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Coral sand foundation formed by hydraulic fill often faces the problem of poor bearing capacity. This paper proposed for the first time to apply CFG pile composite foundation to coral sand sites to verify the feasibility of this scheme and understand its mechanical characteristics. Firstly, taking on-site coral sand as the research object, a pile sand interface shear test was conducted to clarify the mechanism of pile side friction. At the same time, the ultimate bearing capacity of CFG pile and its composite foundation was measured through in-situ static load tests. Then, based on the strength parameters of the pile sand interface revealed by indoor tests, numerical simulations were conducted to analyze the bearing characteristics of CFG piles and their composite foundations. Finally, a method for calculating the vertical bearing capacity of rigid piles in composite foundation considering interface parameters was proposed. The results showed that the bearing capacity characteristic values of single pile and composite foundation meet the design requirements; The interface friction angle and cohesion together increased the ultimate side friction by 64.41%; The load is mainly borne by the pile tip resistance, and the increase of the interface friction angle will make the proportion of the side friction load first increase and then decrease more obviously; The pile soil stress ratio first increased and then tended to stabilize as the interface strength increased. Compared with the field static load test results, the rationality of the calculation method for composite foundation rigid piles was verified. This study may have reference significance for the design and construction of coral sand foundation treatment in offshore island and reef projects.
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1 INTRODUCTION
Coral sand (Wang et al., 2020) is a kind of rock and soil mass formed by the remains of coral groups under geological action, it is characterized by irregular shape (Liu and Wang, 1998; Smith and Cheung, 2003), many pores (Chang-qi et al., 2016; Xu et al., 2022), easy cementation (Meng et al., 2014), easily broken (Hu, 2008; Donohue et al., 2009), and its engineering mechanical properties are quite different from those of ordinary continental sediments (JIANG et al., 2015; Wang et al., 2017). As the construction site gradually extends to the sea, more and more reclamation projects are being built. Due to the characteristics of high cohesion, large internal friction angle and high residual strength, coral sand has become a good blowing filler and is widely used in island and reef engineering (Wang et al., 2011; Wang et al., 2021); However, due to its engineering characteristics of high porosity, large compressibility, and easy crushing of particles (Coop, 1990; Ma et al., 2022), untreated coral sand foundation often has problems such as large uneven settlement and low foundation bearing capacity (Rittirong et al., 2008), which brings great threats to the engineering construction (Ohno et al., 1999). Therefore, proper foundation treatment measures are suggested be taken.
At present, driven piles and bored piles were mostly used in coral sand sites (Dean, 2009). In the earliest period, Angemeer et al. (1973) used the field static load test to study the bearing characteristics of the driven pile in the coral reef stratum, and it was found that the side friction resistance of the steel pile was very low; through the test of driving pile with openings, the ultimate side friction measured by Dutt and Cheng, (1984) was only 9.2 kPa at the lowest level; Datta et al. (1980) evaluated the bearing capacity of pile foundation in calcareous sand, and they found that the surface friction might be overestimated in the project because that the end bearing may not be fully utilized. During the piling process of the driven pile, the coral sand particles around the pile are damaged to a large extent, which will make the bearing capacity decrease, and even cause pile sliding (Poulos, 1988); Based on the deep mixing technology, Igoe et al., 2014; Spagnoli et al. (2015) proposed a new type of cast-in-place pile with steel casing inside, and systematically studied its bearing capacity. Although the cast-in-place pile can significantly increase the side friction resistance of the pile (Lee and Poulos, 1991) and has little impact on the shape of coral sand around the pile, it has the disadvantages offs high cost and long period. Compared with the construction scheme of above pile foundations, the CFG pile (i.e., pile constructed by granular materials of cement, fly-ash and gravel) composite foundation has many advantages such as small disturbance, small settlement, low cost, etc., but so far, its application in the coral reef site is rarely reported. The mechanism of the pile-soil interface is the key influencing factor for the bearing capacity of pile foundation and has been studied by scholars. By conducting the sand-steel interface shear