
1 INTRODUCTION  

In many situations, footings are located on the backfill of retaining structures (e.g. footings for 
bridge abutments or roads located up on the retaining structure). When a footing is constructed 
behind a reinforced earth wall, the maximum tensile forces on reinforcement layers will depend 
on any of the following factors: (1) the location of the footing with respect to the wall, (2) the 
type of reinforcement, (3) the number of reinforcing layers, (4) the depth below the footing to 
the first layer of reinforcement, (5) the spacing between reinforcing layers and (6) the dimen-
sions of the reinforcement compared with the dimensions of the wall (Ahmadi and Hajialilue-
Bonab, 2012). The behavior of reinforced earth structures has been comprehensively studied 
through field observations and full-scale physical model, laboratory model testing, and numer-
ical simulation (Frankowska, 2005; Bergado and Teerawattanasuk, 2008; Hatami and Bathurst, 
2005, 2006; Won and Kim, 2007). 2D numerical analysis by considering the plane strain con-
dition for reinforced earth structures was done by Bergado et al., 1995; Karpurapu and Bathurst, 
1995; Chai et al., 1997; Rowe and Ho, 1998). They analyzed the deformation and the influence 
of important parameters in different types of reinforced soil walls.  
Estimation of soil reinforcement loads and strains in full scale tests are the key to the accurate 
design of internal stability of reinforced soil structures. Accurate estimation of reinforcement 
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loads and strains after construction and under surcharge loading will result in more accurate 
design of reinforced earth structures. 
About the soil-geosynthetic interaction mechanism in GRS wall, Schlosser and Long (1972) 
proposed that the geosynthetic reinforcement can give the soil apparent cohesion and also from 
the Yang 1972, study the geosynthetic reinforcement can increase effective confinement of the 
soil. Jonathan and Pham, 2013 developed Schlosser and Long, 1972 method for calculating the 
soil apparent cohesion by using the empirical equation between the maximum aggregate parti-
cle sizes, dmax and the reference reinforcement spacing (Sref = 6dmax). From this method, the 
apparent cohesion, cR, of a soil-geosynthetic composite will be: 

 

�� =	 �0.7�	
 	��⁄ ��	
��
2��

���																																�1� 

Kp= coefficient of passive earth pressure; Tf = tensile strength of reinforcement; Sv= vertical 
spacing of reinforcement and Sref = reference reinforcement spacing.  
However, the interaction between the reinforced soil and strip footing load, considering the 
apparent cohesion for soil-geosynthetic composite, is a not yet studied in these structures. In 
this study the behavior of the strip footing load over the backfill of reinforced earth structures 
not only depends on the parameters mentioned by Ahmadi and Hajialilue-Bonab (2012), but 
also depends on the composite manner of the soil-geosynthetic and flexibility of the facing 
panel. Strains measured during construction were as limited to 0.5% and for after applying the 
strip footing load to 2%. Consequently in this study the long and short term stiffness in small 
and big strain ranges were considered for the backfill construction step and also after applying 
the strip footing load.  

2 FULL SCALE AND NUMERICAL MODELS 

2.1 Preparing the models 

In this study the full-scale laboratory test results (two mechanically stabilized earth walls with 
plywood and full height concrete facing) are compared with the results of numerical analysis. 
The instrumentation and configuration of the walls are shown in Fig. 1. Models were prepared 
and tested by Pachomov at Brandenburg University of Technology Cottbus-Senftenberg, see 
also Pachomov et al. 2007. The numerical modeling was carried out using the two dimensional 
finite-element program Plaxis (Brinkgreve and Vermeer, 2002). It should be noted that on  both 
sides of the chamber were polyethylene sheets for reducing the friction between the soil and 
side walls. As a result the influence of the side wall friction was only small. The physical model 
was 4 m high and surcharge load was applied up to 300 kPa at the end of backfill construction. 
The numerical analysis was done with the same dimensions, boundary conditions and soil prop-
erties, facing panel and reinforcement with the full scale tests. In experimental tests the hori-
zontal pressure was measured at different locations from the facing panel (a=0.05, 0.38, 0.71 
and 1.04 m). Over the second, fifth and sixth reinforcement layer and under the center line of 
the strip footing pressure cells were installed in the concrete and wooden face. The backfill soil 
in the test condition was compacted using light and heavy vibrating plates.  
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Fig. 1. Test layout for full scale models and instru-
ments (All dimensions are in m). 

