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This paper performs a series of laboratory static lateral pressure coefficient (K0) tests on coral sands with five typical gradations in dry and saturated states via water bladder type lateral pressure apparatus to investigate their ranges of K0 values. The results reveal that the K0 values of coral sands in dry and saturated states range from 0.22 to 0.32 and 0.27 to 0.33, respectively, and that there is an exponential function relationship between the particle gradation and the K0. On this basis, a discrete element model is established with the aid of particle flow code (PFC), and the numerical simulation and laboratory test are in good agreement. The displacement field of coral sand with a narrower gradation is revealed to be more prone to exhibit a horizontally stratified compression feature at the meso-scale. The coral sand with a wider gradation exhibits a more obvious gradient distribution of internal contact forces with more uniform directional distribution and better compaction. The K0 decreases and then stabilizes with increasing particle bonding strength, and the evolution law between them conforms to the exponential function form. A theoretical calculation formula of K0 for coral sand based on the distribution coefficient is further proposed according to the laboratory test results. The research results of this paper can provide parameter support for construction and design of wharf retaining structures on islands and reefs.
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1 INTRODUCTION
With the implementation of the ‘One Belt One Road’ policy and the ‘Maritime Power’ strategy, an increasing number of island and reef projects have been launched. Since they are far away from the mainland, they usually need to utilize coral sands formed by reclamation. Coral sand (Chen et al., 2022) is a kind of geotechnical body with special engineering properties formed by the remains of coral communities under geological action, its genesis and chemical composition are significantly similar to carbonate rocks in karst areas,and it is irregular in shape (Smith and Cheung, 2003), porous (Xu et al., 2022), easy to cement (Meng et al., 2014), and easy to fracture (Donohue et al., 2009). Its engineering mechanical properties are quite different from those of ordinary terrestrial sediments (Wang et al., 2017). In island and reef engineering and similar geological environments (such as weathered residual soil or filling materials in karst areas), the static lateral pressure coefficient (K0) is a key parameter for geotechnical engineering investigation, design (such as soil pressure calculation of support structures), and construction (analyzing the horizontal stress state of the site) (Zhang et al., 1998). Its accurate control is crucial for ensuring engineering safety and preventing disasters such as foundation instability and slope collapse caused by abnormal soil stress. This study focuses on the K0 characteristics of coral sand, and its results not only directly serve the construction of islands and reefs, but also provide important theoretical basis and data support for understanding the stress evolution mechanism of similar carbonate derived soils in karst areas and disaster prevention (such as foundation treatment and slope reinforcement).
Scholars around the world have carried out a large number of theoretical and experimental studies on the K0, and put forward a series of formulas for calculating the K0. At present, the K0 is mostly obtained by empirical formulas, in situ tests, and laboratory geotechnical tests (Michalowski et al., 2005; Wang et al., 2020). There are few studies on the K0 of coral sand. Wang et al. (2021) determined the range of K0 values of coral sands with different relative densities and water contents through laboratory tests, but they only studied coral sand with a single gradation. However, the coral sand formed by reclamation has a wide range of gradation distribution, and it is necessary to carry out research on coral sand with multiple gradations to obtain more comprehensive and practical K0.
To fully study the K0 of coral sands with different particle gradations, this paper measures the K0 of coral sands with five typical gradations through laboratory tests, analyses the ranges of K0 values in dry and saturated states, and deduces the influence laws of particle gradation on the K0. A particle flow numerical model is established via PFC to reveal the macroscopic test mechanism from contact force chain and coordination number at the meso-scale. The influence law of bonding strength on K0 is explored, and the formula for calculating K0 based on distribution coefficient and strength parameter is further established. It is expected to clarify the stress distribution of coral sand sites and to provide mechanical parameter support for determination the earth pressure on wharf retaining structures in island and reef projects.
