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Abstract

:

In this investigation, coral sand is presented as a sustainable substitute for conventional river and machine-manufactured sand. This study comprehensively investigated the macro-scale strength, deformation, and permeability characteristics of coral sand, alongside analyzing the mechanical behavior, deformation, and permeability under various conditions and in relation to distinct particle characteristics. It revealed that coral sand primarily consists of biotite and high-Mg calcite, featuring abundant internal pore space. Its compressive properties resemble clayey soils, displaying minimal unloading rebound and predominant plastic deformation during compression. In direct shear tests, the stress–strain relationship follows an approximate hyperbola, with no pronounced strain softening. Describing particle fragmentation in the process proves challenging, making indicators like internal friction angle less applicable in engineering. Triaxial tests indicate a rapid initial bias stress increase, followed by a gradual decrease post-stress peak, suggesting a strain softening phenomenon. As surrounding pressure rises, the axial strain needed to reach peak strength also increases. The permeability coefficient of coral sand correlates linearly with pore ratio increase, represented by 10e. The complex interaction of multiple factors influences the strength, deformation, and permeability of coral sand blown fill mixes, with specimen porosity having the greatest impact. The design and construction of high-weight foundation elements in coral sand blown fill projects should consider porosity effects.
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1. Introduction


Reefs are rare terrestrial resources in tropical oceans, and are reliance bases for human habitation, oil and gas resource development, and the protection of national maritime rights and interests [1,2]. Coral sand is a special kind of geotechnical material, formed by the remains of reef-forming coral communities after a long period of compaction, lithification and formation of geotechnical material, in situ deposition, or near-source transport deposition of debris [3]. Studies have shown that coral aggregate is a natural light aggregate [1,2,4] and can be used to replace some construction aggregates [5,6,7,8,9,10], and marine large-scale infrastructure construction and island roadland blowing projects often use coral sand produced in dredged harbor land and channel excavation as construction material for island construction [11]. Due to the complex environment and unique internal structure of coral bodies, coral sand particles exhibit distinct properties. They are weak, highly irregular in shape, prone to breaking, and loose, with numerous pores. Furthermore, their behavior in terms of stress-strain relationships, strength characteristics, and shear swelling significantly differs from that of typical terrestrial sands. With increasing cell pressure, particle fragmentation develops and differences in mechanical properties increase [12].



Since the 1960s, in the exploration of marine resources development, engineering problems caused by loose accumulations of coral reefs and reef flat sediment stratigraphy have occurred frequently, such as in the construction of oil platforms in the Bass Strait of Australia, the North Rankin “A” oil platform on the Northwest Shelf, etc., and in situ sedimentation or near-source transport deposition of coral reefs and other marine organism skeleton remnants after their fragmentation. After the coral reef breakup and disintegration, the fragments and other marine skeleton remains are deposited in situ or near-source transported and deposited, because most of their depositional processes are not long-distance transported, and they retain the fine internal pore structure in the native bioskeleton, which results in the calcareous sand particles macroscopically displaying the special properties of easy to break up, difficult to saturate, and high compression, which make the plastic deformation loading capacity of the foundations and the pile bearing capacity low, and influences the shear characteristics of the soil body [12,13,14,15,16].



At present, there is relatively little domestic experience on reef sand blowing materials for large geotechnical structures [11,17], and there is insufficient knowledge of the particle characteristics and basic physical and mechanical properties of coral sand blowing materials obtained in different ways. It has been shown that particle fragmentation significantly affects the engineering and mechanical properties of the soil. coral sand can be crushed at low stress levels, and the crushing process has a complex relationship with physical composition, particle size gradation, particle shape, pore ratio, effective stress state, effective stress path, etc. [13,14,15,16,18]. The strength index of coral sand decreases as the surrounding pressure increases, and particle fragmentation gradually decreases after a certain degree, and the influence on mechanical properties also tends to stabilize, especially after large shear tends to a constant volume, constant stress state (similar to the critical state) [3].



