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Abstract: Pre-tensioned H-type prestressed concrete revetment piles are a newly developed product
dedicated to the protection of river, lake, and sea bank embankments, and their cross-section is
H-shaped. In this study, a field test of H-type pile soil’s squeezing effect is carried out based on
the second phase project of the HujiaShen Line. Pore water pressure, soil displacement, and other
parameters of the H-type pile-driving process are monitored in real time. The test results show the
following: (1) The influence range of the excess pore water pressure caused by the soil squeezing
effect in the horizontal direction is about 14–15D, and in the vertical direction, the pore water pressure
within a depth range of about 7D below the pile bottom increases rapidly. Its dissipation rate is fast at
first and then slows down, and it completely dissipates 20 days after piling. (2) The excess pore water
pressure caused by the soil squeezing effect does not decrease linearly in the radial direction. The soil
around the construction pile can be divided into four areas: A, B, C, and D. Among them, A and B
belong to the plastic zone, and C and D belong to the elastic zone. (3) The horizontal displacement of
the soil occurs within the depth range of 5D from the surface of the pile to the bottom of the pile at
the piling location, and the radial influence range is about 8–12D. From a vertical perspective, the
main horizontal displacement of the soil occurs in the long section of the pile driven into the soil,
showing a “U”-shaped distribution. (4) The dividing point between the vertical displacement uplift
and the settlement of the soil appears within the range of 2–3 m from the construction pile, that is,
between 5 and 7D. Settlement occurs after the piling is completed, and the settlement rate is fast at
first and then slows down. The final settlement of the soil is stable on the 20th day. This research
and experiment provide a design reference for the engineering application of pre-tensioned H-type
prestressed concrete bank protection piles.

Keywords: soil squeezing effect; H-type pile; excess pore water pressure; soil displacement

1. Introduction

Currently, water transportation projects are undergoing rapid development because of
their advantages of low carbon and environmental protection, low transportation costs, the
ability to save land resources, etc. At the same time, the construction of water transportation
projects puts forward higher requirements for environmental protection and energy saving,
which leads to the traditional block stone materials widely used in the past being replaced
due to their low efficiency, low quality, and high energy consumption, among other short-
comings that prevent them from meeting the needs of the modern large-scale upgrading
of inland ‘1 waterways. Pre-tensioned H-type prestressed concrete revetment piles are a
newly researched and developed product dedicated to rivers, lakes, and coastal embank-
ments. The H-type pile is designed with an H-shaped cross-section, with steel strands for
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longitudinal reinforcement, and is factory-produced through the pre-tensioning vibration
molding process [1]. Compared with the traditional methods of cofferdam masonry, U-type
sheet piles, and baffle-type bank protection, the H-type pile is significantly different in
that it is equipped with a water-permeable step structure at the side of the flange of the
pile body, and it has an optimized H-shape force cross-section. Embankment-retaining
walls constructed with H-type piles have significantly improved performance in terms of
flood control capacity and lateral earth pressure resistance and have better ecological and
environmental protection effects and aesthetics, with significantly shortened construction
periods and reduced costs, effectively responding to the demand for the energy-saving,
environmentally friendly, and balanced development of water transportation projects.

Scholars have conducted a lot of research on H-pile technology and achieved certain
results. Hama et al. [2] determined the load–settlement relationship of various types of
sand by using different types of piles under the same geometric conditions. The test results
showed that the H-pile had high ultimate bearing capacity at different lengths. Seo et al. [3]
combined an H-pile with a precast concrete wall in a new structure and evaluated the
ability of the structure to resist lateral load. By comparing the experimental results with
the design capacity, it was believed that the structure could withstand sufficient lateral
design load. Lv et al. [4,5] calculated the effective vertical stress of the surrounding soil
and the axial force of the H-pile and calibrated these with the resistance of the centrifuge
model test. They studied the effect of vertical shear on the load transfer mechanism of the
H-pile and concluded that the downward pull of the H-pile can be effectively reduced by
appropriately expanding the web. Zhang et al. [6] studied the performance of the H-pile
under rainfall conditions based on centrifuge model tests and found that the duration of
rainfall did not affect the moment distribution pattern of the H-pile, but it did affect the soil
pressure distribution pattern on the pile side. Javanmardi et al. [7] conducted quasi-static
cyclic tests based on the interaction between soil, abutments, and H-type piles and studied
the failure mechanism, soil pressure distribution, etc. The test results showed that H-type
piles have good ductility and energy absorption capacity. Ouyang et al. [8] proposed a
linear finite element implementation method for the Euler–Bernoulli pile unit formula that
can consider the influence of residual stress and effectively analyze the driving process of
H-type steel piles in layered sand. Pramila Adhikari et al. [9] established the boundary
relationship between IGM rock and hard rock based on limiting the rock resistance of
IGM rock to the compressive strength of steel piles and finally proposed a geotechnical
material classification flow chart and example design diagram to efficiently promote the
design of H-type piles. Ervin Hegedus and Vijay K [10] determined the pull-out capacity
of H-type piles under axial tensile loads through experiments. Jesswein and Liu et al. [11]
drove H-type steel piles and pipe piles into glacial sediments in Ontario, Canada, and
proposed a new design method for axial bearing capacity using a standard penetration test.
Alshawabkeh et al. [12] considered parameters such as pile size, pile orientation, and pile
equivalent cantilever length, studied the behavior of H-type steel piles using finite element
software, evaluated their effects through regression analysis, and developed an empirical
formula for lateral buckling capacity. Son et al. [13] converted railway load into dynamic
load and analyzed two cases of installing only a front wall and installing a front wall with
rear support. The results showed that the dynamic load resistance and lateral displacement
in the former case were greater. Yang et al. [14] measured the load transfer mechanism
during the static load test through field tests of H-type piles and found that nearby pile
jacking was able to produce large tensile stresses that dominated a major portion of the
installed pile; both the magnitude and distribution of the induced stresses were related to
the penetration depth of the installed pile.

