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Abstract. Based on in-situ static load tests of micropiles, a three-dimensional finite element model of the variable-diame-
ter micropile was established using the software ABAQUS to investigate the bearing capacities of the straight, expanded-
base, and double-expanded micropile under compressive, uplift, and lateral loading conditions. The results indicate that 
under compressive loading, the ultimate compressive bearing capacities of the expanded-base and double-expanded mi-
cropile were approximately 1.35 and 1.47 times that of the straight micropile, respectively. Notably, the enhancement in 
compressive bearing performance provided by the double-expanded micropiles configuration is not significantly greater 
than that of the expanded micropiles. Under uplift loading, the capacities of the expanded-base and double-expanded 
micropiles were approximately 1.64 and 2.0 times that of the straight micropile, respectively. These indicate that the ex-
panded configuration significantly enhances uplift bearing performance. Under lateral loading, the capacity of the double-
expanded micropile was approximately 1.1 times that of the straight and expanded-base micropile, suggesting that the 
contribution of the expanded section to improving lateral bearing performance is relatively limited.
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Introduction

Micropiles are commonly referred to as root piles, 
mini-piles or pin-piles. Micropiles are similar to but 
exhibit key differences from conventional micropiles, 
such as larger percentages of reinforcements used and 
smaller diameters (≤ 300 mm) (Weaver, Morgenstern 
1981; Cheng 2012). Micropiles have been widely 
used in the foundation design of transmission towers 
in mountainous areas (Liu et al. 2001). In traditional 
foundation designs, variable cross-sections (such as 
in expanded-base and pedestal piles) are often used to 
enhance the compressive and tensile bearing capaci-
ties of piles. This approach not only reduces material 

costs and construction duration but also improves the 
pile bearing performance.

In terms of the compressive bearing mechanism of 
variable-diameter piles, extensive investigations have 
been conducted by researchers through a combination 
of numerical simulations and model tests, aiming to 
elucidate the enhancement mechanism of pile–soil in-
teraction induced by the expanded base. Focusing on 
bearing performance in different soil types, Thottoth 
et al. (2024) developed a predictive model based on 
finite element analysis to quantify the contribution of 
the expanded section to the improvement of compres-
sive bearing capacity in clay and sand. Beyond nu-
merical simulations, experimental studies have also 
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confirmed these findings. Investigations on cement–
mortar expanded-base precast piles demonstrated 
that the synergistic interaction between the expanded 
section and the core pile is the key factor governing 
the enhancement of overall compressive performance 
(Gao et al.  2024). At the theoretical level, Zhang 
et al. (2024) established a load-transfer analytical 
model for pre-bored grouted expanded-base precast 
piles and proposed a simplified method for calculat-
ing axial bearing capacity. Bao et al. (2019) further 
compared the bearing performance of expanded-base 
cast-in-place piles and uniform-diameter piles, point-
ing out that the pile–soil interface friction coefficient 
plays a critical role in mobilizing shaft resistance.

Transmission tower foundations are frequently 
subjected to uplift loads. Existing studies on the up-
lift performance of variable-diameter piles mainly 
focus on failure modes and the prediction of ultimate 
uplift capacity under different geological conditions. 
For sandy soils, a modified formula for estimating the 
ultimate uplift capacity of expanded-base piles was 
proposed and its applicability was verified (Sakr  et 
al. 2025). In cohesive soils, a lower-bound finite ele-
ment limit analysis method was employed to reveal 
the uplift failure mechanisms of expanded-base piles 
in soft and stiff clay layers (Majumder, Chakraborty 
2021). For complex soil–rock composite foundations, 
uplift tests were conducted to elucidate the interlock-
ing and shear interaction mechanisms between the 
expanded section and the surrounding soil–rock mass 
(Hu et al. 2023). Regarding the optimization of geo-
metric parameters for the expanded section, Nariyelil 
et al. (2026) compared the performance of different 
expanded configurations in saturated clay and clayey 
sand, finding that a single expanded-base pile with 
a 45° enlargement angle exhibited the highest uplift 
efficiency. Further investigation on the bearing ca-
pacity gains from multiple enlargements indicated 
that the uplift capacity of double-expanded piles can 
reach up to seven times that of straight piles (Al-
Bayati et al. 2023). From both theoretical and field-
evidence perspectives on failure modes, Wang et al. 
(2007) pointed out that the failure of expanded-base 
piles is jointly governed by shaft friction and com-
pressive – shear deformation of the soil surrounding 
the expanded base. Drawing on test results in soft 
soils, an ultimate state model characterized by ellipti-
cal local failure in the expanded section and power-
function-type failure in the uniform-diameter section 
was established (Huang et al. 2011).

