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Abstract

This thesis summarizes the findings of load tests conducted on model tapered, partially
tapered, and straight piles. All piles were 50.8 mm in diameter with the tapered piles
reduced to 25.4 mm diameter at the toe. The piles were driven into a medium-dense
pluviated sand bed under 3 different pressure regimes: no additional pressure, surcharged,

and surcharged with confining pressure.

Test results showed that bearing capacity increased with increasing volumetric
displacemerit, taper angle, percentage of pile tapered, confining pressure, and depth of
driving. Tapered piles provided equal or greater bearing capacity under no additional
pressure condition and significantly greater capacity under the surcharged with confining

pressure condition. The surcharged condition yielded unreliable results.

End bearing in all conditions was reliably estimated by a double passive pressure method.

The bearing capacity could be reliably determined using pile driving formulae.
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Chapter 1

Introduction

1.1 General

Piles are used to transmit loads to a deeper, and stronger soil stratum when the surface soil
strata is incapable of supporting the superstructure. This may be due to insufficient
strength in the surface layer of the soil or to unacceptable settlement. Piles generally
support vertical compressive loads, but tensile and lateral loads may result from external
sources such as wind, earthquake, waves and machinery or internally from the movement
of the soil itselfl

The use of piles as a means of supporting structures has a long history throughout the
world. In 200 BC the Han Dynasty in China was known to have used timber piles as
supports for bridges (Mohan, 1988). Most of the structures in the city of Venice, Italy are
entirely supported by piling, some of which is hundreds of years old. Prior to the late 19th
century, piling was based upon a trial and error basis or upon previous experience in the
particular region. Geotechnical engineers have learned a great deal about pile foundations
during the past century, but there remain many aspects of their design and behaviour yet to

be explored and explained.

Early piles were generally made from wood due to the availability of timber and the lack

of materials such as concrete and steel. However, the strength, long term reliability, and



availability of concrete and steel often make them a better alternative for the massive

structures which are constructed today in the modern world

Piles can be summarized into three major classifications: cast-in-place piles, driven closed
ended piles or open ended piles. The decision to use one type of pile versus a different
type encompasses factors such as the location of the building site, the type of soil, the
required depth of the pile, the required bearing capacity, the equipment available, the site
conditions, and local practice.

Closed ended piles are the most common types of piles available on the market. These
piles can be formed out of wood, steel, or concrete and are generally driven into the soil.
The steel piles are usually pipe piles, which have a hollow circular cross-section with a
thick plate or a driving shoe at the toe. Precast concrete piles typically come in sections

with circular, hexagonal or square cross-sections.

Open ended piles are similar to closed ended steel piles, but, as the name implies, they do
not have a plate or driving shoe at the pile toe. This facilitates the driveability due to a
decrease in the resistance at the toe of the pile. Upon completion of driving, the soil from
the hollow portion inside the pile is sometimes removed and filled with concrete to
increase both the bearing capacity and also the ultimate strength of the pile itself. Studies
(Klos and Tejchman, 1977; Smith 1995), though not conclusive, have shown that it may

not be necessary to fill open ended pipe piles with concrete in order to achieve a bearing



capacity similar to that of closed ended piles. Other low displacement steel piles include

standard H or I sections.

Cast-in-place piles are a form of non-driven closed ended piles. The pile is formed by
augering a hole in the ground, placing the required reinforcing steel in place, and filling
the hole with concrete. After the concrete has set the pile behaves in a manner similar to
closed ended piles. The depth of excavation, the soil characteristics, or the presence of
water may necessitate the insertion of a steel sleeve or casing into the augered hole in

order to prevent the collapse of the soil.

The ultimate bearing capacity of piles has been the focus of many studies (Skempton,
Yassin and Gibson, 1953; Meyerhof, 1956; Nordlund, 1963; Vesic, 1967; Mansur and
Hunter, 1970; Touma and Reese, 1973; Mitchell and Solymar, 1984; Olson and Long,
1989). Both theoretical and empirical methods have been developed by engineers in order
to determine the bearing capacity of piles in a wide range of soils. These methods have
proven to be reliable, but the inconsistent nature of soil leads to a degree of uncertainty.
This has resulted in the inclusion of generous safety factors into the design process. The
safety factors are further increased due to the limited data that can be deduced from
normal field tests, the many variables encountered when dealing with different soil strata,
and the selection of the appropriate empirical coefficients. These unknowns are not as
great for driven piles due to the feedback provided during the driving process. Test piles

may be installed to improve the accuracy of the design, but this practice is both expensive



and time consuming. Thus test piles are generally installed only on major projects.

Laboratory testing attempts to improve the reliability of the pile design. The validity of
laboratory testing has been questioned due to scaling uncertainties and also the inability to
fully replicate field conditions. However, laboratory testing has the advantage of being
relatively inexpensive and offers a great deal of control on the soil and other variables.
The low cost involved allows for the analysis of a wide range of variables which can later

be applied to the actual field conditions.

Many attempts have been made to increase the bearing capacity of piles through
modification of the pile shape while maintaining the length and diameter. Most of the
explored methods deal with improving the end bearing capacity of the pile. Franki-piles
and belled piles are the two most common methods of increasing the end bearing capacity
of the piles. Through different means the pile base is expanded and the diameter of the
pile at the toe is increased thus increasing the bearing capacity of the pile. One method
uses a dynamic method which may or may not yield true pile capacities, while the other
uses mechanical means to increase the base area. Both the Franki and belled piles are

cast-in-place and thus preclude the use of steel or precast piles.

Little has been done to attempt to improve the shear resistance of the piles. The most
common method to increase the shear resistance of the pile comes in the form of

roughening the surface of the pile. Another, but largely ignored, method of increasing the



shear resistance is to taper the pile, which forms the basis of this paper. Monotube® has
been making tapered piles since the 1920’s, and numerous sources (Peck, 1958; Morrison
and Robinsky 1964; Nordlund, 1964; Olson and Long, 1989; Rybnikov, 1990; Zil’berberg
and Sherstnev, 1990; Kodikara and Moore, 1993) have demonstrated dramatically
increased bearing capacity when using tapered piles in certain sandy soils. Yet the use of
tapered piles is limited, in part, due to the lack of design methodology and widespread
results from testing of such piles. Another factor hindering the acceptance of tapered piles
is the general higher costs associated in the manufacturing of such piles which can

possibly be overcome.

1.2 Scope of Study

An investigation of the bearing capacity of tapered and partially tapered piles both in
relation to each other and also in relation to uniform diameter piles was performed.
Uniform sand beds were deposited using the pluviation method. Model piles were driven
into a sand bed by a hammer and pulley system with a constant drop height. The piles
were tested under a constant rate of penetration by a closed loop hydraulic material testing
system (MTS). The parameters of this test include: the angle of taper on the pile, the
length of the pile, and the additional stresses applied to the sand bed. The tapers analyzed
were 0.5° 1° and 2°, and all the test piles underwent a change in diameter from 25.4 mm
(1 inch) at the base to 50.8 mm (2 inches) at the top. This resulted in the length of the
taper varying with the angle of taper. The tapered piles were compared to a 50.8 mm (2

inch) straight test pile.



1.3 Objectives

The objectives of this study were:
* To study the bearing capacity of tapered, partially tapered and untapered piles driven
into a dry coarse grained soil.
* To study the effects of varied driving lengths upon the bearing capacity of the
various piles.
* To study the development of the shear resistance and end bearing capacity with
varying buried depth of pile.

* To study the effect of varying taper on the developed end bhearing capacity of the
pile.
* To compare the uplift capacity between untapered and partially tapered piles.

* To study the relation between blow counts and bearing capacity.



Chapter 2

Literature Review

2.1 General

Piles are classified as deep foundations when the length exceeds the diameter by a factor
of no less than four under normal circumstances (Prakash and Sharma, 1990). Depending
on the location, applied loads and soil conditions, piles can be placed vertically or slanted
(battered). Their purpose is to transmit load from a structure to the load bearing soil strata
in a2 manner which will not exceed the capacity of the soil while limiting settlements of the
said structure for design requirements. Piies transmit their ioad to the adjacent soul

through the friction developed along their sides, and through bearing along their base.

2.2 Bearing Capacity of Piles

For the design purposes of piles, the ultimate axial support load is generally presented in

the form:
Quie = @p+ Qs =q, A+ f - A ()
where Q = ultimate axial bearing capacity
Qp = ultimate end bearing load
Q = ultimate shaft load
qy = ultimate end bearing stress

f; = ultimate shear resistance



Ap = end bearing area of the pile

A = area of pile shaft
As shown in the preceding equation, end bearing and shaft stresses are generally treated
independent of each other. Touma and Reese (1974) concluded that these two factors are
not completely independent from each other and that there is interaction between the

forces beneath the pile tip and the forces on the pile shaft.

In coarse grained, i.e. cohesionless, soils (sand, gravel, and rock) the ultimate bearing
capacity is largely a result of the end bearing capacity of the pile. Whereas in fine grained,
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developed shaft resistance.

The determination of the bearing capacity of piles in sand is difficult because of the many
variables involved. Installation of a pile in sandy soil causes deformation of the adjacent
soil, rotation of the planes of principal stress, and differential volume changes (Hanna and

Tan, 1973).

2.2.1 End Bearing Capacity

Most accepted modern methods for determining the end bearing capacity of piles follow

the formula:

1 .
qu=C'Nc'Sc+q'Nq'Sq+§'Y'B'Ny'Sy (2)



where c = cohesion of the soil

q = overburden pressure

Y' = effective unit weight of soil

N, Ng, Ny = bearing capacity factors for a strip footing
Sc; Sq» Sy = pile shape factors

B = width of the foundation

This equation is simplified for piles through the use of several logical statements. When

the depth is significantly larger than the width, as with pile foundations, it may be stated
that v BNy « qNg and therefore becomes insignificant. This reduces the original equation
to:

g, = ¢ N.-S +q-N,-§, 3
In a cohesionless soil c = 0, therefore ¢ - N.- S, = 0. Since virtually all piles are circular

or square S, has a constant value and therefore has been incorporated into the N' g values.

Equation (3) is thus reduced to the form:

9, =q-N, )
The earliest studies into the bearing capacity of piles (Prandtl, 1921; Reissner, 1924;
Caquot, 1934; Buisman, 1935) were based on the penetration of a rigid stamp into an
incompressible solid. It was therefore believed that the bearing capacity of the pile was

proportional to the initial overburden pressure of the soil. Vesic (1973) further concluded
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that the mean normal ground stress, ¢',, not the initial overburden stress, ¢, or q in
equations 2 through 4, governs the bearing capacity. Vesic determined that the mean

normal ground stress is related to ', by the equation:

(1+2-K,)-6, (1+2-K,)-y-H

%o 3 3 )
Vesic defined the end bearing as:
4, = 09 Ny (6)
Thus equating (4) to (6) results in:
L o

o

where, 6', = mean normal ground stress
o', = effective overburden pressure

K, = coefficient of earth pressure at rest ( = 1- sin¢')

Y' = effective unit weight of soil
H = height of soil above pile toe

N'; = bearing capacity factor for mean normal ground stress
N 4 = bearing capacity factor including shape factor

¢’ = soil internal angle of friction

In an attempt to determine the end bearing capacity of piles, various failure patterns

beneath the pile tip have been proposed. The differences between the various patterns and



11

field testing have resulted in numerous proposals for the value of N q- While

demonstrating the high dependence of Nj upon the ¢’ of the soil, Figure 2.1 illustrates
many of the various proposed values for N q- Figure 2.2a shows the failure pattern

beneath the pile toe as proposed by DeBeer (1945) and Jaky (1948). Berezantsev (1953,
1961) and Vesic (1963) proposed that the failure occurs only in the region directly beneath
the pile toe (Figure 2.2b). As shown in Figure 2.2c, Terzaghi (1945) assumed that the
failure pattern beneath a pile was identical to the failure pattern beneath a shallow footing.
The major éssumptions being that the soil above the pile tip was replaced by an equivalent
overburden pressure while ignoring the shear strength of the soil. Figure 2.2d illustrates
the failure pattern proposed by Skempton er al. (1953) which is represents an expanding
spherical cavity. Vesic (1977) proposed a failure pattern, shown in Figure 2.3a, based
upon observed failure patterns beneath pile tips of model and full size driven piles, see
Figure 2.3b. The wedge I is a highly compressed region of soil directly beneath the pile
tip. This wedge exists beneath the tip of the pile regardless of the initial soil conditions.
The wedge pushes through loose soils without forming noticeable slip surfaces. In dense
soils the wedge I pushes the shear zone II into the plastic zone III. Further advancement of
the pile into the soil is made possible through the compression of the soil in zones I and IT

as well as the lateral expansion of the soil in Zone III.

Vesic (1967) concluded that the ultimate end bearing capacity of a pile was reached only

after a settlement of approximately 25% of the pile diameter for placed piles and 10% of
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the pile diameter for driven piles. Kulhawy (1984) arrived at values of settlement at

failure of 30% and 8% for bored and driven piles respectively.

Vesic (1967) observed that the ultimate end bearing capacity of a pile increases in a linear
manner which is related directly to the overburden pressure of the soil until a driving depth
of four times the pile diameter is reached. Vesic (1964) had previously determined that at
a depth of 10 pile diameters in loose soil and 30 pile diameters in dense soil, the end
bearing capacity of the pile reaches a constant value. This maximum end bearing

resistance is solely a function of the relative density of the sand and independent of the

\

overhurden pressure e

g
np are, O

this premise by stating that N, varies with both the ¢' of the soil, and the length to

diameter ratio of the pile with a maximum value occurring between the depths of 10 to 20
pile diameters. On the other hand, Hanna and Tan (1973) noted that the tip resistance does
not reach a maximum at these ratios, but continues to increase at a reduced rate. Several
other studies (Kulhawy, 1984; Randolph er al., 1994) have also concluded that the end

bearing continues to increase at a decreased rate.

Based on field tests and empirical values Meyerhoff (1976) developed the following

criteria,

Qp=(0.4-§)-Db-APS4-N-AP 8)

where Qp =end bearing load in tons (multiply by 100 for kN)
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N = average corrected standard penetration test blow count at the pile toe
Dy = depth of driving
B = pile diameter

A, = area of pile toe

P
In 1983 Meyerhoff suggested two reductions for the ultimate end bearing resistance. The
first is a reduction of 33% when the pile is driven into silts instead of sand. Equation (9)
describes a reduction factor for the end bearing proposed by Meyerhoff for a pile whose

diameter exceeds 0.5 m.

B+0.5Y"
Rb=(;_’£)s1 )

where B = pile diameter
n =1 for loose sands
2 for medium density sands

3 for high density sands

There are basically two methods of increasing the end bearing capacity of a pile. The first
method is to lengthen the pile such that it reaches a deeper and stronger strata, like a dense
sand or bedrock. In regions where deeper placement is infeasible the diameter of the pile

toe can be expanded.

If the pile is driven, the only manner in which the base may be expanded is through the use
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of a larger diameter pile. However, bored cast-in-place piles have the option of increasing
the entire diameter, or only expanding the base. Expanded base piles are classified as
either belled or Franki piles depending on the method of construction. Belled piles as
shown in Figure 2.4, are generally created by specialized equipment that uses two blades
and a collection bucket which simultaneously allows for the formation of the bell and the
removal of the soil from the hole. Engineers in the former Soviet Union attempted to form

the bell through the use of explosives with varying degrees of success (Mohan, 1988).

Figure 2.4 - Typical Belled Pile
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Franki piles are formed by driving zero slump concrete through a rigid tube which has
been driven into the ground. As seen in Figure 2.5, the completed concrete pile consisting

of concrete driven out at the end of the tube and is ideally formed into a rounded expanded

base.

2.2.2 Shaft Resistance

The shaft resistance of the piles is a combination of the adhesion of the soil to the pile face

and the friction of the soil against the surface of the shaft. The unit shaft resistance, f,,

may therefore be described by the formula:

fi=a-5,+K -5, -iand (i0)
where, f; = ultimate unit skin resistance
o = coefficient accounting for pile type, soil conditions and installation method
S, = undrained shear strength of soil

K, = coefficient of lateral earth pressure

C', =mean normal ground stress

d = angle of friction at soil-pile interface

In sand S, becomes negligible and conversely in pure clay § = 0. From the comparison of
many test piles installed in various clays, Vesic (1977) concluded that the values of o may

vary from 0.2 to 1.5.
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The horizontal force in the soil, and therefore the force normal to the pile walls, is related

to the vertical stress of the soil by the coefficient K;. The range of the coefficient for a
particular soil is described by three different values: K,, K, and K, K, describes the

minimum possible ratio that can exist in a soil just before failure occurs. This case most
commonly occurs when dealing with a retaining wall that has yielded to a small degree.

K, describes the at rest value of the sand. K}, is the maximums possible ratio that can exist
before soil failure occurs, and is equal to the inverse of K,. Since Kp is inversely
proportional to K,, this case would be represented by pushing a wall into a soil bed.
Equations (11) and (12) describe the values of K, and K.