2 TEST PROGRAMME
2.1 Materials
The test sample is coral sand from an island reef in the Maldives, and the coral sand samples are sieved to obtain the particle groups of different sizes of <0.075 mm, 0.075–0.25 mm, 0.25–0.5 mm, 0.5–1 mm, 1–2 mm, and 2–5 mm, which are presented in Figure 1. According to the ‘Code for Geotechnical Investigation on Port and Waterway Engineering (Partial Revision)-Geotechnical Investigation of Coral Reefs (General Revision Draft)’ (CCCC Second Navigation Engineering Survey and Design Institute, 2022), coral gravel sand, coral coarse sand, coral medium sand, coral fine sand, and coral powder sand are prepared, respectively. The five types of coral sands have a wide range of particle gradation distribution, which allows for the acquisition of all mechanical parameters of coral sands with typical representativeness.
[image: Petri dishes containing gradually finer grains of material are shown in two rows. The grain sizes range from two to five millimeters, one to two millimeters, and 0.5 to one millimeter in the top row, and 0.25 to 0.5 millimeters, 0.1 to 0.25 millimeters, 0.075 to 0.1 millimeters, and less than 0.075 millimeters in the bottom row.]FIGURE 1 | Coral sand of each particle group.The control particle size and gradation indexes are summarized in Table 1. The gradation curves of the five types of coral sands are depicted in Figure 2.
TABLE 1 | This is a table. Tables should be placed in the main text near to the first time they are cited.	Parameter	Coral gravel sand	Coral coarse sand	Coral medium sand	Coral fine
sand	Coral powder sand
	d10	0.09	0.09	0.08	0.08	0.08
	d30	0.45	0.28	0.16	0.14	0.09
	d50	1.00	0.58	0.26	0.22	0.15
	d60	1.50	0.80	0.36	0.30	0.20
	Non-uniformity coefficient Cu	16.67	8.70	4.80	4.00	2.67
	Curvature coefficient Cc	1.50	1.07	0.95	0.87	0.54


[image: A graph showing the mass percentage of different coral sand types against particle size in millimeters. Five curves represent coral gravel sand (red), coral coarse sand (blue), coral medium sand (black), coral fine sand (green), and coral silt (purple). Mass percentage decreases as particle size reduces from ten millimeters to 0.01 millimeters.]FIGURE 2 | Gradation curves of coral sands.2.2 Test apparatus
The tests are carried out on GZQ-1 type fully automatic pneumatic consolidation apparatus. The equipment is produced by Nanjing Ruitai Geotechnical Testing Instrument Co., Ltd., with an axial load error of ±0.5% FS and a lateral pressure sensor nonlinearity of 0.1%. The whole system consists of a consolidation apparatus, a pneumatic pressure controller, a multi-channel communication converter, and a data acquisition system, as presented in Figure 3. The interior of the pressure chamber is inlaid with a ring-shaped rubber membrane, and the water is filled between the rubber membrane and the outer wall of pressure chamber. Coral sand squeezes the rubber membrane, leading to a varying water pressure on the side wall, which allows for the determination of the lateral pressure of coral sand sample by water pressure. The pressure chamber has a diameter of 61.8 mm and a height of 40 mm, and the maximum axial consolidation pressure it can withstand is 6 kN. It is able to provide a horizontal stress measurement range of 0–1,000 kPa and an axial displacement effective test range of 0–10 mm. The vertical load can be set freely by computer programme, and six vertical load levels of 50 kPa, 100 kPa, 150 kPa, 200 kPa, 400 kPa, and 600 kPa are designed for the tests.
[image: A laboratory setup featuring a computer monitor with data labeled as "Load input". A digital device above, labeled "Measurement system", displays a reading. An apparatus on the right, labeled "Side pressure gauge", is part of the system. A keyboard is visible in the foreground.]FIGURE 3 | Static lateral pressure coefficient measurement test system.2.3 Test procedure
The test procedure includes sample preparation, sample installation, loading, and data acquisition, while the dry and saturated scenarios are configured. For preparation of dry sample, the dried sand samples weighed according to the design density of 1.45 g/cm3 are loaded into the pressure chamber of the lateral pressure gauge for compaction in three times, and the compactness designed for the test is achieved by controlling the mass of sample added each time and the height of sample after compaction. The specific operation is as follows: the sample is filled in three layers, and each layer is manually compacted 10 times using a standard compaction hammer (hammer weight 2.5 kg, drop distance 200 mm). The height error of each layer after compaction is controlled to be ≤0.5 mm. For preparation of saturated sample, according to the design density, the coral sand sample of the corresponding mass is placed into the pressure chamber of the lateral pressure gauge, and then the lateral pressure gauge is put into the vacuum bucket. The vacuum pump is activated to evacuate the sample for 48 h to achieve a complete saturation.
