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Abstract


This study primarily investigates the mechanical performance of prestressed anchor foundations. Based on the assumptions of continuity, homogeneity, and isotropy of the anchor foundation and anchoring materials, a simplified elastic analysis model was developed. Using the superposition principle, the working stresses under vertical loads and bending moments were calculated, allowing for the determination of the maximum working stresses within the anchors and the foundation. Additionally, the distribution of bond strength of the prestressed tendons was analyzed, and the concept of effective anchorage length was introduced. The reliability of the model was validated through prototype testing, with the measured free segment strain values showing a high degree of consistency with theoretical calculations, with errors within 6.5%. Empirical data on ultimate bearing capacity and bond characteristics were also obtained. By integrating numerical calculations with experimental results, the performance of the anchoring system under extreme and specialized loading conditions was analyzed. The experimental results indicated that the failure modes of all anchor foundations were characterized by bond failure at the interface between the anchor and the surrounding rock mass. Based on the experimental data, a reasonable anchorage length satisfying design strength requirements was proposed. The findings provide a theoretical foundation and practical guidance for the design and application of prestressed anchor foundations in structures such as wind turbine towers.
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1. Introduction


Prestressed rock anchors are widely utilized in various engineering projects, particularly in high-rise buildings, bridges, tunnels [1,2,3,4], and wind power foundations [5]. The rationality of their design directly influences the safety and economic viability of these structures. As the scale of engineering projects continues to expand, the design and analysis of anchor foundations face increasingly complex challenges. To ensure the long-term stability and safety of these structures, it is essential to conduct in-depth studies on the mechanical behavior of anchors. The schematic diagram of the prestressed rock anchor foundation for a certain wind turbine tower is shown in Figure 1.



In recent years, significant advancements have been made by researchers both domestically and internationally in the design and application of prestressed rock anchors. Studies have shown that the bearing capacity of anchors is closely related to various factors, including material properties [6], anchorage depth [7], and the bond strength between the anchorage body and surrounding rock [4,8,9,10]. For instance, Wang et al. [11] investigated the performance of frame prestressed anchor structures under seismic loading and found that increases in anchor prestress and elastic modulus reduce seismic displacements in slopes, while increased anchor inclination leads to greater seismic deformation. Zeng et al. [12] focused on frame-supported slopes, treating prestress as a uniformly distributed force acting on the slope surface, and calculated the additional stresses induced by prestress, demonstrating that prestressed anchors significantly enhance slope stability, particularly in homogeneous soils with circular sliding surfaces. Zhao et al. [13] established a stability analysis model for loess fill slopes supported by frame prestressed anchors based on upper limit plasticity analysis, considering the tensile strength cut-off characteristics of the soil. Their results indicated that neglecting fissures in loess could overestimate the stability of fill slopes, while the anchorage structure significantly improves the stability of fissured loess slopes. Ye et al. [14] developed a seismic analysis model for slopes reinforced with prestressed anchors based on the principles of soil and structural dynamics, obtaining the dynamic response of reinforced slopes under horizontal seismic loads. This model can approximate the soil pressure distribution, displacement response of the reinforced structure, and axial force response of the prestressed anchors. Nakamoto et al. [15] studied the mechanical behavior of soil nails reinforced with prestressed panels, finding that this reinforcement effectively prevents slope deformation and failure, with greater prestress leading to improved performance. Wang H [16] examined the failure mechanisms of composite retaining structures using soil nails and prestressed anchors, identifying the magnitude of anchoring force as a key factor controlling the performance of the entire retaining system, with prestressed anchors being particularly sensitive to the stiffness of the concrete surface.



In the context of rock impact resistance, Fu et al. [17] analyzed the effects of anchoring materials, prestress, and anchoring methods on crack propagation patterns and dynamic mechanical properties of anchored rock masses. They established a lateral impact mechanics model for anchored rock masses and proposed reasonable recommendations for anchoring support in deep impact rock tunnels, providing theoretical guidance for the design of anchor support in deep rock blasting tunnels. Kang et al. [18] created a fractured rock mass model using the Continuum Discontinuum Element Method (CDEM) and conducted uniaxial compression tests under varying anchor parameters, analyzing the effects of anchor spacing and prestress. Jiang et al. [19] combined the Discrete Element Method (DEM) and Finite Difference Method (FDM) to study the reinforcement mechanisms and quantitative effects of prestressed and non-prestressed grouted rock anchors in tunnels, revealing significant improvements in the stress state of the rock, with prestressed anchors greatly reducing displacement increases in the reinforced area.



Furthermore, advancements in computer technology have made numerical simulation methods, such as finite element analysis, important tools for studying anchor behavior [16,20,21,22]. In anchor design, the selection of an appropriate anchorage length is critical to ensuring its pullout capacity. Existing research indicates that anchorage length not only affects the bearing capacity of anchors but is also closely related to the properties of the surrounding soil, loading conditions, and the quality of anchor construction [23,24]. Teng et al. [25] present a novel approach that incorporates nuclear magnetic resonance (NMR) measurement and triaxial loading chamber to accomplish the laboratory in situ continuous observation of the pore-fracture evolution in the coal-rock samples during triaxial compression. Therefore, optimizing anchorage length under different conditions is particularly important.



In summary, research on prestressed rock anchors encompasses multiple aspects, including material properties [26], mechanical models [27], design methods, and experimental validation [28,29].



This study constructs a simplified elastic analysis model based on the assumptions of continuity, homogeneity, and isotropy of the concrete foundation and anchorage material. The working stresses under vertical loads and bending moments are calculated using the superposition principle, ultimately identifying the maximum working stress values for the anchor and the foundation. The theoretical section further investigates the distribution of bond strength on prestressed anchors and introduces the concept of effective anchorage length. Subsequently, the model is validated through prototype pull-out tests conducted on-site at the Xiangshan Wind Farm in Xunwu, Jiangxi Province. These tests verify the model’s reliability and provide empirical data on ultimate bearing capacity and bond characteristics. The comprehensive analysis combining theoretical derivations and experimental measurements facilitates the proposal of an optimized anchorage length, thereby offering a theoretical foundation and practical guidance for the application of prestressed rock anchors.




