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Abstract: Micropiles, small-diameter-drilled and grouted piles, are often used to provide
foundation support in challenging ground conditions. This research seeks to understand the
behavior of Type D micropiles (pressure-grouted) within layered soil profiles. Layered soils
frequently create complexity because of differences in stiffness, strength, and permeability,
which impact load transfer and the interaction between the micropiles and the surrounding
soil. Type D micropiles use pressure injection, which results in enhanced skin friction, better
grout–soil contact, and a greater capacity to carry loads. A set of numerical simulations
was conducted to analyze the behavior of the micropile Type D under axial loading, which
was evaluated by considering factors such as micropile diameter, spacing, and inclination.
The results indicated that increasing the diameter of a micropile significantly improves its
performance by enhancing load transfer and structural stiffness, as well as reducing soil
deformation and settlement. In addition, for vertical micropiles and those with inclination
angles of 10◦ and 20◦, stiffness increased with diameter, while axial displacement remained
constant at a 45◦ inclination. Furthermore, larger diameters reduced lateral displacements
up to 20◦ inclination angles by increasing stiffness, but lateral deflection increased at 45◦

due to greater lateral load components. The bending moment increased with inclination
angle, driven by higher horizontal loads and increased eccentricity, while spacing had little
effect for angles greater than 20◦ due to effective load redistribution.

Keywords: micropiles; pressure-grouted; numerical simulations; axial displacement; lateral
deflection; bending moment

1. Introduction
Micropiles are small-diameter pile foundations that are widely used to underpin in-

frastructure and buildings as well as reinforce preexisting foundations. They are a useful
method for reducing settlements, enhancing seismic performance, and raising bearing
capacity [1–4]. Recent advancements in research have significantly enhanced the under-
standing of the complex behavior of pile foundations under diverse operational conditions.
These include dynamic loads, seismic responses, and overall structural performance. Such
insights have been pivotal in refining methods to evaluate pile behavior, particularly in
practical engineering applications [5–7].

Micropile construction involves the installation of reinforcement in boreholes ranging
in diameter from 100 mm to 300 mm, followed by the injection of grout into the hole as a
final step. Reinforcement, such as steel rebar and hollow bars with high strength, transmits
the upper load to the grout body, while the bond strength between the grout body and
the ground supports the load. When determining the design capacity of a micropile, one
typically ignores the end-bearing capacity due to the pile’s small diameter, and instead
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considers the skin friction of the pile [8]. The Federal Highway Administration’s (FHWA)
recommendation is that for micropile design and construction, the primary consideration
for determining the design capacity when taking the grouting method into account is the
range of bond strength (αbond) values at the pile-to-ground interface (FHWA 2005) [2].

Furthermore, Juran et al. (1999) [9] demonstrated the division of micropiles into
two systems: the construction method and the behavior philosophy. According to their
design approach, micropiles are divided into two cases by the philosophy of behavior:
Case I is directly loaded piles, which may be found alone or in groups, and Case II is the
root construction of micropiles, which can be found in networks and three-dimensional
reticulated piles. In addition, micropiles are categorized according to the grouting technique
used in their formation. This technique impacts the grout’s ability to adhere to the ground.
The drilling and building methods influence the type of micropile and the load transmission
mechanism [10].

The behavior of micropiles has been studied and exploited to provide insights into the
micropile performance through field testing and monitoring, large-scale laboratory testing,
analytical techniques, and finite element analysis. Several studies have been conducted to
investigate the load-carrying behavior and micropile effect [11–15]. These investigations
consider many influencing factors, including micropile (MP) inclination, slenderness ratio,
MP configuration, and load direction related to the lateral, uplift, and axial load capacities.
Design approaches for the engineering application were suggested, and the improved
loading-carrying performance of single and group MPs with MP configuration was also
examined under varied loading conditions [16].

Abd Elaziz and EI Naggar (2014) [12] suggested interaction factor curves based on
a number of criteria, including the properties of the soil and piles, the distance between
the micropiles, and the ratio of the micropiles’ slenderness. Tsukada et al. (2006) [17] and
Bhattacharjee et al. (2011) [18] also investigated the use of micropiles to increase the bearing
capacity of footing. An experiment and computer study were conducted by Esmaeili
et al. (2013) [4] on micropile-reinforced embankments. They found the best micropile
configuration and the factor of safety for the embankment.

