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The practical application of micropiles in landslide reinforcement and prevention advanced before theoretical research, significantly limiting their application and promotion. To determine the damage patterns and stress distribution of micropiles during sliding failure in reinforced shallow landslides, three sets of physical modeling tests were performed. These tests examined the stability of shallow soil slopes with and without micropiles, including single-row and three-row configurations. During the tests, the foot displacement of the landslide, the top displacement of the micropiles, and the strain within the micropiles were monitored throughout the loading process. Following the tests, the landslide was excavated to observe the damage patterns in the micropiles. The experimental results showed that the pile-soil composite structure formed by three rows of micropiles, together with the soil between them, significantly improved the stability of the landslide and demonstrated effective anti-sliding effects. The stress distribution curve of the micropile was inversely S-shaped, with the peak stress located near the sliding surface. Within the micropile group, the first row exhibited the highest stress, and the micropiles nearest to the free face experienced the greatest displacement. Through the micropile-reinforced landslide tests, we identified three stages in the slope’s sliding damage process and the stress distribution pattern of the micropiles. The research findings offer valuable insights into the anti-sliding mechanism of micropiles, which can guide design and construction.
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1 INTRODUCTION
Micropiles typically have diameters less than 400 mm, slenderness ratios exceeding 30, and are constructed using drilling, robust reinforcement, and pressure grouting techniques (Khidri and Deng, 2021; Hong et al., 2022). Micropiles originated in the 1950s and were primarily employed for foundation reinforcement initially (Malik et al., 2021; Gupta and Chawla, 2022; Al-Dabagh and Al-Omari, 2024; Lee et al., 2024). Over time, as engineering experience accumulated, micropiles found applications in pit support, slope stabilization, foundation treatment, foundation replacement, and various other projects (Aboutabikh et al., 2020; Kong et al., 2020; Shah et al., 2021; Abdollahi and Ghanbari, 2022; Bernardes et al., 2022; Casagrande et al., 2022; Dastgerdi et al., 2023; Elsawwaf et al., 2023a; Elsawwaf et al., 2023b; Kamura et al., 2023).
With the advantages such as compact construction machinery, flexible pile layouts, rapid construction, minimal vibration, adaptability to diverse sites, and environmental friendliness, micropiles were well-suited for emergency management of small to medium landslides, causing the increasing attention in the field of geotechnical support engineering (Choi et al., 2020; Alizadeh et al., 2021; Bayesteh et al., 2021; Fiscina et al., 2021; Neto et al., 2022). Nevertheless, due to the limited history of micropile use in anti-slip engineering, research into the force mechanisms, failure patterns, and associated design theories of micropiles under horizontal loads in slope reinforcement engineering remains underdeveloped, highlighting a gap between theoretical research and practical applications (Borthakur and Dey, 2020; Fang et al., 2020; Khidri and Deng, 2021; Fang et al., 2023a; Fang et al., 2023b; Kamura et al., 2023; Pei et al., 2023; An et al., 2024; Fang et al., 2024; Khidri and Deng, 2024).
Currently, research on micropile reinforcement for landslides primarily consists of theoretical studies and numerical simulations, with fewer experimental investigations. Zeng and Xiao (2020) proposed a simplified theoretical method for slope stability analysis that calculated the net thrust on the sliding surface and the internal forces of micropile groups under the condition of a specific safety factor. Deng et al. (2017) simplified the failure patterns of micropiles and analyzed the stability of slopes reinforced with micropiles using the limit equilibrium method. Based on the contour map of the safety factor for slopes reinforced with a single row of micropiles, researchers can analyze slope stability and optimize the design parameters of anti-slide micropiles. Sun et al. (2013) developed an analytical model to determine the ultimate bearing capacity of micropiles, which calculated the displacement, shear force, and bending moment at any location along the micropile under specific conditions. Dastgerdi et al. (2023) used Plaxis software to study the effectiveness of micropiles in stabilizing landslides. The results showed that simply arranged micropiles could stabilize the slope with performance comparable to that of three rows of soil nails, which were low-cost and easy to implement. Yang et al. (2021) investigated the reinforcement effects of micropile groups under dynamic and static loads, as well as the damage patterns following slope destabilization with a predetermined sliding surface. The results indicated that the distribution of bending moments and axial forces in each row of micropiles differed under dynamic and static loads, and the degree of damage to the micropiles also varied. Pei et al. (2023) studied the reinforcement effect of micropiles on unstable, folded sliding surface slopes. The results indicated that the location of the potential sliding surface was influenced by the geometry of the bedrock, and the pile-top platform effectively reduced the displacement of the pile tops, thereby enhancing the anti-slip effect of the micropile-soil composite.
