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Abstract. Precast retaining wall post-grouting manual excavation pile is a new
type of pile foundation. It adopts the method of manual segmented excavation,
installation of precast retaining wall to form holes and then pouring concrete
and combined with the method of pressure grouting at the bottom of the pile,
which overcomes the disadvantages of traditional cast-in-place retaining wall
manual excavation pile, such as complicated process, long construction period,
difficult to guarantee bearing capacity and high safety risk. However, up to
now, the research on the key construction technology, bearing capacity and de-
sign theory of this pile type is still insufficient, which hinders the promotion
and application of this technology to a certain extent. In order to investigate the
pullout bearing characteristics of artificial excavated piles with post-grouting
after prefabricated retaining walls, three-dimensional numerical models of two
types of pullout piles—one with post-grouting and one without—were devel-
oped based on numerical methods. By comparing the calculations, the pullout
characteristics of the post-grouted artificial excavated piles were revealed. The
results indicate that post-grouting significantly enhances the ultimate pullout
bearing capacity of the piles and reduces the uplift displacement; under the
pressure of the grout, the infiltrating and compacting effect of the grout can
more effectively transfer the load to the surrounding soil layers, significantly
increasing the lateral resistance of the post-grouted piles compared to non-
grouted piles. The failure mode of the post-grouted artificial excavated piles is
characterized by cylindrical shear failure at the pile-soil interface. The research
results provide a theoretical basis for the pullout design of artificial excavated
piles with post-grouting after prefabricated retaining walls.

Keywords: Precast retaining wall bored pile; Post-grouting; Vertical uplift
bearing capacity; Lateral resistance; Numerical simulation

1 Introduce

In recent years, with the continuous increase in voltage levels of transmission lines
and the ongoing optimization of foundation design, excavation-type foundations that
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can fully utilize the properties of undisturbed soil and are economically and environ-
mentally friendly have gradually become the dominant choice for transmission tower
foundations. Particularly in hilly and mountainous areas where the groundwater level
is deep and access is limited for construction machinery, the application of artificial
excavated piles is especially common, providing strong support for the smooth pro-
gress of transmission line projects!'l. Numerous scholars both domestically and inter-
nationally have conducted extensive research on the pullout bearing characteristics of
these piles.

Turner?! conducted research on the design criteria for artificial foundations of
transmission towers under uplift load in the Houston Lighting & Power Company
system using indoor models and field tests. They proposed design methods and calcu-
lation formulas for the uplift bearing capacity of transmission tower foundations.
Imano™ analyzed and summarized the experimental results regarding the pullout
capacity of pile foundations installed on weathered rock by Tokyo Electric Power
Company, studying the bearing mechanisms and influencing factors of transmission
line tower foundations on weathered rock. Zhou conducted a large-scale field study
on three types of bored piles-rotary drilling piles, impact drilling piles, and artificial
excavated piles. They pointed out that under the same conditions, the bearing capacity
of artificial excavated piles is greater than that of the other two types, attributed to the
minimal disturbance to the surrounding soil during the construction of artificial exca-
vated piles and the relatively rough contact surface between the pile and soil, which
enhances the lateral resistance of the pile. Zhang!®! studied the vertical load transfer
characteristics of large-diameter rock-embedded artificial excavated piles based on
load tests, indicating that the segmented excavation construction of the retaining wall
creates repetitive disturbances in the soil with a superimposed effect, which may lead
to cracks at the boundaries of the upper retaining wall under vertical load. Wang!®!
used ANSYS software to establish shear and contact models for excavation founda-
tions and explored the mechanical mechanisms of these two computational models
under uplift force. Haol”! simulated and analyzed the bearing behavior of excavated
transmission tower foundations in undisturbed soil under uplift load using the finite
element method, discussing the effects of parameters such as different burial depths
and soil shear strength on the ultimate bearing capacity and failure modes of uplift
piles through parametric analysis. Yul®! studied the contribution of retaining structures
to the vertical bearing capacity of the pile body using the finite element software
ANSYS and further summarized a unified quantitative calculation formula for the
contribution of the retaining wall to the vertical bearing capacity of the pile. Gaol”!
investigated the mechanical characteristics of artificial excavated pile retaining walls
at different excavation stages using ABAQUS, detailing the changes in bending mo-
ment, shear force, horizontal displacement, and the surface settlement curves of the
surrounding soil of the pile as the construction progressed, and summarized factors
affecting the working mechanism of artificial excavated pile retaining walls, including
surrounding soil parameters, pile stiffness, and excavation depth per section. Lv!'%
established a three-dimensional model considering pile-soil interaction using
ABAQUS to study the pullout bearing characteristics of excavated piles for transmis-
sion line towers, analyzing in-depth the influence of structural parameters of the pile
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and soil properties on the uplift bearing capacity. In addition, some scholars have
conducted in-depth research on this aspect and obtained a series of conclusions!!'-'4,

