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Keywords  Abstract 

Application of micro-piles to stabilize unstable slopes has been 
widely considered in recent years. A micro-pile is a small-diameter 
(typically less than 300 mm), drilled, and grouted as non-
displacement pile that is typically reinforced. The main objective of 
this study is to evaluate the influence of the micro-pile group on 
increasing safety factor as well as finding the optimum position of 
micro-piles across the embankments slopes. In this study, numerical 
analyses were performed to investigate the efficiency of micro piles 
on the behavior of embankments using ABAQUS Finite Element 

code. The analyses have been carried for plane strain conditions and under earthquake loads. Based on 
acquired results, it was implied that using micro pile groups on the lower part of embankment slope is the 
optimal approach to reinforce embankments. This can increase the embankment safety factor by 33% in static 
mode and by 34% in dynamic mode. The impacts of the parameters of micro pile inclination angle, diameter, 
length, micro-pile spacing, and the type of soil on safety factor in dynamic mode have been investigated. 
Results show that increasing the length and diameter of the micro piles increase the safety factor. By 
increasing the micro pile angle in respect to vertical axis up to 30°, safety factor increases but any additional 
increase of the angle decreases the factor. Furthermore, by increasing the spacing of micro piles up to 4 times 
the diameter, causes improving the safety factor, but more space has a negative impact. By strengthening the 
type of the adhesive soil (simultaneous increase of embankment adhesion from 8 KPa to 16 KPa and elasticity 
module from 30 MPa to 60 MPa), embankment safety factor increases by 40%. Furthermore, by strengthening 
the sandy soil (simultaneous increase of internal friction angle from 32 to 40 and soil elasticity module from 
20 MPa to 45 MPa), the safety factor of embankment increases by 41 percent.  
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1. INTRODUCTION 

In facing with problematic soils such as loose 
soil with low bearing capacity, high permeability, 
and soil with liquefaction potential,  two 
approaches are common: the use of bearing 
elements, and modification  mechanical-physical 
properties of the soil. Each of the above 
approaches has its own characteristics. Some 
innovative technics have combined the two 
approaches containing the advantages of both. 
Among these techniques, one can refer to the 
application of micro piles accompanied by 
grouting. In addition to functioning as a bearing 
element, this technique also improves mechanical 
properties of the soil due to grouting [1]. 

Micro pile is a replacement pile being 
accompanied by boring and grouting. Micro piles 

are often reinforced using steel components. They 
are commonly used to increase the foundations' 
strength against static and seismic loading, 
reinforcing the slopes, and stabilizing the walls of 
excavated areas [1]. At first, using micro piles was 
solely considered to improve the weak foundation 
of buildings. By developing this technique, the 
application was extended to other geotechnical 
areas such as stabilizing the slopes and reducing 
the potential of liquefaction. Presently, the 
instruction recommended by US.FHWA is widely 
accepted reference by designers and contractors 
in this field [2]. 

Recent seismic tests have shown that micro 
pile systems can be used in seismic areas. 
However, engineering data on the seismic 
performance of micro pile systems is limited and 
more research is needed to create and assess 
seismic designing techniques and engineering 
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guidelines. Before applying micro piles as a 
measure to reinforce the embankments, 
experimental and numerical studies are required 
to confirm the efficiency of this method. Numerical 
studies conducted by engineers in recent years 
show the efficiency of micro piles in this 
application. In this regard, one can refer to the 
two-dimensional study of seismic behavior of 
micro pile groups in sandy soil conducted by 
Maghsoodi et al. [3] and three-dimensional 
elastoplastic study of the seismic performance of 
inclined micro piles by Sharour et al. [4]. 
Furthermore, employing micro pile networks in 
rapid excavation of a railway project by Bruce and 
Janes [5], investigating the stability of the slopes 
reinforced with micro piles by Sun et al. [6] could 
be mentioned in this field. Dynamic and static 
analysis of micro piles to reinforce high 
embankments of railway on loose foundation by 
Esmaili et al. [7], and comprehensive parametric 
study to achieve better perception of seismic 
behavior of micro piles in slopes by Elahi et al. [8] 
have been carried out to get better understanding 
of this subject. 

