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Abstract

This paper presents a new design approach for predicting the degree of soil plugging and the inner skin friction of axial-loaded open-ended
piles. The main objective of this study was to propose the SPT-based design method considering the plugging effect, since the SPT test is
commonly used to identify the subsoil condition in sandy soils. The plugging effect for open-ended piles was quantified using field plugging
measurements and the results of three full-scale field pile load tests. Based on the plugging measurements, the relationship of the plug length ratio
(PLR) with the soil properties, pile geometry and pile driving condition was established. Additionally, a linear relationship between the PLR and
incremental filling ratio (IFR) was proposed. Full-scale tests were performed on three instrumented piles with different diameters (508.0, 711.2
and 914.4 mm). An instrumented double-walled pile system was used to measure the outer and inner skin friction along the pile shaft. Based on
the results of the full-scale field pile load tests, the inner skin friction of the open-ended piles was proposed as a function of the IFR and pile
diameter. The predicted values were consistent with the measured values, such as the IFR and inner skin friction. The proposed method can
predict the degree of soil plugging and the inner skin friction of open-ended piles and be selected as convenient option in engineering field.

© 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, open-ended steel pipe piles have been
frequently used in the foundations of urban and coastal
structures such as harbor terminals, long-span bridges and
offshore wind power structures. Because an increasing number
of massive structures are being constructed, it is becoming
increasingly important to consider the plugging effect the
application of open-ended steel pipe piles in foundation design.
Some design methods for open-ended piles have been
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http://dx.doi.org/10.1016/j.sandf.2015.06.007

proposed. These methods have resulted in slightly different
methodologies that can generally be classified into three
groups: (1) cone-penetration test (CPT)-based design methods
(Paik and Salgado, 2003; Yu and Yang, 2012; Kolk et al.,
2005; Jardine et al., 2005; Lehane et al., 2005; Clausen et al.,
2005) (2) standard penetration test (SPT)-based design meth-
ods (Lai et al., 2008), and (3) the earth pressure approach (API,
2007). However, the existing design methods have some
limitations, such as a heavy dependence on the correlations
that are derived from the model tests and CPTs. It is not easy
to design the bearing capacity of open-ended piles considering
the plugging effect in common practical cases, because the
degree of plugging is not well reflected in the design methods.
On the other hand, the main idea of this study is focused on
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Fig. 1. Soil profile with the borehole and test piles for the PLR measurement. (a) Busan Nakdong river estuary weir site; (b) Busan Mieum district site; and

(¢) Incheon New Port site.

proposing the design method of driven piles in sands using
SPT results. SPT test is common to identify subsoil condition
especially in sandy soil. That is why the SPT-based method is
selected as alternative one in engineering field.

The bearing capacity of open-ended piles is highly affected
by the degree of soil plugging. Numerous studies have been
conducted on the plugging effect of open-ended piles. Some
researchers reported that the plugging effect of open-ended
piles is highly influenced by the pile driving conditions (Brucy
et al., 1991), pile geometry conditions (Beringen et al., 1979;
Klos and Tejchman, 1981; Szechy, 1959; Kishida, 1967;
Matsumoto and Takei, 1991), and soil conditions (Paik and
Salgado, 2003). However, it is difficult to establish a distinct
correlation between these factors and the plugging effect
because of the complexity of the plugging effect.

The overall objective of this study is to propose an open-
ended pile design methodology that considers the plugging

effect using the results that are derived from full-scale tests and
plugging measurements. Various influencing factors of the
plugging effect should be quantified and considered when
designing open-ended piles. The proposed methods were
validated using a field case study. The predicted values, such
as the incremental filling ratio (IFR) and inner skin friction are,
compared with the measured values from the pile load tests. A
new design methodology has been developed to provide a
basis for a preliminary design method that would be applicable
to open-ended piles taking into account the plugging effect.