test, Zhang et al. (2021) studied the shear behavior of this interface under different roughness and compactness. Similarly, Chen et al. (2022) studied the influence of roughness and relative density on the mechanical properties of the sand-concrete pile interface through the interface shear test. Uesugi et al. (1990) found that the maximum friction coefficient of the sand-concrete interface is closely related to the interface roughness and the average diameter of sand. Based on the sand-steel interface shear test, Kou et al. (2021) studied the interaction mechanism between coral sand and steel pipe pile interface under the geological conditions of coral reef. Wang et al. (2022) analyzed the macroscopic shear characteristics and particle crushing characteristics. For the interface of the concrete pile, Li et al. (2022) carried out large-scale direct shear tests to study the shear failure characteristics of coral reef limestone-concrete interface. Aiming to study the bearing capacity of pre-drilled rock-socketed concrete piles on the coral reef debris layer, Liu et al. (2021) conducted the direct shear test on the pile-coral reef debris interface under the condition of constant normal stiffness and analyzed the friction mechanism and shear expansion characteristics of the pile-rock interface. To sum up, the mechanical properties of the interface between continental ordinary sand and steel pipe piles or concrete piles. For the coral reef stratum, some scholars carried out research on the impact mechanism of steel pipe piles on coral sand, except for the action mechanism of concrete piles, while only reef limestone and its clastic layer were involved, and fully classified coral sand (gravel sand, coarse sand, medium sand, fine sand, and silt) was not taken into account.
This article based on a high-rise residential project, which was designed on a hydraulic fill coral sand site in Hulumale Island, Maldives. Based on the special engineering properties of coral sand, the shear characteristics of the interface between the fully classified coral sand and the CFG pile were revealed through the indoor shear test, and a large number of on-site static load tests were conducted on the single pile and composite foundation to evaluate the application effect of this composite foundation. The influence of the interface strength parameters (cohesion and friction angle) on the bearing characteristics of the CFG pile composite foundation was clarified through numerical simulation. Furthermore, it also proposed a calculation method for the bearing capacity of rigid piles in the composite foundation considering the interface strength.
2 PROJECT OVERVIEW
This high-rise residential project in Hulumale Island, Maldives, is designed in the land area formed by coral sand reclamation and is the largest residential building in this area. This site is mainly distributed by coral sand from top to bottom, and the pile end has quasi-reef limestone. The specific geological overview is introduced in Table 1. In this project, the CFG pile was used for foundation treatment; The pile diameter is 0.4 m, the pile spacing is 1.3 m, and the pile body is made of C30 concrete. These piles were arranged rectangular and drilled using the long spiral, as shown in Figure 1. The pile end entered into the bearing layer of the quasi-reef limestone for 50 cm, the design bearing capacity of the single pile and the composite foundation is 420 kN and 370 kPa, respectively.
TABLE 1 | Geological overview.
[image: Table 1][image: Figure 1]FIGURE 1 | Construction of CFG pile.
3 BEARING CHARACTERISTIC TEST
3.1 Indoor direct shear test on interface
After sampling and analyzing the coral sand at the project site for several times, the grain size distribution of the reclaimed coral sand is found to be wide, which can be divided into coral gravel sand, coral coarse sand, coral medium sand, coral fine sand and coral silty sand according to Code for Geotechnical Investigation of Water Transport Engineering (Partial Revision)—Geotechnical Investigation of Coral Reef (General Revision) in Table 2. The strength parameters of the interface bewteen different graded coral sand and piles will directly affect the side friction resistance of CFG piles, and furtherly affect the bearing characteristics of CFG pile composite foundation.
TABLE 2 | Classification of coral sand.
[image: Table 2]3.1.1 Experiment scheme
In this paper, five kinds of coral sand were taken as the research object to carry out the indoor interface shear test, so as to clarify the shear strength parameters of the interface between coral sand and concrete pile. The particle analysis test results of typical samples are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Particle grading curve of sample.
According to the particle grading curve in Figure 2, parameters of the restricted particle size d60, medium particle size d30, average particle size d50, effective particle size d10, nonuniformity coefficient Cu and curvature coefficient Cc were all calculated and shown in Table 3.
