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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



ENGLISH TO METRIC (SI) CONVERSION FACTORS

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

length - meter (m)

mass - kilogram (kg)

time - second (s)

force - newton (N) or kilonewton (kN)

pressure - pascal (Pa = N/m?) or kilopascal (kPa = kN/m?)

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 Ib(mass) = 0.5kg
Force Ib N 4.448 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=25mm
foot m 0.3048 1ft=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 sq yd =0.84 m?
Volume cubic inch mm’ 16386.064 1 cuin = 16,400 mm’
cubsic 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.

In a “hard” conversion, a new rounded, metric number is created that is convenient to work
with and remember.

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).
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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.

L 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 F igure 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.

1



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.

Axlal Load
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—
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}
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I I 1 I II " lamoter ot base.

Base Resistance

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 Jjob 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,



° 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. 1t 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 borcholes
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

5



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



o Drilled Shaft Contractor: DBM Contractors, Inc.

o 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.

o 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.

o 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.

o 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.
o Estimated Foundation Cost of the Pile-Footing Alternate: $842,000
o Actual Foundation Cost of the Drilled Shaft Alternate: $420,000
o Cost Savings Realized by Using Drilled Shafts: $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)
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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

[ 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 f¥).

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.

—————ﬁ_———_—_



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

10



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 (11)

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

In the design methods presented here, R;; 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 R 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 Rsand Ry
constitute a major focus of this manual. Considerable attention is given to evaluating Rg and Ry
from soil or rock properties in Chapters 10 and 11. Once R and R;, are computed, the value of
Ry 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 loadmg 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 |
RA=_I';:A;ZQ | (12)

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:

1270, =3 oR, 13)

where

n = a factor varying from 0.95 to 1.05 to reflect ductility, redundancy and
operational importance of the structure.
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Yi = load factor for load type i (for example, dead load),

Q; =nominal value of load type i,

¢; = resistance (or "performance") factor for resistance component i
(for example, skin friction), and

R; =value of estimated (nominal) ultimate resistance component i
(for example, Ry).

Equation (1.3) is evaluated at the ultimate limit state, or state at which the foundation is viewed

to collapse. Several different loading conditions, such as those for normal strength requirements

and those for extreme-event-loading requirements, can be considered in this evaluation.

Analysis of both geomaterial and structural resistance is required. Equation (1.3) is also

evaluated for the service limit state, or state at which the structure becomes unserviceable,

although it may not actually collapse. Different values of the load and resistance factors are
oitémspeciti€d fontid-service-limit staie: than for thé ultimatc limit state: - That particuiat
application of Equation (1.3) leading to-the largest foundation is the most critical application for
a given design, and thé resulting drilled shaft configuration is incorporated in the final plans.

[The symbols for the load factors (y) and resistance factors (¢) are not to be confused with similar
symbols used in another context with soil properties, in which y represents unit weight and ¢
represents angle of internal friction. These symbols are used both for LRFD factors and for soil
properties in this manual; however, the specific use of each symbol should be clear in every
instance.]

Equations (1.1) - (1.3) can be used to design drilled shafts in a variety of soils, rocks and
geomaterials whose behavior is intermediate between soil and rock (so-called intermediate
geomaterials). The details of such designs are discussed in later chapters.

Design for Lateral Load

Drilled shafts can be used to sustain lateral loads (loads perpendicular to the axis of the drilled
shaft) of large magnitude if a sufficient amount of reinforcing steel is employed and if the shaft is
sized properly. The FHWA has sponsored various development projects that produced design
procedures that are generally accepted and widely used in the engineering community. The
procedures for design for lateral load will be discussed in Chapter 13, although lateral-load
design is covered more completely in other FHWA references.

APPLICATIONS OF DRILLED SHAFTS

The drilled shaft foundation is employed most frequently either to support heavy loads and
minimize settlement, to support uplift loads, or to support lateral loads. Because of the
versatility of the methods of construction that are described in subsequent chapters, drilled shafts
can be constructed properly in a wide variety of soils. Casing or drilling slurry may be used to
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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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Figure 1.5 (continued). Cases for use of drilled shafts: (i) foundation
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
18



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 instrumhntation 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 inl construction 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 shafts is available
from ADSC, The International Association of F oundation Drilling, P. O. Box 280379, Dallas,
TX 75228; (214) 343-2091.

REFERENCES

AASHTO (1994). LRFD Bridge Design Specifications, American Association of State Highway
and Transportation Officials, Washington, D. C., First Edition.

Baker, C. N., Jr., and Khan, F. (1971). "Caisson Construction Problems and Correction in
Chicago," Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 97, No. SM2,
pp. 417-440.

FHWA (1996). Load and Resistance Factor Design (LRFD) for Highway Substructures,
Manual for NHI Course, Federal Highway Administration, Washington, D. C.

Glossop, R., and Greeves, I. S. (1946). "A New Form of Bored Pile," Concrete and
Constructional Engineering, London, Dec.

Greer, D. M. (1969). "Drilled Piers - State of the Art," WCA Geotechnical Bulletin, Vol. 111, No.
2, Woodward-Clyde and Associates, New York.

Kulhawy, F. H. (1989). "Drilled Shaft Foundations," in Foundation Engineering Handbook,
Second Edition, Ed. by H. Winterkorn and H.-Y. Fang, Van Nostrand Reinhold and Company,
New York.

McClelland, M. (1996). "History of Drilled Shaft Construction in Texas," Paper presented
before the 75th Annual Meeting of the Transportation Research Board, Washington, D. C., Jan.

Osterberg, J. O. (1968). "Drilled Caissons - Design, Installation, Application," Proceedings, Soil
Mechanics Lecture Series, Foundation Engineering, Department of Civil Engineering,
Northwestern University, Evanston, IL, pp. 151 - 208.

Reese, L. C. (1978). "Design and Construction of Drilled Shafts," Journal of the Geotechnical
Engineering Division, ASCE, Vol. 104, No. GT]1, pp. 91 - 116.

20



Richardson, E. V., and‘ Davis, S. R. (1995). "Evaluating Scour at Bridges, Third Edition,"
FHWA Publication No. FHWA-IP-90-017, Hydraulic Engineering Circular No. 18, Federal
Highway Administrati{on, Washington, D. C.

Terzaghi, K. (1943). Tf'heoretical Soil Mechanics, John Wiley and Sons, New York.

Whitaker, T., and Cooke, R. W,, (1966). "An Investigation of the Shaft and Base Resistance of
Large Bored Piles in London Clay," Proceedings, Symposium on Large Bored Piles, Institution
of Civil Engineers, London, pp. 7 - 49.

Wilson, N. E. (1964), '%Drilled-ln Caissons Used to Stabilize a Moving Foundation,"

Proceedings, Congreso Sobre Cimientos Profundos, Sociedad Mexicana de Mechanica de
Suelos, Mexico City, pp. 311 - 326.

21



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

N\ /

Design Model Resolution
of
SUBSURFACE SUCCESSFUL
CHARACTERIZAﬂONl———> Issues ™™ IFOUNDATION
During
Construction Method
B — 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.

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

° Initial and final surface contours of the site.

° Any 1nformat1¢n on the condition of the ground surface that might be reasonably
expected at time of construction as related to the trafficability of construction equipment.

o 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 p] ans are available, as plans often do not show the-as-built locations of
utilities.

In urban areas, old foumdatlons, storage tanks, abandoned utilities or old landfills are also
frequently buried bendath the existing ground surface. Not only do encounters with such
obstructions cause expenswe 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 obstructnons should be identified and marked at the job site.

Preliminary Subsurface Mapping

On large projects it is advnsable to map the subsurface using relatively i inexpensive survey
techniques, existing g¢olog1c 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
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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 | 1.22-1.82m (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.

28



s,=  undrained shear strength, sometimes denoted c,, often taken as one-half of the
compressive strength (units of F/L?),

q.=  tip resistance from quasi-static cone penetration test (CPT) (corrected for pore
pressure if data are from a piezocone) (units of F/L2),
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,

qu=  unconfined compression strength (units of F/L2),

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

drc= 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 <N, < 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

9o, £, (CPT).
Cohesionless soil (sand, gravel or Classification (Unified or other system).
cohesionless silt, cohesionless IGM) Unit weight.
(Design for Drained Conditions) Neo (SPT), or; q., £, (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 c' 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 geomaterial is encountered, in this case beneath a surface layer of relatively
impermeable geomaterial. 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 y 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 F igure 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 o'y in the ground, which is in
turn related to o', through the coefficient of earth pressure at rest K,. Itis 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 q, (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 _]Ob bring additional equipment to the job, and start negotiations about extra
payment. Thus, the mportance 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 cohesidnless 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.

® Dirilling 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-bonng 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 ¢lay 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 y 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'y 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 F igure 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 o'y on the failure surface is shown in Figure
2.8, 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 sifu 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 £, 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 o', 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 ¢'.. 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 o', 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 designofa
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, =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

45



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 F igure 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 F igure
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 ¢; 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 5, 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 shurry, 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 shurry 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 slutry 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 F igure 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 ¢. 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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{(continued)
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Figure 3.3 (continued). Casing method of construction: (e) drilling below casing,
(f) underreaming, (g) removing casing, and (h) completed shaft
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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 slurry-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 option in a
permeable, waterbearing soil if it is impossible to seal casing into a stratum of soil or rock with
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 as to 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 inexpensive so -
that the job cost is significantly reduced. ' 3 '

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 aspecific 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
4.3.

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: 1kN-m =737 fi-lb; 1 KN =224.7 Ib; 1 m = 3.28 ft; 1 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.

b

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 1s 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 4.7. A single-flight auger

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 rock bolt has been attached.

Rock Auger

The flight auger can also be used to drill relatively soft rock (hard shale, sandstone, soft
limestone, decomposed rock).

Hard-surfaced, conical teeth, usually made of tungsten carbide, are used with the rock auger.
Rock augers are usually of the double-helix type. A rock auger is shown in Figure 4.9. As may
be seen in the figure, the thickness of the metal used in making the flights is more substantial
than that used in making augers for excavating soil. As with soil augers, the geometry and pitch
of the teeth are important details in the success of the excavation process.

Rock augers can also be tapered, as shown in Figure 4.10. Some contractors may choose to
make pilot holes in rock with a tapered auger of a diameter smaller than (perhaps one-half of)
that of the borehole. Then, the hole is excavated to its final, nominal diameter with a larger-
diameter, flat-bottom rock auger or with a core barrel. The stress relief afforded by pilot-hole
drilling often makes the final excavation proceed much more easily than it would had the pilot
hole not been made. It should be observed, however, that tapered rock augers will not produce a
flat-bottomed borehole, so that it is important that a flat base be produced by the nominal-
diameter tool. Failure to produce a flat base in the borehole will make it very difficult to clean
the base and produce a sound bearing surface.
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Figure 4.10. Tapered rock auger for loosening fragmented rock
(Photograph courtesy of John Turner)
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Core Barrel

If augers are ineffective in excavating rock (for example, the rock is too hard), most contractors
would next attempt to excavate the rock with a core barrel. The simplest form of core barrel is a
single, cylindrical steel tube with hard metal teeth at the bottom edge to cut into the rock. The
tube cores into the rock until a discontinuity is reached and the core breaks off. The section of
rock contained in the tube, or "core," is held in place by friction from the cuttings and is brought
to the surface by simply lifting the core barrel. The core is then deposited on the surface by
shaking or hammering the core barrel or occasionally by using a chisel to split the core within the
core barrel to allow it to drop out. A core barrel is shown in Figure 4.11. Excavation by core
barrel is a slow process, but it may be necessary in some geologic formations.

Core barrels are also available with double walls. The inner wall is a cylinder of steel that
contacts the core, while the outer wall, which contains conical roller bits at the cutting edge,
rotates and cuts the rock away. Both barrels ordinarily rotate. A double-walled core barrel is
shown in Figure 4.12. The cuttings are removed by circulation of air if a dry hole is being
excavated or by circulation of water in a wet hole. The hardness of the teeth of the conical bits
can be altered for drilling in different kinds of rock. Normally, medium chisel-type, button cones
are used, but there are long button cones that are used in soft materials, and short round button
cones that are used in harder materials.

Double-walled core barrels are generally capable of extracting longer cores than single-walled
core barrels, which constantly twist and fracture the rock. However, double-walled barrels are
more expensive and difficult to maintain than single-walled barrels.