The test adopts the rapid loading method, with a stabilization duration of 1 h for each level of loading (NSAI, 2017). The gas-free distilled water is selected for the test to ensure that no gas exists in water bladder, which results in a more accurate measurement of the horizontal pressure. The saturated coral sand sample is always covered by water during the testing process, and a certain amount of pre-pressure needs to be applied first to make the sample reach the design compactness prior to the test. The lateral pressure after stabilization of each level of load is continuously recorded during the test, and the test is terminated when the deformation under the last level of load is less than 0.005 mm/h. The preloading load is uniformly set at 30 kPa (equivalent to 60% of the minimum formal load of 50 kPa), which has been verified through pre testing as the optimal solution for eliminating sample gaps.
3 RESULTS AND ANALYSIS
3.1 K0
The relationships between the horizontal and vertical stresses of samples in dry and saturated states are obtained, respectively, and then the K0 curves of coral sand are determined, as presented in Figure 4.
[image: Two line graphs labeled (a) and (b) show the relationship between vertical and horizontal stress for various coral sands. Coral powder sand shows the highest horizontal stress, followed by coral fine sand, medium sand, coarse sand, and gravel sand. Horizontal stress increases linearly with vertical stress for all types.]FIGURE 4 | Relationship between horizontal and vertical stresses of coral sand.(a) Horizontal stress versus vertical stress in dry state. (b) Horizontal stress versus vertical stress in saturated state.As indicated in Figure 4, the horizontal stress increases linearly with the increase of vertical stress, which demonstrates a basically constant K0 along the coral sand at different depths. The K0 values of coral sands in dry and saturated states are statistically obtained, as summarized in Table 2.
TABLE 2 | K0 values of coral sands.	Condition	Coral gravel sand	Coral coarse sand	Coral medium sand	Coral fine sand	Coral powder sand
	Dry	0.22 ± 0.01	0.23 ± 0.01	0.25 ± 0.02	0.27 ± 0.01	0.32 ± 0.02
	Saturated	0.27 ± 0.02	0.29 ± 0.01	0.30 ± 0.02	0.32 ± 0.01	0.33 ± 0.01


The values of the K0 of coral powder sand, coral fine and medium sand, as well as coral coarse and gravel sands in dry state are 0.32, 0.25–0.27, and 0.22–0.23, respectively, while those in saturated state are 0.33, 0.30–0.32, and 0.27–0.27, respectively. These values are smaller than the laboratory test results of quartz sand (whose K0 is 0.39–0.47) (Xu et al., 2007) (The test conditions for quartz sand are relative density Dr = 70% and dry state). Also, the K0 values in saturated state are higher than those in dry state. The increase in K0 of saturated coral sand is essentially due to the dual influence of water on the geotechnical system - firstly, pore water forms pressure chambers in the particle gaps, similar to a micro hydraulic system that converts vertical loads into lateral thrust, directly pushing up horizontal stress; Secondly, water molecules wrap around the edges and corners of coral sand to form a lubricating film, weakening the mechanical interlocking friction between particles and making them more prone to rolling adjustment. This lubricating effect further releases the originally locked horizontal stress. The synergistic effect of these two mechanisms results in a significantly stronger horizontal stress response in the saturated state than in the dry state.
