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This study investigates the effects of interface shape and bonding conditions on the side friction resistance of the cast-in-place pile in coral reef limestone stratum of the China-Maldives Friendship Bridge area. Large-scale direct shear tests are performed on the coral reef limestone-concrete interface to investigate the exertion mechanism of interfacial strength. A finite-discrete element coupling method (FDEM) is employed to develop a constitutive model for coral reef limestone. A numerical calculation method for the side friction resistance capacity of pile foundations in coral reef limestone strata is proposed based on the bearing characteristics of side friction resistance in pile-coral reef limestone interactions. The shear tests on seven shapes of pile-rock interfaces indicate that bonding condition is the primary factor influencing interface strength, while interface shape has a minimal impact. The cement slurry fills the pores to form an interface reinforcement that possesses a strength greater than that of the coral reef limestone. The computational results from the constitutive model of coral reef limestone match well with the laboratory test results, demonstrating that the FDEM can effectively simulate the effects of high porosity and bonding strength on the mechanical properties of coral reef limestone. The FDEM-based numerical results for the interface strength between cast-in-place pile and coral reef limestone exhibit good consistency with the laboratory shear test results, which validates the effectiveness and accuracy of the numerical calculation method for side friction resistance of cast-in-place pile in coral reef limestone strata. These findings can provide valuable reference for the design and construction of pile foundations in marine island and reef projects.
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1 INTRODUCTION
Coral reefs are geological structures formed from the remnants of reef-building coral colonies after their death over a long geological period (Cortés, 1997). The Great Barrier Reef in Australia (Scoffin and Tudhope, 1985) and the Maldives (Agassiz, 1903) are prominent examples of such formations (Sun and Huang, 1999). Different from the high-temperature and high-pressure diagenesis of land-sourced rocks (Dorobek, 1984), coral reef limestone is formed through biochemical cementation, compaction, and cold metamorphic (Nohl and Munnecke, 2019), and thus coral reef rocks are characterized by high porosity (Armstrong et al., 1980), low strength (Burton et al., 2001), and brittleness (Madin, 2005; Clark and Walker, 1977).
Research on the engineering mechanical properties of coral reef sediments and the load-bearing characteristics of pile foundations in these strata began internationally in the 1970s (Ghazali et al., 1990). Areas involved in the design and construction of offshore platform pile foundations include Australia (Nyland, 1988), South Africa (Ebelhar et al., 2021), the Bass Strait (Angemeer et al., 1973), the Philippines (Dutt et al., 1985), the Suez Bay (Dutt and Cheng, 1984), the Red Sea (Hagenaar, 2021; Ghazali et al., 1988), and Cuba (Puech et al., 1990). Researchers have investigated the vertical load-bearing capacity of pile foundations in coral reef strata and have proposed load-bearing capacity parameters as well as design and construction methods for piles. Falney and Jewell (1988) and Ghazali et al. (1988); Ghazali et al. (1987) conducted field comparative tests on driven piles and bored cast-in-place post-grouting piles based on the NRA platform area of the northwest Australian continental shelf and the coral reef strata offshore the Red Sea, respectively. Their findings indicated that the load-bearing capacity of driven piles in coral reef strata is significantly lower than that of bored cast-in-place post-grouting piles (Zhang et al., 2022a). To ascertain the vertical load-bearing capacity of piles, numerous researchers have examined the mechanical properties of the pile-coral reef limestone interface. Ooi and Carter (1987) performed direct shear tests on coral reef limestone under constant normal stiffness conditions and suggested that the shear strength of the concrete-coral reef limestone is related to its interface shape. Indraratna et al. (Indraratna et al., 1998) demonstrated that the interface dilation angle under constant normal stress condition was greater than that under constant normal stiffness condition, while the peak shear stress was lower under constant normal stiffness condition. Liu et al. (Liu et al., 2021)and Li et al. (Li et al., 2022) analyzed the mechanisms behind the high strength at the coral reef limestone interface from a microstructural perspective. They stated that due to the high porosity of coral reef limestone, the cement slurry diffuses extensively within it, leading to the formation of embedded occlusal and strongly cemented reinforcement at the concrete-coral reef limestone interface. Wan (WAN et al., 2021) confirmed through static load tests on end post-grouting piles that the pressure grout can fill the voids and cavities in the rock mass, thereby improving weak areas within the coral reef limestone strata. Existing research indicates that pile foundations in coral reef limestone strata exhibit high side friction resistance capacity (Fan et al., 2023a); however, the load-bearing mechanisms of these piles are not well understood (Fan et al., 2022), and there is a lack of theoretical and computational methods for assessing the side friction resistance capacity of pile foundations in coral reef limestone strata (Fan et al., 2023b).
