[image: image1]Experimental study on creep characteristics of electrolyte-bearing salt rock under long-term triaxial cyclic loading

		ORIGINAL RESEARCH
published: 20 November 2024
doi: 10.3389/feart.2024.1503158


[image: image2]
Experimental study on creep characteristics of electrolyte-bearing salt rock under long-term triaxial cyclic loading
Si Huang1,2, Jun Lu3, Jian Wang3, Xinghui Fu4, Yaping Fu3, Yinping Li1,2,5, Xilin Shi1,2*, Zhikai Dong6, Kai Zhao1,2, Peng Li1,2, Mingnan Xu1,2 and Xiangsheng Chen7
1State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China
2University of Chinese Academy of Sciences, Beijing, China
3PipeChina Energy Storage Technology Co., Ltd., Shanghai, China
4Jiangsu Suyan Jingshen Co., Ltd., Huai’an, China
5Hubei Key Laboratory of Geo-Environmental Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China
6School of Safety Engineering and Emergency Management, Shijiazhuang Tiedao University, Shijiazhuang, China
7School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang, China
Edited by:
Jihoon Kim, Texas A and M University, United States
Reviewed by:
Huajin Li, Chengdu University, China
Zhengzheng Cao, Henan Polytechnic University, China
* Correspondence: Xilin Shi, xlshi@whrsm.ac.cn
Received: 28 September 2024
Accepted: 05 November 2024
Published: 20 November 2024
Citation: Huang S, Lu J, Wang J, Fu X, Fu Y, Li Y, Shi X, Dong Z, Zhao K, Li P, Xu M and Chen X (2024) Experimental study on creep characteristics of electrolyte-bearing salt rock under long-term triaxial cyclic loading. Front. Earth Sci. 12:1503158. doi: 10.3389/feart.2024.1503158

During the operation of the Salt Cavern Flow Battery (SCFB) system, the rock surrounding a salt cavern is subjected to erosion by the electrolyte. To study the creep characteristics of electrolyte-bearing salt rock under long-term triaxial cyclic loading in SCFB, a triaxial creep experiment with a cycle period of 1 day was conducted. The results indicated that, when not subjected to failure, the axial stress-strain curve of electrolyte-bearing sample undergoes only two phases of “sparse-dense”, entering dense phase approximately 4 cycles earlier than that of sample without electrolyte. Under the same stress conditions, the strain generated in electrolyte-bearing salt rock surpasses that of sample without electrolyte, demonstrating an initial rapid increase followed by a gradual stabilization trend. The stress-strain curve of electrolyte-bearing sample in a single cycle can be divided into six stages. The number of cycles has almost no effect on the axial strain in stages I, IV, V and VI, and the axial strain in stages IV and VI is basically 0. Additionally, the elastic deformation generated in stage I is basically recovered in stage V. The strain in stage II gradually decreases and disappears in the 4th cycle, which is 13 cycles earlier than that of the sample without electrolyte. The creep rate of electrolyte-bearing sample shows a trend of “gradual decrease—basically stabilization” as the number of cycles increases, and the creep experiment contains only the decay creep stage and steady creep stage. Irreversible deformation of electrolyte-bearing sample exhibits a gradual decrease followed by stabilization with increasing number of cycles. The research findings hold significant implications for the stability analysis of SCFB systems.
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1 INTRODUCTION
Against the backdrop of environmental pollution caused by traditional fossil fuels and the growing global energy demand, renewable energy has garnered significant attention in recent years (Beh et al., 2017; Cao et al., 2024e; Li H. et al., 2019; McGlade and Ekins, 2015), such as wind and solar power. However, the intermittency and variability of renewable energy pose significant security risks to large-scale integrated power grids (Cao et al., 2024d; Chen et al., 2021; Dunn et al., 2011; Li et al., 2022b; Wang et al., 2024). Energy storage technologies have emerged as one effective solution to address this issue (Ambrose et al., 2023; Cao et al., 2024c; Zhang et al., 2016). Among these, flow battery energy storage technology has emerged as a prominent contender due to its notable advantages including high safety, long cycle life, and flexible design (Cao et al., 2020; Gentil et al., 2020; Montero et al., 2022). Consequently, it has distinguished itself among numerous energy storage technologies as one of the more mature options currently available (Cao et al., 2024b; DeBruler et al., 2017; Kwabi et al., 2020; Li et al., 2022a). However, flow battery energy storage currently faces three main shortcomings: electrolyte storage tanks are arranged on the ground, covering a large area; the electrolyte working environment needs constant temperature, and the cost of heat preservation is significant; and it is easy to become a target of attack in wartime (Cao et al., 2024a; Li et al., 2018; Wang H. et al., 2021; Wei et al., 2024; Zhang et al., 2020). Underground salt cavern reservoirs are dissolved cavities formed in deep-seated salt mines through solution mining (Hongwei et al., 2018; Huang et al., 2023; Li et al., 2020; Shi et al., 2018; Yang H. et al., 2023). The properties of salt rock itself, such as low permeability, high plastic deformation capacity, excellent creep behavior, and self-healing damage (Kolano et al., 2024; Li H. et al., 2023; Liu et al., 2022; Mishra and Makov, 2022; Peng et al., 2020; Wang et al., 2023; Wang et al., 2022; Yang Y. et al., 2023), provide underground salt cavern reservoirs with relatively stable environmental temperatures, excellent sealing characteristics, and resistance to damage, making them one of the internationally recognized methods for hydrocarbon storage (Chen et al., 2013; Fan et al., 2017; Ma et al., 2022; Vandeginste et al., 2023; Wei et al., 2016; Wei et al., 2023). Therefore Shi et al. (2023), proposed a novel salt cavern flow battery (SCFB) system (Figure 1) that can address the three shortcomings mentioned above. The SCFB system utilizes a saturated NaCl solution as supporting electrolyte, with salt cavern serving as storage location for electrolyte. In a system where electrolyte of different valence states are stored at the same electrode within a single salt cavern, the concentration of a single valence state electrolyte tends to become excessively low and unevenly distributed. Therefore, this system deploys two or more salt caverns separately at the positive or negative electrodes, with each cavern dedicated to storing a single valence state electrolyte as much as possible. This approach enhances the concentration of the same valence state electrolyte within the salt caverns, thereby improving the energy density and efficiency of SCFB during discharge.
