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Abstract.

The current study focuses on the effect of the end shape of steel pipe piles on installation effort and bearing

resistance using the pressing method of installation under dense ground conditions. The effect of pile rotation on the installation
effort and bearing resistance is also investigated. The model steel piles with a flat end, cone end and cutting-edge end were used
in this study. The test results indicated that cone end pile with the pressing method of installation required the least installation
effort (load) and showed higher ultimate resistance than flat and cutting-edge end piles. However, pressing and rotation during
cutting-edge end pile installation considerably reduces the installation effort (load and torque) if pile penetration in one rotation
equal to the cutting-edge depth. Inclusion of rotation during pile installation reduces the ultimate bearing resistance. However, if
penetration of the cutting-edge end pile equal to the cutting-edge depth in one rotation, the reduction in ultimate resistance can
be minimized. In comparing the cone and cutting-edge end piles installed with pressing and rotation, the least installation effort
is observed in the cutting-edge end pile installed with penetration rate equal to the cutting-edge depth per rotation.
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1. Introduction

Deep foundations or pile foundations are used to
transfer the structural load to the firm stratum at deeper
depth when ground surface soil at shallow depth does not
have sufficient bearing capacity to support structural load
(Budhu 2010). The material of the pile can be concrete,
steel, timber, plastic, or composite. Its selection depends on
material availability, the magnitude of loading, type of soil,
and site conditions in which the pile is installed (Budhu
2010). Driven piles are generally installed with impact
driving, vibro-driving, pressing, and a combination of
pressing and torque. These installation methods have a
different effect on the surrounding ground and the ultimate
resistance of the pile. Based on centrifuge modelling and
material point method, jacked piles’ installation mechanics
densify the surrounding ground and increase the bearing
resistance in loose and medium dense sand (Phuong ef al.
2016). In the case of impact driving, true energy ratios
(65% and 98%) during driving of the steel or driven cast-in-
situ piles are strongly dependent on hammer drop height.
The ground conditions significantly affect the energy ratio
for a given drop height (Flynn and McCabe 2019). Pipe
piles installed with vibro-driving compact wider area than
impact driving (Daryaei et al. 2020). Much research has
been conducted on the axial capacity of driven piles in
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dense sand. However, it is still the most arguable area with
high uncertainty in foundation design (Randolph et al
1994). Steel pipe piles can be open-ended and close-ended.
As many researchers investigated, open-ended piles’
behavior is different from close-ended piles (Randolph et
al. 1979, Paikowsky and Whitman 1990, Lee et al. 2003,
Paik et al. 2003). The installation effort required to install
the open-ended pile is less than close-ended pile under
similar ground conditions (Paik ef al. 2003). The
installation method is also an essential factor in driving
resistance of open and close-ended piles (McCammon and
Golder 1970, Lu 1985, Smith et al. 1986, Brucy et al.
1991). According to Paik et al. (2003), open-ended piles
driven in plugged mode perform similarly to close-ended
piles. The normalized unit base resistance and unit shaft
resistance of open-ended piles are less than close-ended
piles. A previous study stated that both the dynamic load
test and static load test showed comparable values for
driven piles in loose and dense sand (Heins et al. 2020).
According to Kumara et al. (2016), open-ended pile wall
thickness affects the soil plug height. Moreover, a thinner-
walled pile produces a higher degree of soil plug at greater
depth. In open-ended piles, the incremental filling ratio
(IFR) changes with change in the installation method and
the soil state. Moreover, open-ended piles’ group capacity
increases with an increase in IFR (Fattah et al. 2018). The
hybrid computational intelligence technique (FA-ANFIS)
without considering the internal friction angle and unit
weight of the soil showed the best results for driven pile
(open-ended and steel H) capacity prediction (Sun et
al. 2020).

