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The piezoresistive silicon pressure transducers based on the piezoresistive effect have
demonstrated their potential in the accurate monitoring of pressure. However, their usage
in the pore and earth pressuremonitoring at the pile surface under hydraulic jacking has not
yet been explored. In this study, two self-made model piles (one is a closed-ended pile and
the other is an open-ended pile) were instrumented with piezoresistive silicon earth
transducers and pore pressure transducers and then driven into the soil using a
hydraulic jack. A comprehensive investigation was first carried out for the structure of
the model piles, the installation procedure of the transducers, and the composition of the
test system. The pore and earth pressure measurements of the transducers were used for
the evaluation of the distribution of the pore pressure, excess pore pressure, radial earth
pressure, and radial effective earth pressure. The model test results indicate that the
piezoresistive silicon pressure transducers are suitable for monitoring the pore and earth
pressure at the pile surface during jacking. In addition, the pore pressure, excess pore
pressure, radial earth pressure, and effective radial earth pressure along the test piles were
affected by the penetration depth and the pile end form.
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INTRODUCTION

With the rapid development of the economy, many high-rise and ultra high-rise buildings have been
built in the cities, and the shallow foundations can no longer meet the bearing capacity and
deformation requirements of these buildings. Therefore, precast piles composed of cement (Ghahari
et al., 2018; Hou et al., 2018; Liang et al., 2020), sand-gravel aggregates, and steel bars have been
widely used in engineering. The commonmethod for pile installation is dynamic driving method and
hydraulic jacking method. The hydraulic jacking method is a construction method that uses static
pressure to drive precast piles into the soil (Kou et al., 2018). Compared to the dynamic driving
method, the hydraulic jacking method has many advantages such as no noise, no vibration, fast
construction speed, and little damage to the pile body (Wang et al., 2017a; Wang et al., 2019) and is
very popular in many engineering fields.

However, the piles are not only subjected to complex forces during jacking but also generate
excess pore pressure and radial soil pressure, adversely affecting the bearing capacity of the piles and
adjacent buildings. As early as 1932, Casagrande. (1932) found that pile jacking caused clay
disturbance around the pile and pointed out that the clay within a certain range around the pile
was completely or largely remodeled to maximize the bearing capacity of the pile. Seed and Reese.
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(1957) confirmed Casagrande’s observations with piles
penetration test in the field. The field test shows that the
pressure generated by the pile installation is mainly transferred
to the soil around the pile with increasing pore water pressure. In
the subsequent studies, these findings, indicating the limitations
of the hydraulic jacking method, were supported by Bjerrum.
(1967) and explained by Roy et al. (1981). More recently, Mccabe
and Lehane. (2006), Igoe et al. (2011), and Kou et al. (2015)
confirmed the importance of monitoring and studying the
mechanism of the excess pore pressure and radial earth
pressure in the process of pile jacking.

As mankind enters the information age, all social activities of
people are centered on information acquisition and information
conversion. As an important means of information acquisition
and information conversion, sensors are at the forefront of
information science and the basis for informationization
(Chen et al., 2020; Huang et al., 2020; Su et al., 2020). The
common method to measure the pore pressure and earth
pressure during the process of pile jacking is to install the
pore pressure and earth pressure sensors at different depths
within a certain range of the pile diameter. In 1958, Bjerrum
et al. (1958) first successfully measured the pore pressure of soil
around the pile through a field test. These observations,
indicating that the pore pressure reaches the maximum value
at the end of pile jacking and the pore pressure is related to the
overburden weight, were supported by Orrje and Broms. (1967)
and monitored by Airhart et al. (1969) through this measurement
method. Randolph et al. (1979) and Steenfelt et al. (1981)
installed the earth pressure sensors around the pile and
monitored the radial earth pressure during jacking. In the
subsequent studies, Pestana et al. (2002) and Li et al. (2018)
successfully measured the distribution and variation of the earth
pressure around the pile by this method. However, Lo and
Stermac. (1965) and Jardine and Bond. (1989) found that the
pore and earth pressure decreases rapidly with increasing
distance from the pile and is quite different at the pile surface
than that around the pile. Therefore, using the pore and earth
pressure around the pile as the pore and earth pressure at the pile
surface would cause an error, limiting the study of pore and earth
pressure characteristics at the pile surface. There are a few reports
on the monitoring of the pore and earth pressure at the pile
surface (Lehane and Jardine, 1994; Liu et al., 2019), and the
sensors used in the experiments are the traditional pressure
sensors, which cannot meet the test requirements well.
Compared to the traditional pressure sensors, the working
principle, material characteristics, and manufacturing process
of piezoresistive silicon pressure transducers are different.
Compared with piezoresistive silicon sensors, traditional earth
pressure cell and hydraulic pressure gauge have low sensitivity,
narrow measurement range, low dynamic acquisition frequency,
large size, and insufficient linearity stability, which makes it
difficult to meet the long-term health monitoring
requirements of actual projects (Vaughan and Walbancke,
1973; Lyne and Jack, 2004; Chen et al., 2019). The
piezoresistive silicon pressure transducers with high sensitivity,
good linearity, good stability, small size, and other advantages
have been successfully used in the monitoring of structural health

