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Abstract: When constructing hollow prestressed high-strength concrete (PHC) pipe piles in soft soil
foundations, the generation and dissipation of pore water pressure can induce negative friction on
the pile. This phenomenon increases the settlement of the pile foundation and, in severe cases, can
lead to pile deflection and flotation. To further investigate the development characteristics of pore
water pressure during PHC hollow pipe pile driving in soft soil, this study combined existing theories
and numerical models to analyze the generation and influence areas of pore water pressure. Field
tests were conducted at three different sites: an untreated site, a surcharge preloading site, and a
site treated with cement mixing piles and well dewatering. These tests monitored and analyzed the
horizontal and vertical development and behavior of pore water pressure during pile driving at each
site. The results indicate that during the pile driving process, when the horizontal distance from the
pile center is 3d and 9d, the peak values of the excess pore water pressure in the site treated with
cement mixing piles and well dewatering are 117 kPa and 100 kPa. After pile driving is completed,
they decrease to 50 kPa and 48 kPa, respectively. The peak values of excess pore water pressure in the
surcharge preloading site are 122 kPa and 97 kPa, and after pile driving, they decreased to 80 kPa and
21 kPa, respectively. The peak values of excess pore water pressure in untreated sites are 140 kPa and
121 kPa; after pile driving, they decreased to 82 kPa and 60 kPa, respectively. Pore water pressure
increases with the depth of pile driving and decreases with distance from the pile driving location.
The peak pore water pressure and dissipation rate during construction were found to be higher at the
untreated site compared to the other two sites. Therefore, during pile sinking in soft soil foundations,
dewatering and driving drainage boards are effective methods for reducing pore water pressure
and accelerating its dissipation. These findings provide a theoretical basis and technical support for
ensuring the safety of engineering constructions.

Keywords: PHC pipe pile; excess pore water pressure; field test; pore pressure monitoring

1. Introduction

Pile foundations are extensively utilized in geotechnical engineering, hydraulic en-
gineering, and other professional fields due to their strength, stability, and other advan-
tageous properties. Hollow prestressed high-strength concrete (PHC) pipe piles are par-
ticularly prominent among various types of piles because of their high concrete strength,
excellent penetration capabilities, and the convenience and speed of their construction [1-4].
However, the application of PHC hollow pipe piles is subject to certain limitations due to
their inherent characteristics. Specifically, their performance in saturated soft soil condi-
tions is suboptimal, which restricts their scope of application and usage conditions. The
use of PHC hollow pipe piles in saturated soft soil foundations can lead to several issues:
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(1) During pile driving, the soil squeezing effect may occur, causing ground uplift, pile up-
welling, displacement, and even fractures. (2) After the construction of the pile foundation,
it is possible that due to the dissipation of pore water pressure in saturated soft soil, the
soil layer may experience reconsolidation settlement, resulting in the negative frictional
resistance of the pile, reducing the bearing capacity of the pile foundation, and increasing
the settlement of the pile foundation. (3) The horizontal seismic resistance of the pile is low.
(4) During excavation, the unloading effect of the soil can cause stratum movement, result-
ing in soil uplift at the bottom of the foundation pit, causing the piles at the bottom to float
and deflect. In severe cases, this can lead to problems such as the inclination and fracture
of pile groups [5,6]. Analyses of pore water pressure in soils have been investigated via
both deterministic and stochastic analyses, as well as machine learning applications [7,8].