The advancement in installation techniques has
significantly increased the usage of driven piles. Nowadays,
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piles can be driven with minimum noise and vibration that
further enhances the driven pile acceptability even in urban
areas. Pressing is one of the methods which produce less
noise and vibration during the installation of the pile. The
pressing method (press-in) of installation with rotation
showed a good agreement between estimated and measured
base resistance for close-ended piles (Ishihara et al. 2015).
This method of installation is used nowadays for both open-
ended and closed-ended piles. The previous study indicated
that open-ended piles’ performance at greater depth is
comparable with close-ended piles (Klos and Tejchman
1981, Yang et al. 2020). It was investigated through
acoustic emission that driving of close-ended pile can cause
sand particles breakage in the shear zone area. Moreover,
the sand below the pile tip, i.e., within the compression
zone, showed insignificant breakage (Mao et al. 2020).
According to Ni et al. (2017), the pipe pile (cone end) with
drainage holes within the bottom 50% of pile length
dissipates the excess pore pressure more quickly in clays.
The end condition of circular, square, and H displacement
piles have no visible effect on P-y response at z/B<3 under
1 g and centrifuge tests in soft clay (Truong and Lehane
2018).

The pile should be installed deeper until a competent
stratum is found to achieve higher bearing resistance. In
order to reach such a competent stratum, the installation
effort (pushing force, torque) should be controlled in a
manner that it should not exceed the installation machinery
capacity. The installation effort not only depends upon the
initial density of the ground but also on the geometry of the
pile, pile end shape, end condition (open or closed),
installation method, etc. In the light of previous studies, the
current study focuses on the steel pipe pile’s end shape
(close-end) effect on installation effort and bearing
resistance in dense sand. Moreover, the effect of end shape
on the state of the surrounding ground is also investigated.
Also, the effect of rotation during the installation of the pile
on the installation effort and bearing resistance is studied.
Model scale piles with different end shapes, i.e., flat end,
cone end, and cutting-edge end, are considered in this study.

2. Testing equipment

A hollow steel pipe having a diameter (Ds) of 21.7 mm
was used as a model steel pipe pile in this study, as shown
in Fig. 1(a). The pile length was 600 mm. Three different
types of pile end shapes, i.e., flat end, cone end, and
cutting-edge end, were used as shown in Fig. 1(a). Recently,
cutting-edges are used in practical field to reduce the
installation effort. However, the dimensions of these
cutting-edges are not documented. Therefore, in this study,
an attempt is made to check the benefit of using cutting-
edge end pile on installation effort and bearing resistance.
As a start off, the cutting-edge depth (CED) was considered
as 3.8 mm, i.e., Ds/5.71 or CED/Dsp = 19. In addition, the
inclined length of cutting-edge to median particle size (Dso)
ratio of 27 was used, which is more than the minimum
recommended particle scaling ratio used in DEM simulation
(Arroyo et al. 2011, Sharif et al. 2020). Dimension details
of the pile end shapes are available in Fig. 1(a). The bottom

strain gauges on the pile were used to record the strain
reduction due to the surrounding soil (Fig. 1(c)). This strain
was converted to load (Ps = Young’s Modulus x Strain x
Area of the hollow shaft). The top strain gauges were used
to record the strain load above the soil. The strain load
difference between the top and bottom strain gauges was
due to the soil-pile shaft interaction, termed as skin friction.
The obtained skin friction was subtracted from the top
strain gauge load to estimate the end bearing resistance. In
order to verify the response of strain gauges, calibration was
made before and after the pile load test without the presence
of surrounding ground. Two load cells were used for the
calibration. One load cell was placed on top of the pile,
while another load cell was placed under the pile tip (Fig.
1¢c). It was made sure that the load on top of the pile, under
the tip, on top strain gauges, and bottom strain gauges was
similar. A similar strain gauge configuration was also used
by Nagai et al. (2018).

