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PREFACE

The Federal Highway Administration has produced two educational publications (in 1977 and
1988) on the construction and design of drilled shaft foundations. The second publication,
Publication No. FHWA-HI-88-042, July 1988, has been used as the textbook to teach over 50
three-day short courses on drilled shafts in over 30 states between 1989 and 1998. However,
drilled shaft technology has advanced rapidly since 1988, and it became necessary to revise and
update this publication. This present publication is a new, expanded, edition of the 1988
publication, which it is intended to replace. New material contained in the present publication
includes operations with polymer drilling slurries, admixtures for drilled shaft concrete, new
drilling equipment, specifications for performing non-destructive evaluations, design in
intermediate geomaterials and in rock, additional material on structural design, LRFD
procedures, and methods for analyzing groups of drilled shafts.

The main text addresses most common design and construction conditions. The appendices
contain supporting material that may need to be used in certain circumstances and that gives
foundation engineers detailed information not available in the text. It is intended that this
publication serve as a living reference document that will be updated continually as further
advances in the construction and design of drilled shafts take place.

The authors express gratitude to Axiom Engineering and Science company, which compiled the
text for this publication. They are also grateful to ADSC: The International Association of
Foundation Drilling, its Executive Director, Mr. Scot Litke, and its technical review committee,
chaired by Mr. Ed Nolan; Dr. Alaa Ata and Mr. Jose Arrellaga, who each reviewed all or parts of
the document and provided considerable valuable input. The senior author also thanks his
colleagues at the University of Houston, Dr. Cumaraswamy Vipulanadan and Dr. Sami Tabsh for
their helpful comments about behavior of cementious materials and structural design of drilled
shafts, respectively, and to many colleagues, too numerous to name here, who provided
photographs.

Michael W. O’Neill
Lymon C. Reese



The primary metric (SI) units used in civil and structural engineering are:

length

mass
time
force
pressure

meter (m)
kilogram (kg)
second (s)

newton (N) or kilonewton (kN)
pascal (Pa = N/m?) or kilopascal (kPa = kN/m?)

ENGLISH TO METRIC (SI) CONVERSION FACTORS

The following are the conversion factors for units presented in this manual:

Quantity From English To Metric Multiply by For aid to Quick
Units (SI) Units Mental Calculations
Mass Ib kg 0.453 592 1 1b(mass) = 0.5kg
Force Ib N 4448 22 1 Ib(force) = 4.5N
kip kN 4.448 22 1 kip(force) = 4.5kN
Force/unit length | plf N/m 14.593 9 1 plf = 14.5N/m
kif kN/m 14.593 9 1 kIf = 14.5kN/m
Pressure, stress, ' | psf Pa 47.880 3 1 psf=48 Pa
modulus of ksf kPa 47.880 3 1 ksf= 48 kPa
elasticity psi kPa 6.894 76 1 psi=6.9 kPa
ksi Mpa 6.894 76 1 ksi=6.9 Mpa
Length inch mm 254 1in=25 mm
foot m 0.3048 1f£=03m
mm 304.8 1 ft- 300 mm
Area square inch mm* 645.16 1 sq in = 650 mm*
square foot m? 0.09290304 1 sq ft = 0.09 m*
square yard m? 0.83612736 1 sqyd=0.84 m?
Volume cubic inch mm’ 16386.064 1 cuin = 16,400 mm’
cubic foot m’ 0.0283168 1 cu ft=0.03 m*
cubic yard m’ 0.764555 1 cuyd=0.76 m*

A few points to remember:

1. In a “soft” conversion, an English measurement is mathematically converted to its exact
metric equivalent.

L

with and remember.

S

it

Use only the meter and millimeter for length (avoid centimeter).
The pascal (Pa) is the unit for pressure and stress (Pa = N/m?).
Structural calculations should be shown in MPa or kPa.

A few basic comparisons worth remembering to help visualize metric dimensions are:
One mm is about 1/25 inch or slightly less than the thickness of a dime.

One m is the length of a yardstick plus about 3 inches.
One inch is just a fraction (1/64 inch) longer than 25 mm (1 inch = 25.4 mm).
Four inches are about 1/16 inch longer than 100 mm (4 inches = 101.6 mm).
One foot is about 3/16 inch longer than 300 mm (12 inches = 304.8 mm).

In a “hard” conversion, a new rounded, metric number is created that is convenient to work
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CHAPTER 1: INTRODUCTION
TYPES OF DEEP FOUNDATIONS

The usual role of a deep foundation is to transfer vertical load through weak, near-surface soils to
rock or strong soil at depth. Shallow foundations, on the other hand, are frequently used when
the surface soils are capable of supporting load without excessive settlement.

There are many types of deep foundations, and classification can be done in various ways.
Several of the factors that can be used in classifying deep foundations are given below.

o Materials: steel; concrete--plain, reinforced, or pre-stressed; timber; or some combination
of these materials.

° Methods of transferring load to the soil or rock: principally in end-bearing, principally in
skin friction, or in some combination of the two methods.

® Influence of installation on soil or rock: displacement piles, such as a closed-ended steel
pipe, that displace a large volume of soil as the piles are driven; or nondisplacement piles,
such as an H-pile or open-ended steel pipe, that displace a relatively small volume of soil
during driving (until the pipe becomes plugged), or drilled shafts, which result in
essentially no displacement of the soil or rock.

° Method of installation: impact hammers--hydraulic-, air-, or steam-powered, or diesel-;
vibratory hammers; drilling an open hole; or by use of some special method.

Thus, an example of a type of deep foundation is a structural-steel shape (essentially
nondisplacement), driven by a diesel hammer to rock, that carries its load in end-bearing.

The drilled shaft is normally used as a deep foundation, but it can also be used as a shallow
foundation.

DESCRIPTION OF DRILLED SHAFTS

A drilled shaft is a deep foundation that is constructed by placing fluid concrete in a drilled hole.
Reinforcing steel can be installed in the excavation, if desired, prior to placing the concrete. A
schematic example of a typical drilled shaft is shown in Figure 1.1. The arrows indicate that
drilled shafts can carry both axial and lateral loads.

In the United States, the drilled shaft is most commonly constructed by employing rotary drilling
equipment to bore a cylindrical hole. The borehole may remain unsupported in soils with
cohesion or in rock, or it may be kept open by using drilling slurry or casing in granular or
bouldery soils, occasionally in highly jointed cohesive soil or rock or in very soft cohesive soil.
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The casing is usually temporary. It can be placed in a number of ways. After the cylindrical hole
is excavated and the casing placed, if necessary, an underreaming tool can be used, if desired, to
enlarge the base of a drilled shaft in cohesive soil. A rebar cage can be placed, if needed from a

design perspective, and the excavation is filled with fresh concrete. The temporary casing is
recovered.
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Figure 1.1. Schematic of a typical drilled shaft

Drilled shafts may also be constructed by the percussion method of excavation. In this case,
surface casing is set, and the soil or rock is excavated by a grab bucket, or clamshell. In hard soil
or rock, a rock breaker or similar tool can be employed to break the rock before excavation, A
rock breaker consists of a heavy bar with a chisel-like tip or a heavy implement shaped like a star



that is dropped repeatedly to fracture the hard soil or rock. An alternate method is to use a
hammergrab, a heavy bucket with sharp point that when dropped will penetrate the geomaterial
and can then be used to excavate it without removing the tool and changing to a clamshell.

The borehole for the drilled shaft can be excavated by percussion to make excavations with
noncircular cross sections. A surface casing, or guide, in the form of a cross or a rectangle can be
placed. The transverse dimensions of the guide will conform to the size of the grab bucket. A
drilled shaft of this type is called a "barrette." Barettes have had little use in the United States
during the recent past, except that slurry walls have been excavated with the identical method
used to excavate the barrette.

Figure 1.2 shows a typical drilled-shaft construction project in progress. The crane-mounted
machines are making the excavations, and a service crane, which will be used to place the
reinforcing cage and to assist in placing the concrete, is shown in the background.

Figure 1.2. A typical construction job in progress (Photograph courtesy of Watson, Inc.)

Some deep foundations that are not classified as drilled shafts also involve the placing of
concrete in a preformed hole. For example,



o The pressure-injected footing is constructed, normally in granular soils, by placing a
casing and excavating the interior soil, by placing a quantity of dry-mix concrete in the
bottom of the casing, and dropping a weight on the concrete. The impact causes the
granular soil to be compacted and, as more dry-mix concrete is added, a bulb is formed.
The process is continued as the casing is gradually retrieved. The completed foundation
consists of a nearly cylindrical shaft with an enlarged base.

° The step-taper pile and similar types of cast-in-place piles are constructed by driving a
thin, steel shell into place by the use of a mandrel. The mandrel is withdrawn and the
shell is filled with concrete.

° The auger-placed-grout pile is constructed by rotating a continuous-flight auger into
place. The auger has a hollow stem through which grout is forced under pressure. The

auger is gradually withdrawn, and the grout, or special concrete, fills the space formerly
occupied by the auger.

It is important to recognize that these and similar types of foundations, while having some
characteristics of drilled shafts, are not drilled shafts and should not be designed using the
principles and procedures described in this manual. It is also important to recognize that drilled
shafts have different effects on soils and rocks than do driven piles and that design methods for
driven piles are therefore not usually appropriate for drilled shafts.

BRIEF HISTORY OF DRILLED SHAFT FOUNDATIONS

The construction of higher and heavier buildings in cities such as Chicago, Cleveland, Detroit,
and London, where the subsurface conditions consisted of a relatively thick layers of medium to
soft clays overlying deep glacial till or bedrock, led to the development of the earliest versions of
the drilled shaft foundation. For example, in the late nineteenth century, hand-dug "Chicago"
and "Gow" caissons were excavated to a hardpan layer to act as a type of deep footing. These
foundations were constructed by making the excavation and by placing sections of permanent
liners to retain the soil (wood lagging or meal sheets) by hand. Early designs specified bearing
pressures for the hardpan that were usually very conservative, around 380 kPa (8,000 psf) (Baker
and Khan, 1971).

Machine excavation soon superseded the hand-dug caissons. An early power-driven auger, built
around 1908, capable of boring a 0.3 m (12-in) hole to a depth of 6 to 12 m (20 to 40 ft) is
described by Osterberg (1968). Records of horse-driven rotary machines used to auger boreholes
for drilled shafts in San Antonio, Texas, around 1920 for shafts 7.6 m (25 ft) or more in depth are
described by Greer (1969). Early development of drilled shafts in the San Antonio area was
motivated by very different subsurface conditions than in the cities described above. There, the
surface soils are generally strong, but highly expansive, and drilled shafts were used to carry
loads below the expansive surficial soils.



In 1931, Hugh B. Williams of Dallas, Texas, started to build small machines for excavating
shallow holes and later manufactured truck-mounted machines. His machine became popular in
the drilled-shaft industry, and versions are still used today.

Prior to World War II, the development of large scale, mobile, auger-type and bucket-type, earth-
drilling equipment allowed more economical and faster construction of the drilled-shaft
foundation. In the late 1940's and early 1950's, drilling contractors continued to introduce
techniques for larger underreams and for cutting in rock. Large-diameter, straight shafts founded
entirely in clay and deriving most of their support from side resistance came into common usage
in Britain. Many contractors found that by introducing casing and drilling mud into boreholes, a
process long established by the oil industry, boreholes could be cut through permeable soils
below the water table and in caving soils economically.

Stabilization of the borehole also has been accomplished by injection of grouts (Glossop and
Greeves, 1946), by dewatering, and by freezing of the soil. These techniques can be expensive,
and are not usually required.

The first planned use of drilled shafts on a state department of transportation project is believed
to have been a bridge project in the San Angelo District of Texas in 1950 (McClelland, 1996).
By the early 1970's drilled shafts became the foundation of choice in coastal locations in Texas.

The development of drilled shafts, more or less independently, in various parts of the world led
to different terminologies. "Drilled shaft" is the term first used in Texas, while "drilled caisson"
or "drilled pier" is more common in the midwestern United States. "Cast-in-drilled-hole pile" is
a term used in California by Caltrans, and "bored pile" is common outside of the United States.
These terms all describe essentially the same type of foundation. Many contractors prefer not to
refer to drilled shafts as "caissons," since that term is considered descriptive of foundations
excavated by hand in pneumatic chambers, which are not drilled shafts.

While the construction technology advanced rapidly after World War II, the developments of
theories for design and analytical techniques lagged behind. In the late 1950's and early 1960's,
computers, analytical methods, and full-scale load-testing programs began to produce a better
understanding of drilled-shaft behavior. Marked differences between the behavior of driven piles
and drilled shafts were noted, and the importance of proper quality control and inspection was
realized. Extensive research was carried on through the 1960's and into the 1980's (Whitaker and
Cooke, 1966; Reese, 1978; Kulhawy, 1989), and improved design methods and construction
procedures were developed such that drilled shafts became regarded as a reliable foundation
system for highway structures by numerous state DOT's. In the 1980's and 1990's intensive
research has continued, much of it sponsored by state DOT's, the FHWA and the Electric Power
Research Institute. Much of this research has focused on collection and analysis of large data
bases of full-scale tests, development of expedient methods for performing loading tests,
improvements in methods for characterizing uncertainty in the prediction of resistance and
settlement, adaptations of principles of rock mechanics to drilled shaft design, and improvement
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of procedures for evaluating the structural integrity of drilled shafts.

In 1977 a set of design manuals for drilled shafts was first produced by the FHWA, based on
experience at the time. A new design manual was published by the FHWA in 1988, which dealt
heavily with construction procedures and proposed simple, conservative design methods. This
manual is the second edition of the 1988 manual. Its purpose is to update both design procedures
and descriptions of construction technology, and it should be considered to supersede all
previous FHWA manuals on the subject.

MOTIVATION FOR USING DRILLED SHAFTS

Since properly designed and constructed drilled shafts have proved to be reliable foundations for
bridges and other highway structures, the principal motivation for using drilled shafts relative to
other alternatives (primarily driven piles) is the issue of economics. The economic advantage of
drilled shafts often occurs as a result of the fact that very large drilled shafts can be installed to
replace groups of driven piles, which in turn obviates the need for a pile cap. This advantage is
illustrated in the following two examples:

Example 1. Foundations for the Interior Bents of the Queens River Bridge, Olympic Peninsula,
State of Washington

This example resulted from the development of alternate designs by the design agency before the
project was bid. The construction schedule for the foundations for this bridge was severely
constrained by the imposition of a short construction season due to the migration of salmon in
the stream that the bridge was to span. One alternate foundation called for the construction of
one spread footing and two capped groups of steel H-piles for the three interior bents that were
required to be placed in the river. Both the spread footing and driven piles (with pile caps) were
to be constructed within cofferdams because of the need to construct footings/caps. The drilled
shaft alternate called for the replacement of the spread footing and driven pile groups by three
large-diameter drilled shafts. The drilled shafts could be drilled during low water using a crane-
mounted drill rig positioned on timber mats within the river and pouring the concrete for the
shafts to an elevation above the water level, eliminating the need for cofferdams. Other general
data are as follows:

o Bridge: Two-lane bridge that was a replacement for an existing bridge.

o Number of Spans: 4, with each of the three interior bents consisting of a single
column. The abutments were supported on driven piles with either alternate.

o Span Length: 76 m (250 ft) for the two spans between the interior bents Shorter
spans to the abutments.

o Year of Construction: 1986



Drilled Shaft Contractor: DBM Contractors, Inc.

Subsurface Conditions: Siltstone near the surface at one end dipping to a depth of about
6.1 m (20 ft) near the other end of the bridge. Mixed fine sediments above the siltstone.

Pile Alternate: 25 capped H-piles driven into the soft siltstone for each of two interior
bents and a spread-footing at the other interior bent. All pile driving, cap construction
and spread footing construction were within cofferdams. A single-bent column was
formed on the top of the spread footing or pile cap prior to removal of the cofferdams.
The need to construct cofferdams prior to installing the foundations required first the
construction of a work trestle. Because of the length of time required to construct the
trestle and cofferdams, construction of pile groups, caps and footing could not proceed
until the following working season, since operations in the river had to be suspended
during the salmon runs.

Drilled Shaft Alternate: 3, 3.20-m- (10.5-ft-) diameter drilled shafts socketed about 10
m (30 ft) into the siltstone, with casing extending from the top of the siltstone to high
water level. The casing was used as a form, and the drilled shaft concrete was poured
directly up to the top of the casing. The single columns for the bents were formed on top
of the extended sections of drilled shafts, without the requirement to construct
cofferdams.