3.2 Influence of particle gradation on K0
Figures 5, 6 illustrate the relationships between particle gradation and K0 in dry and saturated states, where the quantitative calculation formulas are also presented. The correlation coefficients are all above 0.9, indicating a good correlation between particle gradation and K0 and a high calculation accuracy of the listed formulas. It is observed that the K0 tends to decrease gradually with the increase of coefficient of uniformity and coefficient of curvature. This is due to the fact that with the increase in the gradation range from coral powder sand to coral gravel sand, the requirements of Cc = 1-3 and Cu ≥ 5 are gradually fulfilled, and the particle gradation changes from poor to good. Coarse particles form the skeleton, which is filled by fine particles. The occlusion between particles is enhanced while the overall resistance to deformation is increased. Under the vertical load, the horizontal stress is smaller, which leads to a lower K0 value measured. Narrow graded sand (such as silt) has uniform particles, concentrated force chains under vertical loads, and high horizontal stress transmission efficiency, resulting in a K0 of 0.32; Coarse particles form the main skeleton in wide graded sand (such as gravel sand), and fine particles fill the pores to enhance the “three-dimensional interlocking effect”, converting more vertical loads into particle interlocking internal forces and reducing horizontal stress release. Therefore, K0 is reduced to 0.22. The decreasing trend of K0 suggests that the magnitude of change of K0 in saturated state is significantly smaller than that in dry state. This is due to the fact that the lubrication of water in coral sand in saturated state reduces the occlusal friction between the particles, which leads to a decrease in the effect of the gradation on the K0.
[image: Two graphs comparing data points with fitting curves. Graph (a) shows \( K_0 \) versus non-uniformity coefficient \( C_u \) with fitting curve \( y=0.23+4.9 \times 10^4/(1+e^{(x-1.5 \times 10^3)/3.4}) \) and \( R^2=0.98 \).Graph (b) shows \( K_0 \) versus curvature coefficient \( C_c \) with fitting curve \( y=0.31+0.14/(1+e^{(x-0.87)/0.1}) \) and \( R^2=0.99 \). Both graphs use black squares for measured values and red lines for fitting curves.]FIGURE 5 | Relationship between particle gradation and K0 in dry state.(a) K0 versus Cu. (b) K0 versus Cc.[image: Two graphs show the relationship between \( K_0 \) and different coefficients, with measured values as black squares and fitting curves in red. Graph (a) displays \( K_0 \) versus non-uniformity coefficient \( C_u \) with the equation \( y = 0.38x^{-0.1} \), \( R^2 = 0.94 \). Graph (b) shows \( K_0 \) versus curvature coefficient \( C_c \) with the equation \( y = 0.28 + 0.06/(1 + e^{(x-1.03)/0.15}) \), \( R^2 = 0.91 \).]FIGURE 6 | Relationship between particle grading and K0 in saturated state.(a) K0 versus Cu. (b) K0 versus Cc.4 PARTICLE FLOW SIMULATION
4.1 Preparation of numerical sample
The existing numerical tests report that the particle size enlargement method has less influence on the mechanical behavior of the material (Evans and Valdes, 2011; Belheine et al., 2009). The simulation in this study uniformly enlarges the particle size by 1.5 times. The numerical test procedure is as follows:
	(1) Coral sand particles of the same gradations as those in laboratory tests are generated in a cylinder with a diameter of 61.8 mm and a height of 40 mm. Finally, 7,394 coral gravel sand particles, 10,263 coral coarse sand particles, 14,840 coral medium sand particles, 15,268 coral fine sand particles, and 17,196 coral powder sand particles are generated, respectively.
	(2) The particle sample model with a set porosity is firstly developed. Then, a specific pressure is applied to the walls for pre-compression to achieve a homogeneous and dense sample, as illustrated in Figure 7.
	(3) The contact between the particles is assigned with a parallel bond model. Relevant parameters are assigned to create a bond between the coral sand particles to simulate their occlusion.
	(4) The displacements of the particles are set to zero and the upper wall is compressed with a given velocity to load the numerical sample.

[image: Blue background with scattered circles of varying sizes. Large cyan circles outlined in black, medium red circles, and small green circles are randomly distributed throughout the image.]FIGURE 7 | Numerical sample of coral sand.4.2 Calibration of meso-scale parameters
This paper utilizes a parallel bond model to simulate the bonding force between the coral sand particles. The parallel bond model can describe the contact characteristics between the bonded particles, where spring components with constant normal and tangential stiffness are distributed within the contact surface of the particles. When the displacement or force between particles exceeds the critical parallel bonding strength, the parallel bonding between particles fails and fracture occurs.