In practical engineering, various calculation methods have been proposed to un-
derstand the influence of excess pore water pressure [9-12]. Numerous domestic and
international scholars have conducted research on the excess pore water pressure gener-
ated during pile driving, analyzing its dissipation and variation patterns and proposing
methods to mitigate its impact. Dhanya Dhanya Ganesalingam et al. [13] utilized Plaxis
software to study the influence of different pore water pressure distribution modes on the
consolidation behavior of cylindrical soil layers. Mohammadreza Khanmohammadi and
Kazem Fakharian [14] investigated the dissipation of pore water pressure in saturated clay
and the soil consolidation process using finite element software. Yonghong Wang et al. [15]
employed silicon piezoresistive sensors to measure the excess pore water pressure of PHC
pipe piles during pile driving through field tests, analyzing the change law of excess pore
water pressure at the pile—soil interface. Jianwen Ding et al. [16] explored the correlation
between structural changes in marine soft soil and the generation and dissipation of excess
pore water pressure in practical engineering contexts. Pengpeng Ni et al. [17] concluded
through model tests that permeable piles can accelerate the dissipation of pore pressure
and soil consolidation, with this improvement being more effective in group piles. Yansong
Yang et al. [18] analyzed the influence of the cone hole’s layout, hole diameter, radial
distance, and pile depth on the variations in excess pore water pressure using laboratory
model experiments, finding that cone perforated pipe piles can expedite the dissipation
of excess pore water pressure. Hu Xianggian et al. [19,20] proposed control parameters
for precast pile construction by studying the excess pore water pressure caused by piling
after the installation of drainage boards in saturated soft clay on site. Mohammed Y. Fattah
and Faris S. Mustafa [21] conducted a model experiment to study the effects of factors
such as the slenderness ratio of the pile, the operating frequency of the machines, and
the soil permeability on the excess pore water pressure generated in saturated sandy soil.
Mohammed Y. Fattah et al. [22] used the finite element method to analyze the pile-soil
model under undrained conditions, solved the stress problem of the pile—soil system under
undrained conditions, and revealed the influence of pore water pressure on soil stiffness
and strength. From the above, it is evident that there is relatively limited research on
engineering measures that reduce the pore water pressure generated by driving hollow
PHC pipe piles into soft soil foundations at the current stage.

In this paper, to further investigate the generation and dissipation of excess pore
water pressure during the construction of PHC hollow pipe piles in soft soil foundations,
a theoretical analysis was conducted, followed by on-site in situ tests at three selected
locations: an untreated site, a surcharge preloading site, and a site treated with cement
mixing piles and well dewatering. The distribution and dissipation patterns of excess
pore water pressure caused by the construction of pile foundations in saturated soft clay,
following the installation of plastic drainage plates, dewatering wells, and surcharge, were
analyzed. Additionally, the factors affecting engineering outcomes were discussed. Based
on engineering practice, a safety control method for constructing PHC hollow pipe piles in
saturated muddy clay is proposed, offering valuable conclusions that can be referenced in
similar projects.
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2. Theoretical Analysis

When the pile foundation is driven, its inherent volume exerts a squeezing force on
the surrounding soil, causing it to spread radially outward and resulting in soil displace-
ment [23]. In the shallow soil layers with low overburden pressure, this displacement leads
to upward bulging, loosening the upper soil mass. Consequently, this part of the pile shaft
experiences low friction and relatively small excess pore water pressure. However, as the
depth increases, the overburden pressure rises, limiting soil displacement. This increases
the friction on the pile shaft at these depths and correspondingly raises excess pore water
pressure [24]. Upon driving the pile foundation into the soil, the surrounding soil mass
is compressed, exerting pressure on the groundwater. This pressure exceeds the original
hydrostatic pressure, creating excess pore water pressure [25-27].

Excess pore water pressure influences soils with various properties [28-30]. During
pile driving with a pile hammer, due to the length of the seepage path and soil permeability,
the excess pore water pressure generated cannot fully dissipate between hammer blows.
Instead, it accumulates progressively as pile driving continues. This accumulation and
subsequent dissipation of excess pore water pressure affect the effective stress between soil
masses, thereby impacting the pile driving process and construction outcomes [31,32].

During pile driving, the soil around the pile is divided into four zones, A, B, C, and
D, as depicted in Figure 1 [33]. Zones A and B are the closest to the pile; hence, the excess
pore water pressure generated in these areas is significantly higher than in zones C and D,
indicating a more pronounced impact of pile driving on the soil. While zone C is affected to
a certain extent, the impact is considerably less than in zones A and B, with the pore water
pressure generated in zone C being minimal to negligible. Zone D remains unaffected,
representing the undisturbed soil area on site.

1113 s 5111

Figure 1. Zones formed around the pile after pile driving.

