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Abstract. The southwestern region of China has complex terrain with many 

slopes, requiring a large number of buildings to be constructed on slopes. To 

ensure the safety of fill slope retaining structures, this paper recommends an 

economical, environmentally friendly, and stable retaining structure. Using a 

case study, the MIDAS GTS finite element software and theoretical analysis 

were compared to conduct an in-depth study of this type of tie-rod pile wall re-

taining structure. The research reveals the interaction mechanism between soil 

and structure, calculates the internal forces in critical structural components to 

guide design work. This retaining structure is suitable for high-fill artificial 

slopes, can reduce construction costs, and aligns with the national "dual carbon" 

strategy, making it environmentally friendly and worthy of promotion. Through 

practical engineering applications, the feasibility and superiority of this retain-

ing structure in high-fill slopes have been verified, providing valuable refer-

ences for similar engineering designs. 

Keywords: Retaining Structures; Tie Rods; Reinforcement; Slope; "Dual Car-

bon" Strategy 

1 Introduction 

The "Dual Carbon" strategy refers to achieving two major national strategic develop-
ment goals: carbon peak and carbon neutrality. The construction industry is actively 
responding to this policy by promoting green and low-carbon building materials and 
enhancing green and energy-efficient design, thereby driving the industry's green and 
low-carbon development[1].Industrial prefabricated components achieve environmental 
protection and energy savings by reducing material waste, minimizing construction 
waste, and lowering production energy consumption.[2], Additionally, the green plant 
coverage rate of structures is also an important indicator[3].For important slope engi-
neering projects, high stability is typically required. Many project designs focus ex-
clusively on structural performance indicators while neglecting green and ener-
gy-efficient concepts. Although pile-retaining walls are common, especially in 
high-slope engineering design, they achieve good support effects using pile-anchor 
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systems.[4]Early on, Zhang Qinxǐ[5] studied the application of pile-anchor support 
structures in areas with deep backfill soil.In recent years, Xu Kunkun[6] has studied 
common calculation methods in the field of pile-anchor support systems.Chen 
Changliuet al[7] . used numerical simulation combined with slope tests to analyze the 
force distribution in pile-anchor structures.Their research focused on the retaining form 
of full-height pile walls, without addressing reinforced soil pile walls. Studies on this 
type of retaining wall are scarce, and research that utilizes the building itself as part of 
the retaining structure is even rarer. 
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Figure 1. Schematic Diagram of Full-height Pile Wall Retaining Structure. 

In the design of this project, the principles of economic and environmental sus-
tainability were adhered to when comparing the two finally selected options. The 
retaining wall system composed of pile foundations, columns, waist beams, crown 
beams, retaining boards, and tie rods is referred to as a full-height pile wall, as shown in 
Figure 1. 
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Figure 2. Schematic Diagram of Reinforced Earth Pile Wall Retaining Structure. 

The retaining wall system composed of pile foundations, columns, grade beams, 
retaining boards, tie rods, reinforcing ribs, soil stabilization modules, and vegetation is 
called a reinforced soil pile wall. See Figure 2 for details. Among these components, 
the horizontal spacing between the pile foundations and columns is 4.5 meters, 
adopting a one-pile-one-tie design. The system uses tie rods to connect the basement 
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slab and the waist beam (cap beam) of the building to the columns, pile foundations, 
and retaining boards, forming a pile-retaining board wall system. This system utilizes 
the frictional resistance between the building's basement slab and the foundation, as 
well as the passive lateral earth pressure in front of the piles, to restrain the columns and 
retaining boards, thereby limiting soil displacement. The reinforced soil pile wall 
system modifies the upper support to a reinforced soil retaining wall. At the ends of this 
retaining wall, soil stabilization modules are used, which can support vegetation 
planting, forming a reinforced soil pile-retaining board wall system, as shown in Figure 
2. 

 
Figure 3. Post-construction diagram of a reinforced earth retaining wall. 

The soil stabilization modules for the reinforced soil pile-retaining board wall can be 
chosen based on the magnitude of soil pressure and the desired appearance. These 
modules, together with the retaining boards, are fabricated in a factory and then 
transported to the site for installation. The final appearance is shown in Figure 3: the 
right side illustrates the effect with planted vegetation, while the left side shows the 
effect without using planting modules. 

