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A B S T R A C T

Open-ended piles have been widely adopted in both offshore and onshore geotechnical engineering projects.
However, the influence mechanism of pile driving methods on the penetration characteristics of the open-ended
piles is not clear. Therefore, this paper presents simulations of an open-ended pile penetrating through a silt
layer to a fine sand bearing stratum using static and dynamic driving methods respectively in a series of indoor
model tests. Properties including pile sinking resistance, pile end resistance, pile side friction resistance, pile
load transfer law and soil plug formation during penetration are analyzed. The results show that the PLR value
of the hammered pile is always greater than that of the static pressure pile in the stable sinking stage, while
the IFR value of the latter in the sand layer is significantly higher than that of the former. The resistance of
the hammered pile under the same penetration depth is less than that of the static pressure pile and increases
sharply when entering the holding layer. In addition, the final pile driving resistance of the hammering method
is 66.68% of the static pressure pile driving resistance, and the pile end resistance from the static pressure
method and hammering method account for 75.4% and 77.6% of the total resistance respectively In the choice
of construction method, the static pressure method is more suitable for silty soil, and the hammering method
can show its advantages in fine sand formation.

1. Introduction

Open-ended piles have advantages like easy construction, high qual-
ity assurance and low environmental impact. Therefore, they have been
widely used in both offshore and onshore geotechnical engineering
projects. The key bearing capacity of the open-ended pile is affected
by the driving process, which has attracted a lot of attention from
engineers and scholars. Common pile driving methods for open-ended
piles generally include the static pressing method, the hammering
method and the vibration method. The static pressing method uses
external weight to press the pile into the soil. The hammering method
can overcome the large penetration resistance during the pile driving
process, however, the soil around the pile is significantly weakened
during the process. The range and degree of disturbance of the soil
around the pile during the static pressing process are smaller than those
of the hammered pile. The existence of residual stress at the pile end is
conducive to the exertion of the resistance of the pile end. In practical
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engineering, much attention is paid to the ultimate bearing capacity
and penetration resistance of the pile foundation.

To date, numerous studies on the driving effect of open-ended piles
have been conducted [1] proposed that the resistance of the driving pile
end reaches the extreme value when the driving depth is about 7.5D (D
is the pile diameter) [2] found that soil strength in the vicinity of the
pile weakened significantly under impact loading which decreased by
10% to 40% compared with that before pile driving during the field
tests. During the pile driving process in soft soil, the weakening degree
of soil around the pile is related to the driving depth, and the smaller
the driving depth, the greater the weakening degree. In addition, the
soil plug effect of open-ended piles has been widely discussed in the
literature, and the height of the soil plug is affected by the driving
mode and soil conditions [3] found that the pressure strain fluctuation
in the soil is small, and the upper part of the pile was sensitive, while
the lower part fluctuated little. As the pile penetrates into the soil, the
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soil shares more and more of the hammering energy [4] studied the
development of soil plugs during the penetration of open-ended piles in
the granular soil under three types of pile driving methods by numerical
simulation, to better understand the mechanism of soil plug generation
in open piles. The continuous cyclic shear caused by the hammer and
vibration driving pile makes the soil plug less likely to occur, but the
soil plug formation of the static pile is more obvious [5]. The measured
data showed that the height of the soil plug is generally between
10% 20% of the depth of the pile. When the shear bearing capacity
along the direction of the soil plug is less than the internal friction
resistance, the soil plug is formed in the pile. [6] accurately simulated
the construction disturbance of saturated soil inside and outside the
pipe pile [7] used X-ray micro-CT visualization to observe the driving
process of an open-end pile and a closed-end pile. They found that the
closed-end piles have a wider range of influence on soil deformation
through static load experiments [8] analyzed the influence factors and
distribution characteristics of pile driving resistance in clay through
laboratory model tests [9] adopted the discrete element method (DEM)
to numerically simulate the double-walled open pile and found that the
reduction of internal and external friction resistance mainly occurred
during the first 10 cycles [10,11] analyzed the influence of pile driving
method on the formation of soil plugs through field tests and centrifugal
experiments, respectively. For the dynamic pile driving method, soil
resistance can prevent the formation of soil plugs [12] adopted coupled
Eulerian–Lagrangian (CEL) method to simulate the driving process of
an open pile in sandy soil. Dynamic characteristics of the pile body have
a great influence on the soil plug effect, followed by pile diameter and
buried depth.

