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Abstract

Landslides are a common geological hazard that can cause harm to human
lives and property. Effective measures are necessary to prevent landslides and
reduce their impact. This study investigates the effectiveness of micropiles in
stabilizing a soil slope against landslides. The researchers used a computer
simulation based on an example from the Plaxis software manual to model the
soil slope. The simulation results showed that the safety factor, a measure of
the stability of the slope, was 9% higher in the 3D model than in the 2D model
when all three rows of nails were applied. In the 3D model of the soil slope, the
researchers suggested using a pattern of steel pipes as micropiles to increase
the safety factor of the slope and prevent landslides. It was found that a simple
arrangement of steel pipes in the middle of the slope was able to stabilize the
slope and result in the same level of stability as all three rows of nails. The
results showed that this micropile system could be used as a low-cost and easily
implementable alternative method for stabilizing soil slopes. The system is a
fast and efficient way to prevent landslides, making it a potentially valuable
option for those seeking to reduce the risk of landslides.
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1. Introduction

Landslides are coherent blocks of geo-material that slide over a failure surface, causing severe damage to natural
landforms, engineering facilities, and infrastructure [1], particularly in mountainous areas. Landslides are becoming
more common as extreme weather patterns and geological activities intensify. For example, between 1998 and 2017,
an estimated 4.8 million people were affected by landslides, resulting in more than 18,000 deaths, with poor
populations in developing or low-income countries bearing the bulk of the damage [2]. As a result, researching how
to reduce the disasters caused by landslides has always been a concern for geotechnical engineers. The kinematic
release of the slope, i.e., landslide, always follows a development procedure involving the formation of a shear zone
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[3-7]. Landslides must be treated quickly and effectively when disrupted traffic or operations are suspended. However,
construction site spaces are typically too narrow for existing anti-sliding structures, such as large cross-section piles,
retaining walls, soil nails, anchors, and so on, to be constructed on time [8, 9]. As a result, anti-sliding structures are
expected to be extremely important for improving the prevention and treatment of regional landslide geological
disasters, ensuring the safety of people's lives and property, and fostering harmonious social and economic
development. Anti-slide piles, retaining walls, anchor cable frames, and other landslide stabilization technologies
currently exist. Micropiles are a new type of anti-slide supporting structure that is popular among scholars.

Slope reinforcement measures such as anchor rod frames, retaining walls, anti-slip piles, and micropiles have all
been used in construction. Among all types of reinforcement structures, micropiles are promising in engineering due
to their unique performance characteristics in terms of landslide support structure lightening, miniaturization, and
economic and environmental protection [10, 11]. In addition, compared to conventional anti-sliding piles, micropiles
construction is relatively simple, rapid, and site flexible, with minimal disruption to slope stability, particularly for
landslides in mountain areas. Micropile, also known as mini-pile, is a drilled and grouted pile with a small diameter,
typically less than 300 mm, and a slenderness ratio greater than 30 [12, 13] and is made through drilling and pressure
grouting. In micropiles, high-capacity body reinforcements serve as the primary load-bearing element. Steel bars,
tubes, waste rails, and other materials are commonly used in these bodies. It is widely used in reinforcement
engineering, particularly emergency engineering, due to the benefits of solid adaptability and fast construction [14].
Pile types can be single-row or multi-row, depending on the construction mode. Micropiles can withstand relatively
large axial and moderate lateral loads and can be constructed in almost any type of soil or rock. Furthermore,
micropiles are easily installed in areas with limited equipment access, such as landslides in steep, hilly, or mountainous
terrain. Drilled micropiles can also be associated with other slope-stabilization techniques such as retaining walls and
ground anchors. Compared to conventional large diameter bored piles [15], it has the advantages of being simpler to
construct, causing less disruption to existing structures, having a higher capacity with the same volume, and having a
wide range of layout options. The grouted micro-steel-pipe pile group is a common composite anti-sliding structure
used for landslide stabilization in the last decade; a steel pipe with a diameter of 100-200 mm is placed in the borehole
as reinforcement, and flowable grout is injected into the drilled hole at specific pressures [16]. The grout is an essential
component of the micropile because it can improve the shear strength of deposits near the micropile by infiltrating
into the surrounding ground via high-pressure injections; additionally, the grout can prevent corrosion of the steel pipe
[17]. Micropiles in practice are connected into an integration using rigid beams or plates on top. The combination of
micropiles, connecting rigid beams/plates, and surrounding rock-soil mass forms a composite structure to resist sliding
thrust loads. Micropiles can be classified into two types based on their load-carrying mechanisms: (a) direct bearing
and (b) reticulated root piles forming retaining walls. The reticulated root piles can resist slippage through their
bottoms, providing increased stability.