According to the previous introduction, we know that an H-type pile has many advan-
tages, and many studies have been conducted by the predecessors. Still, the above studies
mainly focus on the load transfer mechanism and the nature of the bearing capacity of
H-type piles. On the other hand, an H-type pile is essentially a soil squeezing pile; it is
difficult to avoid the soil squeezing effect, which will further result in the construction of the
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pile foundation uplift, destruction of the underground facilities around the piles, lowering
the bearing capacity of the pile foundation and the undesirable hazards such as the destabi-
lization of the surrounding environment [15–18]. At present, scholars at home and abroad
have also conducted extensive research on the effect of soil squeezing on the sinking pile,
and the main research methods include theoretical research, numerical analysis, modeling,
and field tests. In the theoretical study, some scholars have analyzed the expansion charac-
teristics of cylindrical cavities in improved Cam clay and proposed a solution with a wider,
more comprehensive, broader range of applications [19–22]. Apostolos [23] proposed a
generalized large-strain solution for the undrained expansion of vertical cylindrical cavities
in critical state soils based on the rate-based plasticity formula. Li et al. [24] proposed
a solution for the undrained expansion of cylindrical cavities in soils and essential soil
states based on the rate-based plasticity formula: Anisotropic—anisotropic—anisotropic
elastic–plastic elastoplastic solution for undrained expanding clays with cylindrical cavities.
In the numerical simulation, Henke [25] investigated the effects of pile driving on peripile
soils and adjacent structures based on numerical simulation and described in detail the
main influences of the pile-driving process on the neighboring structures. Ding et al. [26]
analyzed soil displacement induced by compression piles under silty soils by finite element
simulation based on field construction data, and the results showed that soil horizontal
displacement and velocity changes decrease with increasing depth of burial. Chrisopoulos
and Triantafyllidis [27,28] analyzed soil horizontal displacement and velocity changes with
increasing depth of burial by vibratory piling of saturated soils through a finite element
study of vibratory pile driving in saturated soil after comparing factors such as pile motion
and soil displacement and confirmed that the simulation method to simulate the basic es-
sential fundamental aspects of pile driving well. Murad Abu-Farsakh et al. [29] performed
a finite element simulation of the pile driving process based on field experimental data,
which effectively predicted the process of generation and dissipation of excess pore water
pressure and the change in the stress state of the soil around the pile during the pile driving
process. In terms of modeling tests, Lu et al. [30] conducted a modeling test of a pressed
pile based on the DIC technique. The experimental results showed that the conjugate
behavior of soil displacement and stress was not as that of 1 times pile width at a distance
from the surface of the pile of 3 times the width of the pile. Vogelsang et al. [31] revealed
the relationship between soil displacement patterns and the characteristic phases of the
compression pile using the DIC technique through a model test of a compression pile in
saturated sand. Zhou et al. [5,32,33] conducted a physical model test based on transparent
soil and particle image velocimetry. Modeling tests showed that the difference in soil
displacement after the pile is more significant than before the pile at different burial depths.
For field tests, Orrje et al. [34] tested the change in shear strength before and after pile
driving and investigated the change in peripile pore water pressure. In Hagerty and Peck’s
study of non-sensitive soils [35], this value was about 50%, and therefore, they observed
displacement of people bulges, they obtained a similar conclusion to the increase in pore
water pressure: the lower the sensitivity of the soil, the lower the displacement produced by
the sinking pile. Zhang et al. [36–38] obtained soil samples at different time points during
pile driving and performed microstructural tests, and found that microstructure controls
the strength properties, and the macroscopic mechanical properties of the upper soil layer
are inversely proportional to those of the lower one. Suleiman et al. [39] monitored the soil
horizontal stress, pore water pressure, and soil horizontal displacement during CMC pile
driving based on field tests, which were analyzed and found that the zone affected by the
CMC installation extended to 2 to 3D from the outer surface of the CMC shaft.

The above studies show that in the process of pile laying, the soil will be squeezed
into the pile and produce a soil squeezing effect. The soil squeezing effect will cause
uneven settlement of foundation soil, horizontal displacement of soil, and rearrangement
of soil after dissipation of excess pore water pressure, which will further cause instability
of buildings, extrusion damage to underground buildings, damage to infrastructure after
redistribution of soil, and change in water permeability of the soil layer and the flow path
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of groundwater, etc. [40–44]. H-type piles are a new type of bank protection structure; there
are fewer studies on the soil squeezing effect of H-type piles at home and abroad, and it
is not clear what kind of harm will be caused by the soil squeezing effect. Therefore, it is
necessary to analyze the soil squeezing effect of the H-type pile in depth. Compared with
the other three research methods, field tests have the advantages of higher authenticity
and accuracy, which are suitable for complex geological conditions and can consider the
problem comprehensively. Therefore, this paper relies on field tests to carry out the study
of the H-type pile squeezing effect, analyze the parameters of pore water pressure and soil
displacement of the soil around the H-type pile, and summarize the changes in pore water
pressure and the distribution of soil displacement field of the H-type pile, which is of great
significance for engineering application and provides a basis for the reduction in hazards
of pile foundation construction.

In this paper, pore water pressure, soil horizontal displacement, and other parameters
are selected as research parameters, combined with zoning theory and other theories to
explain the experimental phenomena and summarize the law. The comprehensive study
flowchart of this paper is shown in Figure 1.
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2. Materials and Methods

The research methodology of the field tests was used in this study to obtain accurate
results in a realistic and precise manner. Below are some descriptions of the test site, the
materials and equipment used in the test, and the monitoring methods.

2.1. Testing Site

The site selected for this test is located between sections Z13′ and Z14′ on the left
bank of the channel west of the newly built Zengjiafan bridge on the second phase of the
Hujia-Shen line, which is easily accessible for drilling and burying of instruments. The
total length of this channel section is 450 m, and the channel is upgraded according to the
planning standard of a Class III channel, with a bottom width of 45 m and a water depth of
3.2 m. The location of the test site is shown in Figure 2.
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Figure 2. Location map of the test site.

The test site is located in the Hangjia Lake alluvial plain, the terrain is flat and low-
lying, and its surface elevation is between 1.26~3.76 m. According to the “Geotechnical
Engineering Investigation Specification” GB50021-2009 (2009) [45] geological investigation,
ground investigation data show that the test site is divided into 5 layers within the depth
of the test:

(1) Plain fill soil:
Brownish gray, mainly clayey soil, mixed with crushed stone, concrete, etc., the nature of

the soil is not uniform. The thickness of the layer is 2.0~2.4 m, mainly distributed on the surface.
(2) Powdery clay:
Gray, soft plastic. There are no laminations, the cut surface is smooth, and the nature

of the soil is uniform. The layer thickness is 3.9~4.6 m, and the depth of the top plate
is 2.0~2.4 m.

