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ABSTRACT 
 
This paper reports a series of numerical analyses carried out on the geogrid reinforced soil retaining 
walls using FLAC3D software. The main purpose of these analyses was to consider the soil structures 
internal stability to achieve an optimum performance. In this context an attempt was made to consider 
the influence of the structure geometry including reinforced block with tilted face as well as oblique 
reinforced block (rotated against natural backfill) on the wall stability. It was found that using a tilted 
face improved the wall performance in terms of reduction in the stresses and strains of reinforcing 
elements as well as decrease in the wall lateral and vertical displacements. Meanwhile a limited 
rotation of the reinforced block toward backfill caused more improvement in the wall performance i.e. 
more reduction in the reinforcement tension stresses and strains. As a practical case, a 12 degree
rotation of reinforced block against the backfill caused 44% reduction in the tension force of 
reinforcement. Thus the analyses provided a means to search for an optimum tilting face as well as a 
practical amount of rotation for the wall reinforced block to achieve more stable and economic design 
options. This indicated that using an optimum tilted face with an oblique reinforced block may allow a 
significant reduction in the amount of reinforcement without any flaw in the wall internal stability. 
 
Keywords: Geogrid Reinforced Soil, Retaining Wall, Oblique Reinforced Block, Tilted Wall. 
 
1 INTRODUCTION 
 
In recent years, the use of reinforced soil has become prevalent for enhancing foundation bearing 
capacity and performance of soil retaining structures. Based on the comparative studies, it has been 
revealed that using reinforced soil walls with geosynthetics offer priority over other types of retaining 
walls in terms of performance and economy (Koerner 1998; Koerner and Soong 2001). Therefore, 
more studies on the behaviour of such walls seem necessary to achieve optimal designs for these 
types of structures.  
In this study, reinforced soil retaining walls with geogrids in different positioning angles as well as 
various tilting position of reinforced mass were analysed using FLAC3D software. The wall response 
parameters such as horizontal deformation of wall face, stresses and strains of reinforcements for 
various wall configurations were compared with that of horizontal block wall, to determine the proper 
tilt angle for the optimum wall response.   
 
2 NUMERICAL ANALYSIS  
 
2.1 Model of studied wall 
 
Here, a reinforced soil wall with 4m high, eight geogrid reinforcing layers, and a wrap around facing 
was selected as a prototype wall. Based on the available design requirements (FHWA, 2001), a 
vertical distance of 0.5m and a length of 3.2 meters were chosen for reinforcement layers of the model 
wall (Lee 2000; Elias et al. 2001). The wall was assumed to be constructed on a rigid base. To reduce 
the influences of the model boundaries on the analysis results, the unreinforced part of backfill was 
extended to a distance equal to the reinforced part. The analysis process was arranged in a way to 
simulate layering construction of the wall. The geogrid structural elements defined in FLAC3D were 
used for simulation of the wall reinforcements (FLAC3D user

,
s manual). Also constitutive model that 

has been used in this study is Mohr-Coulomb. Schematic model of wall has been shown in Fig .1.   
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Figure 1. Schematic model in FLAC3D 
 
 

2.2 Backfill and Reinforcements 
 
The backfill of the model wall was a clean, uniform sand (SP) with D50=0.34mm, coefficient of 
uniformity Cu=1.09, coefficient of curvature Cc=2.25, and fine content of less than 1%. The soil 
properties and its strength parameters in the plain strain conditions have been presented in table 1 
(Hatami and Bathurst 2006).  

 
Table 1: Characteristics of backfill soil 

ψ (deg) φ (deg) C(kPa)   (kN/m
3
) 

11 44 2 16.8 

 
The reinforcements used in this wall was a type of geogrid with ultimate tension strength of 

Tult=12kN/m and stiffness of J=100kN/m.The strength properties of geogrids may be obtained through 

ASTMD4595 testing procedures at a constant strain rate of 10%/min (Allen and Bathurst 2003; 

Bathurst et al. 2005). Because of the low strain rate of the reinforcement in the soil, the stiffness 

modulus of reinforcement was reduced by 50% when used in the backfill (Walters et al. 2002). 