The combined finite discrete element method (FDEM) is an efficient method for simulating the entire process of rock materials from fracture to failure. Since its proposal by Munjiza et al. (1995), this method has been widely applied in the field of geotechnical engineering. FDEM is not limited by the number of cracks and can simulate the entire process of rock materials in indoor tests such as uniaxial compression and direct shear (Liu et al., 2024). FDEM has demonstrated strong numerical simulation capabilities in predicting crack propagation in rock materials. Zheng et al. (2023) proposed an improved joint element constitutive model for finite discrete element method (FDEM). The revised model addresses the stress on both sides of the crack by considering the aperture of the fracture joint element rather than the contact. Hu et al. (2024) used a combination of finite element and discrete element methods (FDEM) to study the mechanical properties of rockfill materials and developed an improved constitutive model that can effectively capture their hysteresis behavior. At present, there are no FDEM program development cases for the constitutive model of reef limestone. Reef limestone is a porous cemented rock and soil material, and its instability and disintegration process belongs to a large deformation discontinuous mechanical phenomenon. FDEM can accurately and efficiently describe the failure process of reef limestone.
This study firstly performs large-scale direct shear tests on cast-in-place pile-coral reef limestone and analyzes the failure mechanism of the cast-in-place pile-coral reef limestone interface. Subsequently, based on the mechanical properties of coral reef limestone, the FDEM is used to develop a constitutive model for coral reef limestone, which is then validated against results from laboratory uniaxial compression tests. Finally, based on the bearing characteristics of side friction resistance in pile-coral reef limestone interactions, a numerical method for calculating the side friction resistance capacity of pile foundations in coral reef limestone strata is proposed.
2 SHEAR CHARACTERISTICS AND STRENGTH EXERTION MECHANISM OF PILE-CORAL REEF LIMESTONE INTERFACE
2.1 Design of large-scale direct shear model test on pile-coral reef limestone interface
Coral reef limestone is brittle and porous, which makes it prone to forming jagged interfaces during grouting and hole formation. Based on the field scan results from the China-Maldives Friendship Bridge, as shown in Figures 1A, B, the interface shapes are classified into seven types: vertical pile, sloped jagged, stepped jagged, outer arc jagged, outer V-shaped jagged, inner arc jagged, and inner V-shaped jagged. Shear tests are conducted for each type. To ensure sampling quality, coral reef limestone with lower porosity is selected. Fine processing of coral reef limestone, partially prepared into blocks with dimensions of 100 mm × 100 mm × 50 mm, and partially made into irregular rock samples based on the actual dimensions of each working condition. C30 concrete with standard dimensions of 150×150×50 mm is used to simulate the pile foundation and modify the shape of the concrete according to the corresponding irregular rock sample. Three sets of tests are conducted for each interface shape under normal stresses of 100, 200, and 400 kPa. Concrete is cast on coral reef limestone with different interface shapes. The sample sizes and molding effects are illustrated in Table 1. Loading is performed using a DZJ-15 direct shear apparatus (Li et al., 2023). Considering the effect of loading rate on shear test results (Tang and Wong, 2016), the preloading rate for normal stress is set at 0.1 kN/s, and the shear rate is 0.002 mm/s.
[image: Figure 1]FIGURE 1 | Scanning results of pile construction site. (A) Scan result 1; (B) Scan result 2.
TABLE 1 | Sample dimensions for various test scenarios.