(Li et al., 2010; Moslehy et al., 2010), concrete strength
(Dumoulin et al., 2012), microcracks formation (Xu et al.,
2013; Jiang et al., 2017), and interfacial debonding (Feng et al.,
2016). However, there are no reports on the use of the
piezoresistive silicon pressure transducers to monitor the pore
and earth pressure at the pile surface during the pile jacking in the
model test.

In this study, the piezoresistive silicon pore pressure
transducers and earth pressure transducers were installed in
the holes of two self-made model piles: 1) open-ended pile
and 2) closed-ended pile. The pore water pressure and earth
pressure at the pile surface were tested during pile jacking. The
distribution and variation of the pore pressures, excess pore
pressure, radial earth pressure, and effective radial earth
pressure at the pile surface in the process of jacking were
analyzed. In addition, the effects of the pile end form on
varying pore and earth pressures were considered. This study
provides a reference for subsequent research on the measurement
method of the pore and earth pressures at the pile surface.

THE PRINCIPLE OF PIEZORESISTIVE
SILICON PRESSURE TRANSDUCER

The Basic Principle
The piezoresistive silicon pressure transducer works on the
principle of the piezoresistive effect of monocrystalline silicon.
Four equivalent semiconductor resistors are installed in a specific
direction of the silicon diaphragm and connected to the
Wheatstone bridge. When the diaphragm of the transducer is
affected by external pressure and the Wheatstone bridge is out of
balance, the output voltage proportional to the measured pressure
was obtained by adding the exciting power supply to the
Wheatstone bridge.

The output voltage of the bridgeV0 can be expressed as follows
(Li et al., 2010):

V0 � [(R1 + ΔR1)(R3 + ΔR3) − (R2 − ΔR2)(R4 − ΔR4)]
(R1 + R2 + ΔR1 − ΔR2)(R3 + R4 + ΔR3 − ΔR4) × V1,

(1)

where VB is the supply voltage, Ri is the resistance of
semiconductor resistors, i � 1, 2, 3, 4, and ΔRi is the resistance
variation of semiconductor resistors, i � 1, 2, 3, 4.

The resistance of semiconductor resistors are equal,
R1 � R3 � R2 � R4 � R, and ΔRi � R · G · εi, i � 1, 2, 3, 4; Eq. 5
can be written as follows (Feng et al., 2016):

V0 � 1
4
G · ε1 + ε3 − ε2 − ε4

[1 + 1
2 (ε1 + ε2 + ε3 + ε4)]

VB, (2)

where G is the coefficient of strain and εi is the strain value of
semiconductor resistance i, i � 1, 2, 3, 4.

The strain value of the semiconductor resistance is satisfied,
ε1 � ε3 � −ε2 � −ε4; therefore, the strain value of the diaphragm ε
can be expressed as follows (Wang et al., 2017b):

ε � V0

G · VB
. (3)
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The Principle of Piezoresistive Silicon Earth
Transducer and Pore Pressure Transducer
The piezoresistive silicon earth transducer and pore pressure
transducer used in this test are made of polysilicon as the
varistor and integrated using a microelectromechanical system.
The resistors on the integrated silicon diaphragm of the transducer
are connected by the screen-printed circuit, and the transducer is
encased in the metal shell. The two transducers are different, as the
end of the pore pressure transducer is installed with the permeable
stone, and the water enters the transducer through the porous
stone and changes the resistance of the polysilicon. Figure 1 shows
the structural diagram of the piezoresistive silicon earth pressure
transducer and pore pressure transducer.

