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The creep characteristics of calcareous sand have an important impact on the stability of the structures on the coral islands in the South China Sea. Among the existing creep models for calcareous sand, fewer models consider the particle fragmentation of calcareous sand, which cannot accurately describe the shear creep of calcareous sand around the foundation of island structures. To study the shear creep model of calcareous sand, direct shear creep tests under different vertical and shear stresses and particle sieving tests of calcareous sand before and after the creep tests were carried out on calcareous sand. The results showed that the shear creep curve of calcareous sand exhibits nonlinearity with time, and can be divided into decelerated creep stage and stable creep stage; calcareous sand has different degrees of particle fragmentation during the shear creep test, and the degree of particle fragmentation is greater with the increase of the shear stress level. Based on the test results, combined with the Singh-Mitchell model theory, a model parameter on particle crushing was introduced, and a shear creep model considering particle crushing was established. Through validation, the model curve is closer to the experimental curve and can accurately describe the shear creep of calcareous sand in the South China Sea reefs.
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1 INTRODUCTION
Calcareous sand, also known as coral sand, is a special marine geotechnical material rich in calcium carbonate, which is widely distributed in the tropical or subtropical sea areas such as the Southern Sea of China (Wang et al., 2011b), Red Sea (Salem et al., 2013), and Maldive Islands (Wen et al., 2021). With the development of Chinese marine economy, the construction of islands and reefs in the South China Sea has reached a certain scale. Due to the characteristics of calcareous sand such as easy breakage, high porosity, irregular shape and low strength, the engineering mechanical properties of calcareous sand are extremely complex (Poulos et al., 1984; Liu and Wang, 1998; Cao et al., 2020). Many studies have reported that time-dependent behavior (creep) on calcareous sand (Lade et al., 2009a; Lade, 2009b; Wang et al., 2018; Sun and Chen, 2019; Wang et al., 2020), which has a certain impact on the stability of island structures and reminds us to pay more emphasis. Till now, many scholars have studied the creep of calcareous sand. Ye et al. (2019) and Cao and Ye, 2019 used a triaxial rheometer to study the creep characteristics of calcareous sand and found that the creep of calcareous sand becomes a decay type steady state creep. Based on the test results, they proposed a four-parameter creep model in which the creep strain is related to time, deviational stress and effective confining pressure. Choo et al. (2020) conducted a comparative study of Tunisia calcareous and Korean standard silica sands through K0 creep tests and found that Tunisia calcareous sand experienced significant particle breakage during creep tests but the particle breakage of silica sand was not obvious. They also found that the particle breakage contributed to the creep deformation of calcareous sand. Xu et al. (2021) investigated the results of a series of large-scale simple shear tests on sandy soils reinforced with randomly distributed fibres and found that the addition of polypropylene and basalt fibres favoured the increase in ultimate shear strength, while glass fibres had little effect. Xu et al. (2024) investigated the micromechanical properties and micrometre-scale pore dissolution characteristics of porous coral reef limestone (CRL), and demonstrated that pore dissolution weakened the macromechanical properties of CRL by estimating the macroscopic E-value using the Mori-Tanaka method and simulation. Shen et al. (2021) proposed a SWCC model considering the effects of fine-grain content and dry density based on the Fredlund-Xing model and measured results. This new model can be used to describe the soil-water characteristics of calcareous silty sands with different fines contents and dry densities. Bai et al. (2023) developed a multiphase ontological model for hydrate-bearing sediments within the framework of particle thermodynamics, taking into account the energy dissipation induced by hydrate dissociation and particle rearrangement at the microscopic level. The model is able to effectively capture the strain hardening and softening of the sediments as well as the swelling properties and loading path effects of the sediments. Bai et al. (2020) established a nonlinear coupled heat-moisture-pollutant transport equation, constructed a new soil-water characteristic curve (SWCC) with hysteresis effect, and verified the hysteresis effect of moisture movement caused by the thermal cycle. Yeernaer and Zhang (2022) carried out the volume creep test of calcareous sand through the triaxial drainage test, and demonstrated a volume creep model of calcareous sand. The results showed that calcareous sand exhibited volume creep characteristics with time under constant confining pressure and the improved Burgers model can describe the volume creep deformation behavior of calcareous sand well. Chen et al. (2022) studied the creep fractal fracture characteristics of calcareous sand and revealed the development of particle breakage and the changes of microscopic pores during creep through one-dimensional compression creep test and microstructure test. Huang L et al., 2022 designed a laboratory uniaxial creep test, measured and established the relationship between creep variable and creep time of calcareous sand-polymer complex under different vertical pressures, and proposed an improved Murayama model of calcareous sand-polyurethane polymer complex. Wang et al. (2018) carried out a triaxial creep test and found that the creep process of calcareous sand can be classified into initial near-linear stage, deceleration stage and steady state stage from the perspective of creep rate. By connecting 2 K bodies and a clay pot, a creep model reflecting the changes of calcareous sand particle rearrangement, frictional sliding and particle breakage was established. By conducting creep tests to study the creep of calcareous sand, a number of creep models have been established by some scholars above. However, most current creep models for calcareous sands do not describe the shear creep of calcareous sands around the foundations of island structures very accurately. In this paper, through direct shear creep tests on China South Sea calcareous sand, the law of shear creep was explored. Based on Singh-Mitchell model (Singh and Mitchell, 1968), an empirical model of calcareous sand shear creep was established and the applicability of this model was verified by another set of test datas.