(3) Powdery clay:
Gray or gray-yellow, plastic, with glossy cut surface and local roughness. The thickness

of the layer is 2.7~3.2 m, and the depth of the top plate is 6.3~6.8 m.
(4) Powdery soil:
Gray-yellow, gray, very wet, slightly dense. There is no stratification, containing mica

and a few shell debris, with a rough cut surface. The thickness of the layer is 6.9 m, and the
depth of the top plate is 9.5 m.

(5) Powdery clay:
Gray, hard plastic, glossy surface, locally rough, thick layer. The layer thickness is

more than 3.6 m, and the depth of the top plate is 16.4 m.
According to the “Geotechnical test method standard” (GB/T50123-2019) [46] indoor

geotechnical test, the main physical and mechanical properties of each layer of soil are
shown in Table 1 below.

Table 1. Statistical indicators of physical and mechanical properties of soil layers.

Floor
Number Name

Water
Content

Wet
Density Void Ratio Degree of

Saturation
Plasticity

Index
Liquidity

Index
Coefficient of

Compressibility
Modulus of

Compression
ω ρ e Sr IP IL av Es
% g/cm3 — % — — MPa−1 MPa

−1 Plain fill soil 26.7 1.91 0.798 90.7 13 0.58 0.340 5.29
−2 Powdery clay 30.9 1.89 0.892 94.5 16 0.59 0.368 5.40
−1 Powdery clay 33.9 1.86 0.964 95.7 15 0.86 0.446 4.62
−2 Powdery soil 28.5 1.88 0.846 94.1 10 1.06 0.221 9.04
−1 Powdery clay 27.3 1.94 0.789 94.3 15 0.45 0.297 6.21
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In general, the terrain along the channel where the test site is located is relatively
low-lying, and the stability is generally good, but a small portion of the area has subsidence,
which is mostly due to the original revetment wall using dry masonry and the topsoil is
subjected to scouring caused by the dual action of surface water and groundwater.

2.2. Materials and Construction Methods

The field test piling process adopts the AHGF60-16 amphibious waterway piling vessel
(Shandong Haiding Shipbuilding Co., Ltd., Weifang, China), and the specific parameters
of the piling machine are shown in Table 2 below. The pile sinking method adopts the
hammering method, and the end plate and steel collar are set at the pile head to improve
the construction quality. The piles used in the test are H-type piles, which are 8 m in length,
with a cross-section of 300 × 500 mm. According to the predicted soil squeezing effect
range of this test, a total of 19 piles are driven, and according to the order of piling, the
piles are numbered as piles No. 1~19 in order, and the 19 piles required for this test are
driven on the same day of the piling day. The schematic diagram of the H-type pile used in
this test and its field test are shown in Figure 3a,b.

Table 2. Pile driving machine parameters.

Parameter Name Cylinder Block Quality
kg

Frequency
Min−1

Maximum Energy
kJ

Maximum Pile Weight
kg

Gross Weight of
Hammer

kg

Parameter value 2500 35–50 57.5 6000 4200

Buildings 2024, 14, x FOR PEER REVIEW 7 of 27 
 

(a) 

 
(b) 

Figure 3. H-type piles and their field-driven placement. (a) Schematic cross-section of pre-tensioned 
H-type prestressed concrete revetment pile (unit: mm). (b) Schematic of H-type pile placement. 

To investigate the change rule of pore water pressure and soil displacement caused 
by the soil squeezing effect during pile driving of H-type pile, a total of 4 types of meas-
uring points, including pore water pressure, soil horizontal displacement, soil vertical dis-
placement, and groundwater level, are buried in the test, which are set according to the 
“Technical Standard for Monitoring of Construction Pit Engineering” GB 50497-2019 [47], 
and combined with the characteristics of this project and the relationship between pile 
diameters. The top view plan of each measurement point is shown in Figure 4a. 

Figure 3. H-type piles and their field-driven placement. (a) Schematic cross-section of pre-tensioned
H-type prestressed concrete revetment pile (unit: mm). (b) Schematic of H-type pile placement.



Buildings 2024, 14, 3816 7 of 24

To investigate the change rule of pore water pressure and soil displacement caused
by the soil squeezing effect during pile driving of H-type pile, a total of 4 types of mea-
suring points, including pore water pressure, soil horizontal displacement, soil vertical
displacement, and groundwater level, are buried in the test, which are set according to the
“Technical Standard for Monitoring of Construction Pit Engineering” GB 50497-2019 [47],
and combined with the characteristics of this project and the relationship between pile
diameters. The top view plan of each measurement point is shown in Figure 4a.
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Pore water pressure measurement point layout: this test adopts the range of 0.3 MPa
pore water pressure gauge (Beijing Hengrui Changtai Technology Co., Ltd., Beijing, China)
in the distance from the H-type pile 3.3 m to set the first pore water pressure measurement,
recorded as U1; in the distance from the H-type pile 6.2 m to set the second pore water
pressure measurement, recorded as U2. In order to prevent the penetration caused by
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the buried pore water pressure gauge drilling, the spacing between pore water pressure
gauges is easily larger than 1 m, so 1 pore water pressure gauge is buried in each pore water
pressure gauge at 1 m, 3 m, 5 m, 7 m from the ground surface. The pore water pressure
gauges in the U1 measurement place are labeled as U11, U13, U15, and U17 from the top to
the bottom, and the pore water pressure gauges in the U2 measurement place are labeled
as U21, U23, U25, and U27 from the top to the bottom. The buried profile of the pore
water pressure gauge is shown in Figure 4b. Because the vibration effect brought by the
hammering method will cause a significant increase in pore water pressure, in order to
study the change process in detail, it is necessary to continuously monitor the pore water
pressure during the pile driving period. During pile driving of the preset 19 piles, the
measurement of pore water pressure is carried out once for each pile; at the same time, in
order to consider the change rule of pore water pressure in the depth direction in detail,
continuous measurement is carried out at measurement point U17 during pile driving of
pile No. 11, and constant measurement is carried out at measurement point U27 during pile
driving of pile No. 12; after the completion of pile driving, the measurement is carried out
once a day, and the change in pore water pressure is observed, and the change in amplitude
becomes small. The monitoring period should be expanded appropriately.