Therefore, this paper intends to analyze the particle properties and aggregate characteristics of coral sand based on its chemical composition, mineral composition, particle morphology, etc., and use an indoor one-dimensional compression test, shear test, and permeability test to study the compression performance, strength index, compaction state, and permeability characteristics and their interrelationships, to reveal the basic mechanical and permeability characteristics of coral sand blowing materials in different states and under different particle characteristics, to analyze the correlation between strength, deformation and permeability coefficient, to provide the necessary scientific basis for the construction of geotechnical engineering for the development of South China Sea islands and reefs, and to provide grading schemes and data support for the subsequent guidance of coral sand blowing projects. The study’s practical insights serve as a valuable guide for sustainable and effective geo-engineering applications. Engineers and practitioners can incorporate these findings into their design and construction processes for effective and sustainable outcomes.




2. Materials and Test Methods


2.1. Raw Materials


The test material is taken from the loose coral debris strung from a sea area in the South China Sea, which can be mainly divided into coral sand and coral reef rock after being rinsed with pure water, dried, and sieved an initial time. The amount of coral sand with a particle size greater than 2 mm is very small. The 0.5 mm particle content is more than 50% and the main particle shapes are spindle, block, branch, and flake, as shown in Figure 1. Coral sand particle size, particle shape, particle gradation, and other physical properties have a direct impact on the engineering properties of the mix, the basic physical parameters are shown in Table 1. In order to facilitate the control of the conventional mechanical test conditions and analysis of the results, the particles larger than 2 mm in the coral sand were removed, and particle sieving tests were carried out on sand specimens below 2 mm, as shown in Figure 2. The coral sand inhomogeneity coefficient Cu was only 3.75, which is typical of poorly graded sand.




2.2. Test Methods


2.2.1. Mineral Composition and Microstructure Tests


The mineral composition of the coral sand was analyzed by X-ray diffraction using a Bruker AXS D8 Advance powder crystal X-ray diffractometer with a scanning incidence angle of 5° to 95°. The samples were in powder form with a mass of at least 0.5 g. The samples were passed through a 325 mesh standard sieve to reduce errors in the preparation of the samples. A total of 20 g of pellets were randomly taken from a well-mixed coral sand blowing material and prepared for use. After natural drying, the specimens were placed in the pulverizer in order to be pulverized, and the pulverized particles were gently removed with a brush and placed in the grinder to be ground until all specimens passed through a 325 mesh sieve. Then, the clods with a volume of about 1 cm3 at the middle position were taken. Coral sand particles were taken and dried in a constant temperature drying box at 65 °C for 3 d. A small alloy knife was used to cut 5 corals with a diameter of 3–5 mm and a flat surface along the main growth axis of the corals for electron microscopy scanning. Before scanning, vacuum and gold treatment were performed, and finally scanning electron microscopy was used.




2.2.2. One-Dimensional Compression Test


General mechanical tests refer to the “Geotechnical test specification for highway” [20]. The specimen size was Φ61.8 mm × 20 mm. The one-dimensional compression test was carried out using a WG single lever consolidator (used for compression tests of soil, detecting the relationship between pressure and the deformation of soil, compression index, resilience index, and coefficient of consolidation) with four initial states of compressed specimens prepared from the initial particle size curve of the coral sand, with the initial pore ratio e distributed between 1.00 and 1.25. The test was carried out with a pre-pressure of 1.0 kPa to bring the parts of the consolidator into close contact, and then pressurized step by step with normal pressure load levels of 50, 100, 200, 300, 400, and 800 kPa, and high pressure load levels of 1600, 3200 kPa, and 4000 kPa.




2.2.3. Direct Shear Test


The direct shear test was carried out by a strain-type electric direct shear apparatus. The consolidated fast shear test was performed on coral sand with the same initial porosity ratio e0 of 1.052 under different normal stresses, and the vertical deformation was measured and recorded every 1 h. The diameter of the specimen was 61.8 mm and the height was 20 mm. The vertical deformation of the specimen at consolidation stability was not more than 0.005 mm per 1 h. The cutting speed was 0.8 mm/min and the shear loss was within 3–5 min. When the force meter percentage reading was unchanged or back, shearing was continued to a shear displacement of 4 mm and then stopped; when the shear process force meter percentage showed no peak, shearing continued to a shear displacement of 6 mm and then stopped.