Given that transmission tower foundations are of-
ten subjected to lateral wind loads and inclined tensile 
forces generated by the tower  – line system, studies 
on the associated complex loading mechanisms have 
increasingly become a research focus in recent years. 
The bending deformation characteristics and failure 

patterns of expanded-base piles under lateral load-
ing were visually demonstrated through model tests 
(Zhang et al. 2018). Concerning group pile effects, the 
length-to-diameter ratio and pile spacing are found to 
be key factors controlling the lateral bearing capacity 
and displacement of micropile groups in sand (Vakili 
et al. 2025). When the influence of load inclination is 
considered, physical modelling tests also confirmed a 
significant effect of cone angle on the bearing capacity 
of conical expanded-base piles under inclined loading 
(Goudar et al. 2026). To further enhance lateral per-
formance, experimental studies revealed that micropile 
groups installed with a 15° inclination (battered piles) 
exhibited a 155% increase in lateral bearing capacity 
compared with vertical pile groups in soft clay (Panda, 
Borthakur 2025). At the microscopic damage-mecha-
nism level, the controlling role of the expanded sec-
tion size on pile failure modes under combined load-
ing conditions was clarified by combining physical 
modelling and the material point method (Wang et al. 
2026). In addition, addressing the nonlinear soil resist-
ance and deformation characteristics of such variable-
section special-shaped piles, a simplified method for 
calculating the lateral bearing capacity of expanded-
base wedge piles based on the p–y curve approach was 
developed (Kong et al. 2016).

In summary, although micropile technology has 
become relatively mature in engineering practice, 
studies on variable-diameter micropiles under spe-
cific working conditions remain limited. First, exist-
ing research on micropiles for power transmission 
and transformation projects has mainly focused on 
soft soils or general cohesive soil regions (Borthakur, 
Das 2024), while investigations targeting complex 
geological environments such as high-altitude moun-
tainous areas are still scarce. Studies on the uplift per-
formance of rock-socketed micropiles under inclined 
loading remain particularly limited (Wang et al. 
2025). Second, most existing studies on the bearing 
performance of variable-diameter piles have focused 
on large-diameter or conventional-diameter piles 
(Shubha et al. 2024), whereas research on the bear-
ing characteristics of “variable-diameter micropiles” 
is still extremely limited.

In view of these gaps, this study established a three-
dimensional finite element model using ABAQUS. 
Drawing on the analytical approach regarding the ef-
ficiency of multiple enlargements (Sakr et al. 2023), 
a comparative analysis is conducted on the bearing 
characteristics of the straight, expanded-base and 
double-expanded micropile, with an in-depth investi-
gation of their failure mechanisms. The results are ex-
pected to fill the theoretical gap and provide a scien-
tific basis for the optimized design of pile foundations 
in complex mountainous power transmission projects 
(Wang et al. 2024).
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Geological conditions for in situ 
engineering 

The study area lay within a structural denuda-
tion shallow hill-slope terrain, where the topography 
slopes from high in the north to low in the south. The 
test site was generally located in a trench area with a 
relatively gentle terrain, with slopes of approximately 
1–2°. Borehole investigations revealed a relatively 
simple stratigraphy at the site, consisting mainly of 
Quaternary silty clay and the Mid-Jurassic Shaximi-
ao Formation with highly and moderately weathered 
mudstone (Fig. 1).

Methods

Design of variable-diameter micropiles

The tapering piles with varying cross-sections en-
hance the bearing performance of pile foundations. 
Variable-diameter single piles (including wedged, 
stepped, extruded pedestal, and expanded-base piles) 

are commonly used in various engineering applica-
tions. Expanded-base piles are more commonly ap-
plied in the transmission tower foundation design than 
other types of variable-diameter single piles (Cheng 
2012; Kong et al. 2016). In this study, we selected the 
expanded-base form for the micropile taper.

Based on the in-situ static load tests conducted by 
the research group, three types of micropiles were de-
signed: straight, expanded-base, and double-expand-
ed. The geometric configurations of the test piles are 
illustrated in Fig. 2. A total of nine test piles were 
designed, with three piles for each type subjected to 
compressive, uplift, and lateral static load tests, re-
spectively. The specific parameters are summarized 
in Table 1.

