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Enlarged head anchors are commonly used in the anti-floating of underground structures and foundation pit support, where the anchoring force is increased by full contact between the enlarged head section and the soil. However, there is still a significant lack of research on the pullout tests of enlarged head anchors at various section inclinations, which potentially hinders the engineering application of this promising geotechnical anchoring method. This study employs the Discrete Element Method (DEM) to conduct pullout tests of the enlarged head anchors at four enlarged head section inclinations and three confining pressures. The results indicate that the load-displacement curves of the enlarged head anchors initially increase sharply and then slightly decrease before eventually entering a stable stage. The enlarged head anchor with a section inclination of 120° exhibited superior bearing capacity during pullout tests. An increase in confining stress was found to enhance the mobilization of the bearing capacity of the enlarged head anchor. At the smaller section inclination of the enlarged head, the bearing capacity primarily originates from the end resistance generated ahead of the enlarged head. As the section inclination increased, the frictional resistance along the anchor-soil shear interface progressively became the dominant contributor to the bearing capacity. The observed contact force chain structure ahead of the enlarged head was considered evidence of arching effect formation. The critical role of the soil arching effect in mobilizing the pullout force of enlarged head anchors is emphasized.
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1 INTRODUCTION
In recent years, geotechnical anchorage technology, due to its high efficiency, economic benefits, and other characteristics, has been widely utilized in the process of underground space development (Maitra et al., 2024; Zhao et al., 2024; He et al., 2025). With the further development and utilization of underground spaces (Wu et al., 2024; Wu et al., 2025) and the increasing demand for anti-floating measures in foundation engineering (Kou et al., 2015; Liu G et al., 2024), ensuring the stability of underground structures has posed a significant challenge. Anchor support systems have emerged as an effective solution to enhance the stability of these underground structures. However, conventional anchor types often fail to meet the required support capacity due to their limited pullout resistance. To overcome these limitations, enlarged head anchors have been developed as an innovative approach to address the insufficient bearing capacity associated with traditional anchor systems.
By increasing the diameter of the anchor bolt at the end of the anchorage section, the end of the anchor bolt achieves fuller contact with the surrounding rock and soil, effectively enhancing the interface bonding and lateral friction around the anchorage bolt (Zhang et al., 2023), meanwhile, the end resistance at the enlarged head is also effectively mobilized, the bearing capability of the anchors is thereby more fully engaged. To explore the load-bearing characteristics of enlarged head anchors more thoroughly, a series of model tests (Niroumand and Kassim, 2014), field tests (Shahin and Jaksa, 2006), and numerical simulations (Du et al., 2022) were conducted. It was found that the loading bearing capacity of the enlarged head anchors primarily results from the end resistance of the enlarged head and the shear strength along the interface between the soil and the enlarged head. Jeong et al. (2007) further found that the loading bearing capacity of the enlarged head anchors equals the sum of the end bearing capacity and the lateral friction resistance. Giampa et al. (2018) reported that the bearing capacity of the anchors was significantly higher than that of ordinary anchors by increasing the head anchor size. Liao and Hsu, (2003) found that when the lateral inclination of cylindrical enlarged head anchors was appropriately increased, the load-bearing capability of these anchors also increased accordingly. Wu et al. (2022) studied the mechanical mechanisms of enlarged head bolts based on practical engineering and categorized the soil stress in enlarged head anchors into three stages: the static earth pressure stage, the transition stage, and the plastic development stage. Zhang et al. (2023) found that the bearing capacity of anchors with different enlarged head cross-sectional shapes varied, with circular footing bolts exhibiting the highest tensile strength, followed by stepped footing bolts, and semi-ellipsoidal anchor bolts having the lowest. While previous studies (Wu et al., 2022; Zhang et al., 2023; Wang et al., 2024) have advanced our understanding of the macro-mechanics and deformation mechanisms of soil in enlarged head anchor tests, research focusing on the micro-mechanics of the soil remains limited. The Discrete Element Method (DEM) serves as a powerful platform for analyzing these micro-mechanical aspects, effectively overcoming the inherent limitations of Finite Element Method (FEM) analyses: 1) FEM faces challenges in accurately simulating large deformations within geotechnical applications, thereby failing to simulate the damage patterns during the failure phase of the soil; 2) as a continuum mechanics approach, FEM struggles to replicate the contact behaviors of real granular materials, particularly the mobilization of contact force chains (Chen et al., 2020; Liu et al., 2022), which restricts the understanding of the micromechanical properties of soils. Consequently, Employing DEM to analyze the micromechanical mechanisms of soil during the pullout test of enlarged head anchors is essential.
Furthermore, there is a lack of research on the pullout test under different enlarged head section inclinations in the aforementioned literature on enlarged head anchors. It is still unknown how to mobilize the pullout force and its induced soil micromechanics mechanism under different enlarged head section inclinations, an in-depth exploration of this promising anchoring method through DEM is likely to facilitate the application of such enlarged head anchors in geotechnical engineering. To this end, a numerical setup for a pullout test of enlarged head anchors was designed. The pullout test of anchors with different enlarged head inclinations was simulated. This device eliminates boundary effects and soil particle size effects. The servo principle can be utilized to simulate the confining stress on the anchor. The evolution of anchor bearing capacity in the pullout test with different inclinations of the enlarged head was successfully captured. A repeatable numerical model reference is provided for subsequent studies of enlarged head anchor tests.