One of the problems with the use of the core barrel is to loosen and recover the core after the core
barrel has penetrated an appropriate distance (one to two meters). Various techniques can be
used for such a purpose. For instance, if the core breaks at a horizontal seam in the rock, drillers
may be able to lift the core directly or by a rapid turning of the tool. When the core does not
come up with the barrel, a chisel (wedge-shaped tool) can be lowered and driven into the annular
space cut by the core barrel either to break the core off or to break it into smaller pieces for
removal with another piece of equipment. If the hole is dry and not too deep, a worker protected
by a casing can be lowered to attach a line to the core for removal by a crane. A hammergrab or
clamshell can be used to lift loose or broken cores, if necessary.

Shot Barrel

Only a slight penetration of rock is often required to provide ample bearing resistance for a
drilled shaft in some rock formations, but such rocks are occasionally so hard that a rock auger or
core barrel is ineffective in providing even minor penetration. In such a case an alternate
technique is to employ a barrel similar to the core barrel but with a plain bottom. Hard steel shot
are fed below the base of the rotating core barrel so as to grind away even the hardest rock. The
resulting short core is lifted out, exposing the bearing surface.
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Figure 4.12. A double-wall core barrel (Photograph courtesy of W. F. J. Drilling Tools, Inc.)
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Full-Faced Excavators

Oil-field techniques are sometimes used for drilling rock, particularly at a large depth. Figure
4.13 shows a tool that makes use of roller bits that are attached across the entire face of the body
of a 0.61-m- (24-in.-) diameter tool. The roller bits grind the rock, which is transported to the
surface by flushing drilling fluid down the hole in the "direct circulation" process that was
described in Chapter 3, or blowing cuttings out with compressed air. In very hard rock, a small
cutter can be placed in the center of the face to cut ahead of the main cutters and relieve stresses
in the rock to facilitate excavation. This is referred to as duplex excavation.

Underreamers or Belling Buckets

A special tool has been designed to increase the bearing area and the load capacity of a shaft by
forming an enlarged base, or a "bell," as described in Chapter 3. This tool, called a belling bucket
or underreamer (Figure 4.14), is designed to be lowered into the hole on the kelly with its arms
closed. The reamer, with arms extended as it would appear in the drilling position, is shown in
Figure 4.15. Upon reaching the bottom of the shaft, the downward force applied by the drilling
machine forces the arms to open and the soil is dug while the tool is rotated. The cuttings are
collected inside the tool and brought to the ground surface for spoiling. This continues until the
arms reach a stop, resulting in a fully-formed bell with a predetermined angle and bell
dimensions. Commercially available drilling buckets cut 60-degree underreams (sides of the bell
make an angle of 60 degrees with the horizontal) and 45-degree underreams, or the tools can be
adjusted by the contractor to cut other angles. The bell diameter does not exceed three times the
shaft diameter.

Special Tools

Innovative equipment suppliers and contractors have developed a large number of special tools
for unusual problems that are encountered. For example, some tools cut grooves in the walls of
the borehole in order to facilitate development of the shearing strength of the soil or rock along
the sides of the drilled shaft. Core barrels have been outfitted with steel rods on the outside of
the barrel to scape cuttings or loose rock from the surface of rock sockets. Such devices are
known regionally as "backscratchers." Other tools are used for assistance in excavation. For
example, Figure 4.16 shows a drawing of a tool (the "Glover Rock-Grab") that can core and
subsequently grab rock to lift it to the surface. This tool is sometimes effective in excavating
boulders or fragmented rock where augers or ordinary core barrels are of little help. Scores of
other such tools could be mentioned.

EXCAVATION BY PERCUSSION METHODS

In contrast to rotary drilling, percussion drilling involves the breaking up of rock, or occasionally
soil, if necessary, by impact, and lifting the broken rock with a clamshell-type bucket. The
method may appear to be cumbersome and uneconomical; however, as will be explained, the
method has certain advantages.
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The first oil wells in the United States were drilled by percussion methods using "cable tools."
The cable-tool procedures were soon replaced by rotary drilling, but cable tools are still used in
some instances in the United States for drilling water wells.

Percussion drilling is initiated by the setting of a guide for the tools, a procedure that corresponds
to the setting of a surface casing when rotary methods are being used. The guide may be circular
or rectangular and is designed to conform to the excavating tool. The cross sections of such
excavations can have a variety of shapes and can be quite large.

Lifting Machines

Two types of lifting machines may be used to handle the digging tools that are needed for
percussion excavation. The simplest procedure is to raise and lower the tools with a cable such
as provided by a crane (hence, the term "cable tool"). The jaws of the digging bucket can be
opened and closed by a mechanical arrangement that is actuated by a second cable or by a
hydraulic system.

The other type of lifting machine uses a solid rod for moving the excavating tools up and down.
The rod, which may be called a kelly, is substantial enough to allow the easy positioning of the
tool. The kelly in this case does not rotate but merely moves up and down in appropriate guides.
As before, a mechanism must be provided for opening and closing the jaws of the bucket.

Clamshell or Grab Bucket

A digging bucket can be used to excavate broken rock, cobbles and soils that are loose and that
can be readily picked up by the bucket. If hard, massive rock or boulders are encountered, a tool
such as a rock breaker may be used. The broken rock is then lifted using a clamshell or a grab
bucket. A typical clamshell, with a circular section for use in drilled shafts, is shown in Figure
4.17. Clamshells and grab buckets are available in various diameters up to about 1.83 m (6 ft).
Clamshells or grab buckets can also be used with the percussion method to make excavations
with noncircular cross sections. The transverse dimension of the tool must conform to the shape
of the guides that are used.

Rock Breakers

Several types of tools are made to be dropped by a crane to impact bedrock, strong soils, or
boulders in order to break up the geomaterial and permit it to be lifted by a clamshell or a grab
bucket. An example of a rock breaker is shown in Figure 4.18. This particular rock breaker is
termed a "churn drill" or a "star drill." As can be seen, the bottom of the tool has a wedge shape
so that high stresses will occur in the rock that is being impacted by the tool. While such tools
can be a significant aid in excavating some materials (for example, in making a "purchase," or
initial cut, in severely sloping rock that cannot be drilled with an auger or core barrel), their use
should be avoided if possible because the rate of excavation will be severely reduced if it is
necessary to change tools, and even machines, as the hole is advanced.

88



Figure 4.13. Full-faced tool with roller bit (Photograph courtesy of Caissons, Inc.)

Figure 4.14. A typical closed belling tool inserted into a borehole
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Figure 4.16. A Glover rock-grab
(Drawing courtesy of Steven M. Hain)
(Note: 1 in. = 25.4 mm))
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2 T
Figure 4.17. A typical grab bucket (Photograph courtesy of John Turner)

Figure 4.18. An example of a churn drill (Photograph courtesy of John Turner)
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Figure 4.20. An example of a rodless soil drill (Photograph courtesy of Tone Boring Corp.,
Ltd.)

Q7



Figure 4.21. Mach drill (Photograph courtesy of Tone Boring Corp., Ltd.)

The rodless soil drilling machine was used quite successfully for a large job on the Gulf coast
involving replacement of the foundations of an existing bridge by drilled shafts. The headroom
was restricted, and the contractor was able to work below the bridge deck with a rodless drill.
The same drill was planned to be used on another project at a nearby location where very deep
drilled shafts were specified to expand an existing bridge across a lake. Dumped fill
(construction rubble and old car bodies) was encountered at relatively shallow depths at some
drilled shafts locations. The rodless drill was rendered ineffective by the presence of the hard
obstructions, and the boreholes had to be excavated with conventional kelly-bar tools

Air-Operated Hammers

A cluster of air-operated hammers can be used in a drilling operation to make an excavation up to
1.53 m (5 ft) in diameter through very hard rock such as granite. The cluster of air-operated
hammers can be lowered to fragment the rock. The debris can be raised by the use of air (i. e.,
debris is blown out of the borehole) if the hole is dry. The excavation of rock in such a manner is
obviously extremely expensive and normally is to be avoided, especially in urban environments
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Hammergrabs

Hammergrabs are percussion tools that both break and lift rock. An example of a hammergrab is
shown in Figure 4.19, and a hammergrab in use is shown in Figure 3.5 b. Hammergrabs are made
heavy by the use of dead weight. The jaws at the bottom of the tool are closed when the tool
dropped, and the wedge formed by the closed jaws breaks the rock. The jaws have strong,
hardened teeth and they can open to the full size of the tool to pick up the broken rock.
Hammergrabs are heavy and relatively expensive devices; however, they have the advantage
over rock breakers and clamshells that the tool does not need to be changed to lift out the broken
rock, which speeds the excavation process. Hammergrabs can also be used to construct non-
circular barrettes by changing the length of the long side.

The hammergrab is an effective tool for excavating strong soil and relatively soft rock, if it is
properly selected and maintained. Boulders or rock fragments of a considerable size can be

broken up or lifted intact by the hammergrab. Hammergrabs are available in various diameters
up to 1.83 m (6 ft).

OTHER METHODS OF EXCAVATION

Rodless Drill

\\

Several versions of rodless drilling machines have been developed in J apan that can be used in
certain cases to solve difficult problems. The version of the machine that is effective in
excavating soil is shown in Figure 4.20. It consists of down-the-hole motors that drive
excavating cutters that rotate in a column of bentonite drilling slurry. The cutters are designed to
gouge the soil from the bottom of the excavation and push it to the center of the excavation,
where it is then sucked into a flexible return line with the slurry and transported to the surface.
As may be seen, the machine is handled with a cable; therefore, it is not necessary to have a high
derrick. Along with the drilling machine, a system for mixing and conditioning the drilling
slurry must be used as described under the reverse-circulation drilling process in Chapter 3. The
rodless drill comes in a variety of diameters ranging from 1 to 3 m (39 to 118 in.), and the
manufacturer indicates that the maximum drilling depth is 79 m (259 ft). Contractors who use it
state that it is competitive economically with other excavation methods for drilled shafts
exceeding a depth of about 30 m (100 ft).

Another version of the rodless drill, termed the "Mach Drill" by the manufacturer, can excavate
through the hardest rock. Instead of the drag bits used for gouging soil shown in Figure 4.20, the
Mach Drill has a series of hydraulically-operated hammers with button teeth that pulverize the
rock and rotate to push the pulverized rock to the center of the excavation, where the rock
fragments are removed by the reverse circulation process. A photograph of the Mach drill is
shown in Figure 4.21. The manufacturer states that the Mach Drill is capable of excavating
sound rock with a maximum uniaxial compressive strength of approximately 193 MPa (28,000
psi) at rates of up to 2 m per hour during continuous operation of a 0.76-m- (30-in.-) diameter
machine.
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where rock dust can create a hazard to humans not involved in the construction process. If the
design is made on the basis of compressive load alone, penetration of more that a fraction of a
meter into hard rock may be unnecessary if the rock is free of voids and discontinuities. If the

design is made on the basis of lateral load, the properties of the overburden soils may be more
important in the design than the penetration of the rock.

Use of Drilling Fluid

The use of a drilling fluid, such as a bentonitic or polymeric slurry, has been mentioned earlier
and will be given more detailed treatment in later chapters. The use of drilling fluid is so
important that it deserves mention in a description of methods of excavation. For example, it is
used to lift the cuttings to the surface in the circulation process.

Drilling fluid when properly mixed and utilized will allow excavations to be made in subsurface
conditions that were considered to be impossible to excavate until a few years ago. Therefore,
this technique has expanded considerably the application of the drilled shaft to foundation
construction.

Chapter 6 will present a detailed discussion of drilling slurry, and Chapter 9 will present some
examples of situations where it is essential that slurry be used. Specifications will be discussed
in Chapter 15, and some consideration of drilling slurry will be given in Chapter 16, which deals
with inspection and records. Drilling slurry as an aid to excavation has an important role, as
indicated by the attention given to the material in this document. It is very important, however,
that drilling slurry be mixed and used exactly as specified, because poorly designed drilling
slurry may not only be ineffective in assuring borehole stability but may actually be detrimental
to the structural integrity of the completed drilled shaft.

Grouting

Baker et al (1982) report that grouting in advance of excavation can sometimes be used to
reduce water inflow effectively and even to permit construction of underreams in granular soil.
Examples were given where the technique was used successfully in Chicago.