 
Fig. 2. Numerical model with considering the 

concrete material around the backfill and for the 
wall face. 

 
After finishing the backfill construction also the road roller compactor was used over the back-
fill. The equivalent loads of the compactors used in the numerical analysis are 8, 50 and 120 
kPa for light, heavy and roller compactors respectively. The strain gauges on the reinforcement 
layers are shown in Fig. 1. The different locations of these strain gauges were a=0.08, 0.32, 
0.56, 0.8 and 1.04 m from the facing panel. Further details of the experimental and numerical 
models can be found in Table 1. 
Fig. 2 shows the details about the rigid concrete wall in the numerical model. A Mohr-Coulomb 
model was applied for modeling soil behavior in numerical analysis. The geogrid reinforcement 
(GR) was modeled as a linear elastic material and with reinforcement-soil interface friction 
angle equal to the soil friction angle. Rowe and Ho, 1998 considered the perfect adherence as 
a reasonable assumption for the soil-geogrid interface friction coefficient (δs,r=1) in numerical 
analysis. The plane strain condition and 15-node triangular elements with a fine mesh (3023 
elements) were used for analysis. For getting more accurate results and minimizing the effect 
of the mesh size on the system, the mesh was refined around the reinforcement layers, strip 
footing and facing panel. From Jonathan and Pham, 2013 method and by considering the max-
imum soil particle size and first reinforcement space in the full scale test, the apparent cohesion 
�� is equal to 26 kPa that used in Plaxis analysis. In this analysis, the reinforced concrete wall 
was assumed to be a linearly-elastic material with a modulus of elasticity of 2E7 KN/m2 and a 
Poisson's ratio of 0.2. This consideration helps to model correctly the base condition of the 
rigid wall face. Under the base of the wall, the friction angle coefficient of the rough concrete-
concrete was applied by using an interface element.  
A number of different strategies are available to simulate placement and compaction of soil 
layers. In this study a single load-unload stress cycle with a 50 kPa distributed load at the top 
of each backfill soil layer was used to model the compaction process. In the same method some 
researchers considered the compaction effect by applying a surcharge over the soil layers (Got-
teland et al. 1997; Hatami and Bathurst 2005, 2006; Huang et al. 2009). For modeling the 
compaction effect in every new layer of backfill, a temporary uniform surcharge with 8 and 
50kPa have been applied to the top surface of each backfill layer for both concrete and wooden 
face walls (the 8kPa uniform surcharge is only applied to the first 0.5m length of the backfill 
measured from the wall face). The stiffness of the GR was measured in accordance with DIN 
EN ISO 10319: 2008 (DIN, 2008) (ref. 6).  In the Plaxis analysis, two different GR stiffness’s 
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were considered: EA�=680kN/m for low strains (< 0.5%) and EA =700kN/m for high strains 
(< 2%). 
 
Table 1: Input parameters for Plaxis analysis. 

Parameter Symbol Value 

Wall height (m)    H 4 
Unit weight-soil (kN/m3)    γ" 17.3 
Reinforcement length (m)          L 3 

Vertical spacing of reinforcement (m)           Sv 0.25 and 0.5 

Long term (10,000 hour) stiffness of reinforcements (# ≤ 0.5%) (kN/m)          EA 670  
short term (1 hour) stiffness of reinforcements (# ≤ 2%) (KN/m) EA            700 
Soil Young’s modulus (kN/m2)          Es 65000 
Soil Poisson’s ratio ν" 0.3 
Concrete and plywood wall bending stiffness (kNm2/m)    EI 20E3, 20.25 
Concrete and plywood wall normal stiffness (kN/m)    EA 6.0E6, 2.7E5 
Estimated soil plane strain friction angle (Wroth 1984) (º) φ() 44 

Peak soil friction angle from the triaxial test (º) φ*+ 39.09 
Residual friction angle from the triaxial test (º) φ, 35.15 
Soil dilation angle from the test (º) - 12.5 
Soil-reinforcement friction angle coefficient 		δ",0 1 
Soil-concrete friction angle coefficient 		δ",1 0.55 
Rough concrete-concrete friction angle coefficient 		δ1,1 0.95 
Soil-wood friction angle coefficient 			δ",2 0.45 
Concrete Young’s modulus (kN/m2) 	E1 2.1E8 
Cohesion-soil (kPa) C 0, 26 
Unit weight-concrete (kN/m3) 	γ1 24 
Concrete and wood Poisson’s ratio    ν1, ν2    0.2, 0.33 