In this study, the effects of four types of enlarged head section shapes and three types of servo stress on the pullout force of enlarged head anchors are investigated. The load-displacement curves of the enlarged head anchors during the pullout process are clarified, and the motion modes of the soil during the pullout process are analyzed. The failure modes in the different evolution stages were discussed, the sources of soil resistance were identified, and the contribution of the mobilization degree of the contact force chain in front of the enlarged head to the soil resistance was examined. This study will significantly advance the understanding of the soil failure mechanism during the pullout process of enlarged head anchors.
2 DEM MODELLING
2.1 Design of the enlarged head section of the anchor
Enlarged head anchors are commonly employed in geotechnical applications, such as anti-floating anchors (Kou et al., 2015), and enlarged head pressure anchors for foundation support (Wu et al., 2022). Their three-dimensional formation is illustrated in Figure 1A, consisting of an enlarged head section and ordinary anchorage section. To facilitate the analysis, the three-dimensional formation of enlarged head anchors can be simplified into a two-dimensional representation; the transverse section of the enlarged head anchors is shown in Figure 1B. To study the interaction between the 2D anchor rod’s enlarged head cross-sectional shape and the geotechnical granular materials, four cross-sectional forms are utilized, as depicted in Figure 1C. The section inclination of the enlarged head and the width of the enlarged head step are used to characterize the various designs of the enlarged head cross-sections, with section inclination (β) of 90°, 120°, 150°, and 170° being established. Additionally, H = 0.5 m, W = 0.5 m, a = 0.2 m, and b = 0.1 m denote the constant height and width of the enlarged head, the constant width of the enlarged head step, and the constant width of the anchor bar, respectively.
[image: Figure 1]FIGURE 1 | Formation of the enlarged head anchor: (A) three-dimensional view of the enlarged head anchor; (B) profile view of the enlarged head anchor; (C) design of the cross-section of the enlarged head anchor.
2.2 DEM modelling parameters
This study utilized the 2D Particle Flow Code (PFC2D, version 7.0), developed by Itasca Consulting Group (2021), as the DEM simulation software to study the enlarged head anchors pullout tests. This software operates on the fundamental principle of modeling particle interactions through the application of Newton’s second law. It has been demonstrated to be a reliable tool for studying geotechnical applications (Athani and Rognon, 2021; Chen et al., 2023; Cheng et al., 2023). Therefore, in this study, the 2D DEM model was employed to simulate the pullout test of the enlarged head anchor. The disc unit is taken as the geotechnical particle material within the PFC2D. Consequently, 3D geotechnical particles are no longer applicable for validating the parameters of the 2D DEM geotechnical model. The development of elongated soil bodies with a 2D disc cross-section has contributed to the inverse validation of the 2D DEM soil model parameters. For instance, Xu et al. (2019) utilized a Taylor-Schneebeli soil analog with a disc cross-section as the filling material, This analog had a density of 2,700 kg/m3 and particle diameters of 3, 4, and 5 mm, which were mixed in equal volumes to form a soil material with a porosity of 0.17. This study investigated the development of the 2D soil arch effect. Subsequently, a series of 2D DEM soil model parameters were validated for the simulation of geotechnical applications (Bao et al., 2022; Zhou et al., 2023; Liu M et al., 2024). In this study, the 2D soil particles developed by Xu et al. (2019) were also employed to validate the parameters of the 2D DEM soil model. The 2D DEM contact model between particles-particles and walls is established as the linear contact model. The contact force is calculated based on the normal and tangential components, which are determined by the numerical overlap between particles, the normal stiffness coefficient (kn), and the tangential stiffness coefficient (ks). Additionally, the tangential contact force is constrained by the friction coefficient (μ). Since the three contact parameters (kn, ks, and μ) in the linear contact model are constant values, high computational efficiency is ensured.
Since the particle size in DEM simulations affects both the number of particles generated and the analysis time step, utilizing the actual particle size can result in intolerable computational costs. To address the particle size issue, a strategy of particle scaling was employed in this study. This strategy is recognized as an effective approach for enhancing computational efficiency (Hu et al., 2020; Hu et al., 2022). The soil particle size was scaled up by a factor of 5.0. To verify the validity of the scaled-up soil model parameters, biaxial numerical tests were conducted on the DEM soil model with enlarged particle sizes, which were then compared to Xu et al. (2019). In the biaxial numerical tests, the Improved Multi-layer compaction method (IMCM) proposed by Lai et al. (2014) was utilized to prepare a sample with a porosity of 0.17 in a chamber of 1.0 m in width and 1.1 m in height. The sample consisted of granular materials with diameters of 0.015, 0.02, and 0.025 m, mixed uniformly at a volume ratio of 1:1:1. The soil micromechanical parameters are presented in Table 1. Different confining stresses (50 kPa, 100 kPa, and 150 kPa) were applied to the samples using the numerical servo-mechanism. The biaxial test results were compared with the experimental results, as illustrated in Figures 2A, B, with the corresponding mechanical parameters detailed in Table 1. The variations in deviator stress and volume strain with axial strain demonstrate a strong agreement with the experimental results, thus validating the DEM model parameters presented in this study. Consequently, the 2D DEM soil model parameters are deemed suitable for simulating the pullout tests of enlarged head anchors conducted in this study.