Mining Techniques

The various mechanical methods that are described above can be used to make excavations into
strong rock; however, hand labor may be cheaper and faster. If bells are to be cut into shale with
limestone stringers, for example, it may be desirable for workers to excavate the bell by hand
with the use of air hammers. Hand excavation is also sometimes employed when it is necessary
to penetrate steeply sloping rock, as in a formation of pinnacled limestone, where ordinary
drilling tools cannot make a purchase in the rock surface. Safety precautions must be strictly
enforced when hand mining is employed. The overburden soil must be restrained against
collapse, the water table must be lowered if necessary, and fresh air must be circulated to the
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bottom of the hole. Explosives may be considered on rare occasions, where they are absolutely
necessary, to aid in hand excavation of rock near the surface. Explosives must be handled by
experts and should be used only with the permission of the regulating authorities. Highly
expansive cements have on occasion been used as alternates to explosives by placing cement
paste in small holes drilled using air tracks into rock to split the rock and permit it to be
excavated easily.
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CHAPTER 5: CASINGS AND LINERS

Casings and liners play an important role in the construction of drilled shafts, and special
attention must be given to their selection and use. Except for surface casing or guides, the
casings and liners that are described in this chapter are for rotary drilling where cylindrical holes
are being excavated.

Casings are tubes that are relatively strong, usually made of steel, and joined, if necessary, by
welding. Therefore, steel tubes that have special joints, such as those that are used with full-
depth casing machines, are excluded from discussion in this chapter.

Liners, on the other hand, are light in weight and become a permanent part of the foundation.
Liners may be made of sheet metal, plastic, or pressed fibers (e.g., Sonotube™). While their use
is much less frequent than that of casings, liners can become important in some situations.

TEMPORARY CASING

Contractors like to emphasize the fact that the casing that is used temporarily in the drilling
operation is essentially a tool, so it is sometimes termed "temporary tool casing."

As noted earlier, it is necessary in some construction procedures to seat a temporary casing into
an impervious formation such as massive rock. This temporary casing is used to retain the sides
of the borehole only long enough for the fluid concrete to be placed. The temporary casing
remains in place until the concrete has been poured to a level sufficient to withstand ground and
groundwater pressures. The casing is removed after the concrete is placed. Additional concrete
is placed as the casing is being pulled to maintain the pressure balance. Thereafter, the fluid
pressure of the concrete is assumed to provide borehole stability. The use of temporary casing
has been described briefly in Chapter 3.

Temporary casing must be cleaned thoroughly after each use to have very low shearing
resistance to the movement of fluid concrete. Casing with bonded concrete should not be
allowed, because the bonded concrete will increase the shearing resistance between the casing
and the column of fluid concrete placed inside the casing, and as the casing is lifted, it is possible
that the column of concrete will be picked up, creating a neck or a void in the concrete, usually at
the bottom of the casing, that will manifest itself as a defect in the completed drilled shaft. In
addition, concrete bonded to the outside of the casing may be of poor quality and may be
released in the borehole to become a permanent part of the drilled shaft. Obviously, the casing
should be free of soil, lubricants and other deleterious material.

Most drilling contractors will maintain a large supply of temporary casing in their construction

yards. A typical view of stored temporary casing is shown in F igure 5.1. Casing from the
stockpile will be welded or cut to match the requirements of a particular project.
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Figure 5.1. A typical view of stored temporary casing

PERMANENT CASING

The use of permanent casing is implied by its name; the casing remains and becomes a
permanent part of the foundation. An example of the use of permanent casing is when a drilled
shaft is to be installed through water and the protruding portion of the casing is used as a form.

A possible technique that has been used successfully is to set a template for positioning the
drilled shaft, to set a permanent casing through the template with its top above the water and with
its base set an appropriate distance below the mudline, to make the excavation with the use of
drilling slurry, and to place the concrete through a tremie to the top of the casing. One possible
objection to the use of such a technique is that the steel may corrode at the water level and
become unsightly.

Several examples of the use of permanent casing are given in Figure 5.2. Whether or not rigid,
semi-rigid, or flexible material is used for the permanent casing is a matter to be determined for
the particular case in question. One of the principal factors will be the lateral stress to which the
permanent casing will be subjected prior to the placement of the concrete.

One consideration for using permanent casing is the time that will be required to place the
concrete for a deep, large-diameter, high-capacity drilled shaft founded in sound rock. Control of
the concrete supply may be such that several hours could pass between placing the first concrete
and extracting temporary casing. In that case, the concrete may already be taking its initial set
when the seal is broken by raising the casing, making it difficult to extract the temporary casing
without damaging the concrete in the shaft. In such as case, permanent casing may be specified.
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Figure 5.2. Examples of use of permanent casing

Another common situation for using permanent casing is when the drilled shaft must pass
through a cavity, as in a karst formation. The permanent casing becomes a form that prevents the
concrete from flowing into the cavity. In addition to causing the cost of the drilled shaft to

increase, the flow of concrete into large cavities can flush loose geomaterial out of the cavity and
into the body of the drilled shaft in some cases, producing a defect.

INFLUENCE OF CASING ON LOAD TRANSFER
There are occasions when it is desirable to use a permanent casing in the construction of a drilled
shaft, such as when very soft soil exists at the ground surface. On other occasions temporary

casings cannot be recovered and therefore become permanent. Care must be taken in the
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installation of temporary casing to ensure that it can be recovered after the concrete is placed.
Not only is the casing expensive, but the skin friction along the sides of the drilled shaft could be
seriously reduced.

The responsible engineer needs to apply judgment to the evaluation of the loss (or gain) of axial
capacity of a drilled shaft that results from unintentionally leaving temporary casing in the
borehole or intentionally using permanent casing. Expedient load-testing methods, such as those
described in Chapter 14, may be helpful in evaluating side resistance around casings that are left
permanently in place. Although it is impossible to make general statements that apply to all
cases, some studies have been conducted that show that the load transfer from the casing to the
supporting soil can be significantly less than if concrete had been in contact with the soil. Owens
and Reese (1982) describe three drilled shafts in sand, one of which was constructed in the
normal manner by the casing method and two of which were constructed in an oversized holes
with casings left in place. The two drilled shafts that were constructed with the permanent
casings had virtually no load transfer in skin friction in the region of the oversized excavation, as
might have been expected. The annular space between the casing and the parent soil was
subsequently filled with grout. A small-diameter pipe was used to convey the grout into the
space. The grouting led to a significant increase in load capacity. The skin friction for the
grouted piles was in the order of that for the normally-constructed pile, but the volume of grout
that was used was much larger than the volume of the annular space around the casings. While
grouting is plainly an effective method of increasing the load capacity of drilled shafts for those
cases where casings are left in place by mistake, it is not possible to make recommendations
about detailed grouting techniques and about the amount of the increase in load transfer when
grouting is employed.

Owens and Reese (1982) reported on another study in which a casing was inserted into sand by
use of a vibratory driver. After the concrete was poured, it was impossible to pull the casing with
the vibratory driver, even as supplemented by other lifting machines that were on the job. A
second drilled shaft was constructed by use of the same procedure, but in the second case the
contractor used care before the concrete was placed to make sure that the casing could be lifted.
Both of the drilled shafts were load-tested, and the one with the permanent casing was able to
carry much less load than the one constructed in the usual manner. For this particular case, the
load transfer in skin friction was significantly less for the outside of a steel pipe that was placed
by a vibratory driver than for the concrete that was cast against the sand.

It is impossible, from the small amount of available data, to generalize about the influence of
casing that is unavoidably left in place. However, it must be assumed that the skin friction can
be significantly reduced. If the construction is carried out properly, the load transfer in end
bearing should be equivalent for the drilled shaft with the permanent casing and the one
constructed in the usual manner.
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TYPES AND DIMENSIONS

Casings and liners can be classified in three categories: rigid, semi-rigid, or flexible. Temporary
casing is always rigid and invariably consists of round steel pipe. The practice in the United
States is to employ used pipe for temporary casing. An important consideration is that the pipe is
dimensioned according to its outside diameter.

ADSC: The International Association of Foundation Drilling, has adopted the outside diameter
of casing as a standard and uses traditional units [e.g. 36-in. (0.915 m) O.D.] because used pipe
in O.D. sizes is available at much lower cost than specially rolled pipe with specified I.D.
(ADSC, 1995). However, some contractors have a supply of L.D. casing, and if special sizes
need to be rolled, it is possible to do so. The size and availability of casing in a particular area
should be ascertained before design drawings are prepared if it is the intent of the designer to
specify casing sizes. Ordinarily, O.D. sizes are available in 152-mm (6-in.) increments [457 mm
(18 in.), 610 mm (24 in.), 762 mm (30 in.), and so on up to 3048 mm (120 in.)].

If temporary casing size is not specified, most contractors will usually employ a casing that has
an O.D. that is 152 mm (6 in.) larger than the specified drilled shaft diameter below the casing to
allow for the passage of a drilling tool of proper diameter during final excavation of the borehole.
A drilling tool with a diameter equal to the specified shaft diameter below the casing will usually
be used. That tool will almost always excavate a hole that is somewhat larger in diameter
[typically by 13 to 100 mm (0.5 to 4 in.)] than the nominal diameter of the tool, although with
the passage of time boreholes in medium stiff to stiff clays at significant depths may constrict
back to the diameter of the tool. If there is a boulder field or if the contractor otherwise decides
to use telescoping casing, the first casing that is set may have an O.D. that is more than 152 mm
(6 in.) larger than the specified shaft diameter. If an excavation of such size is not tolerable to
the designer, he or she should specify the maximum diameter of the cased hole. Doing so will
almost always unavoidably add to the cost of construction.

As described in Chapter 3, some contractors sometimes prefer to make deep excavations using
more than one piece of casing with the "telescoping casing" process. This process has the
economic advantage that smaller cranes and ancillary equipment can be used to install and
remove telescoping casing than would be required with a single piece of casing. To review, a
borehole with a diameter considerably larger than that specified is made at the surface, and a
section of casing is inserted. A second borehole is excavated below that section of casing, which
is then supported with another section of casing of smaller diameter. This process may proceed
through three or more progressively smaller casings, with the I.D. (O.D. if excavating does not
proceed below casing) of the lowest casing being equal to or greater than the specified O.D. of
the drilled shaft. The O.D. of a lower section of such "telescoping casing" should be at least 152
mm (6 in.) smaller than the O.D. of the section above it, although larger differential diameters are
permissible when necessary. While this procedure is most often used for drilled shafts that are
bearing on or socketed into rock and where no skin friction is considered in the soils or rock that
is cased, care must be taken by the contractor that the process of removing the smaller section(s)
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of casing does not disturb the larger section(s) of casing still in place, or deposit water, slurry or
debris behind casings still in place, thereby contaminating the fluid concrete. The most positive
way to prevent trapping contaminants is to bring the tops of all casings to the surface. The
casings are concreted and pulled progressively from the inside out.

The thicknesses of used pipe that is available for rigid casings will vary. The contractor is
usually responsible to select a casing with sufficient strength to resist the pressures imposed by
the soil or rock and internal and external fluids. Most steel casing has a wall thickness of at least
9.6 mm (0.325in.), and casings larger than 1.22 m (48 in.) O.D. tend to have larger wall
thicknesses. Experienced contractors usually rely on past experience to size casing. However, if
the contractor's workers or State inspectors are required to enter an excavation, the temporary or
permanent casing should be designed to have an appropriate factor of safety against collapse.

The computation of the allowable lateral pressure that can be sustained by a given casing is a
complex problem, and methods for such computations are beyond the scope of this publication.
The problem is generally one of assuring that buckling of the casing does not occur due to the
external soil and water pressures. Factors to be considered are: diameter, wall thickness, out-of-
roundness, corrosion, minor defects, combined stresses, microseismic events, instability of soil
on slopes and other sources of nonuniform lateral pressure, and lateral pressure that increases
with depth. In view of the unavoidable uncertainties that are involved in such an analysis,
inspection and other work should be performed from the ground surface, if at all possible.

Semi-rigid liners can be used for permanent casing. They can consist of corrugated sheet metal,
plain sheet metal, or pressed fiber. Plastic tubes or tubes of other material can also be used.
These liners are most often used for surface casing where it is desirable to restrain unstable
surface soil that could collapse into the fluid concrete, creating structural defects. For example,
corrugated sheet metal is often used for this purpose when the concrete cutoff elevation is below
working grade. Occasionally, rigid liners, such as sections of precast concrete pipe, are also used
effectively for this purpose.

