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Abstract: In the steep terrain of southwestern China, there are numerous complex strata characterized
by thin overburden layers and well-behaved underlying bedrock, yet excavation poses significant
challenges. This situation is unfavorable for the construction of transmission towers’ foundations.
To address this issue, inclined anchor short-pile foundations have been proposed as foundations
for transmission towers. These foundations not only reduce the depth and construction difficulty
of excavation but also make full use of the load-bearing capacity of the bedrock. To investigate
the influence of the anchor rods’ layout on the uplift resistance characteristics of inclined anchor
short-pile foundations, numerical models were established using FLAC3D. The effects of the anchor
rods’ position and the length of the free segment on the uplift resistance characteristics of inclined
anchor short-pile foundations were explored. The results indicated that variations in the anchor rods’
position and the length of the free segment had minimal impact on the uplift resistance characteristics
of inclined anchor short-pile foundations. The pile head displacements of short piles with different
anchor rod positions were similar under both loading conditions. Under pure uplift loads, the
maximum displacement before failure was approximately 13 mm, while under combined uplift
and horizontal loads, the maximum displacement before failure was around 15 mm. Placing the
anchor rod too low increased the difficulty of construction, while positioning it too high resulted
in a shorter embedment length of the anchor rod in the pile’s body, leading to potential failure at
the pile–anchor node. Therefore, it is recommended to position the anchor rod near the center of
the short pile’s body. As the length of the free segment of the anchor rod decreased, there was
a slight reduction in the displacement under the same uplift loading conditions, with an overall
difference of less than 5%. However, if full-length anchoring was adopted, the anchor rod was prone
to tensile shear failure. Compared with short-pile foundations of the same size, inclined anchor
short-pile foundations demonstrated enhanced ultimate bearing capacity under uplift and combined
uplift and horizontal loading. The improvement was more significant when horizontal loads were
present. Under horizontal loading, the ultimate uplift bearing capacity of inclined anchor short-pile
foundations decreased by only 14%, whereas that of single-pile foundations decreased by 24%.

Keywords: inclined anchor short-pile foundations; FLAC3D; uplift resistance characteristics; anchor
rod layout; anchor rod position; length of the free segment

1. Introduction

As the economy of China rapidly develops, the scale of the power grid continues
to expand, making the construction of transmission lines the norm in future substation
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projects. However, in regions such as the southwestern mountainous areas of China, the
presence of numerous complex terrains and rocky strata poses significant challenges to
construction. Difficulty in construction arises from the complexities inherent in these
terrains, making drilling a formidable task. Consequently, the construction of foundations
for transmission towers encounters formidable challenges.

