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Pile supported geogrid-reinforced embankment are widely used to treat
soft soil. This paper proposes a novel method for reinforcing foundations
using non-foamed polyurethane-bonded gravel (NPBG) porous piles. Through
triaxial compression tests, the mechanical properties and strength parameters,
such as strength and stiffness, of the polyurethane-bonded gravel material
are determined. Finite element numerical simulations are then employed to
investigate the bearing characteristics of NPBG porous pile under embankment
loads. The experimental results indicate that, under the same confining pressure,
the strength and stiffness of the NPBG material are significantly higher than
those of plain gravel material, while still retaining large pore characteristics.
Increasing the polyurethane content enhances the strength and stiffness of
the porous material, but the improvement diminishes as the confining pressure
increases. A systematic comparative analysis was conducted on the bearing
characteristics of NPBG porous pile versus concrete pile, cement-mixed pile,
and gravel pile under embankment in terms of load sharing ratio and settlement
deformation. The permeability coefficient and modulus of the pile significantly
influence the dissipation rate of excess pore water pressure in the foundation
soil. The NPBGP pile exhibited the fastest consolidation speed, effectively
controlling total settlement and reducing the proportion of post-construction
settlement of the embankment. Compared to concrete pile and cement-mixed
pile, the NPBG porous pile has a lower uniform settlement surface height
in embankment, making it suitable for low-height embankment accelerated
construction projects.
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1 Introduction

When expressway embankments are built on sof soils, they
exert substantial loads over a wide area. Sof clays and other
compressible soils frequently experience excessive settlements or
fail due to inadequate bearing capacity. A variety of techniques
can be used to solve such problems [1]. Pile supported geogrid-
reinforced embankment have increasingly been used in the recent
years for accelerated construction [2—6]. In this system, piles provide
major support for the embankment over sof soils and reduce its
settlement. Single or multiple geogrid layer(s) are employed above
the piles to enhance the load transfer from sof soils to piles [7-9].
As piles support the majority of the embankment load, sof soils
carry reduced pressure, signifcantly lowering the risk of soil failure
and minimizing both total and diferential settlements. As a result,
accelerated construction becomes possible.

Diferent pile types can be applied in this system, such as
gravel piles [10-12], cement-mixed piles [13-15], and concrete piles
[16-18], each exhibiting distinct interaction characteristics with
the foundation soil. Gravel piles can replace a portion of the sof
soil to enhance bearing capacity, and the porous nature of the
pile can create drainage pathways that accelerate soil consolidation.
However, since the bearing capacity of gravel piles primarily relies on
the constraint provided by the surrounding soil, the total settlement
of the foundation remains relatively large when using gravel piles
[19]. Cement-mixed piles exhibit signifcantly higher strength and
stifness compared to gravel piles, while concrete piles ofer even
greater strength and stifness, efectively supporting a large portion
of the embankment load and helping to reduce total settlement.
However, Even with the reduced load on the sof soils, excess
pore water pressure would still be generated and then dissipate
during and afer the construction, and the settlement occurred
during the construction of the embankments and increased afer
the construction. Cement-mixed piles and concrete piles generally
lack drainage capability and cannot create drainage pathways in
the foundation, resulting in slow drainage consolidation of the
foundation soil and ofen leading to signifcant post-construction
settlement [20]. To achieve both reduced total settlement and post-
construction settlement, researchers have found it benefcial to use
permeable concrete as the pile material [21-23]. Studies show that
permeable concrete piles possess certain strength and stifness, and
compared to stone columns, they enhance both bearing capacity
and settlement rate, signifcantly reducing the development of
excess pore pressure in the foundation soil. However, the small
and shallow pores characteristic of permeable concrete can lead to
clogging, impairing its drainage performance and preventing it from
achieving the intended drainage efect [24].

Non-foamed polyurethane-bonded gravel material (NPBG) is
formed by mixing non-foamed polyurethane with gravel in a specifc
proportion. T e polyurethane binds the gravel into a cohesive whole
while retaining the original interconnected porosity of the gravel
particles. T is material maintains the excellent permeability of the
aggregate gravel while also providing certain strength and stifness.
Researchers have investigated the permeability, thermal stability,
strength, stifness, and durability of NPBG [25, 26], and it has
already been applied in pavement engineering [27-29]. However,
there is still limited in-depth theoretical research on NPBG, such
as the stress-strain relationship considering the efects of confning
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pressure, particularly the introduction of advanced methods like
fractal theory [30] to study the fow characteristics of pore water
within the high porosity NPBG porous medium with large pore
sizes. Such research will provide important theoretical guidance for
the engineering applications of this material.

Tis study applies the NPBG porous material in the
reinforcement of sof soil foundations, proposing a novel NPBG
porous pile technology that integrates high bearing capacity with
good drainage capability. First, the mechanical properties of NPBG
material are investigated through triaxial compression tests to
explore the efects of polyurethane content and confning pressure.
Subsequently, fnite element numerical simulations are conducted to
investigate the bearing characteristics of NPBG porous piles under
embankment loads. A systematic comparative analysis is performed
on the load distribution and settlement deformation characteristics
of NPBG piles in relation to concrete piles, cement-mixed piles, and
gravel piles. T is analysis assesses the applicability of NPBG porous
piles in pile supported geogrid-reinforced embankments, providing
a reference for their application in practical engineering.

2 Experiment on polyurethane
bonded gravel porous material

2.1 Materials

2.1.1 Gravel

Te gravel used in this study is basalt, with a particle size of
5-10 mm and angular shape. Te specifc gravity of the gravel is
2.74, the maximum porosity ratio is 0.89, and the minimum porosity
ratio is 0.60.

2.1.2 Non-foam polyurethane

T e non-foamed polyurethane is composed of two non-water-
reactive monomers: polyol (component A) and polyisocyanurate
(component B). Among them, polyol includes polyether polyol,
polyester polyol, and polyether-ester. T e reaction is initiated with
either amine catalyst or metal salt catalyst. T e components A and B
are mixed ina3:2 ratio, thoroughly stirred until a white homogenous
mixture is formed, and the mixture is homogeneous.

2.2 Sample preparation

To obtain the mechanical properties of NPBG, it is necessary
to be cast into a 200 mm high and 100 mm diameter specimen.
Te gravel used in this study has a dry density of 1.56 g/cm® and
the corresponding relative compaction ratio is 0.45. Not all coarse-
grained soils can be directly tested due to their susceptibility to
size efects [31]. In this test, the maximum diameter of the gravel
particles in the specimen was no more than 1/10 of the specimen
diameter, to reduce the efects of size efects.