Discrete element numerical simulation requires the input of meso-parameters such as contact stiffness and friction coefficient. Referring to its range in previous numerical experiments (Stratton and Wensrich, 2010; Thompson et al., 2009), the particle normal stiffness in this study is set to 100 MN/m, while the particle stiffness ratio is set to 1.0, which meets the recommended range of 1.0–1.5 by Goldenberg and Goldhirsch (2005). By reverse fitting the key characteristics of the stress-strain curve of the indoor triaxial test, it is achieved that the basic microscopic parameters (friction coefficient, stiffness, etc.) are first fixed, and then the cohesion and friction angle are gradually adjusted to make the peak stress, residual strength trend, and elastic segment slope simulated by PFC consistent with the test curve. The iterative process aims to match the overall shape of the curve, and the final parameter values are listed in Table 3 after multiple verifications.
TABLE 3 | Meso-scale parameters of numerical sample.	Type of sand	Friction
coefficient	Normal contact
stiffness/MN·m-1	Stiffness ratio	Effective
modulus/GPa	Cohesion/MPa	Friction
angle/(°)
	Coral gravel sand	0.5	100	1.0	0.1	0.32	43.3
	Coral coarse sand	0.5	100	1.0	0.1	0.26	43.8
	Coral medium sand	0.5	100	1.0	0.1	0.3	45.3
	Coral fine sand	0.5	100	1.0	0.1	0.28	43.5
	Coral powder sand	0.5	100	1.0	0.1	0.22	41.0


5 NUMERICAL SIMULATION RESULTS
5.1 Comparison with laboratory tests
Figure 8 presents the comparison between the numerical and experimental results regarding the relationship between the horizontal and vertical stresses for coral powder sand. It is observed that there is only a minimal discrepancy between the K0 values obtained from numerical simulations and laboratory tests, indicating a high overall agreement between the two results. This verifies the feasibility of numerical simulation and the rationality of calibrated meso-parameters. An in-depth analysis of the numerical simulation results can be conducted based on this foundation.
[image: Line graph comparing horizontal stress versus vertical stress in kilopascals. It features two data sets: one from numerical simulation, marked with gray lines and open squares, and the other from laboratory tests, marked with red lines and filled squares. Both data sets show an increasing trend, with the laboratory test line slightly above the numerical simulation line.]FIGURE 8 | Comparison of numerical calculation and laboratory test results.5.2 Meso-scale evolutionary laws
5.2.1 Variation of displacement nephogram
Figure 9 displays the displacement nephograms of coral gravel sand and coral powder sand, where the red and blue regions represent the largest and smallest displacements, respectively. The applied vertical load causes the particles at the top of the sample to be continuously compressed downward, producing downward displacement. The particle displacement in the nephogram decreases gradually from top to bottom, which corresponds to the observation that the compression of the sample decreases gradually from top to bottom in the laboratory test. Comparison of the two displacement nephograms (a) and (b) in Figure 9 identifies an obvious horizontal stratification of the displacement for coral powder sand, which exhibits an overall compression characteristic. This is due to the fact that the smaller difference in particle sizes of coral sand, the weaker dislocation occlusion between particles, and the small differences in motion states of neighboring particles produce an overall downward compression feature. As the gradation of coral gravel sand becomes wider, the difference in particle size is larger. As a result, the particles are more prone to embedded dislocation occlusion, leading to a complex variation pattern of displacement field.
[image: Two panels labeled (a) and (b) show colorful patterns. Panel (a) features a gradient from red at the top to blue at the bottom, with varying sizes of circles throughout. Panel (b) displays a similar gradient without circles, creating a smooth transition of colors.]FIGURE 9 | Displacement nephograms of coral sand particle.(a) coral gravel sand. (b) coral powder sand.Figure 10 depicts the particle displacement vector diagram of coral gravel sand and coral powder sand, indicating a general downward movement trend for coral powder sand particles. In the bottom part of the sample, particles tend to move horizontally. Due to its wide grain size distribution, there is a certain amount of large-grain particles in coral gravel sand, while filling and interlocking between coarse and fine grains lead to more horizontal movements of particles. This also explains the mechanism of compressive deformation of coarse-grained soils from a meso-scale point of view, i.e., the deformation mainly consists of embedded occlusion and dislocation filling between coarse and fine particles.