K, = 1-sin¢’ (1D

N G Y
Kp = tan (45+5) (12)

Early studies (Meyerhof, 1959; Nordlund, 1963) assumed that, as the pile is driven into
the ground, all displaced soil moves laterally without any vertical deformation. Thus the

surrounding soil is compacted and K increases from the natural coefficient of earth

pressure (K,) towards the Rankine passive pressure (Kp).

Vesic (1970) and Meyerhof (1976) determined that K, decreases from a maximum value

near the top of the pile down to a minimum value near the toe. These values may vary

from K, to less than K. Das (1990) reported similar findings for closed ended piles, but



for low displacement piles such as H piles and open ended pipe piles, K; is approximately

equal to K, over the entire length of the pile.

Das (1984) suggested that K is equal to K, for bored or jetted piles. For low displacement
piles values of 1.4K, to K, were proposed, and 1.8K|, to K for high displacement driven
piles. Ireland (1957) stated that the value of K may approach K, and that a design value
of 1.75 should be reasonable for sands. Meyerhof (1976) proposed values of K, in sand

of 0.5 for bored piles, 0.5 to 1.0 for driven H piles and 1.0 to 2.0 for driven displacement
piles. In API RP 2A (1989) standard for the American Petroleum Institute it is suggested
that design values of K should be 1.0 for full displacement piles and 0.8 for low
displacement piles. Bhusan (1982) proposed a value of K based on the relative density of

the soil.

K, = 0.5+0.008 - D, (13)

. . . (emax -e)
where D, = relative density of soil = ————— x 100%
€max ~ €min)

e = actual void ratio
€min = Minimum possible void ratio

€max = Maximum possible void ratio

Kraft (1991) described a reduction in K down from K, that occurs during driving called

“fluffing”. Fluffing is comprised of two separate components. The first aspect of the
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fluffing process occurs when the pressure is relieved due to the pile tip passing by the soil
in question. The reduction in the value of K due to the decrease in applied load is more
pronounced in dense soils than in loose soils. The other aspect of fluffing results from the
additional vibrations in the soil as a result of the continuation of the driving process. The

vibrations cause a greater reduction in initially loose soils than in their dense counterparts.

Peck (1958) noted that the frictional development between steel and sand is probably less
than between sand and sand. Potyondy (1961) conducted the first series of tests in

-

attempting to determine the relation between § and ¢' for a variety of materials. Testing

showed ihat the ratio of 6 to ¢ was iess than i ranging from 0.543 to 0.99. Poryondy
further showed that, regardless of the material used, § approached ¢' as the surface
roughness increased. It was concluded that since the value of & is less than ¢' that the
failure occurred at the soil-pile interface. When & was raised to an equal or greater value
than ¢', failure occurred in the soil near the pile, but not at the interface. Vesic (1977)
reasoned that the sand at the soil pile interface is in a state of ultimate failure. Since the
soil is in a state of failure the friction is independent of the initial soil density and pile
material. Therefore & can be taken as being equal to the coefficient of friction of the
remolded soil, ¢'. The values proposed by Vesic compare favorably with the values
proposed by Potyondy. Various sources (Das, 1984, 1990; Coyle and Castello, 1981;
Prakash er al., 1990) suggest values of 8 ranging between 0.5 ¢' and 0.8 ¢'. Kishida and

Uesugi (1987) determined that & varies linearly with the surface roughness of the steel
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pile. Kraft (1991), on the basis of these and other tests (Acar er al., 1982; Bozozuk ez al.,
1979; Datta et al., 1980; Yoshimi and Kishida, 1981), concluded that under normal
circumstances the ratio of é to ¢’ should be taken as 0.6 for calcareous sands and 0.7 for
siliceous sands. Higher ratios could be used if proper engineering assumptions and

criteria were followed.

In sands, shaft resistance is taken to increase linearly to a critical depth at which point it
reaches a constant value relative to the initial sand density. Vesic (1967) places this critical
depth between 10 and 30 pile diameters. From model testing in loose sand, Hanna and
lace the critical depth at 40 pile diameters. Kulhawy (1984) proposed, that
like tip resistance, an ultimate shear resistance is not reached, but that it continues to
increase at a reduced rate. Kraft (1991) reinforces the Kuihawy proposal by concluding
that & decreases with depth while the contractive behaviour of the soil increases with
depth. Both of these effects are related to soil arching which has the effect of limiting the
developable frictional resistance. Tan and Hanna (1974) came to a similar conclusion that
there is no further increase in shear capacity at large L/D values due to arching effects in

the soil. Coyle and Castello (1991) concluded that the unit skin friction continues to

increase with depth, but at a reduced rate.

Meyerhof (1976) based his determination of f; on empirical correlations to field testing.

N

fs = 355 S0-1MPa (14)
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where, fisin MPa

N = average corrected Standard penetration test blow count in the shear region

Hanna and Tan (1973) concluded that the shaft friction reaches a maximum value after
less settlement than is required for end bearing. Vesic (1967) determined that for either
bored or driven piles the settlement required to develop maximum shear resistance is 0.3
to 0.4 inches (7 mm to 10 mm), regardless of the pile diameter. Nauroy et al. (1988) came
to similar conclusions that the ultimate skin friction was achieved after settiement of 2 mm
to 6 mm for pile diameters ranging from between 20 mm and 760 mm. Testing by
Kuinhawy (1984) aiso showed simiiar settiements of 5 to i0 mm for the maximum shear

resistance to be mobilized.

The tensile capacity of piles is developed solely through frictional resistance along the
shaft unless the pile has some form of an expanded base such as a bell or a ball as in
Franki piles. Hunter and Davisson (1969) concluded that the tensile capacity of piles in
granular material was approximately 70% of the compressive shear force developed.
More recently, Randolph er al. (1994) estimated the tensile shear capacity of piles was

closer to 80% that of the compressive capacity.

Methods of increasing the shear capacity of piles have been limited in both theory and
application. As previously stated the surface roughness of the pile has an effect on the

maximum shear resistance that may be developed. The greater the roughness, the greater
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the developable shear resistance. The other studied method is to taper the pile, this is done
to increase the ultimate shear capacity by increasing the normal force on the sides of the

pile.

2.3 Residual Stresses

Upon completion of driving the axial force in a pile is not equal to zero. Several researches
(Smith, 1962; Hunter et al., 1969; Tan and Han_na, 1974; DeNicola and Randolph, 1993)
have demonstrated that after driving the residual stresses in a pile can be significant. If the
residual stresses are not taken into account, the bearing capacity of the pile does not
change. however they do affect the percentage of the load taken in end bearing versus
shear which may become critical when scaling the pile to a different length. Briaud et al.
(1984) theorized that the residual point load in sands can reach significant levels due to the
fact that friction loads require less movement to be unloaded in comparison to the end
bearing load. Therefore, upon loading, the toe may actually be supporting a greater load
than the load cell, which is zeroed after driving, would indicate. The residual stresses are
the least at the top of the pile due to the fact that the top portion of the pile has the least
amount of friction to overcome. And conversely the stresses are greatest near the bottom
of the pile where the friction the pile has to overcome is greater than the elastic potential
of the pile material. Randolph et al. (1994) stated that residual stresses remain a

significant problem in creating a usable formula for determining the bearing capacity of

piles in sand.
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Kraft (1991) concluded that the end bearing may be as much as 1.25 to 2 times as great as
the measured load. As the pile length is increased, the percentage of error in the measured
frictional resistance is reduced due to the increasing portion of the load taken by the pile in
this manner. The reduction in percentage of error reduces the overestimation of the shear
friction resistance. This reduction in overestimation will lead to an apparent decrease in
the rate of increase in shear friction. This will appear to be a leveling out of the shear
friction and thus misleading researchers to accept the limiting value theory for shaft
resistance. This will have little effect on reasonably similar piles that have been scaled off
the original. However, for a piles of significantly different length this could amount to a

significant error in the calculated bearing capacity.

This leads to the observation that residual stresses can be reduced if the stiffness of the
driven piles is increased. Sparrow (1988) measured the residual stresses, in straight piles
similar to those used in this investigation, and concluded that the residual stresses were

insignificant due to the short length and high stiffness of the model piles.

2.4 Tapered Piles

2.4.1 General

Though tapered piles are not commonly used in modern construction this has not always
been the case. The original tapered piles were constructed out of wood due to the fact that
a tree stripped of its branches forms a natural tapered shape. However, wood doesn’t have

the strength of concrete or steel, nor does it have the long term durability that may be
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required in many cases. Finally the length of a monolithic wooden pile is limited by the
height of the tree. Modern piles benefit from the advantages provided by new materials,
but are usually cylindrical or prismatic in nature. The requirements placed on foundations
by modem structures have created an interest in the potential advantages provided by

tapered piles manufactured with new construction materials.

N
Lindqvist and Petaja (1981) concluded that piles i
. — F
rovid t: istance in shear as the angle of the
provide greater resistance 1 angie o TIIIITITTTTT TSI
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taper is increased. This follows conventional shear =N «

Figure 2.6 - Basic Shear Theory
described by Equation (15).

T=N-«o (15)
where, T = Maximum developed shear stress resisting movement

N = Force normal to shearing plane

a = Coefficient of friction, is equal to K¢ tan

As a pile penetrates through the ground, either by driving or by settlement, the
surrounding soil densifies and approaches the Rankine passive state. Thus, the
surrounding soil provides greater resistance and therefore a greater normal force is

developed. The result of which is the development of a greater resisting shear stress.

Lindqvist and Petaja (1981), and Kodikara (1993) both state that the benefits due to



tapering are the greatest in dense
frictional soils. Figure 2.7 shows the
effect of taper on K as proposed by
Nordlund (1963) for various
combinations of pile taper, w, and soil
friction angle. This figure shows the
diminishing effect of taper on soils of
low intemnal friction and the need for
greater taper angles for the soil to
ch lifmiling sheaf vaiucs. Upon
analysis of several sites where tapered
piles have been used, Lindqvist and
Petaja (1981) suggest that large

amounts of silt, clay or artesian ground
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Figure 2.7 - Effects of Pile Taper on K
(Lindqvist and Petaja, 1981)

water will hinder the benefits provided by tapered piles.

In Finland, where many soil strata consist of a loose to medium-dense sand layer overlain

by a clay layer, partially tapered piles are being made use of more frequently, according to

Lindqgvist and Petaja (1981). This allows the tapered portion to extend into the sand layer

where it becomes most useful, and allows a less expensive straight portion to be present in

the clay layer.
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Saha and Ghosh (1986) concluded that tapered piles have a different response to vibration
and dynamic loading than prismatic piles do. The tapered shape induces an increased
stiffness in the soil during driving. The densified soil is beneficial for bearing capacity,

however it causes a decrease in the dampening ability of the soil.

Gregersen et al. (1973) concluded that taper is somewhat beneficial for both the
compressive and tensile capacities of piles in sand. It was also noted that the residual

stresses are greater in tapered piles than in straight piles.

2.4.2 Step Tapered Piles (Case Studies)

D’Appolonia ez al. (1963) conducted a test using an instrumented Raymond step-tapered

pile. The pile was driven through layers of compact clayey-sand and gravel coming to rest
in a shale bedrock. At the design load of 100 tons only 10% of the load reached the pile
tip, and at twice the design load of 200 tons the load at the tip increased to approximately
20% of the total load. D’Appolonia stated three different factors which enhance the
bearing characteristics of the step tapered piles. The first was the displacement of soil
which increases the lateral soil pressure and thus the shear resistance of the soil. The
second factor is the annular area at each step, and finally the corrugated surface of
Raymond step-taper piles causes the shear failure plane to occur in the soil vs. at the soil-

pile interface.
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2.4.3 Continuously Tapered Piles (Case Studies)

Peck (1958) performed a comprehensive analysis on in situ driven piles in both sands and
clays. Part of this analysis compared tapered and untapered piles. Peck concluded that
tapered piles have a beneficial effect on pile capacity, with the benefits being more
apparent in dense soils and with piles that have a greater taper. The results of the analysis
demonstrated that a pile with a 1° taper provides a bearing capacity that is 1.5 to 2.5 times

that of an untapered pile.

Robinsky and Morrison (1964) conducted testing with both straight and tapered piles. The
sand bed used for testing had lead shot added at regular intervals to the sand bed. Using
X-ray spectography it was possible to track the movement of the lead as the pile was driven
into the sand. Tracking the shot allowed the authors to observe movements of the soil in
the region of the pile. The testing involved two different straight piles and one tapered pile
with both smooth and rough surfaces. From the x-ray spectography it was observed that
the majority of the soil compaction occurs in the region of the tip where a noticeable cone
develops. Figure 2.8 illustrates the displacement of the surrounding soil was in the form
of a bulb around the pile. The size of this bulb would increase with increased pile
diameter, pile taper, surface roughness and sand density, with the largest bulb existing
around the tapered pile. Robinsky and Morrison observed that as the pile tip passes by, the
soil undergoes vertical expansion. This creates a thin sleeve of soil with a lower ¢' than
exists under the pile point. This sleeve of loose sand, approximately 1/4 of the pile

diameter in thickness, is surrounded by a ring of dense sand which prevents much of the
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lateral soil pressure from reaching the pile S o
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wall. Straight piles have little to no ability

to recompact this loose soil, but tapered

piles are able to recompact the sand further [

up the pile wall. The testing also showed
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piles not only through driving, but also by
a cast-in-place method. Rybnikov (1990)

described field tests comparing two cast-
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were 4.5 m long. For the five tapered piles,

tapers ranged from 1°20' to 2°40'. The holes for the tapered piles were bored through
the use of special augers attached to the end of a drilling rig. The augers are in the form
of an endless screw, allowing them to create constant taper over the entire pile length.
The site soil strata consisted of sandy loam, loam, and sand. The tapered piles had 20% to
30% greater bearing capacity in comparison to the uniform diameter piles of equal length

and equal or greater volumetric displacement. With an increase in the taper angle the



32

bearing capacity increased, and there was a proportional decrease in the volume of

material required to form the pile.

Zil’berberg et al. (1990) compared the tapered pile foundation of a new factory to
previously installed uniform diameter pile foundations that were typically used in the
region. The primary bearing strata was a saturated fine loose sand (¢ = 28°) overlain by a
sand-loam fill. The piles used were 3 m long pre-cast piles which tapered from 70 x 70 cm
to 10 x 10 cm (= 5.7°). It was determined that the tapered piles provided 2.5 to 3 times the
bearing capacity of the 10 to 12 m long piles (30 x 30 cm) that were normally used. It was
further determined that the settlement was also less than would be expected using the
uniform prismatic piles. The use of the tapered piles provided nearly a 45% reduction in
the cost of the foundation resulting from savings not only in materials, but also in labour

and machine hours.

Sterin et al. (1984) described a variation of the tapered piles called pyramidal piles.
Figure 2.9 illustrates how these piles are similar to other tapered piles except that only two
of the four faces are tapered. Figure 2.10 demonstrates how the piles are installed in
groups of 4, this essentially creates a large tapered foundation beneath the columns. These
piles were found to be inexpensive to produce, and provide high bearing capacity with

little settlement.

Monotube® piles are fluted steel tapered or partially tapered piles. The fluted shape
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provides the piles with greater rigidity such that they are less likely to become damaged
during transportation and driving. After driving the piles are generally filled with concrete
to increase the pile strength and stiffness. The Monotube piles come in tapers of
approximately 0.334° to 0.955°. Several tests have been conducted to determine the
effectiveness of Monotube piles. The most demonstrative compared driving test piles for a
16 story building. It was determined that for the 60 ton design load, H-piles would have to
be driven 198 ft through a weak sand to bedrock. An on site tapered test pile driven to a
depth of only 56 ft provided sufficient capacity for the design load of the piles to be
changed from 60 tons to 80 tons. Each pile was thus 70% shorter in length, and the site

required 400 fewer piles than would otherwise have been necessary.

Monotube also recorded several comparative uplift field tests. From these tests it was
concluded that the uniformly tapered piles provide greater uplift capacity than similar
untapered piles in sands. This increased uplift capacity was attributed to increased

densification of the soil, uniform taper, and the fluted configuration.

Jain et al. (1978) conducted tests with driven wooden timber piles 3.5 m in length. The
piles had a square cross-section with the top of the tapered piles being 20 x 20 cm and the
toe varying from between 8 x 8 cm to 16 x 16 cm. The results were compared with
straight piles with cross-sections of 18 x 18 cm and 16 x 16 cm. It was concluded that
tapered piles do provide greater capacity than untapered piles. It was also noted that the

capacity of the piles tends to decrease with an increase in taper.
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Dutta (1985) conducted bearing and uplift tests on six differently shaped concrete model
piles. The different pile shapes tested were uniform in diameter, square and triangle cross-
sections as well as step taper, conically tapered, and pyramidally tapered. Each pile was
designed such that all piles possessed a length to diameter ratio of approximately 10 and
the volume, length and tip area were constant. The piles were testedina 70 x 70 x 110 cm
wooden vessel containing sand with a ¢ = 39°. The piles were placed freely on the surface
of a thin layer of sand on the bottom of the tank, then the remainder of the tank was filled
using the pluviation method. Both bearing and uplift tests were performed by
incrementally loading the pile through the use of a screw jack centered above the pile. The
results from these series of tests showed that the uniform triangle pile provided the
greatest bearing capacity, followed by the uniform square, step tapered, pyramidally
tapered, conically tapered, with the uniform diameter pile having the lowest bearing
capacity. In terms of uplift capacity the uniform triangle pile once again had the greatest
bearing capacity followed by the uniform square, step tapered, uniform diameter,

pyramidally tapered, and finally the conically tapered pile.

