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Abstract 

 

Retaining structures are designed considering lateral earth thrust or pressure distribution acting on 

the wall. Determination of failure surfaces play vital role in active lateral earth pressure 

calculations acting on retaining structures. As failure surface pattern varies based on heel length, 

there is particular importance of heel length of T type cantilever retaining walls on determination 

of earth thrust. Lateral earth calculations are performed for two different cases, namely short heel 

or long heel, based on the intersection of T type cantilever wall and failure surface. In this study, 

the effect of heel length on an active failure mechanism was examined with numerical simulation 

based on finite element method (FEM). The results of the numerical analyses were compared with 

the results of small-scale model tests and an analytical method. In comparison, the inclination 

angle of active failure surfaces was taken into account. An earth thrust maximization code 

suggested in the literature was used to determine failure surface inclination angles analytically. In 

order to determine failure inclination experimentally, results of small scale tests were used. In the 

tests, failure surfaces were determined using particle image velocimetry technique (PIV). 

Numerical analysis was performed using commercially available finite element program Plaxis 

2D. The same material properties are used in all numerical models. As a result of the study 

compatible results with literature was obtained. The effects of heel length, foundation thickness, 

density parameters on failure surface inclination angles were examined numerically. Due to 

friction between wall and backfill differences between failure surface inclination angles were 

determined. Increased heel length caused to decrease of failure surface inclination. However, it 

was seen that long heel and short heel cases could not be recognized clearly considering the results 

of numerical analyses. 

 

Keyword: Inverted T cantilever retaining wall, Failure surface, Short heel, Long heel 
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1. Introduction  
Calculations of lateral earth pressure acting 

on retaining structures are one of the 

engineering problems that have been 

encountered since ancient times. The 

cantilever retaining wall is one of the most 

commonly used retaining structures in 

geotechnical engineering and this type of 

retaining walls have been used since World 

War II. Different techniques can be used to 

determine lateral earth thrusts acting on 

retaining structures, such as the limit 

equilibrium method [1–4] slip line method, 

limit analysis method [5-7], stress 

characteristics method [8-10], zero extension 

line (ZEL) method [11], numerical methods 

[12-16], and graphical methods [17,18]. 

Nonetheless, Coulomb’s [19] and Rankine’s 

[20] methods are still used to calculate lateral 

earth pressure. Common point of the above 

mentioned methods is considering failure 

surfaces in earth pressure calculations. 

Heel length is a major factor that affecting 

lateral earth pressure distribution of T type 

cantilever retaining walls.  In various studies, 

earth pressure calculation methods 

considering heel length for cantilever 

retaining walls were suggested [21, 22]. 

Greco (2008) used terms of ‘short heel’ and 

‘long heel’ in classification of T type 

cantilever walls based on heel length. In the 

active state, active failure surface intersects 

with stem of the wall in the cases heel length 

of the wall is not long enough. This type of 

heel is qualified as short heel. On the other 

hand, the heel is qualified as long heel when 

the failure surfaces reach to the backfill 

surface without intersecting with any 

obstacle. From the reviewed studies, it is seen 

that significant differences in failure surface 

pattern occur based on heel length [21, 22]. 

In addition, various failure mechanisms 

occur based on wall geometry [2]. Despite 

there are wide range of study about earth 

pressure distribution, the effect of heel length 

on active failure surface inclination is a gap 

in the literature. Kamiloglu and Şadoglu 

(2019) suggested lateral earth thrust and 

failure surface inclination algorithm 

considering experimental results. However, 

small scale tests were considered in lateral 

earth thrust calculations and the derived earth 

thrust formulas used developed algorithm. 

Obtained inclination angle using the 

suggested algorithm was verified with the 

same small scale test results. Therefore, it is 

required to verify the algorithm results with 

large-scale tests or numerical analyses. In this 

study it was aimed to examine the effect of 

heel length, foundation thickness and backfill 

density on failure surface pattern using 

numerical approach. The obtained results 

were compared with experimental and 

analytical results suggested by Kamiloglu 

and Şadoğlu (2019).  