In the mountainous regions of China, various types of foundations, such as bored
pile foundations [1], rock-embedded foundations [2], and rock anchor foundations [3],
are predominantly utilized for power transmission lines. Extensive research has been
conducted on the pullout bearing characteristics of these foundations. Li [4] proposed
a multi-expansion-head bored pile foundation, comparing its load-bearing capacity and
economic efficiency with traditional bored piles. The results indicated that under similar
conditions, the multi-expansion-head bored pile foundation could enhance the pullout
bearing capacity by 9% to 34%, while saving concrete by 4% to 26%. Zheng et al. [5]
conducted field experiments to investigate the pullout performance of grouted bored piles,
revealing a significant enhancement in the pullout bearing capacity through grouting.
Wang et al. [6] utilized numerical simulation to calculate the pullout bearing capacity of
bored piles on slopes, demonstrating a negative correlation between the pullout capacity
and the slope ratio, and a positive correlation with foundation width or height, represented
by a quadratic polynomial; however, when the slope ratio fell below a certain thresh-
old, the capacity ceased to increase. Jiang et al. [7] studied the distribution of stress and
the dissipation of deformation of rock-anchored bored-pile foundations under horizontal
loads. Cui et al. [8] conducted field tests and analyzed the load-displacement curves of
bored piles under different vertical loads, revealing distinct characteristics in the curves’
shapes. Jiang et al. [9,10] proposed a novel anti-pullout pile, namely a composite anchor
pile, demonstrating its uniform distribution of stress, superior durability, and mechanical
performance compared with other piles, along with a method for calculating the com-
posite anchor pile’s bearing capacity. Ji et al. [11] concluded from indoor model tests of
rock-embedded anti-pullout piles on flat and sloped grounds that the slope’s inclination
negatively affects the bearings’ deformation characteristics, with the impact increasing
with the slope’s steepness. Hong et al. [12] analyzed the pullout bearing performance and
failure characteristics of rock-embedded foundations on the basis of in situ tests, obtaining
significantly improved ultimate shear strength parameters compared with the existing
standards. Wang et al. [13] established a pullout bearing model based on typical field tests,
determining the optimal anchor rod angle and pullout bearing mechanism for inclined
anchor short piles. Cheng et al. [14] used finite element techniques to study the pullout bear-
ing capacity of strip plate anchor foundations in sandy soils, laying a theoretical foundation
for their application in sandy soil foundations. Sun et al. [15,16] proposed an anchor–pier
foundation composed of pier foundations and a group of anchor foundations, analyzing
the transmission mechanism of pullout and failure modes of the anchor–pier foundation
through experiments, and providing a calculation method for the pullout coefficient. Wang
et al. [17] proposed a method for determining the ultimate pullout bearing capacity of
anti-pullout piles based on non-integral load-displacement curves obtained from field
destructive tests. Chen et al. [18] designed a new type of rock anchor foundation based on a
bonded-slip model for transmission lines, studying its mechanical properties under pullout
and horizontal loadings, concluding that the foundation met the requirements of bearing
capacity. Fang et al. [19] conducted model tests on pile extraction and the corresponding
numerical simulations to investigate the mechanical parameters of both the pile and the
surrounding soil under uplift loads. A novel expansive shell anchor proposed by Guo
et al. [20] addressed the issue of insufficient load-bearing capacity due to failure modes
such as anchor pullout. The study revealed that compared with conventional anchors,
the new anchor significantly enhanced its resistance to uplift loads. Chen et al. [21], on
the basis of existing calculation methods in the current specifications and considering
the load characteristics of rock anchors, synthesized calculation methods for key issues
such as the pullout capacity and fatigue life of anchors, providing values for the critical
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parameters. Rahgozar et al. [22] investigated the influence of foundation models on the
seismic response of low-rise controlled-rocking brace frames. A dynamic analysis and a
fragility analysis were conducted to evaluate a set of sway prototypes under fixed and
flexible conditions. Additionally, the effects of shallow foundations were compared with
those of traditional brace frames on the sway prototypes. The results indicated that the
controlled-rocking brace frame prototypes exhibited significant flexibility effects in the
foundation. Younus et al. [23] determined the pulling capacity or resistance of basalt fiber
reinforced polymer (BFRP) and glass fiber reinforced polymer (GFRP) sheet-wrapped piles
by experiments. The results showed that, compared with unconstrained piles, the uplift
resistance of the piles was improved greatly. Under dry conditions, the uplift resistance
of BFRP and GFRP cladding was 35.56% and 15.56% higher than that of unconstrained
piles, respectively. Ilamparuthi et al. [24] conducted an experimental study on the uplift
behavior of a relatively large scale model of a round plate anchor with a diameter of up
to 400 mm embedded in loose, medium density, and dense dry sand. It was found that
the lifting capacity was greatly affected by the bolts’ diameter, the embeddedness ratio,
and the sand’s density. The values of loose, medium, and dense sand were put forward
as 4.8, 5.9, and 6.8, respectively, and the empirical equation they presented proved to be
consistent with the facts. Drilled pile foundations and rock-socketed foundations impose
less stringent geological requirements and have found wider application in engineering.
However, due to their larger excavation volume, their construction difficulty and cost
are high. Rock anchor foundations require less material and entail smaller excavations,
thus lowering the construction difficulty, yet they demand higher geological conditions,
resulting in a lower current application rate [25–28]. Compared with the aforementioned
foundations, inclined anchor short-pile foundations exhibit complex structures, consisting
of short-pile foundations and anchor rod structures, possessing good vertical load-bearing
performance and enhanced anti-pullout characteristics. Moreover, with short construction
periods and small amount of engineering, they are suitable for the complex geological
conditions and mountainous terrain features of southwestern China [29]. Additionally,
inclined anchor short-pile foundations are subjected not only to pure upward pullout
loads but also to combined upward and horizontal loads, although the extent to which
their anti-pullout bearing characteristics are influenced by the layout of the anchor rods
remains unclear.