Tests using model timber piles were conducted by Kurian and Srinivas (1995). The piles
tested involve uniform diameter, square and triangle shapes as well as their respective

tapered equivalents. All piles had a length of 700 mm, a top cross-sectional area of 2500
mm?, a tip area of 100 mm? and a volume of 72,333 mm>. The previous constraints result
in the tapered piles having tapers of 1.63° for the prismatic, 1.83° for the circular and

2.48° for the triangular pile. The piles were tested in a tank 800 x 800 x 800 mm filled
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with sand (¢ = 37°, y = 15.5 kN/m?). Inan attempt to simulate the conditions of the piles
being used as replacement piles beneath an existing structure, the piles were placed in the
tank at the appropriate height then a consistent sand layer was pluviated into the tank. On
average the tapered piles provided approximately 10% greater bearing capacity than did
the equivalently shaped straight pile. The testing further showed that for an equivalent
load the tapered piles settled approximately 25% less than their uniform counterparts. It

was estimated that the stress on sides of the tapered

Pile
piles was approximately five times greater than on “f—[_
X + +
the untapered piles. A finite element analysis

X ¢ +
prograin deveioped in conjunciion with ihe iesting
showed a rotation of the planes of principal stresses

as shown in Figure 2.11. According to this

program the failure of the tapered piles occurs in

+~ 4+ 4+ o+
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£t
£t
the region of the pile tip. Finally the optimal cross- 7( +

section was determined to be the triangular, § 47 )l
followed by the square, with the circular being the _‘_ :

least efficient. Figure 2.11 - Principal Stress Planes
(Kurina and Srinivas, 1995)

El Naggar and Wei (1998) conducted a series of compression and tension tests on both

straight and tapered piles. All piles tested were 1,524 mm long, with the straight piles

having a diameter of 168.3 mm, the first tapered pile having a top diameter of 203.2 mm

and a bottom diameter of 152.4 mm, and the second tapered pile having a top diameter of
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196.8 mm and a bottom diameter of 165.1 mm. The piles were tested in a tank, 1,445 mm
tall with a diameter of 1,500 mm, which provided a confining pressures up to 100 kPa, but
without an applied surcharge pressure. Similar to the procedure of Kurian and Srinivas
(1995), sand was pluviated into the tank to a height of 0.4 m. A pile would then be placed
slightly into the sand, and the remainder of the sand pluviated around the pile. The piles
were loaded in 10 increments of 10% of the predicted bearing capacity and held for 2.5
minutes at each load. The testing procedure involved a compression test followed by a
tension test.which returned the pile to its original position. The pressure in the tank was
then raised to the next pressure and tested. The confining pressures tested were between 0
and 100 kPa in increments of 20 kPa. From these series of tests it was concluded that in
compression there was a beneficial effect to tapering the pile, but in tension the tapered
piles only achieved similar capacities at confining pressures of 100 kPa. Hence, it was
further concluded that the ratio of compressive:tensile capacity for straight piles was less

than that of tapered piles.

Olson and Long (1989) collected several thousand pile load tests from various sources in
an attempt to determine the effectiveness of present design methods. The analysis of the
data demonstrated that there was an average bearing capacity increase of 11% and a small
increase in pull out capacity for tapered piles as compared to untapered piles in clay.
Olson and Long noted that the increased capacity in clays was not conclusive due to the
small amount of data available. In sands, the average bearing capacity of tapered piles was

2.2 times that of untapered piles. Based on a small number of tests available, the uplift
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capacity of tapered piles appeared to be 2.1 times that of untapered piles. It was
concluded that the bearing capacity of piles in layered soils increased in proportion to the

percentage of the driving depth occupied by sandy soils.

Olson and Long assumed that the effect of taper varied with radial strain. This assumption
agreed with the observation that the increase in capacity with tapered piles was a result of
increased radial stresses in the soil. These stresses depend on the radial strain developed
in the soil after the pile tip passes through the soil. The proposed method of calculating
the frictional capacity developed along the sides of the pile was:

=0 . (1+F
S SV ¢

o . = R ars
x""‘aeﬁx:mred *=side “ts/ 4
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where, F, = an empirical factor likely to decrease with an increase in strain (0.1 for
clay and 10 for sand)

(D-D,)

b,

The radial strain R, is defined as R, = oY)

D = diameter at the top of the pile

D, = diameter at the pile toe

The empirical modifiers of Dennis and Olson (1985) were also used in the calculation of

the piles.
1.0
F point = 0.15 + 0.008L (18)
1.0
Fiide = —Treoms (19)

0.6(L/(60D))
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These correlations were the result of the API RP 2A underestimating the bearing capacity
of short piles, those typically less than 50 feet in length. Using all of the proposed
modifiers, the ratio of calculated bearing capacity to actual capacity was an average of 1.0
over the 573 tests analyzed using this method. The majority of the samples fall within a

safety factor of 2 but a safety factor of 3 provides a reliability of 99%.

2.4.4 Methods of Estimating Tapered Pile Bearing Capacity

The methods for calculating the bearing capacity of tapered piles are limited. Nordlund
(1963) made one of the first attempts to determine the bearing capacity of driven tapered
piles. Figure 2.12 illustrates the basis for Nordlund’s model which is represented by the
following equation:
d=D
Q,=N,A-0,+ ) K -0, -sin(@+8)seco-Cy-Ad (20)
d=0
where N, = bearing capacity factor
A = pile toe area
G, = effective overburden pressure at the pile toe
K = coefficient of lateral earth pressure
04 = effective overburden pressure at depth d
® = pile taper angle
d = soil-pile interface friction angle.

C4 = perimeter of pile at depth d
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Figure 2.12 - Nordlund Tapered Pile Model (Nordlund, 1963)

Ad = small incremental change along the length of pile
The model was based on a an infinitely long wall being pushed into the soil. As previously
proposed the sides of this wall interact with the soil via a friction angle of 8. As the sides
of this wall are rotated outwards the pressure on the sides of the wall increase due to the
development of passive pressure. At some limiting taper angle the ultimate passive
pressure of the soil will be achieved and therefore there will be no further increase along
the shaft beyond this point. Nordlund proceeded to create a series of figures relating the

taper angle, , to K for ¢=04 values of 25°, 30°, 35° and 40°. These figures corrected the

development of K depending on the volumetric displacement per unit length of the pile.



These figure indicated that the lower the
friction angle of the soil the more
effective a larger taper becomes. Figure
2.13 indicates that the upper limit of the
effective taper angle is in the region of 2°
for a full displacement pile with & = ¢ =
30°. Figure 2.14 is used to correct the

value of K depending on the value of 8/¢.

Rodikara and Moore (1993) proposed
another method that makes the

assumption that the pile is preformed in
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Figure 2.14 - Correction factor for K (Norlund, 1963)



an ideal elastic-plastic soil. The
model divides the soil into three
distinct phases. The first phase
describes the soil and the pile in a
state where the two are basically
bonded together, and therefore
both deform elastically. Phase two
involves slip occurring between
the pile and the soil, yet the soil is
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three slip is still occurring along the pile-soil interface, but the soil in this region acts as a

perfectly plastic solid. As shown in Figure 2.15 one of the major factors in the bearing

capacity of the pile is G, the shear modulus of the elastic soil. The experimental line in

this figure resulted from the
values taken from Rybnikov
(1990), since there was no
information available on G the
authors estimated that the value
ranged between 10-16 MPa due
to ¢ of the soil. Figure 2.16

illustrates that this method

shows a continually increasing
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shear resistance in accordance

to an increased taper angle. The é c e
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uses an in house method of

capacity of tapered piles. While the company does not endorse the use of any particular
formula or method they do suggest that wave equation analysis programs (WEAP) or
other methods that take residual stresses into account may be appropriate for use. Wave
equation programs are evolutions of the method proposed by Smith (1960). As per Figure
2.18 the pile is broken up into a series of springs and dashpots. As the hammer hits the
pile an energy wave travels through the pile beginning at the top and traveling downward.
A certain amount of energy is transferred along to the next pile increment and a certain
amount is absorbed by the dashpot. When the wave reaches the base of the pile it
rebounds back up towards the top. The maximum displacement in the last segment is the
penetration of the pile due to a hammer fall. Obviously wave equation programs are only

used for driven piles.
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Another proposed method is to use a dynamic pile driving formulas such as the following

one published by the Engineering News Record:

2. W, -H . w
P = A =2 E where —2 > 1 21)
s+01-(ﬂ) s+01-(—”) e
- \w, S \w,

where P = allowable load in pounds
W, = total weight being driven (pile, pile cap, etc...)
W}, = weight of hammer

H = height of hammer drop
s = penetration of pile into ground at the depth where successive blows give
similar penetration

E = energy delivered by the falling hammer
However, there has been much debate over the usefulness of such formulas. Tavenas and
Audy (1972) analyzed a large number of field data and concluded that driving equations
did not accurately predict the bearing capacity of the driven piles. It was concluded that
driving formulas may become more accurate if the amount of energy actually transferred
to the piles could be accurately determined. Vijayvergiya (1980) came to a similar
conclusion about the ineffectiveness of dynamic driving formulas to reliably predict static

bearing capacity.

Kurian er al. (1995) modeled a finite element program based on the results of laboratory

testing. The elements used were three dimensional 8-node cubes or 6-node wedges. Few
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specifics were available on the modeling used since it has become a commercial product.

New methods such as the use of neural network programs are being developed. Chan er
al. (1995) created a neural network based on current driving formulas. Teh er al. (1997)
worked on neural networks to estimate pile capacities according to data received from
CAPWAP field testing. There are also newer equations being created similar to those

already in use, but with minor modifications (Kay, 1997).

2.5 Seil Arch

The soil arch is analogous to the arch that is used in construction, particularlv in ancient
Roman structures. Just as a structural arch is kept completely in compression, the soil
arch is also a fully compressed form. Handy (1985) noted that the natural soil arch is in
the form of a catenary and not a semi-circle seen in classical structures. The catenary is a
form seen elsewhere in engineering due to its natural ability to evenly distribute loads.
The main cable on a suspension bridge is a catenary from which cables that connect to the

deck are attached.

Terzaghi (1936) conducted one of the earliest tests on soil arching in sand. The testing
involved lowering a trap door in the base of a tank filled with sand. As the trap door was
lowered the pressure on the trap door was reduced. This indicated the presence of a soil
arch due to other portions of the sand taking the load. As the trap door yielded further the

soil underwent further expansion and the arch disintegrated. Terzaghi also determined that
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the flow of water through the sand has no effect on the development or effectiveness of the
arch. Furthermore, vibrations will aid in the disintegration of the arch, but the amplitude
of these vibrations must be significant. From observations, Terzaghi concluded that minor
vibrations like the kind that would be created by a travelling subway car are insufficient to

break the friction bonds of the arch forming the subway tunnel.

2.6 Model Testing

2.6.1 General

Much of the testing on piles is conducted in the laboratory due to the high costs associated
with full scale pile testing conducted in the field. Not only does model testing reduce the
costs by using smaller piles, which are usually one fifth to one twentieth the size of actual
piles, but more of the materials are reusable for future testing. In the laboratory it is
relatively easy to control and determine the soil properties, but in the field it is difficult to
obtain an undisturbed sample of the soil for purposes of analysis (Meyerhoff 1956).
Model testing provides greater control of the various specific parametric differences
allowing for easier and more controlled comparisons. Ghionna et al. (1991) pointed out
that deficiencies with laboratory simulations include scale effects and the difficulty of

accurately recreating field conditions such as cementation, non-uniformity of layers, etc...

2.6.2 Calibration Chambers

Calibration chambers have become an established method for modeling in-situ conditions

of cohesionless soils (Schnaid et al., 1991). Calibration chambers are vessels, usually in



48

the form of a box or cylinder, which contain soil to be used for testing purposes.
Calibration chambers can be either fixed walled or flexible walled, also referred to as
double walled. Fixed walled calibration chambers impose the lateral boundary condition
of zero strain on the soil. This type of chamber is simpler to build and maintain, and has
been used for experimentation in several cases (Mattes and Poulos, 1971; Hanna and Tan,
1973; Cooper, 1976; Last, 1979; Smits, 1982; Dutta, 1986; Sparrow, 1989; Anderson and

Pyrah, 1991; Kulhawy, 1991; Achari, 1991; Kurian and Srinivas, 1995).

Flexible walled chambers are created through the use of an inner flexible membrane. The
first chamber of this type was built in 1969 by Holden and Lilley in order to study the
performance of full sized cone penetrometers under laboratory conditions. It is most
common for the walls of large chambers to be flexible with the base and the top either
rigid or have pressure applied by a cushion. Veismanis (1974) noted that the flexible
walled chambers more accurately reflect field conditions. Table 2.1 illustrates the

boundary conditions that can be imposed on the soil through the use of a calibration

Table 2.1: Flexible Walled Chamber Boundary Conditions

ggﬁg&ﬁ G, = constant | O}, = constant Ae, =0 Agy =0
Bl v v
B2 4 v
B3 v 4
B4 v v
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chamber. Boundary condition B1 indicates that both vertical and horizontal pressures are
being applied to the soil sample, thus the soil is able to move in all directions, but the
stresses remain constant. Boundary condition B2 represents an inability of the soil to
move in either direction, but the stresses along the walls may change. Finally, B3 and B4
represent the case where the sides are pressurized and the top and bottom are fixed or vice-

versa.

Chambers that lack a flexible top or base are only able to create boundary condition B2

and B4. Holden (1971) concluded that the lateral pressure has a greater influence on the

performance of piles and penetrometers, and therefore calibration chambers that are

flexible only on the walls generate acceptable results.

2.6.3 Scale and Boundary Effects on Calibration Chambers

There has been much debate over the required size of a calibration chamber such that the
boundary effects are minimized. In chambers where the walls are rigid, such as in the B2
and B3 conditions, the soil may not be able to expand laterally as it would in the field. For
flexible walled chambers the applied lateral pressure is designed to simulate the far field
stress in the soil. However, the distance at which the far field stress is located may be
further out than is being simulated by the chamber. A surcharge load may be partially
transferred to the walls of the tank instead of straight down through the soil. These effects

can lead to erroneous bearing capacity values.
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Meyerhof (1959) was the first to propose an acceptable pile to chamber diameter. Since
that time, particularly in the eighties and nineties, many further studies have been
performed in order to determine an acceptable pile/chamber diameter ratio. Table 2.2

shows a compilation of the proposed values.

Table 2.2: Propesed Chamber Sizing Restrictions

Pile Diameters e .
Author Year ('Zhan?ber to From Chamber Limitations on
Pile Diameter Sand Parameters
Base
Meyerhof 1959 10 - -
Schmertmann | 1976 34 - -
Baldi ez al. 1982 - - Medium-Dense
214 - D, =15-30%
Parkin and
Lunne 1982 50 - NC Dense Sand
100 - OC Dense Sand
(OCR > 8)
Robertson and | 1984 10-20 - -
Campanella
Williams er al. | 1988 3-4 6 -
Ghionna and 1691 30-35 - Loose Sand
Jamiolkowski 60 - Dense Sand
20 - Loose Sand
Kraft 1991
50-100 - D, =90%
O’Neal 1991 60 5 -

D, = Relative Density

NC = Normally Consolidated

OC = Over Consolidated

OCR = Over Consolidation ratio
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Schnaid and Houlsby (1991) concluded that for low density sands there is general
agreement that chamber tests are reasonably accurate. However, it was also noted that as
the density of the sand increases the effects of the chamber diameter to the pile diameter
become more pronounced. Foray (1991) noted that the conditions that exist in the field
may fall somewhere in between the Bl and B3 boundary conditions making the present
models inaccurate. This may account for some of the problems being encountered in

determining an appropriate chamber size.

A decrease of 15% in the end bearing capacity in rigid walled chambers was noted by
Parkin (1988). Fiovante et al. (1991) noted a similar decrease in total bearing capacity as
the chamber to pile ratio dropped from 60 to 33 and 35.7 to 20 for fixed and flexible

walled chambers, respectively.

2.6.4 Preparation of Soil

Calibration chamber testing relies heavily upon the ability to deposit a uniform and
reproducible soil layer within the chamber. For this reason the majority of the calibration
chambers have been designed for use with sands. The pluviation method (Rad, 1984) is
widely used to create sand bends of uniform density. The pluviation method has become
such a standard that virtually every paper dealing with sand calibration chambers from the
Proceedings of the First International Symposium on Calibration Chamber Testing/

ISOCCTI (1991) mentioned using this method.
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The application of the pluviation method is quite simple. A sand filled tank of equal
diameter to the calibration chamber is placed directly above the chamber. A diffuser sieve,
which usually consists of two sieves at 45° to each other, is placed several centimeters
from the bottom of the calibration chamber and is attached to a heavy plate which resides
on the surface of the upper tank. Sand released from the upper tank falls at a constant rate
into the chamber where it contacts the sieve and loses its momentum. Since the height of
the sand in the tank is decreasing at the same rate that the sand in the chamber is

increasing, the sieve is always a constant height from the top of the sand in the chamber.