This paper combines an actual engineering case of a slope to analyze and summarize 
the design approach for this type of slope support structure. It compares this approach 
with traditional full-height pile-retaining board wall structures, explaining their char-
acteristics. Additionally, it constructs a theoretical model and proposes simplified 
methods for calculating column bending moments and tie rod axial forces. 

2 Project Overview 

This project is located in Chenggong District, Kunming City. The total area of the 
basement region is 52,400㎡s. The building complex is adjacent to north-south oriented 
municipal roads. The road elevation generally slopes from higher in the south to lower 
in the north, with ground levels ranging from 2025.66 to 2011.70 (based on the 1985 
National Elevation Standard). The slope height varies from 2.14 meters to 12.9 meters. 
For shorter slopes, a gravity retaining wall made of C25 rubble concrete is used, while 
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for taller slopes, a pile-supported retaining wall is employed. The support layout plan is 
shown in Figure 4. The exterior of the buildings is planned for use as garden green 
spaces and parking lots. Below the retaining walls lies the municipal road. The con-
sequences of failure are severe; therefore, the slope is classified as Grade I. [8]. 
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Figure 4. Plan View Diagram. 

3 Site overview 

The site is located in a hilly mountainous area, with low precipitation, mainly replen-
ished by atmospheric rainfall, greatly affected by seasons, no groundwater, the surface 
is eroded by rain, with a few gullies. The buildings adopt shallow foundations. The 
main soil strata are: 1) Clay (Cultivated Soil), 2) Silt Clay, 3) Gravelly Silt Clay. The 
soil layers are distributed relatively thickly. During the investigation, layer 3) was 
penetrated. The soil property parameters are shown in Figure 1. 

4 Engineering characteristics and scheme 

The height of the slope in this engineering project varies significantly. Depending on 
the different heights, the area is divided into 6 segments by boundaries A1, A2, A3, A4, 
and A5, as shown in Figure 4. Gravity retaining walls are used before boundary A3, 
while pile-and-plank retaining walls are used after boundary A3. This paper focuses on 
the design calculations of the critical structural components of the tie-rod type 
pile-and-plank retaining wall. 

4.1 Finite Element Analysis 

Considering the characteristics of this engineering project, Midas GTS finite element 
software is highly suitable. Therefore, this software is used for numerical simulation[9] 

[10].The soil is modeled using the Mohr-Coulomb constitutive model. The diameter of 
the tie rods is ( d = 113 mm ), with an elastic modulus ( E1 = 205MPa ), and they are 
modeled using an elastic constitutive model. The basement has an elastic modulus ( E2 
= 30MPa ) and is also modeled using an elastic constitutive model. The pile foundation 
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columns are spaced horizontally at 4.5 meters. Specific spatial dimensions and soil 
parameters are shown in Figures 1 and 2. 

To ensure computational accuracy, the mesh is divided into elements with a size of 
0.5 meters. Rigid connections are used between the basement and tie rods, tie rods and 
columns, and columns and pile foundations. By changing properties, the excavated soil 
within the basement area is transformed into an elastic constitutive model of the 
basement structure. After meshing, the full-height pile retaining wall consists of 11,260 
elements, while the reinforced soil pile retaining wall consists of 13,455 elements. 
Boundary constraints and gravity loads are then applied.The construction steps are 
defined as follows: 

1) Clear surface debris and achieve initial ground stress balance. 
2) Construct the pile foundation. 
3) Construct the columns. 
4) Fill the backfill soil below the foundation base. 
5) Construct the basement. 
6) Connect the basement slab to the columns using tie rods. 
7) Finally, backfill the soil above the foundation base for the full-height pile re-

taining wall, and construct the upper reinforced soil retaining wall for the reinforced 
soil pile retaining wall. 

In simulating the actual construction sequence, special attention is given to the two 
most critical construction steps: 

Construction Step 1: Completion of backfill soil construction below the basement 
slab and completion of basement construction. 

