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Introduction

Both open-ended and closed-ended pipe piles
are often used in practice, but high-quality
information available on the bearing capacity of
these piles is very limited. The core of the present
study was the pile load tests done on two pipe piles:
one open-ended and the other closed-ended. The
information generated by the load tests is particularly
useful for engineers interested in the design of open-
ended pipe piles in sand, as detailed data was
collected on soil plug formation during driving and
on static plug resistance. Better understanding of the
load-carrying capacity of these piles can lead to
significant cost savings.  This appears to be
especially true for open-ended piles. Both the
driving response and static bearing capacity of open-

Findings

Driving of open-ended piles can take place
with varying degrees of soil plug formation. The
open-ended pipe pile in this study was driven in a
partially plugged mode. Measurement of the soil
plug length during driving permitted calculation of
the IFR as a function of penetration depth. It was
found, by comparison with the CPT cone
resistance profile, that the IFR increased when the
relative density of the sand also increased. It was
also observed that the cumulative blow count was
lower to drive the open-ended pile than the closed-
ended pile to the same depth, but that the
difference was mostly due to the early stages of
driving, when the soil plug was not well
developed.

Whether open-ended piles are driven in the
fully coring (fully unplugged) mode or in the
partially plugged mode, the plug does contribute
to static pile base capacity; however, this
contribution is not presently well understood.

ended piles are affected by the soil plug that forms
inside the pile during pile driving. The formation of
the soil plug and its effect on pile load response are
still not completely understood.

In order to investigate the effect of the soil plug on
the static and dynamic response of an open-ended
pile and the load capacity of pipe piles in general,
field pile load tests were performed on
instrumented open- and closed-ended piles driven
into sand. The experimental data accumulated
during pile driving and during the static load tests
were then used to enhance understanding of the
drivability and load capacity of both closed-ended
and open-ended pipe piles.

Annular resistance also adds to pile base capacity.
The open-ended test pile was instrumented in a
way that allows separation of plug from annulus
resistance, helping shed some light on this
important issue. In addition to separation of
factors contributing to the base capacity of open-
ended piles, the base capacity of closed-ended
piles and the shaft resistance of both closed- and
open-ended piles were also studied through the
load tests. The base resistance and shaft capacity
of the open-ended pile, normalized by average
cone resistances, resulted 36% and 52% lower
than the corresponding values for the closed-
ended pile. For the open-ended pile, the plug
resistance was only about 30% of the annulus
resistance, and the average shear stress between
the soil plug and inner surface of the pile was 45%
higher than the outside shaft resistance. Results
are presented both raw and normalized with
respect to cone resistance .

63-511/02 JTRP-2002/4
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West Lafayette, IN 47906



Based on the field and calibration chamber
pile load tests, new relationships for determination
of the load capacity of open-ended piles were
proposed. The relationships are based on soil-state
variables (relative density and stress state) and
CPT results. The proposed methods were
established based on results from the full-scale
field pile load tests and model pile load tests in the

Implementation

The research results are immediately relevant to
pile design practice. INDOT and other DOT's
should refer to these results when designing piles
under similar conditions. Given that research
findings suggest significant cost savings can
result from extending this study, it would be

Contacts

For more information:

Prof. Rodrigo Salgado
Principal Investigator
School of Civil Engineering
Purdue University

West Lafayette IN 47907
Phone: (765) 494-5030
Fax: (765) 496-1364

calibration chamber. The predicted pile load
capacities from the proposed methods were
compared with measured capacities from case
histories and results calculated from existing pile
design methods. The proposed CPT-based method
was added to the CONPILE (SPR-2142), the pile
load capacity calculation program.

advisable for INDOT and FHWA to consider
additional funding for similar efforts so that
results such as those presented here can find
their way into pile design practice across the
country.
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CHAPTER 1
INTRODUCTION

1.1 Background

With the growing interest of the geotechnical engineering profession and of the INDOT
geotechnical engineering group, in particular, in the cone penetration test (CPT), it becomes
essential to develop interpretation methods for the CPT that can be readily used by INDOT staff
and that will produce accurate estimates of foundation load capacities. Project (SPR-2142) was
completed, which aimed to develop one such method for piles. It was apparent after conclusion
of that project that an insufficient number of instrumented pile load tests is available both in
Indiana and in the general literature to yield the type of information that is required to develop a
CPT-based pile design method that can be used reliably. Instrumented pile load tests permit
separation of pile base and shaft loads during loading, information that is essential to ascertain
whether the correct shaft and base capacities are being calculated.

Based on the method of installation, piles are classified as either displacement (driven) or
non-displacement (bored) piles. The installation of non-displacement piles does not significantly
change the state (density and stress state) of the soil. This allows the use of a variety of methods
to determine the load capacity of non-displacement piles, including calibration chamber tests and
numerical simulations (Lee and Salgado 1999a, 2000). These two approaches typically assume
that soil conditions are the same before and after pile installation. Determination of pile load
capacity for displacement piles, on the other hand, involves a higher degree of uncertainty, as

installation induces marked changes in soil state around the pile.



In certain areas of the U.S., pipe piles are often used in piling practice. Pipe piles can be
either open-ended or closed-ended. It has been documented that the behavior of open-ended piles
is different from that of closed-ended piles (Szechy, 1961; Carter et. al., 1979; Randolph et. al.,
1979; Klos and Tejchman, 1981; Lu, 1985; Smith et. al., 1986, Paikowsky and Whitman, 1990).
According to the field test results of Szechy (1959), the blow count necessary for driving a pile
to a certain depth in sands is lower for an open-ended pile than for a closed-ended pile. Thus, it is
generally acknowledged that an open-ended pile requires less installation effort than a closed-
ended pile under the same soil conditions. Other research results (McCammon and Golder, 1970;
Lu, 1985; Smith et al., 1986; Brucy et. al., 1991) have shown that the mode of pile driving is an
important factor in driving resistance. If a pile is driven in a fully coring (or fully unplugged)
mode, soil enters the pile at the same rate as it advances. On the other hand, if a pile is driven
under plugged or partially plugged conditions, a soil plug attaches itself to the inner surface of
the pile, preventing additional soil from entering the pile. A pile driven in the plugged mode
behaves similarly as a closed-ended pile. Typically, a large-diameter pipe pile driven in sand will
tend to be driven in a fully coring mode, while smaller diameter piles will plug, at least partially.
Larger penetration depths and lower relative densities facilitate soil plug formation.

In order to study the load capacity of open-ended piles bearing in sand, both an open-
ended and a closed-ended pipe pile with the same diameter (356mm) were driven to roughly the
same depth (7 m) at the same site. The base of each pile was embedded in a sand layer. The piles
were fully instrumented before driving, and load-tested to failure. Cone penetration tests and
SPTs were performed both before and after driving at several locations both close and away from
the piles. Based on results from the field pile load tests and calibration chamber load tests,

design methods for estimation of pile load capacity are presented.



1.2 Problem Statement

It is known that a short open-ended pile has lower load capacity than an equivalent
closed-ended pile. However, as pile length (or penetration depth) increases, the load capacity of
the open-ended pile approaches that of the equivalent closed-ended pile. This is due to the
greater degree of soil plugging with larger penetration depth (Klos and Tejchman, 1981;
Paikowsky and Whitman, 1990). According to Szechy (1961), the settlement of an open-ended
pile is greater than that of a closed-ended pile under the same load and soil conditions. This
means that, if ultimate load capacity is defined with reference to a standard settlement of 10% of
the pile diameter, for example, the load capacity of open-ended piles is typically lower than that
of closed-ended piles. However, the difference in load capacities varies within a wide range,
depending on the degree of soil plugging during driving. Lehane and Randolph (2001), for
example, postulate that pipe piles driven in fully coring mode have base capacity only slightly
higher than that of non-displacement piles, while piles driven in fully plugged mode develop
base capacities that approach those of closed-ended piles. Despite the overwhelming impact of
soil plug formation on pile capacity, most design criteria do not satisfactorily consider the soil
plug contribution to the load capacity of open-ended piles. Developing design approaches for
open-ended piles that consider soil plug effect is one of the main objectives of the present

research.



1.3 Objectives of Study

The objectives of the present research project are to perform well-planned instrumented
pile load tests and to further develop pile design methods. Detailed goals are as follows:
(1) Performance of fully-instrumented pile load tests.
(2) Development of design methods for estimation of pile load capacities of closed-
and open-ended pipe piles.

3) Validation of CPT-based pile design methods in sand.



CHAPTER 2
LOAD CARRYING MECHANISMS OF PIPE PILES

2.1 Displacement versus Non-Displacement Piles

For both non-displacement and displacement piles, the total pile load capacity consists of
shaft and base capacities, as given by:

0 =0,+0, (2.1)
where Q; = total pile load capacity; Qs and Qyp = shaft and base load capacities. Since the subsoil
profile is in general not homogeneous, the calculation of the shaft load capacity requires division
of the entire soil profile into several layers. It is usually observed that the maximum shaft
resistance is mobilized at early loading stages, well before the maximum base resistance is
mobilized. When both the shaft and base resistance have been fully mobilized, the applied load
can no longer increase, leading to plunging of the pile. The magnitude of the base resistance at
this stage is referred to as the limit base resistance qy, and is usually attained, if at all, at very
large settlements (Salgado 1995, Lee and Salgado 1999a).

The limit base resistance qp is theoretically the same for geometrically identical non-
displacement and displacement piles and the same initial soil conditions. It is also closely
approximated by the cone resistance q. at the pile base level (De Beer 1984, 1988, Ghionna et al.
1993, Lee and Salgado 1999a). For low to moderate settlement levels, however, the load-
settlement responses of displacement and non-displacement piles are significantly different (De
Beer 1984, 1988). This difference is due to differences in the installation process. The

installation of displacement piles causes considerable change in the soil state around the pile.



This process could be seen as preloading of the soil in the immediate neighborhood of the pile
base and shaft, hence the stiffer response when compared with non-displacement piles (Lee and
Salgado 1999a, b). However, the difference between the pile base loads carried by the two types
of piles for the same settlement level becomes less pronounced as the load approaches the limit
base load at theoretically infinite settlement (Jamiolkowski and Lancellotta 1988, Ghionna et al.

1993).

2.2 Pipe Piles

Closed-ended pipe piles are displacement piles. The behavior of open-ended piles is more
complex, with a response generally intermediate between that of non-displacement and
displacement piles. As an open-ended pile is driven into the soil, a soil column (or soil plug)
forms inside the pile. The length of this plug may be equal to or less than the pile driving depth.
If it is the same, the pile has been driven in a fully coring or unplugged mode throughout. If
driving takes place in a partially or fully plugged mode at least during part of the way, the length
of the soil plug within the pile will be less than that of the pile. It may be possible to observe all
three driving modes (fully coring, partially plugged or fully plugged) during the driving of a
single pile (Paikowski et al. 1989).

When the pile is loaded statically, after installation is completed, its capacity will depend
on the response of the soil plug, in addition to resistances mobilized at the pile annulus and along

the pile shaft. Thus, for open-ended pipe piles, (2.1) applies with the base capacity defined as
Qb = Qplug + Qann (22)

where Qp = base capacity; Qpiue = soil plug capacity; and Qan, = annulus capacity.



Although the installation of open-ended piles imparts less change to the surrounding soil
than closed-ended or full displacement piles, the soil conditions are certainly different from those
before installation (Randolph et al. 1979, Nauroy and Le Tirant 1983). The unplugged or fully
coring mode is commonly observed during the initial stages of pile driving. As penetration and
formation of the soil plug continue, internal frictional resistance mobilizes between the inner pile
surface and the soil plug, densifying the lower part of the soil plug. However, some soil
continues to enter the pile, characterizing partially plugged driving. Finally, with further driving,
soil intrusion is prevented by the now sufficiently high frictional resistance between the soil plug
and inner pile surface and by the large soil plug stiffness. The behavior of the open-ended pile at
this stage is nearly identical to that of a closed-ended pile, and driving is said to take place under
fully plugged conditions.

Several authors have investigated the behavior of open-ended piles both experimentally
and analytically (Smith et al. 1986, O’Neill and Raines 1991, Randolph et al. 1991,1992, Paik
and Lee 1993, De Nicola and Randolph 1997). Randolph et al. (1991) suggested a formulation
for soil plug resistance based on one-dimensional equilibrium. Considering the stresses shown in
Fig. 2.1:

do' 4
Y —y'+— Bo! 2.3
Al S po, (2.3)
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where o', = effective vertical stress within the soil plug; B; = internal pile diameter; z = depth
from the top of the soil plug; y' = effective unit weight of soil plug; B = ratio of shear stress
between the plug and the pile inner surface to ¢’y. Integrating (2.3), the stress (c'y) within the

soil plug and the total soil plug resistance (qpig) can be obtained as:
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Figure 2.1 Stresses in soil plug for open-ended piles (after Randolph et al. 1991).
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where, p, = surcharge from unwedged soil plug; L, and L,, = wedged and unwedged plug
length. Detailed derivation of (2.4) and (2.5) can also be found in O’Neill and Raines (1991). If
the values of Ly, (or Ly,), B, and y' are known, the soil plug resistance qgpg can be calculated
from (2.5). While one-dimensional plug analysis is an attractive formulation of the problem of
the plug capacity of open-ended piles, it requires estimates of L, and 3, which presents some
difficulties. It appears desirable to have an alternative method, where plug capacity could be
directly estimated from an in-situ test, such as the cone penetration test (CPT). The rest of this
report is devoted to establishing this relationship, as well as the relationship between all other

components of load capacity for both closed- and open-ended piles and CPT cone resistance.



CHAPTER 3
FIELD PILE LOAD TESTS

3.1 Site Description

The test site is located on the south side of a bridge construction site over the Pigeon
River, on State Road 9, at Lagrange County in Indiana. As shown in the test layout of Fig. 3.1, a
total of three SPT, designated S, through S;, and 5 CPTs (C; through Cs) were conducted before
and after pile installation. Approximately 2 m of the fill material around the test piles were
removed before pile driving. From SPT split soil samples obtained at different depths, the soil at
the site is predominantly gravelly sand down to a depth of around 13~14 m. At greater depths,
stiff till, containing clays and silts, is found.

The maximum and minimum dry unit weights of the gravelly sand were 18.64 kN/m’ and
15.61 kN/m’, respectively. The corresponding maximum and minimum void ratios were 0.68 and
0.41, respectively, based on the measured specific gravity (Gs), equal to 2.67. The critical-state
friction angle measured from triaxial compression tests was 33.3°. Grain size analysis shows the
gravelly sand to contain no fines.

Results of SPTs and CPTs performed before pile driving are shown in Figs. 3.2. These
results indicate that the first 3 meters of the gravelly sand deposit are in a loose state, while the
rest of the deposit down to a depth of 13—14 m is in dense to very dense state, with SPT N values

ranging from 15 to 60, and ¢, from 15 to 25 MPa.
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Figure 3.2 SPT and CPT results at pile load test site
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3.2 Experimental Procedures

3.2.1 Test Pile Details and Instrumentation

The load capacity of closed-ended piles consists of two components: base and shaft
resistances. For open-ended pipe piles, base capacity is further decomposed into annulus and
plug resistance (Paikowsky and Whitman, 1990; API, 1991). In many model and field pile load
tests on conventional closed-ended piles, strain gauges have been used to separate base and shaft
resistance from the total load. For partially plugged open-ended piles, a common case in practice,
the pile load capacity is composed of plug, annulus and shaft resistances. In order to separate all
the resistance components of open-ended piles, the instrumented double walled pile system (Paik
and Lee, 1993; Choi and O’Neill, 1997) can be used. This technique has been applied to many
model pile tests done in calibration chambers, but had never been used in full-scale field tests.

In this study, both closed- and open-ended piles were instrumented using the techniques
mentioned above to separate the different components of pile load capacity (base and shaft
resistances for the closed-ended pile; and annulus, plug, and shaft resistances for the open-ended
pile). The closed-ended test pile had an outside diameter of 356 mm, wall thickness equal to 12.7
mm, and length equal to 8.24 m. Eighteen strain gauges were attached directly opposite each
other at nine levels along the pile shaft, as shown in Fig. 3.3(a). Strain gauges were placed closer
together near the pile base, since the load transfer rate tends to be higher in that part of the pile.

The open-ended test pile was assembled by combining two pipe piles with different
diameters. The outside diameters of the outer and inner pipes were 356 mm and 305 mm,
respectively; both had the same wall thickness of 6.4 mm. Twenty strain gauges were attached at

ten different elevations to the outside surface of the inner pipe so as to separate the base
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Figure 3.3 Schematic of test piles: (a) closed-ended pile and (b) open-ended pile.

14



resistance into plug and annulus resistances. Eighteen strain gauges were also attached to the
outside surface of the outer pipe (i.e., pile shaft) at nine different elevations to measure the
distribution and magnitude of the shaft resistance. The detailed configuration of the
instrumentation for the open-ended pile is shown in Fig. 3.3(b). All strain gauges attached to the
closed- and open-ended test piles were sealed with silicon to protect them from groundwater, and
then covered with an angled steel plate to prevent damage from direct contact between the strain
gauges and the soil during pile driving. After completion of strain gauge installation, the inner
pipe was inserted into the outer pipe. Four spacers were welded to the outside surface of the
inner pipe to center it with respect to the outer pipe, preventing buckling of the inner pipe upon
application of load at the pile head. The assembled open-ended pile had outside and inside
diameters of 356 mm and 292 mm, and length equal to 8.24 m, the same length as for the closed-
ended pile. Detailed information for load test design is included in an appendix.

In order to measure the soil plug length during pile driving, two different weights were
used. The weights were connected to each other by means of a steel wire. The heavier weight
was placed inside the pile and rested on top of the soil plug during pile driving. The lighter
weight hanged outside the pile. This allowed measurement of the soil plug length by referring to
the location of the lighter weight during pile driving [see Fig. 3.3(b)]. A gap of 30 mm between
the outer pipe and the pile toe prevented the base resistance from being transferred to the outer
pipe. This gap was sealed with silicon to avoid intrusion of soil particles into the gap during pile
driving.

The values obtained from the strain gauges were transformed into loads using the elastic

load-strain relations for each pile. The base resistance of the open-ended pile, which is partly due
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to the resistance of the annular area, partly due to the soil plug resistance, was measured from the
strain gauges on the inner pipe, as shown in Fig. 3.4. The annulus and plug resistances were
estimated under the assumption that frictional resistance between the pile and soil plug is the
same between the lowest strain gauge and the pile base as it is between the lowest and second
lowest strain gauge. In general, the frictional resistance between the soil plug and the pile
increases dramatically near the pile base. The linear extrapolation used herein to estimate the
plug resistance, therefore, may result in a slight underestimation of the plug resistance. The shaft
resistance of the open-ended pile was obtained both from the strain gauges attached to the outer
pipe and from the difference between the total and base resistances. There was a good match
between these two values (the shaft resistance obtained from the strain gauges was 98% of the
difference between the total and base resistance). The base resistance of the closed-ended pile
was also estimated by assuming the shaft resistance to be the same between the last strain gauge

and the pile base as between the two lowest strain gauges.

3.2.2 Pile Driving and Dynamic Testing

The open- and closed-ended piles were driven using an ICE 42-S single acting diesel
hammer, which has a ram weight of 18.2 kN with a maximum hammer stroke of 3.12 m and a
rated maximum driving energy of 56.8 kN-m. The open- and closed-ended piles were driven to
depths of 7.04 m and 6.87 m, respectively. Because the ground surface at the test site slopes
gently, the pile base was at the same level for both piles.

Dynamic load tests were performed on both piles both during driving and during the re-
striking, 8 days after completion of the static load tests. Two strain transducers and two

piezoelectric accelerometers were attached to the outside wall of the closed-ended pile, and to
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the inside wall of the open-ended pile. The actual driving energy delivered to the pile head was
about 36% of the free fall energy of the ram. The delivered energy during the series of blows
ranged from 19.0 to 28.5 kN'm and caused the permanent displacement per blow of the piles to
vary from 9 mm to 15 mm per blow. The pile capacities of both the closed- and open-end piles
were estimated by GRL and Associates (2000) based on signal matching analysis using
CAPWAP (GRL and Associates, 1997).

During pile driving, the hammer blow count necessary for driving the test piles was
recorded to investigate the drivability of similar closed- and open-ended piles under the same
driving energy and soil conditions. As shown in Fig.3.5, the soil plug length during pile driving
was also measured continuously using the two weights described earlier. The heavier weight
rested on top of the soil plug during pile driving, and the lighter weight hanged by the wire
joining the two weights outside the pile. A scale, marked on the outside of the pile, allowed
measurement of the length of the soil plug inside the pile. This, in turn, allows calculation of the
incremental filling ratio, IFR, which is defined as the increment in soil plug length per unit

increase of penetration depth.

3.2.3 Static Load Tests

The load test setup is illustrated in Fig. 3.6. The total load applied to the pile head during
each static load test was measured by a load cell with a capacity of 2.0 MN. The vertical
settlement of the pile head was measured by two dial gauges attached to reference beams with
supports placed at least 6.8 pile diameters away. The values of all strain gauges attached to both
test piles were re-zeroed both before pile driving and at the start of the load tests in order to

independently measure both the residual loads after pile driving and the loads induced along the
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length of the test piles during the load tests. The soil plug length was measured both before and
after the static load tests in order to detect any possible change of IFR.