2. Analysis of Mechanical Behavior of Prestressed Rock Anchors


2.1. Elastic Analytical Solution of Prestressed Rock Anchors Under Uplift Force


Assuming that both the concrete pedestal and the anchor materials satisfy the conditions of continuity, uniformity, and isotropy, we define the external diameter of the pedestal as  D , the diameter of the anchor circle as    D 1   , the number of anchors as  n , and the diameter of each anchor as  d . The prestress of a single anchor is denoted as  P , while the vertical load acting on the upper part of the pedestal (primarily comprising the self-weight of the tower, nacelle, blades, pedestal, and ancillary facilities) is represented by    F z   . The static equivalent moment acting on the cross-section of the pedestal is denoted as  M . Considering the interaction between the foundation and the pedestal, the distributed load system is represented as  q . We isolate the pedestal and anchor components as the objects of study and establish a simplified model for the elastic analysis of the prestressed rock anchor foundation, as shown in Figure 2.



Let the elastic modulus of the concrete pedestal be    E 1    and that of the anchors be    E 2   . We first solve for the working stresses under the separate actions of vertical load and moment. We then apply the principle of superposition to determine the maximum working stresses for both the anchors and the pedestal. When the vertical load acts alone, we assume that the contact stress between the pedestal and the foundation is uniformly distributed, leading to the compressive stress in the pedestal and the working stress in the anchors being expressed as


    σ N  ( 1 )   = −     F z  + n P    π 4   D 2       ,    σ N  ( 2 )   =   P   π 4   d 2      ,  



(1)




respectively.



When the moment  M  acts alone, we assume that the moment transferred to the pedestal is    M 1    and the moment transferred to the anchors is    M 2   ; thus, we have


  M =  M 1  +  M 2  .  



(2)







According to the bending stress theory for beams under pure bending, and in line with the fundamental assumptions proposed in this study, we can get


    M 1  =    ∫   A 1     σ d z d y    =    ∫   A 1      E 1     y 2   ρ  d z d y    =     E 1   ρ      ∫ 0  2 π       ∫ 0  D / 2     r 2          cos  2  θ r d r d θ =     E 1   ρ     π  64     D 4  ,      M 2  =    ∫   A 2      E 2     y 2   ρ     d y d z  ,  



(3)




where  ρ  is the radius of curvature of the composite cross-section. The integral region    A 2    in Equation (3) refers to the area of the anchor circle. To simplify calculations, we can statically equivalate the anchor circle to a steel ring, as illustrated in Figure 3. The average diameter of the equivalent steel ring is taken as    D 1   , and its thickness is denoted as t, leading to the relations


  π  D 1  t =   π 4    d 2  n   ⇒   t =     d 2  n   4  D 1     .  



(4)







From Equations (3) and (4), we obtain


   M 2  =     E 2   ρ      ∫ 0  2 π     r 2    cos  2     θ ⋅ t ⋅ r d θ =     E 2   ρ     (     D 1   2   )  3  t π .  



(5)







Combining Equations (2)–(5), we find


    1 ρ   =   M     E 1  π   64    D 4  +    E 2  π  8  t  D 1 3     .  



(6)







Consequently, the maximum stresses in the pedestal and anchors under the moment are expressed as


    σ M  ( 1 )   =  E 1    1 ρ     D 2   =   M   π  32    D 3  +   π n  d 2   E 2    16 D  E 1     D 1 2       ,    σ M  ( 2 )   =  E 2    1 ρ       D 1   2   =   M     E 1  π   32  D 1   E 2     D 4  +   π n  d 2   D 1    16       .  



(7)







Applying the principle of superposition, we can derive the maximum and minimum compressive stresses in the prestressed rock anchor foundation pedestal as


   σ  max   ( 1 )   =  σ N  ( 1 )   −  σ M  ( 1 )   = −     F z  + n P    π 4   D 2     −   M   π  32    D 3  +   π n  d 2   E 2    16 D  E 1     D 1 2     ,  



(8)






   σ  min   ( 1 )   =  σ N  ( 1 )   +  σ M  ( 1 )   = −     F z  + n P    π 4   D 2     +   M   π  32    D 3  +   π n  d 2   E 2    16 D  E 1     D 1 2     ,  



(9)







Thus, the maximum uplift force of the prestressed rock anchors is


   σ  max   ( 2 )   =  σ N  ( 2 )   +  σ M  ( 2 )   =   P   π 4   d 2     +   M     E 1  π   32  D 1   E 2     D 4  +   π n  d 2   D 1    16      .  



(10)








2.2. Design of Prestressed Rock Anchors Based on Elastic Analysis


The design loads for the rock anchor foundation are provided by the design institute, with the load conditions summarized in Table 1.



The initial proposed anchorage depth is 6 m, with a pedestal height of 2 m, a pedestal radius of 6 m, and an anchor circle radius of 5.5 m. The concrete strength is specified as C40, with an elastic modulus    E 1  = 32.5   GPa  . The diameter of the anchorage body is taken as 180 mm, while the anchor diameter is set at 50 mm. The standard yield strength is 930 MPa, the design tensile strength is 770 MPa, and the ultimate strength is 1080 MPa, with an elastic modulus    E 2  = 200   GPa  . The yield load for a single anchor is calculated to be 1825 kN, with the load at the design tensile strength being 1511 kN and the ultimate load being 2119 kN. The bond strength between the rock and concrete is assumed to be 0.6 MPa.



Using the data from Table 1 and the parameters outlined above, the maximum compressive stress in the pedestal and the maximum tensile stress can be calculated using Equations (8) and (9). The maximum uplift force of the prestressed rock anchors can be derived from Equation (10).



	(1)

	
Rare Earthquake Condition







The results presented in Table 2 indicate that under rare earthquake conditions, to prevent tensile stress in the pedestal, a prestress of 1500 kN requires 36 anchors, resulting in a working internal force of 1506 kN. The corresponding foundation bearing capacity must reach 1080 kPa. If a minimal tensile stress in the pedestal is permissible, for example, with a maximum tensile stress of 0.301 MPa, only 16 anchors are needed, with a corresponding prestress of 1200 kN, and the foundation bearing capacity should be at least 780 kPa.