Non-foamed polyurethane fully adhered to and completely
encapsulated the particles of dried gravel afer it was sufciently
mixed with the gravel. Part of the polyurethane slurry flled the voids
on the particles due to its fuidity. To ensure that the NPBG materials
retain a large amount of voids, we will investigate the improvement
of gravel properties under low content levels of polyurethane. T ree
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FIGURE 1
NPBG samples.

samples were prepared, each with a polyurethane content (W) of
2%, 4%, and 6% (defned as the ratio of polyurethane mass to gravel
mass). T e samples were lef in the mold for 3 days afer flling and
then continue to cure until 7 days before conducting subsequent
tests. T e step-by-step procedure for preparing the NPBG samples
is as follows:

|
t

Wiash and dry the surface of the gravel, and then;

Lubricate the inner wall of the mold with petroleum jelly, and
place a transparent plastic sheet tightly against the inner wall
of the mold;

Weigh the required amount of gravel and pour it into a mixing
container;

According to the gravel mass, take the designed polyurethane
content of component A and component B, mix them
together and stir for about 1 min, until the mixture becomes
white in color;

Afer the polyurethane is prepared, pour it into the gravel
evenly in two batches, and start mixing from the time when
the surface of the gravel is completely enveloped by the
polyurethane liquid. Stop stirring when the surface of the
gravel is completely encapsulated,;

Fill the mold with the NPBG mixture in four layers, and level
the top surface of the sample before it is leT to stand for 3 days.

T e specimens afer removal from the mold are shown in Figure 1.

It can be observed that the polyurethane binds the crushed stones
into an integrated whole. Pure gravel specimens were also prepared
as a comparison. Pure gravel specimens were flled into the pressure
chamber of the testing instrument in four layers, ensuring the
relative compaction ratio of 0.45.

2.3 Experiment procedure
T e tests were conducted using consolidated drained tests. All

samples were encased in a 0.5 mm thick rubber membrane to
prevent damage during the test, which could lead to test failure.

Frontiers in Physics

03

10.3389/fphy.2024.1488622

Before applying axial load, the samples were saturated and a
predetermined confning pressure was applied while opening the
drainage valve until the samples were consolidated. Four diferent
confning pressures were selected for the tests: 50 kPa, 100 kPa,
200 kPa, and 300 kPa. Te axial load was applied at an axial strain
rate of 0.2%/min to prevent excessive pore pressure generation
during shearing. T e tests were terminated when the axial strain of
the samples reached 15%. T e volume change of the samples was
determined by measuring the amount of water expelled from or
absorbed into the pressure chamber.

2.4 Mechanical characteristics of NPBG

Figure 2 shows the deviatoric stress-axial strain (q—¢,) and
volumetric strain-axial strain (g, — €,) relationship curves for NPBG
samples with diferent polyurethane contents (2%, 4%, 6%) under
various confning pressures o;. T e deviatoric stress is denoted as q =
0, — 0. For amore intuitive comparison, the fgure also includes the
result curves for pure gravel samples without added polyurethane.
Te meaning of the curve numbers in the fgure is as follows: for
example, S2-50 indicates that the sample has a polyurethane content
of 2% and was tested under a confning pressure of 50 kPa.

From the fgure, it can be observed that with the increase in
confning pressure, the deviatoric stress of the pure gravel samples
increases under the same axial strain. At the two lower confning
pressures, the samples exhibit less pronounced peak deviatoric
stresses, whereas at the two higher confning pressures, no peak
stress is observed, showing strain hardening behavior. From the
volumetric strain curves, under the two lower confning pressures,
the samples initially exhibit volume contraction with increasing
axial strain, followed by volume expansion. When the confning
pressure increases (=200 kPa), the samples exhibit shear contraction.
Tis indicates that the confning pressure signifcantly afects the
shear characteristics of the gravel. At lower confning pressures, the
resistance to shear forces primarily relies on the interlocking and
frictional forces between gravel particles. As the external shear force
gradually increases and overcomes the interlocking efect, leading to
particle movement, the deviatoric stress reaches its peak. Following
this, with an increase in strain, gravel particles begin to slide and
rotate under shear forces, and the friction generated during particle
movement becomes the main source of resistance to shear forces. At
higher confning pressures, the gravel particles experience greater
lateral confnement, and the voids between particles gradually
decrease. During shear, the friction between particles continues
to play a primary role in resisting shear forces, resulting in the
deviatoric stress consistently showing a trend of gradual increase
with increasing strain.

Te NPBG samples exhibit a clear peak in deviatoric stress,
showing pronounced strain sofening regardless of the polyurethane
content and confning pressure conditions. T is phenomenon is
primarily attributed to the bonding efect of polyurethane, which
creates a cohesive strength similar to cohesion between gravel
particles. A greater shear force is required to overcome the bonding
and interlocking efects between the gravel particles. Afer reaching
the peak deviatoric stress, particle movement gradually occurs,
and thereafer, resistance to shear forces relies mainly on the
friction between the gravel particles, eventually stabilizing as strain
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FIGURE 2

polyurethane contents 6% under various confining pressures.

(A) The deviatoric stress-axial strain and volumetric strain-axial strain relationship curves for samples with polyurethane contents 2% under various
confining pressures. (B) The deviatoric stress-axial strain and volumetric strain-axial strain relationship curves for samples with polyurethane contents
4% under various confining pressures. (C) The deviatoric stress-axial strain and volumetric strain-axial strain relationship curves for samples with

increases. Under diferent polyurethane contents and confning
pressures, the axial strain corresponding to the peak deviatoric stress
is approximately 2.1%. T is indicates that the bonding force caused
by polyurethane curing is a major factor infuencing the increase in
shear strength, primarily depending on the strength of the chemical
reaction products of polyurethane. Changes in the thickness of the
adhesive layer on the gravel surface and the uniformity of contact
points between particles due to variations in polyurethane content
signifcantly afect the magnitude of the peak deviatoric stress, but
have little impact on the strain value at which the peak occurs. At
the same polyurethane content, the peak value increases with the
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confning pressure. Additionally, there are signifcant diferences in
volumetric changes. Only when the polyurethane content is 2% and
the confning pressure is 300 kPa do the samples exhibit a tendency
for the volume to transition from contraction to expansion during
shearing, followed by increased contraction, ultimately resulting
in volume contraction. T e remaining NPBG samples all undergo
volume expansion, and at the same polyurethane content, the
amount of expansion decreases with increasing confning pressure.

Observing samples with diferent polyurethane contents, it can
be seen that the sample with a 4% content exhibits a relatively
smooth curve near the peak deviatoric stress point, primarily due
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to the infuence of the polyurethane bonding efect. At higher
contents, the bonding efect is strong, and the sample maintains
good integrity. Afer failure, the sample gradually fractures along the
shear band, causing a rapid decrease in strength. At lower contents,
the bonding efect is generally weaker. As the shear band forms, the
bonds between gravel particles continuously fail, and the sample’s
integrity is compromised, unable to maintain its original strength.
However, at a 4% content, due to the inconsistency in the shape and
size of the gravel particles, the bonding efect is also uneven. Te
weaker bonds near the shear band fail frst, while the better bonds
between particles remain intact, forming “gravel bonded blocks”
T ese blocks typically consist of several gravel particles, have a larger
volume, and are less likely to move, which to some extent slows
down the failure process of the sample, allowing it to maintain a high
strength for some time afer reaching the peak deviatoric stress.