[image: Table 1]2.2 Shear mechanical characteristics of cast-in-place pile-coral reef limestone interface
2.2.1 Interface failure modes
Various failure modes from the interface shear tests are displayed in Figure 2. Figures 2A–D show the results of interface failure under normal pressures of Vertical pile, Sloped jagged, Outer arc jagged, and Outer V-shaped jagged, respectively. Due to the high porosity of coral reef limestone, the cement slurry fills the pores to form an interface reinforcement with strength greater than the coral reef limestone. Most failure surfaces are located within the coral reef limestone, which indicates that the bearing mechanism of the pile side friction resistance in coral reef limestone strata is rock failure rather than interface friction (Zhao et al., 2020).
[image: Figure 2]FIGURE 2 | Failure modes of each interface shape. (A) Vertical pile; (B) Sloped jagged; (C) Outer arc jagged; (D) Outer V-shaped jagged.
2.2.2 Relationship between shear stress and shear displacement
The shear stress-shear displacement curve for the vertical pile interface is displayed in Figure 3A. The shear stress-shear displacement curve for the sloped jagged interface is displayed in Figure 3B. The shear stress-shear displacement curve for the stepped jagged interface is illustrated in Figure 3C. The shear stress-shear displacement curve for the outer arc jagged interface is depicted in Figure 3D. The shear stress-shear displacement curve for the outer V jagged interface is shown in Figure 3E. The shear stress-shear displacement curve for the inner arc jagged interface is shown in Figure 3F. The shear stress-shear displacement curve for the inner V jagged interface is presented in Figure 3G. The peak cohesion and friction angle of the interface shear test are summarized in Table 2.(Zhao and Liu, 2012).
[image: Figure 3]FIGURE 3 | Shear stress and displacement curve of interface shear test. (A) vertical pile interface.; (B) sloped jagged interface; (C) stepped jagged interface; (D) jagged interface; (E) V-shaped jagged interface; (F) inner arc jagged interface; (G) inner V-shaped jagged interface.
TABLE 2 | Summary table of peak cohesion and friction angle in interface shear test.
[image: Table 2]In Figures 3B, C, E, G, there are some cases where the confining pressure is high but the peak strength of the rock is low. This is because coral reef limestone is a porous bonding material with high brittleness and fragility. Therefore, when the confining pressure is high, the reef limestone may undergo local fragmentation, leading to lower peak strength.
2.2.3 Influence of normal stress on interface shear strength
During concrete casting, the shear stress-shear displacement curve is given in Figure 4. Figures 4A–C show the results corresponding to vertical pressures of 100kPa, 200kPa, and 400kPa, respectively. The shear displacement initially increases rapidly with shear stress, then drops sharply and stabilizes (Zhao et al., 2019). The residual shear strength is about 5%–10% of the interface shear strength, and the failure strain is about 2%–4%.
[image: Figure 4]FIGURE 4 | Shear stress versus shear displacement curve. (A) 100kPa; (B) 200kPa; (C) 400 kPa.
The influence of normal stress on the shear strength of cast samples is presented in Figure 5. For the same interface shape, normal stress has little effect on interface shear strength (Zuo et al., 2024). For the same normal stress, there is no significant relationship between interface shape and shear strength. Overall, the bonding condition of the interface has a greater impact on shear strength than the interface shape.
[image: Figure 5]FIGURE 5 | Shear strengths of each interface shape.
Regarding the degree of interface bonding, the shear strengths of jagged and vertical pile interfaces under different normal stresses are displayed in Figure 6. Both have similar bonding strengths of about 2.6 MPa. The saturated uniaxial compressive strength ranges from 6.0 MPa to 7.6 MPa, and the ratio of interface bonding strength to uniaxial compressive strength is about 0.34–0.43.
[image: Figure 6]FIGURE 6 | Average shear strengths of jagged and vertical pile interfaces.
2.3 Exertion mechanism of interface shear strength
According to the typical shear stress-shear displacement curve shown in Figure 7, the exertion of interface shear strength can be divided into five stages: initial stage, compaction stage, bearing stage (elastic deformation stage), failure stage, and friction stage. The characteristics of each stage are presented in Figure 8.
[image: Figure 7]FIGURE 7 | Shear stress-shear displacement curve of vertical pile interface.
[image: Figure 8]FIGURE 8 | Mechanism diagram of interface interaction between cast-in-place pile and coral reef limestone.
Initial Stage: The high-porosity coral reef limestone bonds with the concrete interface. The cement slurry fills the pores of the coral reef limestone near the interface to form an interface reinforcement with strength greater than that of the coral reef limestone.