TABLE 1 | Micro-parameters for DEM model.
[image: Table 1][image: Figure 2]FIGURE 2 | Comparison of biaxial test results with the laboratory tests by (Xu et al., 2019). (A) Deviator stress; (B) volumetric strain.
2.3 Testing procedure
Ovesen (1979) found through centrifuge model testing that the boundary effect becomes less significant when the ratio of the distance from the edge of the anchor plate to the model boundary and the width of the anchor plate exceeds 2.82. Therefore, in this study, the distances from the top and bottom of the model box to the edge of the enlarged head of the anchor were set to 3.0 times the width of the enlarged head. Additionally, the distance from the left wall of the model box to the section of the enlarged head of the anchor was set to 8.0 times the width of the enlarged head. Consequently, the dimensions of the adopted DEM model ensure that the boundary effects are negligible during the pullout test. The height of the model box was 3.5 m, and its width was 5.0 m (as shown in Figure 3). Servo stresses were applied to the loading plates at the top and bottom of the model box to provide the confining stress of the sample. The gradual pullout process of the enlarged head anchors was simulated by applying the velocity of the enlarged head anchors. The specific test steps could be described as follows (as shown in Figure 4):
(1) A soil sample with a porosity of 0.17 was generated in a chamber with 5.0 m in width and 3.5 m in height using the IMCM proposed by Lai et al. (2014), mixing with different diameters (0.015, 0.02, and 0.025 m) at a volume ratio of 1:1:1. The particle size and micromechanical parameters are detailed in Table 1. Servo stresses were applied to the top and bottom loading plates of the model box for preloading, and initial soil samples were obtained after the DEM model reached an equilibrium state where unbalanced forces became negligible.
(2) Target servo stresses were subsequently applied to the top and bottom loading plates of the model box through the numerical servo-mechanism, and soil particles in the enlarged head anchor area were deleted when the DEM model reached the equilibrium state.
(3) The left wall was removed and subsequently regenerated to accommodate the end of the enlarged head anchor, thereby facilitating its gradual pullout. Meanwhile, the enlarged head anchors are allowed to move freely in the lateral direction. Additionally, the wall model of the enlarged head anchor was created. The position of the enlarged head anchors is shown in Figure 3, with the right edge of the enlarged head situated 0.25 m away from the right wall. The micromechanical parameters of the enlarged head anchor wall are outlined in Table 1, with the friction coefficient set at 0.5 relative to the granular particles. The DEM model achieved equilibrium under the influence of the specified confining stress.
(4) A pullout velocity of Vs. = 0.01 m/s was applied to the enlarged head anchors. During the test, the pullout force and displacement were recorded, and the pullout force can be obtained from the horizontal contact force on the anchor wall in PFC2D (Itasca Consulting Group, 2021). The load-displacement curve of the enlarged head anchors was obtained, and the DEM test was terminated when the anchors had moved 0.3 m. At this point, the curve had reached the residual pullout resistance stage, with no further significant changes in pullout force observed
[image: Figure 3]FIGURE 3 | DEM modelling scheme.
[image: Figure 4]FIGURE 4 | The enlarged head anchor pullout test procedures.
A pullout velocity of Vs = 0.01 m/s was applied to the enlarged head anchors. During the test, the pullout force and displacement were recorded, where the pullout force can be obtained from the horizontal contact force on the anchor wall in PFC2D. The load-displacement curve of the enlarged head anchors was obtained, and the DEM test was terminated when the anchors had moved 0.3 m, indicating that the curve had reached the residual pullout resistance stage, with no further significant changes in pullout force observed thereafter. Pullout tests for four types of enlarged head anchors were simulated under confining stresses of 100 kPa, 150 kPa, and 200 kPa, and the corresponding results were recorded. The DEM test scheme used in this study is summarized in Table 2.
TABLE 2 | Program for DEM simulation.