2 TEST SAMPLES AND METHODS
2.1 Calcareous sand samples
The calcareous sand samples were obtained from a reef in the South China Sea. According to Chinese current Standard for Geotechnical Test Methods (GB/T50123-2019),before the shear tests, the impurities and soluble salts on the surface of the calcareous sand were washed away by using distilled water and the calcareous sand particles with particularly large particle size were removed by hand. After that, the calcareous sand was dried in the oven for at least 8 h and then the sand particle were sieved to remove >2 mm particles. Through the geotechnical test, the specific gravity (Gs) of the sand sample is 2.74 g/cm3. The maximum dry density (ρmax) and minimum dry density (ρmin) are respectively 1.45 g/cm3 and 1.22 g/cm3.
2.2 Test methods
The tests in this paper include straight shear test, straight shear creep test and particle sieving test of calcareous sand before and after the creep test. The strength characteristics of the calcareous sand were determined by straight shear test, the creep characteristics of the calcareous sand were explored by straight shear creep test, and the particle crushing characteristics of the calcareous sand before and after the creep were analysed by particle sieving test. Before the straight shear creep test, ZJ-1 type straight shear instrument was used to carry out the straight shear test, and the test steps were as follows: firstly, 80 g of the calcareous sand samples were put into the shear box, and then the shear box was installed on the instrument. Vertical stress (P) was applied at the top of the shear box, and the sand sample was pre-compressed for 2days. After pre-compression, the specimen was then sheared until the sample reached destruction. Three different vertical stresses were set and the shear rate was set at 0.8 mm/min. At the end of the test, the peak shear strength of the specimens was calculated according to the standard and the results are listed in Table 1.
TABLE 1 | Shear strength index of calcareous sand samples.
[image: Table 1]The straight shear creep test was carried out by ZLB-1 triple rheological straight shear apparatus, and the room temperature was kept at 25°C. The maximum allowable load (horizontal and vertical) of the instrument is 600kPa, and the shear strain of the sample can be measured by dial indicators or dial gauge with a maximum range of 10 mm and an accuracy of ±0.1%. Firstly, an 80 g sample of calcareous sand was placed in a shear box, which was then fitted with a shear box and a percentage meter to measure the shear strain of the calcareous sand. Before the horizontal shear stress is applied, the vertical stress is applied until the vertical displacement is less than 0.01 mm/d (Liang et al., 2021) to reduce the influence of compressive creep on the test results. In order to investigate the difference between crushing and non-crushing of calcareous sand, the vertical stress (P) was set to 50,200,400 kPa for the straight shear creep test. Under the above three sets of vertical stresses, shear stress (S) was applied in the manner of loading respectively according to 30%τ, 40%τ, 70%τ and 80%τ. The experimental scheme is shown in Table 2 below. At the beginning of the test, record the readout of the dial indicator or dial gauge at 1, 2, 9, 10, 30, 60, 180, 360 min time nodes. After that, the datas are recorded every 6 h. When many scholars carried out creep tests on calcareous sand, they believed that the creep stability was determined if the deformation rate was less than 0.005 mm/d (Ye et al., 2019; Cao and Ye, 2019; Xue et al., 2020). Considering the difference between the triaxial creep test and the direct shear creep test, and the shear creep of calcareous sand is smaller than the compressive creep, it is reasonable to regard the deformation rate less than 0.002 mm/d as the sign of creep stability in this test. In addition, the test was maintained at 25°C ± 1°C.