Model establishment and parameter selection

In this study, the finite element analysis software 
ABAQUS was used to establish a three-dimensional 
model of the variable-diameter micropile. Both the 
pile and the surrounding soil were modelled using 

Fig. 1 Engineering geological profile of the site

Table 1 Design parameters of variable-diameter micropiles
Number of piles Pile type Diameter/Length (m) Expanded size (m) Expanded sections Load
UM-1 Straight micropile 0.3/7 / / Compressive
UM-2 Straight micropile 0.3/7 / / Uplift
UM-3 Straight micropile 0.3/7 / / Lateral
VMA-1 Expanded-base micropile 0.3/7 0.6 Base Compressive
VMA-2 Expanded-base micropile 0.3/7 0.6 Base Uplift
VMA-3 Expanded-base micropile 0.3/7 0.6 Base Lateral
VMB-1 Double-expanded micropile 0.3/7 0.6 Middle & Base Compressive
VMB-2 Double-expanded micropile 0.3/7 0.6 Middle & Base Uplift
VMB-3 Double-expanded micropile 0.3/7 0.6 Middle & Base Lateral
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solid elements. To eliminate the influence of bound-
ary effects, the dimensions of the soil domain were 
determined as follows: the length was set to 18 m (ex-
ceeding 20 times the pile diameter), the width to 9 m, 
and the soil depth to 22 m (greater than twice the pile 
length). 

The model comprises two types of materials. The 
surrounding soil is treated as a homogeneous, hori-
zontally stratified, and infinite elastic-plastic medi-
um, for which the Mohr-Coulomb (MC) constitutive 
model is adopted. The pile is modelled as a homoge-
neous solid; due to its high strength, a linear elastic 
model is employed. 

Based on the geotechnical investigation data from 
the test site and the preliminary survey of the substa-
tion, the physical and mechanical parameters of the 
foundation soil and the design parameters of the pile 
used in the numerical simulation are summarized in 
Table 2.

Fig. 2 Stratum structure of the test pile site and a schematic of the rock-socketed micropile

Table 2 Piles, rock and soil material calculation parameters
Soil layer / Material Density ρ/(g/cm3) Elastic modulus E/MPa Poisson’s ratio ν Friction angle φ/(°) Cohesion c/(kPa)

Silty clay 1.98 15 0.35 11.81 19.22
Strongly weathered 
mudstone 2.35 100 0.30 24.0 100

Moderately weathered 
mudstone 2.7 1100 0.28 30.0 150

Pile 2.5 30000 0.2 / /

Pile-soil interaction contact settings

The pile–soil interaction was simulated using the 
surface-to-surface contact formulation. In this model, 
three specific contact interfaces were defined: pile–
silty clay, pile–strongly weathered mudstone, and 
pile–moderately weathered mudstone. The contact 
pairs are categorized into master and slave surfaces. 
In accordance with the standard criterion where the 
material with higher stiffness serves as the master 
surface, the pile surface was designated as the master 
surface, while the surfaces of the surrounding soil and 
rock mass were assigned as slave surfaces.

Regarding the contact interaction properties, the 
normal behaviour was defined as “hard” contact. 
This formulation allows the transmission of normal 
pressure only when the surfaces are in a closed state, 
thereby preventing the penetration of slave nodes into 
the master surface during calculation. The tangential 
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under the current load exceeded five times that under 
the previous load and the total displacement exceeded 
40 mm; 2) the pile-head displacement was twice that 
under the previous load and did not meet the stabil-
ity criterion after 24 hours; and 3) the total pile-head 
displacement exceeded 40 mm.

Based on the in-situ static load tests conducted 
by the research group, the bottom-expanding pile 
was selected as a case study. The loading steps in the 
numerical simulation were configured in accordance 
with the load grading standards employed in the field 
tests. The displacement values of the pile top at dif-
ferent loading stages were extracted and compared 
with the data obtained from the full-scale field tests. 
The comparative load-displacement curves are pre-
sented in Fig. 4, thereby verifying the reliability of 
the numerical model.

