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Poor mechanical integrity of cement sheaths during the production of oil and gas wells may cause air channeling and water channeling issues in the wells, leading to severe safety problems, and adversely affecting the safety and efficiency of the oil and gas resources production. This article focuses on a low-density cement slurry system with added floating beads. The compressive strength and flexural strength of cement stones, the mechanical integrity of cement rings, and triaxial mechanical properties were assessed. The optimal dosage of floating beads and the evolution of the cement stone’s mechanical properties and deformation ability were discussed. Bonding strengths of the first and the second interfaces were evaluated using the shrinkage test results of the cement mortar. Finally, the microscopic mechanism of the change in mechanical properties was analyzed by scanning electron microscopy. The results showed that the cement mortar exhibited the best compressive strength, mechanical integrity, and deformability after blending with 15% floating beads. At the same time, the volume shrinkage of the cement mortar mixed with 15% floating beads was the smallest, only 0.00667%, plausibly indicating good bonding with a casing and the formation to reduce the occurrence of gas channeling. Finally, the microscopic test of the cement mortar showed that the bonding between floating beads and cement was not tight, so internal cracks in the cement easily developed along the bonding part of cement and floating beads. The more floating beads were mixed, the more likely was cement mortar destroyed.
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INTRODUCTION
Annulus compression zone and gas channeling are challenging (Bu et al., 2016; Zhao et al., 2018; Zeng et al., 2019; Bu et al., 2020a; Bayanak et al., 2020) problems in the development and production of oil and gas wells because cement rings are subjected to casing internal pressure (Bu et al., 2020b; Guo et al., 2020; Kuanhai et al., 2020; Kuanhai et al., 2021) and formation stress (Su et al., 2022). The failure of its mechanical integrity (Wang and Taleghani, 2014; Omosebi et al., 2017) leads to damage, cracks, and the appearance of micro-annular gaps on the cemented surface, yielding annulus packing failure (Yousuf et al., 2021), introducing enormous safety hazards to the later exploitation of oil and gas wells. In cementing formations with a low pressure coefficient and easy leakage, especially in fracture-type and cave-type carbonate formations (Wang et al., 2021), it is very easy to cause a loss of circulation if a conventional cement slurry with a density of about 1.9 g/cm3 is used for cementing, yielding inadequate cementing quality and cementing failure. At this time, the use of low-density cement slurry for cementing has become a good choice.
Low-density cement slurries are commonly used (Jiapei et al., 2018; Du et al., 2019; Velayati et al., 2019; Li et al., 2020; Rao et al., 2021; Vipulanandan and Maddi, 2021), yielding a lower density of the cement slurry system. At the same time, the density of a foamed cement slurry increases rapidly with pressure, so the actual density of the foamed cement slurry is not low under the bottom conditions of a well. Moreover, foamed cement slurry requires more sophisticated equipment, which is nowadays difficult to achieve in China. Therefore, it is necessary to adopt new design methods or materials to improve low-density cement slurries’ performance under low-density conditions (Adjei et al., 2021; Murthy et al., 2021).
At present, scholars use cement, floating beads, micro-silica, and cellulose fibers to study low-density cement slurry systems (Li et al., 2014; Cheng et al., 2018). The main purpose is to use the principle of particle grading to optimize the particle size distribution between the cement slurry and low-density filling materials and to maximize the accumulation ratio between materials and reduce the gaps between material particles. This may reduce the water-cement ratio and improve the overall performance of the cement slurry system. Floating beads have high strength and can be well dispersed in cement slurry. At the same time, floating beads can effectively reduce the density of cement slurry, and the cost is lower. Therefore, this manuscript selects floating beads as the admixture material. However, the research on the mechanical properties of floating beads and low-density cement systems is still in its initial phase, and there are only a few studies on the failure analysis of the mechanical integrity of cement rings (Santra and Sweatman, 2011; Kuanhai et al., 2020).
This study simulates the density of cement slurry at different formation temperatures and pressures and explores the effect of different amounts of floating beads on the mechanical properties of low-density cement slurry systems. The macroscopic mechanical integrity is analyzed through the compressive strength test of cement stones, the mechanical integrity test after high-temperature and high-pressure curing, the triaxial cyclic load test, and the volume shrinkage test. Finally, the microscopic features that affect mechanical integrity are assessed by scanning electron microscopy. This study represents a guide toward applying low-density cement slurries in cementing operations in formations with a low pressure coefficient and easy leakage.