EXPERIMENTAL SETUP AND
PROCEDURES

The Model Box
The model box used in this test has dimensions of 3,000 × 3,000 ×
2000mm3 (length × width × height) and was welded by a steel
plate. The sinking process of the model pile was observed through
the toughened glass window (500 × 500 mm2) installed on the
front of the model box. The loading system of the model box
mainly comprises a reaction frame, a crossbeam, a hydraulic jack,
an electric control system, and a static load control system to
provide static pressure for the model piles.

The Model Pile
Tang et al. (2002) studied the influencing factors of pile side
friction by installing strain gauges on the aluminum pile body.
Duan. (2016) simulated the force characteristics of the pile
foundation of the marine wind turbine under the vertical load
using the aluminum pile indoor test and compared the results
with the numerical simulation results. The research of the above
scholars shows the feasibility of the indoor model test of the
aluminum pile to analyze the pile foundation. In this article, the
parameters of the model pile are determined according to the

similarity theory (Chui, 1990; Yang, 2005), and the calculation
process is as follows:

1) Geometric similarity ratio
There is a certain relationship between the size and shape of the
model and the prototype. The geometric similarity is one of the
important indicators to ensure that the model test has a certain
practical significance. The geometric similarity is shown
in Eq. 1.

mb � Ly

Ls
� Dy

Ds
, (4)

wheremb is the model test pile size ratio, Ly and Dy represent the
prototype pile size, and Ls and Ds represent model test pile size.

2) Similar modulus of elasticity

mE � Ey

Es
, (5)

where mE is the model test elastic modulus similarity ratio, Ey is
the prototype elastic modulus, and Es is the model test pile elastic
modulus.

3) Load similarity ratio

mp � Py

Ps
� mE ·m2

b, (6)

where mP is the model test load similarity ratio, Py is the
prototype load, and Ps is the model test pile load.

It is very difficult to fully satisfy the similarity theorem when
conducting model tests. Approximate similarity methods appear.
The approximate similarity method only retains the similarity
conditions of the main factors that affect the test results so as to
obtain sufficiently accurate similarity (Liu, 2015).

FIGURE 1 | The structural diagram of the piezoresistive silicon earth and pore pressure transducer: (A) Earth pressure transducer, (B) Pore pressure transducer.

TABLE 1 | Model pipe pile parameter.

Number Diameter/mm Length/mm Thickness/mm Elastic modulus/GPa Poisson ratio Form of
pile end

TP1 140 1,000 3 72 0.3 Closed
TP2 140 1,000 3 72 0.3 Open
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Generally, the pile diameter of a large diameter single pile
is 3–6 m, and the pile length is 30–50 m (Yu et al., 2016).
Based on the prototype pile length of 40 m, pile diameter of
5.6 m, elastic modulus of 210 GPa, and Poisson’s ratio of 0.3,
in order to meet the load similarity ratio, the geometric
similarity ratio is determined to be 40 and the elastic
modulus similarity ratio is 2.9. The similarity ratio of the
loose ratio is 1, and the test piles are made of aluminum
material, the elastic modulus is 72 GPa, the Poisson’s ratio is
0.3, and the diameter and length are 140 and 1,000 mm for
aluminum pipe piles TP1 and TP2, respectively. The
thickness of the inner and outer tube of the model pipe
piles is 3 mm. In order to facilitate the installation of the
transducers, the gap between the inner and outer tubes is
20 mm. The model pile TP1 is a closed-ended pipe pile, and
TP2 is an open-ended pipe pile. The model pile parameters
are listed in Table 1.

The piezoresistive silicon earth pressure transducers and pore
pressure transducers were installed on the same cross-section in
the model pile body. The excess pore water pressure at the pile-
soil interface caused by pile sinking increases linearly with the
depth of soil penetration. The average growth gradient of the
excess pore water pressure near the bottom of the pile is greater
than that of the middle and top of the pile. Therefore, the sensor is
arranged with a sparse upper part and a dense lower part. The
transducer distances from the pile end are 50, 100, 200, 400, 600,
and 900 mm, and the installation location numbers of the
transducer from the pile end to the pile top are 1# to 6#.
Figure 2 shows the model piles structure and transducers
mounting location.