[image: Bar graphs displaying color gradients from blue at the bottom through green, yellow, and red at the top. Two graphs labeled (a) and (b) depict similar vertical patterns with different data representations, showing variations in quantity or intensity.]FIGURE 10 | Displacement vector diagram of coral sand particles.(a) Coral gravel sand. (b) Coral powder sand.5.2.2 Distribution of contact force chains
Figure 11 illustrates the distribution of contact force chains within the coral sand sample. The redder the color and the thicker the force chain, the greater the contact force; while the bluer the color and the thinner the force chain, the smaller the contact force. It is observed that gradient distribution of contact force inside the coral gravel sand with a wider gradation is more obvious, while magnitude range of contact force varies greatly, and the direction of contact force is distributed within 360°, which confirms a stronger embedded occlusion between the particles inside the coral gravel sand with a wider gradation. Most of the contact force chains of the internal particles of the coral gravel sand with a narrower gradation are blue, which represents a more concentrated distribution of the contact force, indicating a weaker occlusion between the internal particles of the coral gravel sand with a narrower gradation.
[image: Two images labeled (a) and (b) showing complex geometric patterns. Image (a) features blue and green interconnected triangular shapes forming a dense network with larger, star-like nodes. Image (b) displays a similar pattern with tighter, more numerous connections, and fewer star-like nodes, creating a more uniform, intricate design.]FIGURE 11 | Distribution of contact force chains of coral sand particles. (a) Coral gravel sand. (b) Coral powder sand.5.2.3 Evolution laws of coordination number
The coordination number reflects the average contact number per ball. The specific definition is presented in Equation 1:
Cn=∑NgrainnicNgraini=1,2,…,Ngrain(1)
To accurately obtain the number of contacts inside the sample, 48 measurement circles are arranged inside it, as depicted in Figure 12. The coordination number inside the sample is obtained by averaging the data from the measurement circles.
[image: Colorful grid of numbered circles from 1 to 48 arranged in rows and columns. Each column features a different color gradient, including red, orange, yellow, green, light blue, and dark blue on a patterned blue background.]FIGURE 12 | Schematic diagram of the position of measurement circles.Figure 13 illustrates the evolution curve of coordination number inside the sample. It is observed that the coral gravel sand has the smallest coordination number, while the coral powder sand has the largest one. As the gradation of coral sand gradually narrows from coral gravel sand to coral powder sand, the coordination number gradually increases. This is mainly due to the difference in the number of particles among the five gradations of coral sands, with narrower gradations having more particles and therefore larger coordination numbers. Also, as the sample is compacted, the coordination number inside the sample increases and eventually stabilizes. The coral gravel sand with a wider gradation has the largest increase in coordination number, indicating better compaction of the sample, which corresponds to the larger compression observed in macroscopic compression tests of samples with wider gradations.
[image: Line graph showing coordination number versus axial strain for different coral materials: gravel sand (black), coarse sand (red), medium sand (blue), fine sand (green), and silt (purple). Coordination numbers vary slightly, with gravel sand increasing significantly, while other materials display minor variations.]FIGURE 13 | Evolution curve of coordination number.5.3 Influence of bonding strength on K0
Coral sand particles are angular with irregular shapes, and exhibit relatively strong inter-particle cohesion, which is characterized by the bonding strength in PFC simulation. To study the influence of bonding cohesion on K0, K0 tests are conducted under six different bonding cohesion cases of 5 × 104, 1 × 105, 5 × 105, 1 × 106, 3 × 106, and 5 × 106 Pa. The particle gradation of coral powder sand is used for all cases, and the other meso-scale parameters are the same as those in Table 3. The obtained K0 values for different bonding cohesions are presented in Figure14a. It is evident that as the inter-particle cohesion increases, the K0 value of coral sand gradually decreases. Once the cohesion exceeds 1 × 105 Pa, the K0 tends to stabilize gradually and finally remain unchanged as cohesion increases. The relationship between them approximately follows an exponential function relationship, as depicted by the red fitted curve.
