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1 INTRODUCTION 

The design of segmental retaining structures is commonly per-
formed by using Limit Equilibrium Analysis. However for the 
analysis to reflect the reality, the failure planes have to be deter-
mined properly. The failure planes used in the design codes re-
flect the findings of failure planes determined for classical 
retaining structures and were adapted to metal reinforcement. 
This adaptation gradually included the geosynthetic reinforce-
ment. To investigate the validity of these assumptions a F.E.M. 
analysis was performed and comments were made on the results 
comparing to manual design considerations. 

2 PREVIOUS RESEARCH 

Several different techniques were proposed to investigate the ac-
tual failure mechanisms of the reinforced earth walls with finite 
element analysis. In these techniques, the investigated system’s 
parameters are increased or reduced to a certain level to establish 
a failure. One of the techniques is the shear reduction technique 
proposed by Matsui and San (1988) to the finite element stability 
analysis. In this technique, the shear strength parameters, cohe-
sion, c, and coefficient of friction, tan φ, where φ is the angle of 
internal friction, of the component materials are incrementally 
reduced by dividing them with a common shear strength reduc-
tion ration R. The failure mechanism of a cut slope is examined 
(Matsui and San 1988) by using shear strain failure criterion 
(strain-based failure judgment method). The shear failure of an 
element is defined as the shear strain level exceeding the failure 
shear strain. Another technique proposes gradually reducing the 
K0 in subsequent runs from its empirical value (K0 = 1- sin φ)
until the failure of the slope occurred using the strain based fail-
ure judgment method (San, Leshchinsky and Matsui 1994). 

3 FEM DETAILS 

3.1 F.E. Program 

Finite Element Analysis is performed by Plaxis BV finite ele-
ment package program. Failure surface evaluations are consid-
ered at the end of two main phases. The first phase represents the 
construction process and the second phase is the phi-c reduction. 
Phi-c reduction is the same shear strength reduction technique 
that was mentioned above. The shear strength parameters, coef-
ficient of friction tan φ, and the cohesion c are incrementally re-
duced by dividing them with a reduction factor ΣMsf at a given 
stage in the analysis: 

                      (1) 

where φinput = initial friction angle of the soil, φreduced =friction 
angle of the soil after reduction, cinput = initial cohesion of the 
soil, creduced = cohesion of the soil after reduction. The program 
reduces these parameters in small increments by increasing the 
value of ΣMsf. After each successive reduction of the ΣMsf 
value, the system is checked for equilibrium. Where equilibrium 
can not be sustained any more, the value of ΣMsf at this point 
can be defined as the factor of safety of the model (Figure 7). 
Also, incremental shear strain zones are considered as the poten-
tial failure patterns. 

3.2 Model 

In the 2D analyses two-dimensional and 6-node triangle ele-
ments are selected. It provides a second order interpolation for 
displacements. The element stiffness matrix is evaluated by nu-
merical integration using a total of three Gauss points (stress 
points) illustrated in Figure 1. 
 In all the models the wall height is chosen 9 m, the width of 
the backfilled zone is 25 m, the foundation soil depth is 5 m. In-
vestigated parameters are soil type, reinforcement length and re-
inforcement vertical spacing. There are three reinforcement 
lengths (L) 4.5, 6 and 9 m. 0.5 m and 1 m reinforcement vertical 
spacing (Sv) are used. These combinations are repeated for fric-
tional and cohesive backfill. Altogether, 12 models are taken into 
consideration (Table 1). Typical representative model B3 is 
shown in Figure 2. 

Table 1.  Model combinations 

A L/H φ c Sv B L/H φ c Sv

1 0.5 35 5 0.5 1 0.5 35 5 1 
2 0.5 5 50 0.5 2 0.5 5 50 1 
3 0.67 35 5 0.5 3 0.67 35 5 1 
4 0.67 5 50 0.5 4 0.67 5 50 1 
5 1 35 5 0.5 5 1 35 5 1 
6 1 5 50 0.5 6 1 5 50 1 

Wall facings elements are constituted with segmental block ele-
ments. The segmental blocks are modeled in the 2D model with 
elements of 50 cm width and 25 cm height. Block elements were 
separated with interface elements. The strength properties of in-
terfaces are linked to the strength properties of the soil layer.  
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Figure 1. Mesh element

Each soil data has an associated strength reduction factor for in-
terfaces (Rinter). The interface properties are calculated from the 
soil properties in the associated data set and the strength reduc-
tion factor by applying the following rules: 

ci = Rinter csoil             (2) 

tanφi = Rinter tanφsoil ≤ tanφsoil             (3)

where ci = cohesion at interface; φi = friction angle at interface; 
Rinter = strength reduction factor; csoil = soil cohesion; φsoil = soil 
internal friction angle. Rinter=0.85 value is taken for the block 
elements and for soil types. The geotextiles are laid horizontally 
and their ends on the wall side are fixed between two blocks 
with an interface. 

