland method, 84
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C

Caissons
axial deformation of, 174-176
belled, 143, 167-173
cased, 142-143, 148
in clay soils
AASHTO method for
designing, 151
equations for, 147-149
multiple clay layers,
153-155
single clay layer, 152-153
skin friction, 150-151
weight, 149-150
construction of, 142-145
defects in, 144-145
definition of, 141
description of, 11-12, 37-38
dry method for constructing,
142-145
end bearing capacity of,
155-156
equations for, 147-149
history of, 141-142
inspection of, in soil, 145-147
integrity of, 143-144
machine digging of, 142
Meyerhof equation for,
155-158
repairing of, 144
in rock, 237-243
in sandy soils, 161-167
settlement of, 173-179
skin friction for, 150, 157-158
uplift forces, 158-161
weight of, 149-150
Calcareous sands, 408
Casing
caisson construction using,
142-143
description of, 123
Casing removal type, 28-29
Chelurids, 18

Clay soils

adhesion coefficient, 76
bored piles in
end bearing capacity, 81
skin friction, 83-84,
86-91
cohesion in, 78-80
in continental crust, 408
description of, 8
driven piles in
end bearing capacity, 81
skin friction, 82-83
end bearing capacity in, 81
foundation designs
belled piers ending in sand
and gravel, 94-95
deep piles ending in till or
shale, 95-96
description of, 91
tloating, 96-97
shallow footing placed on
compacted backfill,
92-93
timber piles ending in Boston
Blue clay layer, 94
timber piles on sand and
gravel layers, 92-93
hammers for, 369
Janbu equation for, 210-211
Janbu procedure for,
209-212, 221
medium-stiff, 38
pile groups in, 192-194
piles in
bored, 83-84, 86-91, 91
description of, 38
driven, 81-83
forces, 75-76
maximum allowable loads,
97-98
parameters that affect, 80
settlement of, 207-2132
shear strength, 77-78
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single pile in a uniform clay
layer, 87-88
single pile in a uniform clay
layer with groundwater
present, 88-90
residual stresses in, 256
skin friction in, 76-77, 82-86
water jetting in, 383
Closed-end pipe piles, 22-23
Cohesion in clay soil, 78-80
Composite piles, 32-33
Compressed base piles, 29
Concrete piles
augered pressure grouted, 128
design recommendations
for, 127
design stresses for, 130-131
driving stresses for, 130-131
inspection of, 362
maximum driving stress
for, 128
precast, 25-27, 33, 127, 335
prestressed
case study of, 131-133
description of, 26
design recommendations
for, 127-128
shell piles, 127-128
Concrete slabs, 402-403
Contaminants, 5
Continental crust, 407-408
Creosote, 100
Critical depth
of skin friction for sandy soils,
67-69
for pile settlement, 205

D

Danish Formula, 345

Delta piles, 28

Design drawings, 417-422
Diesel hammers, 351-353, 409
Dip angle, 227-228
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Displacement piles, 15
Domestic water distribution lines,
377-379
Double eccentricity, 189-192
Double-acting hammers
diesel, 352-353, 364
steam, 350, 364
Drawings
as-built, 423-424
design, 417-422
Drilled piles, 411-412
Driven piles
bored piles and, comparison
between, 112-114
in clay soils
end bearing capacity, 81
skin friction, 82-83
mandrel, 31
underpinning with, 401-402
Driving. See Pile driving
Driving stresses
calculation of, 133-134
concrete piles, 130-131
maximum allowable, 135
timber piles, 130-131
Dynamic analysis
Danish Formula, 345
definition of, 343
Engineering News Formula,
343-344