TABLE 3 | Grading parameters of coral sand.
[image: Table 3]Due to the large and uneven particle size of coral sand, a large special direct shear instrument for coral sand was invented, as shown in Figure 3. The cutting box size is 15 × 15 × 15 cm, and the measurement range is 0–50 kN with an accuracy of 0.01 kN while using this special direct shear equipment to carry out mechanical test of pile-sand interface, the sample was processed into the size of 15 cm × 15 cm, and the density is 1.65 g/cm ³. Besides, the normal stress of the test was set as 25, 50, 100, 200, 400 and 800 kPa, and the shear rate was 1 mm/min.
[image: Figure 3]FIGURE 3 | Large-scale direct shear test of Pile-coral sand interface (A) Schematic diagram of the large-scale direct shear test; (B) The equipment large direct shear test.
The specific test steps are as follows.
(1) Prefabricated the size to 15× 15 × 7.5 cm concrete block was placed inside the sample box, with the top surface of the concrete block located exactly at the shear plane position;
(2) According to the experimental design density (1.65 g/cm³) and volume (15 × 15 × 7.5 cm) weighed a certain mass of coral sand sample;
(3) Divided the weighed coral sand sample into three parts and placed it in the upper half of the sample box. Vibrated according to the height of the layers, so that the coral sand sample just filled the upper half of the sample box;
(4) Started the instrument and applied normal stress through the cylinder;
(5) Started the lateral pushing device, so that the lower part of the shear box began to shear and move, from which the interface shear strength between the concrete block and the coral sand sample can be obtained.
3.1.2 Experiment results
Figure 4–Figure 8 shows the interface shear curves and the change rule of strength with normal stress. From Figure 4A–Figure 8A, it can be seen that with the increase of shear strain, the shear stress on the coral sand-concrete interface first increased and then basically remained unchanged; this characteristic is similar to the ideal elastoplastic model. Moreover, the interface strength of coral sand-concrete increased with the side pressure. Draw the curve of normal stress and shear strength, Figure 4B–Figure 8B shows the slope of the curves between the interface strength and the normal stress was different under different normal stress, that is, these curves were broken lines, and the inflection point was about 100 kPa. After fitting the collected data, the friction angle and cohesion of the coral sand-concrete interface under different normal stresses are shown in Table 4. It can be seen that the variation of shear stress on the coral sand-concrete interface with the normal stress showed a broken line, with an inflection point of about 100 kPa. When the normal stress was less than 100 kPa, the interface cohesion was between 13.1 and 23.4 kPa, and the friction angle was between 17.2 and 27.7. When the normal stress was greater than 100 kPa, the interface cohesion was close to 0, and the friction angle was between 28.4 and 34.1.
[image: Figure 4]FIGURE 4 | Coral gravel sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.
[image: Figure 5]FIGURE 5 | Coral coarse sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.
[image: Figure 6]FIGURE 6 | Coral medium sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.
[image: Figure 7]FIGURE 7 | Coral fine sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.
[image: Figure 8]FIGURE 8 | Coral silty sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.
TABLE 4 | Statistical table of interface mechanical parameters.
[image: Table 4]By summarizing the results of the coral sand concrete interface shear test, it can be found that due to the natural multiple edges and irregular shapes of coral sand, these irregular shapes have significant impact on the interface strength when it shears with concrete. Especially under low normal stress, irregularly shaped coral sand will generate significant biting force at the interface and inside the sand, The reason is that the edges and corners between particles are embedded and occluded with each other, forming a strong whole, exhibiting greater biting force than conventional terrestrial sand. At this time, coral sand cannot be simply treated as conventional sand; At the same time, due to the fragility of coral sand, under high normal stress, the irregular edges and corners of coral sand will be broken to varying degrees, and the particle roundness will continue to increase. The embedding and interlocking effect between particles will gradually weaken, and the interfacial interlocking force displayed will continue to decrease, approaching 0. At this time, the cohesive force between coral sand particles is becoming closer to conventional terrestrial sand. During the process of normal stress variation, coral sand itself undergoes a dynamic change process, resulting in a large range of fluctuations in interface bite force. Coral sand and concrete also exhibit different interface strengths, which in turn affect the lateral friction resistance of the pile foundation and have different effects on the bearing characteristics of the pile foundation.