Addressing the scarcity of large-scale model tests for anti-slip micropiles, model experiments were conducted based on similarity theory to enhance understanding of the anti-slip mechanism and damage patterns within micropile-soil structures (Fang et al., 2023c). The experiments, utilizing graded loading, investigated damage patterns in slopes without piles and with single-row and three-row micropile reinforcement, analyzed trends in displacement at the slopes base and at the top of the micropiles during sliding, and examined stress changes and distributions within the micropiles. The studys findings hold significant implications for future research on anti-slip micropiles and for guiding engineering practices in design, construction, and monitoring.
2 MODEL EXPERIMENT DESIGN
2.1 Test rationale and similarity ratio determination
The size and materials for the landslide model test were determined based on similarity theory. The similarity ratio was defined as the ratio of physical parameters between the prototype and the model test, as illustrated in Equation 1.
[image: image]
where i represents any physical parameter and subscripts p and m represent in situ and model tests, respectively.
The main factors affecting landslides include the landslide materials, the sliding bed, and the physical and mechanical parameters of the anti-slip pile. These parameters are: ① geometric scale: Length (L); ② physical and mechanical properties: density (ρ), cohesion (c), internal friction angle (ψ), elasticity modulus (E), gravitational acceleration (g), stress (σ), strain (ε), and displacement (µ). There were nine parameters involved. Among them, L and µ have the same dimension, and c, E, and σ are identical quantities. Since the similarity ratios of dimensionless quantities (ψ and ε) were equal to l, and identical quantities share the same similarity ratios, only four sets of independent quantities remained among the nine parameters. In the [FLT] gauge system, L, ρ, and g were selected as the basic gauges. The relationships among the remaining physical parameters were derived from similarity theory, as shown in Table 1.
TABLE 1 | Experimental similarity relationships and similarity constants.
[image: Table 1]2.2 Experiment setup
The frame model box used for the test had dimensions of 2.0 m × 1.8 m × 1.5 m (L × W × H). To ensure the strength and stability of the model test box, a cross-section size of 40 mm × 60 mm × 3 mm square steel was used as the skeleton, and horizontal supports were added around the frame model box (Figure 1A). The left and right sides of the model box were made of 10 mm thick tempered laminated glass to observe the landslide sliding process. The internal surface of the model box was uniformly coated with lubricant to minimize boundary friction and simulate infinite boundary conditions. Graded loading was applied by stacking materials at the top of the slope, using lead blocks in the lower layer and sandbags in the upper layer, as shown in Figures 1D, 2. Of course, if a pressure tester was available in the laboratory, it would be more convenient to use hydraulic servo loading.
[image: Figure 1]FIGURE 1 | Model box and Landslide model.
[image: Figure 2]FIGURE 2 | Landslide model profile.
2.3 Experiment material
2.3.1 Material of landslide
The soil used for the test was collected from the northern suburbs of Xian, Shanxi Province, China. The 2 mm sieve was used to filter out large clods of soil, gravel particles, and plant roots. After air-drying, the soil was mixed with water using a spray bottle until the water content reached approximately 16% to ensure its plasticity. The physical and mechanical parameters of the soil are shown in Table 2.
TABLE 2 | Physical and mechanical parameters of soil.