	(2)

	
Rare Earthquake Condition







The calculations in Table 3 show that under extreme load conditions, to avoid tensile stress in the pedestal, a prestress of 1400 kN requires 24 anchors, resulting in a working internal force of 1404 kN, which provides a safety margin. The corresponding foundation bearing capacity must be at least 728 kPa. If the site’s foundation bearing capacity cannot achieve 728 kPa, appropriate foundation treatment measures should be implemented to improve the bearing capacity. If a minimal tensile stress is acceptable, such as a maximum tensile stress of 0.155 MPa, only 12 anchors are required, with a corresponding prestress of 1200 kN.



Figure 4 illustrates the configuration of a single prestressed rock anchor. The load transfer mechanism operates as follows: the wind turbine tower transmits loads to the concrete pedestal through high-strength anchors. The concrete pedestal, in turn, transfers these loads to the anchorage body, which subsequently passes the loads to the rock foundation. This load transfer process is straightforward and clearly defined.



For the spatial axisymmetric problem in Figure 5, the elastic equations for the stress components [30] are given by:


     σ ρ  =   E  1 + ν    (   ν  1 − 2 ν    θ +    ∂  u ρ    ∂ ρ    ) ,    σ φ  =   E  1 + ν    (   ν  1 − 2 ν    θ +     u ρ   ρ   ) ,      σ z  =   E  1 + ν    (   ν  1 − 2 ν    θ +    ∂  u z    ∂ z    ) ,    τ  z ρ   =   E  2 ( 1 + ν )    (    ∂  u ρ    ∂ z    +    ∂  u z    ∂ ρ    ) .    



(11)







The displacement components must satisfy the following fundamental differential equations:


    E  2 ( 1 + ν )    (   1  1 − 2 ν       ∂ θ   ∂ ρ    +  ∇ 2   u ρ  −     u ρ     ρ 2     ) +  f ρ  = 0 ,     E  2 ( 1 + ν )    (   1  1 − 2 ν       ∂ θ   ∂ z    +  ∇ 2   u z  ) +  f z  = 0 ,  



(12)




where   θ =    ∂  u ρ    ∂ ρ    +     u ρ   ρ   +    ∂  u z    ∂ z     ,    ∇ 2  =     ∂ 2    ∂  ρ 2     +   1 ρ     ∂  ∂ ρ    +     ∂ 2    ∂  z 2      , and  ν  is the Poisson’s ratio of the anchorage material. Since body forces are neglected, the above equations can be simplified to


    1  1 − 2 ν       ∂ θ   ∂ ρ    +  ∇ 2   u ρ  −     u ρ     ρ 2     = 0 ,     1  1 − 2 ν       ∂ θ   ∂ z    +  ∇ 2   u z  = 0 .  



(13)







The stress boundary conditions for the problem are     (  σ z  )   z = 0 , ρ ≠ 0   = 0   and     (  τ  z ρ   )   z = 0 , ρ ≠ 0   = 0  . Additionally, near the origin  O  on the surface   z = 0  , we can define a small boundary area where surface force components act, and the resultant force is the concentrated force F applied at point  O , with the resultant moment equal to zero. Applying Saint-Venant’s principle, we consider the equilibrium conditions of a plate that extends from   z = 0   to   z = z   removed from the body:


   ∑   F z  = 0 ,        ∫ 0 ∞    σ z  ⋅ 2 π ρ d ρ − P = 0    .  



(14)







Due to the axisymmetry, the remaining equilibrium conditions for the plate naturally hold. Boussinesq derived the following solution that satisfies all the above conditions, known as the Boussinesq solution:


   σ ρ  =   P  2 π  R 2          3  ρ 2  z    R 3     −      1 − 2 ν   R   R + z      ,    σ φ  =      1 − 2 ν   P   2 π  R 2     (   R  R + z    −   z R   ) ,    σ z  =    3 P  z 3    2 π  R 5     ,    τ  z ρ   =  τ  ρ z   =    3 P ρ  z 2    2 π  R 5     ,  



(15)




where   R =    ρ 2  +  z 2     . Equation (15) provides the stress field for a half-space subjected to an uplift force at the boundary, which serves as a theoretical foundation for studying the stress field of prestressed rock anchors. This analysis will guide the determination of relevant parameters for full-scale testing of prestressed rock anchors.





3. Establishment of the Mechanical Model for Anchor Pullout and Its Engineering Applications


The failure modes of rock anchor foundations can be categorized into several types: (1) anchor rupture; (2) insufficient strength at the anchor-anchorage interface leading to anchor pullout; (3) insufficient strength at the anchorage-rock interface causing the anchorage body to be pulled out; and (4) shear failure of the rock surrounding the anchorage body. In the present study, full-scale tests on rock anchors revealed that failure modes (1), (2), and (4) did not occur, indicating that the weak interface was between the anchorage body and the surrounding rock. Therefore, this section focuses on investigating the failure mechanisms at the anchorage-rock interface during the uplift process of the anchor. A universal mechanical model is proposed, which is validated against the results of the full-scale tests, providing reliable guidance for determining the embedding depth of the anchorage body.



3.1. Distribution Characteristics of Bond Strength at the Anchorage-Rock Interface and Definition of Effective Anchorage Length


3.1.1. Non-Uniformity of Bond Strength Distribution at the Anchorage-Rock Interface


To quantitatively analyze the distribution characteristics of bond strength at the anchorage-rock interface, we consider a specific rock anchor foundation. The engineering context is as follows: the prestressed anchor, designated as   ϕ 56  , has a length of 8 m, an elastic modulus    E s  = 200   GPa  , and a Poisson’s ratio   ν = 0.3  . The anchorage body is made of C60 cement mortar with a diameter of 0.2 m and an anchorage depth of 8 m, having an elastic modulus    E c  = 36   GPa   and a Poisson’s ratio   ν = 0.167  . The surrounding rock has an elastic modulus   E = 80   GPa   and a Poisson’s ratio   ν = 0.25  , with an applied uplift force   P = 2000   kN  .



Using the theoretical expression for shear stress from Equation (15), we can derive the shear stress at the anchorage-rock interface as a function of anchorage length, as shown in the following figure:



The results depicted in Figure 6 indicate that the shear stress (bond strength) reaches its maximum near an anchorage depth of 0.1 m and then sharply decreases. By the time it reaches an anchorage depth of 1 m, the shear stress approaches zero, suggesting that most of the load is absorbed by the front section of the anchorage body, which is often unfavorable for the anchorage.




