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Abstract

Pre-bored grouted planted pile has been increasingly applied in infrastructure construction
in soft soil areas in recent years owing to its high bearing performance, low construction
disturbance, and reduced slurry discharge. However, the synergistic load-bearing mecha-
nism between the inner core pile and the surrounding cement soil is relatively complex,
and the design calculation methods provided in existing studies and specifications for this
pile type remain incomplete. Therefore, based on field tests, this study investigates the
compressive bearing performance and load transfer behavior of pre-bored grouted planted
piles, and further develops calculation methods for bearing capacity and settlement. The
results show that, in this test field, due to grouting and slurry penetration reinforcement,
the ultimate shaft resistance at the cement soil–soil interface is significantly improved,
reaching 1.49–3.21 times the recommended values for bored cast-in-place piles in current
codes. The enlarged base effectively enhances pile tip bearing capacity, while a nodular
core pile near the pile base promotes the mobilization of base resistance. Furthermore, shaft
resistance and base resistance models, together with their corresponding calculation meth-
ods, are established by considering both the enhancement effect of grouting on interface
shaft resistance and the contribution of the enlarged pile base. Calculation methods for
total bearing capacity and settlement are also summarized based on the two field test piles
at this test site. The findings of this study can provide experimental support, theoretical
basis and methodological reference for the bearing mechanism analysis, bearing capacity
and settlement calculation, and engineering application of pre-bored grouted planted piles
and similar composite pile foundations. Because the conclusions are based on only two
field test piles at a single site, further validation with more field test data under different
geological conditions is still needed.

Keywords: pre-bored grouted planted pile; field test; bearing performance; constitutive
model; settlement prediction

1. Introduction
The pre-bored grouted planted (PGP) pile is a composite pile formed by pre-boring and

pressure grouting to create cemented soil within the borehole, followed by the installation
of a precast core pile [1]. This pile installation method significantly reduces construction-
induced disturbance to the surrounding environment and enables effective control of pile
quality [2,3]. With the advancement of engineering practice and the deepening of related
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research, PGP piles have been increasingly promoted and applied in soft soil areas in
recent years.

To investigate the bearing performance of pre-bored grouted planted piles and sim-
ilar composite pile foundations, previous studies have conducted laboratory tests, field
tests, and numerical simulations on this type of pile foundation. Wang et al. [4] and
He et al. [5] have demonstrated that incorporating prestressed high-strength concrete or
reinforced concrete cores can substantially improve the vertical and lateral bearing capaci-
ties of composite piles through field tests and model tests, respectively. Wonglert et al. [6]
demonstrated through field tests that stiffened deep cement mixing (SDCM) piles exhibit
smaller settlements than conventional deep cement mixing piles under the same load.
Jamsawang et al. [7] and Voottipruex et al. [8] further reported from field tests and numeri-
cal analysis that SDCM piles exhibited better vertical and lateral bearing performance than
bored piles. Zhu et al. [9] investigated the load transfer behavior of SDCM piles from a
theoretical analytical perspective, derived analytical solutions for their bearing capacity
and settlement in layered ground. In addition, Tiutkin et al. [10] performed a parametric
finite-element analysis of the strain state of soil foundations strengthened with vertical
elements formed using drilling-mixing technology, and demonstrated that the arrangement
and stiffness of vertical reinforcing elements significantly influence the deformation be-
havior of the reinforced soil system. Lukpanov et al. [11] compared pile bearing capacities
determined from static and dynamic load tests based on more than 150 pile tests, highlight-
ing the importance of field load testing for evaluating pile bearing performance. These
studies further indicate that both deformation behavior and bearing capacity assessment of
pile-type reinforced ground are closely related to field conditions and construction char-
acteristics. SDCM piles and PGP piles are both composite piles composed of a stiff inner
core pile and surrounding cement-treated soil. Although their construction procedures
and the formation of the cement-treated soil are not completely identical, both pile types
involve the formation of a cement-treated soil column around a stiff core pile, and thus
show similar load-transfer mechanisms. Nevertheless, differences exist in the core pile type,
pile-tip structure, and enlarged base configuration. Therefore, studies on SDCM piles can
provide useful references for understanding the bearing mechanism of PGP piles, but their
results cannot be directly used for determining the calculation parameters for PGP piles.