The last paper has been used for calibration of 
numerical model in this study. The study is 
conducted for ten-meter high embankment. In 
present study, modeling has been performed on 
ABAQUS/CAE ver. 6.13-1[9], and two-dimensional 
analysis (plane strain) and shear strength 
reduction technique have been used to calculate 

the safety factor of the embankment. The main 
objective of the current study is to examine the 
role of micro pile in stabilizing embankments in 
seismic area and to determine the effect of 
principal parameters in embankment 
stabilization.  

2. MATERIAL AND METHOD 

2.1. Embankment characteristics 

In the present study, Mohr-Coulomb 
constitutive model has been considered for the 
soil and elastic behavior has been considered for 
the micro pile. This model is simply a linear 
relationship between shear stress and vertical 
stress on a surface offered by Coulomb in 1773 
[10]: 

 tan cf
 (1) 

Where, τf  shows shear stress, σ shows the 
vertical stress onto failure surface, C denotes soil 

cohesion, and φ is the internal friction angle of the 
soil. In the present study, a one-sided 
embankment with the height of 10 m and slope of 
1: 1.15 has been considered (as in Fig. 1). The 
embankment materials are homogeneous and 
mostly of medium clay. Geometrical 
characteristics of the model and mechanical 
properties of the materials are presented in Tables 
1 and 2, respectively. 

 

Figure 1. Geometry and mesh in model  

Table1. Geometry of embankment 

Depth of 
bed(m) 

Depth of 
embankment (m) 

Length of the bed 
side (m) 

Length of the 
embankment side (m) 

Angle of embankment 
(degree) 

20 10 30 30 33.69 

Table 2. mechanical properties of the materials 

Model Soil Type Strength Type E (MPa) c (KPa)  (°) Ψ(˚)   (𝐤𝐍 𝐦𝟑⁄ ) 

Embankment Clay Mohr Coulomb 50 10 20 1 0.25 20 
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2.2. Determining the safety factor 

The safety factor of Slope can be defined as the 
reduced degree of soil shear strength when the 
slope has reached the critical failure mode. This is 
equivalent to the ratio of shear strength of the soil 
to reduced shear strength of the soil at failure 
mode. Shear strength reduction coefficient is the 
ratio of maximum shear strength of the slope soil 
to the real shear strength of the slope under 
external loads. Finite element method can be used 
to calculate shear strength reduction coefficient 
without determining the form and situation of the 
failure surface. Reduced shear strength method 
has firstly been used with finite element method 
by Zink et al. [11]. In elasto-plastic finite element 
analysis, based on the concept of strength 
reduction for a given point on the domain, Mohr-
Coulomb criteria is defined considering the shear 
strength: 

 tan cf  (2) 

Where C denotes soil cohesion and φ is the 
internal friction angle of the soil. safety factor of 
the shear surface determined from this point is as 
follows [12]: 







 tan


c
F

f  (3) 

If no shear failure occurs within the soil; then 
real shear stress and maximum shear strength are 
equal as in the following: 

mm
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  (4) 

Therefore, real shear stress in soils can be 
considered as measures of shear strength 
reduction. These measured are as follows: 

)
tan

arctan(,
FF

c
C mm


   (5) 

First, a reduction coefficient, F, is considered 
with a trial magnitude. Then, parameters of shear 
strength reduction are calculated according to 
strength reduction theory, and the final F is 
calculated [12]. 

2.3. Modeling in software 

In the present study, embankment and the 
micro pile group have been modeled on 
ABAQUS/CAE Ver. 6.13-1 as two dimensional 
(plane strain). Since there is no pile element on 
this software for modeling, using the current 
correlations to convert micro pile Young modulus 
(elasticity modulus) into bar Young modulus 
regarding the distance of center to the center of 
micro piles. Micro pile rows have been modeled by 

equivalent bars with thicknesses as equivalent to 
the diameter of the micro piles according to the 
following relationships [13]: 

wallpile EIEI )()(   (6) 
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 (7) 

In Equation 7, 𝐸𝑝𝑖𝑙𝑒  is the Young (elasticity) 

modulus of micro pile, 𝐷𝑝𝑖𝑙𝑒  is the micro pile 

diameter, and S is the center to center space 
(distance) of micro piles.  