[image: Table 2]3 DEM SIMULATION RESULTS
3.1 Loading-displacement curve
Figure 5 shows the load-displacement curves of enlarged head anchors at different section inclinations of the enlarged head and confining stresses. The pullout displacement refers to the distance the anchor moves in the horizontal direction, and the direction of displacement is specified to be positive along the direction of anchor movement. The pullout force of the enlarged head anchors is obtained from the contact force in the horizontal direction. It is specified that the contact force is positive if it impedes the anchor’s movement and negative if it facilitates movement. As shown in Figure 5A, the variation of the pullout force curve with displacement is divided into three typical evolution stages: Stage I: Initial stage, where the pullout force of the enlarged head anchors increases rapidly to a peak value after a small pullout displacement; this peak pullout force corresponds to a displacement of the enlarged head anchors of approximately 20 mm. Stage II: Strain softening stage, in which the pullout force decreases gradually after the peak pullout force. Stage III: Residual pullout force stage, wherein the displacement of the enlarged head anchors reaches about 100 mm, the anchor’s bearing capacity transitions into the residual pullout force stage and gradually stabilizes. This indicates that, during this stage, the soil goes through damage, and the soil resistance provided will no longer change significantly.
[image: Figure 5]FIGURE 5 | The loading-displacement curve of (A) different section inclination of the enlarged head, and (B) different confining stresses.
For the load-displacement curves at different section inclination of the enlarged head, the peak pullout force increases with the section inclination of the enlarged head increasing. The peak pullout forces are relatively similar for section inclination of the enlarged head ranging from 90° to 150°. However, for the residual pullout force, the section inclination of the enlarged head of 120° is significantly larger compared to the other section inclination. Therefore, this study suggests that an appropriate increase in the section inclination of the enlarged head will benefit the mobilization of the pullout force (e.g., β = 120°). It should be noted that the pullout force for a larger section inclination (e.g., β = 170°) is consistently significantly smaller throughout the evolution process compared to the other conditions. Figure 5B illustrates the variation of pullout force with pullout displacement for different confining stresses (σn = 100, 150, 200 kPa), and the evolution characteristics of pullout force for all three confining stress conditions demonstrate the typical three-stage evolution pattern. The pullout force for the case with a larger confining stress is significantly greater than the smaller confining stress throughout the evolution process. This suggests that the soil resistance mobilized by the enlarged head anchors increases significantly under high confining stresses.
3.2 Particle motion mode
Figure 6 shows the variation of the displacement vector field at different section inclination of the enlarged head. As the displacement value increases, the color transitions closer to red; conversely, smaller displacement values are represented by colors closer to blue. The displacement values range from 0 to 300 mm. Four typical anchor displacements (δ = 20, 100, 200, 300 mm) are selected as representative stages of the soil displacement field, where δ = 20 mm denote the peak pullout force stage, and when δ = 100 mm, the residual pullout force stage begins. The displacements of δ = 200 mm, and 300 mm correspond to the residual pullout force stage and final stage, respectively. As shown in Figure 6, when δ = 20 mm, the soil displacement is minimal, primarily concentrated in the area directly in front of the enlarged head. The displacement vector begins in front of the enlarged head and gradually extends to a larger area ahead, but due to the constraints of the left wall, the displacement values decrease as the particles approach the left side. The displacement region is predominantly focused in the middle region of the model box. Notably, the smaller the section inclination of the enlarged head, the larger the area of displacement that is mobilized, mobilizing the enhanced soil resistance.
[image: Figure 6]FIGURE 6 | The displacement vector filed with different section inclination of the enlarged head at (A) δ = 20 mm, (B) δ = 100 mm, (C) δ = 200 mm and (D) δ = 300 mm.
When δ = 100 mm, the soil displacement vector is mainly concentrated in front of the enlarged head section. The movement of the enlarged head anchor noticeably shifts the soil to the left side, forming a “cavity” behind the enlarged head due to its motion. At this point, the resulting soil loss is primarily compensated by soil from above and below. Overall, the smaller the enlarged head section inclination, the more pronounced the displacement of the soil in front of the enlarged head. However, when the enlarged head section inclination β = 170°, the displaced region in front of the enlarged head becomes less distinct, with the displacement mainly occurring around the enlarged head anchor-soil contact interface region. When δ = 200 mm, under large displacement conditions, the soil compresses against the enlarged head anchors, causing it to bypass the head and flow into the area behind it, thus replenishing the “cavity” formed during the movement of the enlarged head anchors. Consequently, the soil movement pattern establishes a “bypassing mechanism.”
In summary, soil movement encompasses two primary modes. Firstly, the soil in front of the enlarged head moves horizontally to the left (in the same direction as the enlarged head anchor movement) due to the pushing force exerted by the enlarged head, compressing the soil further and creating a passive soil pressure state. Secondly, due to soil damage, a strain softening phase occurs, whereby the soil extruded by the enlarged head establishes a connection with the soil behind it, creating a “ring connected area” above the enlarged head, thereby forming the “bypassing mechanism” motion mode. Notably, the “bypassing mechanism” manifests during the residual force phase, while prior to this, particle movement is predominantly influenced by the enlarged head’s push. Furthermore, when the section inclination of the enlarged head is small, both the forward movement of the soil induced by the enlarged head’s compression and the movement of particles involved in the “bypassing mechanism” is more significant. As the section inclination of the enlarged head increases, the displacement of the soil in front of the enlarged head decreases, resulting in a weakened “bypassing mechanism”. When the displacement of the enlarged head anchors reaches δ = 200 mm, despite an increase in compression ahead of enlarged head and enhancement of the “bypassing mechanism”, the overall soil movement pattern would no longer change.