The above research provides a theoretical and practical foundation for the design
and construction of artificial cast-in-situ retaining wall excavated piles. However,
most current artificial excavated pile foundations use cast-in-situ reinforced concrete
retaining walls, which have many shortcomings, including complex procedures, long
construction periods, difficulties in ensuring bearing capacity, and high safety risks.
Based on the above problem, this paper proposes a novel pile foundation form of
artificial excavated piles with post-grouting and prefabricated retaining walls. This
method involves artificial segmented excavation, the installation of prefabricated
retaining walls, followed by concrete pouring and combined with pressure grouting at
the pile bottom, effectively overcoming the disadvantages of traditional cast-in-situ
retaining wall artificial excavated piles. Nevertheless, as a new type of pile, research
on key construction techniques, bearing performance, and design theories remains
insufficient, which hinders the promotion and application of this technology to some
extent.

From the above, domestic and foreign scholars have systematically studied the
construction method, bearing capacity of artificial cast-in-place wall protection dug
pile and the influence of different post-grouting methods on the ultimate bearing ca-
pacity of the pile by combining field test and model test. However, this paper propos-
es a new type of pile foundation with prefabricated wall protection and artificial hole
digging by grouting, which adopts the method of artificial section excavation and
installation of prefabricated wall protection to make holes, and then concrete pouring
combined with the method of pressure grouting at the bottom of the pile for construc-
tion. For this new pile type, the research on its uplift bearing characteristics is still in
the initial stage. Due to the lack of research, the application of prefabricated post-wall
grouting pile in transmission line engineering has not been widely popularized and
practiced. Therefore, it is urgent to deepen the research on the anti-pull-bearing char-
acteristics of prefabricated post-wall grouting pile, so as to provide a strong basis for
its application in transmission line engineering. Therefore, this paper takes a segment
of artificial excavated piles from the Hami-Chongqing £800kV UHVDC transmission
project as the research object, and based on numerical simulation, studies the load
transfer mechanism of this new type of uplift pile. The findings are of significant
engineering practical importance and profound theoretical implications for improving
the uplift design methods of artificial excavated piles under prefabricated retaining
wall construction conditions.

2 Engineering Background

The Hami-Chongging £800kV ultra-high voltage direct current transmission project is
proposed to have its starting point to the north of Niwangbao Village, Anzi Town,
Langzhong City, and terminate to the southeast of Shuiquan Village, with a line
length of 128km. The proposed line design includes precast casing concrete bored
piles with post-grouting, with pile length of 10 meters, pile diameter of 1.0 meters,
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and pile body strength of C30, with uplift resistance as the controlling load. Post-
grouting is carried out by pile bottom grouting, using Ordinary Portland cement PO
42.5, with a water-cement ratio of 0.55~0.6. The single pile grouting volume is 2.1
tons, the grouting pressure is 0.4MPa, and the grouting slurry returns to the pile top
after grouting. The diameter of the inner ring of the precast casing for the artificial
bored piles is 1000mm, with a vertical height of 500mm and a thickness of 60mm.
Each ring of precast casing is divided into three sections, with the concrete strength
grade being C50. The main geological condition for the line is silt loess, with a rela-
tively deep groundwater level. The physical parameters of the soil and the precast
casing artificial bored piles are listed in Table 1.

