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Abstract: In Zhongdu ancient city of Fengyang, based on the finite element method, the earth pressure and 

deformation of the cantilever retaining wall composed of upper wall and lower wall are compared and analyzed. 

The results show that the maximum lateral displacement of the fill occurs near the top of the upper wall, the 

lower wall has the tendency of overturning to the free surface, while the upper wall has a certain deviation from 

the free surface. The vertical earth pressure acting on the heel plate of the upper wall and the lower wall 

presents non-linear characteristics. When the cantilever retaining wall composed of upper wall and lower wall 

is unstable, there are two slip surfaces in the filling. The first slip surface runs through the filling based on the 

heel plate root of the lower wall, and the second slip surface runs through the upper filling based on the heel 

plate root of the upper wall. 
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The cantilever retaining wall is usually composed of three parts: the vertical arm panel, the toe plate 

and the heel plate, which are all made by reinforced concrete. The cantilever retaining wall mainly depends on 

the weight of filling on the floor plate to maintain its stability, which is priority adopted in areas where stone is 

scarce and the bearing capacity of foundation is low. According to China's technical specifications, the height of 

cantilever retaining wall should not be greater than 6m 
[1]. 

The existing literature mainly focuses on the one-level cantilever retaining wall, but in fact, the 

two-level or multi-level stacked cantilever retaining wall can also be used in exceptional circumstances
[2-6]

. The 

two-level or multi-level stacked cantilever retaining wall has gradually attracted the attention of engineering and 

academia. The deformations of retaining back and stresses of backfill have been analyzed by elastoplastic 

numerical calculation model to simulate construction conditions with two-level cantilever retaining wall by 

Liang Bo
[7]

, which showed that the two- level cantilever retaining wall is feasible in force, and its application 

can be extended to the protection needs of higher slopes. Based on soil plasticity and limit analysis theory, the 

consideration of the cohesion force on the sliding plane, the adhesive force on the interface of between soil and 

two level structure of cantilever retaining wall has been studied by WANG Jing-huan et al
[8]

, which results show 

that the stress distribution of upper and lower part of two level new structure of cantilever retaining wall are 

observed to present a parabola style and trapezium distribution separately, and the maximum and minimum 

respectively occurred in the bottom and middle of retaining wall．The case study of instability failure of 

multi-level cantilever retaining wall used in filling soil area was carried out by Zhang Yong et al
[9]

, which shows 

that when the compactness of soil is poor and the internal friction angle is smaller than 20°, the soil slope is easy 

to form a whole slip rupture surface to cause instability of cantilever retaining wall, and emphasizes the 

importance of the quality of the fill soil construction and the drainage measures to the multi-level retaining 

structure in the filling soil area．Based on the limit equilibrium theory and considering the effect of the second 

failure surface, the various sliding surfaces of conterfort retaining wall is reasonable selected by Liang Qiao et al, 

which showed that the earth pressure and the stability of the counterfort retaining wall are more reasonable than 

the common retaining wall.  

However, the design and calculation methods of the two-level cantilever retaining wall are not mature, 

and its mechanical and deformation properties need to be further explored. Therefore, based on the finite 

element method, this paper makes a comparative analysis of earth pressure and filling deformation of the 

two-level stacked cantilever retaining wall composed of upper wall and lower wall. By changing geometric 

parameters, the influencing factors of the stability of the retaining wall are discussed, which can provide some 

reference for accurately grasping the load characteristics of the two-level stacked cantilever retaining wall. 

1 Finite element calculation model 

In this paper, a typical two-level stacked cantilever retaining wall is analyzed. The sizes of the upper and lower 
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retaining walls are the same. The height of the upper and lower retaining wall is H=5.5m, and the length of the 

heel plate is L=3.2m, the thickness of the reinforced concrete plate is 50 cm. The calculation model of the 

retaining wall is shown in Figure 1.  

 

 
Fig. 1 Calculation model of cantilever retaining wall 

 

In view of the large longitudinal length of the retaining wall and the unchanged size and shape of the 

cross section along the axis length, the plane strain finite element method (FEM) is used to analyze the retaining 

wall. Mohr-Coulomb ideal elastic-plastic model is adopted for the foundation and filling materials, and the 

retaining wall is reinforced concrete structure with high strength, which can be considered as linear elastic 

material. The calculation parameters of each soil layer and retaining wall are shown in Table 1. 