Various methods have recently been used to evaluate the performance and design of micropiles used as
reinforcement in slopes or landslides. Most researchers focus on their performance in stabilizing slopes under static
force [18]. Recent research in China, funded by the China Geological Survey's Water and Environmental Department,
used a 1:2 large-scale physical model to conduct static model testing on micropiles [19]. The models were tested and
studied, including single piles, row piles, and group piles. Its verified experimentally elasticity in dynamic problems
used to predict the mechanical behavior of structures [20-61]. The strength reduction method was used in this study to
determine the safety factor of slopes in the finite-element procedure; the safety factors discovered were similar to
those found using the limit equilibrium method for various slope angles. Furthermore, a wetting zone on the slope was
found in stormy conditions, concluding that soil softening significantly influences the loss of soil cohesion. Fan and
Chien [62] used a finite-element program to simulate road landslides. They studied stress distributions in
reinforcements and soil nails, as well as the mechanical behavior of ecological engineering technology. Komak [63]
investigated the dynamic properties of inclined micropiles to reinforce landslides using shaking table tests and
discovered that inclining the micropiles reduces dynamic amplifications of acceleration on the micropiles and the soil
surface.

In the present study, we investigated the efficiency of micropiles on a slope and compare their behavior with a
nailing system. For this purpose, we have modeled an example from the Plaxis 2D manual, which refers to a slope
stabilized with a nailing system. After modeling and validating the results of the 2D model, to increase the accuracy
of the results, we converted the 2D model onto a 3D model, and all the conditions in the two-dimensional model were
also considered. A comparison will be made between the results in 2D and 3D. Then, a micropile pattern was used in
the 3D model to stabilize the slope instead of nails so that the efficiency of micropiles could be investigated. The
safety factor will be considered the main output.
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2. Case study

The case study described here concerns the construction of a new highway along the shoreline of a tidal bay on
New Zealand's North Island, as shown in Figure 1[52]. The ideal location for the road would have been further away
from the bay, as the slope gradients there are easier to work. However, the upper land is privately owned and cannot
be altered for historical reasons, so the road must be built on a steeper gradient near the shoreline. This presents a
challenge for the construction project, as the steeper slope may require additional measures to ensure the stability of
the road and to protect it from tidal erosion.
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Fig 1: Situation overview for the newly constructed road

The new highway construction along the tidal bay shoreline of New Zealand's North Island is being carried out on
a hillside primarily composed of siltstone. The siltstone is weathered on the surface but still solid at depth. To minimize
the impact of groundwater levels, construction work is being conducted during the summer, when the water levels are
low. Despite this, heavy rainfall during the winter causes the hillside almost completely to saturate. The construction
process involves excavating a portion of the slope to make way for the road. The excavated material is then crushed
with sand and gravel to create the road fill. Three rows of nails have been applied to the slope face to stabilize the
slope. It is important to note that additional measures may be required to ensure the stability of the slope and prevent
erosion, especially given the heavy rainfall during the winter months. Further information on the construction process
and the stability of the slope will be discussed in subsequent sections.

3. Materials and method

This case study aims to use a slope stability example from Plaxis 2D manual to create a model and validate its
results to advance the research objectives [52]. The model is depicted in Figure 2 and shows the winter groundwater
level. The construction process for the new highway is outlined as follows:

e  Cutting the slope: The slope is cut to create a wider road surface.

¢ Filling in front of the slope: The cut area is then filled with materials such as sand and gravel to widen the
road surface.

e Constructing the road: The road is then constructed on top of the filled area.

e Applying the nails to the soil: Finally, nails are applied to the soil to improve the stability and safety factor
of the slope.

The model in Figure 2 provides a visual representation of the construction process and the impact of the winter
groundwater level on slope stability. By validating the model's results, the research can advance its goals and provide
insights into the stability of the slope and the effectiveness of the construction measures taken to ensure its safety.
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Fig 2: Plaxis 2D Model of slope stability with all components

Table 1 shows the soil properties for the area where the new highway is being constructed. The soil properties are
categorized into three categories: intact siltstone, weathered siltstone, and reinforced fill. The table lists various
parameters such as dry weight, wet weight, Young's modulus, Poisson's ratio, cohesion, friction angle, dilatancy angle,
and permeabilities in different units. This information provides a comprehensive understanding of the soil properties
and can be used to make informed decisions about the construction process and slope stability.

