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Abstract: Reinforced soil structures are widely used in civil engineering for the slope protection because of their unique advantages. However, the failure mechanism of 
such structures has not been fully studied. In this paper, the stability analysis of reinforced slopes is carried out based on the limit equilibrium method. Furthermore, the 
effects of the location, the length and the tensile strength of the reinforcement layers on the safety factor and the critical failure surface are investigated. The research 
results indicate that the above parameters have great effects on the safety factor and the critical failure surface of the reinforced slope. However, the effects of the length 
and the tensile strength of the reinforcement on the location where the failure surface starts are not significant. Based on the analysis of computation results, the failure 
mechanism is analyzed and the optimum design scheme of the reinforced slope is recommended. 
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1 INTRODUCTION 
 

Since Vial [1] in 1969 put forward the concept of 
reinforced soil, reinforced soil structures have been 
widely applied in civil engineering in order to increase the 
stability of embankments and slopes. A lot of researches 
on the reinforced slope have been done and some valuable 
achievements have been made. Mandal et al. [2] in 1992 
introduced a procedure for the stability analysis and 
design of geosynthetic reinforced soil slopes. Varadarajan 
et al. [3] in 1999 investigated the effects of the type of 
reinforcement, the type of clay, the depth of foundation, 
and the drainage condition on the behaviour of a 
reinforced embankment-foundation system by conducting 
a finite element analysis. Tandjiria et al. [4] in 2002 
studied the effect of reinforcement force distribution on 
the stability of reinforced embankments by using the 
extended generalized method of slices and made a 
comparison with results obtained from other analytical or 
numerical methods. By combining centrifugal model tests 
and digital image analysis, Zornberg et al. [5] in 2003 
studied the strain distribution within geosynthetic-
reinforced slopes under pre-failure conditions, and 
analysed the relationship between safety factor and 
magnitude of the reinforcement maximum peak strain. 
Teerawattanasuk [6], Bergado and Teerawattanasuk [7] 
simulated the overall behaviour of the steel grid 
reinforced "long" embankment and the hexagonal wire 
mesh reinforced "short" embankment by employing 
FLAC2D and FLAC3D. Besides, they made a comparison 
of the numerical simulation results with previous 
researches. By conducting a series of direct shear tests on 
sandy soil, Moayedi et al. [8] in 2010 evaluated the effect 
of optimum reinforcement orientation through the 
geosynthetic-reinforced slopes. Li et al. [9] in 2012 
proposed an approach based on the category of upper 
bound theorem of limit analysis to consider the 
reinforcing effect of one row of anchors on slope 
stabilization. In 2012, Guo et al. [10] studied various 
influential factors on the reinforced slope stability, such 
as horizontal peak ground acceleration, slope angle, 
geological structures, slope height by investigating the 
dynamic response of a reinforced slope in Wenchuan 
earthquake in 2008. By using a beam model, Mehdipour 
et al. [11] in 2013 simulated the geocell behaviour as a 

flexible slab foundation which can carry both bending and 
membrane stresses for the stability analysis of geocell 
reinforced slopes, and discussed the influence of slope 
geometry, shear strength properties and soil compaction 
on the behaviour of geocell reinforced slope. Vieira et al. 
[12] in 2013 analysed the influence of the potential failure 
surface and geosynthetic strength distribution on the earth 
pressure coefficient, and computed the required 
reinforcement tensile strengths based on limit equilibrium 
analyses. 

However, the effects of the location, the length and 
the tensile strength of reinforcement layers on the stability 
of the reinforced slope have not been systematically 
investigated and are still not clear. In this paper, based on 
the limit equilibrium theory, the stability analysis of the 
reinforced slope is conducted with the software ZSLOPE 
developed by Zhang [13] in 2004. Furthermore, the 
effects of the location, the length and the tensile strength 
of reinforcement layers on the safety factor and the 
critical failure surface are investigated and analysed on 
the basis of the analysis of the calculation results.  
 
2 MODEL AND PARAMETERS OF CALCULATION 
  

In the computation and the analysis, the calculation 
model is composed of the foundation, the embankment 
and the reinforcement layers, which is illustrated in Fig. 1. 
In addition, the friction coefficient is set between the 
reinforcement layers and the backfill, and this is similar to 
the interface element adopted by Song et al. [14]. The 
selected calculation parameters of the foundation and the 
embankment for this study are listed in Tab. 1. 