3.2 Site static load test
3.2.1 Static load test results of single pile
A total of 48 single pile static load tests were conducted on site, and the static load test results of two test piles were used as examples to illustrate. The test pile is 14 m long and 0.4 m in diameter. During the static load test of single pile, a ceratin low speed was kept to sustain the load. The maximum stacking load is 1000 kN and is divided into 8 levels, the loading amount of each level is set as 1/10 of the estimated limit load. The 1st level load is applied by 2 times the graded loading amount, and the field loading is shown in Figure 9. As Q-S curves of a single pile shown in Figure 10, after applying the first eight levels of loading, the settlement was observed to be relatively stable. When the load was increased to the 9th level of 1000 kN, there was a significant steep drop in the pile top, indicating that the pile has been damaged; thus, the ultimate bearing capacity of a single pile was taken as 900 kN, and its characteristic value of the vertical bearing capacity was taken as 450 kN, which meets the design and specification requirements.
[image: Figure 9]FIGURE 9 | Static load test.
[image: Figure 10]FIGURE 10 | Q-S curve of single pile.
3.2.2 Static load test of composite foundation
A total of 48 single pile composite foundation static load tests were conducted on site, and the results of the composite foundation static load tests on two test piles were used as an example to illustrate. The length, diameter and spacing of the test pile is 14 m, 0.4 m, and 1.3 m, respectively; the size of the pressing plate is 1.30 m × 1.30 m. During the test, a ceratin low speed was kept to sustain the load, the maximum load on the pile was set as the ultimate bearable load, which was divided into 9 levels, the loading amount of each level was set as 1/10 of the estimated limit load, and the 1st level of loading took 1/5 of the maximum load. Figure 11 shows the Q-S curve of the composite foundation. It can be seen that the increasing rate of settlement obviously became larger after the last level of the load was applied. According to the key points of the composite foundation static load test, the limit load was taken as 740 kPa, and the characteristic value of the composite foundation bearing capacity was taken as 370 kPa to meet the requirements.
[image: Figure 11]FIGURE 11 | Q-S curve of composite foundation.
4 NUMERICAL SIMULATION RESEARCH
4.1 The establishment of numerical model
The numerical model was established with PLAXIS 3D software, as shown in Figure 12. The pile length was 14 m and the pile diameter was 0.4 m. The side dimension of soil was set as 60 times the pile diameter, and the verticle dimension was set as 2 times the pile length. The horizontal displacement of soil around the pile was fixed, and the bottom was fixed. In this model, 29451 elements were generated and with 45406 nodes in total. The solid element was adopted for CFG pile, and the linear elastic model was selected; Based on the Mohr Coulomb criterion, a hardening soil constitutive model considering small strain stiffness was adopted for the soil layer. The contact interface between piles and soil was set to simulate the real contact between piles and soil, and this interface was regarded as an independent material, and its material parameters were input separately. The specific operation method is to set up a layer of interface unit between the pile and sand when establishing the model. The interface unit does not have actual thickness, and the material properties of the interface unit were customized. By inputting the designed cohesion and internal friction angle values in the material properties, accurate simulation of different interface strengths can be achieved, simulating the interface interaction between the pile and sand, Further results can be obtained on the impact of different interface strengths on the bearing characteristics of pile foundations. The mechanical parameters of all these materials are shown in Table 5.
[image: Figure 12]FIGURE 12 | Numerical grid model.
TABLE 5 | Mechanical parameters of pile and soil.