E

Earthquakes

faults, 314

inertial loads, 318-319

kinematic loads, 318

peak ground acceleration, 316

Richter magnitude scale,
315-316

rock joints created by, 223

soil liquefaction caused by,
327-328

waves for, 314
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Eccentric loading on pile groups,
186-189
Effective stress, 44
Elasticity in soil, 252-253
Embankment loads, 266
End bearing capacity
of auger cast piles, 111
of caissons, 155-156
of clay soils, 81
of open-end pipe piles, in
sandy soils, 120
of sandy soils
critical depth, 69-73
description of, 62-63
parameters that affect,
66-67
skin friction and, 137-139
End bearing piles
description of, 183
neutral plane for, 261
settlement of, 203-206
Engineering News Formula,
343-344
Environmental issues, 375-376
Equations
caissons, 147-149
end bearing capacity in sandy
soils, 46-49
Hook’s, 196
Kraft and Lyons, 50-51
McClelland, 49-50
Meyerhof. See Meyerhof
equation
Newton’s, 319
skin friction in sandy soils,
49-52
Existing piles, 374-375
Expansive soils, 279-281
Extensional joints, 226

F

Faults, 314-315
Fiber-reinforced plastic piles, 34-35

Floating foundations,
96-97
Floating pile settlement,
203-206
Foundation
caissons, 11-12, 37-38
design options for, 91-97
floating, 96-97
mat, 10, 12
pile, 11
raft, 10
selection criteria for, 11-13
shallow, 10, 12
Foundation plan drawing,
419-420
Frankie piles, 28
Friction angle
description of, 8-9
variations in, 45-46
Friction piles, 114-118
Fungi, timber pile decay caused
by, 17

G

Geotechnical Engineering
Report, 361
Glacial tills, 408
Grade beams, 413-414
Gravel
timber piles on, 93
water jetting in, 383
Groundwater
description of, 4, 6
negative skin friction caused by
changes in level of,
263-264, 266
uplift forces caused by, 136
Group failure, of pile groups,
192-194
Group settlement ratio, 215
Grouted base piles, 30,
110-111
Grouted piles, 411-412
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H

Hammers
for clay soils, 369
diesel, 351-353, 409
hydraulic, 353-355, 364, 409
for offshore piling, 409-410
for prestressed concrete
piles, 132
for sandy soils, 368
selection of, 364-365, 367-369
steam-operated, 350, 364
vibratory. See Vibratory
hammers
Hand digging, 5
Hollow tubular section concrete
piles, 26-27
Hook’s equation, 196
Horizontal fault, 314
H-piles
ASTM standards for design of, 129
concrete piles and, 33
description of, 21-22
ideal situations for, 39
inspection of, 362
penetrating of obstructions
using, 366
Hydraulic hammers, 353-355,
364, 409

I

Incremental filling ratio, 119
Inertial loads, 318-319, 325-326
Integrity testing of piles, 372-374
International Building Code
description of, 6-7
vibratory hammers, 311

J

Jack underpinning, 399-401
Janbu procedure
for clay soils, 209-212, 221
for sandy soils, 213, 220
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Jetting, water, 381-385, 409-410

Joint alteration number, 234-235
Joint roughness number, 232-233
Joint set, 223-224

Joint set number, 232

Joint water reduction factor, 235

K

Kinematic loads
description of, 318
seismic pile design for, 318-325
Kinematic pile bending, 318
Kolk and Van der Velde method,
84-85, 90-91
Kraft and Lyons equation, 50-51

L

Lateral earth pressure coefficient,
45, 51
Lateral loading analysis, 248-250,
339-342
Lateral pile resistance, 299
Limnoriids, 18
Liquefaction
analysis of, 327-334
description of, 319
soil resistance to, 329-334
Literature survey, 3-5
Load distribution
computation of, 256-257
description of, 137-139, 251
elasticity in soil, 252-253
inside a pile
with large load applied, 255
prior to loading, 252
with small load applied,
254-255

M

Magma, 7

Mandrel-driven piles, 31

Marine borers, timber pile decay
caused by, 17-18
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Marine environments, 100
Mat foundations, 10, 12
Maximum allowable driving
stresses, 135
Maximum allowable pile loads in
clay soils, 97-98
Maximum tensile stress, 133-134
McClelland equation, 49-50
Medium-stiff clay, 38
Meyerhof equation
for caissons, 155-158
description of, 50
end bearing capacity, 62-63
modified, 63-65, 156
for skin friction
for caissons, 157-158
description of, 64-66
Moment of inertia, 188
Mudjacking, 402-403