In this study, it is intended to examine short 

and long heel phenomena with experimental, 

analytical and numerical methods. T type 

cantilever walls can be classified as a short 

heel or long heel based on the intersection of 

the cantilever wall and failure surface. Thus, 

failure surface inclinations should be taken 

into account in the analyses. Small scale test 

results performed by Kamiloğlu and Şadoğlu 

[2] are presented in the experimental part of 

the study. In the study, active failure surfaces 

were determined using PIV method. An 

algorithm suggested by Kamiloğlu and 

Şadoğlu [2] was used to evaluate active 

failure surfaces analytically. The algorithm 

was coded to calculate active earth thrust 

coefficient and failure surface inclination 

angles occurring behind inverted T cantilever 

walls.  Analytically derived active earth 

thrust formulas by Kamiloglu and Şadoğlu 

[2] were used in the algorithm. Commercially 

available finite element program Plaxis 2D 

was used to examine active failure surfaces 

numerically. Within the scope of the analysis, 

an inverted T cantilever retaining wall with 

3m height was considered. In all analyses, the 

effect of density, heel length and foundation 

thickness parameters on failure surface 

inclinations were examined. 
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2. Materials and Methods 

In this part of the study, examination methods 

of active failure surfaces are clarified 

elaborately. The terms used in the study are 

presented in Fig. 1. In the study, wall length, 

foundation thickness and heel length were 

represented with H, H3, and b respectively. 

Active failure surface inclination angles were 

represented with  and  as it is shown in the 

figure.   

 
Figure 1. Terms used in the study. 

In the study, active failure surfaces occurring 

behind a cantilever retaining wall was 

determined with finite element analyses and 

compared with experimental and analytical 

results performed by Kamiloglu and Sadoglu 

[2]. Experimental and analytical analyses [2] 

were clarified in first part of the study. Finite 

element models were explained in detail in 

the second part and results of the analyses 

were compared with Kamiloglu and Şadoğlu 

[2]. 

 

2. 1. Experimental Examination of Active 

Failure Surfaces 

In this part, small-scale tests performed by 

Kamiloglu and Şadoğlu [2] are clarified. 

Backfill material used in the tests was 

classified as poorly graded sand considering 

USCS. Crushed sand manufactured by Limak 

Co. was used as a backfill material. Some 

granulometric properties of the backfill 

sieved from 2 m diameter sieve are given in 

Table 1. 

In context of the small-scale test the effect of 

heel length, foundation thickness and backfill 

density (or friction angle) on inclination 

angles of active failure surfaces were 

examined. A model wall made of hard wood 

with 0.30 m height was used in the small-

scale tests. The walls with 0.03m, 0.06m, 

0.09m, 0.12m and 0.15m length were used to 

examine relation between heel length and 

failure surface inclinations. Three different 

foundation thicknesses (0.03m, 0.06m and 

0.09 m) were used to examine the effect of 

foundation thickness on failure surface 

inclinations. The small-scale tests were 

performed for three different backfill 

densities (1=1.45 Mg/m3, 2=1.58 Mg/m3, 

3=1.65 Mg/m3) to examine density-failure 

surface inclination relations. Heel length and 

foundation thickness of the model wall used 

in the tests were 0.06 m and 0.03 m 

respectively.  

To determine active failure surfaces the 

model wall was subjected to horizontal 

translation during the tests and active 

translation recorded with a digital camera. 

Particle image velocity (PIV) analysis was 

performed using captured images. The image 

sequences obtained from the small-scale tests 

were analyzed with PIVlab, and, the 

displacement vector fields and the simple 

strain-rate fields were determined. The 

inclination angle of the failure surfaces was 

determined using the results of the PIV 

analyses. Some geotechnical parameters of 

the back fill such as density, internal friction 

angle, modulus of elasticity and friction 

angles are summarized in Table 2. The 

parameters were used to determine active 

inclination angles using numerical, analytical 

and experimental approaches. 