TABLE 2 | Loading scheme for direct shear creep test.
[image: Table 2]3 TEST RESULTS
3.1 Shear strain-time curve
The data obtained directly from the above tests are horizontal displacements, which need to be converted into shear strains and calculated according to the following Formula 1:
[image: image]
Where ΔL is the horizontal displacement value (mm) recorded by the percentage meter at a certain moment, and d is the inner diameter of the shear box (mm).
The shear strain-time relationship of calcareous sand and the strain rate-time relationship curve of calcareous sand are shown in Figures 1, 2, respectively. Figures 1, 2, it can be seen that the shear creep of calcareous sand is nonlinear, which is divided into decelerating creep stage and stabilizing creep stage, which is similar to the results of creep tests on calcareous sand of South China Sea Reefs in other papers [13,22]. When the shear stress was first applied, the deformation of the calcareous sand specimen increased rapidly, but the deformation rate was decreasing rapidly. With the increase of time, the deformation of calcareous sand gradually slows down, and the creep curve and strain rate curve both tend to be level, and finally reach the creep stability. Under the same vertical stress P, the total strain of the calcareous sand specimen increases with increasing shear stress level D. For example, in Figure 1A, the total strain of the specimen at D = 0.3 is 0.64, and when D is increased to 0.8, the total strain of the specimen is increased to 3.77.
[image: Figure 1]FIGURE 1 | Shear strain-time relationship curve of calcareous sand under different vertical stresses. (A) 50 kPa. (B) 200 kPa. (C) 400 kpa.
[image: Figure 2]FIGURE 2 | Shear strain rate-time relationship curve of calcareous sand under different vertical stresses. (A) 50 kPa. (B) 200 kPa. (C) 400 kpa.
3.2 Particle analysis
The initial gradation curve is shown in Figure 3A with a coefficient of inhomogeneity (Cu) of 5.22 and a coefficient of curvature (Cc) of 1.15. By sieving the particles of calcareous sand specimens before and after the direct shear creep test, the evolution of the gradation curves under different vertical stresses was obtained. As can be seen from Figure 3, the mass percentage of larger calcareous sand particles (1–2 mm and 0.5–1 mm) decreased, while the mass percentage of smaller calcareous sand particles (0.25–0.5 mm and 0.075–0.25 mm) increased under constant shear for a long period of time. This suggests that calcareous sand specimens are accompanied by particle fragmentation during shear creep.
[image: Figure 3]FIGURE 3 | Evolution of particle graduation curves under different vertical stresses. (A) Initial gradation. (B) 50 kPa. (C) 200 kpa. (D) 400 kpa.
4 CREEP MODEL
4.1 Singh-Mitchell creep model
Since the creep of calcareous sand has nonlinear characteristics, Singh-Mitchell creep model (Singh and Mitchell, 1968) is commonly used to describe the nonlinear creep behaviour of soils, and the parameters of Singh-Mitchell model are easy to obtain and the model is widely applied, so this creep model is used to describe the shear creep behaviour of calcareous sand, and the model expression is as follows (Equation 2):
[image: image]
Where: [image: image] is the strain of the sample, [image: image] is the initial strain; which is usually 0 in triaxial or direct shear creep tests; [image: image] = (σ1-σ3)/(σ1-σ3)f is the stress level, which usually takes values in the range of 0.3–0.9; [image: image] is any time (min); A is a projected value of strain rate at zero deviator stress on logarithm strain rate versus deviator-stress for unit time, which can reflect soil composition, structure and other soil properties; α is a value of the slope of the mid-range linear portion of the logarithm strain rate versus deviator-stress, which can reflect the effect of stress level on strain rate; m is the slope of logarithm strain rate versus logarithm time straight line, which can reflect the strain rate as a function of time.