The limitations of existing studies are mainly reflected in two aspects. First, most
previous studies have focused on the overall bearing performance of composite piles, while
detailed investigations into load transfer behavior and the stress distribution in the core
pile and cement soil remain limited. Second, calculation or prediction methods for bearing
capacity and settlement that are suitable for practical engineering applications are still
insufficient. At present, some available analytical methods require detailed load-transfer
parameters and iterative calculation procedures, which may limit their direct use in routine
engineering design.

The current design codes for this type of pile foundation remains insufficient. In
existing specifications [12,13], the shaft resistance of pre-bored grouted planted piles is
calculated by multiplying the shaft resistance values for bored cast-in-place piles by an
amplification factor, while settlement is still estimated using the layer-wise summation
method for conventional pile foundations. Such simplified approaches may not fully reflect
the actual load-transfer mechanism and settlement behavior of PGP piles, particularly
because the interaction among the core pile, cement soil, surrounding soil, and enlarged
base is not explicitly considered.

Recent studies have also shown that soil deformation and stiffness responses are
strongly affected by particle morphology, fabric anisotropy, and stress-path-dependent
behavior [14], further indicating that the load-transfer parameters of PGP piles should be
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evaluated with consideration of site-specific soil conditions. Therefore, a series of field tests
on PGP piles was conducted in this study. The variations in axial force and base resistance
of the core pile were measured using pre-installed sensors. Based on the measured data,
the stress distribution in the cement soil and the shaft resistance were further derived.
These results were used to investigate the bearing performance of the piles in detail and to
establish calculation methods for the bearing capacity and settlement of PGP piles.

2. Overview of Field Tests
2.1. Field Test Conditions

The geotechnical investigation included borehole drilling, soil sampling, and labora-
tory tests for physical and mechanical properties. The parameters of the soil layers listed
in Table 1 were obtained from the geotechnical investigation report of the test site. The
groundwater level was located at a depth of 1.5 m, and the pile tips of all test piles were em-
bedded in the silty clay layer. The values of fs and fp are the maximum unit surface friction
and toe resistance for bored pile, which are recommended by the local specification [15]
based on the soil layer properties.

Table 1. Soil profiles and properties.

Soil Layer H
(m)

w
(%)

γ
(kN/m3) wL wp

c
(kPa)

φ
(◦)

f s
kPa

f p
kPa

Fill 1.5
Soft clay 16.5 50.4 16.7 44.6 26.1 11.1 8.8 16.2

Silty clay 1 10.0 28.4 18.9 36.2 23.6 15.9 10.5 28.5
Silty clay 2 11.0 26.8 19.1 33.0 21.3 17.4 12.9 43.6

Clayey silt 1 7.5 39.6 17.7 31.5 18.2 13.7 15.4 51.3
Clayey silt 2 7.0 34.9 18.2 28.3 15.7 12.7 18.5 52.9

Fine sand 10.0 19.5 28.2 71.3 2200
Note: H is soil layer thickness; w is water content; γ is unit weight; wL and wp is the liquid limit and plastic limit,
respectively; c and φ is the cohesion and internal friction angle, respectively.

Two test piles were conducted in this study, and their structural schematic is shown in
Figure 1. The total pile length L was 55 m, and the borehole diameter, namely the diameter
of the cement soil column, was 750 mm. The core pile consisted of three pipe pile sections,
each 15 m in length and 600 mm in diameter, and one nodular pile section with a length
of 10 m. The nodular pile section was installed at the bottom. The shaft diameter of the
nodular pile was 500 mm, while the diameter at the nodular parts was 650 mm. The pile
tip was enlarged, with an enlarged base diameter of 1200 mm and an enlarged base height
of 2000 mm.

During the fabrication of the precast piles, rebar stress sensors were embedded in the
reinforcement cage, as shown in Figure 2. According to the distribution of soil layers around
the test piles, the rebar stress sensors were installed at depths of 1.5 m, 18 m, 28 m, 39 m,
46.5 m, and 53.5 m below the ground surface, as illustrated in Figure 1. Two rebar stress
gauges were installed at each section. Based on the deformation compatibility between the
reinforcement and concrete, the axial force of the pile shaft at the corresponding position
can be calculated. In addition, a pile tip load cell was installed at the base of the precast
pile to measure the pile tip resistance at each loading stage.
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Figure 1. Schematic of the test pile (unit: m).

 

Figure 2. Precast pile fabrication and rebar stress sensor installation.