To address the aforementioned issues, this study used numerical simulation methods
to investigate the influence of the anchors’ layout configurations on the pullout bearing
characteristics of inclined anchor short-pile foundations under composite loading condi-
tions. Specifically, the study focused on the effects of the anchors’ position and the length
of the free segment. Various numerical models were constructed using FLAC3D (6.00)
finite difference software, applying a controlled variable approach. Each factor’s influence
on the pile heads’ displacement, bearing capacity, the axial force in the piles’ body, and
the load-bearing ratio of the anchor structure was analyzed under both upward pullout
and combined upward–horizontal loading conditions. The findings elucidated the impact
of the anchors’ layout configurations on the pullout bearing characteristics of inclined
anchor short-pile foundations, thus providing theoretical support for the construction of
such foundations.

2. Numerical Modelling

FLAC3D software, which utilizes the explicit Lagrangian algorithm, was used for
solving the dynamic equations of motion (including the internal variables) in the mod-
els. These equations were solved using an explicit approach, referred to as the “explicit
solution”. The explicit algorithm in FLAC3D offers several advantages: it demonstrates
similar computational time for non-linear stress–strain relationships to linear constitutive
models, while significantly reducing the computational cost compared with implicit solu-
tion strategies. Moreover, FLAC3D incorporates a hybrid discrete partitioning technique,
enabling effective simulation of the material yield, plasticity, and large deformations in
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the model. In this study, the numerical simulation involved the cooperative deforma-
tion of short piles and anchor structures in a skewed anchor short-pile foundation under
loading conditions. The interactions among the pile’s body, the anchor bars, and the
soil, as well as the analysis of the forces, displacements, and material yield, are complex.
Therefore, the finite difference method was used for efficient and rapid analysis in this
numerical simulation.

All parameters in this study were derived from on-site static load tests of a single
anti-pullout pile foundation in a certain engineering project [30] and the numerical model of
the inclined anchor short-pile foundation was established using FLAC3D. According to the
results of the on-site static load tests of the single anti-pullout pile, the deformation of the
anti-pullout pile body was minimal, thus assuming the pile’s body to be elastic and using
an elastic model for modeling while neglecting plastic deformation. The Mohr–Coulomb
constitutive model was selected for the rock mass. The Mohr–Coulomb constitutive model
can better simulate the plastic failure of rocks, and its computational speed is relatively fast
in numerical simulation analyses. The interaction between the pile and rock was simulated
using the built-in zero-thickness interface elements in FLAC3D. These interface elements
use the Mohr–Coulomb shear model, which is commonly used to analyze displacement
and sliding between two solid elements. The parameters for calculating the numerical
simulation were referenced from the geotechnical investigation report of the physical and
mechanical parameters of the test site’s rock and soil. The specific parameters are shown in
Tables 1 and 2.

Table 1. Numerical simulation of the mechanical parameters of the rock and soil mass and the
pile’s body.

Solum Weight
(kN/m3)

Cohesive Strength
(kPa)

Internal Frictional
Angle (◦)

Modulus of
Elasticity (MPa)

Poisson
Ratio

Medium-weathered muddy siltstone 24.0 580 38.8 480 0.35
Reinforced concrete pile 25.0 / / 35,000 0.16

Table 2. Numerical simulation of the cell parameters of the contact surface.

Contact Surface Position Normal Stiffness
(GPa/m)

Tangential Stiffness
(GPa/m)

Cohesive Strength
(kPa)

Angle of Friction
(◦)

Medium-weathered muddy siltstone 50.2 50.2 522 31

In the inclined anchor short-pile foundation model presented in this study, the model-
ing of the anchor rod was achieved by combining solid elements and pile elements. The pile
elements simulated the anchor bars, while the solid elements simulated the anchoring body,
and the interface elements were used to simulate the sliding and displacement between
the anchoring body and the rock mass. The choice of pile elements over cable elements
was due to their bending resistance, enabling them to withstand certain horizontal forces.
The length of the free segment of the anchor rod was 0.65 m, while the anchored segment’s
length was 4 m, featuring HRB400 hot-rolled ribbed steel bars with a diameter of 35 mm.
The anchor bars were connected to the pile’s body through bending. A structural model
of the anchor rod is shown in Figure 1. The geometric and mechanical parameters of the
pile’s structural elements were determined on the basis of the corresponding parameters of
the anchor rod and grouting material, as indicated in Tables 3 and 4.
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Figure 1. Schematic diagram of the anchor bolt’s structure. (a) Schematic diagram of the model of the
anchor rod. (b) Schematic diagram of the bolt’s contact surface.