[image: Table 5]4.2 Model validation and analysis
To verify the rationality of the numerical model, the load-displacement curves obtained from numerical simulation and bearing capacity tests of single pile and composite foundation on site were compared, as shown in Figures 13, 14. From Figure 13, it can be seen that in the initial stage of loading, the trend of the two load displacement curves was consistent, and the displacement increased linearly with the load. The slope of the load displacement curve obtained from numerical simulation was larger, and the displacement is greater under the action of primary load; After the primary load, there was a significant change in the slope of both curves, and the on-site measured curves performed more significantly; When the load reached its ultimate bearing capacity, the slope of the curve increased, and then the two showed an approximate linear relationship. The on-site measured load displacement curve showed a sharp drop, indicating that the pile had undergone certain damage and reached its ultimate bearing capacity. However, the slope change of the load displacement curve obtained from numerical simulation was not significant. In the primary and ultimate load stages, there was a deviation between the two curves, especially in the ultimate load stage, where there was a certain deviation in the ultimate bearing capacity obtained by the two curves. However, overall, the calculated values of the two curves were in good agreement with the measured values, verifying the rationality of the numerical simulation.
[image: Figure 13]FIGURE 13 | Comparison of Q-S curves of single pile.
[image: Figure 14]FIGURE 14 | Q-S curve comparison of composite foundation.
From Figure 14, it can be seen that in the initial stage of loading, the displacement in the two curves increased linearly with the load. After loading to the primary load, the on-site measured load displacement curve showed different amplitude fluctuations, leading to a certain deviation in the two curves. When the load reached the ultimate bearing capacity, the slope of the curve increases, and then the two showed an approximate linear relationship. The slope of the on-site measured load displacement curve showed a significant change, indicating a certain degree of damage within the composite foundation and reaching the ultimate bearing capacity. However, the slope change of the load displacement curve obtained from numerical simulation was relatively small, and there was a certain deviation in the ultimate bearing capacity values obtained from the two curves. However, overall, the calculated values were in good agreement with the measured values, verifying the rationality of the numerical simulation.
4.3 Influence of interface strength parameters on bearing capacity of composite foundation
The strength parameters of the pile-sand interface have a direct impact on the pile side friction, which furtherly affects the bearing capacity of the pile foundation. Therefore, in this research, the interface strength parameters obtained from the indoor shear test were input in the software as interface parameters to study the impact of different interface strength parameters on the vertical bearing capacity of the pile foundation.
4.3.1 Influence of interface strength parameters on ultimate side friction
The influence of interface strength parameters on the ultimate side friction is shown in Figure 15. It can be seen from Figure 15A that with the increase of interface friction angle, the ultimate side friction increased continuously, and when the interface friction angle was 0, 17, 20.5, 24, 27.5, 31 and 34.5, the corresponding limit side friction was 12, 13.48, 14.71, 15.09, 15.53, 15.99 and 16.31 kPa respectively; it was noticed that when the friction angle was 34.5, the limit side friction resistance increased by 35.92%. It can be seen from Figure 15B that the increase in cohesion led to an increase of ultimate side friction. When the interface cohesion was 0, 4, 8, 12, 16, 20 and 24 kPa, the corresponding limit side friction was 11.76, 12.53, 13.29, 13.77, 14.68, 14.82 and 15.11 kPa respectively. When the cohesion was 24 kPa, the limit side friction increased by 28.49%. The interface friction angle and cohesion together increased the ultimate side friction by 64.41%, indicating that the interface strength parameters are key factors affecting the ultimate side friction, and also indicating that the interface strength parameter is only one influencing factor.
[image: Figure 15]FIGURE 15 | Influence of interface strength parameters on ultimate side friction under different loads (A) Influence of interface friction angle on ultimate side friction; (B) Influence of interface cohesion on ultimate side friction.