When a pile with a radius of R1 sinks into infinite soil, a stress influence zone will
be formed around the pile, as shown in Figure 2. The circular area surrounding the small
hole will transition from an elastic state to a plastic state. As the pressure inside the small
hole continues to increase, the plastic zone continues to expand until the internal pressure
increases to the ultimate pressure Pu. The radius at the junction of elasticity and plasticity
is R, and the soil remains in an elastic state beyond the radius R. Under the premise of axial
symmetry, all points on a concentric circular surface have the same stress state, so the radial
stress o 1, tangential stress o 0, and longitudinal stress o z of the small hole are all principal
stresses, as shown in Figure 3 [24,34].
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R Radius of plastic zone or influence zone
Ry Pile radius
P, Total radial stress at the pile-soil interface

Plastic zone

Figure 2. Cylindrical small-hole expansion model.
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Figure 3. Axisymmetric cylindrical expansion model.

Based on the equilibrium conditions of the radial force system, Formulas (1)-(3) can
be derived:

(0’,4—‘1;7~dr>-(r+dr)-d9~dz—(7,rd9-dz—Ugdr-dG-dz—0 1)
doy 0y —0p

a7 =0 &)

oy — 0 = (0y + 0p) sin g + 2¢ - cos ¢ (3)

where 7 is the distance from the center of the hole to any point; and c and ¢, respectively,
represent the cohesive force and friction angle of the soil. The boundary conditions for
displacement and stress in the plastic zone are shown in Formulas (4) and (5)

r=Rj, 00 =Py 4)

0y — 0y = 20y (&)

Among them is undrained strength. By considering the solution of the plane strain-
state differential equation, the total stress increment in any radial and tangential directions
of the plastic zone can be calculated using Formulas (6) and (7):

R P
It pjp 4 )
Cu r o ocu
% g By fum 2 %)
Cu T Cu

In order to obtain the radius R of the plastic zone, the displacement at the boundary of
the plastic zone is described in Formula (8):

1+
Hp = —Rey ®)
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Assuming that the soil in the plastic zone is incompressible, Formula (9) is obtained:

mR? = 7R? — 7t(R — uy)*

©)
The above equation is substituted and high-order trace elements are omitted to obtain
Formula (10):
R E
Bl e R 10
R; 2(1 + ]/l)Cu (10)
The pressure on the pile-soil interface can be obtained from the front, which is called
the small hole expansion pressure Pu, as shown in Formula (11):
b, E

=n——+1 11
Cu n2(1+y)cu+ (1)

Among them, y is the Poisson’s ratio of soil, and under undrained conditions, y can
be taken as 0.5.

Due to the “soil plug effect” of prestressed concrete hollow piles [4,35], when deter-
mining the ratio of plastic zone radius to expansion hole radius R/R;, the initial radius R;
of the small hole can be taken as the mean of the outer radius Ry and inner radius R, of the
prestressed concrete hollow pile: that is, R; = (R + Rp)/2. The calculation method is shown

in Formula (12):
R / E
B 12
Ri 2(1 + ,‘l/l)Cu ( )

Based on the characteristics of soft soil, the Mohr-Coulomb elastoplastic constitutive
model was adopted. The active—passive contact algorithm in ABAQUS was utilized for
interactions between the pile body and soil. The high-stiffness surface of the pile body
was designated as the active surface, while the soil surface is the passive surface [36]. The
sliding friction coefficient u at the interface was set to 0.2. The pile body followed an elastic
constitutive model. The soil dimensions were 20 m in height and 15 m in width. The pile
length was set to 13 m (representing one section of the pile length in actual engineering),
with the pile penetrated 12 m into the mud. The element type selection for the pile is
CPE4R. The element type selection for the soil is CPE4P. The model grid division diagram
is shown in Figure 4.

Figure 4. Model grid division.

At a distance of 2.4 m from the pile, a linearly increasing excess pore water pressure
was applied along the length of the pile. The excess pore water pressure was 0 at the top
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of the pile and reached 552 kPa at the bottom. This value was calculated as the sum of
4.6 times the static water pressure and 2.56 times the self-weight pressure of the overlying
soil. The numerical calculation model and pore water pressure settings are shown in
Figures 5 and 6.