Drilled Shaft Construction: The casings were installed, the shaft excavations drilled
and the reinforcing steel and concrete were placed during the low-water season by
operating off timber mats placed on the floor of the river, which was less than 1.5 m (5 ft)
deep during low water. All of the construction in the river took place within the low
water season, during which salmon did not migrate in the river. The elimination of the
need to operate in the river over two seasons greatly enhanced the cost-effectiveness of

the drilled shaft alternate.

Estimated Foundation Cost of the Pile-Footing Alternate: $842,000

Actual Foundation Cost of the Drilled Shaft Alternate: $420,000

Cost Savings Realized by Using Drilled Shafis: $422,000 (50.1%)

A photo of the completed Queets River Bridge is shown in Figure 1.3.



Figure 1.3. Photograph of Queets River Bridge at time of completion
(Note old bridge in background and flood debris against the columns)

Example 2. Foundations for Central Spans for State Route 34 over the Great Pee Dee River,
South Carolina

This example resulted from a value-engineering proposal to replace groups of capped driven steel
H-piles, as originally designed, with single drilled shafts. The approach spans and abutments
were founded on driven, prestressed concrete piles. The issue for the value engineering proposal
was the interior bents. Two of the six interior bents on this bridge were in the river, which was 3
- 6 m (10 - 20 ft) deep; the remaining four were on land. The pile foundations originally
designed for the bents in the river were to be installed within sheet-piled cofferdams. The drilled
shafts within the river were installed off barges. Other general data are as follows:

o Bridge: Two-lane bridge that was a replacement for an existing bridge -
o Number of Spans: 5 (excluding approach spans)
o Span Length: 58 -73 m (190 - 240 ft)

o Year of Construction: 1994



o Drilled Shaft Contractor:  Long Foundation Drilling Company

o Subsurface Conditions: Soft to stiff clays interbedded with layers of generally
dense, waterbearing sand and silt. No rock formation. No boulders.

o Pile Design: 234 steel HP 14 X 73 piles driven in six capped groups, 33 to 44 piles per
group, with multiple bent columns formed on top of each pile cap. Approximate
minimum penetration of the piles below cofferdam seal elevation = 12.2 m (40 ft).
Cofferdam seal elevation was about 6.1 m (20 ft) below the soil surface within the river.
The seal elevations were approximately at the predicted scour depth.

o Drilled Shaft Design: 14 drilled shafts (one per bent column) with diameters of 1.53 m to
1.83 m (5 to 6 ft), with one bent column formed on the top of each drilled shaft.
Approximate penetration of drilled shafts below soil surface = 21.3 m (70 ft).

o Drilled Shaft Construction. Permanent steel casing was set from the scour line
elevation to the water level within the river for the river bents or to finsihed ground level
for land bents. The scour elevation was estimated to be approximately 4.5 - 6.1 m (15 to
20 ft) below the soil surface at all bents. Polymer drilling slurry was used to maintain
borehole stability. [Note: Permanent steel casing is expensive. Temporary casing or
removable forms should be used where possible.]

o Cost of Driven Pile Foundation as Bid (including cofferdams and caps):
$1,709,400.00

o Actual Cost of Drilled Shaft Foundation Option:  $1,567,500.00

o Cost Savings Realized by Using Drilled Shafis: $141,900 (8.3% of cost of piles)

° General Note: An axial loading test was conducted on a full-sized drilled shaft to
evaluate drilled shaft performance prior to implementation of the drilled shaft proposal.
The cost of this test ($175,000) was included in the cost of drilled shaft option.

A photo of the construction operations for the Great Pee Dee River project, in which the drilled
shaft contractor is placing casings off a barge within the river, is shown in Figure 1.4.



Figure 1.4. Construction of drilled shafts from barge in the Great Pee Dee River

There may also be situations in which drilled shafts are not economically suited to a particular
project. For example, where soft clays and/or loose, waterbearing sands to large depths are
encountered, the resistance advantage and relative ease of construction afforded by driven piles
or other alternates may sometimes make them more economical than drilled shafts. For small,
single-span, bridges in which the designer requires batter piles in the abutments, driven piles are
often more economical than drilled shafts. However, in most other instances drilled shafts are
cost-competitive with driven piles when both systems are designed appropriately. It is advisable
that, where feasible, alternate designs, one including drilled shafts, be made and bids solicited on
each alternate. Some guidance on the estimation of costs of drilled shafts is provided in Chapter

19.

REVIEW OF CURRENT PRACTICE

Construction

The attention to detail in the construction of drilled shafts is critical to ensure successful

foundations. Several of the following chapters of this manual will deal with a number of those
details. If proper and well-established procedures are employed, drilled shafts can be installed
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successfully in a wide \Jaﬁew of subsurface conditions with differing geometries and for a
number of applications. The applications are dealt with in the next section.

Certain limitations exist with regard to the geometry of a drilled shaft. Diameters of 300 - 360
mm (12 to 14 in.) can be used if the length of the shaft is no more than perhaps 10 m (30 ft). The
concrete may be placed by free fall in small diameter shafts (as well as in shafts of larger
diameter) if the mix is ﬁarefully designed to ensure that the excavation is filled and segregation is
minimized. Such small foundations are commonly used to support sign structures and traffic
barriers. ‘

As the depth of the exc#vatlon becomes greater, the diameter normally must increase. Several
factors that influence thb ratio of depth to diameter are: the nature of the soil profile, the position
of the water table, whether or not a rebar cage is required, the design of the concrete mix, and the
need to support lateral loading. A concrete mix with a high workability (slump) is frequently
required, as noted in C}J:.pter 8. Ordinarily, the aspect ratio of a drilled shaft, or its length
divided by its diameter, should not exceed about 30.

Heavy, rotary-drilling equipment is available for large drilled-shaft excavations. Cylindrical
holes can be drilled with diameters of up to 6 m (20 ft), to depths of up to 80 m (244 ft), and with
underreams up to 10 m (33 ft) in diameter, although such sizes are unusual. Percussion
equipment can make ex;k:avations of almost depth with diameters up to 1.53 m (5 ft).

The versatility of drillecii shafts is evident when the constructability is considered in various
subsurface conditions. §Situations that can be dealt with using readily available methods of
construction are:

° Sockets into soft or hard rock.

° Boulders above \ glacial till or rock (if the boulders cannot be broken or removed, the
diameter of the shaft excavation should be sized larger than the boulders).

° Residual soils Where weathering is highly irregular.
|

o Karstic fonnatidjns (solution cavities).

° Caving soils below the water table.

° Very soft soils (permanent casing may sometimes be required).
o Marine sites.

The detailed methods of construction that can be used in a variety of subsurface and surface
conditions are presented later in this manual.
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Design for Axial Load

Drilled shafts were originally designed to resist load only in end bearing. Thus, the design
involved the use of the equations of bearing capacity, such as those of Terzaghi (1943).
Numerous loading tests conducted on instrumented drilled shafts over many years showed,
however, that drilled shafts can often produce a substantial amount of resistance in side shear or
"skin friction." Concurrently, design methods have been developed to predict the skin-friction
resistance. The following general equation is now widely accepted by the engineering profession
for the computation of the ultimate resistance of drilled shafts:

R =R_+R
T "B 'S (L1)

where
R, = ultimate axial resistance of the drilled shaft,
Ry = net ultimate resistance in end bearing, and
Rg= ultimate resistance in side resistance or skin friction.

In the design methods presented here, Ry is considered to be a net bearing resistance, which is
the gross, total resistance minus the weight of the shaft, so the shaft weight need not be
considered as a load. For computing uplift resistance, however, the weight of the drilled shaft
should be added to the right-hand side of the equation. That weight should include the effects of
buoyancy if all or part of the drilled shaft is below the water table (piezometric surface).

While the magnitude of Ry could be determined theoretically from available equations of bearing
capacity, research has revealed that these equations frequently need to be modified for drilled
shafts to account for effects of construction. The magnitude of Rg depends on soil conditions,
properties of the concrete, and method of construction. Prediction of values for Rg and Ry
constitute a major focus of this manual. Considerable attention is given to evaluating R and Ry
from soil or rock properties in Chapters 10 and 11. Once Rg and Ry are computed, the value of
R; can be found by use of Equation (1.1).

It is essential for the reader to understand that the factors suggested later in this manual for the
determination of Rg and Ry are based primarily on experience in soils and rocks that can be
described as "normal." For example, considerable information is available in data bases about
the behavior of drilled shafts in uncemented sands deposited recently in geologic time and
preconsolidated by the lowering and raising of the water table, for uncemented, overconsolidated
clays and for uniform, soft rock. However, relatively little is known about the general behavior
of drilled shafts in "structured" soils (soils that are cemented, highly sensitive or retain the
structure of the parent rock) and in many types of rock, particularly heterogeneous and highly
fractured rock. When these types of geomaterials are encountered, the acquisition of site-specific
information on side and base resistance and resultant movements through load testing is strongly
recommended.
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Construction practices and controls have a significant effect on the performance of drilled shafts.
The design factors that will be suggested in this manual should be coupled to the level of quality
control and quality assurance that is expected by the designer to exist during construction. It is
for this primary reason that it is essential for designers of drilled shafts to understand basic
construction methods.

Design for axial loading can proceed in one of two ways. The traditional working stress design
(WSD) method, sometimes referred to as the allowable stress design (ASD) design method, can
be used in which a global factor of safety is selected and applied by using Equation (1.2):

R :
R, = —I;A; >Q (1.2)

where

R, = allowable working load, and
F = global factor of safety.

The value of R, must equal or exceed the maximum unfactored, or "nominal," load applied to the
drilled shaft.

More recently, AASHTO (1994) has produced a design code recommending the use of load and
resistance factor design (LRFD) for drilled shafts and other structural components. The LRFD
method in highway substructure design is described in detail in other FHWA publications
(FHWA, 1996). With this method, various factors, with values of 1 or above, are applied to the
individual components of load. Other factors, with values of 1 or less, are applied to the total
resistance, or individual components of resistance, in such a way as to assure a margin of safety
consistent with historical practice using global factors of safety. The LRFD approach to
foundation design has the advantages that (a) foundations are easier to design if the
superstructure is designed using LRFD (multiple sets of loads do not have to be carried along in
the calculations) and (b) it offers a means to incorporate reliability into the design process in a
rational manner. The basic design equation for axially loaded drilled shafts in the LRFD context,
which is equivalent to Equation (1.2), can be written as:

370, <3 oR, (13)

where

n = afactor varying from 0.95 to 1.05 to reflect ductility, redundancy and
operational importance of the structure.
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allow effective construction in soils that are soft or have a tendency to cave or collapse.

The method of constructtlon can be adapted to reduce noise pollution and damage to adjacent
structures produced by | ‘loss of ground or by soil stress waves that are produced by driving piling.
Specialized equipment is capable of excavating under severely restricted headroom.

The high load capacity jof drilled shafts may allow the use of a single, large-diameter drilled shaft
instead of a group of driven piles, as demonstrated by the examples summarized earlier in this
chapter. Such foundations can also accommodate tight construction areas, such as freeway
medians. The size and reinforcing of the drilled shaft is determined by the soil conditions, the
loading, and the performance requirements. If lateral forces and/or moments have to be resisted,
modifications to the structural properties are made to resist the bending stresses. Tensile loads
are normally resisted by side friction of the drilled shaft. Reinforcement can be extended directly
from the foundation into the structure to mobilize these tensile resistances. Drilled-shaft
retaining walls can be used to resist lateral earth pressure as, for example, at a bridge abutment.

Drilled shafts can also be used to assist in stabilizing slopes (Wilson, 1964). In such a case a
detailed study must be made of the slope, and a stability analysis made to investigate the
effectiveness of the solution. The procedures on design for lateral loading will prove helpful in
making such designs.

Other applications of drilled shafts are anchorages for tied-back walls, foundations for waterfront
structures, breasting and mooring dolphins, and pier-protection systems. Figure 1.5 illustrates
cases where drilled shafts with a variety of geometries have been placed in a variety of
stratigraphies, and also illustrates various applications. Later sections of this manual provide
guidance in selecting the geometry of the drilled shaft for a particular situation.

The final decision as to whether drilled shafts are a better solution for a particular problem than
another type of foundation must be based on performance requirements, economic
considerations, and eq#ipment availability.

ADVANTAGES AND DISADVANTAGES OF DRILLED SHAFTS

Advantages

° Construction eduipment is normally mobile and construction can proceed rapidly.

° The excavated material and the drilled hole can usually be examined to ascertain whether

the soil conditions at a site agree with the expected soil profile. For end-bearing designs,
the soil beneath the base can be probed for cavities or weak soil if desirable.
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Figure 1.5. Cases for use of drilled shafts: (a) bearing in hard clay, (b) skin friction design, (c)
socket into rock, (d) installation into expansive clay (continued)
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Figure 1.5 (continued).ﬂ Cases for use of drilled shafts: () stabilizing a slope, (f) foundation for
overhead sign, (g) foundation near existing structure, (h) closely-spaced drilled shafts to serve as
a cantilever or tied-back wall (drilled shafts installed prior to excavation)
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at a marine site, and (j) pier protection or navigation aid

Changes in geometry of the drilled shaft can be readily made during the progress of a job
if the subsurface conditions so dictate. These changes include adjustment in diameter and
in penetration and the addition or exclusion of underreams.

The heave and settlement at the ground surface will normally be very small if proper

construction practices are followed.

The personnel, equipment, and materials for construction are usually readily available

anywhere in the United States.

The noise level of the equipment is less than for some other methods of construction,
making drilled shafts appropriate for urban construction.

The drilled shaft is applicable to a wide variety of soil conditions. For example, it is
possible to drill through a layer of cobbles and for many feet into sound rock. It is also

possible to drill through frozen ground.

Minimal disturbance is caused to the surrounding soils by the drilling operation; thus, any
consolidation settlement due to remolding of the soil is limited and reduction of shear
strength of clay soils on a slope due to the installation of drilled shafts is typically smaller
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than with driven piles, because large pore water pressures are not generated by drilled
shaft construction.

Very large loads can be carried by a single drilled shaft so that a cap is often not needed,
as illustrated previously.

Design procedures for axial loading, presented in Chapter 11, are available that allow
designs of drilled shafts to be made considering load transfer both in end bearing and side
resistance.

Special instrumentation and high-capacity loading systems have been developed to allow
load tests to be performed to obtain detailed information on the manner in which load is
transferred from the drilled shaft to the supporting soil. These are described in Chapter
14. ‘

Special techniques are available to allow the non-destructive evaluation of drilled shafts
for purposes of quality control and quality assurance.

The circular shape of the drilled shaft makes it more resistant to the development of local
scour around foundations in rivers, streams and estuaries than the non-circular shapes of
many other foundations. Elimination of the pile cap, which can commonly be
accomplished with drilled shaft foundations, also improves scour resistance. [Further
information on scour computations, which is an important issue in bridge foundation
design may be found in Richardson and Davis (1995).]

Disadvantages

The quality and performance of drilled shafts are sensitive to construction procedures, so
that both experienced construction personnel and careful inspection are required.

Drilled shafts are not normally used in situations where the shaft must penetrate an
aquifer that is under artesian head (phreatic surface above ground surface).

The construction of drilled shafts through contaminated soils is problematical because of
the expenses incurred in disposing of the spoil.

General knowledge of construction and design methods is lacking in some engineering
organizations. Therefore, construction techniques may sometimes be specified that are
unsuitable for the stratigraphy at the construction site.

Since a single drilled shaft is frequently designed to replace a number of driven piles, the
redundancy present in the group of driven piles is absent, which again requires diligence

and expertise iniconstruction and inspection.
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While the quality of inspection that is required is not a disadvantage of drilled shafts, an
uninformed inspector can create a number of problems during construction. Knowledgeable
inspectors and a sufficient inspection staff are of critical importance when difficult drilling or
unanticipated soil conditions are encountered. Precise, well-written construction specifications
are also extremely important to assure that drilled shafts are constructed in accordance with the
assumptions made by the designer and to minimize claims by the contractor.