To more clearly analyze the efect of polyurethane content on
stress-strain behavior, the deviatoric stress-axial strain curves and
volumetric strain-axial strain curves of samples under the same
confning pressure were plotted, as shown in Figure 3. From the
fgure, it can be seen that under constant confning pressure, the
strength of the samples increases with the increase of polyurethane
content; especially when the polyurethane content increases from
4% to 6%, the peak deviatoric stress of the samples increases
signifcantly. In the volumetric strain curves, as the polyurethane
content increases from 2% to 6%, the volumetric expansion of the
samples gradually increases. Additionally, it can be observed that
when the polyurethane content is 2%, the volumetric change trend
of the samples is most similar to that of the pure gravel samples.
As mentioned earlier, at this content, the gravel particles in the
samples disengage due to the failure of polyurethane bonding, and
as axial compression increases, the number of detached particles
gradually increases. T erefore, in the later stage of compression, the
state of the samples is more similar to that of pure gravel samples.
It is analyzed that the gravel particles can exhibit interlocking or
rotational movement when subjected to shear. Te former causes
the particles to become more closely packed, resulting in a decrease
in sample volume, while the latter has the opposite efect. Te
confning pressure can suppress the second type of movement.
Under higher confning pressures, the gravel becomes more tightly
packed, preventing an increase in sample volume. T is also explains
why the S2-300 sample ultimately exhibits volumetric contraction.

Cohesion and internal friction angle are parameters that
represent the shear strength of a material, which can be obtained by
plotting the Mohr-Coulomb strength envelope. Figure 4 organizes
the Mohr circles and strength envelopes for each group of samples
at failure. It can be seen that the envelopes of the failure Mohr circles
are essentially straight lines. T erefore, for NBPG materials, their
strength can still be described using the Mohr-Coulomb strength
criterion, and the strength parameters do not change with varying
confning pressures.

Te efect of polyurethane content on strength parameters
is shown in Figure 5. It can be observed that, compared to pure
gravel samples, the cohesion of NPBG increases to varying degrees
with the increase in polyurethane content. At a content of 2%, the
bonding efect is already signifcant; when the content increases
from 4% to 6%, the cohesion signifcantly improves, indicating that
the 6% polyurethane mixture has the best bonding efciency. Pure
gravel samples also exhibit a small apparent cohesion. Generally,
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the cohesion of non-cohesive soil is considered to be zero, but
the apparent cohesion in gravel is due to the interlocking force
generated by the interlocking and embedding of gravel particles
under axial load compression, which is fundamentally diferent from
the cohesion of cohesive soil. Furthermore, the internal friction
angle of NPBG is also higher than that of pure gravel, although
the increase is smaller. As the polyurethane content increases from
2% to 6%, the internal friction angle gradually decreases. Te
internal friction angle decreases with the increase in polyurethane
content, primarily because as the polyurethane content increases, the
thickness of the polyurethane covering on the surface of the gravel
gradually increases, making the surface smoother and more even.
Tis, to some extent, reduces the interlocking and friction between
the gravel particles.

3 Numerical modelling
3.1 Details of the selected case history

To validate the fnite element numerical model, this study
utilizes an engineering example of a reinforced embankment project
as reported by Liu etal. [32]. Te cross-sectional diagram of
the embankment and soil layers is depicted in Figure 6A. Te
distribution of soil layers on the site, from top to bottom, includes:
1.5 m of coarse-grained fll soil, 2.3 m of silty clay, 10.2 m of silty
clay with silt and sludge, 2 m of loam, and 9 m of sandy silt. Te
groundwater level is located 1.5 m below the ground surface. Te
top width of the embankment is 35 m, with a slope ratio (ratio of
vertical height to horizontal width) of 1:1.5. Te embankment is
to be flled to a height of 5.6 m within 55 days, with the graded
loading curve shown in Figure 6B. Fly ash is the primary material
for embankment flling, and a layer of crushed stone bedding, 0.5 m
thick, is placed between the embankment Fll and the subgrade soil.
In the center of the bedding layer, a geogrid is installed with a
strength of 90 kN/m and a maximum allowable strain of 8%. Te
piles used are cast-in-situ concrete thin-walled pipe piles arranged
in a square pattern with a spacing of 3 m. T e area replacement ratio
is approximately 8.7%. T e piles have an outer diameter of 1 m, a
wall thickness of 120 mm, and a length of 16 m, with the pile ends
placed on the sandy loam layer.

T e observation of the pile-supported reinforced embankment
utilized a series of instruments including settlement plates, soil
pressure cells, and pore pressure gauges. Tese instruments
monitored the settlement of the embankment surface at pile tops and
between piles, as well as vertical pressures. Changes in pore water
pressures at various depths in the foundation were also recorded.
T e monitoring began from the start of embankment construction
and continued for 180 days.

3.2 Three-dimensional numerical modeling

T estudy is based on three-dimensional fnite element modeling
of a pile-supported reinforced embankment test using ABAQUS
sofware, analyzing the load-bearing characteristics of pile-soil
interaction during the embankment flling process. Considering the
symmetry of the cross-section in this case, half of the embankment
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FIGURE 3
(A) The deviatoric stress-axial strain curves and volumetric strain-axial strain curves of samples under the Perimeter pressure 50 kPa. (B) The deviatoric

stress-axial strain curves and volumetric strain-axial strain curves of samples under the Perimeter pressure 100 kPa. (C) The deviatoric stress-axial strain
curves and volumetric strain-axial strain curves of samples under the Perimeter pressure 200 kPa. (D) The deviatoric stress-axial strain curves and
volumetric strain-axial strain curves of samples under the Perimeter pressure 300 kPa.
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FIGURE 4

10.3389/fphy.2024.1488622

(A) The Mohr circles and strength envelopes for gravel of samples at failure. (B) The Mohr circles and strength envelopes for polyurethane contents 2%
of samples at failure. (C) The Mohr circles and strength envelopes for polyurethane contents 4% of samples at failure. (D) The Mohr circles and strength

envelopes for polyurethane contents 6% of samples at failure.

along the transverse section and one row of piles along the
longitudinal direction with half of their surrounding soil were
modeled to establish a three-dimensional half-embankment model.
T e fnite element mesh division of the model is shown in Figure 7.
Te model assumes a foundation depth of 25m with a rigid
impermeable layer assumed below. To mitigate boundary efects, the
total width of the analysis area is set to 77.7 m, which is three times
the half-width of the embankment base width.

In the FEM model, materials with good drainage capability (e.g.,
coarse granular fll soil), non-draining materials (e.g., concrete),
and materials above the groundwater level that do not require
consideration of permeability (embankment Fll soil, stone bedding
layer) are simulated using 8-node solid elements (C3D8) without
considering pore pressure degrees of freedom. Te remaining
foundation soils are modeled using 8-node coupled solid-fuid
elements (C3D8P) to account for stress-pore pressure coupling
efects. Te geogrid material is simulated using 4-node 3D
membrane elements (M3D4). T ree types of mesh sizes were used
for comparative calculations: a coarse mesh (approximately 25,000
elements), a medium mesh (approximately 50,000 elements), and
a fne mesh (approximately 75,000 elements). T e relative error of
the calculation results was less than 1.4%. T erefore, the medium
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mesh model was ultimately chosen for the subsequent calculations
and analyses in this paper.

3.3 Material models and parameters

In the computational model, the concrete piles are simulated
using a linear elastic constitutive model with an elastic modulus of
20 GPa and a Poisson’s ratio of 0.2. T e interface between piles and
soil is modeled using zero-thickness contact elements. T e geogrid
isalso assumed to be a linear elastic material capable of resisting only
tension, with a tensile stifness of 1,180 kN/m and a Poisson’ ratio
of 0.3. Despite the simplifed soil model having limitations, the ideal
elastoplastic Mohr-Coulomb model has been successfully applied
in many geotechnical studies [33]. T e Mohr-Coulomb model can
approximate soil behavior similarly to advanced soil models [34].
Terefore, the embankment fll, stone bedding layer, and various
layers of subsoil are all simulated using this model. Parameters for
each material are summarized in Table 1, with a shear dilation angle
setat0.1°.
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FIGURE 5

10.3389/fphy.2024.1488622

(A) The effect of polyurethane content on cohesion. (B) The effect of polyurethane content on internal friction.