Rad and Tumay (1987) conducted tests on the variables in the pluviation method in order
to determine the effects on the pluviated sand bed. An increase in the size of the holes in
the shutter, and therefore an increase in the speed of deposition decreased the density of
the soil bed. An evenly spaced hole pattern in the shutter provides greater bearing capacity
than a shutter with randomly placed holes. The consistency of the sand bed is greatest
when sieves at 45° to each other are used, but there is no benefit to using more than 2

sieves arranged in this fashion.

2.7 Test Parameters
There are various related aspects of the soil-pile interaction that can affect the resulting
bearing capacity. Kraft (1991) proposed four parameters that affect the bearing capacity

of piles: soil attributes, pile characteristics, method of pile installation, and the method in
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which the pile is loaded.

2.7.1 Soil Attributes

The bearing capacity of piles is affected by various soil parameters such as the internal
angle of friction, crushability, compressibility, lateral earth pressure coefficient, stiffness

modulus, and the soil-pile friction angle

Internal angle of friction ¢' - The magnitude of the internal angle of friction is affected by

the mineralogical composition and the density of the soil. The internal angle of friction is
ak

end bearing and shear friction developed by the pile.

The end bearing of piles increases with an increase in ¢’ due to the logarithmic relation
between Ng and ¢'. The angle ¢' is the primary factor in determining the lateral earth

pressure coefficient, K, and the soil-pile friction angle, §. These two factors are the most
significant factors when determining the developed shear friction in granular soils. Bishop

(1972) and Bolton (1986) determined that an increase in confining pressure will lead to a
reduction in ¢'. These conclusions lead Randolph et al. (1994) to conclude that N should

be reduced with an increase in overburden stress and hence depth.

Compressibility and Crushability - Kraft (1991) observed that a decrease in soil
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compressibility will result in an increase in lateral stress on the pile surface. The
compressibility of a soil is affected by the elastic deformation of the material,
rearrangement of the grains, crushing of the grains and breaking of the cementation bonds
(Nauroy and LeTirant, 1983). As such, the effects of compressibility are only applicable
to granular materials such as sands. Several studies (Touma and Reese, 1974; Meyerhoff,
1976; Randolph, 1988) have concluded that the lateral pressure acting on the periphery of
the pile is a function of the soil’s compressibility. Testing performed by Nauroy and
LeTirant (1983) reinforce this premise by showing that the skin friction varies
logarithmically with the compressibility index of the soil. This testing showed that an
increase of ten fold in the soil’s compressibility index resulted in a 30 fold decrease in

shaft resistance.

Sands are classified as being either calcareous or siliceous in nature, depending on the
chemical composition of the grains. Calcareous sands are composed of at least 10%
carbonate, whereas siliceous sands are composed of at least 80% silica. Kraft (1991)
noted that loose calcareous sands often have greater values of ¢' than medium-dense
siliceous sands, but develop only a fraction of the shaft resistance. Lu (1988) attributed

this to a lateral reduction in stress due to a volumetric contraction in the soil.

Elastic deformation of the soil and rearrangement of the grains occur in both calcareous
and siliceous sands. Crushing and cementation occur easier in, and are more characteristic

of calcareous sands (Nauroy and Le Tirant, 1983). The amount of crushing is not only
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dependent upon the chemical composition of the sand particles, but is also affected by the
physical dimensions of the particles. Smaller and rounded particles are less susceptible to
crushing regardless of the chemical composition. Lu (1988) observed that calcareous
sands are generally softer, more angular and have more interparticle voids, thus increasing
their susceptibility to grain crushing. The crushing was greatest in the area immediately
adjacent to the pile and occurred during both driving and loading. Beyond 25 mm (1 inch)
away from the pile surface (¢ = 1.5 inches) there was little to no crushing present in the
soil. Leung et al. (1996) concluded that grain crushing increases with an increase in both
stress and duration. Grain crushing has the benefit of increasing the uniformity coefficient
of the soil due to the smaller crushed grains filling in the space between larger grains. The

increase in the uniformity coefficient of the soil increases the ¢' of the soil.

Lateral earth pressure coefficient - As previously discussed in Section 2.2.2, the ratio of
the lateral pressure to the vertical pressure is described by the lateral earth pressure
coefficient, K. The higher the value of K the greater the normal force along the pile shaft

and therefore the greater the developed shear force.

Soil-pile friction angle § - The conditions that exist in the region of the interface between
the soil and the pile are critical to the shear friction that can be developed along the pile

shaft. As mentioned in Section 2.2.2 an increase in surface roughness of the pile or an

increase in ¢' will increase the value of §, resulting in improved pile shear resistance.
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2.7.2 Pile Characteristics

Piles differ from one another in both the type of material used as well as the dimensions.
Piles are most commonly constructed out of three materials: wood, concrete and steel. In

some cases piles are constructed from more than one of the above materials.

Timber - The simplest timber piles are created by removing the branches and bark from a
felled tree. This type of pile was the sole source of piling prior to the twentieth century
and continues to be used today. Due to natural limits on size and strength, these pile have
the lowest material strength and also have length restrictions. Another disadvantage to
using timber piles is the potential shorter life span due to the rotting that may occur under

fluctuating ground water conditions.

Concrete - Concrete piles form a large percentage of the piling used during the twentieth
century. Concrete piles can be either cast-in-place or precast, thus allowing for the
greatest variation in shape of all three type of piles. Some of the precast piles are
prestressed thus allowing them to be used in situations where tensile or bending loads are
present. The major drawback to using concrete piles is that, unlike wood and steel, they

are costly to lengthen or shorten after casting.

Steel - Steel piles are also very common in modern engineering design and can be either

high displacement or low displacement piles. Closed ended pipe piles are the most
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commonly used high displacement steel piles. H-section and open ended pipe piles are
the most common low displacement steel piles used. H-sections are often used in

locations where weak soils necessitate driving to bedrock or a denser layer of soil.

Diameter - In general, a larger pile diameter will result in an increase in both the end
bearing and the shear resistance of the pile. Meyerhof (1983) proposed that for piles with
diameters greater than 0.5 m that a reduction factor should be used when calculating the
end bearing capacity of piles. This reduction is more predominant in dense soils than in
loose soils. However, it was also noted that the unit skin friction resistance of the pile is

unaffected by the pile diameter.

Length - Increasing the pile length results in greater end bearing and shaft resistance. As
discussed in Sections 2.2.1 and 2.2.2 unit end bearing and shear resistances may reach

constant values or increase, but at decreased rates past D/B ratios of 10 to 30.

Compressibility - The importance of the relationship between the compressibility of the
soil and that of the pile is questionable. The relative compressibility of the pile is affected
by the pile length, diameter, wall thickness in steel piles, and Young’s modulus with
respect to the piles and the stiffness modulus of the soil. Hanna and Tan (1973) noted a
decrease in the shaft resistance when the pile stiffness was reduced by a factor of 6. The
reduced steel area decreased the pile stiffness increasing the residual stress in the pile and

soil. Hettler (1982) conducted tests using several different materials, with a wide range of
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Young’s moduli, and found no difference in the shear friction developed during tension

tests.

Displacement - Low displacement piles are piles that disturb the surrounding soil to a very
small degree when installed. These pile include bored cast-in-place, H-section and open
ended steel tubular piles. High displacement piles are generally considered to be driven
precast or closed ended steel piles. These piles generally cause densification of the soil
surrounding the pile resulting in an increase in the shear resistance due to the increase in
lateral pressure on the pile walls. Vesic (1964) reported a 40% increase in the shear

resistance of a driven displacement pile versus a similar low displacement pile.

2.7.3 Pile Installation

The determination of the method of installation plays a critical role in the final bearing
capacity of a pile. The type of pile and the method of installation are based upon the most
economical means of providing suitable support for the superstructure. Piles are installed

in one of three methods: bored cast-in-place, pre-drilled or jetted, and driven.

Bored cast-in-place piles - Holes are created through the use of an auger and filled with
concrete. Depending on the loading that will be applied to the pile, a2 mesh of reinforcing
steel may be inserted into the hole before the concrete is poured. In certain situations a
casing is inserted into the hole as it is being augered in order to prevent the walls from

caving in. If greater end bearing is required, belled or Franki piles can be created.
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Pre-drilled or Jetted - Pre-drilling and jetting are used to form holes into which a
prefabricated pile is placed. These methods are used to ease the penetration of driven piles
into the soil when refusal is reached at an unacceptably low penetration into the soil (Kraft

1991). The soils most often subject to these methods are the dense cohesionless soils.

Jetting is performed while the pile is being driven into the soil. High pressure water and/
or air is injected into the soil ahead of the pile tip. The injection loosens the soil and
Creates excess pore water pressure, thus reducing the effective stress making it easier to
advance the pile through the soil. Hunter and Davisson (1969) determined that jetted piles
have a bearing capacity that is 2/3 that of driven piles. Mansur and Hunter (1970) and
McClelland (1974) have shown that jetting can have a significantly negative effect on the
shear resistance of the piles. A pile fully jetted 14.6 m into a medium-dense sand had only

10% the uplift capacity of a similar pile driven into the soil.

Driving - Pile driving can take place in one of two methods: vibratory driving or impact
driving. A vibratory pile driver applies an oscillating axial load in order to drive the pile
into the soil. The frequency of the oscillating load varies depending on the application.
Low frequencies are often used to install sheet piling and light cross-section low
displacement piles. At these low frequencies, the entire pile is pushed into and lifted out
of the ground on each cycle. At higher frequencies, resonance between the pile and the

surrounding soil can be achieved. Gendron (1970) reported that, through the use of
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resonant frequencies, high displacement piles had been driven in excess of 100 feet with
vibratory pile drivers. Gendron (1970) observed the advantages of vibratory pile drivers in
relation to impact drivers include: an improved ability to drive lighter cross-sections to
greater depths, quicker installation, reduced amplitude of the vibrations conveyed to

nearby structures and lower installation noise.

Impact driving is the oldest and most common method of pile installation. It involves the
transfer of energy from the downward moving hammer onto the pile cap. The hammer
may be acting solely under the influence of gravity or may have additional downward
acceleration provided through mechanical means. The dense soils and piles with larger
diameters require greater energy for driving, thus heavier hammers and/or greater drop
heights become necessary. Toolan ez al. (1990) observed that driving resistance increases
with depth then the resistance reaches a fairly constant value after approximately 10 pile

diameters for loose soils and 25 for dense soils.

2.7.4 Pile loading

Aging - Aging refers to the change in bearing capacity of the piles when tested at a later
date rather than immediately after installation. Kraft (1991) used the common assumption
that there was no setup time involved with sands due to the immediate release of pore
water pressure. However, Tavenas and Audy (1972) performed testing in order to
determine the potential effects of aging on soils. Concrete piles driven into a wet uniform

medium-dense calcareous sand bed, tested after 20 days as opposed to 12 hours exhibited
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50% to 90% increase in bearing capacity. The increase in the bearing capacity was due to

increased interlocking of and cementation between the sand particles.

Mitchell and Solymar (1984) stated that a freshly deposited bed of clean washed sands
may be considerably weaker and have a lower modulus than an older sand bed. It was
determined that the freshly deposited sand beds undergo a seasoning process for several
months, during which time there is an increase in the strength and modulus of the sand

bed.

long term loading. This increase in shear friction was attributed to long term changes in

the stress regime surrounding the pile leading to an increase in ¢’ n- Chow er al. concluded

that the stress increase along the pile was due to the dense ring of soil, proposed by
Robinsky and Morrison (1964), breaking down and releasing stress slowly over time. It
may, therefore, be permissible to design for higher than original design loads on existing

aged piles (Chow er al., 1997).

Loading Method - There have been several different loading methods developed in order
to simulate field conditions in the laboratory. The three loading methods described in the
American Society for Testing and Materials D1143-81 (1981) are the Slow Maintained-
Load (Slow-ML) test, the Quick Maintained-Load (Quick-ML) test, and the Constant Rate

of Penetration (CRP) method.
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The ASTM D1143-81 (1981) recommends the Slow-ML testing method for performing
load tests. This method involves loading the pile to 200% of the design load in increments
of 25% of the design load. The increment loads are held constant until the rate of

settlement decreases to 0.5 mm in 10 minutes or after the load has been sustained for two

hours, whichever comes first.

The Quick-ML test, developed by the Texas Highway department, dates back to 1962.
The pile is-loaded until 200% to 300% of the expected failure load in 20 even load
increments. ASTM 1143-81 (1981) suggests that the time increment between load

increments should be 2.5 minutes or as atherwise snecified

Unlike the previous two testing methods, the CRP test pushes the pile into the ground at a
constant rate and records the resulting applied load. Whitaker (1957) developed the test
while attempting to determine the settlement required to fully mobilize the soil resistance.
Whittaker and Cooke (1961) later performed full scale testing and suggested a loading rate
of 0.5 mm/min. ASTM 1>143-81 (1981) proposed rates of 0.25 to 2.5 mm/min depending

on the soil being tested.

After comparing the Slow-ML, Quick-ML and CRP methods, Joshi er al. (1989)
concluded that CRP is an acceptable loading method if used only to verify the capacity of
the pile. The most significant difference between these tests is the time required for

testing. Sparrow (1989) concluded that the three testing methods yield similar results.



63

The CRP test is not only the fastest of the test methods, but it also delivers a curve that is

the simplest to read and interpret.

2.8 Analysis Methods of Load-Settiement Data

Various methods for the determination of the ultimate load of a pile from the load-
settlement plots have been proposed. These methods vary from mathematical models
based on theoretical idealization of a hyperbolic shape to empirical methods developed
over time. There are many different methods available from literature, however only the
analysis methods used are presented here. These methods of analysis were determined to
be the most reliable methods by previous studies on the equipment used (Sparrow,1989:

Achari, 1991; Smith, 1995).

2.8.1 10% Criteria
This method was developed by Vesic (1977) and is based on empirical experience. When
the settlement reaches 10% of the pile diameter the maximum load is estimated to have

been reached.

2.8.2 Single Tangent Method
As shown in Figure 2.19 the ultimate load is defined as the regression back to the load axis

of a line tangent to the plastic range of the curve.
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2.8.3 Double Tangent Method

In Figure 2.20 tangents are drawn to both the elastic and plastic portions of the load-
settlement curves. The intersection of the two tangents describes the ultimate load of the

pile.

2.8.4 Brinch-Hansen 80 % Criteria
This method plots the square root of settlement/load versus settlement. The slope of this

line provides a constant C, and the intersection on the y axis a second constant C,. The

ultimate load is given by the equation:

Qmax = _1— (22)

2,/C,C,

2.8.5 Brinch-Hansen 90% Criteria
Brinch-Hansen (1963) proposed this method for CRP testing. As shown in Figure 2.22

Qmax is defined as the load at which the settlement is twice as great as the settlement at
90% of Qmax- The determination of Qy,, by this method is completed through a trial and

error method.

2.8.6_Chin Method

Chin (1970) proposed a method which assumes a hyperbolic load-displacement curve. As
illustrated in Figure 2.23, the inverse of the slope of the line produced by a displacement/

load versus displacement plot estimates the ultimate bearing capacity of the pile.
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2.8.7 Mazurkeiwicz Method

Mazurkeiwicz (1972) proposed a method in which 4 equally spaced vertical lines, in the
region of transition between elastic and plastic behaviour, are drawn on a load versus
displacement plot as in Figure 2.24. Then horizontal lines, connecting the y-axis to the
intersection of the vertical lines and the load displacement curve, are added. Lines drawn
at 45° from lower loads to the next highest loads are then drawn. A straight line between

these 3 intersection points crosses the y-axis at the point of maximum bearing capacity.
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Chapter 3

Apparatus and Test Procedure

The apparatus for model testing was originally designed and assembled as a rigid walled
calibration chamber by Sparrow (1989). It has since been modified twice, once by Achari
(1991) and again by Smith (1995) to allow application of vertical and horizontal stresses,
thus making the test apparatus a flexible walled chamber. For the series of tests presented
herein, there were no major modifications made to the equipment, and only minor

modifications to the test procedure and pile types.

3.1 Apparatus
3.1.1 Test Tank

Sparrow (1989) originally formed the test tank by bolting two 16 gauge 900 mm diameter
cylindrical steel sections one atop the other. These bolted cylinders were welded to a 9.5
mm thick base plate. Unidirectional wheels were added under the corners of the base plate

in order to roll the apparatus into place for testing.

Achari (1991) performed several modifications to the tank in order to apply surcharge
loading to the sand. The tank itself was modified by welding horizontal rings onto the
tank in order to stiffen the walls enough to resist the additional horizontal loads resulting
from the application of surcharge loading. An inflatable rubber doughnut shaped bag

encased in a flexible nylon housing was designed in order to apply a surcharge load to the
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top of the sand bed. In the middle of the surcharge bag there was a 76 mm (3 inch)
opening for the pile to move through. Additionally, a steel lid which can be bolted on to
the top of the tank was manufactured. This 12.7 mm (1/2 inch) thick steel plate was
reinforced with several 12.7 mm thick stirrups. Like the surcharge bag, the lid also had a
76 mm diameter opening. A perspex cylinder with a 76 mm outer diameter was placed
inside the surcharge bag’s opening in order to prevent the bag from expanding and adding .

friction onto the surface of the pile which passed through the hole after driving.