The load was applied to the test pile in increments of 147 kN; this increment was reduced
to 49-98 kN near the end of the test. Each load was maintained until the settlement rate stabilized
at less than 0.5 mm/hr. During each load step, the settlements at the pile head were recorded at 5,
15, 35, 55, 75, 95, and 120 min. When settlement stabilization required longer than two hours,
the settlement was measured after stabilization ensued. Strain gauge measurements were taken

for every loading step at the time of settlement stabilization.

3.2.4 Determination of Limit Load Capacity

The limit load capacity of a pile may be defined in a general way as the load at which the
increase of pile settlement for even a small load increment becomes very high. In this study, the
static load tests were continued until the pile settlement reached about 14.6-15.2 cm (about 42%
of the outside pile diameter) for both the open- and closed-ended piles.

There are different ways to extrapolate the load-settlement curves beyond 42% of the pile
diameter to estimate the limit load. In this study, Chin’s method was used to estimate the limit
load capacity of both piles. The method (Chin, 1970) is based on the assumption that the load-

settlement relation is hyperbolic:

S
§=cl s+C, 3.1)

in which Q = load applied to the pile; s = settlement corresponding to the load Q; C, and C, =

slope and intercept of the load-settlement curve in s/Q vs. s space. The limit load capacity is
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equalto 1/C,.

Test results show that the shaft resistance reached a limit value well before the final load
step, while the base resistance was still increasing at the final load step. Thus, the limit shaft load
capacities of the closed- and open-ended piles were determined as those mobilized at the final
load step. The limit total load capacity was obtained for each pile by adding the limit base load
capacity estimated by the method of Chin to the measured limit shaft load capacity. In the case of
the open-ended pile, the Chin extrapolation was done for the base load (Q,), which is a
summation of the plug load (Q,1,) and the annulus load (Qamn). The resulting limit base capacity
was then separated into a limit annulus capacity and a limit plug capacity in the same proportion

as Qann/Qpiug for the last loading step of the pile load test.

33 Experimental Results

3.3.1 Driving Resistance

The hammer blow count required for driving the two test piles down to the final
penetration depth and penetration depth per blow are plotted versus pile penetration depth in Fig.
3.7. It can be seen in Fig. 3.7(a) that the cumulative hammer blow count for the open-ended pile
was consistently lower than for the closed-ended pile. For a penetration depth of 6.87 m, which
is the final penetration depth for the closed-ended pile, the cumulative blow counts were 250 and
211 blows for the closed- and open-ended piles, respectively. The difference in hammer blow
counts between the open- and closed-ended piles was quite significant initially, but decreased
gradually as the penetration depth increased. This is consistent with the results of Szechy (1959),

who showed that the blow count required for driving open-ended piles approaches the blow
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Figure 3.7 Driving record for open- and closed-ended piles: (a) blow counts versus penetration

depth, and (b) penetration depth per blow versus penetration depth.

23



Penetration per Blow (mm/blow)

0 200 400 600 800 1000
0 T T T T

Penetration Depth (m)
N

—— Closed-ended pile

7 r —— Open-ended pile

(b)

Figure 3.7 Driving record for open- and closed-ended piles: (a) blow counts versus penetration

depth, and (b) penetration depth per blow versus penetration depth(continued).
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count required for driving closed-ended piles with increasing penetration depth. This can be seen
more clearly in Fig. 3.7(b), which shows pile penetration depth vs. penetration depth per blow.
As shown in the figure, the penetration depth per blow for the open-ended pile was greater than
for the closed-ended pile until a penetration depth approximately equal to 3.5m. After 3.5 m,
which is approximately 10 times the outside pile diameter, the penetration rate for the open-
ended pile is nearly the same as for the closed-ended pile. This can be attributed to the increase
of penetration resistance for the open-ended pile due to the increasing degree of soil plugging
with penetration depth.

The rate of pile penetration during pile driving depends on the dynamic penetration
resistance developed along the pile shaft and base. In order to identify the relative effect of base

and shaft resistances on the rate of pile penetration, the static shaft penetration resistance (R, )
and base penetration resistance (R,) were estimated at every penetration depth using the CPT

results, as follows:

R =D f, M, (3.2)

R =q. -4, (3.3)

in which f,,= CPT sleeve friction for each sub-layer i; A4 ;= shaft area of piles for each sub-
layer i; g.= cone resistance; 4,= gross base area of piles. The indices calculated in (3.2) and

(3.3) are clearly not accurate representations of the actual resistances during driving. These
indices were used only for assessing qualitatively the relationship between trends in base and
shaft dynamic resistances and pile driving resistance. The calculated shaft and base penetration
resistances for the open- and closed-ended piles were plotted together with the blow counts per

unit penetration versus penetration depth in Fig. 3.8. It can be seen in Fig. 3.8(a) that the
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Figure 3.8 Variation of penetration resistances with penetration depth: (a) calculated base and

shaft penetration resistances versus penetration depth, and (b) drivability versus penetration

depth.
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Figure 3.8 Variation of penetration resistances with penetration depth: (a) calculated base and
shaft penetration resistances versus penetration depth, and (b) drivability versus penetration

depth(continued).
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calculated shaft penetration resistance increases at a low rate with penetration depth down to a
penetration depth of 3.0 m, and then increases at a significantly higher rate with penetration
depth (due to higher cone resistance).

Fig. 3.8(b) shows measured blow count per unit penetration versus penetration depth. In
general, the driving resistance of piles would be related to both the base and shaft resistance.
However, a qualitative comparison of the plots suggests that the blow counts per unit penetration
depth trend is similar to the trend of calculated base penetration resistance down to the
penetration depth of 3.0 m. For depths greater than 3.0 m, the measured blow count resembles
more strongly the calculated shaft penetration resistance rather than the calculated base
penetration resistance. Based on this observation, it may be concluded that driving resistance
depends more strongly on the base resistance of piles at shallow depths (in this test, down to a
depth of approximately 9 times the pile diameter). As depth increases, penetration resistance is
increasingly related to the shaft resistance. This is in contrast with the finding of Yamagata et al.
(1985), according to whom the penetration resistance during pile driving in sand depends mostly

on base resistance rather than shaft resistance.

3.3.2 Soil Plugging in the Open-Ended Pile

Formation of a soil plug in an open-ended pile is a very important factor in determining
pile behavior both during driving and during static loading. The degree of soil plugging can be

represented by the incremental filling ratio (IFR), defined as

IFR = % <100 (%) (3.4)

where AL/AD expresses the increase of soil plug length L per unit increase of penetration depth D
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(see Fig. 3.9).

Fig. 3.10 shows changes of the soil plug length and IFR with penetration depth during
pile driving. In the figure, the dashed line represents the fully coring pile driving mode for which
the soil plug length is equal to the pile penetration depth. It can be seen from the figure that the
open-ended pile was partially plugged from the outset of pile driving. It can also be seen that the
pile never reached a fully plugged state (for which IFR would be equal to zero). At the final
penetration depth, IFR for the pile was 77.5%. This is consistent with most test results by other
authors (Paikowsky et al., 1989; Paik and Lee, 1993), which show that most open-ended piles
with small to moderately large diameters driven into sands are driven in a partially plugged
mode.

It is also seen in Fig. 3.10 that the IFR decreases sharply from 94.1% to 71.2% in the first
2.0 m of penetration and then increases to 88.3% at a penetration depth of about 4.0 m. As
driving continues, IFR gradually decreases again until the end of installation. These variations of
IFR are closely linked with the relatively density of soil. Test results obtained from various
chamber tests on open-ended piles showed that the IFR of piles driven into uniform sand
gradually decreases with penetration depth and with decreasing relative density (Klos and
Tejchman, 1977; De Nicola and Randolph, 1997). Based on these results, the abrupt change of
IFR near the penetration depth of about 2 m shown in Fig. 3.10 is due to the change of relative
density at that depth. This can be confirmed by the relative density of the sand as estimated
using the results of CONPOINT (Salgado et al. 1997), a program that allows calculation of the
relative density of soil based on the CPT results. The estimated relative densities were about 30%
for the first 3 m and about 80% for depths greater than 3 m.

Since the soil plug length was measured both before and after the static load test, it was

possible to ascertain that there was not a change in the soil plug length as a result of the static
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Figure 3.10 IFR and soil plug length versus penetration depth for open-ended pile.
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load test. This result confirms the findings of Beringen (1979), Paikowsky et al. (1989), and
Paik and Lee (1993), who showed that open-ended piles behave as fully plugged piles in static
loading, regardless of the values of IFR achieved at the end of driving. This reinforces the fact

that soil plug behavior is very different under dynamic and static penetration conditions.

3.3.3 Residual Loads

Piles are driven by repeated hammer blows, which subject each cross section of the pile
to a sequence of compression/tension pulses. At the end of each hammer blow, and, in particular,
at the end of the last hammer blow, the pile reaches static equilibrium. That does not mean the
loads along the pile length are zero. There always are residual loads left in the pile; these are
always compressive at the pile base. For equilibrium to be established, the upward (compressive)
residual base load must equal the downward resultant of the residual shaft loads.

There are two ways to measure residual loads in driven piles (Darrag, 1987): (1) reading
the values of the strain gauges after pile driving (the strain gauges are zeroed before pile
driving); (2) using the load distribution curves from compressive and tensile load tests obtained
from strain gauges re-zeroed before each load test. We used the first method for both load tests
discussed in this report. Fig. 3.11 shows the distributions of residual loads measured along the
closed-ended pile (CEP) and the inner and outer pipes of the open-ended pile (OEP). In Fig. 3.11,
Qm 1s the residual base load for both the open-ended and the closed-ended piles, Qy, is the
residual soil plug load for the open-ended pile, and Q, is the residual annulus load for the open-
ended pile.

The residual base loads of the open- and closed-ended piles are 171 kN and 225 kN,

respectively. These residual loads equal 24% and 26%, respectively, of the base load ata
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Figure 3.11 Distributions of residual loads measured along the closed-ended pile (CEP) and the

inner and outer pipes of the open-ended pile (OEP)
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settlement corresponding to 10% of the pile diameter for each pile (10% of the outer pile
diameter for the open-ended pile). For the open-ended pile, the residual plug and annulus loads
estimated from the load distribution along the inner pipe are 108 kN and 63 kN, respectively,
corresponding to 41% and 14% of the plug and annulus loads at a settlement of 10% of the pile
diameter. Measurement of the residual load distribution along the outer shaft was not possible
due to uncertainties in the readings due to drift of the strain gauge values. Therefore, the residual
load distribution along the outer shaft of the open-ended pile was obtained under the assumption
that the distribution of unit shaft resistance is triangular and fully balances the sum of the
residual plug and annulus loads, as is required by equilibrium considerations.

Darrag (1987) reported that the magnitude and distribution of residual loads are affected
by the total load capacity of the pile, the ratio of shaft to total load capacity, the pile material (i.e.,
the pile axial stiffness), and the length and cross-sectional area of the pile. Our test results
indicate that the residual load in the closed-ended pile is greater than that in the open-ended pile.
Given that the pile material, length and gross cross-sectional area of both test piles are the same,
the different residual loads are due mostly to the difference in compaction of the soil around the
pile during driving caused by the difference in the cross sections of the two piles.

If the goal of a load test is simply to assess the total load capacity of a given pile, residual
loads should not be taken into account, as they do not affect the total load capacity of the pile
(the summation of residual shaft and base loads for the pile must equal zero). For similar piles
installed in a similar way in the same soil, the residual loads are likely to be similar, so that the
actual load capacity available to support super-structure loadings can be assumed not to include
residual loads. However, it would be conceptually correct to account for residual loads if the

purpose of the load testing is to establish base and shaft unit resistances for use in designing
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other piles installed under conditions different from those prevailing for the load-tested piles. To
see why it is so, consider the case of the base load capacity. The true, total unit base resistance
for a driven pile includes the residual compressive unit base load for that pile. If another pile
with, say, smaller residual unit base load is to be designed using the unit base resistance obtained
for the first pile, it will have a higher proportion of the total unit base resistance available to
support super-structure loads than the original pile.

Note that extrapolation of results of load test experience to piles installed under
conditions other than those existing for the test piles (such as piles with different length installed
in the same soil profile, or similar piles installed in soil profiles that differ in some way from that
where the test piles were installed) requires estimation of the residual loads for these piles. This
is not currently easy to do in practice. Additionally, there are situations in which residual loads
may vanish, such as in soils susceptible to stress relaxation ("soil creep") or in seismic areas,
where piles may at some time undergo loading and unloading cycles (Rieke and Crowser 1987).
Clearly, residual loads should not be considered as a part of the permanent load capacity in these
situations.

The previous discussion suggests that if residual loads are not considered in the
interpretation of compressive load test results for driven piles, the base load capacity may be
underestimated and the shaft load capacity may be overestimated for other piles under
compressive loads (Kraft, 1991). However, given the difficulties involved in either measuring or
estimating residual loads in practice, caution is in order when attempting to account for residual
loads in design. The permanent load capacity that would be available to support structural loads
for the two piles load-tested for this research does not include the residual loads; in this report,

test results are reported accordingly. However, all the information the reader needs to account for
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residual loads in calculations involving the load test results presented here is provided in Fig.
3.11. Additionally, we do provide values both including and not including residual loads for the

quantities most likely to be used in design (such as limit unit resistances).

3.3.4 Load-Settlement Response

Fig. 3.12 shows the load-settlement curves for both test piles obtained from the static load
tests and CAPWAP analyses. It is observed that the settlement of the open-ended pile is always
greater than that of the closed-ended pile for any given load. This is expected, as the closed-
ended pile is a full-displacement pile, while the open-ended pile was installed under conditions
of partial plugging and is not therefore a full-displacement pile. The maximum loads applied to
the open- and closed-ended piles in the static load tests were 1.28 MN and 1.77 MN,
respectively. The limit load capacities of the open- and closed-ended piles estimated by Chin’s
method were 1.33 MN and 1.86 MN, respectively.

The load-settlement curves by CAPWAP analysis were somewhat in contrast with what
was observed in the static load tests. The pile capacity predicted by the CAPWAP analysis was
1.28 MN for the open-ended pile and 0.90 MN for the closed-ended pile. These CAPWAP
predictions are based on the re-strike tests. The load-settlement curve estimated using CAPWAP
for the open-ended pile is stiffer than that estimated for the closed-ended pile. This is not
consistent with either the observations from the load tests or with the expected load response of
open vs. closed-ended piles. It is likely that the CAPWAP pile capacity estimated for the open-
ended pile is not reliable because the pile is double-walled. The CAPWAP pile capacity for the
closed-ended pile was also off, corresponding to only 51% of the load at the end of the static

load test, an estimate that is clearly conservative.
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Figure 3.12 Load-settlement curves for static and dynamic load tests.
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3.3.5 Base and Shaft Load Capacity

In the static load test on the closed-ended pile, the load was applied in eleven increments
taking the load to 0.29, 0.44, 0.59, 0.74, 0.88, 1.03, 1.18, 1.32, 1.47, 1.62, and 1.77 MN. The
load distribution along the test pile length is shown in Fig. 3.13 for each load step. For the final
load step, the load distribution including residual loads is also plotted as a dotted line. It is seen
from the figure that the load applied to the pile is mainly supported by shaft resistance for initial
loading stages. The load is then gradually transferred to the pile base. It is also found that most of
the shaft resistance is developed along the lower 3.0 m of the pile.

Fig. 3.14 shows the load distributions for the inner and outer pipes of the open-ended
pile. The load distribution in the inner pipe, shown in Fig. 3.14(a), represents changes of
transferred load along the soil plug, while the load distribution in the outer pipe, shown in Fig.
3.14(b), shows the distribution of the shaft resistance. Some of the strain gauges at the lower part
of the outer pipe were damaged during pile driving, and the interrupted shaft resistance
distributions for some of the load steps reflect this. The load distributions in the inner and outer
pipes were measured for the loading steps corresponding to applied loads equal to 0.15, 0.29,
0.44, 0.59, 0.74, 0.88, 0.98, 1.13, 1.23, and 1.28 MN. As shown in Fig. 3.14(a), the total base
load was solely supported by the annular area, with nearly zero soil plug resistance mobilized, up
to the 0.59MN loading step. For loads greater than 0.74 MN, some of the applied load was
transferred to the soil plug. It is also observed that, for the final load increments, most of the soil
plug resistance was mobilized within a distance of 6.8 times the inside pile diameter measured
from the pile base.

Table 3.1 shows both measured and estimated values of the total, base and shaft load

capacities of both test piles. It also has the soil plug and annulus capacities of the open-ended

38



Depth (m)

Load (MN)

0.0 05 1.0 1.5 2.0
2 T T T T T T T
0.29 I 0.74 I 1.18 I 1.62 I <T0p

(e 0.44‘ 0.88‘ 1.32 ‘ 177 1 *1.37m

0 <4 Ground
Level

A

-2

-3

4

-5

-6 . Base

_7 1 1 1 1 1 ' 1 1 <-687m

* including residual loads

Figure 3.13 Load distribution curves for closed-ended pile.
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Figure 3.14 Load distribution curves: (a) for base resistance of open-ended pile, and (b) for shaft

resistance of open-ended pile.
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Figure 3.14 Load distribution curves: (a) for base resistance of open-ended pile, and (b) for shaft

resistance of open-ended pile (continued).
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Table 3.1. Summary of measured and estimated key load capacities

Closed-ended pile

Open-ended pile

Parameters Total Base Shaft Total Base Plug Annulus Shaft
(1) () 3) (4) (6)) (6) (7 ®) 9)

Load at end of static load

test (kN) 1765 1115 650 1275 909 336 573 366
Load at settlement of 10%

of pile diameter (kN)' 1499 866 633 1025 715 265 450 310
Load at settlement of 10%

of pile diameter (kN)* 1499 1091 408 1025 886 373 513 139
Limit load capacity by

Chin’s method (kN)' 1861 1211 650 1333 967 358 609 366
Limit load capacity by

Chin’s method (kN)* 1861 1436 425 1333 1138 421 717 195
CAPWAP prediction based

on re-strike test (kN) 903 752 151 1277 823 — — 454

1: not accounting for residual loads

2: accounting for residual loads
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pile. Specifically, the table contains, for each test, the loads at the end of the test, the loads
extrapolated using Chin's method, the loads both including and not including residual loads at a
settlement equal to 10% of the pile diameter, and the CAPWAP predictions based on re-strike. It
is found from Table 3.1 that the limit base and shaft loads for the closed-ended pile are 25% and
78% larger than for the open-ended pile, respectively. When taking the load at a settlement of
10% of the pile diameter as the pile load capacity, the base and shaft load capacities for the
closed-ended pile are then 21% and 104% larger than for the open-ended pile, respectively. The
higher base and shaft resistances of the closed-ended pile, compared with the open-ended pile,
are due to the large differences in the installation of the two piles. The closed-ended pile is
clearly a full-displacement pile, which considerably pre-loads the soil beneath and around it. The
open-ended pile was installed without a significant degree of plugging and without pre-loading
the soil around it to any significant extent. It behaves more as a small-displacement than as a
full-displacement pile, with accordingly lower shaft and base load capacities.

For the open-ended pile, the limit load capacity of the annular area is greater than that of
the soil plug, although the annulus area of the open-ended pile is only 33% of the gross pile base
area. This implies that the soil resistance underneath the annulus is significantly higher than that

for the soil plug.

3.3.6 Bearing Capacity Comparison for the Open- and Closed-Ended Piles

Fig. 3.15 shows the normalized unit resistance-settlement curves for the base and shaft of
both test piles. In this figure, in order to eliminate the differences in pile load capacities that
might be caused by the differences between soil properties (as evidenced by the slightly different

CPT cone resistance profiles at C; and C, obtained before pile installation, as shown in Fig. 3.1),
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Figure 3.15 Comparison between normalized unit base and shaft resistances of open- and

closed-ended piles: (a) normalized unit base resistance, and (b) normalized unit shaft resistance.
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Figure 3.15 Comparison between normalized unit base and shaft resistances of open- and
closed-ended piles: (a) normalized unit base resistance, and (b) normalized unit shaft resistance

(continued).
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the unit base and shaft resistances were normalized with respect to average values of base and
shaft cone resistances, qcp and qc.ave, respectively. The average base cone resistance qcp, used for
normalizing unit base resistance was defined for each pile as the average q. value from the
corresponding CPT test from the pile base to 2 pile diameter below the pile base. It is important
to stress that this is just a conventional way of normalizing unit base resistance, and that based on
recent research by Salgado et al. (1997) and Lee and Salgado (1999), for example, pile base load
capacity is controlled substantially by q. values below the pile base, and not by values above the
base level.

The average shaft cone resistance (qcavg) for normalizing unit shaft resistance was
calculated along the whole length of each pile. The normalized average base cone resistance
(qep/c'y) calculated for each pile by dividing the average base cone resistance by the vertical
effective stress at the pile base are 207 and 169 for the open- and closed-ended piles, respectively.
The normalized average shaft cone resistance (qcave/G'vave), calculated by dividing the average
cone resistance by the average vertical effective stress along the pile shaft, is 207 for the open-
ended pile and 186 for the closed-ended pile.