Figure 5. Numerical calculation model.
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Figure 6. Pore water pressure setting.

The numerical calculation results are shown in Figure 7. The driven pile creates a
distribution of unbalanced excess pore water pressure in the surrounding soil. In soft
clay, if the pore water pressure is not dissipated promptly, seepage will occur toward
areas of lower pore water pressure potential. This seepage alters the initially unbalanced
distribution of pore water pressure, which in turn changes the distribution of total stress in
the soil and subsequently the distribution of effective stress. Therefore, the excessive pore
water pressure generated by pile driving can modify the seepage field, leading to changes
in the stress field within the soil and causing the displacement of both the soil and the piles.
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Figure 7. Numerical model calculation result.

3. Test Site and Test Content
3.1. Overview of Test Site

The research project site is located in Tianjin; it is situated on the North China Plain
and is characterized by alluvial and marine low plains. Following vacuum preloading
treatment, the site was filled with approximately 1.00 m of plain fill. The terrain of the site
varies, with elevations ranging between 4.11 m and 3.22 m. According to survey data, the
foundation soil within a depth of 35.00 m is divided into nine layers based on mechanical
properties. The physical and mechanical indices of each foundation soil layer are detailed
in Table 1.

Table 1. Physical and mechanical properties of soil layers.

Soil Moisture . . Liquidity Compressibility Compression
Soil Type Thickness Content ?lil‘:le/;els) deeRaho Index Coefficient Modulus
(m) w(%) v Iy, aj-» (1/Mpa) E; (Mpa)
Plain fill 1.5~3 284 194 0.82 0.78 0.49 3.47
Dredger fill 2.8~6.6 47.49 17.39 1.34 1.02 0.89 2.63
Clay 9.5~12.8 41.67 17.87 1.18 0.82 0.72 3
Silty clay 2~24 28.2 19.3 0.82 0.75 0.35 5
Silty clay 1.7~2 25.96 19.67 0.73 0.72 0.34 5.15
Silty clay 1.8~3.3 24.16 20.13 0.66 0.57 0.29 5.65
Silt 1.2~22 23.2 20.08 0.65 0.13 12.01
Silty clay 5.2~9 23.8 20.1 0.66 0.46 0.29 5.84
Silty sand 4.10 27.49 19.13 0.79 0.16 10.93

For this test, three sites were selected as test points based on different foundation
treatment schemes: an untreated site, a surcharge preloading site, and a site treated with
cement mixing piles and well dewatering. The untreated site consists of the original soil
without any treatment, where PHC hollow pipe piles are driven directly, serving as a
baseline for comparing test results.

According to the design, the surcharge preloading site requires preloading loads (such
as soil and stones) to be stacked on the construction site one month in advance. Additionally,
a drainage board is placed 0.2 m away from each pile position along the central line of
two adjacent pile positions and its extension line. Another drainage board is set at the
midpoint of the central line of adjacent pile positions. The remaining vacant positions on
the site are filled with drainage boards spaced 1 to 1.2 m apart on the board surface or 0.8 to
1 m apart at the board tip. The drainage boards are arranged in a rectangular pattern [37],



Buildings 2024, 14, 1976

8of 17

with a driving depth of 0.5 to 1.0 m through the soft soil layer. The layout of the surcharge
preloading site is illustrated in Figure 8.

drainage board
M\
T pite 1 I

Figure 8. Layout of surcharge preloading site.

According to the design for the cement mixing pile and well dewatering site, dewa-
tering wells are drilled at the edges of the pile location area, with one dewatering well
for every 300 to 400 square meters. Each dewatering well has a diameter of 0.5 m and a
depth ranging from 12 to 20 m. These wells are used to lower the groundwater level by
5to 6 m. The PHC hollow pipe piles are arranged in a square pattern on the test site, with a
center—center distance of 2.5 m between adjacent piles. The cement mixing pile holes are
arranged in a rectangular pattern and positioned at the midpoint of the central line of the
PHC hollow pipe piles. The cement mixing piles have a diameter of 0.5 m and a length of
6 m, and their tips penetrate 0.5 to 1 m through the soft soil layer. After constructing the
cement mixing piles, dewatering continues for approximately 7 days to solidify the piles.
The layout of the cement mixing pile and well dewatering site is illustrated in Figure 9.

dewatering well
hollow pile position ./
A\

/
cement mixing pile position.