At present, the research on the bearing characteristics of open-
end pipe piles has attracted extensive attention from scholars [13–15].
However, few works on the effects of pile driving methods (i.e., static
pressure method and dynamic hammered method) on the penetration
characteristics of an open-ended pile could be found in literature. In
this paper, a large scale laboratory model test was carried out using
the silty soil from the construction site in Zibo, Shandong China, and
the influence of static pressing and hammer driving on the penetration
characteristics of the open-ended pile was compared. An open-ended
pile with a double wall was used. Strain gauges are pasted inside and
outside the pile body, and pressure sensors are installed on the pile
top to study the load transfer of pile body during the penetration
process. The self-designed hammer driving device and static pressing
device are used to drive the pile. The penetration resistance, inner and
outer friction resistance, pile tip resistance change with the penetration
depth of the pile, and the characteristics of the static pressing method
and hammer driving method are examined. The outcomes of this work
present the penetration characteristics of open-ended piles, which will
provide guidance for practical engineering design and construction of
the open-ended pile.

2. Test device and scheme

2.1. Test conditions

The indoor model test was carried out in the Power Experiment
Center at the Qingdao University of Technology with a large geotech-
nical model test box. The soil sample was prepared with 1 m bottom
layer of fine sand as the bearing stratum and 0.6 m upper soft soil
layer using the onsite silt from the construction site in Zibo, Shandong
China. The properties of the soil sample layers are listed in Table 1.
The soil sample was filled in layers, manually tamped, compacted and
vibrated, and saturated. The soil sample was saturated and consolidated
for 1 week period before conducting the tests. The setting of the soil
sample simulates the actual working condition at the construction site
in Zibo. The depth of the pile driving is 650 mm, with the upper
600 mm in soft soil and the lower 50 mm into the bearing sand layer.
The depth of pile driving was chosen as 650 mm as a comprehensive

Fig. 1. Pile loading devices.

choice after considering the size of the model box, the boundary effect
of the pile and the performance of the hammer device. The extra 50 mm
penetrating into the sands denotes that the hard strata of the bearing
medium was achieved at the particular depth.

2.2. Loading devices and the model pile

In this test, the self-designed pile driving device has high energy
transmission efficiency which significantly improves the pile driving
force. This pile driving device was specially designed for this research
work to study the penetration characteristics of an open-ended pile.
Fig. 1 shows the static pressing and dynamic hammer loading devices.
The hammer device is composed of a guide rod, a pile hammer, an
electromagnet, a moving fixture, a hydraulic rod and sensors. The
control system can set the height and number of hammer drive, and
record the depth of single hammer drive and the pile top displacement.

Fig. 2 is the acceleration curve of the pile top during the hammering
process. The basic principle of the device is to connect the electromag-
net through the end of the hydraulic rod, when the lower end of the
electromagnet traction hammer reaches a prescribed height and then
the power is cut off, the hammer falls, and then the hydraulic rod drops
to the heavy hammer position. Then, using the electromagnet at the
end of the hydraulic rod to pull, so that the up and down reciprocating
movement, a continuous hammering process is formed. The weight of
the hammer drop is 50 kg, and the drop height is 100 mm. While the
static pressure pile adopts a high precision actuator, the top is equipped
with a pressure sensor to monitor the pile pressure force in real time,
and the pile pressure speed is set to 5 mm/s.

The model pile adopts a double walled open-ended pile, the outer
diameter of the pile is 70 mm, the inner diameter is 50 mm. The
inner tube is separated from the outer tube, and the gap between the
two tubes is 5.5 mm. The sensor wires of the inner and outer tubes
are drawn from the top by the gap between the two tubes. A gap of
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Table 1
Physical parameters of the soil sample.

Layer order Name Thickness (m) Relative density Moisture content (%) Internal friction angle (𝑜)

1 Silty 0.6 2.71 33.2 20.1
2 Sandy soil 1.0 2.65 27.1 42.8

Table 2
Model test schemes.

No. Outer diameter (mm) Inner diameter (mm) Pile length (mm) Pile-driving method Driving depth (mm)

1 70 50 1000 Hammering method 50 kg/drop height 100 mm 650
2 70 50 1000 Hammering method 50 kg/drop height 100 mm 650
3 70 50 1000 Static pressure method 5 mm/s 650

Fig. 2. Acceleration curve of the pile top.