2. Quantitative methods for the plugging effect on open-
ended piles

The degree of soil plugging can be quantified using the plug
length ratio (PLR) and IFR. The PLR is defined as the soil plug
length per penetration depth at the end of the pile installation.
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The PLR can be written as
PLR = Li (1)
D,
where L; is the soil plug length and D, is the penetration depth.
PLR =0 represents that no soil enters the pile during pile
installation. The behavior of open-ended piles in this condition
is similar to the behavior of closed-ended piles. However,
PLR =1 represents that the soil plug length is equal to the pile
penetration depth at the end of pile installation.
The IFR is defined as the increment of soil plug length per
increment of pile penetration depth during pile installation.
The IFR can be written as

AL; .
IFR = AD, x 100(%0) 2)
where AL; is the increment of soil plug length and AD,, is the
increment of penetration depth.

IFR=0 and 1 are the fully plugged and fully unplugged
conditions, respectively, and the IFR between 0 and 100 is the
partially plugged condition.

The fully unplugged condition can be defined by using PLR
which is greater than or equal to 1.0. However, the PLR can’t be
defined clearly for both the fully and partially plugged condition
even though the IFR can be defined well for three different
conditions of plugging (Paik, 1994). Therefore, it can be said
that IFR is a better indicator of the degree of soil plugging than
PLR (Paikowsky, 1989; Paik and Lee, 1993; Paik and Salgado,
2003). However, it is difficult to measure the IFR in engineering
practice, whereas the PLR can be measured relatively easily.
The approach to predicting the IFR from the PLR would be very
convenience in the design stage. Therefore, it is necessary to
investigate the relationship between the PLR and IFR.

3. PLR measurement

The plugging effect is highly complex and influenced by
various factors. Previous studies on the plugging effect can be
classified into three groups: (1) pile driving conditions, (2) pile
geometry conditions and (3) soil conditions.

Brucy et al. (1991) reported that the soil plug length was
increased when the driving energy was increased. Addition-
ally, the soil plug length increased when the hammer weight
was decreased and the height of fall was increased at constant
energy. Then, the plugging effect decreases with increasing
pile diameter (Beringen et al., 1979; Klos and Tejchman, 1981;
Szechy, 1959) and decreasing pile length (Szechy, 1959;
Kishida, 1967; Matsumoto and Takei, 1991).

Paik and Salgado (2003) performed model pile load tests
using a calibration chamber. They reported that the IFR
decreases with decreasing relative density and horizontal
effective stress of soil, but is independent of the vertical
effective stress of soil.

In this study, the PLR was measured on open-ended piles to
investigate the plugging effect under various conditions such as
pile driving conditions (hammer weight and height of fall), soil
conditions (N value of the SPT result and horizontal effective

Table 1
Geometries of the piles for PLR measurement.

Site Number  Pile Pile Pile
of piles diameters thickness length
(mm) (mm) (m)
Busan Nakdong river 28 609.6 12 44.6-46.3
estuary weir site 24 1016.0 16 42.2-46.6
Busan Mieum district 66 508.0 12 25.3-26.0
site

Incheon New port site 26 1016.0 16 51.0-54.0

stress) and pile conditions (pile length and pile diameter). The
PLR measurement was conducted at the end of pile installation
at three test sites in Korea: the Busan Nakdong river estuary weir
site, Busan Mieum district site, and Incheon New port site. The
pile diameters and penetration depths are 5081016 mm and 26—
45 m, respectively. Fig. | presents soil profiles with borehole and
shaft embedment for the piles based on field test results.

The PLR values at the final penetration of 144 piles from the
three different sites were obtained. The geometrical informa-
tion of the piles for PLR measurements are presented in
Table 1. The PLRs of 508 and 609 mm diameter piles are
0.60-0.85 and 0.71-0.89, respectively. The PLR range of the
1016 mm diameter piles is distributed above 0.90. These
results demonstrate that the plugging effect of the open-
ended piles decreases with an increase in the pile diameter.
As previously mentioned, this result is consistent with the
majority of studies by other researchers (e.g., Szechy, 1959;
Kishida, 1967; Paikowsky, 1989).

To improve reliability of the proposed PLR equation, the
formula should be non-dimensional. Therefore, the best reli-
able generalized form, with variables such as the pile diameter
(D), pile penetration depth (L), hammer weight (W), height of
the fall (k), SPT results (N) and horizontal effective stress of
soil (o3,), was chosen to obtain the non-dimensional formula as
shown in Eq. (3). The factors such as D?/L and 5}1\/1v were
obtained to separate the generalized form in terms of pile
driving condition, pile condition and soil condition.