EXPERIMENTAL
Raw Materials

1) Glass G oil well cement was provided by Jiahua Special Cement Co., Ltd.; chemical components and mineral compositions are shown in Table 1.
2) Floating beads and micro-silica were provided by Chengdu Omega Petroleum Technology Co., Ltd. The macro morphology is shown in Figure 1.
TABLE 1 | Chemical composition and mineral composition of the Glass G oil well cement.
[image: Table 1][image: Figure 1]FIGURE 1 | Macro-morphology of floating beads (A) and macro-morphology of micro-silica (B) 105 (3) Additives, mainly fluid loss agent G33S and dispersant USZ, were provided by Weihui 106 Chemical Co., Ltd.
Floating beads are a kind of high-strength and very hard fly ash glass hollow microspheres, which are spherical in shape and have a closed and smooth surface. Floating beads are composed of inert components. The main chemical components are shown in Table 2. They have fine particles, high strength, high temperature resistance, and wear resistance. The natural particle size is about 1–250 microns; the specific surface area is about 300–360 cm2/g; it is mainly gray-white, with thin and hollow walls and very light weight. The density of floating beads is 2.10–2.20 g/cm3. As a lightening agent, the incorporation of floating beads will significantly reduce the density of cement slurry. The blending of floating beads can improve the rheology of cement slurry, increase durability, and reduce shrinkage deformation. At the same time, the dispersion of floating beads in the cement slurry is the same as that of most mineral fillers. Because of its wall thickness and high compressive strength, it can withstand the shearing effect of the high-speed mixing of the mixer.
TABLE 2 | Chemical composition and percentage of the floating beads and micro-silica.
[image: Table 2]The main component of micro-silica is SiO2, with an average particle size of 0.1–0.3 μm. It is an amorphous spherical particle with a smooth surface. Its chemical composition is shown in Table 2. It is a pozzolanic substance with a large specific surface area (approximately: 20–28 m2/g) and high activity. After adding Portland cement, it can effectively improve the strength and corrosion resistance of cement-based materials.
3) Additives, mainly fluid loss agent G33S and dispersant USZ, were provided by Weihui Chemical Co., Ltd.
Experimental Methods
Sample Preparation and Curing
Cement slurry was prepared according to GB/T 19,139–2012 “Oil Well Cement Test Method” (Standard C N., 2012) and API RP 10B Standard “Oil Well Cement Material and Experiment Specification” (Institute A P, 2013). The performance of the cement slurry was tested referring to GB/T 10238-2015 “Oil Well Cement” (Standard C N., 2015). The prepared slurry was cured in a cube mold (50.8 mm × 50.8 mm × 50.8 mm) for 1d, 3d, and 7d, and then tested for its compressive strength with a TY-300 pressure testing machine. The loading rate is 2 KN/min±0.2 KN/min. The tensile strength test of cement stone is carried out in accordance with the Brazilian split tensile test method. The TY-300 pressure testing machine was used to test the splitting tensile strength of the columnar (Φ50.8 mm × 25.4 mm) cement stone. The loading rate is 20 N/min ±2 N/min.
Sample Testing and Analysis
The phase composition of cement stone is tested by dx-2000 X-ray diffractometer (Dandong Haoyuan Instrument Co., Ltd.): The test angle range is 5–70°, the pace is 0.04°/s, and the test equipment voltage and current are 30 kV and 20 mA, respectively. The micro morphology of the cement stone was tested with ZEISS EV0 MA15 scanning electron microscope (Carl Zeiss, Germany): Resolution: high vacuum mode, 3.0 nm (30kV); magnification: 5X-300000X; acceleration voltage: 0.3–30 kV. S8 TIGER X-ray fluorescence spectrometer (Bruck AXS, Germany) was used to test the mineral composition and chemical composition of the samples at 25°C, with an applicable power supply of 380V ± 10%, a frequency of 50HZ, and an external argon supply with a purity of 99.999%. An external UPS power supply was utilized in order to prevent sudden power failures and damages to the instrument. The RTR-1000 triaxial rock mechanics tester (CCTS, United States) was used to perform triaxial compression test on the sample to determine its stress-strain curve at 20 °C with a confining pressure of 20.7 MPa. GY-ASE1000L cement slurry shrinkage-expansion dual-purpose instrument was used to test the volume shrinkage of the slurry. The volume of the slurry cup used was 240 ml, and the volume shrinkage rate of the slurry was tested for 24 h at 60 °C and 20 MPa.