TRAINING RESOURCE

A video, approximately 20 minutes in length, introducing the viewer to drilled shafis is available
from ADSC, The International Association of Foundation Drilling, P. O. Box 280379, Dallas,
TX 75228; (214) 343-2091.
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CHAPTER 2. SITE CHARACTERIZATION
PURPOSE OF SITE CHARACTERIZATION

A key activity in the design and construction of drilled shafts, as for other foundations, is
characterizing the site on which the drilled shaft foundation will be constructed. As illustrated in
Figure 2.1, accurate subsurface characterization is required to aid in the design of the foundation,
the selection of a construction method by the contractor, and to give both state DOT and
contracting personnel guidance during construction operations. The site is characterized through
surveys of existing historical, geologic and hydrologic data; surface reconnaissance; general site
surveys by geophysical and/or remote sensing methods; and acquisition of detailed values of soil
and rock parameters in order to forecast potential construction methods and potential difficulties
and to perform the design. Certain details are required for any given design method. The
engineer managing the site characterization effort should be aware of the details required for all
potential design methods that may be used and should arrange for the collection of data
accordingly. In this chapter the data required for the design methods outlined later in this manual
will be clearly pointed out.

Experience Regulations Economics

/

Design Model Resolution
of
SUBSURFACE SUCCESSFUL
CHARACTERIZAﬂON]- ————">1 Issues ™ |FOUNDATION
During
Construction Method
Construction

Bid

Figure 2.1. Subsurface characterization related to design and construction

Often, the best way to attack the problem of site characterization for drilled shaft foundations is
through a phased exploration program, in which a general picture of the site conditions is drawn
from a knowledge of the geologic setting of the site, existing subsurface data, surface
reconnaissance and aerial surveys, perhaps augmented by widely spaced soil borings, probes
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and/or geophysical studies to evaluate the general stratigraphy and any special features that may
exist. An understanding of the three-dimensional structure of the site gained from this general
picture is then used to assign locations for other borings and/or in-situ tests that will provide
numerical values for the relevant geomaterial properties without excessive effort and will allow
appropriate profiles and maps of subsurface features to be constructed by geotechnical personnel.
A constant concern of geotechnical engineering personnel performing the site characterization is
the variability of the site conditions and the reliability with which the strata can be located and
principal properties oﬂthe geomaterials determined.

The choice of re51stan¢e factors (LRFD) or factors of safety (ASD) should depend directly on the
level of confidence thdt the geotechnical personnel have in the values assigned to the various soil
and rock properties and locations of strata. This means that the level of effort that goes into the
characterization of a sﬂte and the level of expertise employed in interpreting geomaterial data will
be directly reflected in the economics of the completed foundation. Appropriate investment in
site characterization efforts will pay off in lower initial bids and reduced claims by the drilled
shaft contractor.

It is not within the scope of this manual to describe detailed procedures for obtaining soil and
rock properties. For the reader who is not familiar with sampling, laboratory testing, in-situ
testing of soils, and soil mapping, the FHWA Soils and Foundations Manual (Cheney and
Chassie, 1993), a detamled report on exploration and sampling by the Corps of Engineers
(Hvorslev, 1962), ASTM Guide D5434-93 (ASTM, 1996), and the FHWA manual on Design
and Construction of Pijle Foundations, Vol. I (Hannigan et al., 1996a) should be consulted.

SITE INVESTIGATIONS
General

A site investigation for drilled shafts must not only provide the properties and spatial pattern of
the major strata, but it should also provide details of the stratigraphy at the site. For example, the
presence of a stratum of soft, compressible clay below a dense sand deposit may preclude the use
of an end-bearing foundatlon in the sand. Furthermore, the importance of recording and
reporting apparently minor details in a site investigation cannot be overstated, because such
details may have maJo* effects on the construction and performance of drilled shafts.  For
instance, the failure to 1dent1fy a relatively thin stratum of submerged sand within a stratum of
cohesive soil or rock could mean that the use of an inexpensive dry method of construction
would be impossible. Caving soil, such as the submerged sand, would require the contractor to
mobilize additional equipment, to use more materials, to take more time to do the work than
he/she had envisioned in preparing the bid, and almost certainly to file a claim of "changed" (or
more correctly, "unforeseen") conditions against the DOT.

Perhaps the most common problem of this type is the failure to identify the presence or extent of
boulders in the subsurface exploration documents provided to the bidders. If a contractor has not
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foreseen the need to drill through boulders or has underestimated the time necessary to do so
based on the site investigation report, delays and claims are likely.

Accurate and detailed documentation of the subsurface conditions at a site also forms the basis
by which the subsurface conditions that are actually encountered during construction can be
confirmed to be equivalent to those used by the designer in making the design. Drilled shaft
designers, therefore, should specify that logs be made of the character of the excavated soil or
rock during drilled shaft construction and compare them in a timely manner with the stratigraphy
assumed in making the design from the program of subsurface exploration. If there are
significant differences, appropriate and timely changes can be made in the depth and/or diameter
of the drilled shafts.

Philosophically, many foundation designers consider the driving resistance of a driven pile to
afford a measure of the pile's capacity, particularly if the resistance is measured on a pile that is
restruck, if the energy delivered by the hammer is monitored in some fashion, and if a
computation is made with wave-equation methods (e. g., Hannigan et al., 1996b). Capacities of
drilled shafts cannot be verified so easily during construction, so the designer must assure that
subsurface information on the site stratigraphy and soil properties are documented thoroughly
prior to designing and constructing the drilled shafts.

Surface Features

The preliminary investigation should be approached so as to uncover all pertinent surface
features at the site that will affect construction operations. Among the factors to be dealt with are
the following:

° Restrictions on points of entry for drilling equipment, and restrictions on positioning of
construction equipment, such as overhead power lines, existing bridges, and restricted
work areas (e. g., medians).

° Existence of utilities and limitations concerning removal, relocation, or protection.

° Locations of existing structures on the site and on adjacent sites. Descriptions of the as-
built foundations of those structures must be obtained if it can be reasonably expected
that subsurface soil movements could occur at the locations of those foundations due to
drilled shaft construction.

] Locations of trees and other major surface vegetation and limitations concerning removal
or damage.

° Possibility of the existence of contaminated soils, such as may occur near the locations of

abandoned underground petroleum tanks at service station locations or at the location of
old landfills.
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[ Presence of surface water.

o Presence of fault escarpments, boulders, hummocky ground and other surface features
that may suggest subsurface conditions.

o Initial and final surface contours of the site.

° Any information on the condition of the ground surface that might be reasonably
expected at time of construction as related to the trafficability of construction equipment.

] Restrictions on noise and/or other environmental considerations.
Subsurface Pipelines, Cables, and Other Obstructions

The site investigation must include, at an early stage, a careful survey of the subsurface facilities,
both active and inactive. As-built locations of utilities that are currently in service must be
carefully defined and clearly marked to prevent damage by construction equipment. Active
utilities can often be located by reference to plans on file with local governmental agencies. The
employment of a company that specializes in the location of subsurface facilities may sometimes
be desirable, even if plans are available, as plans often do not show the-as-built locations of
utilities. :

In urban areas, old foundations, storage tanks, abandoned utilities or old landfills are also
frequently buried beneath the existing ground surface. Not only do encounters with such
obstructions cause expensive delays, but hazardous gases trapped in landfills or hazardous
liquids in abandoned tanks or pipes may pose a safety hazard to construction personnel and to the
public. Such obstructions should be identified and marked at the job site.

Preliminary Subsuﬁilce Mapping

On large projects it is advisable to map the subsurface using relatively inexpensive survey
techniques, existing geologic data and existing subsurface exploration data prior to making
detailed subsurface investigations. At soil sites, cone penetrometer test (CPT) probes can often
be used for this purpose. Geophysical techniques such as spectral analysis of surface waves
(SASW) are useful in delineating major strata and defining the continuity of subsurface structure,
including the identification of soil/rock interfaces at sites where a clear demarcation between soil
and rock exists. A specific technique that can be useful in bodies of water is the continuous
seismic reflection profiling technique. This technique is illustrated for a crossing of the
Connecticut River near Hartford in Figure 2.2. An excellent summary of geophysical site
investigation techniques is provided in ISSMFE TC 10 (1994).

Geostatistical techniques, unavailable a few years ago, can be used to produce best-estimate,
three-dimensional maps of selected key soil parameters from the results of a relatively small
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number of probes. The techniques use the correlation between soil or rock parameters as a
function of distances between sampling points on the site to derive interpolation or weighting
functions to make a best estimate of the values of a particular parameter at points where it was
not measured. One technique to accomplish such mapping is calied "Kriging." Kriging theory is
explained by Journel and Huijbregts (1978), and software to produce Kriging maps is
documented by Englund and Sparks (1991). An example of a three-dimensional Kriging map for
CPT tip resistance, q., for a small, overconsolidated clay site is shown in Figure 2.3. Anomalous
conditions are evident where "spikes" appear on the Kriging diagrams, for example, near (X =
30, Y = 95) in Layer 2 in Figure 2.3. More intensive investigations may need to be made near
such locations in the detailed site investigation that follows. Tomographic methods for the
display of three-dimensional data based on probes, borehole geophysics and surface geophysics
are being developed rapidly and should be a great help to designers of drilled shaft foundations in
the future. It is still necessary, however, to obtain samples of the geomaterials from each of the
strata identified in such a preliminary study for classification purposes and for laboratory testing.
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Detailed Site Investigations

The detailed site investigation that follows the preliminary investigation usually consists of
making borings at close intervals to obtain relatively undisturbed samples of cohesive soil or
rock and samples plus in-situ test values of some sort for granular soils. The locations of the
borings are chosen carefully with respect to the planned locations of the drilled shafts. Because
of the need for accurate subsurface information to perform the design and to forecast
construction procedures, the frequency of borings shown in Table 2.1 is suggested for drilled
shaft foundations for bridges [FHWA (1991)]. Of course, geologic details, observed variability
of the subsurface conditions and practical considerations of site access may dictate other boring
patterns. Boring depths should extend to at least 125% of the expected depths of the drilled shaft
bases plus two base diameters in soil or in rock when the RQD is less than about 50 percent.
Often, the design criterion is for bases to bear on sound rock, so, if RQD values in rock are

27



greater than about 50 per cent at the planned base elevation, the borings will normally only need
to be taken to 100% of the expected depths plus two base diameters as long as the RQD remains
above 50 per cent, since it is not very likely that the shafts will need to be deepened once the
actual strata are exposed. Local geologic conditions may dictate other criteria for boring depths.
The preceding is only a general suggestion. If, in the course of design or construction, it
becomes necessary to deepen the shafts, supplementary borings should be taken.

The eventual method of payment for construction of drilled shaft foundations should be tied to
the extent of the boring program. The program indicated in Table 2.1 is generally appropriate for
"unclassified" payment, in which the drilled shaft contractor is paid by the meter or foot of
completed drilled shaft regardless of the type of geomaterial encountered during the excavation
process. It is not advisable to use less detailed boring programs when unclassified payment is
specified.

Table 2.1. Recommended frequency of borings for drilled shaft foundations for bridges when
unclassified excavation is specified (FHWA, 1991)

Redundancy Condition Shaft Diameter (m) Guideline
Single-Column, Single All One Boring Per Shaft
Shaft Foundations

Redundant, Multiple-Shaft | > 1.83 m (6 ft) One Boring Per Shaft
Foundations

Redundant, Multiple-Shaft | 1.22-1.82 m (4 ft - 6 ft) One Boring Per Two
Foundations Shafts

Redundant, Multiple-Shaft | <1.22 m (4 ft) One Boring Per Four
Foundations Shafts

TECHNIQUES FOR SUBSURFACE INVESTIGATIONS
Information Required for Design

Prior to finalizing a program of subsurface investigation, it is helpful to know which soil
parameters will be needed for the design calculations. Obviously, the subsurface investigation
program should be planned so as to recover samples and/or acquire in-situ data that enable the
designer to evaluate these parameters. Table 2.2 provides a brief list of the geomaterial
parameters that must be evaluated in order to design axially loaded drilled shafts according to
procedures given later in this manual.

The symbols used in Table 2.2 are as follows.
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s,=  undrained shear strength, sometimes denoted c,, often taken as one-half of the
compressive strength (units of F/L2),

q.=  tip resistance from quasi-static cone penetration test (CPT) (corrected for pore
pressure if data are from a piezocone) (units of F/L?),
f = sleeve resistance from quasi-static cone penetration test (CPT) (units of F/L?),

Ng = standard penetration test (SPT) blow count when 60% of the hammer energy is
transferred to the drill string (Blows/0.3 m). Values will be uncorrected for
depth or submergence unless otherwise noted,

q.= unconfined compression strength (units of F/L?),

RQD ="rock quality designation" = [Z (lengths of all pieces of recovered core >
100 mm long)] / [distance cored] (dimensionless, sometimes expressed as a
percent),

bgc= effective angle of friction between the rock or IGM (defined below) and the
concrete comprising the wall of the drilled shaft, not including any geometrically
induced dilation (can be estimated crudely if not measured) (degrees),

E..= Young's modulus of the rock or IGM core (can be estimated approximately from
q, if not measured) (units of F/L?), and

IGM = "intermediate geomaterial," which is defined here as a cohesive earth
material with 0.5 MPa <q, < 5.0 MPa or a cohesionless material containing
minimal gravel sizes with 50 <Ng, < 100. These materials are transitional
between soil and rock. Physically, they can be residual soils such as saprolites,
glacial tills, or soft argillaceous (clay-based) rocks such as clay-shale and
mudstone.
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Table 2.2. Geotechnical parameters from borings or soundings to be evaluated numerically if
design procedures in this manual are used

Geomaterial Type Required Parameters
Cohesive soil (clay or cohesive silt) Classification (Unified or other system).
(Design for Undrained Conditions) Unit weight.

s, (UU triaxial test) or

q,, f, (CPT).
Cohesionless soil (sand, gravel or Classification (Unified or other system).
cohesionless silt, cohesionless IGM) Unit weight.
(Design for Drained Conditions) N (SPT), or; q,, f,(CPT).

Elevation of piezometric surface.

Rock or Cohesive IGM Geologic description.

Type of rock (Sandstone, Limestone, etc.)
q. (Unconfined compression test)*

RQD.

Fracture/seam pattern; seam thickness.
fRC., Ecore'

* Point load tests may be performed if core lengths are too short for compression testing

In the event that drilled shafts in cohesive soils will be checked for loading under drained pore
pressure conditions (long-term stability), the fundamental effective stress parameters ¢' and ¢'
will need to be measured in the laboratory, and the coefficient of earth pressure at rest K, will
need to be evaluated in the laboratory or from in-situ tests, such as the pressuremeter test or the
flat-plate dilatometer test. Ordinarily, however, drained loading does not represent a critical
condition for design in cohesive soils.

It may also be beneficial to evaluate K, for design for drained loading in cohesionless soils by
similar testing methods. However, an approximate process to evaluate K, from the SPT will be
given for design in cohesionless IGM’s, so that measurement of K, at the site, while desirable, is
not mandatory.

Additional data may be acquired where desirable to provide a clear understanding of
geotechnical properties. For example, consolidation tests may be performed to evaluate the
stress history of the soil in order to verify that the values of s, that are obtained are reasonable, in
order to compute long-term settlements beneath drilled shafts, or to estimate settlement of soil
around drilled shafts due to imposed loads from embankments and similar sources; stress-strain
data may be acquired from triaxial specimens if the engineer wants to predict lateral load-
deformation behavior of drilled shafts or if procedures based on principles of elasticity are used
to predict settlement; and one-dimensional swell tests may be conducted for evaluating the
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performance of drilled shafts in expansive soils.

An important concept in the construction and design of drilled shafts is the concept of "effective
stress" in the ground. This concept is illustrated in Figure 2.4, in which a layer of permeable,
waterbearing geomaterhal is encountered, in this case beneath a surface layer of relatively
impermeable geomatemal The position of the piezometric surface (or surfaces -- there may be
separate piezometric surfaces in each layer) must be established in the subsurface investigation
by employing piezometers or observation wells. If possible, the piezometric data from the site
should be correlated to historical groundwater records to determine the expected range of water
level to be encountered The highest level historically should generally be used in design
calculations.

To find the effective vertical normal stress, s',, at any depth z in the water bearing stratum, the
simple equation at the bottom of the figure is applied if there is no free water above the ground
surface. In that equation g is the total unit weight of the soil. If the site is under water (not
shown in Figure 2.4), z is measured from the surface of the water, and v is a depth-weighted
average of the total unit weight of the soil and the overlying water.