The correlations between the PLR and pile driving condition
(E: driving energy), pile condition (D*L) and soil conditions
(GQLW) were plotted as shown in Fig. 2(a)—(c), respectively.
As shown in Fig. 2(a), the measured range of driving energy
between 50 kN m and 240 kN m for PLR lies in the typical
range in the engineering field. This trend is the same as the
results reported in the literature (Foray and Colliat, 2005; Paik
et al., 2003; Reinhall and Dahl, 2011; Thandavamoorthy,
2004). Although the data distributions were scattered in
Fig. 2, this is acceptable for engineering applications, con-
sidering that the coefficient of determination (R*) of plugging
effect prediction for field data is typically low (Yu and Yang,
2012; Japan Road Association (JRA), 2006; Architectural
Institute of Japan (AlJ), 2004). The PLR is linearly correlated
with the influencing factors. To obtain the best regressions, the
empirical method for the PLR can be proposed using the
analysis of the PLR measurement.
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Fig. 2. Correlations between the PLR and influencing factors. (a) variation of
PLR with driven energy; (b) variation of PLR with pile geometry condition
(D*/L); and (c) variation of PLR with soil condition (Gh'\/ N).

4. Proposed PLR prediction methods
There are few PLR prediction methods for open-ended piles.

The existing design methods (Paik and Salgado, 2003; Yu and
Yang, 2012; Kolk et al., 2005; Jardine et al., 2005; Lehane
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Fig. 3. Proposed PLR equation.

et al., 2005; Clausen et al., 2005) rely on highly the CPT
results. On the other hand, because SPT test is common to
identify subsoil condition in sandy soil, the SPT-based method
is selected as alternative one in engineering field. However, a
few SPT-based methods (Lai et al., 2008) are proposed.
Therefore, an appropriate PLR prediction method is necessary
for a rational design in the preliminary design stage.

PLR measurement data from 144 field cases are analyzed under
various conditions. The results of the PLR measurements, indicate
that the PLR depends on the pile driving condition (E: driving
energy), pile condition (DZ/L) and soil conditions (ojlx/ﬁ ). There-
fore, based on the aforementioned correlations between the PLR
and the influencing factors, the generalized function of the PLR is
modified to consider the plugging effect by introducing Eq. (3).
Both the PLR and the generalized form are non-dimensional.

hy/No|, D? hv/No),D?
PLR=aln( Y2202 ) 4 p (for Y220 5 004)  (3)
WL WL

where N is the value of the SPT, ¢, is the horizontal effective stress
of soil (kPa), D is the pile diameter (m), % is the height of the fall
(m), L is the pile penetration depth (m), W is the hammer weight
(kN), and a and b are the fitting parameters. Eq. (3) can be applied
for values in x-axis greater than 0.4.

Regression analysis is used to obtain the best-fit values of a
and b. Fig. 3 presents the variation of the PLR against the
generalized form based on the results obtained in a total of 144
PLR measurements. From the regression analysis, parameters
a and b are determined to be 0.28 and 1.66, respectively.
Through the regression analysis, the empirical Eq. (4) for the
PLR can be rewritten as follows:
hv/N 0},D2

v

PLR =0.28 ln< +1.66 (4)

If the PLR is not available from direct measurements, the
proposed PLR prediction method can predict the soil plug
length in the preliminary design stage.
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Fig. 4. Soil profile with the borehole and embedment for test piles (Kwangyang site).
5. IFR measurement and field pile load test
Table 2
. Physical properties of in-situ soil.
IFR measurement and field pile load tests were conducted on
full scale piles instrumented with strain gauges to investigate the Soil Hydraulic fill Sand
relation between the plugging effect and bearing capacity. The
hasi pl &8 gh e o g p P g . Total unit weight, y, (kN/m®) 17.6 18.0
emphasis was on analyzing the plugging effect from the s0i Poisson’s ratio, , 03 03
plug in the pile so that these tests were performed on 3 test piles Friction angle (°) 32 33
under various conditions, such as pile diameter and pile length. N value 818 12-27

5.1. Site and subsurface description

The test site was located at the Kwangyang substiuted natural gas
(SNG) plant in Korea. A geotechnical investigation was performed
to define the soil profile and properties at the test site as accurately as
possible. The in-situ field testing was performed on two boring holes
(BH-1 and BH-2) with conventional sampling near the test piles and
standard penetration testing (SPT). Fig. 4 presents the soil profile
with borehole and schematic representation of the instrumented piles.