It can be observed that the load-displacement curves 
of the pile obtained from the numerical simulation and 
field tests exhibit good agreement under various load-
ing conditions. Specifically, under uplift loading, the 
ultimate uplift bearing capacities derived from the nu-
merical simulation and the field test were 1150 kN and 
1100 kN, respectively. Under compressive loading, the 
corresponding ultimate compressive bearing capaci-
ties were 1620 kN and 1540 kN, respectively. Under 
horizontal loading, the ultimate horizontal bearing ca-
pacities were 168 kN and 158 kN. The relative errors 
for these three loading scenarios were 4.5%, 5.2%, 
and 5.7%, respectively. Despite certain discrepancies 
between the numerical and experimental results, the 
trends of the load-displacement curves are highly con-
sistent. Therefore, the finite element analysis method 
using ABAQUS employed in this study is considered 
reasonable and reliable.

behaviour was defined using the penalty function 
method. Based on the properties of the geotechnical 
materials and preliminary trial calculations, the fric-
tion coefficients for the pile–silty clay, pile–strongly 
weathered mudstone, and pile–moderately weathered 
mudstone interfaces were determined to be 0.20, 0.35, 
and 0.45, respectively.

Boundary conditions and mesh settings

Normal constraints were applied to the lateral 
boundaries of the model, restricting displacements in 
the x- and y-directions, respectively. Fixed constraints 
were applied to the bottom of the model (restraining 
displacement in the x-, y-, and z-directions), while the 
top surface of the model remained free. Both the pile 
and the surrounding rock–soil mass was discretized 
using C3D8R elements (8-node linear hexahedral 
elements). The applied boundary conditions and the 
finite element mesh are illustrated in Fig. 3.

Reliability verification of the model

The in-situ static load tests were performed us-
ing the slow maintenance loading method specified 
in the Technical Code for Testing of Building Foun-
dation Piles  (JGJ 106-2014) with stepwise loading. 
Loading was applied in 150-kN increments for each 
pile type. At each load level, the pile-head displace-
ment was recorded at 5, 15, 30, 45, and 60 minutes 
and subsequently at every 30 minutes. To accurately 
determine the ultimate bearing capacity of each pile 
type, the pile foundation was considered to have failed 
and the test was terminated when any of the following 
conditions were met: 1) the pile-head displacement 

Fig. 3 Finite element calculation model: (a) boundary conditions, (b) model mesh
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Fig. 4 Comparison of load-displacement curves based on numerical simulation and field test results: (a) uplift load-
displacement curves, (b) lateral load-displacement curves, (c) compressive load-displacement curves

Numerical Simulation Results 
on Bearing Characteristics of 
Expanded Micropiles 

Compressive bearing capacities

Compressive load-displacement curves

The compressive load-displacement (Q – s) curves 
for the straight, expanded-base, and double-expanded 
micropile are presented in Fig. 5. It can be observed 
that under identical loading conditions, the settle-
ments of the expanded micropile are significantly 
smaller than those of the straight micropile, indicat-
ing the superior bearing performance of the variable-
diameter designs. The Q – s curves obtained from the 
finite element simulation for both the variable-diam-
eter and straight micropiles exhibit no distinct inflec-
tion points, characterizing them as the gradually vary-
ing type. In accordance with the Technical Code for 
Testing of Building Foundation Piles (JGJ 106-2014), 

for a curve exhibiting gradual variation, the load cor-
responding to a settlement of 40 mm is adopted as 
the ultimate bearing capacity. Consequently, the ulti-

Fig. 5 Comparison of compressive load-displacement 
curves of different pile types
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Fig. 6 Displacement of micropile and soil around pile under compressive load: (a) straight micropile, (b) expanded-base 
micropile, (c) double-expanded micropile

Fig. 7 Comparison of uplift load-displacement curves of 
different pile types

mate compressive bearing capacities derived from the 
Q – s curves for the straight, expanded, and double-
expanded micropiles are determined to be 1200 kN, 
1620 kN, and 1775 kN, respectively. The capacities 
of the expanded piles are approximately 1.35 and 1.48 
times that of the straight pile, respectively. Notably, 
the enhancement in compressive bearing perform-
ance provided by the double-expanded micropiles 
configuration is not significantly greater than that of 
the expanded micropiles.

Vertical displacement of the pile and surrounding soil

To visually compare the displacement of the pile 
and surrounding soil for the straight, expanded-base 
and double-expanded micropiles at the ultimate fail-
ure state under compressive loading, displacement 
contours corresponding to a pile top settlement of 
s = 40 mm were extracted. The results are presented 
in Fig. 6.