Figure 7 shows the pattern of the soil displacement vector field in the final stage (δ = 300 mm) at different confining stresses (σn = 100, 150, 200 kPa). In the final stage, the displacement patterns at different confining pressures exhibit a clear “bypassing mechanism.” Notably, at lower confining stress (as shown in Figure 7A), the soil in front of the enlarged head anchors propagates vertically to the enlarged head cross-section, while the soil particles extruded by the enlarged head flow into the region behind the enlarged head due to the “bypassing mechanism.” It is observed that as the soil displacement extends towards the middle of the model, the particles no longer move solely forward but also shift upwards and downwards within the model box, thereby alleviating the significant increase in the modulus of elasticity resulting from the compression of the soil in front of the enlarged head. With the increase in confining stress, this displacement pattern becomes increasingly pronounced (as illustrated in Figures 7B, C). Additionally, when the confining stress rises, the primary direction of soil displacement at the enlarged head section no longer propagates perpendicularly to the cross-section in front of the enlarged head, shifting to horizontal (as depicted in Figure 7C), with greater soil displacement. The range of soil involved in the horizontal displacement widens. It is noteworthy that both the mobilization of the ordinary anchorage section-soil friction resistance and the mobilization of the soil resistance in front of the enlarged head were significantly enhanced under higher confining stress.
[image: Figure 7]FIGURE 7 | The displacement vector filed at the final state with different confining stresses: (A) σn = 100 kPa; (B) σn = 150 kPa; (C) σn = 200 kPa.
3.3 Soil failure modes
Interparticle rolling is another type of particle motion that controls the strength of granular materials (Jiang et al., 2005). The high gradient of granular rotation corresponds to the boundary of the shear band (Oda and Kazama, 1998). Figure 8 shows the variation of the particle rotation field with anchor displacement for different section inclination of the enlarged head The red dashed line marks the variation of the shear band. As shown in Figure 8A, at the pullout displacement (e.g., δ = 20 mm), a clear shear band is formed at the ordinary anchorage section-soil interface due to the relative movement of the enlarged head anchors and the soil. However, since the soil deformation is still within the small strain level compared to the model dimensions, the compressed soil in front of the enlarged head would not form a significant shear band, which means that the soil in front of the enlarged head has not failure but rather provides a greater pullout force by mobilizing the soil resistance of the elastic soil. However, at higher section inclination of the enlarged head (e.g., β = 170°) of the enlarged head section, significant relative sliding between the surface of the enlarged head and the soil occurs, resulting in the formation of a shear band at the enlarged head-soil surface. However, since the front of the enlarged head section does not form a significant triangular rigid region, it cannot provide end resistance to the front of the enlarged head. This means that the soil resistance for the larger section inclination of the enlarged head is mainly provided by the friction resistance formed at the enlarged head-soil interface. For the small section inclination of the enlarged head, the primary sources of soil resistance arise from damage modes associated with increased head-end resistance and interfacial shear failure occurring at the soil surface. Therefore, the reason why the peak pullout force for a smaller section inclination is greater than that for a larger section inclination is due to the mobilization of the resistance at the end of the enlarged head. When δ = 100 mm, the pullout force undergoes a strain-softening phase and begins to enter the residual pullout force phase. It is observed that in addition to the shear band formed at the location of the ordinary anchorage section -soil surface, a rigid triangular region (as the blue zone shown in Figure 8B) due to compression is formed in front of the enlarged head, and this rigid triangular region provides end resistance to the enlarged head section. This rigid triangular region was observed to move forward with the enlarged head anchors of the small inclination of the enlarged head section (e.g., β = 90°, 120°).
[image: Figure 8]FIGURE 8 | Rotation filed with different section inclinations of the enlarged head at (A) δ = 20 mm, (B) δ = 100 mm, (C) δ = 200 mm and (D) δ = 300 mm.
However, for the higher section inclination of the enlarged head (e.g., β = 150°, 170°), a rigid triangular region does not form; instead, a shear band would be formed at the enlarged head-soil interface. In addition, at the position behind the enlarged head, a localized shear band is formed due to soil loss. However, this shear band is not connected with the shear band formed by the soil in front of the enlarged head. When δ = 200 mm is reached, the residual pullout resistance stage has been entered. With small section inclination of the enlarged head (e.g., β = 90°, 120°), the soil in front of the enlarged head still forms a typical rigid triangular region. The particles at the enlarged head anchor-soil surface rotate more and continue to mobilize the residual friction resistance. However, the shear band in the region behind the enlarged head progressively develops to the left and connects with the shear band formed in front of the enlarged head, thereby forming a ring shear band above the enlarged head. This indicates that the soil has been damaged by the soil motion modes of the “bypassing mechanism.” At δ = 300 mm, this pattern of soil failure becomes even more pronounced. However, the failure pattern does not change further, and the mobilized soil strength remains constant. The red dashed line marks the location of the shear band, and the green area indicates the rigid triangular area in front of the enlarged head, which is used to provide soil resistance and corresponds to the rigid triangular area in the earlier evolution stage. Notably, a rigid triangular region is never formed in front of the enlarged head, failing to provide resistance at the end of the enlarged head. This explains why the pullout resistance of anchors with larger section inclination of the enlarged head (e.g., β = 170°) is consistently smaller than that of anchors with smaller section inclination.