The soil obtained by the boring and lab tests, is generally
composed of a thick hydraulic fill layer with sand. The results of
SPTs indicate that sand deposits at 0 to 15 m were in a loose state
with SPT N values ranging from 8 to 18. The water table was
located at 2.5 m below the ground surface. The cohesionless soils
were classified as SP or SM with round angularity according to the
Unified Soil Classification System (ASTM, 2011). The properties
of soils based on the site investigation are summarized in Table 2.

5.2. Installation of the test piles

Full-scale field load tests were performed on three instru-
mented piles to investigate the relation between the plugging
effect and bearing capacity.

The bearing capacity of open-ended piles consists of three
components: the outer skin friction, annulus load capacity, and
inner skin friction (or soil plug capacity). The instrumented
double-walled pile system (Paik et al., 2003) can be applied to
separate all resistance components of the open-ended piles. A
schematic representation of the instrumented piles is shown in
Fig. 5. The instrumented piles, TP-1, TP-2, and TP-3, have outer
diameters of 508.0, 711.2, and 914.4 mm, respectively. The
instrumented piles were prefabricated in factories. The gap
between the outer and inner piles was welded to prevent any soil
intrusion during the installation and testing. Each pile was driven
by a hydraulic hammer, DKH-13 (hammer weight: 130 kN, max
potential energy: 156 kN - m). To prevent potential damage due to
strain gauges during pile driving, the free fall height of the
hammer was 0.3 m. The final penetration depths of TP-1, TP-2
and TP-3 were recorded as 8.6, 11.4, and 15.5 m, respectively.

Automated equipment including linear variable differential
transformers (LVDTs) and strain gauges were used. Two
LVDTs were installed on the pile head to measure the settlement
with sequential loading steps, and 32 strain gauges (electrical
resistance type: 20, vibration wire type: 12) per instrumented
pile were installed around the pile circumference every 90° to
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Fig. 5. A schematic representation of instrumented piles. (a) TP-1 (outer diameter=508.0mm); (b) TP-2 (outer diameter=711.2mm); (c) TP-3 (outer

diameter=914.4mm); and (d) sectional view of instrumented piles.

measure all components of the bearing capacity for the open-
ended piles. These gauges were sealed with a thin membrane to
prevent mechanical damage. The output from the LVDTs and
strain gauges was acquired using a 200-channel carrier fre-
quency amplifier and computer data-acquisition system.

Fig. 6 shows the penetration depth versus the penetration depth
per blow. The penetration per blow for TP-1 was greater than TP-
2 and TP-3 until a penetration depth of 4.5 m. After 4.5 m, the
penetration per blow for TP-1 was very similar to TP-2 and TP-3.

All test piles were initially set in unplugged conditions. As the
pile driving continued, inner shaft resistance mobilized between
the soil plug and the inner piles, depending on the degree of soil
plugging. Because of the differences in the magnitude of
mobilizing inner shaft resistance, the penetration per blow for
TP-1 was initially greater than the others. The penetration per
blow for TP-1 was suddenly decreased, but the penetration per
blow for TP-2 and TP-3 were varied slightly. This result shows

that the soil plugging of TP-1 was developed higher than that of
TP-2 and TP-3, clearly indicating that the degree of soil plugging
depends on the diameter of the pile diameter.

5.3. IFR measurement

The degree of soil plugging in the open-ended piles affects the
pile behavior. The IFR is a good indicator of the degree of soil
plugging (Paik and Salgado, 2003). The IFR is defined as the
increment of soil plug length per increment of pile penetration
depth during pile installation (see Eq. (2)). The increment of
penetration depth (AD,) was assumed as 1.0 m. During the pile
driving, the IFR was measured at each increment of 1.0m
penetration depth. Fig. 7(a) presents the relationship between the
measured soil plug length L; and pile penetration depth D,,. The
soil plug length increased almost linearly with the penetration
depth, but all test piles were not in the unplugged state. The soil
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Fig. 6. Penetration per blow with depth.

plug length increased with the pile penetration depth, and with
increasing the pile diameters at the same penetration depth.