Bearing stage: At the beginning of loading, the pores of the coral reef limestone near the interface reinforcement are compacted, and the shear stress increases non-linearly with shear displacement. As shear displacement increases, the compaction of the pores near the interface reinforcement is completed, and shear stress increases linearly at a rate higher than that in the compaction stage. The rock sample, interface reinforcement, and concrete are in an elastic state, in which the bonded elements of the rock sample bear the load.
Failure stage: As loading progresses, cracks start to develop in the weaker areas near the lower part of the loading point. The bonded elements begin to transform into frictional elements, while the coral reef limestone farther from the loading point remains undamaged. This asynchronous damage generates an uneven sliding surface with an upward trend. As shear displacement further increases, the interface strength is gradually controlled by the tensile strength of the coral reef limestone. Once interface strength exceeds the tensile strength, the cracks penetrate, and the shear stress drops rapidly.
Friction stage: As shear displacement continues to increase, the rock sample slid along the penetrated cracks, and the shear stress remains unchanged. At this stage, the frictional elements of the rock sample bear the load (Huang et al., 2024).
In summary, the majority of the failure zone at the pile-coral reef limestone interface was located within the coral reef limestone. Initially, the interface strength was controlled by the shear strength of the coral reef limestone, resulting in the formation of an uneven sliding surface. Later, it was controlled by the tensile strength of the coral reef limestone, leading to the penetrative failure. Overall, the interface strength of the pile-coral reef limestone is the result of the combined effects of the tensile and shear strengths of the coral reef limestone.
Figure 9A shows the physical image of cement slurry filling the pores of reef limestone (Wang et al., 2024). It can be clearly seen from the figure that the gray cement slurry penetrates into the pores of the reef limestone, filling the pores and forming a denser interface. Figure 9B shows the microscopic interface image of the bond between the reef limestone and concrete (Cheng et al., 2022). From the image, it can be seen that the concrete fills the pores of the reef limestone, forming a more tightly embedded interface reinforcement at the interface between the two. Compared with the original porous state, this interface reinforcement significantly improves the stress characteristics of the interface between the reef limestone and concrete. Therefore, most shear failure surfaces do not occur at the interface and are located inside the reef limestone with more pores (Cheng et al., 2024).
[image: Figure 9]FIGURE 9 | Macroscopic and microscopic images of the bonding interface between reef limestone and concrete. (A)Physical picture of cement slurry filling the pores of reef limestone; (B) Microscopic image of the interface between reef limestone and concrete after bonding.
3 DEVELOPMENT OF MECHANICAL ANALYSIS PROGRAM FOR CORAL REEF LIMESTONE
The understanding of the strength exertion mechanism of the pile-coral reef limestone interface discussed in the previous section reveals that developing a constitutive model suitable for coral reef limestone is crucial for the analysis of vertical load-bearing of piles. Assuming that the damage to coral limestone follows a Weibull distribution, a combined macro-micro approach is used to propose an elastoplastic damage constitutive model considering the bonding properties and porosity of coral reef limestone (Chen et al., 2023; Zhang et al., 2022b). This model reveals the strength exertion mechanism and evolution law of coral reef limestone. During the programming of the elastoplastic constitutive model for coral reef limestone, problems such as non-convergence of strain-softening integration and difficulty in determining the post-softening modulus generally arise, which makes secondary development based on large finite element programs challenging. This study focuses on the calculation of the vertical load-bearing capacity of piles in coral reef limestone strata and the engineering practice, with emphasis on the stage from the onset of strength exertion to peak strength. The programming procedure for the proposed constitutive model of coral reef limestone is as follows. The coral reef limestone at the early stage of loading is a bonded continuous medium, which can be simulated by the finite element method with high computational efficiency. In the middle and later stages of loading, the bonded material of the coral reef limestone gradually fails and disintegrates, while the load mainly carried by friction between particles, which can be simulated by the discrete element method. Throughout the process, joint elements are used to identify and store the transition from bonded elements to frictional elements.
3.1 Development of FDEM-based mechanical analysis program for coral reef limeston
The finite-discrete element coupling method (FDEM) that integrates the finite element method based on constitutive relationships and the discrete element method based on contact rules allows for detailed analysis of the whole failure process (Gibson, 1997).