Transducers Installation
Both transducers were mounted on the model pile in the same
way using the following main process:

1) The holes were cut in the pile body at the transducer
locations, and the metal sleeves of the same diameter as
the transducers were welded to the inner wall of the model
pile at the transducer mounting location. The holes of the
pile are shown in Figure 3A.

2) The epoxy resin was evenly applied around the transducer,
which was then put in the corresponding hole, and the
force surface of the transducer shall be flushed with the
pile body surface. After the epoxy resin had set, 704 glue
was applied to the transducer perimeter to seal it against
water, and the data cable was taped to the inside wall of the
pile, as shown in Figure 3B.

3) The transmission line of the transducers was threaded
through the reserved hole near the top of the model pile to
prevent the damage caused by the direct contact between
the jack and the transmission line during driving.

Test Soil Preparation
The silty clay used in the test was taken from an engineering site. The
silty clay was dried, crushed, and sieved according to the literature
specifications (Ministry of Housing and Urban-Rural Construction
of the People’s Republic of China, 2019), and then it was layered and
compacted by compactionmachinery in themodel box. The soil was
then sprayedwith water and coveredwith a film and left standing for
30 days. The process of the test soil preparation is shown inFigure 4.
Before the test, the soil was sampled, and its physical andmechanical

FIGURE 2 | The model piles structure and transducers mounting location.
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parameters were obtained through a series of laboratory tests, as
listed in Table 2.

Pile Driving and Data Acquisition
Model piles TP1 and TP2 were spaced at 1,000 mm apart (d1),
and model box walls were closer and spaced at 900 mm apart
(d2) (where D is the diameter of the pile). Yegian and Wright.
(1973), using finite element analysis, and Rao et al. (1996),
through model test studies, demonstrated that the boundary
effect can be ignored when the pile distance from the boundary
is 6–8 times the pile diameter. The boundary effect of the pile
can be ignored in this test.

The model pile was pressed into the test soil using a hydraulic
jack, and the sinking speed and pile sinking depth of the pile were
controlled using the electric control system. In this test, the

sinking speed and pile sinking depth were 300 mm/min and
900 mm, respectively. The pore pressure and earth pressure at
the pile surface during driving were collected using a
CF3820 high-speed static signal test analyzer. The composition
of the test system is shown in Figure 5.

TEST RESULTS AND ANALYSIS

Analysis of the Pore Pressure Results at the
Pile Surface
The pore pressure at the surface of the piles under hydraulic
jacking was monitored using the piezoresistive silicon pore
pressure transducers. The test results of model piles TP1 and
TP2 are shown in Figure 6A,B, respectively.

FIGURE 3 | The installation method of transducers: (A) The holes of the pile, (B) Epoxy resin application.

TABLE 2 | The physical and mechanical parameters of the soil.

Relative
density ds

Volumetric
weight

γ/(kN/cm3)

Water
content
w/%

Liquid
limit
wL/%

Plastic
limit
wp/%

Plasticity
index
Ip/%

Cohesion
c/kPa

Angle
of

internal
friction
φ/(o)

Modulus
of

compressibility
Es1-2/MPa

2.73 18.0 34.8 43.2 21.2 22.0 14.4 8.6 3.3

FIGURE 4 | The process of soil preparation: (A) Soil filling, (B) Soil compaction.
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As shown in Figure 6, the pore pressure transducers on the
model piles survived during the entire test period. The
transducer at the top of the test pile did not measure the
effective value because of its small penetration depth into the
test soil; therefore, the pore pressure curve is not shown in
Figure 6. The pore pressure measured by each transducer
increases gradually and approximately linearly with increasing
depth. This is because of the fact that the soil used in this test is
homogeneous and the up and down soil layers are uniform,
resulting in the more regular pore pressure distribution,
different from the distribution of pore pressure in the field
test. The pore pressure is caused by the shear force of the pile to
the soil, making the pore around the pile too late to dissipate.
When the penetration depth of the pile is small, the
overburden weight and the horizontal pressure are small,

the pore dissipates quickly, and the pore pressure at the pile
surface is small. With increasing penetration depth, the
overburden weight and horizontal pressure gradually
increase, and the pore pressure at the pile surface increases
linearly, and this result is consistent with the results reported
by Randolph et al. (1979).