 

Table 1. Some granulometric properties of 

backfill soil [2]   

Property Value 

D10  0.55 mm 

D30  0.75 mm 

D50  0.95 mm 

D60  1.20 mm 

Coefficient of uniformity (Cu) 2.18 

Coefficient of gradation (Cc) 0.85 

Average specific gravity (Gs) 2.50 
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Table 2. Some basic properties of backfill soil 

Property Value 

Maximum density (max) 1.67 Mg/m3 

Minimum density (min) 1.41 Mg/m3 

Internal friction angle [1= 1.45 Mg/m3] =36° 

Internal friction angle [2= 1.58 Mg/m3] =38° 

Internal friction angle [3= 1.65 Mg/m3] =40° 

Modulus of elasticity  [1 = 1.45 Mg/m3] MPa

Modulus of elasticity  [2= 1.58 Mg/m3] MPa

Modulus of elasticity  [3= 1.65 Mg/m3] MPa

Friction angle [wall backfill; 1 = 1.45 Mg/m3] =32° 

Friction angle [wall backfill; 2 = 1.58 Mg/m3] =35° 

Friction angle [wall backfill; 3 = 1.65 Mg/m3] =36° 

 

2.2. Analytical Examination of Active 

Failure Surfaces 

Earth thrust determination method suggested 

by Kamiloğlu and Şadoğlu [2] for the T type 

cantilever retaining walls is taken into 

account in the analytical part of the study. 

Thus, an algorithm suggested by Kamiloglu 

and Şadoğlu [2] (Fig.2) is used to predict the 

inclination angles of the active failure 

surfaces. In order to compare analytical 

results with the results of the other methods, 

the same heel length and foundation 

thickness coefficient, internal friction angle, 

density parameters with the experimental 

study is used. 

 

2.3. Numerical Examination of Active 

Failure Surfaces 

Plaxis 2D 8.6 finite element software was 

used to examine failure surface behind a 

cantilever retaining wall with various heel 

length, foundation thickness and different 

backfill densities numerically. In the 

numerical model, retaining walls with 3 m 

height were considered. In order to create 

compatible wall geometries with analytical 

and experimental studies the heel lengths are 

determined as 0.3m, 0.6m, 0.9m, 1.2m, 1.5m 

and foundation thicknesses are determined as 

0.3m, 0.6m and 0.9m. Beside, same backfill 

properties with experimental study is 

considered in the finite element (FE) 

analyses. 

Optimum lateral and vertical dimensions for 

the model were determined to establish the 

model properly. Therefore, horizontal and 

vertical dimensions of the model were 

determined as 8m and 6m to provide 

adequate dimension failure surfaces freely 

develop.  Displacements of the vertical 

boundaries (vertical direction) and bottom 

boundaries (vertical and horizontal 

directions) of the model was constrained. 

Active state was created by translating the 

model wall horizontally away from the 

backfill. The horizontal movement was 

determined as 0.1% of the wall height. In the 

analyses Mohr-Coulomb material model and 

fifteen noded triangular elements with three 

Gauss points were used. Friction effect 

occurring between the wall and backfill was 

simulated with interface elements. Backfill 

properties shown in Table 1 are taken into 

account in the FE analyses. Additionally, 

other parameters used in the FE analyses are 

presented in Table 3. The effect of friction 

was simulated with δ/φ value. By taking into 

consideration the suggestions of Kamiloğlu 

et.al. [23] average element size of the model 

is determined as 70.16 x10-3 m (Fig.2b). In 

modelling process, it was not enable to 

neglect cohesion parameters. Therefore, 

cohesion parameter was determined as 0.1 

kN/m2 to simulate granular material.  
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The mesh size of the element is refined 

locally around the backfill and the wall, 

particularly near the contact surfaces between 

the wall and backfill. As a result of the FE 

analyses strain fields and failure surface 

inclinations are determined.  