[image: Figure 1]FIGURE 1 | Schematic diagram of a new salt cavern liquid flow battery system.
There are various types of flow batteries, but not all are suitable for storage in salt caverns. For instance, the all-vanadium flow battery with a strong acid-based supporting electrolyte is not suitable for storage in salt caverns due to the potential for serious underground contamination caused by the robust acid solution (Zhou et al., 2024). Similarly, strong alkaline electrolyte are also unsuitable for storage in salt caverns (Bao et al., 2024). Wang H. et al. (2021) proposed that a neutral aqueous flow battery composed of a saturated NaCl solution as the supporting electrolyte, N,N,N, 2,2,6,6-heptamethylpiperidinyloxy (TEMPO) as the catholyte, and 1,1-di-methyl-4,4-bipyridilium (MV) as the anolyte is suitable for storage in salt caverns. While this patent (Shi et al., 2023) addresses some issues related to the SCFB system, the creep characteristics of electrolyte-bearing salt rock have a strong connection to the long-term stability of SCFB operation. During the operation of SCFB systems, the surrounding rock around the salt cavern is in direct contact with the electrolyte. Whereas salt caverns currently store mainly oil, gas and air, the working conditions faced by SCFB are different from those of them (Voznesenskii et al., 2017). Additionally, as the electrolyte in the SCFB system is cyclically injected or withdrawn, the surrounding rock in the salt cavern is equivalent to undergoing cyclic loading and unloading, this process may persist for an extended period (Li T. et al., 2019). Therefore, elucidating the creep characteristics of electrolyte-bearing sample under long-term triaxial cyclic loading is crucial. This helps to analyze the long-term stability of SCFB systems.
Numerous scholars have studied the creep characteristics of salt rock under certain conditions. Fuenkajorn and Phueakphum (Fuenkajorn et al., 2009) investigated the creep characteristics of salt rock taken on site under cyclic loading, and the results showed that compressive strength of the salt rock shows a gradual decreasing trend as the cycle period increases. The elastic modulus of salt rock decreases insignificantly at the beginning of cycles, then slowly tends to a stabilization phase, and finally continues until failure Ma et al. (2013) studied the evolution law of mechanical characteristics of salt rock subjected to triaxial cyclic loading. The research results indicated that the elastic modulus of samples shows a gradual decreasing trend as the loading period increases, and the decreasing trend is exponential. Under cyclic loading in the presence of confining stress, both axial and lateral deformations of salt rock exhibit transient and steady-state evolutionary patterns. This behavior is analogous to that observed in conventional static creep experiments. As the stress level applied to the sample increases, the strain generated during transient creep phase gradually increase, which increase the proportion of the total accumulated strain. Wang J. et al. (2021) studied that the creep characteristics of salt rock subjected to cyclic loading with single cycles ranging from 1 to 8 h. The results showed that maximum creep rate of samples first gradually decreases, then tends to stabilize, and finally gradually increases the trend with loading cycles. Similarly, the creep process of samples shows a similar three-stage characteristic. During the experimentation, it was observed that in the maximum cyclic stress condition, a critical threshold is present for cycles. If this critical threshold is not exceeded, the cyclic life of the salt rock will be prolonged, resulting in a more significant amount of creep deformation Liu et al. (2013). investigated the damage development law of salt rock under cyclic loading. It was also pointed out that a critical value for the maximum stress level applied to the sample is observed to be 40% of the uniaxial compressive strength of the sample. When the maximum stress level exceeds this critical value, there is a significant tendency for the damage obtained from the sample to increase. Zhao et al. (2022) studied the damage development laws of salt rock under stepwise increasing stress levels. The results showed that the shape of the hysteresis loops of the single-cycle creep curves of the samples is strongly correlated with the applied stress level Fan et al. (2016). comparatively studied the difference between the effects of conventional and interval fatigue tests on fatigue activity in samples. The results indicated that in these two types of fatigue experiments, it was observed that the residual strain of the sample in conventional fatigue experiments is significantly smaller than that in interval fatigue experiments. The single-cycle interval time has a strong effect on the irreversible deformation of the samples. Dong et al. (2023) studied the impact of different temperatures on the creep characteristics of salt rock samples taken from depths below 2,000 m. The results indicated that as the temperature level increases, the transient creep duration of sample gradually decreases, but the steady-state creep rate of sample gradually increases. The time required for the sample to creep into the volume dilatation stage is also less when the temperature level increases.