Since the Singh-Mitchell creep model is established based on triaxial tests, the expression of the direct shear creep model for calcareous sand needed to rewritten as:
[image: image]
Where: D is the shear stress level, that is, the ratio of shear stress S to shear strength τ; A, α, m, and t have the same meaning as above.
According to the direct shear creep test results in this article, the specific values of Singh-Mitchell model parameters A, α, and m under different vertical stresses were obtained through calculation, as shown in Table 3.
TABLE 3 | Singh -Mitchell model parameter values under different vertical stresses.
[image: Table 3]Substitute the specific values in Table 3 into Equation 3 to obtain the following relationship between shear strain and time:
[image: image]
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Establish a model fitting curve for the relationship between shear strain and time based on Equations 4–6, and compare it with the direct shear creep test curve in this paper, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Comparison between Singh-Mitchel model fitting curve and experimental values under different vertical stresses. (A) 50 kPa. (B) 200 kPa. (C) 400 kPa.
From Figure 4, it can be seen that under different vertical stresses, when the shear stress level is low, the error between the model fitting curve and the experimental curve is small. But as the shear stress level increases, the error between the model fitting curve and the experimental curve continues to increase. For example, in Figure 4C, when p = 400 kPa and D = 0.3, the error between the model fitting curve and the experimental curve is very small, and the correlation coefficient R2 between the two curves is 0.976; But when D increases from 0.3 to 0.8, it can be seen that there is a significant error between the model fitting curve and the experimental curve, and the correlation coefficient R2 between the two curves is 0.485. This indicates that at higher shear stress levels, the correlation between the model fitting curve and the experimental curve is not high, and the Singh Mitchell creep model cannot accurately simulate the shear creep deformation of calcareous sand.
4.2 Creep model considering particle breakage
Particle breakage is a significant characteristic which can affect the deformation and the strength of calcareous sand (Hassanlourad et al., 2008; Wu et al., 2020; Zhang et al., 2018; Huang R et al., 2022). Have reported that calcareous sand is subject to particle breakage under stresses. Li et al. believe that the particle breakage of calcareous sand has an impact on its creep and the particle breakage is positively correlated with the creep deformation. Also, Chen et al. (2019); Chen and Hu (2020) have the similar conclusion in their researches.
According to the results of the particle sieving test of calcareous sand samples before and after the creep test in Section 3.2, the calcareous sand has different degrees of particle fragmentation during the shear creep test, and the degree of particle fragmentation increases with the increase of the shear stress level. The reason why the error between the calculated curve of the Singh-Mitchell creep model and the test curve is significantly larger at higher shear stress levels is that the effect of particle fragmentation is not considered. In view of this, a creep model that takes into account particle breakage in calcareous sand will be developed in the following. Firstly, the particle fragmentation of calcareous sand at different shear stress levels under different vertical stresses in straight shear creep tests is quantitatively described. In order to describe the particle breakage, Lee and Farhoomand (1967) suggested that the ratio of the change of particle size before and after loading with a content of 15% in the particle grading curve can be used to describe the particle breakage of earth-rock dam filter material. However, the ratio calculated by this method is usually high. Hardin (1985) suggested that the concept of relative crushing rate Br, the ratio of total crushing amount Bt to crushing potential Bp, is used to quantitatively describe the particle breakage. The total crushing amount Bt refers to the area between the crushing grading curve and the initial grading curve in the grading figure, and the crushing potential Bp refers to the area between the initial grading curve and the grading curve with a particle size of 0.074 mm in the particle graduation figure (shown in Figure 5).
[image: Figure 5]FIGURE 5 | Definition of Br(Hardin).
In this paper, we adopted Hardin’s method to obtain the particle breakage index—Br (shown in Table 4).
TABLE 4 | Br values.