3 ANALYSIS VALIDATION 
 
3.1 Wall Face Deformation 
 
Analysing the above mentioned wall, the face deformation is shown in Fig. 2a. These deformations 
follow a step-wise path with the wall height. This form of deformation has already reported in previous 
studies and may be attributed to frictional effects in the near vicinity of reinforcement layers (Boyle 
1995; Frankowska 2005). 

 

 
 

Figure 2a. Wall face deformation 
 

 
 

    Figure 2b. Distribution of reinforcements 
force at height 
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3.2 Distribution of Reinforcement Force 
 
The results of parametric analyses have shown that maximum tensile force inside reinforcements is 
located between 0.25H to 0.5H (“H” represents the height of wall.), while tie-back wedge method 
anticipates maximum tensile force of the reinforcements in the lower part of the wall (Lee 2000).            
Fig. 2b compares a trapezoidal distribution for tensile forces of reinforcements in geosynthetic 
reinforced soil (GRS) walls proposed in the literature with what obtained from the current analysis. In 
general, relatively good agreement is observed between the distribution obtained from this numerical 
analysis and the proposed trapezoidal distribution. 

 
3.3 Sliding Surface 
 
Connecting the location of maximum tensile force at each reinforcement layer, a surface may be 
obtained called as “critical sliding surface”. As it is observed in Fig. 3, although geosynthetics were 
used as reinforcement elements in the construction of this wall, the sliding surface created inside the 

reinforced block area is very similar to that of Rankine Sliding Surface (makes angle of 
2

45
 relative 

to horizontal line).  

 
Figure 3. Position of critical slide surface in reinforced block 

 
4 WALL WITH INCLINED FACE (SLOPED FACE WALL) 
 
The effect of tilting the wall face towards backfill on the wall performance was considered in this 
section. The tilting angles of 5, 10 and 12 degrees relative to vertical were analysed. The analyses 
results of the sloped face effects on the wall face deformations and distribution of reinforcement force 
are shown in Figures 4 a-b.  

 

 
Figure 4a.  Effect of inclining of wall face on 

wall face deformation 
 

 
Figure 4b.  Effect of inclining of wall face on 

distribution of reinforcements force

The results show that tilting the wall face may improve the wall performance. The wall face tilting up to 
12

°
 caused 43.3% reduction in maximum displacement of wall face as well as 35.85% reduction in the 

maximum tension force of reinforcements. Nonetheless, the analyses showed that change of wall face 
slope does not change the location of critical sliding surface. 

 
5 INCLINED REINFORCED BLOCK 

 

In this state, previous model wall (the whole reinforced block) tilted in various angles up to 12-degree 
toward natural backfill as shown in Fig. 5. The wall performance parameters were then studied 
through FLAC analyses and compared with those obtained for the prototype wall called as base wall.  
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Figure 5.  Schematic figure from reinforced blocks (tilted at right) 

 
The main objective of these numerical analyses was to find the optimum configuration of the 
reinforced block to achieve appropriate performance. For this purpose, the reinforced blocks with 
various inclined angles (5

°
, 10

°
 and 12

°
) were analysed. The effects of the rotation angle on the wall 

response were then studied. In this context, the wall response parameters including stresses and 
strains of reinforcements, wall face deformations, backfill settlements and location of sliding surface 
were considered. It worth to note, construction limitations were regarded in selecting the tilt angles. 
This means that the wall tilt angles should be practical from a construction point of view, i.e. the 
rollers, used for backfill compaction, must be able to operate safely at these angles. Although 
numerical analyses were conducted on the tilted walls up to 15

°
, the 12

°
 tilted wall was introduced as 

an optimum one regarding the construction limitations.  
It was found that the wall face displacements and reinforcement forces are reduced with increasing 
the wall tilt angle (Figs.6 a-b). It was indicated that increasing the wall tilt angle up to 15

°
 has a 

significant effect on the wall response parameters.  
 