A steel container having a diameter of 1000 mm with a
depth of 1100 mm was used to prepare the model ground, as
shown in Fig. 1(b). In the model-scale testing, the size of
the model container is critical. It should be with respect to
the pile diameter; otherwise, the test results will be affected
by the boundary conditions. As per the previous studies, the
zone around the pile affected by the load is 1.5 to 2.5 times
the pile diameter. Below the pile, it is 3.5 to 5.5 times the
pile diameter in clean sand (Yang 2006). Malik ef al. (2019,
2020) used a container size of 600mm and model piles with
a diameter of 21.7 to 89.1 mm and found that the container
size is adequate with respect to pile diameter. To avoid the
boundary effects, the radius of the soil chamber should be
more than 20 times the radius of the pile (Bolton ef al
1999). Moreover, according to Sharif et al. (2020), the
mean effective stress along depth does not change
significantly after a radial distance of 20 times the pile
radius. Hence, one can believe that the results are not
affected by the boundary of the container. In the present
study, clearance around the pile was 23 times the pile shaft
diameter (Ds). Clearance below the pile tip was 27.5 times
the pile shaft diameter, as shown in Fig. 1(b). Toyoura sand
in a dry state was used to develop the model ground. The
relative density (RD) of the model ground was kept at
approximately 70%. The properties of Toyoura sand are as
follows; specific gravity = 2.65, Dso (50% pass particle
size) = 0.20 mm, emax (maximum void ratio) = 0.98 and emin
(minimum void ratio) = 0.60. In a model-scale test, the size
of the buried structure should be 48 times greater than Ds
value to eliminate the size effect (Ovesen 1981, Dickin and
Leung 1983, Abdoun et al. 2008). In this work, the diameter
of the pile is 21.7 mm, and the Dso value is 0.2 mm. Hence,
one can believe that the results are not affected by the size
of the pile and the soil. The displacement control loading
system was used to install the pile. A rotation system was
used to rotate the pile during installation. Load and torque
were monitored during installation of the pile with the help
of a load/torque transducer (for load: capacity = 25 kN,
sensitivity = 0.11 strain/N for torque: capacity = 500 Nm,
sensitivity = 3.92 strain/Nm). The pile penetration during
installation and pile load test was measured with
displacement transducer (capacity = 500 mm, sensitivity =
20 strain/mm), as shown in Fig. 1(b). The data logger was
used to record all the data.
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compaction. The compaction was done with a rammer. The
The ground was prepared in the model container in five relative density (RD) of the ground in each layer was
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Fig. 3 State of the surrounding ground after the pile installation

approximately 70%. The compacted depth of the model
ground was 1000 mm. The ground’s initial state was
checked by inserting a thin steel needle having a diameter
of 3 mm into the model ground. The penetration load (PLg)
was recorded during the insertion of the needle at a distance
of 2Ds, 3Ds, and 4Ds from the edge of the pile shaft, as
shown in Fig. 2(a). After that, the model pile with different
end shapes was installed into the model ground by pressing
method. The pressing rate considered to install the model
steel pipe piles was 15 mm/min. The cone and cutting-edge
end piles were installed with pressing and rotation to check
the effect of rotation on the installation effort and bearing
resistance. The pile was installed up to an embedment depth
(Eq) of 400 mm, i.e., E¢/Ds = 18.4. The state of the model
ground was again checked by inserting a thin steel needle
with a diameter of 3 mm into the model ground after pile
installation. The penetration load (PLa) was recorded again
during the insertion of the needle at a distance of 2Ds, 3Ds,
and 4Ds from the edge of the pile shaft, as shown in Fig.
2(b).

After that, the pile load tests were conducted with
different pile end shapes. A loading rate of 2 mm/min was
considered in a pile load test.

4. Results and discussions
4.1 Installation of pile by pressing method

In this test series, piles with different end shapes were
installed by the pressing method. Ishihara ef al. (2015) used
penetration to pile diameter ratio of 4.3 per minute (1380
mm/min) to install the close-ended tubular pile in full-scale
testing. Ishihara and Haigh (2018) checked the effect of
penetration rate (120, 720, and 1800 mm/min) on the close-
ended tubular pile performance (full-scale test). It was
found that the base resistance during pile installation
reduced with an increase in penetration rate. Moreover, Liu
et al. (2020) used a 15 mm/min penetration speed to study
the effect of flat and cone-ended piles (model-scale test) on
ground disturbance. Based on these studies, a penetration
rate of 15mm/min (penetration to pile diameter ratio of
0.69) was considered in this work. This penetration rate
isslow enough to eliminate the effect of loading rate on the
installation load, which is required to study only the impact
of pile end shape and rotation on the installation effort. The
surrounding ground state was checked before and after the
installation of piles. According to ASTM standard D1143,
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Fig. 4 Effect of pile end shape on the state of surrounding ground

the constant penetration rate during pile load test in granular
soils should be between 0.75 to 2.5 mm/min. Therefore, in
this study, a loading rate of 2 mm/min was considered
during the pile load test.