2.2.4. Triaxial Shear Test


A TSZ-1 triaxial instrument was used to carry out a coral sand consolidation and drainage shear (CD) test, using a specimen size of Φ39.1 mm × 80 mm. Saturation technology is a more critical step in the sample-making process, as with the current conventional test method it is difficult to achieve 95% saturation. After repeated tests, the saturation process was completed by evacuating, passing carbon dioxide, filling with airless water, and graded backpressure saturation [21]. The saturated specimen was filled with pure water to 1/3 of the height of the membrane and the boiled sand was filled in three layers to a predetermined height. A negative pressure of 5 kPa was applied to the interior of the specimen to keep it upright. After the specimen has been set up, the pressure chamber was filled with water and a 20 kPa perimeter pressure was applied. CO2 was used to replace the air in the specimen. CO2 with a purity of 99% or more is depressurized to 2–10 kPa. The saturation is then counterpressure saturated. To prevent the specimen from swelling, the counterpressure was kept at less than the surrounding pressure by more than 20 kPa, and 50 kPa were taken for each level of counterpressure; when applying the counterpressure, the difference between the surrounding pressure and counterpressure was kept as a constant value, the volume of the specimen was kept unchanged, and then the next level of surrounding pressure and counterpressure was applied after the hole pressure had stabilized. When the pore pressure dissipates to zero, the water no longer flows into the specimen and this can be considered stable pore pressure. The counterpressure was applied for a duration of approximately 10 min. After each level of counterpressure was applied, the B value was determined; when B > 0.95, the specimen saturation has reached 98% above the end of saturation. Studies have shown that generally only two or three levels of counterpressure, and not more than four levels, need to be applied to meet the requirements [19]. The shear rate was 0.166 mm/min for the shear test, and the effective cell pressures were 100, 200, 400, and 800 kPa, respectively.




2.2.5. Penetration Test


The test was carried out on coral sand with a grain size of 2 mm or less, using a TST-70 permeameter with a 40 cm high barrel and 10 cm diameter. In order to facilitate the integrity of the sample, all specimens were prepared with the same moisture content. In order to make the specimens fill the cylinder, they were loaded three times into the test cylinder and pressed tight with the mold on the jack. Before the test, the permeation meter with the specimen was connected to each device and left to stand under a certain water head. In order to avoid deformation and damage to the specimen due to excessive water head, a lower water head (15 cm) was used at the beginning. The feasible water head for the permeation test was determined through several groups of test trials, and the water head for the formal test was 25 cm. For every 300 s of weighing the amount of water in the measuring cup, the water temperature was measured with a thermometer at the beginning and end of the test. Finally, the permeability coefficient was calculated according to the following formula.


   k t  =   Q L   A H t      η T     η  20      



(1)




where kt is the permeability coefficient of the specimen at water temperature t °C, cm/s; Q is the amount of water permeated in time t seconds, cm3; L is the permeation path, equal to the height of the specimen, cm; A is the specimen cross-sectional area, cm2; H is the permeation head, cm; t is time, s; and ηT is the dynamic viscosity coefficient of water at T °C, 10−6 kPa·s. η20 is the dynamic viscosity coefficient, 10−6 kPa·s.






3. Results and Discussion


3.1. Mineral Composition and Microstructure


The diffraction peak areas of the different minerals were used to semi-quantitatively calculate the proportion of each phase in the coral sand, and the analysis of the diffraction pattern (Figure 3) shows that the mineral composition of the coral sand is mainly biotite (mass fraction 35–45%) and high Mg calcite (mass fraction 55–65%) (see Figure 4), and interspersed with quartz minerals, as shown in Table 2. Biogenic aragonite is commonly found in animal shells or bone skeletons, in massive form, and is a mixture of a variety of irregular shapes. Biogenic aragonite is a product of biochemical action and is unstable in nature, often transforming into high magnesium calcite. The biogenic aragonite in coral sands is mainly derived from the remains of marine organisms, with the high-Mg calcite being partly naturally occurring and partly transformed from biogenic aragonite [21]. Quartz minerals are formed by the co-deposition of quartz-bearing minerals, such as quartz sand, carried by marine organisms, such as mussels themselves, and quartz particles of terrestrial origin by seawater transport with marine biogenic detrital material.



The coral sand is highly compressible, and the larger the initial pore ratio of the specimen, the greater the compressibility under lateral limit compression (Figure 5). The effect of the initial pore ratio of the coral sand on compressibility decreases with increasing pressure. When the stress level is large enough, the consolidation of the coral sand tends to be close to the normal consolidation line NCL [22,23].