3.4 Verification of numerical modeling

Te comparison between feld-measured settlement values
and numerical simulation results for the surface settlement
variation of composite foundations is shown in Figure 8. Here,
S represents the settlement of the soil surface between piles,
and S, denotes the settlement at pile tops. From the fgure,
it can be observed that the computed settlements at pile tops
and between piles generally follow the trend of the measured
values. Te numerical simulation results of this study closely
approximate the measured results, with diferences in settlement

Frontiers in Physics

at pile tops and between piles at the end of the observation
period (180 days) being 3.4% and 2.6%, respectively. Comparing
with Lius computed results, the diferences in pile and soil
settlements are 8.3% and 8.9%, respectively, showing relatively
close agreement.

Te comparison between feld-measured soil pressure values
and numerical simulation results for the surface of the foundation
is shown in Table2. According to the table, at the end of
embankment construction, the computed soil pressure at pile
tops in this study is slightly higher than the measured values
by 1.2%, and slightly lower than Liu’s computed results by 0.3%.

frontiersin.org


https://doi.org/10.3389/fphy.2024.1488622
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Hu et al.

FIGURE 6

10.3389/fphy.2024.1488622

(A) The cross-sectional diagram of the embankment. (B) The graded loading curve of the embankment.

Meanwhile, at the surface between piles, there is a larger discrepancy
between the computed soil pressure values of this study and
the measured values, possibly due to some tilting of the soil
pressure box between piles during the flling process, resulting
in deviations from the actual conditions. Comparing with Liu’s
computed values shows an error of only 4.0%, indicating relatively
close agreement. T erefore, the model calculations in this study are
in good agreement with the feld measurements, indicating that the
numerical model can simulate the actual engineering conditions
fairly accurately. Te model design is rational, and it exhibits good
reliability.
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3.5 Comparative modelling procedure

To analyze the working characteristics of NPBG porous piles
under the embankment, the aforementioned modeling method
was used to establish fnite element models for concrete piles,
polyurethane gravel piles, cement-mixed piles, and gravel piles. Te
performance of these four types of piles was compared in terms
of ground surface settlement, stress state of piles and soil, and
changes in excess pore water pressure in the foundation soil. Te
study analyzed the role of non-foamed polyurethane gravel piles in
foundation reinforcement, highlighting their high bearing capacity
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FIGURE 7
The finite element mesh division of the model.

and good drainage properties. For better comparative analysis, the
external dimensions and arrangement of the four types of piles
were kept the same: the solid pile diameter was 0.65 m, the pile
spacing was 1.95 m, and other parameters such as foundation soil
and embankment characteristics were consistent with the original
numerical model.

Te material parameters of the four types of pile bodies
are shown in Table 3. Te material parameters for the concrete
piles are consistent with those mentioned earlier. NPBG with 6%
polyurethane content and gravel without polyurethane are selected
as the pile body materials for NPBG porous piles and gravel piles,
respectively, and these material parameters are determined based on
the triaxial test results mentioned above/. T e modulus parameters
of the NPBG porous pile were determined based on the stress-
strain test results of NPBG with 6% polyurethane content under
a confning pressure of 100 kPa, specifcally using the tangent
modulus, and the permeability coeFcient of the NPBG porous pile
is based on parameters measured in permeability tests [35]. Te
material parameters for the cement-mixed piles are determined with
reference to the literature by Zhu [36]. From the table, it can be
observed that compared to concrete piles, the strength and stifness
of the polyurethane gravel piles, cement-mixed piles, and gravel piles
are signifcantly lower. T erefore, it cannot be assumed that these
piles remain in an elastic state throughout the loading process, and
the Mohr-Coulomb model is adopted for simulation. Additionally,
these three types of piles have certain drainage capabilities, so
8-node stress-pore pressure coupled solid elements (C3D8P) are
used for simulation. T e embankment construction process is the
same as described earlier. Afer the embankment is completed, the
foundation soils enter the consolidation phase. Consolidation is
considered complete, and the foundation settlement is stabilized
when the excess pore water pressure is less than 1 kPa.

4 Results
4.1 Excess pore water pressure

Considering the low permeability coefcient and the weak,
easily deformable nature of the silty clay layer, signifcant excess pore
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water pressure is expected to accumulate within this soil layer. Te
excess pore water pressure values are compared at the surface of this
layer (at a depth of 4.7 m in the foundation) and at a deeper level
(at a depth of 12.1 m in the foundation). Additionally, the changes
in excess pore water pressure within the soil layer at the pile tip (at
a depth of 20 m in the foundation) are analyzed, a depth beyond the
length of the piles.

Figure 9 shows the variation curves of excess pore water
pressure at diferent depths in the subsoil under the middle of the
embankment. It can be seen that the excess pore water pressure
variations along the depth are diferent for various piles. From the
depth of 4.7 m—12.1 m to 20 m, the peak excess pore water pressure
in the concrete pile reinforced foundation gradually increases, while
in the cement-mixed pile reinforced foundation, the excess pore
water pressure frst increases and then decreases.

Concrete piles are impermeable, so the pore water in the soil
needs to be discharged from the surface of the foundation soil. At a
depth of 4.7 m, the drainage path is short, and the excess pore water
pressure dissipates quickly. Correspondingly, at a depth of 12.1 m,
the drainage path is longer, and the peak excess pore water pressure
increases compared to that at 4.7 m. Additionally, due to the high
stifness of concrete piles, more embankment load is transmitted
through the piles to the soil layer at the pile tip, resulting in a higher
excess pore water pressure at a depth of 20 m.

In contrast, in the cement-mixed pile reinforced foundation,
the soil between the piles bears more of the upper load, generating
higher excess pore water pressure at a depth of 12.1 m, while lower
excess pore water pressure occurs in the soil layer at the pile tip.
Moreover, due to the higher permeability coeFcient of the soil at the
pile tip, the pore water pressure dissipates relatively quickly, resulting
in the maximum excess pore water pressure appearing in the deeper
soil between the piles.

Te load-bearing behavior of the soil in the NPBG porous
pile reinforced foundation is similar to that in the cement-mixed
pile reinforced foundation. However, the NPBG porous piles have
good drainage capability, allowing pore water to be discharged
horizontally through the pile body within the pile length range. As
a result, the peak excess pore water pressures at depths of 4.7 m and
12.1 m are both very low. However, at a depth of 20 m, beyond the
pile length, the drainage distance increases, and the peak excess pore
water pressure slightly increases.

Te situation is diferent for the gravel pile reinforced
foundation. In the bearing layer area, the distribution of excess pore
water pressure along the depth is similar to that of the NPBG porous
pile reinforced foundation. However, unlike the latter, gravel piles
are discrete material piles with lower stifness, leading to a higher
load-bearing capacity of the soil between the piles. T erefore, the
peak excess pore water pressure in the soil between the piles is
signifcantly higher. Due to the difculty of transmitting the upper
load to the deeper foundation, the excess pore water pressure in the
soil layer at a depth of 20 m is signifcantly reduced compared to
that in the soil between the piles.