Figure 9. Layout of cement mixing pile and well dewatering site.
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3.2. TGCY-1-100 Pore Water Pressure Gauge

The TGCY-1-100 pore water pressure gauge selected for this test is a vibrating wire
sensor. This sensor can monitor not only pore water pressure or liquid levels but also the
temperature at the measurement point. The corresponding engineering tester, shown in
Figure 10, can be used for automatic measurement or dynamic monitoring.

Multi-Channel Engineering Recorder

TIANJIN GUODA SURVEYTZCHNOLOGY CO.LTD
86-22-27623128

Figure 10. Multi-channel signal acquisition instrument.

The working principle of the vibrating wire pore water pressure gauge is based on the
deformation of the pressure-bearing membrane under applied pressure. This deformation
alters the tension of a steel wire fixed to the membrane, thereby changing its natural
vibration frequency. A frequency gauge detects this natural vibration frequency, allowing
the relationship between the vibration frequency and the applied pressure (pore water
pressure) to be expressed by Formulas (13)-(15) [38]:

P =k(F — K) (13)
F = f; x 107 3Hz? (14)
Fy = fo x 1073 Hz? (15)

where P is the pore’s water pressure, measured in kPa; and k is the sensor coefficient,
which is related to the size and material properties of the pressure-bearing membrane and
steel string. The value of 10~# kPa/Hz? is determined through indoor calibration and is
expressed in kpa/10° Hz2. Fy is the initial modulus, F; is the current modulus, f; is the
current frequency, and f is the initial frequency, all measured in Hz.

The pore water pressure (kPa) at any given time can be determined by measuring the
natural frequencies of the steel string at different points. Factors such as air temperature,
atmospheric pressure, and altitude significantly affect the measured values of the pore
water pressure gauge. Therefore, the reference value for the pore water pressure gauge
is obtained when the measured value stabilizes in the field environment without bearing
water pressure. When the pore water pressure gauge is placed in a water-free location in
the borehole (typically for 0.5 h), a reading meter is used to measure and record the value.
After the value stabilizes, two consecutive measurements are taken, and their average is
used as the reference value.

For determining the range of pore water pressure, it is necessary to estimate the static
and dynamic pore water pressures. For example, when the burial depth is 10 m, the
estimated range of the pore water pressure gauge is as follows [39,40].

Assuming that the groundwater level is 1.5 m below the surface, the calculation
method for pore water pressure is shown in Formula (16):

Py, = KywH = (1 —sin¢)y,H = 85 kPa (16)
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For the calculation of dynamic water pressure, assuming complete soil liquefaction,
when the excess pore water pressure reaches the confining pressure or the weight of
the overlying soil, the calculation method for excess pore water pressure is shown in
Formula (17):

P; = KoyH = (1 —sin¢’)yH = 185 kPa (17)

In the formula, the maximum value Kj is taken as 1. According to existing exploration
data, the value of 7 is between 17 and 19 kN/m?3. According to the above formula, when the
soil liquefies, excess pore water pressure reaches the surrounding soil, confining pressure.
At this time, the sum of static water pressure and dynamic water pressure will not exceed
270 kPa. To ensure the accuracy requirements of the pore water pressure gauge, the selected
range should not be too large. The upper limit value of the pore pressure gauge should be
greater than the sum of the static water pressure value and the estimated excess pore water
pressure value by 150 kPa.

3.3. Test Contents
3.3.1. Burying and Installation of Pore Water Pressure Gauge

In this test, suitable locations at horizontal distances of 3d and 9d from the center
of the pile to be driven were selected as measuring points at each site, as illustrated in
Figure 11. Two test depths were chosen for each measuring point, with pore water pressure
gauges buried at depths of 4 m and 10 m. Each site included two groups of tests, resulting
in four sets of collected data.

menitoring point

Figure 11. Layout of monitoring points for pore water pressure gauge.