N

National Geological surveys, 3
Negative skin friction
batter piles and, 294
bitumen-coated piles for
design of, 265-276
installation of, 264-265
causes of, 263-266
consolidation as cause of, 13
definition of, 263
neutral plane and, 260
Neutral axis, 253
Neutral plane, 259-261
Newton'’s equation, 319
Nondisplacement piles, 15

o

Obstructions, pile driving
through, 365-367
Offshore piling
bored piles in, 410
drilled piles, 411-412
drilling before driving, 410

grouted piles, 411-412

land piling vs., 407

seabed, 407-408

structures for, 409-410
Open-end pipe piles, 23-24
Oriented rock coring, 228-230

P

Peak ground acceleration, 316

Peak shear strain, 321

PEN number, 269

Pholads, 18

Pier underpinning, 396-398

Pile(s)
batter. See Batter piles
belled, 411-412
bitumen-coated. See Bitumen-

coated piles

composite, 32-33
compressed base, 29
concrete. See Concrete piles
Delta, 28
displacement, 15
existing, 374-375
in expansive soils, 279-281
fiber-reinforced plastic, 34-35
forcing acting on, 75
Frankie, 28
grouted base, 30, 111-112
H-piles, 21-22, 33
integrity testing of, 372-374
laterally loaded, 249-250
mandrel-driven, 31
nondisplacement, 15
pipe. See Pipe piles
precast concrete, 25-27
prestressed concrete, 26
reinforced concrete, 25-26
selection criteria for, 37-39
settlement of, 117
timber. See Timber piles
toe strengthening of, 367
Vibrex, 29
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Pile bending, 182-183
Pile bending strain, 320-321
Pile cap, 281, 414-416, 421-422
Pile capacity
factors that determine, 114
using vibratory hammers,
310-311
Pile design software
boundary element method, 339
description of, 337-339
finite element computer
programs, 338
lateral loading analysis,
339-342
Pile driving
bitumen coating behavior
during, 273-274
cost estimates for, 387-388
equipment for
hammers. See Hammers
inspection of, 362
heaving after, 370
International Building Code
criteria, 345
load distribution before, 252
mechanisms of, 349-350
procedures for, 359
re-driving, 370-371
soil displacement during,
371-372
through obstructions, 365-367
water jetting for, 381-385
Pile foundations, 11
Pile group
American Association of State
Highway and Transpor-
tation Officials guide-
lines, 183-184
capacity of, 181, 184-185
in clay soils, 192-194
design of, 216-221
double eccentricity, 189-192
eccentric loading on, 186-189
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end bearing piles, 183
failure of, 192-194
soil disturbance during driving
of, 181
spacing of, 185-186
Pile group settlement
in clay soils
computation of, 207-209
consolidation equation for,
207-208
Janbu method, 209-212
factors that affect, 215
group design based on,
216-221
in sandy soils, 212-214
single pile settlement vs.,
215-216
Pile hammers. See Hammers
Pile heave, 370-371
Pile inspection
checklist for, 361
Geotechnical Engineering
Report review, 361
guidelines for, 362
report, 363
Pile load tests, 389-393
Pile loads, maximum allowable,
97-98
Pile point, settlement at, 202
Pile resistance, 299
Pile settlement
in clay soils, 207-212
comparison of, 203-206
critical depth for, 205
description of, 117
end bearing vs. floating,
203-206
factors that affect, 204-205
group settlement vs.,
215-216
measurement of, 195-198
in sandy soils, 206-207,
212-214
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Pipe settlement (continued)
single piles, 200-203
underpinning to stop, 395-396
Pile testing, 129
Pin piles
construction of, 122-124
description of, 121-122
in sandy soils, 124-125
Pipe piles
ASTM standards for design of, 129
bitumen-coated, 277-278
characteristics of, 22
closed-end, 22-23
ideal situations for, 39
open-end
description of, 23-24
design of, 118-121
end bearing capacity of, in
sandy soils, 120
incremental filling ratio, 119
soil plugging of, 118, 121
penetrating of obstructions
using, 366
splicing of, 25
telescoping, 24
timber pile and, composite pile
of, 32-33
Pore pressures, 118
Precast concrete piles, 25-27,
127-128, 335
Pressure treated, 18
Prestressed concrete piles
case study of, 131-133
description of, 26
design recommendations for,
127-128
maximum allowable driving
stress for, 135
Punching failure, 13
P-waves, 314