Table 1. Mechanical Parameters of Soil and Pile Foundation Materials

Density  Elastic Modulus Poisson's Cohesion  Internal Friction
Structure Name .
(kg/m?) (MPa) Ratio (kPa) Angle (°)
Silty Clay 1850 26 0.32 20 12
Grouted Reinforcement 2000 120 0.25 60 35
Prefabricated Retaining
2400 3.0x10* 0.22 / /
Wall
Artificial Excavated
Pil 2400 3.0x10* 0.20 / /
ile

3 Precast Casing Artificially Excavated Pile Static Load Test
Numerical Simulation

3.1 Model Establishment

This paper adopts the finite element software ABAQUS and relies on the prefabricat-
ed wall protection manual dug ungrouting pile and grouting pile of the £800kV
UHVDC transmission project in Hami-Chonggqing. The parameters are shown in Sec-
tion 1 engineering background. The three-dimensional numerical models of 1 un-
grouting pile and 1 grouting pile were established respectively, and the vertical pull-
out numerical simulation analysis was carried out to reveal the variation law of the
pull-out bearing capacity, axial force and lateral resistance of the artificially dug
grouting pile after prefabricated wall protection, and their failure modes were ana-
lyzed.

The numerical model has dimensions of 25m in length, width, and height. The cen-
ter of the pile hole and the top of the soil mass are both located at the origin of the
coordinate axes. The grouted solidification around the pile is simplified to a hollow
cylinder with an inner diameter of 1.32m and a wall thickness of 0.2m. The grouted
solidification at the pile tip is simplified to a cylindrical body with a height of 0.3m.
The entire model is divided into a total of 41696 grids, as shown in Figure 1. The
constitutive models for the soil, excavated pile, and grouted solidification are adopted
as Mohr-Coulomb, linear elastic, respectively. The interface between the pile body
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and the casing of the artificial excavated pile is defined with a tie constraint, and the
outer surface of the grouted solidification is defined with a Surface to Surface contact.
Normal constraints are set at the four sides and the bottom of the model, with the top
surface being a free boundary. When the post-grouting construction simulation is not
used, the pile tip and the pile side solidification are removed, and the rest is the same
as above.

(a) Geometric Model and Mesh  (b) Mesh Division (c) Mesh Division of (d) Mesh Division
Division of Soil of Pile Body Retaining Wall ~ of Grouted Body

Fig. 1. Model and Mesh Division of Prefabricated Retaining Wall and Artificial Excavated Pile

3.2  Numerical Analysis Department

Throughout the construction process, a total of 44 analysis steps were established.
After the geo stress equilibrium analysis step, a step for the installation of precast
casings on the retaining wall was added, followed by the add pile planting analysis
step. Subsequently, the post-grouting analysis step was implemented, and finally, the
load analysis step for the application of uplift load in graded increments was per-
formed, as shown in Table 2.

Table 2. Finite Element Simulation Analysis Steps

No. Analysis Step  Uplift Displacement at Pile Top (mm)

1 geo /
2 retaining wall /
3 addpile /
4 post-grouting /
5 Load-1 Stepl

44 Load-40 Step40
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4 Analysis of Numerical Simulation Results

4.1 Uplift Load-Displacement Curve Analysis

During the post-processing of the 3D model, the pile top load and uplift displacement
data were extracted, and the uplift load-displacement curves for the non-grouted piles
and the post-grouted piles were plotted, as shown in Figure 2.
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Fig. 2. Uplift Load-Displacement Curves of Ungrouted Piles and Grouted Piles

From Figure 2, it can be observed that the uplift load-displacement curves for both
the non-grouted and the grouted piles exhibit a "sharp change" pattern. Initially, the
displacement difference between the two pile types is small, but as the uplift load
continues to increase, the displacement difference gradually becomes larger. During
the application of the uplift load, the load-displacement curve of the grouted pile has a
significantly lower slope compared to that of the non-grouted pile, and the displace-
ment development at the pile top is relatively slow. Moreover, the load-displacement
curve of the grouted pile is always located below and to the right of that of the non-
grouted pile. The ultimate tensile bearing capacity of the non-grouted and grouted
piles is 777kN and 1431kN, respectively, with the latter being approximately 84.17%
higher than the former. Additionally, when the uplift force is around 777kN, the non-
grouted pile reaches the ultimate tensile bearing state with a corresponding vertical
displacement of 8mm, while the vertical displacement of the grouted pile is around
3.5mm, which is approximately 43.75% of the non-grouted pile. When the uplift force
is around 1431kN, the grouted pile reaches the ultimate tensile bearing state with a
corresponding vertical displacement of 10mm. Through the above comparative analy-
sis, it can be seen that the grouted pile has a significant reduction in vertical dis-
placement compared to the non-grouted pile, and the tensile bearing capacity is great-
ly improved. This indicates that the load transfer characteristics of the grouted pile
have been significantly improved, and its tensile bearing capacity can be more fully
utilized.
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4.2  Pile Axial Force Analysis