3.1.1 Calculation principle of the FDEM
Before loading, the foundation or structure is divided into variable triangular elements. Joint elements, which have no thickness, are embedded between the triangular elements to connect them. After loading, the triangular elements are calculated according to the principles of the finite element method to obtain their stresses and displacements. When the stress state of certain elements reaches the failure criterion, the elements break at the joints and become rigid triangles. The movement, collision, and friction of the rigid bodies are computed with the rigid body dynamics to achieve continuous to discrete computations. Locally broken triangular rigid bodies transmit forces and displacements through nodes at the contact points of the original continuous medium (Amiri et al., 2024).
3.1.2 Contact and judgment principles of finite and discrete elements
Each discrete element in the FDEM model corresponds to an independent mesh, which determines the shape, boundary, and contact relationships between discrete elements. The interaction between discrete elements can cause the elements to fracture and break, so as to generate more elements and contact interactions. Special treatments of element contacts are required to avoid overlapping between elements during calculations and to accurately analyze each contact relationship. The contact interaction algorithm can simulate the interactions after discrete elements come into contact. It searches among numerous discrete elements and once contact is detected between a group of elements, it computes the interaction force between the two elements. The interactions between discrete bodies in FDEM can be calculated using a potential function, where the discrete bodies at the contact points can penetrate each other to form distributed contact forces, as illustrated in Figure 10.
[image: Figure 10]FIGURE 10 | Contact force generated by infinitesimal overlap between Pc and Pt points.
3.1.3 Transition from finite element to discrete element
The FDEM model employs triangular elements to describe two-dimensional problems (Figure 11), with element division directly following the meshing rules of the finite element method. The discrete fracture model is crucial for the transition from continuous to discontinuous behavior in FDEM. This model introduces a joint cohesion element, which has no thickness, connects adjacent triangles, and contacts the four endpoints of the neighboring edges, between two triangular elements. This joint element, which has no thickness but possesses a certain strength, does not exist in reality, and it becomes active only when the joint or triangular elements break.
[image: Figure 11]FIGURE 11 | Triangular finite elements and embedded joint elements in FDEM.
The joint element has two failure modes: 1) Tension failure mode, where adjacent elements experience relative motion perpendicular to their shared edge, and tensile strength determines the peak strength prior to cracking. 2) Shear failure mode, where adjacent elements undergo relative motion parallel to their shared edge, and frictional force that is governed by the Mohr-Coulomb criterion determines the peak strength before cracking. Once the fracture energy of the material is fully released, the joint cohesion element ruptures, leading to the formation of real joints corresponding to the cracks generated by the joint element. The damaged joint elements are simultaneously removed from the continuous calculation cycle, thus completing the transition from continuous to discontinuous behavior. The constitutive form of the fracture unit is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Constitutive form of the fracture element.
3.1.4 Macro-micro connections and FDEM computational process
Changes, damage, yielding, or failure of the microscopic structural elements is the root cause of the eventual fracture of the material. Given the potential defects and stress concentration within the material, the fracture model in the program needs to be modified. The FDEM employs a strain-based cohesive crack model that integrates single crack and dispersed crack models, and its computational process is illustrated in Figure 13.(Li et al., 2024)
[image: Figure 13]FIGURE 13 | Calculation flow of FDEM program.
First, the finite element program computes the stress and strain fields of coral reef limestone in the elastic stage, after which the data are imported into a discrete element program to analyze the process from crack propagation to rock failure. The detailed steps are as follows.
① Use preprocessing software to output the ELIST.lis (element information file), NLIST.lis (node information file), and DLIST.lis (load information file).
② Employ an existing format conversion program to convert the three files into formats recognizable by the computational program, i.e., n.y (node file) and e.y (element file).
③ Input the determined parameters into the *.y files according to the specified format.
④ Use the computational program to compute the set file information.
⑤ The LS-PrePost post-processing software visualizes the generation, development, and penetration of cracks in the sample, as well as the disintegration, rolling, and collision of elements. It also simultaneously outputs the shear force-displacement curves.