In addition, Rose et al. (2010) [19] developed a new method to calculate the axial
group capacity of a group of micropiles placed around the edge of a clayey soil mass with a
higher slenderness ratio. Han and Shu (2006) [20] investigated the compression and tension
behavior of micropiles. Abd Elaziz and EI Naggar (2014) [12] used full-scale field testing
and numerical analysis to examine the group behavior of hollow bar micropiles on stiff
clay deposits.

Micropile Type D simulation is different from micropile Type A in that micropile
Type D denotes a two-step grouting process. After the first grout is deposited and allowed
to harden, an additional grout is injected using a Manchette tube at a pressure ranging from
2 to 8 MPa. When pressure grout is applied to cohesionless soil, some of the loosened soil is
replaced and permeated, which results in the production of a cement paste that resembles
cake along the grout–soil interface, improving the bond. The soil surrounding the borehole
appears to be re-compacted or re-densified as a result of pressure grouting [21,22]. The
diameter of the effective micropile following post-grouting is determined by the type of
soil and the amount of grouting pressure applied; radial expansion causes the drilled hole
diameter to stretch from (D) to (αc D).

Jang and Han (2014, 2015) [23,24] introduced the concept of a waveform micropile
(Type D), which integrates the jet grouting technique with a conventional micropile (Type A),
as depicted in Figure 1. This method creates wave-shaped grout sections, referred to as shear
keys, by enlarging specific areas of the grout. These shear keys enhance shaft resistance at
the interface between the ground and the grout.
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Figure 1. Conventional micropile (CM) and waveform micropile (WM) schematics [8].

This study aims to gain insight into the axial-load-carrying capacity and load-transfer
mechanism of vertical and inclined group micropiles (Type D) under vertical loads. For
this purpose, the finite-element (FE) analyses were performed to examine the behavior
of the micropiles in layered soils. The spacing between micropiles, micropile inclination,
and micropile diameters were considered in the analyses. The practical implications of the
findings and the design considerations are discussed in detail. The results provide keys
to understanding the load transfer mechanism of the inclined group micropiles and the
displacement with depth.

2. Materials and Methods
2.1. Case Study Description

Generally, to ensure the program’s output accurately represents the studied reference
case, it must undergo validation and verification through a series of studies before ad-
dressing geotechnical engineering problems or conducting parametric analyses using the
finite element method (FEM). These reference cases may include laboratory tests on scaled
models of the prototype structure or the results of field prototype tests. The present section
focuses on the verification process of Midas Gts-Nx software with a reference study case
representing field test conditions of a waveform micropile subjected to axial loading imple-
mented by Jang and Han (2018) [8]. The waveform micropile has been embedded in layered
soils. The soil stratification started with fill material (a mixture of soft to medium dense
and well silty gravel) with a depth of about 4.5 m, followed by about 3 m thick of gravelly
sand (deposit soil). Then, the weathered soil layer was 0.5 m thick and consisted of fine
and coarse sand, while the last layer was weathered rock. The depth of the groundwater
table was equal to about 4.7 m below the ground surface. On the other hand, the waveform
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micropile length was 8 m, the diameter of shear key was 500 mm (outer diameter, D1), and
the pile shaft was 300 mm (inner diameter, D2). Additionally, the length of shear key and
the spacing between shear keys were the same and equal to 2D1.

2.2. Constitutive Models and Material Parameters

The elastic linear perfectly plastic Mohr–Coulomb (MC) constitutive model is among
the most commonly used approaches in geotechnical engineering. It requires only a few
parameters to characterize the behavior of soils and rocks [25–28]. This model assumes
constant stiffness for each soil layer, making it a practical and efficient choice for a wide
range of applications, as it allows for relatively quick computations. The MC model
employs a non-associated flow rule, ignoring the effects of intermediate stresses beyond
the principal ones. Elasticity is defined by two parameters: Young’s modulus and Poisson’s
ratio, while the failure criteria are governed by cohesion and the friction angle. Additionally,
the dilatancy angle is introduced as a parameter to account for irreversible volume changes
and plastic deformation of the ground, reflecting the non-associated flow rule [29,30].
However, the Mohr–Coulomb model is used for simulating the soil. The soil properties
are adopted by using the standard penetration test and are presented in Table 1. On the
other hand, linear elastic models are adopted for simulating the micropile. The structural
micropile parameters used in the numerical modelling are presented in Table 2.

Table 1. Soil properties for the field test (Adapted from Jang and Han (2018) [8]).

Soil Layers Properties Fill Deposit Weathered Soil Weathered Rock

Depth: m 0–4.5 4.5–7.5 7.5–8.0 8.0–15.0
Unit weight (γ) (kN/m3) 18 19 20 21
Elastic modulus (kN/m2) 22,800 34,800 51,600 450,000

Poisson’s ratio (ν) 0.3 0.3 0.3 0.28
Cohesion (c) 0.02 0.02 10 50

Angle of internal friction (φ) 30 35 33 39

Table 2. Micropile parameters used in analysis.