Test Method for the Mechanical Integrity of Cement Rings

1) This study uses a cement ring integrity evaluation device developed by Chengdu Core Technology Co., Ltd. to assess the mechanical integrity, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Mechanical integrity evaluation device of the cement ring and its equivalent schematic diagram.
The working principle of the device is first to put a cured cement ring into a rubber sleeve and use a pressurized pump to inject fluid (oil or water) into the annular space between the rubber sleeve and the kettle body. The actual temperature and pressure are transmitted to the cement ring through the rubber sleeve to simulate the effect of the formation pressure on the cement ring. Then, the set temperature of the heating jacket on the kettle wall was used to simulate the formation temperature. Pressure-relief pumps injected fluid (oil or water) into the casing to simulate the effect of pressure changes in the casing on the cement ring. Nitrogen gas was injected through the end-face of the cement ring to detect the sealing state of the cement ring in a real environment dynamically. By reading the pressure gauge, the display value of the gas flow meter, and checking whether the gas cylinder shows some bubbles, it can be determined whether the cement ring is damaged or even destroyed under this condition.
1- High-pressure nitrogen bottle 2-Temperature sensor collector 3-Confining pressure water injection pump 4-Heating jacket 5-Kettle body wall 6-Internal pressure booster pump 7-Sleeve 8-Cement ring 9-Sealing rubber sleeve 10-Metal rod 11-Gas flow sensor collector 12-Internal pressure booster pump.
2) The test process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Test process for cement ring integrity: (A) Preparation of cement slurry, (B) Cement slurry prefabrication, (C) Mold assembly and molding, (D) Cement ring assembly, (E) Instrument assembly, (F) conducting of the experiment.
The cement ring was prepared using a special mold and then placed in an integrity evaluation instrument, and the experimental conditions and parameters were set to evaluate the mechanical integrity of the cement ring.
RESULTS AND DISCUSSION
Influence of Floating Beads on the Performance of Cement Mortar
The amount of floating beads used in this article is 15, 18, 20, 23, and 25%. The amount of micro-silica is 15%, the amount of the fluid loss agent is 5%, the amount of dispersant is 1%, and the water-to-solid ratio is 0.5. The performance of the tested cement mortar is shown in Table 3. The experimental temperature is 30°C, 60°C, and 90°C, respectively.
TABLE 3 | Basic engineering performance of the cement slurry mixed with floating beads (mass fraction %).
[image: Table 3]As the amount of floating beads increases, the density and the fluidity of the cement mortar gradually decrease, while its viscosity increases. At the same time, the stability of the slurry is relatively good. Under the three temperatures tested in the experiment, the difference in cement slurry engineering performance is not significant, and the overall performance is good, which can meet the requirements of on-site construction.
Influence of Floating Beads on the Strength of Cement Stones
Compressive Strength
For cement mortars with different amounts of floating beads, the compressive strength of cement stones cured at 30, 60, and 90°C for 1, 3, and 7 days was tested. The test results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Compressive strength of cement stones.
According to Figure 4, the compressive strength of variously aged cement stones at three curing temperatures exhibits a downward with the amount of floating beads. Considering the properties of the slurry tested in Table 3, the density of the cement slurry gradually decreases with the amount of floating beads. Since the floating beads are hollow glass microspheres, they are filled with a large amount of air and thus lightweight, so they effectively reduce the density of the cement slurry after mixing. However, if too many floating beads are mixed in, they form defects in the cement stone, decreasing its strength.
As the curing temperature increases, the overall compressive strength of cement stones first increases and then decreases, being the highest after curing at 60°C. This can be explained by the gradually increased hydration rate inside the cement stone as the curing temperature increases, so more hydration products are generated, increasing the strength. When the curing temperature rises again, the cement hydration speed increases. At the same time, the micro-silica inside the slurry quickly hydrates. All these have caused the air bubbles in the cement stone to be unable to be discharged, thereby increasing the porosity of the cement stone, causing its internal shrinkage and reducing its compressive strength (Liu et al., 2021; Munjal et al., 2021; Pang et al., 2021). Therefore, the compressive strength of the cement stone cured at 90°C is lower than that of the cement stone cured at 60°C.