3.2. One-Dimensional Compression Test Results


Coral sands display distinctive compression and deformation behaviors compared to terrestrial quartz sands when subjected to external forces. Figure 6 illustrates that the compression curves of coral sand, with uniform grading but varying initial pore ratios, can be divided into three stages. The initial stage, at a low stress level of 400 kPa, exhibits approximately parallel slopes among the four pore ratios, with consistent compression indices Cc0 ranging from 0.064 to 0.046 and an average value of Cc0 = 0.056. During the compression process, the coral sand particles remained intact, exhibiting frictional interlock among them. The particles underwent a directional rearrangement until it was complete. Importantly, the initial state of the specimen was largely unaffected by particle movement, indicating that it does not significantly influence the compression characteristics of coral sand. The study shows that the compression of cohesionless soils depends mainly on the rearrangement and fragmentation of the soil particles. Under the action of low pressure, the soil particles slide and roll, moving to a dense and stable equilibrium position. The amount of displacement or compression is determined by the ability of the intergranular frictional resistance between the soil particles to resist displacement. The better graded and denser the soil, the smaller the compressive deformation [24].



The second stage is the medium stress level stage, with stress values in the range of 400–800 kPa, where the grains begin to break up, triggering the destruction of the coral sand formation. The compressibility of coral sand undergoes a notable increase during this stage, leading to a significant variation in the slope of the compression curve. In Figure 6, the inflection point on the e-logp curve is identified as the yield point, typically characterized by the highest curvature on the compression curve. The stress value corresponding to this point is defined as the yield stress [24], which is related to particle fragmentation. As the initial pore ratio decreases, the yield stress gradually increases, and when the pressure exceeds the yield stress, a large number of particles begin to break. The compressive properties at this stage are closely related to the initial state of the specimen, and the compressibility decreases significantly with the increase in the dense state of the specimen, and the compression index Ccb decreases significantly in the range of 0.244–0.087. The study shows that with the increase in the pressure, the directional rearrangement between the particles is gradually completed, and the specimen reaches the dense state, and the compressive properties are mainly controlled by the particle crushing after the pressure continues to increase [3,12,22]. The volume reduction resulting from the breakdown of the coral sand structure becomes more pronounced in looser initial states. Simultaneously, there is a notable increase in pore reduction due to particle fragmentation, leading to significant alterations in the skeletal structure of the coral sand. This fragmentation manifests in various particle forms, such as rhombic and flattened shapes.



The third stage is the high stress level stage, with stress values reaching 1600–4000 kPa. The compression curves with different initial pore ratios in this stage tend to intersect in a straight line: y = 2.302 − 0.383x, similar to the normal consolidation line NCL in the clay compression curve, which corresponds to the ultimate compression line LCC in the Pestana & Whittle model [25]. The coral sand is highly compressible, and the larger the initial pore ratio of the specimen, the greater the compressibility under lateral limit compression. The coral sand is highly compressible, and the larger the initial pore ratio of the specimen, the greater the compressibility under lateral limit compression. The effect of the initial pore ratio of the coral sand on compressibility decreases with increasing pressure. When the stress level is large enough, the consolidation of the coral sand tends to be close to the normal consolidation line NCL.



The initial porosity ratio has a small effect on the yield stress of the coral sand configuration at the time of destruction, and the yield stress is not significantly related to the initial porosity ratio (e). The yield stress of the coral sand specimen at the time of destruction is about 400 kPa. However, the critical stress (py) of the normal consolidation line NCL is closely related to the initial state. A relatively loose specimen can reach the normal consolidation line at a pressure of 1600 kPa. Coop [26] concluded that the normal consolidation line is caused by particle fragmentation, with dense sands breaking before the normal consolidation line, and loose sands reaching the normal consolidation line at low stress levels. The normal consolidation line is attained at low stress levels. At the beginning of loading, the rearrangement of particle positions occurs, and the yield stress is not obvious; as loading increases, particle fragmentation begins, and there is a significant yield stress. As pressure continues to increase, the compression characteristics are mainly controlled by particle fragmentation. As seen in Figure 6, under an axial pressure of 4000 kPa, the coral sand specimen is compressed from an initial pore ratio of e = 1.176 to a pore ratio of e = 0.92. This phenomenon indicates that the coral sand still has a large pore ratio in the dense state, and the pores still have a high release space as the stress level increases. Under high stress, this can cause a considerable compression of coral sand, and will also have a serious deteriorating effect on the local shear zone. Therefore, attention should be paid to the design and construction of high-weight foundation elements in natural sedimentary reef sand sediments.