In Fig. 7(b), the results from Ko and Jeong (2015) were
obtained from the comparison with the IFR and N value. The
inner skin friction between the soil plug and the inner piles
varied, depending on the degree of soil plugging. Because of the
difference in magnitude of the mobilized inner skin friction, TP-
1 had a smaller IFR than the others test piles. Additionally, the
IFR of all test piles had consistent trends. For all test piles, the
IFR significantly decreased with the penetration depth from 0-
2.5 m to 6-7.5 m and increased with the penetration depth from
2.5-6 m to 7.5-9 m. This results show that the IFR increases
with an increase of N, and vice versa. It is evident that the soil
condition and pile diameter are highly correlated with the IFR.

5.4. Field load test

Full-scale tests, including dynamic and static axial-compr-
ession load tests, were performed on the three instrumented piles
with different diameters (508.0, 711.2 and 914.4 mm). To
measure the outer and inner skin friction that acted on the piles,
a double-walled system was used with instrumented strain gauges
on the outside and inside walls of the pile. Dynamic load tests
were performed to evaluate the bearing capacity of the piles at the
end of initial driving (EOID) following the ASTM D4945
protocol (ASTM, 2013b). The Case Pile Wave Analysis Program
(CAPWAP) indicated that the ultimate bearing capacities of TP-1,
TP-2 and TP-3 were 1031, 2240 and 3100 kN at EOID,
respectively.

Due to the site conditions, static axial-load tests were
performed 45 days after the EOID to investigate the setup
effect. The static load tests were conducted in compression
based on the ASTM D1143 protocol (ASTM, 2013a). Twelve
earth anchors were installed at the test site to serve as a
reaction. A schematic representation of the loading system for

Soil plug length (m)

Pile penetration depth, D,, (m)

IFR (%) N value
0 10 20 30 40 50 60 70 80 90 100 0 10 20

Pile penetration depth, D,, (m)
oo

Fig. 7. Result of IFR measurements, pile penetration depth versus: (a) soil
plug length; (b) IFR.

the static load test is provided in Fig. 8. The maximum loads
applied were 250% of the design loads. The loading and
unloading were systematically performed in 5 cycles and 10
steps. During the loading stage, each step lasted a minimum of
20 min, whereas the step duration was no less than 10 min
during the unloading stage.

The axial-load distribution profiles are obtained by analyzing
the measured strain gauge data along the pile inside and outside.
The typical test results are presented in Figs. 9 and 10 in terms
of the penetration depth versus the axial-load distribution and
the load-settlement curves, respectively. As shown in Fig. 10,
the ultimate bearing capacities of piles TP-1, TP-2, and TP-3
were 1000, 2000 and 3000 kN, respectively. As shown in Fig. 9
(a), (c) and (e), it is shown that inner skin friction was mobilized
within a distance of 1.3-2.3 m from the pile tip. It was found
that the soil plug in the lower part considerably influenced on
the inner skin friction. This trend is generally consistent with
previous studies (Paikowsky, 1990; Yu and Yang, 2012).

6. Proposed relationship between the PLR and IFR

The PLR was measured at the end of pile driving, but the
IFR was measured during the pile installation. Therefore, it is
easier to obtain the PLR than the IFR in the design stage. In
most previous studies, the IFR is considered proportional to
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the PLR (Paik et al., 2003). To investigate the relationship
between the PLR and IFR, it is necessary to analyze the results
of the PLR and IFR field measurements.

The PLR and IFR measurement data from three field cases
were analyzed. Based on the aforementioned previous studies,
a trend line for the test data can be proposed in the form of

IFR = a(PLR) +b (5)

where PLR is the plugging length ratio, and a and b are the
fitting parameters.