 
Table 1 Calculation parameters of model 

Material Foundation Backfill 
γ/(kN/m3) 18 18 
γ𝑠𝑠𝑠𝑠𝑠𝑠/(kN/m3) 20 20 

c/kPa 50 35 
φ/(°) 20 20 

 
As is shown in Fig. 1, the height of the reinforced 

slope is 12 m and the slope ratio is 1:0.25. Twelve 
reinforcement layers are uniformly placed at the different 
locations in the slope and the vertical spacing between 
each is 1m. The length of the reinforcement layers is 12m, 
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the tensile strength is 80 kN/m, and the inclination angle 
of the reinforcement force is 0. Besides, the friction 
coefficient set between the reinforcement layers and the 
backfill is 0.9. In addition, the factor of safety defining a 
fictitious frictional soil (i.e. a soil with reduced φ) is 1.2. 
The meaning of the above parameters can be referred to 
Song et al.[15] in 2016. 
 

 
(a) Sketch of the basic model 

 
(b) Basic model formulated by the software ZSLOPE 

Figure 1 Diagram of the basic model (unit: m) 
 

Other models in the calculation are modified based on 
the basic model in Fig. 1 in order to study the effects of 
different parameters. For example, the vertical spacing 
between the reinforcement layers in certain area is 
decreased for the study of the effect of location of 
reinforcement, the lengths of the reinforcement are 
changed for the study of the effect of the reinforcement 
length, and the tensile strengths of the reinforcement are 
modified for the study of the effect of the tensile strength. 
After the embankment, the foundation and the 
reinforcement layers are constructed and the mechanical 
parameters are assigned, the critical failure surface and 
the safety factor are calculated for different cases. In the 
calculation, the shape of the failure surface is assumed to 
be a polygonal line. The method adopted for the 
calculation of the safety factor of the reinforced slope is 
the general limit equilibrium (GLE) method, developed 
by Song et al. [15] in 2016, and that for searching the 
critical failure surface can be achieved by the improved 
Monte Carlo techniques proposed by Zhang et al. [16] in 
2006. 
 
3 EFFECT OF LOCATION OF REINFORCEMENT LAYERS 
  

In order to study the effect of the location of the 
reinforcement layers, the following three cases are 
calculated and analysed: The first one, denoted as case a, 
is reducing the spacing between the reinforcement layers 
whining the range of 0 to H/3, in which H denotes the 
height of the slope. The second one, denoted as case b, is 
reducing the spacing between the reinforcement layers 
whining the range of H/3 to 2H/3. The third one, denoted 
as case c, is reducing the spacing between the 

reinforcement layers whining the range of 2H/3 to H. In 
each case, the reduced spacing is 1/2 of that of the basic 
model. In the computation, the parameters of the 
reinforcement layers maintain the same value. 
 

 

 

 
Figure 2 Effect of the location of the reinforcement layer on the critical failure 

surface (unit: m) 
 

The critical failure surfaces of the reinforced slope in 
the above three cases are shown in Fig. 2 and comparison 
of the locations of failure surfaces of them is shown in 
Fig. 3. It can be seen from Fig. 2 and 3 that the failure 
surface of the reinforced slope is a curve starting from the 
area near the slope toe, intersecting with the 
reinforcement layers and ultimately reaching some place 
on the top of the slope. Moreover, for the case a, the 
location of the starting point of the failure surface is 
relatively high and the distance between the top of the 
sliding surface and the top of the slope is relatively small, 
indicating that the size of the sliding wedge is small. 
However, when the area where the reinforcement layers 
are at small spacing rises up, the location where the 
starting point of sliding surface gradually descends and 
the distance between the top of the sliding surface and the 
top of the slope gradually increases, resulting in the 
increase of the size of the sliding wedge. For example, in 
case a, the distance between the starting point of failure 
surface and the slope bottom is 0.076H. Meanwhile, the 
distance between the top of the failure surface and the top 
of the slope is 0.483H. However, in case c, the distance 
between the starting point of the failure surface and the 
slope bottom is 0.012H. At the same time, the distance 
between the top of the sliding surface and the top of the 
slope is 0.582H. The above phenomena may be explained 
as follows. When the spacing between the reinforcement 
layers within the range of 0−H/3 is reduced, the rigidity 
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and the strength of the lower area of slope become large 
and the deformation is small. At the same time, the 
rigidity and the strength of the upper area remain 
unchanged and the deformation is relatively large. 
Therefore, the distance between the starting point of 
failure surface and the slope bottom becomes large, and 
the distance between the top of the failure surface and the 
top of the slope is small, leading to the small size of the 
sliding wedge. In contrast, when the spacing between the 
reinforcement layers within the range of 2H/3−H is 
reduced, the rigidity and the strength of the upper area of 
the slope becomes large and the deformation is small. At 
the same time, the rigidity of the lower area remains 
unchanged and the deformation is relatively large. 
Therefore, the distance between the starting point of 
failure surface and the slope bottom becomes small, and 
the distance between the top of the sliding surface and the 
top of the slope is large, leading to the large size of the 
sliding wedge. 
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Figure 3 Locations of failure surfaces of the three cases 