In the process of the pile driving, the variation in the pore
pressure at the same depth of the soil is shown in Figure 7. With
the penetration of the pile, the pore pressure at the same depth
decreases slightly because of the greater penetration depth,
and the soil layer at the same depth is subjected to the
continuous friction of the model pile, causing the pore
pressure to rise. However, the continuous perturbation of
the soil around the pile also provides a channel for the
dissipation of the pore, slightly decreasing the pore

FIGURE 5 | The composition of the test system.

FIGURE 6 | Pore pressure curves at the pile surface with depth: (A) TP1 and (B) TP2.
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pressure. At the same penetration depth and the same
location, the pore pressure is greater for model pile TP1
than that for model pile TP2, indicating that the
compaction effect of the closed-ended pile is greater than
that of the open-ended pile and is more pronounced at the end
of the pile, because the soil at the end of the pile enters the
inner tube of the open-ended pile, forming an earth plug.

Analysis of Excess Pore Pressure Results at
the Pile Surface
The curve of the excess pore pressure of model piles TP1 and
TP2 with the depth is shown in Figure 8A,B, respectively. At the

end of the pile driving, the excess pore pressure with the depth of
the model pile TP1 measured by the sensors is 4.21, 3.20, 2.35,
1.66, and 0.79 kPa and that of model pile TP2 measured by the
sensors is 3.58, 2.68, 2.24, 1.56, and 0.87 kPa. A comparison of
Figure 8A,B shows that the excess pore pressure of the closed-
ended pile is still greater than that of the open-ended pile, and
the maximum difference between the two piles is 0.63 kPa. The
excess pore pressure at the pile surface presents a nonlinear
increasing trend with increasing depth and is consistent with the
excess pore pressure observed at the pile surface, as reported by
Tang et al. (2002) and Dash and Bhattacharya. (2015). This is
because the distribution of the excess pore pressure at the pile
surface is related to the effective overburden weight. The

FIGURE 7 | The pore pressure at the pile surface in the same soil layer: (A) TP1, (B) TP2.

FIGURE 8 | Excess pore pressure curves at the pile surface with depth: (A) TP1 and (B) TP2.
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analysis of excess pore pressure and effective overburden weight
is presented in the following section.

At the end of the pile driving, the relationship between the
excess pore pressure at different depths of the model piles and
the effective overburden weight is shown in Figure 9A,B. As
shown in Figure 9, at the end of the pile driving, the excess
pore pressure with the depth of the model pile TP1 measured
by the sensors is 0.79, 1.66, 2.35, 3.2, and 4.21 kPa, and that of
model pile TP2 is 0.87, 1.56, 2.24, 2.68, and 3.58 kPa. The ratio
of the excess pore pressure at the pile surface to the effective
overburden weight at the depths 20, 40, 60, 80, and 85 cm of
model pile TP1 is 32.9, 47.2, 50.6, 55.6, and 61.2%, and that of
model pile TP2 is 36.3, 44.3, 48.3, 46.5, and 52.1%. The ratio of
the excess pore pressure at the pile surface and the effective

overburden weight of the two model piles gradually increases
with the depth and is consistent with that reported by Seed and
Reese. (1957) and Roy et al. (1982). At a depth of 20 cm, the
excess pore pressure dissipates rapidly because of the uplift of
the surface soil, and the ratio of model piles TP1 and TP2 is
32.9 and 36.3%, respectively. At a depth of 85 cm, the ratio of
model pile TP1 to TP2 reached a maximum value of 61.2 and
52.1%, respectively, and the difference of the ratio is 9.1%,
indicating that during the pile driving, the excess water
pressure is high, adversely affecting the bearing capacity of
the pile foundation. Therefore, measures such as vertical
drainage channels in the vicinity of piles are needed to
reduce the excess water pressure during pile driving in
engineering.

FIGURE 9 | The excess pore pressure at the pile surface and overburden weight with depth: (A) TP1, (B) TP2.

FIGURE 10 | Radial earth pressure curves at the pile surface with depth: (A) TP1, (B) TP2.
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Analysis of Radial Earth Pressure at Pile
Surface
The radial earth pressure at the surface of the piles under
hydraulic jacking was monitored using the piezoresistive
silicon earth pressure transducers. The test results of model
piles TP1 and TP2 are shown in Figure 9A,B, respectively.