The pore water pressure gauge’s installation requires drilling a vertical hole with a
diameter of 200 mm. In the filling layer or other loose and unstable shallow soil layers,
casings should be used for hole protection. During the test, it is ensured that the casing
is vertical and free of sediment or thick slurry. The hole’s inclination must be strictly
controlled, with the instrument suspended and straightened using fine lead wires to
accurately measure the depth and ensure the precise elevation of the buried pore water
pressure gauge. Before installing the pore water pressure gauge, the permeable stone is
removed and soaked at its tip in water for over 24 h to eliminate air. The cavity at the tip of
the gauge is filled with clean water, and the permeable stone is installed while submerged
in clean water. The entire instrument should be immersed in clean water before burial. To
ensure that the water inlet of the gauge remains unblocked and to prevent cement slurry
blockage, the instrument is cleaned with water and wrapped in saturated medium and fine
sand during burial. In this test, to ensure that the pore water pressure gauge is lowered
vertically and the water inlet remains unblocked, a small plastic basket with a diameter of
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25 cm and a height of 30 cm, and of sufficient strength, is used. A cylindrical bag made of
geotextiles, with an open bottom, is filled with wet coarse sand. The pore water pressure
gauge is inserted into the bag, and the bag is placed in the plastic basket, as shown in
Figure 12. A nylon rope of corresponding length was used to lift the basket vertically to the
specified elevation. During burial, it is crucial to prevent the outflow of water pre-injected
into the gauge cavity to maintain the reliability of measurements.

Figure 12. Installation of pore water pressure gauge.

3.3.2. Test Arrangement and Monitoring Content

Exploratory holes for measuring the groundwater level should be drilled 3-5 days
before the pile driving test. Backfill materials consisting of coarse sand and clay balls
were prepared, with a total of 0.68 m> of coarse sand and 2.3 m® of clay. The clay balls
should have a diameter of approximately 2 cm and exhibit a certain grading. The prepared
clay balls are air-dried in a cool place, avoiding direct sunlight or artificial heating. On
the day before the test, the hole was drilled at the measuring point, and the pore water
pressure gauge was installed. Prior to pile driving, the groundwater level and the initial
hydrostatic pressure for each pore pressure gauge were measured. The test pile was driven,
and changes in pore water pressure were monitored during pile driving until the pore
water pressure stabilized. This process will yield a complete model of pore water pressure
growth and dissipation.

Monitoring focuses on the growth and dissipation laws of pore water pressure during
continuous hammering, the distribution of excess pore water pressure along both the pile
shaft direction and the horizontal direction, and the growth and changes in pore pressure
during single pile driving.

4. Test Results and Analysis

Through the monitoring of three test sites, namely, the cement mixing pile and well
dewatering site, the surcharge preloading site, and the untreated site, the study analyzes
the distribution and dissipation patterns of excess soil pore water pressure caused by the
construction of a single pile in saturated soft clay. This is carried out after the installation of
plastic drainage plates, dewatering wells, and surcharges. Additionally, the relationship
between excess pore water pressure and the effective self-weight of the overlying soil is
examined, and the factors affecting the engineering outcomes are identified.

The variation in pore water pressure at the cement mixing pile and well dewatering
site is shown in Figure 13.
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Figure 13. Variation in excess static pore water pressure at the cement mixing pile and well dewatering

site: (a) 3d from the pile center; (b) 9d from the pile center.
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The variation in the pore water pressure of the surcharge preloading site is shown in
Figure 14.
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Figure 14. Variation in excess static pore water pressure at the surcharge preloading site: (a) 3d from

the pile center; (b) 9d from the pile center.
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The variation in the pore water pressure of the untreated site is shown in Figure 15.
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Figure 15. Variation in excess static pore water pressure at the untreated site: (a) 3d from the pile
center; (b) 9d from the pile center.
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From the above figure, it can be observed that the distribution of excess pore water
pressure increases with depth and decreases with the horizontal distance from the pile
center, ranging from 3d to 9d.

