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Microbially induced calcite precipitation (MICP) is a new environmentally friendly technology, with the ability to improve the mechanical properties of calcareous sand. Rubber is a high-compressibility material with a higher damping ratio than that of calcareous sand. In this study, calcareous sand was replaced by equal volume contents (0%, 1%, 3%, 5%, 7%, and 9%) and different sizes (0–1, 1–2, and 2–3 mm) of rubber, and a series of water absorption and unconfined compressive strength (UCS) tests were conducted on MICP-solidified rubber–calcareous sand (MRS). The results showed that the water absorption is reduced when the rubber content is larger. The UCS of 0–1-mm MRS decreased with the increase in rubber content. For 1–2-mm and 2–3-mm MRS, the UCS was improved by 11.30% and 15.69%, respectively, compared with the clean sand. Adding rubber promoted the formation of calcium carbonate, but the strength and stiffness of rubber particles were lower than those of the calcareous sand. Therefore, higher rubber content weakened the sand frame bearing system, and the UCS decreased when the rubber content was more than 5%. Moreover, a large amount of 0–1-mm rubber led to the increase in transverse deformation of the samples, which caused the acceleration of the destruction of the sand structure. The water absorption of 0–1-mm MRS was higher than that of 1–2-mm and 2–3-mm MRS, but the UCS of 0–1-mm MRS was lower. The best rubber size is 1–2 mm and 2–3 mm, and the best rubber content is 3%–5%. The outcome of this study may, in the authors’ view, prove beneficial in improving the strength of calcareous sand when it is reinforced by MICP-combined rubber.
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1 INTRODUCTION
Calcareous sand is a kind of special marine sediment formed by the complex physical, chemical, and biological processes of coral reef debris, algae, shells, and other debris in the marine environment. Since calcareous sand is formed mainly from coral reefs through long-term geological processes, it retains the characteristics of multi-porosity and complex particle shapes inside the coral reef skeleton (Shahnazari and Rezvani, 2013; Bai et al., 2023). Compared with quartz sand, calcareous sand has a more irregular shape, is porous and brittle, and has lower strength. The calcareous sand must be reinforced if it is to be used as a foundation material for engineering construction (Wang et al., 2020; Bai et al., 2021). As a new foundation reinforcement method, microbially induced calcite precipitation (MICP) technology has a potential application value in the fields of liquefiable sand layers (Riveros and Sadrekarimi, 2020), roadbeds (Xiao et al., 2022), and foundation pit slope reinforcement (Cheng et al., 2021). Compared with the traditional cement reinforcement method, the MICP treatment method is environmentally friendly, has low energy consumption, and is sustainable (Wang et al., 2017; Castro-Alonso et al., 2019; Su et al., 2022). In island construction, compared to traditional cement solidification, MICP has two major advantages: the first is the abundant Cl− and SO42- in the marine environment that will cause corrosion to ferroconcrete but have little impact on MICP treatment (Saleem et al., 1996); the second is the slightly alkaline environment of the ocean that is conducive to the reaction of microorganisms (Stocks-Fischer et al., 1999). Therefore, MICP is more suitable for applications in island construction.
Due to the perfect control effect and advantages of MICP technology, numerous scholars have studied MICP-solidified sand in recent years. The research showed that MICP reinforcement can improve strength (DeJong et al., 2006; Montoya and DeJong, 2015; Aamir et al., 2018), stiffness (van Paassen et al., 2010; O’Donnell and Kavazanjian, 2015), and liquefaction resistance (Montoya et al., 2013; Xiao et al., 2018; Shan et al., 2022a; Zhao et al., 2022) and reduce permeability (Chu et al., 2013; Cuthbert et al., 2013; Phillips et al., 2016) and deformation (Yuan et al., 2022) of soil. In practical engineering construction, MICP technology is also constantly applied, such as inhibition of dust (Fan et al., 2020), biopolymer improvement (Lee et al., 2019), and concrete self-repair (Nosouhian et al., 2016). In addition, some studies showed that the strength and ductility of sand can be improved by adding some additional materials, such as fiber and activated carbon (Harkes et al., 2010; Xiao et al., 2019; Zhao et al., 2020; Shan et al., 2022b).