It can also be observed from the fgure that afer the construction
is completed, the dissipation of excess pore water pressure is
a relatively slow process in the cement-mixed pile reinforced
foundation and the concrete pile reinforced foundation, whereas in
the NPBG porous pile reinforced foundation and the gravel pile
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TABLE 1 Soil parameters in FEM numerical model.

10.3389/fphy.2024.1488622

Soil layer Weight AEN e Poisson'’s Cohesion ¢’ Internal Permeability
density y modulus E ratio v (kPa) friction angle  k (m/day)
(kN/m3) (MPa) @ (°)

Embankment flI 185 20 0.3 10 30 —

Crushed stone 17.8 20 0.3 10 40 —

bedding

Coarse granular fll 18.4 7 0.3 15 28 —

soil

Silty clay 19.7 25 0.35 28.8 265 8.64E-04

Silty clay with silt 17.3 18 04 16.1 10 4.32E-04

and sludge

Loam 20.2 4.4 0.35 205 27 4.32E-04

Sandy silt 19.7 70 035 26.5 311 4.32E-03

T e analysis suggests that the foundation soil at the toe of the
slope is simultaneously subjected to both vertical and lateral forces,
causing the soil to move outward from the embankment and increase
the distance between the soil and the piles. T is efectively lengthens
the drainage path, weakening the efect of the piles drainage
capacity on the soil, making it more difcult for the excess pore
water pressure to dissipate. For the NPBG porous pile composite
foundation, the excess pore water pressure in the foundation remains
at a relatively low level, having little impact on the consolidation
time. In contrast, for the gravel pile reinforced foundation, the
consolidation time of the foundation soil at the toe of the slope is
signifcantly extended.

Te above analysis indicates that the presence of piles with
good drainage capacity in the reinforced foundation can efectively
promote the dissipation of excess pore water pressure throughout
the foundation soil, thereby accelerating the consolidation of the

FIGURES ] foundation. However, if the piles have low stifness (such as

The comparison between field-measured settlement values and . . A :

numerical simulation results for the surface settlement variation of gravel plles)’ it can result in the accumulation of Iarger excess

composite foundations. pore water pressures in the foundation, which also slows down
the overall consolidation process of the foundation. Only when

reinforced foundation, the dissipation occurs more rapidly. Tis
diference is mainly infuenced by the drainage capacity of the piles.

Figure 10 shows the variation curves of excess pore water
pressure with depth at the toe of the slope. Compared with the excess
pore water pressure in the foundation soil at the center of the road,
it is not diffcult to fnd that the peak values of excess pore water
pressure at various depths at the toe of the slope in both the concrete
pile reinforced foundation and the cement-mixed pile reinforced
foundation are signifcantly reduced. T is is because the foundation
soil at the toe of the slope is subjected to much smaller embankment
loads compared to the center of the road. However, in the NPBG
porous pile reinforced foundation and the gravel pile reinforced
foundation, the excess pore water pressure slightly increases, but the
dissipation rate of pore pressure slows down.
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the piles in the reinforced foundation possess both sufcient
stifness and good drainage capacity can the time required for
the reinforced foundation to complete consolidation be most
efectively shortened.

According to Rowe’s research [37], if an embankment is
constructed too quickly on a sof clay foundation, the soil may
lose strength due to the accumulation of large excess pore water
pressure. T erefore, the embankment construction rate should be
controlled within a certain range to avoid insuffcient bearing
capacity of the foundation soil. For this purpose, a reference
indicator, the pore water pressure coefcient B, is proposed.
It is defned as the ratio of the maximum increment of excess
pore water pressure to the increment of vertical total stress.
Te closer this coefcient is to zero, the better the stability of
the foundation during embankment construction. Conversely, the
larger the coefcient, the poorer the stability of the foundation.
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TABLE 2 The comparison between field-measured soil pressure values and numerical simulation results for the surface of the composite foundation.

Soil pressure Field-measured values (kPa)

Liu's computed values (kPa)

The calculated results in this

paper (kPa)
Soil surface between piles 314 58.1 55.8
Pile top 583.6 592.6 590.8

TABLE 3 Pile parameters.

Pile types Weight Elastic Poisson'’s Cohesion c' | Internal Dilatancy Permeability
density modulus E ratio v (kPa) friction angle y(°) k (m/day)
Y(KN/m3) (MPa) angle ¢ (°)

Concrete pile 25 20,000 0.2

NPBG pile 18.9 200 03 755 403 0.1 3.28

Cement-mixed 20 120 03 280 25 0.1 4.32E-04

pile

Gravel pile 19.8 15 03 1 39 0.1 432

In this study, the maximum excess pore water pressure occurs
around the time the embankment construction is completed.
Te increment of vertical total stress is taken as the vertical
stress at the surface of the soil between the piles when the
construction is fnished. Te pore water pressure coefcients
corresponding to the four types of reinforced foundations are shown
in Table 4.

As shown in the table, the pore water pressure coefcients
in the concrete pile reinforced foundation and the cement-mixed
pile reinforced foundation are at a very high level, especially for
the cement-mixed pile reinforced foundation, where the coefcient
approaches 1. T is indicates that most of the upper load is converted
into excess pore water pressure, with a smaller proportion of the
load borne by the soil skeleton, which is likely to cause instability
in the reinforced foundation. In contrast, the pore water pressure
coefcients in the NPBG porous pile reinforced foundation and the
gravel pile reinforced foundation are 0.02 and 0.04, respectively,
values close to 0. Tis indicates that the pore pressure can
dissipate promptly and that the additional upper load has largely
been converted into efective stress within the soil. Tus, if the
embankment construction speed is fast, the likelihood of bearing
capacity failure is much higher for the concrete pile reinforced
foundation and the cement-mixed pile reinforced foundation
compared to the NPBG porous pile reinforced foundation and
the gravel pile reinforced foundation. From the perspective of
the pore water pressure coefcient, a longer construction period
should be designed for the former two to ensure the stability
of the reinforced foundation. Conversely, even with a continuous
embankment construction plan, the pore water pressure coefcient
for the latter two can remain very low, making the likelihood of
bearing capacity failure quite small. T erefore, for projects requiring
continuous embankment construction or with short construction
periods, using NPBG porous piles for foundation treatment ofers
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signifcant advantages over using concrete piles, cement-mixed piles,
and gravel piles.

4.2 Settlement

Figures 11A,B show the settlement curves over time for the
pile and the soil between piles at the surface of the reinforced
foundation. From the Fgures, it can be seen that during construction,
the settlement of both the pile top and the soil surface between
piles increases rapidly due to the gradually increasing embankment
load. Afer construction is completed and the embankment load no
longer increases, the settlements of the pile top and the soil surface
between piles in the NPBG porous pile reinforced foundation and
the gravel pile reinforced foundation also almost stop increasing.
In the concrete pile reinforced foundation and the cement-mixed
pile reinforced foundation, the settlements of the pile top and the
soil surface between piles slow down with the consolidation of
the foundation soil and eventually stabilize. T is indicates that the
foundation soils in the NPBG porous pile reinforced foundation
and the gravel pile reinforced foundation consolidate quickly, while
the concrete pile reinforced foundation and the cement-mixed pile
reinforced foundation require a longer consolidation period to
achieve settlement stability. Furthermore, regardless of whether it
is the settlement at the pile top or the soil surface between piles,
the fnal settlement amounts in ascending order are: concrete pile,
NPBG porous pile, cement-mixed pile, and gravel pile. T is shows
that under the same embankment load, the stifness of the pile is
the main factor determining the fnal settlement amount of the
foundation.