From the above figure, it can be observed that the excess pore water pressure dissipates
rapidly during the intervals between pile driving, However, during one and the next
hammering processes, the generated pore water pressure will not completely dissipate,
and the remaining excess pore water pressure will continue to accumulate during the pile
driving process. At the cement mixing pile and well dewatering site, the excess pore water
pressure at a distance of 3d decreases from a maximum of 117 kPa to 50 kPa, and at a
distance of 9d, it decreases from 100 kPa to 48 kPa. At the surcharge preloading site, the
excess pore water pressure at a distance of 3d decreases from a maximum of 122 kPa to
80 kPa, and at a distance of 9d, it decreases from 97 kPa to 21 kPa. At the untreated site, the
excess pore water pressure at a distance of 3d decreases from a maximum of 140 kPa to
82 kPa, and at a distance of 9d, it decreases from 121 kPa to 60 kPa.

When the depth is 10 m, the ratio of excess pore water pressure at different horizontal
distances at the same depth is 1.17, 1.25, and 1.15 for the cement mixing pile and well
dewatering site, the surcharge preloading site, and the untreated site, respectively. At 4m,
itis 1.6, 1.56, and 1.21, respectively. When the horizontal distance is 3 m, the ratio of excess
pore water pressure at different depths at the same horizontal distance is 2.92, 2.44, and
2.75 for the cement mixing pile and well dewatering site, the surcharge preloading site,
and the untreated site, respectively. When the horizontal distance is 9 m, it is 4.0, 3.03, and
2.9, respectively. These ratios indicate that depth significantly impacts excess pore water
pressure. However, adjusting the pile spacing can also effectively control the influence of
excess pore water pressure.

The relationship between the excess pore water pressure and the effective overburden
pressure of the soil mass during the driving of PHC hollow pipe piles is illustrated in
Figures 16-18. Specifically, Figure 16 shows this relationship for the cement mixing pile
and well dewatering site.

The relationship between excess pore water pressure and the effective overburden
pressure of the soil mass at the surcharge preloading site is shown in Figure 17.

The relationship between excess pore water pressure and the effective overburden
pressure of the soil mass at the untreated site is shown in Figure 18.

The ratio of excess pore water pressure to effective overburden pressure caused by a
single pile is influenced by the depth of the soil layer, the distance between pile centers, and
soil properties. This ratio increases with depth and decreases with increasing horizontal
distance from the pile center.
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Figure 16. Relation between excess pore water pressure and the effective overburden pressure of the
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soil mass at the cement mixing pile and well dewatering site: (a) 3d from the pile center; (b) 9d from
the pile center.



Buildings 2024, 14, 1976 14 of 17

12 12
E 3d10m g ——9d-10m
g —3. z ——9d-4
Eo 3d4m S1o m
2 0s Z 0s
£ 06 J £ 06 f/
5 k=] |
£ 04 2 04 A
2 1 2
2 h S \ P ‘
g 02 1 £ 02 | J ‘
E —o H ‘
< 0.0 | = 0.0 _

0.0 05 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0
t(h) t(h)
(@ (b)

Figure 17. Relation between the excess pore water pressure and the effective overburden pressure of
the soil mass at the surcharge preloading site: (a) 3d from the pile center; (b) 9d from the pile center.
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Figure 18. Relation between the excess pore water pressure and the effective overburden pressure of

the soil mass at the untreated site: (a) 3d from the pile center; (b) 9d from the pile center.

Comparing the ratio of excess pore water pressure to the effective self-weight of
overburdened soil at each measuring point 3d from the pile center, the peak value at the
untreated site during pile driving is 1.44. This is higher than the values at the cement
mixing pile and well dewatering site, as well as the surcharge preloading site, indicating an
overall higher level at the untreated site. This suggests that both the installation of cement
mixing and dewatering wells and the use of drainage boards can effectively reduce the
excess pore water pressure generated during pile driving.