3.1.2. Definition of Effective Anchorage Length


We introduce the concept of the load ratio of the anchorage body. Assuming the length of the anchorage body is l and its radius is  r , we treat the anchorage body as a separate entity. Based on the static equilibrium conditions of the anchorage body, we can express:


     ∫ 0 l    τ  ρ z   ⋅ 2 π r d z    = P .  



(16)







Dividing the anchorage body into  n  segments, the z-coordinates of the starting points for each segment are denoted as    h i    and    h  i + 1    , with


   κ i  =       ∫   h i     h  i + 1       τ  ρ z   ⋅ 2 π r d z     P   ,  



(17)




where    κ i    represents the load ratio for each segment of the anchorage body, describing the proportion of external load transmitted by each segment, allowing for a quantitative understanding of the bond strength transfer characteristics at the anchorage-rock interface.



Based on the concept of load ratio, we define the effective anchorage length as the length at which the cumulative load ratio of the anchorage body reaches 95%.



For the aforementioned engineering example, we divide the anchorage body into three segments, with the starting z-coordinates as (0 m, 0.5 m), (0.5 m, 1.5 m), and (1.5 m, 8 m), corresponding to segment lengths of 0.5 m, 1 m, and 6.5 m, respectively. The load ratios for each segment are calculated as follows:


   κ 1  =       ∫ 0  0.5     τ  ρ z   ⋅ 2 π r d z     P   = 0.95 ,    κ 2  =       ∫  0.5   1.5     τ  ρ z   ⋅ 2 π r d z     P   = 0.04 ,    κ 3  =       ∫  1.5  8    τ  ρ z   ⋅ 2 π r d z     P   = 0.01 .  



(18)







The calculations indicate that 95% of the load is transmitted through the segment from 0 to 0.5 m, and 99% through the segment from 0 to 1.5 m. According to the definition provided, the effective anchorage length is thus 0.5 m.




3.1.3. Numerical Verification of the Applicability of Theoretical Solutions for Concentrated Forces on Half-Space Bodies


To further validate the reliability of the theoretical results, we employed the finite element software ANSYS 2024 R2 to establish a finite element model of the aforementioned anchor, as shown in Figure 7, for numerical verification. We extracted the shear stress at the anchorage-rock interface per unit depth and compared it with the theoretical results, as illustrated in Figure 8:



The results presented in Figure 8 demonstrate a good agreement between the theoretical calculations and the finite element results. During the finite element modeling, three different material parameters were used to simulate the anchor, concrete, and rock materials, establishing a mixed material numerical model. The theoretical solution provided in this study is based on the assumption of uniformity, and the close match between the theoretical and mixed model numerical solutions indicates that the theoretical solution for concentrated forces acting on half-space bodies can be effectively applied to the mechanical analysis of rock anchor foundations.





3.2. Proposal and Establishment of the Mechanical Model for Anchor Pullout


3.2.1. Analysis of the Failure Mechanism at the Anchorage-Rock Interface During Anchor Pullout


From Section 3.1, it can be concluded that during the pullout process of the anchor, the effective transfer depth is approximately 0.5 m, with peak stress occurring near 0.1 m. When the peak stress at any point on the interface exceeds the bond strength between the anchorage body and the surrounding rock, failure will occur at that location. Consequently, the bond strength in the initial 0.5 m segment rapidly becomes ineffective. However, even after the bond strength fails, this segment does not cease to function entirely. Due to the presence of macroscopic friction between the interfaces, some residual load-carrying capacity is retained, which we refer to as residual shear strength, assumed to be a constant. As the load gradually increases, the load continues to transfer downward, and the depth of the bond failure segment gradually increases, as illustrated in Figure 9. In this figure,  h  (the length of the bond failure segment) increases until all bond strength is lost and the anchor reaches its ultimate load capacity.




3.2.2. Critical State of the Anchorage-Rock Interface During Anchor Pullout


As shown in Figure 9, let us assume that the initial bond strength at the anchorage-rock interface is    C 0   , and the residual shear strength after bond failure is   k  C 0   , where  k  is the bond strength loss coefficient. This coefficient is related to the anchorage material, the type of surrounding rock, and the roughness of the interface, and it can be determined through testing or engineering experience. Extensive experimental data and engineering experience indicate that for a given anchorage material, the value of  k  varies between approximately 0.3 and 0.7 for different geological types. The value of  k  is primarily influenced by the weathering degree of the foundation rock, with increasing values corresponding to fully weathered, strongly weathered, moderately weathered, and slightly weathered states. Let the total length of the anchorage body be  H  and the length of the bond failure segment be  h . Given that the effective length of the anchorage segment is approximately 0.5 m, as the bond failure segment expands, when it reaches the cross-section located 0.5 m from the bottom of the anchorage segment (as shown at the C-C cross-section in Figure 10), the peak shear stress under load reaches the bond strength    C 0   . At this moment, the anchorage-rock interface reaches a critical state.




3.2.3. Establishment and Solution of the Mechanical Model During Anchor Pullout


Focusing on the anchorage body, we analyze the forces acting on the lower portion of the anchorage at the C-C cross-section, as shown in Figure 11. Let the equivalent normal stress at the C-C cross-section be    σ C   . Next, we analyze the relationship between the normal stress at this cross-section and the peak shear stress    τ  max     at the anchorage-rock interface.



Based on the theoretical solution from Equation (15), we can determine the ratio between the normal stress and the peak shear stress. When the uplift force is  P , the equivalent normal stress at the cross-section of the anchorage body is given by


  σ =   P  π  ρ 2     .  



(19)







The ratio of shear stress to normal stress is


  f =   τ σ   =    3  ρ 3   z 2    2      ρ 2  +  z 2       5 2       .  



(20)







Taking the partial derivative of the above expression with respect to the radius and setting it to zero yields.


   f 1  =    ∂ f   ∂ z    = 0 .  



(21)







Given that the diameter of the anchorage body is 180 mm,   ρ = r = 90   mm  , substituting this into Equation (21) yields z = 0.073 m. Substituting this result into Equation (20) gives:


  f =     τ  max      σ C     = 0.279 .  