Table 1: Table 1: Soil properties.

Parameters Intact siltstone Weather siltstone  Reinforced fill ~ Unit
Dry weight (Vynsat) 16 16 19 kN/m3
Wet weight (Ysqe) 17 17 21 kN/m3
Young’s modulus (£”) 12000 12000 20000 kN /m?
Poisson’s ratio (v') 0.3 0.3 0.3 -
Cohesion (c'yf) 12 10 8 kN /m?
Friction angle (¢") 35 19 30 °
Dilatancy angle (¥) 0 0 0 °
Permeabilities (k,, k) 1x10® 0.01 0.1 m/d

Table 2 lists the properties of the road surface used in the model. A plate element has been used to represent the
road surface. The parameters listed in the table include axial stiffness (EA;, EA,), flexural stiffness (ET), weight (w),
and Poisson's ratio (v). Axial stiffness (EA;, EA,) refers to the stiffness of the road surface in the axial direction and
is given in units of kN /m. Flexural stiffness (EI) is a measure of the road's resistance to bending and is given in units
of kN.m? /m. Weight (w) represents the weight of the road surface and is given in units of kNm/m. Poisson's ratio
(v) describes the relationship between the road's lateral and axial strains and is set to 0.0 in this model. This information
is essential in determining the overall stability and performance of the road surface.

Table 2: Properties of the road surface.

Parameters Road surface Unit

Axial stiffness (EA,, EA,) 2.5 x 10° kN/m
Flexural stiffness (EI) 500 kN.m?/m
Weight (w) 3 kNm/m
Poisson’s ratio (v) 0.0 -

Table 3 describes the properties of the soil nails used in the model. The nails have been modeled as embedded
beam row elements. The parameters listed in the table include modulus of elasticity (E), material weight (y), diameter,
spacing (Lgpacing), and skin resistance (Tskin, stare,max » Tskin,enda,max)- The modulus of elasticity (E) is a measure of
the stiffness of the nails and is given in units of kN /m?. Material weight (y) is the weight of the nails per unit area
and is given in units of kN/m?2. Diameter refers to the size of the nails and is given in units of meters. Spacing
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( Lspacing ) refers to the distance between nails and is given in units of meters. Skin resistance
(Tskin start max » Tskin,end,max) F€Presents the maximum tension that can be developed in the nails and is given in units
of kN /m. These properties of the soil nails are important in understanding their contribution to the overall stability of
the slope.

Table 3: Properties of the soil nails (embedded beam row).

Parameters Grout body Unit
Modulus of elasticity (E) 210 x 10° kN /m?
Material weight (y) 60 kN /m?
Diameter 0.032 m
Spacing (Lspacing) 1.0 m

Skin resistance (Tsyin start max » Tskinendmax) 1000 kN/m

In this case study, the safety factor for each construction phase was calculated using Plaxis 2D manual. The
calculation results showed the safety factors under different conditions, represented in Figure 3. The conditions
included the groundwater level in winter and summer, where in summer the groundwater level is equal to the ocean
water level, and in winter it is higher due to increased atmospheric precipitation. The results of the safety factor
calculation provide insight into the stability of the slope during construction and can be used to advance the research
goals.

Factor of Safety (FOS) =1.25
Factor of Safety (FOS) = 1.3

P New Road

(b)

Factor of Safety (FOS) =1.26
Factor of Safety (FOS) = 1.6

1 I A/M-w Road

© (d)

Factor of Safety (FOS) =1.8

©
Fig 2: Critical zone of the 2D model at different conditions (a) Before constructing the road during summer (b) After constructing the
road during summer (c) After constructing the road during winter (d) after applying top nails during winter (e) after applying all nails
during winter
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In figure 4, the results of the safety factors for the slope are displayed in a graph to compare the values under
different conditions. The natural ground surface has a safety factor of 1.25 during the summer, which increases to 1.3
after construction due to the excavation and embankment. However, the safety factor decreases to 1.25 during winter
due to the increased groundwater levels. To address this, the engineers applied one row of nails with 1 meter spacing
on the upper side of the embankment. Subsequently, they applied three rows of nails with a spacing of 1 meter on the
embankment, which increased the final safety factor from 1.6 (with one row of nails) to 1.8 (with three rows of nails).
The results obtained from the built model agree with the manual results from Plaxis.
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Fig 4: Comparing FOS for created 2d model versus Plaxis 2d manual model