Table 3. Geometric and mechanical parameters of the pile’s structural units.

Modulus of
Elasticity

(GPa)

Poisson
Ratio

Pole Body
Area
(m2)

Y axial
Moment of
Inertia (m4)

Z Axial
Moment of
Inertia (m4)

Polar
Moment of
Inertia (m4)

Yield
Strength (kN)

Elongation at
Breaking

201 0.3 9.6 × 10−4 7.36 × 10−8 7.36 × 10−8 1.47 × 10−7 384 14%

Table 4. The grouting’s mechanical parameters.

Modulus of
Elasticity (GPa) Poisson Ratio Tensile Strength

(kPa)
Cohesive Strength

(kPa)
Internal Frictional

angle (◦)
Weight

(kN/m3)

30 0.17 70 3.18 × 103 50 24

As shown in Figure 2, the dimensions of the rock–soil mass model were set at
12 m × 12 m × 10 m. Tetrahedral meshing was used. Grid refinement was applied
to the pile’s body, the rock mass around the pile, and the grouting body of the anchor rod.
The maximum grid size was set to 0.2 m at the pile’s body and 0.03 m at the grouting
body of the anchor rod. Larger grid sizes were chosen at the boundaries of the strata,
with a maximum size of 1 m at the edges of the rock mass model. This approach ensured
computational accuracy while minimizing the computational time.

The simulation involves two loading conditions: pure upward pullout loading and
combined upward–horizontal loading. In the pure upward pullout loading condition, a
stepwise equal load increment method was used. The initial load was set at 424 kN, with
subsequent increments of 212 kN until failure of the inclined anchor short-pile foundation
was observed. In the upward–horizontal loading condition, the upward pullout load was
identical to that in the pure upward pullout loading condition. The initial horizontal load
was set at 100 kN, with subsequent increments of 50 kN. Both the upward and horizontal
loads were applied in stress form through the pile’s cap.
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Figure 2. The model’s mesh division.

The bottom boundary of the model was constrained in both the vertical and horizontal
directions, while the side boundaries were constrained in the horizontal direction. The top
boundary of the model was left unconstrained.

3. Numerical Results
3.1. Influence of the Anchor’s Position

To investigate the impact of the anchor rod’s position on the bearing capacity of
inclined anchor short-pile foundations, numerical simulation models were established at
distances of 0.6 m, 0.8 m, 1 m, 1.2 m, and 1.4 m from the ground surface. The analysis
included various parameters, as shown in Table 5.

Table 5. Parameter setting of the anchor’s position for analysis under working conditions.

Pile Length (m) Anchor Diameter (mm) Anchor Pole Angle (◦) Length of the Free
Segment (m) Horizontal Load

2 40 30 0.66 0.3 times lifting load

3.1.1. Displacement of the Pile’s Top

As shown in Figure 3, under pure uplift loading conditions, the load-displacement
curves of the inclined anchor short piles with five different anchor positions exhibited
linear distributions before failure, with maximum displacements around 13 mm. Under
uplift–horizontal loading conditions, the load-displacement curves displayed initial linear
distributions in the early loading stages, followed by a decrease in the slope in the later
stages of loading, with maximum displacements before failure averaging around 15 mm.
Afterward, the failure of the short-pile foundation was observed. A significant increase
in the pile’s displacement occurred, resulting in the reinforcement within the free section
of the anchors reaching fracture strain. This led to structural failure of the anchors. Con-
sequently, the inclined anchor short-pile foundation experienced complete failure with
substantial displacement.
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Figure 3. Load displacement curve of the inclined anchor short-pile foundation with different bolt
positions: (a) uplift load; (b) uplift–horizontal load.