 
The safety factors of the reinforced slope of the basic 

model and the above three cases are also calculated by the 
software ZSLOPE and illustrated in Tab. 2. It can be 
observed from Table 2 that the safety factor of the basic 
model is the smallest. When the vertical spacing of the 
reinforcement layers within the range of 0−H/3 is 
reduced, the safety factor of the reinforced slope is the 
highest. However, it gradually decreases when the area of 
reinforcement layers with small spacing goes up. 
Therefore, in engineering practices, it is recommended 
that the reinforcement layers with small spacing should be 
placed in the lower area of the slope, so that the safety 
factor is relatively high. 

 
Table 2 Safety Factor of the four cases 

Models Safety factor 
Basic model 0.983 

Case a 1.630 
Case b 1.196 
Case c 1.090 

 
4 EFFECT OF THE LENGTH OF THE REINFORCEMENT 

LAYERS 
 

The effect of the length of the reinforcement layers on 
the location of the critical failure surface and the safety 
factor is analysed by employing the software ZSLOPE. In 
the computation, only the value of l, which represents the 

length of the reinforcement layers, is changed, and other 
parameters remain the same value with those of the basic 
model shown in Tab. 1. The cases of l=12 m, 15 m, 18 m, 
21 m, and 24 m are calculated and analysed. The location 
of the failure surfaces of the reinforced slope when l=12 
m, 15 m, and 18 m are provided in Fig. 4. Furthermore, 
the comparison of the failure surfaces of the reinforced 
slope with l=12 m, 15 m, 18 m, 21 m, and 24 m is shown 
in Fig. 5. 

 

 

 

 
Figure 4 Effect of the length of the reinforcement layers on the failure surface 

(unit: m) 
 

 
Figure 5 Locations of failure surface of reinforced slope with different l values 

 
It can be seen from Fig. 4 and 5 that when the length of 

the reinforcement layers of the reinforced slope is small, 
the distance between the top of the failure surface and the 
top of the slope is small. However, it gradually increases 
with the increase of the reinforcement length, resulting in 
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the increase of the size of the sliding wedge. In 
comparison with the effect of the location of the 
reinforcement layers, the effect of the length of the 
reinforcement layers on the location where the failure 
surface starts is not obvious. For example, for the case of 
l=12 m, the distance between the top of the sliding surface 
and the top of the slope is 0.463H. When l=18 m, the 
distance between the top of the sliding surface and the 
edge of the surface on the top of the slope is 0.546H. 
Nevertheless, when the length of the reinforcement layers 
continues to increase, the location of the failure surface 
maintains almost the same when l≥ 18 m. The above 
phenomena may be explained as follows. When the value 
of l is small, the rigidity and the strength of the whole 
reinforced slope are small and the deformation is large. 
Therefore, the instability zone is small, resulting in the 
small sliding soil wedge. It is consistent with the previous 
studies of Song et al. (2014) [17]. On the contrary, when 
the value of l becomes large, the rigidity and the strength 
of the whole reinforced slope are large and the 
deformation is small. Therefore, the instability zone 
becomes large, resulting in the large sliding wedge. 
Furthermore, when the length of the reinforcement layers 
increases to a certain degree, the rigidity and the strength 
of the whole reinforced slope may no longer increase, 
hence the failure surface does not change any more.  
 