The effective stress is the pressure applied by the weight of the overlying soil, including the
water in the pores and free water above the ground surface, if any, minus the water pressure in
the soil pores, as defined by the location of the piezometric surface. An important distinction is
that the pore water pressure is not defined based on the level at which groundwater is first
encountered in a drilling operation, but rather by the level to which it eventually rises (the
piezometric surface). This level is shown below the level of the ground surface in Figure 2.4, but
under certain geologic conditions, the piezometric surface could be above the ground surface (so-
called artesian conditions). It is extremely important to identify such cases during the subsurface
investigation. The location of the piezometric surface has important implications in assessing
means by which a borehole can be stabilized during construction of a drilled shaft.

The piezometric surface is also used in estimating side shear resistance in drilled shafts, because
the side shear resistance is related to the horizontal effective stress 6", in the ground, which is in
turn related to o', through the coefficient of earth pressure at rest K. It is possible, using
pressuremeter tests, dilatometer tests, quasi-static cone penetrometer tests and standard

penetration tests to estimate o', directly, although such tests will normally not be conducted
routinely.

When rock strata are encountered, they should be sampled, if possible, by coring. The most
effective sampling tool is a triple-walled core barrel. Care should be taken to match the cutting
bit to the type of rock encountered, information for which is provided in the sampling tool
manufacturer's literature. It is important to measure the unconfined compression strength of rock
cores (q,) where possible. Where the RQD of the recovered rock cores is too low to permit
acquisition of samples, suitable for compression testing, the point load test may be conducted to
provide an approximation of g, (Rock Testing Handbook, 1990). Much additional useful
information on characterizing rock formations is available in ASCE (1996).
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Figure 2.4. Schematic elevation showing definition of vertical and horizontal effective stresses
in the ground

Contractors will be interested in knowing the difficulties that will be encountered in drilling the
rock. Therefore, the numerical values of compressive strength and not just descriptive values of
rock consistency, such as "hard rock" or "competent rock," should be reported to potential
bidders. Joints, cracks, and other types of secondary structure will be of considerable interest to
contractors, and such information is important to the designer, as well. It is important to retain
rock cores for examination by prospective bidders on a construction project. Insisting that
bidders examine rock cores may preclude excavation problems and claims during construction.

Intermediate geomaterials (IGM’s) are earth materials that are transitional from soil to rock. The
design rules for IGM’s are different from those for soil or rock. Generally, however, the
subsurface investigation is conducted much as for rock. When possible, the IGM is cored and
classified, and cores are returned to the laboratory for unconfined compression or point load
testing. An attempt should be made to define the joint pattern, as for rock. If the IGM is
granular, then SPT tests are conducted to obtain N values and samples for classification and
grain-size distribution. As with soils, it is important to determine the locations of water inflow,
the piezometeric surface and, where possible, unit weight.
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Information Required for Construction

As much information as possible should also be acquired to guide the construction of the drilled
shafts. An adequate program for investigating the conditions of the subsurface soils and rocks is
important for the selection of the proper construction procedure in addition to obtaining
information for design, For example, if the site investigation so indicates, the contractor will
come to the jobsite with equipment for making an excavation in rapid order without the use of
casing or slurry. However, if a stratum of soil is encountered that is unstable, it may be
necessary to stop the job, bring additional equipment to the job, and start negotiations about extra
payment. Thus, the importance of a careful investigation that will reveal all the necessary details
about construction procedures cannot be over-emphasized. The subsurface investigation must
be accomplished in a manner that the appropriate equipment can be assembled at the job site.
Specific data acquired | from the subsurface investigation can be useful in making decisions about
construction details later Examples of such data are

® Grain-size distribution of granular soils (including sizes of cobbles and boulders) and
hardness of boulders.

® Presence of cohesidpless soils below the water table that may cause hole stability problems.

® Location of water seeps and rate of inflow of groundwater (if any) into the borehole, as well
as location of piezometeric (long-term) water level.

® Hardness, pH and chlorides content of the groundwater (if slurry construction is anticipated).

® Remains of old foundations, construction rubble, pipes or other buried obstructions (for
which special provisions may need to be developed if obstruction removal is not considered
in the standard construction specifications).

® Rate of advancement of the sample borehole.

® Torque and crowd (downward drilling force applied to the drill string) of the drilling machine
used.

® Drilling tools and sampling tools used, and

® Shear strength, compression strength, joint patterns, SPT values, and other similar data
supplied to the designer.

® Methods for borehole stabilization (casing, drilling mud, other).

Typical rotary wash-boﬁng equipment for use in making a detailed subsurface investigation is
shown in Figure 2.5.
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Where it is possible that the geomaterial on a site may have been contaminated in the past, or
where landfills are encountered, appropriate tests should be conducted on the soil, fill material
and/or groundwater to identify the contaminants and their concentrations. The presence of toxic
gases should be noted, as they can have a potentially deadly effect on persons entering boreholes
during construction. There may be other reasons that gas could exist at a construction site. The
subsurface investigation should deal with the possible existence of gas and whether or not there
could be a risk to workers.

The design of many drilled shafts requires that they be socketed into "sound rock." Sound rock
may be defined based on its RQD (for example, 50% or higher). The plans and construction
documents should indicate the depth of exploration drilling at the borehole locations, particularly
the penetration of rock cores. Either the contractor and engineer should agree on drilling depths
at locations other than boring locations based on this information, or provisions should be made
to core the rock at the base of every drilled shaft to confirm the rock quality. It is important that
rock cores penetrate deeply enough into the rock formation to define the location of the sound
rock zone and to confirm that rock that is not sound does not exist below the intended base
elevations of the drilled shafts. If rock layers above the layer of sound rock that is decided upon
for bearing will have to be penetrated by the drilling contractor, rock cores should be taken and
tested in those layers and the information so obtained provided to the bidders for the project.
When rock is to be used as a bearing material, an engineer who is familiar with the geology at the
site should direct the subsurface investigation. Pinnacled rock presents special problems with
regard to establishing bearing surface depths and construction procedures (Brown, 1990). It is
imperative that such rock be identified and mapped as accurately as possible. Detailed
construction documents must be available to allow correct decisions to be made as construction
progresses. ‘

Items other than q, and the RQD of the rock that are useful in assessing the drillability of the
rock are: drill water gain or loss; rock type with lithological description; characteristics of
weathering; and the presence, attitude and thickness of bedding planes, foliation, joints, faults,
stress cracks, cavities, shear planes, or other discontinuities. If available, experience in
construction at adjacent sites in the same lithology should be documented.

The data enumerated in this section should be made a part of the boring logs and made available
to bidders in order to provide them information for making informed decisions. They are also of
use to the engineer, who must, in addition to making the design, forecast potential construction
methods and construction problems in order to develop specifications for the project, make cost
estimates and perform risk analyses.

Comments
Some comments are in order. First, the successful completion of the design and construction of a
drilled shaft foundation is highly dependent on the acquisition of accurate information about the

subsurface materials. There is, of course, for each job an optimum expenditure that should be
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made in obtaining data on subsurface conditions. In the opinion of the writers, actual
expenditures are frequently less than the optimum.

The most frequent failures of drilled shaft foundations have almost always been related to
improper construction procedures; therefore, careful attention should be given to the acquisition
of all pertinent information about the subsurface conditions relating to the selection of
construction methods.

Figure 2.5. Wet rotary-type soil boring rig

Full-Sized Test Excavations

With regard to construction and procedures, questions frequently arise that cannot be answered
by use of data from small-sized boreholes. An example of such a question is the amount of water
that will be found when the full-sized hole is drilled. Thus, the drilling of one or more full-sized
excavations at representative locations with equipment similar to that to be used in the
construction of the drilled shafts is desirable. Such activity should be carried out during the
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subsurface investigation stage of the project. The drilling of a hole large enough to discover
problems likely to be encountered by a contractor is imperative. The following difficulties are
minimized if such a hole is drilled: (a) failure to discover caving or squeezing soil, especially if
the wash-boring technique is employed in the site investigation; (b) failure to discover the
presence of cobbles or boulders; a small diameter drill hole could pass by a cobble or boulder
that would be easily found if the large-diameter hole was cut, or it could cut through a boulder
that might be misidentified as a rock ledge; and (c) incorrect determination of the elevations at
which water will flow into the excavation, and failure to learn the rate at which water will flow
into an open borehole.

Full-sized test excavations are also useful in establishing the degree of roughness and general
quality of the drilled surfaces of boreholes in rock and IGM's, and they also reveal fracture
patterns in rock masses. Such information is needed for design purposes. Full-sized test
excavations can also be used for performing in-situ plate load tests against rock masses to
ascertain mass moduli of elasticity considering the effects of jointing in the rock. Establishment
of fracture patterns can be accomplished by having personnel enter the test excavation within a
protective casing in which observation windows have been cut or photographing the borehole
with a down-hole camera. Such observations might then be correlated with observations in
nearby cuts or natural slopes to assist the designer to obtain an overall picture of discontinuity
patterns, specifically the orientation of the discontinuities, their spacing and whether they are
closed, open and voided or open and filled with softer material.

UNCERTAINTY IN SOIL OR ROCK PROPERTIES AT A SITE

One of the major tasks that the drilled shaft designer must execute is the choice of a factor of
safety or a resistance factor. Often, choices are made based on values that have been used in the
past in a given location, tempered with the judgment of the geotechnical engineer. The value
used for the factor of safety or resistance factor depends to be degree on the level of uncertainty
that exists in the quantification of the design parameters, which depends directly on the
uncertainty in the numerical values for the soil parameters obtained in the subsurface exploration.
When a site is extremely variable and/or when few geomaterial samples are tested, uncertainty is
high, and a high factor of safety or low resistance factor should be used, unless the engineer
selects very conservative values for the soil parameters based on available data. In ASD, factors
of safety for axially loaded drilled shafts typically range from about 2.0 to 3.5, depending on the
designer’s judgment. This uncertainty can be reduced considerably by making a boring at the
location of every drilled shaft on the project. This also reduces the probability of contractor
claims. If such a boring program is not executed, the designer must develop design parameters
for a grouping of drilled shafts from a grouping of nearby borings. Statistical methods for
handling such data are addressed in Appendix A.

Statistical methods are slowly coming into use through a process known as “reliability-based
design,” where formal mathematical calculations are made regarding the uncertainty of the soil

and rock parameters used for design, and factors of safety or resistance factors are related to the
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computed level of uncertainty. A simple process for making statistical estimates of geomaterial
variability and evaluation of uncertainty in geomaterial properties is described in Appendix A. It
is not necessary to apply this process in design, but doing so provides a measure of support to the
application of the designer’s judgment.

EFFECTS OF PILES AND DRILLED SHAFTS ON SOIL AND ROCK PROPERTIES

In addition to discussing the soil and rock properties that are needed in assessing constructability
and in performing designs, it is useful to describe how soil and rock properties are affected by
installation of both driven piles and drilled shafts. Driven piles are included in the discussion in
order to emphasize the differences in the effects of installation caused by the two types of
foundations and consequently the need to apply different design procedures for estimating
resistances of piles and drilled shafts.

Installation in Clays

When a pile is driven into clay, the clay undergoes only a minor decrease in volume and is
forced away from the pile as it penetrates. The movement of the clay may cause some heave of
the ground surface, depending on the volume-change characteristics of the soil that is displaced
and the type of pile.

The disturbance of the clay caused by driving the pile will produce an initial reduction in the
shear strength of the clay, but simultaneously lateral stresses are generated as the soil is
displaced. The lateral stresses will cause a time-related decrease in the water content of the soil
at the pile wall and an increase in the shear strength. Thus, there will be an increase in the “skin
friction” with time; a phenomenon that accounts for the "set-up" that is often observed for driven
piles in clay and other fine-grained material.

The effects of installing a drilled shaft into clay are, of course, entirely different from those of
installing a pile. If the clay is homogeneous so that the excavation will remain open and dry,
there will be a creep of the clay toward the axis of the excavation and subsidence of the ground
surface. The creep and subsidence will be substantial if the clay is weak but minimal for stronger
overconsolidated clays where drilled shafts are often employed. Drilled shafts can often be
constructed without supporting the excavation in homogeneous clay until the depth exceeds
about 5 s,/y, where ¥ is the total unit weight of the soil, beyond which rapid squeezing or collapse
of the borehole will occur. The disturbance and stress relief due to drilling will cause some loss
of shear strength at the surface of the borehole, which must be dealt with in design..

If the clay is jointed and cracked, it is possible that water will seep into the excavation. The joints
could open and blocks of clay could fall into the excavation, possibly during concrete placement,
where such a condition could require reconstruction of the drilled shaft. Thus, it may be
necessary to fill the excavation with water or with bentonitic or polymeric slurry to maintain hole
stability. The fluid in the excavation may possibly have some additional effect on the shear
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strength of the clay along the surface of the borehole.

The placement of the fluid concrete in the excavation will impose a lateral stress on the sides of
the excavation, the magnitude of which is dependent on the fluidity and rate of placement of the
concrete. If the excavation is drilled dry, moisture from the fluid concrete can migrate into the
clay and cause some additional softening. This problem can be important in concrete that is

~ mixed with a high water-cement ratio, in which much more water than is needed to hydrate the
cement is used in batching. Whether the excavation in the clay is wet or dry, there is evidence to
show that there is an interaction between the clay and particles of cement and/or products of
cement hydration, with a consequent strengthening of the bond between the concrete and the

clay. The interaction results in a larger strength at the interface than the softened strength that
exists just after concrete placement.

After a driven pile or a drilled shaft is subjected to a compressive load from the superstructure,
there will be an increase in the stresses in the soil surrounding the pile. These stress increases
can cause decreases in the water content around the foundation and a consequent increase in the
shear strength. A time-related increase in load capacity and settlement will accompany the
increase in shear strength, which is the reason that drained pore pressure conditions normally do
not control the strength design. Occasionally, however, in highly overconsolidated clays and
clay-shales, the geomaterial along the sides of the shaft may dilate and draw moisture from the
surrounding material, resulting in long-term strength loss.

The above discussion is a much simplified account of the effects on properties and behavior of
clay soils when a pile or a drilled shaft is placed; however, the account serves to emphasize the
point that the character of the soil around a deep foundation is not the same as that of the in-situ
soil. Nevertheless, the intent of the subsurface investigation must be to determine, as well as
possible, the properties of the in-situ soil. Beyond establishment of in-situ soil properties, the
most common additional concerns become the sensitivity of the clay (loss of strength due to
disturbance) and its propensity to absorb water from either slurry or fluid concrete.

Installation in Sands

The ground surface often settles when a pile is driven into a stratum of loose to medium dense
sand. The vibration of the pile due to the impact of the pile driver can cause the sand grains to
move downward and outward as the pile penetrates, resulting in a densification of the sand
around the pile and a consequent settlement of the ground surface.

If the pile toe encounters a layer of dense sand, the grains cannot move about and densify further.
The energy at the tip of the pile must be sufficient to crush the grains and to move a large mass
of soil beneath the pile if the pile is to penetrate. If the energy is insufficient, the penetration of
the pile will cease.

The lateral effective stress o', against the walls of a straight-sided pile in granular soil is usually
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increase the strength of the rock if pore pressures dissipate rapidly. Av depends to a large extent
on the angle y of the asperities along the interface. Either the rock or concrete finally fails by
some manner of shearing through the respective asperities, at a high value of resistance, which
will be described further below.

Construction practices that cause the concrete-rock interface to be smooth, rather than rough, can
have a profoundly negative effect on the side shearing resistance that develops in rock sockets.
For example, in argillaceous (clay-based) rock, such as shale, mudstone and slate, the presence of
free water in the borehole during drilling (for example, due to minor inflow of water from a small
perched aquifer near the surface or due to intentional introduction of water by the contractor to
aid in excavating cuttings) can cause the surface of the rock to become fully softened, or
"smeared," so that any effect of borehole roughness is almost completely masked. Figure 2.7
shows an analysis of the smearing condition for a drilled shaft of 0.61 m in diameter penetrating
6.1 m into a soft shale. The side load-settlement curve on the right considers a rough interface in
arock. The curve on the left indicates the effect of a rough interface in a geomaterial with the
properties of the degraded (smeared) rock; the next curve shows a smooth interface in the
original rock; and the third curve from the left shows a rough interface in the original rock in
which a smear zone of approximately 12 mm (0.5 in.) in thickness was produced during drilling
and which exists between the concrete and soil during compression loading. The rough interface
with degraded (smeared) rock behaves very similarly to the smooth interface, and the behavior of
drilled shaft with a smeared interface is closer to the behavior of a drilled shaft in a mass of soil
with the properties of the degraded rock than one with a rough interface in the original rock. The
appearance of borehole surfaces can be examined during the drilling of full-sized test excavations
at a given site, providing valuable guidance in the design process.