As shown in Fig. 3.15(a), the normalized unit base resistance for the open-ended pile
(OEP) was 0.42, 28% lower than the 0.58 observed for the closed-ended pile (CEP) at a
settlement of 140 mm (corresponding to a settlement equal to around 40% of the pile diameter).
However, the annular area in the open-ended test pile was approximately 33% of the gross cross-
sectional area of the pile. This is significantly greater than the typical 11% for conventional
open-ended pipe piles. Accordingly, in practice, the difference between the base loads of
geometrically similar open- and closed-ended piles installed in the same soil to the same depth

would be more pronounced.
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It is also seen in Fig. 3.15(a) that the unit annulus resistance of the open-ended pile is
higher than the unit pile base resistance of the closed-ended pile. The unit annulus resistance of
the open-ended pile and the unit base resistance of the closed-ended pile are about 81% and 58%
of the average cone resistance (qcp) values obtained from C; and C,. The unit soil plug resistance
is about one third of the unit annulus resistance. These results justify the assumption made by
some authors (e.g., Lehane and Randolph 2002) that the unit annulus resistance is approximately
the same as the cone resistance at the same depth.

Fig. 3.15(b) shows that the normalized unit limit shaft resistance is, as discussed earlier,
much greater for the closed-ended pile than for the open-ended pile, even though they have the
same diameter and were installed to the same penetration depth. These were 0.0078 for the
closed-ended pile and 0.0038 for the open-ended pile. This large difference is due to the different
amounts of radial displacements experienced by the soil around the piles during pile driving, as
discussed earlier, and is consistent with the findings of Randolph et al. (1979) and Nauroy and
Le Tirant (1983). The normalized unit base and shaft resistances for both test piles are
summarized in Table 3.2.

Fig. 3.16 shows the traction between the soil plug and the inner surface of the pile as well
as the unit outer shaft resistance (the traction between the pile and surrounding soils). As
mentioned earlier, the unit soil plug resistance is smaller than the unit annulus resistance.
However, the soil plug resistance develops only because sufficient friction develops between the
soil plug and the inner surface of the pile. The unit inner shaft resistance was found to be greater
than the unit outer shaft resistance, as shown in Fig. 3.16, except for small settlements.
Physically, this can be understood as resulting from the higher contact stresses existing between
the high compressed soil plug and the inner pile surface than those between the outer surface of

the pile and the surrounding soil.
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Figure 3.16 Comparison between normalized unit inside and outside shaft resistances in open-

ended pile.
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Table 3.2. Summary of normalized unit resistances

Closed-ended pile

Open-ended pile

Unit resistance normalized Residual
with respect to qc Loads Base Shaft Base Plug Annulus Shaft
©) (2) 3) 4 (5) (6) (7) (8)

Based on load at settlement

of 10% of pile diameter 0.47 0.0076 0.33 0.18 0.64 0.0032
Based on load at end of ‘

static load test notincluded 0.60 0.0078 0.42 0.23 0.81 0.0038
Based on load estimated by

Chin’s method 0.65 0. 0078 0.44 0.24 0.86 0.0038
Based on load at settlement

of 10% of pile diameter 0.59 0.0049 0.41 0.23 0.67 0.0014
Based on load at end of

static load test meluded 0.72 0.0051 0.50 0.28 0.84 0.0020
Based on load estimated by

Chin’s method 0.77 0.0051 0.52 0.29 0.89 0.0020

base, plug and annulus resistances normalized with respect to qc; shaft resistance normalized with respect to g ave
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CHAPTER 4

DETERMINATION OF BEARING CAPACITY
OF OPEN-ENDED PILES IN SAND

4.1 Overview

Many design criteria for open-ended piles, based on field and chamber test results or
analytical methods, have been suggested (e.g., Klos and Tejchman, 1977; Nishida et al., 1985;
API, 1991; Randolph et al., 1991). For example, in the case of API RP2A (1991), the bearing
capacity of an open-ended pile can only be estimated for either the fully coring mode or the fully
plugged mode of penetration, although most open-ended piles are driven into sands in a partially
plugged mode. Stefanoff and Boshinov (1977) suggested the use of one-dimensional plug
analysis, in which the soil plug is treated as a series of horizontal thin discs and the force
equilibrium condition is applied to each disc, to calculate plug capacity of an open-ended pile.

There have been modifications of one-dimensional plug analysis to improve predictive
accuracy, such as the introduction of the concept of the wedged soil plug (Murff et al., 1990;
O’Neill and Raines, 1991; Randolph et al, 1991). Many test results show that the soil plug can be
divided into a wedged plug zone and an unwedged plug zone. While the wedged plug zone
transfers load to the soil plug, the unwedged plug zone transfers no load but provides a surcharge
pressure on top of the wedged plug zone. However, it is not easy to apply the one-dimensional
analysis to practical cases, because of the sensitivity of the method to the lateral earth pressure
coefficient, which is not easily estimated (Brucy et al, 1991; Leong and Randolph, 1991). De

Nicola and Randolph (1997) addressed this by proposing a profile of the lateral earth pressure
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coefficient K along the soil plug length.

An alternative design method can be based on the incremental filling ratio (IFR). The
degree of soil plugging is adequately quantified using the IFR, which is defined as the increment
of soil plug length corresponding to unit pile penetration (Paikowsky et al., 1989; Paik and Lee,
1993). The fully plugged and fully coring modes correspond to IFR = 0% and IFR = 100%,
respectively. A value of IFR between 0 and 100% means that the pile is partially plugged. A
series of model pile tests, using a calibration chamber, were conducted on model open-ended
piles instrumented with strain gauges in order to investigate the effect of IFR on the two
components of bearing capacity: base load capacity and shaft load capacity. Based on the
calibration chamber test results, empirical relationships between the IFR and the components of
pile load capacity are proposed. In order to verify the accuracy of predictions made using the two
empirical relationships, a full-scale static pile load test was conducted on a fully instrumented
open-ended pile driven into dense sand. The predicted pile load capacities are compared with the
capacities measured in the pile load test. Another example, extracted from the literature, is also

presented to illustrate the predictive capacity of the proposed relationships.

4.2 Calibration Chamber Test Procedures

4.2.1 Soil Properties

Han river sand, a subangular quartz sand with D;(=0.17 mm and Ds,=0.34 mm, was used
for all the calibration chamber model pile tests. The test sand is classified as poorly graded (SP)
in the Unified Soil Classification System, so the maximum dry density of the sand is near the low

end of the typical range for sands. The maximum and minimum dry unit weights of the sand
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were 15.89 kN/m’® and 13.04 kN/m’, respectively.

A series of laboratory tests were conducted to characterize the sand. The results from
these tests are summarized in Table 4.1. The internal friction angle of the sand and the interface
friction angle between the sand and steel were measured from direct shear tests under normal
stresses of 40-240 kPa. The peak friction angles of the sand with relative densities of 23%, 56%,
and 90% were 34.8°, 38.2°, and 43.4°, respectively, and the critical-state friction angle was 33.7°.
The peak interface friction angles between the pile and the sand were 17.0°, 17.5°, and 18.4° for
Dr=23%, 56%, and 90%, respectively, and the critical-state interface friction angle was 16.7°.
This angle is lower than commonly reported values because the test pile was made of stainless

steel pipe with a very smooth surface.

4.2.2 Calibration Chamber and Sample Preparation

All model pile tests were conducted in soil samples prepared within a calibration
chamber with a diameter of 775 mm and a height of 1250 mm. In order to simulate various field
stress conditions, two rubber membranes, which can be controlled independently, were installed
on the bottom and inside the lateral walls of the calibration chamber. The consolidation pressure
applied to the two rubber membranes was maintained constant by a regulator panel throughout
each pile test.

The soil samples were prepared by the raining method with a constant fall height. The
falling soil particles passed through a sand diffuser composed of No.8 and No. 10 sieves in order
to control flow uniformity and fall velocity. The soil samples had Dr= 23%, 56%, and 90%.
After sample preparation, the samples were consolidated to the desired stress state during

approximately 30 hours by compressed air transferred to the rubber membranes.
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Table 4.1 Soil properties of test sand

Property Value
Coefficient of uniformity, C, 2.21
Coefficient of gradation, C, 1.23
Maximum void ratio, €max 0.986
Minimum void ratio, €min 0.629
Minimum dry density, Y4 min 13.04 kN/m®
Maximum dry density, Y4 max 15.89 kKN/m’
Specific gravity, G 2.64
Peak friction angle, {peak 34.8-43.4°
Critical-state friction angle, ¢, 33.7°
Peak interface friction angle, & 17.0-18.4°
Critical-state interface friction angle, &, 16.7°
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Measurements made in calibration chambers are subject to chamber size effects. Many
researchers have attempted to estimate the chamber size needed for boundary effects on pile
bearing capacity or cone resistance to become negligible. Parkin and Lunne (1982) suggested 50
times the cone diameter as the minimum chamber diameter for chamber size effect on cone
penetration resistance to become acceptably small. Salgado et al. (1998), based on cavity
expansion analyses, found that 100 times the cone diameter was the minimum chamber diameter
to reduce chamber size effects on cone resistance to negligible levels. Diameters of the chamber
and test pile used in this study are 775 mm and 42.7 mm, respectively. The lateral and bottom
boundaries are located at a distance equal to 18.2 pile radii from the pile axis and 23.0 pile radii
below the maximum depth reached by the pile base, respectively. Considering the results of the
research on chamber size effects mentioned above, the size of the chamber used in this study is
not sufficiently large for chamber size effects on pile bearing capacity to be neglected. The
flexible boundary causes lower radial stresses than those that would exist in the field.
Accordingly, the chamber tests done as part of this study produce lower pile load capacities than
those that would be observed in the field. A correction for chamber size effects is then necessary.

It is discussed in a later section.

4.3 Model Pile and Test Procedure

4.3.1 Model Pile

An open-ended pile is generally driven into sands in a partially plugged mode, and its
bearing capacity is composed of plug resistance, annulus resistance, and shaft resistance. In order

to separate pile load capacity into its components, an instrumented double-walled pile was used
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in the testing. A schematic diagram of the pile is shown in Fig. 4.1. The model pile was made of
two very smooth stainless steel pipes with different diameters. It had an outside diameter of 42.7
mm, inside diameter of 36.5 mm, and length of 908 mm.

The wall thickness of the test piles used in this study is larger than those of piles typically
used in practice. Szechy (1959) showed that the degree of soil plugging and bearing capacity of
two piles with different wall thicknesses don't differ in a significant way (with bearing capacity
increasing only slightly with increasing wall thickness); only driving resistance depends
significantly upon the wall thickness. So the load capacity of the test piles reported in this report
are probably larger, but only slightly so, than what would be observed in the field.

Eighteen strain gauges were attached to the outside surface of the inner pipe at nine
different levels in order to measure the base load capacity (summation of plug and annulus load
capacities) from the load transfer curve along the inner pipe. Two strain gauges were also
attached to the outside surface of the outer pipe in order to measure shaft load capacity. A gap of
4 mm between the outer pipe and the pile toe, which was sealed with silicone, prevented the base
load from being transferred to the outer pipe. The outer pipe, therefore, experienced only the
shaft load.

Many researchers have relied on linear extrapolation to separate the base load capacity
into plug and annulus capacities (Paik and Lee, 1993; Choi and O’Neill, 1997; Lehane and
Gavin, 2001). Linear extrapolation would apply strictly only if the inside unit friction between
the pile and soil plug were constant between the second lowest strain gauge and the pile base, as
shown in Fig. 3.4. In reality, the inside unit friction between the soil plug and the test pile
increases dramatically near the pile base. Use of linear extrapolation, therefore, leads to an

overestimation of annular resistance. This overestimation increases as the distance between the
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lowest strain gauge and the pile base increases. In part to avoid this uncertainty, in this report we
use the base load capacity to analyze the test results instead of the plug and annulus load
capacities separately. The base load capacity of the test pile was obtained from the upper strain
gauges located on the inner pipe, for which the measured vertical loads reached a limit value

(Fig. 3.4).

4.3.2 Test Program

Seven model pile tests were performed in dry soil samples with three different relative
densities and five different stress states. Each test is identified by a symbol with three letters (H:
high, M: medium, L: low), signifying the levels of the relative density, vertical and horizontal
stresses of the sample, respectively. A summary of all model pile tests is presented in Table 4.2.
Five model pile tests were conducted in dense samples with Dr=90% and five different stress
states. Two model pile tests were conducted in loose and medium samples consolidated to a
vertical stress of 98.1 kPa and horizontal stress of 39.2 kPa. The model piles were driven by a
39.2 N hammer falling from a height of 500 mm. During pile driving, the soil plug length and the
pile penetration depth were measured at about 40 mm intervals, corresponding to 94% of the pile
diameter, in order to calculate the incremental filling ratio (IFR). The change in soil plug length
during pile driving was measured using a ruler introduced through an opening at the top plate of
the pile (see Fig. 4.1). In order to measure the soil plug length, driving operations were
suspended for no more than a minute each time. Static pile load tests were performed when the
pile base was located at depths of 250, 420, 590, and 760 mm. The pile load tests were continued
until the pile settlement reached about 19 mm (44% of the pile diameter), at which point all the

test piles had reached a plunging limit state (Fig. 4.2). The ultimate load of each test pile is
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Table 4.2 Summary of model pile test program

Initial Initial Initial Initial
Test relative vertical horizontal earth
Indicator density stress stress pressure
(%) (kPa) (kPa) coefficient
HLL 90 39.2 39.2 1.0
HML 90 68.6 39.2 0.6
HHL 90 98.1 39.2 0.4
HHM 90 98.1 68.6 0.7
HHH 90 98.1 98.1 1.0
LHL 23 98.1 39.2 0.4
MHL 56 98.1 39.2 0.4
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Figure 4.2 Load-settlement curves from model pile load tests.
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defined as the load at a settlement of 4.27 mm, corresponding to 10% of the pile diameter. The
total load applied to the pile head was measured by a load cell, and settlement of the pile head
was measured by two dial gauges. Details of the model pile, sample preparation, and test

program have been described by Paik and Lee (1993).

4.4 Model Pile Test Results

4.4.1 Pile Drivability

Fig. 4.3(a) shows pile penetration depth vs. hammer blow count for all the test piles. As
shown in the figure, the hammer blow count per unit length of penetration increases as pile
penetration depth increases, since the penetration resistances acting on the base and shaft of the
piles during driving generally increase with penetration depth. The vertical stress applied to the
soil sample had little effect on the cumulative blow count. However, the blow count necessary to
drive the pile to a certain depth decreased rapidly with decreasing horizontal stress. It is also seen
in Fig. 4.3(a) that the blow count necessary for driving the pile to some required depth increases

with increasing relative density.

4.4.2 Soil Plugging

The degree of soil plugging in an open-ended pile affects pile behavior significantly. The
IFR is a good indicator of the degree of soil plugging. During the model pile tests, the IFR was
measured at increments of 40 mm of penetration. The change of the soil plug length with pile
penetration depth is plotted in Fig. 4.3(b). It is seen in the figure that the soil plug length

developed during pile driving increases as the horizontal stress of the soil sample increases for
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Figure 4.3 Driving test results: (a) hammer blow count, and (b) soil plug length.
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Figure 4.3 Driving test results: (a) hammer blow count, and (b) soil plug length (continued).
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the same relative density, and as the relative density increases for the same stress. It can also be
seen that every test pile, during static load testing, advances in fully plugged mode, irrespective
of the initial soil condition and the degree of soil plugging during pile driving. The static load
tests appear as short vertical lines in Fig. 4.3(b), meaning that penetration depth increases while
soil plug length remains unchanged.

Fig. 4.4 shows changes of IFR with soil state (relative density, vertical stress, and

horizontal stress). Fig. 4.4(a) shows IFR vs. Dy for tests with o, =98.1 kPa and K,=0.4. Fig
4.4(b) shows IFR vs. o, for tests with Dr=90% and o, =39.2 kPa. Fig. 4.4(c) shows IFR vs.

o, for Dr=90% and o, = 98.1 kPa. It is observed that the IFR increases markedly with

increasing relative density and with increasing horizontal stress. These changes in IFR reflect the
decreasing amount of compaction of the soil plug during pile driving as the relative density and
stress level in the soil increase. However, the IFR is relatively insensitive to changes in the
vertical stress applied to the soil sample. This means that the IFR of an open-ended pile would be
higher for an overconsolidated sand than for a normally consolidated sand at the same Dgr and
o

Fig. 4.5 shows IFR versus plug length ratio PLR for the chamber test results and for the
test results of Szechy (1959), Klos and Tejchman (1977), Brucy et al. (1991), and Paik et al.

(2002). The plug length ratio PLR is defined as the ratio of soil plug length to pile penetration as

(see Fig. 3.9):

PLR==— (4.1)

In Fig. 4.5(b), the data from Paik et al. (2002) was obtained from a full-scale pile with diameter

63



90 T

80

\

(*)]
o
T
1

IFR (%)
3

—o— Depth=25cm
—m— Depth=42cm
—&— Depth=59cm
—o— Depth=76cm

30 [ | 6'v=98.1 kPa, K,=0.4

20 1 1 1 1
0 20 40 60 80 100
Dk (%)
(a)
100 T T T T T
90 4
80 | '/‘\‘ |
< 70 f Q ]
i 60 4
50 —o— Depth=25cm
—— Depth=42cm
40 | | Dr=90%, o'=39.2kPa | —A—Depth=59cm
—e— Depth=76cm
30 1 1 1 1 ]
0 20 40 60 80 100 120
o'v (kPa)
(b)

Figure 4.4 1FR versus (a) relative density for o, = 98.1 kPa and Ky = 0.4, (b) vertical stress for

Dr =90% and o," = 39.2 kPa, and (c) horizontal stress for Dg = 90% and c,” = 98.1 kPa.



100 T

2 / .
80 | .
S
x 70 1
LL
60 r —o— Depth=25cm 7
—— Depth=42cm
50 r [ Dg=90%, 5',=98.1 kPa | —A—Depth=59cm 4
—e— Depth=76cm
40 1 1 1 1 1
0 20 40 60 80 100 120
o'h (kPa)
()

Figure 4.4 1FR versus (a) relative density for 6,” = 98.1 kPa and K, = 0.4, (b) vertical stress for
Dr = 90% and o,” = 39.2 kPa, and (c) horizontal stress for Dg = 90% and o, = 98.1 kPa

(continued).

65



120 T T T T | | |

e HLL
100 .
;\; 80 =
o
L 60 | =
40 | -
20 1 1 1 1 1 1 1
04 05 06 07 08 0.9 1.0 1.1 1.2
PLR
(a)
120 T T T T T T T
@ Szechy (B=62mm) |
O Szechy (B=79mm) O
100 L EKlos & Tejch.(B=60mm) i
O Klos & Tejch.(B=128mm)
A Brucy et al.(B=70mm) A
. ¢ Paik et al.(B=356mm)
o 80 | .
S
e
L 60 il
equation (4.2)
40 .
O
20 .- II:| | | | | |
04 05 06 07 08 09 1.0 1.1 1.2
PLR
(b)

Figure 4.5 PLR versus IFR (a) for chamber test results, and (b) for other test results.

66



of 356 mm driven into submerged dense sands. The remaining data were obtained from model
pile tests using piles with various diameters driven into dry sand ranging from loose to medium
dense (the diameter of each test pile is indicated in the figure). Fig. 4.5(a) shows that IFR,
measured at the final penetration depth, increases linearly with increasing PLR. The relationship

between PLR and IFR for the calibration chamber tests can be expressed as follows:

IFR (%)=109- PLR — 22 (4.2)

This equation slightly underestimates the IFR for PLR values greater than 0.8 and slightly
overestimates it for PLR values lower than 0.7, as shown in Fig. 4.5(b). In general, it is known
that the IFR 1is a better indicator of the degree of soil plugging than the PLR (Paikowsky et al.,
1989; Paik and Lee, 1993). In the field, however, it is easier to measure the PLR than the IFR.
Equation (4.2) can be used to estimate the IFR from the PLR, when only the PLR is measured in

the field.

4.4.3 Base and Shaft Load Capacities

The ultimate unit base resistance qp measured in the calibration chamber is plotted versus

relative density (for o, = 98.1 kPa and K,= 0.4), versus vertical stress (for Dr = 90% and &, =

39.2 kPa) and versus horizontal stress (for Dr = 90% and o, = 98.1 kPa) in Fig. 4.6. It is apparent

that the ultimate unit base resistance increases significantly with increasing relative density and
increasing horizontal stress, but is relatively insensitive to vertical stress. This is consistent with
experimental results of Baldi et al. (1981), Houlsby and Hitchman (1988), and Vipulanandan et al.

(1989), which showed that cone resistance was a function of lateral effective stress.
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Fig. 4.7 shows the ultimate unit base resistance, normalized with respect to the horizontal
stress, vs. IFR for different relative densities, and the ultimate unit base resistance vs. IFR for
dense sand. It can be seen in Figs. 4.7(a) and (b) that the ultimate unit base resistance of open-
ended piles increases with decreasing IFR and that the rate of change of ultimate unit base
resistance with IFR increases with Dg. It is also seen that the ultimate unit base resistance
increases with relative density at constant IFR.

Fig. 4.8 shows the ultimate unit shaft resistance f;, . measured in the calibration chamber
versus relative density, vertical stress, and horizontal stress. Similarly to what is observed for
ultimate unit base resistance, the ultimate unit shaft resistance of an open-ended pile increases
with both relative density and horizontal stress, but is insensitive to the vertical stress. It is clear
from Fig. 4.8(c) that the ultimate unit shaft resistance is linearly related to the horizontal stress.

The ultimate base and shaft load capacities of the test piles are listed in Table 4.3.