After the fabrication of the precast piles was completed, the PGP piles were constructed
at the test site. The construction process consisted of several steps, including drilling, base
enlargement, grouting, and pile installation, further details are provided in Reference [1].
Ordinary Portland cement (P.O 42.5) was used for preparing the cement slurry. The
water–cement ratio of the cement slurry injected at the pile tip was 0.6, while that of
the cement slurry around the pile shaft was 1.0. The grouting pressure was controlled
within 0.2–0.3 MPa during shaft grouting and 0.5–0.6 Mpa during base grouting. The
enlarged base was formed by opening the expandable wings of the drilling bit at the
designed depth to enlarge the borehole bottom. During this process, the borehole bottom
was enlarged to a diameter of 1200 mm over a height of 2000 mm before the precast core
pile was installed. The grouting volume for a single pile was 6.5 m3, and the cement
consumption was 3811 kg. Photographs of the field construction process of PGP piles
are shown in Figure 3. After 28 days after construction, the cement soil had developed
sufficient strength and static load tests were conducted. The vertical load was applied by
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hydraulic jacks using a combined kentledge–reaction frame loading system. The pile-head
load and corresponding settlement were monitored synchronously using displacement
sensors and an automatic static load testing system. The loading procedure and termination
criteria were conducted in accordance with the specification [15]. The vertical load was
applied by hydraulic jacks through a combined kentledge–reaction frame loading system.
The pile-head load and corresponding settlement were synchronously monitored using
displacement transducers and an automatic static load testing system. The slow maintained
load method was adopted, and the load increment at each stage was taken as 10% of the
maximum test load or the estimated ultimate bearing capacity.

  
(a) Drilling and grouting  (b) Core pile installation 

Figure 3. Construction process of PGP piles.

2.2. Test Results

The two test piles under the same conditions were tested for comparison, so as to im-
prove the reliability and repeatability of the observed trends. The load–displacement curves
obtained from the static load tests are shown in Figure 4. According to the specification [15],
for a steeply dropping load–displacement curve, the load corresponding to the onset of
the obvious sharp drop is taken as the ultimate vertical compressive bearing capacity of
a single pile. Therefore the ultimate compressive bearing capacities of test pile 1 and test
pile 2 were both determined to be 8800 kN, the corresponding settlements were 39.7 mm
and 39.9 mm, respectively. The points indicated by the dashed lines represent the ultimate
states of the two test piles. Since the two piles had identical structural configurations and
were installed at the same site, the overall load-bearing behavior was relatively consistent,
although some differences were still observed in the test results.

The axial force distribution along the core pile at different loading stages was measured
using the embedded rebar stress sensors. At each instrumented section, two rebar stress
sensors were installed, and their average value was used in the calculation. Based on strain
compatibility between the embedded rebar and the surrounding concrete, the measured
rebar stress was converted into the axial strain of the core pile. The axial force of the
core pile was then obtained using the equivalent axial stiffness of the corresponding pile
section. The elastic modulus of the rebar, the elastic modulus of the precast concrete core
pile, and the cross-sectional areas of the pipe pile and nodular pile sections were used in
the conversion. The results are presented in Figure 5. Based on these measurements, the
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variation in axial force with depth can be identified, which is essential for further evaluating
the load transfer mechanism of the PGP piles.

 
Figure 4. Load–displacement curves of the test piles.

  
(a) Test pile 1 (b) Test pile 2 

Figure 5. Core pile axial force.

3. Bearing Performance Analysis
3.1. Pile Shaft Bearing Performance

Based on the measured axial force of the core pile, the axial force in the cement–soil
column and the shaft resistance at the cement soil-soil interface can be further derived
and analyzed. Provided the core pile–cement soil interface does not fail during the test,
and based on the composite linear constitutive model for the inner interface established in
previous studies [16], the expression for the axial force in the cement soil column can be
derived by combining the equilibrium of a core pile element with the relationship between
displacement and strain, as follows:

Nc(z) =
Ec Ac

Ep Ap
Np(z) +

Ec Ac

πkiDint
·
d2Np(z)

d2z
(1)

where Np(z) is the expression of core pile axial force along depth z, obtained by fitting the
measured axial force data points in Figure 5 using a cubic spline function; where Nc(z) is
the expression of cement soil axial force along depth; Ac and Ap are the cross-sectional
areas of the core pile and cement soil, respectively; Ec and Ep are the elastic moduli of
the core pile and cement soil, respectively; Dint is the diameter of the core pile; and ki is
the stiffness of the core pile–cement soil interface, the interface stiffnesses of the pipe pile
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and nodular pile segment were obtained from laboratory model tests [16] and relative
reference [17].