 
Figure 6a.  Effect of increasing of reinforced 

block slope on wall displacement 
 

 

Figure 6b.  Effect of increasing of reinforced 
block slope on amount of reinforcement force 

 
More results of the numerical analyses have been shown in Figs. 7a-d to compare the wall 
performance at various tilt angles. These results show that all wall response parameters i.e. 
reinforcement forces, wall face deformations, and backfill settlements were decreased with increasing 
the wall tilt angle. It was also found that tilting the reinforced block caused a partly change in the 
location of the critical sliding surface (Fig. 7d).   

 
Figure 7a.  Effect of inclining of reinforced 

block on wall face deformation 
 

 
Figure 7b.  Effect of inclining of reinforced 
block on distribution of reinforcements force 
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Figure 7c.  Effect of inclining of reinforced 

block on backfill settlement 
 

 
Figure 7d.  Effect of inclining of reinforced 

block on place of sliding surface 

 
6 OPTIMUM WALL GEOMETRY 

 
As it is observed in Figures 7a-d, increasing tilt angle of the reinforced block caused a noticeable 
improvement in the wall performance. Therefore, the number of reinforcements can be reduced in an 
optimum tilt angle (here a 12

°
 angle). Thus, by selecting a proper tilt angle for reinforced mass, the 

number reinforcing layers may be decreased for nearly the same performance as the horizontal 
reinforced block. Here, as an example, the number of reinforcements decreased from eight layers to 
six layers in inclined reinforced block with tilt angle of 12

°
, i.e. the distance of reinforcements increased 

from 0.5m to 0.75m. The performance of this wall, called as “Optimum Wall”, was then compared with 
that of the horizontal reinforced block which was previously named as “Base Wall”. The results of this 
comparison have been shown in Figs. 8a-d.  
 

 
Figure 8a.  Comparison of wall displacement of 

base wall with optimum wall  
 

 
Figure 8b.  Comparison of reinforcements 

force distribution of base wall with optimum 
wall  

 

 

Figure 8c.  Comparison of backfill settlement of 
base wall with optimum wall  

 

 
Figure 8d.  Comparison of place of sliding 

surface of base wall with optimum wall 

 
To compare the performance of reinforced soil walls, as presented in this paper, a summary of the 
obtained results is presented in Table 2.  
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Table 2: Reduction of response parameters for various walls in comparison to prototype wall (in percent) 

Optimum Wall Wall with inclined 
reinforced block (12 

degree) 

Wall with inclined 
face (12 degree) 

 

22.6 50.1 43.3 Maximum wall displacement 

14.3 43.35 35.85 Maximum reinforcements 
force 

23.7 52.2 51.47 Maximum backfill settlement 

 
As it is observed, despite of employing a lower number of reinforcements in the Optimum Wall, 
performance of this wall was found to be better than that of prototype wall with horizontal reinforced 
block. This issue indicates optimizing the reinforced soil wall configuration may lead to more 
noticeably economic designs. 
 
7 CONCLUDING REMARKS 
 

Numerical analyses on different models of reinforced block led to the following conclusions: 
i) Tilting the wall face towards reinforced backfill caused a reduction in the wall response 

parameters so that with a tilting face of 12
°
, there was 43% reduction in the maximum face 

deformation and about 36% decrease in maximum reinforcement force. 
ii) Tilting the whole reinforced block yielded even more reduction in the response parameters 

so that with tilting block of 12
°
, there was 50% reduction in the maximum face deformation 

and more than 36% decrease in maximum reinforcement force. 
iii) Using an improved optimal design consisting of 25% reduction in reinforcement, the wall 

performance was still better than the conventional horizontal based wall with vertical face. 
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