4.3.2 Influence of interface strength parameters on pile load sharing ratio
The ratio of pile side friction [image: image] and pile end resistance [image: image] with load [image: image] is shown in Figure 16. It can be seen from Figure 16A that in the coral sand foundation, the pile end resistance plays a major role in the bearing capacity of the pile foundation. The proportion of side friction increased first and then decreased with the increase in load. As the load increased, the pile side friction gradually played its role and the share proportion gradually increased; then, as the load continued to increase, the impact of pile side friction was fully used and became stable. As the share proportion of pile end resistance gradually increased, the corresponding share of side friction decreased, so the load was mainly sustained by the pile end resistance. This phenomenon became more and more obvious with the increase of interface friction angle. It can be seen from Figure 16B that with the increase of cohesion, the proportion of pile side friction gradually increased, while the proportion of pile end resistance decreased; but their changing amplitudes were small, and the load proportion tended to a stable level.
[image: Figure 16]FIGURE 16 | Influence of interface strength parameters on load sharing ratio of piles under different loads (A) Influence of interface friction angle on load sharing ratio; (B) Influence of interface cohesion on load sharing ratio.
4.3.3 Influence of interface strength parameters on pile-soil stress ratio
The influence of interface strength parameters on the pile-soil stress ratio is shown in Figure 17. It can be seen that with the increase of interface friction angle and cohesion, the pile-soil stress ratio gradually increased, but the increase ratio gradually slowed down to a stable value; this indicated that with the increase of the upper load, the load sustained by soil between piles gradually decreased, and the pile body sustained more load, reflecting the bearing characteristics of the rigid pile composite foundation.
[image: Figure 17]FIGURE 17 | Influence of interface strength parameters on pile-soil stress ratio under different loads (A) Influence of interface friction angle on pile-soil stress ratio; (B) Influence of interface cohesion on pile-soil stress ratio.
5 FORMULA CORRECTION OF THE CHARACTERISTIC VALUE OF SINGLE PILE BEARING CAPACITY
According to the Technical Code for Building Foundation Treatment, the characteristic value of the vertical bearing capacity of composite foundation reinforcement single pile can be estimated as follows; Based on the indoor test and the vertical compressive static load test of single pile, the calculation formula of the characteristic value of the vertical bearing capacity of composite foundation rigid single pile is proposed:
[image: image]
Where the pile end bearing capacity is determined by the uniaxial compressive strength [image: image] and development coefficient of pile end resistance [image: image] related to the integrity of rock mass. [image: image] is the perimeter of the pile m); [image: image] is the thickness of the layer of soil within the range of pile length m); [image: image] is the sectional area of the pile (m2); [image: image] is the development coefficient of pile end resistance; [image: image] is the characteristic value of pile end resistance (kPa).
The characteristic value of pile side friction is related to the horizontal effective stress and interface strength parameters, which can be calculated according to the following formula:
[image: image]
Where [image: image] is the horizontal effective stress of the soil at the pile side, [image: image] is the interface friction angle, [image: image] is the interface cohesion, [image: image] is the static lateral pressure coefficient of the soil, [image: image] is the vertical effective self-weight stress of the soil at the pile side.
5.1 The determination of parameter value
Based on the field static load test of the single pile, the ultimate bearing capacity of each pile was obtained, and its half value was taken as the characteristic value of the vertical bearing capacity of a single pile. Assuming the stratum only distributes medium-coarse sand, [image: image] was calculated to be 15.6 kPa according to the parameters in Table 6.
TABLE 6 | The determination of parameter value.
[image: Table 6]5.2 Comparison of characteristic values of pile end resistance
After substituting all characteristic values of the bearing capacity of single pile obtained from the field static load test into Formula (2), the characteristic values of pile end resistance are shown in Figure 18.
[image: Figure 18]FIGURE 18 | The characteristic value of pile end resistance in the static load test.
By comparing the characteristic value of pile end resistance obtained from the field static load test of the single pile with that from the modified formula [image: image], it was found in Figure 19 that the confidence interval of the characteristic value of pile end resistance corresponding to 95% confidence in the field test results was 1.48–2.64 MPa, the calculated value of [image: image] was 1.35 MPa and was less than the measured value, with a small error, indicating that the proposed calculation method of composite foundation rigid pile is reliable.
[image: Figure 19]FIGURE 19 | Characteristic value interval of pile end resistance with 95% confidence interval.