The axial force of the cement soil can be calculated using Equation (1), and the distri-
bution of the axial force in cement soil is shown in Figure 6.

(a) Test pile 1 (b) Test pile 2 

Figure 6. Cement soil axial force.

As shown in Figure 6, the axial force of the cement soil is relatively small in the upper
part of the pile shaft and increases rapidly in the lower part. A marked change in the
axial force occurs at the transition connection between the pipe pile and the nodular pile.
Thereafter, the axial force increases slowly along the nodular core pile section. Considering
the structural feature (Figure 1), the most unfavorable position of the cement soil is located
at the end of the enlarged base, namely at a depth of z = 53 m, where the cross-sectional area
of the cement soil suddenly decreases upward from the enlarged base section. Therefore,
the strength of cement soil at this position should be checked. At z = 53 m, the maximum
axial force of cement soil is 457.34 kN, corresponding to a vertical stress of 2856.25 kPa.
Cement soil specimens with the same mix proportion as that used in the test piles were
prepared in the laboratory and tested at a curing age of 28 days. The average compressive
strength measured from five specimens was 3125.78 kPa, which is greater than the actual
vertical stress. This indicates that the cement soil satisfies the strength requirement, and no
failure occurs in the cement soil throughout the test pile.

Furthermore, based on the equilibrium of the total axial force of the composite pile,
the expression for the unit shaft resistance at the cement soil–soil interface can be derived
as follows:

τo(z) = − 1
πDext

[(
1 +

Ec Ac

Ep Ap

)
dNp(z)

dz
+

Ec Ac

πkiDint
·
d3Np(z)

d3z

]
(2)

where τo(z) is the shear stress of cement soil–soil interface along depth.
The specification states that the pile–soil relative displacement can be approximately

represented by the pile shaft displacement [15]. Therefore, the pile–soil relative displace-
ment is equal to the displacement of the cement soil, which can be expressed as follows:

uc(z) = up(0)−
∫ z

0

Np(z)
Ep Ap

dz +
1

πkiDint
·
dNp(z)

dz
(3)

where uc(z) is the displacement of the cement soil at depth z, and up(0) is the pile-head
displacement.
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The variation in the shaft resistance with the pile–soil relative displacement can be
obtained from Equations (2) and (3), as shown in Figure 7.

(a) Test pile 1 (b) Test pile 2 

Figure 7. Curves of shaft resistance varying with pile–soil relative displacement.

When calculating the axial force of the cement soil and the shaft resistance at the outer
interface using the above equations, it was assumed that no failure occurred at the inner
interface. Therefore, the strength of the inner interface should be verified.

In this field test, the strength of the cement-treated soil around the pile reached 1.5 MPa.
According to the results of the precast pile–cement soil interface shear tests conducted by
our research team [16], the ultimate shaft resistance of the precast pile–cement soil interface
was 160 kPa. As shown in Figure 1, the borehole diameter and the core pile diameter of the
test pile were 750 mm and 600 mm, respectively, with a diameter ratio of 1.25. Therefore,
when the ultimate shaft resistance at the cement soil–soil interface is less than 128 kPa,
failure will not occur at the core pile–cement soil interface during load transfer.

According to the results shown in Figure 7, the shaft resistance at the outer interface
was less than 128 kPa in all cases. Therefore, the inner interface did not fail during the test,
and the calculation procedure based on this assumption is valid.

The ultimate shaft resistance of the two test piles and those of bored piles specified
in the code are summarized in Table 2. In this study, the ultimate shaft resistance of the
PGP piles in different soil layers was 1.49–3.21 times that of the ultimate shaft resistance
of bored piles recommended by the design code. It can be understood from the struc-
tural characteristics and construction process of PGP piles that the grouting stage during
construction allows the cement slurry to penetrate and diffuse into the surrounding soil,
thereby strengthening and solidifying the surrounding soil. As a result, the frictional
performance at the pile–soil interface is significantly improved, and the enhancement of
shaft resistance becomes more pronounced in soils with poorer properties.

Table 2. Ultimate shaft resistance in each soil layer.