A semi-rigid liner can be may also be used to minimize the skin friction that results from
downdrag or from expansive soils. Coatings that have a low skin friction (such as bitumen) have
also been used. Liners made of two concentric pressed-fiber tubes separated by a thin coating of
asphalt have been found to be effective in reducing skin friction in drilled shafts constructed in
expansive soils by as much as 90 per cent compared to using no liner.

Flexible liners are used infrequently in the United States, but can have an important role in
certain situations. Flexible liners can consist of plastic sheets, rubber-coated membranes, or a
mesh. The rebar cage can be encased in the flexible liner before being placed in a dry or
dewatered hole; then, the concrete is placed with a tremie inside the liner. The procedure is
designed to prevent the loss of concrete into a cavity in the side of the excavation or perhaps to
prevent caving soil from falling around the rebar cage during the placement of the concrete.
Flexible liners are applicable only to those cases where the drilled shaft is designed to take load
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only in end bearing, or in skin friction below the level of the liner, because skin friction in the
region of the liner can not be computed with any accuracy.

PROBLEMS OF PLACEMENT AND RECOVERY

Semirigid casing will be placed at locations where the forces necessary to place the casing are
relatively minor so that the casing can be merely lifted and dropped into place. The placement of
a flexible liner is a special problem, as noted earlier.

The placement of a rigid permanent casing and the placement and recovery of a temporary casing
may be done in several ways. A permanent casing may be placed with the use of a vibratory or
impact driver in some instances, but the usual procedure is to place a permanent casing in a
drilled hole either by dropping it or by twisting it into place with the kelly bar of the rotary
drilling rig. The top of a rigid casing that is put into place by use of a rotary drill must be
prepared as shown by the photograph in Figure 5.3. A tool ("twister" or "yoke") is placed on the
bottom of the kelly that engages the "J" slots in the casing, and the casing is pushed and twisted
into place until a seal is achieved.

If the rigid casing is to be sealed into rock, the bottom of the casing must be specially prepared.
One of the procedures is to weld hardened teeth to the bottom, as shown in Figure 5.4. The
positioning of the teeth is critical because the opening that is cut in the rock must neither be too
large nor too small. If the rotation of the casing causes an opening to be cut that is too large, a
seal cannot be achieved, and ground water or drilling fluid remaining outside the casing can flow
into any excavation that is cut below the casing. If the opening is too small, the casing may not
be able to penetrate the rock. The setting of the teeth at the base of a casing can be varied for
different kinds of rock. While procedures that define the various setting may possibly be
formulated, these setting are decided by the driller on the basis of experience and may well
require trial and error on any given jobsite.

The difficulties in the recovery of a temporary casing have already been mentioned. The
experience of the driller is important, because the recovery depends on the equipment that is
available and on the methods of installation that are employed. While shearing resistance can
develop between the casing and the geomaterial outside of the casing and the concrete that the
casing contains, making it difficult to extract the casing with lifting lines on hand at a site,
contractors should be cautioned about "lubricating" casing to facilitate lifting. One method of
lubrication of the casing is to add uncontrolled bentonite slurry to a borehole before setting the
casing, perhaps by dumping bentonite from bags directly into water in the borehole. While the
resulting slurry may be an effective lubricant, it can produce a serious loss of frictional resistance
in the region of the casing and can potentially result in structural defects in the completed drilled
shaft if unhydrated lumps of bentonite trapped outside the casing fail to be flushed to the surface
when the concrete is placed and the casing lifted.
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Figure 5.3. J slots in top of casing for use with casing twister
(Photograph courtesy of Herzog Foundation Drilling, Inc.)

Figure 5.4. Teeth for use in sealing casing into rock
(Photograph courtesy of Herzog Foundation Drilling, Inc.)
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When temporary casing is removed, it is best to do so slowly and with as little rotation as
possible to minimize the forces that will be transferred to the rebar cage through the fluid
concrete during the casing extraction process, because the rebar cage is usually low in torsional
resistance and could buckle if the extraction forces are excessive.

DESIGN CONSIDERATIONS

Procedures for the design of drilled shafts under lateral loading and under axial loading will be
presented later. The capacity of drilled shafts under axial loads depends on both skin friction and
end bearing. If casings are left in place for drilled shafts that are designed to resist some or all of
the applied load in side resistance, skin friction may be negatively affected, often significantly,
and the constructed shaft should be considered defective unless proved otherwise. The design
procedures that are given later are applicable to cases where temporary casing is used and is
recovered.

With regard to design for lateral loading, a short presentation is made in Chapter 13 with
references to other documents that have been published by the FHWA. The response of a drilled
shaft (or pile) to lateral loading is largely determined by the nature of the soil near the ground
surface. Therefore, surface casing should be used in such a way that the near-surface soils are
disturbed no more than necessary and that there is as good a contact as possible between the
drilled shaft and the supporting soil.

A further issue in the use of temporary casing is that casing can sometimes cause considerable
problems during extraction if the drilled shaft is installed on a batter (an angle with the horizontal
other than 90 degrees). Often, casing drags on reinforcing cages in battered shafts and damages
or displaces them. It is also difficult to make an axial pull on battered casings. Therefore, the
designer should consider options other than battered drilled shafts when the subsurface
conditions are such that it appears that temporary casing will probably be used by the contractor.
For example, larger-diameter vertical drilled shafts that can take large transverse loads might be
substituted for smaller battered drilled shafts that carry horizontal loads in axial resistance. Such
a consideration is an example of "designing for constructablhty," which should be a continuous
consideration of the designer.
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CHAPTER 6: DRILLING SLURRY

INTRODUCTION

Drilling slurry is employed as a construction aid in two of the three general methods of drilled
shaft construction that were described in Chapter 3 (the casing method and the wet method), and
there can be no doubt that slurry plays an important role in the construction of drilled shafts.
When an excavation encounters soil that potentially may cave, filling of the excavation with
drilling slurry, with the proper characteristics and at the proper time, will allow the excavation to
be completed to full depth with little difficulty. As described in Chapter 3, two procedures are
possible at this point: a casing can be installed in the excavation and sealed into impermeable
soil or rock, the slurry can be bailed or pumped from the casing, the excavation can be
completed, and the concrete can be placed; or the slurry can be left in the excavation, and the
concrete can be placed with the use of a tremie. In either of these procedures the slurry must
have the proper characteristics during the drilling operations and at the time the concrete is
placed. The required characteristics of the slurry and correct procedures for handling the slurry
are discussed in this chapter.

Water alone is sometimes an ideal drilling fluid and may be used successfully in areas where the
formations being penetrated are permeable but, at the same time, do not slough when ground
water pressures are balanced by the drilling water and are not eroded by water (for example,
permeable sandstone, cemented sand). The level of the water in the excavation should be kept
above the piezometric surface in the natural formation so that any flow from the excavation into
the formation is prevented in order that sloughing of the sides of the borehole is not precipitated
by inflow of ground water.

During the 1950's and 1960's it was common practice for drilled shaft contractors to make slurry
by mixing water with on-site clay materials, primarily for use in the casing method. The
resulting slurry has properties that are difficult to control and suffers from the fact that it is
unstable -- that soil particles are continuously falling out of suspension -- which makes cleaning
of the borehole difficult and which can lead to soil settling from the slurry column into the fluid
concrete during concrete placement if the wet method of construction is used. For this reason the
use of slurries made from on-site materials is not normally recommended for drilled shaft
construction.

More suitable materials can be added to water to make a controllable slurry for use in drilling
boreholes. Bentonite, a type of processed, powdered clay, has been the most common material
used for this purpose, historically. Cross and Harth (1929) obtained patents on the use of
bentonite as an agent that could gel and suspend cuttings. The technology of the use of drilling
fluids has been developed extensively by the petroleum industry, and many references on
bentonite slurries are available; for example, Chilingarian and Vorabutr (1981) and Gray et al.
(1980). A balance is presented in this chapter between the detailed information given in oil-
industry publications on drilling slurries and the "rough-and-ready" methods of some foundation-
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drilling contractors. In an early civil engineering application, Veder (1953) described the
construction of an impermeable diaphragm wall using bentonitic slurry. A line of contiguous,
unlined boreholes, 0.61 m (24 in.) in diameter, were drilled while being kept full of slurry.
Reinforcing steel was placed in the slurry and the concrete was placed with a tremie.

Bentonite slurries have been used commonly in drilled shaft construction in the United States
since the 1960's. Other processed, powdered clay minerals, notably attapulgite and sepiolite,
have been used on occasion in place of bentonite, usually in saline ground water conditions. Any
slurry that is made from one of these clay minerals will hereafter be termed a "mineral” slurry.

Recently, some environmental agencies have expressed concern that slurries containing bentonite
and other clay minerals are hazardous materials. Slurries made with minerals contain solid
particles that can suffocate aquatic life, and some oil-field bentonite products contain additives
that could conceivably produce additional problems in the environment. Bentonite that is used in
drilled shaft construction rarely has these additives. Nonetheless, mineral slurries must be
handled carefully, not allowed to flow into bodies of water or sewers, and disposed of in an
approved facility at the end of a project. These requirements generally force the contractor to
handle mineral slurries in a closed loop process -- that is, to condition slurry continuously and
reuse it from borehole to borehole in order to eliminate the need to spoil the slurry on the site and
to minimize the amount of slurry that has to be disposed of at the end of the project. Such
careful handling obviously adds to the cost of excavating with mineral slurry.

Slurries made from potable water mixed with polymers, particularly synthetic polymers, have
recently found favor with drilled shaft contractors, because such slurries are not subject to the
environmental controls that are as stringent as those required for mineral slurries. Polymer
slurries also have the characteristic that they do not generally suspend particulate matter such as
sand. Therefore, no special treatment is needed prior to reuse except to allow the slurry to
remain still in a tank for several hours to allow all particulate matter to settle out before pumping
the clean supernatant liquid, perhaps with fresh slurry added, into a new borehole.

While drilling slurries have proved effective in advancing boreholes through many types of
unstable soil and rock, the use of drilling slurry of any type should be avoided for economic
reasons unless it is necessary for the completion of a borehole. The additional cost on a job could
be considerable for materials, handling, mixing, placing, recovering, cleaning of mineral slurry,
and testing of slurry at several times during the excavation of a borehole. Finally, the cost of
disposing of mineral slurry is relatively high. Costs may increase dramatically if construction is
being done in an area that is environmentally sensitive. For example, in some coastal locations a
tightly woven, fabric screen must be placed in the water to encompass completely the drilling
operations.
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PRINCIPLES OF SLURRY OPERATION

Mineral Slurries

Bentonite and other clay minerals, when mixed with water in a proper manner, form suspensions
of microscopic, plate-like solids within the water. This suspension, in essence, is the drilling
slurry. If the fluid pressures within the slurry column in the borehole exceed the fluid ground
water pressures in a permeable formation (e. g., a sand stratum), the slurry penetrates the
formation and deposits the suspended clay plates on the surface of the borehole, in effect forming
a membrane, or "mudcake" that assists in keeping the borehole stable.

In order for bentonite particles to break down into these separate plates, the mixing water must
first hydrate the bentonite. The electrostatically bound water surrounding bentonite plates
promotes repulsion of the bentonite particles and keeps the bentonite in suspension almost
indefinitely. Not until this process is completed will bentonite slurry be effective. The process
requires both mixing effort (shearing) and time -- generally several hours. One of the cardinal
rules of drilling with bentonite slurry is that all newly mixed bentonite must be allowed to be
hydrated for several hours before final mixing and introduction into a borehole. Bentonite slurry
should be added to the borehole only after its viscosity (resistance to flow, discussed later)
stabilizes, which is an indication that the bentonite has become fully hydrated.

Slurry made with bentonite, and to some extent other minerals, serves to put soil particles
through which the excavation is progressing in suspension. Below a certain concentration of the
soil particles, which depends on the size of the soil particles, the mineral "dosage" (proportion of
dry mineral to water), type of mineral being used to make the slurry and other factors, the soil
particles will stay in suspension long enough for the slurry to be pumped out of the borehole
upon setting casing and/or for the borehole to be completed and the slurry (with suspended
cuttings) remaining in the borehole to be flushed out when the fluid concrete is placed in the wet
method of construction.

Longer periods of suspension stability are obtained with bentonite than with attapulgite or
sepiolite, which is desirable. However, bentonite tends to flocculate in saline ground water, and
solids will fall from suspension under such a condition more quickly in bentonite slurries than in
attapulgite or sepiolite slurries unless special procedures are used.