 
Figure 6 Safety factors of the reinforced slope with different l values 

 
Safety factors of the reinforced slopes with l=12 m, 15 

m, 18 m, 21 m, and 24 m are computed by the software 
ZSLOPE and illustrated in Fig. 6. It can be seen from Fig. 
6 that the safety factor of the reinforced slope is small 
with small l values, and it gradually increases with the 
increase of the value of l. However, the safety factor 
maintains nearly the same value when the value of l is 
larger than 18 m. This is because when the value of l is 
small, the embedded length beyond the critical failure 
surface is small and the pull-out resistance provided by 
the reinforcement is also small, leading to a small safety 
factor. With the increase of the length of the 
reinforcement, the embedded length beyond the critical 
failure surface becomes large, resulting in the greater 
pull-out resistance provided by the reinforcement. This is 
probably because the reinforced area in the soil mass 
becomes large with the increase of the reinforcement 
length. However, when l≥1.5H, the pull-out resistance 
equals or becomes greater than the tensile strength of the 
reinforcement, at this time, the anti-sliding forces 
supplied by the reinforcement no longer increase. 

Therefore, the safety factor and the critical failure surface 
do not change anymore. 

 
5 EFFECT OF THE TENSILE STRENGTH OF THE 

REINFORCEMENT LAYERS 
 

In order to increase the stability of the reinforced 
slope, reinforcement with high tensile strength is 
employed in engineering practices. The effect of the 
reinforcement strength on the failure mode of the slope is 
also investigated in this paper. In the computation, only 
the value of t, which represents the tensile strength of the 
reinforcement layers, is changed, and other parameters are 
consistent with the basic model shown in Fig. 1. The 
cases of t=80 kN/m, 120 kN/m, 160 kN/m, 200 kN/m, and 
240kN/m are calculated and analysed. The location of the 
critical failure surfaces of the reinforced slopes with t=80 
kN/m, 160 kN/m, and 240 kN/m are provided in Fig. 7. 
Furthermore, the comparison of critical failure surfaces 
with t=80 kN/m, 120 kN/m, 160 kN/m, 200 kN/m, and 
240 kN/m is illustrated in Fig. 8. 

 

 

 

 
Figure 7 Effect of the tensile strength of the reinforcement layers on the failure 

surface (unit: m) 
 
It can be seen from Fig. 7 and 8 that the range of 

sliding soil mass gradually increases with the increase of 
the reinforcement tensile strength. This is because the 
rigidity and the strength of the reinforced slope increase 
with the increase of reinforcement tensile strength, 
resulting in the reduction of the deformation of the 
reinforced slope. The distance between the top of the 
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sliding surface and the top of the slope enlarges with the 
increase of the reinforcement tensile strength. However, 
the location where the failure surface starts is not 
significantly affected by the change of the t value. 
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Figure 8 Locations of failure surface of reinforced slope with different t values 
 

The effect of the reinforcement tensile strength on the 
safety factor is also computed and shown in Fig. 9, from 
which it can be observed that the safety factor increases 
with the reinforcement tensile strength. 
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Figure 9 Safety of the reinforced slope with different t values 

 
6 CONCLUSIONS 

 
In this paper, the effects of the location, the length and 

the tensile strength of reinforcement layers on the critical 
failure surface and the safety factor of the reinforced 
slopes are investigated by the limit equilibrium analysis. 
The following conclusions can be primarily drawn on the 
basis of the analysis of the calculation results: 

(1) The location of the reinforcement layers has an 
important effect on the critical failure surface and the 
safety factor of the reinforced slope. When the vertical 
spacing between the reinforcement layers within the range 
of 0−H/3is reduced, the size of the sliding soil wedge is 
relatively small, and the safety factor is large. However, 
with the area of reinforcement layers with small spacing 
going up, the location where the sliding surface starts 
gradually descends, the distance between the top of the 
failure surface and the top of the slope gradually 
increases, resulting in the enlarging of the size of the 

sliding soil wedge. At the same time, the safety factor 
decreases. 

(2) The length of the reinforcement layers of the 
reinforcement slope has a significant effect on the critical 
failure surface and the safety factor of reinforced slope. 
When the length of the reinforcement layers of the 
reinforced slope is small, the size of the sliding soil 
wedge and the safety factor are relatively small. With the 
increase of the length of the reinforcement layers, the size 
of the sliding soil wedge and the safety factor gradually 
increase. However, when the length of the reinforcement 
layers increases to the value larger than 1.5H, the failure 
surface does not change any more and the safety factor 
maintains a constant. The effect of the length of the 
reinforcement layers on the location where the failure 
surface starts is not significant. 

(3) When the tensile strength of the reinforcement is 
small, the size of sliding soil wedge and the safety factor 
of the slope are both small. With the increase of the 
tensile strength of the reinforcement, the size of the 
sliding soil wedge and the safety factor gradually 
increase. However, the effect of the tensile strength of the 
reinforcement on the location where the failure surface 
starts is not obvious. 
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