3.1.5 Mechanical parameters of coral reef limestone based on FDEM
The parameters required for analyzing the mechanical properties of coral reef limestone using FDEM are divided into two main categories: 1) structural element parameters, and 2) joint element parameters. Structural element parameters primarily include Lamé constants λ and μ, density, viscous damping, friction coefficient, normal contact penalty function factor, and tangential contact penalty function factor. Joint element parameters include tensile strength, maximum fracture energy, cohesion, friction coefficient, and fracture penalty function factor. The Lamé constants can be derived from the elastic modulus and Poisson’s ratio. In conjunction with the constitutive model for coral reef limestone, the expression of elastic modulus considering mesoscale parameters is shown in Equation 1, where parameter a is the expression of elastic modulus and shear modulus, as shown in Equation 2, the expression of shear modulus is shown in Equation 3, and the expression of Lame constant is shown in Equation 4.
[image: image]
[image: image]
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This study adopts the viscous damping formula proposed by Munjiza (Munjiza and Latham, 2004), where the viscous damping is ks=2.9 × 107. The values of the normal and tangential penalty function factors are related to computational time and accuracy (Mahabadi, 2012).
3.2 Verification of mechanical analysis program for coral reef limestone
The mechanical analysis program for coral reef limestone is developed based on the constitutive model of coral reef limestone. Firstly, it is necessary to clarify the constitutive model of coral reef limestone and obtain relevant parameter values through relevant experiments. Among them, the porosity is determined as [image: image] through porosity testing, and the matrix parameters of the disintegration modulus and shear modulus are obtained through bonding strength and uniaxial testing to form the constitutive model of the coral reef limestone in the area where the sample is located. (Zhang et al., 2024c)
To demonstrate the reliability of the rock constitutive model, the stress-strain curves of reef limestone under uniaxial compression were compared and verified with the calculated results of the model, as shown in Figure 15. The calculation parameters are as follows: the porosity of samples I, II, and III is 0.17, 0.20, and 0.18, respectively; The values of [image: image], [image: image], [image: image] and [image: image] are shown in Table 3, where [image: image] and [image: image] are determined by the test results of the specimen during the initial loading stage, and [image: image] and [image: image] are determined by the test results of the specimen during the residual loading stage; The porosity value of the friction element is 1.1 times that of the bonding element. As shown in Figure 22, the calculated results are basically consistent with the experimental results, which can reflect the phenomenon of strain softening. After clarifying the key parameter values characterizing porosity and bond strength in the constitutive analysis of coral reef limestone, a mechanical analysis program for coral reef limestone can be established.
TABLE 3 | Parameter values of constitutive model.
[image: Table 3][image: image] and [image: image] are the bulk modulus and shear modulus of the reef limestone matrix, respectively; [image: image] and [image: image] are the elastic parameters of the solid soil skeleton in the constitutive model friction element, namely, the bulk modulus and shear modulus.
To validate the reliability of the FDEM-based mechanical analysis method for coral reef limestone (Zhang et al., 2024a), a numerical model is established, as displayed in Figure 14. The model parameters are taken from corresponding test values of coral reef limestone. For the main structural element parameters, the density, friction coefficient, as well as tangential and normal penalty factors are set at 2,150 kg/m³, 0.55, 45 MPa, and 450 MPa, respectively. For the joint element parameters, the tensile strength, fracture energy, cohesion, internal friction coefficient, and fracture penalty factor are at 2.30 MPa, 25 g/s2, 130 kPa, 0.65, and 3.5 GPa, respectively. The viscous damping ks is set at 2.9 × 107 kg/(m.s) (Wang et al., 2023; Meng et al., 2024).
[image: Figure 14]FIGURE 14 | Computational model for uniaxial compression test of coral reef limestone.
The stress-strain relationships at different porosities and bonding strengths are depicted in Figure 15. Figures 15A–C correspond to the results of Sample I, Sample II, and Sample III, respectively. In the early stage of loading, the stress gradually increases and peaks with occurrence of strain softening. In contrast to the measured values and the elastoplastic model for coral reef limestone that accounts for porosity and bonding characteristics, the strain-softening phenomenon is more pronounced in the FDEM-based numerical simulation. The main reason is that the FDEM does not account for the connections between macro and micro scales and suffers from certain defects in describing the prevalent joint load-bearing behavior of bonded and frictional elements. In summary, the FDEM can effectively simulate the effects of high porosity and bonding strength on the mechanical properties of coral reef limestone.