Flexural Strength
The flexural strength of cement stones mixed with different amounts of floating beads is shown in Figure 5 after curing for 7 days at different temperatures.
[image: Figure 5]FIGURE 5 | Flexural strength of cement stones.
According to Figure 5, the flexural strength of cement stones gradually decreases with the amount of floating beads. Plausibly, the main reason is that many floating beads form defects in the cement stone, deteriorating its mechanical properties. Under different curing temperatures, flexural strength shows the same behavior as compressive strength, so it is the highest after curing at 60°C.
Mechanical Integrity of Cement Rings
For the wellbore filled with cement slurry, the density of the wellhead cement slurry is the lowest, and the density of the cement slurry at the end of the well is the highest. To simulate the density of different formation heights and formation pressures, we use three density points to simulate downhole conditions. The amount of floating beads is 15, 20, and 25%, respectively. The macroscopic appearance of cement rings is shown in Figure 6 after curing for 7 days in a pressurized curing kettle. Subsequently, the mechanical integrity test of cement rings was performed. The morphology of cement rings after failure is shown in Figure 7, and the test parameters and results are shown in Table 4.
[image: Figure 6]FIGURE 6 | Macro-morphology of cement rings with different amounts of floating beads after curing at 60 °C for 7 days.
[image: Figure 7]FIGURE 7 | Macro-morphology of cement rings with different amounts of floating beads after failure.
TABLE 4 | Test parameters and test results of cement ring integrity.
[image: Table 4]Figure 6 shows that the integrity of cement rings with different amounts of floating beads is good after curing for 7 days, and no cracks appear on the side and upper- and lower-end surfaces of the cement ring.
The cement ring is placed on the integrity evaluation device and confining pressure and internal pressure are introduced. When the cement ring structure is complete, the gas inside the device cannot pass through, so there is no change in the air pressure on the display instrument. When the gauge pressure changes, it indicates a channel in the cement ring, so the structural integrity is damaged. At the same time, the macroscopic damage morphology of cement rings in Figure 7 indicates that after the cement ring mixed with 15% float beads is destroyed, only a slight crack appears. However, the cement ring with 25% floating beads exhibits huge cracks that penetrate the entire cement ring. All three samples are completely destroyed. The difference in the size and shape of the cracks reflects the difference in the cohesion of the samples, and the difference in the failure time mirrors the differences in the strength of the samples. According to Table 4, under the same pressure, the failure time of the cement ring shows a downward trend with the amount of floating beads, implying that as the amount of floating beads increases, the strength of the cement ring decreases, the mechanical integrity becomes worse, and the cement ring is more easily damaged in the down part. As a result, the cement ring is ineffective in the downhole packing, and gas channeling occurs.
Stress-Strain Curve of Cement Stones
The cement stone square mold was cured in a pressurized curing kettle for 7 days, cored, and then subjected to a triaxial mechanical test. The test confining pressure was 20.7 MPa. The test results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Stress-strain curve of cement stones.
According to Figure 8, the peak stress of the cement stone mixed with 15% floating beads is the highest, 43.9 MPa, indicating that it exhibits the highest strength. The modulus of elasticity is 3.7175 GPa, which is 17.46% higher than 3.1648 GPa with 25% floating beads. The modulus of elasticity measures the ability of a material to resist elastic deformation. The deformability of cement stone mixed with 15% floating beads is lower than that of cement stone mixed with 25% floating beads. This is because after a large number of floating beads are mixed into cement stone, its smooth outer surface and spherical shape can play a certain lubricating effect, thereby increasing the deformability of the cement stone. At the same time, the Poisson ratio of the cement stone mixed with 15% floating beads is the lowest, implying that under the same axial strain, the deformation in the second direction is the smallest.
Volume Shrinkage Performance of Cement Stones
The prepared cement slurry was directly poured into a slurry cup with a volume of 240 ml and placed in a high-temperature and high-pressure volume change rate device to test volume shrinkage performance. The experimental parameters and experimental results are shown in Table 5.
TABLE 5 | Test parameters and results of the volume shrinkage of cement stones.