Properly prepared slurry, in addition to keeping the borehole stable, also provides a kind of
lubricant and reduces the soil resistance when a casing is installed. The wear of drilling tools is
reduced when slurry is employed. Proper preparation of slurry will be discussed later in this
chapter.

Unlike bentonite, attapulgite and sepiolite are not hydrated by water and therefore do not tend to
flocculate in saline environments. These minerals do not tend to stay in suspension as long as

bentonite and require very vigorous mixing and continual remixing to place and keep the clay in
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suspension. However, since they are not hydrated by water, their slurries can be added to the
borehole as soon as mixing is complete. They do not form solid mudcakes, as does bentonite,
but they do tend to form relatively soft, thick zones of clay on the borehole wall, which are
generally effective at controlling filtration and which appear to be relatively easy to scour off the
sides of the borehole with the rising column of concrete. These minerals are used almost
exclusively for drilling in permeable soils in saline environments at sites near the sources of the
minerals (e. g., Georgia, Florida and Nevada), where transportation costs are relatively low.
While it is acknowledged that these minerals are used occasionally, and are preferred by some
contractors, the discussion of mineral slurries in this chapter will be limited primarily to
bentonite.

After mixing, all mineral slurries have unit weights that are slightly higher than the unit weight
of the mixing water. Their specific gravities, with proper dosages of solids, are typically about
1.03 - 1.05 after initial mixing. As drilling progresses and the slurry picks up more soil (clay,
sand and silt), the unit weights, and often the viscosities, of mineral slurries will increase. This is
not harmful up to a point; however, excessive unit weight and viscosity will eventually have to
be corrected by the contractor if mineral slurry is reused. '

As stated earlier, when the slurry column is introduced into the borehole in a permeable
formation, bentonite slurry stabilizes the borehole by depositing some of the mineral plates on
the sides of the borehole as the slurry flows into the soil or rock formation. This action, which is
termed "filtration," can occur only if the piezometric head in the slurry column exceeds the
piezometric head in the formation being drilled at all times. This process is illustrated in Figure
6.1. Once the "mudcake” of plate-like solids has been deposited, filtration gradually stops. (A
similar process develops with other mineral slurries, but the mudcake is replaced with a zone of
soft clay, sometimes called a "wallcake.") There will then be a greater fluid pressure inside the
borehole (on the inside surface of the mudcake) than in the pores of the soil in the formation.
This differential pressure will be manifested as an "effective stress" that holds the soil particles
along the borehole wall in place. Unless the contractor continuously maintains this positive head
difference, however, the borehole could collapse, because backflushing of the mudcake can occur
if the head in the slurry column becomes less than the head in the formation, even for a short
period of time.

When the pore sizes in the formation being excavated are large (as in gravelly soils or poorly
graded coarse sands), the mudcake may be replaced by a deep zone of clay plate deposition
within the pores that may or may not be effective in producing a stable borehole. This effect is
illustrated in Figure 6.2. Nash (1974) notes that a bentonite slurry penetrating into a gravel
quickly seals the gravel if there are no enormous voids. He notes that the main factors that are
involved in the ability of the slurry to seal the voids in gravel are: (1) the differential hydrostatic
pressures between the slurry and the ground water, (2) the grain-size distribution of the gravel,
and (3) the shearing strength of the slurry. It is obvious that a slurry will penetrate a greater
distance into an "open" gravel than into one with smaller voids. As the velocity of flow of the
slurry into the soil voids is reduced due to drag from the surfaces of the particles of soil, a
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thixotropic gelling of the slurry will take place in the v

oid spaces, which may afford some

measure of stability. If the bentonitic slurry proves ineffective, special techniques (for example,

use of driven or crowded casings, other types of drillin
have to be used to stabilize the borehole.
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Figure 6.1. Formation of mudcake and positive effective pressure in a mineral slurry in sand

formation

Bentonite should not be used in certain situations. For
restricted when constructing a drilled shaft rock socket

example, bentonite use should be
in smooth-drilling rock (e. g., generally

uniform sandstone) in which bond between the concrete and the rock is achieved by penetration
of cement paste into the pores of the rock (Pells et al., 1978). The bentonite will usually inhibit

such a bond from forming and will produce values of s

ide resistance that will be lower than

would be predicted by the design methods suggested in this manual.
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Figure 6.2. Mineral slurry plates in pores of open-pored formation
(modified after Fleming and Sliwinski, 1977)

Bentonite can sometimes be used for limited periods of time in saline water by first

mixing it with fresh water and then mixing the resulting fluid with additives such as potassium
acetate to impede the migration of salt into the hydrated zone around the clay plates, sometimes
referred to as the "diffuse double layer." With time, however, the salts in salt water will slowly
attack the bentonite and cause it to begin to flocculate and settle out of suspension. Therefore, in
this application, careful observation of the slurry for signs of flocculation (attraction of many
bentonite particles into mushy masses) should be made continuously, and the contractor should
be prepared to exchange the used slurry for conditioned slurry as necessary.

Polymers

Drilling slurries can also be made of mixtures of chemicals called polymers and potable water.
Polymers have been used in preference to bentonite in well drilling for some time in soil profiles
that contain considerable clay or argillaceous (clay-based) rock, because bentonite slurries have a
tendency to erode clayey rocks and to produce enlargements and subsequent instabilities in the
boreholes. Polymer slurries have become popular in drilled shaft construction in all types of soil
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profiles because they require less conditioning before reuse than bentonite slurries and because
they can be disposed of more inexpensively than bentonite slurries.

Polymers that are used in drilling slurries consist of very long, chain-like hydrocarbon molecules,
- which act somewhat like clay mineral molecules in their interactions with each other and in the
way in which they stabilize boreholes. Like bentonite plates, the polymer chains are intended to
remain separate from one another in the slurry through electrical repulsion, and therefore remain
in suspension in the makeup water by virtue of a negative electrical charge around the edges of
the backbones of the chains. The polymer slurry, like bentonite slurry, permeates into permeable
formations (sand, silt, and permeable rock) if the head in the slurry column exceeds the
piezometric head in the formation being drilled, and the polymer molecules become lodged in the
pores of the soil around the edge of the borehole. This process is illustrated in Figure 6.3. Since
the polymer molecules are hair-shaped strands and not plate-shaped, they do not form mudcakes,
and borehole stability is produced through continual filtration of the slurry through the zone
containing the polymer strands, where the drag forces and cohesion formed due to binding of the
soil particles in the formation by the polymer strands tend to keep the soil particles in place.
Eventually, if enough polymer strands become deposited, filtration may cease due to viscous
drag effects in the soil near the borehole. This drag can produce an effective seal, much like the
mudcake in a hole drilled with bentonite slurry.

Since slurry is continuously being lost to the formation, the contractor must be diligent in
maintaining a positive head in the slurry column with respect to the piezometric surface in the
formation at all times so that filtration and hole stability continue. This often means continually
adding slurry stock to the column of slurry in the borehole that is continuing to permeate the
formation. Bentonitic slurries have unit weights that range from about three to twenty percent
higher than that of water, once soil from the formation has been picked up by the slurry, so that
allowing the slurry level in the borehole to drop down to the piezometric level occasionally may
not cause problems (although it is not good practice). However, the unit weights of polymer
slurries are essentially equal to that of water, so that allowing the head in a polymer slurry
column to drop to the piezometric level in the formation, even momentarily, may initiate hole
sloughing or raveling. A good rule of thumb is to keep the level of polymer slurry at least 2 m
(6.5 ft) above the piezometric surface at all times. An equally good rule is to place the slurry in
the borehole before the piezometric level is reached so that sloughing or raveling does not have a
chance to start.

Long-chain polymer molecules tend to wrap around clay and silt particles that are mixed into the
slurry during the drilling process. They attach first to the more active clays from the slaked
cuttings in the slurry mix, producing small agglomerated structures that tend to clay particles,
such as illites and kaolinites and then finally to silts. The resulting agglomerated structure tends
to begin to settle out of suspension slowly and accumulate as mushy sediments on or near the
bottom of the borehole. Some of the agglomerated particles also tend to float on the surface of
polymer slurrie stay in suspension, at least temporarily. The polymer molecules then proceed to
attach themselves to larger and larger s and appear as a bulky material that some observers have
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termed "oatmeal." This process appears to be accelerated by the presence of excessive hardness
in the slurry water, which tends to reduce the repulsive forces between the polymer chains and
the soil particles. The degree of water hardness that can be tolerated by various polymer
products depends upon the specific design of the product; therefore, the manufacturer should be
consulted regarding how water hardness should be controlled. Control of makeup water hardness

is discussed briefly later.
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Figure 6.3. Stabilization of borehole by the use of polymer drilling slurries

The use of polymer slurries with very low polymer concentrations (low viscosity) can sometimes
promote agglomeration. Some commercial polymers are specially formulated to minimize
agglomeration. The problem of agglomeration of polymer slurries is not experienced with sands,
which tend to fall out of suspension, unless special products are used to keep the sand in

suspension.
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Agglomeration makes it necessary to exercise caution in borehole cleanup in soils that contain
large percentages of silts and dispersive (easily eroded) clays. That is, the slurry properties,
discussed later, should come to a steady state in the bottom 2 m (6.5 ft) of the borehole before
final clean-out and placement of the rebar cage and concrete. Agglomeration also reduces the
number of polymer strands available to fill the voids in the soil at the borehole wall, which can
result in destabilization of the borehole. Since polymer chains can agglomerate, attach
themselves to particles of soil within the formation and filter into the formation, polymer slurries
cannot be reused indefinitely. For this reason, the consistency and physical appearance of the
drilling fluid should be inspected prior to each use and, if necessary, freshly mixed slurry added
to restore the desired properties.

Some construction polymers are often formulated to give a very slick and heavy texture when
fully polymerized. These polymer slurries are intended for lubrication of pipe used in trenchless
technology applications, where the final shearing resistance between the pipe and the soil is of
little concern. They should not be used in drilled shaft construction.

While the use of synthetic drilled shaft polymers is not regulated, it is advisable to depolymerize
the slurry before it is discharged into the environment. The most common types of polymer
formulated for use in drilled shaft slurries, partially hydrolyzed polyacrylamides, or "PHPA's,"
and their vinyl extensions, can usually be treated with a dilute solution of sodium hypochlorite
[about four liters (one gallon) of a 5 per-cent solution of common household chlorine bleach to
0.4 cubic m. (100 gallons) of slurry] to completely depolymerize the slurry prior to discharging it
onto the ground or into streams or storm sewers, as permitted.

When depolymerization must be done in closed spaces, a 3 per-cent solution of hydrogen
peroxide should be substituted for sodium hypochlorite to avoid personnel exposure to toxic
gases.

If local regulations prohibit the use of sodium hypochlorite or hydrogen peroxide to break down
polymers prior to disposal, cationic coagulants can be used to react with the polymer chains,
which are anionic (negatively charged on the edges), to produce a non-reactive solid mass that
can be disposed of after adjustment of its pH.

Blended Slurries

Mineral slurries tend to require considerable effort to mix, treat and dispose of, and they can
destabilize (erode away) boreholes in argillaceous (clay-based) geomaterials on occasion. By
contrast, they are excellent stabilizers of boreholes in completely cohesionless soils. Polymer
slurries, on the other hand, tend to be much easier to mix, treat and dispose of, and they are
excellent stabilizers of boreholes in which considerable argillaceous soil or rock appears in the
profile. Nature often presents the contractor with the challenge of geomaterial profiles that
contain both thick strata of cohesionless soil and thick strata of argillaceous soil or rock. In such
a case a blend of bentonite and polymer might be used. The proportions of each component can
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be varied from job to job and hole to hole, as necessary. Since the bentonite component is-
usually higher than the polymer component, the quality control factors described later for
bentonite can be used for the control of such blended slurries. Experts are available to assist
contractors in selecting slurry materials to be blended.

Blended bentonite and polymer slurries are also available as packaged products that are marketed
as "extended" bentonites. The polymer additive helps less bentonite produce a given amount of

slurry, which is an economic consideration, since high-quality bentonite is becoming harder and
harder to find.

APPLICATIONS

As indicated in Figures 6.1 through 6.3, the slurry will penetrate into permeable formations, the
distance of penetration depending on the sizes and connectivity of the pores of the material being
drilled, the differential head, the type of slurry material and other factors. There is concern that
the drilling of a very open formation, such as karstic limestone or basalt with lava tubes, will
result in the loss of large quantities of slurry into cavities. The program of subsurface exploration
should reveal whether such geologic conditions exist, and the appropriate construction planning
should be done in the event the chance for encountering such features is high.