(22)







Next, considering the upper part of the anchorage body at the C-C cross-section as an isolated body, we can derive from Figure 11 that when the critical state is reached, combined with Equation (22), we obtain


   σ C  =     τ  max    f   =     C 0    0.279    .  



(23)







Establishing the equilibrium equation for the isolated body, we find


  2 k  C 0  π   r ( H − 0.5 ) +     C 0    0.279    × π    r 2  = P .  



(24)







Equation (24) provides the relationship between the uplift force  P  and the bond strength    C 0   . This equation can be used to calculate the bond strength between the anchorage body and the surrounding rock during the anchor pullout test, allowing for the determination of the required embedding depth of the anchorage body to meet design strength requirements.






4. Full-Scale Testing Plan for the Uplift Bearing Capacity of Prestressed Rock Anchor Foundations


The full-scale uplift bearing capacity test for rock anchors is conducted at the Xiangshan Wind Farm in Xunwu, Jiangxi Province, across two sites: Site 9 and Site 5. Site 9 is located in a strongly weathered area with some fully weathered sections, featuring a surface layer of silty clay and relatively low foundation bearing capacity. In contrast, Site 5 is situated in a moderately weathered area with higher foundation bearing capacity. A total of 12 samples are tested, with 9 anchors at Site 9 and 3 anchors at Site 5. The anchor numbers and the layout of the test sites are shown in Figure 12. The failure mode observed is anchor pullout, indicating that the weak interface is consistently between the anchorage body and the surrounding rock, allowing for analysis using the proposed mechanical model.



4.1. Test Loading Method and Load


A hydraulic jack is utilized to apply the loading force, supported by a steel beam pedestal, with the reaction force provided by the foundation. Load measurements are taken using a hydraulic pressure gauge, while large-range displacement sensors measure the uplift displacement of the anchors. Static strain gauges are employed to read the strain in the anchors. The loading apparatus and specific implementation are illustrated in Figure 13. The load was applied in discrete, controlled increments. Each load step was held constant for 2 min to allow for stress redistribution and stable data acquisition.



In this full-scale test, the anchors consist of prestressed threaded steel bars with a diameter of 50 mm. The yield load for a single anchor is 1825 kN, while the load at the design tensile strength is 1511 kN, and the ultimate load is 2119 kN. The grout material employed has a strength grade of C50. The test employs a staged loading approach, divided into 10 levels, with each level set at 250 kN and a maximum loading capacity of 2200 kN, disregarding the effect of the pedestal during the test. The applied tensile load was measured using a calibrated hydraulic load cell with an accuracy of ± 1% of the full-scale output.




4.2. Test Content and Procedure


4.2.1. Sample Identification and Description


After selecting the test sites, the objective is to determine the ultimate bearing capacity of the rock anchors and to study and establish reasonable anchorage depths. The anchors are preliminarily grouped into four sets for uplift testing, with three anchors per set, resulting in a total of 12 rock anchors for this full-scale test. The relevant parameters for each anchor are summarized in Table 4.




4.2.2. Test Measurement Content


To provide abundant verification data for theoretical research, the full-scale test aims to collect the following data: the ultimate bearing capacity of the anchors, the force-displacement curves of the anchors, and the strain distribution along the depth of the anchors. The measurement content includes: (1) Measurement of the force-displacement curve of the anchors: The applied load is measured using the hydraulic jack, while the displacement of the anchors is captured by displacement gauges, allowing for the generation of the force-displacement curve. (2) Measurement of strain distribution along the depth of the anchors: Strain gauges adhered to the surface of the anchors measure the strain distribution at each load level. (3) Measurement of displacement at the end face of the anchorage body and local foundation displacement: Displacement at the end face of the anchorage body is measured using lead-out steel bars embedded within the anchorage, while local foundation displacement is obtained using embedded displacement sensors. The measuring instrument employed is a vibrating wire concrete strain gauge, with an accuracy within ±1%.




4.2.3. Overview of Strain Gauge Layout


Strain Gauge Layout Description: A total of four test groups with three anchors each (12 anchors in total) are used in this full-scale test. Strain gauges are affixed along the length of each anchor, with two gauges applied at each segment length, symmetrically arranged. The layout of the strain gauges for each test group is illustrated as follows:



In Figure 14a, four strain gauges are placed along the free length of Test Group 1, one gauge is placed every 40 cm for the first 2 m of the anchorage segment, and one gauge is placed every 80 cm for the subsequent 4 m. A pair of strain gauges is arranged every 80 cm in the back 6 m of Figure 14b and in the back 3 m of Figure 14c. In Figure 14d, the number of strain gauges for Test Group 4 is to be determined based on the depth of the moderately weathered layer, with one gauge placed every 50 cm along the anchorage segment.




4.2.4. Test Steps and Key Points


The test must be conducted in strict accordance with the “Code for Design of Building Foundations” (GB50007-2011), Appendix M, “Key Points for Rock Anchor Pullout Tests.” [31] The specific test steps (as shown in Figure 15) are as follows: (1) Drilling of boreholes and treatment of borehole walls, along with mechanical property measurements of the original samples from each layer; (2) Preparation of test anchors, application of strain gauges, and fixing of concrete strain gauges; (3) Installation of the anchors; (4) Grouting of the boreholes; (5) Installation of instruments and gauges; (6) Loading and data collection; (7) Data analysis; (8) Compilation of test and research reports.



Test key points: (1) Loading Levels: The test employs staged loading, divided into 10 levels, with each level set at 250 kN and a maximum loading capacity of 2500 kN, ultimately loading to failure. (2) Loading Measurement Timing: After applying each load level, displacement is immediately measured. Subsequent measurements are taken every 5 min. If the uplift value of the anchor remains below 0.01 mm after four consecutive measurements, it is considered stable, allowing for the application of the next uplift load level. (3) Termination Conditions for Loading: The pullout test may be terminated under any of the following conditions: (a) If the uplift of the anchor continues to increase without signs of stabilization within one hour; (b) If the newly added uplift force cannot be applied or fails to stabilize; (c) If the anchor is ruptured or pulled out.