3.3 Material Properties 

The backfill soil is modeled as a homogeneous elasto-plastic 
Mohr Coulomb material. Two types of soil are used for backfill-
ing. The first type is a granular soil having an internal friction 
angle of 35° and cohesion of 5 kN/m2. The second type is a co-
hesive soil having cohesion of 50 kN/m2 and an internal friction 
angle of 5°.

The same elasto-plastic Mohr Coulomb material model is 
also used for both the segmental blocks and the foundation soil. 
In order not to allow for any failure inside the foundation soil, 
high cohesion (c=200 kN/m2) and internal friction angle (φ=35°)
values are assigned for the foundation soil. Similarly, high cohe-
sion value of 200 kN/m2 and an internal friction angle of 35° are 
assigned to the segmental blocks. The segmental elements are 
given a higher Young's modulus of 300 000 kN/m2. This value is  
30 000 kN/m2 in backfill soil and 50 000 kN/m2 in foundation 
soil. No dilatancy is attributed to any soil. Every soil type has the 
density of 20 kN/m3.

Geotextiles are defined as tensional-elastic elements. All the 
geotextiles have the same Elastic modulus of 1 500 kN/m. These 
elements have infinitive strain property and no cut value in a cer-
tain tension. However, the tensile forces of the geotextiles were 
checked and normally do not exceed the typical strength values. 
No ground water table is considered.   . 

3.4 Analysis

In order to simulate the real case, three main phases can be 
defined. The first phase is the initial phase, which is imple-
mented to generate initial stresses according to the coefficient of 

    

     

Figure 2. Representative model B3 

lateral earth pressure Ko. In the initial phase, only foundation soil 
is taken into consideration to generate initial stresses and defor-
mations. In the second phase, staged construction was applied in 
lifts 0.5 m and 1 m respectively. The self-weight of each lift was 
applied incrementally. After stage construction, phi-c reduction 
was implemented as the third phase. 

All the data during construction phases such as displace-
ments, stresses and strain is brought together to generate anima-
tion.

4 RESULTS 

Shear strains, incremental shear strains, deformed mesh and 
maximum tensile stresses were used for evaluation. For granular 
soils B3 model was chosen as representative. The shear strains 
output at the end of the staged construction in B3 system is illus-
trated in Figure 3. 

Figure 3. Shear Strain Shadings at the end of the staged construction in 
B3

There are three different zones where the shear strains are 
concentrated. The first zone seems to appear just at the back of 
the blocks. Strain concentration reduces behind the blocks at the 
top and the bottom.
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Figure 4. Shear strain shadings at the end of the staged construction  
in B5

Table 2. Tensile forces in B3 model 
Reinf.

No
Distance

from left (m) 
Force*
(kN) 

Distance
from left 

(m) 

Force** 
(kN) 

9 1 4.0 5.5 2.8 
8 1 5.9 5.5 2.8 
7 1 10.5 4.5 5.9 
6 1 12.1 4 7.63 
5 1 12.7 2.5 9 
4 1 13.2 2.5 10.2 
3 1 13.4 1.5 10.7 
2 1 8.9 1.5 7.9 
1 0.5 3.5 1 7 

*   Peak tensile force right behind the blocks 

** Peak tensile force in the remaining length 

The second shear strain concentration zone, which is believed to 
be the apparent failure surface, seems to appear as a linear line 
represented in Figure 3. The line makes approximately an angle 
of 56  with the horizontal. The failure surface mechanism for the 
walls with extensible reinforcement is assumed to occur with an 
angle of 45+ /2 (62.5  for our systems) starting from the toe of 
the wall. According to this, apparent failure line obtained from 
the shear strain output data and the assumed failure surface ap-
pear to be reasonably close. There is a third bilinear shear strain 
concentration zone forming just below the apparent failure line. 
This additional shear concentration is supposed to dominate in 
the formation of the actual failure line in the phi-c reduction 
process. In model B5, since the reinforcement lengths are longer 
this additional concentration has not developed at the end of the 
staged construction (Figure 4). The maximum horizontal dis-
placement is obtained in the mid-height of the wall and has a 
value of 3.2 cm. As the deformed mesh is studied (Figure 5), it is 
noticeable that top and the bottom blocks make less horizontal 
deformation compared to the ones in the middle, because, less 
horizontal stress causes less deformation at the top and the base 
friction resists the bottom blocks to move horizontally despite 
the high horizontal stresses at the bottom. Besides, when the ten-
sile forces on the top and bottom reinforcements are studied, it is 
noticeable that they have comparatively smaller force than the 
centrally located reinforcements (Table 2).  