Soil Layer Depth
(m)

Ultimate Surface Friction
(kPa)

TP1 TP2 Bored Pile

Soft clay 1.5–18.0 52.0 45.2 16.2
Silty clay 1 18.0–28.0 70.8 67.2 28.5
Silty clay 2 28.0–39.0 78.6 71.4 43.6

Clayey silt 1 39.0–46.5 86.8 86.6 51.3
Clayey silt 2 46.5–53.5 85.1 78.6 52.9
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3.2. Pile Tip Bearing Performence

The compressive stress at the pile tip of the test pile under each loading stage can be
measured by the pile-tip load cell. Multiplying the measured stress by the cross-sectional
area of the core pile yields the tip resistance. The pile-tip displacement can be calculated
using Equation (4), which is equal to the pile-head settlement minus the compression
deformation of the pile shaft.

up(z) = up(0)−
∫ z

0

Np(z)
Ep Ap

dz (4)

Accordingly, the relationship curves between the pile-tip resistance and pile-tip dis-
placement can be obtained, as shown in Figure 8. When the test piles were loaded to the
ultimate compressive bearing capacity (8800 kN load level), the pile-tip resistance of test
pile 1 and test pile 2 were 1136.12 kN and 1293.63 kN, respectively.

Figure 8. Tip resistance of the test piles.

Under the assumption that the soil beneath the pile tip can be simplified as an elastic
foundation, a linear proportional relationship between the pile-tip resistance and the pile-
tip displacement can be assumed. After derivation, the total pile-tip resistance of the PGP
pile can be expressed by Equation (5).

Qb = Qcb + Qpb = (1 +
kcb Ac

kpb Ap
)Qpb − kcb Ac

τi(L)
ki

(5)

where Qb is the total pile-tip resistance; Qpb and Qcb are the end resistances of the core
pile and cement soil, respectively; kpb and kcb are the subgrade stiffnesses per unit area
corresponding to the core pile and cement soil, respectively; τi(L) is the shear stress at
the core pile–cement soil interface at the pile tip; and τi(L)/ki represents the relative
displacement of the interface at the pile tip.

It can be seen from Equation (5) that the smaller the relative displacement at the inter-
face, the greater the end resistance that can be carried by the cement soil, and consequently
the greater the total pile-tip resistance. Therefore, adopting a nodular pile design for the
lowermost section of the core pile in a PGP pile can significantly enhance the interface
stiffness and reduce the relative displacement at the core pile–cement soil interface near
the pile tip. This enables the cement soil to bear a larger proportion of the end resistance,
thereby effectively improving the pile-tip bearing capacity.
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Because a nodular core pile structure was adopted at the pile tip, the relative dis-
placement at the interface between core pile and cement soil was very small. Therefore,
for simplicity, the total pile-tip resistance can also be expressed by Equation (6) when the
relative displacement at the internal interface is neglected.

Qb = kpb

(
kcb

kpb
Ac + Ap

)
up(L) (6)

where kpb

(
kcb
kpb

Ac + Ap

)
can be regarded as the effective bearing area at the pile tip of the

PGP pile, and
∼
A is defined as the effective pile-tip area of the PGP pile.

Compared with conventional pile types, the existence of the cement soil layer in-
creases the effective compressive area at the pile tip, resulting in superior pile-tip bearing
performance of the PGP pile. During construction, the enlarged base can further increase
the bottom area of the cement soil, thereby improving the pile-tip resistance of the PGP
pile. The ratio kcb/kpb reflects the degree to which the bottom area of the cement soil is
transformed into the effective bearing area. According to Figure 6 on cement soil axial
force, under the ultimate compressive bearing capacity condition, the end resistance carried
by the cement soil in test pile 1 and 2 were 346.21 kN and 452.16 kN, respectively. Under
the assumption that the relative displacement at the interface is approximately zero, the
calculated value of kcb/kpb is approximately 0.12 under the ultimate compressive bearing
capacity condition, while it is approximately 1 at the initial loading stage. This indicates
that, with the gradual increase in load, the effective area of the bottom surface of the cement
soil decreases continuously. It can be calculated that when the pile is loaded to the ultimate
compressive bearing capacity, the end resistance carried by the cement soil accounts for
approximately 26% of the total pile-tip resistance.

4. Calculation Method for Bearing Capacity and Settlement
4.1. Calculation Method for Shaft Resistance

Kondner et al. [18] and Duncan et al. [19] adopted nonlinear hyperbolic models to
describe the shear stress–strain relationships of clay and sand, respectively, which exhibit
the same form and trend as the shaft resistance–relative displacement curves obtained in
this study. Based on their approaches, a constitutive model for the shaft resistance of PGP
piles is established in this paper, as shown in Figure 9.