5. Processing and Analysis of Full-Scale Test Data for Rock Anchors


The full-scale tests conducted on rock anchors have yielded a wealth of experimental data, providing robust support for the theoretical research and optimization design of rock anchor foundations. This section focuses on the effective processing and detailed analysis of the test data. Due to variations in geological conditions at the test site and drilling errors, discrepancies were observed between the actual anchorage depths and those proposed in the initial test plan. Therefore, the data processing and analysis in this section are based on the results obtained from the field tests.



5.1. Data Processing for Each Anchor Test


Figure 16 and Figure 17 illustrate the strain gauge and strain meter numbering for Anchor 1 and Anchor 11, respectively.



As shown in Figure 18, Anchor 1 reached its ultimate load capacity of 1376 kN when the hydraulic pressure was increased to 18 MPa, with failure occurring at the interface between the anchorage body and the surrounding rock.



The experimental results obtained from the strain meters in Figure 16 were organized and plotted in Figure 19. The results in Figure 19 indicate a nearly linear relationship between the concrete strain and stress, suggesting that the anchor was operating within its elastic range. The data from strain gauge 1-A were nearly zero, indicating that the load was not transmitted to that depth (7.6 m anchorage depth). Combined with the force-displacement curve for the anchor, it can be concluded that the failure mode for this anchor was due to the bond strength failure at the interface between the anchorage body and the surrounding rock.



The experimentally measured data of strain gauges 1–13 and 1–14 were extracted and compared with the theoretical results. The findings are presented in Table 5.



The comparative results presented in Table 5 indicate that the experimentally measured values of free segment strain closely align with the theoretical calculations. The discrepancy between the measured values and the theoretical values is within 6.5%. The maximum measured strain is   3417 ×   10   − 6    , with a corresponding maximum stress of 683.4 MPa. The primary sources of error include: the discrepancy between the idealized boundary conditions employed in the theoretical model and the complex, actual constraints present in field experiments; measurement uncertainties arising from subtle variations in local rock mass properties, differences in grouting quality, and potential minor errors in strain or displacement measurements, all of which can lead to deviations from the deterministic model predictions.



Comparative results for strain gauge and strain meter data at the same cross-section are shown in the following figures:



The results in Figure 20 demonstrate that throughout the loading process, the concrete strain within the anchorage segment was coordinated with the strain of the anchor, indicating that the interface between the anchor and the surrounding rock remained intact, with high bond strength. Figure 21 shows that as the load gradually increased, the force was transmitted downward along the depth of the anchor, with an effective transfer depth of approximately 6 m. The strains recorded were all elastic, and the bond strength distribution at the anchor-anchorage interface exhibited a linear pattern. The failure was attributed to the bond failure at the anchorage body-rock interface, resulting in the complete pullout of the anchorage body.



Based on the geological conditions at Site 9, a bond strength coefficient  k  of 0.35 was selected. According to Equation (24), we obtain


  2 × 0.35 × π × 0.09 × ( 8 − 0.5 ) ×  C 1  +     C 1    0.279    × π ×   0.09  2  = 1376000 ⇒  C 1  = 0.873   MPa .  



(25)







Thus, the bond strength between the anchorage body and the surrounding rock for Anchor 1 is calculated to be 0.873 MPa.



Figure 22 presents the displacement-load curve for Anchor 11, which reached its ultimate load capacity of 1223 kN when the hydraulic pressure was increased to 16 MPa. Figure 23 indicates that as the load gradually increased, the force was transmitted downward along the depth of the anchor, with an effective transfer depth of approximately 4 m, and the failure mode was again attributed to the bond failure at the interface between the anchorage body and the surrounding rock.



Based on the geological conditions at Site 5, a bond strength coefficient  k  of 0.65 was selected. According to Equation (24), we obtain


  2 × 0.65 × π × 0.09 × ( 3 − 0.5 ) ×  C  11   +     C  11     0.279    × π ×   0.09  2  = 1225000 ⇒  C  11   = 1.213   MPa .  



(26)







Thus, the bond strength between the anchorage body and the surrounding rock for Anchor 11 is calculated to be 1.213 MPa.



We summarize the actual anchorage depths and ultimate load capacities obtained from the experiments, as shown in Table 6.



Special Notes: 1. For Anchor 8, the free length was filled with sand during loading, and the ultimate load capacity was reached before the hydraulic pressure reached 6 MPa, indicating a failure mode of bond failure at the interface between the anchorage body and the surrounding rock, with a load capacity estimated to be less than 500 kN. 2. Anchor 10, located at Site 5, encountered significant geological variability. The rock at this site was less weathered and more intact, resulting in higher surrounding rock strength and greater difficulty during drilling. Consequently, the actual drilling depth was only 4.5 m; the total length of the anchor was 6 m, with a first grouting depth of 3 m and a second grouting depth of 1.5 m before loading, leaving 1.5 m of the anchor exposed above ground.




5.2. Characteristic Values of Bond Strength at the Anchorage-Rock Interface


According to the “Technical code for testing of building foundation piles” (JGJ 106-2014) [32], for design purposes, test piles should be loaded until the side friction of the rock-soil reaches its ultimate state or the material of the pile body reaches its design strength. During acceptance testing of engineering piles, the applied uplift load must be no less than 2.0 times the characteristic value of the vertical uplift bearing capacity of a single pile or must achieve the design requirement for uplift displacement at the pile head. The measured bond strength at the anchorage body-rock interface should therefore be divided by 2.0 to obtain the characteristic bond strength value. Using the calculation methods outlined in Equations (25) and (26), the characteristic bond strength values for each anchor are presented in Table 7.




5.3. Calculation of Reasonable Anchorage Lengths to Meet Design Strength Requirement


In this full-scale test, all 12 samples exhibited failure modes characterized by bond failure at the interface between the anchorage body and the surrounding rock. Based on the measured results, the bond strength at the anchorage body-rock interface was calculated for each anchor. These results are now used to inform engineering design. Utilizing the mechanical model proposed in this study, we can back-calculate the reasonable anchorage lengths required to meet design strength requirements.



From Table 7, the characteristic bond strength values for Anchors 1 and 11 are as follows:    f 1  = 0.436   MPa  ,    f  11   = 0.607   MPa  .