0.5 mm is set between the base and the inner tube, sealed by silicone
weatherproof glue, so as to minimize the influence of soil entering the
gap; The thickness of outer tube and inner tube are 2.5 mm and 2 mm,
respectively. Monitoring points are arranged every 50 mm, 150 mm,
150 mm and 300 mm from the lower end of the pile body, and strain
gauges are pasted both inside and outside the pile body. During the
loading process, the change of the pile top displacement, the strain
measurement of the pile body, and the applied load size are collected,
and the data is saved by the interrogator or directly collected to the
computer. The test schemes of the present model test are presented in
Table 2.

3. Results and discussion

3.1. Analysis of soil plugs during pile driving

The side wall of the upper part of the model pile is equipped with
a pulley system. Inside the pile, there is a heavy hammer connected
with an external displacement meter, which can monitor the soil plug
surface in real time by tracking the heavy weights. The change of soil
plug height with pile driving depth by static pressure and hammer
driving is shown in Fig. 3. It can be seen from the figure that the height
of the soil plug by the hammering method is greater than that of the
static pressure method. The height of the soil plugs is quite close when
it is less than 200 mm, while with the increase of the penetration depth,
the soil plug in the static pressure pile increases in a relatively stable
trend until there is a slight jump after entering the bearing sand layer.
The growth height of the soil plug of the two hammered driving piles
is higher than that of the static pressure pile. It is due to the fatigue
loosening of the soil mass under the action of dynamic pile driving,
which was conducive to the formation of soil plugs.

Fig. 3. Comparison of soil plugs with different pile driving methods.

The Plug Length Ratio (PLR) and the Incremental Fill Rate (IFR) are
two important parameters that show the change in the height of the
soil plug with the penetration depth of the open-ended piles, whose
expressions are shown in Eqs. (1) and (2), respectively. The value of
IFR can indicate the state of the soil plug in real time, when IFR=0
the soil plug is completely occluded, while when IFR=1 the soil plug is
completely non-occluded.

𝑃𝐿𝑅 = 𝐿
𝐻

× 100% (1)

𝐼𝐹𝑅 = 𝛥𝐿
𝛥𝐻

× 100% (2)

where 𝐿 is the height of the soil plug and 𝐻 is the depth of the pile;
𝛥𝐿 is the increase in the height of the soil plug and 𝛥𝐻 is the increase
in the depth of the pile.

The Incremental Filling Ratio (IFR) and Plug Length Ratio (PLR) of
piles were analyzed with the pile driving depth, as shown in Figs. 4
and 5. At the penetration depth of about 250 mm, the incremental
filling rate of hammered piles is large, and the height of the soil plug
increases rapidly. The IFR value tends to be stable in the middle stage
of pile driving. The hammering method is 10% higher than the static
pressure method, the value of static pressure pile is always lower than
40%, and the IFR value of static pressure method increases significantly
after penetrating into the sand layer. The PLR value of penetration by
the static pressure method is high in the initial stage, with the increase
of the driving depth of the pile, the hammered pile grows rapidly.
The stable sinking stage after 200 mm is always higher than that of
static pressure piles. The surface soil of the hammered pile is more
disturbed, and the growth law of the soil plug in the initial stage is less
obvious. When entering the sand layer, static pressure piles grow more
significantly than hammered pile stoppers. At the end of the driving
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Fig. 4. IFR values for different pile driving methods.

Fig. 5. PLR values for different pile driving methods.

stage, the PLR value of the static pressure method is around 21.38%,
and the PLR values of the hammering method are about 32.77% and
29.08% for two sets of tests, respectively. It is concluded that the height
of the soil plug of the static pressure method is lower than that of the
hammering method. The change curve of the soil plug rate in the static
pressure method is much more stable than the hammering method, and
the growth of the hammered pile plug is more unstable.