Te Figure 11C shows the variation of consolidation degree
of the foundation surface with time, providing a more intuitive
comparison of the settlement process of reinforced foundations.
Te consolidation degree is defned as the ratio of settlement at a
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FIGURE 9

10.3389/fphy.2024.1488622

(A) The variation curves of excess pore water pressure at 4.7 m in the subsoil under the middle of the embankment. (B) The variation curves of excess
pore water pressure at 12.1 m in the subsoil under the middle of the embankment. (C) The variation curves of excess pore water pressure at 20 m in the

subsoil under the middle of the embankment.

certain moment to the fnal settlement of the foundation surface.
T eresults indicate that due to the lack of drainage capability or weak
drainage capability of the concrete pile and cement-mixed pile, these
two types of reinforced foundations exhibit lower consolidation
degrees at any given moment. In contrast, the NPBG porous pile
and gravel pile, which have good drainage capability, show higher
consolidation degrees at any given moment. T is also demonstrates
that the drainage capability of pile bodies in reinforced foundations
signifcantly infuences the consolidation speed of the reinforced
foundations.

Post-construction settlement refers to the settlement of the
embankment from the end of construction until stabilization,
which is an important criterion in road embankment design.
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Excessive post-construction settlement can adversely afect the
normal operation of the road. Te calculated results of post-
construction settlement in this study are shown in Table5,
where the post-construction settlement ratio is defned as the
ratio of settlement at the central top of the embankment to
the total settlement. Based on the table, it is evident that the
embankment supported by NPBG porous piles not only has
relatively smaller total settlement at the top of the embankment
but also exhibits signifcantly lower post-construction settlement
and post-construction settlement ratio compared to the other
three types. While the embankment supported by concrete
piles shows the smallest total settlement, its post-construction
settlement ratio is relatively high. e embankment supported
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FIGURE 10
(A) Variation curve of excess pore water pressure at 4.7 m depth of foundation soil at the foot of slope. (B) Variation curve of excess pore water

pressure at 12.1 m depth of foundation soil at the foot of slope. (C) Variation curve of excess pore water pressure at 20 m depth of foundation soil at
the foot of slope.

TABLE 4 Pore water pressure coefficients.

Pile types Maximum increment of excess Increment of vertical total Pore water pressure coefficient
pore water pressure (kPa) stress (kPa)

Concrete pile 134 24.4 0.55

NPBG pile 1.0 426 0.02

Cement-mixed pile | 53.0 57.6 0.92

Gravel pile 4.0 108.3 0.04
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FIGURE 11
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(A) The settlement curves over time for the pile. (B) The settlement curves over time for the soil between piles at the surface. (C) The variation of

consolidation degree of the foundation surface with time.

by gravel piles has the largest total settlement, although its post-
construction settlement ratio is smaller, the numerical value is
larger. T e embankment supported by cement-mixed piles has a
much larger post-construction settlement and post-construction
settlement ratio than the other three types. T ese results indicate
that when the pile has good permeability, more than 95%
of the embankments settlement occurs during construction,
which is benefcial for controlling post-construction settlement.
Conversely, when the pile has weaker or no permeability, a
signifcant portion of settlement occurs afer construction,
requiring a longer period for consolidation settlement to
stabilize.

Terefore, when piles in reinforced foundations have
certain stifness but poor or weak drainage capabilities (such
as concrete piles and cement-mixed piles), it is advantageous
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for reducing total settlement of the foundation. However, the
consolidation rate of the foundation is slower, leading to relatively
higher post-construction settlement of the embankment and
delaying the time for the embankment to be put into use.
On the other hand, when piles in reinforced foundations
have good drainage capabilities but lower stifness (such as
gravel piles), the consolidation rate of the foundation is faster,
resulting in relatively smaller post-construction settlement
of the embankment. However, the total settlement of the
foundation increases signifcantly, ofen requiring additional
fll material to achieve the desired height, thereby increasing
construction costs.

However, NPBG porous piles combine certain stifness with
excellent drainage capabilities. Using this type of pile to handle the
foundation can efectively control total settlement of the foundation
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TABLE 5 The calculated results of post-construction settlement.

10.3389/fphy.2024.1488622

Pile types Total settlement (mm)  Post-construction settlement (mm)  Post-construction settlement ratio
(%)

Concrete pile 63.2 5.6 8.9

NPBG pile 1222 09 07

Cement-mixed pile | 191.9 46.2 24.1

Gravel pile 407.6 8.7 21

while signifcantly reducing post-construction settlement of the
embankment. T is approach has a notable impact on shortening
embankment construction time, reducing costs, and ensuring the
normal use of the embankment.

4.3 Pile-soil stress and soil arching effect

Figures 12A,B depict the variation of stress at pile tops and at the
surface of the pile-intermediate soil with time, respectively. During
the embankment Flling process, as the embankment load increases,
both the stress at pile tops and at the surface of the pile-intermediate
soil gradually increase, with the stress at pile tops increasing much
faster than that at the surface of the pile-intermediate soil. Afer
construction is completed, in the concrete pile reinforced foundation
and cement-mixed pile reinforced foundation, the stress at pile tops
continues to increase but with a smaller rate of increase, while the
stress at the surface of the pile-intermediate soil shows a decreasing
trend, eventually stabilizing. In contrast, in the NPBG porous pile
reinforced foundation and gravel pile reinforced foundation, both
the stress at pile tops and at the surface of the pile-intermediate
soil remain almost unchanged. From the stable state, it can be
concluded that for piles with higher stifness, the stress at pile tops
is higher and the stress at the surface of the pile-intermediate soil
is lower. Conversely, for piles with lower stifness, the stress at pile
tops is lower and the stress at the surface of the pile-intermediate
soil is higher.

Afer construction is completed, the decrease in stress at the soil-
pile interface can be attributed to the arching efect in soil. Generally,
when soil experiences uneven deformation, there exists a shear
friction between regions with diferent deformation extents. Tis
shear friction tends to resist further movement in areas with larger
deformations while promoting greater deformation in regions with
lesser deformations. T erefore, the diferential settlement caused by
the varying stifness between piles and soil modulus is attributed to
the arching efect, as illustrated in Figure 12C.

Te occurrence of diferential settlement causes a downward
displacement tendency of the embankment fll above the soil
between piles compared to the fll above the pile tops. Te
embankment fll has a certain shear strength, which results in
downward shear stresses acting on the fll above the piles. T rough
these shear stresses, a portion of the embankment load above
the soil between piles transfers to the piles themselves, thereby
redistributing the embankment load between piles and the soil
between them. Tis redistribution reduces the load carried by
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the soil between piles and increases the load carried by the
piles, as depicted in Figure 12D. Afer construction, as the soil
continues to consolidate, the settlement of the soil between piles
increases, amplifying the diferential settlement between piles and
soil. T'is promotes the development of soil arching efects within
the embankment, explaining why the stress at the soil-pile interface
above the soil between piles gradually decreases afer construction
in concrete pile reinforced foundations and cement mixed pile
reinforced foundations. As discussed earlier, in polyurethane gravel
pile reinforced foundations and gravel pile reinforced foundations,
the settlement of the foundation soil mainly occurs during the
embankment construction period. Tis indicates that the soil
between piles consolidates rapidly during this period, promptly
transferring a portion of the load it bears to the pile tops, thus
reducing the potential for foundation soil damage.

