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The performance of open-ended piles can be different from that of closed piles due to the effect of soil plugging. This
paper presents the results of a large-scale field pile load test conducted on an open-ended pile in clay under static
compressive loads. A prestressed high-strength concrete pipe pile with an outer diameter of 400 mm and a wall
thickness of 75 mm was instrumented with strain sensors and installed in a marine deposit for static load testing. The
measured load-transfer data during pile installation and the pile load test results are reported and analysed. The data
show that the pile was in a partially plugged condition during jacking and behaved in a fully plugged mode in the
static load test. The measured ultimate shaft resistance and total resistance of the test pile were 659 and 1180 kN,
respectively, which were smaller than the values calculated using a previously proposed method. The back-calculated
a and g values (as used in the a and g methods) for axial pile capacity in marine deposits were 0-42 and 0-56,

respectively.

Notation Da atmospheric pressure
A pile base area (0] applied load in static load test
A; pile area between sections 7 and i + 1 Oy measured base resistance
c cohesion Os measured shaft resistance
c effective cohesion qe cone tip resistance
D pile diameter qt modified cone tip resistance
E pile elasticity modulus Su undrained shear strength
fs unit sleeve friction resistance w pile-head settlement in static load test
Jsi local shaft resistance at section i a reduction factor in the a method
G; specific gravity s side friction factor related to lateral earth pressure
I, plasticity index y unit weight
K average earth pressure coefficient A pile-head settlement in the method proposed by
K, temperature sensitivity coefficient Chin (1970, 1972)
K, earth pressure coefficient at rest At temperature change
K, strain sensitivity coefficient Ae change in strain
L pile length Alg wavelength shift
N; pile axial force at section i 0 interface frictional angle
Nisq pile axial force at section i+ 1 ABo initial Bragg wavelength of grating
Nyt cone bearing capacity factor Ovo total overburden pressure
P applied load in the method proposed oy in situ vertical effective stress
by Chin (1970, 1972) ¢ peak unit shaft resistance
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T unit shaft resistance

o friction angle

¢ effective friction angle
fe residual friction angle

1. Introduction

Open-ended prestressed high-strength concrete (PHC) piles are
often used as a type of deep foundation in China and other
Asian countries. The jacking method is preferred for the instal-
lation of PHC piles because it is free from noise, vibration and
the use of slurry (Kou et al., 2015; Liu et al., 2012). However,
to design displacement piles reliably is still a challenge
(Randolph, 2003), primarily because of the extremely compli-
cated physical process involved in pile installation and
inadequate understanding of various construction effects
(Zhang and Wang, 2009), including the effects of soil plugs
and residual loads and the interaction of the pile with sur-
rounding soils.

The formation of a soil plug plays a very important role in
controlling the behaviour of open-ended pipe piles (Brucy
et al., 1991; Paik and Salgado, 2003; Smith et al., 1986). A
closed pipe pile, as shown in Figure 1(a), will behave like a
solid pile. At the other extreme, when a pipe pile is fully
plugged (Figure 1(c)), the volume of the displaced soil will be
reduced markedly compared with that caused by the pen-
etration of a solid pile (Ko and Jeong, 2015). Normally,
an open-ended pipe pile is partially plugged, as shown in
Figure 1(b). The development of the soil plug during installa-
tion of a pipe pile is described by the plug length ratio and the
incremental filling ratio. The performance of open-ended pipe
piles becomes more complicated once the degree of soil plug-
ging is taken into account (Paik et al., 2003).

@ (b) @

Figure 1. Models of penetration for open-ended piles: (a) fully
closed pile; (b) partially plugged pile; (c) fully plugged pile
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Most studies on the effect of soil plugs on pile behaviour have
been conducted in sandy soil (De Nicola and Randolph, 1997
Ko and Jeong, 2015; Lehane and Gavin, 2001; Lehane and
Randolph, 2002; Paik et al., 2003; Paik and Lee, 1993). In
cohesive soils, research into soil plugging behaviour has
focused on open-ended steel pipe piles (Doherty et al., 2010;
Gallagher and Gavin, 2007, Kou et al., 2016; Miller and
Lutenegger, 1997; Paikowsky et al., 1989) with a few excep-
tions for concrete pipe piles. One example of such is the work
of Liu et al. (2011), who studied the physical formation and
mechanical properties of soil plugs of jacked open-ended PHC
piles and strength development over time.