Layout of soil horizontal displacement measurement points: The monitoring of soil
horizontal displacement uses a PVC pipe with a diameter of 70 mm as an inclinometer tube
(Jintan Wenxiang Sensor Factory, Changzhou, China), and its inner wall has two pairs of
mutually perpendicular guide grooves with a depth of 3 mm. Due to the existence of the
original revetment, an inclinometer tube is buried 2 m away from the H-type revetment pile.
The hole measurement point number is recorded as CX1, and the inclinometer tube is buried
at a depth of 14 m. Through the inclinometer tube, the specific horizontal displacement of
the soil at each depth of 0.5 m from 0.5 m to 14 m can be measured. The initial value of the
horizontal displacement of the soil is taken from the reading one day before the revetment
construction. On the day of construction, a total of three measurements were made. During
the pile sinking of pile No. 9 facing the inclinometer tube, in order to obtain more data in a
shorter pile driving time, it is necessary to control the pile sinking rate and measure the
horizontal displacement of the soil at each depth after the pile driving is completed, it is
calculated once a day until the change is minor or even unchanged.

Layout of soil vertical displacement measurement points: The monitoring of soil
vertical displacement uses a total station-type electronic distance meter (Changzhou Xin-
ruide Instrument Co., Ltd., Changzhou, China). Firstly, an observation point is set far
enough away from the construction, which is the reference point of vertical displacement
monitoring, and at the same time, an observation point is set at 1.2 m, 2 m, 3.4 m, and 4.8 m
from H-type pile, and a settlement nail is driven into it, which is recorded as CJ01~CJ04.
Three times of monitoring are carried out on the same day of pile sinking, and after that, the
settlement monitoring is carried out once a day, and the monitoring frequency is changed
according to the gradual decrease in the vertical deformation, which gradually becomes
48 h once, 72 h once, and once a week until the change value of each measurement point is
less than one time a week. Then, change the monitoring frequency according to the gradual
decrease in vertical deformation, and gradually change it to once in 48 h, once in 72 h, and
once in a week until the change value of each measuring point is less than the error value
(0.15 mm), and stop monitoring.

Groundwater level measurement point buried: water level monitoring water level
pipe selected for the 53 mm diameter PVC pipe (Shenzhen Oriental Wanhe Instrument
Co. Ltd., Shenzhen, China), buried in the distance from the H-type pile 2 m, buried depth
of 8 m. The top of the water level pipe is about 40 cm higher than the ground surface; at the
same time, in order to prevent water vapor infiltration in the rainy weather and the influx
of running water, you need to cover the water level pipe, so as to protect the water level
pipe not to be affected. The groundwater level was measured once a day, 1 week before and
1 week after construction, 2 to 3 times on the day of construction to the monitoring section,
and 1 to 2 times a week after 1 week. In order to ensure the accuracy of the measurements,
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each measurement should be taken twice, the results of the two measurements should be
compared, and the average value should be taken if the discrepancy is not significant.

3. Results
3.1. Pore Water Pressure

Figure 5 is the excess pore water pressure dissipation diagram of pore water pressure
measurement points U1 and U2. It can be seen from the figure that on the day when
the H-type pile was driven into the soil, the excess pore water pressure increased rapidly
and reached a peak value. The maximum value of the excess pore water pressure at
the pore water pressure measurement point U1 appeared at the U17 measurement point,
reaching 10.56 kPa, and the maximum value of the excess pore water pressure at the pore
water pressure measurement point U2 appeared at the U27 measurement point, reaching
2.62 kPa. One day after the pile driving was completed, the excess pore water pressure
at each measurement point at U1 and U2 dissipated rapidly, and the dissipation rate of
U17 and U27 reached more than 85%. Subsequently, the excess pore water pressure slowly
dissipated over time. After 20 days, except for the U1 measurement point, the excess pore
water pressure at other pore water pressure measurement points can be considered to have
been completely dissipated. It can be seen that the dissipation rate of excess pore water pressure
after the piles are driven is not constant, but the dissipation rate is fastest on the first day after
all the piles are driven and then enters a slow dissipation stage with some fluctuations.
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Because the soil squeezing effect of H-type pile is a spatial problem, in order to consider
in detail the parameter change rule in the depth direction of the soil squeezing effect, this
test focuses on the continuous measurement of pore water pressure during the driving of
H-type shore protection piles, and Figure 6 shows the curve diagram of the change in pore
water pressure along the depth on the day of the driving of the piles in the measurement
points U1 and U2 of the pore water pressure force. As can be seen from Figure 6, the pore
water pressure value at point U11 is about 10 kPa, the pore water pressure value at point
U13 is about 25 kPa, the pore water pressure value at point U15 is about 42 kPa, and the
pore water pressure value at point U17 is more than 65 kPa. The value of the pore water
pressure at the pore water pressure measurement point U1 increases with the increase in
the depth of the measurement point, and the same response relation is found for the pore
water pressure at the measurement point U2. This shows that the response of pore water
pressure is closely related to depth.
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In order to further investigate the corresponding relationship between the pore water
pressure and the driving depth, this test was conducted to continuously measure the
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measurement point U17 during the driving of pile No. 11 and the measurement point
U27 during the driving of pile No. 12. As can be seen from Figure 7 (with the depth of
penetration below the surface of the pile-driving place as the vertical coordinate), during
the penetration of pile No. 11, the excess pore water pressure at U17 did not change
significantly when the pile was driven into the soil body from 2 m to 3 m and from 5 m to
6 m, and the excess pore water pressure in the range of 3–5 m of the pile-driving increased
from 4.21 kPa to 11.98 kPa. During the penetration of pile No. 12, the excess pore water
pressure increased from 1.60 kPa to 2.33 kPa during the whole process. The increase in
excess pore water pressure is much smaller than the excess pore water pressure at the U17
measurement point, resulting in the trend of excess pore water pressure change is not as
obvious as that of U17. This indicates that there is a certain relationship between the rate of
change in pore water pressure at a certain point in the soil and the drilling depth.
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As shown in Figure 8, when drilling H-type piles No. 1~12, the pore water pressure
measurement points U11~U17 and U21~U27 are increasing, among which, when drilling
H-type piles No. 1~7, the excess pore water pressure value of each measurement point
grows slowly, and the maximum excess pore water pressure value of pore water pressure
measurement point U1 appears at measurement point U17, with the maximum value
of 1.94 kPa, and the maximum excess pore water pressure value of pore water pressure
measurement point U2 appears at measurement point U27, with the maximum value of
1.27 kPa. During the drilling of H-type piles No. 7~12, the excess pore water pressure
value of each point increased rapidly, the maximum excess pore water pressure value of U1
appeared at point U17, and the maximum value of U1 was 9.35 kPa. The maximum value
of pore water pressure at U2 is at U27, and the maximum value is 2.73 kPa. When piles
13~19 are driven in, the excess pore water pressure at each measurement point starts to
decrease gradually and stabilize, which indicates that the response of pore water pressure
is closely related to the distance of the pore water pressure measurement point from the
construction pile.