 

 
Figure 2. Flowchart of thrust-maximization algorithm [2] 
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Table 3. Parameters considered in the FE analyses 

 Property Value  Property Value  Property Value 

36° 

E 25.6 MPa 



E 36.6 MPa 

40° 

E 47.5 MPa 

 0.3  0.3  0.3 

unsat 14.5 kN/m3 unsat 15.8 kN/m3 unsat 16.5kN/m3 

sat 18.7 kN/m3 sat 19.5 kN/m3 sat 19.96kN/m3 

 32°  35°  36° 

Rinter 0.888  Rinter    Rinter 0.9 

 c 0.1 kN/m2  c 0.1 kN/m2  c 0.1 kN/m2 

E: Modulus of elasticity, : Poisson’s ratio, : 

friction angle, c: cohesion, Rinter: stress 

reduction factor, : internal friction angle, 

sat: saturated unit weight, unsat: moist unit 

weight 

Figure 3 shows the results of the FE analyses 

performed to obtain failure surfaces occurred 

behind the wall for various heel lengths. In 

the FE analyses, heel lengths of the walls 

were determined as 0.3m ,0.6m ,0.9m 

,1.2m,1.5m and foundation thickness was 0.3 

m. Internal friction angles and density 

parameters of the backfill soil modeled in the 

analyses were, 36° and 1.45 Mg/m3 

respectively. 

 

   
                       (a)                      (b)                                                (c)  

 

   
(d)     (e) 

Figure 3. Inclination angles of failure surfaces for various heel lengths, (a) b=0.3m, =0.3 m; 

(b) b=0.6m, =0.3 m; (c) b=0.9m, =0.3 m; (d) b=1.2m, =0.3 m; (e)b=1.5m, =0.3 m. 

 

Results of PIV analyses performed by 

Kamiloglu and Sadoglu [2] are presented in 

Figure 4. In the analyses, b/H and H3/H ratios 

were represented with  and  respectively. 

The figures show change of active failure 

surface patterns with increasing heel lengths. 
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                            (a)       (b)                                       (c)  

 

   
               (d)                                             (e)  

  

Figure 4. Experimentally determined failure surface inclinations for various heel lengths 

[2] =0.1, =36° a) =0.1, b) =0.2, c) =0.3, d) =0.4, e) =0.5 

 

In Figure 5, the effect of heel length on active 

failure surface pattern is shown. The analyses 

were performed for the 0.6 m thick 

foundation. Failure surface inclination angles 

were presented for the wall with various heel 

lengths. 

The results of experimental analyses are seen 

in Figure 6. In the experimental analyses 

internal friction angle of the backfill and 

H3/H ratio were determined as 36 ° and 0.2 

respectively. From the figures change of 

active failure surface pattern with various 

heel lengths are seen. In the analyses =b/H 

ratio was used to represent heel length. The 

heel lengths coefficients of the walls were 

determined as =0.1, 0.2, 0.3, 0.4 and 0.5.
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                       (a)                      (b)                                                (c)  

  
(d)     (e) 

Figure 5. Inclination angles of failure surfaces for various heel lengths, (a) b=0.3m, =0.6m; 

(b) b=0.6m, =0.6 m; (c) b=0.9m, =0.6m; (d) b=1.2m, =0.6 m; (e)b=1.5m, =0.6 m.

     
                                       (a)                      (b)                                       (c)   

   
                                               (d)                                       (e)    

Figure 6.  Experimentally determined failure surface inclinations for various heel lengths 

[2] =0.2, =36° a) =0.1, b) =0.2, c) =0.3, d) =0.4, e) =0.5 

 

In Figure 7, results of the FE analyses for the 

wall with 0.9m foundation thickness and 

different heel lengths (0.3m, 0.6m, 0.9m, 

1.2m and 1.5m) are shown. 