The tank was most recently modified by Smith (1995) in order to apply a horizontal
confining stress to the sand. Angles were welded to the outside face of the tank in order to
further stiffen the walls against the increased loads that would need to be restrained. The
inside of the tank was covered with a bitumen backed plastic sheet in order to cover any
holes that may have been created in the walls when the stiffening members were welded in
place. A perforated 840 mm diameter aluminum cylinder was placed inside the tank, this
cylinder supported a 20 mil polyvinylchloride (PVC) membrane which formed the flexible
lining. The membrane was attached to the side and the base of the tank by metal rings.
The cylinder was instrumented with nine strain gauges in order to determine the horizontal
stress in the soil at various points. The aluminum cylinder was held in place by inflated
rubber tubes to ensure it was stationary throughout the testing procedure. This allowed air
to be pumped between the membrane and the tank wall in order to apply a confining stress
to the soil. A wooden buffer to go between the surcharge bag and the soil was added to

prevent the surcharge bag from crushing the aluminum cylinder. The buffer had the added
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benefit of ensuring a consistent stress across the top surface of the sand bed.

3.1.2 Pluviation Tank

In order to create a uniform sand bed by pluviation a second tank is required. Sparrow
(1989) designed the pluviation tank as per the recommendations presented by Rad and
Toumay (1987). The pluviation tank is 2.13 m high, 0.89 m in diameter and rests upon
four metal legs. At the base of the pluviation tank is a shutter through which the sand is
transferred from the pluviation tank into the testing tank. The shutter is composed of two
9.5 mm thick plates. One plate is fixed to the tank while the other can be moved via a
lever on the outside of the tank. Both plates contain an identical pattern of 12.7 mm (1/2
in) holes with a centre to centre spacing of 63.5 mm (2 1/2 in). When the lever is raised
the holes are aligned and the sand is free to flow out from the pluviation tank. When the
lever is lowered again, the holes no longer line up and the flow of sand out of the tank

ceases.

The diffuser sieve is comprised of 2 horizontal sieves with a nominal opening of 6.35 mm.
The sieves are spaced 80 mm apart and are rotated at 45° with respect to each other. The
diffuser sieve was reduced from 0.84 m in the original tank to 0.75 m due to the
modification made by Smith (1995). Small wheels were added to the side of the diffuser
sieve due to concern that the sieve would puncture the PVC liner during the pluviation
process. The diffuser is suspended by four steel ropes such that before sand transfer

begins the sieve is 0.54 m from the bottom of the test tank. These ropes go through several
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pulleys and attach to a heavy metal plate critical for the pluviation process.

The transfer of sand between the two tanks resulted in an undesirable amount of fine
particles being released into the air. Sparrow (1989) attached a fabric shroud between
both tanks, but the finest sand particles were still able to make their way through the fine
mesh of the fabric. Smith (1991) modified this setup with a plastic shroud and a location
for a vacuum to be attached. The plastic is impermeable and thus it is impossible for the
fines to escape from this closed system. A vacuum was attached to provide the air leaving
the test tank with an escape route, without letting any fine particles into the air. Figure 3.1

illustrates the interaction of all the components in the pluviation process.

3.1.3 Piles

The piles as pictured in Figure 3.2 were constructed of 0.362 m (14 1/4 in) lengths of steel
pipe. The diameter of the straight piles was 50.8 mm (2 in), and the tapered piles ranged
from a top diameter of 50.8 mm (2 in) down to 25.4 mm (1 in) at the tip. The straight piles
have a wall thickness of 3.18 mm (1/8 in) and the tapered piles are step tapered on the

inside resulting in a wall thicknesses of 3.18 mm (1/8 in) to 6.35 mm (1/4 in).

The pile sections joined together to form piles of 0.72 m (28 1/2 in), 1.09 m (42 3/4 in),
and 1.45 m (57 in). A top section 0.457 m (18 in) was added to the top of the piles in order
to extend the pile above the tank lid so to apply load during testing. The piles were driven

to depths of 0.72 m (28 1/2 in), 1.09 m (42 3/4 in), and 1.32 m (52 in) as illustrated in
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Figure 3.3. The maximum driving distance was limited to 1.32 m to allow 0.6 m of
distance between the pile tip and the bottom of the test tank as per Hanna and Tan (1973).
In the case of the 1° and 2° tapered piles, straight sections made up the remainder of the

height after the tapered section reached 50.8 mm (2 in) diameter.

3.1.4 Driving Apparatus
The drop hammer driving device designed by Sparrow (1989) was used to drive the piles

into the pluviated sand bed. The drop hammer consisted of a cylindrical driving hammer
with a mass of approximately 10 kg. The hammer was attached to the shaft of the driving
apparatus such that it was only free to move in the vertical direction. The top of the
hammer was attached to a rope and pulley system for ease of driving. The pile was driven

to the appropriate depth through a consistent drop height of 0.8 m.

The pile was held in place during driving by either one or two of the restraints or leads
seen in Figure 3.4. These restraints were also fixed to the shaft of the driving apparatus,
they allow the pile to move vertically, but not horizontally, during driving by the two

wheels, one on either side of the pile.

3.1.5 Sand
The sand used in this experiment was the same sand used by Smith (1995) and is classified
as an SP using the Unified Soil Classification System, as seen in Figure 3.5. The sand had

a uniformity coefficient of 2.7 and a coefficient of gradation of 1.2. According to ASTM
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standards the maximum and minimum densities were determined to be 17.72 kN/m3 and

15.35 kN/m> respectively. These densities relate the soil friction angle via the chart shown

in Figure 3.6.

3.2 Test Procedure

3.2.1 Setup Procedure

The setup and testing of the piles are a multi-step process that requires 24 hours to
complete. Figures 3.7 to 3.11 show the main steps involved in preparing and testing the

soil.

The Following is a summary of the steps required for each test

Step I - Empty the sand from the test tank into the pluviation tank by placing the test
tank above the pluviation tank and opening the drainage slot in the bottom of
the test tank.

Step 2 - Remove the remainder of the sand from the base of the tank using a specially
designed long pole. This is required since the drainage slot in the base of the
test tank is much smaller than the base itself.

Step 3 - Position the test tank under the pluvial tank for the creation of the test sand
bed.

Step 4 - Lower the diffuser sieve down into the tank and attach to the heavy steel plate
placed on top of the sand and perform the pluviation process.

Step 5 - Move pluviation tank away.



Figure 3.7 - Removal of Sand from Test Tank into Pluviation Tank
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Figure 3.8 - Test Tank in Place for Pluviation
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Figure 3.10 - Driving Apparatus Positioned Above Test Tank
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Figure 3.11 - Test Tank Beneath Loading Frame
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Step 6 - Place the surcharge bag and lid on the tank and pressurize if needed for this
test.
Step 7 - After approximately 1 hour drive the pile into place.

Step 8 - After approximately 18 hours test the pile.

3.2.2 Pressure conditions

The sand was subjected to three different pressurization conditions within the test tank.
The first condition was a no additional pressure condition where the pile is driven into the
sand as was after completion of the pluviation process. The second condition, used by
Achari (1991). was a modification of the process. This involved applving a surcharge
pressure to the top of the soil, but, unlike Achari, the pressure was applied prior to the
driving process. The final condition involved a surcharge pressure on the top of the sand
and a confining pressure on the sides. Once again the pressure was applied to the sand
prior to the driving as opposed to Smith (1995) who applied the pressure upon completion
of the driving. The applied pressures were 50 kPa in surcharge and 25 kPa in confining

stress. A confining stress of 25 kPa was chosen due to limitations of the test tank.

3.2.3 Testing and Data Acquisition Process

A Material Test System (MTS) was used to load the piles at a constant rate of 0.5 mm/min.
The pile was loaded evenly by using a spherical seat between the MTS ram and the top of
the pile. The load applied to the top of the pile, the resulting load at the pile toe, and the

pile displacement were recorded using a PC running Datascan and Labtech Notebook.
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Readings were recorded every second for approximately 50 minutes or 25 mm (1 in) of
settlement. Blow count data was also recorded for every 0.36 m section during the driving

process.



90
Chapter 4

Test Results and Discussion

More than 80 tests were conducted from which the data for 42 different tests is presented
in 4 different sections: straight piles, tapered piles, comparison of straight and tapered
piles, and numerical analysis of the data. These sections will compare the effects of
changing the pile lengths and the soil stress regime upon the resulting total, side, and end
bearing stresses. The bearing capacity of each of the piles was determined from the

collected data by the methods presented in Section 2.8.

4.1 Straight Piles

4.1.1 No Additional Pressure

Figure 4.1 shows the results from the testing of the straight piles with no additional
surcharge or confining pressure applied to the soil.. All curves are very similar in nature
and show the importance of the load carried in end bearing upon the total pile capacity.
Table 4.1 compares the bearing capacity of the piles as calculated via the various methods
presented in Section 2.8. The Brinch Hansen (1963) 90% method was excluded from the
calculations due to the inability of some piles to meet the failure criteria. The piles

reached their ultimate capacity after approximately 10.5 mm to 11 mm of settlement.

The large settlements are a result of the Brinch Hansen 80% and Chin methods in which

settlements exceeded the average value by as much as 31%. A modified mean of the total
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Table 4.1: Bearing Capacity of Straight Piles - No Additional Pressure

Bearing Capacity (N)
Method
1.32m 1.09m 0.73 m
10 % 1,805 1,599 942
Single Tangent 1,890 1,717 986
Double Tangent 1,912 1,739 993
Brinch Hansen 80 % 2,254 2,025 1,112
Chin 2,714 2,390 1,251
Mazurkeiwicz 1,854 1,644 948
Mean 2,071 1,852 1,038
Displacement (mm) 10.9 mm 11.0 mm 10.6 mm
End Bearing 1,648 1,688 972
Percentage of Total 79.6 % 91.1 % 93.6 %
Modified Mean 1,978 1,781 1,009
Mod. Displ. (mm) 8.2 8.6 7.9
Mod. End Bearing 1,564 1,620 938
Mod. %age of Total 79.1 % 91.0 % 93.0 %

load which removes the highest and lowest values is presented in order to eliminate any
single value which may skew the results. This leads to lower settlements and therefore

lower total bearing capacities.

As expected, the deeper the pile penetration into the soil the greater the bearing capacity of
the pile. Also, the deeper the depth of driving, the greater the percentage of the load taken
in shear resistance. As seen in Table 4.1, the end bearing of the 1.32 m long pile was

approximately 80% of the total load supported by the pile. In comparison, previous
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testing of 50.8 mm (2 in) piles by Sparrow (1989), Achari (1991), and Smith (1995) found
the ratio of end bearing to total load to be in the region of 60 % to 70 %. Sparrow and
Achari used a different sand than was used by Smith and these series of tests. These
current tests resulted in shear resistance 35 % to 40 % lower than the results obtained by
Smith. The magnitude of the impact force transmitted to the pile was significantly greater
than that used by the previous testers. A drop height of 0.8 m instead of the 0.3 m used

during previous testing regimes may have had an effect on both the end bearing and the

shear friction of the pile.

Using the same criteria as used to calculate the modified values, the tests from Smith
showed a bearing capacity of 1,858 N, an end bearing of 1,252 N, and a shear friction of
606 N versus values of 1,978 N, 1,564 N, and 414 N, respectively. This discrepancy can
be explained by an increase in residual forces. Longer hammer drops will drive the pile in
further with each blow than will smaller hammer drops. The smaller incremental
movement provided by the smaller drop induce more residual stresses into the pile. This is
due to the fact that the shear resistance of the pile absorbs a larger percentage of energy
delivered by the shorter hammer drops than the long drops. Thus the amount of energy

reaching the toe is reduced causing smaller pile movement and creating residual stresses.

The L/D ratios of the piles are 26.0, 21.5, and 14.4 for the 1.32 m, 1.09 m, and 0.73 m
piles respectively. Comparing the percentage of load taken through end bearing at the

various driving lengths, it becomes obvious that the shear resistance continues to increase
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at an increasing rate. This would indicate that the L/D ratio of 26 is not sufficient in this
soil to develop the ultimate shear friction along the pile shaft. According to Vesic (1967)
and Meyerhoff (1983) the looser the soil the greater the L/D ratio must be in order to

maximize the potential shear friction of the soil.

4.1.2 Surcharge Pressure

Figure 4.2 shows the same piles driven into the soil, but with a surcharge pressure of 50

kPa applied.-to the soil. The bearing capacity of the piles obtained by the various methods

o

for these tests are shown in Table 4.2 and are similar to, but proportionally larger than, th
values of the tests with no additional surcharge pressure on the soil. Unfortunately the
sand in the tank for the testing of 1.09 m long pile appears to have been loose making it
difficult to draw trends from the data. Comparing Tables 4.1 and 4.2 shows that the
required settlement to achieve the ultimate bearing capacity is nominally greater with the

surcharge loading than without.

The total load was approximately three times as large as that of the no pressure situation.
The maximum end bearing capacity appeared not to have been attained either. Once again
it was difficult to determine this precisely due to one test occurring in a sand bed that was

not deposited to the expected density, despite use of the pluviation process.

It was not possible to correlate the data with previous testing by Achari (1991) and Smith

(1995). This was due to significant changes in the testing procedure during this series of
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Table 4.2: Bearing Capacity of Straight Piles - Surcharge Pressure

Bearing Capacity (N)
Method

1.32m 1.09m 0.73m

10 % 4498 2510 2572

Single Tangent 4894 2659 2802

Double Tangent 5002 2689 2844

Brinch Hansen 80 % 6321 3141 3325

Chin 7850 3736 3919

Mazurkeiwicz 4961 2587 2723

Mean 5588 2887 3031

Displacement (mm) 11.9 11.1 11.1

End Bearing 4086 2216 2538
Percentage of Total 73.1 % 76.8 % 83.7 %

Modified Mean 5294 2769 2924

Mod. Displ. (mm) 9.5 8.4 9.1

Mod. End Bearing 3886 2122 2452

Mod. %age of Total 73.4 % 76.6 % 83.9 %

tests as compared to the previous tests.

4.1.3 Surcharge and Confining Pressure

Figure 4.3 illustrates the load-displacement curves from the testing in which a surcharge
of 50 kPa and a confining stress of 25 kPa was applied to the soil. A perusal of the data in
Table 4.3 indicates that, while not as great as the increase between the no pressure and the
surcharge pressure cases, there was a significant increase in the bearing capacity of the

piles in comparison to the surcharge pressure only case.
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Table 4.3: Bearing Capacity of Straight Piles - Surcharge and

Confining Pressure
Bearing Capacity (N)
Method

1.32m 1.09 m 0.73m

10 % 5,724 5,401 5,213

Single Tangent 6,345 6,161 5,945

Double Tangent 6,444 6,284 6,075

Brinch Hansen 80 % 7,522 7,422 7,167

Chin 8,844 8,608 8,178

Mazurkeiwicz 5,896 5,656 5,732

Mean 6,796 6,588 6,385

Displacement (mm) 10.7 11.0 1141

End Bearing 4,708 4,354 4,722
Percentage of Total 69.3 % 66.1 74.0 %

Modified Mean 6,552 6,381 6,230

Mod. Displ. (mm) 8.9 9.7 10.2

Mod. End Bearing 4,538 4,248 4,626
Mod. %age of Total 69.2 % 66.6 % 74.3 %

While both the surcharge pressure only and the surcharge with confining pressure
conditions attempt to simulate a deeper depth of soil, results showed that the surcharge
with confining pressure resulted in a better simulation for straight piles. If the tank
diameter was extremely large the lateral pressure that the sand would have exerted on the
walls would be in the region of 25 kPa. However, due to the relatively small diameter of
the tank, arching effects similar to those described by Terzaghi (1936) affect the resulting

pressure. As illustrated in Figure 4.4 the surcharge applied at the top of the tank is



progressively transferred to the walls of the tank and
not fully transferred to the subsequent layers of
sand. With the application of a confining pressure
to the tank the effects of arching are reduced due to
the recreation of conditions that would occur
naturally in the field. This is in agreement with the
conclusions of Smith (1995) who analyzed the
presence of arching under the surcharge load state.

The effects of arching were determined via strain

M ~oe ar 1
gauges ingtalled along the perforated aluminum

cylinder, located between the tank wall and the

inner membrane (see Section 3.1.1)

Unlike the surcharge only condition, the application

of a 50 kPa surcharge pressure and a 25 kPa

Surcharge Load

NNy

Figure 4 4 - Soil Arches in Test Tank

confining pressure simulated a soil depth where the end bearing reached fairly constant

values, as per Vesic (1964). Due to the small number of tests, it is also possible that the

end bearing continues to increase, but at a decreased rate as proposed by Hanna and Tan

(1973).