Mistakes can be made in the application of mineral, polymer or blended slurries, as with any
method of construction of deep foundations, and the next-to-last section in this chapter will
discuss some of the common mistakes and methods of avoiding them. However, there are

numerous examples of circumstances where drilling slurry has been used with outstanding
success. A few are given here.

1. A site was encountered where the soil consisted of a very silty clay, which was not
sufficiently stable to permit the construction of drilled shafts by the dry method.
Bentonitic slurry was used, and shafts up to 1.22 m (4 ft) in diameter and 27.5 m (90 ft)
long were installed successfully despite the fact that claystone boulders were encountered
near the bottoms of the shaft excavations.

2. A mineral drilling slurry was used to penetrate a soil profile that consisted of interbedded
silts, sands and clays to a depth of about 32 m (105 ft), where soft rock was encountered.
Drilled shafts with diameters of 1.22 m (4 ft) were successfully installed down to the soft
rock. A loading test was performed, and the test shaft sustained a load of over 8.9 MN
(1000 tons), with little permanent settlement.

3. Three test shafts were constructed with bentonitic drilling slurry in a soil profile
containing alternating layers of stiff clay, clayey silt and fine sand below the water table.
These test shafts were all instrumented to measure side and base resistance during the
loading tests, which were found to be comparable to the resistances that would have been
achieved had the dry method of construction been used. The shafts were later exhumed,
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and it was found that the geometry of the constructed shafts was excellent. The
information obtained in this test program was then used to design foundations for a large
freeway interchange.

Two instrumented test shafts, 0.76 m (30 in.) in diameter, were installed with PHPA
polymer slurry in a mixed profile of stiff, silty clay, clayey silt, lignite and dense sand to
depths of up to 15.6 m (51 ft) at a freeway interchange site. The contractor allowed the
sand in the slurry columns to settle out of suspension for 30 minutes after completing the
excavations before cleaning the bases with a clean-out bucket and concreting. The shafts
were tested to failure, and the measured side and base resistances were comparable to the
values that would have been anticipated in this soil profile with bentonitic drilling slurry.

These are only four examples of the use of drilling slurry in the construction of drilled shafts. To
date, tens of thousands of large-diameter drilled shafts have been constructed worldwide with
drilling slurry and are performing successfully.

While much is known about the properties of drilling slurries and their effects, success in
maintaining borehole stability with a given slurry depends on many factors that are understood
qualitatively but not all of which are readily quantified. Some of these are:

Density of the granular soil being retained. [Denser soils are retained more easily than
looser soils.]

Grain-size distribution of the granular soil being retained. [Well-graded soils are retained
more easily than poorly graded soils.]

Fines content of the granular soil being retained. [Silt or clay within the matrix of sand or
gravel assists in maintaining stability, especially with polymer slurries, but fines can
become mixed with the slurry, causing its properties to deteriorate.]

Maintenance of excess fluid pressure in the slurry column at all times (Figure 6.1). [This
factor is especially important with polymer slurries, which have unit weights that are
lower than those of mineral slurries and thus produce smaller effective stresses against
borehole walls for a given differential head.]

Diameter of the borehole. [Stability is more difficult to maintain in large-diameter
boreholes than in small-diameter boreholes because of a reduction in arching action in the
soil and because more passes of the drilling tool often must be made to excavate a given
depth of soil or rock compared with excavation of a smaller-diameter borehole. Such
excess tool activity tends to promote instability.]

Depth of the borehole. [For various reasons, the deeper the borehole, the more difficult it
is to assure stability, especially with polymer slurries. Anecdotal evidence suggests that
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difficulties have occurred using polymer slurries at some sites where granular soil is
encountered at depths greater than about 25 m (80 ft).]

. Time the borehole remains open. [On some occasions, boreholes in granular soil have
been kept open and stable for weeks with bentonite slurry and for days with polymer
slurry. However, in general, stability decreases with time, and ground stresses, which
affect axial resistance in the completed drilled shaft, decrease, regardless of whether the
borehole remains stable.]

MATERIALS
Bentonite

As noted earlier, water alone may occasionally constitute the drilling fluid. Polymers and
polymer-bentonite blends are also being used more frequently. However, the normal and most
widely-used procedure has been to mix potable water and high-quality sodium smectite
("Wyoming bentonite") to form a slurry that will both produce a membrane (mudcake) against
the sides of the borehole and suspend some of the solid soil particles that have been excavated.

Specifications can be prepared on the materials that are used to produce the drilling slurry
initially, but the slurry will change character as drilling begins because of mixing With the soils
and ground water being penetrated. If granular soil is drilled, some of the grains will be put in
suspension and, similarly, if clay soils or silts are being drilled, some of the

particles will be mixed with the slurry and become a part of the slurry. This natural process will
require treatment of the slurry to restore its properties if it is to be reused.

If the soil being excavated is organic, acidic or saline, the bentonitic slurry may be "killed"
(flocculate). The addition of deflocculants or other measures will be required to maintain proper
consistency. Therefore, the critical factor in regard to the materials is that specifications be
written to control the slurry as it is manufactured and as it is being used during excavation.
Suggestions will be given later in this chapter on the preparation of specifications for mineral

slurry.

While the testing of water and bentonite powder will not be discussed in detail, there are a
number of other general factors about materials that will prove to be useful.

. The materials to be selected for a particular job will depend on the requirements of the
drilling operation. Different types of drilling fluids are required to drill through different
types of formations. Some of the factors that influence the selection of drilling fluid are
economics, contamination, available make-up water, pressure, temperature, hole depth
and the material being drilled, especially pore sizes and the chemistry of the soil or rock
and the ground water.
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. An economic consideration for the contractor is the "yield" of the mineral used to make
the slurry. The yield is the number of barrels (42 gallons) of liguid slurry that can be
made per ton of the dry mineral added to achieve a slurry with a viscosity of 15 cP
(described later).

. The best yield comes from sodium smectite ("Wyoming bentonite"). Natural clays give
very low yield and, for other reasons discussed previously, should not be used in drilled
shaft construction. Calcium smectite ("sub-bentonite") yields a lesser amount of slurry
per unit of weight than Wyoming bentonite because it is hydrated by only about one-
fourth as much water as Wyoming bentonite.

. The yield of Wyoming bentonite has been dropping due to the depletion of high-quality
deposits in the areas where it is mined. The yield of some pure bentonite products is now
as low as 0.9 cubic meters per kilo-Newton (50 barrels of slurry per ton of dry bentonite).
High-quality Wyoming bentonite that will produce a yield of 1.8 cubic m./kN (100
bbl./ton) is still available, but at a premium price. As mentioned earlier, suppliers have
been recently producing Wyoming bentonite mixed with dry polymer "extenders" to
increase the yield. The main agents used to extend, or "stretch," the Wyoming bentonite
are dry polymers, so that some bentonite products available today are actually mixes of
bentonite and synthetic polymer. Some suppliers are also chemically modifying calcium
smectite to give it essentially the same properties as Wyoming bentonite, but the resulting
products are relatively expensive.

. The quality of the water that is used to make drilling slurry is important. For bentonitic
slurries potable water should be used. Saline water can be used for slurry if attapulgite
or sepiolite clay is used instead of bentonite. These clays derive their viscosity from
being vigorously sheared by specialized mixing equipment designed to accelerate the
suspension of such clays. As described previously, bentonite, with proper preparation,
can be used for limited periods of time while drilling in salt water if the makeup water is
fresh and if additives are applied to inhibit migration of salt. They key is that makeup
water should be uncontaminated.

The detailed design of the bentonite slurry (particle size, additives, mixing water, mixing
technique and time) and the interaction of the slurry with the chemicals in the drilling slurry
water, as modified by the conditions in the ground through which the shaft is drilled, affect the
thickness and hardness of the mudcake that is built up, as well as the gel strength of the fluid
slurry. It is good practice for the contractor to conduct tests on trial mixes of the mineral slurry
that he/she proposes to use with the makeup water from the proposed source to determine cake
thickness and filtration loss using an API filter press. With this device a small amount of slurry
is forced through a standard piece of filter paper under a differential pressure of 689 kPa (100
psi) for a fixed period of time (typically, 30 minutes). It is advisable that the resulting mudcake
be no more than about 2 mm (0.1 in.) thick and that the filtration loss (amount of slurry passing
through the filter paper) be less than about10 mL. Higher values of cake thickness from this
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standard test may indicate that a substantial thickness of mudcake will remain on the sides of the
borehole, and will perhaps attach to the rebar, after the concrete has been placed. This condition
is undesirable, as it will reduce the load transfer between the drilled shaft and the soil formation
to a magnitude below that which will be calculated using the procedures in Chapter 11. Of
course, the structural integrity of the drilled shaft can be compromised if the concrete-rebar bond
is reduced. Filtration loss is a measure of the effectiveness of the mineral slurry in controlling
loss of fluid to the formation, which is an economic factor for the contractor, but in and of itself
is not critical to the drilled shaft as long as the borehole remains stable.

The gel strength of mineral slurry should also be measured and adjusted as necessary as the trial
mix is being prepared. The gel strength is the shear strength of the unagitated slurry after
hydration with water, if any, has taken place. As a standard, the gel strength is measured 10
minutes after vigorous mixing is completed. A high gel strength is necessary if it is desired that
the slurry be used to transport solids, as in direct or reverse circulation drilling, in which the
cuttings are transported to the surface by suspending them in the slurry and pumping the slurry to
the surface, where the cuttings are removed. However, high gel strengths can be problematical
when concrete is being used to displace the slurry. A lower gel strength should be used if the
purpose of the drilling slurry is only to maintain borehole stability and to maintain a minimal
volume of cuttings in suspension, which is the usual objective of mineral slurries for drilled shaft
construction, since the cuttings are usually lifted mechanically. Ordinarily, for this purpose,10-
minute gel strength should be between about 2 Pa (0.2 psf) and 10 Pa (0.9 psf).

The gel strength, cake thickness and filtration loss are not usually measured during construction
operations, after the mix design has been established, unless the slurry begins to perform poorly.
Instead, they are monitored indirectly by measuring the viscosity of the slurry by means of a
rheometer or "viscometer" (preferable) or a Marsh funnel, whose results relate crudely to these
properties.

The relation of viscosity to dosage, or weight of mineral solids per unit of water volume, is
shown in Figure 6.4 for the three types of clay minerals that are most commonly used to make
mineral slurry and for native clay that might be found on a typical site. Assume that a desirable
slurry viscosity for drilled shaft construction is on the order of 10 to 30 centipoise. Then, the
unit weight of a slurry made from high-quality Wyoming bentonite upon mixing should be
between about 9.95 and 10.15 kN/cubic m. (64 and 66 Ib./cubic ft). Since the unit weight of
fresh water is 9.81 kN/cubic m. (62.4 1b./cubic ft), about 0.14 to 0.34 kN of bentonite needs to be
added to every cubic meter (1.6 to 3.6 Ib./ cubic ft, or about 0.2 to 0.4 1b. per gallon) of makeup
water to produce a slurry of proper consistency. Use of less mineral solids in the initial mix will
likely make the slurry ineffective at maintaining borehole stability, and use of more mineral
solids will produce too much gel strength (excessive viscosity) for the slurry to be flushed
effectively by the fluid concrete. It can be inferred from Figure 6.4 that the dosage of attapulgite
in the slurry mix should be about the same as for bentonite but that the dosage of sub-bentonite
needs to be about four times as high as for Wyoming bentonite and that the dosage for native
clay must be over 10 times as high as for Wyoming bentonite. The figure also shows the
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changes of unit weight of the slurry, commonly referred to as "density," and viscosity of the
slurry with changes in the type of mineral used and the weight of solids per unit volume
("dosage™). Viscosity is obviously sensitive to the mineral dosage.
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Figure 6.4. Relation of viscosity of mineral slurries to dosage (after Leyendecker, 1978)*

* Viscosity is defined as the shear stress in the slurry liquid divided by the shearing rate. The unit of viscosity in the
metric system is the poise, defined as stress in dynes per square centimeter required toproduce a difference in
velocity of one centimeter per second between two layers one centimeter apart. The centipoise is one-one

hundredth of a poise.