4.1.1 Effect of pile end shape on the state of
surrounding ground

The ground state was checked before and after installing
the pile at a distance of 2Ds, 3Ds, and 4Ds from the edge of
the pile shaft. The comparison of penetration load before
and after the pile installation (for all cases, i.e., flat end,
cone end, cutting-edge end) is shown in Figs. 3(a)-3(c). The
test results indicated that the difference of penetration load
before and after pile installation is high between penetration
depth of 250 mm and 350 mm (E¢/Ds = 11.5~16.1), and it is
low, below 400mm penetration depth in all the test cases as
shown in Figs. 3(a)-3(c). Moreover, the overall difference
of penetration load before and after pile installation is high
close to the pile (at 2Ds distance), and it became low away
from the pile (at 4Ds distance) as shown in Figs. 3(a)-3(c).
The disturbance zones around the pile can be divided into
five regions, i.e., (1) shear slide zone or smear zone, (2)
compression zone, (3) transition zone, (4) stress relaxation

zone, (5) surface uplift zone based on previous studies
(Yang et al. 2010, Massarchand and Wersall 2013, Arshad
et al. 2014, Liu et al. 2020). The region (stress relaxation
zone) around and above the pile tip includes soil movement
in an obliquely upward direction. The direction of
movement of displaced soil also depends upon the stress
level, i.e., vertical soil displacement is more near the
surface. Based on these, it is presumed that the disturbance
between 250 mm and 350 mm falls in the zone where
displaced soil movement is dominant in the horizontal
direction. However, the stress level is not enough to restrict
the vertical soil movement, which results in more ground
disturbance. This disturbance gradually decreased as the
stress level increased.

The ground state change due to pile installation is
represented as the penetration load ratio (PLR). It is a ratio
between measured penetration load after installation (at a
distance of 2Dsg, 3Ds, 4Ds from the edge of the pile) to
measured penetration load before installation, and it is
represented as;

PLR = —2 (1)
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PLR= Penetration load ratio, PLs= Penetration load
measured after the installation of pile (kN), PLg=
Penetration load measured before the installation of pile
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The test results indicated that the ground state changed
in all the test cases with different end shapes, as shown in
Figs. 4(a)-4(c). It is observed that steel pipe piles with a flat
end, cone end, and cutting-edge end loosen the dense
ground, especially above the pile tip level, i.e., <400 mm or
E4a/Ds = <18.4. The cutting-edge end pile produced the least
disturbance (loosening) along the pile length in the ground
at 2Ds, 3Ds, and 4Ds distance (away from the pile), as
shown in Figs. 4(a)-4(c). However, minimal change in the
ground state is observed below the pile tip level, i.e.,
>400mm or E¢/Ds = >18.4. The cone end pile produced the
least disturbance (loosening/densification) below the pile tip
at 2Ds, 3Ds, and 4Ds distance (away from the pile), as
shown in Figs. 4(a)-4(c). Moreover, at a distance of 4Dg
(away from the pile edge), the cone end pile showed 17%
densification, whereas the flat end pile showed 9%. The
cutting-edge end pile did not disturb the ground, as shown
in Fig. 4(c). According to Liu ef al. (2020), the shear slide
zone or smear zone is quite thin, and its characteristics are
similar in the flat end and cone end piles. The main
difference in the soil displacement under flat end and cone
end piles is the absence of a meta-stable sand plug under the
cone end pile. Thus, the extent of the transition zone is
more under cone end pile than flat end and cutting-edge end
piles. The soil movement in the transition zone is radial
with an inclination in an upward direction. It is presumed
that due to the greater extent of the transition zone under the
cone end pile, the ground is more disturbed above the pile
tip than the flat end and cutting-edge end piles, whereas the
ground is more densify below the pile tip due to the greater
extent of the transition zone under the cone end pile.
Moreover, according to Melnikov and Boldyrev (2014), a
compaction zone exists under cone end pile at four times
the pile diameter distance away from the pile. Based on
these observations, it is presumed that densification
occurred below the pile tip.