SOIL AND ROCK MECHANICS RELATED TO DRILLED SHAFT DESIGN

The subsurface investigation and subsequent laboratory testing performed for the design of
drilled shafts should be carried out in consideration of the soil and rock properties to be used. A
brief discussion of elementary design concepts is presented here, first for a granular soil, second
for a cohesive soil and finally for a rock.

Figure 2.8 shows two sections from a drilled shaft that has been pushed downward by loading.
An element, shown in Figure 2.8a, is taken along the length of the drilled shaft at the depth z
below the ground surface. It has a height dz. The dashed line in Figure 2.8a is intended to depict
a sliding failure surface that develops as the drilled shaft is pushed downward. The sliding
surface is drawn at some distance from the shaft wall but, depending on the circumstances, the
sliding surface could be at the interface between the concrete and the soil.

The normal effective stress in the radial direction ¢, on the failure surface is shown in Figure
2.8a, along with the resulting shearing resistance f. The load that can be carried in side shear by

the drilled shaft can be found by integrating the stresses at failure, termed fmax over the surface of
the shaft.
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Figure 2.6. Illustration of the concept of dilation at the interface of concrete and rock
(O'Neill et al., 1996)
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Figure 2.8. Possible sliding surface when a drilled shaft is pushed downward

Figure 2.8b shows the base of a drilled shaft, with the dashed lines indicating possible sliding
surfaces that will develop as the base of the shaft is pushed downward and undergoes bearing
failure. Bearing-capacity factors correlated with the friction angle of the sand can be used to
obtain the ultimate load that may be carried in end bearing. However, the sand mass is
relatively looser beneath the base of a drilled shaft than it is in situ because of the stress release
that occurred during construction, so considerable displacement may be required to develop the
computed bearing capacity. Therefore, empirical methods calibrated to loading tests, rather than
methods that use theoretical values, will be proposed in Chapter 11 to compute base resistance.
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The relationship between the normal stress o', and the maximum shear stress f,,, will be
discussed briefly. Terzaghi (1936) stated that o', should be the effective stress (the intergranular
stress between the grains of the soil) and not the total stress, which would include the water
pressure in the soil pores. For sands, gravels and sandy silts, it can be assumed that drainage of
water will occur rapidly into or out of the soil pores, as necessary for the pore water pressures to
be in equilibrium with the surrounding formation, and that the normal effective stress ¢', will also
reach equilibrium soon after installation of the drilled shaft. Figure 2.9 shows the relationship
for sand between f,,, and ¢',. Three lines are shown that give the friction angles: one of the lines
shows the friction angle for the grain-to-grain behavior in situ, and the two bounding lines show
the possible range of friction angles for concrete-to-soil behavior after the drilled shaft has been
constructed. The range shown is an example of the uncertainty that arises from the construction
process. It is caused by possible densification or loosening of the soil at the borehole wall by the
drilling process and by other factors such as penetration of drilling slurry into the soil pores. As
may be seen, the shear stress (and side resistance of the drilled shaft) increases with an increase
in normal effective stress o',.. It is also important to note that the construction process may result
in values of o', that are different from (often less than) the values that exist in situ, so that

measuring either K, or ¢'; in situ during the site investigation may not be sufficient to make
estimates of side shear resistance for design without adjustment.

If the drilled shaft is constructed at a site where there is saturated clay, a very different approach
is taken to the computation of the shaft resistance. The permeability of a homogeneous clay is
extremely low, so that drainage will occur at a slow rate if the porewater is stressed during either
construction or loading. Theory and experimental observations show that, when an increment of
stress is imposed on a soil mass, the stress is taken initially by the pore water. If the soil is a
homogeneous clay, there will be no initial increase in the effective stress (the intergranular
stress). Because the decrease in the pore water stress will occur slowly, the design of a
foundation on clay is usually based on the concept that the strength of a saturated clay is
independent of the applied stress. Thus, the undrained strength of the clay is used in the
analyses. [Analyses using effective stresses may occasionally be performed to ensure that the
resistance of the drilled shaft after all excess pore water pressures have dissipated exceeds the
resistance before they have dissipated, particularly in very heavily overconsolidated clays, in
which negative pore water pressures can develop during construction and loading.]

Figure 2.10 illustrates the undrained strength concept that is used for the design of drilled shafts
in clay soils. The undrained strength, ¢, = s, of the clay, is illustrated by the horizontal, solid

line. The line indicates that the undrained strength c, is independent of the normal stress o,.

[The effective stress remains constant as the total stress is increased, so the total stress, o, = ', +
pore water pressure, is shown here.] The solid line shows the shear strength of the clay in the
vicinity of the shaft wall as modified by the installation of the drilled shaft, as discussed in the
previous section.
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Figure 2.10. Failure relationship for saturated clay at or near the wall of a drilled shaft

The two dashed lines in the figure show the possible range of behavior of the clay at the interface
of the concrete and clay, again illustrating a level of uncertainty. If the normal stress is zero at
the interface, no shearing resistance will be mobilized. This is consistent with the case where the
concrete has a low slump and will not exert pressure against the sides of the excavation. As the
normal stress at the interface is increased, the shearing resistance will increase until a limiting
value is reached. The clay at or near the interface, depending on the interaction between the
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fresh concrete and the clay, may gain or lose strength. If the interaction has achieved a stronger
shearing resistance than the shear strength of the modified soil c, as indicated by the upper
dashed line, Figure 2.10, the failure that occurs when the drilled shaft is pushed down will
develop in the soil near the interface. If on the other hand the interface resistance is given by the
lower dashed line in Figure 2.10, the failure will occur at the interface and not in the soil. Base
bearing capacity can be assessed sufficiently accurately from bearing capacity theory using the
in-situ undrained shear strength of the soil.

The brief discussion that is presented on the behavior of clay around a drilled shaft indicates that
design methods, presented in Chapter 11, must take into account the modification of the
undrained strength by the numerous factors associated with the installation of the drilled shaft.

When drilled shafts are socketed into rock, a concern of the designer is whether the ultimate side
and base resistances can be added together to obtain the total ultimate resistance of the drilled
shaft. Some rocks [generally having unconfined compression strengths over about 5 MPa (700
psi)] lose much of their shearing resistance after having been sheared to failure and then
subjected to greater displacement. One can consider this phenomenon to be equivalent to
destroying the cohesive component of shear strength of the rock, while leaving the frictional
component intact.

It usually takes much more displacement to mobilize base resistance than side resistance, so, to
develop the ultimate capacity of the drilled shaft, one must add together the base resistance and
the side resistance that are achieved at a displacement of perhaps 5 per cent of the socket
diameter. By this time, if the rock is brittle, its side resistance will be less, perhaps much less,
than will be suggested by the design methods in Chapter 11. A conservative approach will
therefore need to be taken.

The designer should first find out whether the rock exhibits brittle shear behavior. This can be
done by conducting direct shear tests on samples of the rock using constant normal stresses, or
by conducting load tests on segments of rock sockets in the field by methods described in
Chapter 14. If, in one or more of these tests, the rock is found to lose most of its shear strength
(which will be the cohesive component) after developing its peak shearing resistance, the
designer can choose to ignore side resistance in design, which is probably much too conservative
for sockets with appreciable penetration of rock. Alternatively, he or she can add the full, peak
side resistance to the base resistance that is developed at the settlement that produces side shear
failure (less than the full, ultimate base resistance). If such a design approach will be taken, it is
important for the designer to know the Young’s modulus of the rock through in-situ or laboratory
testing in order to compute settlements. He or she could also add the full, ultimate base
resistance to only the frictional component of side resistance. The ultimate unit side resistance in
such as case in a rough, smear-free socket can be estimated as o’ K tan¢ ... This would require

measurement or estimation of K at the site and the value of ¢ for the rock at large displacements.

If the rock is found not to exhibit brittle behavior (that is, does not lose strength when shear
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displacement is increased beyond the displacement that first produces failure), then it is

appropriate to compute both peak (maximum) side and base resistances and add them together to
obtain the total (unfactored) resistance.

An additional consideration in rock is the important effect that discontinuities and seams have on
the behavior of the rock mass into which the drilled shaft is placed. Shaft resistance can be
reduced substantially if open horizontal discontinuities or soil-filled seams exist along the side of
the shaft, since the harder layers will tend to break in flexure as shear loads are applied due to
lack of vertical support. Soft seams also restrict normal stresses produced by dilation and also
have important effects on base resistance and on drilled shaft settlement. They should be
documented in the subsurface investigation from examination of rock cores, in full-sized test
excavations and by observing cuts and natural slopes in the area of the construction site.
Recently, borehole scanning systems have been developed that provide 360-degree rapid color
panoramic views of borehole surfaces. These instruments may be useful in the future. A staff
geologist is an indispensable person in this activity.
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CHAPTER 3: GENERAL CONSTRUCTION METHODS
INTRODUCTION

The principal features of the usual construction methods are described in this chapter, but the
details of the methods can vary widely. As a matter of fact, each contractor and possibly each
construction crew will do their work a little differently. However, the information presented here
and in the other chapters that deal with construction should provide the basis for an
understanding of the partlcular method that is being employed.

The general or overall construction methods are discussed herein. Later chapters are concerned
with various details such as excavation, casing, drilling slurry, rebar cages, concrete, and other
construction methods. Many important details with regard to construction methods have also
been given by Greer and Gardner (1986).

The methods described here are those most common in the United States, where rotary drilling is
principally used. Some special machines and special techniques used in Europe and elsewhere
are not described, except where they are beginning to be used in the United States. In some parts
of the world it is common practice to excavate by hand, although such methods will not be
covered here. Regardless of the method that is employed for construction, there are features that
constitute good practice. The intent is that those features be amply presented here and in the
following chapters.

The methods of drilled shaft construction, all involving rotary drilling, can be classified in three
broad categories. These are: (1) the dry method, (2) the casing method, and (3) the wet method.
The method of construction that is selected depends on the subsurface conditions. Because
elements of the drilled shaft design can depend on the method of construction, consideration of
the construction method is a part of the design process.

While drilled shaft performance is dependent to some extent on the method of construction, it is
normally the contractor's responsibility to choose the most appropriate method for installing
drilled shafts at a given site. Selection of the specific construction method by the designer prior
to bidding a project will likely add to the cost of construction and is not recommended except in
special cases. Nevertheless the designer should be familiar with construction methods for
several reasons:

° To write appropriate construction specifications that encompass the methods likely to be
used by the contractor on a specific project.

o To make accurate preliminary cost estimates, as the cost of construction is dependent
upon the construction method (Chapter 19).

° To be in a position to evaluate alternative construction procedures in the event that the
contractor's primary procedure proves to be ineffective.

° To be prepared to specify specific procedures when warranted, for example, when
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uncased-hole construction could be detrimental to the performance of nearby structures or
when certain construction practices have been assumed in making the design, such as the
roughening of sockets in rock.

It is of interest to mention at this point some recent advances in the United States in construction
methods. The wet (slurry) method of construction has been available for some time, but recent
developments have allowed the method to be applied more widely. The methods for control of
slurry quality, including desanding and effective base clean-out procedures, have led to
confidence in the use of mineral slurry (slurries made from processed bentonite and other
processed clay minerals) at sites where the soils might have a tendency to cave or collapse. More
recently, considerable progress has been made in the understanding of the use of synthetic
polymer slurries, which can often be used less expensively than mineral slurries because less
cleaning equipment is needed, and which are considered less environmentally offensive.

The use of the vibratory driver for the placing and extraction of casing has increased dramatically
in recent years. At some sites where cohesionless soil predominates, the vibratory driver can
~lead to significant improvements in construction time.

There have also been recent improvements in the construction of drilled shafts in water. In
Florida alone, many thousands of meters of drilled shafts have been constructed for bridges
where the water depth was shallow. The drilled-shaft industry is active and innovative, and
better construction methods can be expected as time goes on.

UNDERREAMS (BELLS)

Because the underream is common in more than one method of construction, some information is
given here prior to proceeding with the description of the three major construction methods. With
the rotary method of making an excavation, an underream (or bell) is sometimes excavated to
achieve greater bearing resistance than would be available with a cylindrical shaft. However,
underreams must be founded in materials that will stand open. Occasional difficulties are also
reported in cleaning the bases of underream.

The underream normally has the general conical shape shown in Figure 3.1 a, with the maximum
diameter of the underream being not more than three times the diameter of the shaft. The toe
height and the underream angle shown in the figure are variables. The shaft extension ("reamer
seat") in Figure 3.1 a is to ensure that the underream is centered and does not wobble during
drilling, and to assist in the removal of cuttings. The length of the extension depends on the
equipment employed. The notch angle will normally be 90 degrees, but the angle will probably
be rounded off in drilling in most soils. The stress concentrations in the vicinity of this extension
in the finished bell can limit the bearing load that is placed on an underream.
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Figure 3.1. Shapes of typical underreams (a) cut with "standard" conical reamer; (b) cut with
"bucket," or hemispherical, reamer
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Conical belling tools (described in more detail in Chapter 4) have hinged arms that are pushed
outward by a downward force on the kelly (drill rod) so that rotation of the tool in the borehole
will cause soil to be cut away. The loose soil will be swept to the center of the tool, the base of
which contains a bucket for capturing the cuttings. When an upward force is put on the kelly,
the cutter arms are retracted and the underreaming tool is lifted out of the borehole. The spoil is
removed from the bucket by unhinging the bottom of the tool. The excavation of a bell can be a
time-consuming process compared to cutting a straight shaft because only a limited amount of
soil can be removed at one pass.

Underreams can also be cut with the hemispherical shape shown in Figure 3.1 b. The reamer that
is used to obtain this shape is called a "bucket” reamer. As may be seen, for the same diameter,
more concrete is required for the shape shown in Figure 3.1 b than for that shown in Figure 3.1 a.
Furthermore, the mechanics of the tool that forms hemispherical bells makes it more difficult to
sweep cuttings from the bottom of the hole than with the tool for the conical bell.

Other underreaming tools have been designed to be guided by the bottom of a casing so that a
shaft extension is not required.

A rebar cage, if used, will extend through the center of the shaft and the bell; therefore, the
portion of the bell outside of the central shaft normally is not reinforced.

The bell angle and bell shape will have an influence on the tensile stresses in the bell around the
reamer-seat notch when a compressive load is applied, and these stresses in turn limit the
permissible bearing pressure. Some research has been conducted to determine how to dimension
the bell in consideration of the bearing stress at the base of the underream (Farr and Reese, 1980;
Sheikh et al., 1983; Sheikh and O'Neill, 1988). The principal reason for the research relates to
the allowable bearing stress that can be sustained by 45-degree and 60-degree underreams.
Plainly, the 60-degree underream will perform more favorably. However, there are
disadvantages to the 60-degree underreaming tool. More concrete is required, and the tool is too
tall to fit under the rotary table of most mobile truck rigs if the bell diameter exceeds about 2.3 m
(90 in.), unless the rig is ramped up. It is therefore advantageous to use 45-degree belling tools
where possible, because they are much shorter and can fit more easily under the turntable of a
truck-mounted drill rig. The alternative is to use a crane-mounted drill rig (Chapter 4), which
can be equipped with a high turntable, but the cost of using such a rig on a small project may
make drilled shafts very expensive. Analysis and experience indicates that 45-degree
underreams are adequate for most designs if end-bearing stresses are controlled. A discussion is
presented in Chapter 13 on the bearing stresses that can be permitted for unreinforced bells with
bell angles of both 60 and 45 degrees.

In the construction process there is some danger of collapse of the bell; the classification and
strength of the soil, the presence of joints in the soil, and the possible inflow of groundwater are
important considerations. There have been instances where inexperienced designers have
specified bells in deposits of collapsible gravel, sand or silt. While it is possible to install bells in
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such soils using special techniques, bells are not recommended to be installed in non-cohesive
soils. It is specifically advised that bells should not be excavated under drilling slurry unless
expert advice is obtained from reputable engineers specializing in such construction. While bells
can sometimes be made under slurry, there is a significant possibility that the cuttings will not be
picked up in the tool and will instead remain on the bottom of the borehole beneath the tool,
becoming a "mush" on which the bell would be required to bear.