Drilling slurry can be improved in some instances by the addition of chemicals. On these
occasions a specialist should be consulted; the supplier of the bentonite or other mineral product
can usually be helpful in regard to the use of chemical additives. In fact, a technical
representative of the slurry product supplier should be present at the beginning of any important
project that will involve the use of drilling slurry to ensure that the properties of the slurry are
appropriate for the excavation of soils and rocks at the specific site involved, even if special
additives are not contemplated by the contractor.
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A comprehensive report, Bored Piles, complied by the Laboratorie Central des Ponts et
Chaussees in France (LCPC, 1986), points out that the following additives are available.

Cake thinners. Organic colloids [soda alginate, extract of marine algae,
carboxymethylcellulose (CMC), starch], which reduce the free-water content (thus
thinning the cake and enhancing its resistance to contamination) and increasing the
viscosity of the slurry somewhat. These additives also act as filtrate reducers (below).

Filtrate reducers. Additives, such as tanins (especially quebracho), polyphosphates (pyro,
tetra, and hexametaphosphates) which diminish slurry viscosity, and also lignosulfonates,
which act as filtrate reducers and thus reduce loss of slurry to the formation.

Anti-hydrating agents. Additives such as potassium lignosulfonate are effective in
inhibiting the erosion of dispersive clays and clay-based rocks into the slurry and the
expansion of expansive clays.

pH reducers. Pyrophosphate acid can be added to lower the pH of the slurry. This
additive is of special interest when excavating certain expansive marls in which
hydration, which occurs when the drilling slurry is highly basic (pH > 11), can be limited
by maintaining the pH value between 7.5 and 8. Maintaining pH below 11 is also
necessary to maintain good characteristics of bentonite slurries.

Weighting agents. Barite (barium sulfate), hematite, pyrite, siderite, or galenite may be
added to the slurry when it is necessary to resist the intrusion of water under pressure or
flowing subsurface water. The specific gravity of the slurry, which is normally around
1.03 to 1.05 upon mixing, may be increased to 2.0 or even greater with these agents,
without appreciably affecting the other properties of the slurry (for example, its gel
strength and viscosity).

These additives affect the yield of the slurry, to varying degrees. Again, the assistance of a
technical representative of the supplier of the slurry solids and additives is important to ensure
that the desired properties are achieved, at least in the initial mixing of the slurry.

Bentonite slurry is strongly affected by the presence of excessive concentrations of positive ions,
as are found in very hard water and acidic groundwater, by excessive chlorides concentrations, as
are found in sea water, and by organics. Acidic conditions are indicated by pH values that are
lower than 7. Some commercial bentonites are packaged with additives that raise the pH of the
bentonite-water mixture to 8 to 9 to counteract the effects of minor acid contamination, but
excessive acid contamination can lower the pH to a point where the bentonite will become acid
and subsequently flocculate. Bentonite can be used sparingly in an acid pH for short periods of
time (pH down to about 5). One function of the manufacturer’s technical representative would
be to measure the hardness, acidity, chlorides content and organics content of the mixing water
and the ground water, if necessary, and to recommend conditioners in the event the water is not
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suited to mixing with the bentonite without modification.
Polymers

There are two general types of polymers for drilling slurries: Natural (or semi-synthetic) and
synthetic. Polymers in the first category consist of starches, guar/xanthan gum, welan gums,
scleroglucan and cellulose. They are biodegradable and are capable of remaining stable in highly
acid environments for short periods, which is a characteristic not shared by most other types of
drilling slurries. Cellulose polymers are sometimes blended with bentonite to reduce the
filtration rate of bentonitic slurry (fluid loss into the formation) and inhibit swelling (softening)
and consequent erosion of clays and shales. Blends of natural or semi-synthetic polymers and
bentonite can produce effective drilling slurries for specific drilling projects. However, these
polymers are expensive and generally non-reusable, Therefore, most polymer slurries used for
foundation drilling today are made with purely synthetic polymers.

Polymers in the second category, synthetic polymers, consist of various forms of the
hydrocarbon-derived family of chemicals called polyacrylamides. Polyacrylamide slurries
consist of large groups of long-chain, hair-like molecules that have been designed

to charge sites along their backbones negatively to promote molecular repulsion, restrict
agglomeration (attraction of many molecules into large masses) and keep the molecules in
suspension once mixed with and suspended in water. Different suppliers of polyacrylamides
adjust the density of the negative electrical charges along the polyacrylamide chains by adding
groups of atoms (OH" groups) with locally negative charges on their exteriors through a process
called hydrolyzation. Polymers used for drilled shaft excavation do not have all of the possible
positions for negative charges filled because the surfaces of the polymer chains would be so
negatively charged as to be repelled by the soil they are intended to penetrate. Hence, the
polyacrylamide is said to be "partially hyrolyzed," and the drilling polymer is termed a partially
hydrolyzed polyacrylamide, or "PHPA."

All synthetic polymer slurry materials commonly available today (1997) are various formulations
of PHPA's. Some polymer slurry manufacturers have performed alterations of the PHPA
chemistry. In at least one product the PHPA molecule has been extended to form a vinyl, which
consists of a pair of parallel PHPA chains connected by complex molecules, and in at least one
product the single PHPA chain has been retained but made very heavy and has been designed so
that the negative charge density along its backbone is high. These polymers will exhibit
somewhat different properties when used in different soil and ground water conditions. The
vinyl polymer usually performs optimally if it is used at a higher viscosity than the viscosity that
is optimum for the heavy PHPA. For further details of polymer chemistry for any drilling
product, the reader should contact the manufacturer’s technical representatives and/or literature.
In the following, all synthetic polymers will be referred to as PHPA’s,

The commercial products vary in physical form (dry powder, granules or liquid emulsions) and
in the details of the chemistry of the hydrocarbon molecules [molecular weight (typically 14 to
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17 million, but some as low as 100,000), molecule length, surface charge density (typically, 30 to
45% of the possible negative charge sites are filled), etc.]. Therefore, Formulation A may be
more successful than Formulation B at one site, while Formulation B may be more successful
than Formulation A at another in maintaining hole stability. No one formulation is likely to be
superior in all cases. For example, PHPA formulations containing surfactants (anti-surface-
tension agents) have a history of successful applications in silty sands below the water table, but
on occasion they may accelerate borehole instability in moist sands above the water table that are
held in a quasi-stable state by surface tension forces in the soil pores

Many polymer slurry suppliers market several formulations that can be customized for a given
site. For this reason, as with mineral slurry drilling, the drilling contractor should employ a
technical representative of the polymer supplier to advise on the specific formulation that is best
suited for the job at hand. That representative should be present for the drilling of trial shafts
and/or the first few production shafts to make sure that the slurry is working as intended and, if
not, to make such modifications to the slurry mix and procedures as necessary.

Most of the additives that are effective in modifying the performance of bentonite, such as
weighting agents, have not been proved effective with polymer slurries. However, potassium
chloride can sometimes be used to weight PHPA slurries up to a specific gravity of about 1.25.

PHPA's are especially sensitive to the presence of free calcium and magnesium in the mixing
water or ground water. Excess calcium and magnesium produce what is commonly called "hard
water." The total hardness of the slurry mixing water should be reduced to a value in the range of
50 parts per million or less (varies with the specific product used) unless the polymer has been
modified chemically to remain stable in high-hardness conditions. If the hardness is too high,
polymer chains lose their repulsion and can begin to attract one another and agglomerate, causing
the polymer to be ineffective.

Total hardness of the slurry can be checked easily by a titration process, in which one or two
chemicals are added to a known volume of slurry to change its color and another chemical is
titrated into the colored slurry. When the color of the slurry again changes (typically from purple
to blue), the volume of the final chemical added to the slurry is read, and the hardness is obtained
from a simple calibration chart. Some simpler, though more approximate, methods can also be
used for field control of hardness.

Excessive hardness is reduced by thoroughly mixing sodium carbonate ("soda ash") with the
slurry until the hardness is within the desired range. Manufacturers of vinyl-extension PHPA
polymers supply other softening agents for use with their slurries. Hardness is not usually
monitored routinely during construction due to the effort involved; however, pH, which can be
measured quickly and easily, should be monitored. The agent that is used to lower hardness also
raises pH, so that a check on pH is an indirect check on hardness.

Chlorides also have a negative effect on PHPA's. PHPA's tend not to be effective in water whose
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chloride content is greater than about 1500 parts per million. Therefore, they are not usually
effective in sea water. Sometimes, suppliers’ technical representatives can find additives or
devise mixing procedures to allow the use of polymer slurry in brackish water.

MIXING AND HANDLING
Mineral Slurry

The procedures employed for the mixing and handling of mineral slurry can vary widely. The
principal concern is that the slurry have appropriate characteristics during the excavation of the
borehole. Certain procedures should not be permitted, for example, dumping dry bentonite into
a water-filled excavation and stirring the mixture with the auger. This procedure produces an
ineffective slurry that contains clods of dry, sticky bentonite that fail to stabilize the borehole
because the individual bentonite plates are not available to form the mudcake. Furthermore, the

clods can become lodged in the rebar or against the borehole wall and produce a defective drilled
shaft.

A schematic diagram of a complete, appropriate system for mixing and handling bentonite slurry
for drilled shafts is shown in Figure 6.5. Two acceptable types of mixers are shown in F igure 6.5
b. The mixer identified by b; consists of a funnel into which dry bentonite is fed into a jet of
water directed at right angles to the flow of the bentonite (a "venturi"). The mixture is then
pumped to a holding tank. The mixer identified by b, consists of an electric motor, with or
without speed controls, that drives a vertical shaft. The shaft has blades attached that operate at a
circumferential speed of up to about 80 m/s (260 ft/s), and excellent mixing of bentonite with
water is obtained.

Freshly-mixed slurry should be held in storage for a period of time to allow complete
hydration. The stored slurry can be re-mixed, if necessary, by pumps, mechanical agitation, or
compressed air. The mixed slurry should not be used in drilling until the viscosity has
completely stabilized, which usually requires several hours following initial mixing. Less time,
but more vigorous mixing, is required for attapulgite or sepiolite slurries.

Figure 6.5 d depicts the common "static" (non-circulation) mineral slurry drilling process. The
slurry stored in the storage tank (Figure 6.5 c) is carried to the borehole by pump or by gravity
with the slurry level in the borehole kept continuously above the level of the piezometric surface
in the formation during drilling. When soils with significant amounts of granular material (sand
or silt) are being excavated, the slurry may quickly thicken as the particulate matter is placed in
suspension. This is not desirable, because (a) the slurry becomes incapable of suspending
additional particulate matter, the consequence of which is that the additional particulate matter
may slowly settle out of suspension after the borehole is cleaned and as the concrete is being
placed, and (b) the slurry may become too viscous to be displaced by rising fluid concrete. This
condition can be identified by measuring the sand content, density and viscosity of the slurry at
the bottom of the borehole before concreting. Slurry with excessive sand or viscosity must be
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pumped from the bottom of the borehole to a treatment unit located on the surface for removal of
the particulate matter. Simultaneously, fresh slurry meeting all of the sand content, density and
viscosity requirements is pumped from a holding tank on the surface and introduced at the top of
the borehole, keeping the level of slurry in the borehole constant. '

A procedure for removing the slurry from the bottom of the borehole is to use an airlift. A jetof
air at low pressure and high volume is introduced near the bottom of an open pipe, which is
placed near the bottom of the borehole. As the air flows upward, the reduced pressure in the pipe
causes slurry to enter, and a mixture of air and slurry will be blown up the pipe to the surface by
the air lift. Air lifting is also effective in cleaning loose sediments and agglomerated slurry from
the bottom of the borehole if a diffuser plate is placed on the bottom of the pipe to distribute the
suction equally around the bottom of the borehole.) A submersible pump can also be used for
this purpose. With either method, the rate of the fluid flow should lift all sediments in the slurry
from the borehole.

When the hole is advanced through primarily cohesive soil, the slurry may not thicken
appreciably during drilling, unless the clay erodes. In such a case, exchange of the slurry in the
borehole may not be necessary. However, agitation of the slurry (as with the auger) is still
desirable to ensure that particulate matter stays in suspension. This action is especially important
with attapulgite or sepiolite, which do not suspend solids as readily as bentonite. In this case, the
slurry needs to be recovered from the hole only once (as the concrete is placed) and directed to
the treatment unit before reuse or discarded.