Figure 9. Constitutive model for shaft resistance of PGP pile.
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The relationship between the shaft resistance and the pile–soil relative displacement
in the hyperbolic segment can be expressed by Equation (7).

τ =
k0δ

1 + k0
τasy

δ
(7)

where τ is the shaft resistance; δ is the pile–soil relative displacement; τasy is the ordinate
value of the asymptote of the hyperbola; k0 is the initial shear stiffness of the interface,
which is equal to the tangent slope of the hyperbola at the origin, and can be expressed
as follows:

k0 =
τo,maxτasy(

τasy − τo,max
)
δs

(8)

where τo,max is the ultimate shaft resistance; δs is the pile–soil relative displacement corre-
sponding to the full mobilization of shaft resistance in a given soil layer, and its value can
be determined based on the field test results.

Referring to Duncan et al. [19], the ratio of τo,max to τasy is defined as the failure ratio
Rf. The value of Rf generally ranges from 0.85 to 0.95.

For the calculation of the ultimate shaft resistance τo,max, the pile shaft resistance
calculation method recommended by the American Petroleum Institute (API) [20] was
adopted and modified to account for the grouting enhancement effect of PGP piles.

For soft clay, silty clay, clayey silt and similar soils, due to their low permeability,
undrained or partially drained conditions are often encountered during conventional
construction. Therefore, the α method (total stress method) is commonly adopted for
calculation. To account for the grouting-induced enhancement effect of PGP piles, a
grouting enhancement coefficient ξ is introduced and defined as follows:

ξ =
cu

∗

cu
(9)

where cu is the undrained shear strength of the soil; cu
∗ is the undrained shear strength of

the soil after the grouting enhancement effect.
Accordingly, the ultimate shaft resistance of PGP pile in soft soil can be calculated by

the following equation:
τo,max = αξcu (10)

For PGP piles, the calculation formula for α is given as follows:

α =


0.5
(

ξcu

σ′
v

)−0.5 ( ξcu

σ′
v

≤ 1.0 , α ≤ 1.0
)

0.5
(

ξcu

σ′
v

)−0.25 ( ξcu

σ′
v

> 1.0 , α ≤ 1.0
) (11)

where σ′
v is the vertical effective stress at the calculated position.

By substituting the ultimate shaft resistances of the pre-bored grouted planted piles
obtained from the field tests in each soil layer into Equation (10), the grouting enhancement
coefficient ξ can be back-calculated. The calculated values of ξ for soft clay, silty clay 1,
silty clay 2, clayey silt 1 and clayey silt 2 in this test field are 3.03, 2.68, 2.36, 2.18 and 2.03,
respectively. It can be seen that soils with poorer properties and lower strength have larger
grouting enhancement coefficients.

The values of ξ obtained in this study can provide a reference for practical engineering
applications. Accordingly, the ultimate shaft resistance of PGP piles in different soil layers
can be calculated when the soil parameters are known. However, the values of ξ for
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different soil layers still require further verification and improvement through additional
tests and engineering applications. This study focuses on proposing a method for accurately
calculating the shaft resistance of pre-bored grouted planted piles. Due to the limitations of
the present study, the further refinement of ξ values and the validation of the proposed
method still require additional experimental investigations in future research.

4.2. Calculation Method for Tip Resistance

For the pile-tip load transfer model, Briaud and Tucker [21], Hirayama [22], and
Fleming [23] adopted hyperbolic functions to describe the development of pile-tip resistance
with displacement. The pile-tip resistance–pile-tip displacement curves obtained from the
field tests of PGP piles (Figure 8) are generally consistent with the evolution trend of the
hyperbolic model. Therefore, a hyperbolic model (same to Figure 9) is also adopted in this
study to describe the relationship between pile-tip resistance and pile-tip displacement of
PGP pile.

The nonlinear relationship between the pile-tip resistance and the pile-tip displacement
can be expressed as follows:

Qb =
sb

1
kb0

+
Rf

Qb,u
sb

(12)

where sb is the pile-tip displacement; kb0 is initial stiffness of the pile-tip foundation,
Randolph and Wroth [24] derived kb0 based on the solution for a rigid body penetrating an
elastic half-space, which can be calculated as follows:

kb0 =
4rbGb
1 − υs

(13)

where Gb is the shear modulus of the bearing stratum soil at the pile tip; υs is the Poisson’s
ratio of the bearing stratum soil at the pile tip; and rb is the pile-tip radius, which is equal
to the radius of the precast pile in a PGP pile.