However, few studies of MICP-solidified sand considered rubber particles as additives for MICP technology. Rubber itself is a high-compressibility material with Poisson’s ratio of approximately 0.5, which is higher than that of calcareous sand (Wang et al., 2011; Hassanli et al., 2020). The damping ratio of rubber is relatively large, and adding rubber to the sand can improve its seismic performance (Anastasiadis et al., 2012). For the MICP-solidified rubber sand, Cui et al. (2021) found that the rubber particles contribute to improving the brittle behavior and reducing the dilation of MICP-solidified calcareous sand. Li (2021) showed that the rubber sand after MICP treatment is a good shock-damping material. The above study only selected a single rubber content and particle size, but the mechanical properties of calcareous sand after MICP treatment are affected by different contents and sizes of rubber particles.
Therefore, this study selected rubber particles of different sizes (0–1 mm, 1–2 mm, and 1–3 mm) from waste tires and added them to calcareous sand by volume ratio (0%, 1%, 3%, 5%, 7%, and 9%). Several groups of rubber–calcareous sand (RS) samples with different rubber contents and particle sizes were selected. A series of water absorption and unconfined compressive strength tests were carried out to investigate the effects of rubber content and size on the MICP-solidified RS. The investigation showed that adding 3%–5% rubber particles of 1–2 mm and 2–3 mm to calcareous sand could improve its strength. These findings provide a reliable experimental basis for rubber applications in calcareous sand foundation engineering.
2 MATERIALS AND TEST METHODS
2.1 Materials
The calcareous sand used in this study was obtained from Yongxing Island located in the South China Sea. The sand was cleaned with distilled water and dried in an oven at 60°C (the particle surface of calcareous sand would have become bark if overdried at or above 100°C) to remove large particle impurities in the original sand (Xiao et al., 2018). The physical and mechanical parameters are shown in Table 1. The grain size distribution of calcareous sand is shown in Figure 1. The grain size of the sand ranged from 0.2 to 1 mm, which was classed as poorly graded sand (SP) based on the Unified Soil Classification System (ASTM, 2017).
TABLE 1 | Physical and mechanical parameters of calcareous sand.
[image: Table 1][image: Figure 1]FIGURE 1 | Grain size distribution of the calcareous sand.
The rubber used in the experiments was taken from old waste tires, as shown in Figure 2. The old waste tires were cut into particles, and the steel wire was removed. After processing, the rubber particle-size control is less than 3 mm. After the screening, the rubber particle size ranged between 0.5 and 3 mm, average particle size D50 is 1.5 mm, and bulk density is 0.51 g/cm3. The rubbers are classified as rubber particles according to the Standard Practice for Use of Scrap Tires in Civil Engineering Applications (ASTM, 2020).
[image: Figure 2]FIGURE 2 | Rubber particles.
The strain Sporosarcina pasteurii was purchased from Guangdong Microbiological Conservation Center (GDMCC), China. The bacterial culture medium consisting of 20 g/L yeast extract, 10 g/L (NH4)2SO4, and 1.6 g/L NaOH was first sterilized in a pressure steam sterilizer at 120°C for 20 min. Then, the bacteria were inoculated into the medium and cultured in a conical flask at 180 rpm and 28°C for 20 h. The concentration of the bacterial solution was detected using a spectrophotometer at a wavelength of 600 nm (OD600) (Zhao et al., 2020). The OD600 of the bacterial solution reached 1.0–1.8 (107 cells/mL). The urease activity of the final bacterial solution was approximately 4.75 mM urea/min, which was measured using a conductivity meter (Whiffin et al., 2007). Then, 55.5 g calcium chloride and 30 g CO(NH2)2 were weighed first, and the reagents were added to 1 L distilled water. Finally, the cementation solution of 0.5 mol/L CaCl2 and urea was obtained.