Figure 7 illustrates the one-dimensional compression unloading–reloading curve of the coral sand specimen with an initial porosity ratio of e = 1.176. As observed in Figure 7, the unloading rebound of the coral sand is minimal, and the deformation during compression is primarily plastic deformation. The unloading curve and recompression curve of the coral sand specimen basically overlap, and the slope is about 0.014. Throughout the unloading process, the contact points between the particles remain basically unchanged, and the broken particles cannot revert to their original state. During the reloading process, the deformation essentially mirrors that of unloading, and as the pressure approaches or exceeds the pre-consolidation pressure, the compression index continues to increase. Compression deformation follows the initial compression curve before unloading, indicating that the fine structure formed during the initial compression process can resist recompression at pressures lower than the current pressure. Particle fragmentation during recompression is minimal, and the deformation is mainly the recompression of the elastic rebound deformation of the soil skeleton.



Once the stress level at the time of the first unloading is surpassed, new particle fragmentation begins. The normal consolidation curve value λ is 0.383 for the coral sand, while the slope of the unloading curve κ and λ/κ are 0.014 and 27.36, respectively. This study suggests that the λ and κ values are essentially similar for soils with the same carbonate content and genesis. Soils with similar genesis and carbonate content (mainly composed of calcium carbonate) exhibit similar compression theories and characteristics, expressible in terms of their compression properties through λ and κ lines, which approximate clay [22]. From a geo-engineering perspective, aside from employing layered rolling measures to densify the reef sand blowing site, subjecting the actual foundation to a pre-pressure action greater than the expected subgrade pressure proves to be a more effective measure for reducing foundation settlement [3].




3.3. Straight Shear Test Results


The specimens were prepared according to the initial gradation of the coral sand specimens, controlling the porosity ratio at e = 1.052. As depicted in Figure 8, the stress–strain relationship of the specimens with the same porosity ratio was nearly hyperbolic, and there was no obvious strain softening. As vertical pressure and destructive strain escalate, the shear stress–displacement relationship demonstrates a subtle strain softening effect. This phenomenon is attributed to the limited contact points among particles within the specimen and the minimal restraining influence exerted by surrounding particles. Under conditions of low vertical stress, the scarcity of contact points and constraints facilitates particle tumbling within the specimen, manifesting as a minor softening in the curve. Conversely, at elevated vertical stress levels, the increased pressure intensifies inter-particle constraints. Given its friability, coral sand readily fractures under substantial vertical stress, with these fractured particles primarily contributing to strain softening observed in the curve’s latter half, overshadowing particle tumbling as a stress reduction factor. Consequently, stress reduction is no longer principally attributed to the initial factors.



As shown in Figure 9, the direct shear test strength envelope of the coral sand is essentially linear at an initial pore ratio of e = 1.052, with an internal friction angle of φ = 47.8° and a cohesive force of c = 39.2 kPa. The internal friction angle depends on the frictional resistance between the particles, the irregular shape of the particles and the energy consumption of shear crushing. More energy is consumed when the specimen is sheared, so the internal friction angle is larger. However, the vertical pressure in the straight shear test is small and the particle fragmentation is extremely limited, coupled with the fact that the specimen is only sheared at a fixed shear surface, causing little change in the angle of internal friction. The stress state within the specimen in the direct shear test is complex and unevenly distributed, with the direction of the principal stress changing with the loading of the shear stress. The greater the shear stress, the greater the deflection angle. Experimental results indicate that the internal friction angle of coral sand is φ = 47.8°. The irregular shape and porosity of coral sand exacerbate the friction force, and more energy is required for shearing, resulting in a higher angle of internal friction. Chai Wei [27] obtained an internal friction angle φ = 35°–42° for the direct shear test of calcareous dry sand under different shear rate conditions, and Wang Qing [28] obtained an internal friction angle φ = 34.4° for the direct test of calcareous sand specimens under four moisture content conditions, namely 0, 8%, 16%, and 24% at 34.4°–37.6°. In real practice, the coral sand is generally deformed and displaced as a whole after being stressed, while the shear stress distribution of the specimens is assumed to be uniform in the direct shear test, which obviously cannot simulate the real situation, so the high internal friction angle obtained from the test cannot be directly applied.