[image: Table 2]The sliding bed and sliding body were prepared using the layered tamping method. To ensure that the sliding bed had sufficient strength and stability for multiple repetitive tests, the soil was mixed with appropriate gravel. The sliding surface was designed as a circular arc, so it was necessary to shape the filled landslide. To ensure a sufficiently smooth sliding surface, an appropriate thickness of cement mortar was applied. Before filling the landslide, two layers of plastic sheeting were placed on the slip surface to reduce sliding resistance. The landslide was then filled above the slip surface. The design dry density of the landslide was 15 kN/m³. Before constructing the landslide model, a compaction test was conducted to determine the number of compactions needed to achieve this density (Figures 1B, C).
2.3.2 Material of micropile
Micropiles can be categorized into root piles, prefabricated piles, and grouted steel pipe piles based on their type and construction process. From the perspective of model testing, prefabricated piles were easier to operate and had more engineering applications, making them more convenient and quicker to construct. Consequently, hollow aluminum tubes were selected as the model materials for steel pipe precast piles in this study.
Strict similarity conditions must address geometrical, physical, and material similarities simultaneously. However, completely satisfying the similarity index was challenging, so only certain primary factors were considered, while secondary factors were ignored. In this test, the micropiles primarily bear lateral forces, so deformation characteristics were prioritized when selecting pile materials to ensure that relevant parameters, such as geometry and modulus of elasticity, meet the similarity requirements. The Chinese technical code for ground treatment of buildings (JGJ79-2012) stipulates that the section size of prefabricated steel pipe piles must be between 100 mm and 300 mm. If the similarity parameter was set too large, the model piles would have a small diameter and lack stiffness, making it difficult to satisfy bending stiffness requirements.
For example, consider the DN125 steel-pipe micropiles used in the actual project: the outer diameter (D) was 133 mm, the inner diameter (d) was 125 mm, the wall thickness was 4 mm, the length was 9 m, and the modulus of elasticity (E) was 210 GPa. The model test selected the soft alloy aluminum pipe as the pile material, with an outer diameter (D) of 12 mm, an inner diameter (d) of 8.4 mm, a wall thickness of 1.8 mm, a length of 90 mm, and a modulus of elasticity (E) of 22 GPa.
The similarity factors for length, mean diameter, and modulus of elasticity were 10, 12.6, and 9.5, respectively, indicating that a similarity parameter of 10 was more appropriate. The micropiles were pre-embedded in the landslide and placed on the horizontal platform, as shown in Figure 2.
2.4 Design of loading method
Vertical loads were applied in a graded manner at the top of the landslide during the test (Figure 1D). The loading area on the top of the landslide model measured 1.8 m wide and 0.6 m long in the direction of landslide sliding. To ensure uniform vertical loading on the top of the landslide model, a 1.8 m × 0.6 m × 30 mm wooden board was placed in the loading area. Loading materials included rectangular iron blocks, channel steel, and sandbags. Following each load level application, the static resistive strain analysis system recorded real-time test data including micropile strain, pile top displacement, and landslide foot displacement (Figure 1E). Once the landslide was significantly stabilized, additional load levels were applied until the landslide failed.
2.5 Experimental program
Prior to this test, a literature review was conducted to determine the suitable range of pile spacing for creating the soil arch effect, which enabling pile-soil stressed together (Fang et al., 2020; Fang et al., 2023c; Pei et al., 2023; Fang et al., 2024). The test was designed for three conditions: (a) Unpiled landslide failure test; (b) Single-row pile reinforced landslide test; and (c) Three-row pile reinforced landslide test, as illustrated in Table 3.
TABLE 3 | Design of the experimental program.
[image: Table 3]2.6 Modeling steps
(a) Micropile strain gauges affixed and wires soldered; (b) Sliding bed constructed; (c) Double-layer plastic film laid to simulate a smooth sliding surface; (d) Micropiles fixed and embedded; (e) Landslide model filled in layers; (f) Displacement sensors installed at designated locations.