4.5 Correction of Chamber Test Results for Chamber Size Effects

4.5.1 Adjustment of Pile Diameter

Pile load capacities measured in a calibration chamber are different from those measured
in the field under the some soil state due to chamber size effects. In order to use the calibration
chamber test results for computation of pile load capacity in the field, corrections for chamber
size effects were performed for every chamber test. In the estimation of chamber size effects, the
ratio of the chamber to the equivalent diameter of the model pile used in the tests is required. The

equivalent diameter of an open-ended pile is the diameter that a pile with solid cross-section
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Table 4.3 Summary of model pile test results and size effect factors

Soil Base Shaft Size effect factor
Test plug load load
Test depth length IFR capacity | capacity Base Shaft
indicator | (mm) (mm) (%) PLR (kN) (kN) load load
(D (2 (3) 4) ) (6) (7 3 )
HLL 256 250 78.4 0.98 2.60 0.63 0.50 0.54
420 366 71.4 0.87 291 0.90 0.49 0.51
592 478 67.0 0.81 3.59 1.57 0.48 0.50
760 571 54.4 0.75 391 2.13 0.46 0.49
HML 250 251 88.0 1.00 2.50 0.50 0.52 0.54
420 373 76.3 0.89 2.85 0.81 0.50 0.52
589 483 69.0 0.82 3.67 1.39 0.48 0.50
760 583 57.4 0.77 4.30 2.23 0.47 0.49
HHL 250 251 84.2 1.00 2.42 0.53 0.51 0.54
420 369 73.0 0.88 2.81 0.90 0.49 0.51
590 477 69.5 0.81 3.54 1.65 0.48 0.50
758 575 60.0 0.76 4.29 2.05 0.47 0.49
HHM 252 255 87.9 1.01 3.09 0.70 0.52 0.55
420 381 78.6 0.90 3.57 1.45 0.50 0.52
591 501 73.9 0.85 4.66 2.49 0.49 0.51
761 614 72.1 0.81 491 3.60 0.49 0.50
HHH 251 266 92.6 1.06 4.53 1.36 0.53 0.56
420 398 82.9 0.95 4.66 2.46 0.51 0.53
590 521 79.8 0.88 5.40 3.93 0.50 0.52
760 644 77.8 0.85 5.78 5.70 0.50 0.51
MHL 247 236 75.9 0.96 1.82 0.28 0.53 0.58
419 347 67.4 0.83 2.17 0.49 0.51 0.55
589 445 60.5 0.76 241 0.65 0.50 0.53
757 532 53.9 0.70 2.82 1.00 0.49 0.52
LHL 247 224 71.1 091 1.01 0.18 0.61 0.66
419 319 56.5 0.76 1.23 0.36 0.58 0.62
581 401 52.4 0.69 1.46 0.59 0.57 0.60
756 472 42.6 0.62 1.56 0.66 0.56 0.59
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would have to have in order to displace the same soil volume during installation as the open-
ended pile. The equivalent diameter of open-ended piles varies with the degree of soil plugging,
because the soil displacement around the pile due to pile driving increases with decreasing IFR
(Randolph et al, 1979). For example, if a pile is driven in fully coring mode, the equivalent pile
diameter is calculated from an equivalent area equal to the annular area. If a pile is fully plugged
during driving, the gross cross-sectional area of the pile should be used. For piles driven in a
partially plugged mode, the equivalent pile diameter can be determined through interpolation

with respect to the [FR. This is summarized, mathematically, as follows:

If IFR 2100%, d, = Ja@2 -a?) (4.32)

If IFR=0%, d,=d, (4.3b)

(V)
If 0% < IFR <100%, d, =d, —(do a2 -a? i)-%(o@ (4.3¢)

in which d, =equivalent pile diameter; d,= outer pile diameter, and d,= inner pile diameter.

Considering the pile driving mechanism of an open-ended pile, the base load capacity of
the pile depends on the IFR measured at the final penetration depth. The shaft load capacity
should be related to the average value of the IFR measured during driving, which is equal to the
PLR at the pile penetration depth. In this study, therefore, the equivalent pile diameters for each
test were computed for the base and shaft load capacities using equations (4.3). The IFR and
PLR at the pile penetration depth are used for correction of the base and the shaft load capacity,

respectively.
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4.5.2 Field Pile load capacity

Salgado et al. (1998) conducted a theoretical analysis of chamber size effect for cone penetration
resistance in sand and quantified the size effect as a function of soil state (Dr and c'y) and
chamber to pile diameter ratio. According to their results, which also apply to displacement piles,
the ratio qccc/qefr Of chamber to field cone resistances for normally consolidated sands with

Dr=23%, 56%, 90% and diameter ratio in the 10-45 range can be approximated as:

&:(1.0&10-&[&}0.31} (4.4a)
qc,ff dp
for Dr=23%
Q:[Lozxm-z XLD0]+0.24J (4.4b)
QC,ff dP
for Dr=56%
D
Tece _ (7.79 107 x ( ‘ J ; 0.27J (4.4¢)
qc,ff dp

for Dr=90%

In these equations, g, .= cone resistance measured in a calibration chamber; g, , = field
cone resistance; D, /d ,= ratio of chamber to equivalent pile diameter. The chamber size effect

factors for the base and shaft load capacities estimated by (4.4) are listed in Table 4.3. The field
pile load capacity can then be obtained by dividing the chamber pile load capacity by the

corresponding size effect factors.
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4.6  New Design Equations for Load Capacity of Open-Ended Piles
4.6.1 Base Load Capacity

Fig. 4.9 shows the ultimate unit field base resistance q, normalized with respect to the
horizontal effective stress o, at the pile base, versus IFR for piles driven into sands with various
relative densities. The figure shows that the normalized unit field base resistance increases

linearly with decreasing IFR. The relationship between ¢, , / o, and IFR can be expressed as:
IFR(%)

s _ 396 995.780%) (4.5)
a-o, 100

with a coefficient of determination, >, equal to 0.82. In this equation, the o values, function of
the relative density, were obtained from the calibration chamber tests as equal to 1.0 for dense
sands, 0.6 for medium sands, and 0.25 for loose sands. In the case of fully plugged piles (IFR=0),

which behave as closed-ended piles, unit field base resistance is expressed as

9y = 3260, =1300, for normally consolidated dense sands with K, = 0.4. This is consistent

with the unit base resistance of a closed-ended pile in dense sand proposed by the Canadian
Foundation Engineering Manual (1992). In order to predict base load capacity of open-ended
piles using (4.5), it is necessary to know either the IFR or the soil plug length at the final
penetration depth (from which the IFR can be estimated through (4.2)). A technique for
measuring [FR during pile installation will be described in a later section. Note that equation
(4.5) should be used only for piles driven into sands, not for piles installed using vibratory

hammers.
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Figure 4.9 Normalized field unit base resistance versus IFR.
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4.6.2 Shaft Load Capacity

The average ultimate field unit shaft resistance f;, r for the model piles, normalized
with respect to K o, tand, , is plotted versus PLR in Fig. 4.10 for various relative
densities. It can be seen in the figure that the normalized ultimate field unit shaft

resistance increases with decreasing PLR. The field unit shaft resistance of piles driven

into dense sand can be expressed as follows:

f;a,f
(Ko, and,)p

=72-48-PLR (4.6)

in which f,, = average ultimate unit shaft resistance in the field, K, = lateral earth pressure
coefficient before pile driving; o, = average vertical effective stress over the whole penetration
depth; 0. = critical-state interface friction angle between the pile and the soil; and £ = function
of the relative density. The f values were obtained from the calibration chamber tests as equal to

1.0 for dense sands, 0.4 for medium sands, and 0.22 for loose sands. In the case of closed-ended
piles in normally consolidated dense sands with K, =0.4, the normalized unit shaft resistance
equals 7.2. This equation may be interpreted as implying that the lateral stress on the closed-
ended pile driven in dense sands is 7.2 times higher than that before pile driving. This is
consistent with the lateral earth pressure coefficient of K=2-3, which the Canadian Foundation
Engineering Manual (1992) suggested for steel piles with 8=20° driven into a normally

consolidated dense sand.
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80



4.7 Application of New Empirical Relations

4.7.1 Example 1

Field Pile Load Test

In this example, we use the field load tests described in the previous chapter. The soil at
the site is gravelly sand with maximum and minimum dry unit weights of 18.64 kN/m’ and 15.61
kN/m’, respectively. A 2.0 m thick fill layer was removed before pile driving. The groundwater
table is at a depth of 3 m below the soil surface. SPT and CPT results indicate that the first 3
meters of the gravelly sand deposit are in a loose state (Dr = 30%), but the rest of the deposit is
in a dense to very dense state (Dr = 80%), as shown in Fig. 4.11. Note that the fill originally
present at the site was removed before the piles were installed and tested, and Fig 4.11
accordingly does not include data for the fill. The resulting over consolidation ratio (OCR) is

also shown in Fig. 4.11 as a function of depth.

Static Load Test Results

Fig. 4.12 shows the load-settlement curves for the base and shaft load capacities of the
full-scale open-ended pile. As shown in the figure, the shaft load capacity reached its limit
value before the final load step. The ultimate total and base load capacities were also
determined as the loads at a settlement of 35.6 mm, corresponding to 10% of the pile diameter.
The ultimate base and shaft load capacities not accounting for residual loads were 715 kN and
310 kN, respectively. The ultimate base and shaft load capacities accounting for residual loads

were 886 kN and 139 kN, respectively. In practice, it is difficult to account for residual loads.
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Residual loads are induced in every driven pile, but their magnitude depends on several factors.
The use of the unit base and shaft resistance values that have been corrected for residual loads
for designing a different pile installed in a different sand site would require estimation of the
residual loads for that pile. This is very difficult to do in practice. Accordingly, we base our
suggested design values of shaft and base resistances on the values measured without any

correction for residual loads, as is customary.

Comparison of Computed and Measured Capacities
The bearing capacity of the test pile was predicted using the empirical relationships
suggested in this study. Since the soil deposit was over-consolidated by removal of the fill layer,

the lateral earth pressure coefficient K, was taken as (Mayne and Kulhaway, 1982):
K, = (I - sing) OCR *™? 4.7)

Saturated unit weights of the sand are yq = 20.1 kN/m’ for the loose sand and 21.2 kN/m? for the
dense sand, respectively. The mean particle size is 0.4 mm. The critical state friction angle for the
sand obtained from triaxial compression tests is ¢, = 33.3°; the interface friction angle between
the pile and sand is taken as d.= 2¢./3 = 22.2°, which is adequate for typical pipe piles. At the
depth of the pile base, OCR=1.41, and K, results equal to 0.55. Using (4.5), the ultimate base
load capacity Q,,, can be obtained as:

o)
q”, ~326-295. RO _ 356 995. 773 _g74
100 100

a-o,

(7-d?
O =y - Ay =974 ah(” . j =97.4(1.0)(0.55x101.2)(0.0995) = 539.4 kN
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The ultimate shaft load capacity can be computed using (4.6). The [ values used in the
calculations are 0.3 for the first 3 m in loose sand and 1.0 for depth greater than 3 m in dense
sands. The variation of K, with OCR along the whole depth of the pile was considered in the

calculations, which are summarized next:

f;a,f
(Ko, and,)p

=72-48-PLR=7.2-4.28(0.82)=3.26

D)r-d, tand,

ol Vi

Qv = [y - Ay, =3.26K 0 tan s, f(x -d, D) =3.265(S,K ;0

=3.26 (0.3x63.4+1.0x 191.3) 7 (0.356) tan22.2° = 312.9 kN

in which D = penetration depth of the pile. Thus, the ultimate total load capacity can be

calculated as

Ooat = Opase + Oy =539.4+312.9 =852.3 kN

The base and shaft load capacities predicted using equations (4.5) and (4.6) were 75.4%
and 100.9% of the ultimate values measured in the pile load test, respectively. The predicted

0. = 852.3 kN is a reasonably close, conservative estimate of the measured value, as shown in
Fig. 4.13(a).
4.7.2 Example 2

Field Pile Load Test
Beringen et al. (1979) described field pile load tests on an instrumented open-ended pipe

pile driven into a dense, overconsolidated sand. The wet unit weight of the sand is 20 kN/m’, and
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the average friction angle for the sand measured from drained triaxial tests is ¢ = 38" and o= 2¢/3
= 25.3°. The ground water level is 3.1 m under the soil surface, and CPT cone resistance at the
pile base level is 43 MPa. The upper 2.2 meters of sand are in a medium state, while the lest of
the layer is in a very dense state. Because the OCR is not reported, lateral earth pressure
coefficient was calculated using the theoretical analysis results of Salgado et al. (1997b), who
calculate the CPT cone resistance for the horizontal stress and relative density using the program
CONPOINT (Salgado et al., 1997a; Salgado et al., 1998). The K, value calculated for Dg=90% is
0.70, and the OCR can be estimated as equal to 2.65 by (4.7). The pile was driven down to 7.0
m, and the soil plug length measured at the final penetration depth was 4.6 m. The inside and
outside pile diameters were 324 mm and 356 mm, respectively.

The reported base and shaft load capacities in compression were 1130 kN and 1310 kN at
the last loading stage, 966 kN and 1260 kN at settlement of 10% of pile diameter respectively.
The reported shaft load capacity in tension was 830 kN, same at both stages. However, it is not
possible to separate the total compression load capacity into base and shaft load capacities using
only strain gauges, unless the pile is a double-walled pile. It seems to be more appropriate to
calculate the base load capacity by subtracting the shaft load capacity in tension from the total
load capacity in compression. For the purposes of this study, therefore, the base load capacity

Oyuse = 1396 kN and the shaft load capacity Q,,,, =830 kN.

Comparison of Computed and Measured Capacities

The IFR at the final penetration depth can be estimated using (4.2) as

IFR(%) =109 - (%j —22=49.6%
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Thus, the limit plug load capacity can be predicted from (4.5) as

. 0
q”’f, _326-295. FROD) _ 356 995.496 _ 1797
100 100

a-o,

2

O =y - A, =179.7-a- a,;[” '4d° J =179.7(1.0)(0.70 x101.8)(0.0995) = 1274.1 kN

The limit shaft load capacity can be computed using (4.6) (The variation of K, with OCR for the

whole depth of the pile was considered in this calculation):

f\sa,f
(K,o, tand,)

=72-48-PLR="72-4.8(0.657)=4.05

Ot = Jroy " Ay = 4.05K 0, tand,B(n-d, D) =4.05%(BK,. 0,

ol vi

D) -d, tan o,

=4.05 (0.4x30.5+1.0x251.3) 7 (0.356) tan25.3° = 564.18 kN

in which D = penetration depth of the pile. Thus, the limit total load capacity can be calculated as

Ot = Opase + O = 1274.1+564.2 = 18383 kN

The base and shaft load capacities predicted using equations (4.5) and (4.6) was 91.2%
and 67.9% of the limit values measured in the pile load test, respectively. The predicted value of

O.... =1838.3 kN is about 82.6% of the measured value. It can be seen in Fig. 4.13(b) that the

proposed relations can satisfactorily predict the load capacities of the test pile.
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Figure 4.13 Comparison of predicted with measured load capacities; (a) example 1, (b) example 2
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CHAPTER S

ESTIMATION OF THE LOAD CAPACITY OF PIPE PILES
IN SAND BASED ON CPT RESULTS

5.1 Overview

Open-ended piles cause less change in the soil state than closed-ended piles with the
same diameter, but more so than non-displacement piles with the same diameter. A major
difference between closed- and open-ended piles is the possible formation of a “soil plug” inside
the open-ended pile during driving. If no soil entered the pile during installation, open-ended
piles would behave exactly as closed-ended piles.  As the soil enters the pile, frictional
resistance is mobilized between the soils and the inner surface of the pile. Until sufficient
friction develops between the soil plug and the pile inner surface and the plug becomes
sufficiently stiff, soil continues to enter the pile. The base resistance of open-ended piles is a
combination of the soil plug resistance and the annulus resistance.

Numerous investigations of the behavior of open-ended piles have been conducted either
experimentally or analytically (e.g., Paikowski and Whitman 1990, Randolph et al. 1991, Leong
and Randolph 1991, Paik and Lee 1993, De Nicola and Randolph 1997). Most of the
experimental investigations were done using calibration chamber load tests on model piles driven
into the soil. In this project, the pile load capacity of both closed- and open-ended driven piles in
sand are investigated using fully instrumented field pile load tests and calibration chamber pile
load tests. The relationship between pile load capacity and CPT cone resistance is established

based on the determination of cone penetration resistance . for the same conditions as in the
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tests. Pile unit resistances normalized with respect to the cone resistance q. are provided for

various soil densities and driving conditions.

5.2 Experimental Program

5.2.1 Calibration Chamber Tests

Calibration chamber tests have been used in several instances to investigate pile behavior
(Ghionna et al. 1993, Salgado et al. 1998, Lee and Salgado 2000, 2001). Paik and Lee (1993) and
Paik et al. (1994) conducted a series of calibration chamber tests for both open- and closed-ended
driven piles. A total of 36 calibration chamber load tests on closed- and open-ended piles were
performed (Paik et al. 1993, 1994). All the tests were instrumented in order to separately
measure each component of pile load capacity. The calibration chamber used in the tests has a
diameter of 0.775 m and a height of 1.25 m. The test piles were driven into the sand samples
using a falling hammer until a desired pile base depth was reached. Four different pile base
depths (250, 420, 590, and 790 mm) were used in the load tests. Fig. 5.1 shows the detailed
dimensions of the test piles. The tests were performed on samples with different soil densities
and stress states (see Table 5.1). The sand was Han River sand, a uniformly graded silica sand
with properties given in Table 5.2.

Fig. 5.2 shows base and shaft load-settlement curves for closed-ended piles [Figs. 5.2(a)
and (c)] and open-ended piles [Figs. 5.2(b) and (d)] driven to four different pile depths (250, 420,
590, and 760 mm) measured from the top of the calibration chamber soil samples. For the open-

ended piles, the base resistance q, was obtained from the combination of the soil plug (Qpie) and
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Figure 5.1 Test pile details used in calibration chamber load tests.
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Table 5.1. Soil densities and stress states used in calibration chamber tests

Pile

Dr o'y c'n
material Base type  Sand type (%) (kPa) (kPa)
Steel Closed  Han River 90 98.1 39.2
Steel Open Han River 90 98.1 39.2
Steel Open Han River 23 98.1 39.2
Steel Open Han River 56 98.1 39.2
Steel Open Han River 90 39.2 39.2
Steel Open Han River 90 68.7 39.2
Steel Open Han River 90 98.1 39.2
Steel Open Han River 90 98.1 68.7
Steel Open Han River 90 98.1 98.1
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Table 5.2. Properties of Han River sand

2 b . Ymax Ymin
Gs Cu Cc d)c Cmax Cmin (kN /m3) (kN /1’1’13)
2.64 2.21 1.23 33.7° 0.99 0.63 15.88 13.03

“Cy: coefficient of uniformity
°C.: coefficient of curvature
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Figure 5.2 Unit load vs. settlement curves for (a) closed-ended pile base, (b) open-ended pile

base, (¢) closed-ended pile shaft, and (d) open-ended pile shaft.
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annulus (Qann) load capacities, divided by the gross cross-sectional area of the pile. As shown in
Fig 5.2(a), the base load-settlement curves of the closed-ended piles were virtually the same,
irrespective of the pile base depth. On the other hand, the base load-settlement curves of open-
ended piles in Fig. 5.2(b) differ significantly for different pile base depths. This is mainly due to
the better formation of the soil plug with increasing depth. It is seen that the base load-settlement
curve of the open-ended pile for a driving depth equal to 760 mm is close to that of the closed-
ended pile. This driving depth corresponds to approximately 17 times the outer pile diameter.
Referring to the average shaft load-settlement curves in Fig. 5.2(c) and (d), both closed-
and open-ended piles show increasing resistance as the driving depth increases. In terms of
resistance magnitudes, the shaft resistances of closed-ended piles are much higher than the shaft
resistances of open-ended piles at all settlements. This is due to the displacement of a much

higher soil volume by the driving of closed-ended piles than the driving of open-ended piles.

5.2.2 Field Pile Load Tests

Fig. 5.3 shows the unit load-settlement responses of the pile base and shaft for the closed-
and open-ended piles. Similarly to what was done for the calibration chamber tests, the base unit
load qp of the field open-ended pile was calculated by dividing the combined plug and annulus
loads by the gross pile base area. The unit base resistance of the closed-ended pile at s/B = 0.10
(i.e., at a settlement of 10% of the pile diameter) is about 8.8 MPa, higher than the unit base
resistance of the open-ended pile, which equals 7.2 MPa. The unit loads at the last loading stage
(for which s/B = 0.38) were 10.9 and 9.2 MPa for the closed- and open-ended piles, respectively.

The relatively small difference of base resistances between the closed- and open-ended piles is in
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Figure 5.3 Load-settlement curves from field load tests for (a) pile base and (b) pile shaft.
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part due to the relatively large annular area of the open-ended test pile used in this study (32% of
the gross area, vs. approximately 11% for typical open-ended piles).

The shaft resistances of the closed- and open-ended piles are quite different [Fig. 5.3(b)].
This is due to the different degree of soil densification or lateral stress increases around the piles
resulting from the different volumes of displaced soil. Based on the measurements from the load
tests, the shaft resistance of the closed-ended pile is twice as large as that of the open-ended pile.
It is also of note that the shaft resistance reached its limit value at a relative settlement s/B in the
1 — 3% range, much smaller than required for full mobilization of the base resistance.