Five groups from the 40 uplift displacement cases were selected to analyze the distri-
bution pattern of the pile axial force along depth for both non-grouted and grouted
piles. Specifically, the 5 uplift displacements for the non-grouted piles were 1 mm,
3mm, 5 mm, 8mm, and 20mm, while for the grouted piles, they were 1 mm, 3 mm,
Smm, 10mm, and 20mm. The distribution curves of the pile axial force for both non-
grouted and grouted piles under different uplift displacements are shown in Figure 3.
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(a) Axial Force Distribution Curve of Ungrouted Pile(b) Axial Force Distribution Curve of Grouted Pile

Fig. 3. Axial Force Distribution Curves of Ungrouted and Grouted Piles at Different Uplift
Displacements

From Figure 3, it is noted that the distribution curves of the pile axial force for the
non-grouted pile and the grouted pile are similar. Under the action of various loads,
the axial force at the same section increases with the increase of uplift load, and the
increase in the magnitude of the axial force decreases gradually with the application
of uplift load and tends to stabilize. Under the same level of load, the axial force at
each section decreases gradually along the depth, which is due to the relative dis-
placement between the pile top and soil under the uplift load, leading to the genera-
tion of pile side resistance. The pile side resistance is gradually exerted along the
depth direction, and the axial force at the depth of the pile tip approaches zero. This
indicates that the uplift force is borne by the side resistance of the pile section.

Comparative analysis of Figures (a) and (b) shows that under the same uplift load,
the pile axial force at the same depth for the grouted piles is significantly greater than
that for the non-grouted piles. For uplift displacements of Imm, 3mm, and S5mm, the
axial force at the top of the non-grouted pile is sequentially 214kN, 494kN, and
695kN, while for the grouted pile, it is 310kN, 670kN, and 997kN, respectively. The
latter is 44.86%, 35.63%, and 43.46% greater than the former, respectively. Under the
action of the grouting pressure, the grouting fluid, through the permeation and com-
paction effect, forms a grouting solidification zone within a certain range of the pile
soil. The pile axial force of the artificial excavated pile, through the combined action
with the grouting solidification zone, can transfer the load more effectively to the
surrounding soil layer, thereby increasing the pile axial force of the post-grouted
piles.
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4.3  Pile Side Resistance Analysis

Figure 4 shows the distribution curves of pile side resistance for non-grouted piles and
grouted piles under different uplift displacements.
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Fig. 4. Side Resistance Distribution Curves of Ungrouted and Grouted Piles at Different Uplift
Displacements

From Figure 4, it can be observed that the distribution curves of pile side resistance
for both non-grouted and grouted piles show a similar pattern and exhibit an extreme-
ly nonlinear relationship. Under the same level of load, the pile side resistance at each
section gradually increases along the burial depth direction, reaching a peak at a cer-
tain depth within the range of 0 to 1m of the pile body, and then attenuating to a cer-
tain value within the range of 1 to 2m. This is the phenomenon of side resistance sof-
tening, and then reaching the maximum peak of side resistance near the pile tip (with-
in the range of 9 to 10 m of the pile body). This indicates that the pile side resistance
is transmitted and exerted from top to bottom with increasing depth. By combining
the distribution curves of pile side resistance from Figures (a) and (b), it is evident
that under the same uplift load, the pile side resistance of grouted piles at the same
depth is greater than that of non-grouted piles, suggesting that the post-grouted piles
have a more fully developed pile side resistance compared to non-grouted piles. Un-
der the ultimate load, the maximum pile side resistance for non-grouted piles is
42.25kPa, while for grouted piles, it is 72.56kPa, indicating an increase in pile side
resistance of approximately 30% to 75%. This shows that the placement of grouting
solidification material can transform the relatively smooth "concrete-soil" interaction
interface of traditional artificial excavated piles into a "grouting material-soil" interac-
tion interface. At this point, the pile side resistance changes from shear slip resistance
to the bonding strength of the "grouting material-soil" interface. This allows the pile
side resistance to be further fully utilized, thereby increasing the ultimate side re-
sistance of the artificial excavated piles with post-grouted and prefabricated retaining
walls.
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4.4  Failure Mode Analysis