The aim of normalizing the relationship between stress and displacement in coral sands is to remove the effect of normal consolidation stresses on shear stresses. As can be seen from Figure 10, when the shear stress is normalized by the normal consolidation stress, the test curves for the same initial pore ratio all tend to the same value, with τ/σ values tending to be between 1.1 and 1.3. Specimens with high vertical stresses exhibit hardening characteristics, while specimens with low vertical stresses exhibit strain softening characteristics. As can be seen by sieving the specimens before and after the test, the gradation of the specimens before and after the test changed little. At this stress level, particle fragmentation can almost be disregarded. This is mainly due to the low stress level of the direct shear test and the fixed shear surface of the test, so that the parameters obtained during the test are essentially very different from those of normal land-sourced sand, and the high internal friction angle exhibited is only due to the angularity and roughness of the particles themselves. This also suggests that it is difficult to characterize the particle fragmentation of coral sands under direct shear test conditions.




3.4. Triaxial Test Results


Triaxial consolidation and drainage shear (CD) tests were carried out on coral sands with an initial pore ratio of e = 1.160 in the low pressure range of 100–800 kPa. As depicted in Figure 11 and Figure 12, the stress–strain relationship curves for the tests applied at pressures below 400 kPa were generally consistent, showing a rapid increase in initial deviatoric stress and a slow decrease after reaching a significant peak stress. As the envelope pressure continues to rise, the greater the axial strain required for the specimen to reach peak strength, a shift from strain softening to strain hardening occurs. When the surrounding pressure is relatively low at σ3 < 200 kPa, the triaxial shear of coral sand exhibits shear swelling characteristics; when the surrounding pressure increases, the shear swelling characteristics rapidly decrease and develop towards shear compression characteristics. When the surrounding pressure is at σ3 > 400 kPa, coral sand in triaxial shear demonstrates shear compression characteristics. Coral sand exhibits volume contraction before significant volume expansion occurs when the enclosing pressure is low; for example, the maximum shear expansion volumetric strain (approximately −3%) is three times the maximum shear contraction volumetric strain (1%) at an enclosing pressure of 100 kPa. At high envelope pressures, the entire shearing process involves volume reduction, with soil shear shrinkage strain peaking and then stabilizing. For instance, at an envelope pressure of 800 kPa, the shear shrinkage body change reaches approximately 7% and then remains stable. The combined effects of the geometric characteristics of coral sand particles and the angular fragility during shear are potential reasons for shear shrinkage at low stress states.



The test reveals that under low cell pressure, coral sand experiences volume compression in the early stages of shear, regardless of the specimen’s initial density. The particles tightly compact, leading to increased specimen density and a relatively stable equilibrium state. During this stage, the specimen’s strength shows nearly linear growth with minimal particle fragmentation. As axial displacement continues, the equilibrium state breaks, and the body rate of change gradually increases. Interparticle misalignment mitigates unbalanced stress growth, while internal shear expansion contributes to elevated deviatoric stress. The mutual occlusion of coral sand particles during relative movement causes significant particle crushing, reducing shear expansion effects, and resulting in decreased deviatoric stress. In this stage, the impact of shear expansion on strength outweighs particle fragmentation, and the deviatoric stress peaks near the position of maximum body transformation rate. When the strength reaches its peak, the specimen is destroyed under the action of the bias stress, after which the volume of the specimen increases slightly. When under high envelope pressure, the specimen continues to undergo shear shrinkage, such as the coral sand under an envelope pressure of 800 kPa, which is likely to be related to the high envelope pressure inhabiting the shear expansion of the specimen and the high envelope pressure induced by particle fragmentation enhancing the shear shrinkage of the soil body [12,29].



The coral sand is highly permeable and the pore water pressure of the specimen dissipates rapidly in the triaxial consolidation and drainage shear (CD) test. As can be seen from Figure 13, the critical strain corresponding to the peak strength increases significantly with the surrounding pressure. As the surrounding pressure increases, the principal stress ratio (σ1/σ3) decreases, and the curve transitions from a strain-softening to a strain-hardening type. When the specimen reaches a similar principal stress ratio value at around ε1 = 20%, the critical stress ratio for the test is between 4 and 5. The subsequent stress ratio and strain curves develop in parallel to the strain axis ε1, indicating plastic flow in the coral sand. Using the Mohr-Coulomb damage criterion, the Mohr stress circle was plotted with (σ1 + σ3)/2 as the center of the circle and (σ1 − σ3)/2 as the radius, and the peak strength envelope equation was τ = 0.844σ + 74.1, with an internal friction angle φ = 40.17° and cohesion c = 74.1 kPa, see Figure 14. The internal friction angle obtained from the triaxial shear test was less than that from the straight shear test (φ = 47.8°). However, it is closer to the value of the internal friction angle of calcareous sand proposed by Chai Wei and Wang Qing [27,28], suggesting that the triaxial shear test of coral sand aligns better with engineering reality.