4. Three-Dimensional Modelling

The research conduct aimed to understand the behavior of nails and micropiles in the slope stability model. To do
so, they first assessed the impact of using a 3D modeling approach instead of the 2D modeling approach used in the
Plaxis software manual. The 2D model was based on the assumption of plane strain, which is a simplification that
reduces calculation time but is not suitable for modeling structural elements that are separate and non-continuous. In
recent years, the Plaxis 2D software has added new tools to mitigate this problem, but the researchers still decided to
create a 3D model for increased accuracy. The 3D model was created by keeping the same geometry as the 2D model
and adding a depth of 10 m in the Y direction. The conditions in the 3D model were the same as those in the 2D model,
but the researchers used an embedded beam element to simulate the nails and the micropiles. In this particular section,
only the nails were modeled, and the behavior of the slope with a single nail row was not considered. The results of
the 3D model showed close agreement with the 2D analysis results, as evidenced by the critical zones obtained from
both models. The location of these critical zones was found to be in close agreement between the two models (as
shown in Figure 5). This highlights the importance of using a 3D modeling approach when modeling the behavior of
structural elements such as nails and micropiles in slope stability.

Factor of Safety (FOS) = 1.

Factor of Safety (FOS) =1.38

(b)
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Factor of Safety (FOS) =1.28 Factor of Safety (FOS) =2.0

© (d)
Fig. 5: Critical zone of the 3D model at different conditions (a) Pre-construction during summer (b) After constructing the road during
summer (c) After constructing the road during winter (d) after applying all nails during winter

Figure 6 presents the results of a comparison between the safety factors calculated from 2D and 3D models. It is
common to observe that the safety factor calculated from a 3D model is slightly higher compared to that calculated
from a 2D model. This is due to the fact that 3D models provide a more realistic representation of the conditions and
behavior of the structure being analyzed. The graph shows that the safety factor for the natural surface calculated from
both 2D and 3D models is the almost same before construction. The same is true for the safety factor calculated during
the summer after construction and for the construction during winter without nails. However, after applying all nails
during the winter, there is a 10% difference between the safety factor calculated from the 2D and 3D models. This
difference highlights the importance of using 3D models to get a more accurate and realistic representation of the
safety of the analyzed structure.
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Fig. 6: Comparison the safety factor of 2D and 3D models

5. Micro pile reinforcement

Micropiles are cylindrical elements with a diameter ranging from 10 to 30 cm and are used to bear axial loads.
They are used in a variety of ways such as in a single, group, or network pattern. In recent years, micropiles have
become popular for slope stability projects as they offer several advantages. Firstly, they are simple to construct and
have a quick implementation time. Secondly, they do not require heavy or special equipment, which leads to lower
construction costs. Thirdly, micropiles increase the stability of the slopes by counteracting the shear force mobilized
in the soil, which helps to prevent its horizontal movement. Overall, micropiles are an effective solution for slope
stability projects due to their ease of construction, quick implementation, and cost-effectiveness. Nails are commonly
used to strengthen the stability of slopes for faster implementation and a reduced final cost, although micropiles can
also be employed for the same purposes. The current study was carried out to elucidate the application of micropiles
in slope stability. As a result, instead of nails, we used two rows of micropiles spaced 1 m apart in the centre of the
slope in the 3D model. We used 6 m long pipes with a thickness of 6 mm for micropiles inserted in the soil after
drilling. Gravity also injects concrete into the pipelines, and a uniform concrete cap 40 x 40 cm in size was utilized
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on top of the micropiles for integrity. The micropiles are modeled using the embedded beam element. The
characteristics of the micropiles are listed in Table 4.

Table 4: Micro pile properties used in the study.

Diameter  Thickness  Micropile  Modulus of elasticity Material Axial skin Base
(D) Spacing (E) Weight (y) resistance resistance
0.15 0.006 1 210 x 10° 78 Layer 0
dependent
m m m kN /m? kN /m3 - kN /m?