Figure 9 shows the variation of the particle rotational field in the final state (e.g., δ = 300 mm) with the confining stress (σn = 100, 150, 200 kPa). As shown in Figure 9, the soil damage mode in the final state under different confining stress is still characterized by the “bypassing mechanism.” It is noteworthy that the rigid triangular region formed by the soil in front of the enlarged head anchors is not prominent under lower confining stress (e.g., σn = 100 kPa). Furthermore, the shear band formed at the enlarged head anchor-soil interface is more pronounced. This means that the primary source mode of soil resistance mobilized by the enlarged head anchors at lower confining pressures is not from the soil in front of the enlarged head, but rather from the friction resistance generated at the enlarged head anchor-soil surface. When the confining stress is further increased (e.g., σn = 150 kPa), as shown in Figure 9B, the soil in front of the enlarged head section forms a distinct rigid triangular region (illustrated in the blue area of Figure 9B). This means that the end resistance of the rigid triangle becomes the main attribution to the pullout force under large confining stress. This trend, more pronounced at high confining stress (e.g., σn = 200 kPa), is evidenced by the formation of significant rigid triangular regions both above and below the enlarged head anchors. The ring shear band above the enlarged head generated by the “bypassing mechanism” is comparatively smaller, which means the dilation effect is further weaker, and the soil resistance is further enhanced.
[image: Figure 9]FIGURE 9 | Rotation filed at final state at final state with different confining stresses: (A) σn = 100 kPa; (B) σn = 150 kPa; (C) σn = 200 kPa.
3.4 Local porosity distribution
The local porosity of the samples was determined by measurement circles. The measurement circle is mainly distributed horizontally in front of and above the enlarged head anchors. Specific measurement locations will be indicated in the attachment Figure. Figure 10 illustrates the horizontal distribution of local porosity at different section inclination of the enlarged head. As shown in Figure 10, the local porosity is larger when close to the enlarged head anchors and decreases as the measurement position is higher. This is because when the measurement circle is situated near the anchor position, the local porosity is influenced by the shear band at the ordinary anchorage anchors-soil surface. A significant dilation effect occurs in this region, resulting in increased porosity. However, as the measurement position is higher, the soil is affected by the top servo stress, causing further compaction and resulting in reduced porosity. Furthermore, for the small section inclination of the enlarged head (e.g., β = 90°, 120°), it is observed that a significant compaction effect occurs in the soil close to the front of the enlarged head, as illustrated in the orange area in Figures 10A, B, which manifests as a noticeable reduction in porosity at locations adjacent to the enlarged head. The compacted soil in front of the enlarged head mobilizes greater end resistance, thereby facilitating a higher pullout force for the enlarged head anchors. However, for the large section inclination of the enlarged head (e.g., β = 150°, 170°), the soil in front of the enlarged head does not exhibit compaction, as shown in Figures 10C, D, the local porosity in front of the enlarged head is even slightly increased. This can be attributed to shear damage at the enlarged head’s surface, which facilitates the shear dilation effect. Simultaneously, the void inside the enlarged head was inevitably statisticized. Therefore, for cases with the larger section inclination of the enlarged head, the local porosity of the soil in front of the enlarged head is recorded as higher. Additionally, above the enlarged head, the local porosity increases due to the formation of a cavity behind the enlarged head, which results from the movement of the anchor. This cavity prompts the soil to engage in a “bypassing mechanism” to replenish the soil behind it, thus creating an area of incompact soil. Additionally, under the “bypassing mechanism”, the distinct shear band region is formed above the enlarged head, further contributing to the dilation effect.
[image: Figure 10]FIGURE 10 | Distribution of local porosity at final state with different section inclination of the enlarged head: (A) β = 90°; (B) β = 120°; (C) β = 150°; (D) β = 170°.
Figure 11 shows the horizontal distribution of local porosity with different confining stresses. Overall, under higher confining stress, the local porosity values distributed horizontally are smaller than those observed under low confining stress. Additionally, two forms of local porosity variations should be noted: (1) for the soil in front of the enlarged head of anchors, with increased confining stress, the reduction in porosity in front of the enlarged head anchors was observed, this soil zone is further compacted. This indicates that the end resistance mobilized by the enlarged head anchors is greater. (2) For the soil above the enlarged head anchors, under higher confining stress, the local porosity is smaller compared to the conditions with lower confining stress, suggesting that the shear dilation effect due to the “bypassing mechanism” is further weakened.
[image: Figure 11]FIGURE 11 | Distribution of local porosity at final state with different confining stresses: (A) σn = 100 kPa; (B) σn = 200 kPa.