3.5. Permeability Test Results


The tests were conducted using the same grade of blown reef sand mix at various pore ratios (e0 = 1.054, e0 = 1.089, e0 = 1.176, e0 = 1.261) to determine the permeability coefficient. Additionally, the same dimensional one-dimensional compression test was employed for the pore ratio to prevent the impact of changes in specimen grade on both permeability coefficient and permeability deformation. As illustrated in Figure 15, the permeability coefficient increases with an increasing pore ratio for specimens of the same grade. At the same head, the resistance encountered by the fluid decreases, and the percolation volume per unit time becomes larger with increasing pore ratios. The permeability coefficients of coral sands are concentrated around 10−4 cm/s, which is small compared to the permeability coefficients of terrestrial sands of the same grain size range. The linear correlation between the permeability coefficient k20 and 10e is high, and the fitted equation is k20 = 1.6025 × 10e − 8.7565. The permeability characteristics of the pore medium are closely related to its pore ratio. When the density is large, the contact force between particles is relatively small, and the pores within the mixture are not fully filled, forming a relatively loose skeleton. Consequently, the pore ratio is large, leading to a larger seepage channel and lower seepage resistance. Therefore, the permeability coefficient is large. On the other hand, when the density is large, the particles in the mixture are in close contact, resulting in a reduced pore ratio. This leads to a decrease in the effective over-water area of the seepage channel, causing an increase in seepage resistance and path. Consequently, the permeability coefficient decreases [30,31].




3.6. Correlation Analysis of Strength, Deformation, and Permeability Coefficient


The initial pore ratio e0 affects the strength, deformation, and permeability characteristics of coral sands. As can be seen from Figure 16 and Figure 17, the permeability coefficient of the same gradation and different initial pore ratios e0 decreases with increasing values of one-dimensional compressive stress, and tends to a constant value when the pore ratio reaches a certain value. The permeability coefficient of coral sand with a large initial pore ratio is larger when the stress value is small, mostly concentrated in about 10−3 cm/s, and the permeability coefficient is influenced by the porosity of the specimen. When the stress value continues to increase, frictional occlusion occurs between the coral sand particles, leading to a re-orientation arrangement and an increase in specimen compactness. Consequently, the permeability coefficient gradually decreases. As the stress value continues to increase further, the permeability coefficient of coral sand experiences a rapid decrease, and the permeability characteristics are influenced by the arrangement of specimen particles. When the stress value reaches 4000 kPa, the pore ratio is around 0.9 and the permeability coefficient is concentrated around 4 × 10−4 cm/s. The pore ratio and permeability coefficient gradually converge to a constant value. The one-dimensional compression strength and permeability coefficient both approximately obey the third function relationship; the correlation coefficient is 0.991.



The strength, deformation, and permeability characteristics of coral sand blown mixes are also influenced by factors such as the shape of specimen particles, mix grading, maximum particle size, coarse and fine particle content, clay admixture, particle fragmentation, and test methods. The relationship between strength, deformation, and permeability characteristics is depicted in Figure 18. From the figure, it can be observed that the strength, deformation, and infiltration characteristics of coral sand blown mixes exhibit complex mutual coupling, with intertwined factors and common interactions. However, in general, the porosity of the sample has the greatest influence on the mix’s strength, deformation, and infiltration characteristics. Simultaneously, particle breakage significantly affects the specimen’s porosity, and further research is needed to explore the impact of particle breakage on the strength, deformation, and permeability characteristics of the material. It is essential to consider the influence of porosity on the design and construction of high-weight foundation elements in coral sand blow-fill projects. Nevertheless, the investigation of macro-mechanical properties versus microstructure versus mineral composition will be addressed in future studies.