Fig. 5.4 shows the annulus and plug components of the unit base resistance for the open-
ended pile. It is observed that, since unit loads were used in the figure, the annulus resistance was
the highest of the two, equal to about 17.7 MPa at a settlement of 130 mm (s/B = 0.37). Based
on the CPT sounding results, the annulus resistance at large s/B values appears to be quite close
to the cone resistance q. of about 20 MPa at the same depth. This is in agreement with the
suggestion that the annulus resistance of open-ended piles be taken as equal to the cone

resistance at the pile base depth (Lehane and Randolph 2002).

5.3 Consideration of Size Effect for Calibration Chamber Test Results

5.3.1 Size Effect in Calibration Chamber Tests

Results from calibration chamber tests may not be the same as those from the field, due
to chamber size effects. Calibration chamber size effects have been extensively investigated for
cone penetration resistance and for the base resistance of non-displacement piles (Houlsby and

Hitchman 1988, Schnaid and Houlsby 1991, Salgado et al. 1998, Lee and Salgado 2000, 2001).
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Size effects in calibration chamber tests are significant for the cone penetration resistance, which
is a large-deformation measurement. It was observed that the size effect on penetration
resistance becomes more pronounced with increasing relative density and decreasing confining
stress (Houlsby and Hitchman 1988, Salgado et al. 1998). Lee and Salgado (2000), on the other
hand, showed that size effects in calibration chamber tests are small for small-deformation
problems, such as the loading of non-displacement piles up to a settlement level of interest in
practice (say, in the range of 1 to 10% of pile diameter).

Fig. 5.5 shows ratios of the annulus resistance of the open-ended piles measured in the
calibration chamber tests to the field cone resistance under the same soil states, as a function of
driving depth. The field cone resistances in Fig. 5.5 were calculated using the penetration
resistance analysis of Salgado et al. (1997b) through the program CONPOINT. The parameters
used in the calculation are those of Table 5.2. As discussed earlier, the annulus resistance qan, of
open-ended piles in the field can be taken as a value equal or close to the cone resistance qc.
However, the results of Fig. 5.5 show that the annulus resistance gan, in the calibration chamber
tests are much smaller than the field cone resistance q., indicating significant chamber size
effects.

The Qamn/qc ratio decreased with increasing relative densities and decreasing driving
depths. For loose sand (Dgr = 23%), values of qann/qc increase from 0.15 to 0.38 as the driving
depth increases from 250 to 760 mm. For dense sand (Dgr = 90%), values of qann/qc fall in the 0.1
— 0.2 range for the same driving depth range. An explanation for this dependence of qann On
driving depth can be found in Houlsby and Hitchman (1988). According to Houlsby and
Hitchman (1988), although the soil and stress states in calibration chambers are approximately

the same throughout, the chamber cone resistance varies with penetration depth. A typical
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resistance profile shows an initial build-up stage of the cone resistance for shallow penetration
depths, followed by stabilization. Proximity to the top and bottom of the chamber are in part
responsible for this trend. The q.nn/qc trends of Fig. 5.5 reflect these observations.

Based on the previous discussion, it can be stated that the size effects on the load capacity
of driven piles are significant. These size effects reflect not only the soil sample response during

the loading stage, but also the changes caused in the soil sample during the installation process.

5.3.2 Correction for Size Effect in Calibration Chamber Tests

Salgado et al. (1998) studied chamber size effects for cone penetration resistance. They
expressed their results as plots of the ratio of chamber to field values of cone resistance versus
the ratio of chamber to cone diameter. These results are directly applicable to the assessment of
size effects on the pile loads for closed-ended piles, whose installation resembles the cone
penetration process in that both are full displacement processes. Accordingly, we have corrected
pile load capacity based on the ratio of the chamber to pile diameter.

The size effect for open-ended piles in calibration chamber tests was considered as
follows: fully plugged open-ended piles are regarded as closed-ended piles and size effects are
evaluated using the gross pile base diameter. The calculation of an equivalent diameter is
required for open-ended piles not behaving as fully plugged piles. The size effect for partially
plugged modes, with IFR values between 0 and 100%, was evaluated using the equivalent pile

diameter (d.) computed as follows:
0
d,=d, —(d,—d,’ ~d’ )%(OA’) (5.1)
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where d. = equivalent pile diameter for a partially plugged open-ended pile; d, and d; = outer and
inner diameters of the open-ended pile, respectively. For the base resistance, the IFR values at
the final driving depth were used in (5.1), while the average IFR values throughout the entire
driving depth were used for the shaft resistance. Note that the average IFR for a given driving
depth is numerically equal to the PLR. Based on the values of d. calculated using (5.1) and the
corresponding chamber to d. ratios, the size effect factors for partially plugged open-ended piles
can be obtained from Salgado et al. (1998). Table 5.3 shows the equivalent pile diameter d. and
the size effect factor for each calibration chamber test. The equivalent field pile unit resistances
were then calculated by dividing the calibration chamber pile unit resistances by the size effect
factors given in Table 5.3. These pile unit resistance values, corrected for size effect, are used in

the calculation of normalized pile unit resistances in the following section.

5.4 Pile Load Capacity Based on CPT Results

There has been considerable research on the estimation of pile load capacity based on the
CPT cone resistance q. (e.g., De Beer 1984; Jamiolkowski and Lancellotta 1988; Franke
1989,1993; Ghionna et al. 1993, 1994; Salgado 1995; Lee and Salgado 1999a, b, 2000). Based on
the calibration chamber and field pile load tests described earlier, it is possible to propose values

of base, plug, annulus and unit shaft resistances of pipe piles in terms of cone resistance .
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Table 5.3. Size effect factor for calibration chamber tests

Tes Base I[FR Avg.  Equivalent diameter (d.) Size effect factor
tNo  type (%) IFR (%) Base(m)  Shaft(m) Base Shaft
1 Closed - - 0.0427 0.0427 0.40 0.40
2 Closed - - 0.0427 0.0427 0.40 0.40
3 Closed - - 0.0427 0.0427 0.40 0.40
4 Closed - - 0.0427 0.0427 0.40 0.40
5 Open 72.4 93.6 0.0339 0.0313 0.43 0.45
6 Open 54.1 78.1 0.0361 0.0332 0.42 0.43
7 Open 50.0 69.1 0.0366 0.0343 0.42 0.43
8 Open 46.9 63.1 0.0370 0.0350 0.41 0.43
9 Open 71.1 89.6 0.0281 0.0243 0.59 0.62
10 Open 56.5 75.9 0.0311 0.0271 0.55 0.60
11 Open 524 67.8 0.0319 0.0288 0.55 0.58
12 Open 42.6 62.1 0.0339 0.0299 0.53 0.56
13 Open 75.9 94.4 0.0271 0.0233 0.53 0.58
14 Open 674 82.6 0.0289 0.0257 0.51 0.54
15 Open 60.5 75.4 0.0303 0.0272 0.49 0.53
16  Open 53.9 70.0 0.0316 0.0283 0.48 0.52
17  Open 78.4 99.6 0.0266 0.0222 0.45 0.47
18  Open 71.4 87.1 0.0280 0.0248 0.43 0.45
19 Open  67.0 81.0 0.0289 0.0261 0.42 0.43
20 Open 544 75.1 0.0315 0.0273 0.41 0.42
21 Open 88.0 100.0 0.0246 0.0222 0.48 0.50
22 Open 76.3 88.8 0.0270 0.0245 0.47 0.49
23 Open  69.0 81.9 0.0285 0.0259 0.45 0.48
24 Open 57.4 76.7 0.0309 0.0269 0.44 0.46
25  Open 84.2 100.0 0.0254 0.0222 0.51 0.54
26 Open 73.0 87.9 0.0277 0.0246 0.49 0.51
27  Open 69.5 80.8 0.0284 0.0261 0.48 0.50
28  Open 60.0 75.7 0.0304 0.0272 0.47 0.49
29  Open 87.9 100.0 0.0246 0.0222 0.52 0.55
30  Open 78.6 90.7 0.0266 0.0241 0.50 0.52
31  Open 73.9 84.9 0.0275 0.0253 0.49 0.51
32 Open 72.1 80.8 0.0279 0.0261 0.49 0.50
33 Open 926 100.0 0.0237 0.0222 0.53 0.56
34 Open 82.9 94.8 0.0257 0.0232 0.51 0.53
35  Open 79.8 88.3 0.0263 0.0246 0.50 0.52
36  Open 77.8 85.0 0.0267 0.0252 0.50 0.51
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5.4.1 Open-Ended Piles

Fig. 5.6 shows the normalized base, shaft, and plug resistances of open-ended piles,
obtained from the calibration chamber tests after the correction for size effect, as a function of
the relative density Dr and the incremental filling ratio IFR. In the figure, the unit base
resistance qp includes the soil plug (qpug) and annulus (qann) unit resistances. The base
resistances were obtained at the last loading stage of each test, and then divided by the cone
resistance . obtained from the program CONPOINT (Salgado et al. 1997b) to determine the
normalized base resistance plotted in the charts.

As shown in Figs. 5.6(a) and (b), the normalized base resistance qy/q. decreases with
increasing Dr and IFR values. As the Dr increases from 23% to 90%, the range of qv/q. values
decreases from 0.33-0.57 to 0.21-0.38, respectively. The normalized soil plug resistance qplug/qc
is given in Figs. 5.6(c) and (d). Similarly to what is observed for the base resistance, the
normalized plug resistance qpe/qc decreases with increasing Dr and IFR values. These results
suggest a close relationship between Dg and IFR for open-ended piles in sands. The relationship
between Dr and IFR will be discussed in a later section.

The determination of soil plug resistance is key for the estimation of base resistance in
open-ended piles. This is because the annulus resistance, the other component of the base
resistance, may be taken as approximately equal to the cone resistance q.. It is also observed
from the figure that, as the IFR values approaches 100%, the plug resistance qpi, of open-ended
piles becomes small compared with the annulus resistance.

The normalized shaft resistance qs/q. versus Dr and IFR is also given in Figs. 5.6(e) and

(f). Although the values of qs/q. show more scatter than qy/qc and qpig/qc, most qs/qc values fall
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within 0.0016 — 0.004. No significant effect of the driving depth on the normalized shaft

resistance was observed.

5.4.2 Closed-Ended Piles

Fig. 5.7 shows the normalized base and shaft resistances of closed-ended piles as a
function of the relative density. According to Paik et al. (1994), the difference between the load
capacity of closed- and open-ended piles decreases with increasing driving depth, as the soil
plugging effect increases. Values of the ratios of unit resistance for open- and closed-ended piles
are given in Table 5.4.

Since only one soil state was used for the closed-ended pile calibration chamber tests (see
Table 5.1), the normalized resistances of closed-ended piles for various soil states were
approximated using the resistance ratios of Table 5.3 and the experimental results for open-ended
piles. Fig. 5.7(a), obtained in that fashion, shows that the value of qv/q. decreases as the relative
density increases. For loose sands, with Dg equal to 23%, the value of qv/q. was in the 0.60-0.67
range while for dense sand (Dr = 90%) it was in the 0.37 — 0.51 range. Values of the normalized
shaft resistance qs/q. are shown in Fig. 5.7(b). It is seen that closed-ended piles overall give
values of qs/q. higher than observed for open-ended piles, ranging from 0.0049 to 0.0064 for

loose and from 0.0042 to 0.0091 for dense sand.

5.4.3 Normalized Pile Load Capacity from Field Pile Load Tests

The load-settlement curves from the field pile load tests shown in Fig. 5.3 were

normalized and plotted in Fig. 5.8 in the same manner as was done for the calibration chamber
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Table 5.4 Resistance ratio for closed- and open-ended piles as a function of driving depth (after
Paik et al. 1994).

Ratio of closed- to open-ended pile resistance

Drivi h
riving depth (m) Base resistance Shaft resistance
0.76 0.96 1.60
0.59 1.03 1.78
0.42 1.36 2.00
0.25 1.47 185
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tests. The normalization of the base resistance [Fig. 5.8(a)] was done with respect to the cone
resistances corresponding to the locations of the test pile bases (q. = 18.7 and 21.9 MPa for the
closed- and open-ended piles, respectively). The normalized shaft resistances [Fig. 5.8(b)] were
obtained based on the average q. values along the entire pile length driven into soil (q. = 10.9
and 12.4 MPa for closed- and open-ended piles, respectively). It should be noted that the
normalized shaft resistance in Fig. 5.8 represents the total shaft resistance averaged along the
entire embedded pile length.

The normalized base resistance qw/q. for the closed- and open-ended piles at the last
loading stage (corresponding to s/B = 0.4) are 0.58 and 0.42, respectively, while qy/q.= 0.47 and
0.32 for s/B = 0.1. The shaft resistances of the closed- and open-ended piles differed more
markedly. The normalized shaft resistance qs/q. for the closed-ended pile was equal to qs/q. =
0.0077, which is more than twice the value (0.0036) for the open-ended pile.

Values of normalized base resistance qy/qc for both displacement and non-displacement
piles have been proposed based on either experimental or analytical investigation (Schmertmann
1978; Bustamante and Gianeselli 1982; Jamiolkowski and Lancellota 1988; Franke 1989, 1993;
Ghionna et al. 1993; Lee and Salgado 1999a, b, 2000). Lee and Salgado (1999a) proposed
values of qw/q. for driven piles based on analyses of non-displacement piles and experimental
ratios between the base resistances of displacement and non-displacement piles. De Beer (1988)
and Ghionna et al. (1993) proposed values of the base resistance ratio for geometrically identical
displacement and non-displacement piles as a function of relative settlement, as given in Table
5.5. In general, the unit base resistances of displacement piles are greater than those of non-
displacement piles, under the same conditions, for relatively small settlements. The difference

decreases with increasing settlement, approaching zero at infinite settlement.
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Table 5.5. Base resistance ratio for displacement and non-displacement piles

Relative Settlement

a b
qbsND /qb,D

(s/B) De Beer (1988) Ghionna et al. (1993)
2.5% 0.482

5% 0.517 0.15-0.21
10% 0.587 03-0.5

25% 0.715 0.3-0.7

—> 0 — 1.0 — 1.0

“gbv,np = base resistance for non-displacement pile
®qv,p = base resistance for displacement pile
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Fig. 5.9 shows the normalized load-settlement curves for the closed- and open-ended piles along
with results by Lee and Salgado (1999a) for non-displacement piles (drilled shafts). In the
figure, the lower and upper bounds define the range of values for normalized unit base resistance
for driven piles (displacement piles) obtained from the qw/q. values for drilled shafts (non-
displacement piles) multiplied by the base resistance ratios given in Table 5.5. The lower bound
of the qv/q. for displacement piles was obtained using the base resistance ratios of De Beer
(1988), while the upper bound was obtained from those of Ghionna et al. (1993). The drilled-
shaft base load-settlement curve in Fig. 5.9 is from Lee and Salgado (1999a) for ¢’y = 100 kPa
and Dgr ~ 90%, which is similar to the soil states for the field tests.

As can be seen in the figure, the measured normalized unit base resistance of the closed-
ended pile was close to the upper bound up to a relative settlement equal to s/B = 0.20. The
normalized base resistance of the open-ended pile, on the other hand, falls between the upper and
lower bounds. As individual components of the base resistance for the open-ended pile, the
annulus and soil plug resistances are also plotted in the figure. The magnitude of the soil plug
resistance is comparable to that of the lower bound base resistance (obtained for drilled shafts).
This result suggests that, in design, the soil plug resistance for open-ended piles could be

conservatively assumed to be equal to the base resistance of a drilled shaft.

5.4.4 Estimation of IFR for Open-Ended Piles

As shown in Fig. 5.6, the load capacity of open-ended piles is affected significantly by

the values of [IFR. However, the IFR cannot be obtained before pile driving, and thus cannot be
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directly used for the estimation of the open-ended pile load capacity at the design stage. For the
design of open-ended piles, it is therefore necessary to develop a methodology for estimating the
IFR from the given soil and pile conditions, so that the relationship between the IFR and the load
capacity can be used.

There are two important groups of variables that affect the values of IFR in sands: soil
and geometry variables. The relative density is the most important soil variable. The geometry
variables include the pile cross-sectional dimensions and driving depths. It is known that, as the
relative density increases, the IFR decreases (Klos and Tejchman 1977, De Nicola and Randolph
1997). This is because a loose soil plug tends to densify, while a dense soil plug tends to dilate
due to the pile driving vibrations (Murff et al. 1990, Foray et al. 1993, De Nicola and Randolph
1997).

In general, the driving of open-ended piles takes place with high IFR values initially, as
driving takes place in an unplugged or partially plugged mode. As the driving depth increases,
the IFR tends to drop, and a depth may be reached beyond which driving will proceed in the
fully plugged mode. The IFR also decreases with decreasing pile diameter for the same pile
driving depth (Paikowski and Whitman 1990). The decreasing IFR values with increasing
driving depth may be explained by the formation of the wedged and unwedged soil plug lengths.
Fig. 5.10 shows the relationship between the ratio (L,p/Lyp) of the unwedged to wedged plug
lengths and the IFR for different driving depths. The calibration chamber tests used for Fig.
5.10 were Tests No. 25 — 28 from Table 5.3. The wedged plug length L,,,, obtained from strain
gauges placed on the inner surface of the inner pipe, is approximately 183 mm irrespective of the
pile driving depth. A constant wedged length L., implies an increasing L.,/Ly, ratio for

increasing driving depths. The increasing unwedged soil plug length acts as an increasing
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surcharge on the wedged soil plug, which in turn leads to lower IFR values, as shown in Fig.
5.10.

A correlation of IFR with relative density and pile geometry is needed for IFR estimation
in realistic conditions. Fig. 5.11 shows values of normalized IFR versus relative density observed

in the calibration chamber and field pile load tests. The values of IFR were normalized as

follows:
0
NiFR = 1FRCE) (5.2)
Dn
Driving depth

= (53)
Inner pile diameter

where NIFR = normalized incremental filling ratio; IFR = incremental filling ratio; D, =
normalized depth (i.e., driving depth divided by inner diameter of open-ended pile). For the
calibration chamber tests, the normalized depths defined as in (5.3) corresponding to driving
depths equal to 250, 420, 590, and 760 mm were 6.85, 11.51, 16.16, and 20.82, respectively. It
is seen that the values of NIFR decrease with increasing normalized depth and decreasing
relative density, as discussed earlier. It is also observed that the effect of the normalized depth on
IFR values is substantial, while the relative density has a much more moderate effect. The
results in Fig. 5.11 are consistent with findings of Paikowski and Whitman (1990), according to
which the soil plug is partially developed until a normalized depth equal to about D,, = 25 — 35,
after which the open-ended pile behaves as fully plugged.

Results from the field pile load test are in good agreement with the IFR-Dg relationship
derived from the calibration chamber tests. As can be seen in Fig. 5.11, the values of NIFR for

the field pile load test decrease as the normalized depth increases, following closely the numbers
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derived from the calibration chamber tests. At a normalized depth equal to D, = 6.75, the value
of NIFR was 10.55, decreasing to 3.95 at D, = 20.58. Fig. 5.11 provides a useful tool for
designing open-ended piles in practice. The relative density Dg can be estimated from the cone
resistance . or by other suitable means, and the IFR can be obtained using the results of Fig.

5.11 for given pile dimensions and target driving depth.

5.4.5 Estimation of Pile Load Capacity Based on CPT Results

For both closed- and open-ended piles, the total pile load capacity consists of the shaft
and base resistances. Table 5.6 shows the values of the normalized unit shaft and base resistances
for closed- and open-ended piles we propose for use in design. The values are proposed in terms
of the relative density Dr and the incremental filling ratio IFR, respectively. The proposed
values were obtained based on the results of the calibration chamber load tests and the field pile
load tests described in earlier sections.

The unit base resistance qp, of open-ended piles can be separated into the annulus
resistance qa.nn, approximately equal to cone resistance qc, and the plug resistance shown in Fig.
5.6(b). However, we find that it is simpler to base pile design on qp, using the ratios of Table 5.6
to estimate the base resistance qp from the IFR value estimated using Fig. 5.11. The use of Fig.
5.11 requires estimation of relative density. Relative density can be estimated from cone
resistance by using the program CONPOINT or by using charts such as those presented by
Salgado et al. (1997a). Note that, in practice, piles are embedded into dense sand layers (with

relative densities of 80% or higher) whenever possible.
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Table 5.6. Normalized pile resistance of closed- and open-ended piles

Dy IFR  Normalized base = Normalized shaft
(%) (%) resistance, qy/q. resistance, qs/qc

Closed- 30 - 0.60 0.004 —0.006
ended 50 - 0.56 0.004 — 0.006
piles 70 - 0.50 0.004 —0.007
90 - 0.42 0.004 - 0.009

Open- - 40 0.60 0.0015 —-0.003
ended - 60 0.40 0.0015 —-0.003
piles - 80 0.27 0.0015 - 0.004

- 100 0.20 0.0015 - 0.004
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CHAPTER 6

COMPARISON OF DESIGN METHODS

6.1 Introduction

In this chapter, we compare various design methods for open- and closed-ended piles
based on accuracy of pile load capacity calculation and cost comparison. The methods used for

the comparison include those proposed in this study as well as several existing design methods.

6.2 Comparison of Design Methods for Open-Ended Piles
6.2.1 Description of Design Methods

6.2.1.1 American Petroleum Institute (API) Method

According to API method(API, 1991), The total load capacity of piles Q; should be

determined by the equation.