The purpose of the study reported in this paper was to evalu-
ate the effect of the soil plug on the behaviour of jacked open-
ended piles using full-scale pile load testing. The pile load tests
were carried out using an open-ended PHC pile instrumented
with fibre Bragg grating (FBG) sensors in clay. The load—dis-
placement responses of the test pile and the shaft resistance
development were analysed and some commonly adopted
analytical methods to predict the shaft resistance of piles were
also verified.

2. Site condition and test set-up

2.1  Site description

The test site was located in Fuyang, in the southwest part of
Hangzhou, China. A series of laboratory and in situ tests,
including standard penetration tests (SPTs) and cone pen-
etration tests (CPTs), was performed in situ. Figure 2 shows
the soil profile as well as the SPT and CPT profiles at the
test site. From the ground surface down to a depth of 150 m,
the soil profile consisted of a stratigraphic sequence of fill
layer of 2:0-2-5 m thickness and a marine deposit of 12-5-
13-:0 m thickness. The fill layer was mainly composed of silty
clay with shell fragments. The marine deposits consisted of
silty clay and sandy clay with some shell fragments. The prop-
erties of the marine deposits are summarised in Table 1.
The cohesion (¢) and friction angle (¢) were determined using
the so-called quick shear test in which a soil sample was
sheared in a direct shear machine without waiting for the
soil to be fully consolidated. Hence the values of ¢ and ¢
obtained from these types of tests are different from the ¢’ and
¢' determined from triaxial consolidated—drained or consoli-
dated—undrained tests. For this reason, the undrained shear
strength (S,) obtained from CPTs was used in this study. The
S, value was calculated using Equation 1 (Schmertmann,
1978)

1. Su:((Zt_UVO)/th

where ¢, is the modified cone tip resistance from the CPT, ay¢
is the total overburden pressure and Ny, is the cone bearing
capacity factor. A value of 10 was used for Ny in this work.
The groundwater table was 15 m below the ground surface.
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Figure 2. Soil profiles and CPT results

Number of blows/30 cm  Sleeve friction: kPa

Cone resistance: MPa

Table 1. Subsoil properties

Soil type 7: kN/m3 G, Io: % c kPa ¢#: degrees 5.2

Silty clay 19-36 272 126 14-0 215 50-8
Sandy clay 18-52 2-69 6-9 7-1 29-4 266-8
Silty clay 17-07 2-74 17-2 15-8 8-0 199-3
Silty clay 19-77 272 12-8 28-5 22-8 75-9

?Deduced from CPT data

2.2 Test set-up

The test pile was a precast, open-ended PHC pipe pile with an
outer diameter of 400 mm and a wall thickness of 75 mm. The
Young’s modulus and axial compressive strength of the con-
crete material used for the pile were 36-0 GPa and 35-9 MPa,
respectively. The test pile was jacked into the ground using a
jacking rig with a capacity of 6800 kN. The maximum pen-
etration per stroke of the jack was 1:8 m and the penetration
rate was in the range 1-0 to 1-8 m/min; the lower rate was used
for the last 1-2 m of penetration. The penetration depth of the
pile was 13-0 m and the pile toe was founded in the marine
deposit.

Figure 3 shows a schematic illustration of the positions of the
FBG sensors installed along the test pile. Seven FBG sensors
were spliced with an optical fibre by a fusion splicer at planned
intervals to form a line of FBG sensors. Two FBG sensor
cables were attached directly opposite each other at seven levels
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along the pile shaft to measure the distribution and magnitude
of axial stresses caused by the applied loads. Most of the FBG
sensors were placed at 2-5 m intervals along the pile, except
the last two rows near the pile toe, as shown in Figure 3. The
distance from the toe or the pile head to the nearest strain
gauge was 025 m to avoid the effect of pile ring. All FBG
sensors attached to the test pile were bonded in place with
high-strength adhesive to ensure compatibility of deformation
between the pile and the sensors. Epoxy resin was then used to
seal and protect the sensors from groundwater and direct
contact with the soil during jacking.