Fig. 11(a) presents the relationship between the PLR and
IFR based on the results obtained from the field tests reported
in this manuscript. From the linear regression analysis, the
parameters a and b were determined to be 110.3 and —11.5,
respectively, and the following empirical equation for the
relationship between the PLR and IFR can be written as
follows

IFR = 110.3(PLR)—11.5 (6)

In previous studies, Paik and Salgado (2003) reported the
relationship between the PLR and IFR, which can be expressed
as follows for the calibration chamber tests:

IFR = 109(PLR) — 22 7)

The fully unplugged condition can be determined by using
PLR which is greater than or equal to 1.0 (Paik, 1994). As
shown in Fig. 11(b), two points of PLR higher than 1 were in
the fully unplugged condition. Fig. 11(b) compares this study
and other studies. Eq. (6) slightly overestimates the IFR for Eq.
(7). In addition, Eq. (6) generally overestimates the IFR given
by PLR values lower than 0.85, as shown in Fig. 11(b). It is
shown that there is a difference in the trend between this study
and the existing method because the pile diameter (D) of this
study is larger (508.0-914.4 mm) than the other field cases
(D=356.0 mm) or model cases. Therefore, the proposed
relationship between the PLR and IFR given by Eq. (6) was
notably realistic and convenient for the preliminary design
stage of open-ended piles.

7. Proposed equation of the inner skin friction
7.1. Influence zone of the inner skin friction

The inner skin friction occurs mainly along the lower part of
the soil plug because the soil arching is significant and a large
lateral coefficient of earth pressure is achieved (Paikowsky, 1990;
Yu and Yang, 2012; Liu et al., 2012). Therefore, it is necessary to
accurately predict the influence zone of inner skin friction.

The influence zone of the inner skin friction can be
quantified by measuring the axial-load distributions of the
inner piles. As previously mentioned, the results of the static
axial-load tests indicate that most of the inner skin friction was
occurred within a distance of 1.3-2.3 m from the tip at the
ultimate loading state, as shown in Fig. 9(a), (c) and (e). This
topic can be investigated further by analyzing the soil plugging
index (SPI) with respect to the pile inner diameter. The soil
plugging index (SPI) is defined as

SPI = Li x 100 (8)
L;
where L; is the soil plug length and L; is the length of the
developing inner skin friction. The SPI that was calculated in
Paik et al. (2003) is also plotted for comparison. Fig. 12
illustrates the variation of the SPI with the pile inner diameter.
The inner skin friction was largely developed near the pile tip at
18-34% of the total soil plug length. Furthermore, the SPI
linearly decreased with increases in the pile inner diameter,
which indicates that the soil plugging in the lower portion
considerably influences the inner skin friction. The soil plugging
index (SPI) based on the combined test results is expressed as

SPI = —0.03D;+43.2 9)

where D; is the inner pile diameter (mm).

7.2. Inner skin friction

Since the 1990s, the one-dimensional plug analysis has been
modified to increase in its accuracy (Murff et al., 1990; O’Neill
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Fig. 11. The relationship between the PLR and IFR.

and Raines, 1991; Randolph et al., 1991). Randolph et al.
(1991) reported the equilibrium equation for the one-
dimensional plug analysis shown in Fig. 13. Lehane and
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Fig. 12. Variation of SPI with pile inner diameter.

Gavin (2001) later reported that it was reasonable to assume
that the shear stresses, which could develop at any location on
the inner pile wall, were directly proportional to the vertical
effective stress at that level.

Because of the fast rate of excess pore water pressure
dissipation, the drained condition is assumed for sand with
piles driven into it, and drained parameters are used in the
analysis. The unit average skin friction can be calculated from
the following Eq. (10) based on the analysis of effective stress.

fs=Koo, tan 6= fo, (10)

where Kj is the Rankine earth pressure coefficient, ¢, is the
effective vertical stress and ¢ is the angle of interface friction
between the soil and inner pile wall. A simple analytical
treatment of the soil plug response under drained conditions
has been presented by Randolph (1988).

This method is sensible and not overly conservative. In
addition, because this method can be applied without CPT results,
it is extremely useful in the preliminary design stage. However,
the existing method did not consider the plugging effect.

The main objective in this research is to discover the relation
between the inner skin friction and both the IFR and pile
diameter. However, because there were limited data on the
inner skin friction, other existing tests were used for the
proposed equation of the inner skin friction. To investigate the
relationship, three sets of tests are applied and analyzed.
Table 3 summarizes the descriptions of the three sets.