Parameters Value Unit

Total unit weight, γ 24 kN/m3

Modulus of elasticity, E 30 × 106 kN/m2

Poison’s ratio, ν 0.2 -

2.3. Finite Element Analysis

Numerical analyses were conducted to represent the micropile and soil layers using
the Midas Gts-Nx finite element software. The mesh size was determined to be 10 m in
both transverse and longitudinal directions, whereas the vertical dimension was 15 m.
The dimensions were selected to make sure that they were sufficiently large to minimize
boundary effects in the analysis results. The determination of these dimensions involved a
sensitivity analysis [31,32]. Additionally, the soil model treated all directions of movement
as free to move at the ground surface while remaining motionless at the bottom boundary.
In contrast, the vertical boundaries were immobile in the direction perpendicular to them.
It is worth mentioning that the fine mesh was used around the micropile base and the
micropile circumference to achieve the best solution and capture the system’s performance.
As a result, the mesh had 20,294 elements and 3966 nodes. Figure 2 displays the 3D nu-
merical model. Notably, the load was applied as prescribed displacement in the numerical
modelling with a value of 35 mm, which corresponded to the final displacement estimated
from the field test. Furthermore, the numerical model for the micropile included elements
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of waveform grout, inner steel rebar, and the interface between the pile and soils. The
strength reduction factor of the interface element (Rint) was comparable to that of cohesive
and granular soils, or less. Therefore, the Rint was taken to be equal to 0.67 in this study [33].
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Figure 2. The 3D finite element model.

2.4. Construction Stages

The numerical modeling process was carried out in three stages. First, geostatic
stresses were initialized to replicate in situ stress conditions, with displacements reset
to zero to focus solely on micropile behavior. During this stage, the rigid interface was
activated, and the plane interface was deactivated to ensure smooth model operation. The
second stage entailed modifying the micropile’s characteristics and assigning its specific
properties. In the final stage, a prescribed displacement load was applied incrementally
until failure occurred, with the plane interface activated for this stage.

2.5. Verification of the Numerical Model

The comparison of load–settlement curves from the numerical model and the exper-
imental work is shown in Figure 3. The two curves exhibited a satisfactory degree of
agreement. This alignment is important because it shows a good level of accuracy, showing
that Midas GTs-Nx software can model complicated geotechnical problems well.
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3. Parametric Studies
A series of parametric studies were investigated to understand the behavior of mi-

cropile group (Type D) in layered soils with varying spacing ratio (S/D), inner diameter (Di),
and the inclination angles (α). Table 3 presents all the parametric studies of this research.
In 3D finite element analysis, the same soil layer properties and micropile characteristics, as
well as constitutive models, as described for the validation model, were used. In addition,
the same construction stages were established as mentioned in Section 2.3. Additionally,
the micropile length (L) was 10 m, the distance from the micropile top (h1) to the first shear
key was 1 m, the spacing between shear keys (h2) was 1 m, and the outer diameter (Do)
was 0.45 m. Moreover, the micropile cap dimensions (L = B) were 3 m× 3 m and 0.3 m
thickness (t). Figure 4 shows the vertical and inclined micropiles schematics.

Table 3. Parameters used in the parametric study.

Analysis Series for a Research Plan Range of Varying Parameters

Micropile spacing ratio S/D 3, 5, and 7
Inner diameter (Di) 0.1, 0.2, and 0.3

Micropile inclination angles (α) 0◦, 10◦, 20◦, and 40◦
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4. Results and Discussion
4.1. Axial Displacement of Micropiles

Many different parameters were studied to understand the behavior of the axial
settlement of the vertical and inclined micropile groups. Figure 5a–d illustrate the axial
settlements along the micropile depth for different micropile diameters, 0.3, 0.2, and
0.1 m, with different micropile angles, 0◦, 10◦, 20◦, and 45◦. The relationships show that a
micropile’s diameter significantly influences axial settlement due to its effect on the load
transfer mechanism, stiffness, and interaction with the surrounding soil. As a result of a
larger diameter, micropile Type D has a greater cross-sectional area and structural stiffness,
which reduces elastic compression under load. Additionally, a larger diameter reduces
the stress concentration in the soil surrounding the pile, minimizing soil deformation
and settlement.
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For vertical micropiles and micropiles with 10◦ and 20◦ inclination angles, the mi-
cropiles stiffness increased when the micropiles diameter increased. However, the axial
displacement was approximately constant as the micropile diameter increased for an
inclination angle equal to 45◦ for a different S/D ratio.