Compared to the two previous pressure conditions there is a further increase in the

percentage of the load carried by shear friction and an increase in the displacement
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required for the ultimate bearing capacity of the pile to be reached. The consistent
increase across the three stress regimes imply that for straight piles the greater the
surrounding stress in the soil, the greater the required pile displacement for ultimate

bearing capacity to be achieved.

A similar trend was noted by Vesic (1964) whereby settlements of 14 % and 14.5 % of the
pile diameter were required to reach the ultimate bearing capacity of the pile in medium-
dense and dense sands respectively. The averages of the mean settlements for the three

pressure conditions vary from 16.2% to 18.9% of the pile diameter. It is likely that some

actual field conditions.

4.1.4 Pull Qut Resistance

Pull out tests were performed on the 1.32 m long piles following the compression tests.
Figures 4.5 through 4.7 compare the shear developed in compression with that in tension.
Table 4.4 compares the maximum shear developed in both cases prior to the failure

displacements calculated in the previous sections (4.1.1 through 4.1.3).

The shaft resistance under tensile loading is less than under compressive loading due to
the introduction of tensile forces into the soil. This tensile action loosens the soil resulting
in a lower friction stress along the pile wall, thus reducing the shear which can be

developed. The results from the testing show good agreement with Hunter and Davisson
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Table 4.4: Shear Friction in Straight Piles

Location of Shear Friction (N)
Pressure Compression Tension Tens:Comp
None 414 301 73 %
Surcharge 1,413 830 59 %
Surcharge & 2,014 1,465 73 %
Confining ’ ’ ’

104

(1969) and Randolph et al. (1994) whose data indicate tension:compression resistance

ratios of 70 % and 80 % respectively. It may be noted that, the ratio of compressive to

tensile resistance of piles in soils under the vertical surcharge condition was incongruent

with the other values due to data being collected from two separate driving tests.

Residual stresses in the compression testing may affect the recorded end bearing values.

However, the magnitude of the residual stresses was comparatively small to the total load

and less than 8% of the shear in the worst case. This small error results in a maximum of

a 2% increase in the ratio of tensile to compressive shear stress.

4.2 Tapered Piles

As previously stated, the piles were tapered at angles of 0.5°, 1°, and 2° and driven to

depths of 1.32 m, 1.09 m, and 0.73 m.
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4.2.1 No Additional Pressure

Tables 4.5 through 4.7 summarize the data from Figures 4.8 through 4.10. It must be
noted that for the Vesic’s 10% method the maximum diameter of the driven section was
used. To effectively analyze the tapered piles it was necessary to further differentiate the
piles into two categories. These categories are identified by the changes in pile cross
section with increased length. The increase in length from 0.73 m to 1.09 m and further to
1.32 m resulted in the addition of straight sections onto the tapered portion of the 1° and 2°

tapered piles. This allowed for the section to retain the same maximum diameter while

Table 4.5: Bearing Capacity of 0.5° Tapered Piles - No Additional Pressure

I | Bearing Capacity (N)
Method
1.32 m 1.09 m 0.73 m
10 % 1,957 1,232 828
Single Tangent 1,993 1,289 947
Double Tangent 2,012 1,298 953
Brinch Hansen 80 % 2,369 1,496 1,062
7850 2,842 1,743 1,184
Mazurkeiwicz 1,981 1,286 913
Mean 2,192 1,391 981
Displacement (mm) 11.0 10.9 84
End Bearing 541 355 408
Percentage of Total 24.7 % 25.5 % 41.6 %
Modified Mean 2,088 1,342 968
Mod. Displ. (mm) 7.9 7.8 7.7
Mod. End Bearing 509 339 403
Mod. %age of Total 24.4% 253 % 41.6 %
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Table 4.6: Bearing Capacity of 1° Tapered Piles - No Additional Pressure

Bearing Capacity (N)
Method
1.32m 1.09 m 0.73 m
10 % 2,161 1,456 723
Single Tangent 2,220 1,497 712
Double Tangent 2,243 1,507 718
Brinch Hansen 80 % 2,695 1,725 857
Chin 3,194 1,941 987
Mazurkeiwicz 2,272 1,487 732
Mean 2,464 1,602 788
Displacement (mm) 11.4 10.6 10.5
End Bearing 323 163 | 114
Percentage of Total 13.1 % 10.2 14.5
Modified Mean 2,357 1,554 757
Mod. Displ. (mm) 8.9 8.2 7.6
Mod. End Bearing 306 156 111
Mod. %age of Total 13.0 % 10.0 % 14.7 %

changing the percentage of the pile that was tapered. The 0.5° tapered piles were just the
opposite, the increase in pile length resulted in the addition of tapered sections resulting in
a fully tapered section regardless of the length. Thus, the fully tapered section caused the

maximum diameter of the pile to increase with increased depth of driving.

This was evident when comparing the percentage of the applied load that was carried

through end bearing, as seen in Table 4.7. The 0.5° tapered piles showed a sizable



Table 4.7: Bearing Capacity of 2° Tapered Piles - No Pressure

Bearing Capacity (N)
Method
132 m 1.09m 0.73 m
10 % 2,005 2,164 1,045
Single Tangent 2,107 2,191 1,077
Double Tangent 2,135 2214 1,084
Brinch Hansen 80 % 2,633 2,680 1,240
Chin 3,143 3,163 1,400
Mazurkeiwicz 1,872 2,378 1,063
Mean 2316 2,465 1,152
Displacement (mm) 114 109 97
End Bearing 427 489 236
Percentage of Total 184 % 19.8 % 205 %
Modified Mean 2,220 2,365 1,116
Mod. Displ. (mm) 79 8.6 75
Mod. End Bearing 407 476 233
Mod. %age of Total 183 % 20.1 % 209 %

increase in

110

the percentage of the load taken through end bearing as the length, and

therefore diameter, of the pile was decreased. Whereas, the 1° and 2° tapered piles

showed a relatively slow increase in the percentage of the load carried by the pile walls

with increasing length. This trend appeared to indicate that the primary load bearing

region of the partially tapered pile occurred on the tapered portion of the pile.

The end bearing of tapered piles appeared to be a relatively small portion of the overall
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load, but as shown in Figure 4.11 there was an additional portion of the end bearing not
recorded by the load cell at the pile toe. Along the tapered portion of the pile both end
bearing and shear friction are developed. Due to the increasing diameter there was a
portion of the soil load that was taken in end bearing. Due to the fact that the end bearing
and shear friction developed along the tapered portion of the pile were both directly
related to the stress in the adjacent soil, it may be stated that the end bearing and shear
friction in this region were directly related. Hence, though the measured end bearing was
a relatively small portion of the overall pile load, it was an indicator of the ultimate load.

1 i 0 i dad t0 ha ciomifanamtle Taroan sl ol
The end bearing capacity of the 1° piles was recorded (o be significantly lower than th

- -l - L“g a ‘—J

tof
the 0.5° and 2° tapered piles. This is likely due to the failure of the connection between

the load cell and the pile tip. This failure was not noticed until the pressurized tests and it

was believed to have been confined to said tests.

<« . ~ I
: Force Normal
Py . : to Pile Wall
I
!
‘ > End Bearing
Portion
< >
S S § - -
End Bearing

Figure 4.11 - Forces Acting on Tapered Piles
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Averaging the settlements required for the mean ultimate bearing capacity for each driving
length of tapered piles resulted in very consistent values ranging from 7.8 mm to 8.2 mm.
There was some correlation between the ultimate bearing capacity and the settlement
required to reach it, such that the greatest bearing capacity of each of the three tapered
piles also had the greatest settlement. The test data further indicated that the greater the

angle of taper the greater the bearing capacity of the pile under low confining pressure.

There were three major variables which affected the bearing capacity of the tapered piles
used during the tests presented herein: the angle of taper, the volumetric displacement of
the pile in the soil. and the percentage of the pile that is tapered. The angle of taper has
been the most commonly researched aspect of tapered piles and it has been generally
agreed that the greater the taper the greater the bearing capacity of the pile (Peck, 1958;

Nordlund, 1963; Robinsky and Morrison, 1964; Rybnikov, 1990: Zil’berberg et al., 1990;

Monotube® Pile Corporation).

Testing by Jain er al. (1978), however came to the conclusions that the increase in taper
had the effect of decreasing the bearing capacity of the piles. As previously mentioned,
the tests were conducted by driving differently tapered wooden model piles into a loose
sand. The taper was formed by maintaining a constant square cross section of 20x20 cm at
the top of the pile and tapering down to 8x8 cm to 16x16 cm size. This increase in taper
results in a decrease in soil displaced by the installation of the pile. Being a loose soil, the

volumetric displacement becomes critical to the densification of the soil. Hence, the



113

benefits provided by the increase in taper is more than offset by the decrease in the
volumetric displacement. The Russian text Recommendations of Use of Pyramidal-Pile
Foundations noted that the increase in bearing capacity of pyramidal piles over straight
piles may be 50% to 100% at equal volumetric displacements. Kodikara and Moore
(1993) also made note of the increase in bearing capacity of tapered piles when compared
to straight piles of similar volumetric displacement. While this does not directly relate to
the differentiation between piles of various tapers it does indicate the known importance

of volumetric displacement when dealing with tapered piles.

Partially tapered piles have been discussed by Lindgvist and Petaja (1981) and by the

Monotube® pile corporation. Lindqvist and Petaja (1981) note that partially tapered piles

are used to extend the pile such that the tapered portion of the pile is driven into sand

beneath a clay layer. Monotube® manufactures and sells tapered piles which are extended
deeper into the soil by the addition of straight sections. However, neither of these sources
contained any records of testing which compared partially tapered piles to fully tapered

piles.

Under the low stress conditions, simulated by these series of tests, the greater taper angle
and volumetric displacement appeared to be more influential upon the ultimate bearing
capacity than the percentage of the pile that was tapered. The 2° tapered piles generally
had greater bearing capacity than the 1° piles which in turn was greater than the 0.5° piles.

The bearing capacity of the 0.5° piles was further impacted from the reduction of the
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maximum diameter, particularly at the shortest length.

4.2.2 Surcharge Pressure

The data from tests with a surcharge pressure of 50 kPa applied to the soil are presented in
Figures 4.12 though 4.14 and summarized in Tables 4.8 through 4.10. The data showed
signs of being somewhat unreliable in nature. It was likely that the bearing capacity of the
piles was affected by arching effects within the tank. These effects were most apparent on

the 0.5° piles, but were also evident on the 1° and 2° piles. The 0.5° piles showed a
Table 4.8: Bearing Capacity of 0.5° Tapered Piles - Surcharge Pressure

I I Bearing Capacity (N) ﬁl
Method
132 m 1.09 m 0.73 m
10 % 3,054 2,880 2,669
Single Tangent 3,201 3,056 3,122
Double Tangent 3,293 3,091 3,177
Brinch Hansen 80 % 4,542 3,740 4,142
Chin 6,021 4,635 5,491
Mazurkeiwicz 3,176 3,060 2,884
Mean 3,881 3,410 3,580
Displacement (mm) 124 10.8 10.8
End Bearing 243 392 539
Percentage of Total 6.3 % 11.5 % 15.1 %
Modified Mean 3,553 3,237 3,331
Mod. Displ. (mm) 9.0 7.8 74
Mod. End Bearing 227 369 501
Mod. %age of Total 6.4 % 114 % 15.0 %
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Table 4.9: Bearing Capacity of 1° Tapered Piles - Surcharge Pressure

Bearing Capacity (N)
Method
1.32m 1.09m 0.73 m
10 % 4,436 5,544 4,540
Single Tangent 4,656 5,764 4791
Double Tangent 4,709 5,820 4,866
Brinch Hansen 80 % 5,623 6,742 5,962
Chin 6,629 7,804 7,061
Mazurkeiwicz 4,590 5,715 4,800
Mean 5,107 6,232 5,337
Displacement (mm) 11.2 11.1 10.9
End Bearing 521 782 580
Percentage of Total 10.2 % 12.6 % 10.8 %
Modified Mean 4,895 6,010 5,105
Mod. Displ. (mm) 8.6 8.9 8.4
Mod. End Bearing 488 752 558
Mod. %age of Total 10.0 % 12.5 % 10.9 %

constant decrease in end bearing as the driving depth increased. Arching within the tank
inhibited the transfer of stresses from the higher layers of soil to the lower layers of soil.
The arching effect manifested itself differently for fully tapered and partially tapered piles.
The first of which was apparent in the 0.5° piles, where the load taken by the tip decreases
with an increase in driving depth. This effect appeared in a more subtle manner with the
1° and 2° piles. These piles showed a peak in the bearing capacity for the 1.09 m long
piles. This peak, or ‘sweet spot’, occurred due to a balance of the positive and negative

variables which affected the bearing capacity of the piles. There was obviously a benefit
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Table 4.10: Bearing Capacity of 2° Tapered Piles - Surcharge Pressure

Bearing Capacity (N)
Method
1.32m 1.09 m 0.73 m
10 % 3,526 3,667 3,467
Single Tangent 3,740 3,948 3,651
Double Tangent 3,795 3,994 3,692
Brinch Hansen 80 % 4,764 4,739 4,358
Chin 5,762 5,596 5.025
Mazurkeiwicz 3,811 3,928 3,532
Mean 4,233 4,312 3,954
Displacement (mm) 10.9 11.3 10.0
End Bearing 583 572 570
Percentage of Total 13.8 % 133 % 144 %
Modified Mean 4,028 4,152 3,808
Mod. Displ. (mm) 8.7 9.5 8.1
Mod. End Bearing 556 557 548
Mod. %age of Total 13.8 % 13.4 % 144 %

to the extra driving depth versus the reduction in confining pressure. Up to a certain depth
of driving, the depth of the ‘sweet spot’ appeared to decrease with the decrease in taper.
This decrease in depth could have resulted from the decrease in angle of taper, decrease in

volumetric displacement, or a combination of the two.

The settlement of the pile increased with an increase of the ultimate bearing capacity. This

increase was similar to the no additional pressure condition where the greatest settlement



occurred at the point of greatest bearing capacity for all three types of tapered piles.

4.2.3 Surcharge onfinin re

Figures 4.15 through 4.17 and Tables 4.11 to 4.13 summarize the data from the tests in
which a surcharge pressure of 50 kPa and a confining pressure 25 kPa was applied to the
soil. Similar to the unpressurized tank condition, the slow increase in percentage of load
carried by the pile toe decreased with an increase in driving depth. Furthermore, the

percentage of the load supported via end bearing was less in this pressurized state

Table 4.11: Bearing Capacity of 0.5° Piles - Surcharge and Confining Pressure

[ T

Bearing Capacity (N)
Method
1.32m 1.09 m 0.73 m
10 % 11,554 5,729 4,183
Single Tangent 12,109 6,051 5,255
Double Tangent 12,271 6,240 5,340
Brinch Hansen 80 % 13,477 8,379 6,720
Chin 15,905 11,410 8,610
Mazurkeiwicz 11,941 6,233 8,289
Mean 12,876 7,340 6,400
Displacement (mm) 9.9 11.5 15.1
End Bearing 1,835 1,002 1,003
Percentage of Total 14.3 % 13.6 % 15.7 %
Modified Mean 12,450 6,726 6,401
Mod. Displ. (mm) 8.1 7.7 15.1
Mod. End Bearing 1,763 929 1,004
Mod. %age of Total 14.2 13.8 15.7
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Table 4.12: Bearing Capacity of 1° Tapered Piles - Surcharge and Confining Pressure

Bearing Capacity (N)
Method
1.32m 1.09m 0.73 m
10 % 13,196 11,406 11,185
Single Tangent 13,348 11,923 11,300
Double Tangent 13,384 11,958 11,358
Brinch Hansen 80 % 14,515 13,002 12,269
Chin 14,984 13,525 13,624
Mazurkeiwicz 12,878 11,633 11,231
Mean 13,718 12,241 11,828
Displacement (mm) 10.1 9.9 94
End Bearing 2.083 1.733 1,721
Percentage of Total 152 % 142 % 14.6 %
Modified Mean 13,611 12,129 11,539
Mod. Displ. (mm) 9.2 9.0 7.1
Mod. End Bearing 2,066 1,709 1,691
Mod. %age of Total 152 % 14.1 % 14.7 %

compared to the unpressurized condition. This was particularly evident with the 0.73 m
long pile with 0.5° taper for which the percentage of the load supported via end bearing,
under pressurized conditions, was approximately one third that of the unpressurized
condition. The percentage of the load supported by end bearing remained fairly consistent
and therefore, it was concluded that under greater confining pressures the straight portions
of the pile continued to provide only a small addition to the total bearing capacity of the

partially tapered piles.
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Table 4.13: Bearing Capacity of 2° Tapered Piles - Surcharge and Confining Pressure

Bearing Capacity (N)
Method
1.32 m 1.09m 0.73 m
10 % 12,244 10,001 6,188
Single Tangent 12,488 10,463 7,100
Double Tangent 12,533 10,545 7,283
Brinch Hansen 80 % 13,772 11,803 9,481
Chin 14,474 13,009 11,031
Mazurkeiwicz 12,079 10,159 7,258
Mean 12,932 10,997 8,057
Displacement (mm) 10.1 10.7 11.7
End Bearing 1,995 1,847 1,506
Percentage of Total 154 % 16.8 % 18.7 %
Modified Mean 12,759 10,743 1,781
Mod. Displ. (mm) 8.7 8.3 10.6
Mod. End Bearing 1,968 1,774 1,472
Mod. %age of Total 154 % 16.5 % 18.9 %

Though the 1.09 m and the 0.73 m 1° pile tests showed the total bearing capacity to be
very large compared to the 0.5° and 2° piles, the data appeared to indic;ate that the 1° piles
provided the best equilibrium between the percentage of taper, volumetric displacement,
and angle of taper. This was likely due to the fact that the increased confining pressure, in
comparison to the unpressurized state, reduces the effects of volumetric displacement
within the soil. The volumetric displacement of the pile became less important since the

soil was already in a state of greater relative density. The 0.5° pile likely continued to
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suffer from an insufficient volumetric displacement required to effectively densify the
surrounding soil. While still within 10% of the bearing capacity of the 1° piles at the 1.32
m length, the lower capacity of the 2° piles demonstrated that the greater length of taper
was more significant to load development than the greater angle of taper and volumetric

displacement.