	(1)

	
Calculation of reasonable anchorage length under rare load conditions







According to the results in Table 2, to satisfy the strength requirements under rare load conditions, while ensuring that the pedestal does not experience tensile stress, the prestress in the anchor should reach 1500 kN. The maximum working internal force in the anchor is 1506 kN, meaning the design load for the anchor is 1506 kN.



For Anchor 1, to meet the design requirements, let the reasonable length be    L 1   :


  2 × 0.35 × π × 0.09 × (  L 1  − 0.5 ) ×  f 1  +     f 1    0.279    × π ×   0.09  2  = 1506000 ⇒  L 1  = 17.46   m .  



(27)







For Anchor 11, similarly:


  2 × 0.65 × π × 0.09 × (  L  11   − 0.5 ) ×  f  11   +     f  11     0.279    × π ×   0.09  2  = 1506000 ⇒  L  11   = 7.01   m  



(28)







	(2)

	
Calculation of reasonable anchorage length under extreme load conditions







Based on the results in Table 3, to satisfy the strength requirements under extreme load conditions, while ensuring that the pedestal does not experience tensile stress, the prestress in the anchor should reach 1400 kN. The maximum working internal force in the anchor is 1404 kN, meaning the design load for the anchor is 1404 kN. Following similar calculations, the reasonable anchorage lengths for Anchors 1 and 11 are determined to be 16.3 m and 6.55 m, respectively. The reasonable anchorage lengths for the remaining anchors are summarized in Table 8.





6. Conclusions


Current foundation design codes do not yet offer detailed design methodologies for prestressed rock anchor foundations. This study systematically investigates the pull-out bearing capacity and design requirements of prestressed rock anchor foundations through mechanical analysis and full-scale testing. This comprehensive approach effectively overcomes the limitations of relying on a single research method, providing a more reliable theoretical basis for understanding the load transfer mechanisms and performance evaluation of anchor foundations.



The study derives an expression for the maximum working stress of a single anchor bolt, considering the interaction between the bearing platform and the surrounding soil. Based on this expression, design schemes suitable for various load conditions are proposed, with particular focus on determining the number of anchors and the magnitude of pre-stress. Additionally, the research explores the distribution characteristics of bond strength at the interface between the anchoring body and the surrounding rock, as well as the definition of effective anchorage length, thereby providing theoretical support for prestressed anchor foundation design.



In full-scale testing, two sites within the Xiangshan Wind Farm in Xunwu County, Jiangxi Province, with markedly different geological conditions, were selected to evaluate the uplift bearing capacity of the anchors. During the tests, strain measurements in the free segment closely matched the theoretical calculations, with discrepancies within 6.5%. The experimental results indicated that all specimens experienced complete pull-out, primarily due to the loss of bond strength at the interface between the anchoring body and the surrounding rock. By analyzing the test data, characteristic bond strength values for each anchor were obtained, which were then used to calculate the appropriate anchorage lengths required under rare and extreme load conditions.



It should be noted that the bond strength parameters and anchorage length recommendations derived in this study are primarily applicable to intact or moderately weathered rock masses with similar geological conditions. For adverse geological conditions such as fractured zones, karst regions, or weak interlayers, the parameter values should be appropriately reduced, and it is recommended to validate these through on-site testing. This study has certain limitations, including the omission of considerations related to creep and stress relaxation effects under long-term loading, the influence of groundwater seepage on bond performance, and the nonlinear interface slip behavior within complex rock masses. Future research should focus on establishing long-term monitoring systems, collecting data on the operational performance of structures, and conducting large-scale field tests across different geological units to refine the relationships between geological conditions and strength parameters. Additionally, developing finite element models that incorporate nonlinear bond–slip constitutive relationships would enhance the accuracy of critical failure state predictions.



In summary, the findings of this study provide a theoretical foundation, practical guidelines, and data support for the design of prestressed anchor bolt foundations, offering valuable reference for similar engineering applications. With ongoing research and continuous technological advancements, it is anticipated that anchor design schemes will be further optimized, thereby improving the safety and economic efficiency of such structures.
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Figure 1. Schematic diagram of the foundation for prestressed rock anchors. 
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Figure 2. Schematic of mechanical analysis of the prestressed rock anchor foundation. 
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Figure 3. Equivalent schematic of the anchor circle. 
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Figure 4. Structural diagram of prestressed rock anchor. 
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Figure 5. Sketch of theoretical calculations without considering the role of bearing platforms. 
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Figure 6. Shear stress-anchorage length curve. 
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Figure 7. Finite element model (number of elements: 800,000). 
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Figure 8. Comparison of finite element values and theoretical values. 
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Figure 9. Schematic of failure mechanism analysis. 
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Figure 10. Critical state. 






Figure 10. Critical state.



[image: Buildings 15 03952 g010]







[image: Buildings 15 03952 g011] 





Figure 11. Isolated body. 
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Figure 12. Layout of anchor test site. 
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Figure 13. Schematic of full-scale test. 
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Figure 14. Strain gauge layout schematic: (a) Strain gauge layout for test group 1; (b) Strain gauge layout for test group 2; (c) Strain gauge layout for test group 3; (d) Strain gauge layout for test group 4. 
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Figure 15. Test site images:(a) Drilling; (b) Layout of strain gauges; (c) Cleaning of boreholes; (d) Installation; (e) Grouting and curing; (f) Loading and data collection. 
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Figure 16. Strain gauge and strain meter numbering for Anchor 1. 
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Figure 17. Strain gauge and strain meter numbering for Anchor 11. 
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Figure 18. Pullout force-displacement curve for Anchor 1. 
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Figure 19. Load-strain curve for concrete strain gauges for Anchor 1. 
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Figure 20. Comparison of strain gauge and strain meter data at the same cross-section. 
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Figure 21. Variation of strain with depth under different loads. 
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Figure 22. Pullout force-displacement curve for Anchor 11. 
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Figure 23. Load-strain curve for concrete strain gauges for Anchor 11. 
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Table 1. Design load summary.
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	Load Condition
	    F x     (kN)
	    F y     (kN)
	    F z     (kN)
	  M   (kN·m)





	Normal Operating Load
	430.2
	0
	2948.1
	31,616



	Extreme Load Condition
	836
	0
	3000.6
	60,785



	Rare Earthquake Condition
	1267.008
	0
	2468.166
	91,927.91










 