3.1.2. Bearing Capacity

Figure 4 presents the uplift capacity curves of inclined anchor short-pile foundations
with pile–anchor nodes located at distances of 0.6 m, 0.8 m, 1 m, 1.2 m, and 1.4 m from
the pile’s top. Under pure uplift loading conditions, all five different anchor positions
experienced failure upon reaching a load of 2650 kN. Under uplift–horizontal loading
conditions, the uplift loads before failure were consistent at 2332 kN, indicating the minimal
influence of variation in the anchor’s position on the uplift capacity of inclined anchor
short-pile foundations.
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Figure 4. Influence of the bolt’s position on the uplift bearing capacity of short-pile foundations with
inclined anchors.

3.1.3. Axial Force of the Pile’s Shaft

Figures 5 and 6 depict the variation in the axial along the pile’s shaft for inclined anchor
short-pile foundations with five different anchor positions under various uplift loads and
uplift–horizontal loading conditions. Regardless of the loading conditions, similar trends
in the variation in the axial force along the pile’s shaft were observed for different anchor
positions. Sharp decreases in the axial force occurred at the nodes’ locations, and the
slopes of the axial force curves beneath the nodes were nearly identical for different anchor
positions. Above the nodes, the slope of the axial force curve increased with deeper anchor
positions in the first half, while the slopes became similar in the latter half, indicating
that the differences in the piles’ resistance to sideways friction among the different anchor
positions were significant only near the ground surface.



Buildings 2024, 14, 2580 8 of 16

Buildings 2024, 14, x FOR PEER REVIEW 8 of 16 
 

deeper anchor positions in the first half, while the slopes became similar in the latter half, 
indicating that the differences in the piles’ resistance to sideways friction among the dif-
ferent anchor positions were significant only near the ground surface. 

  
(a) (b) 

Figure 5. Influence of the anchor’s position on the axial force of inclined anchor short-pile founda-
tion under the action of uplift load: (a) uplift load of 1378 kN; (b) uplift load of 2226 kN. 

  
(a) (b) 

Figure 6. Influence of the anchor’s position on the axial force of inclined anchor short-pile founda-
tion under the action of uplift–horizontal load: (a) uplift load of 1378 kN; (b) uplift load of 2226 kN. 

3.1.4. Load-Bearing Ratio of the Anchor Bolts’ Structure 
As shown in Figure 7, the development trend of the load-bearing ratio curves for the 

anchoring structures at different anchor positions remained consistent under both loading 
conditions. Therefore, the position of the anchor had a minimal impact on the load-bear-
ing ratio of the anchoring structure for inclined anchor short-pile foundations under both 
pure uplift and uplift–horizontal loading conditions. 

Figure 5. Influence of the anchor’s position on the axial force of inclined anchor short-pile foundation
under the action of uplift load: (a) uplift load of 1378 kN; (b) uplift load of 2226 kN.

Buildings 2024, 14, x FOR PEER REVIEW 8 of 16 
 

deeper anchor positions in the first half, while the slopes became similar in the latter half, 
indicating that the differences in the piles’ resistance to sideways friction among the dif-
ferent anchor positions were significant only near the ground surface. 

  
(a) (b) 

Figure 5. Influence of the anchor’s position on the axial force of inclined anchor short-pile founda-
tion under the action of uplift load: (a) uplift load of 1378 kN; (b) uplift load of 2226 kN. 

  
(a) (b) 

Figure 6. Influence of the anchor’s position on the axial force of inclined anchor short-pile founda-
tion under the action of uplift–horizontal load: (a) uplift load of 1378 kN; (b) uplift load of 2226 kN. 

3.1.4. Load-Bearing Ratio of the Anchor Bolts’ Structure 
As shown in Figure 7, the development trend of the load-bearing ratio curves for the 

anchoring structures at different anchor positions remained consistent under both loading 
conditions. Therefore, the position of the anchor had a minimal impact on the load-bear-
ing ratio of the anchoring structure for inclined anchor short-pile foundations under both 
pure uplift and uplift–horizontal loading conditions. 

Figure 6. Influence of the anchor’s position on the axial force of inclined anchor short-pile foundation
under the action of uplift–horizontal load: (a) uplift load of 1378 kN; (b) uplift load of 2226 kN.

