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The earth pressure of slope retaining structure is one of the problems that are often encountered in geotechnical engineering but have not yet been fully understood and well solved. At present, there are still a lot of problems that need to be solved. For complex conditions such as stratified soil or containing ground water, the distribution law of earth pressure and the displacement mode of retaining structure need to be further studied. This paper summarizes the existing research on earth pressure of slope retain structures. According to the research methods, it is divided into three categories: research on the theoretical calculation method of earth pressure, research on earth pressure by model test, and research on earth pressure by numerical simulation. Focused discussions are carried out respectively, and the previous research results are summarized. At present, there are still a lot of problems that need to be solved in the research of earth pressure of slope retaining structure, and the calculation formula of earth pressure and the assumed fracture surface of earth are lack of experimental verification and engineering measurement.
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1 INTRODUCTION
With the development of engineering construction, the problems encountered in geotechnical engineering are becoming more and more complex, which poses a challenge to classical soil mechanics and also a great test to geotechnical engineers. Earth pressure on retaining structures is a classical subject in soil mechanics. The traditional Rankine earth pressure theory and Coulomb earth pressure theory sometimes have large calculation errors due to too many assumptions and the limitation of applicable conditions. Many experts and scholars have carried out more in-depth research on the earth pressure on various forms of retaining structures. In this paper, the existing research on the earth pressure on retaining structures is summarized. And put forward some suggestions aim at that deficiency of the existing research. In theoretical investigations of earth pressure, and the simplified assumptions of the model should be as reasonable as possible, such as the form of soil sliding surface, the angle of soil fracture, and whether the rigidity of the assumed retaining structure meets the needs of the project. Numerical simulation of earth pressure can directly observe the distribution form of earth pressure, but there are certain requirements for grid division, and numerical simulation results are usually used to verify the test or theoretical results. The model test method can obtain the actual observation of displacement, stress and other data, and can intuitively study the displacement pattern of retaining wall, but the reasons for the different displacement patterns need to be further studied.
2 STUDY ON THEORETICAL CALCULATION METHOD OF EARTH PRESSURE
The derivation of earth pressure calculation method is an important way to study earth pressure. Many scholars have studied it and put forward a variety of calculation methods. This paper summarizes the existing calculation methods of earth pressure of slope retaining structure.
Based on the ultimate equilibrium theory and the assumption of plane sliding surface, Ma et al. (2008) deduced the Formula 1 for calculating the active earth pressure of the finite soil between two walls and the expression of the failure angle of the sliding surface of the soil by assuming that the soil is a rigid-plastic body, not considering the friction between the soil and the retaining structures, and considering the cohesion of the soil. The formula shows that the failure angle of sliding surface of finite soil is not a constant value 45° + φ/2, but a variable related to the calculation depth, soil internal friction angle, soil cohesion and finite soil width. It also points out that the active earth pressure of finite soil is less than Rankine active earth pressure, the Rankine earth pressure causes the calculated earth pressure to be greater than the actual value, resulting in unnecessary waste. The strength of active earth pressure of finite soil has a nonlinear distribution with depth.
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Based on the equilibrium theory of sliding wedge, Li and Guo (2008) established a formula (Formula 2) for calculating the earth pressure of the finite soil between two walls, assuming that the soil is cohesive soil, considering the friction between the wall and the soil, considering the adhesion force behind the wall, and considering the uniform load on the top of the soil. The assumption that the soil is treated as a rigid body and the interaction between piles and soil is not taken into account can lead to biased calculation results and waste of materials in engineering design.
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When the width of the finite soil is less than or equal to 0.5–0.75 times of the depth of the pit, the calculation model of the earth pressure of the finite soil should be considered. In addition, the author also noticed that when the depth of the foundation pit is greater than the depth of the basement of the adjacent building, the superposition of the finite soil above the depth of the foundation pit of the existing building and the semi-infinite soil below the depth of the foundation pit of the existing building needs further consideration.