Load has been applied in two phases; geostatic 
phase to consider the in situ  stresses in soil, and 
dynamic loading to apply earthquake load. In 
static mode modeling, the lower boundary of the 
model is constrained in vertical direction, and for 
the peripheral boundaries, displacement is 
constrained in horizontal direction. Dynamics 
implicit approach has been used in dynamic 
analysis, and dynamic loading has been applied to 
the model as time-displacement history at the 
bottom of model. For dynamic loading, 
accelerograms of three earthquakes; Manjil, 
Tabas, and Bam with 15 seconds duration have 
been scaled and used. Furthermore to prevent 
refracting waves to the model, absorbing 
boundary conditions have been applied. In order 
for modeling transient boundaries in dynamic 
mode, springs and viscous dampers have been 
employed around the model. Coefficients of the 
springs and dampers are related to shear wave 
velocity and the density of the soil layer, and are 
calculated through the following equations [14]:  

vAC   (8) 

)2(

8 0

2








rv
K  (9) 

Where, C and K are damping coefficient nd 
stiffness of spring, respectively, p is the density of 
soil mass, A is the contact surface under the 
damper element, r˳ is half width of the element, 
and v is shear wave velocity. 

Rayleigh damping has been considered, the 
equations of which are described in form of 
matrices as in the following [15]: 

KMC    (10) 

In Equation 10, C denotes damping matrix, M is 
the mass matrix, and K is stifness matrix. α and β 
are damping constants.  

In order to define the interaction between the 
two involving surfaces, the type of the interaction 
and the related characteristics such as friction 
coefficient, separation and non-separation of the 
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surfaces must be defined [16]. Since the mortar 
penetrates into the pores of the soil during 
grouting, the contact between the soil and the 
micro pile is of Tie type. 

3. RESULTS AND DISCUSSION 

3.1. Designing micro pile for  embankments 
strengthening 

In order to examine the micro pile group, a 
group of three inclined micro piles were 
considered with inclination angle of 30° degrees to 

vertical axis, center-to-center space of 4 times the 
micro pile diameter, and a length of 15 m, 30 Cm 
of which remains outside the embankment. Due to 
the importance of the location of the micro pile 
group; micro piles were located in three different 
situations; namely, on the top of the slope 
(Lx/L=0.9), in the mid-slope (Lx/L=0.5), and on 
the slope toe (Lx/L= 0.1) so that the impact of 
micro pile group on increasing safety factor can be 
examined in different situations. L and Lx are 
shown in Fig. 2. Geometrical and mechanical 
characteristics of the micro piles are presented in 
Table 3. 

 

Figure 2. position of micro pile in embankment 

Table3. Geometrical and mechanical characteristics the micro pile 

Length (m) Diameter (m)  E (GPa)  (𝐤𝐍 𝐦𝟑⁄ ) 
 

15 0.31 0.2 4.71 26 Micropile 

- - 0.2 200 78.5 Bar 

 

Since the micro pile is reinforced, in this study, 
the equivalent section has been used for modeling 
the micro piles. The diameter of the bar has been 
considered to be 4 Cm. The elasticity moduli of the 
concrete and the reinforcing steel have been 
considered to be 31 and 200 GPa, respectively. 
Equation 11 has been used to calculate the 
equivalent cross section: 

)**( 112 AnAA   (11) 

Where A1 is the primary cross section, A2 is the 
equivalent cross section, and ρ is the percentage of 
steel.  

According to the above equation, the diameter 
of the equivalent cross section was calculated to 
be 31 Cm. Now, the elastic modulus should be 
adjusted according to Equation 7 for two-
dimensional analysis. On this base, for two-
dimensional mode on the software, elastic 
modulus is 4.71 GPa. The safety factor of the 
embankment was calculated for both modes; non 
reinforced and reinforced with micro pile group 
for different locations of the micro piles 
throughout the slope. Results are shown in Fig. 3 

and 4. In the case with no micro pile, according to 
shear strength reduction theory, since the first 
sharp change begins from safety factor of 1.2, it 
can be implied that the safety factor of the 
embankment in this state is 1.2. According to Fig. 
3, it can be observed that the micro piles are most 
effective when implemented on the slope toe 
(SF=1.6). 