 

Table 1 Physical and Mechanical Parameters of Soil Layers 

 

 

 

 

 

 

In order to simulate the interface characteristics between retaining wall and soil, a thickness-free interface 

element can be set between them. The friction coefficient R is used to reflect the degree of interaction between 

retaining wall and soil. According to the experimental data in relevant literature
[3]

, and combined with the 

physical and mechanical parameters of soil behind the wall, R=0.75 is selected in this calculation. 

In the numerical calculation, the bottom side is fixed with no horizontal and vertical displacements, and 

horizontal displacement constraints at both sides. 15-nodes triangular element is used to mesh the calculation 

model. The mesh is refined at the contact point between the retaining wall and the filling soil and the interface 

between the soil layer, Fig. 2 shows the mesh partition of the finite element method. 

 

 
Fig. 2 Mesh of FEM (elements:2755) 

 

The settlement of original foundation soil is completed before the construction of retaining wall. The 

construction process can be simulated by gradually activating the retaining wall and filling element. The location 

and safety factor of sliding surface of retaining wall can be investigated by strength reduction finite element 

method
[11-14]

. 
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2 Results of calculation 

Based on the finite element method, the earth pressure and filling deformation of retaining wall under different 

parameters are investigated, and the basic characteristics of two-level stacked cantilever retaining wall are 

obtained. 

 

2.1 Deformation of filling 

After construction, the isoline distribution of lateral displacement in the backfill is shown in Fig. 3, the lateral 

displacement of the vertical section at the back of the wall is shown in Fig. 4, and the vertical settlement in the 

backfill is shown in Fig. 5. The negative values in Fig. 3 and Fig. 4 indicate that the lateral displacement is 

opposite to the x-axis direction. 

 

 
Fig. 3 Contours of lateral displacement in filling (unit: mm) 

 

 
Fig. 4 Lateral Displacement on the Back of Retaining Wall 

 

From Fig. 3 and Fig. 4, it can be seen that the maximum lateral displacement of the fill occurs near the 

top plate of the upper wall, and its value is -23.4mm, which direction deviation from the free surface. The farther 

the distance to the root of the heel plate of the upper wall is, the bigger the lateral displacement of the fill is. The 

lateral displacement of the fill near to the bottom of the upper wall is 4.4mm, which direction points to the free 

surface. It can be seen that the lateral displacement direction of the top and bottom of the upper wall is opposite, 

which shows that the upper wall has been deflected obviously. 

It can be found that the direction of lateral displacement of the fill in the lower wall area develops 

towards the free surface, while the direction of lateral displacement of the fill at the lower part of the upper wall 

develops towards the free surface, and the direction of lateral displacement of the fill near the top of the upper 

wall develops in the opposite direction. The lateral displacement of the two-level stacked cantilever retaining 

wall is obviously different from that of the traditional single cantilever retaining wall. Usually, the direction of 

lateral displacement of a single cantilever retaining wall is directed to the free surface. 

The variation of lateral displacement of two-level stacked cantilever retaining wall is related to its 

characteristics of retaining wall structure. The upper wall and the lower wall of the two- level stacked cantilever 

retaining wall are essentially separate and unrelated. The characteristics of the lower wall are similar to those of 

the traditional single cantilever retaining wall, and the lower wall tends to overturn to the empty surface. 

But for the upper wall, on the one hand, the heel plate of the upper wall is pressed on the top of the 
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lower wall filling surface, and the displacement of the filling within the lower wall makes the heel plate difficult 

to maintain the horizontal state, the displacement of the upper wall occurs with the displacement of the fill; On 

the other hand, the filling within the upper wall part is pressed on the heel plate of the upper wall, which further 

aggravates the displacement of the upper wall. According to the features of filling settlement, the upper wall will 

rotate away from the free surface, and eventually the lateral displacement of the filling will develop in the 

opposite direction to the free surface within a certain range of the top of the upper wall. 

 

 
Fig. 5 Contours of vertical displacement in filling (unit: cm) 

 

Fig. 6 further illustrates the movement trend of the upper wall and the lower wall. It can be seen that 

because there is no strong connection between the upper wall and the lower wall, the upper wall and the lower 

wall show different movement trends, which are determined by the deformation of the soil and the force of the 

retaining wall. 