3.5 Normal contact force chains and normal force fabric
The evolution of the contact force between soil particles reflects the microstructural changes of the particles and the load transfer paths. Rothenburg and Bathurst, (1989) reported that the loads imposed on a particle system are preferentially transferred in the direction of the high normal contact forces. They suggested that the Fourier series approximation (FSA) can be utilized to analyze the relationship between contact force and fabric, as demonstrated by Equations 1, 2:
[image: image]
[image: image]
where [image: image] is the distribution of the average normal contact force density in the direction between [ θ−Δθ, θ ]; [image: image] represents the average contact force over all contacts; an and [image: image] are the second-order coefficient and principal direction of the normal force
Figures 12, 13 illustrate the contact states of soil particles at different section inclination of the enlarged head and confining stress. Since the contact forces are almost symmetrically distributed above and below the enlarged head anchors, the statistical region for the contact forces is selected in the area only above the enlarged head (as indicated by the red dashed area in Figure 12). It should be noted that the normalized polar histograms presented in this study are not spatially invariant and are highly dependent on the selected study area. This is because the soil in front of the enlarged head is considered a significant source of soil resistance. Consequently, the soil located in front of the enlarged head was selected as the statistical region for this study. Figures 12, 13 also demonstrate the FSA of the normalized contact force distribution, from which microstructural parameters such as principal directions of contact and force can be obtained.
[image: Figure 12]FIGURE 12 | Distribution of normal contact force chains and normal force fabrics at final state with different section inclination of the enlarged head: (A) β = 90°; (B) β = 120°; (C) β = 150°; (D) β = 170°.
[image: Figure 13]FIGURE 13 | Distribution of normal contact force chains and normal force fabrics at final state with different confining stresses: (A) σn = 100 kPa; (B) σn = 150 kPa; (C) σn = 200 kPa.
As shown in Figure 12, the contact force chain within the soil in front of the enlarged head originates at the cross-section of the enlarged head and propagates toward the soil beyond it. This contact force chain structure shows the trapezoidal region above and below the enlarged head anchors (as illustrated in the blue area of Figure 12A), transporting the loading of the enlarged head to the left stable zone. Actually, the loading transfer resulting from this stress rotation also confirms the formation of the “soil arching effect” in front of the enlarged head. The soil arching effect is fundamentally defined as the mechanism of load transfer phenomena resulting from relative movement within the soil. Although the trapdoor phenomenon does not occur in this study, the load transfer observed through the contact force structure (as indicated in the green area of Figure 13A) could still be classified as a manifestation of the soil arching effect, which contributes to the enhancement of the pullout force of the enlarged head anchors. In addition, an extended contact chain branch induced by the shear between the ordinary anchorage section and the soil is also observed around the ordinary anchorage section; however, it appears weaker compared to the contact chain structure in front of the enlarged head. The concentration of the contact force in front of the enlarged head indicates that the soil is in a passive soil pressure state. In contrast, the contact force chain behind the enlarged head is more loosely arranged, forming a “cavity” area, suggesting that the soil there is in an active soil pressure state. This phenomenon means that the mobilization of the pullout force of the enlarged head anchors is primarily derived from the soil resistance mobilized in front of the enlarged head. The pattern of soil damage behind the enlarged head has a negligible influence on the pullout force of the enlarged head anchors.
To further quantify the extent to which the structure of the normal contact force with different section inclination of the enlarged head, The normalized contact force fabrics inside the statistics region were obtained, revealing that the principal directions of these fabrics are consistently rotated towards the upper left, forming the support legs of the trapezoidal contact force chain structure. This indicates that the primary direction of the contact force chain in the soil in front of the enlarged head propagates towards the upper left. Here, the inclination angle αc of the normal contact force fabric is defined as the angle formed between the principal direction of the normal contact force fabric and the direction of movement of the anchor. The inclination angles αc of the normal contact force fabric for section inclination angles of 90°, 120°, 150°, and 170° are 31.4°, 38.1°, 39.1°, and 46.7°, respectively. This suggests that the contact force chain is increasingly biased towards horizontal forward propagation at a section inclination of the enlarged head of 90°, representing the soil resistance direction. Conversely, as the section inclination of the enlarged head increases to 170°, the principal direction of the contact force chain is biased towards the vertical. Additionally, the average contact forces [image: image] in front of the enlarged head are 4734.1 N, 5019.8 N, 4517.6 N, and 4670.6 N for section inclination of the enlarged head of 90°, 120°, 150°, and 170°, respectively. The larger the average contact force [image: image], the more stable the contact force structure. Consequently, the mobilization degree of the normal contact force structure is greater at a section inclination angle of 120°, indicating that the greater the soil resistance was mobilized in front of the enlarged head, resulting in a larger residual pullout force. Furthermore, Figure 13 presents the fitting results of the normal contact force chain and normal contact force fabric and FSA for different confining stresses. The average contact forces [image: image] are presented on a unified scale. As shown in Figure 13, for the normal contact force chains, both in front of the enlarged head anchors and around the normal anchorage section induced by shear damage are significantly greater under higher confining stresses compared to lower confining stresses. Furthermore, for confining stresses of 100 kPa, 150 kPa, and 200 kPa, the inclination angles αc of the normal contact force fabric are 34.3°, 38.1°, and 36.1°, respectively, and the average normal contact forces [image: image] are 3630.7 N, 5019.8 N, and 6519.5 N, respectively. This indicates that the greater the confining stresses, the more stable the normal contact force structure mobilized in front of the enlarged head anchors. Concurrently, this provides an increase in the soil resistance applied to the enlarged head anchors.