3.2. Penetration resistance analysis during pile driving

The 1# hammered pile and the 3# static pressure pile were selected
for the comparison of the sinking force, the changes of pile resistance,
the pile end resistance and the pile side friction resistance collected at
different pile sinking moments. The changes in the resistance of the two
sinking methods are shown in Fig. 6. The resistance of static pressure
piles is greater than that of hammered piles at the same penetration
depth. When the pile sinking reaches 550 mm, that is, at the end of the
silty soil layer, the resistance of the hammering pile is 74.93% of the
resistance of the static pressure pile. After entering the fine sand layer
for 50 mm, the final pressure of the static sinking pile is 2.11 kN, while
the final pressure of the hammered pile is 1.407 kN, counted as 66.68%
of the former pile. It can be seen from the figure that the overall trend
of the two penetration resistance curves is similar, and both increase

Fig. 6. Comparison of pile driving resistance between hammered pile and static
pressure pile.

significantly when reaching the interface between the fine sand layer
and silt layer, indicating that the penetration resistance is related to the
formation situation.

The overall stress state of the pile sinking process by the hammering
method and the static pressure method is studied by separating the
end resistance and side resistance from the total penetration resistance.
The resistance curves of the two pile sinking processes are drawn in
Figs. 7 and 8. It can be seen from the figure that the end resistance
accounts for a relatively large proportion as the curves of the pile
end resistance and the total resistance of the pile are closer. The total
friction resistance growth of the pile side is relatively stable in the
same soil layer. Comparing the two figures, the total resistance of the
hammer method is lower than that of the static pressure method, which
is related to the compacting degree of the soil plug inside the pile and
the weakening degree of the soil outside the pile.

The larger height of the soil plug inside the hammering pile indi-
cates that the soil is easier to enter the pile, and the corresponding
end resistance bears less pressure. The vibration disturbance under
the effect of hammer method also causes diffusion in the soil near
the pile end, especially after entering the sand layer the resistance
decreases more significantly than that under the static pressure method.
In contrast, the sand at the static pile end will be tightened to prevent
the growth of soil plug, and the ratio of pile tip resistance will be
significantly increased after it enters the bearing layer. Therefore, in
silt where lateral friction plays a major role, the static pile has a
higher ultimate bearing capacity than the hammer pile. According to
the characteristics of pile driving, the static pile is more suitable for
soft soil.

Fig. 9 shows the end resistance of different pile driving methods.
The end resistance of the two kinds of pile driving methods decreases
obviously because the side resistance gradually plays a role when
the pile end breaks through the surface soil at the early stage of
penetration. With the increase of driving depth, the disturbance of the
lower soil becomes smaller and the ratio of pile side resistance increases
slowly. It can be seen that after pile driving is stabilized, the ratio of
pile tip resistance is higher with the hammer method, and the lateral
resistance of static pile gradually increases, and the influence of pile tip
resistance on hammer pile is more obvious, especially after entering the
sand bearing layer. The horizontal and longitudinal impact produced
by the hammer driving method causes the vibration of the pile body,
which makes the soil around the pile fatigue and reduces the influence
of the pile side friction. However, the static pressure pile is relatively
stable, and the pile body has no transverse and longitudinal vibration.
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Fig. 7. The resistance curves by hammering method.

Fig. 8. The resistance curves by static pressure method.

Fig. 9. Comparison of pile end resistance ratio between dynamic method and static
method.

According to different pile sinking times, the values of pile pene-
tration resistance, pile end resistance and pile side friction resistance

when the pile end is at different formation depths are monitored, as
shown in Table 3.

When the pile sinking reaches 550 mm, that is, at the end of the
silt layer, the resistance of the pile end of the hammering method is
75.5%, and the resistance of the pile end of the static method is 69.4%.
At the interface of soft and hard soil, there was a sudden increase, and
the resistance of the pile end of the hammering method is 74.6%, and
the resistance of the pile end of the static method is 70.2%. After the
pile sinking, the resistance of the hammering pile is 77.6%, and the
resistance of the pile end of the static method is 75.5%. In both soil
layers, the end resistance is dominant, and the proportion of the end
resistance of the hammered pile is greater than that of the static pile,
indicating that the influence of hammering on the side resistance is
greater than the effect of the end resistance. When entering from the
silt layer to the sand layer, the resistance of the static pile increased by
1.61 times, and the resistance of the hammering pile increased by 1.28
times.