This study employed the PEEQ (Equivalent Plastic Strain) in ABAQUS software to
investigate the failure mode of artificial excavated piles with post-grouting and pre-
fabricated retaining walls. The distribution of the equivalent plastic strain region
around the pile is shown in Figure 5.
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(e)Uplift Displacement S=20 mm (f)Uplift Displacement S=40 mm
Fig. 5. Distribution of Equivalent Plastic Strain Areas around the Pile Soil
As can be seen from Figure 5, when the uplift displacement is relatively small

(S=2mm), the soil around the lower part of the pile starts to exhibit characteristics of
plastic yielding, indicating that a portion of the soil around the pile is beginning to
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undergo shear failure. As the uplift load increases gradually, the plastic area around
the pile soil expands continuously, and the soil at the pile bottom also begins to expe-
rience plastic failure. With further increase in uplift load, the main failure zone of the
artificial excavated piles with post-grouting and prefabricated retaining walls occurs
in the lower part of the pile and between the grouted solidification zone directly con-
tacting the soil at the bottom and the soil. The plastic deformation in these areas grad-
ually intensifies, and the plastic zone gradually expands towards the pile top. When
the ultimate load is reached (S=10mm), the soil around the pile and near the surface
of the grouted solidification zone at the bottom of the pile both undergo severe shear
failure. When the uplift displacement S reaches 40mm, the pile bottom completely
detaches from the soil, forming a distinct separation state. From the above analysis, it
can be concluded that the failure mode of artificial excavated piles with post-grouting
and prefabricated retaining walls mainly manifests as cylindrical shear failure at the
pile-soil interface.

5 Conclusion

In this paper, a finite element model is established by using ABAQUS finite element
software, and the uplift bearing capacity of manually dug pile with prefabricated wall
protection is compared and analyzed under two different conditions: ungrouting and
grouting. The load-displacement curve analysis, pile axial force analysis, pile side
resistance analysis, soil displacement change law around the pile and the development
law of soil plastic zone around the pile are discussed. The influence mechanism of
different post-grouting parameters on uplift bearing capacity is deeply analyzed,
which provides an important theoretical basis and practical guidance for the design
and construction of prefabricated post-grouting pile in HV transmission line engineer-
ing. This innovation not only simplifies the construction process and improves work
efficiency, but also injects new vitality into the safety and economy of transmission
line engineering. The main conclusions are as follows:

1)The load-displacement curve of the grouted piles is located in the lower right of
the non-grouted piles, indicating that under the same load, the grouted piles have a
smaller vertical displacement at the pile top. Moreover, the grouted piles have an
84.17% increase compared to the non-grouted piles, showing that post-grouting sig-
nificantly improves the ultimate pullout bearing capacity of the piles and can reduce
the uplift displacement.

2)The axial force of the piles, both in the non-grouted and grouted piles, decreases
gradually with depth. However, under the action of the grouting pressure, the grouting
fluid forms a grouted solidification zone around the pile within a certain range
through the permeation and compaction effect. The axial force of the artificial exca-
vated piles is transferred more effectively to the surrounding soil through the com-
bined action with the grouted solidification zone, thereby increasing the axial force of
the grouted piles.

3)The change of the pile side resistance along the burial depth direction for both
non-grouted and grouted piles is nonlinear. The pile side resistance starts to operate



Numerical Analysis of the Pullout Bearing Characteristics 599

from the upper part of the pile and gradually transmits downwards with the increase
of uplift load, reaching a maximum near the pile tip. Under the ultimate load, the
maximum pile side resistance for the non-grouted and grouted piles is 42.2kPa and
72.56kPa, respectively. After post-grouting, the pile side resistance increases by about
30% to 75%.

4)The prefabricated retaining wall grouted artificial excavated piles resist uplift

loads through the larger pile side resistance between the grouted solidification zones
at the pile sides and bottom and the soil. The failure mode is cylindrical shear failure
at the pile-soil interface.
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