Even at elevated stress conditions, the end bearing failed to reach an ultimate stress
condition. The rate of increase in end bearing appeared to be linear in most situations with
the rate of increase being greatest for the 0.5° taper piles. This was likely a result of the

lower taper angle.

Robinsky and Morrison (1964) concluded that, as the pile tip passed through the soil,
vertical expansion within the soil resulted from the downward movement of the soil
beneath the pile tip. The downward movement of the soil lowered the vertical stresses on
the soil, thus creating a layer of loose sand immediately adjacent to the pile shaft
surrounded by a dense ring of soil. As the tapered pile was driven further into the soil, the
loose sand was recompacted into a densified state. Thus, it is likely that greater taper
angles will reduce this vertical expansion of the soil. As illustrated in Figure 4.18 the soil
would undergo less vertical expansion due to the greater downward movement of the soil
adjacent to a pile with a greater anger of taper. Thus, the greater the angle the more
quickly the soil beneath the tapered portion is recompressed. This will lead to a greater

vertical stress in the expansion region and thus a reduction in the volumetric expansion
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Loose Pockets of Soil

Figure 4.18 - Recompression of Loose Sands by Tapered Piles
within the soil. The reduction of volumetric expansion will lead to greater vertical stresses
beneath the expansion zone. The increased stresses, in the region beneath the expansion
zone, allows a smaller reduction of stress beneath the pile tip. Thus greater stresses would

be possible along the pile toe resulting in a greater end bearing capacity.

The stress bubble observed by Robinsky and Morrison (1964) supports the recorded data.
The size of the stress bubble was directly related to the ultimate bearing capacity of the
pile. According to Robinsky and Morrison, the size of the stress bubble increased with
sand density, pile taper, and volumetric displacement. This bubble theory agreed well
with the test results, but did not include any recommendations on the effects of varying the
percentage of the pile that is tapered. Results indicated that the greater the length of taper

the greater the bearing capacity and therefore size of the bubble. A comparison of the
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results, of the various tapered pile tests, illustrated that the soil stress was the most
significant factor affecting the pile bearing capacity, and therefore the size of the stress

bulb.

The acquired test data indicated that average settlements ranging from 7.9 to 9.2 mm were
required to reach the ultimate bearing capacity. This was an increase in comparison to the
average settlements under unpressurized conditions (7.8 to 8.2 mm). However, there was

little or no difference between the settlements of the fully pressurized and the surcharge

only conditions.

424 Pull Out Testing

A limited number of tension tests on 1.32 m long piles with 1° tapers were conducted to
determine the effectiveness of tapered piles under tensile loading. The 1° piles were
chosen for this series of tests due to their similarity to Monotube® piles, for which some
test data was available. Figures 4.19 through 421 illustrate the differences in shear
resistance developed between the regular and the pull out under the three different tank
pressure conditions. All three tension tests reached a maximum frictional resistance, in
less than 5 mm of displacement, subsequently followed by a constant reduction.

Therefore, there is a reduction in the shear resistance along the surface of the pile.

The maximum compressive and tensile loads (see Tables 4.6,4.9, and 4.12), are presented

in Table 4.14. The ratio of tensile to compressive shear resistance under the surcharge
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Table 4.14: Shear Friction of 1° Piles

Additional Shear Friction (N)
Tank Pressure Compression Tension Tens:Comp
None 2,051 548 27 %
Top 4,407 845 19 %
Top & Side 11,545 3,290 29 %

tank condition was discontinuous with the other two tests. This agreed with earlier
conclusions-that the surcharge pressure alone altered the development of stresses within
the soil. The completely unpressurized soil condition may have had an overestimated
value of shear in compression due to the previously discussed problem with the load cell.
Increasing the compression test end bearing of the 1° tapered pile by 150 N brought the
ratio of end bearing to total load into line with the 0.5° and the 2° tapered piles. This
increase in end bearing reduced the ultimate shear resistance to approximately 1900 N.

This reduction resulted in an increase of the tensile to compressive shear ratio to 29 %.

It may be noted that the ratio of tensile to compressive capacity was relatively small. One
particularly significant difference was the loss of the end bearing component along the
tapered surface. The loss of this portion of the load was a very significant portion of the
difference between the two load cases. The other aspect was the decreased ability of the
sand to provide similar resistance in compression as in tension. When a pile is pulled out
of the sand there is a tensile force induced into the soil. The absence of any cohesion

within the soil allows the grains to be pulled apart thus loosening the soil and reducing the
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pressure applied to the pile walls.

4.3 Comparison of Straight and Tapered Piles

4.3.1 No Additional Pressure

Figures 4.22 through 4.24 compared all of the piles tested under unpressurized test tank
conditions. Tables 4.15 through 4.17 compare the modified average pile capacities to each

other at the various driving lengths.

Table 4.15: 0.73 m Long Piles - No Additional Pressure

Straight 0.5° 1° 2°
Total (N) 1,009 968 757 1,116
Tip (N) 938 403 111 233
Tip (kPa) 463 855 235 494
Settlement (mm) 7.9 7.7 8.2 7.5
Volume (cm?) 1,480 583 863 1,171
%age of Str. Vol. 100 % 394 % 583 % 79.1 %

Tables 4.15 to 4.17 illustrate that the tapered piles sometimes provided greater bearing
capacity than straight piles, for an equivalent driving length and top diameter, under low
soil pressure conditions. At the shorter lengths of 0.73 m and 1.09 m only the 2° piles
provided greater bearing capacity than the straight piles. This was likely due to insufficient
volumetric displacement on the part of the 0.5° and 1° piles at these depths. At a driving
depth of 1.32 m, all of the tapered piles developed total bearing capacities that were

equivalent to or greater than that of the straight pile. This was likely due to the increased
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Table 4.16: 1.09 m Long Piles - No Additional Pressure

137

Straight 0.5° 1° 2°
Total (N) 1,781 1,342 1,554 2,365
Tip (N) 1,620 339 156 476
Tip (kPa) 799 719 331 1,010
Settlement (mm) 8.6 7.8 8.2 8.6
Volume (cm?) 2,209 1,070 1,593 1,901
%age of Str. Vol. 100 % 48.4 % 72.1 % 86.1 %
Table 4.17: 1.32 m Long Piles - No Additional Pressure
Straight 8.5° i° 2z |
Total (N) 1,978 2,088 2,357 2,220
Tip (N) 1,564 509 306 407
Tip (kPa) 772 1,080 649 863
Settlement (mm) 8.2 7.9 8.9 7.9
Volume (cm?) 2,675 1,459 2,059 2,367
%age of Str. Vol. 100 % 54.5 % 77.0 % 88.5 %

volumetric displacement of the tapered piles as a percentage of the straight piles and the

increased pressure along the tapered surfaces due to the increased driving depth.

Figure 4.25 depicts the ultimate capacities of all the piles tested as well as a nearly linear
interpolation between the data points. The plotted data indicated a trend of increasing

bearing capacity with length and angle of taper. All of the tapered piles showed a rate of
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increase in bearing capacity which was greater than that of the straight piles. The
relatively large increase in the bearing capacity of the 1° taper piles was possibly the result

of a very low bearing capacity at the 0.73 m length.

As shown in Tables 4.15 through 4.17, the settlements required to reach the ultimate
bearing capacity were relatively constant for piles of the same length. In terms of
settlement there appeared to be little difference between the straight and the tapered piles.
There also appeared to be a trend of increased settlement with increased depth of driving.

While this increase was small, only 0.5 mm, it was noticeable.

While the load on the pile toe was significantly greater for straight piles than for tapered
piles, it resulted from the former having a larger bearing area. In general, the tapered piles
actually had a greater end bearing stress than the straight piles. Excluding the 1° piles
from the data, due to the previously discussed problem with the load cell, the straight piles

constantly had the lowest stress on the pile toe except for in one test.

4.3.2 Surcharge Pressure

Figures 4.26 through 4.28 illustrate the load-settlement curves for piles, of the same
driving depth, when the sand in the test tank is under a 50 kPa surcharge pressure. The
modified average of the bearing capacities, calculated in sections 4.1 and 4.2 are presented

in Tables 4.18 through 4.20.
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Table 4.18: 0.73 m Long Piles - Surcharge Pressure

Straight 0.5° 1° 2°
Total (N) 2,924 3,331 5,105 3,808
Toe (N) 2,452 501 558 584
Toe (kPa) 1,210 1,063 1,184 1,239
Settlement (mm) 9.1 7.4 8.4 8.1
Volume (cm?) 1,480 583 863 1,171
%age of Str. Vol. 100 % 394 % 583 % 79.1 %
Table 4.19: 1.09 m Long Piles - Surcharge Pressure
I Straight 8.5° 2
Total (N) 2,769 3,237 6,010 4,152
Toe (N) 2,122 369 752 557
Toe (kPa) 1,047 783 1,595 1,183
Settlement (mm) 8.4 7.8 8.9 9.5
Volume (cm?) 2,209 1,070 1,593 1,901
%age of Str. Vol. 100 % 48.4 % 72.1 % 86.1 %
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The erratic nature of the results illustrated the low reliability of the data acquired when
only a surcharge pressure was applied in a tank of such small dimensions. The bearing
capacity of the straight piles appeared to be the least affected. The data obtained for the
tapered piles was inconsistent, especially for the values of end bearing under the surcharge

load condition.



Table 4.20: 1.32 m Long Piles - Surcharge Pressure
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Straight 0.5° 1° 2°
Total (N) 5,294 3,553 4,895 4,028
Toe (N) 3,886 227 488 556
Toe (kPa) 1,917 482 1,035 1,179
Settlement (mm) 9.5 9.0 8.6 8.7
Volume (cm?) 2,675 1,459 2,059 2,367
age of Str. Vol. 100 % 54.5 % 77.0 % 88.5 %

Figure 4.29'plots all of the ultimate capacities as previously determined in Sections 4.1
and 4.2. The straight piles showed an increase in total bearing capacity with driving depth,
but the tapered piles showed nearly flat curves indicating the same total bearing capacity
for all the piles in this series of tests. These flat curves along with the erratic nature of the
tests was a further indication of the soil arching present in the soil that prevented stresses
from being transferred to the deeper layers of sand. Furthermore, the development of
arching was not consistent under these conditions, but varied to a large degree between the

various tests.

Another noticeable effect of arching was the difference in end bearing stress between the
straight and the tapered piles. Under unpressurized conditions, the stress under the toe of
the tapered piles was generally equivalent to or greater than that of the straight piles.
However, under surcharge conditions the straight piles regularly had an equivalent or

greater bearing capacity than that of the tapered piles. With the increase in pile length the
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straight piles showed an increase in end bearing. Whereas the tapered piles either showed
a peak end bearing stress at a length of 1.09 m or constantly decreased. This further
exemplified the difficulties encountered by tapered piles due to the arching present in the

test tank.

Likewise, the range of settlements required to reach the ultimate bearing capacity was very
erratic. While the general trend of the settlement was to increase with driving depth, the
actual values themselves were inconsistent. The straight piles tended to have larger
settlements, but this may have been due to the smaller effect of arching upon the straight

piles.

4.3.3 Surcharge and Confining Pressure

A summary of the bearing capacities, illustrated in Figures 4.30 through 4.32, compared
all piles under a surcharge stress of 50 kPa and a confining stress of 25 kPa and is

presented in Tables 4.21 through 4.23.

Comparisons of the individual test data indicated that under the higher stress conditions,
represented by the application of both a surcharge and a confining stress, tapered piles
provided significantly greater bearing capacity than similar straight piles. Both the 1° and
the 2° tapered piles provided significantly greater bearing capacity than the straight piles
at all depths of driving. The 0.5° tapered pile showed a significant total bearing capacity

advantage over straight piles only at a driving depth of 1.32 m. The bearing capacity of
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Table 4.21: 0.73 m Long Piles - Surcharge and Confining Pressure

Straight 0.5° 1° 2°
Total (N) 6,230 6,401 11,539 7,781
Toe (N) 4,626 1,004 1,691 1,472
Toe (kPa) 2,282 2,130 3,587 3,122
Settlement (mm) 10.2 15.1 7.1 10.6
Volume (cm?) 1,480 583 863 1,171
%age of Str. Vol. | 100 % 39.4 % 583 % 79.1 %

Table 4.22: 1.09 m Long Piles - Surcharge and Confining Pressure

Straight 0.5° 1° 2°
Total (N) 6,381 6:726 12,129 10,743
Toe (N) 4,248 929 1,709 1,774
Toe (kPa) 2,096 1,971 3,625 3,763
Settlement (mm) 9.7 7.7 9.0 8.3
Volume (cm?) 2,209 1,070 1,593 1,901
%age of Str. Vol. 100 % 48.4 % 72.1 % 86.1 %
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the 0.5° tapered pile was only slightly greater than that of the straight pile at the 1.09 m

and 0.73 m depths.

Figure 4.33 depicts the trend of the bearing capacity with the change in the driven depth.
The straight piles showed only a marginal increase in bearing capacity, this was likely the
result of only having 3 tests on which to base the trend. While this increase was smaller

than general theory would indicate, it was indicative of the slow increase in bearing
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Table 4.23: 1.32 m Long Piles - Surcharge and Confining Pressure

152

Straight 0.5° 1° 2°
Total (N) 6,552 12,450 13,611 12,759
Toe (N) 4,538 1,763 2,066 1,968
Toe (kPa) 2,239 3,740 4,382 4,174
Settlement (mm) 8.9 8.1 9.2 8.7
Volume (cm?) 2,675 1,459 2,059 2,367
%age of Str. Vol. 100 % 54.5 % 77.0 % 88.5 %

capacity in comparison to that of the tapered piles. The slow increase in the total bearing
capacity is likely the result of a low end bearing of the 1.09 m long pile and a low shear

value of the 1.32 m long pile.

Using the 2° tapered pile as the benchmark, due to a consistent trend of the data with the
trend line, the rate of increase in the total bearing capacity of the 0.5° and 1° taper piles
should have been greater. The 0.5° pile should have had a greater rate of increase, due
mainly to the increasing diameter at the top of the pile. The longer length of taper was
another potential reason for a greater rate of increase. The data tended to indicate that the
1.09 m long pile was likely on the low end of the average of that which would be expected
of a pile of this length and shape. The 1° tapered piles should have a rate from increase
equal to or greater than the 2° tapered piles. Since both piles had their tapered portion
completely driven into the sand at the 0.73 m length, the only change to the pile at greater

driving depths was the addition of straight portions. If the tapered portions increased at
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the same rate with increased driving, then the bearing capacity should have increased at
the same rate. Since the tapered portion of the 0.73 m long 1° pile was just below the
surface, it was probable that it would increase at a greater rate. The curve would have fit
this assumption reasonably well if the 0.73 m pile had a significantly lower bearing

capacity.

The addition of both surcharge and confining pressures on the soil resulted in a sizable
increase in the bearing capacity of all the piles. This increase in bearing capacity was
significantly greater for tapered piles than for untapered piles. Since straight piles were
primarily end bearing. the best way to compare this increase was to compare the end
bearing of the piles. The end bearing stress of the straight piles was smaller than that of
the tapered piles under both the no additional pressure condition, and the condition in
which both surcharge and confining stresses were applied. However, the magnitude of the
difference was significantly greater under the surcharge with confining stress condition.
As previously stated, while the end bearing of tapered piles was not directly responsible
for the majority of the bearing capacity, it was a good indicator of the ultimate bearing
capacity. Though the percentage of the load supported through end bearing decreased in
the fully pressurized tests, the end bearing remained a good indicator of the ultimate

bearing capacity of the pile.

Smith (1995) determined that the sand bed created via the pluviation method had a density

of 16.5 kN/m3. Thus the surcharge pressure was approximately equivalent to an additional
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3 m of soil. While this did not exactly replicate the field conditions, all of the end bearing
data from the tests in which no additional pressure was applied to the test tank as well as
that from the surcharge with confining pressure tests, adjusted for simulated depth of

driving, are presented in Figure 4.34. The plotted data is erratic and difficult to interpret.