Q
Q system, 231-237

R

Radar analyzer, 373-374
Raft foundations, 10
Rapid loading, soil strength under,
286-288
Re-driving, 370-371
Reinforced concrete piles, 25-26
Residual compression, 256
Residual stresses, 253, 256
Resonance-free vibratory pile
drivers, 358-359
Richter magnitude scale, 315-316
Rock
caisson design in, 237-243
soil conversion to, 7
water color used to determine
type of, 225
Rock cores
fractured zones, 225
loss information, 224-225
Rock coring, oriented, 228-230
Rock joints
alteration number, 234-235
definition of, 223
dip angle, 227-228
extensional, 226
filler materials in, 224, 226
roughness number, 232-233
set number, 232
set of, 223-224
shear, 226
strike line and direction, 227
surface of, 233
types of, 224, 226-227, 233
water reduction factor, 235
Rock mass classification systems,
230-231
Rock mass rating system, 231
Rock quality designation,
231-232, 236-237
Rock structure rating, 231
Rock tunneling quality index, 231
Round timber piles, 101-102
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S

Sandy soils
auger cast pile design in,
110-111
bearing capacity factor, 47
caisson design in, 161-167
compaction of, 182
description of, 8
end bearing capacity
critical depth for, 69-73
equations, 46-49
parameters that affect,
66-67
hammers for, 368
Janbu procedure for, 213, 220
liquefaction of, 327-335
pile design in
Meyerhof equation used
for, 62-63
multiple sand layers with
groundwater present,
59-62
multiple sand layers with
no groundwater present,
56-59
single pile in uniform sand
layer, 52-56
skin friction, 67-69
terminology, 44-46
Terzaghi bearing capacity
equation, 43-44
pile settlement in, 206-207
pin pile design in, 124-125
skin friction in, 49-52
vibratory hammer use in, 358
water jetting in, 382
Seismic pile design
description of, 317-318
general guidelines for, 335
for inertial loads, 318-319,
325-326
for kinematic loads, 318-325
Seismic waves, 316-317
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Seismology. See also Earthquakes
description of, 313-317
faults, 314-315

Settlement
of caissons, 173-179
of pile groups. See Pile group

settlement
of piles. See Pile settlement
skin friction as cause of,
176-179
tip load as cause of, 176

Sewer systems, 378

Shallow foundation, 10, 12

Shear failure, 78

Shear joints, 226

Shear modulus, 200

Shear strain rate of bitumen

coating, 267-268
Shear strength
clay soils, 77-78, 82
undrained, 82, 87
Shear zone, 199
Shell piles, concrete-filled,
127-128

Shipworms, 18

Shotcrete encasement of timber
piles, 19

Silt
in continental crust, 408
water jetting in, 382-383

Single-acting hammers
diesel, 351-352, 364
steam, 350, 364

Site investigation
literature survey, 3-5
site visit, 5-6
subsurface, 6-7

Skin friction
for caissons

in clay soils, 150

development of, 173-174

Meyerhof equation,
157-158
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in clay soils
bored piles in, 83-84, 86-91
caissons, 150
calculation of, 76-77,
82-86, 217
end bearing and, 137-139
illustration of, 75
Kolk and Van der Velde
computation method
for, 84-85, 90-91
Meyerhof equation for
for caissons, 157-158
description of, 64-66
negative. See Negative skin
friction
of auger cast piles, 110-111
pile settlement caused by,
202-203
in sandy soils
calculation of, 67-69, 217
open-end pipe piles in, 120
settlement caused by, 176-179
under rapid loading condition,
287-288
Winkler springs used to model,
247-248
Slickensided rock joint
surfaces, 233
Slurry, 143
Software
boundary element method, 339
description of, 337-339
finite element computer
programs, 338
lateral loading analysis,
339-342
Spile, 342
Soil
clay. See Clay soils
cohesion of, 8
conversion to rocks, 7
displacement of, during pile
driving, 371-372