The figure 7 shows the placement and arrangement of the micropiles in the model. The illustration shows how the
micropiles are positioned within the slope. It is important to mention that the pattern illustrated in the figure gives the
best results in terms of preventing soil movements and increasing the safety factor with the same materials. The
micropiles are placed in two rows with a spacing of 1 meter in the middle of the slope to provide stability to the soil
and prevent soil movement. The use of micropiles in slope stability projects provides advantages such as increasing
safety factors with the same materials, and no need for heavy and special equipment.

TR P Concrete Cap

\\ (\/ Micropile

Fig. 7: location and pattern of micropiles constructed on slope

Figure 8 shows the critical zone of the slope stability model that has been reinforced with micropiles. The figure
illustrates the area of the model with the lowest safety factor. It can be observed that the micropiles have effectively
prevented the horizontal movement of the soil mass and have stabilized the soil in the embankment area. Despite the
success of the micropiles in stabilizing the soil, it can also be seen that the soil above the road remains the second
most critical part of the model, just as it was in the unreinforced model. The figure demonstrates that the micropiles
have successfully increased the slope's stability, but the soil above the road still requires further reinforcement.

Factor of Safety (FOS) = 2.0

X

Fig. 8: critical zone of the model after applying micropiles to the slope in 3D model, during winter

Figure 9 provides a comparison of the safety factor values of the models with both nails and micropiles during
winter conditions. The graph presents two curves, one for each type of reinforcement. The curves show the safety
factor for the soil above the road, which was found to be the most critical zone in the previous analysis. The graph
clearly indicates that after the reinforcement with micropiles, the safety factor value has increased significantly as
compared to the model with nails. However, the soil above the road remains the critical zone with the lowest safety
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factor, with a value of around 2. This suggests that while micropiles have increased the soil mass's stability, further
reinforcements may be required to completely stabilize the slope.

22
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Factor of safety (FOS)

1.2 4 —— 2D Soil nails
—— 3D Soil nails
—— 3D Micropiles
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Fig. 9: Comparison the safety factor of 2D, 3D models of soil nails and micropiles

The safety factor for the entire model, including the soil above the road and the embankment, is calculated by the
Plaxis software. The researchers adjusted the cohesion and internal friction angle of the soil above the road to precisely
compute the safety factor for the embankment as the second important location. To determine the safety factor, the
Plaxis software use the C/Phi reduction approach. Figures 10 and 11 show the critical zone and safety factor for the
main slope (embankment) after three rows of nails and micropiles were installed during the winter. The figures reveal
that the nails and micropiles effectively stabilized the soil in the embankment area, which is the model's second critical
Zone.

Factor of Safety (FOS) = 2.16 Factor of Safety (FOS) = 2.1

Fig. 10: Critical zone and safety factor for both models reinforced with three row of nails and micropiles

The study concluded that both the nailing and micropile methods can effectively stabilize the road slope, resulting
in an almost equal safety factor of 2.1, which is deemed sufficient for a road slope. The use of micropiles with the
specific pattern demonstrated in the research can be an alternative option for slope stabilization compared to the
traditional nailing method.

6. Conclusion

The following conclusions are made from the study:

e The study focuses on evaluating the performance of micropiles in slope stability. The research uses a 2D
model from the Plaxis software manual as the base model and validates the results. The 2D model is then
converted into a 3D model, and it is observed that the safety factor of the slope during winter when nails
are applied in the 3D model is 10% higher compared to the 2D model.

e The use of 3D modeling was preferred as it provides more realistic results. To evaluate the performance
of micropiles, two inclined rows of steel pipes filled with concrete were used. The type and arrangement
of micropiles were selected in such a way as to increase the safety factor of the slope, as is done when
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using nails for stabilization. The micropiles used in the study had 6 m length, 15 cm diameter, and 6 mm

thickness.

e The critical zone and safety factor resu

Its show that the presented micro pile system can be used as an

alternative method to stabilize slopes. The method is low-cost, fast to construct, and easy to implement.

2.2

2.0

1.8 1
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Fig. 11: Comparison the safety factor of the main slope after applying nails and micropiles

7. Nomenclature

2D Two-dimensional

3D Three-dimensional

FOS Factor of safety

Yunsat Dry Weight

Vsat Wet weight

E’ Effective young’s modulus
v’ Effective poisson’s ratio
C'ref Effective cohesion

@' Effective friction angle
Y Dilatancy angle

ky ky Permeabilities

EA,,EA, Axial stiffness

EI Flexural stiffness

w Weight

v Poisson’s ratio

E Modulus of elasticity

y Material weight

Lspacing SpaCing

Tekin Skin resistance
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