[image: Two graphs show the relationship between \( K_0 \) and two variables. Graph (a) plots \( K_0 \) against bonding cohesion in \( 10^5 \) Pa. The curve follows the equation \( y = 0.24 + 0.1/(1 + e^{(x - 0.84)/0.27}) \) with \( R^2 = 0.99 \). Graph (b) plots \( K_0 \) against bonding friction in degrees, following \( y = 0.32 + 0.1/(1 + e^{(x - 0.7)/6.8}) \) with \( R^2 = 0.99 \). The fitting curves are in red, and calculated values are black squares.]FIGURE 14 | Relationship between bonding strength and K0.(a) K0 versus bonding cohesion. (b) K0 versus bonding friction angle.To explore the influence of bonding friction angle on K0, K0 tests are conducted under six different bonding friction angle cases of 0°, 10°, 20°, 30°, 40°, and 50°. The particle gradation of coral powder sand is used for all cases, and the other meso-scale parameters are the same as those in Table 3. The obtained K0 values for different bonding friction angles are displayed in Figure14b. It is observed that the K0 of coral sand gradually decreases as the inter-particle bonding friction angle increases. When the friction angle is greater than 30°, the K0 tends to stabilize gradually with minimal change in magnitude as friction angle increases. The relationship between the K0 and the bonding friction angle approximately satisfies an exponential function relationship, as indicated by the red fitted curve.
6 CALCULATION FORMULA FOR K0
A large number of research results have been achieved for calculation methods of K0 for land-sourced sandy soils, which are detailed in Table 4. These K0 values are generally applicable for small deformation scenarios. The peak internal friction angles gained from triaxial compression tests (Zhang et al., 2023) (see Table 3) are substituted into the six theoretical formulas mentioned to verify their applicability in the highly deformed coral reef debris layer. A comparison of the calculated K0 values with the measured values is presented in Table 4 and Figure 15. Among them, the theoretical calculated K0 values by five formulas are higher than the measured values, while only the theoretical formulae proposed by Rowe (based on the shear strength exertion angle) gives smaller calculated values than the measured values, which reveal that the particle occlusion and the difficulty of particle rotation are the reasons for the low K0 value (Yuhang et al., 2021).
TABLE 4 | Calculation results of K0.	Ref.	Calculation method	Type of coral sand	Calculate results based on peak internal friction angles
	Jaky (1944)	K0=1−sin⁡φ′	Coral gravel sand	0.31
	Coral coarse sand	0.31
	Coral medium sand	0.29
	Coral fine sand	0.31
	Coral powder sand	0.34
	Rowe (1957)	K0=tan245o−φc2	Coral gravel sand	0.09
	Coral coarse sand	0.09
	Coral medium sand	0.08
	φC=1.5φ′−9∘	Coral fine sand	0.09
	Coral powder sand	0.12
	Hendron and Alfred (1963)	K0=1+58−358sin⁡φ′1−58+358sin⁡φ′	Coral gravel sand	0.54
	Coral coarse sand	0.54
	Coral medium sand	0.52
	Coral fine sand	0.54
	Coral powder sand	0.57
	Sag and lamer (1975)	K0=0.971−0.97⁡sin⁡φ′	Coral gravel sand	0.32
	Coral coarse sand	0.32
	Coral medium sand	0.30
	Coral fine sand	0.32
	Coral powder sand	0.35
	Rymsza (1979)	K0=tan245o−φ′3
2/3 of the shear strength is exerted	Coral gravel sand	0.35
	Coral coarse sand	0.34
	Coral medium sand	0.33
	Coral fine sand	0.35
	Coral powder sand	0.37
	Bloton (1979)	K0=1−sinφ′−11.5o1+sinφ′−11.5o	Coral gravel sand	0.31
	Coral coarse sand	0.30
	Coral medium sand	0.29
	Coral fine sand	0.31
	Coral powder sand	0.34
	Measured values	Coral gravel sand	0.22
	Coral coarse sand	0.23
	Coral medium sand	0.25
	Coral fine sand	0.27
	Coral powder sand	0.32


[image: Graph showing K₀ values against different materials: coral, gravel sand, coarse sand, medium sand, fine sand, and silt. Various empirical formulas are plotted with different line styles: Hendron, Vierzbiczkzy, Saglamer, Bolton, Jaky, and Rowe, alongside measured values, to compare predictions.]FIGURE 15 | Comparison between the calculated and measured K0 values.Considering that the measured K0 values of coral sand are between the theoretically calculated values proposed by Rowe (1957) and Bloton (1979), a formula for calculating the K0 based on the distribution coefficient and the strength parameter is proposed, as presented in Equation 2, where ϖ is the distribution coefficient.