disturbance of, during pile
group driving, 181
elasticity in, 252
expansive, 279-281
rock conversion to, 7
sandy. See Sandy soils
stiffness of, 198-200
subsurface information sources
regarding, 3-5
Soil plugging, of open-end pipe
piles, 118, 121
Soil sampling, 6-7
Soil spring constant, 248
Soil strength under rapid loading,
286-288
Spile, 342
Splicing
of concrete piles, 27
of H-piles, 21-22
of pipe piles, 25
of timber piles, 19-20
Spring constant, 248
Springs
stiffness of, 198
Winkler, 247-248
SPT, 8-9
Spudding, 367
Steam-operated hammers,
350, 364
Steel piles
design recommendations
for, 126
deterioration of, 375
existing, reuse of, 375
H-piles. See H-piles
maximum driving stress for,
128, 135
minimum dimensions of, 126
Stiffness
of soil, 198-200
of springs, 198
Storm drains, 378-379
Strain transfer ratio, 324
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Stress reduction factor, 236
Strike direction, 227

Strike line, 227

Subsurface investigation, 6-7
Surface waves, 314

Suzuki’s equation, 125
S-waves, 314

T

Telescoping pipe piles, 24
Tensile failure, 77
Tensile stress, maximum,
133-134
Teredines, 18
Terzaghi bearing capacity
equation, 43, 76
Tie beams, 413
Timber piles
allowable stresses in, 100-102
ASTM standards for, 129
Boston Blue clay layer, 94
bridge pile design using,
107-108
case study, 102-106
characteristics of, 16
concrete pile and, composite
pile of, 33
contraindications, 37
creosote preservation of, 100
decay of, 17-18
design of
ASTM standards for, 129
description of, 99-108
design stresses for, 130-131
deterioration of, 375
driving stresses for, 130-131
existing, reuse of, 375
holes in, 99
ideal situations for, 39
inspection of, 362
installation of, 19-20
knots in, 99
in marine environments, 100
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maximum driving stress
for, 128
on sand and gravel layers, 93
pipe pile and, composite pile
of, 32-33
preservation of, 18-19, 99
round, 101-102
shotcrete encasement of, 19
splicing of, 19-20
straightness criteria for, 101
uplift forces, 20
Tip load, 176
Tip resistance, under rapid
loading, 287
Toe strengthening, 367

U

Unconfined compressive strength
test, 78-79
Underpinning
case study of, 403-406
companies that provide, 403
concrete slabs, 402-403
with driven piles, 401-402
jack, 399-401
pier, 396-398
reasons for, 395
settlement stopped using,
395-396
Undrained shear strength, 82, 87
Uplift forces
caisson design for, 158-161
description of, 135-136
groundwater as cause of, 136
wind as cause of, 137
Uplift piles
description of, 20
lateral earth pressure coeffi-
cient in, 51
Utilities
description of, 5, 376-377
domestic water lines, 377-379
outline of, 377
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\%

Vertical fault, 315
Vibratory hammers
amplitude of, 308
components of, 356
driving using, 307
eccentric movement, 357
frequency of, 308
guidelines for selecting, 364
International Building Code
guidelines, 311
offshore piling using, 409
principles of, 356-358
properties of, 308-309
resonance-free, 358-359
sandy soil use of, 358
ultimate capacity of pile driven
using, 310-311
weights of, 308

Vibrex piles, 29
Viscosity, bitumen, 268-269, 271

W

Water distribution lines,
377-379
Water jetting, 381-385, 409-410
Water-migrating pathways,
375-376
Wave equation analysis
description of, 283-285
pile representation in,
285-286
software for, 288-291
Wick effect, 376
Wind, uplift forces caused
by, 137
Winkler springs, 247-248
Wood preservatives, 18-19
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