Furthermore, the effect of the vertical and inclined micropile spacing (S/D) had a
significant effect when the micropiles diameters were 0.1 m and 0.2 m. It can be concluded
that for closer spacings, micropile stress zones overlapped, resulting in the increased soil
stress and reduced load-carrying efficiency of each pile. The overlapping stress zones can
lead to greater soil deformation and higher overall axial settlement for the group. The load
distribution among micropiles became less effective, reducing the efficiency of the pile
group. However, when micropiles were spaced farther apart, their stress zones remained
independent, minimizing interference between individual piles. Additionally, for 0.3 m
diameter, there was no significant increase or reduction of the axial settlement for vertical
and inclined micropiles for different micropile spacings.

Figure 6 illustrates the distribution of axial settlement along vertical and inclined
micropiles from Midas Gts-Nx in the case of 0.3 m diameter, 20◦ inclination angle, and
S/D = 5.
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Figure 5. The relationship between the axial displacement and micropile depth with different
micropile angles: (a) vertical micropile; (b) inclination angle 10◦; (c) inclination angle 20◦; and
(d) inclination angle 45◦.
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4.2. Axial Force of Micropiles

Figure 7a–d illustrate the impact of micropile diameter (D), spacing-to-diameter ratio
(S/D), and inclination angle (inc) on axial force distribution along the depth of micropiles.

Larger diameters (D = 0.3) showed up to 200% higher initial axial forces compared to
smaller diameters (D = 0.1) and retained about 40–50% of their load at 10 m depth, whereas
smaller piles retained only 10–15%, reflecting rapid dissipation.

Closely spacing (lower S/D) reduced group effects, leading to lower axial force per
micropile, whereas increased spaced micropiles (higher S/D) enhanced load-sharing in-
teractions in the case of vertical subjected to vertical loads only. Wider spacing (S/D = 7)
enhanced group effects, increasing axial forces by 10–15% at the surface compared to closer
spacing (S/D = 3). However, the wider spacing caused reductions in axial force for inclined
micropiles under vertical loads only. Increasing the spacing between micropiles enables
them to act more independently, which in turn decreases the axial force exerted on each
micropile under vertical loading.
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Figure 7. The relationship between the axial force and micropile depth with different micropile
angles: (a) vertical micropile; (b) inclination angle 10◦; (c) inclination angle 20◦; and (d) inclination
angle 45◦.

Inclination amplified force dissipation, with inclined piles (inc = 45◦) losing up to
70–80% of their load by 10 m depth, compared to only 40–50% for vertical piles (inc = 0◦).
As the inclination angle increased from vertical (0◦) to 45◦, axial forces dissipated more
rapidly due to increased lateral load transfer to the surrounding soil, reducing the vertical
load-bearing capacity.

These results highlight the importance of optimizing micropile configuration based on
load requirements, where vertical piles are ideal for compressive loads, and inclined piles
are better suited for lateral stability and load dispersion.

Figure 8 illustrates the distribution of axial force along vertical and inclined micropiles
from Midas Gts-Nx in the case of 0.3 m diameter, 20◦ inclination angle, and S/D = 5.
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Figure 8. Axial force distribution for (a) vertical and (b) inclined micropiles with 0.3 m diameter, 20◦

inclination angle, and S/D = 5.

4.3. Lateral Displacement of Micropiles

Figure 9a–d show the lateral displacement of the micropile behavior at different
inclination angles. It can be noted that the inclined micropiles (batter piles) exhibited
greater lateral displacement compared to vertical ones due to their orientation.
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Figure 9. Cont.
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Figure 9. The relationship between the lateral displacement and micropile depth with different
micropile angles: (a) vertical micropile; (b) inclination angle 10◦; (c) inclination angle 20◦; and
(d) inclination angle 45◦.

Larger diameters provided increased stiffness, reducing lateral displacements under
equivalent loads when the inclination angles increased from 0 to 20. The larger surface
area enhanced frictional and passive soil resistance, further mitigating displacement. For
45 inclination angles, the amount of deflection increased with the angle of inclination, as
the lateral component of the axial load increased with the inclination. This was a result of
micropile groups, where interaction effects can amplify or mitigate lateral displacements
depending on pile spacing, inclination, and loading conditions. When the micropile was
inclined, axial loading not only induced axial stress but also generated lateral forces (due
to the component of the axial load perpendicular to the micropile axis). This lateral force
caused the micropile to deflect sideways.