The arrangement of the static load test is shown in Figure 4.
The pile load test was carried out 17 d after pile installation in
accordance with the Chinese technical code for the testing of
building foundation piles (JGJ106-2014) (MCC, 2014). Fill
was used as a counterweight. One hydraulic jack was used to
apply the axial load and the pile-head movement with respect
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Figure 3. Schematic diagram of strain sensor installation
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Figure 4. Schematic illustration of static loading test
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to the two reference beams was measured by dial gauges. The
load test was carried out with maintained load without
unload-reload loops using the following procedure.

(a) The load increment was one-eighth of the estimated
ultimate load capacity, in steps 300, 450, 600, 750, 900
and 1200 kN.

(b) The vertical displacement of the pile was measured for
the first 5, 10, 15, 30, 45 and 60 min at each load step
and then once every 30 min.

(¢) The difference between displacements at 30 min and 1 h
after application of each load increment was calculated.
If this difference was less than 0-1 mm, then the next load
increment was applied.

(d) If the total vertical displacement was more than 40 mm
and the displacement at the pile cap was more than five
times the displacement at the beginning of the load
increment, or the displacement did not stabilise after 24 h
of loading, loading was discontinued.

3. Test results and discussion

3.1 Axial loads in the test pile after installation

During installation, the wavelength shifts of FBG sensors were
calculated and used to back-calculate the axial strain of the
test pile using

2. MB/JLBO = K. A¢ + KAt

where K, and K, are strain and temperature sensitivity coeffi-
cients, 1go is the Bragg wavelength of the grating before
jacking and Alg is the wavelength shift. In this case, the temp-
erature change At was neglected since the jacking process was
completed within a few minutes. The constant strain sensitivity
coefficient K, was 1-2 pm/pe.

The axial loads at different levels along the pile were calculated
by multiplying the measured strains by the cross-sectional area
and the elastic modulus of the test pile. Figure 5 shows the
axial load distribution in the pile along the depth for the final
penetration depth of 13-0 m. It can be seen from Figure 5 that
the axial loads at the pile head and toe were 605-1 and
70-1 kN, respectively. The distribution of residual loads
measured along the pile after installation is also plotted in
Figure 5. The residual load at the pile toe was 42-1 kN, which
was 60-0% of the toe load. The residual load in the test pile
was mostly due to the rebound of soil below the pile toe and
the recovery of soil strength after soil disturbance due to pile
installation (Fellenius, 2002).

3.2 Load-displacement response during the pile

load test
For an open-ended pile under a static load, the base resistance
consists of the annulus resistance and the plug resistance, as
shown in Figure 6 (Fellenius, 2015). Relative movement
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pipe pile (after Fellenius, 2015)

Downloaded by [] on [05/09/18]. Copyright © |CE Publishing, al rights reserved.

between the inner wall of a pile and the core only takes place
along the length of the core that is compressed. In this case, the
plug length recorded after installation was 1-70 m and the plug
length ratio was 0-13. After the pile load test, the soil plug
length was also measured and there was little change. It was
thus considered that the inter-shaft resistance during this static
load test was small and was not measured during the test.

The overall load—-displacement responses of the test pile are
shown in Figure 7. The base and shaft resistance measured by
the FBG sensors are given in Table 2 and also plotted in
Figure 7. In the compression load test, the effect of residual
force was not considered. As shown in Figure 7, the load
applied to the pile at the initial loading stage was mainly sup-
ported by the shaft resistance and then gradually transferred to
the pile toe. The load transferred from the shaft to the base of
the test pile under each pile load level is listed in Table 2. At a
load of 300 kN, the base resistance of the pile was only 0-4%
of the applied load whereas, at the end of test, the ratio of base
resistance to applied load was about 45-1%. The lack of sub-
stantial increase in the shaft resistance during the pile load test
could be explained by the 17 d waiting period after pile