3.1.4. Load-Bearing Ratio of the Anchor Bolts’ Structure

As shown in Figure 7, the development trend of the load-bearing ratio curves for the
anchoring structures at different anchor positions remained consistent under both loading
conditions. Therefore, the position of the anchor had a minimal impact on the load-bearing
ratio of the anchoring structure for inclined anchor short-pile foundations under both pure
uplift and uplift–horizontal loading conditions.
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3.2. Influence of the Length of the Free Segment

To investigate the influence of the length of the anchor’s free segment on the bearing
capacity of inclined anchor short-pile foundations, numerical simulation models were
established under conditions where the length of the anchor’s free segment was 0 m, 0.33 m,
0.66 m, 0.99 m, and 1.32 m. Other parameters are listed in Table 6.

Table 6. Parameter setting of the length of the free segment for analysis under working conditions.

Pile Length (m) Anchor Diameter (mm) Anchor Node Position Anchor Pole Angle (◦) Horizontal Load

2 40 Pile body in the point 30 0.3 times lifting load

3.2.1. Displacement of the Pile’s Top

As depicted in Figure 8, under both loading conditions, the maximum displacement
at the pile’s top before failure remains almost consistent across the five curves. Throughout
the loading process, except for the inclined anchor short-pile foundation with the fully
anchored form, there was a slight increase in the displacement of the pile’s top with an
increase in the length of the anchor’s free segment, although the overall difference was not
significant. For the fully anchored form, during the early loading stages of both loading
conditions, the displacement of the pile’s top was less than that of the non-fully anchored
form. However, as the loading progressed, the slope of the load-displacement curve
increased, and ultimately, inflection points appeared at uplift loads of 2438 kN and 2014 kN,
indicating failure of the inclined anchor short-pile foundation.
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3.2.2. Bearing Capacity

As illustrated in Figure 9, as the length of the free segment increased from 0.33 m to
1.32 m, the foundations failed under pure uplift loading conditions upon reaching 2650 kN
load, and under uplift–horizontal loading conditions, failure occurred at a 2332 kN load,
indicating the minimal impact of the change in the length of the anchor’s free segment on
the bearing capacity of the inclined anchor short-pile foundation. If the anchor segment
adopted a fully anchored form, the bearing capacity of the inclined anchor short-pile foun-
dation decreased under both loading conditions. This can be attributed to the displacement
between the grouting body at the pile–anchor node and the rock mass, resulting in the
concentration of shear stresses in the anchor bars at the node, which progressively increased
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with loading. Eventually, the anchor bars experienced shear failure, leading to a decrease
in the uplift resistance of the inclined anchor short-pile foundation.
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bolt short-pile foundations.

3.2.3. Axial Force of the Pile’s Shaft

As depicted in Figures 10 and 11, during the loading process, the axial force curves
of the pile’s body for the fully anchored form of the anchor exhibited steeper slopes
beneath the node, indicating less displacement for the fully anchored inclined anchor short-
pile foundation, resulting in reduced resistance of the pile to sideways friction beneath
the node. The axial force curves for the length of the other four anchors’ free segments
almost overlapped, suggesting the minimal influence of changing the length of the an-
chor’s free segment on both the axial force of the pile’s body and the pile’s resistance to
sideways friction.
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3.2.4. Load-Bearing Ratio of the Anchor Bolt Structure

As shown in Figure 12, the variation in the load-bearing ratio of the anchor struc-
tures for inclined anchor short-pile foundations with different lengths of the anchor’s free
segment remained similar during the loading process under both loading conditions. In
the case of non-fully anchored forms of anchor, an increase in the length of the anchor’s
free segment resulted in a decrease in the load-bearing ratio of the anchor, indicating a
reduction in the axial force of the anchor. As analyzed earlier, the change in length of the
anchor’s free segment had minimal impact on the displacement of the inclined anchor
short-pile foundation. However, at the same node displacement, the load-bearing ratio of
the anchor was inversely proportional to the length of the free segment of the anchor.
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4. Discussion

Similar to the previous section, on the basis of the field static load test of a certain
engineered anti-pulling single pile foundation, an embedded rock pile foundation model
with equal sections was established to verify the advantages and rationality of the inclined
anchor short-pile foundation.
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In the numerical simulation of the anti-pulling embedded rock pile, the selection of
constitutive models and parameters for the rock mass, pile body, and pile–rock contact
surface was consistent with the selection in the numerical simulation of the inclined anchor
short-pile foundation in the previous section. The model pile is shown in Figure 13.
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Figure 13. Numerical simulation model of the rock-socketed pile uplift test.