A field trial is advisable if numerous bells are to be excavated at a site. Another possibility
would be to prepare an alternate design so that either 45-degree underreams or straight shafts can
be employed if the soil is unable to support standard 60-degree bells. [45-degree bells of a given
diameter, despite their more severe overhang, are sometimes more stable prior to concreting than
60-degree bells because 45-degree bells can be constructed more quickly.]

Close attention should be given to the belling operation. Not only is there a danger of collapse of
the excavation but there is the possibility that loose soil will collect beneath the underreaming
tool causing the tool to "ride up," even if the bell is excavated in the dry. The observation of a
reference mark on the kelly, relative to a surface datum, as underreaming progresses will indicate
whether loose soil is collecting below the belling tool. Account should be taken of the downward
movement of the kelly as the arms move outward.

Prior to placing concrete in the belled shaft, the bottom must be free of drilling spoils and
certified as a competent bearing surface. The inspection of the base of the excavation can be
done visually from the ground surface in many instances, but the inspector may sometimes need
to enter the excavation, using appropriate safety precautions. This action is generally
recommended only where high bearing stresses are employed. If there is concern about the
character of the soil or rock below the excavation, a probe hole can be drilled.

VERTICAL ALIGNMENT

Drilled shafts are nearly always installed vertically, but battered shafts can be constructed where
absolutely necessary. However, drilling at an angle with the vertical is difficult to control, and
the difficulty increases significantly if an underream is required. Temporary casing is also often
difficult to extract without causing damage to reinforcing cages or in-place concrete when drilled
shafts are placed on a batter.

DRY METHOD OF CONSTRUCTION

The dry method is applicable to soil and rock that are above the water table and that will not cave
or slump when the hole is drilled to its full depth. A geomaterial that meets this requirement is a
homogeneous, stiff clay. The dry method can be employed in some instances with sands above
the water table if the sands contain some cohesive material, or if they will stand for a period of
time because of apparent cohesion. This behavior generally cannot be predicted unless there is
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prior experience with the specific formation being excavated or full-sized test excavations have
been made during site characterization. If the soil at the ground surface is weak or if there is a
thin stratum of caving soil near the surface, a short piece of casing, called a "surface" casing, is
employed, especially if the rig will be bearing on the soil close to the hole. The surface casing
may be temporary or permanent. Surface casings are good practice, in fact, in all soils,
particularly if they are left protruding some distance above the ground surface, because they act
as drilling tool guides, as safety barriers for personnel and as means of preventing deleterious
material from falling into the borehole after it has been cleaned.

The dry method can sometimes be used for soils below the water table if the soils are low in
permeability and the shaft is excavated and concreted quickly, so that only a small amount of
water will seep into the hole during the time the excavation is open.

The first steps in making the excavation are to position the equipment at the proper location, to
select an appropriate drilling tool, and to begin the excavation, as shown in Figure 3.2 a. The
excavation is carried to its full depth with the spoil from the hole being deposited nearby. The
spoil will normally be hauled away at a convenient time.

The length of time necessary to complete the excavation will depend on the soil conditions, the
presence of obstructions, and the geometry of the hole. Where homogeneous stiff clays exist, a
hole that is 0.915 m (3 ft) in diameter can probably be drilled to a depth of 18 m (60 ft) in less
than 1 hour. A longer period of time will be required, of course, if obstructions are encountered
or if unforeseen caving occurs that requires conversion to one of the other construction methods.
On the other end of the spectrum, it may be possible to excavate hard rocks at rates of only a
small fraction of a meter per hour.

After the excavation has been carried to its full depth, an underreaming tool can be employed and
the base of the drilled shaft can be enlarged. After completion of drilling of the cylindrical
borehole if no bell is employed, or after excavating the bell, the base of the excavation is cleaned
of loose material. The clean-out operation is especially critical in the case where the borehole is
not drilled and concreted in a continuous manner, in which considerable loose material may have
had an opportunity to collect in the bottom of the excavation. In the case of a straight-sided
borehole, cleaning is usually accomplished with a special clean-out bucket. In bells, cleaning is
ordinarily done using the arms of the underreaming tool as sweepers to push cuttings into the
tool's bucket. Hand cleaning is possible, but it should not be used unless absolutely necessary

because of safety considerations. The belling and cleaning operations are not shown in Figure
3.2.

Figure 3.2 b shows the next step in the process, which is to place concrete in the cylindrical hole.
The dry method allows for a rebar cage to be placed only in the upper portion of the drilled shaft
if desired, in which case concrete would be poured to the elevation of the bottom of the rebar
cage; the rebar cage would be placed, as shown in Figure 3.2 c; and the concreting would be
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Figure 3.2. Dry method of construction: (a) initiating drilling, (b) starting concrete pour, (c)
placing rebar cage, (d) completed shaft

completed, leaving the completed drilled shaft shown in Figure 3.2 d. The partial-depth cage
would be supported off surface skids as the concrete hardens. A full-depth cage is also possible.
As shown in Figure 3.2 b, the concrete was allowed to fall freely without striking the sides of the
hole. A drop chute or equivalent means of directing the flow would be needed for this purpose in
most cases. After the rebar is placed the drop chute prevents the concrete from contacting the
cage and segregating. Concrete and its placement will be discussed in more detail in Chapter 8.
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The percentage of reinforcing steel to be employed and the length of the shaft that is reinforced
are to be determined from the loading conditions. In some instances the reinforcing steel may be
omitted entirely, although such is not recommended for highway structures. In other instances a
full-length rebar cage may be used.

In the completed foundation shown in Figure 3.2 d, the excavation is fully filled with concrete
and the rebar cage extends some distance above the ground surface where it will be mated with
the cage for the column using lap splices. In some cases designers may prefer not to splice to the
column cage to the drilled shaft cage at the ground surface, so that the drilled shaft cage may
have a continuous extension to a higher elevation in the structure (e. g., the bent cap). When the
cage is allowed to project above the top of the drilled shaft the difficulty in placing concrete and
pulling casing increases. If it has been properly designed and constructed, the foundation will be
compatible with the superstructure in size and location, and the load-carrying capacity of the
foundation will be sufficient to sustain the applied load with an appropriate margin of safety.
Furthermore, it is assumed that the settlement of the foundation under load will not exceed the
allowable value. '

CASING METHOD OF CONSTRUCTION

The casing method is applicable to sites where soil conditions are such that caving or excessive
soil or rock deformation can occur when a borehole is excavated. The most common scenario for
the use of casing is construction in generally dry soils or rocks that are stable when they are cut
but which will slough soon afterwards. In such a case the borehole is drilled, and casing (a
simple steel pipe) is quickly set to prevent sloughing. Another notable example of a scenario in
which casing could be used is a clean sand below the water table underlain by a layer of
impermeable limestone into which the drilled shaft will penetrate. In this case, since the
overlying sand is water bearing, it is necessary to seal the bottom of the casing into the limestone
to prevent flow of water into the borehole. Most casing is made of steel and is recovered as the
concrete is being placed. Instances requiring the use of permanent casing are discussed in
Chapter 3, as are other characteristics of temporary and permanent casings.

Another common situation for casing construction is shown in Figure 3.3. If it is assumed that
dry soil of sufficient strength to prevent caving exists near the ground surface, as shown in
Figure 3.3 a, the construction procedure can be initiated as with the dry method. However, if it is
anticipated that casing is to be used, the excavation through the zone to be cased proceeds with a
drilling tool having a diameter greater than the outside diameter of the casing. When the caving
soil is encountered, slurry may be introduced into the borehole, and the excavation proceeds as
shown in Figure 3.3 b. The slurry is usually manufactured on the job, using potable water and
dry bentonite (or other approved mineral such as attapulgite or sepiolite) or, if permitted by the
State, a synthetic polymer. The manufacture and control of drilling slurry are discussed in
Chapter 6.

The slurry column should extend and be continuously maintained well above the level of the
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piezometric surface so that any fluid flow is from the excavation outward into the formation and
not vice-versa. During excavation, the drilling tool should be designed to lift the soil up through
the slurry, rather than mixing it with the slurry, regardless of the type of slurry used or the soil
encountered. In granular soils, even with this technique, some granular soil will unavoidably be
left in suspension in the slurry. The strategy in the casing method should be to leave only as
much soil in suspension in the slurry as the slurry can hold for a long period of time, because
some of the slurry will eventually become trapped behind the casing, when it is placed, where

excess soil can settle out of suspension and become the source of a defect in the completed
drilled shaft.

Drilling is continued until the stratum of caving soil is penetrated and a stratum of impermeable .
soil or rock is encountered. At this point, before setting the casing, it is good practice to check
the sand concentration in the slurry near the bottom of the borehole. This process for doing this
is discussed in Chapter 6. If there is excessive sand in the slurry and the casing is set, some of
this sand will settle out in small annular spaces between the casing and the borehole wall and
potentially produce a defect in the completed drilled shaft when the casing is removed. In order
to rid the slurry of excessive sand, the contractor can simply pause for a few minutes to allow the
sand to settle out of suspension (a process more effective with polymer slurries than with mineral
slurries) and then remove the settled material from the base of the borehole with a special clean-
out device. He or she can also exchange the soil-contaminated slurry with clean slurry before
setting the casing, as described in Chapter 6. If there is no excess suspended material in the
slurry at this point, construction can proceed directly.

As shown in Figure 3.3 ¢, a casing is introduced at this point, a "twister" or "spinner" is placed
on the kelly of the drill rig, and the casing is dropped, tapped, rotated, and/or pushed into the
impermeable soil or rock a distance sufficient to effect a seal. A length of casing of the
appropriate height will have to be selected in order to extend a small distance above the ground
surface but not so far as to reach the base of the rotary table on the drilling rig, since there is a
limited distance between the ground surface and the rotary table. If necessary, the casing could
also be driven by impact or vibration to produce a seal in soil or rock. It is sometimes necessary
to place teeth on the bottom of the casing in order to twist or core the casing a sufficient depth
into the impermeable formation, especially rock, to produce a seal. The precise pattern and
geometry of cutting teeth may need to be modified for different formations.

Figure 3.3 d indicates that a bailing bucket is placed on the kelly and the slurry is bailed from the
casing. This process can also be accomplished by using a submersible pump. A smaller drill is
introduced into the hole, one that will just pass through the casing, and the excavation is carried
to the projected depth, as shown in Figure 3.3 e. A belling tool can be placed on the kelly, as
shown in Figure 3.3 f, and the base of the drilled shaft can be enlarged. When belling cased
shafts, the top of the bell must be far enough below the casing to prevent breaking of the casing
seal.

During this operation, slurry is trapped in the annular space between the outside of the casing and
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the inside of the upper drilled hole. Therefore, it is important that the casing be sealed in the
impermeable formation so as to prevent the slurry from flowing beneath the casing. Since this
slurry will have to be flushed out later by the fluid concrete, it must meet all of the requirements
for slurry used in the wet method described subsequently. These requirements are given in
Chapter 6.

Many controversies have arisen between engineers and contractors where soil borings have failed
to reflect properly whether or not a formation of low permeability exists at a reasonable depth
into which the base of the drilled shaft can be placed. If one does not exist, it may be impossible
to remove all of the slurry and ground water from the excavation. However, if the casing serves
to prevent collapse of the soil, the concrete can be poured underwater with a tremie! if necessary,
with simultaneous extraction of the casing as described in the next section.

If reinforcing steel is to be used with drilled shafts constructed by the casing method, the rebar
cage will usually need to extend to the full depth of the excavation because it is difficult to keep
a partial-length cage in position by a hoist line around which the casing is pulled. The cage will
usually be designed to meet two requirements: (1) the structural requirements for bending, shear,
torsion and column action imposed by loads from the superstructure, and (2) constructability
requirements of the rebar cage, including (a) stability during pickup and placing of the cage,
during the placing of concrete, and during withdrawal of the casing, and (b) sufficient space
between bars to permit the free flow of concrete during concrete placement. The former aspect is
covered in Chapter 13, while the latter is covered in Chapter 7.

After any reinforcing steel has been placed, the hole should be completely filled with fresh
concrete having good flow characteristics, as shown in Figure 3.3 g. Under no circumstances
should the seal at the bottom of the casing be broken until the concrete produces a hydrostatic
pressure greater than that of the fluid external to the casing (trapped slurry or ground water). The
casing may be pulled and the seal broken when there is sufficient hydrostatic pressure in the
column of concrete to lift the slurry that has been trapped behind the casing from the hole (Figure
3.3 g). The concrete will then flow down around the base of the casing to displace the trapped
slurry and fill the annular space. The casing should be pulled slowly in order to keep the forces
from the downward-moving concrete on the rebar cage at a tolerable level.

The most crucial operation in the casing method is indicated in Figure 3.3 g. If the workability
of the concrete (slump) is too low, arching of the concrete will occur and the concrete will move
up with the casing, creating a gap into which slurry can flow. The rebar cage will also move up,
of course. The same kind of problem will occur if the design of the concrete mix and time of
placement are such that a premature set of the concrete inside the casing will occur, As the
casing is pulled, it is usually necessary to add additional fresh concrete by bucket or pump so that

The word "tremie" is used here to indicate the pipe that is used to place concrete underwater by
gravity feed or by pumping. It is also used elsewhere to describe the same kind of pipe used to place
concrete in the bottom of a dry hole when free-fall placement is not allowed.
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the height of the completed pour is somewhat above the cut-off elevation of the shaft in order to
flush all of the trapped slurry from behind the casing. Some of the upper concrete will be
contaminated and must be discarded.

An examination of Figure 3.3 g shows that the upper portion of the column of concrete must
move downward with respect to the rebar cage when the casing is pulled. This downward
movement of the column of concrete will cause a downward force on the rebar cage; the
magnitude of the downward force will depend on the shearing resistance of the fresh concrete at
the velocity of flow that exists and on the area of the elements of the rebar cage. The rebar cage
can fail at this point by torsional buckling, by slipping at joints, and possibly by single-bar
buckling (Reese and O'Neill, 1995).

The completed shaft is shown in Figure 3.3 h. It can be a very effective foundation if appropriate
care is taken in the construction procedure. However, even with good construction, some
engineers believe that skin friction is reduced along the portion of the shaft that was behind the
casing during construction as compared to that of the dry method or the wet method. This is not
considered in the design methods presented herein.

As can be noted in exaggerated scale in Figure 3.3 h, the method of construction dictates that the
diameter of the portion of the drilled shaft below the casing will be about equal to or smaller than
the inside diameter of the casing. In connection with casing diameter, most of the casing that is
available is dimensioned by its outside diameter and comes in 152 mm (6 in.) nominal
increments of diameter. A contractor would ordinarily use a casing with the increment of outside
diameter that is the smallest value in excess of the specified diameter of the borehole below the
casing. Ifit is specified that the inside diameter of the casing is to be only slightly larger than the
diameter of the drilled shaft below the casing, and the shaft diameter is a nominal one [e. g., a
0.965 m (38 in.) ID casing for a 0.915 m (36 in.) OD shaft], special pipe may have to be
purchased by the contractor, and the cost of the job will be significantly greater. These facts will
need to be considered by the designer.

There are other instances in which the soil profile at a site is such that only a thin stratum of soil
that will not remain stable long enough to permit drilling through it before collapsing is present.
In such a case, it is possible to eliminate the use of slurry and introduce the casing when the
caving formation is encountered. The casing is pushed and twisted through the thin stratum into
impermeable soil below. Excavation can then proceed inside the casing, along with the other
steps in the construction process, as described above. However, it is not considered appropriate
to attempt to loosen the thin caving stratum by churning, or "processing," it with the drilling tool
in advance of thrusting the casing through it, unless it is expressly allowed by the engineer, who
has considered the effect of processing on the performance of the foundation.

There are sites where the caving formation is a cohesionless soil beneath the water table, with a
stiff clay or rock below that stratum. An acceptable construction procedure that eliminates the
need for slurry in such a case could be the driving of the casing with vibratory equipment, or
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with other pile-driving equipment, through the cohesionless soil into the impermeable
geomaterial below. A procedure that could be used is shown in Figures 3.4 a through 3.4 ¢c. This
procedure is likely to produce settlement of the ground surface due to the densification of the
soil; therefore, it might not be acceptable in the close vicinity of other structures. Another
concern is that the resistance of the soil on the outside of the casing and of the fluid concrete on
the inside of the casing are so great that the casing cannot be lifted, even with the aid of a
vibratory driver. This method has some of the advantages of driven piling, in that lateral earth
pressures are maintained or even increased, which can result in larger values of skin friction in
overlying sands or gravels. However, skin friction will be reduced, perhaps significantly, if the
casing cannot be withdrawn.