2.7 Measuring system
Experimental tests involved pile strains, pile top displacements, and landslide toe displacements (Figure 1E). The resistance displacement meter was YHD-100 (range 0–100 mm, accuracy 0.001 mm); the strain gauge was BF120-4AA (ultimate strain 2%, accuracy 0.05); and data collection utilized the CM-2B-64 static strain gauge measurement and analysis system (measurement range: ±19999με, measurement error: 0.3% of the measured value ± 2με). Sensor deployment locations are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of test pile and sensor positions.
3 RESULTS AND DISCUSSION
3.1 Failure of pile-less landslide
Figure 4A shows the displacement changes at the foot of the landslide at the shear exit of the model when no micropiles were deployed. The landslide slided forward along the preset slip zone when no micropiles were present. The three displacement curves measured at the left, middle, and right of the foot of the landslide were nearly identical, indicating that the boundary confinement effect on the contact surface between the landslide model and the lateral toughened glass had little impact on the landslides sliding behavior. At the beginning of loading, the displacement at each measurement point was small. When the pile load was 4.6 kPa, the average shear displacement at the three measurement points was only 0.3 mm. After increasing the load to 5.6 kPa, the displacement change rate at each point at the foot of the slope accelerated significantly, and when the landslide stabilized, the shear displacement reached 2.5 mm. With a further load increase to 6.5 kPa, the displacement change rate at each measurement point suddenly increased and did not stabilize, continuously rising. Subsequently, as the load increased to 6.7 kPa, 6.9 kPa, 7.0 kPa, and 7.2 kPa, the shear exit displacements continued to grow rapidly, despite each load increment being only about 3%. The average shear displacement corresponding to the load of 7.2 kPa was 33.9 mm. The final loading level before the experiment ended was 8.8 kPa, at which the shear displacement had reached 62.3 mm. Therefore, it can be concluded that the landslide model without micropiles was at the critical-slip limit equilibrium when loaded to 5.6 kPa. At this point, the displacement values of the three gauges at the foot of the slope were 0.35 mm, 0.38 mm, and 0.36 mm from left to right. When the load exceeded 7.0 kPa, the measurements from the middle gauge became progressively larger than those from the left and right gauges. This was due to the weaker lateral constraints in the middle region of the landslide.
[image: Figure 4]FIGURE 4 | The changes of slope toe displacement without micropiles.
Figures 4B, C show that, at the end of the test, removing the loads from the top of the landslide, the significant subsidence at the top and substantial shear-sliding displacement at the shear exit could be observed.
3.2 Displacement of pile top and foot of slope
Figure 5 shows the displacement variation of the landslide under different working conditions. The no-micropile landslide model monitored only the sliding displacement at the toe of the landslide; the single-row and three-row micropile model tests monitored the displacement of the toe of the landslide and the top of the micropiles. From an overall point of view, under different working conditions, with the increase of load, the landslide sliding damage existed in three stages: basic stabilization, gradual sliding, and continuous sliding.
[image: Figure 5]FIGURE 5 | The changes of slope toe displacement and pile top displacement under different working conditions.
Stabilization stage corresponding to the load was small, the landslide was in a steady state, the sliding displacement of the landslide with the increase of the load change was very small; the landslide displacement in gradual sliding stage began to increase significantly, the sliding rate gradually increased; In the continuous sliding stage, with the further increase of the load, the sliding rate was basically maintained at a larger amount of value without growing anymore, and sliding displacement continued to increase rapidly.