 
Dilatancy angle from the sand is calculated from the test results using the relationship proposed 
by Schanz and Vermeer (1996): 
 

456- =

7#�
7#�

2 − 7#�
7#�

																																								�2� 

The difference between triaxial and plane strain friction angles was also discussed by Wroth 
(1984), who proposed the linear empirical relationship:  
 

8:() = 9:*+																																													�3� 

2.2 Vertical earth pressure 

Fig. 3 shows the vertical earth pressure distribution before applying the strip footing load in 
both the test and the Plaxis analysis. In this figure the experimental and numerical results were 
also compared with the vertical stress from the earth fill (γz�. For the concrete face, the meas-
urement data is located under γz-line and for the wooden face, the test data is located over the 
γz-line until height of 1.75m (z=2.25B). It shows that the rigidity and friction of the face can 
decrease the vertical earth pressure by the influence of arching effect. In this figure, there is a 
good agreement between the Plaxis analysis and the vertical soil pressure with γz-line distri-
bution, but not with the experimental results when cohesion is zero (C=0 kPa). In the Plaxis 
analysis, for concrete and wooden face, the results are located under the γz-line when C=26kPa 
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and for C=0 kPa condition it’s located over the γz-line. There is good agreement between the 
Plaxis analysis (with C=26kPa) and test results in concrete wall and also in wooden wall in 
shallow and deep position. However, both the test and numerical analysis results shows that 
the effects of vibratory compaction load on the vertical pressure in the backfill are insignificant 
after loading and unloading cycles. As expected, the compaction load can only increase the 
horizontal pressures in the numerical simulations. 
 

 

 

a)  b)  

Fig. 3. Vertical earth pressure distribution before applying the strip footing load; a) concrete face, b) wooden 
face 

In Fig. 4, the numerical and experimental test results after applying the strip footing load 
(q=300 kPa) are compared with the empirical (2V:1H) method (Holtz and Kovacs, 1981).  
In Fig. 4a, the test results are compared with the analytical and Plaxis analysis (C=0 and 
C=26kPa), the vertical earth pressure in every depth (P?� was divided to the strip footing load 
applied over the backfill (q). In this figure, there is good agreement between the Plaxis analysis 
and test results in shallow and deep positions in concrete wall.  

  
a)  b)  

Fig. 4. Vertical earth pressure distribution in Plaxis analysis and empirical (2V:1H) method after applying the 
strip footing load; a) concrete face, b) wooden face. 

Also for the concrete face with q=300 kPa and for Plaxis analysis, the vertical soil pressure is 
smaller than the applied strip footing load (< 1� in cell pressure that located in z=0.75B.  
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In Fig. 4b and for the wooden face, the test and Plaxis analysis have the same pressures in 
depth. For z=0.75B and in test condition the pressure is more than the applied strip footing load 
(> 1�. This can occur because of the stress concentration under the strip footing. The empirical 
method line (the black dashed line in the figure) for upper point, shows lower pressures than 
the numerical analysis and for lower points it shows higher pressures. By comparing the test 
data, the empirical method also shows lower pressure rather than the result in z=0.75B and 
2.25B and for z=2.75B, this method has lower pressure. 

2.3 Lateral earth pressure 

In Fig. 5, the experimental and numerical results were compared with the usual analytical 
method under strip footing load (q=300 KN/m). The Rankine active earth pressure with a 
friction angle in plane strain condition (:() = 44°) was considered. Also the empirical 
(2V:1H) method was applied for distribution of a strip footing load in depth (without 
considering the apparent cohesion). For the the concrete face as well as the wooden face the 
approximate method overestimates the lateral earth pressure compared with the test results and 
Plaxis analysis with C=26kPa, see Fig. 5a and Fig. 5b. Fig. 5a and b show that there is good 
agreement between the measurment and numerical analysis in determining the maximum 
lateral earth pressure by considering the aparant chohesion (C=26kPa). For the concrete face 
there are two maxima for the lateral earth pressure in test condition, one in the upper and 
another in the deeper position.  
 

 
 

a)  b)  

Fig. 5. Lateral earth pressure after applying the strip footing load (300kN/m2); a) concrete face, b) wooden 
face. 

 
 

In the wooden face a maximum in the lateral earth pressure only occurred in z=2.5m. The upper 
maximum in lateral earth pressure in the concrete is located at the z=3m and it shows that the 
failure zone for concrete face is located in shallow position rather than the wooden face.  