Qt :Qb+Qs :qb'Ab—l—zqsiAsi (61)

in which q, = base resistance; A, = gross base area of pile; g5 = unit shaft resistance within a
layer i of a single soil type; A= side surface area of pile interfacing with layer i. For pipe piles

in cohesionless soils, the shaft resistance g is given as:
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=K-o, -tand 6.2
qSl vi

where K = coefficient of lateral earth pressure; o, = average effective overburden pressure of

soil layer i; and o = friction angle between the soil and pile wall. For unplugged piles, K is
assumed to be 0.8, while it is assumed to be 1.0 for fully plugged piles. For cohesionless soils,

the base resistance g can be computed as follows:

q, =0, N (6.3)

v q

in which o, = effective overburden pressure at the pile base; N, = dimensionless bearing

capacity factor. Recommended values of N are given in Table 6.1.

Table 6.1 Design parameters for cohesionless siliceous soil

Soil-Pile oy . Limiting Unit
. . Limiting Skin .
. Soil Friction L End Bearing
Density .. Friction Values N
Description | Angle o (kPa) K Values
(Degrees) (MPa)
Very Loose Sand
Loose Sand-Silt 15 47.8 8 1.9
Medium Silt
Loose Sand
Medium Sand-Silt 20 67.0 12 2.9
Dense Silt
Medium Sand 25 81.3 20 4.8
Dense Sand-Silt
Dense Sand 30 95.7 40 9.6
Very Dense Sand-Silt
Dense Gravel 35 114.8 50 12.0
Very Dense Sand
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6.2.1.2 DRIVEN (FHWA)

The program “DRIVEN” was developed by Federal Highway Administration (FHWA,
1998) to analyze the axial capacity of driven piles. DRIVEN, a windows-based computer
calculation program, follows the methods and equations presented by Nordlund (1963, 1979),
Thurman (1964), Meyerhof (1976), Cheney and Chassie (1982), Tomlinson (1979, 1985), and

Hannigan, et.al. (1997).

Base Resistance

The basic equation for the total load capacity of a single pile is the same as equation 6.1.
There are two kinds of stress analyses that DRIVEN can consider: total stress analysis and
effective stress analysis. For an undrained analysis, ¢ equals zero and ¢ equals the undrained
shear strength, s,. So, the pile base resistance by total stress analysis can be obtained from the

equation:

Qb :Ab'su 'Nc (64)

where N; is a dimensionless parameter, typically taken as N. = 9. For effective stress analysis,

DRIVEN uses (Thurman 1964):
0,=4,-0,-a-N, (6.5)

where o, - effective vertical stress at base level; N, = bearing capacity factor (Fig. 6.1a); o = a

dimensionless factor dependent on the relative depth of embedment into the bearing layer L,/B
where L, = pile length and B = pile diameter of the pile (Fig. 6.1b). If DRIVEN computes a pile
base resistance exceeding the limiting value suggested by Meyerhof(1976) shown in Fig. 6.2, then

the limiting value is used by the program.
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Shaft Resistance
For effective stress analyses, the Nordlund(1963) method is used. This method is based
on field observations and considers the shape of pile taper and its soil displacement in calculating

the shaft resistance. The following shaft resistance equation is suggested:

L .
sin(@ + 0
Qs :J.Ké"CFo-v¥

0

cos(@) 1 (6.6)

in which Kjs = coefficient of lateral stress at depth z (Fig. 6.3); Cr = correction factor for Ks
when 8 # 0 (Fig. 6.4); o, = effective overburden pressure; @ = angle of pile taper; § = pile-soil

friction angle; C4 = effective pile perimeter.

Plugging of Open-ended Pipe Piles

The skin friction and end bearing for open-ended pipe piles in sandy soils are dependent
on the ratio of pile diameter or width to pile toe depth. The open-ended pipe pile is considered to
be either unplugged, acting like a non-displacement pile, or plugged, acting like a displacement
pile (i.e. closed-ended pipe pile). The criteria below is used to determine when the pile is
considered to be plugged or unplugged.

- Sands

e Skin Friction
Driving/Restrike/Ultimate
Ly <30 B : unplugged (non-displacement pile)
Ly, > 30 B : plugged (displacement pile)
( B = pile diameter or width; L, = embedded pile length )

¢ End Bearing
Driving: Ly <30 B : unplugged (no end bearing)
Ly, > 30 B : plugged (full end bearing)
Restrike/Ultimate: Plugged (full end bearing)
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6.2.1.3 Polish Method
According to Gwizdala (1997), the ultimate pile load capacity Q; is defined as follows:
Q<mN (6.7)

where N = load capacity factor; m = assumed correction factor equal to 0.9, 0.8 and 0.7 for group
piles, group of two piles, and single piles respectively. The load capacity factor N of a single

open ended pipe is determined as:

N=N,+N, =bS,q, A, +Zb288iqsi A (6.8)

si

where N, and N_ = base and shaft load capacity factors; Sy, and Sy = engineering factors given in

Table 6.2; b; and b, = reduction factors given in Table 6.3; A, and A, = base and shaft pile area;
qb and gs; = base and shaft resistance.

The base resistance qp is specific for depths, equal to or exceeding the critical depth

L,=L\B,/B, , where: h!= 10m, Bo = 0.4m and B; is the actual base diameter. A linear

interpolation should be adopted to determine values of qp for depths less than hg; with zero taken
as the value of qy for the initial or equivalent ground level. Table 6.4 shows g as a function of
relative density.

The value of the unit shaft resistance g, is specified in Table 6.5. Values of qs should be
used for depths equal to or exceeding Sm. For smaller depths, the appropriate value of qs ought

to be determined by interpolation between the table entry and zero for the ground level.
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Table 6.2 Engineering factors S,, Ss, and S" for sands

Values of factors for soils
D, > 67% D, =67% ~ 20%
Type of pile and method of ° ° i
installing Downward Uplift Downward Uplift
movement fpile movement of pile
of pile oLp of pile p
S, Se Sv S, Se SY
- Closed-end pipe piles
a) driven 1.0 1.0 0.5 1.1 1.1 0.5
b) installed by jetting
(the final 1m driven) 1.0 0.7 0.3 1.0 0.6 0.4
¢) driven with vibr. Equip. - - - 1.0 0.8 0.5
- Steel Section piles
a) driven 1.0 0.8 0.5 1.0 0.9 0.5
b) installed by jetting
(the final 1m driven) 1.0 0.5 0.3 1.0 0.6 0.3
¢) driven with vibr. Equip. - - - 1.0 0.7 0.4
Table 6.3 Values of b; and b, for sands
D, =40% D, =70%
No. L.,/B L.,/B
- : b, b, - b b, b,
moist wet moist wet
1 - - - - 4.0 6.0 0.22 0.27
2 6.0 9.0 0.28 0.61 5.5 8.0 0.50 0.35
3 7.5 11.5 0.78 0.61 6.5 10.0 0.90 0.37
4 17.0 26.0 1.00 0.61 17.0 26.0 1.00 0.65
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Table 6.4 Unit base resistance qp, for different soil types (kPa)

Relative Density D,
Soil Type
100% 67% 33% 20%
Gravel, sand-gravel mix 7750 5100 3000 1950
Coarse and medium sand 5850 3600 2150 1450
Fine sand 4100 2700 1650 1050
Silty sand 3350 2100 1150 700

Table 6.5 Unit shaft resistance qs for different soil types (kPa)

] Relative Density D,
Soil Type
100% 67% 33% 20%
Gravel, sand-gravel mix 165 110 74 59
Coarse and medium sand 132 74 47 34
Fine sand 100 62 31 22
Silty sand 75 45 25 16
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6.2.2 Predicted and Measured Pile Load Capacity

Based on the results of pile load capacity calculations previously obtained it was found
that the existing methods we examined tend to produce excessively conservative results, while
the new methods proposed in this study give results that compare well with the pile load

capacities measured in the load tests.

6.2.2.1 Example 1

Soil and Pile Data
Example 1 is the pile load test performed on the open-ended pile of chapter 3. Basic
information for the soil and pile for this example is shown in Table 6.6. Fig. 6.5 shows division

of the soil in layers for the calculation of shaft resistance based on CPT and SPT results.

Table 6.6 Soil properties and pile size of example 1

soil type Gravelly sand
Yamax 18.64kN/m’
: Ydmin 15.61kN/m’
soil property
€max 0.68
€min 041
GWT -3m
Embedded depth 7.04m
Open-ended )
. Diameter 356mm
pile
Thickness 32mm
Closed-ended Embedded depth 6.87m
pile Diameter 356mm
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Calculations

Table 6.7 and Figs. 6.6, 6.7 summarize the results for the design methods considered.
Calculation processes for all used methods are shown in appendix-B. For the soil-state based
method of chapter 4, proposed method 1, the base and shaft load capacity were 75.4% and
100.9% of measured values. The base and shaft load capacity using the CPT based method of

chapter 5, proposed method 2, were 104.1% and 75.0%, respectively. As can be seen in Figs. 6.6

and 6.7, most existing methods show underestimated load capacity values.

Table 6.7 Results of the open-ended pile of example 1

Base Capacity (kN) | Shaft Capacity (kN) | Total Capacity (kN)
Measured Capacity 715.0 310.0 1025.0
Proposed method 1 539.4 312.9 852.3
Proposed method 2 744.5 232.4 976.9
API 473.3 192.5 665.8
DRIVEN 441.7 280.3 722.1
Polish 248.8 128.7 377.5
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Total Capacity (kN)
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* The program DRIVEN calculates base resistance using Thurman and Meyerhof methods and shaft resistance using Nordlund method

Figure 6.6 Total capacity of the open-ended pile of example 1
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Base Capacity (kN)
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200 I
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Figure 6.7 (a) Base capacity and (b) Shaft capacity of the open-ended pile of example 1
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6.2.2.2 Example 2

Soil and Pile data

Example 2 is based on the pile load test results of Beringen et al. (1979) described in
chapter 4. Soil properties and pile dimensions for this example are given in Table 6.8. CPT

results in the vicinity of the pile load test are shown in Fig. 6.8.

Table 6.8 Soil properties and pile size of example 2

soil type Dense sand
soil property Average friction angle 38°
GWT -3.1m
Embedded depth 7.0m
Open-ended .
. diameter 356mm
pile
width 16mm
CLosed-ended Embedded depth 6.75m
pile diameter 356mm

0 8 16 24 32 40 48 56 64

o

CONE RESISTANCE (MN/m?)
24
~ =

~— DEPTH {m)

T

Figure 6.8 CPT profile for pile load test site of example 2.
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Calculations

Table 6.9 and Figs. 6.9, 6.10 show the calculation results for example 2. As shown in
Table 6.9 and Figs. 6.9, 6.10, both proposed methods of chapter 4 and 5 (proposed method 1 and
2) produces results that are in reasonable agreement with measured values for base load capacity
(91.6% and 104.6% of measured values). For shaft capacity, proposed methods 1 and 2 resulted
in 68.0% and 49.8% of measured values, suggesting that they may still be conservative. The total

capacities computed by DRIVEN, API and polish method were 52.1%, 32.7% and 19.9% of

measured pile load capacity respectively.

Table 6.9 Results of the open-ended pile of example 2

Base Capacity (kN) | Shaft Capacity (kN) | Total Capacity (kN)
Measured Capacity 1390.0 830.0 2220.0
Proposed method 1 1274.1 564.2 1838.3
Proposed method 2 1455.2 413.3 1868.5
API 504.2 220.8 725.0
DRIVEN 809.8 349.0 1158.8
Polish 285.3 157.3 442.6
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Total Capacity (kN)
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Figure 6.9 Total capacity of the open-ended pile of example 2
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Base Capacity (kN)
2000
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. I I
0- .
measured method 1 method 2 DRIVEN Polish
(a)
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| I I
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measured method 1 method 2 DRIVEN Polish
(b)

Figure 6.10 (a) Base capacity and (b) Shaft capacity of the open-ended pile of example 2
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6.3 Comparison of Design Methods for Closed-Ended Piles
6.3.1 Description of Design Methods
6.3.1.1 Meyerhof’s Method

For short piles driven into fairly homogeneous sand, Meyerhof (1983) proposed
the following expressions for the base resistance based on SPT results for sands and
gravels:

G = O.4NS%PA < 4.0N, P» (6.9)

where N = the average Ngpr value near the pile base; Po = 100kPa (reference value); Ly, = pile
embedment depth; B = pile diameter. The upper limits of base resistance given in (6.9) are
always applied in case of Ly/B > 10 for sands and gravels. For pile diameter within the range of
0.5 < B/Br <2, where Br = reference length = 1m = 40in, qp is reduced using the factor r, as

follows:

B+0.5B, "
n,:[—+23 j <1 (6.10)

where n=1, 2, or 3 for loose, medium, or dense sand respectively.

Meyerhof also proposed an expression for shaft resistance for small displacement and

large displacement piles in cohesionless soil:

PA
=_A (6.11)
qs 100 ©
for small-displacement piles.
P
Q=N (6.12)

for large-displacement piles.
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6.3.1.2 Aoki & Velloso’s SPT Method

Aoki & de Alencar Velloso (1975) proposed the following formulas for base and shaft unit

resistances for SPT results:

Q=npNp , Ny =

qu =ngN;, 0= (6.13)

where n, = factor to convert SPT blow count to base resistance; n; = factor to convert SPT blow
count to shaft resistance for layer 1; Ny = representative Nspr value along the pile base level; Nj;
= representative Ngpr value along the pile shaft in layer i; K, a; = empirical factors depending on

soil type (Table 6.10); F,, F, = empirical factors for different pile types (Table 6.11).

Table 6.10 Values of K and a for different soil types.

Type of Soil K a1(%)
Sand 10.0 1.4
Silty sand 8.0 2.0
Clayly silty sand 7.0 2.4
Clayey sand 6.0 3.0
Silty clayey sand 5.0 2.8
Silt 4.0 3.0
Sandy silt 5.5 2.2
Clayey sandy silt 4.5 2.8
Clayey silt 23 34
Sandy clayey silt 2.5 3.0
Clay 2.0 6.0
Sandy clay 3.5 2.4
Sandy silty clay 3.0 2.8
Silty clay 2.2 4.0
Silty sandy clay 33 3.0
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Table 6.11 Values of F; and F, for different pile types.

Type of Pile F, F»
Franki Piles 2.50 5.0
Steel Piles 1.75 35
Precast Concrete Piles 1.75 3.5
Bored Piles 3.0-3.50 6.0-7.0

6.3.1.3 Bazaraa and Kurkur’s Method

From Egyptian experience, Bazaara and Kurkur (1986) found correlations for q» and gs
with Ngpr according to pile type and quality of installation. The proposed pile categories and

factors are given in Table 6.12 and 6.13.

Iv= Ileb, qy = nS4N . (614)

1 S1

Table 6.12 Pile categories for selection of ng and n, according to Bazaraa & Kurkur (1986)

Pile category Pile description
I Prepakt piles using high-pressure mortar injection
1 Driven piles, Bauer piles with careful execution, and Prepakt
piles with low injection pressure
I Bored piles with careful execution and Bauer piles with
some defects in execution
v Bored piles with some defects in execution
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Table 6.13 Factors ng and n,, according to Bazaraa & Kurkur (1986)

Pile categories Cohesionless soil Cohesive soil
For B/BR <0.5:
ng = 0.022PA; np =2Px ng = 0.033Px
Tand II

For B/Br >0.5: n, = 0.6P4
ng = 0044PAB/BR, ny = 4PA B/BR
For B/BR<0.5:

s = 0.0067PA; np, =1.35P ng = 0.02P

MandIV | As Tl A A

For B/BR >0.5: ny = 0.4P4
Ng = 00134PAB/BR, Ny = 27PA B/BR

6.3.1.4 LCPC Method

After numerous CPT tests compared with load tests on several pile types, Bustamante and
Gianeselli (1982) presented a pile design method using factors related to both pile and soil types.

The basic formula for the LCPC method can be written as:

O P (6.15)

where c, = base resistance factor; .= equivalent cone resistance at pile base level; cg = shaft
resistance factor; (¢ = representative cone resistance for the corresponding layer. The values of
¢y and cg depend on the nature of the soil and its density as well as the pile installation method.

Table 6.14 and 6.15 show the values of a, and cs with different soil and pile types. The
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equivalent cone resistance ., represents an arithmetical mean of the cone resistance measured

along the distance equal to 1.5B above and below the pile base.

Table 6.14 Values of a, for different soil and pile types

Value of o, Maximum qy/Pa
Nature of Soil qc/Pa Type
IA 1B IIA 1IB IA IB 1IA 1IB IIIA 1B
Soft clay and mud <10 30 30 30 30 | 015015 015 015035 -
Moderately compact 10 to 0.35 035 035 035 0.8 <1.2
clay 50 40 80 40 80 (0.8) (0.8) (0.8)
Silt and loose sand <50 60 150 60 120 0.35 0.35 0.35 035 0.8 -
Compact to stiff clay and 0.35 035 035 035 0.8 £2.0
compact chalk =30 60 120 60 120 (0.8) (0.8) (0.8)
Soft chalk <50 100 120 100 120 0.35 0.35 0.35 0.35 0.8 -
Moderately compact 50 to 0.8 035 0.8 08 12 2.0
sand and gravel 120 100200 100 200 (1.2) (1.2) (1.5)
Weathered to 1.2 08 12 12 15 £2.0
fragmented chalk =30 60 80 60 80 | |5y (1) (1.5
Compact to very 1.2 08 12 12 15 220
compact sand and gravel ~120 150300 150 200 (1.5) (1.2) (1.5)

P4 = reference stress = 100kPa = 0.1MPa =1 tsf

Type IA: Plane bored piles, mud bored piles, hollow auger piles, cast screwed piles, piers,

barrettes, and micropiles with low injection pressure.

Type IB: Bored piles with steel casing and driven cast piles.

Type IIA: Driven or jacted precast piles and prestressed concrete piles.

Type IIB: Driven or jacked steel piles.

Type IITA: High pressure grouted piles with diameter greater than 250mm and micropiles

installed with high injection pressure.
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Table 6.15 Values of ¢, for different soil and pile types.

Value of ¢,
Nature of Soil qc/Pa
Group I Group II
Soft clay and mud <10 0.40 0.50
Moderately compact clay 10 to 50 0.35 0.45
Silt and loose sand <50 0.40 0.50
Compact to stiff clay and compact silt > 50 0.45 0.55
Soft chalk <50 0.20 0.30
Moderately compact sand and gravel 50 to 120 0.40 0.50
Weathered to fragmented chalk > 50 0.20 0.40
Compact to very compact sand and gravel 120 0.30 0.40

6.3.1.5 Aoki & Velloso’s CPT Method

Based on load test and CPT results, Aoki & de Alencar Velloso (1975) defined the ¢, and

g resistance factors as follows:

dv=Cvqc » Cp, =

Qy = C4ds- Ci =4 (6.16)

where cp,=factor to convert from q. to base resistance; ci=factor to convert from q. to shaft
resistance for layer i; q.=representative cone resistance for layer I; F;, F», and o, are empirical

factors given in Tables 6.10 and 6.11.
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6.3.2 Predicted and Measured Pile load Capacity Calculations

6.3.2.1

method used for the closed-ended pile described in 6.2.2.1 are shown in Table 6.16 and Figs.
6.11, 6.12. The base and shaft load capacities from the CPT-based method proposed in chapter 5
(proposed method 2) were 100.4% and 73.2% of measured values. As shown in Fig. 6.11, the
methods based on SPT results produced a wide range of predicted values: Bazaraa’s SPT method
resulted in significantly conservative prediction, while Aoki’s method give base capacity values

higher than the measured results. The DRIVEN program of FHWA also produced significantly

Example 1

The data for this example were provided under 6.2.2.1. Calculated results for each

conservative results, showing 50.2% and 32.3% of measured base and shaft load capacity.

Table 6.16 Results of the closed-ended pile of example 1

Base Capacity (kN) | Shaft Capacity (kN) | Total Capacity (kN)
Measured Capacity 866.0 633.0 1499.0
Proposed Method 2 870.0 474.8 1344.8
Meyerhof 1035.0 245.2 1280.2
SPT Aoki 1251.3 416.7 1668.0
Bazaraa 517.6 269.7 787.3
LCPC 756.5 459.3 1215.8
CPT
Aoki 1079.9 337.9 1417.8
DRIVEN 434.6 204.3 638.9
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Total Capacity (kN)

2000
1500 |
1000 T
| I l
0
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Capacity | Method 2 SPT CPT DRIV EN*

* The program DRIVEN calculates base resistance using Thurman and Meyerhof methods and shaft resistance using Nordlund method

Figure 6.11 Total capacity of the closed-ended pile of example 1
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Base Capacity (kN)
1500
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500 I I I I
0- ‘ ‘ ‘ ‘ ‘ ‘
Measured | Proposed | Meyerhof Aoki Bazaraa LCPC Aoki
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Capacity | Method 2 SPT CPT DRIVEN
(a)
Shaft Capacity (kN)
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| I I
0 ] f 4 I ‘ I ‘ I | I | I
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Capacity | Method 2 SPT CPT DRIVEN
(b)

Figure 6.12 (a) Base capacity and (b) Shaft capacity of the closed-ended pile of example 1
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6.3.2.2 Example 2

The data for this example were provided under 6.2.2.2. Table 6.17 and Figs. 6.13, 6.14
show the calculation results for the closed-ended pile of example 2. The base and shaft load
capacity from the pile load test were 1701kN and 1113kN at a settlement of 10% of the pile
diameter. As explained in chapter 4, the measured base load capacity was obtained by
subtracting the shaft load capacity in tension from the total load capacity in compression. As
shown in Fig. 6.13, The CPT-based method of chapter 5 (proposed method 2) produced load
capacity values very close to the measured values, 95.6% and 99.1% of measured base and shaft
load capacities. The LCPC method also produced values in good agreement with measured

values, while the results of Aoki and Velloso showed unconservative results. The computed total

capacity by DRIVEN was 39.9% of measured load capacity.