As shown in Figure 10, the radial earth pressure of model
piles TP1 and TP2 basically showed the same pattern in the
process of pile driving, both increasing gradually with depth and
being consistent with the test results of Lehane and Jardine.
(1994) and Bond and Jardine. (1991). At the end of pile driving,
the radial earth pressure at the depths 40, 60, 80, 90, and 95 mm
of model pile TP1 measured by the sensors is 5.10, 8.42, 13.23,
16.68, and 20.03 kPa and that of model pile TP2 measured by the
sensors is 4.54, 9.05, 13.83, 16.67, and 19.59 kPa. The radial earth
pressure at the pile surface is less affected by the form of the pile
end, and the increase in the radial soil pressure further away from
the pile end is smaller because of the overburden weight. At the
same soil depth, the radial earth pressure of the model piles
decreases with increasing penetration depth. This is because
increasing penetration of the model pile gradually decreases the
adhesion between the pile and soil and increases the gap between
the pile and soil, resulting in decreasing the radial earth pressure at
the pile interface, and the decrease in the radial earth pressure
increases with increasing penetration depth.

Analysis of Effective Radial Earth Pressure
at the Pile Surface
The curve of the effective radial earth pressure at the pile surface
of model piles TP1 and TP2 with the depth is shown in Figure
11A,B, respectively. The effective radial earth pressure and the
radial earth pressure at the pile surface vary similarly, both
increasing with the penetration depth, and there is also significant
degradation at the same soil depth. At the end of pile driving, the

effective radial earth pressure with the depth of the model pile TP1
is 4.31, 6.76, 10.88, 13.48, and 15.82, accounting for 84.5, 80.3, 82.2,
80.8, and 78.9% of the radial earth pressure at the pile interface,
respectively. In addition, the effective radial earth pressure of
model pile TP2 is 16.01, 13.99, 11.59, 7.49, and 3.67 kPa,
accounting for 80.8, 82.8, 83.8, 83.9, and 81.7% of the radial
earth pressure, respectively. This indicates that the effective
radial earth pressure at both the closed- and open-ended pile is
a major component of the radial earth pressure.

To further investigate the contact state of the pile and soil
during the pile jacking, as shown in Figure 11, the contact
coefficient was obtained from Figure 11 in the following equation:

tc � p′/σcx, (7)

where tc is the contact coefficient, p′ is the effective radial earth
pressure at pile surface, and σcx is the self-weight stress.

In the process of the pile driving, the variation in the contact
coefficient at the same depth of the soil is shown in Figure 12. At
a certain penetration depth, the contact coefficient of the model
piles first increases and then decreases with increasing depth of
the soil and is greater than 1 at large depth. This indicates an
obvious compaction effect in the process of pile jacking: effective
radial earth pressure at the pile surface is higher than the self-
weight stress, the gap between the pile and soil is small, and the
pile and soil are in close contact. In the later stages of pile jacking,
the contact coefficient decreases because of a faster rise in the
excess pore water pressure in the deep soil layer and a lower
increase in the effective radial earth pressure at the pile surface. At
the same depth of the soil, the coefficient gradually decreases with
proceeding jacking pile. This indicates that with the pile jacking,
the compaction effect at the same depth decreases, and the gap
between the pile and soil increases, resulting in a gradual decrease
in the shaft resistances of the piles, and this result is consistent
with those reported by Kou et al. (2019). The shallow soils have a
smaller coefficient, because they are affected by factors such as

FIGURE 11 | Effective radial earth pressure curves at the pile surface with depth: (A) TP1 and (B) TP2.
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pile body sway during the pile jacking and the pile-soil contact is
not tight, reducing the effective radial earth pressure.

NUMERICAL SIMULATION

After the indoor test equipment and test piles are reduced by ten
times, the particle flow numerical simulation is carried out.
After the reduction, the gravity field will be reduced, which
makes the simulation results different from the test results. In
order to overcome this drawback, the acceleration of gravity was
increased to 10 times the original. The model frame is composed
of a wall with a size of 300 mm × 200 mm (length × height).

Peng et al. (2017) considered that formaterials such as concrete and
stronger rocks, the contact relationship between particles adopts a
parallel bonding model; for soft soils with lower strength, the contact
relationship between particles adopts a contact bonding model. The
simulated foundation soil is homogeneous clay soil, so the contact
relationship of particles adopts the contact bonding model, the
maximum particle radius is 0.51mm, and the minimum particle
radius is 0.3mm. The initial porosity of the foundation soil is 0.3,
and the total particles are 45,000. The microscopic parameters of the
soil layer are shown inTable 3. The soil layer is generated and attached
with color as shown inFigure 13 to better observe themovement of the
soil during the pile driving process. It can be seen from the figure that
after ten layers of soil were formed, the test tank is not completely filled.