The lateral deflection at the micropile head (or the connection point with the pile cap)
was greatest and decreased along the shaft. Additionally, there was no visible effect of
micropile spacing for all inclined micropiles that had the same diameter and inclination
angle. However, the deflection increased with the increase in micropile inclination due
to the vertical loads. For vertical micropiles, the lateral displacements reduced to about
37.5% and 54.5% when the micropile spacing reduced from 7 to 5 and 3 m, respectively, for
0.3 m diameter, 30% and 40% for 0.2 m diameter, and 28.5% and 42.8% for 0.1 m diameter
(Figure 9a). In addition, Figure 10 illustrates the distribution of lateral displacement along
vertical and inclined micropiles from Midas Gts-Nx in the case of 0.3 m diameter, 20◦

inclination angle, and S/D = 5.
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Figure 10. Lateral displacement distribution for (a) vertical and (b) inclined micropiles with 0.3 m
diameter, 20◦ inclination angle, and S/D = 5.

4.4. Bending Moment of Micropiles

Figure 11a–d demonstrate the relations between bending moment and depth for
vertical and inclination micropiles. These relations indicate that bending moment reduced
as the micropile diameter increased for all micropile conditions.

Additionally, the bending moment increased with the increase in micropile inclination
in the case of applying vertical loads. For D = 0.3 m; S/D = 7; and inclination angles of 10◦,
20◦, and 45◦, the incremental ratio increased to be 61.5%, 72.1%, and 89.2%, respectively,
more than vertical micropiles. As the inclination angle grew, a larger horizontal component
of the applied load generated higher lateral forces, while the eccentricity caused by the
pile’s inclination amplified bending stresses.
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Figure 11. The relationship between the bending moment and micropile depth with different
micropile angles: (a) vertical micropile; (b) inclination angle 10◦; (c) inclination angle 20◦; and
(d) inclination angle 45◦.

Furthermore, when the inclination angle of micropiles in a group exceeded 20 degrees,
the spacing between micropiles in a group had minimal impact on the bending moment.
This occurred because the load was redistributed more effectively into axial forces, reducing
the lateral forces that typically induce bending.

Figure 12 illustrates the distribution of bending moment along vertical and inclined
micropiles from Midas Gts-Nx in the case of 0.3 m diameter, 20◦ inclination angle, and
S/D = 5.
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5. Conclusions
A finite element analysis was established to understand the load transfer mechanism

of micropiles (Type D) subjected to vertical loads under different parametric studies, among
which are micropile inclination, the spacing between micropiles, and micropile diameters.
This study draws the following conclusions based on its results:

1. A micropile’s performance is greatly improved by increasing its diameter since it
improves load transfer, increases structural stiffness, and lessens soil deformation
and settlement.

2. The stiffness of micropiles that were vertical and those with inclination angles of
10◦ and 20◦ increased as the diameter of the micropile grew. Nevertheless, the axial
displacement was almost constant for a 45◦ inclination angle, independent on the
micropile diameter.

3. For diameters of 0.1 m and 0.2 m, micropile spacing (S/D) had a substantial impact
on axial settlement and load efficiency; broader spacing improved soil utilization,
while closer spacing resulted in stress overlap. Axial settlement was not significantly
affected by spacing for the 0.3 m diameter.

4. Compared to lower diameters (D = 0.1), larger micropile diameters (D = 0.3) showed
much stronger initial axial forces and superior load retention at depth, holding 40–50%
of their load at 10 m.

5. Lower axial forces per micropile were the consequence of minimizing group effects
by a reduction in the space between micropiles (lower S/D ratio). On the other hand,
under vertical stresses, load-sharing interactions were enhanced by increasing the
spacing (greater S/D ratio). In comparison to closer spacing (S/D = 3), group effects
were more noticeable at a wider separation (S/D = 7), increasing axial forces at the
surface by 10–15%.

6. By improving frictional and passive soil resistance, larger micropile sizes increased
stiffness and decreased lateral displacements for inclination angles up to 20◦. Further-
more, because of the increased lateral component of axial stresses at a 45◦ inclination
angle, lateral deflection increased. Group interaction effects were influenced by
loading circumstances, pile spacing, and inclination.

7. Bending stresses were amplified by increasing eccentricity and horizontal loads,
and the bending moment increased as the micropile inclination angle increased.
Furthermore, because load dispersal lowered lateral forces and bending, micropile
spacing had no effect on the bending moment for inclination angles larger than 20◦.
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