The simulation in this study used two loading conditions: pure uplift loading and
uplift–horizontal loading, with the same loading method as in the previous section.

To investigate the effect of horizontal loading on the resistance to uplift of both the
fully embedded single-pile foundations and the inclined anchor short-pile foundations, the
load-displacement curves of the two types of pile foundations were analyzed, as shown in
Figure 14.
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short-pile foundation.

Under pure uplift loading conditions, the single-pile foundation failed when loaded to
3390 kN, with an ultimate uplift capacity of 3180 kN. The inclined anchor short-pile founda-
tion, however, failed at 4244 kN, showing a significant increase in ultimate uplift capacity
compared with the single-pile foundation, which was 3396 kN. The load-displacement
curves of both the single-pile foundation and the inclined anchor short-pile foundation
exhibited three segments: before reaching displacement of the pile’s top of 13.3 mm, the
curve showed gradual variation that was relatively gentle; from 13.3 mm to 14.6 mm, there
was a slight increase in the slope but it remained linear; and when the displacement of the
pile’s top reached 14.6 mm, the single-pile foundation failed and the displacement increased
substantially. For the inclined anchor short-pile foundation, before reaching displacement
of the pile’s top of 10.1 mm, the curve showed gradual variation that was relatively gentle,
indicating elastic deformation of both the short-pile foundation and the anchoring struc-
ture. From 10.1 mm to 14.6 mm, the reinforcement of the anchor’s foundation yielded, and
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although there was a slight increase in the slope, the curve remained relatively gentle and
linear. When the displacement of the pile’s top reached 14.6 mm, which was the same as the
ultimate displacement of the single-pile foundation, the short-pile foundation failed, with
a substantial increase in the displacement of the pile’s body, leading to the rupture strain
of the reinforcement in the anchor’s free segment, resulting in the failure of the anchoring
structure and the overall failure of the inclined anchor short-pile foundation, accompanied
by significant displacement. Compared with a short-pile foundation of the same size, the
inclined anchor short-pile foundation exhibited an increased ultimate uplift capacity under
uplift loading conditions, but the difference in the displacement of the pile’s top between
the two was not significant.

Under uplift–horizontal loading conditions, horizontal loading significantly affected
the ultimate uplift capacity of both types of pile foundations. Specifically, the failure
load of the single-pile foundation decreased from 3390 kN to 2550 kN, while that of the
inclined anchor short-pile foundation decreased from 4244 kN to 3610 kN, with a smaller
slope in the load-displacement curve. The load-displacement curve of the single pile
foundation exhibited four segments: before reaching a displacement of the pile’s top of
5.1 mm, the curve showed gradual variation that was relatively gentle; from 5.1 mm
to 8.4 mm, there was a slight increase in the slope; from 8.4 mm to 18.9 mm, the slope
decreased slightly but remained linear; and when the displacement of the pile’s top reached
18.9 mm, the single-pile foundation failed, with a substantial increase in displacement. For
the inclined anchor short-pile foundation, the load-displacement curve exhibited three
segments: before reaching a displacement of the pile’s top of 11.3 mm, the curve showed
gradual variation that was relatively gentle, indicating elastic deformation of both the short-
pile foundation and the anchor’s structure; from 11.3 mm to 18.9 mm, the reinforcement
of the anchor foundation yielded, and although there was a slight increase in the slope,
the curve remained relatively gentle and linear; and when the displacement of the pile’s
top reached 18.9 mm, which was the same as the ultimate displacement of the single-pile
foundation, the short-pile foundation failed, with a substantial increase in the displacement
of the pile’s body, leading to the rupture strain of the reinforcement in the anchor’s free
segment, resulting in the failure of the anchor’s structure and the overall failure of the
inclined anchor short-pile foundation, accompanied by significant displacement. Under
uplift–horizontal loading conditions, the ultimate bearing capacity of the inclined anchor
short-pile foundation improved compared with that of the single-pile foundation, and
horizontal loading had a significant impact on the single-pile foundation. Compared with
the single-pile foundation, the inclined anchor short-pile foundation, with its inclined
anchor structure, could limit the inclination of the pile’s body, thereby reducing the impact
of horizontal loading on the uplift bearing capacity of the pile’s body, with little difference
in the displacement of the pile’s top between the two.