3.2. Soil Displacement

In order to study the change in soil horizontal displacement at each depth during the
piling process, the pile sinking speed was controlled during the driving of the No. 9 pile,
and the change in soil horizontal displacement during the driving of the No. 9 pile was
studied. Figure 9 (with the depth below the shore surface as the ordinate) shows the change
in soil horizontal displacement at each depth when the H-type pile was driven into the soil
from 1 m to 6 m. As shown in Figure 9, the change law of soil horizontal displacement at
different depths is basically the same as the increase in driving depth. Taking the change in
horizontal displacement at each depth when the pile is driven into 1 m as an example since
the surface at the piling location is 1.7 m lower than the shore surface when the pile sinking
starts and the pile bottom just touches the soil surface at the piling location, it is equivalent
to the elevation of the pile bottom being 1.7 m below the shore surface. When the H-type
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pile is driven into the soil to a depth of 1 m, the pile bottom is located 2.7 m below the shore
surface. It is found that the soil horizontal displacement changes most dramatically in the
soil from 0 to 2.5 m below the shore surface, and the soil horizontal displacement changes
suddenly at the depth of the pile bottom. There is a slight change in the section from 2.5 m
to 5 m, and the horizontal displacement of the soil does not change after 5 m. This shows
that there is a correlation between the change in the horizontal displacement of the soil and
the depth of the pile. On the other hand, during the continuous driving of pile No. 9 into
the soil, the horizontal displacement of the soil above the bottom of the pile will continue to
increase, but it is relatively limited. The maximum cumulative horizontal displacement at
each depth when pile No. 9 is just driven in is not much different from the value when the
bottom of the pile is just driven in. Among them, the cumulative horizontal displacement
at a depth of 6.5 m is the largest, reaching 8.51 mm. The rule of small at the top and bottom
and large in the middle has been reflected in the process of piling. At the same time, the
soil below 10 m is almost unaffected or less affected. It can be seen that for this test, the
vertical influence range of the driving of H-type piles on the horizontal displacement of the
soil is within 10 m below the shore surface.

As shown in Figure 10, the soil horizontal displacement is still increasing after the
completion of driving pile No. 9, which is directly opposite to the horizontal displacement
measurement point, and then continuing to drive the subsequent H-type piles after the
completion of driving pile No. 15, the cumulative horizontal displacement at all depths
reaches the maximum value at that stage, and the cumulative horizontal displacement at
6.5 m reaches the maximum value of 10.63 mm, and the soil horizontal displacement in this
section is measured once more after the driving of pile No. 19 The horizontal displacement
of the soil in this section was measured again after pile 19 was driven in, and the soil at all
depths experienced different degrees of backward displacement, while the pattern in the
depth direction remained unchanged. This indicates that the construction of neighboring
piles has an effect on the soil horizontal displacement in this section, and this effect will be
reduced as the construction gradually moves away from the section.

H-type pile, as an extruded soil pile, in the process of replacing the soil, in addition to
the horizontal extrusion of the soil, will also make the soil vertical displacement; Figure 11
shows the vertical displacement of the soil during the piling period, it can be found that
the vertical displacement of the soil at the measurement points did not all show the same
performance, the vertical displacement of the soil at the measurement points of CJ03 and
CJ04 was positive (bulge), while the vertical displacement of the soil at the measurement
points of CJ01 and CJ02 was negative (subsidence) and the settlement of CJ01 is greater
than that of CJ02.
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4. Discussion

This field test investigated the soil squeezing effect induced by the pile driving process
of H-type piles, focusing on data monitoring and analysis of soil pore water pressure, soil
horizontal displacement, and soil vertical displacement.