1500

1200

900

Load: kN

600

-e- Load
—1~ Base

300

—a— Shaft

0 10 20 30 40 50
Displacement: mm

Figure 7. Load-displacement responses of the test pile during the
pile load test

Table 2. Summary of measured base resistance

Shaft Base

Pile load resistance resistance

Q: kN Qs: kN Qp: kN Q/Q: % Qu/Q: %
300 299 1 99-6 0-4
450 407 43 90-4 9-6
600 500 100 833 16-7
750 575 175 767 233
900 607 293 67-4 326
1200 659 541 54-9 45-1
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installation. During this time, a major increase in shaft resist-
ance due to the set-up effect would have occurred, as indicated
by Liu et al. (2011). In a case study reported by Liu et al.
(2012), it was also observed that the radial effective stress after
installation increased only slightly, possibly because of the
plugging effect. The base resistance at the end of the test was
rather high, as shown in Figure 7 and Table 2. The data may
have been affected by temperature. As already mentioned, the
temperature effect was not considered in the analysis as the
pile was installed quickly. However, as the sensors near the toe
were switched on at the ground level and the pile was installed
into the soil more than 10 m below the ground surface, the
temperature difference could potentially have led to significant
errors in the interpreted strains. Using the FBG instruments,
the distribution of local resistances in different soil layers
along the test pile during the pile load test could be deter-
mined. The shear stresses along different sections of the piles
are plotted against the normalised pile-head settlement (w/D)
in Figure 8. It can be seen from this figure that the shaft resist-
ance along the pile would not increase much with further
displacement.

3.3 Interpretations of ultimate pile resistance

The ultimate bearing capacity of a pile as determined from a
pile load test is based on the pile load at a given settlement.
Using the Chinese code for the testing of building foundation
piles (MCC, 2014), the ultimate bearing capacity of the pile
(or the ultimate pile resistance) was determined to be 1180 kN,
which was the load at which the pile settled by 10% of the pile
diameter (40 mm). The ultimate base and shaft resistance at
the displacement of 40 mm were 521 and 659 kN, respectively.

The method proposed by Chin (1970, 1972) was also adopted
to obtain the ultimate load using the static pile load test

50

40

30

7.: kPa

20

—— Silty clay (2-1-5-1 m)
10 —a— Sandy clay (5-1-7-6 m)
—o— Silty clay (7-6-10-4 m)
—o— Silty clay (10-4-13-0 m)
0 1 1 1 ]
0 5 10 15 20
w/D: %

Figure 8. Mobilisation of unit shaft resistance (zs) in different soil
layers along the test pile

results. In this method, the settlement A at each load P is
plotted against A/P, and this plot for the pile load test is shown
in Figure 9. It can be seen that the data points fitted two
straight lines, which indicates that the pile was supported by
combined shaft friction and end bearing. According to Chin
(1972), the base resistance requires higher settlement to be
mobilised than the shaft resistance, thus the first straight line is
associated with the shaft resistance while the second line is
associated with the total pile resistance. Using the slopes of
these two straight lines, the ultimate shaft and total resistances
of the pile were determined to be 820 and 1432 kN, respect-
ively. The base resistance was then calculated to be 612 kN,
13% higher than the base resistance measured by the pile load
test shown in Figure 7.

The Davisson offset limit (Davisson, 1972) is also widely used
for the interpretation of axial compressive load tests on pile
foundations. As shown in Figure 10, the elastic line was inten-
tionally fitted to the initial straight-line portion of the load—
deflection curve, resulting in gross elastic compression
(PL/AE) of the test pile, where P is the applied load; L is the
pile length; A is the pile base area and E is pile elasticity
modulus. The Davisson offset limit line was constructed by off-
setting the elastic line by a distance of 3-8 mm plus the pile
diameter divided by 120. According to the Davisson offset
limit, the axial compressive capacity of the pile was 900 kN. It
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Figure 9. Analysis of load-settlement curve from pile load test
using the method proposed by Chin (1970, 1972)
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Figure 10. Analysis of load-settlement curve from pile load test
using the method proposed by Davisson (1972)

is thus clear that the ultimate pile resistance from Davisson’s
method is smaller than that calculated using Chin’s method
(1432 kN) or the Chinese code method (1180 kN). Fellenius
(1980) and Borel et al. (2004) also observed that Chin’s
method could overpredict the shaft resistance and ultimate pile
capacity. However, it should be noted that the settlement at
which the ultimate pile capacity is obtained is different in the
three interpretation methods. As shown in Figure 10, these
settlements were 13-0, 40-0 and 67-0 mm respectively using the
method of Davisson, the Chinese code and the method pro-
posed by Chin.

3.4 Distribution of shaft resistance in the test pile
Assuming that the axial load is distributed uniformly along the
pile shaft between the strain gauge locations during a pile load
test, the local shaft resistance f;; can be evaluated as

where N; is the axial force in the pile shaft located at section i,
N+ is the axial force in the pile shaft located at section i+ 1
and A4, is the area of pile located between sections i and i+ 1.