The unit inner skin friction f;;, which was normalized with
respect to Kyo,'tand, is plotted versus (IFR - D) in Fig. 14. A
trend line for the test data in Fig. 14 is proposed in the form

fsi

— 2t — 4(IFR x D)" 11
Ko/, tan 6 « x D) (10

where f;; is the unit inner skin friction (kPa), K, is the Rankine
earth pressure coefficient before pile driving, o,/ is the average
vertical effective stress over the entire penetration depth (kPa),
o is the angle of interface friction between the soil and inner
pile wall (°), and D is the pile diameter (m). Through
regression analysis, parameters a and b are determined as
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33.4 and —0.48, respectively, and Eq. (11) is rewritten as

fsi —0.48
Koo, an 5 33.4(IFR x D) (12)

The proposed equation of the inner skin friction can predict
the bearing capacity considering the degree of soil plugging in
the preliminary design stage.

The inner skin friction occurs nearby the pile tip. The
influence zone of the inner skin friction can be quantified by
the axial-load distribution of inner piles. The proposed SPI is a
function of the inner pile diameter. The length of mobilizing
inner skin friction is obtained as follows.

L; x SPI
Ly=—""" 13
100 (13)

The actually mobilizing inner skin friction can be obtained
by using the obtained L.

Qsi zfsi X Asi :fsi X ﬂDiLiS (14)

where Qy; is the actually mobilizing inner skin friction, f;; is the
unit inner skin friction, Ay; is the area of the mobilizing inner
skin friction and D; is the inner pile diameter.

ht oy

MITTTTTITTT I

Yann qplug Yann

Fig. 13. Equilibrium of soil plug (Randolph et al. 1991).

Table 3
Description of test results for analysis of inner skin friction.

8. Validation of the proposed design method
8.1. Validation of the relationship between the PLR and IFR

In this section, the validation of the relationship between the
PLR and IFR is discussed. The proposed relationship between the
PLR and IFR was validated by comparing the results from the Paik
and Salgado method (see Eq. (7)) with some of the measured
results in details in Table 4. Twelve measured results are collected
as the representative large-diameter piles, which have diameters of
0.763 m to 2 m. Fig. 15 compares the performance of the proposed
method with the other method. The proposed method can predict
the IFR more accurately than the existing method.

8.2. Comparison with case history (Paik et al, 2003)

The proposed method was validated by comparison with the
field-measured results. The pile and soil properties for the case
history were the same properties mentioned in the reference.
Also, the values for the measured data such as the IFR, the
influence zone of the inner skin friction, and the inner skin
friction were the same as those in the reference.

The IFR, the influence zone of the inner skin friction and the
inner skin friction of the test pile (open-ended pile), which was
installed in sand at Lagrange County in Indiana (Paik et al.,

35
@ This study
30 4A
APaik et al. (1996)
25 1 &
e
E 20 - ODe Nicola & Randolph
b; (1997)
¥ 15 4
o7 y = 33.4(IFR- D)0
10 - R>=10.89
5 -
0
0 150

IFR-D

Fig. 14. Proposed equation for inner skin friction.

Reference Description

Paik et al. (1996)

Pile geometry: L=0.908 m, D=42.7-89.1 mm, and d=36.5-74.2 mm

Soil property: sand; D, =55 and 90%
Test method: Calibrated chamber tests

De Nicola and Randolph (1997)

Pile geometry: L=5.2-16.7 m, D=1.6 m, and d=1.49 m in prototype

Soil property: silica flour; D, =68, 85, and 95%
Test method: centrifuge chamber tests

This study

Pile geometry: L=8.6-15.5 m, D=0.508-0.914 m, and d=0.3884-0.8984 m in full-scale pile

Soil property: sand, silty sand
Test method: full-scale tests
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2003), were compared with the predicted values by the
proposed design method. Fig. 16 presents a soil profile and
the shaft embedment for a test pile: Test pile (open-ended pile),

Table 4
Details of measured PLR and IFR values.