4.1. Analysis of Results of Soil Squeezing Effect Manifested on Pore Water Pressure

When the H-type pile is driven into the soil using the hammering method, the pile
will produce extrusion on the surrounding soil, which makes the pore water pressure of
the surrounding soil increase rapidly and produce excess pore water pressure, and at the
same time, the soil displacement produced makes the soil produce many horizontal or
vertical cracks to form a good seepage and drainage channel [48]. Also, due to the close
arrangement between the H-type piles it exacerbates the excess pore water pressure increase,
which makes the pore water pressure at this point in time. The balance between the pore
water pressure and the external extrusion pressure is broken, and the pore water pressure
in the soil unit is much larger than the extrusion pressure received externally, which makes
the pore water discharged outward, and the excess pore water pressure decreases rapidly.
As the pore water is discharged, the pore water pressure gradually decreases, and the
difference between it and the external squeezing pressure decreases, which makes the rate
of pore water discharging outward decrease, and the rate of dissipation of the excess pore
water pressure is also small. On the other hand, before piling, the soil particles in the soil
body would have had strong cementation between them, which inhibited the excess pore
water pressure, whereas the construction method of hammer piling greatly weakened the
cementation between the particles [49] and thus made the generation and dissipation of
excess pore water pressure very fast, which explains the inconsistency of the generation
and the before-and-after dissipation rates of the excess pore water pressure in Figure 5.
Ultimately, the excess pore water pressure dissipated completely in about 20 days, which
is consistent with the related results of Yang [50] and Li [51] on the soil squeezing effect
of PHC piles, and the soil they tested was also a pulverized clay soil. Regarding why the
fluctuation of pore pressure value occurs during the subsequent dissipation of excess pore
water pressure, this paper believes that it is related to the groundwater level and the river
water level. Usually, the river water level and the groundwater level are not equal to each
other, but they are able to have mutual influence. This project is on the bank, so the rise
and fall of the river water level have an important influence on the rise and fall of the
groundwater level in the soil body. While conducting this test, the groundwater level varied
between −1.06 m and −0.71 m before pile sinking, and this variation kept the same trend
with the variation in the river water level, and the groundwater level was slightly lower
than the river water level. On the day of piling, three measurements of the groundwater
level were made: at 13:00, when piling No. 9 was driven, the absolute elevation of the
groundwater level exceeded the river level, compared with the measurement value of the
previous day, the groundwater level rose by 0.11 m. At 17:00, when piling sinking was
carried out to piling No. 19, the measurement was made again. The groundwater level was
already lower than the river level, and the changes in the groundwater level and the river
level were consistent for several days after that; the groundwater level still varies between
−1.06 m and −0.71 m and is slightly lower than the river level. The abnormal changes
during pile driving indicate that the groundwater level was disturbed by pile driving. The
relationship between the river water and groundwater becomes stable after this period, and
the river water level increases abruptly when there is upstream water inflow and prolonged
rainfall, and the evaporation of the river water in dry weather causes a slow decrease in the
river water level, which is transmitted to the groundwater level, resulting in the same trend
of the changes in the groundwater level and the river water level. When the groundwater
level changes under the influence of the river level, according to the calculation method
of static pore water pressure [52–55], the pore water pressure at a certain depth increases
under the influence of a rising groundwater level, while the pore water pressure at a certain
depth decreases under the influence of a falling groundwater level, which explains why,
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after the dissipation of the excess pore water pressure caused by the soil squeezing effect,
the pore water pressure still fluctuates.

As shown in Figure 6, during the on-site piling process, when the H-type pile is just
driven in, the lateral resistance and end resistance of the pile body is relatively small, so the
penetration process is relatively smooth at the beginning, and the disturbance of the pile to
the soil is relatively small. When the pile is driven downward, the end resistance increases
significantly, and the depth of the pile body driven into the soil with one hammer blow
becomes smaller, and the disturbance is more intense, which is reflected in the pore water
pressure. That is, when the pile is just completed, the deeper measuring holes generally
produce greater pore water pressure than the smaller measuring holes. At the same time,
as shown in Figure 7, when the bottom of the pile is driven into the soil for 3 m, the excess
pore water pressure of the U17 measuring point begins to increase rapidly. At this time,
the distance between the U17 measuring point (7 m) and the bottom of the pile is about
2.3 m (the surface at the pile driving location is 1.7 m lower than the surface on the shore,
and all measuring points are on the shore). When the bottom of the pile is driven to 5.3 m,
the bottom of the pile is flush with the U17 measuring point. After that, when the bottom
of the pile continues to go deeper, the growth rate of the pore water pressure at the U17
measuring point begins to decrease. It can be seen that the pile driving process will have
a great impact on the pore water pressure within a range of about 2 m below the bottom
of the pile. According to the measurement results and the calculation of the equivalent
diameter of the H-type pile used in the test, it can be concluded that the equivalent diameter
of the H-type pile is D = 0.41 m, that is, the soil within a range of about 7 D below the
bottom of the pile will be greatly affected by the driving of a single pile, so the excess pore
water pressure in this range increases rapidly.

As can be seen from Figure 6, the pore water pressure shows a good linear relationship
with depth in figure. 2.4 m below the ground surface is the junction of vegetative fill and
pulverized clay, and the pulverized clay layer is completely below the water table because
the groundwater level is maintained at about −0.74 m on the day of piling, so the initial
pore water pressure of the pulverized clay layer increases linearly with the increase in the
depth, which indicates that the excess pore water pressure induced by the soil squeezing
effect on the day of piling also shows an approximately linear relationship. of excess pore
water pressure on the day of piling is also approximately linear.

Therefore, the Henkel pore water pressure formula was introduced:

∆u = β∆σ0 + α∆τ0 (1)

where ∆σ0 is the octahedral normal stress increment, ∆τ0 is the octahedral shear stress
increment, and α and β are Henkel pore water pressure coefficients.

Equation (1) shows that the pore water pressure in the soil depends on the normal
stress and shear stress, and the part of pore water pressure in excess is related to the
increment of stress, which in turn is related to the squeezing pressure on the soil around
the pile, if the process of driving the pile into the soil is regarded as the lateral squeezing of
the soil, according to the formula of the Rankine soil pressure, in the cohesive soil:

σa = γzKa − 2c
√

Ka (2)

In Equation (2), the following variables are given:

Ka—active earth pressure coefficient, Ka = tan2(45
◦ − φ

2
)
;

γ—heaviness of the fill behind the wall, kN/m3, and the effective heaviness is taken below
the water table;
c—cohesive force of clay, kPa;
φ—the angle of internal friction of the fill soil, ◦;
z—depth of the calculated point from the fill surface, m.
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It can be seen from the Rankine earth pressure formula that the horizontal squeezing
force of the pile on the soil increases with the increase in depth, and the depth level shows
a linear relationship in the soil layer of the same nature so that the distribution of excess
pore water pressure caused by the load at each depth is regular. Therefore, a linear fitting is
performed on the excess pore water pressure at each depth to observe its fitting degree.