A modification of the procedure shown in Figure 3.4 is the use of special drilling rigs, sometimes
termed "full-depth casing" rigs, that simultaneously excavate and rotate / push heavy-walled
casing into place, keeping the base of the casing at or below the elevation of the excavating tool
at all times. The casing on such rigs, which may be equipped with cutting teeth, actually helps
make the excavation. These types of rigs have proved very successful in excavating soils with
small boulders on occasion. They can also often be used where otherwise a wet drilling process
would be required. [See the following section.] However, full-depth casing rigs have the
potential disadvantage that they can produce smooth boreholes in clay and rock, which can have
an adverse effect on skin friction, unless special roughening studs are placed on the outside of the
casing. Such rigs can be either semi-stationary, skid-mounted rigs, or they can be mounted on
trucks. Truck-mounted rigs normally have augers that remove the cuttings from inside the casing
as the casing is being inserted. Skid-mounted rigs can be equipped with clamshells or
hammergrabs to help break up and remove rock fragments, boulders or soil from within the
casing. Photographs of these devices are shown in Figure 3.5.

Casing often needs to be inserted into very deep boreholes and/or into very strong geomaterials,
which may make it difficult to remove the casings. In such instances, contractors may choose to
"telescope" the casing. That is, the first several meters will be excavated and a large-diameter
casing sealed into the geomaterial at the bottom of the hole. A smaller-diameter borehole will
then be advanced below the bottom of the casing, and a second casing, of smaller diameter than
the first casing, will be sealed into the geomaterial at the bottom of the second-stage borehole.
The process can be repeated several times to greater and greater depths until the plan base
elevation is reached. The last casing should be sealed into the underlying stratum as with the
single casing method outlined in Figure 3.3. With each step, the borehole diameter is reduced,
usually by about 152 mm (6 in.), so that the contractor will need to know how many steps he or
she will need to make and approximately how deep each step will be before excavating the first
borehole. This procedure is often used where the geomaterial to be retained contains boulders.
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Figure 3.3. Casing method of construction: (a) initiating drilling, (b) drilling with slurry;
(c)introducing casing, (d) casing is sealed and slurry is being removed from interior of casing
{(continued)
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Figure 3.4. Alternate method of construction with casing: (a) installation of casing, (b) drilling
ahead of casing, (c) removing casing with vibratory driver

All telescoped casings can be set so that their tops are at the same elevation as the largest casing
that is set nearest the surface. This facilitates withdrawing the casings successively from deepest
to shallowest as concrete is being placed without the concrete overflowing a casing and trapping
groundwater, slurry or sloughed soil behind the next casing to be removed. Alternatively, if the
tops of the interior casings are set below the top of the top casing, the contractor must be diligent
to assure that such overflows do not occur.

WET METHOD OF CONSTRUCTION
The "wet" method of construction, sometimes called the shurry-displacement method, usually
involves the use of a prepared slurry to keep the borehole stable for the entire depth of the

excavation. The soil conditions for which the slurry-displacement method is applicable could be
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any of the conditions described for the casing method. The slurry-displacement method is a
viable option at any site where there is caving soil, and it could be the only feasible optionina
low permeability. It can also be used in very deep holes where casing might otherwise be used
because of the difficulty of handling very long casing.

There are two general processes for accomplishing wet-method construction. The first process is
termed here the "static" process. It is by far the most common process in the United States. The
second process is termed the "circulation” process. The primary difference in the two processes
is that the cuttings are lifted by the drilling tool in the static method, but they are transported to
the surface in the slurry in the circulation method. Circulation drilling has the advantage that the
cuttings can be pumped in the slurry to a remote point before being removed from the slurry and
spoiled. Some experts also contend that reverse circulation drilling, the most common form of
circulation drilling, produces a cleaner borehole base than ordinary static drilling.

The wet method can be readily adapted for the construction of drilled shafts in a lake, ocean, or
river. The construction equipment can be placed on a barge, a template set to locate the
excavation and hold formwork, and a casing (form for the section of drilled shaft within the
water) can be installed through the template. The casing should be set deep enough into the soil
at the bottom of the body of water so that there is a seal to contain the concrete when it is poured
to the top of the casing. In some cases the casing is left in place permanently or is cut off below
the low water line by divers. In others it is possible to use temporary split casing that can be
removed after the concrete has set, possibly with the assistance of divers, or to use other special
procedures such as two concentric casing forms separated by granular soil. In this way the inner
casing form is pulled out when the concrete is placed, leaving the granular soil between the unset
concrete and the outer casing form to keep the concrete from bonding to the outer casing form.
The outer casing form is pulled out after the concrete has set, leaving the concrete with a stippled
appearance. At least two problems have arisen with the "double-casing" method: (1) Sometimes
the sand goes "quick" when the inner casing is removed with a vibratory driver, with undesirable
consequences. (2) Sometimes the outside of the inner casing will have a layer of sand cling to it.
Which may lift or groove the layer of sand.

The Static Process

The first step in the static construction process is to position the drilling equipment and to drill
using the dry method until the piezometric surface is reached, the elevation of which has been
determined during the subsurface investigation. At this point, slurry is introduced into the hole,
as for the casing method, and drilling is continued. The excavation is carried to the full depth of
the hole, with the slurry in place. During excavation, the top of the slurry column is always kept
at an elevation above the piezometric surface. If the piezometric surface is at or above the
ground surface (artesian or near-artesian conditions), a surface casing that protrudes above the
ground surface to serve as a standpipe is necessary to keep the slurry head at its proper position.
Maintaining head position in the slurry column is particularly important with polymer slurries,
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(b)
Figure 3.5 (continued). Case-and-drill (full-depth-casing) rigs: (b) skid-mounted rig with
hammergrab
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whose unit weights are approximately equal to the unit weight of water.

Some contractors choose to wait until a caving stratum of soil is reached before introducing the
slurry; however, if such a stratum is beneath the piezometric surface, considerable caving could
occur before enough slurry can be added to balance the ground water pressure. Furthermore, it
may not be possible to arrest the caving once it starts, even if the groundwater pressures are
balanced and inflow of groundwater is stopped, because an overhang will have been developed.
Such a practice is therefore not recommended.

Either mineral slurry (such as bentonite-based slurry) or polymer slurry can be employed in the
static process. Mineral slurry is mixed such that some of the particles of granular soil being
excavated are put and kept in suspension and are brought out of the hole when the slurry is
flushed from the hole by placing the fluid concrete. Much of the soil being excavated, however,
is lifted out with the drilling tool. Polymer slurries, on the other hand, have insufficient gel
strength to hold sands in suspension (although silts may be held in suspension for a considerable
time) so that all of the cuttings down to the size of fine sand must be lifted out with the drilling
tool. Further details on drilling slurries are given in Chapter 6.

If the excavation is to be carried through a stratum of clay, the excavated clay-cuttings will be
lifted out mechanically through the slurry and brought to the ground surface in either type of
slurry. A drilling tool should be employed that allows the column of slurry to flow through the
tool in order to prevent the development of a vacuum beneath the drilling tool that would
possibly collapse the hole. Figure 3.6 a indicates the situation as the excavation is advanced to
full depth.

Some rock formations may be jointed or cracked or may contain fissures such that when an
excavation is cut below the water table there will be a considerable influx of water through the
openings in the formation. The formation could be strong enough to stand without support;
however, the inflow of water could be so severe asto cause considerable erosion or sloughing
of the geomaterial in the vicinity of the excavation. It could be quite difficult to dewater such
a formation. In certain cases, construction can proceed readily if water is introduced into the
drilled hole to a level higher than the piezometric surface. Thus, any fluid flow in the vicinity of
the hole would be from the excavation outward, rather than the reverse. Construction would
proceed as described above, except that plain water is introduced into the hole rather than a
slurry.

One must be careful to allow plain-water drilling only in formations that are not erodible. For
example, even though the contractor only needs to balance ground water pressure to prevent
inflow from the formation, it may be advisable to use a polymer slurry rather than plain water
while drilling through a jointed shale or a mudstone, since such geomaterials can be eroded with
the drilling water, creating an oversized borehole and possibly creating an unstable condition.
The drilling water, in turn, becomes contaminated with the eroded geomaterial, and its properties
become difficult to control.
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Figure 3.6. Slurry method of construction (a) drilling to full depth with slurry; (b) placing rebar
cage; (c) placing concrete; (d) completed shaft

After the excavation has been drilled to its full depth, steps must be taken to see that the slurry
meets appropriate specifications (Chapter 6). If there is too much sediment in suspension,
particles can settle to the bottom of the excavation before concrete is poured, resulting in a
"soft" base, or as the concrete is being placed, resulting in structural defects in the completed
drilled shaft. At this point the bottom of the borehole is cleaned of cuttings and sediments
using a mechanical clean-out bucket or a vacuum device such as an air lift.

If reinforcing steel is to be used, the rebar cage is placed in the slurry as shown in Figure 3.6
b. After the rebar cage has been placed, the concrete is placed with a tremie either by gravity
feed or by pumping. If a gravity feed is used, the bottom end of the tremie pipe should be
closed with an appropriate closure plate (Chapter 8) until the base of the tremie reaches the
bottom of the borehole, in order to prevent contamination of the concrete by the slurry.
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Filling of the tremie with concrete, followed by subsequent slight lifting of the tremie will
then open the plate, and concreting proceeds. Steps must be taken to ensure that the bottom
of the tremie remains at the bottom of the excavation until at least 1.5 m (5 ft) of concrete has
been placed and thereafter remains at least 1.5 m (5 ft) below the top of the column of fluid
concrete. As shown in Figure 3.6 c, the column of concrete will rise in the hole and displace
the column of slurry that is of lower density. The completed foundation is depicted in Figure
3.6d.

Placement of the concrete by pump is accomplished in a similar manner. The tremie for
pumped concrete can be considerably smaller than a gravity-feed tremie because the concrete
is being pumped into the borehole under pressure. An alternate method of preventing the
contamination of the concrete by the slurry is usually used in placement by pump. A sliding
plug (or "pig") is inserted in the top of the tremie line before the concrete is poured. The plug
will slide down the tremie under the weight of the concrete and normally can be recovered
when it floats upward to the ground surface. A small volume of grout, which is forced to the
surface of the fluid concrete column by the concrete that follows it, is sometimes used in lieu
of a plug.

Gravity-feed placement, using a closure plate at the bottom, is considered by some contractors
to be preferable to placement by pump because the tremie needs to be lifted only slightly to
start the flow of the concrete, and larger initial surges of concrete can be obtained than with a
pump. Such surges are desirable in order for the concrete to "get under" the slurry and raise it
to the top of the borehole. If the bottom of the line is too far above the bottom of the
excavation when concrete flow is commenced, cement can be washed from the concrete and
deterioration will occur. With a pump, the tremie orifice must be raised far enough off the
bottom to allow the plug to pass before the first concrete is expelled, which can result in some
washing of the cement at the base of the borehole. If the orifice is raised only a small amount,
any washed concrete should be lifted out by the concrete that follows.

The Circulation Process

The circulation process is similar to the static process, except that only bentonite slurries are
used, since other minerals and polymers are not capable of transporting solid cuttings
effectively. The most common of the circulation processes, the "reverse circulation” process,
is summarized here. It is also possible to drill using the "direct circulation process." The
general differences in the two will be pointed out.

In reverse circulation drilling the drill rod shown in Figure 3.6 a is a hollow pipe. The top of
the pipe is connected to a flexible hose that is mated to a vacuum pump located on the ground
surface. As the borehole is drilled, the cuttings at the bottom of the hole, directly under the
drilling tool, are pushed to the center of the borehole by the special design of the drill and then
sucked, along with the slurry, into an orifice at the bottom of the drill pipe and transported to
the surface by the vacuum pump. After going through the pump the slurry/cuttings are
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pumped through another line to a cleaning plant, where the sand, silt and larger particles are
removed through a process explained in Chapter 6. The clean slurry is then pumped back to
the top of the borehole to be reused, resulting in a "closed loop" process. The slurry level is
always maintained at the ground surface to allow the vacuum pump to lift the slurry and
cuttings efficiently. A proprietary version of this process, known as the "Tone" method,
developed by the Tone Corporation in Japan, uses a downhole hydraulic motor to power the
drilling tool (using skids held against the side of the borehole as a torque reaction and
directional guide) and a flexible line to transport the slurry and cuttings to the surface.
Therefore, it does not require a string of drill pipe and can be operated by using a very small
crane with low headroom (6 m or less). Once the borehole is completed and the quality of the
slurry and the bottom of the borehole are checked, any required reinforcing steel can be placed
and the hole concreted as with the static process.

In direct circulation drilling, slurry is pumped down the drill pipe to the base of the drilling
tool and floats the cuttings up the borehole outside of the pipe to the surface. From there the
slurry and cuttings are pumped to the cleaning plant, and the cleaned slurry is pumped back
down the hole. This method is less effective in obtaining a clean borehole than reverse
circulation drilling.

Circulation drilling is usually ineffective in clays, which clog the lines and pumps, but can be
very effective in granular soils and in rocks that can be pulverized by drilling tools prior to
lifting the slurry and cuttings. Circulation drilling generally becomes economical relative to
static drilling when borehole depths exceed about 30 m (100 ft) because of the time that is
saved in not sending the drilling tool into and out of the hole to extract cuttings in the static
method.

RELATIONSHIP OF CONSTRUCTION METHOD TO DESIGN PHILOSOPHY

The sections of this manual that deal with design will indicate that the details of the
construction procedures are critical with regard to the performance of the drilled shafts.
Therefore, construction methods must be carefully controlled in order for the design to be
correct. For example, if the casing method is being employed and if a thick sand-
contaminated slurry is trapped behind the casing, the side resistance in the interval of soil
behind the casing could well be lost. In another example, the failure of a contractor to
complete the construction of a drilled shaft in rapid order could have a profound effect on the
settlement and resistance of a drilled shaft. Figure 3.7 shows the results of cone penetration
tests performed adjacent to two drilled shafts constructed in sand under a bentonite slurry.

One of the drilled shafts (Figure 3.7 a) was concreted within two hours after the borehole was
drilled. The other (Figure 3.7 b) was not concreted for two weeks. The loss in cone resistance
(q.) relative to the cone resistance that existed before construction is dramatic in the second
shaft. This loss of resistance will be reflected negatively in the performance of the second
drilled shaft. However, no loss of resistance is indicated in the first shaft that was constructed
in rapid order.
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The design methods that are given in this manual do not distinguish among construction
methods. That is, since it is assumed that the contractor will usually make the final choice of
the construction method, it is not possible for the designer to know the exact details of the
construction method prior to construction unless he or she chooses to specify a particular
method. While there may be occasions when it is necessary for the designer to specify a
particular construction method, for example, use of full-depth casing to protect adjacent
structures, doing so will almost always add significantly to the cost of the job. If

the method of construction in the general case is unspecified, there is a possibility that an
ingenious and innovative contractor can devise procedures that are rapid and i 1nexpenswe SO
that the ]ob cost is significantly reduced. :

The key to ensuring that the design methods are appropriate is to assure that, whatever method
of construction is chosen, the construction is done properly for that method. This requires
well-crafted construction specifications that result in high-quality construction but that allow
the contractor as much freedom as possible. If proper construction techniques are described
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Figure 3.7. Effect of time lapse between drilling and concreting on CPT resistance of sand
adjacent to drilled shafts constructed by the wet method: (a) Two hours between completion
of drilling and concreting, (b) Two weeks between completion of drilling and concreting (De
Beer, 1988)
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clearly in the specifications for any method that the contractor chooses to use, and such
specifications are followed, the design methods in this manual for estimation of capacity and
settlement should be appropriate regardless of the construction method used.

To assist inspectors, engineers and contractors in the assessment of construction methods,
expert systems for drilled shaft construction have recently begun to be developed (for
example, Fisher et al., 1995). These are computer programs that ask the user questions about
the project scenario and suggest optimum construction methods and solutions to problems that
may be occurring during construction. While this technology is in its infancy at present
(1997), it holds promise, particularly as a teaching resource for engineers and inspectors.
Their purpose is not to replace experience and judgment but to provide an interactive and
rapid way of training individuals to recognize and solve routine construction problems.
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CHAPTER 4: METHODS OF EXCAVATION

The types of drilling rigs and drilling tools that are to be used to make excavations for drilled shafts
on a specific project are almost always chosen by the contractor. These choices are made based upon
subsurface conditions that the contractor expects to find from his or her own experience and from
the subsurface investigation data provided by the State and upon equipment available to the
contractor. The choice of rigs and tools is critical to the success of a project. With only minor
changes in a drilling tool, for example, the rate of excavation can change dramatically. Because of
the importance of selecting proper tools, it is critical for both engineers and inspectors to understand
the general types of rigs and tools available in the United States.