[image: Figure 15]FIGURE 15 | Comparison between calculated values of coral reef limestone (based on FDEM calculation and constitutive model calculation) and measured values. (A) Sample I; (B) Sample II; (C) Sample III.
4 NUMERICAL CALCULATION METHOD FOR SIDE FRICTION RESISTANCE OF CAST-IN-PLACE PILES IN CORAL REEF LIMESTONE STRATA
4.1 Calculation approach
Shear tests on the pile-coral reef limestone interface indicate that the cement slurry fills the pores of the coral reef limestone to an interface reinforcement. This results in most failure surfaces being located within the coral reef limestone, while the interface shape has minimal impact on the side friction resistance. The pile-coral reef limestone interface characteristics can be simulated using either shared nodes or interface reinforcement. Since the latter approach requires consideration of factors such as porosity and the range of the reinforcement, this study employs the shared node approach.
4.2 Validation through case study
The FDEM for assessing the side friction resistance capacity of the pile in coral reef limestone strata requires determining three key parameters: 1) structural element parameters; 2) joint element parameters; and 3) loading block parameters. Structural and joint element parameters are obtained from laboratory test data of the coral reef limestone. The stiffness of the loading block should be maximized within permissible limits, with Lamé constants set at λ = 4.8 × 1012 and μ = 8.5 × 1012, and a friction coefficient of 0.1 to avoid dispersion of the computational domain. Since the loading block is not meshed, parameters such as viscous damping, normal penalty function factor, and tangential penalty function factor are not meaningful and can be selected based on the rules of the structural block. Considering factors such as peak material strength, elastic modulus, Poisson’s ratio, and time step, the fracture penalty function factor is set at five times the elastic modulus, i.e., 10 × 1010, while the maximum fracture energy is set at 20 g/s2. The chosen parameters for various elements are detailed in Table 4.
TABLE 4 | Parameters of elements.
[image: Table 4]The numerical simulations are compared with experimental results to verify the reliability of the simulation approach. The interface shear strength tests can be simplified into a two-dimensional problem, and then a two-dimensional model can be established, as presented in Figure 16. The concrete part is 150 mm long and 50 mm high (blue part), while the coral reef limestone measures 100 mm in length and 50 mm in height (green part), with a large stiffness loading block on the left side (red part). The meshing is performed using the meshing tool in the computational program based on solid-4 node 182 elements, with a minimum mesh size of 2 mm.
[image: Figure 16]FIGURE 16 | Meshing of the computational model.
Through repeated trial calculations, the time step and loading block velocity are determined to be 5 × 10−6 s and 0.25 m/s, respectively. The analysis focuses on a shear test with a vertical load of 100 kPa to examine the interface failure process during loading. At loading time t = 0 m, the failure status of the model is illustrated in Figure 17, where the joint elements between the structural and concrete elements are undamaged, with no cracks present.
[image: Figure 17]FIGURE 17 | Model failure and local magnification (t=0 m).
At loading time t = 30 m, the failure status of the model is depicted in Figure 18. In the early loading stage, the stress field of the elements connecting the structural and loading blocks is disturbed, while the joint elements begin to fail (green), but the cracks are not fully developed. The cracks appear, extend, and widen within the joint elements between the structural block and the concrete. The fracture surface begins to penetrate, forming long and narrow gaps that eventually propagate along the contact surface.
[image: Figure 18]FIGURE 18 | Model failure and local magnification (t=30 m).
At the loading time t=50 m, the failure state of the model is shown in Figure 19. As the loading continues, the stress field of the components connecting the structure and the loading block is disturbed, causing the connecting components to fail and cracks to fully develop. Cracks appear, extend, and widen within the joint elements between structural blocks and concrete. The fracture surface begins to penetrate, forming narrow gaps and eventually propagating along the contact surface.The shape of the crack shows a slight upward trend, indicating that the failure location of the fracture is located inside the reef limestone.
[image: Figure 19]FIGURE 19 | Model failure and local magnification (t=50 m).