Case Reference D (m) PLR IFR (%)
Cl Jardine et al. (2005) 0.76 1.00 89
C2 Kikuchi et al. (2007) 1.50 1.00 100
C3 1.50 1.00 100
C4 Ishihara et al. (1977) 1.20 0.77 77
C5 Shioi et al. (1992) 2.00 1.08 100
C6 Kusakabe et al. (1989) 0.80 1.00 100
C7 1.20 0.85 85
C8 Pump et al. (1998) 0.91 0.80 85
Cc9 0.91 0.85 80
Cl10 Fugro Engineers (1995) 0.76 1.00 100
c1l Fugro Engineers (2004) 0.76 1.00 100
Cl12 0.76 1.00 100
r= B Measured data

100 L I This study
l. I. I. ]. ®Paik & Salgado (2003) ]. ]. ]. L
80 H.

60

IFR

40

20

0 L) L L L L L L] L L] L] L] L)

cl €2 €3 Cc4 C5 C6 C7 C8 C9 Clo Cll Cl2 Mean

Fig. 15. Comparison with other method for relationship between the PLR
and IFR.

which was 356 mm in diameter and 8.24 m long. In addition,
Paik et al. (2003) reported that the angle of interface friction
between the soil and inner pile wall & is 22.2°; K is 0.55; ¢, is
101.2 kPa; and PLR is 0.82.

The IFR can be predicted using Eq. (6) as follows:

IFR =110.3(PLR)—11.5=110.3(0.82) - 11.5=78.9

The SPI can be predicted using Eq. (9) as follows:
SPI= —0.03D;+43.2 = —0.03(292)+43.2 = 34.44
SPI = % x 100 =34.44
The obtained influence zone of the inner skin friction is
Li=PLR x D;=0.82 x 7.04=5.7Tm
3444 x L; 3444 x 5.77
100 o 100

The inner skin friction can be computed using Eq. (12). The
calculation is summarized as follows:

Lis = =199m

i 048
W =33.4(IFR x D)
fyi =33.4(IFR x D)~ "* x Ky0o/,
tan & =33.4(78.9 x 0.292) "4
x(0.55)(101.2)(tan 22.2) = 168.3 kPa
Qi =fs X Asi =fi X aD;Lis = 168.3
x(0.292)(1.99) = 307.2 kN
The predicted IFR, the influence zone of the inner skin
friction, and the inner skin friction were 101.8, 97.5, and

91.4%, respectively, of the values determined from the field
measurements on pile OEP.

9. Summary and conclusions

The primary objective of this study was to propose a new
empirical method to quantify the bearing capacity and soil

— N value

1.2m 0 10 20 30 40 50
N - 0 N B B
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3.0m r ' i i i
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Fig. 16. Test pile and soil condition of Paik et al. (2003).
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plugging (PLR, IFR) for open-ended piles. A series of field
load tests and plugging measurements were conducted to
investigate the plugging effect. Static axial-compression load
tests were performed on three instrumented piles with different
diameters (508.0, 711.2, and 914.4 mm). Direct observations
on the soil plugs were made and used to quantify the
PLR and IFR. Additionally, a regression analysis was con-
ducted to determine the PLR, IFR, and inner skin friction
equations. Compared to the case history, the proposed
method was consistent with the in-situ measurements. The
following conclusions can be drawn based on the findings of
this study:

1. The proposed PLR and IFR equations can predict the
degree of soil plugging in the preliminary design stage. In
the field, it is easier to measure the PLR than the IFR. The
proposed IFR equation can be used based on the PLR when
only the PLR is measured in the field.

2. The IFR is a good indicator of the degree of soil plugging.
Therefore, by accounting for the IFR, the proposed inner
skin friction equation is an appropriate and realistic
representation of the plugging effect characteristics.

3. Compared with the results of the case history, the proposed
method, which uses the PLR, IFR and, inner skin friction,
can accurately predict the degree of soil plugging of open-
ended piles. The proposed design method, which consider
the degree of soil plugging, can overcome the limitations of
the existing design methods

Nomenclature

The following symbols are used in this paper:

a fitting parameter

Ay area of the mobilizing inner skin friction

b fitting parameter

D pile diameter

D; inner pile diameter

D, penetration depth

E driving energy

fs unit skin friction

fi unit inner skin friction

h height of the fall

Ky Rankine earth pressure coefficient

L pile penetration depth

L; soil plug length

L; length of the developing inner skin friction
value of the SPT

Qi actually mobilizing inner skin friction

w hammer weight

AD, increment of penetration depth

AL; increment of soil plug length

oy horizontal effective stress of soil

o,/ vertical effective stress of soil

1) angle of interface friction
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