The contaminated mineral slurry is moved to a treatment unit, Figure 6.5 e, that consists of
screens and hydrocyclones. The slurry first passes through the screens (usually No. 4 size),
where the large-sized sediments are removed, and then is pumped through the cyclone unit where
the small-sized material is removed by vigorously spinning the slurry. Most hydrocyclones are
capable of removing virtually all sand-sized particles. Some units are equipped with smaller
hydrocyclones that also remove silt, although several passes through the hydrocyclones may be
necessary. Silt removal can be just as important as sand removal for reused mineral or blended
slurries, because suspended silt can cause the viscosity, density and filtration rate to increase,
rendering the slurry ineffective.

The cleaned ("desanded") slurry is pumped back to a holding tank where it should be tested.
Since slurry drilling ordinarily involves some loss of slurry to the formation, some amount of
fresh slurry is usually mixed with the desanded slurry at this point. If the used slurry is to be
discarded without treatment, it is essential that approved methods be used for disposing of the
slurry.

For a small job where it is uneconomical to bring in a full treatment unit to the jobsite, the
contractor may wish to fabricate a screen system that can be cleaned by hand and to obtain a
small cyclone unit to do the final cleaning. As stated earlier, another procedure that can be
employed on some jobs where relatively little sand is present in the formation being drilled is to
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employ the static drilling process, without any treatment of the slurry, as long as sand and silt
content in the slurry do not become excessive. A clean-out bucket can be lowered to the bottom
of the borehole and rotated to pick up sediments that have settled out of the slurry. This kind of
cleaning operation, although time-consuming, is necessary to prevent significant amounts of
sediment from either being trapped beneath the concrete as it is introduced into the borehole or
from collecting at the top of the concrete column during concrete placement. The slurry that is
flushed out by the placement of the fluid concrete can sometimes be reused several times if the
specified ranges for density, viscosity, sand content and pH can be maintained.

Attapulgite and sepiolite slurries are treated much like bentonite slurries, except that very
vigorous mixing for a long period of time is required. Once the mineral is thoroughly mixed
with the makeup water, the slurry can be introduced directly into the borehole, as these minerals
do not hydrate with water and so do not need to be held for several hours for hydration, like
bentonite, before introducing them into the borehole.

(bg) Electric Mixer (bq) Water—Jet . Metal Tank
e [2
RWAW  To Borshole
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Bentonite e Water ( Sunken Tank
N[~ I ! ! v {Sump)
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Figure 6.5. Schematic diagram of unit for mixing and treating mineral slurry
(after LCPC, 1986)
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Polymer Slurry

Polymer slurries can be mixed in a number of ways. The supplier of the particular polymer being
used should be contacted for recommendations. Emulsified PHPA's can be mixed by pumping
them from one tank to another and back again to the first tank, perhaps repeating the process
several times. Dry PHPA's can be mixed with a venturi mixer. Vigorous mixing of polymers
supplied in the dry form should be avoided, however, since polymer chains can be broken down
and the polymer slurry rendered ineffective. It is not generally recommended that polymer slurry
be mixed in the borehole; however, some dry polymer products are specifically marketed to be
mixed with uncontaminated ground water in the borehole with the drilling tool. Success with the
resulting slurry varies with soil or rock type. It is strongly recommended that a trial or technique
shaft be constructed to test the effectiveness of such slurry prior to constructing production
shafts.

Whatever the mixing method, soda ash or another hardness reducer is almost always added to the
makeup water during mixing to control the hardness of the water, which simultaneously adjusts

the pH of the polymer slurry to a high value. Note that soda ash should not be used with vinyl
extensions of PHPA.

Polymer slurries cannot be cleaned effectively in the manner shown in Figure 6.5. The polymer
strands are broken down by vigorous mixing in hydrocyclones and in addition tend to "gum up"
the components of the treatment plant. Fortunately, polymers do not suspend most solids for a
long period of time. The sand content at the bottom of the borehole will stabilize at a small value
(usually less than 1 per cent by volume) after the slurry column is allowed to stand without
agitation for a period of time [for example, about 30 minutes to 2 hours in boreholes less than 20
m (66 ft) deep]. The particulate matter can then be removed from the bottom of the borehole
with a clean-out bucket or possibly an air lift. The slurry that is flushed out of the borehole by the
rising column of fluid concrete is then essentially clean, although good practice is to store it for a
few hours in a tank on the surface to permit small amounts of solids still in suspension to settle
out. The supernatant polymer can then be reused in drilling subsequent boreholes after checking
its properties and adding fresh slurry, if necessary.

Full circulation drilling, referred to as either direct or reverse circulation drilling, in which the
cuttings are transported by pumping the slurry from the cutting face of the drilling tool
continuously to the surface, is possible with mineral slurry. It is not very effective with polymer
slurries without special additives since the current generation of polymer slurries do not
effectively suspend particulates (cuttings).

Diaphragm-type pumps are generally best for moving polymer slurries from tank to borehole and
back. Diaphragm pumps do not damage the polymer chains as severely as centrifugal or piston-
type pumps. Any form of mechanical agitation, however, damages the polymer chains to some
extent, such that a given batch of polymer slurry cannot be reused indefinitely. This includes air
lifting, since the highly turbulent flow of the lifting mechanism can shear the polymer chains
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excessively. For this reason, air lifting of polymer slurries should be used only for limited
durations if the slurry is to be reused.

The mixing of either polymer or bentonite slurry with portland cement at any time in the
construction process can be very detrimental to the slurry because the hydration of portland
cement releases calcium ions in such concentration that the hardness of the slurry may become
very high. For this reason the contractor must be very diligent to keep cement out of the slurry.
He or she should also minimize the time that the slurry is in contact with the rising column of
concrete in the wet method of construction by charging the borehole with concrete at a steady
rate. The contractor should use pump lines for polymer or mineral slurry that have either never
been used for pumping concrete or have been thoroughly cleaned since doing so.

Blended Slurry

Blended slurries are generally handled like bentonite slurries. However, many combinations of
bentonites and polymers are possible, so that the supplier should always be consulted for proper
mixing and handling procedures.

SAMPLING AND TESTING

As will be discussed in a subsequent section, mineral and polymer slurries will have certain
desirable characteristics when being used to facilitate excavation. Therefore, certain key
properties must be measured to ensure that these characteristics are operative. Testing will be
desirable just before the slurry is introduced into the borehole, perhaps on occasion as drilling
progresses, and always before concrete is placed.

The following paragraphs describe briefly several tests that can be performed for the control of
mineral, polymer or blended slurry. For blended slurry, the tests and criteria are the same as for
mineral slurry. Some of the tests would normally be used only for designing slurry mixes or for
troubleshooting during construction. For most jobs, the mud balance for density, the Marsh
funnel or rheometer (preferred) for viscosity, and a pocket pH meter or pH paper are adequate to
monitor the properties of the slurry during routine construction operations, once the slurry mix
has been designed for the site in question.

Sampling

Careful attention must be given to the sampling procedure, which would appear superficially to
be quite simple. It is easy to sample slurry improperly, however, which leads to false
information regarding the slurry's characteristics.

If the slurry has been freshly mixed and is being agitated, satisfactory samples may be taken
almost anywhere in the storage tank. The important point is to obtain a sample that is

representative of the mixture.
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The sampling of the slurry during the drilling operation or just prior to concreting (after cleaning
the base) is another matter. Sediment should neither settle from the slurry prior to starting the
concreting nor should a layer of sediment form on top of the column of fresh concrete during
placement. Therefore, the sample of the slurry must be taken at the bottom of the slurry column
where the sand concentration is usually the highest. A special tool is needed in order to obtain a
sample from any point in the slurry column; the tool shown in Figure 6.6, sometimes referred to
by drilling contractors as a "thief," is suitable in most cases. A steel or lead sinker is lowered to
the bottom of the borehole (or the level at which the sample is to be taken) on a piece of airplane
cable. This sinker can be used to sound the bottom of the hole to discover evidence of sediment
and to judge the effectiveness of the clean-out procedure. Experienced inspectors can learn to
feel whether a borehole is solid or soft (indicating sediment) with this sinker, although a heavier
sounding device, such as a short piece of No. 18 rebar, may be more sensitive for the purpose of
probing the bottom.

A metal casing, or tube, is then dropped down over the airplane cable and seals against the
sinker, capturing a sample of slurry at the desired depth in the borehole. A steel or lead cover is
then dropped to seal the top of the tube and the sample is winched out of the hole. While limits
on certain slurry properties will be recommended, it is always good practice to take multiple
samples at different times after the cessation of drilling to assure that the properties of the slurry
have stabilized. Only then should concreting proceed. When the "thief" is brought to the surface,
its contents are usually poured into a plastic slurry cup to await testing.

Testing

This section describes several items of testing equipment, which can be obtained from any of
several oil-field service companies.

Density

A mud balance (lever-arm scale) is typically used to measure the density, or unit weight, of the
slurry. A metal cup that will hold a small quantity of slurry is carefully filled out of the slurry
cup and cleaned of excess slurry on its exterior. It is then balanced by moving a sliding weight
on a balance beam. The density of the slurry is read directly from a scale on the beam in several
forms [unit weight (Ib/cubic foot, Ib/gallon), specific gravity]. The scale should be properly
calibrated with water in the cup before making slurry density readings.

This device is accurate, and readings can be taken rapidly. The only problem is to obtain a

representative sample because the quantity of the slurry that is tested is small in relation to the
quantity in a borehole. Therefore, multiple tests are recommended where feasible.
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Figure 6.6. Sampler for slurry
(from Fleming and Sliwinski, 1977)

Viscosity

Several measures of viscosity are used in specifications. The simplest (but most indirect)
measurement is with the Marsh funnel, a simple funnel with a small orifice at its bottom end.
The Marsh funnel, while simple and expedient, does not truly measure viscosity and can be
misleading when monitoring the viscosity of some polymer slurries. The test is performed by
placing a finger over the tip of the small orifice at the bottom of the funnel (after making sure
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that the orifice is clean) and filling the funnel with slurry to a line at the base of a screen located
near the top of the funnel. When filling the funnel, the slurry should be poured through the
screen to filter out large solid fragments. The slurry then is allowed to flow out of the funnel
through the orifice back into an empty slurry cup, which has a mark denoting one quart 094 L),
and the number of seconds required for one quart of the slurry to drain from the funnel into the
cup is recorded. (It should be noted that not all of the slurry will have flowed out of the Marsh
funnel at the time one quart has accumulated in the slurry cup.) This measure of time, in
seconds, is the "Marsh funnel viscosity." Many specifications for drilling slurry rely on the

- Marsh funnel, and the device allows adequate control of slurry for many jobs.

Other jobs require more stringent controls, and some specifications are based on the use of
instruments that truly measure viscosity. An instrument, generically called a "rheometer” or a
"viscometer," that can be used to measure viscosity of drilling slurries is shown schematically in
Figure 6.7. As may be seen in the figure, the cup, or "rotating cylinder," can be rotated at a
known speed. This will cause a shearing stress to be transmitted to the suspended cylinder,
which in turn will cause a twist of the torsional spring. The scale can measure the twist, and thus
the shearing stress. Some commercial versions of this device, for example, the Fann viscometer,
are arranged to be direct reading. Use of this device is almost as simple as using a Marsh funnel.

The information that can be obtained from a viscometer test is illustrated in Figure 6.8, which
presents results from tests on a dry PHPA polymer slurry (without soil contamination) that was
mixed at a dosage of 1 g /L (1 Ib/100 gal.). The shear rate is read directly in RPM but can be
converted to shear strain rate in 1/seconds on a standard Fann viscometer by multiplying the
number of RPM's by 1.703. That is the shear strain rate that is shown in the figure. The shear
stress is read in 1b/100 sq. ft. This value can be converted to dynes/sq. cm by multiplying the
shear stress reading in 16/100 sq. ft by 4.79. The shear strain rate was changed from a very low
value of 5.11 sec™!, which corresponds to a rotational speed reading of 3 RPM on the viscometer,
to progressively higher rates, including 511 sec, (300 RPM) and 1022 sec™! (600 RPM), which
are the standard rates for testing bentonitic slurries. Note that rates lower than 3 RPM are
obtained by turning the cup by hand.

As the shear strain rate is increased by increasing the RPM of the container, the shear stress
increases. The resulting relationship between shear strain rate and shear stress, shown by the
solid line in Figure 6.8, is usually nonlinear from the lowest rotational speed to the highest. A
simple power function equation for this relationship for the example that is given, which can be
obtained by simple curve fitting methods, is shown in the figure. In that relationship y is the
shear stress in 1b/100 sq. ft, and x is the shear stain rate in sec’l.

The power function relation