K0=1−ϖtan245o−φc2+ϖ1−sinφ′−11.5o1+sinφ′−11.5o(2)
Based on the measured data, the suggested values of the distribution coefficients for coral powder sand, coral fine and medium sands, as well as coral coarse and gravel sands are 0.1, 0.2, and 0.4, respectively. Table 5 presents a comparison between the calculated values obtained from the proposed formula and the measured values with the dry coral sands as examples. The maximum error observed is only 6.1%, which demonstrates the high accuracy of the calculation formula.
TABLE 5 | Distribution coefficient values and accuracy.	Coral sand	Distribution coefficient ϖ	Calculated value	Measured value	Error
	Coral gravel sand	0.4	0.22	0.22	−0.9%
	Coral coarse sand	0.4	0.22	0.23	6.1%
	Coral medium sand	0.2	0.25	0.25	0.8%
	Coral fine sand	0.2	0.27	0.27	1.5%
	Coral powder sand	0.1	0.32	0.32	0.6%


7 CONCLUSION
This study analyzes the influence of particle gradation on the K0 by performing laboratory experiments and PFC particle flow simulations on coral sands with five typical gradations. The macroscopic test mechanism is revealed from a meso-perspective, and the influence of bonding strength on the K0 is derived. A formula for calculating the K0 of coral sand is established based on the experimental results. The conclusions are as follows:
	(1) The K0 values of coral sands in dry state range from 0.22 to 0.32, while that in saturated state range from 0.27 to 0.33. The K0 in saturated state is higher than that in dry state, but the K0 of coral sand is smaller than land-sourced sand. There is an exponential function relationship between the particle gradation of coral sand and the K0. With the increase of the coefficient of inhomogeneity and the coefficient of curvature, the K0 decreases gradually. The rate of change of K0 in saturated state is obviously smaller than that in dry state.
	(2) The particle flow numerical model reveals that coral sand with a narrower gradation is more likely to exhibit horizontal stratification and overall compression characteristics at meso-scale. As the gradation gradually becomes wider, the stratification and compression characteristics are gradually weakened, and the particles manifest stronger dislocation occlusion. The contact force chains demonstrate a more obvious gradient distribution for coral sand with a wider gradation, with contact forces being distributed in all directions, while the distribution of contact force chains is more concentrated for the coral sand with a narrower gradation. The coordination number inside the coral sand with a wider gradation is smaller, but it experiences a larger changing amplitude under the action of vertical force, which is macroscopically manifested as more significant volume compression effect.
	(3) As the bonding strength (cohesion and friction angle) increases, K0 gradually decreases, but it no longer changes after the bonding strength reaches a threshold. The relationship between the bonding strength and the K0 approximately follows an exponential function. The theoretical formula with the highest computational accuracy is preferred on the basis of the existing formulas for calculating the K0 of land-sourced sand and the lower K0 value for coral sand. Furthermore, the distribution coefficient is introduced to propose a formula for calculating the K0 based on the distribution coefficient and the strength parameter. A comparison of calculated values with measured values demonstrates the high computational accuracy of this formula.
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