Subsequent pile driving has a noticeable superposition effect on the pore water pres-
sure at the site. The distribution of excess pore water pressure across the three sections is
largely consistent, with preloading, cement mixing piles, and well dewatering measures
enhancing the dissipation rate of pore water pressure, as shown in Figure 19. The initial
groundwater level at the cement mixing pile and well dewatering site is 3 m lower than at
the untreated site, and the excess pore water pressure caused by temporary issues during
pile driving does not diminish the corresponding value. Overall, implementing dewatering
wells, drainage boards, and other drainage measures can significantly reduce the excess
pore water pressure generated during pile driving and accelerate its dissipation process.
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Figure 19. Whole process of pore water pressure growth and dissipation at the three test sites:
(a) change process of pore water pressure at the untreated site; (b) change process of pore water
pressure at the surcharge preloading site; (c) change process of pore water pressure at the cement
mixing pile and well dewatering site.

5. Conclusions

Through theoretical analysis and field tests, the development characteristics of excess
pore water pressure generated during PHC hollow pipe pile driving in soft soil foundations
were studied. Based on these findings, engineering measures are proposed to reduce the
excess pore water pressure generated during the construction of PHC hollow pipe piles in
soft soil foundations and to enhance their performance in such conditions.

Based on existing theoretical results, the influence and affected areas of excess pore
water pressure generated during PHC hollow pipe pile driving are analyzed. To mitigate
this influence in soft soil foundations, engineering measures such as site treatment with
cement mixing piles, well dewatering, and surcharge preloading are proposed for PHC
hollow pipe pile construction sites.

Through pore pressure monitoring tests at three sites—untreated, surcharge preload-
ing, and cement mixing pile with well dewatering—the horizontal and vertical distribution
patterns of excess pore pressure were obtained. The results demonstrate that the distribu-
tion of excess pore water pressure increases with depth from 4 m to 10 m and decreases
with horizontal distance from 3d to 9d. The excess pore water pressure dissipates quickly
during the interval of pile driving, but the excess pore water pressure generated by one
pile driving is not enough to dissipate completely during the next pile driving. Therefore,
excess pore water pressure will gradually accumulate. During the pile driving process,
the maximum value of the excess pore water pressure was 140 kPa in the untreated site.
At this time, the burial depth of the pore pressure gauge was 10 m, and the horizontal
distance from the pile center was 3d. When the pile driving was completed, excess pore
water pressure at this point dropped to 82 kPa. When the burial depth of the pore pressure
gauge is 10 m and the horizontal distance from the pile center is 9d, the peak value of the
excess pore water pressure during the pile driving process is the lowest at the surcharge
preloading site, which was 97 kPa. After pile driving was completed, it dropped to 21 kPa.

When the burial depth of the pore pressure gauge is 10 m, the ratio of excess pore
water pressure at different horizontal distances at the same depth was 1.17, 1.25, and 1.15,
respectively, in three test sites: cement mixing pile and well dewatering site, surcharge
preloading site, and untreated site. When the burial depth of the pore pressure gauge was
4 m, the ratio was 1.6, 1.56, and 1.21. The ratio of excess pore water pressure at different
depths at the same horizontal distance is generally greater than that at different horizontal
distances at the same depth. Therefore, it can be seen that depth has a greater impact on
excess pore water pressure during pile driving compared to horizontal distance. However,
reasonable control of spacing can also reduce the impact of excess pore water pressure
during pile driving.



Buildings 2024, 14, 1976 16 of 17

The distribution of excess pore water pressure corresponding to the three test sites is
the same, and the subsequent pile driving process has a significant superposition effect on
the pore water pressure of the three sites. Due to the nature of the soil, pile driving caused a
significant peak in excess pore water pressure. When the distance from the center of the pile
is 3d, the ratio of the excess pore water pressure caused by pile driving in an untreated site
to the effective overlying pressure was 1.44, and the overall level is greater than that of the
cement mixing pile and well dewatering site and the surcharge preloading site, indicating
that both engineering measures effectively suppress the generation of excess pore water
pressure and reduce the impact of excess pore water pressure on the pile driving process.

In summary, dewatering and drainage boards can effectively reduce excess pore water
pressure generated during pile driving. This reduction mitigates the soil-squeezing effect
and minimizes the impact of excess pore water pressure on pile displacement and stress,
thereby reducing the occurrence of pile floating and deflection.
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