Figure 8 shows that the shaft resistance increased rapidly with
increasing pile-head displacement initially, but reached a
plateau after once w/D was greater than 3%. As shown in
Figure 8, the peak local shaft resistance was 44 kPa in silty
clay and 37 kPa in sandy clay. The distribution of peak shaft
resistance in different soil layers is shown in Figure 11. The
peak shaft resistances in the different soil layers after pile
installation were also calculated using Equation 3 and these
are shown in Figure 11 for comparison. It can be seen that the
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penetration depth

shaft resistances during the pile load test were higher, mainly
because of the set-up effect caused by the waiting period of
17 d, as explained previously. Similar observations were also
made by Komurka, et al. (2003), Liu et al. (2011, 2012) and
Gavin et al. (2013).

The pile load test data were also used to verify some com-
monly adopted analytical methods for predicting the axial
load resistance of piles. The first, called the o method, is used
to calculate the peak unit shaft resistance (z;) of displacement
piles in clay (Chandler, 1968; Gavin et al., 2009) using

4. 7 = aS,

where a is a reduction factor and S, is the in situ undrained
shear strength of soil (shown in Table 1).

The second method, the f method, is used to calculate the peak
unit shaft resistance of displacement piles using earth pressure

theory, and is given by (Burland, 1973; Meyerhof, 1976)

5. 7 = foy

where S is a side friction factor, related to the lateral earth
pressure, and oy, is the in situ vertical effective stress of soil,
which is calculated using a unit weight of 18-:68 kN/m”>.
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Figure 12. Mobilisation of a and f along the test pile

The values of a and f are normally estimated using S, and the
interface friction angle, respectively, as in the following
equations proposed by Kulhawy and Jackson (1989) and
Chandler (1968)

6. a=021+026p,/S, (a<1)

7. p=Ktano

where p, is atmospheric pressure, K is the average coefficient of
earth pressure on the pile shaft and ¢ is the interface frictional
angle. For normally consolidated clay, assuming
K=Ky=1-sin¢' and d=¢', as suggested by Burland (1973),
Equation 7 becomes

8 pB=(1-sing) tan¢’ = (1 —single) tan e

where Kj is the earth pressure coefficient at rest and ¢’ is the
effective friction angle of the soil. As suggested by Burland
(1973) and Tomlinson (1971), failure takes place in the
remoulded soil close to the shaft surface, so that the ¢' can be
taken as a residual friction angle ¢/ which may be calculated
as sin¢gf. ~ 0-8 —0-0941n I, in which 7, is the plasticity index
(Mitchell, 1976). Using Equations 6 and 8, a and £ value were
calculated as 0-47 and 0-57, respectively.

Using the measured shaft resistances shown in Figure 8, the o
and S values were back-calculated and the values are plotted
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against depth in Figure 12. The average back-calculated «
value was 0-42, which is comparable to the theoretical value of
0-47. The average back-calculated f value was 0-56, which is
also close to the theoretical value of 0-57.

4. Conclusions

A field study on an instrumented, open-ended PHC pile jacked
into clay was carried out. The performance of the test pile was
monitored during installation and during a pile load test. The
major observations from this study can be summarised as
follows.

(a) The performance of an open-ended pile is more
complicated than that of a closed pile due to the effect of
the soil plug. The axial load applied to the pile was
sustained by the shaft initially and the subsequent
increase in the axial load with further pile displacement
was mainly taken by the base. At the end of the pile load
test, the base took 45% of the total applied load.

(b) The ultimate pile resistance determined from the pile load
test using different methods corresponded to the pile load
resistance taken at different settlements. The ultimate pile
resistance determined using the methods of Davisson
(1972), the Chinese code (MCC, 2014) and the method
proposed by Chin (1970, 1972) were 900, 1180 and
1432 kN, which corresponded to pile displacements of
13-0, 40-0 and 67-0 mm, respectively. The base resistance
of the pile could also be estimated using Chin’s method:
the estimated value of 612 kN was 13% higher than the
measured value of 541 kN.

(¢) Using the pile load test data, the & and § values as used
in the a and f methods were back-calculated. The average
a and g values in the marine deposits were found to be
0-42 and 0-56, respectively, which are comparable to the
theoretical values of 0-47 and 0-57.
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