The model pile is composed of particles with a radius of
0.5 mm, including the top of the pile, the pile wall, and the end
of the pile. The particles overlap each other. The distance
between two adjacent particles is 0.1 mm. The scale of the
model test is 10 times. In this article, a total of two model
piles are simulated for pile sinking, which are closed piles with a
diameter of 14 mm and open piles with a diameter of 14 mm.
The pile lengths are both 100 mm, and the numbers are M1 and
M2, respectively.

Figure 14 is the normalized comparison of experimental and
simulated radial earth pressure.

It can be seen from Figure 14 that the normalized curve form
of the experimental and simulated radial earth pressures is
basically the same, indicating that the experimental and
simulated radial earth pressures are basically consistent with
the penetration depth, which also explains the use of silicon. The
piezoresistive silicon pressure transducers are feasible to monitor
the radial earth pressure on the surface of the pile, but the two curves

FIGURE 12 | The contact coefficient of the piles in the same soil layer: (A) TP1, (B) TP2.

TABLE 3 | Mesoscopic parameters of soil layer.

Soil
layer

Density/
kg·m−3

kn/
N·m−1

ks/
N·m−1

n-
bond/

N

s-
bond
/N

Coefficient of
friction

1-10 2730 1×107 1×106 500 150 0.25

In the table, kn: Normal contact stiffness; ks: Tangential contact stiffness; n-bond:
Normal bond strength; s-bond: Tangential bonding strength

FIGURE 13 | The foundation soil is formed.
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still have certain differences. The reasons are as follows: 1) There are
many external interference factors during the test; 2) the simulated
foundation soil parameters cannot be completely equivalent to the
parameters of the foundation soil in the test, and the foundation soil is
composed of particles. During the pile driving process, the interaction
between soil particles and the pile and the interaction between particles
and particles cannot be completely consistent with the indoor test. 3)
During the test, the foundation soil may have unevenness somewhere
in the layered vibration time. The above reasons lead to the difference
between simulation and indoor experiments.

CONCLUSION

In conclusion, a new method was developed for monitoring the pore
and earth pressure at the pile surface using the piezoresistive silicon
earth transducers introducing pore pressure transducers. Two model
piles were instrumented with the piezoresistive silicon pressure
transducers and installed using the hydraulic jack in the model box.
The experimental results of this study lead to the following conclusions:

1) The piezoresistive silicon pressure transducers were proved
to be feasible to measure the pore and earth pressure at
the pile surface during pile jacking, indicating that the
pore and earth pressure on the pile wall can be measured
successfully using these transducers.

2) The transducers installationmethod used in this test is feasible,
and 12 earth pressure transducers and 12 pore pressure
transducers all survived in the test. The small size of the
transducers used in the test makes their installation easy.

3) The self-made model pile used in this experiment is a
double-tube structure. The gap between the inner and
outer tubes of the pile can not only provide space for the
installation of transducers but also provide protection for
the cables of the transducers.

4) The pore pressure, excess pore pressure, radial earth pressure,
and effective radial earth pressure at the same pile position all
increase with increasing penetration depth. At the same
penetration depth and the same pile position, the pore
pressure and excess pore pressure at the pile surface of the
closed-ended pile are greater than those of the open-ended pile.

5) The radial earth pressure and effective radial earth pressure
at the same soil depth all decrease with the penetration
depth, the decrease in value increases with the penetration
depth. In addition, the effective radial earth pressure is the
main component of the pile surface earth pressure.

6) The experimental and simulated radial soil pressure
changes with the penetration depth are basically the same.
The silicon piezoresistive pressure sensor can be used to
monitor the radial soil pressure on the pile surface,
especially the pile with an open end.

7) In practical applications, after the groove is carved on the
pile body, the bottom surface of the groove is leveled with
the adhesive, and then the sensor is installed to make the
sensor surface parallel to the bottom surface of the groove.
In addition, the piezoresistive silicon pressure transducer
should be embedded in the groove to avoid exposure
outside the groove. The sensor should be prevented
from being knocked during the pile pressing process,
affecting the survival rate of the sensor.
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