Kamiloğlu et. al. / The International Journal of Materials and Engineering Technology 004 (2021) 18-31 

 

26 
 

   
                       (a)                      (b)                                                (c)  

 

  
(d)     (e) 

Figure 7. Inclination angles of failure surfaces for various heel lengths, (a) b=0.3m, =0.9 m; 

(b) b=0.6m, =0.9 m; (c) b=0.9m, =0.9 m; (d) b=1.2m, =0.9 m; (e)b=1.5m, =0.9 m. 

     
                   (a)                         (b)                                       (c) 

 

   
                                           (d)                                                (e)    

Figure 8. Experimentally determined failure surface inclinations for various heel lengths 

[2] =0.2, =36° a) =0.1, b) =0.2, c) =0.3, d) =0.4, e) =0.5 
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Figure 8 represents the results of the 

experimental analyses performed for various 

heel length coefficients. In the analyses 

internal friction angle of the backfill and 

H3/H ratio were determined as 36° and 0.3 

respectively. 

In order to examine effect of density on 

failure surface inclinations internal friction 

angles were used. Internal friction angles of 

the sand compacted with various densities 

(1= 1.45 Mg/m3, 2= 1.53, and 3= 1.65 

Mg/m3) were determined as  = 36°, 38°, 40°. 

Heel length and foundation thickness of the 

cantilever retaining wall are 0.06 m and 

0.03m respectively. The effect of backfill 

density on active failure surface geometry is 

presented in Figure 9.  

 

               
                         (a)                   (b)                                                (c) 

Figure 9. Inclination angles of failure surfaces for various densities ( =0.3 m,  =0.6 m):                

(a) =1.45 kN/m3 (=36°); (b) =1.53 kN/m3 (=38°); (c) =1.65 kN/m3 (=40°). 

 

3. Results and Discussion 

Results of the analytical, numerical and 

experimental studies are shown in Table 4, 

Table 5 and Table 6. After horizontal 

translation of the wall, two active failure 

surfaces occur behind the wall. The 

inclination angle of the failure surface 

occurring close to the wall is termed as angle 

 and the inclination angle of the failure 

surface occurring at the far point of the wall 

is termed as angle . The effect of heel length 

coefficient and foundation thickness 

coefficient on angle  and angle  is shown 

in Table 4 and Table 5 respectively. Also, the 

results of the FE analyses are compared with 

the results of the analytical and experimental 

[2] studies and Rankine’s method [21]. 

From Table 4 it is seen that the results of the 

numerical study are compatible with the 

results of experimental and analytical study 

[2]. Angle values determined with 

analytical, experimental and numerical 

approaches decreased with increasing heel 

length up to a constant heel length value. 

Slight differences between the method 

occurred in estimation of failure inclinations 

for >0.4. Angle  obtained with 

experimental, analytical and numerical 

methods are effected from the heel length and 

foundation thickness coefficients. On the 

other hand, the inclination angle of the failure 

surface found by using Rankine’s method is 

not affected by the heel length or foundation 

thickness parameters. 
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Table 4.  angles determined with various approaches 
  Heel Length Coefficient 

Foundation thickness 

coefficient 
Method =0.1 =0.2 =0.3 =0.4 =0.5 

=0.1 

Experimental Study [2] 72° 66° 64° 61° DFS 

Analytical Study [2] 74° 70° 67° 64° 63°(LH) 

Numerical Study 70° 63° 64° 61° 57° 

Rankine (45+2) 63° 63° 63° 63° 63° 

       

=0.2 

Experimental Study [2] 73° 70° 59° DFS DFS 

Analytical Study [2] 73° 69° 66° 63°(LH) 63°(LH) 

Numerical Study 70° 64° 64° 59° 57° 

Rankine (45+2) 63° 63° 63° 63° 63° 

       

=0.3 

Experimental Study [2] 73° 67° DFS DFS DFS 

Analytical Study [2] 73° 68° 65° 63°(LH) 63°(LH) 

Numerical Study 71° 66° 64° 61° 57° 

Rankine (45+2) 63° 63° 63° 63° 63° 

DFS=dispersed failure surface, LH=long heel. 