 

 
(a) Original state           (b) Deformation trend 

Fig. 6 Deformation trend of two-level cantilever retaining wall 

 

The heel plate of the lower wall is pressed on the original foundation soil layer whose settlement has 

been completed, so its stability is relatively high. For the upper wall, the heel plate of the wall is pressed on the 

newly filled soil. If the compaction degree of the fill is not enough, the upper wall and the fill will move greatly 

together. It can be seen that the movement of the upper wall is not only related to the load it is subjected to, but 

also to the compactness of the fill under it. In order to improve the overall stability of the two-stage stacked 

cantilever retaining wall, the compactness of the fill (especially the fill at the bottom of the upper wall) should 

meet the requirements, and the sand and gravel with low compressibility and high strength should be 

preferentially used to fill the bottom of the heel plate of the upper wall. 

 

2.2 Characteristics of Earth Pressure on Retaining Wall 

Vertical earth pressure characteristics of heel plate of two-stage stacked cantilever retaining wall are 

shown in Fig. 7, and values of earth pressure are shown in Fig. 8. It can be seen that the vertical earth pressure 

on the upper wall and the heel plate of the lower wall presents non-linear characteristics. The closer the vertical 

earth pressure is to the wall root, the smaller the vertical earth pressure is. The farther away from the wall roots, 

the greater the vertical earth pressure. 

For the upper wall, the minimum vertical earth pressure at the base of the wall is 27.0 kPa, and the 

maximum vertical earth pressure at the end of the wall heel is 115.1 kPa. The self-weight stress of the fill at the 

heel plate position of the wall is (5.5)*17.1= 94.05kPa. It can be seen that the vertical earth pressure of the wall 

heel plate at some locations is much less than the overlying soil weight, while the vertical earth pressure of the 

wall heel plate at other locations is greater than the overlying soil weight, and the maximum earth pressure 

coefficient is 1.223. 
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(a) Upper wall                   (b)Lower wall 

Fig. 7 Shape of vertical earth pressure on heel plate of two-level stacked cantilever retaining wall 

 

 
Fig. 8 Value of vertical earth pressure on heel plate of two-level stacked cantilever retaining wall 

 

For the lower wall, the minimum vertical earth pressure at the base of the wall is 60.6 kPa, and the 

maximum vertical earth pressure at the end of the heel wall is 174.7 kPa. If the inclined fill with 1.0m thickness 

at the top of the fill is simply equivalent to the horizontal fill with 0.5m thickness, and the influence of the 

self-weight of the upper wall is neglected, the self-weight stress of the fill at the heel plate position of the lower 

wall is (5.5+5.0)*17.1= 179.5kPa. It can be seen that the maximum vertical earth pressure of the heel plate of the 

lower wall is basically the same as the overlying soil weight at that location, but the vertical earth pressure of the 

heel plate of the lower wall is much less than the overlying soil weight at some locations. Because of the 

deformation of the fill and the displacement of the retaining wall, the stress arch is generated in the filling, which 

makes the vertical earth pressure on the heel plate of the upper wall and the lower wall different from the 

overlying soil weight. 

The characteristics of lateral earth pressure on the back of two-level stacked cantilever retaining wall 

are shown in Fig. 9, and the specific values of lateral earth pressure are shown in Fig. 10. It can be seen that the 

lateral earth pressure on the back of the upper wall and the lower wall presents non-linear characteristics. The 

distribution of lateral earth pressure on the back of the upper wall is similar to that of the traditional single 

cantilever retaining wall. The non-linear characteristics of lateral earth pressure have been confirmed by 

experimental data
[15]

. 

 

 
(a) Upper wall                (b)Lower wall 

Fig. 9 Shape of lateral earth pressure on back of two-level stacked cantilever retaining wall 
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Fig. 10 Value of lateral earth pressure on heel plate of two-level stacked cantilever retaining wall 

 

For the lower wall, the rigid heel plate of the upper wall is pressed on the top of the lower wall filling, 

which results in a large lateral earth pressure on the top of the lower wall, which is the embodiment of stress 

concentration. The maximum lateral earth pressure of the lower wall is 75.3kPa, which is located at the bottom 

of the heel plate of the upper wall. Under the joint influence of the heel plate pressure of the upper wall, the 

uneven settlement of the filling soil and the displacement of the lower wall itself, the lateral earth pressure on the 

back of the lower wall presents non-linearity. It is difficult to get the back lateral earth pressure of the lower wall 

of the two-level stacked cantilever retaining wall by the existing calculation theory. At present, there are few 

studies on lateral earth pressure of the lower wall in the existing literature, which need to be further explored 

through the test. 