Construction Step 2: Completion of upper backfill soil construction for the 
full-height pile retaining wall and completion of the upper reinforced soil retaining wall 
construction for the reinforced soil pile retaining wall. 

Tie Rod Calculation. 
1) Construction Step 1: 
For both design methods, the conditions are the same: after the basement construc-

tion is completed, the tie rods have not been constructed. The maximum displacement 
occurs at the top of the backfill soil slope, as shown in Figure 5. After SRM strength 
reduction, the effective plastic strain after instability is shown in Figure 6, with a safety 
factor of 3.7 at this time. 

The results show that the maximum displacement deformation occurs at the top of 
the artificial slope. When backfilling the upper soil, the soil within the entire upper 
slope area needs to be compacted again. There is a stress concentration phenomenon at 
the intersection of the basement and the slope top, and attention should be paid to 
reinforcing the soil in this area before construction. The distance between the basement 
and the free face exceeds the collapse slip zone range, with most of the additional stress 
being transferred to the soil below the pile foundation. During stability calculations, 
only the stability of the backfilled soil is considered, ignoring the influence of the 
building on the pile-supported retaining wall. 
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Figure 5. Soil slope displacement contour map. 

 
Figure 6. Plastic strain map after instability (a). 

2)Construction Step 2: 
Full-height pile wall, the maximum axial force of the tie rod is 1959.7 kN, the 

maximum tension is approximately uniformly distributed along the tie rod, slightly 
larger near the basement direction, as shown in Figure 7. The maximum tensile force of 
the reinforced soil pile wall tie rod is 1259.3 kN, with a distribution pattern similar to 
the former. 

 
Figure 7. Tension force diagram of tie rod. 



 

 

Green Design and Numerical Analysis of Soil Nail Retaining Wall …             33

 
Figure 8. Plastic strain map after instability (b). 

 
Figure 9. Plastic strain map after instability (c). 

The SRM safety factor for the full-height pile-supported retaining wall is 2.9, and 
the plastic displacement during instability failure is shown in Figure 8. The SRM safety 
factor for the reinforced soil pile-supported retaining wall is 3.1, and the plastic dis-
placement during instability failure is shown in Figure 9. 

The results show that the upper reinforced soil forms a relatively cohesive soil mass, 
reducing fragmentation, Li Lihua[11] used straw reinforcement, and combining this 
method with the upper reinforced soil should yield better results; however, it was not 
attempted here due to time constraints. The earth pressure generated by the upper 
reinforced soil can be transmitted to deeper soil layers. The effects of sliding soil are 
borne by more deep passive soil, which reduces the tensile force on the tie rods. Ad-
ditionally, the larger potential slip line range on the passive side generates greater 
resistance, thereby increasing the safety factor of the slope. 

Column Calculation.  
Full-section pile wall with a maximum bending moment of 1331 kN·m, occurring at 

the intersection of the tie rod and the column, as shown in Figure 10. 
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Figure 10. Bending moment distribution diagram (a). 

 
Figure 11. Bending moment distribution diagram (b). 

Reinforced soil pile wall column with a maximum bending moment of 1144 kN·m, 
occurring near the midpoint of the column, as shown in Figure 11. 

In Figure 10, due to the software considering coordinated deformation during cal-
culations, there is a slight 'soil pulling on piles' phenomenon at the top, leading to a 
smaller resulting bending moment. In reality, cohesive soil natural slopes would exhibit 
cracks at a certain depth, but for this project, which involves an artificial fill slope, the 
backfilled soil will not develop cracks if the compaction requirements are met. To be 
conservative, the maximum bending moment value for the full cross-section pile wall 
column should be adjusted by adding twice the negative bending moment depth range 
active earth pressure-induced moment to the numerical simulation results, to approx-
imate the true bending moment value. When performing theoretical verification of the 
reinforced soil pile wall, the maximum bending moment occurs near the midpoint of 
the column, as shown in Figure 11. 