4.1.2 Effect of pile end shape on the installation effort

Steel pipe piles with a flat end, cone end, and cutting-
edge end were installed in the dense model ground by
pressing method (compressive loading). A pressing rate of
15 mm/min was considered while installing the pile. The
pile was installed up to an embedment depth of 400 mm.
The test results indicated that overall steel pipe pile with
cone end required the least installation effort (installation
load) than flat end and cutting-edge end piles, as shown in
Fig. 5. The flat and cutting-edge end piles required more or
less similar installation effort to reach an embedment depth
of 400 mm, i.e., E4/Ds = 18.4. In comparison between
cutting-edge and flat end piles, the flat end pile showed a
higher installation load from 200 mm to 350 mm (E4/Ds, 9
to 16) depth of installation, as shown in Fig. 5.

4.1.3 Effect of pile end shape on the bearing
resistance

After installing the pile using the pressing method, the
pile load test was conducted on the steel pipe piles with a
flat end, cone end, and cutting-edge end. A loading rate of 2
mm/min was considered during the pile load test. It is
observed that total pile resistance, i.e., end bearing
resistance and skin resistance, of cone end pile is higher
than flat end and cutting-edge end piles, as shown in Fig.
6(a). The ultimate resistance (considered at plunging
resistance state) of cone end pile is 5.6% higher than flat
end pile and 5.9% higher than cutting-edge end pile, as
shown in Fig. 6(a). However, if total resistance is
distributed into end bearing and skin resistance, then skin
resistance is higher in cutting-edge end pile, whereas end
bearing is higher in cone end pile, as shown in Fig. 6(b).
The increase in skin resistance in cutting-edge end pile is
due to less ground disturbance (loosening of the ground)
from others (flat and cone end) along the length of the pile
during the installation of the pile (refer Fig. 4). The increase
in end bearing in cone end pile is due to less ground
disturbance (loosening/densification of the ground) from the
others (flat and cutting-edge end) at and below pile tip level
during the installation of the pile (refer Fig. 4). The ultimate
skin resistance (considered at plunging resistance state) of
the cutting-edge end pile is 72.7% higher than the cone end
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Fig. 6 Pile load test on steel pipe piles with flat end, cone end, and cutting-edge end

pile and 38.0% higher than the flat end pile, whereas end
bearing resistance (considered at plunging resistance state)
of the cone end pile is 10.2% higher than the cutting-edge
end pile and 7.7% higher than the flat end pile. In this test
series, the range of end bearing contribution is 93 to 98%. It
is also observed that the maximum pile installation load
achieved at the penetration rate of 15mm/min is quite close
to the ultimate bearing capacity of the pile (pile load test
rate, 2 mm/min). This indicates that the pile installation rate
is not affecting the bearing capacity of the displacement
pile.

4.2 Installation of pile by pressing and rotation

In this test series, piles with cone and cutting-edge end
shapes were installed by pressing and rotation. A pressing
rate of 15 mm/min was kept in all the tests. The model
ground was compacted at a relative density (RD) of
approximately 70%. The pile was installed up to an
embedment depth of 400 mm, i.e., E¢/Ds = 18.4. A loading
rate of 2 mm/min was considered during the pile load tests.
Rotation speed of 0.0263, 0.1315, 0.2105, and 0.2631
rotation/mm were considered in this test series. The
selection of rotation speed was based on the cutting-edge
depth (CED), i.e., 3.8 mm (refer Fig. 1(a)), and it is related
to the penetration of 3.8 mm (CED) into the ground per
rotation. The relationship between rotation speed and
cutting-edge depth is given below;