In Figure 12, pile 12, which is directly opposite to the monitoring section, and pile 15,
which is slightly farther away, were selected for linear fitting of the excess pore water
pressure generated by the pulverized clay layer, and it was found that the fit was good,
indicating that the law of linear distribution of excess pore water pressure along the depth
direction in the same soil is also valid for H-type piles, but it is reflected in the numerical
value of the fit is slightly different, and the fit of the measurement point of U2 was not as
good as that of the measurement point of U1, which is related to radial distance This is
related to the radial distance. Meanwhile, the excess pore water pressure at the same depth
of the pore water pressure force measurement points U1 is larger than that at U2, as shown
in Figure 13. This indicates that the closer to the construction pile, the larger the excess
pore water pressure is, and the excess pore water pressure caused by the soil squeezing
effect generated by the driven H-type pile does not decrease linearly in the radial direction,
which is analyzed as follows in conjunction with the partitioning theory about the soil
squeezing effect of the sinking pile [56,57].
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As shown in Figure 14, the soil squeezing effect produced by the sinking pile can be
divided into four zones; zone A is close to the pile body, the soil squeezing effect is the
most intense, which is a strong remodeling zone, generating large displacement, increasing
the pore water pressure, and due to the pile dragging, the soil body is similar to being
“cracked”, generating cracks, and the cracks exist in both directions, and the soil structure
is basically completely destroyed. The soil structure is basically completely destroyed, but
with the dissipation of the excess pore water pressure, the shear strength of the soil body
in Zone A is gradually restored and even exceeds the original shear strength. Zone B is
the main area for the study of the soil squeezing effect, which belongs to the plastic zone
and has a larger range. Zone B is the main area for studying the soil squeezing effect,
which belongs to the plastic zone and has a larger range. This zone is also subject to a large
horizontal displacement and pore water pressure, and the interface between zone A and
zone B is often the shear sliding surface when the pile is damaged. Zone C belongs to the
elastic deformation zone, which is also affected by the soil squeezing effect, but the soil
deformation belongs to the elastic deformation, and it can be recovered after a period of
time. The farther D zone is not affected by the soil squeezing effect, or the effect is negligible
and belongs to the non-disturbance zone.

Although there is no uniform conclusion about the radius of each zone, the theory
explains the difference in the values and regularity of U1 and U2 measurement points well.
As shown in Figure 8, the excess pore water pressure increases and then decreases with the
driving of piles 1~19 and reaches the maximum value in pile 12, which can be explained by
the above theory. First, during the driving of piles 1 to 7, the soil squeezing effect led to an
increase in excess pore water stress. However, since the pore water pressure measurement
points U1 and U2 were in zone D relative to the construction piles at this time, the excess
pore water pressure generated was relatively small. Then, as the pile-driving position
becomes closer and closer to the pore water pressure measurement place U1 and U2 when
piles 8~12 are driven in, U1 is located in zone B, and U2 is located in zone C, both U1 and
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U2 pore water pressures obtain a rapid increase, but U1 is much larger than U2. Finally,
when piles 13~19 are driven in, the pile-driving position becomes farther and farther away
from U1 and U2, and the process of sinking piles in the hammering construction method
is a super pore process of rapid dissipation of water pressure, resulting in the excess pore
water pressure began to decrease. Since U1 is subjected to a more obvious soil squeezing
effect, the regularity of excess pore water pressure at U1 is more obvious compared with U2.
At the same time, it shows that there is a certain radial influence range of excess pore water
pressure generated by the sinking process of H-type pile, and according to the test results, it
can be concluded that the influence range of pore water pressure generated by H-type pile
driving is about 14–15D. Comparing with the relevant conclusions of other scholars, some
scholars based on the study of soil squeezing effect of soft soil foundations concluded that
the influence range of pore water pressure is about 10~12.5D [58,59], and some scholars
based on the relevant study of Randolph and Wroth introduced the influence range of
excess pore water pressure caused by the piling process based on the clay foundation to
be about 20D [60,61]. The reason for the difference is that for the former, the soil is silty
soft soil, which has weaker permeability. Although the soil squeezing effect is severe, its
impact range is limited. For the latter, due to the addition of drainage pipes in his study,
the permeability is enhanced, which makes the pore water pressure transmit farther, but its
excess pore water pressure is relatively small. Therefore, the soil squeezing effect of H-type
piles is between the two.
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4.2. Analysis of Results of Soil Squeezing Effect Manifested on Soil Displacement

In Figure 9, the soil horizontal displacement undergoes three stages of drastic change,
weak change, and no change with the increase in soil depth. Still taking the H-type pile
driven into the soil 1 m (at this time, the bottom of the pile is about 2.7 m below the surface
of the bank) as an example, first of all, in the section of 0~2.5 m below the surface of the
bank, the soil horizontal displacement undergoes a drastic change, because in this section in
the process of pile driving, the bottom of the pile excludes the soil from outward, and also
in the case of the saturated soft soil, which is basically not compressed, which further leads
to the drastic change in the soil horizontal displacement. Below the surface of the 2.5~5 m
section, soil horizontal displacement only weakly changed, on the one hand, because the
section of soil by the upper layer of soil strain state changes the influence of soil horizontal
displacement. On the other hand, the section of soil from the bottom of the pile’s vertical
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distance is farther, so it is affected by the smaller. Similarly, the soil horizontal displacement
under 5 m below the surface is not affected. From this, we can judge that the soil horizontal
displacement of the H-type pile used in this test only occurs in the depth range from the
ground surface to 2 m below the bottom of the pile, i.e., the depth range from the ground
surface to 5D below the bottom of the pile at the pile driving place, and the main soil
horizontal displacement occurs in the long section of the pile which is driven into the soil.

In Figure 10, the soil horizontal displacement curve shows that the construction of
neighboring piles also affects the soil horizontal displacement in this section, as the soil
horizontal displacement continues to increase on the original basis after pile No. 15 is
driven, and the soil horizontal displacement is shifted back after pile No. 19 is driven.
This is because in the process of pile driving, on the one hand, the monitoring section
will be affected by the change in strain state in the process of construction pile driving,
which in turn generates new soil horizontal displacement. On the other hand, with the
continuous dissipation of excess pore water pressure, the soil particles in the soil body are
rearranged, and the soil body continues to be densely compacted, resulting in the occurrence
of backward displacement. Therefore, when pile No. 15 was driven in, the influence of
construction piles still dominated the monitoring section, leading to the increase in soil
horizontal displacement, while when pile No. 19 was driven in, the dissipation of excess
pore water pressure dominated the monitoring section, which led to the re-densification
of the soil and the occurrence of soil horizontal displacement, which also indicates that
the boundary of the influence range of the soil horizontal displacement is located between
piles No. 15 and 19, i.e., the horizontal influence range of the piling on the soil horizontal
displacement is about to 3 m. This also indicates that the boundary of influence range of soil
horizontal displacement is located between Piles 15 and 19, i.e., the horizontal displacement
of soil by piling is about 3–5 m, i.e., 8~12D.