Table 6.17 Results of the closed-ended pile of example 2

Base Capacity (kN) | Shaft Capacity (kN) | Total Capacity (kN)
Measured Capacity 1701.0 1113.0 2814.0
Proposed Method 2 1626.5 1102.6 2729.1
LCPC 1712.1 833.3 2545.4
Aoki & Velloso 2444.0 664.1 3108.1
DRIVEN 787.5 336.3 1123.8
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Figure 6.13 Total capacity of the closed-ended pile of example 2

151




Base Capacity (kN)
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0 7 .
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Figure 6.14 (a) Base capacity and (b) Shaft capacity of the closed-ended pile of example 2
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6.4 Cost Evaluation

In this section, we show some calculations that illustrate the impact on costs of using
each of the design methods discussed previously for the foundations of a typical bridge. Fig. 6.15
shows a schematic plot of the bridge carrying S.R. 157 over Lemon Creek in Indiana, which has
deep pile foundations supporting both bents. The total load, which has to be carried by the piles,
1s 2970.5kN per bent. The dead load is 1,484.1 kN and the live load is 1,486.4 kN.

It is assumed that the soil profile at the construction site is the same as that where the
field pile load tests of chapter 3 were performed. Therefore, the total capacities and pile size of
example 1 obtained in the previous section can be used for the cost estimation.

For the given design load, the numbers of piles for a bent and costs associated with each
pile design method are given in Tables 6.18 and 6.19. The unit cost for installation of a driven
pile foundation was based on Indiana Pay Item Specification (INDOT), which is $150 per meter

of pile length.
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igure 6.15 Schematic plot of the bridge carrying S.R. 157 over Lemon Creek
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(1) Open-ended pile

Table 6.18 Cost evaluation for open-ended pile foundations

Ultimate load | Design Load | required pile Total pile | Total cost
capacity (kN) [ Capacity (kN) pumber(per bent) | length (m) (%)

Measured 1025.0 410.0 724= 8 112 16,800
Method 1 852.3 340.9 871 =9 126 18,900
Method 2 976.9 390.8 7.60 = 8 112 16,800
API 665.8 266.3 11.15=12 168 25,200
DRIVEN 722.1 288.8 1028 = 11 154 23,100
Polish 377.5 151.0 19.67 = 20 280 42,000

Cost evaluation for open-ended pile foundations

$45,000

$40,000 T

$35,000

$30,000 T

$25,000 T

$20,000 T

$15,000

$10,000

$5,000

$0 i i i i i
measured method 1 method 2 AP| DRIVEN Polish

Figure 6.16 Cost evaluation of open-ended pile foundations
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(2) Closed-ended pile

Table 6.19 Cost evaluation for closed-ended pile foundations

Ultimate load | Design Load | required pile | Total pile Total
capacity (kN) | Capacity (kN) number length (m) | cost ($)

Measured 1499.0 599.6 495= 5 70 10,500
Method 2 1344.8 537.4 552= 6 84 12,600
Meyerhof 1280.2 512.1 580= 6 84 12,600

SPT Aoki 1668.0 667.2 445= 5 70 10,500
Bazaraa 787.3 314.9 943 =10 140 21,000

CPT LCPC 1215.8 486.3 6.11= 7 98 14,700
Aoki 1417.8 567.1 524= 6 84 12,600
DRIVEN 638.9 255.6 11.62 = 12 168 25,200

Cost evaluation for closed-ended pile foundations

$24,000
$21,000
$18,000
$15,000 |
$12,000 |

$9,000 T

$6,000 T

$3,000 T

LCPC

30 Measured Proposed Meyerhof Aoki ‘ Bazaraa Aoki
Method 2 SPT CPT DRIVEN

Figure 6.17 Cost evaluation for closed-ended pile foundations
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6.5 Potential Cost Savings from Implementation of the Proposed Design Method in Indiana

Table 6.20 shows the total pile length driven in Indiana in the 11/17/1998 - 5/12/2002
period. The total length of piles driven was 159,774 m, corresponding to an amount of
$14,964,408. If the some level of underprediction of pile load capacity is observed in all the pile
designs done in the state, the annual savings could reach $2 million by improving the design

process.

Table 6.20 Pile length and cost driven in Indiana (11/17/1998 - 5/12/2002)

Pile Description Number of Pile length Units Cost (US $)
projects
CONCRETE, STEEL
SHELL ENCASED 17 57223 ft 1,514,824.37
CONCRETE, STEEL
SHELL ENCASED 119 76333.53 m 6,731,285.62
STEEL H 25 46729.8 ft 1,336,733.55
STEEL H 108 51788.4 m 5,381,564.36
Total 269 159774 m 14,964,407.90
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary

Both open-ended and closed-ended pipe piles are often used in practice, but high-quality
information available on the bearing capacity of these piles is very limited. The core of the
present study was the pile load tests done on two pipe piles: one open-ended and the other
closed-ended. The information generated by the load tests is particularly useful and unique for
engineers interested in the design of open-ended pipe piles in sand, as detailed data were
collected on soil plug formation during driving and on static plug resistance.

In order to study the load capacity of open-ended piles bearing in sand, both an open-
ended and a closed-ended pipe pile with the same diameter were driven to the same depth at the
same site. The base of each pile was embedded in a sand layer. The piles were fully instrumented
before driving, and load-tested to failure. Cone penetration tests and SPTs were performed both
before and after driving at several locations both close and away from the piles. PDA tests were
performed during driving. The open-ended pile was assembled and instrumented in a way that
allowed measurement of the soil plug length during pile driving, measurement of the friction
between the soil plug and the inner surface of the pile, and separation of the contributions of
annulus resistance and soil plug resistance to total base resistance. These data, which offer a
unique opportunity to advance the understanding of the load response behavior of these piles,

were described and analyzed in this study.
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New empirical relationships for pile load capacities of open- and closed-ended piles were

proposed. The relationships are based on soil-state parameters and CPT results. The proposed

methods were established based on results from the full-scale field pile load tests and model pile

load tests in the calibration chamber. The predicted pile load capacities from the proposed

methods were compared with measured capacities from case histories and results calculated from

existing pile design methods. Cost comparison between the proposed and existing methods was

also made. Design savings reach 50~60% for piles embedded in strong bearing layers using the

design method proposed in this research, compared with the results of DRIVEN program

(FHWA).
7.2 Conclusions
(1) Driving of open-ended pipe piles can take place with varying degrees of soil plug

2)

formation. The open-ended pipe pile in this study was driven in a partially plugged mode.
Measurement of the soil plug length during driving permitted calculation of the IFR as a
function of penetration depth. It was found, by comparison with the CPT cone resistance
profile, that the IFR increased when the relative density of the sand also increased. It was
also observed that the cumulative blow count was lower to drive the open-ended pile than
the closed-ended pile to the same depth, but that the difference in blow counts was mostly
due to the early stages of driving, when the soil plug was not well developed.

From the field pile load tests, it was observed that the base resistance and shaft capacity
of the open-ended pile resulted 18% and 44% lower than the corresponding values for the

closed-ended pile. For the open-ended pile, the plug resistance was only about 30% of the
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€)

(4)

©)

(6)

annulus resistance, and the average shear stress between the soil plug and inner surface of
the pile was 45% higher than the outside shaft resistance.

The results of model pile tests show that the IFR decreases with decreasing relative
density and horizontal stress, but is independent of the vertical stress. It is also seen that
the IFR increases linearly with the PLR, which is defined as the ratio of the soil plug
length to pile penetration depth, and can be estimated from the PLR. The base load
capacity shows a tendency to increase with decreasing IFR, and it does so at a rate that
increases with relative density. The shaft resistance, normalized with respect to horizontal
stress, increases with decreasing IFR and with increasing relative density.

Based on the field and calibration chamber pile load tests, new relationships for
determination of the load capacity of open-ended piles were proposed. The relationships
are based on soil-state variables (relative density and stress state) and CPT results.

The normalized base resistance qy/q. was obtained from the calibration chamber tests as a
function of the relative density Dy for closed-ended piles, and of both the relative density
Dg and the incremental filling ratio IFR for open-ended piles. The test results suggest
that the annulus resistance .., of open-ended piles can be taken as equal to the cone
resistance q. for practical purposes. Based on the results by Lee and Salgado (1999a), the
lower and upper bounds of qy/q. for closed-ended piles were also obtained. It was found
that the qu/q. values of closed-ended piles are approximately the same as the upper bound
values, while the normalized plug resistance qpiue/qc of open-ended piles is approximately
equal to the lower bound values, corresponding closely to gy/q. of non-displacement iles.
For more effective application of the results presented in this report to the design of open-

ended pipe piles, the relationship between the incremental filling ratio IFR and the
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(7)

(8)

relative density Dr was expressed as a function of pile driving depth. The use of the
relationship between IFR and Dy allows the estimation of IFR, and thus the estimation of
the pile load capacity of open-ended piles before pile driving.

Based on the cost comparison between the proposed and existing methods, it was
observed that use of the proposed methods can result in significant cost savings.

It is necessary to develop more confidence on the proposed methods by performing

additional instrumental pile load tests and then publicizes widely the results.
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DESIGN CALCULATIONS

FOR

STATIC PILE LLOAD TEST

(USE REACTION PILE AS REACTION LOAD)
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* Catimdion oF Shaft E%si‘chamee_
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< Degfﬁm s§ Reacttom Pile >
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Depthim) N -value
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< Destqm § Peaction Trame for Plde load Test>

* Detale s§ Prle Leod st
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— Check Nesd +or Strfeners
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» Web dhtekmess of spresder beam , +i,= .55 ™
* I the Load Ts opplred 4o Hie spreoden beaw over

0 9 X9 T area, Compresie stress. @ at Hve < web T

3q2kips 342
Jo = e g - .
9 x tuw 9x o. 515 3.9 kes

e > o VBFJ (=076 x36ksi = 2T ki)

. web Str‘@emehg meed
VMMM/MM’\N\JMW

. Ee?mr@d areq., Areg

3¢-2 _ 34>

OT5F T T g T 1267wl

» Addttiomal ares . A

Avey =

Ad = Arey — 9x 0,516 = (2.6T-4.635 = §.035 T~

* Use Sfour 24"x4.216"x 0.5 strffeners |, o on <och
Stde s§ web Spaced 3. etther Side 6 e certerive

| A‘L—“!‘L—‘?_éi»"x g2t x 6. 8"

178



— Check [DefHectiom

,// Lt'?l Kips

Z Spreeder Beam T=2%c0 mt of waqx94
re le

£ L=2=tk i

« Efloctiec moduwlus <§ A36 <tee( , &= 29cc0 ks
e Moximum deflectiom , Spax,

LB X |=)3
4:,,]“02:-: P = [q' i (2 ) = 0.0' ™ OIK‘?’
) kW 3x 29006 x2[co

A

> Desgm <8 Test RBeam.

— STzwj et Beam

* The tect doodl (392 ktps) widl be corrted lo'j ‘wo
Ttest beams.

- Hal of amgpamum —tect Jood (17] Kips) widd be
applied = the ceuter of slery “ect beawm.

- Distance betipeen et aud readtiou ples = &4
. Lﬁgmcj A36 Stes( U:'j =3¢ kal)

179



Jest Beam per teet beom
A L 2B ;,JC
TL=8H L=8&
171 Kl?s

* Moxtmum bemdwj amowmeid
Mmax = 855 kps X o = 684 kp-tt (at povt B)

e Section medulus re%urred

Muax 694 (kp-tt) x 12 (%) s
<t <5 2.6 i

s Use Wagxi8l beam (S=db5ws)

— Verﬁcj Allowolole Beﬁda"j Stress, (b

- Meex @94 x 12
o= —2 _ om sk e

n <’§‘b (=21 &ksa) w

180



— Check Shear Stress
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APPENDIX - B

Design Calculations of example 1 and 2 of Open- and Closed-ended Piles
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B.1 Open-Ended Pile
B.1.1 API Method

(1) Example 1

e Shaft resistance
@ Layer 1 (0~2m)
roughly assume y, to obtain D from correlation graph: , = 16.6 kN/m’
Ko = (1 - sing) OCR *™ = (1-sin33.3)-1.5"™* = 0.56
o, =16.6 x1x0.56=9.30 kPa

average .= 3MPa,
from Fig. B1, D, =38%

Dr:?/dmaxx Ya —Vamin 100 (B.1)

7d ydmax_j/dmin
from (B.1); 7, =16.6 kN/m’

qsi =Ko, -tand

K =0.8, §=20 (from Table 6.1), o, =1x16.6=16.6kPa
q,, = 0.8x16.6 x tan20 = 4.83kPa

g, -A, =4.83x2x0356m = 10.80kN

@ Layer 2 (2~3m)
roughly assume y,: y, =169 kN/m’
0, =(16.6x2+16.9x0.5)x0.56=23.3 kPa
average .= 6MPa,
from Fig. B1, D,= 50%
from (B.1);  y, =16.9 kN/m’
K=0.8, &=20 (from Table 6.1), o, =16.6x2+16.9x0.5=41.7kPa
q,, = 0.8x41.7 x tan20 = 12.14kPa

qu A, =12.14x1x0.356m =13.58kN
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Fig. B.1 Normalized tip resistance versus normalized lateral stress and Dr based on CONPOINT

results (after Salgado et al.1997)
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® Layer 3 (3~5m)
roughly assume y_,: 7., =11 kN/m’
0,=(16.6x2+16.9x1+11x1)x0.56 = 34.2 kPa
from Fig. BI, D=75%

D =-Smx =% 100 (B.2)
e —e

from (B.2); e=10.48
under GWT
G=2.67

G, +e  2.67+048
lte 7™ 1+0.48

Vop =20.9-9.8=11.1 kN/m’

.9.8 =20.9 kN/m®

ysatz

K=0.8, 6=30 (from table)
o, =16.6x2+16.9x1+11.1x1=61.2kPa
Qe = 0.8x61.2 x tan30 = 28.27kPa

qu A, =28.27x2x0.356m = 63.23kN

@ Layer 4 (5~7m)
roughly assume y,: y, =115 kN/m’

0,=(16.6x2+16.9x1+11.1x2+11.5x1)x0.56 = 46.93 kPa
from Fig. BI, D;=90%
from (B.2); e=0.44
Vo =212kN/m’, y , =212-98=11.4 kN/m’

K=0.8, 0=35 (from Table 6.1)
o, =16.6x2+16.9x1+11.1x2+11.4x1=83.7kPa

q. =0.8x83.7 x tan35 = 46.9kPa
qy - A, =46.9x2x0.356n =104.9kN

Q.=q, A +q, A, +q, A, +q,-A, =10.8+13.58+63.2+104.9 =192.5kN
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e Base resistance

qdy :O-;'N

q

o, =16.6x2+16.9x1+11.1x2+11.4x2=95.1kPa
Ng=50 (from Table 6.1)
q, =0, N, =95.1x50=4755kPa (< 12MPa, limit value)

2
0.356 n =473.3kN

Q, =q, ‘A, = 4755x

. Q,=Q,+Q, =192.5+4733=665.8 kN

(2) Example 2

e Shaft resistance
@ Layer 1 (0~2.2m)
K=0.8, =25 (from Table 6.1),
7, =18kN/m’, o, =1.1x18=19.8kPa
q,, = 0.8x19.8 x tan25 = 7.4kPa

q A, =74x2.2x0.356m =18.2kN

@ Layer 2 (2.2~5m)
K =0.8, =30 (from Table 6.1), 7, =20 kN/m*(2.2~3.1m), » =21 kN/m’

x 0.9 +
2 2

o = {18x2.2x2+20><0.9 (18x2.2+20><0.9)><2+(21-9.8)><1.9X1‘9}+2.8

=61.9 kN/m’
q, =0.8x61.9x tan30 = 28.6kPa

oA, =28.6x2.8x0.356m =89.6 kN
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® Layer 3 (5~7m)
K=0.8, =35 (from table 6.1), y,, =21 kN/m’
o, = 18x2.2+20x0.9+(21-9.8)x2.9 =90.1 kPa
q.; =0.8x90.1x tan35 = 50.5kPa

qu A, =50.5x2x0.356m =113.0kN

Q.=q, A +q, A, +q, A, =182+89.6+113.0=220.8 kN

¢ Base resistance
q, =0, "N,
o, = 18x2.2420%0.9+(21-9.8)x3.9 = 101.3 kN/m’
Ng=50 (from Table 6.1)
q, =0, N, =101.3x50 = 5065kPa ( < 12MPa, limit value)

2
0.356 n =504.2kN

Q,=q-A, =5065x

5 Q,=0Q,+0Q, =220.8+504.2 =725.0kN
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B.1.2 DRIVEN

(1) Guidelines of running DRIVEN program

Fig. B.2 shows the main screen for the DRIVEN program. The file menu contains

options to create a new file and open an existing pile.

I Driven
File Help

Cpen, .,

Exit Alt+F4

CIWPROGRA~1WDRIVENWTEMP DN
CIHPROGRA~1WDRIVENWCLOSE-T, DV
CrWPROGRA~1WDRIVENWOFPEN-1.DYN
CIHPROGRA~1WDRIVENWOPEN-2, DWN

Creates a new document

Figure B.2 The driven program, main window.

After selecting the ‘New’ button on the file menu, input user interface dialog box pops

up(Fig. B.3).

— Client Information —Soil Layers
Client I # Soil Layers I4
Project Name I ex1: open-ended pile

—Water Tables

Project Manager I
Depth at top of boring: 0.0

Date |1n,n4,rann1
Depth at Ti f Drilli 3.000
Computed By IKGK epth at Time of Drilling m
Depth for Restrike/Driving 3.000 m
— Unit Syst
o System Depth for Ultimate 3.000 m

= 51 " English View

Optional Design Considerations
I” Soft Compressible Soils Overlying the Bearing Strata Edit
I” Scourable Soil Overlying the Bearing Strata Edit
OK | Cancel | Help |

Figure B.3 Project definition input screen
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Fig. B.4 shows an input screen for soil profiles. This screen is where the soil profile is
completed along with the pile parameters. The left-hand side of the screen presents a visual
representation of the soil profile. The right-hand side of the screen contains two major grouping
boxes labeled “Layer General Data” and “Layer Soil Type”. The Layer General Data section
defines three parameters common to all soil types used within the DRIVEN program. These are
depth to bottom of layer, total unit weight of soil, and driving strength loss. The Layer Soil Type
section is dependent upon the type of soil chosen for the current layer. If “cohesionless” is
selected for soil layer type, the program will prompt two internal friction angles, one for shaft
resistance and one for base resistance (DRIVEN 1.0 User’s Manual). The dialog box shown in
Fig. B.5 allows SPT ‘N’ values to be entered so the DRIVEN program can determine equivalent

internal friction angle for the soil layer.

Zoil Profile

Soil Layer Profile Soil Layer #1

— Layer General Data

Depth to bottom of layer I 2.000 m
Total unit weight of soil I 16.600 kN/m*3
Driving strength loss I 0.000 2

—Layer Soil Type

oo i ol
i 3 3
LI

EEEEEEEEE
B
3

i}
El

i

¢ Cohesive & Cohesionless

Internal Friction Angle
Skin Friction | 30.35[gEEHEE

V Use SPT 'N' Values Edit |

[
El

R
[3] - L
i 31 13

¥

Internal Friction Angle
End Bearing

¥ Use SPT 'N' Values

Pile Type |Pipe Pile - Open End L|| Edit |

Bl degrees

El

El

ol ol o ol e
[
3

[
in
El

o
I
El

=

OK | Cancel |

Help |

Split Layer Delete Layer Calculator

Figure B.4 Soil profile of example 1
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Soil Layer #1

Correct the N - values for the influence
of the effective overburden pressure

#Yes " No
Number of SPT "N" values (5 are allowed) 3] 2
. 5
Depth of Top of Layer 0.000 m
Depth of Bottom of Layer 2.000 m
Depth N

Depth

0.500 =
1.300 =
2.000 m

The program uses the relationship between standard
penetration test values and angle of internal friction of the
soil as presented by Peck. Hanson and Thomburn (1974)

T

Help

OK Cancel

Figure B.5 Dialog box for determining the internal friction angle from SPT ‘N’ values.

The Pile Type Selection box displays the currently selected pile. If a pile has been

selected, pressing the ‘Edit’ button located just to the right hand side of the pile name can change

its parameters. Fig. B.6 shows the pile parameter box of open-ended pipe pile.

0.000 m

Depth of Top of Pile

Diameter of Pile ISEE,[I[II] mm
Shell Thickness |32,|]|]|] mm

0K | Cancel |

Please refer to the user manual for detailed
information on how the plugging is
implemented.

Figure B.6 the dialog box for open-ended pipe pile
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(2) Results of Example 1

Fig. B.7 shows computation results of the open-ended pile of example 1 by DRIVEN
program. The capacity section is located in the bottom part of the screen. This section
displays the results versus depth for the shaft and base resistance, along with the total

capacity.