2.4 Lateral wall deflection 

Fig. 6a and b, show the lateral wall deflection under the strip footing load and in concrete and 
wooden face from the test results and Plaxis analysis. This measurement shows only the wall 
deflection after applying the 300kPa, strip footing load (without considering the lateral wall 
deflection at the end of backfill construction). For the wooden face, the maximum lateral wall 
deflection occurred in z/h=0.81 and the maximum wall deflection in the wooden face is more 
than in the concrete face. In the numerical analysis, similar to the test conditions, the wall 
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deflection was considered under the strip footing load.  For the wooden face, the Plaxis simu-
lation also showed a maximum wall deflection at z/h=0.81, see Fig. 6b. By comparing the 
numerical and test results about the maximum wall deflection, in average the calculated wall 
deflection is 10% larger when C=26kPa probably because of the small influence of the side-
walls friction effect. But when C=0 kPa, there is (53-60) % difference between the numerical 
and test results.  

 

  
a)  b)  

Fig. 6. Lateral wall deflection after applying the 300 kPa, strip footing load in experimental and numerical 
analysis; a) concrete face, b) wooden face. 

 

3 MAXIMUM TENSILE FORCES 

Fig. 7 and Fig. 8 show the maximum tensile load on reinforcement layers from the measured 
and numerical analysis after applying the strip footing load in concrete and wooden face. The 
stiffness of the geogrid with creep effect is used for determining the maximum tensile forces 
in the reinforcement layers. From this figure, there is a small difference between the numerical 
analysis (with C=26kPa) and test results and variations of them in depth are similar to each 
other.  

 

Fig. 7. Maximum tensile loads on reinforcement layers in measurement and Plaxis analysis after 
applying the strip footing load (300kPa); concrete face. 
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For concrete face, the maximum load occurred in depth of 1.75m in measurement and 
numerical analysis. The maximum tensile loads in the numerical analysis and test results for 
wooden face are larger than the stiff-face. Also in this figure there is big difference between 
the Plaxis analysis using C=0kPa and the test results. Indicating that the soil improvement 
aspect has to be taken into account in the simulations. 
 

 

Fig. 8. Maximum tensile loads on reinforcement layers in measurement and Plaxis analysis after applying 
the strip footing load (300kPa); wooden face. 

 
Table 2 presents the sum of maximum tensile forces from 2nd to 6th layer in test and Plaxis 
analysis. The difference between the test results and the numerical analysis is 5-6% for 
C=26kPa and 45.6% when C=0kPa. There is good agreement between the test results and 
numerical analysis in this table for wooden and conceret face by considering the aparent 
cohesion. 
 
Table 2: Differences between the maximum tensile forces on reinforcement layers in test and Plaxis analysis 

Models ΣT (2nd- 6th )-
Test (kN/m) 

ΣT (2nd- 6th)-
Plaxis-1 (kN/m) 

ΣT (2nd- 6th)-
Plaxis-2 (kN/m) 

Differences (%) 

Concrete face- after ap-
plying load 

42.23 44.6 77.3 
 

5, 45.3 
 

Wooden face- after ap-
plying load 

53.5 50.3 99 
 

6, 45.6 
 

4 CONCLUSIONS 

Finite element analysis results with two different cohesions (C=0 and 26kPa) were compared 
with the experimental full-scale mechanically stabilized earth walls in this study.  
It was found that the behavior of the full-scale walls was affected by the composite behavior 
of the soil-geogrid. By considering the apparent cohesion in the numerical analysis for the soil-
geogrid interaction there is good agreement between the test and numerical results. This means 
that for good agreement between measurements and calculations also the soil improvement due 
to the geogrid has to be implemented in the simulation. When the soil improvement aspect is 
included in the simulation, the comparison between the maximum tensile loads in test results 
and the numerical analysis showed a difference between 5-6% only for after applying the strip 
footing load (q=300kPa). Also for wall deflection there is then 10% difference between the 
numerical analysis and test results.  
The more rigid concrete facing panel has the maximum horizontal earth pressure on a higher 
point on the wall than the wooden wall. It indicates that for the flexible face after applying the 
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strip footing load, there is deeper failure zone than the rigid face. Also the horizontal displace-
ments of the wall, the lateral and vertical earth pressure and the reinforcement tensile load 
distribution are influenced by the facing panel rigidity.  
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