 

2.3 Stability of retaining wall 

Based on the strength reduction finite element method, the position of slip surface of two-level stacked 

cantilever retaining wall is calculated, as shown in Fig. 11. It can be seen that there are two slip surfaces in the 

filling. The first slip surface runs through the filling based on the heel plate root of the lower wall, and the 

second one runs through the upper filling based on the heel plate root of the upper wall. 

 

 
Fig.11 Location of slip surface of two-level stacked cantilever retaining wall 

 

In engineering, the retaining wall with the second slip surface is defined as a flat wall
[3,16]

. However, the 

traditional flat wall usually refers to two potential slip surfaces in the backfill behind the same retaining wall. In 

fact, the retaining wall in this paper is two independent cantilever retaining walls. The two slip surfaces 

correspond to the upper and lower retaining walls respectively. Therefore, the two slip surfaces in this paper are 

different from those in the traditional flat wall. 

When the displacement movement of the upper wall and the lower wall is finished, the bottom of the 

upper wall and the top of the lower wall overlap in the horizontal direction and do not break away, the upper 

wall can not escape the constraint of the lower wall and slide to the free surface. At this time, the overall slip 

surface is often controlled by the first slip surface of the lower wall. However, when the lower wall cannot 

restrain the movement of the upper wall, the slip surface of the fill may be the first slip surface in the lower part, 

or the second slip surface in the upper part. In special cases, two slip surfaces may occur simultaneously. 

Therefore, in order to maintain the overall stability of two-level stacked cantilever retaining wall, the vertical 

overlap height between the bottom of the upper wall and the top of the lower wall should not be too small.  

The displacement increment distribution of the retaining wall on the verge of instability is shown in Fig. 

12. It can be seen that a large displacement occurs in the fill above the position of the first slip surface, and the 

increment of displacement at the junction of the bottom of the upper wall and the top of the lower wall is larger, 
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which is consistent with the maximum lateral displacement at the location mentioned above.  

For the two- level stacked cantilever retaining wall, besides the large stress at the bottom of the lower wall, the 

junction between the bottom of the upper wall and the top of the lower wall is also a weak link. It is helpful to 

grasp the basic characteristics of the stacked retaining wall accurately. 

 

 
Fig. 12 Distribution of displacement increment of filling at failure state of retaining wall 

 

 
Fig. 13 Influence of cohesion of filling on safety factor of retaining wall 

 

The safety factor of two-level stacked cantilever retaining wall Fs=1.74 is calculated by FEM. The 

influence of cohesion and internal friction angle of filling on the safety factor of retaining wall is shown in Fig. 

13 and Fig. 14, respectively. It can be seen that the safety factor of retaining wall increases with the increase of 

cohesion or internal friction angle of filling soil. Higher strength soil should be selected as backfill in 

engineering practice, and the compaction degree should meet the requirements. 

 

 
Fig. 14 Influence of internal friction angle of filling on safety factor of retaining wall 

 

3 Conclusions  

(1) The maximum lateral displacement of the two-stage stacked cantilever retaining wall filling occurs 

near the top of the upper wall. The lateral displacement of the fill in the lower part of the upper wall develops 
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opposite direction. 

(2) For there is no strong connection between the upper wall and the lower wall, the upper wall and the lower 

wall show different movement trends. The lower wall has the tendency of overturning to the empty surface, 

while the upper wall rotates away from the empty surface with the displacement of the fill. 

(3) The vertical earth pressure acting on the heel plate of the upper wall and the lower wall presents non-linear 

characteristics. The closer to the wall root, the smaller the vertical earth pressure is. The farther away from the 

wall root, the greater the vertical earth pressure. The vertical earth pressure of the heel plate of the upper wall is 

greater than that of the overlying soil, and the maximum vertical earth pressure of the heel plate of the lower 

wall is basically the same as that of the overlying soil at that position.  

(4) The lateral earth pressure on the back of the upper wall and the lower wall presents non-linear characteristics. 

The distribution of the lateral earth pressure on the back of the upper wall is similar to that of the traditional 

single cantilever retaining wall. The rigid heel plate of the upper wall is pressed on the top of the lower wall 

filling, which results in the larger lateral earth pressure on the top of the lower wall.  