Figure 20 compares the simulation results under various vertical stresses with the shear test results of planar concrete and coral reef limestone. Figures 20A–C correspond to the results of vertical pressures of 100kPa, 200kPa, and 400kPa, respectively. As shear displacement increases, the shear force first increases, then decreases, and finally stabilizes, and the peak shear force rises gradually as vertical stress increases. The reasons for this phenomenon are as follows. As horizontal shear displacement increases, the shear force gradually rises to a peak. However, the generation and propagation of cracks on the contact surface leads to a decrease in shear strength. With increasing vertical stress, the interlocking and embedding effects occur between contact surface elements, causing an increase in friction, which consequently enhances the shear strength. The experimental and simulation curves exhibit similar trends under various vertical stresses, suggesting that the FDEM effectively simulates the side friction resistance characteristics of the concrete-coral reef limestone interface.
[image: Figure 20]FIGURE 20 | Comparison of simulated and measured shear force vs. shear displacement. (A) 100kPa; (B) 200kPa; (C) 400 kPa.
The calculation Formula 5 for the allowable axial compressive bearing capacity of single rock socketed drilled piles in the “Code for Design of Highway Bridge and Culvert Foundation”.
[image: image]
In the formula: [image: image] is the allowable vertical bearing capacity of a single pile (kN), [image: image] is the end resistance coefficient determined based on factors such as rock integrity, [image: image] is the cross-sectional area of the pile end (m2), [image: image] is the standard value of the saturated uniaxial compressive strength of the rock at the pile end (kPa), [image: image] is the lateral resistance coefficient of the i-th layer of rock determined based on factors such as rock integrity and density, [image: image] is the circumference of the pile body in each soil layer or rock layer (m), [image: image] is the thickness of the pile embedded in each rock layer (m), [image: image] is the number of layers of rock layers, [image: image] is the lateral resistance coefficient covering the coral reef soil, [image: image] is the thickness of each coral reef soil layer (m), and [image: image] is the standard value of lateral resistance of the i-th layer of soil on the pile side (kPa), where [image: image] is the number of layers in the soil layer.
After studying the mechanism of lateral resistance in the injection section of coral reef limestone, combined with the FDEM calculation method of coral reef limestone, it is recommended to revise the value of the lateral resistance coefficient [image: image] of the rock layer.
5 CONCLUSION
In the light of the high efficiency of side friction resistance exertion of cast-in-place piles in coral reef limestone strata (Pitchumani et al., 2024), this study firstly examines the mechanical properties of the pile-coral reef limestone interface (Zhang et al., 2024b). After that, a computational program for the constitutive model of coral reef limestone is developed, which is validated through laboratory uniaxial compression tests. Finally, a numerical method for calculating pile side friction resistance applicable to coral reef limestone strata is proposed based on the exertion characteristics of side friction resistance in pile-coral reef limestone interactions. The following conclusions are drawn.
(1) The interface between coral reef limestone and case-in-place pile can be categorized into seven types: vertical pile, sloped jagged, stepped jagged, outer arc jagged, outer V-shaped jagged, inner arc jagged, and inner V-shaped jagged. The bonding strength has a significant impact on the interface strength, while the interface shape has a relatively small impact on it.
(2) The shear process at the pile-coral reef limestone interface consists of initial stage, compaction stage, bearing stage, failure stage, and friction stage. Most shear failure surfaces are located within the coral reef limestone, which is primarily due to its high porosity. The cement slurry fills these pores to form an interface enhancement with strength greater than that of the coral reef limestone. Under shear stress, the internal pores of the coral reef limestone become the relatively weak points that fail first.
(3) Based on the unique phenomenon of the prevalent coexistence of bonding and damage in coral reef limestone, a finite-discrete element coupling method, in which the undamaged and damaged coral reef limestones are simulated by finite and discrete elements, respectively, and the damage process is judged by joint elements, is proposed to realize the programming development of the constitutive model for coral reef limestone. Based on the exertion mechanism of the pile-coral reef limestone interface strength, a shared node interface treatment method is proposed to consider porosity and interface reinforcement, which addresses the computational issues at the interface between case-in-place pile and coral reef limestone. Finally, a numerical method for calculating side friction resistance of the case-in-place pile in coral reef limestone strata is proposed.
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