4 DISCUSSION
Previous studies (Wu et al., 2022; Zhang et al., 2023; Wang et al., 2024) have suggested that the extrusion of the enlarged head end with the soil effectively mobilizes the end resistance and passive soil pressure. Wu et al. (2022) suggested that the excessive extrusion in front of the enlarged head forms a plastic zone and generates the loading transfer, and its plastic zone provides the end resistance more effectively. However, all the aforementioned studies have described the behavioral mechanism of the soil during the anchor pullout process macroscopically with the framework of FEM. It is still insufficient to meet the requirement for a deeper understanding of soil behavior (e.g., from a micromechanical perspective). The soil’s micromechanical mechanism of how the anchor pullout force is mobilized under different enlarged head section inclinations is still unknown. Similar to the above studies, this study also found a “compression zone” in front of the enlarged head. This is described as a triangular rigid region (shown in Figure 8). The end resistance mobilized in this compression zone is considered to be the main source of the anchor pullout force, and this study would explain this soil behavior in an insight into the micromechanical behavior. The local porosity was found to be significantly reduced in this triangular region in front of the enlarged head, which experienced significant compression. However, the extent of this compression weakened with increasing inclination of the enlarged head. The loading transfer phenomenon due to compression in front of the enlarged head was further analyzed using a contact force chain. The contact force chain structure forms an “arching” shape (shown in Figure 12A) that transfers the squeezing force from the enlarged head to the stabilized soil on the far side. Its arching footing acts firmly on the stabilized soil on the left side (meaning that the soil arching effect is produced). This is a mechanical mechanism neglected in previous studies. The degree of mobilization of the soil arching effect mechanism at different trapdoor inclinations is 120°>90°>150°>170°, which is consistent with the magnitude of the residual pullout force at this moment. It indicates that the mobilization degree of the soil arching mechanism in front of the enlarged head determines the pullout force of the enlarged head anchor. Therefore, this paper emphasizes that the degree of mobilization of the soil arching effect mechanism formed in front of the enlarged head (which can be represented by the structure of the contact force chain) is the cause of the variation of the anchor pullout force under different enlarged head inclinations. In order to draw the attention of engineers to this imperceptible micromechanical mechanism.
Although the results in this study are only obtained from numerical simulations and have not been confirmed by model tests due to limited experimental conditions. In addition, there are not enough subgroups for the enlarged head inclinations, therefore, the optimal enlarged head inclination for mobilizing the maximum pullout force of the anchors has not yet been accurately identified. However, this paper still provides a unique micromechanical insight that promotes the understanding of the mobilization mechanism of this enlarged head anchor pullout force, in order to gain the research interest of engineers in such anchoring methods when considering anchoring methods for underground structures application.
5 CONCLUSION
In this study, the DEM was employed to simulate the pullout test of enlarged head anchors, studying the influence of different enlarged head shapes, and confining stress on the mechanical properties of enlarged head anchors during pullout. The load-displacement curves of the enlarged head anchors were analyzed. The failure modes of the soil during the pullout test of the enlarged head anchor were determined. A comprehensive comparison of the soil mechanism in the pullout tests of the enlarged head anchor was conducted from both micro and macro perspectives. The following conclusions can be drawn:
(1) The load-displacement curves of the enlarged head anchors were recorded. During the pullout tests, anchors with an enlarged head inclination β of 120° demonstrated a superior capability to mobilize soil resistance. Additionally, both the peak and residual pullout forces are significantly greater under higher confining stress conditions compared to the lower confining stress.
(2) For a smaller section inclination of the enlarged head, the formation of a distinct rigid triangular area ahead of the enlarged head is formed to provide end resistance. When the section inclination of the enlarged head is excessively large (e.g., β = 170°), the soil in front of the enlarged head does not form the rigid triangular region during the pullout tests, thereby failing to provide greater soil resistance and a weaker pullout force is mobilized compared to anchors with smaller section inclination.
(3) For the enlarged head anchor with a section inclination of 120°, the mobilization degree of the contact force chain structure of the soil in front of the enlarged head is greatest. The degree of mobilization of the contact force chain under different section inclinations follows the order: 120° > 90° > 150° > 170°, which corresponds to the pullout force of the enlarged head anchors at this stage. Furthermore, an increase in confining stress improves the mobilization degree of the contact force chain structure, which enhances the pullout force of the enlarged head anchors.
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