 

Figure 3. comparing the impact of micro pile group 
on increasing safety factor in static mode 

At next when micro piles were located on the 
mid-slope (SF=1.5), and finally, implementing the 
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micro piles on the top of the slope had the lowest 
impact on improving the safety factor (SF=1.4).  

 

Figure 4. comparing the impact of micro pile group 
on increasing safety factor in seismic mode 

In order for more accurate study of the impacts 
of micro piles on increasing embankment stability, 
this study must be carried out based on the 
maximum allowable displacement of the 
embankment. According to USACE engineer 
manual, this amount is 50 to 150 cm; hence in the 
present study, these changes have been 
considered for maximum allowed displacement of 
50 and 100 cm (Table 4). 

In the current study, the optimal safety factor 
was achieved when the micro piles were 
implemented at (Lx/L=0.1); therefore, parametric 
studies are conducted for this section. The 
characteristics of the embankment and micro pile 
in this model are the same as those in the model 
discussed in previous sections. 

Table 4. changes of the safety factor vs. allowable 
displacement 

Safety Factor allowable 
Displacement of 
Embankment 
(cm) 

No 
Micro 

pile 

With Micro pile Group 

 
(Lx/L= 

0.9) 

(Lx/L= 
0.5) 

(Lx/L= 
0.1) 

 

Failure 1.08 1.15 1.2 50 
1.12 1.35 1.46 1.5 100 

3.2. Investigating the impact of inclination 
angle of the micro piles on slope stability 

By varying the micro pila angle to the vertical 
axis within the range θ=0° to θ=75° while other 
variables remain constant, the impact of this angle 
on increasing safety factor can be examined in 
seismic mode for 50 and 100 Cm displacements. 
Fig. 5 illustrates the impact of inclination angle of 
micro pile on stability of embankment under 
earthquake loading. As it can be implied from the 
diagram, the highest safety factor corresponds to 
inclination angle of 30°. By increasing the angle up 

to 30°, the seismic performance of the micro piles 
is improved. In this case, the safety factor is 1.2 for 
allowable displacement of 50 cm and 1.5 for 
displacement of 100 cm. Using greater inclination 
angles (greater than 30°) in implementing micro 
piles leads to increased displacement and 
decreased safety factor.  

 

Figure 5. comparing the impact of micro pile angle 
on safety factor 

3.3. Investigating the impact of micro pile 
spacing on slope stability 

Micro pile spacing can be considered as one of 
the most important factors in effectiveness of the 
micro pile group. This factor is defined as the ratio 
of space to the diameter. S is the center to center 
space of the micro pile and D is the micro pile 
diameter. In this study, the impact of spacing on 
slope stability has been examined by keeping the 
number of rows of micro piles as constant while 
varying the spacing of the micro pile rows. 
According to FHWA regulations, micro piles 
spacing for embankment stabilization must be 3 to 
7 times the diameter of the micro piles. In the 
current study, micro pile spacing has been 
considered as being 2 to 6 times the diameter of 
the micro piles. 

Fig. 6 highlights the impact of the space 
between the rows of micro piles on safety factor. 
As it can be perceived from the diagram, the 
optimal space between the micro piles is 4 times 
the diameter, where the embankment safety 
factor is 1.2 for displacement of 50 Cm and 1.5 for 
displacement of 100 Cm. When micro pile spacing 
is 2 to 3 times the diameter, their impact on 
reliability safety factor is fixed (not improved) due 
to overlapping, but when this space is increased to 
4 times the diameter, the safety factor is 
significantly improved as discussed before. 
However, for greater spacing (beyond 4 times the 
diameter) the safety factor is decreased.  
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Figure 6. Impact of micro pile spacing on safety 
factor 

3.4. Investigating the impact of micro pile 
diameter on slope stability 

In this study, the impact of micro pile diameter 
on reliability has been examined in seismic mode 
for 50 cm and 100 cm displacements by varying 
the diameter of the micro piles within the range of 
d=10 cm and d=30 cm while other variables 
remain constant. Fig. 7 shows the impact of micro 
pile diameter on safety factor under Manjil 
earthquake loading. As it can be seen from the 
diagram, by increasing the diameter, the safety 
factor is increased. Increasing the diameter leads 
to increased stiffness; resulting in increased 
stifness of the embankment. As a result, 
embankment displacement is reduced while 
safety factor is increased. In fact, in case of 50 cm 
displacement, the safety factor is 1.11 for d=10 cm 
and 1.2 for d=30 cm. furthermore, in case of 100 
Cm displacement, safety factor is 1.38 for d=10 cm 
and 1.5 for d=30 cm. 