* Rotation speed during pile installation = 0.0263
rotation/mm

* Embedment depth, Eq= 400 mm

» Total number of rotations during pile installation =
0.0263 x 400 = 10.52 rotations

« Cutting-edge Depth, CED (refer Fig. 1(a)) = 3.8 mm

* Penetration of pile in one rotation, Lp = 400 / 10.52 =
38.0mm=10x3.8=10x CED

Similarly,

* Rotation speed = 0.1315 rotation/mm; Penetration of
pile per rotation = 7.60 mm = 2.0 x CED

* Rotation speed = 0.2105 rotation/mm; Penetration of

pile per rotation = 4.75 mm = 1.25x CED
* Rotation speed = 0.2631 rotation/mm; Penetration of
pile per rotation = 3.80 mm = 1.0 x CED

4.2.1 Effect of cutting-edge end shape on the
installation effort

Inclusion of rotation in press-in installation method
reduced the vertical installation force (White er al. 2010,
Frick et al. 2018, Sharif et al. 2020). According to Sharif et
al. (2020), the installation pitch (p) should be greater than 8
to reduce the installation force and torque. The installation
pitch (Eq. (2)) is the ratio between vertical and rotational
velocity. In this study, a steel pipe pile with a cutting-edge
end was installed by pressing and rotation. The rotation
speed was varied from 0.0263 (p = 1.8) to
0.263rotation/mm (p = 17.9). The selection of rotation
speeds was based on the whole cutting-edge penetration,
i.e., 3.8 mm in one rotation (refer to section 4.2 for details).

_ 6D
T 2w

. )
where, p is installation pitch, 6 is rotation speed (rad/s), Ds
is pile diameter, W is vertical speed (1m/s).

Test results indicated that the installation load decreased
with an increase in rotation speed, as shown in Fig. 7(a). In
terms of cutting-edge depth (CED), minimum installation
load is observed when penetration of the pile in one rotation
equals the cutting-edge depth (CED = 3.8 mm), i.e., 1.0 x
CED. Test results also indicated that the installation torque
increased with an increase in rotation speed, except for
rotation speed of 0.2631 rotation/mm (1.0 x CED), which
showed lesser torque than 0.1315 and 0.2105 rotation/mm,
as shown in Fig. 7(b). These results showed that installation
effort, i.e., installation load and torque, could be reduced or
minimized if penetration of the pile in one rotation equals
the cutting-edge depth (1.0 x CED). Therefore, it is
suggested that the penetration of the pile in one rotation
should be equal to cutting-edge depth.

Test results also indicated that the installation load (Pr)
times the penetration per rotation (L) to torque (Ty) ratio,
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Fig. 7 Relationship of installation effort (load and torque) with rotation speed and cutting-edge depth
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Fig. 8 Relationship of rotation speed with installation load to torque ratio times the penetration per rotation

i.e., (P1 x Lp)/Ty, decreased as a power function (Eq. 3) with
an increase in rotation speed (Rs), as shown in Fig. 8. The
least ratio is observed at 1.0 x CED, i.e., when penetration
of the pile in one rotation equals the cutting-edge depth.

(P, X Lp

= 0.01R,~**° 3
) = 001K, ©)

where,

Pr=Installation load (N), Lp = Penetration per rotation
(m), Ti=Installation torque (Nm), Rs= Pile rotation speed
(rotation/mm)