EXCAVATION BY ROTARY METHODS

Almost all excavations for drilled shafts in the United States are made by some sort of rotary-drilling
machine. The machines vary greatly in size and in design; however, the characteristic that
principally differentiates the machines is the manner in which the drilling unit, or "rig," is mounted.
Drilling units are mounted on trucks, cranes, or crawler-tractors. A few are mounted on skids. The
characteristics of these mountings will be described in the following paragraphs.

The capacity of a drilling rig is expressed in terms of several parameters. Two of these parameters
are the maximum torque that can be delivered to the drilling tools and the "crowd" or downward
force that can be applied. Torque and crowd are transmitted from the drilling rig to the drilling tool
by means of a drive shaft of steel, known as the kelly bar, or simply the "kelly." The drilling tool
is mounted on the bottom of the kelly. Many kellys are square in cross section, but other shapes are
used as well. The kelly can be a single piece to drill to depths of 15 to 18 m (50 to 60 ft), or it can
be telescoped either to drill to greater depths or to allow drilling with low headroom. The kelly
passes through a rotary table that is turned by the power unit to provide the torque. In some rigs the
weight of the kelly and the tool provides the crowd. In others, hydraulic or mechanical devices are
positioned to add additional downward force during drilling.

With regard to the efficiency in the making of an excavation, the drilling tool that is used is as
important, or perhaps more important, than the drilling machine itself. Some specifications have
been written, perhaps with reason on occasion, that require that the drilling machine for a project will
have more than a minimum value of torque and crowd but without requirements regarding tools.
Experts in drilling have pointed out that a dull tool or a poorly-selected one can frustrate a powerful
machine but that a proper tool can result in good progress even with a machine that might appear to
be under-powered. However, there is no doubt that the downward force on the drilling tool and the
torque are important factors concerning the drilling rate.

The sections that follow the description of drilling machines and mounts will describe some of the
tools that are in common use in rotary drilling, but the descriptions will be abbreviated to be
consistent with the aims of this manual. Many details that are important to the drilling contractor
in the preparation and maintaining of tools must obviously be omitted.
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Truck-Mounted Drilling Machines

Mobility is the greatest advantage of truck-mounted drilling machines. If the site is accessible to
rubber-tired vehicles, excavation can proceed quickly. The derrick can be stored in a horizontal
position, and the unit can move readily along a roadway. Special trucks that cannot travel under their
own power on public roadways but which are mobile on construction sites, are termed "carriers."
The truck or carrier can move to location, erect the derrick, activate hydraulic rams to level the rotary
table, and begin drilling within a few minutes of reaching the borehole location. After a load of soil
has been collected by the drilling tool, the kelly can be lifted, the tool swung to one side, and the soil
can be discharged.

Truck-mounted machines are normally designed so that crowd can be applied to the drilling tool by
mechanical means. Thus, the force at the point of drilling is larger than that provided by the weight
of the kelly and drilling tool alone. Larger truck-mounted and carrier-mounted machines are
therefore very effective in drilling rock.

A typical truck-mounted drilling machine is shown in Figure 4.1. The mobility of the machine is
easy to visualize. It is of interest to point out that the space between the rotary table and the ground
surface is necessarily limited. Thus, the truck-mounted rig is not very effective in drilling and
subsequently working casing deeper and deeper into the ground, which may be desirable in some
formations, such as bouldery, alluvial soils. Such a process requires a yoke or twister bar to be
mounted on the kelly and for the casing to protrude a considerable distance, perhaps higher than the
elevation of the rotary table, during initial excavation. Truck-mounted rigs can also have difficulty
handling tall drilling tools, such as large-diameter, 60-degree belling tools. The space below the
rotary table can be increased by placing the rig on a ramped platform, but this procedure is obviously
slow and expensive and would be used only in unusual circumstances. The alternative in such
situations would be a crane-mounted drilling machine.

While the truck-mounted unit has a secondary line with some lifting capacity, that capability is
necessarily small because of the limited size of the derrick. The drilling tools can be lifted for
attachment to and detachment from the kelly, but, if a rebar cage, tremie or casing must be handled,
a service crane may be necessary. Some truck rigs can handle rebar cages and tremies of limited

length.
Crane-Mounted Drilling Machines
A power unit, rotary table, and kelly can be obtained separately and mounted on a crane of the

contractor's choice. A crane-mounted drilling machine is shown in Figure 4.2. Several features and
definitions of components of the machine are evident.
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Figure 4.1. A typical truck-mounted drilling machine

The crane-mounted machine is obviously less mobile than the truck unit. When moving the machine
from job to job, or location to location on the same job, the derrick, or "boom" is laid down or even
disassembled; therefore, some rigging must be done before and after the move. This makes the
crane-mounted rig less desirable than the truck-mounted rig in cases where only a few drilled shafts
are to be installed at a given location unless the design requires the specific attributes of the crane
mount, such as very large-diameter shafts.

Power units of various sizes can be obtained to supply torque up to 540 kN-m (400,000 ft-1b) at slow
rotational speeds to the drilling tool. Usually, the downward force on the tool is due to the dead
weight of the drill string, but the dead weight can be increased by use of heavy drill pipe (drill
collars), "doughnuts," or a heavy cylinder. Special rigging is available for crane machines that will
apply a crowd for drilling in hard rock. The cross-sectional area of the kelly can be increased to
accommodate high crowds.
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Bridge

Drilling Tool

Figure 4.2. A typical crane-mounted drilling machine
(Photograph courtesy of Farmer Foundation Company, Inc.)

The framework or "bridge" that is used to support the power unit and rotary table can vary widely.
The rotary table may be positioned 23 m (75 ft) or more from the base of the boom of a 890-kN
(100-ton) crane by using an extended mount (Reese and Farmer, 1977). The bridge for the drilling
unit can also be constructed in such a way that a tool of almost any height can fit beneath the rotary
table. Therefore, crane-mounted units with high bridges can be used to work casing into the ground
while drilling or for accommodating tall drilling tools.

A service crane or the drilling crane itself is used on the construction site for handling rebar cages,

tremies, concrete buckets and casings. The secondary lift line on the drilling crane can be used for
common lifting by tilting the derrick forward and away from the rotary table.
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Thus, the crane-mounted drilling unit is highly versatile.

Special Mounts For Drilling Machines

Drilling units can be mounted on a variety of pieces of heavy equipment. The crawler-mounted
drilling machine is useful for installing foundations for cross-country transmission lines and when
drilling on sloping ground. If the slope is steep, the crawler unit can be secured by a cable that is
anchored to an object at the top of the slope. A crawler-mounted drilling machine is shown in Figure
43,

Figure 4.3. A typical crawler-mounted drilling machine
(Courtesy of Case Pacific Company)

Full-depth casing rigs are occasionally mounted on skids. For example, the rig shown in Figure 3.5
b is mounted on skids and must be moved from location to location by picking it up with a crane.
In this case, the skids help provide the torque reaction for the rig. Other versions of the full-depth
casing rig have free-standing oscillators that twist and push casing into the ground using a device
that sits atop the casing.
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Low Headroom Drilling Machines

With the recent interest in bridge rehabilitation, low-headroom drilling machines have become
popular. These rigs are normally mounted on trucks or crawlers and are highly mobile. The most
common version consists of a hydraulic rotary table mounted atop a string of telescoping kellys with
short steps. Such rigs can easily work within about 4.6 m (15 ft) of head space and excavate
‘boreholes up to 1.83 m (6 ft) in diameter up to about 27.5 m (90 ft) deep. A photograph of such a
machine is shown in Figure 4.4. Other drilling machines are capable of working in less head space
but are more limited in the diameter and depth of excavations.

Figure 4.4. Low-headroom drilling machine (crawler-mounted)
(Photograph courtesy of A. H. Beck Foundation Company)

Summary of Rotary Drilling Machine Characteristics
Table 4.1 presents a summary of some of the general characteristics of drilling machines that are
in common use in the United States. Omitted from the table are data on machines that are

manufactured in Europe, Japan and elsewhere. Manufacturers should be consulted for any
detailed information to be included in construction specifications.
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Table 4.1. Brief listing of characteristics of some drilling machines

Model Mount Max. Crowd Approx. | Approx. Kelly size
torque (kN)* max, max, (mm on
(kN-m) hole "hole side)**
diam, depth
(m) (m)
Watson
5000CA Crane 135 Variable*** 3.05 43 203
EDT-7 Crawler 68 89 1.37 28.7 Varies
(low
h'roon)
3100 Truck or 136 223 2.75 36.5 203
Crawler
2500 Truck or 110 169 2.44 27 152
Crawler
1500 Truck or 76 107 1.93 27 152
Crawler
Hain
8V71/754 Crane 509 (stall) | Variable*** 3.66 45 343
4-71/3531-3 Crane 227 (stall) | Variable*** 3.05 36.5 279
Atlantic
Hughes LDH Truck 68 164 244 30.5 152
Hughes LLDH | Truck 136 267 3.05 36.6 275
Calweld
155 Crane 204 160 244 61 Round kelly
ADL Truck 87 178 1.83 20 152
Texoma
700 11 Truck or 73 100 1.83 18 140
Crawler
TAURUS Truck 114 228 244 30.5 178

* Crowd is limited by rig weight.

** Outside dimension of outer kelly. Inner sections will have smaller diameters.

*** Crowd depends on weight of kelly plus drilling tool used.

Note 1: The values given in this table represent approximate limiting economic capabilities and not continuous

operating capacities. Deeper and larger diameter boreholes can often be drilled by using special tools and longer
kelly bars.

Note 2: 1 kN-m =737 fi-lb; 1 kN =224.71b; 1 m =3.28 ft; | mm = 0.0394 in.
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Tools for Rotary Drilling

The tool selected for rotary drilling may be any one of several types, depending on the type of
soil or rock to be excavated. The exact characteristics of the tool must be defined.

For example, it is necessary that the lower portion of the tool cut a hole slightly larger than the
upper part of the tool to prevent binding and excessive friction. It would not be unusual for one
driller to reach refusal with a particular tool while another driller could start making good
progress with only a slight adjustment to the same tool.

The following paragraphs give brief descriptions of some of the common tools used in rotary
drilling, but many important details must necessarily be omitted. Different contractors and
drillers will select different tools for a particular task and in many instances will have their own
particular way of setting up and operating the tool. Thus, it is not possible to describe all
"standard" tools that are in use in the industry.

The tools for rotary drilling are available in sizes that vary in 152-mm (6-in.) increments up to
approximately 3.05 m (10 ft) in diameter. Larger sizes are available for special cases.

Drilling Bucket

A typical drilling bucket is shown in Figure 4.5. Drilling buckets are used mainly in soil
formations, as they are not effective in excavating rock. Soil is forced by the rotary digging
action to enter the bucket through the two openings (slots) in the bottom; flaps inside the bucket
prevent the soil from falling out through the slots. After obtaining a load of soil, the tool is
withdrawn from the hole, and the hinged bottom of the bucket is opened to empty the spoil.
Drilling buckets are particularly efficient in granular soils, where an open-helix auger cannot
bring the soils out.

They are also effective in excavating soils under drilling slurries, where soils tend to "slide off"
of open helix augers. When used to excavate soil under slurry, the drilling bucket should have
channels through which the slurry can freely pass without building up excess positive or negative
pressures in the slurry column below the tool. It is much easier to provide such pressure relief on
drilling buckets than on open-helix augers.

The cutting teeth on the bucket in Figure 4.5 are flat-nosed. These teeth effectively "gouge" the
soil out of the formation. If layers of cemented soil or rock are known to exist within the soil
matrix, conical, or "ripping," teeth might be substituted for one of the rows of flat-nosed teeth to
facilitate drilling through alternating layers of soil and rock without changing drilling tools.

Some drilling buckets are designed to be used for bailing water out of the hole. Still other
buckets are designed to clean the base when there is water or drilling slurry in the hole (Figure
4.6). These are known as "muck buckets" or "clean-out buckets." Clean-out buckets have
cutting blades, and drilling buckets are generally not appropriate for cleaning the bases of
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boreholes. The operation of the closure flaps on the clean-out bucket, or steel plates that serve
the same purpose as flaps, are critical for proper operation of the clean-out bucket. If such flaps
or plates do not close tightly and allow soil to fall out of the bucket, the base cleaning operation
will not be successful. As with drilling buckets, clean-out buckets should be equipped with
channels for pressure relief if they are used to clean boreholes under slurry.

Figure 4.5. A typical drilling bucket

Flight Augers (Open Helix)

This type of drilling tool can be used to drill a hole in a variety of soil and rock types and
conditions. It is most effective in soils or rocks that have some degree of cohesion. The auger is
equipped with a cutting edge that during rotation breaks the soil or rips the rock, after which the
cuttings travel up the flights. The auger is then withdrawn from the hole, bringing the cuttings
with it, and emptied by spinning. Problems can arise when drilling in cohesionless sands where
soil slides off the auger flights or in some cohesive soils where the tool can become clogged.
Care must be exercised in inserting and extracting augers from columns of drilling slurry, as the
slurry is prone to development of positive (insertion) and negative (extraction) pressures that can
destabilize the borehole.

Augers may be of the single- or double-flight type, and many have a central point or "stinger"
that prevents the auger from wobbling. Double-flight augers are usually used for excavating
stronger geomaterials than are excavated with single-flight augers. The stinger for a single-flight
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auger (Figure 4.7) must be more substantial than for a double-flight auger (Figure 4.8) because
the single-flight auger must sustain an unbalanced moment while the geomaterial is being cut,
whereas the double-flight auger does not. Some contractors have found that double-flight augers
without stingers can be used efficiently.

The flighting for augers must be carefully designed so that the material that is cut can move up
the auger without undue resistance. Some contractors have found that augers with a slight cup
shape are more effective at holding soils when drilling under slurry than standard non-cupped
augers. The number and pitch of the flights can vary widely. The type of auger, single-flight or
double-flight, cupping, and the number and pitch of flights will be selected after taking into
account the nature of the soil to be excavated. Continuous-flight augers, up to a certain length,
may be advantageous in some situations.

Figure 4.6. A typical "muck bucket" or "clean-out bucket"

The cutting face on most augers is such that a flat base in the borehole results (that is, the cutting
face is perpendicular to the axis of the tool). The teeth in Figures 4.7 and 4.8 are flat-nosed for
excavating soil. The teeth could also be conical ripping teeth to excavate rock, as described
under "Rock Augers," and the shape and pitch of flat-nosed teeth can be varied. Modifying the
pitch on auger teeth by a few degrees can make a significant difference in the rate at which soil
or rock can be excavated, and the contractor may have to experiment with the pitch and type of
teeth on a project before reaching optimum drilling conditions.
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Figure 4.8. A typical double-flight auger



An important detail, particularly in soils or rocks containing or derived from clay, is that
softened soil or degraded rock is often smeared on the sides of otherwise dry boreholes by augers
as the cuttings are being brought to the surface in the flights of the auger. This smeared material
is most troublesome when some free water exists in the borehole, either through seeps from the
formation being drilled or from water that is introduced by the contractor to make the cuttings
sticky and thus facilitate lifting. Soil smear can significantly reduce the side resistance of drilled
shafts, particularly in rock sockets. A simple way to remove such smear is to reposition the
outermost teeth on the auger so that they face to the outside, instead of downward, and to insert
the auger and rotate it to scrape the smeared material off the side of the borehole prior to final
cleanout and concreting.

Careful exploration and planning must be done if the excavation must penetrate a layer of
cobbles or boulders. The preferred method of excavating cobbles or boulders is with an auger.
Cobbles or small boulders can sometimes be excavated by augers. Modified single-helix augers,
designed with a taper and with a calyx bucket mounted on the top of the auger, called "boulder
rooters," can sometimes be more successful at extracting small boulders than standard digging
augers. The extraction of a large boulder or rock fragment can cause considerable difficulty,
however. If a boulder is solidly embedded, it can be cored. Many boulders, however, are
loosely embedded in soil, and coring is ineffective. The removal of such boulders may require
that the boulders be broken by impact or by blasting (if permitted). A boulder can sometimes be
lifted from the excavation after a 