6 DISCUSSION
Currently, there are few engineering reports on the application of CFG pile composite foundation to coral sand foundation. In this study, it was found that the maximum cohesive force at the pile coral sand interface is 23.4 kPa, which is consistent with the research conclusion that the coral sand bite force is relatively large (Feng et al., 2020; Liu and Li, 2022). At the same time, this study showed that the pile end resistance in coral sand foundation plays a major role in the bearing capacity of CFG piles, with the load sharing of pile side frictional resistance accounting for about 20%, while the remaining 80% of the load is borne by the pile end resistance. The variation law of pile soil stress ratio is basically consistent with that of pile soil stress ratio in general terrestrial strata (Chen et al., 2008; Liu et al., 2023). The difference is that the pile in coral sand foundation always bears a large load, which is due to the relatively poor bearing capacity of coral sand formation formed by hydraulic fill, and the pile end bearing layer is quasi reef limestone, with a large characteristic value of pile end resistance (Zhang et al., 2022). This provides an important reference for the design of similar projects in coral sand foundation. The first point is to pay attention to the design of the vertical bearing capacity of the pile itself, and the pile always bear the main load; The second point is that the design of pile length in composite foundation should be embedded in rock, and the design of pile end resistance should be strengthened (Li et al., 2023). The limitations of the research work in the article are explained as follows: The contact interface between CFG piles and coral sand during on-site construction is rough and complex, and the shear test of coral sand concrete interface failed to consider the influence of interface roughness. The grading range of coral sand listed in the article is limited, and in-depth research is needed on the interfacial shear characteristics of other graded coral sand. Because coral sand is brittle and anisotropic, the influence of these characteristics on the bearing characteristics of pile foundation has not been fully considered in the numerical simulation (Zhang et al., 2023).
7 CONCLUSION
In this paper, a series of studies have been carried out on the bearing characteristics of CFG pile composite foundation in the reclaimed coral sand site, and the following conclusions can be drawn.
(1) By conducting the shear test on the interface between the concrete pile and coral sand, it is shown that under the low normal stress, the corner bite effect of coral sand is obvious, while the corner is damaged and the bite effect becomes unobvious under the high normal stress. It is also revealed that when the normal stress of pile-sand is less than 100 kPa, the interface cohesion is between 13.1 and 23.4 kPa, and the interface friction angle is between 17.2 and 27.7; When the normal stress of pile-sand is greater than 100 kPa, the interface cohesion is close to 0, and the interface friction angle is between 28.4 and 34.1.
(2) Aiming to the reclamation coral sand site, the treatment method of CFG pile composite foundation was proposed for the first time. The results of the field static load test of single pile and composite foundation show that both the limit bearing capacity and settlement of the pile meet the specification and design requirements, which verifies the reliability and rationality of this foundation treatment. Furthermore, the practical engineerings show that the application of the CFG pile composite foundation in the hydraulic fill coral sand foundation is feasible.
(3) The numerical simulation results show that with the increase of interface strength parameters, the ultimate side friction resistance of the pile increases gradually. With the increase of the interface friction angle, the proportion of the side friction resistance increases first and then decreases more obviously. At the same time, the increase of the interface cohesion leads to a slight increase in the proportion of the side friction resistance of the pile, and the pile end resistance bears the most of load. With the increase of interface strength parameters, the pile-soil stress ratio gradually increases and tends to be stable, reflecting the bearing characteristics of rigid pile composite foundation.
(4) Based on the field load test results, the rationality of the calculation formula of the vertical bearing capacity of composite foundation reinforcement single pile considering the interface strength parameters is verified.
Suggestions for future research work are as follows.
(1) It is recommended to conduct coral sand concrete interface shear tests considering interface roughness to improve the accuracy of testing interface strength parameters;
(2) It is recommended to carry out on-site monitoring of CFG pile composite foundation in coral sand sites, monitor the stress characteristics of the pile foundation during the bearing process, and verify and revise the numerical simulation research results.
(3) Due to the high porosity of coral sand, it is recommended to conduct research on the post grouting technology of CFG piles to enhance the bearing capacity of pile foundations.
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