4.2.2 Effect of cutting-edge end shape on the ultimate
resistance

Test results indicated that the ultimate resistance of pile
decreased with an increase in rotation speed. However, the
difference between axial compressive loads at higher
installation speeds became less, as shown in Fig. 9(a). It is
observed that the ultimate resistance of the press-in pile (at
plunging resistance state) is almost equal to the pile
installed with press-in and rotation at penetration speed

equal to the cutting-edge depth in one rotation (1.0 x CED),
as shown in Fig. 9(a). The ultimate pile resistance
considered at settlement equals 15% of pile diameter
decreased with an increase in the rotation speed, as shown
in Fig. 9(b). However, in the case of a pile installed with
penetration equal to the cutting-edge depth in one rotation
(1.0 x CED), the ultimate pile resistance increased by 2%,
as shown in Fig. 9(b). The load difference between no
rotation case and 1.0 x CED case becomes very close at
higher pile settlement, as shown in Fig. 9(b). These results
indicated that rotation speed reduces the pile’s ultimate
resistance in dense ground conditions; however, if
penetration of the pile equal to the cutting-edge depth (1.0 x
CED) in one rotation, the reduction in ultimate resistance
can be reduced.

4.3 Comparison of cutting-edge and cone end shape
piles

Steel pipe piles with cutting-edge end and cone end
were installed by pressing and rotation. The pressing rate
and rotation speed were kept similar for both types of piles.
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Fig. 11 Comparison of load settlement response of cutting-edge and cone end piles

The loading rate during the pile load test was also kept
similar for both types of piles. Test results indicated that the

cutting-edge end shaped pile increases the installation load
by 12% from the cone end pile at a rotation speed of 0.026
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rotation/mm (10 x CED). However, at a higher rotation
speed, i.e., penetration of pile equal to the cutting-edge
depth in one rotation (1.0 x CED), the installation load of
cutting-edge end shaped pile is reduced by 70% from the
cone end pile, as shown in Fig. 10(a). Similarly, the
installation torque at a higher rotation speed (1.0 x CED) is
reduced by 4% from the cone end pile, as shown in Fig.
10(b). These results indicated that less installation effort
(load and torque) is required to install the cutting-edge end
pile than the cone end pile if penetration of the pile in one
rotation equal to the cutting-edge depth (1.0 x CED).

Test results indicated that the ultimate resistance
(considered at the settlement of 15% of pile diameter) of
cone end pile is 13~14% higher than the cutting-edge end
pile at similar rotation speeds, as shown in Fig. 11.
However, at the plunging resistance state, the load
settlement curves for both types of piles approaching a
common value, as shown in Fig. 11.

5. Conclusions

This paper investigates the effect of end shape and pile
rotation on the installation effort (load and torque) and
ultimate bearing resistance in dense sand. Three types of
pile end shapes such as, flat end, cone end, and cutting-edge
end, are considered in this study. Model piles are installed
in the model ground by pressing and simultaneously
pressing and rotation methods. The pressing rate is kept
constant throughout the study, whereas rotation speed is
varied. Based on the test results, the following conclusions
are drawn,

* In the pressing method of installation, the cone end
pile required the least installation load to install the pile in
dense sand. Moreover, the ultimate resistance of cone end
pile is higher than the flat end and cutting-edge end piles.
This increase in the ultimate resistance of the cone end pile
is due to the ground densification below the pile tip.

e In the case of cutting-edge end pile installation
(involving simultaneous pressing and rotation), test results
indicated that installation load decreased with an increase in
rotation speed. At the same time, installation torque
increased with an increase in rotation speed. The results
also showed that installation effort (load and torque) could
be reduced or minimized if penetration of the pile in one
rotation equals the cutting-edge depth, i.e., 1.0 x CED. An
empirical relationship (Eq. (3)) between installation load,
penetration of pile per rotation, torque, and rotation speed is
also presented in this study. Moreover, it is observed that
rotation speed reduces the ultimate resistance of pile in
dense ground conditions. However, if penetration of the pile
equal to the cutting-edge depth (1.0 x CED) in one rotation,
then the reduction in ultimate resistance can be reduced.

* In this study, the comparison between cone end and
cutting-edge end piles in dense sand indicated that cutting-
edge end pile required the least installation effort (load and
torque) when penetration of the pile in one rotation equal to
the cutting-edge depth (1.0 x CED). Moreover, the ultimate
resistance at the plunging resistance state is more or less
similar for both types of piles. Therefore, in order to reduce
the installation effort, it is suggested to use a cutting-edge

end pile.
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