Wang et al. (2014) assumed that the sliding surface of the soil was a plane, considered the cohesion of the soil, and considered the normal and tangential interaction forces between the soil and the retaining wall and the foundation of the existing building. As shown in Figure 1, it is assumed that the earth pressure of finite soil is still distributed along the depth triangle. The calculation Formula 3 of finite soil pressure under this condition is obtained, and the results are compared with the finite element results, which confirms that this method is closer to the finite element solution. Wang Hongliang also pointed out the special situation when the cohesion between the retaining wall and the soil exceeds the gravity of the finite soil, and provided the applicable formula in this case. However, the angle of the sliding surface of the soil is simplified, and the fixed value of 45° + ϕ/2 is still used.
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[image: Figure 1]FIGURE 1 | Finite soil force analysis diagram.
Among [image: image].
Pang et al. (2009) based on the Coulomb earth pressure plane slip surface assumption, used the limit equilibrium method to derive the calculation formula of the passive earth pressure of the limited soil reserved in front of the wall when the central island method was used to excavate the foundation pit. The calculation results were compared with the finite element results, which showed that when the internal friction angle of the soil and the friction angle of the wall are small, the error was small, and the calculation formula met the engineering needs.
The study of theoretical calculation method of earth pressure is to establish an idealized model through appropriate simplified assumptions of engineering practice. According to the model, the calculation formula of earth pressure is obtained through theoretical derivation. When simplifying assumptions, it should be reasonable and as close as possible to the engineering practice. For example, the form of the assumed sliding surface of the soil should be verified by tests or retained by data provided by engineering measurements. As shown in Figure 2, the references from 1 to 4 are calculated and compared with the real-world data. It is shown that the reference 3 is approaching actual engineering values. That is to say the reference 3 is much more reasonable compared with another three references. Currently, the research assumes the retaining structure to be rigid, and the earth pressure law under the condition of the interaction between the retaining structure and the soil and the coordinated deformation can be further studied.
[image: Figure 2]FIGURE 2 | Comparison chart.
3 STUDY ON EARTH PRESSURE BY NUMERICAL SIMULATION METHOD
With the development of computer technology, more and more attention has been paid to numerical simulation technology. Numerical simulation method can not only simulate the complex engineering environment, but also observe the failure mode intuitively, which is favored by researchers. However, this method has high requirements for the selection of parameters and the division of the grid. In some cases, the calculation results are deviated greatly because of the failure of convergence. At this time, other methods are needed to test the results.
Fan and Fang (2010) used the nonlinear finite element program PLAXIS to analyze the earth pressure of the rigid retaining wall near the stable rock surface from static to active conditions, and studied the acting position and distribution characteristics of the finite soil earth pressure between the rigid retaining wall and the stable rock surface. The effects of wall height and friction angle on the magnitude and location of earth pressure are also studied. The results show that the active earth pressure of finite soil is far less than the Coulomb earth pressure, and the active earth pressure position of finite soil is significantly higher than 1/3 of the wall height. The active earth pressure coefficient decreases and the active earth pressure position rises with the increase of the slope angle of the stable rock surface.
Wu et al. (2023) used FLAC3D software to establish a three-dimensional digital model of the retaining wall and the finite slope soil, simplify piles into beam elements and slopes into solid element sand verified the validity of the three-dimensional digital model through the change law of the inclination angle of the sliding plane of the finite slope soil and the change law of the passive earth pressure of the finite slope soil with the depth of the soil behind the wall. Then the model is used to simulate and analyze the influence of the parameters of retaining wall, such as soil parameters, slope angle and plaorm width on the earth pressure under the condition of translation. The simulation results show that with the increase of the plaorm width, the slope angle of the sliding surface of the finite slope decreases to zero at first and then increases gradually; the passive earth pressure presents a nonlinear distribution, and the active earth pressure presents a convex curve distribution.
Li and Zhou (2017) used the finite element analysis software ANSYS to study the earth pressure of the passive non-limit state of the translational extrusion of the retaining wall. The results show that the soil near the back of the wall forms a relative displacement area similar to an inverted trapezoid, and there are horizontal and vertical displacement differences between adjacent points in the area. The horizontal length of the relative displacement area (2 ∼ 3) is the height of the wall, and the larger the wall displacement is, the larger the relative displacement area is. The distribution of non-limit state passive earth pressure of retaining wall in translation mode is similar to a straight line. When the earth pressure transits from the static state to the passive limit state, the growth rate of the total value of the horizontal passive earth pressure gradually slows down, and its value is always less than the Coulomb passive earth pressure. The larger the friction angle of backfill is, the larger the passive earth pressure of non-limit state is.