It can be observed that all three pile types under-
went varying degrees of compressive deformation 
under compressive loading. The straight micropile 
exhibited the largest deformation, followed by the ex-
panded micropile, with the double-expanded micro-
pile showing the least. This indicates that the design 
of the expanded sections effectively enhances the 
stiffness of the pile body and reduces its deformation. 
For all three pile types, the displacement of the sur-
rounding soil occurred primarily at the pile toe and 
expanded sections. The extent of the influence zone 
of the soil at the pile toe followed the order: expand-
ed-base micropile > double-expanded micropile > 
straight micropile. Specifically, the soil displacement 
beneath the pile toe of the straight micropile exhibited 
a distribution pattern characterized by larger values 
at the centre and smaller values at the edges. In con-
trast, the soil displacement beneath the pile toe for 
the expanded-base and double-expanded micropiles 

was basically uniformly distributed, and the displace-
ment contours presented an "elliptical" shape. At the 
ultimate load displacement, the maximum vertical 
displacement of the soil surrounding the straight mi-
cropile was less than that surrounding the single and 
double-expanded micropiles. From the soil deforma-
tion characteristics, it is evident that the presence of 
the expanded sections mobilizes a larger volume of 
soil to participate in sharing the upper load. Simul-
taneously, this design enhances the pile stiffness and 
minimizes compressive deformation, thereby pro-
moting the improvement of the compressive bearing 
capacity of the expanded micropile.

Uplift bearing capacities

Uplift load-displacement curves

The uplift load-displacement (Q – s) curves for the 
straight, expanded-base, and double-expanded micro-
pile are illustrated in Fig. 7. It is evident that under 
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identical loading conditions, the uplift displacements 
of the expanded micropiles are significantly smaller 
than those of the straight micropile, demonstrating 
the superior uplift bearing performance of expanded 
designs. The Q – s curves for all three pile types ex-
hibit distinct inflection points, characterizing them as 
the steeply varying type. The ultimate uplift bearing 
capacities for the straight, expanded-base, and dou-
ble-expanded micropile are 700 kN, 1150 kN, and 
1400 kN, respectively. Consequently, the capacities 
of expanded micropiles are approximately 1.64 and 
2.0 times that of the straight micropile, respectively. 
These indicate that the expanded configuration sig-
nificantly enhances the uplift bearing performance.

Vertical displacement of the pile and surrounding 
soil

Similarly, adopting the pile top uplift displacement 
as the reference criterion, the displacement contours 
of the pile and surrounding soil for the straight, ex-
panded-base, and double-expanded micropiles were 
extracted at a displacement of s = 30 mm. The results 
are illustrated in Fig. 8.

It is evident that the double-expanded micropile, 
owing to the presence of expanded sections, possesses 
the increased pile stiffness, which significantly reduc-
es the tensile deformation of the pile body. Compared 
with the straight micropile, the soil surrounding the 
expanded micropiles undergoes significant displace-
ment. The displacement contours of the surrounding 
soil exhibit an elliptical shape, which aligns with the 
elliptical failure mode of long piles. This indicates that 
the presence of expanded sections effectively mobi-
lizes a larger volume of surrounding soil to resist the 
applied uplift load, thereby enhancing the ultimate 
uplift bearing capacity of the expanded micropile.

Lateral bearing capacities

Lateral load-displacement curves

The lateral load-displacement curves for the 
straight, expanded-base and double-expanded micro-
pile are presented in Fig. 9. It can be observed that 
under identical loading conditions, the lateral load-
displacement curves at the pile top for the straight mi-
cropile and the expanded-base micropile essentially 
coincide. In contrast, the lateral displacement of the 
double-expanded micropile is significantly smaller 
than those of the straight and expanded micropiles. 
This indicates that the presence of the expanded sec-
tion contributes to the enhancement of the lateral 
bearing capacity of the micropile, but the degree of 
improvement is dependent on the position of the ex-
panded section.

Fig. 8 Displacement of pile and soil around pile under uplift load: (a) straight micropile, (b) expanded-base micropile, (c) 
double-expanded micropile

Fig. 9 Comparison of horizontal load-displacement curves 
of different pile types
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Furthermore, the load-displacement (Q – s) curves 
obtained from the finite element simulation exhibit 
no distinct inflection points, characterizing them as 
the gradually varying type. The ultimate lateral bear-
ing capacities for the straight, expanded-base, and 
double-expanded micropile are 165 kN, 165 kN, and 
182 kN, respectively. The capacity of the double-ex-
panded micropile is approximately 1.1 times that of 
the straight and expanded-base micropile, suggesting 
that the expanded section offers limited improvement 
to the lateral bearing performance.