Qb,u is the ultimate pile-tip resistance, which can be calculated using the pile-tip
bearing capacity Equation (14) proposed by Meyerhof [25].

Qb,u =
∼
A
(
c′sNc + σ′

vNq
)

(14)

where c′s is the effective cohesion of the soil at the pile tip; Nc and Nq are the bearing
capacity factors of the pile-tip soil, which can be determined according to the summary

and recommendations of Meyerhof [25]; and
∼
A is the effective pile-tip area of the pre-bored

grouted planted pile, which has been defined in Equation (6).

4.3. Calculation Method the Ultimate Bearing Capacity and Settlement

Based on the field test results, a simplified calculation method for the ultimate com-
pressive bearing capacity and settlement of PGP piles suitable for engineering applications
is proposed in this study. According to the field test results, when the pre-bored grouted
planted pile reaches the ultimate bearing state, more than 80% of both the shaft resistance
and pile-tip resistance are mobilized. Therefore, 0.8 times the ultimate shaft resistance and
pile-tip resistance can be adopted as the corresponding values when the pile reaches the
ultimate bearing capacity. Therefore, the characteristic value of the ultimate compressive
bearing capacity of the PGP pile can be estimated by Equation (15).

Quk = 0.8πDext

n

∑
j=1

τo,j,maxhj + 0.8Qb,u (15)
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where the soil foundation is divided into n layers according to the soil stratification, with
j = 1, 2, . . ., n; τo,j,max is the ultimate shaft resistance of the PGP pile in the j-th soil layer,
which can be calculated by Equation (10); hj is the thickness of the j-th soil layer; and Qb,u

can be calculated by Equation (14).
The settlement can be estimated using the layer-wise summation method recom-

mended in the design codes [12,15]. In this section, another estimation method is proposed.
Since the ultimate pile-tip resistance Qb,u has already been calculated during the estimation
of the ultimate bearing capacity, the pile-tip displacement sb can be obtained according
to Equation (12). By further adding the compression deformation of the pile shaft se, the
pile-head settlement s can be obtained. Because the elastic modulus of the core pile is much
greater than that of the cement soil, the compression deformation of the pile shaft can
be approximately taken as the compression deformation of the core pile. Therefore, the
settlement of the PGP pile can be estimated by Equation (16).

s = sb + se =
Qb,uL
Ep Ap

+
πDext

2Ep Ap

n

∑
j=1

τo,j,max

(
z2

j − z2
j−1

)
(16)

where zj is the depth of the bottom surface of the j-th soil layer, and zj−1 is the depth of the
top surface of the j-th soil layer.

For cases where a soft underlying layer exists beneath the pile tip, the compression de-
formation of the soft underlying layer should also be included in the settlement calculation.

4.4. Verification of the Calculation Method

To verify the applicability of the proposed simplified calculation method, the ultimate
compressive bearing capacity and the corresponding settlement of the two test piles were
calculated using Equations (15) and (16), respectively. Since the proposed method is in-
tended for the ultimate bearing state, only the ultimate bearing capacity and the settlement
corresponding to the ultimate load were compared with the measured results.

First, the ultimate shaft resistance of each soil layer was calculated using Equation
(10). In this calculation, the grouting enhancement coefficients ξ for soft clay, silty clay
1, silty clay 2, clayey silt 1, and clayey silt 2 were taken as 3.03, 2.68, 2.36, 2.18, and 2.03,
respectively, as back-calculated from the field test results in this study. The remaining soil
parameters and pile dimensions were adopted from the field test conditions reported above.
The calculated ultimate shaft resistance values and their corresponding contributions to
the ultimate bearing capacity are summarized in Table 3.

Table 3. Calculation of ultimate shaft resistance for each soil layer.

Soil Layer Depth
(m)

ξ
τo,max

Adopted Contribution in
Equation (15)

(kN)
(kPa)

Soft clay 1.5–18.0 3.03 48.6 1511.5
Silty clay 1 18.0–28.0 2.68 69.0 1300.6
Silty clay 2 28.0–39.0 2.36 75.0 1551.1

Clayey silt 1 39.0–46.5 2.18 86.7 1225.7
Clayey silt 2 46.5–53.5 2.03 81.9 1080.0

According to Table 3, the total ultimate shaft resistance of the PGP pile was calcu-
lated to be 8341.2 kN. In Equation (15), 80% of the ultimate shaft resistance was adopted
when estimating the ultimate compressive bearing capacity; therefore, the shaft resistance
contribution used in the calculation was 6672.9 kN.

https://doi.org/10.3390/buildings16132684

https://doi.org/10.3390/buildings16132684


Buildings 2026, 16, 2684 14 of 16

Second, the ultimate pile-tip resistance was calculated using Equation (14). The
effective pile-tip area defined above and the strength parameters of the bearing stratum
were used in the calculation [25]. The calculated ultimate pile-tip resistance Qb,u was
1680.1 kN. Accordingly, the pile-tip resistance contribution adopted in Equation (15) was
0.8 Qb,u = 1344.1 kN.