By analyzing the growth rate of displacement with loading, it could be seen that the sliding damage of the pile-less landslide had only one obvious mutation point, i.e., after loading up to 5.6 kPa, the landslide was no longer stabilized, and by continuing to apply the loading, the sliding displacement continued to grow at a large growth rate. There were two mutation change points in the displacement change curves of single-row and three-row piles. The first mutation point of the single row of piles corresponding to a load of 12.2 kPa, after which the rate of increase of the displacement increased continuously with the increase of the load, and the rate of increase of the load tended to stabilize after loading to 17.3 kPa, and the landslide entered into the stage of continuous sliding. For the three rows of piles, since both conditions with and without connecting beams were set in the same landslide, the corresponding two mutation points were basically the same for these two conditions, which were 24.7 kPa and 29.4 kPa, respectively. In fact, before the first mutation point corresponded to the stage of landslide stabilization, after the second mutation point corresponded to the stage of continuous landslide sliding, and between the two mutation points corresponded to the stage of progressive sliding with a gradual increase in the sliding rate. The load corresponding to the first mutation point increased by 117% and 341% in the single-row and three-row pile tests compared to the no-pile test, which showed that the micropiles could effectively improve the stability of the landslide.
As shown in Figure 6, the displacement of the foot of the landslide and the top of the pile when the load reached the first yield point under different working conditions. Both the single-row piles and the third-row (close to the critical surface) piles in the three-row micropiles had slightly larger displacements at the top of the piles compared to the foot of the landslide. The displacements of the foot and top of the three rows of piles with connecting beams were smaller than those without connecting beams, and the presence of connecting beamscould effectively reduce the sliding displacement of the landslide. Therefore, the stability of the landslide could be judged based on the displacement of the pile top in the actual project, and a more conservative and safe evaluation result could be obtained, in addition, the pile top also had the advantage of clear location and convenient monitoring. Dastgerdi et al. (2023) evaluated the performance of micropiles in stabilizing slopes using Plaxis software. They concluded that micropiles increased the factor of safety of landslides. Furthermore, it was observed that the safety coefficients of the three-dimensional model were 10% higher than those of the two-dimensional model.
[image: Figure 6]FIGURE 6 | The displacement of the landslide corresponding to the first yield point.
3.3 Stress distribution of micropiles
Figure 7 illustrates the stress distribution curves of the pile for different loading values under single-row conditions. The pile stress distribution curve exhibited an inverse S shape. Evidence of an inverse S-shaped distribution of pile stresses along the micropiles could also be found in the field monitoring data of micropile-reinforced landslide projects (Sun et al., 2013). When the loading was below the first yield point of 12.2 kPa, the sliding displacement analysis indicated that the system was in the stabilization stage, and the pile stress was relatively low. When the loading exceeded 12.2 kPa, the landslide entered the progressive destruction stage, and the pile stress near the sliding surface began to rise rapidly. The maximum positive stress in the pile within the landslide, where the micropile experiences lateral soil forces, occurs 15 cm above the sliding surface, while the maximum negative stress within the anchorage zone occurs 5 cm below it. Above the sliding surface, there are five strain gauges: gauges No. 5–7 were located 5 cm, 10 cm, and 15 cm away from the sliding surface, in the area where micropile deformation was concentrated and thus subjected to considerable force.
[image: Figure 7]FIGURE 7 | Stress distribution of single row micropile.
Strain gauges No. 8 and No. 9 were situated in the straight section of the micropile, experiencing a smaller force. Additionally, strain gauge No. 9 was located near the critical surface at the top of the landslide slope, where its stress approaches zero.
Figure 8 illustrates the stress distribution in the pile when loaded to the first yield point of 24.7 kPa in the three-row pile model test. The stress distribution in the pile also exhibits an inverse S shape; the maximum stress occurs near the sliding surface, and the maximum positive stress in the landslide is greater than the absolute value of the maximum negative stress in the anchorage zone. The first row of micropiles exhibited the highest stress values, followed by the third row, while the middle row had the lowest values. This occurred because the first row of piles was the first to bear the load, the third row was close to the critical surface, and the stresses in the middle row resulted from the downward thrust of the soil and the resistance offered by the third row. From the values of pile stresses, it could be seen that the maximum stress values of the three rows of piles with connecting beams were greater than those without connecting beams, which was due to the fact that the connecting beams could allow the micropiles to work together as a whole to exert higher load carrying capacity under the condition of smaller pile displacement.