 

The angle  determined with various methods 

is presented in Table 5. It is seen from the 

table that wall dimensions have negligible 

effects on the angle .  In addition, long heel 

or short heel cases can be defined with 

analytical and experimental studies. 

However, this cases cannot be defined using 

numerical methods and Rankine’s methods. 

 

Table 5.  angles determined with various approaches 

  Heel Length Coefficient 

Foundation thickness 

coefficient 
Method =0.1 =0.2 =0.3 =0.4 =0.5 

=0.1 

Experimental Study [2] 61° 59° 61° 63° DFS 

Analytical Study [2] 60° 61° 62° 62° 63°(LH) 

Numerical Study 56° 54° 59° 59° 58° 

Rankine (45+2) 63° 63° 63° 63° 63° 

       

=0.2 

Experimental Study [2]  59° 61° 64° DFS DFS 

Analytical Study [2] 60° 61° 61° 61°(LH) 61°(LH) 

Numerical Study 54° 56° 59° 58° 59° 

Rankine (45+2) 63° 63° 63° 63° 63° 

       

=0.3 

Experimental Study [2] 59° 61° DFS DFS DFS 

Analytical Study [2] 53° 59° 58° 59° 59° 

Numerical Study 60° 60° 60° 60°(LH) 60°(LH) 

Rankine (45+2) 63° 63° 63° 63° 63° 

DFS=dispersed failure surface, LH=long heel. 

 

Inclination angles of the active failure 

surfaces (angles  and ) determined using 

different methods are seen in Table 6. The 

failure surface inclination angles are 

examined for various backfill densities.  As it 

is seen from the table, backfill density (or 

internal friction angle) has considerable 

effects on failure surface inclination angles 

(angle  and ).
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Table 6. Effect of density on angle  and angle  

Density (Mg/m3) = 1.45   =1.58  =1.65 

Method         
Experimental Study [2]  66° 59°  66° 71°  67° 77° 
Analytical Study [2] 70° 61°  70° 62°  71° 63° 

Numerical Study 64° 55°  66° 57°  68° 58° 

Rankine (45+2) 63° 63°  64° 64°  65° 65° 

 

4. Conclusions 

In this study, active failure surfaces occurring 

behind inverted T cantilever retaining walls 

are examined considering various methods. 

In the examination of the failure surfaces, 

inclination angles are taken into account. The 

FE analyses were performed for the wall with 

different heel lengths, foundation thicknesses 

and backfill densities. The numerical results 

are compared with the results of the small-

scale tests [2], an algorithm coded to 

determine active failure surface inclination 

angles [2] and Rankine’s method [20]. As a 

result of the study the following conclusions 

may be drawn: 

 

 As a result of the numerical study it is seen 

that heel length and foundation thickness 

have considerable effects on the 

inclination angle of the active failure 

surface occurring at the close point of the 

wall (angle ). On the other hand, the 

inclination angle of the active failure 

surface occurring at the far point of the 

wall (angle ) is not affected by the heel 

length or foundation thickness. 

 Long heel and short heel cases could not 

be recognized clearly considering the 

results of numerical analyses. 

 The effect of heel length and foundation 

thickness parameters on the inclination 

angles of the active failure surfaces cannot 

be determined with Rankine’s method.  

 Backfill density and internal friction of the 

backfill have considerable effects on 

active failure surfaces.  

 As a result of the FE analyses, it was seen 

that the backfill density has a slight effect 

on failure surfaces inclination angles.  
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