From the perspective of structural force, the distance between the basement exterior 
wall and the exposed face exceeds the natural collapse zone, and a soft isolation layer 
with low friction is set between the basement exterior wall and the backfill soil. This 
allows the additional loads generated by the building to be effectively transferred to 
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deeper strata, making the impact on the retaining wall's stability negligible. Comparing 
the two design forms, the reinforced soil pile wall changes the properties of the upper 
backfill soil. Compared to the full-height pile wall, this part of the backfill soil has 
better integrity, which shifts the point of action of the resultant backfill soil pressure 
downward, thereby reducing the maximum bending moment of the columns; at the 
same time, more active lateral earth pressure is transferred to deeper soil layers, re-
ducing the axial force of the tie rods; the formation of a larger potential slip line on the 
passive side increases the stability factor from 2.9 to 3.1. 

From the perspective of environmental protection, plants can be cultivated in the 
gaps between the soil reinforcement modules of the reinforced soil pile wall, as shown 
in Figure 3. These gaps can also serve as drainage channels, filtering and discharging 
water that seeps into the back of the wall, thereby enhancing environmental benefits. 

4.2 Theoretical Calculation 

When performing theoretical calculations, the general approach is to first calculate the 
axial force of the tie rods, and then calculate the bending moment of the columns based 
on the distribution of active and passive earth pressures. A brief calculation of the tie 
rod axial force can serve as an initial design basis. Subsequent calculations of the 
internal forces and bending moments of the columns can be performed using the static 
equilibrium method, according to the positions mentioned above. This will not be 
further detailed in this document.. 

In the preliminary design, compared to the piecewise sliding method, the results 
differ significantly due to differences in the size of the divided sliding blocks. Addi-
tionally, the potential slip line follows the original ground line, which does not match 
the actual situation shown in Figure 10. For such projects, this method lacks computa-
tional value. Compared to the limit equilibrium method for straight-line sliding, since 
there are buildings as boundaries, it is not possible to use the infinite soil body limit 
equilibrium algorithm. Referring to the methods of Lin Hengxing[12] and Zhao Song-
yang[13] for calculating active earth pressure within a limited range, the Coulomb 
wedge model is adopted, with dimensions as shown in Figure 1. The calculation pro-
cess is as follows: 𝑎 = 10.4,𝐻 = 21.4,ℎଵ = 6.3,ℎଶ = 6.6 ℎଷ = 8.8,𝛽 = 0,𝛼 = 90°, 𝛿 = 8.7° 𝛽ଶ = 1.3, 𝑏௔ = 4.5 𝜑௞തതതത = ∑ 𝜑௞పതതതത௡௜ୀଵ∑ ℎపഥ௡௜ୀଵ = 17.3°, 𝛾̅ = ∑ 𝛾పഥ௡௜ୀଵ∑ ℎపഥ௡௜ୀଵ = 18.2𝐾𝑁/𝑚³ 

𝜑௞തതതത = ∑ 𝜑௞పതതതത௡௜ୀଵ∑ ℎపഥ௡௜ୀଵ = 29.1𝑘𝑝𝑎, 𝜂 = 2𝑐𝛾𝐻 = 0.149                               (1)  𝜃 = 𝛿௥ = 𝑎𝑐𝑟𝑡𝑎𝑛(𝑎/𝐻)  = 64° 
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＞ε௖௥ = 45° + 𝜑௞തതതത/2 − 𝛽/2 + 1/2 𝑎𝑟𝑐𝑠𝑖𝑛(𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝜑) = 53.7°                          (2)  
𝐾௔ = 𝑠𝑖𝑛 (𝛼 + 𝛽)[𝑠𝑖𝑛(𝛼 + 𝜃)𝑠𝑖𝑛(𝜃 − 𝛿௥)𝑠𝑖𝑛ଶ 𝛼 − 𝜂 𝑐𝑜𝑠 𝛿௥𝑠𝑖𝑛 𝛼 ]𝑠𝑖𝑛(𝛼 − 𝛿 + 𝜃 − 𝛿௥)  −𝑠𝑖𝑛 (𝜃 − 𝛽)  = 0.249      (3)  