Tensile forces on the reinforcements at the end of the staged 
construction are in the range of 5 kN/m and 15 kN/m (Table 2). 
Breakage of reinforcements is not expected because; those ten-
sile forces are bearable for almost all reinforcement types. 
Maximum tensile stress locations on the reinforcements are 
marked in Figure 3 by dots. As seen, there are two locations 
where the tensile stresses have peak values. The maximums on 

Figure 5. Deformed mesh at the end of the staged construction B3 (dis-
placements scaled up 20 times) 

the left sides are always within the zone of the shear strain con-
centration just at the back of the blocks.  It may be realized, the 
maximums on the right side are very close to the apparent failure 
line. Typical tensile force diagram is illustrated in Figure 6. 

Figure 6. Tensile Forces on the sixth reinforcement in B3 

The apparent failure line at the end of the staged construction 
will never give the actual failure mechanism because, at the end 
of the staged construction, failure does not occur. The actual 
mechanism should be studied in the failure case. As a result, phi-
c reduction was chosen to help to study the failure case. The 
failure is believed to occur in the calculation step where Msf
becomes almost steady (Figure 7). Evaluating the incremental 
shear strains at this calculation step will give us a good idea 
about the failure mechanism despite their values have no physi-
cal meaning as stated by the program’s manual. 

All the incremental shear strains between the staged construction 
and the phi-c reduction were successively put together by the 

Figure 7. Msf  at the phi-c reduction
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animation program to monitor the incremental shear strains 
trend. According to this animation, in model B3, the apparent 
failure line moves downwards changing into bilinear shape in the 
incremental shear strains output (Figure 8.). As ΣMsf is in-
creased, the first piece of the apparent failure line inside the rein-
forced zone becomes flatter and comes closer to the bottom rein-
forcement levels. The second piece of the apparent failure line 
outside the reinforced zone moves downwards. Namely, the rein-
forced zone is drifted to the left and the unreinforced zone moves 
towards the reinforced zone like a wedge (Figure 9). The exces-
sive plastic deformations occur within the lower 0-1.5 meters 
and the remaining upper reinforced body is drifted almost in an 
undeformed shape. Finally, if this mechanism and the shear 
strain development are considered together, the actual failure 
mechanism is found to be bilinear and compound. This can also 
be interpreted as the failure mechanism approaching to direct 
sliding mode. 

Figure 8. Incremental shear strain shadings at the end of phi-c reduction 
in B3

Figure 9. Deformed mesh at the end of phi-c reduction in B3 (displace-
ments scaled up 2 times)

Figure 10. Shear strains shadings at the end of the staged construction in 
B4

B4 model is chosen to represent the cohesive backfill. The shear 
strains output at the end of the staged construction in B4 system 
is illustrated in Figure 10. Unlike in granular systems there is no 
certain shear strain zone forming at the end of the staged con-
struction. The tensile forces on the reinforcements are very low 
compared to the tensile forces calculated in the granular backfill. 
They range between 1-3 kN/m. The maximum horizontal dis-
placement of this cohesive system is 0.7 cm, which is smaller 
compared to the horizontal displacement in the granular B3 sys-
tem. In phi-c reduction, where the ΣMsf value becomes stable, 
the incremental shear strains concentrate along a bilinear zone 
similar to the one obtained in granular systems (Figure 11). From 
these figures, we can say that failure mechanism of the systems 
with cohesive backfill is almost the same as the failure mecha-
nism of the granular systems. 

Figure 11. Incremental shear strain shadings at the end of phi-c reduction 
in B4 

5  CONCLUSION 

1. For granular backfills, the location of the shear strain concen-
tration as obtained from Finite Element analysis coincides with 
the assumed failure plane of Limit Equilibrium analysis, but this 
is not the location where failure occurs.
2. For cohesive backfills, no internal failure mechanism develops 
at all under normal loading conditions. 
3. In both type of soils the direct sliding mode seems to be the 
controlling mode at failure. 
4. The tensile strength of the reinforcement is much less acti-
vated for cohesive backfill when compared to the granular back-
fill. 
5. Both cohesive and granular soils seem to be adequate backfill 
materials. 
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