In summary, under both pure uplift loading and uplift–horizontal loading conditions,
the difference in the displacement of the pile’s top between the inclined anchor short-
pile foundation and the single-pile foundation was minimal, but the uplift resistance
performance of the inclined anchor short-pile foundation was superior to that of the single-
pile foundation. Under pure uplift loading conditions, there was only a slight increase of
216 kN in the ultimate uplift capacity of the inclined anchor short-pile foundation compared
with the single-pile foundation. However, when subjected to horizontal loading, the
ultimate uplift capacity of the inclined anchor short-pile foundation increased significantly
to 1060 kN. Due to the synergistic loading of the anchor and the short pile in the inclined
anchor short-pile foundation, the inclined anchor’s structure can limit the inclination of the
pile’s body, thereby reducing the influence of horizontal loading on the uplift resistance of
the pile’s body. Its ability to withstand horizontal loading was significantly superior to that
of the single-pile foundation.
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5. Conclusions

This study used FLAC3D to investigate the effects of the anchor rods’ position and
length of the free segment on the uplift resistance characteristics of inclined anchor short-
pile foundations under pure uplift and uplift–horizontal loading conditions. The dis-
tinctions between single-pile foundations and inclined anchor short-pile foundations are
discussed, yielding the following main conclusions.

(1) The variation in anchor rods’ position had a minimal impact on the uplift bearing
characteristics of inclined anchor short-pile foundations. The displacements of the
head of short piles with different positions for the anchor rods were similar under
both loading conditions. Under pure uplift loads, the maximum displacement before
failure was approximately 13 mm, while under combined uplift–horizontal loads,
the maximum displacement before failure was around 15 mm. The development
patterns of the load-bearing ratio curves for the anchor rod’s structure were nearly
identical. If the anchor rod was positioned too low, the difficulty of construction
increased; conversely, if placed too high, the embedded length of the anchor bar in
the pile was reduced, leading to potential failure at the pile–anchor node. Therefore,
it is recommended to place the anchor rod near the center of the short pile’s shaft.

(2) The variation in the length of the free section had a minimal effect on the uplift
bearing characteristics of inclined anchor short-pile foundations. An increase in the
free section’s length resulted in only a slight increase in the displacement of the pile’s
head, with an overall difference of less than 5%. As the length of the free section
decreased, the displacement of the inclined anchor short-pile foundation under the
same uplift load decreased slightly, also by less than 5%. However, if full-length
anchoring is used, the anchor bars may be prone to tensile shear failure.

(3) Compared with short-pile foundations of the same size, inclined anchor short-pile
foundations demonstrated enhanced ultimate bearing capacity under uplift and
combined uplift–horizontal loading. The improvement was more significant when
horizontal loads were present. Under horizontal loading, the ultimate uplift bearing
capacity of inclined anchor short-pile foundations decreased by only 14%, whereas
that of single-pile foundations decreased by 24%. Although horizontal loads reduced
the uplift bearing capacity of pile foundations, the inclined anchor structure in inclined
anchor short-pile foundations mitigated the pile’s inclination, thereby reducing the
adverse impact of horizontal loads on the uplift bearing capacity.

In practical engineering, the loads experienced by transmission towers’ foundations
are random and unpredictable. These loads comprise complex periodic combinations
of downward, upward, and horizontal cyclic forces. Since uplift capacity is a primary
controlling factor for the stability of transmission towers’ foundations, this study focused
exclusively on the uplift loads and the combined effects of uplift–horizontal loads on the
uplift capacity of inclined anchor short-pile foundations. Future research should consider
the effects of combinations of downward, uplift, and horizontal cyclic loading on the
bearing capacity of inclined anchor short-pile foundations.
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