Figure 13A shows the variation of the pile-to-soil stress ratio
in foundations over time. From the information in the fgure, it
can be seen that due to the soil arching efect, as the height of
the embankment increases, the diferential settlement between the
piles and soil also increases, leading to a gradual increase in the
pile-to-soil stress ratio for concrete pile reinforced foundations,
NPBG porous pile reinforced foundations, and cement mixed pile
reinforced foundations.

However, for gravel pile reinforced foundations, the pile-to-
soil stress ratio gradually increases before the embankment height
reaches 1.1 m. Afer the embankment height exceeds 1.1 m, the
pile-to-soil stress ratio frst decreases rapidly and then gradually
stabilizes. Tis is because the strength of the gravel piles is relatively
low, and when the upper load reaches a certain value, the piles are
unable to bear additional loads, causing some of the load to transfer
to the soil.

Afer the construction is completed, the pile-to-soil stress
ratio continues to increase and eventually stabilizes for concrete
pile reinforced foundations and cement mixed pile reinforced
foundations. In contrast, the pile-to-soil stress ratio for NPBG
porous pile reinforced foundations and gravel pile reinforced
foundations remains relatively unchanged.

Figures 13B,C illustrate the variation of additional stress and
settlement over time for the soil at the pile end (at a depth of
20 m). It can be observed that at this depth, the NPBG porous
pile reinforced foundation experiences the highest additional stress
and the most signifcant settlement. T e concrete pile reinforced
foundation shows slightly lower values for both, while the gravel pile
reinforced foundation has the lowest values. In the cement-mixed
pile reinforced foundation, both values are slightly higher than
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FIGURE 12
(A) The variation of stress at pile tops with time. (B) The variation of stress at the surface of the pile-intermediate soil with time. (C) The differential
settlement caused by the varying stiffness between piles and soil modulus. (D) Stress concentration at the top of the pile.
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FIGURE 13

(A) The variation of the pile-to-soil stress ratio over time. (B) The variation of additional stress over time for the soil at the pile end (at a depth of 20
meters). (C) The variation of settlement over time for the soil at the pile end (at a depth of 20 meters). (D) The variation curve of the stress reduction
coefficient over time.
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those in the gravel pile reinforced foundation. T is indicates that
in the NPBG porous pile reinforced foundation, more embankment
load can be transmitted through the piles to the relatively frm soil
layer at the pile end, resulting in greater settlement of the pile end
soil. Consequently, this reduces the load borne by the soil in the
reinforced area, leading to less compression of the soil layers in the
reinforced zone and manifesting as smaller diferential settlement
between the piles and soil on the surface of the foundation.

T e degree of development of the soil arching efect is a crucial
issue in the design of pile-supported reinforced embankments. T is
study uses the stress reduction coefcient as an indicator to evaluate
the strength of the soil arching efect [32]. T e expression for the
stress reduction coefFcient is shown in Equation 1:

" ®
yH,
where S, is the stress reduction coefcient; P is the stress on the
soil between the piles; y is the unit weight of the embankment fll
material; H, is the height of the embankment fll.

Te value of the stress reduction coefcient generally ranges
from 0 to 1. When S, = 0, it indicates that all the embankment
load is borne by the piles. Conversely, when S, = 1, it indicates
that no soil arching efect has occurred in the embankment Fll,
and the pressure on the soil surface between the piles equals the
embankment load. Figure 13D compares the variation of the stress
reduction coefcient over time for the four types of pile reinforced
foundations.

From the fgure, it can be seen that the stress reduction
coefFcient shows varying degrees of decrease at the beginning of the
construction, indicating that the soil arching efect starts to act when
the diferential settlement between the piles and the soil is still small.
As mentioned earlier, the NPBG porous pile reinforced foundation
exhibits low excess pore pressure values that dissipate quickly post-
construction, leading to rapid soil consolidation and stabilization of
pile-soil diferential settlement. T erefore, compared to the cement-
mixed pile reinforced foundation, the stress reduction coefcient
for the NPBG porous pile reinforced foundation decreases more
rapidly during construction and remains almost unchanged afer
embankment Flling is completed, reaching 0.41.

In contrast, the cement-mixed pile reinforced foundation has a
slower soil consolidation rate. As the embankment load increases,
the pore water in the soil cannot be discharged promptly, causing
a slower transfer of the load from the soil to the piles. T e stress
reduction coefcient fuctuates around 0.62. Afer construction is
completed, with the gradual dissipation of excess pore pressure, the
diferential settlement between the piles and the soil continues to
increase, leading to a continuous decrease in the coefcient value.

Te concrete pile has high stifness and good load transfer
capability, resulting in the reinforced soil bearing less load and
developing diferential settlement quickly. However, the post-
construction consolidation rate of the soil is also slow, resulting
in a signifcant reduction in the stress reduction coefcient both
during and afer construction. T e stress reduction coefcient of the
gravel pile reinforced foundation shows a diferent trend compared
to the previous three. It frst decreases to 0.95, then increases to 1.05
as the embankment height reaches 1.1 m, and remains stable afer
construction is completed.

Tis analysis suggests that the stress reduction coefcient
remaining around 1 indicates that the soil arching efect is hardly

r
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working, which corresponds to the minimal pile-soil diferential
settlement (less than 1 mm). When the coefcient exceeds 1, it
suggests that due to the uneven settlement of the foundation surface,
the settlement is usually greatest in the center and decreases towards
the sides. T is uneven settlement causes the embankment load not
to act vertically on the foundation surface. T e load on the adjacent
fll material tends to transfer towards the center of the foundation,
thereby underestimating the embankment load at that location and
resulting in a coefcient value greater than 1.

4.4 Equal settlement plain in embankment

Due to the soil arching efect within the embankment fll, the
settlement at the same elevation within the embankment is not
uniform. T e settlement of the Fll within the pile top area is less than
that within the pile-interpile soil area, and this phenomenon becomes
more pronounced closer to the base of the embankment. As the height
of the embankment fll increases, the diferential settlement within
diferent positions of the embankment gradually decreases until, at a
certain height, there is no diferential settlement within the plane.
Tis plane is referred to as the equal settlement plane within the
embankment. Inengineering design, itis required that the height of the
equal settlement plane be lower than the Fll height of the embankment;
otherwise, the surface will be uneven and unusable.

As shown in Figure 14, from the base of the embankment (z =
25 m) upward, the diferential settlement on the same horizontal
plane gradually decreases. For the embankment supported by
concrete piles, the equal settlement plane is approximately 3.5 m
above the base of the embankment. For the embankment supported
by NPBG porous piles, the equal settlement plane is about 2 m above
the base, while for the embankment supported by cement-mixed
piles, it is approximately 5.3 m above the base. T e ratios of the equal
settlement plane height to the clear spacing between pilesare 2.7, 1.5,
and 4.1, respectively. In comparison, the use of NPBG porous piles to
treat the foundation has a signifcant efect on reducing the height of
the equal settlement plane, which indicates a promising application
in projects requiring the construction of low embankments.