 

Figure 7. Impact of micro pile diameter on safety 
factor 

3.5. Investigating the impact of micro pile 
length on slope reliability 

Micro pile length must be set out in a way to 
pass critical slip surface. Lateral resistance 
capacity of the micro pile below the slip surface 
should be great enough to resist the forces 
imposed on this section. In the present study, the 

impact of micro pile length on safety factor has 
been examined for 50 and 100 cm displacements 
by varying the length within the range L=5 m and 
L=20 m while other variables remain constant.  

Fig. 8 shows the impact of micro pile length on 
safety factor. As it can be observed from the 
diagram, by increasing the length of micro piles, 
the safety factor is increased. Therefore when the 
micro pile length is increased from 5 m to 20 m, 
embankment safety factor is increased from 1.1 to 
1.25 for 50 cm displacement, and from 1.4 to 1.55 
for 100 cm displacement. 

 

Figure 8. Impact of micro pile length on safety factor 

3.6. Varying the parameters of cohesive soils 

Cohesion is one of the most important 
parameters of shear strength; therefore in this 
study, six types of soil were selected as varieties 
within the range of soft, average and hard clay 
according to the standard classification of USACE 
and Iranian Office of Coastal and Marine 
Engineering [17, 18]. The micro pile group was 
implemented on the slope toe (Lx/L=0.1) 
containing three inclined micro piles with 
inclination angle of 30° to the vertical axis, center-
to-center spacing of 4 times the diameter, and a 
length of 15 m, 30 cm of which remained outside 
the soil. Table 5 presents the characteristics of the 
soils used in this study. Soil 1 is regarded as having 
undergone failure with 50 cm displacement; 
therefore, this micro pile group is not appropriate 
for soils with such properties, and the number of 
micro piles must be increased.  

Fig. 9 shows the safety factor corresponding to 
soils 2 to 6. As it is apparent from the diagram, 
with an increase in cohesion, and relatedly 
elasticity modulus of soil the safety factor is also 
increased. In fact, when the internal friction angle 
is considered fixed as being 20°, and embankment 
cohesion is increased from 8KPa to 16KPa, and the 
elasticity modulus is increased from 30 MPa to 60 
MPa, embankment safety factor is increased by 40 
percent for a 50 cm displacement. 
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Table 5. characteristics of cohesive soils used in the 
study 

Φ(˚) C(KPa) E(MPa) Soil Number 

20 6 25 1 

20 8 30 2 

20 10 35 3 

20 12 50 4 

20 14 55 5 

20 16 60 6 

 

Figure 9. Comparing the impact of type of soil on 
safety factor 

4.7. Varying the parameters of sandy soils 

In this study, six types of soil were selected as 
categories within the range of soft, average and 
hard sandy soils [19-21]. The micro pile group was 
utilized on the slope toe (Lx/L=0.1) containing 
three inclined micro piles with inclination angle of 
30° to the vertical axis, center-to-center spacing of 
4 times the diameter, and a length of 15 m, 30 cm 
of which remained outside the soil. Table 6 
presents the characteristics of the soils used here. 
Soil 1 is regarded as having undergone failure with 
a 50 cm displacement; therefore, this micro pile 
group is not appropriate for reinforcing soils with 
such properties, and some modifications are 
required such as increasing the number of micro 
piles.  