[image: Table 4]After the relative fragmentation rate Br is obtained, the relative fragmentation rate Br is introduced into the creep equation to establish a creep model considering particle fragmentation. There are three main factors that cause the creep of calcareous sand: particle rearrangement, particle sliding and particle crushing (Chen, 2020). Since the traditional Singh-Mitchell creep model only considers particle rearrangement and particle sliding, but not particle crushing, this paper introduces a model parameter on particle crushing based on the traditional Singh-Mitchell creep model. Wang et al. (2011a) found that there is an approximately linear relationship between creep caused by particle crushing and particle crushing in the creep process of granular materials:
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where: [image: image] is the creep due to particle breakage; βa is the slope of the [image: image]-[image: image] relationship curve which reflects the extent of the effect of particle fragmentation on [image: image], with larger values indicating a more significant creep effect due to particle fragmentation. Combining Equation 7 with Equation 3, the improved Singh-Mitchell model expression is obtained as follows:
[image: image]
where A, m and α have the same meaning as in Section 4.1 and Br is a parameter on particle fragmentation. The results of the straight shear creep test were fitted using Equation 8, and the specific values of the parameters A, α, m, and βa of the improved Singh-Mitchell model under different vertical stresses were calculated and are shown in Table 5. Substituting each of the above parameters into Equation 8, the expression of the model was obtained under different vertical stresses:
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TABLE 5 | The parameters of creep model considering particle breakage under different vertical stresses.
[image: Table 5]Based on Equations 9–11, the model curves and test curves considering particle crushing under different vertical stresses are plotted in Figure 6.
[image: Figure 6]FIGURE 6 | Creep model considering particle breakage fitting curve under different vertical stresses. (A) 50 kPa. (B) 200 kPa. (C) 400 kPa.
By comparing the indoor test curves and the crushing model curves in Figure 6, it can be seen that, regardless of higher or lower shear stress levels, the fitted curves of the calcareous sand shear creep model considering particle crushing are basically consistent with the test values, with correlation coefficients of more than 0.9, which is consistent with the law that the shear creep deformation grows faster at the beginning, and then tends to be stabilised gradually. Compared with the traditional Singh-Mitchell model, this model can more accurately describe the shear creep of calcareous sand around the foundation of island structures. For engineering practice, a combination of empirical modelling and indoor testing can be used to obtain data through multiple sets of tests, use the model to verify the validity of the data, and introduce empirical coefficients for correction if the sample size is large enough.
5 NUMERICAL MODELING OF PARTICLE FLOW IN CALCAREOUS SAND
5.1 Numerical modeling of PFC2D particle flow
The shear creep behavior of calcareous sand specimens under different levels of vertical and shear stresses was numerically simulated using PFC2D particle flow software to reveal the shear creep of calcareous sand and the particle crushing mechanism in the shear creep process from a fine viewpoint, and further verify the applicability of the shear creep model considering the particle crushing of calcareous sand.
In the PFC2D numerical model, there are many model parameters that are usually difficult to obtain from indoor experiments but need to be calibrated before running the PFC2D particle flow program. Determining reasonable fine-scale parameters is a critical step in numerical simulation (Li et al., 2023). Typically, most researchers use the trial-and-error method to calibrate the model parameters, i.e., by continuously adjusting the model parameters and performing trial-and-error calculations until the closest experimental results are found, and then selecting this set of model parameters for formal simulations (Fu et al., 2023).
In the numerical simulation of the PFC2D particle flow model, the parameters such as density, porosity, and maximum and minimum particle sizes are directly used from the indoor experiments. The remaining fine-scale parameters such as particle surface friction coefficient, normal stiffness, tangential stiffness, and damping coefficient are selected by the ‘trial-and-error’ method, and the initial values of these parameters are based on Gao et al. (2023), Lu, 2022, and then through the analysis and trial-and-error of the change trend of the simulation results for many times, the fine-tuning parameters were continuously fine-tuned in order to achieve the simulation curves and the indoor creep test curves with the same change trend, but the simulation values and experimental values are allowed to have a difference. Eventually, the shear strain curves of the simulation results showed a rapid increase followed by a smooth development, corresponding to the decelerated creep stage and the stable creep stage in the experiment, respectively. Finally, the main fine view parameters of calcareous sand were obtained as shown in Table 6 below.
TABLE 6 | Calibration of fine visual parameters of calcareous sand.
[image: Table 6]5.2 Simulation results and analysis
By running the PFC2D particle flow program with p = 400 kPa and D = 0.8 for the test group of calcareous sand, we get the variation of the contact force chain of its particle flow numerical model at different computation times as shown in Figure 7 below.
[image: Figure 7]FIGURE 7 | Changes of force chains. (A) 1 min. (B) 30 min. (C) 120 min.