4.5 Tension force of geogrid

Figure 15A illustrates the tensile force of the geogrid in the
four types of pile reinforced foundations. As shown in the fgure,
the concrete piles, NPBG porous piles, and cement-mixed piles are
bonded material piles with high pile stifness. T erefore, the maximum
geogrid tensile force appears at the edge of the pile, infuenced by
both the diferential settlement between the pile and soil and the
deformation of the embankment. For embankments supported by
concrete piles and NPBG porous piles, the lateral displacement at the
toe of theembankmentis relatively small, being 49.0 mmand 47.2 mm,
respectively. As a result, the tensile force in the geogrid above the
center of the soil between the piles is close to zero. However, the
diferential settlement between the pile and soil is slightly larger in the
concrete pile reinforced foundation, resulting in higher tensile force
in the geogrid above the pile. In the cement-mixed pile reinforced
foundation, the diferential settlement between the pile and soil is
signifcant, and the lateral displacement at the toe of the embankment
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FIGURE 14

10.3389/fphy.2024.1488622

(A) Plane settlement at different heights within the embankment supported by concrete piles. (B) Plane settlement at different heights within the
embankment supported by NPBG porous piles. (C) Plane settlement at different heights within the embankment supported by cement-soil mixing piles.

isalso large, measuring 79.3 mm. Consequently, the tensile force in the
geogrid above the pile is the highest, and there is also a small tensile
force in the geogrid above the center of the soil between the piles. Te
gravel piles are granular material piles and are prone to deformation.
Hence, the maximum geogrid tensile force appears above the center
of the pile. Although the diferential settlement between the pile and
soil is small, the lateral displacement at the toe of the embankment
is the largest, approximately 98.9 mm. T erefore, the distribution of
the geogrid tensile force is relatively uniform, and the tensile force
values are at a lower level.

Figures 15B—E shows the vertical stress conditions above and
below the geogrid in the four types of pile reinforced foundations.
From the fgure, it can be seen that the inclusion of the geogrid
results in diferent vertical stress states above and below it. T e stress
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state above the geogrid is mainly caused by the soil arching efect,
while the stress below is infuenced not only by the soil arching efect
but also by the vertical component of the tensile force in the geogrid.
Tis refects the membrane efect on the vertical stress, which
requires some vertical deformation of the reinforcement material
to develop. In Figures 15B—E, which represent the three bonded
material pile reinforced foundations, the maximum stress above the
geogrid occurs near the center of the pile, while below the geogrid, it
shifs towards the edge of the pile. T is is consistent with the previous
description that the maximum tensile force in the geogrid appears
at the edge of the pile. Terefore, with the action of the geogrid,
the embankment load is more transferred from the soil between the
piles to the piles, and it acts relatively uniformly on the top surface
of the piles. For the gravel pile reinforced foundation, a similar
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FIGURE 15
(A) Tensile force of the geogrid. (B) Vertical stresses above and below geogrids in the embankment supported by concrete piles. (C) Vertical stresses

above and below geogrids in the embankment supported by NPBG porous piles. (D) Vertical stresses above and below geogrids in the embankment
supported by cement-soil mixing piles. (E) Vertical stresses above and below geogrids in the embankment supported by gravel piles.
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pattern is observed, but because the modulus diference between the
gravel pile and the foundation soil is not signifcant, the diferential
settlement between the pile and soil is small, making the membrane
efect less pronounced. Hence, the vertical stress states above and
below the geogrid are relatively similar. Comparing the vertical stress
at point K on the geogrid (above the pile), the diference in vertical
stress between the top and bottom of the geogrid at this point for
concrete piles, NPBG porous piles, cement-mixed piles, and gravel
piles are 107.2 kPa, 72.0 kPa, 70.9 kPa, and 10.6 kPa, respectively. It
can be observed that although the diferential settlement between
the pile and soil in the NPBG porous pile reinforced foundation
is small, resulting in a smaller tensile force in the geogrid, the
membrane efect is still signifcant. T erefore, geogrids with lower
tensile strength can be used, reducing construction costs.

5 Conclusion

Tis paper investigates the application characteristics of NPBG
porous new materials in sof soil reinforced pile foundations. T rough
triaxial compression tests, the stress-strain characteristics and strength
parameters of NPBG porous materials were obtained. T e efects of
polyurethane content, confning pressure, and other factors on the
stress-strain characteristics, shear strength, internal friction angle, and
cohesion of NPBG were explored. Subsequently, three-dimensional
fnite element numerical models of four types of pile reinforced
foundations—concrete piles, NPBG porous piles, cement-mixed
piles, and gravel piles—were established under embankments. Te
diferences among the four pile types were compared in terms of excess
pore water pressure, settlement, pile-soil stress, and geogrid stress. Te
bearing characteristics of the NPBG porous pile were elaborated, with
main conclusions as follows:

(1) Te triaxial test results show that the stress-strain curve of
NPBG porous material exhibits sofening characteristics,
with the deviator stress reaching its peak at an axial strain
of approximately 2.1%. Under shear stress, the material
generally shows volumetric expansion. With constant
confning pressure, the strength of the sample increases as
the polyurethane content increases. Te cohesion of NPBG
porous material signifcantly improves with the increase in
polyurethane content, although the internal friction angle
does not show a noticeable enhancement.

Te numerical calculation results indicate that the stifness and
permeability of the piles in foundations signifcantly afect the
dissipation rate of excess pore water pressure in the foundation
soil. Compared with concrete piles, cement-mixed piles, and
gravel piles, using non-foamed polyurethane gravel piles, which
have a combination of certain stifness and good drainage
capability, results in faster consolidation and more efcient
dissipation of excess pore water pressure. Tis improves the
stability of the foundation during embankment construction.
Te stifness of the piles determines the total settlement
of the foundation, with a higher pile modulus resulting in
less foundation settlement. However, the post-construction
settlement of the embankment is infuenced by both the
stifness and permeability of the piles. Using NPBG porous
piles with good permeability allows 95% of the total settlement
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to occur during the construction period, signifcantly reducing
post-construction settlement. Additionally, when the piles
have a higher modulus, the proportion of post-construction
settlement is further reduced.

T e higher the stifness of the piles, the greater the pile-soil
stress ratio in the foundation, making the soil arching efect
more pronounced. However, if the pile strength is insufcient
during the loading process, the stress ratio will decrease.
Te good permeability of NPBG porous piles allows the soil
between the piles to share more of the overlying embankment
load in a short time, reducing the diferential settlement
between the piles and the soil. T is results in a lower height of
the equal settlement plane within the embankment and smaller
tensile forces in the geogrid within the cushion layer.

Te NPBG porous pile has good stifness and excellent
permeability. T erefore, in the foundation, the NPBG porous
pile not only serves as reinforcement but also functions as a
drainage channel. Tis gives the NPBG porous pile reinforced
foundation faster consolidation and smaller post-construction
settlement, making it highly advantageous for embankment
projects involving continuous or rapid flling, as well as low
embankment projects.
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