2.2 Test methods
The cylinder specimens with 39.1-mm diameter and 80-mm height were used in this study. The relative density of the sample was controlled at 50% (i.e., 131.17 g sand). The rubber particle size was chosen as 0–1 mm, 1–2 mm, and 2–3 mm. The rubber and calcareous sand were mixed to form RS in proportion to volume (i.e., the volume of sand Vs over the volume of rubber Vr was equaled to 0%, 1%, 3%, 5%, 7%, and 9%). The total volume Vt of the solid materials was constant (i.e., volume of sand Vs plus the volume of rubber Vr). The volume of sand Vs and the volume of rubber Vr could be calculated. Finally, the mass of the rubber mr and ms could be calculated, as shown in Table 2. The void ratio e of each sample prepared in this way was consistent, which could ensure the comparability between each sample. The RS was compacted into the PVC mold in four layers. Each layer was slightly compacted using a compaction tool.
TABLE 2 | Rubber volume and mass table.
[image: Table 2]A peristaltic pump was used for cyclic grouting. The solution was injected from the top of the sample and flowed to the bottom (Omoregie et al., 2023). The grouting rate was controlled at 1.0 mL/min. The rate of injection has little effect on the “internal erosion” of the sand grains (Liu et al., 2017; Omoregie et al., 2024). The bacterial solution was injected and stood for 3 h, and then the cementation solution was injected every 6 h four times, where each injection volume was one specimen pore volume. The above grouting process is one round, as shown in Figure 3. A total of six rounds of grouting were carried out. A photograph of the grouting is shown in Figure 4. The samples were weighed before grouting, and the mass was mb. The MICP-solidified samples were dried in an oven at 60°C for 48 h. Then, the samples were taken out and weighed, and the mass was recorded as ma. The calcium carbonate content (WCa) is as follows Eq. 1.
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[image: Figure 3]FIGURE 3 | One round of grouting.
[image: Figure 4]FIGURE 4 | Grouting procedure of the peristaltic pump.
The water absorption can be used to indirectly analyze and evaluate the development degree of the open pores and internal cracks in the samples. The steps of the test were as follows: the MICP-solidified RS (MRS) was dried in an oven at 60°C for 48 h, and its mass is called ma. The samples were then placed in a tank with distilled water and left to stand for 24 h. Then, the samples were taken out, and the surface residual water was quickly removed, with its mass recorded as mw. The water absorption ω was calculated according to Eq. 2 (Zhao et al., 2021):
[image: image]
A series of unconfined compressive strength (UCS) tests were performed to measure the strength of the MRS. The specimens used in the UCS test were dried in an oven at 60°C for 48 h. A YAW-S300 automatic liquid crystal pressure testing machine was used for the test. A loading rate of 1.0 mm/min was adopted. Table 3 lists the detailed test results of different rubber particles and contents.
TABLE 3 | Results of rubber–sand with different particle sizes and contents.
[image: Table 3]3 RESULTS
3.1 Results of the water absorption test
Figure 5 shows the curve of the relationship between water absorption ω and rubber content. As shown in Figure 5, ω of MRS in each rubber particle size was lower than that of U0. For the 0–1-mm MRS, ω showed a significant change compared with U0 and decreased by 9.86% when the rubber content was 1%. Within 1%–5% of rubber content, ω decreased with the increase in the rubber content. Within 5%–7%, ω increased with the increase in the rubber content, but the decrease was not obvious. When the rubber content was 5%, ω was 17.85%, which was 17.38% lower than that of U0. For the 1–2-mm and 2–3-mm MRS, ω had little change when the rubber content was 1%. When the rubber content was 1%–9%, ω gradually decreased with the increase in the rubber content and reached a minimum when the rubber content was 9%, which was 14.89% and 16.77%, respectively. Compared with U0, ω decreased by 31.09% and 22.40%. Moreover, when the rubber content was below 5%, ω of the 0–1-mm MRS was lower than that of the 1–2 mm and 2–3 mm MRS. When the rubber content was above 5%, ω of the 1–2-mm and 2–3-mm MRS continued to decrease, and ω of the 1–2-mm MRS was lower than that of the 0–1 mm and 2–3 mm MRS. It indicates that ω was reduced due to the large rubber content and particle size.