Table 6. characteristics of sandy soils used in the 
study 

Φ(˚) Ѱ(˚) E(MPa) ϑ Soil Number 

28 1 6.5 0.25 1 

32 2 20 0.3 2 

34 4 28 0.3 3 

36 6 35 0.35 4 

38 8 40 0.35 5 

40 10 45 0.35 6 

Fig. 10 shows the safety factor corresponding 
to soils 2 to 6. As it is apparent from the diagram, 
with an increase in soil stiffness, the safety factor 
is also increased. The soil with greater friction 
angle mobilizes more friction. Micro piles 
implemented in soils with greater friction angle 
bear greater displacements reducing 
embankment displacement. Indeed when the 

internal friction angle of the embankment is 
increased from 32° to 40° and the elasticity 
modulus is increased from 20 MPa to 45 MPa, the 
embankment safety factor increases by 41 percent 
for a 50 cm displacement.  

 

Figure 10. comparing the impact of type of sandy 
soil on safety factor 

4. CONCLUSION 

This study has been carried finite element 
method using ABAQUS software to perform 
investigations on reinforcement of embankments 
(10 m high) using micro pile group (containing 
three micro piles with center-to-center spacing of 
4 times the diameter, a length of 15 m, and a 
diameter of 30 cm) in dynamic and static modes, 
the results of which are as follows: 

 The impact of micro pile location in 
static mode 

Implementing the micro pile group at the slope 
toe the embankment safety factor increased by 33 
percent; at the mid-slope increased by 25 percent, 
and on the top of the slope increased by 16 
percent. On this base, the best location for the 
micro pile group in static mode is at the slope toe. 

 The impact of micro pile location in 
dynamic mode 

For a 50 cm displacement: 

Implementing the micro pile group on the top 
the embankment safety factor increased by 16 
percent, at the mid-slope increased by 23 percent, 
and at the slope toe increased by 25 percent. 

For a 100 cm displacement 

The safety factor is increased by 20 percent 
when micro pile group are applied on the top 
increased embankment, and increased by 30 
percent for micro piles at the mid-slope, and 
increased by 34 percent for micro piles at the at 
the slope toe. 
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Based on the results, it is best to implement the 
micro pile group at the slope toe to reinforce 
embankments for dynamic loading. 

 Parametric studies in dynamic mode 

By increasing the inclination angle of the micro 
piles up to 30° from the vertical axis, embankment 
displacement is decreased and safety factor is 
increased, but using angles greater than 30° leads 
to decreased safety factor of the embankment. 
Therefore, an inclination angle of 30° is most 
effective in increasing slope stability. 

By increasing the micro piles spacing up to 4 
times the diameter, embankment displacement is 
decreased and safety factor is increased. However, 
increasing the spacing above 4 times the diameter 
reduces the effects of the micro pile group leading 
to increased displacement and decreased safety 
factor. 

By increasing the micro pile diameter from 10 
Cm to 30 Cm, micro pile cross section and stiffness 
are increased resulting in decreased embankment 
displacement. In fact for a 50-Cm displacement, 
safety factor is increased from 1.11 to 1.2, and for 
a 100-Cm displacement, it is increased from 1.38 
to 1.5. 

Increasing the micro pile length from 5 m to 20 
m increases the safety factor for 50 Cm 
displacement from 1.1 to 1.25 and for 100 Cm 
displacement from 1.4 to 1.55. This is due to 
increased cross section of the micro piles and 
decreased displacement of the embankment. 

Since increasing the soil cohesion decreases 
embankment displacement, it increases the safety 
factor. By increasing the embankment cohesion 
from 8KPa to 16Kpa and simultaneous increase in 
elasticity modulus from 30 MPa to 60 MPa, the 
embankment safety factor is increased by 40 
percent.  

By increasing the internal friction angle from 
32° to 40° and simultaneous increase of soil 
elasticity modulus from 20 MPa to 45 MPa, the 
safety factor of the embankment is increased by 41 
percent. Micro piles implemented in soils with 
greater friction angle bear greater displacements 
reducing embankment displacement and 
increasing the safety factor. 

Based on the above results, implementing the 
micro piles at the slope toe is the best optimal 
strategy to reinforce the embankment through 
optimizing mechanical and physical 
characteristics of the soil and the bed, attaching 
soil layers to each other, and transmitting the 
applied loads. Using the maximum micro pile 

diameter can reduce the number of required 
micro piles, which in turn reduces the 
construction costs. Inclination of the micro piles 
can enhance their performance. The optimal 
inclination angle for the micro piles is 30°, and the 
best spacing is set as 4 times the micro pile 
diameter.   
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