Displacement of the pile and surrounding soil

To visually compare the displacement of the pile 
and surrounding soil for the straight, expanded-base 
and double-expanded micropile at the ultimate fail-
ure state under lateral loading, displacement contours 
corresponding to a pile top displacement of s = 30 mm 
were extracted. The results are illustrated in Fig. 10.

It is evident that the displacements of the pile 
and surrounding soil for all three pile types are pri-
marily concentrated in the upper portion of the pile 
shaft, while the displacements in the middle and 
lower sections are negligible. Under lateral loading 
applied at the pile top, significant soil heave was ob-
served around for all three pile types. When the lat-
eral displacement of the pile top reached 30 mm, the 
maximum soil heave displacements for the straight, 
expanded-base, and double-expanded micropile were 
11.7 mm, 12.1 mm, and 13.1 mm, respectively. Re-
garding the extent of soil disturbance, the vertical 
and horizontal ranges for the straight micropile were 
2.13 m and 1.21 m, respectively. For the expanded-
base micropile, these ranges were 2.17 m and 1.17 m, 
respectively. In contrast, the double-expanded micro-
pile exhibited a vertical disturbance range of 2.89 m 
and a significantly reduced horizontal disturbance 

range of 0.46 m. The soil disturbance zones for the 
straight and expanded-base micropiles are essentially 
consistent, whereas the horizontal disturbance range 
of the double-expanded micropile is notably smaller. 
This indicates that the middle-expanded section mo-
bilizes more surrounding soil to participate in resist-
ing the upper lateral load. However, the fact that the 
middle-expanded section is not fully engaged in re-
sisting the lateral load limits the improvement in the 
single-pile bearing capacity. This further confirms 
that the influence of the expanded section on lateral 
bearing performance is closely correlated with its de-
sign position.

Discussion and Conclusions 

In this study, based on full-scale field tests, three-
dimensional numerical simulations of expanded mi-
cropiles under compressive, uplift, and lateral loading 
conditions were conducted using the finite element 
software ABAQUS. The bearing characteristics of 
the straight, expanded-base, and double-expanded 
micropiles under different loading scenarios were 
comparatively analyzed. The following conclusions 
were drawn:

(1) Under compressive loading, the Q – s curves 
for all three pile types exhibited no distinct inflection 
points. The ultimate compressive bearing capacities of 
the expanded-base and double-expanded micropiles 
were approximately 1.35 and 1.47 times those of the 
straight micropile, respectively. The expanded sec-
tions effectively mobilized additional soil resistance, 
thereby enhancing the compressive performance of 
the pile foundation. At the ultimate load, all three pile 
types primarily exhibited local shear failure.

(2) Under uplift loading, the Q – s curves for all 
three pile types exhibited distinct inflection points. 
The ultimate uplift bearing capacities of the expand-

Fig. 10 Displacement of micropile and soil around pile under horizontal load: (a) straight micropile, (b) expanded-base 
micropile, (c) double-expanded micropile
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ed-base and double-expanded micropiles were ap-
proximately 1.64 and 2.0 times those of the straight 
micropile, respectively. The displacement contours 
revealed that the soil deformation around the ex-
panded micropiles formed an elliptical shape, con-
sistent with the elliptical failure mode of long piles. 
The expanded sections further mobilized lateral soil 
resistance, significantly improving the uplift bearing 
capacity of the pile foundation.

(3) Under lateral loading, the Q – s curves for all 
three pile types exhibited no distinct inflection points. 
The load-displacement curves for the straight and 
expanded-base micropiles essentially coincided, in-
dicating no significant increase in the ultimate lateral 
bearing capacity. The double-expanded micropile 
showed a lateral capacity approximately 1.1 times 
that of the other two types. For all three piles, soil 
disturbance and plastic failure were concentrated in 
the upper shaft, consistent with the behaviour of flex-
ible piles. The disturbance zones for the straight and 
expanded-base piles were similar, whereas that for 
the double-expanded pile was notably smaller. This 
indicates that the middle-expanded section mobilizes 
more surrounding soil to resist the upper lateral load. 
However, the middle-expanded section is not fully 
engaged in resisting the lateral load, resulting in a 
limited improvement in the bearing performance of 
the micropile.
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