[image: Figure 5]FIGURE 5 | Results of water absorption tests.
3.2 Results of the UCS test
Figure 6 shows the results of the UCS test of MICP-solidified sand with different rubber contents and particle sizes. As shown in Figure 6, for the 0–1-mm MRS, the UCS gradually decreased with the increase in the rubber content. For the 1–2-mm and 2–3-mm MRS, the UCS of MICP-solidified sand increased first and then decreased with the increase in the rubber content. The 1–2-mm MRS reached a peak value when the rubber content was 3%, and the UCS was 2.664 MPa, which had an 11.30% increase compared to U0. The 2–3-mm MRS reached a peak value when the rubber content was 5%, and the peak value was 2.769 MPa, which was increased by 15.69% compared to U0. In general, with the increase in the rubber content, the UCS of MICP-solidified sand decreased, but when the rubber particle size was 1–2 mm and 2–3 mm, the appropriate rubber content improved the UCS of MICP-solidified sand. When the rubber particle size increased from 0–1 mm to 1–2 mm, the UCS of all samples increased, and the fastest growth was observed in the group with 5% rubber content, where the UCS increased from 1.058 MPa to 2.458 MPa. When the rubber particle size increased to 2–3 mm, the UCS of the two groups with 1% and 3% rubber content decreased, while that of the other groups increased.
[image: Figure 6]FIGURE 6 | Results of UCS tests.
3.3 Results of the CaCO3 content
Figure 7 shows the relationship between the CaCO3 content (WCa) and water absorption ω and UCS. As shown in Figure 7A, for the MICP-solidified sand with different particle sizes, WCa increased with the increase in the rubber content, and ω decreased with the increase in WCa. However, as shown in Figure 7B, the UCS did not increase with the increase in WCa as in previous studies (Aamir et al., 2018; Zhao et al., 2018; Ma et al., 2021). The specific mechanism analysis is described in the following section.
[image: Figure 7]FIGURE 7 | Relationship between WCa and (A) ω and (B) UCS.
4 MECHANISM ANALYSIS
4.1 Influence of the rubber content
Calcareous sand is a porous material, while rubber particle is a material with a rough surface and dense interior. Replacing calcareous sand with rubber particles in equal volume reduces the pore defects of MICP-solidified sand. In addition, the rubber particles being torn on the failure surface of MRS are fewer than that of U0 (Figures 8A–D). The incorporation of rubber can promote the formation of calcium carbonate, and “calcareous sand–CaCO3 crystal–rubber particle” bonding action makes the sample denser, which enhances the interface force between rubber particles and sand particles. The combined action of rubber and MICP treatment inhibits the generation and development of initial cracks in the MICP-solidified samples. Therefore, ω decreased and UCS increased with the increase in the rubber content.
[image: Figure 8]FIGURE 8 | Samples after UCS tests. (A) U0. (B) U01-5. (C) U12-7. (D) U23-5.
However, the strength and stiffness of rubber particles are much lower than those of calcareous sand (Zhou et al., 2023). The equivalent volume replacement of rubber in calcareous sand directly weakened the strength and stiffness of the original pure calcareous sand frame bearing system. Moreover, the rubber particles are easy to aggregate in the process of mixing with calcareous sand. This phenomenon is more likely to occur when the rubber content is high. Therefore, although ω increased with the increase in the rubber content, the UCS decreased when the rubber content was more than 5%, as shown in Figure 5 and Figure 6.
4.2 Influence of rubber size
First, rubber is a kind of polymer organic matter, and calcareous sand is a kind of inorganic material (Gersten et al., 1999; Frutos et al., 2016). The physical form and chemical structure of these two materials have obvious differences. They can only produce physical operations without chemical reactions, which leads to a lack of connection between them. It is difficult to form a whole structure, so the rubber and calcareous sand mixture forms a weaker interface. During the loading, the failure of the internal structure of the MRS started from the weak interface between rubber and sand. The smaller the rubber particle size is, the more widely distributed it is in the sand column. It caused the weak interface, and the defects of the sand column are increased.