By substituting the shaft resistance contribution and pile-tip resistance contribution
into Equation (15), the calculated ultimate compressive bearing capacity was obtained
as 8017.1 kN. Since the two test piles had the same structural configuration and were
constructed at the same test site, the same calculated ultimate bearing capacity was obtained
for both piles.

Furthermore, the settlement corresponding to the ultimate load was calculated using
Equation (16). The calculated settlement was 42.82 mm. The comparison between the
calculated and measured results is presented in Table 4.

Table 4. Comparison between measured and calculated ultimate bearing capacity and correspond-
ing settlement.

Test Pile Measured Quk
(kN)

Calculated Quk
(kN)

Measured s
(mm)

Calculated s
(mm)

TP1 8800 8017.1 39.7 42.82
TP2 8800 8017.1 39.9 42.82

Average 8800 8017.1 39.8 42.82

As shown in Table 4, the calculated ultimate bearing capacity was 8.9% lower than the
measured value. The calculated settlement corresponding to the ultimate load was 7.6%
larger than the average measured settlement of the two test piles. Therefore, the proposed
simplified calculation method slightly underestimated the ultimate compressive bearing
capacity and slightly overestimated the corresponding settlement.

This indicates that the proposed calculation method provides a conservative estimation
for the two field test piles. Such a conservative tendency is acceptable and beneficial for
engineering design, because it leads to a lower predicted bearing capacity and a larger
predicted settlement. However, it should be noted that the ξ values used in this verification
were back-calculated from the present field tests. Therefore, they should be regarded
as site-specific calibrated parameters rather than general recommended values. Further
field tests under different geological conditions are still required to validate and refine the
grouting enhancement coefficients and to improve the general applicability of the proposed
calculation method.

5. Conclusions
Based on field static load tests and measured axial force data, this study investigated

the compressive bearing performance and load transfer mechanism of pre-bored grouted
planted piles. Calculation methods for shaft resistance, tip resistance, ultimate bearing
capacity, and settlement were further proposed. The main conclusions are as follows:

(1) The two test piles exhibited high vertical compressive bearing capacity, with an ul-
timate bearing capacity of 8800 kN. The measured axial force showed that the load
was mainly transferred downward through the core pile and gradually mobilized the
surrounding cement soil. The most unfavorable position of the cement soil is located
at the end of the enlarged base, therefore the strength of cement soil at this position
should be checked.

(2) The shaft resistance at the cement soil–soil interface was significantly enhanced by the
grouting process. The ultimate shaft resistance of the PGP piles was approximately

https://doi.org/10.3390/buildings16132684

https://doi.org/10.3390/buildings16132684


Buildings 2026, 16, 2684 15 of 16

1.49–3.21 times that of bored cast-in-place piles recommended by the design code. This
improvement was mainly attributed to slurry penetration, diffusion, and solidification
around the pile shaft, and was more evident in weaker soils.

(3) The enlarged base and nodular core pile section improved the pile-tip bearing per-
formance. The nodular pile section increased the interface stiffness near the pile tip
and promoted the participation of cement soil in end bearing. Under the ultimate
load, the end resistance carried by the cement soil accounted for about 26% of the total
pile-tip resistance.

(4) Hyperbolic models were adopted to describe the shaft resistance–relative displacement
and pile-tip resistance–settlement relationships. Based on these models, simplified
calculation methods for ultimate bearing capacity and settlement were proposed by
considering the enhanced shaft resistance and effective pile-tip area. The proposed
method provides a practical reference for the design and application of PGP piles,
although the grouting enhancement coefficients still require further validation through
additional field tests.

Based on the field test results, calculation methods for the bearing capacity and
settlement of pre-bored grouted planted piles are proposed in this study. Nevertheless,
owing to the limitations of the experimental conditions, further field tests are still needed
to validate and improve the proposed methods.
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