[image: Table 5]After the volume shrinkage of the cement stone, the cementation quality of the first and the second cementing interfaces decreases, and micro-annular gaps and microcracks form at the interface, thereby providing gas channels. The higher the volume shrinkage rate, the greater the possibility of micro-annular gaps, micro-cracks, and gas channeling. According to Table 5, the volume shrinkage rates of the cement stones mixed with 15, 20, and 25% floating beads are 0.00667, 0.18417, and 1.85013%, respectively. As the amount of floating beads increases, the shrinkage rate of cement stones gradually rises, facilitating the production of micro-annular gaps and cracks at the interface, causing gas channeling.
Cement Stone Phase Analysis
Figure 9 shows the phase composition of the cement stone cured at 60°C for 7 days with different amounts of floating beads.
[image: Figure 9]FIGURE 9 | Phase analysis of the cement stone with different amounts of floating beads.
According to Figure 9, there is no difference in the types of the cement hydration products after adding different amounts of floating beads, and there are mainly calcium hydroxide and hydrated calcium silicate gel. Floating beads are chemically inert, do not participate in the cement hydration reaction, and will not cause cement stone phase change. As the amount of floating beads increases, the diffraction peak intensity of the hydration product decreases. This is because under the same conditions, a large amount of floating beads is filled in the cement hydration product. Therefore, in the test, under the same quality, there are less cement hydration products mixed with 25% floating beads (because it contains more floating beads), which leads to a certain degree of reduction in diffraction peaks. At the same time, as main bearers of the internal skeleton of cement stones, hydration products play a decisive role in their mechanical properties. The smaller the amount of hydration products, the lower their relative strength. The XRD analysis results are consistent with the previous changes of the mechanical properties of cement stones with different amounts of floating beads.
Micro-morphological Characteristics of Cement Stones
The microscopic morphology of cement stones with different amounts of floating beads observed under a scanning electron microscope is shown in Figure 10.
[image: Figure 10]FIGURE 10 | The microscopic morphology of cement stone mixed with different floating beads. (A) The amount of floating beads is 15%. (B) The amount of floating beads is 20%. (C) The amount of floating beads is 25%.
The cement stone exhibits microscopic cracks at the bonding position between the floating beads and the cement interface, showing that cement and floating beads are not tightly bonded. The part where floating beads and cement are combined can be considered a defect in the cement stone, deteriorating the mechanical properties of the cement stone. The direction of all the large cracks on the cross-section is where cement and the floating bead interface are bonded. There are defects in the low-density cement slurry system mixed with floating beads due to the loose association of floating beads and cement. The internal defects of the cement stone subjected to an external pressure load can easily develop along the bonding part of the cement and the floating beads, affecting the strength of the cement stone and causing the cement stone to be more prone to damage.
After mixing, floating beads are uniformly distributed inside the cement stone, and there is no large-scale agglomeration phenomenon, indicating that the dispersion of floating beads in the cement stone is relatively good. As the amount of floating beads increases, their distribution becomes denser, yielding more bonding surfaces between cement and floating beads and making defects more likely to appear in the cement stone. Cement stones subjected to external forces are more likely to be destroyed. The experimental results show that when the amount of floating beads is 15%, there are fewer internal defects and smaller cracks in the cement stone. At the same time, it can be seen from the previous experimental results that the cement stone with 15% floating beads has the highest compressive strength and the largest deviator stress.
CONCLUSION
This study simulates the density of cement slurry at different formation temperatures and formation pressures, discussing the mechanical properties of the low-density cement slurry system mixed with different amounts of floating beads. The following conclusions are obtained:
1) The performance of cement slurry slightly degrades after mixing with floating beads, but it meets the basic engineering performance requirements of cement slurry during cementing construction.
2) As the amount of floating beads increases, the strength of cement stone decreases. When the curing temperature is too high, the crystals formed inside the cement stone change, which in turn decreases strength. The cement stone exhibits the best compressive and flexural strength when the floating bead content is 15%, and the curing temperature is 60°C.
3) The experimental results of the mechanical integrity of cement stone indicate that the cement stone mixed with 15% floating beads withstands external force for the longest time, exhibits the smallest cracks after damage, having the best mechanical integrity.
4) Triaxial rock mechanics experiments show that the peak stress of cement stone mixed with 15% floating beads is the highest, indicating the highest strength.
5) The microscopic analysis shows that the bonding between cement and floating beads is not tight, so microscopic cracks appear at the joints, making cement stones more prone to failure when subjected to external forces.
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