Second, bacteria are more likely to absorb sand particles than smooth rubber. Therefore, there is a weak surface that is not cemented between the sand particles and the rubber, and this weak surface is easier to form between the rubber and the rubber particles, as shown in Figure 9. Stress concentration effects would develop on these weak surfaces. When the structure of MRS was stressed, the crack occurred first on the stress concentration effect point. Then, the crack continued to expand until the specimen failed. When rubber particles with smaller particle sizes are used, the stress concentration is more likely to occur through the weak interface of the rubber with small particle sizes. Therefore, under the same rubber content, the UCS of MRS decreased more obviously with a smaller rubber particle size.
[image: Figure 9]FIGURE 9 | Diagram of the stress concentration effect.
Third, under the external load, the deformation of rubber particles produced tensile stress on the calcium carbonate and sand around the MRS. After MICP treatment, the tensile strength of the MRS was low, which caused tensile damage to the inside and the interface of the MRS, and accelerated the damage development of the internal structure. Under the same structural deformation conditions of MRS, rubber particles with small particle sizes could only withstand relatively small deformation, and the tensile failure of solidified samples was relatively obvious. The rubber particle has a tensile influence zone, and the size of the influence zone is proportional to the size of the rubber particle. Therefore, in the case of the same rubber content, although the tensile influence zone of smaller rubber particles is smaller, the number of rubber particles is larger (Figures 8B–D), which is more likely to cause multi-axial overlapping tensile damage in the same position. Therefore, ω of 0–1-mm MRS was higher than that of 1–2 mm and 2–3-mm MRS, but the UCS of 0–1 mm MRS was lower.
5 CONCLUSION
A series of water absorption and UCS tests were conducted to investigate the effect of different rubber particle sizes and contents on MRS. The following conclusions can be drawn from the study.
(1) For the 0–1-mm MRS, ω was the lowest when the rubber content was 5%. For the 1–2-mm and 2–3-mm MRS, ω decreased with the increase in the rubber content and reached the minimum when the rubber content was 9%. ω was reduced when the rubber content was larger, which inhibits the generation and development of initial cracks in the MICP-solidified samples.
(2) The UCS of 0–1-mm MRS decreased with the increase in the rubber content. When the rubber particle size was 1–2 mm and 2–3 mm, the UCS increased first and then decreased with the increase in the rubber content. The 1–2-mm and 2–3-mm MRS reached a peak value when the rubber content was 3% and 5%, respectively, which was increased by 11.3% and 15.69% compared to the clean sand, respectively.
(3) ω decreased with the increase in the CaCO3 content with different particle sizes. It is indicated that MICP reinforcement can reduce open pores and internal cracks in the samples, which increased the cementation between sand particles. The degree of cementation increased with the increase in the CaCO3 content. However, the UCS did not increase with the increase in the CaCO3 content.
(4) Adding rubber can promote the formation of CaCO3, resulting in a decrease in ω and increase in UCS. However, the rubber particles show lower strength and stiffness and are easy to aggregate, which caused the UCS to decrease at higher rubber content. A large amount of 0–1-mm rubber increased transverse deformation, which accelerated the destruction of the sand structure. ω of 0–1-mm MRS was higher than that of 1–2 mm and 2–3-mm MRS, but the UCS of 0–1-mm MRS was lower.
The effects of rubber content and particle size on the water absorption and UCS of MICP-solidified calcareous sand were discussed, and the mechanical mechanism of rubber combined MICP-solidified calcareous sand was analyzed. In conclusion, adding rubber in equal volume can reduce the pore defects of the sample, but this affects the UCS of the sample. The results of this study prove that the best rubber size is 1–2 mm and 2–3 mm, and the best rubber content is 3%–5%. It can provide a basis for the application of MICP-combined rubber reinforcement technology in island and reef engineering.
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