𝐹ଵ = 0.5𝛽ଶ𝛾𝐾௔(ℎଵ + ℎଶ) ଶ = 490.2 𝐾𝑁/𝑚                              (4)  
The value in Equation (4) is taken as the larger value of the earth pressure correction 

coefficient for anchored retaining walls. This consideration includes the computational 
values, material properties, precision and reliability of calculations and construction, as 
well as political, economic, environmental, and other social conditions. Therefore, the 
selected value is reasonable[14].The numerical simulation results show that the axial 
force contributed by the tie rod per meter isFଵ’ = 1957.5 4.5ൗ = 435kN/m.The nu-
merical simulation results are lower than the theoretical values. This discrepancy arises 
due to several factors considered in the theoretical calculations. For conservatism, it 
was assumed that the active and passive earth pressures below the pile are equal. 
However, in reality, the passive side typically experiences greater earth pressure. 
Additionally, the theoretical calculation neglected the coupling relationship between 
the structure's stiffness and earth pressure. In fact, the axial force of the tie rod is related 
to its stiffness; the greater the stiffness, the stronger its ability to restrict soil defor-
mation, leading to higher earth pressure and consequently higher axial force. This 
oversight contributes to the deviation observed. 

In summary, while there is a difference between the theoretical and numerical sim-
ulation results, this method still provides values that are generally consistent with the 
simulation outcomes. Therefore, it can be used for preliminary design purposes. 

5 Construction and precautions 

1) After the backfill soil construction of the lower layer, during the construction of 
the basement, the artificial slope at the top has significant displacement on the uphill 
surface, requiring secondary  compaction. 

2)The retaining boards at the bottom of the reinforced soil retaining wall need to 
have additional drainage holes, and attention should be paid to constructing the filter 
layer behind the wall as required. 

3)The backfill soil behind the wall should use fully weathered sandstone or sandy 
soil with good drainage properties. The minimum CBRshould be 4%, and the 
compaction coefficient should not be less than 0.94.[15] 

4)Ensure the proper slope of the ground surface in front of the retaining wall and 
construct a drainage ditch at the top of the slope to minimize water infiltration behind 
the wall. 
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5)Upon completion of the basement construction, verify whether the frictional re-
sistance provided by the basement meets the tensile force requirements of the tie rods. 
If not, the building can be constructed first, followed by backfilling the upper layer of 
soil. During this period, cover the slope surface with temporary waterproof materials to 
prevent rainwater from soaking the area. 

6 Conclusion 

This study investigated the application effects of two types of pile wall retaining 
structures in high-fill slope environments. The results indicate that both types of pile 
wall retaining structures are effective support methods, especially suitable for high-fill 
slope conditions. The design fully utilizes buildings as resistance-bearing bodies for the 
retaining walls, resulting in significant cost and time savings compared to traditional 
anchor rod support methods. Additionally, by situating the buildings outside the col-
lapse slip zone, the adverse effects of additional stresses from the buildings on slope 
stability are effectively avoided. 

However, in similar engineering scenarios, the reinforced soil pile wall retaining 
structure shows greater advantages. These advantages are evident in the following 
aspects： 

1) Improved Tension Rod Stress: The reinforced soil pile wall reduces the tensile 
force on the tension rods from 1959.7 kN to 1259.3 kN, significantly improving the 
stress condition of the tension rods and reducing the impact of internal forces on 
buildings. 

2) Increased Slip Zone and Stability: The reinforced soil retaining wall has a larger 
potential slip line on the eastern side, increasing resistance and thus enhancing the 
overall stability safety factor. This design method not only leverages the high strength 
of reinforced concrete structures but also fully exploits the cost-effectiveness and 
environmental benefits of reinforced soil retaining walls. 

3) Promotion Value: The design concept and staged design approach of the rein-
forced soil pile wall retaining structure have significant promotion value and are ap-
plicable to various high-fill slope engineering projects. 

Despite this, the soil layers in this study are relatively simple. For multi-layered soils 
with many strata, special soils, and complex engineering scenarios under different 
hydrological conditions, further calculations and research are still required to ensure 
the applicability and reliability of the design. Future research should focus on force 
analysis and stability assessment under these complex conditions to provide a scientific 
basis for broader applications. 
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