(5) When the two-level stacked cantilever retaining wall is unstable, there are two slip surfaces in the filling. The 

first slip surface runs through the filling based on the heel plate root of the lower wall, and the second slip 

surface runs through the upper filling based on the heel plate root of the upper wall. 

Funding Statement 

This work was financially supported by Chinese Ministry of Education Project "Fengyang Mingzhongdu Water 

System Research" [Grant No. 19YJCZH237]. 

 

References: 
[1] Ministry of Railways of the People's Republic of China. Code for design on retaining structures of railway subgrade[S]. TB 

10025-2006. 

[2] LI Zi-lin, WANG Shi-long. Research on the Mechanical Properties of the curved cantilever retaining wall of the mountains highway[J]. 
Journal of Tianjin Chengjian University, 2015, 5: 323-328. 

[3] SHI Xiao-ping. Stability analysis of cantilever retaining wall[J]. South-to-North Water Transfers and Water Science & Technology, 

2015, 13(1): 108-112. 
[4] Wu Xiaofeng, Chen Rui, Feng Zhenzhen. Design of Road Subgrade Widening Scheme of Cantilever Retaining Wall Section[J].  

Urban Roads Bridges & Flood Control, 2015, 11: 34-36. 

[5] PEI Yaoyao，LUO Shizhe，LI Lihua，SHI Anning，et al. Size Optimization Design of Cantilever retaining Walls by Heuristic Algorithm 

Optimization[J]. Construction Technology, 2017, S2: 973-977. 

[6] ZHANG Hong-bo, CUI Bing-ging, CHEN Qi, et al. Experiment on RBT Model Test of Cantilever Retaining Wall Based on Sand Wet 
State[J]. Journal of Architecture and Civil Engineering, 2018, 1: 33-39. 

[7] LIANG Bo, WANG Jiadong, YAN Songhong, et al. Discussion on Numerical Analysis and Application of New Structure of Cantilever 

Retaining wall[J]. Chinese Journal of Rock Mechanics and Engineering, 2006, 25(Supp. 1): 3174-3180. 
[8] WANG Jing-huan1, LU Yi-yu, GUO Jian-qiang, et al. Active earth pressure calculation method of two level new structure of 

cantilever retaining wall[J]. Journal of China Coal Society, 2013, 38(Supp. 1): 82-87. 

[9] Zhang Yong, Wen Qingdong, Zhang Su, et al. Analysis of instability failure mechanism for multi-level cantilever retaining wall[J]. 
Building Structure, 2016, 24: 80-83. 

[10] LIANG Qiao, CHEN Xiang, ZHOU Wen-quan. Analysis and discussion on counterfort cantilever retaining wall[J]. Journal of Hunan 

Institute of Engineering, 2016, 26(3): 76-80.  
[11] LIU Jin-long, CHENG Lu-wang, WANG Ji-li. Briefing on Methods of Slope Stability Analysis[J]. Waster Resources and Power, 2008, 

26(1): 133~137. 

[12] JIANG Shenghua, WANG Shiji, LI Weiqing, et al. Slope instability evaluation method using finite element method of strength 
reduction and displacement rate[J]. Transactions of the Chinese Society of Agricultural Engineering, 2017, 33(15): 155-161. 

[13] FEI Ye, ZHAN Fouping. Stability analysis of dam slope during rapid drawdown with strength reduction[J]. Journal of Water 

Resources and Architectural Engineering, 2017, 15(1): 214-218. 
[14] WANG Wei, ZOU Jianghai, ZHANG Xuemin, et al. Research on the existence of the shortest path of strength reduction in the limit 

analysis of shallow buried tunnel[J]. Journal of Hunan University(Natural Sciences), 2017, 44(9): 151-157. 

[15] LIU Jin-long, CHEN Luwang, LUAN Mao-tian. A calculating method of non-linear earth pressure behind retaining walls[J]. Journal 
of Chongqing Jianzhu University, 2008, 30(4): 87-90.   

[16] DAI Zi-hang, LIN Zhi-yong, ZHENG Ye-ping, et al. Finite element method for computations of active earth pressures acting on 

L-shaped retaining walls with reduced friction coefficients of base bottoms[J]. Chinese Journal of Geotechnical Engineering, 2009, 
31(4): 508-514. 

 

 

 

 

 