The visual failure mode of finite soil and the distribution curve of earth pressure can be obtained by numerical simulation, aiding in deriving formulas for earth pressure calculation, and can also be engineering design and practical applications to verify its correctness.
4 STUDY ON EARTH PRESSURE OF SOIL BY MODEL TEST METHOD
The model test method is to use similar materials, reduce the actual project to a certain proportion, simulate the actual construction process, and monitor the soil pressure and other parameters. Through the model test, we can intuitively get valuable experimental phenomena, and many scholars have carried out related research.
Frydman and Keissar (1987) conducted centrifuge model tests on a rigid retaining wall near a vertical rigid boundary to observe the change of earth pressure behind the wall from static to active conditions. The retaining wall is made of aluminum, allowing the wall to rotate around its base. The test results show that the distribution of active earth pressure is not triangular. The active earth pressure coefficient decreases significantly with depth. The location of active earth pressure is more than one third of the wall height.
Fang and Ishibashi (1986) and Khosravi et al. (2013) carried out the model test of rigid retaining wall under the mode of translational movement. The results show that the distribution of earth pressure on the retaining wall is related to the mode of movement of the retaining wall, and the classical theory can not describe this phenomenon. The distribution of active earth pressure on retaining wall is parabolic in translation mode.
Cai (2020), Zhang et al. (2024) and Luo et al. (2022) studied the failure process and failure mode of active limit state of finite cohesionless soil with different widths in translational mode through the model test of movable retaining wall. The test results show that the compression of the soil width increases the inclination angle of the failure slip surface; when the soil width is small enough, the failure slip surface develops to the wall surface and then reflects to form the second slip surface, which develops to the soil surface. According to the different failure modes in the test results, the corresponding earth pressure calculation model is established, and the calculation method of the earth pressure of the finite width cohesionless fill under the translational displacement mode is derived according to the limit equilibrium method. The calculation results are compared with the existing test data to verify its applicability.
In addition, the slope gradient also has a significant impact on stability. Fang et al. (2022); Pipatpongsa et al. (2024); Fang et al. (2023) conduct a series of physical model experiments on arched slopes with different slope angles, a physical slope model under excavation is analysed through multi-field monitoring.
5 CONCLUSION AND PROSPECT
Due to the need of engineering, many experts and scholars have studied the earth pressure of slope retaining structure with different methods. The existing classical earth pressure theory can not meet the requirements of engineering safety and economy. How to calculate the earth pressure more accurately and reasonably has become an important and urgent subject. The paper provides a comprehensive review of existing research results based on three aspects: derivation of earth pressure calculation methods, investigation of earth pressure through model test methods, and study of earth pressure using numerical simulation methods, according to different research methodologies.
Through reading the literature, it is found that the existing research has the following shortcomings, In response to existing shortcomings, the following directions for follow-up research were identified.
(1) The delineation boundary between finite and semi-infinite soils is vague, and it is controversial how to correctly define finite soils; subsequent scholars can give the delineation conditions of finite and infinite soils and verify the correctness of the delineation conditions through experiments.
(2) The existing calculation methods based on Rankine semi-infinite soil pressure theory have the problems of insufficient calculation accuracy, too conservative and poor economy. In the future, when the theoretical study of earth pressure is conducted, efforts should be made to reduce the assumptions, improve the calculation accuracy, and increase the practical value of the calculation method. For the unavoidable simplified assumptions, the reasonableness and error of their assumptions should be supported by engineering real measurements or model tests.
(3) Existing studies using the limit equilibrium method assume that the soil sliding surface is planar, but there is a lack of engineering examples to verify, advanced multi-field monitoring system can be used to obtain the measured data, including the shape of the soil sliding surface, the angle of the sliding surface, and the effect of the change of the soil parameters on the soil sliding surface, in order to verify the reasonableness of the computational model.
(4) Most of the existing studies are aimed at homogeneous soil, without considering the impact of groundwater, and the earth pressure of heterogeneous soil and the existence of groundwater needs further study.
(5) The existing studies assume that the retaining structure is rigid, which is different from the actual situation. Subsequent scholars can consider the coordinated deformation between the retaining structure and the soil, which is closer to the actual situation.
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