Table 2. Anchor calculation results under rare earthquake condition.
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	Anchor Circle Radius
	Number of Anchors
	Uplift Force (kN)
	Prestress P (kN)
	Maximum Compressive Stress in Pedestal (MPa)
	Maximum Tensile Stress in Pedestal (MPa)





	5.5
	36
	1506
	1500
	1.08
	−0.009



	5.5
	24
	1506
	1500
	0.93
	0.151



	5.5
	24
	1206
	1200
	0.864
	0.215



	5.5
	20
	1206
	1200
	0.822
	0.258



	5.5
	16
	1206
	1200
	0.78
	0.301










 





Table 3. Anchor calculation results under extreme load condition.
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	Anchor Circle Radius
	Number of Anchors
	Uplift Force (kN)
	Prestress P (kN)
	Maximum Compressive Stress in Pedestal (MPa)
	Maximum Tensile Stress in Pedestal (MPa)





	5.5
	24
	1404
	1400
	0.728
	−0.015



	5.5
	20
	1404
	1400
	0.679
	0.035



	5.5
	20
	1204
	1200
	0.644
	0.07



	5.5
	16
	1204
	1200
	0.601
	0.113



	5.5
	12
	1204
	1200
	0.559
	0.155










 





Table 4. Sample identification and parameter summary.
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Test Group and ID

	
Anchorage Depth (m)

	
Free-Segment Depth (m)

	
Total Bore Depth

	
Smooth/Rough






	
Group 1: 1,2,3

	
6 (Strongly Weathered) + 0 (Moderately Weathered)

	
+2

	
8 m

	
Rough




	
Group 2: 4,5,6

	
8 (Strongly Weathered) + 0 (Moderately Weathered)

	
+2

	
10 m




	
Group 3: 7,8,9

	
5 (Strongly Weathered) + 0 (Moderately Weathered)

	
+2

	
7 m




	
Group 4: 10,11,12

	
(Through Strongly Weathered) + 3 (Moderately Weathered)

	
>+2

	
>5 m








Note: A total of 12 boreholes were drilled, each with a diameter of 180 mm. To obtain the mechanical properties of the rock layers at the test sites, core samples were first taken, followed by enlarging the boreholes to 180 mm.













 





Table 5. Comparison between experimentally measured strain values and theoretical predictions.
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No.

	
1–13

	
1–14




	
Measured Values

   ( 1 ×   10   − 6     )

	
Theoretical Value

   ( 1 ×   10   − 6     )

	
Error Percentage (%)

	
Measured Values

   ( 1 ×   10   − 6     )

	
Theoretical Value

   ( 1 ×   10   − 6     )

	
Error Percentage (%)






	
6 MPa

	
1106

	
1168.7

	
5.4

	
1094

	
1168.7

	
6.4




	
8 MPa

	
1530

	
1558.3

	
1.8

	
1498

	
1558.3

	
3.9




	
10 MPa

	
1930

	
1947.8

	
0.9

	
1896.

	
1947.8

	
2.7




	
12 MPa

	
2309

	
2337.4

	
1.2

	
2215

	
2337.4

	
5.2




	
14 MPa

	
2598.0

	
2726.9

	
4.7

	
2556.0

	
2726.9

	
6.3




	
16 MPa

	
2987.0

	
3116.5

	
4.2

	
3076.0

	
3116.5

	
1.3




	
18 MPa

	
3417.0

	
3506.1

	
2.5

	
3408.0

	
3506.1

	
2.8











 





Table 6. Ultimate load capacities of each anchor.






Table 6. Ultimate load capacities of each anchor.





	No.
	Anchorage Depth (m)
	Free Length (m)
	Loading Method
	Load Capacity (kN)





	1
	8
	2
	Conventional Pullout
	1376



	2
	8
	2
	Conventional Pullout
	765



	3
	8
	2
	Conventional Pullout
	612



	4
	6
	2
	Conventional Pullout
	1300



	5
	6
	2
	Free Length Grouted + Steel Tube
	1070



	6
	6
	2
	Free Length Grouted
	917



	7
	5
	2
	Conventional Pullout
	1223



	8
	5
	2
	Grouted + Steel Tube + Steel Beam
	<500



	9
	5
	2
	Conventional Pullout
	720



	10
	4.5
	0
	Free Length Grouted + Steel Ring
	2003



	11
	3
	2
	Conventional Pullout
	1223



	12
	5
	0
	Free Length Grouted + Steel Ring
	1529










 





Table 7. Characteristic bond strength values.






Table 7. Characteristic bond strength values.





	
Site

	
Anchor No.

	
Measured Bond Strength (MPa)

	
Characteristic Bond Strength   f   (MPa)






	
9#

	
1

	
0.873

	
0.436




	
2

	
0.485

	
0.243




	
3

	
0.387

	
0.194




	
4

	
1.102

	
0.551




	
5

	
0.907

	
0.453




	
6

	
0.778

	
0.389




	
7

	
1.246

	
0.623




	
8

	
-

	
-




	
9

	
0.734

	
0.367




	
5#

	
10

	
1.283

	
0.642




	
11

	
1.213

	
0.607




	
12

	
0.876

	
0.438











 





Table 8. Reasonable anchorage lengths under rare and extreme load conditions.






Table 8. Reasonable anchorage lengths under rare and extreme load conditions.





	
Site

	
Anchor No.

	
Test Anchorage Length (m)

	
Reasonable Anchorage Length Under Rare Load (m)

	
Reasonable Anchorage Length Under Extreme Load (m)






	
9#

	
1

	
8

	
17.46

	
16.30




	
2

	
8

	
31.42

	
29.30




	
3

	
8

	
39.34

	
36.68




	
4

	
6

	
13.85

	
12.90




	
5

	
6

	
16.83

	
15.69




	
6

	
6

	
19.62

	
18.29




	
7

	
5

	
12.26

	
11.43




	
8

	
5

	
-

	
-




	
9

	
5

	
20.79

	
19.38




	
5#

	
10

	
4.5

	
6.64

	
6.21




	
11

	
3

	
7.01

	
6.55




	
12

	
5

	
9.61

	
8.98
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