Figure 4.35 is the same plot with the data that was previously determined to be unreliable
or excessively out of line with the trend of the remaining data, e.g. the end bearing of the
1° taper piles with no additional pressure due to load cell failure. The trend seemed to
suggest that the end bearing increased in a linear manner with increased depth of driving
and therefore overburden pressure. This indicated that the end bearing of piles increased
in a near linear manner past a D/B ratio of 100. This was contrary to the findings of Vesic
(1967), Coyle and Castello (1981), and Meyerhoff (1983) who concluded that the end
bearing reached a maximum value at a D/B ratio of no greater than 30. It was also
contrary to the findings of Hanna and Tan (1973), Kulhawy (1984), and Randolph ez al.
(1994) who concluded that the end bearing did not reach a maximum value at these
depths, but that it continued to increase at a decreased rate. There were several possible
explanations for these discrepancies, the first of which being that the shorter physical pile
length may not have accurately replicated the natural soil arching effects. Furthermore,
the tank dimensions may not have been sufficiently large to allow the soil to behave as it
otherwise would under in situ conditions. A distance of 0.6 m from the bottom of the tank
may have been insufficient, and therefore may have artificially enhanced the end bearing

capacity of the pile.
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There may have been some scaling effects between the test conditions and field conditions
not regularly accounted for. While not completely recreating the effects of the field data,
several comparative observations were made. The chart showed that tapered piles
developed greater end bearing stresses than did straight piles. This effect became more
predominant with increased confining pressure around the soil. As previously stated,
Kraft (1991) described the process of the ‘fluffing’ of the soil along the pile wall as the
pile toe passes through the soil. Furthermore, the amount of fluffing increased as the soil
density increased. This fluffing affected the shear friction along the pile wall, but did not
seem to affect the end bearing of the pile as well. Due to a reduction in vertical pressure,
the fluffing process resulted in a reduction in soil stress above the pile toe. With tapered
piles the reduction in pressure was still present but of a smaller magnitude. The amount of
fluffing in this region is reduced due to the application of vertical pressure on the soil from
the tapered portion of the pile. This kept the soil around the pile in a state of greater
pressure. When the soil near the pile toe was under greater stress the soil under the pile
toe was able to attain a state of higher compression as well. This resulted in the slopes of

the tapered pile curves in Figure 4.35 being steeper than that of the straight pile.

The ultimate bearing capacity data agreed well with the stress bulb of Robinsky and
Morrison (1964). While it was stated that there was an increase in bearing capacity with
an increase in density, it was not determined what effect stress had upon the size of the

bulb. The soil stress, and therefore depth of driving, had a significant impact upon the size
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of the resulting stress bulb. The size of the bulb under those conditions was enhanced
more for tapered piles than for straight piles. Robinsky and Morrison (1964) attributed

this to the same concept of fluffing as later proposed by Kraft (1991).

The trend for the pile settlement, at the ultimate bearing capacity, seemed to increase with
an increase in driving depth. This trend continued with the pressurized conditions where
the settlement under pressurized conditions was greater than that under unpressurized
conditions. It thus appeared that an increase in confining pressure increased the settlement
required to reach the ultimate bearing capacity. While the straight piles were consistently
at the high end of the settlement of the individual driving depths, thev were well within the
range of the other piles. Therefore, straight piles likely have similar or marginally greater

settlements than tapered piles.

4.3.4 Tension Testing

Figures 4.36 to 4.38 illustrate the differences between the shear friction developed along
the pile face in both compression and tension for the 1.32 m straight and 1° tapered piles.
Table 4.24 summarizes the maximum frictional resistance developed during the tension

testing.

As previously stated, a significant portion of the recorded shear friction of tapered piles

under compressive loading was actually end bearing along the tapered surface. While the
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Table 4.24: Shear Friction of Straight and 1° Piles

Pressure . o sohts

Location Straight 1° Taper | Straight:Tapered

None (N) 301 548 55 %
Surcharge (N) 830 845 98 %
Surcharge and 1,465 3,290 45 %
Confining (N) ’ ’ ?

shear friction of tapered piles was likely greater than that of straight piles, a large portion
of the difference in the compression curves of Figures 4.36 to 4.38 is the end bearing along

the tapered surface.

The pull out resistance of the shear friction, of the straight and tapered piles, were much
closer to each other than the compressive values. The pull out resistance that resulted
from the application of surcharge pressures further illustrated the negative impacts of
pressurization upon tapered piles as compared to straight piles. A similar trend was
observed with the compressive shear friction, as depicted in Figure 4.37, as compared to
those in Figures 4.36 and 4.38. The shear resistance of the straight pile in tension was
significantly larger as a percentage of that developed by the tapered pile under surcharge

conditions, as compared to either of the other conditions.

Except for the surcharge load condition, the tapered piles provided significantly greater
tensile capacity than the straight piles. The difference in tensile shear friction between the

straight and tapered piles resulted primarily from the reduction of ‘fluffing’ in the soil
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along the pile walls. This reduction in fluffing increased the pressure applied to the pile
walls allowing for a greater shear resistance. However, the tapered piles showed a
significant drop off in uplift capacity upon reaching an ultimate capacity. This reduction
in capacity was due to the shape of the tapered piles. Upward movement caused the
tapered portion of the pile to be pulled out of contact with the soil, in turn the soil expands
in the vicinity of the pile wall under the reduced pressure. The result was the continuous

degradation of uplift capacity of the tapered piles.

These finding are contrary to those of El Naggar and Wei (1998) who concluded that
tapered piles provided less uplift capacity than straight piles. However, two major
differences existed between the two series of tests. The piles for this series of tests were
only partially tapered, not completely tapered as those of El Naggar and Wei, and the piles
for this series of tests were driven not placed into the sand bed. It was unknown what
effect partially tapered piles versus fully tapered piles would make, but it can be concluded
that the driving process accounted for a significant difference. This difference was

primarily in the build up of stresses around the pile. The results of this testing agreed with

the findings of pull out capacities of Monotube® piles in field testing which showed

greater uplift capacity than untapered piles.

The tapered piles also showed increasing effectiveness with increasing soil pressure, and
therefore driving depth. Kraft (1991) concluded that both a decrease in & and an increase

in contractive behaviour of the soil occurred with increased depth of driving. These two
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effects were related to the development of arching within the soil and limited the frictional
resistance of the pile. It was possible that the shape of the tapered piles reduces the
magnitude of these effects. This was evidenced by the development of higher end bearing
stresses in the presence of greater confining stresses with tapered piles as compared to
straight piles. The greater stresses evident under the pile toe were likely accompanied by
greater stresses surrounding the pile. As such, the tapered piles became increasingly

effective, relative to straight piles, with an increase in soil stresses.

It may be noticed that in Figure 4.36 that the curve of the tension test of the 1° tapered pile
initially increased at a slow rate and then increased in rate of pullout resistance. This was
due to the method in which the tension testing occurred. If the equipment was not exactly
aligned at the beginning of the test it would align itself during the test. This slow rate of
initial increase seen in Figure 4.36 is likely the result of the equipment aligning itself,
therefore the ultimate tensile capacity will be correct, but the accompanying displacement

will be slightly greater than it should be.

4.4 Numerical Analysis of the Data

Several methods of determining the bearing capacity of tapered piles were described
earlier in Section 2.4.4 but most of them provided unacceptable results. Kodikara and
Moore’s (1993) method could not be used due to the fact that the method was developed
for the bored cast-in-place piles of Rybnikov (1990). Also, the correction factors to the

shear friction and end bearing of Dennis and Olson (1985) are ineffective due to the short
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length of the piles, and the empirical nature of the formula.

4.4.1 Straight Piles

The theoretical bearing capacities of the straight piles were calculated in accordance with
API RP-2A (1989). The Potyondy (1961) ratio of the soil-pile friction angle to the soil
internal angle of friction of & = 0.54 - ¢, for smooth steel in a dry sand provided the best

fit to the data.

The results best fit the test data when the end bearing was allowed to increase linearly with
depth without limit and the shear friction increased linearly with depth up to 10 pile
diameters after which time it was kept constant. As seen in Figure 4.39 the shear friction
was overestimated and the end bearing was underestimated. This resulted in the total
estimated bearing capacity averaging out to a reasonably good approximation of the
results obtained during testing. No attempts were made to calculate the pile resistance
under the fully pressurized tank conditions, due to an inability to properly calculate the

effects that these conditions have upon regular formulae.

4.4.2 Tapered Piles

The computations of shear resistance for the tapered piles was restricted to the 0.5° taper
piles due to the unknown factors when dealing with partially tapered and straight section
piles. The method of calculation followed the API RP 2A (1989) as with the straight piles,

but was modified as per Equations (16) and (17) (Olson and Long, 1989). As can be seen
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in Figure 4.40 the correlation between the theoretical and the actual test results were

reasonably close, with the theoretical underestimating the actual shear resistance.

Figure 4.41 illustrated that the API RP-2A under estimated the end bearing capacity of the
piles in both the no additional pressure tests and the surcharge with confining pressure
tests, which simulated driving the piles 3 m further into the soil. Therefore a different

method of determining the end bearing of tapered piles was considered necessary.

Using basic principles of geotechnical engineering such a method was developed which
provided good results when compared to the laboratory testing. This method was based
on one of the oldest engineering principals, Mohr’s Circle. Figure 4.42 illustrates the

concept of Mohr’s circle as it relates to passive soil pressure. For a confining soil stress of

G5 the primary stress G; may be increased until the Mohr’s Circle comes in contact with

the failure plane defined by ¢ . Any further increase in o, will cause the soil to flow, since

the passive pressure condition has been reached.

Figure 4.43 illustrates the basic concepts of the presented end bearing theory. The stress at

the pile toe from the surcharge pressure is represented by C3_;. The corresponding
passive pressure to O3 _, is thus defined as ¢, _;. ©;_, represents a new confining
pressure beneath the pile toe which is equal in magnitude to 6, _,. o, _, is thus defined

as the passive pressure of the new confining pressure G5 _,. Therefore the maximum end
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[
>

a; G,

Figure 4 42 - Passive Pressure Defined by Mohr's Circle

bearing stress, that a pile can sustain, is the passive pressure of the passive pressure of the

soil.

Figure 4.44 shows a modification to this theory which reduces the end bearing capacity.
According to Vesic (1977) there is a wedge of very dense soil directly beneath the pile toe.

This wedge is likely the result of a rotation in the principal stress planes in the region of

the pile tip. Therefore G, _, is parallel to the adjoining side of the wedge. The net result
is that the oy_, plane is rotated from its regular orientation by (45 - $/2). The
maximum load is reduced by cos (45 - ¢/2 )% because after rotating the oy _, plane there

is an angle of (45 - ¢/2) between the pile toe and Gy _3,and between o; _; and o; _,.

Therefore the end bearing may be determined from the following equation:

Q, =Y H K, K,y cos’(45+0,/2) - A, (23)



Surcharge Pressure = yH

L

Pile Tip

Figure 4 43 End Bearing Theory

Surcharge Pressure = YH

Pile Tip

2 L0
) /

/W =45+ ¢2

Dens:iﬂ'ﬁedy

Parallel

Figure 4 44 Modified End Bearing Theory
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Combining Equation (23) with the definition of passive pressure from Equation (12) yields
the final Equation (24):
Q, = Y- H-tan’(45+0,/2) - tan’(45 + $,/2) - cos(45 + ¢,/2) - A, ¥
where Y = unit weight of the soil

H = depth of driving

¢, =internal angle of friction in the soil adjacent to the pile toe

¢, =internal angle of friction in the soil directly under the pile toe

Ap = area of pile tip

tan(45 + h /2 =
AT TS =y

The driving process densifies the soil directly under the pile toe, and therefore the internal

angle of friction directly under the pile, ¢, , should be taken at a relative density of 100%
and not the in situ soil density. Additional soil densification and vertical stress on the soil
adjacent to the pile toe warrants an increase in the value of ¢, to the value at a relative
density of 100% for tapered piles. For untapered piles the value of ¢, would be a value

equal to the in situ value due to the smaller soil stresses and densification resulting from

untapered piles as compared to tapered piles.

Figure 445 depicts the two conditions previously mentioned and all of the pile end

bearing data for both the no additional pressure and the surcharge with confining pressure
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conditions. This provided end bearing data for piles 0.73 m to 4.32 m long, with ¢; =40°
for straight piles, 50° for tapered piles, and ¢, = 50° for both straight and tapered piles.

The theory presented provided an excellent estimate of the end bearing of the tapered piles
which appeared to increase linearly with depth of pile. However, the end bearing of

straight piles was underestimated illustrating the need to modify the theory.

Figure 4.46 illustrates the trend when qc,cyjated Gactual WS averaged to a value of 1. To
achieve this ¢; was reduced from 50° to 49° for the tapered piles and increased from 40°

to 44° for the straight piles. The the change in the estimate for the tapered piles was
mainly driven by the two very low values of the 0.5° tapered piles under surcharge with
confining pressure conditions. This had the net effect of increasing the safety factor of the
calculated end bearing of the tapered piles. The data for straight piles indicated a

decreasing rate of increase in the end bearing stress with increased depth of driving.

Therefore the increase in the value of ¢, underestimated the unpressurized tests and

overestimated the tests which were fully pressurized. All the predicted values were within
a safety factor of 2, i.e. no test was 50% less or 100% greater than the estimated value, for

both the modified and unmodified proposals.

4.4.3 Pile Driving Formula
Regular pile driving formulae did not provide acceptable results. The driving formula

presented here in Equation (21) provided results that underestimated the results by a factor
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of 7 or more. This error likely resulted from a scaling problem between the test piles and

the field data on which the formula is based.

Figures 4.47 and 4.48 showed the average number of blows per 25 mm (1 inch) for the last
362 mm section of the pile driven. The data in Figures 4.47 and 4.48 indicated the lower

blow count of straight piles at greater depths and pressures.

Figure 4.49 plots the bearing capacity versus the blows per inch. Equation (24) provided

the best fit to the data:

0.9834

=2656.1 x 25

<r \
J J
The data from the tests with no additional pressure were more consistent and fit the curve

better than the tests with both surcharge and confining pressures.

It must be noted that with only one test at each of the different test conditions, previously
discussed in this chapter, that there is an inherent level of uncertainty in the recorded
loads. This is the result of the variations naturally present when testing in a non-
homogeneous material such as sand. While use of the pluviation method to create the

sand bed reduced the magnitude of these variations, it cannot completely eliminate them.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

Based on the observations of the test data presented in Chapter 4 the following

conclusions may be drawn.

S.1.1 Straight versus Tapered Piles

* The settlement required to achieve ultimate bearing capacity is approximately the same
for both straight and tapered piles.

¢ The seillement required to reach the uitimate bearing capacity shows a smail increase
with an increase in ultimate bearing capacity.

* Tapered piles develop greater shear friction than straight piles.

* Tapered piles develop greater end bearing stress.

* Under low soil pressure conditions, the end bearing stress was similar for both straight
and tapered piles.

* Under higher soil pressure conditions the tapered piles had a greater end bearing stress.

* The driving force required to drive straight piles increases at a slower rate, with
increasing depth and pressure, than for tapered piles.

* The bearing capacity of the piles increases with increasing depth of driving.

* Straight piles support the load primarily on the pile toe, whereas tapered piles carry the
load primarily along the pile walls.

* An increase in the depth of driving decreases the percentage of the load taken in end
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bearing.

* Partially tapered piles provide greater uplift capacity than straight piles.

S5.1.2 Tapering

* There is an increase in bearing capacity between the various tapered piles with an
increase in:
- Volumetric displacement
- Angle of taper
- Percentage of pile that is tapered

- Initial stress level in the soil

5.1.3 Calibration Chamber Conditions

* Under no additional pressure, and confining with surcharge pressures conditions the
results appear to be reliable.

* The application of a surcharge pressure without a confining pressure leads to arching
within the tank, and therefore unreliable results.

* Unpressurized tests were more consistent than pressurized tests.

5.1.4 Analysis Methods

* The method proposed by the American Petroleum Institute (API RP-2A) over estimated
the shear friction and underestimated the end bearing of the model straight piles.

* The equations proposed by Olson and Long (1989) provided a reasonably good



estimation of the shear friction of tapered piles.

* For the available data, the end bearing method presented in this paper provided a better
estimation of the end bearing of tapered piles than did the API RP-2A.

¢ Itis also possible to estimate the end bearing capacity from the blows per inch during the
driving process. This cannot be done via regular driving formulae, but through a specific
formula for the sand, hammer, and drop height used.

* Vesic’s 10% method proved to be the most conservative estimation of the bearing
capacity for a given load versus displacement curve, Chin’s method was the least

conservative.

3.2 _Recommendations

Future study on model tapered piles should consider the following:

* Tapered piles with toe diameters both smaller and larger than 25.4 mm (1 inch).

e Larger maximum diameters and longer piles.

* Testing in sand beds of different initial relative density.

* Testing in a different sand with different internal properties.

* Effects of other loading methods such as long term sustained loading and cyclic loading,
particularly in pull out conditions.

* Field testing of straight, tapered, and partially tapered piles.

* Larger diameter test tank to reduce the effects of the pile to tank aspect ratio.
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