In order to further study the influence of excess pore water pressure dissipation on soil
horizontal displacement, we studied the variation in cumulative horizontal displacement
at each depth with time after pile driving, as shown in Figure 15, where the maximum
horizontal displacement measured on the day of pile driving is taken. It can be found that
with the dissipation of excess pore water pressure, the horizontal displacement of soil is
indeed gradually moving back, and the rate of return is also large at first and then small,
which is consistent with the above-mentioned law of excess pore water pressure dissipation.
At the same time, in terms of depth, the horizontal displacement presents a vertical “U-
shaped” distribution, which is slightly different from the conclusions of other scholars.
Zhu [62] analyzed the results of the field construction test and numerical simulation of
pipe piles and concluded that the radial horizontal displacement of soil from top to bottom
presents a distribution law of “large at the top and small at the bottom, and the interface
turns,” which is affected by the depth of the covering soil and the bonding stiffness of the
soil interface; while Xu Zhigang’s test results are close to the test results, that is, “small at
the top and small in the middle.” The most direct reason for these different results is the
different properties of the soil layers. Secondly, due to the existence of the old revetment
in this project, the horizontal displacement of the soil above a depth of 2 m is inhibited,
resulting in less displacement of the upper soil than the middle section.

In Figure 11, CJ01 and CJ02 show settlement, and CJ03 and CJ04 show bulging, which
mainly depends on two aspects. On the one hand, the soil squeezing effect during pile
sinking will squeeze the soil body, which will result in bulging. On the other hand, the
hammering method of construction will bring a vibration effect to the soil, even to the
surrounding buildings and environment, and such a vibration effect will produce uneven
subsidence of the foundation [63–67]. According to Yao [68], the pile driving vibration is
a kind of impact-type vibration, and due to the amplitude of the vibration wave to the
surroundings, a vibration impact field is formed, and its isobars are in the form of a closed
ring, as in the lake surface. Its isobar is a closed ring, like the ripples formed by putting
stones into the lake, spreading out from the center to the surrounding, and in the process
of pile sinking, the energy of a hammer blow is fixed; if a hammer blow penetrates into
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the pile of a shorter distance, it means that the harder the soil is, the greater the energy
transmitted to the foundation soil, the vibration will be more intense, even more than the
effect brought by soil squeezing effect. The final vertical displacement of each measurement
point is reflected as settlement or bulging; it depends on which side of the soil the squeezing
effect and vibration effect are dominant, the vibration of the surface a little far away is
more minor, and the transferring effect of the soil squeezing effect makes the surface at a
faraway place bulge; the near surface is not only subjected to the vibration of the piling
vibration to settle downward, but also the pile in the process of subsidence, the soil around
the pile will be dragged downward to the pile pit to make it flow into the pile pit, which
also is the reason why the settlement of the soil still occurs even with the presence of soil
squeezing effect, and the result of the data that the settlement is greater than the bulge are
also consistent with the related study of D’Appolonia [69]. In this test, the demarcation
point between settlement and uplift occurs in the range of 2–3 m from the construction pile,
i.e., between 5 and 7D.
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At the end of pile driving, the effect of soil squeezing effect gradually dissipates, but
the uneven settlement of the foundation still continues to develop; meanwhile, with the
continuous dissipation of super-hole pressure, the settlement speed is fast at the beginning
and then becomes slow until the final settlement is stabilized, which is experienced for a
total of 20 days, as shown in Figure 16, the point with the largest settlement is CJ01, and the
settlement is finally 22.30 mm, while the smallest point is only CJ04 of 0.47 mm, indicating
that the phenomenon of uneven settlement of the foundation is obvious in the process
of H-type pile in the course of piling construction. If it is not controlled, it will have an
adverse effect on the surrounding buildings.
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5. Conclusions

This paper relies on the Hujiashen II project to study the soil squeezing effect pro-
duced during the piling process of H-type prestressed concrete shore protection piles and
carries out field tests around the three indicators of excess pore water pressure, soil hori-
zontal displacement, and soil vertical displacement, and obtains the relevant conclusions
as follows:

(1) During the driving of H-type piles, the excess pore water pressure caused by the
soil squeezing effect has an impact range of about 14–15D in the horizontal direction, and
in the vertical direction, it will cause the pore water pressure within a depth range of about
7D below the pile bottom to increase rapidly.

(2) In this test, the excess pore water pressure caused by the soil squeezing effect will
rise rapidly during the piling process and then begin to decline rapidly after the piling. The
decline rate on the first day can reach more than 85% and then slowly decline. About 20 days
after the completion of the piling, the excess pore water pressure will completely dissipate.
For this project, the river water level and groundwater level fluctuate synchronously before
and after the piling, causing fluctuations in the excess pore water stress.

(3) During the driving of H-type piles, the pore water pressure in the same soil layer
shows a good linear relationship with depth. After linear fitting of the excess pore water
pressure, it is found that the excess pore water pressure caused by the soil squeezing effect
does not decrease linearly in the radial direction. The soil around the construction pile can
be divided into four regions: A, B, C, and D. Among them, A and B belong to the plastic
zone, and C and D belong to the elastic zone.

(4) The horizontal displacement of the soil caused by the squeezing effect of the H-type
pile occurs within the depth range of 5D from the surface of the pile to the bottom of the
pile, while the main horizontal displacement of the soil occurs in the long section of the
pile driven into the soil. The radial influence range of the horizontal displacement of the
soil depends on the displacement newly generated by the squeezing effect and the return
displacement caused by the dissipation of the excess pore water pressure. It is concluded
that the radial influence range of the horizontal displacement of the soil caused by the
squeezing effect of the H-type pile is about 8–12D. The horizontal displacement of the soil
is distributed in a “U” shape along the depth direction.

(5) Whether the vertical displacement of the soil caused by the squeezing effect of the
H-type pile is settlement or uplift at a certain point around the pile depends on the dual
combination of the squeezing effect and the vibration effect during pile driving. In this
experiment, the dividing point between soil uplift and settlement appears within the range
of 2–3 m from the construction pile, that is, between 5 and 7D. After the pile driving is
completed, the soil settles due to the dissipation of pore water stress. The settlement rate is
fast at first and then slows down. The final settlement of the soil is stable on the 20th day.
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