4. Conclusions


	(1)

	
The mineral composition of coral sand primarily consists of biogenic aragonite and high Mg calcite, with other components present in relatively small mass fractions. Coral sand is abundant in internal pores, which are typically rounded. The face pore structure of the grains is predominantly determined by the biogenic structure itself and is minimally influenced by the shape of the grains.




	(2)

	
When the relative stress level is low (<400 kPa), the compression characteristics of coral sand with different initial pore ratios (e) are similar and basically independent of the initial pore ratio. However, at relatively high stress levels (>1600 kPa), specimens with different initial pore ratios yield first before entering the normal consolidation line NCL. Coral sand particles have less strength than terrestrial sand particles, and rhombic fragmentation of particles can occur at low stress levels. Despite this, coral sand still has high compressibility under high stress, emphasizing the need for attention to the design and construction of high-weight foundation elements in natural sedimentary reef sand sediments.




	(3)

	
The coral sand direct shear stress–strain relationship is nearly hyperbolic and does not show obvious strain softening. The general trend of the stress–strain relationship curve remains consistent when the applied surrounding pressure in the triaxial test is below 400 kPa. Initially, the deviatoric stress increases rapidly and then decreases slowly after reaching the peak stress. As the surrounding pressure continues to rise, the axial strain required to reach the peak strength of the specimen increases, leading to a transition from strain softening to strain hardening.




	(4)

	
The permeability coefficient of coral sand is smaller than that of conventional terrestrial sands of the same grain size range, mostly concentrated at 10−4 cm/s. The permeability coefficient of coral sand with the same grain gradation increases with the increase in the pore ratio and has a good linear correlation.




	(5)

	
The strength, deformation, and permeability characteristics of coral sand blow-fill mixes result from a complex interaction of multiple factors, with the porosity of the specimen exerting the greatest influence on the strength, deformation, and permeability. However, further research is required to establish the impact of particle breakage in coral sand on the strength, deformation, and permeability characteristics of the material.
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Figure 1. Coral sand specimen with particle shape. 
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Figure 2. Coral sand specimen grading curve. 
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Figure 3. XRD results of coral sand samples. 
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Figure 4. Calcite crystal types of coral sand particles under high magnification. 
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Figure 5. Particle and surface structure characteristics of coral sand particles under high magnification. 
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Figure 6. One-dimensional compression curve of coral sand. 
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Figure 7. One-dimensional compression unloading–reloading curve for coral sand. 
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Figure 8. Stress–strain relationship for shear test. 
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Figure 9. Shear strength versus vertical coral sand direct pressure curve. 
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Figure 10. Normalized stress displacement curve for straight shear test. 
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Figure 11. Stress–strain curves at different envelope pressures. 
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Figure 12. Volumetric strain versus axial strain curve. 
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Figure 13. Stress ratio versus strain curve under various pressures. 
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Figure 14. Triaxial test coral sand strength envelope. 






Figure 14. Triaxial test coral sand strength envelope.



[image: Sustainability 16 03479 g014]







[image: Sustainability 16 03479 g015] 





Figure 15. Relationship between permeability coefficient and pore ratio. 
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Figure 16. Permeability coefficient versus 1D compression. 
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Figure 17. Three-dimensional plot of porosity, permeability coefficient, and one-dimensional compression. 
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Figure 18. Relationship between strength, deformation, and permeability properties. 
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Table 1. Basic physical parameters of coral sand.
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	Sand Sample Name
	Coral Sand
	Quartz Sand [19]





	emin
	0.96
	0.7



	emax
	1.47
	0.85



	D10/mm
	0.16
	0.25



	D30/mm
	0.28
	0.52



	D60/mm
	0.60
	0.75



	Cu
	3.75
	2.4



	Cc
	0.82
	0.79



	Gs
	2.74
	2.7










 





Table 2. Coral sand chemical composition mass fraction (%).
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	Oxide Chemistry
	Mass Fraction (%)





	Calcium oxide (CaO)
	47.10



	Magnesium oxide (MgO)
	2.48



	Strontium oxide (SrO)
	0.63



	Sulfur trioxide (SO3)
	0.47



	Silicon oxide (SiO2)
	0.13



	Aluminum oxide (Al2O3)
	0.06



	Phosphorus pentoxide (P2O5)
	0.06



	Potassium oxide (K2O)
	0.0082



	Cl
	0.026



	Burning loss
	48.7
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