3.3. Pile body axial force analysis

It can be seen from Figs. 10 and 11 that the axial force distribution
of the two pile driving methods is similar. At the same time, the axial
force of the external pile decreases with the depth. The change of
axial force is mainly influenced by external friction. Along with the
penetration process, pile side friction gradually plays a role from top
to bottom. At the interface of the soil layer, the axial force of the pile
continues to increase as the penetration depth of the pile gradually
increases. This is mainly because of the progress of pile driving. The
resistance increases continuously, and the pile side friction fatigue
decreases, resulting in the pile axial force increases at the same soil
depth. The largest difference is at 500 mm and 650 mm, pile axial force
surges.

From the curve of axial force variation on the inside of pile, it can
be seen that the axial force variation trend on the inside of pile is the
same as that on the outside at the same time. The axial force inside the
pile changes only within the range affected by the soil plug. The axial
force of the static pile changes more obviously than that of the hammer
pile. This is related to the compacted degree of the soil plug. The static
pile has small soil disturbance, and the smaller the height of the soil
plug, the greater the internal lateral friction resistance and the greater
the axial force change. At the same soil depth, the axial force inside
the pile also increases continuously, because with the increase of pile
driving, the soil plug height increases, the soil plug density increases,
and the shear force also increases, leading to the increase of axial force.

4. Conclusions

In this study, a series of indoor model tests are carried out to
simulate the penetration process of an open-ended pile into a silt
layer to a fine sand bearing layer using both pile driving methods
including the static pressure method and dynamic hammer method.
The penetration characteristics such as soil plug, pile resistance and
pile body axial force are analyzed under different pile driven loading.
Based on the tests results, conclusions can be drawn as follows:

1. During the penetration process, the soil plug rate of the pile
driven by the hammer method is higher than that of the pile
driven by the static pressure method. The incremental filling rate
of the soil plug is relatively stable from the upper silty layer to
the lower hard sandy stratum, and the incremental filling rate
of the soil plug increases significantly when the static pile enters
the bearing layer. At the end of pile driving, PLR values of the
static pile and hammer pile are 21.38% and 32.77% /29.085%
(for two sets of hammer driving tests), respectively.
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Table 3
End resistance ratio and side resistance ratio at different stages.

Moment Pile end strata Test piles Penetration
resistance (kN)

Pile end
resistance (kN)

Percentage (%) Pile side friction
resistance (kN)

Percentage (%)

Penetrate 550 mm Silt 1# 0.750 0.566 75.5 0.184 24.5
3# 1.001 0.695 69.4 0.306 30.6

Penetrate 600 mm Interface 1# 1.102 0.822 74.6 0.280 25.4
3# 1.314 0.922 70.2 0.392 29.8

Penetrate 650 mm Sandy soil 1# 1.407 1.092 77.6 0.315 22.4
3# 2.110 1.592 75.4 0.518 24.5

Fig. 10. Axial force of pile body by static pressure method: axial force of outer tube; axial force of inner tube.

Fig. 11. Axial force of pile body by hammering method: axial force of outer tube; axial force of inner tube.

2. At the same penetration depth, the resistance of static pressure
piles is greater than that of hammered piles. The resistance of
piles from silt to fine sand layer increases significantly.

3. The impact of hammer driving will disturb the soil around the
pile, destroy the natural structure of the soil, and change the
stress state and dynamic characteristics of the soil. The end
resistances of the two pile driving methods are both more than
65%, while the end resistance of the hammer method is greater
than that of the static pressure method. In the silty layer, the
penetration resistance of the hammer pile is maintained at 70%
of that of static pile.

4. The distribution of the axial force of the two pile driving meth-
ods is similar. Under the same penetration depth, the lateral
axial force of the pile decreases with the depth. However, the lat-
eral friction degradation effect of the hammered pile is stronger
than that of the static pile. The axial force inside the pile changes
only within the range affected by the soil plug. The axial force

inside the static pile changes more obviously than that of the
hammer pile.

5. In the choice of construction method, the static pressure method
is more suitable for silty soil, and the hammering method can
show its advantages in fine sand formations.

The present study has limitations, which are listed as following:

• The experimental findings are limited for the proposed soil con-
dition that simulates the soil condition at the construction site in
Zibo;

• The pile body tensile stress caused by the instantaneous rebound
of the hammer in the real construction site could not be realized
by the current testing device;

• The accuracy of the results monitored by the sensors are affected
by the impact caused by dynamic hammering.
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This research work can be further extended for different field condi-
tions and multiple soil layers. In addition, the variation of pile driving
performance under different impact load energy can be considered in
the subsequent work.
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