Output — Tabular
Pile Type | Pipe Pile - Open End
CONTRIBUTION
Depth Soil Type Effective Stress Sliding Friction Adhesion
Angle
2.99 m Cohesionless 41.42 kPa 27.030 N/aA -
3.0l m Cohesionless 49.86 kPa 31.250 N/A
4.99 m Cohesionless 60.83 kPa 31.250 N/A
5.0l m Cohesionless 72.06 kPa 32170 N/A
6.99 m Cohesionless 83.34 kPa 32170 N/Aa -
" End [ ~ Restrike ¢ Driving ~ Ultimate
Depth | Skin Friction End Bearing Total Capacity
299 m 37.79 kN 63.48 kN 101.27 kKN -
3.0l m 38.43 kN 193.53 kN 231.95 kN
499 m 133.73 kN 278.73 kN 412.46 kN
5.01 m 134.93 kN 336.44 kN 471.37 kN
6.99 m 280.32 kN 441.74 kN 722.06 kN -
Report [ oK | Help

Figure B.7 Results of the open-ended pile of example 1
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(3) Results of Example 2

Fig. B.8 shows the soil layer profile of example 2. The detail description for soil

property of example 2 is already shown at section 6.2.2.1.

Soil Layer Profile Soil Layer #1

4 | —Layer General Data

— | Depth to bottom of layer I 2. 200
Total unit weight of soil I 18.000 kN/m~3
Driving strength loss I 0.000 <

— Layer Soil Type

" Cohesive & Cohesionless

Internal Friction Angle
Skin Friction [ 3300 degrees

[ Use SPT 'N' Values Edit |

Internal Friction Angle I 13.00
End Bearing | S

[~ Use SFT 'N' Values Edit |

Pile Type |Pipe Pile - Open End ~| Edit |

=

0] 4 | Cancel |

Calculator Help |

Split Layer Delete Layer

Figure B.8 Soil Profile of example 2
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e Results

Fig. B.9 shows the computation results of example 2. As can be seen in Fig. B.9, the shaft
resistance capacity is 349.0kN, base resistance capacity is 809.8kN, and total capacity is

1158.8kN.

Output = Tabular
Pile Type | Pipe Pile - Open End
CONTRIBUTION
Depth Soil Type Effective Stress Sliding Friction Adhesion
Angle
3.09 m Cohesionless 48.95 kPa 30940 N/A -
3.11m Cohesionless 38.36 kPa 30,940 N/A
4.99 m Cohesionless 69.09 kPa 30.940 N/A
5.0l m Cohesionless 79.84 kPa 30940 N/A
6.99 m Cohesionless 90.92 kPa 30940 N/A -
& Skin C End [ CPRestrike  C Driving &1l
Depth | Skin Friction End Bearing Total Capacity

3.09m 63.46 kN 462.48 kN 525.94 kN -

311 m 64.53 kN 463.03 kN 329.56 kN

4.99 m 183.16 kN 632.06 kN 815.23 kN

5.01 m 184.62 kN 633.84 kN 818.46 kN

6.99 m 349.03 kN 809.76 kN 1158.79 kN -

Report [ 0K I Help

Figure B.9 Results of the open-ended pile of example 2
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B.1.3 Polish Method

(1) Example 1
e Shaft resistance

@ Layer 1 (0~2m)
from the previous calculation at B.1.1, D,;=38%
from Table 6.5; qs1.max= 51kPa ( obtained by interpolation )
critical depth for shaft resistance = Sm
gs1 = 1/5x51 = 10.2kPa
from Table 6.2 and 6.3; S;=0.9, b,=0.61
N,, =0.61x0.9x10.2x0.356m x2 =12.5kN

@ Layer 2 (2~3m)
D=50%, from Table 6.5; qs2.max= 60.5kPa
qs2 = 2.5/5%60.5 = 30.3kPa
from Table 6.2 and 6.3; S=0.9, b,=0.61
N, =0.61x0.9x30.3x0.356m x1=18.6kN

® Layer 3 (3~5m)
D,=75%, from Table 6.5; qs3max= 88.1kPa
qs3 = 4/5x88.1 = 70.4kPa
from Table 6.2 and 6.3; S;=0.8, b,=0.4
N, =0.4x0.8x70.4x0.356m x 2 = 50.4kN

@ Layer 4 (5~7m)
from D~=90%, from Table 6.5; Qqs4max= 114.4kPa

from Table 6.2 and 6.3; S=0.8, b,=0.50
N, =0.5%x0.8x114.4x0.356mx 2 =102.4kN

ZNS =12.5+18.6+50.4+102.4 =183.9kN
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e Base resistance

Sy=1.0, b;=1.0
from Table 6.4, qpmax= 5100 kPa ( obtained by interpolation )
h=10m (D=356mm<400mm)
q, =5100x7/10 =3570kN

N, =1.0x1.0x3570x0.356" -7/ 355 4N

N= N'p +N, =183.9 +355.4 = 539.3kN

m=0.7 for single pile
Q,=mN =10.7x539.3 =377.5 kN

(2) Example 2

@ Layer 1 (1~2.2m)
average q.=4MPa, K,=0.7, o, =18x1.1x0.7=13.9 kPa
from Fig. B1, D,=43%
from Table 6.5 g1 max = 40kPa
critical depth for shaft resistance = 5m
gst = 1.1/5x40 = 12kPa
from Table 6.2 and 6.3; b,=0.61, S;=0.9
N, =0.61x0.9x13.9%x0.356m x2.2 =18.8kN

@ Layer 2 (2.2~5m)
average q.=23MPa, K,=0.7,

x 0.9+
2 2

O_h:[l8x2.2x2+20x0.9 (18x2.2+20%0.9)x2+(21-9.8)x1.9 x1_9}2.8 0.7

=43.3 kN/m?

203



from Fig. Bl, D;=90%

from Table 6.5 Qs max= 114 kPa

qs2 = 3.6/5x114 = 82 kPa
from Table 6.2 and 6.3; b,=0.37, S;=0.8
N, =0.37x0.8x82x0.356mx 2.8 =76.0 kN

® Layer 3 (5~7m)
average .= 43MPa, K,=0.7,
o, ={18x2+20x1.1+(21-9.8)x2.9}x0.7=63.3 kPa

from Fig. BI, D~=100%

from Table 6.5, Qgs3.max=132kPa

from Table 6.2 and 6.3; 1b,=0.55, S=0.8
N, =0.55%0.8x132x0.356m x2 =129.9kN

D N, =18.8+76.0+129.9 = 224.7kN

from Table 6.4, qc max=5850 kPa
h=10m (D=356mm<400mm)
q. =5850x7/10 = 4095kN

from Table 6.2 and 6.3; S,=1.0, b;=1.0

N, =1.0x1.0x4095x 0.356" -/ — 407 6kN

N =N_ +N_ =224.7+407.6 = 632.3kN

m=0.7 for single pile
Q,=mN =0.7x632.3 = 442.6kN
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B.1.4 Proposed CPT-based Method

The new CPT-based design method for open-ended piles was proposed in chapter 5.
Following the Procedure in chapter 5, IFR values were estimated based on the relative density

Dr and the normalized depth D,,.

(1) example 1

e Shaft resistance

@ layer 1 (0~2m)

average qc=3MPa, D=38%, D, = ﬁ =34

from Fig. 5.11; NIFR=20
IFR=3.4x20 =68 %
from Fig. 5.6 (f)

9s 20,0021, q, =0.0021x3x10°= 6.3 kPa
A

@ layer 2 (2~3m)

average q-=6MPa, D=50%, D, = 022% =8.6

from Fig. 5.11; NIFR=9
IFR = 8.6x9 = 77.4%
From Fig. 5.6 (f)

95 20.0024, q, =0.0024x6x10°=14.4 kPa
A

® layer 3 (3~5m)

average q.=17MPa, D,=75%, D, = ﬁ =13.7
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from Fig. 5.11; NIFR=6
IFR = 13.7x6 = 82.2%
From Fig. 5.6 (f)

95 20,0026, q, =0.0026x17x10°= 44.2 kPa
q.

@ layer 4 (5~7m)

average q.=22MPa, D=90%, D, = m =20.5

from Fig. 5.11; NIFR =3.1
IFR =20.5x3.3 =67.7%
From Fig. 5.6 (f)

95 20.0021, q, =0.0021x22x10°=46.2 kPa
q.

Q, =(63x2+144x1+442x2+46.2x2)x0.356m =232.4 kN

e Base resistance

7

Ps =020 =0

from Fig. 5.11; NIFR=2.8
I[FR=24.0x2.8=67.2%
From Fig. 5.6 (b)

9o~ 034, q, =22x10° x0.34 = 7480 kPa
d.

0.356’n

Q, = 7480 x = 744.5kN

Q,=Q, +Q, =744.5+232.4=976.9 kN
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(2) Example 2

e Shaft resistance

@ layer 1 (0~2.2m)

average .= 4MPa, D;=43%, D, = ﬁ =34

from Fig. 5.11; NIFR =21
[FR=3.4x21 =71.4%
From Fig. 5.6 ()

95 200022, q, =0.0022x4x10° = 8.8 kPa
de

@ layer 2 (2.2~5m)

average q.-=23MPa, D=90%, D, = % =11.1

from Fig. 5.11; NIFR =7
[FR=11.1x6.4=77.7 %
From Fig. 5.6 ()

95 200025, q, =0.0025x23x10° = 57.5 kPa
de

® layer 3 (5~7m)

average .= 43MPa, D,=100%, D, = ﬁ =18.5

from Fig. 5.11; NIFR =3.8
IFR=18.5%3.8 = 70.3%
From Fig. 5.6 ()

95 20.0022, q, =0.0022x43x10° = 94.6 kPa
A

Q, =(8.8x2.2+57.5%x2.8494.6x2)x0.356m =413.3 kN

207



e Base resistance

L:21.6

D0 = 0324

from Fig. 5.11; NIFR =3.1
[FR=21.6x3.1 = 67.0%
From Fig. 5.6 (b)

D _ 034 , q, =43x10° x0.34 =14,620 kPa

q.

2
Q, = 14,620 x%: 1,455 .2 kN

5 Q,=Q,+Q, =1,4552+413.3=1868.5kN
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B.2 Closed-Ended Piles

B.2.1 Proposed CPT-based Method

(1) Example 1
e Shaft resistance
@ Layer 1 (0~2m)
average q.= 3MPa, average N =7
roughly assume y, to obtain D, from correlation graph: y, =16.6 kN/m®
Ko = (1 - sing) OCR *™ = (1-sin33.3)-1.5™*3 = 0.56
o, =16.6x1x0.56=9.30
from Fig. B.1, D,=38%
from Fig. 5.7 (b)

95 200051, q, =0.0051x3x10°=15.3 kPa
d.

@ Layer 2 (2~3m)
average q.= 4MPa, average N =7, roughly assume y, =16.9 kN/m’
0, =(16.6x2+16.9x0.5)x0.56 = 23.3 kPa
from Fig. B.1, D;=35%
from Fig. 5.7 (b)

s 20,0053, q, =0.0053x4x10°=21.2kPa
de

® Layer 3 (3~5m)
average q.= 15MPa, average N =20, roughly assume y, =11 kN/m’
o,=(16.6x2+16.9x1+11x1)x0.56 = 34.2 kPa
from Fig. B.1, D, =70%
from Fig. 5.7 (b)
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9s 200053, q, =0.0053x15x10° = 79.5kPa
q

@ Layer 4 (5~6.87m)
average q.=19MPa, average N=27, roughly assume y, =11.5 kN/m’

0, = (16.6x2+16.9x1+11.1x2+11.5x0.94)x0.56 = 46.5 kPa

from Fig. BI, D;=80%
from Fig. 5.7 (b),

9 20.0061, q, =0.0061x19x10°=115.9kN/m’
A

Q,=(153%x2+212x1+78x2+115.9x1.87)x0.3567 = 474.8 kN

e Base resistance

average q.=19MPa, D,= 80%
from the Fig. 5.7 (a)

9o —046, q, =0.46x19x10°=8740kN/m’
d.

2
0.356°% _ ¢20.0kN

Q, =8740x

Q,=0Q,+Q, =474.8+870.0 =1344.8 kN

(2) Example 2

@ Layer 1 (0~2.2m)
average .= 4MPa, D,=43%
from the Fig. 5.7 (b)

9 ~0.0046, q, =0.0046x4x10° = 18.4kPa
A

@ Layer 2 (2.2~5m)
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average q.= 23MPa, D,=90%
from the Fig. 5.7 (b)

95 20.0065, q, =0.0065x23x10°=149.5 kPa
d.

® Layer 3 (5~6.75m)
average q=43MPa, D,=100%
from the Fig. 5.7 (b)

9 20.007, g, =0.007x43x10°=301.0 kPa
A

Q, =(184x22+149.5x2.8+301x1.75)x0.356m =1102.6 kN

¢ Base resistance
average q.=43MPa, D,=100%
from the Fig. 5.7 (a)

9o —038, g, =0.38x43x10° = 16,340kPa
d.

0.356°n

Q, =16,340x =1,626.5kN

Q,=0Q,+Q, =1102.6 +1626.5=2729.1 kN
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B.2.2 Meyerhof’s Method (Example 1)

e Shaft resistance

® Layer 1 and 2 (0~3m)
average N =7
For large-displacement piles in cohesionless soil

q, = 5N60 =2x7 = 14kN/m’

50
@ Layer 3 (3~5m)
average N = 20
q, =2x20 = 40kN/m’

® Layer 4 (5~6.87m)
average N =26
q, =2x26 = 52kN/m’

Q. =(14x3+40x2+52x1.87)x0.356m =245.2 kN

e Base resistance

x100 = 20,069 kPa

D, _ 6.87
0.4Ns—P, = 0.4x26x 7356

4.0Ngo P,=4x26x100 = 10,400 kPa < 20,069 kPa

. q, = 10,400 kN/m’

0.356°

Q, =10,400 x =1035kN

Q,=0Q,+Q, =2452+1035=1280.2 kN
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B.2.3 Aoki-Vello’s SPT Method (Example 1)

e Shaft resistance

Steel pile: F; =1.75, F, =3.5 (from Table 6.11)
Sand: K = 10P, = 1000kPa, o; =0.014 (from Table 6.10)

a, K 0.014x1000
ns = = = 4
F, 3.5

b

@ Layer 1 and 2 (0~3m)

- N value used at Aoki’s method is for 72% velocity energy ratio. For the
consistency, the observed N value should be corrected to the value which would
have been measured with 72% energy ratio.

N7, =7x0.6/0.72 = 6
from (6.14), q, =4x6=24kPa
@ Layer 3 (3~5m)
N7, =20%0.6/0.72 ~ 17
from (6.14), q, =4x17 =68 kPa
® Layer 4 (5~6.87m)
N7, =26%0.6/0.72 ~ 22
from (6.14), q =4x22=_88kPa

Q,=(24x3+68x2+88x1.87)x0.356m =416.7 kN

e Base resistance

LS
=T

from (6.13), q, =571.4x22=12,570.8 kPa

0.356°n

Q, =12570.8x =1251.3kN

Q,=0Q,+Q, =416.7+1251.3=1668.0 kN
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B.2.4 Bazaraa and Kurkur’s Method (Example 1)

Pile category : 11
B/Br =0.356
ng =0.022P,=2.2, ny=2P, =200 ( from Table 6.13)

e Shaft resistance

@ Layer 1 and 2 (0~3m)
average N =7
q, =2.2x7=15.4kPa
@ Layer 3 (3~5m)
average N = 20
q, =2.2x20 =44 kPa
® Layer 4 (5~6.87m)
average N =26
q, =2.2x26 =57.2 kPa

Q,=(154%x3+44x2+57.2x1.87)x0.356m = 269.7kN

e Base resistance

q, =200x26 = 5200 kPa

0.356°n

Q, =5200x =517.6kN

Q,=Q,+Q, =269.7+517.6 =787.3 kN
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B.2.5 LCPC Method
(1) Example 1

e Shaft resistance

@ Layer 1 (0~2m)
from Table 6.14, o, =120

-1 _1/ _
Cyi Az— 420_0.0083

average .= 3 MPa
q, =0.0083x3x10° = 24.9 kPa

@ Layer 2 (2~3m)

_ -1 1/ _
o =120, Cy A{Z —%20—0.0083
average q.~4 MPa
q, =0.0083x4x10°=33.2 kPa

® Layer 3 (3~5m)

_ 1 1 _
o, =200, Cq A = 400_0.005

average q.=15 MPa
q, =0.005x15x10°=75 kPa

@ Layer 4 (5~6.87m)

_ -1 -1/ _
o =200, Cq A = 400_0.005

average q.=19 MPa
q, =0.005x19x10°=95 kPa

Q,=(249x2+332x1+75x2+95%x1.87)x0.356m =459.27 kN

e Base resistance
From Table 6.15, C,=0.4
q, =0.4x19x10° = 7600 kPa
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0.356°n

Q, =7600x =756.5kN

Q,=Q,+Q, =459.3+756.5=1215.8 kN

(2) Example 2

e Shaft resistance

@ Layer 1 (0~2.2m)

o, =120, Cy = %{ - %20 —0.0083
2

average q. = 4MPa
q,, =0.0083x4x10° = 33.2 kPa

@ Layer 2 (2.2~5m)

o =200, C, =y =1/ —0.005
2 2 Ja, AOO

average q.=23MPa
q., =0.005x23x10° = 115 kPa

® Layer 3 (5~6.75m)

0y =200, Cy = % - %oo = 0.005
2

average q.= 43 MPa
q.; =0.005x43x10° = 215kPa, but maximum q, =200kN/m’

Q,=(332x22+115%x2.84+200x1.75)x0.356m =833.3 kKN

e Base resistance

From Table 6.15, C,=0.4

q, =0.4x43x10" = 17,200 kPa
0356

Q, =17,200 x =1712.1kN

Q,=Q, +Q, =833.3+1712.1=2545.4kN
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B.2.6 Aoki & Velloso’s CPT Method
(1) Example 1

Steel pile: F;, =1.75, F, =3.5

¢, =% 0018604
F, 35

e Shaft resistance
@ Layer 1 (0~2m)

average q.= 3 MPa

q, =0.004x3x10* = 12 kPa
@ Layer 2 (2~3m)

average .= 4MPa

q, =0.004x4x10’= 16 kPa
® Layer 3 (3~5m)

average .= 15MPa

q, =0.004x15x10°= 60 kPa

@ Layer 4 (5~6.87m)
average q.= 19 MPa
q, =0.004x19x10°=76 kPa

Q,=(12x2+16x1+60x2+76x1.87)x0.356m =337.9 kN

e Base resistance

o1 o5

C =
b 1.75

1:1
q, =0.571x19x10° = 10,849 kPa
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0.356°n

Q, =10,849 x =1079.9kN

Q,=0Q,+Q, =337.9+1079.9=1417.8 KN

(2) Example 2

Steel pile: F; =1.75,F, =3.5
c. =4

. F_2 = % =0.004
@ Layer 1 (0~2.2m)
average . =4 MPa
q, =0.004x4x10’ = 16 kPa
@ Layer 2 (2.2~5m)
average . = 23 MPa

q, =0.004x23x10° = 92 kPa
® Layer 3 (5~6.75m)

average . =43 MPa
q, =0.004x43x10° = 172 kPa

Q,=(16x22+92x2.8+172x1.75)x0.356n = 664.1kN

e Base resistance

¢, ==L _0571
F 175

q, =0.571x43x10* = 24,553 kPa

2
0356 _ 5 444.0kN

Q, = 24,553 %

Q, =Q, +Q, =664.1+2444.0 =3108.1kN
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B.2.7 DRIVEN Program
(1) Example 1

Figs. B.10 and B.11 show calculation results of example 1 and 2 from the program

DRIVEN.

Output — Tabular
Pile Type | Pipe Pile - Closed End
CONTRIBUTION
Depth Soil Type Effective Stress Sliding Friction Adhesion
Angle
2.99 m Cohesionless 41.42 kPa 19.800 N/A -
3.0l m Cohesionless 49.86 kPa 22,890 N/A
4.90 m Cohesionless 60.83 kPa 22,800 N/A
5.0 m Cohesionless 72.06 kPa 23.5600 N/A
6.86 m Cohesionless 82.60 kPa 23.560 N/A -
« Skin  End [ C Restrike  C Driving &1l
Depth | Skin Friction End Bearing Total Capacity
299 m 28.50 kN 63.48 kN 91.98 kN -~
3.0l m 28.98 kN 193.39 kN 222.57 kN
4.99 m 101.22 kKN 278.82 kN 380.04 kN
5.0l m 102.13 kN 336.30 kN 438.44 kN
6.86 m 204.27 kN 434.65 kN 638.92 kN

Report [ oK | Help |

Figure B.10 Calculation results of the closed-ended pile of example 1
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Output = Tabular
Pile Type | Pipe Pile - Closed End
CONTRIBUTION
Depth Soil Type Effective Stress Sliding Friction Adhesion
Angle
3.09 m Cohesionless 48.95 kPa 25350 N/A -
3.11m Cohesionless 38.36 kPa 25350 N/
4.99 m Cohesionless 69.09 kPa 25350 N/A
5.0l m Cohesionless 79.84 kPa 25350 N/a
6.74 m Cohesionless 89.52 kPa 25350 N/a -
& Skin C End [ C Restrike  C Driving & Ultimate.
Depth | Skin Friction End Bearing Total Capacity
3.09m 64.29 kN 462.48 kN 326.77 kN -
311 m 63.39 kN 463.03 kN 330.43 kN
4.99 m 188.27 kN 632.06 kN §20.34 kN
5.01 m 189.78 kN 633.84 kN 823.62 kN
6.74 m 336.28 kN T87.55 kN 1123.83 kN -
Report [ OK | Help |

Figure B.11 Calculation results of the closed-ended pile of example 2
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