The factors that cause creep in calcareous sands are particle rearrangement, particle sliding and particle fragmentation, while the forms of particle fragmentation can be classified into three types, i.e., overall fragmentation, localised fragmentation and apparent abrasive damage (Chen, 2020). Multiple transfer paths are formed between particles through contact, and the transfer of force between particles is known as force chain. In Figure 7, the sky blue lines indicate the contact force chains of calcareous sand particles, the thicker lines indicate the strong force chains, the thinner lines indicate the weak force chains, and the numbers inside the brackets of Contacts represent the total number of particles in contact. The contact force chains in this numerical model are not uniformly distributed and change over time, and the total number of contacts also changes over time, as shown by the rounded and boxed boxes in the figure.
The disappearance of the force chain indicates that the particles originally in contact with each other did not produce interaction force at a certain moment, it can be inferred that at this time there is a sudden fracture of the particles, that is, in the macroscopic creep of particles in the long-term constant shear stress under the action of the local crushing or the overall crushing. The effect of the disappearance of the force chain on macroscopic creep is inferred according to the creep factor. First is the particle rearrangement, shear start, the particles are affected by the force and change the contact position, at this time the shear strain is very fast, the force chain is roughly formed; then the particle sliding, the particles mainly occur in the local crushing and abrasive damage, the particle surface and the edge of the load production occurs in the abrasive and crushing, the formation of a number of fine particles as well as a large number of powder particles, the local crushing will result in the disappearance of the contact force chain; and finally, the particles as a whole crushing, the overall crushing. Finally, there is overall particle crushing, in which the particles are loaded and crushed as a whole, forming several small particles with relatively small sizes, and the contact force chain disappears as well.
The appearance of the force chain indicates an expansion of the strain, the position of the crushed particles is adjusted under the continuous action of the shear force, the internal pore space is refilled, the particles are again in contact with each other, and the force is generated again.
Figures 8, 9 below show the single particle fragmentation of calcareous sand at different moments. In order to better study the particle crushing in the model, two representative rigid clumps are selected as the analysis object. The rigid clumps are composed of several dark green particles (the surrounding red, green and sky blue particles are ordinary particles, which can be ignored), and the magnitude of the contact force between the particles inside the clumps is indicated by different colors, with the red color being the largest, followed by the orange, yellow, and green colors, and the blue color being the smallest. Red is the largest, followed by orange, yellow and green, and blue is the smallest. The author named the two rigid clusters as particles A and B, respectively, located in different positions of the shear box.
[image: Figure 8]FIGURE 8 | Particle fragmentation of particle A at different moments. (A) 30 min (B) 120 min (C) 360 min.
[image: Figure 9]FIGURE 9 | Particle fragmentation of particle B at different momentsmoments. (A) 30 min (B) 120 min (C) 360 min.
Stress corrosion is a phenomenon in which damage occurs to a material under specific stress conditions, and in the calcareous sand shear tests in this paper, stress corrosion manifested itself in the form of abrasion and crack damage of the particles. Stress corrosion of calcareous sand is caused by the interaction between the contact stresses on the surface of calcareous sand and its internal structure. The creation of cracks is usually hidden, mainly concentrated in stress concentrations and structural weaknesses, while the cracks formed weaken the strength of calcareous sand particles. Over time, under the action of shear, these stress corrosion-induced cracks will expand along the locations of low tectonic strength, eventually leading to the complete destruction of the calcareous sand particles.