[image: Figure 8]FIGURE 8 | Stress distribution of three rows of micropiles.
3.4 Morphology of micropiles after destruction
At the conclusion of the test, the landslide was excavated to observe the morphology of the destroyed micropiles. As depicted in Figure 9, along the direction of the landslide, only the micropiles near the sliding surface were bent; the remaining portions of the micropiles remained straight, with an overall forward tilt. The damage pattern of the micropiles was consistent with the findings of Yang et al. (2021). Under the restraining effect of the connecting beams, the inclination of the micropile group was less pronounced than without them. Without the connecting beams, the degree of pile inclination and top displacement were most pronounced in the third row adjacent to the critical face. Pei et al. (2023) used the pile top platform to restrain the displacement of the micropile groups in model experiments. Their test results showed that the platform limited 75% of the pile top displacement of the micropile groups. It could be seen that restraining the top of the micropiles was advantageous for reducing horizontal displacement.
[image: Figure 9]FIGURE 9 | Morphology of micropile after failure.
The brief and essential information in the test was summarized in Figure 10, which was convenient to compare with similar existing experimental settings and results.
[image: Figure 10]FIGURE 10 | Summarized protocol for the physical model test. a: based on the updated Varnes classification system (Hungr et al., 2014).
3.5 Further work
Although the width of the model test box had reached 1.8 m, we found that the displacement in the middle of the landslide was slightly larger than on the left and right sides. It could be seen that the frictional resistance between the landslide soil and the glass plate on the side of the model box limited the sliding deformation in the contact area. Therefore, we arranged all the test piles in the middle of the landslide to weaken the effect of boundary friction constraints. In fact, if the restraining effects of the boundaries in the test were considered, the slip resistance of the micropiles needed to be appropriately discounted. The landslides in the test had the same dry density, and the soil was more homogeneous, which was not in harmony with the inhomogeneity of natural soil. Additionally, this indoor test did not take into account the effect of changes in natural environmental conditions.
In the next study, we would focus on the anti-slip effects of micropile groups and their reasonable deployment under various parameters, including the inclination angle of micropiles, pile spacing, row spacing, anchoring depth, and others. This would be analyzed under natural environmental conditions such as soil type, rainfall infiltration, and wet/dry cycles, to provide references and guidance for the application of micropiles in anti-slip engineering on site.
In engineering practice the damage patterns of the micropiles revealed that maximum pile force and deformation concentration occured near the sliding surface, with the highest displacement at the pile tops above this surface. In engineering practice, initially, it is crucial to determine the location and depth of the sliding surface to establish the anchoring depth and length of the micropiles. Suitable pile and row spacing should then be selected to enable synergistic pile-soil stress. For the stability of the reinforced slope, monitoring the pile top displacement, which is maximal above the sliding surface and easy to observe, is a viable evaluation method.
4 CONCLUSION

(1) The soil landslide model in the test exhibited three distinct damage patterns: the stabilization stage, the progressive destruction stage, and the continuous slip stage. Displacement curves at the landslides foot and the piles top indicated a prolonged stabilization in the first stage. However, upon entering the progressive destruction stage, the landslides stability rapidly deteriorated under load.
(2) The stress distribution curve of the micropile exhibited an inverse S-shape, with maximum stress occurring near the sliding surface. Correspondingly, the pile experienced significant bending deformation in this area, while the remainder of the micropile remained straight.
(3) Within the micropile groups, the first row of piles exhibited the highest stress and the highest displacement of micropile near the critical surface. The connecting beam enhanced the micropiles synergistic stress effect, increased skid resistance, and minimized displacement at the pile top and slope toe.
(4) The composite structure of three micropile rows and intervening soil significantly enhanced landslide stability, demonstrating a notable anti-slip effect. Given that the pile top experiences the greatest displacement and is easily monitored, evaluating slope stability in the project can be achieved by tracking this displacement.
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