Combined with Figure 7 it is found that the calcareous sand specimens have different degrees of particle fragmentation at different moments; and the fine-scale mechanism of calcareous sand shear creep can be obtained: at the initial stage, the calcareous sand specimens are relatively loose, and the particles are relatively less tightly adhered to each other. Therefore, the particles of calcareous sand specimen in the early stage of the shear stress applied to the particles of the first relative sliding, and there is no obvious particle crushing phenomenon, in the numerical model for the calcareous sand specimen affected by the external force, clump internal particle contact force increases, macroscopically manifested as a rapid increase in the shear strain of the calcareous sand; with the development of time, this time, the calcareous sand specimen occurs in a part of the particles of the crushing, the shear creep of the calcareous sand specimen. This is due to the constant shear stress calcium sand particles are stress ‘corrosion’, part of the calcium sand particles of the number of microcracks with the growth of time began to increase, and toward the development of larger cracks, calcium sand microstructure inside the qualitative change, in the numerical model is specifically expressed as a rigid cluster clump inside the particles of the relative displacement, the contact force between the particles occurred displacement, and the contact force between particles is also gradually reduced. This led to the deterioration of the mechanical parameters of the calcareous sand particles, i.e., the calcareous sand particles underwent stress corrosion, and could no longer withstand the shear stress specified in the original test, and eventually fractured along the cracks, and the particles were crushed; later on, the larger particles in the calcareous sand specimen were gradually crushed into smaller particles, and the smaller particles were adjusted through the position, and gradually the pore spaces inside the calcareous sand specimen were filled up, and the creep deformation of calcareous sand continued to grow. The creep deformation of the calcareous sand continues to grow; finally, the particle crushing of the calcareous sand reaches the threshold value and no longer grows, and the creep deformation of the calcareous sand also reaches stability in the end.
Particles A and B have different internal contact forces at the same moment due to their different positions. At the calculation time of 30 min, i.e., at the beginning of the direct shear creep test, particle A, which is closer to the shear surface, is subjected to a higher stress first (represented by the contact force in red in Figure 9), and also undergoes stress corrosion before particle B, which ultimately manifests itself in the crushing of particle B. The two representative particles, however, are not subjected to the same stress. However, both representative particles will experience the following particle crushing process: stress - stress corrosion - crushing.
Through the programmed simulation, the numerical model of calcareous sand particles flow for p = 400kPa, D = 0.8 test group and other test groups are compared with the experimental results and empirical model as shown in Figure 10. Similar conclusions can be drawn from the analyses that the main cause of particle breakage is stress ‘corrosion’ of calcareous sand particles.
[image: Figure 10]FIGURE 10 | Numerical modeling of particle flow in calcareous sands of other tests compared with experimental results and experimental model. (A) P-D = 400–0.8. (B) P-D = 400–0.7. (C) P–D = 200–0.7. (D) P-D = 200–0.8.
5.3 Error analysis
As can be seen from Figure 10, although the numerical simulation curves and the experimental curves and the empirical model curves have a good similarity, there is a slight error in the comparison results. The gap between the numerical model and the indoor experimental results is mainly due to the fact that the numerical model has not taken into account the shape difference of calcareous sand, which cannot completely simulate the calcareous sand occlusion with each other and lead to small stress. Moreover, the contact of calcareous sand particles in the real situation is more complicated, and the state of each particle is not the same, so it is not possible to achieve complete consistency with the reality in the calibration of fine view parameters. The current simulation can achieve good similarity between the numerical model curves of particle flow in most of the test groups and the indoor test curves, which have the same trend of change, and can simulate the shear creep of calcareous sand close to the real situation, which assists in the verification of the crushing model in section 4.2.
6 CONCLUSION
Through the direct shear creep test of calcareous sand, the creep curve of calcareous sand under constant load was obtained, and the creep model was studied based on the test results. The conclusions are as follows:
(1) The shear creep of calcareous sand is nonlinear and can be divided into two stages: decelerating creep stage and stable creep stage. With the increase of shear stress level, creep deformation increases.
(2) Particle breakage is one of the factors affecting the shear creep of calcareous sand, which can amplify the creep deformation. When the load is low, the particle breakage is not obvious. However, when the load rises, more particle breakage occurs during creep.
(3) The traditional Singh-Mitchell creep model was used to simulate the shear creep law of calcareous sand, and it was found that the Singh-Mitchell model curves had a small error with the experimental curves at lower shear stress levels, but did not agree with the experimental curves at higher shear stress levels
(4) Capable of considering the shear creep induced by the fragmentation of calcareous sand particles was developed by introducing a parameter βa on particle fragmentation. After comparison with the experimental results, the model can accurately describe the shear creep of calcareous sand around the foundation of the South China Sea reef structures.
(5) By comparing with the results of the direct shear creep tests and the empirical model, the numerical model of calcareous sand particle flow established based on the PFC2D particle flow procedure has good similarity with the test curves and the empirical model curves. The shear strain shows a trend of rapid increase followed by stable development, which can reasonably describe the shear creep deformation of calcareous sand under real conditions and verify the validity of the crushing model.
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