Furthermore, to better simulate the working situations of salt caverns in the field, The creep behavior of salt rock during cyclic loading and unloading tests with single cycle periods of 1 day and 7 days was investigated in this doctoral thesis (Dong, 2023). The doctoral thesis revealed that during the initial stage of axial deviatoric stress rise in the first cycle, the creep deformation of salt rock samples with a single cycle period of 7 days is greater than that of sample with a single cycle period of 1 day. This is different from the findings of Wang J. et al. (2021). Discrepancy may be attributed to the excessively short single cycle period in the experiments of Wang J. et al. (2021), where creep deformation of salt rock is relatively small compared to elastic deformation induced by compression, thus not significantly influencing the total deformation at this stage Lyu et al. (2021). investigated the creep characteristics of salt rock during ultra-long period through creep experiments lasting 2,100 h (875 days). The results showed that compared with conventional high stress creep experiments, the first stage of creep of the sample will be longer, about 4.3–8.3 months. Bérest et al. (2019). used a gallery in the Altaussee salt mine in Austria to study the creep characteristics of on-site salt rocks within a small deviatoric stress range (0.2–0.6 MPa) for a period of 2 years. The results indicated that the transient creep stage of salt rock within the small deviatoric stress range lasts longer than that within the high stress range, about 6–10 months. The steady state strain rates observed in real time are 7–8 orders of magnitude higher than those in the high stress range Guessous et al. (1987) studied the effect of on-site disturbances on salt rock creep by radially compressing salt rock samples before conducting creep experiments. The experimental results indicated that in the early stage of the experiment, it was observed that the preloading history had a significant impact on the creep behavior of salt rock. The degree of this influence depends on the radial compression strength before the experiment.
However, there have been no reports on the study of creep characteristics of electrolyte-bearing salt rock under long-term triaxial cyclic creep experiments. Therefore, this study employed a TEMPO with a saturated NaCl solution as the supporting electrolyte, utilizing a self-developed device for soaking salt rock samples in electrolyte through the test equipment for high-temperature and high-pressure medium soaking of surrounding rock in salt cavern storage. Subsequently, single-cycle creep tests with a duration of 1 day were conducted using a deep salt rock ultra-low frequency cyclic loading creep test system. The experimental results of single-cycle creep tests on salt rock without electrolyte serve as a reference, taken from data in the doctoral thesis of our research group (Dong, 2023). The effect of the electrolyte-bearing state on the long-term creep behavior of salt rock was analyzed. These findings contributed to a better understanding of the creep properties of electrolyte-bearing salt rock in SCFB, holding significant implications for stability analysis of SCFB reservoir.
2 EXPERIMENTAL MATERIALS AND METHODS
2.1 Sample preparation
The salt rock sample used in this experiment was obtained from the same core as the sample used in this doctoral thesis (Dong, 2023), extracted at a depth of 1,459 m. The reason why both samples were taken from the same core is that this minimizes the impact on the experimental results due to the inhomogeneity between the samples. Therefore, it is assumed here that the properties of these two samples are the same. Prior to any processing, the samples did not undergo any loading. Since the salt rock samples in this paper are taken from the salt mines in the field, it is inevitable that some impurities exist in the samples. This sampling method is more meaningful for guiding the engineering site. X-ray diffraction (XRD) was used to analyze the composition of the samples in more detail. The results showed that the key contributors of the samples were salt rock (NaCl) and glauberite (Na2SO4·CaSO4), with contents of 89.6% and 3.6%, respectively. The sample weighed 3,112.47 g with a density of 2.2 g/cm3. The salt rock sample is a standard cylindrical sample with a 200 mm height and 100 mm diameter. To minimize damage to the rock framework during the drilling process, a KDXQ-II instrument was used for wire cutting. Simultaneously, meticulous grinding was performed on both ends of the sample to minimize the impact of unevenness, controlled within ±0.03 mm. Upon completion of the sample processing, wrap it in plastic film to protect against moisture absorption and deliquescence during storage. The salt rock sample is depicted in Figure 2A. The samples for this experiment are taken from the project site. Although the two samples are taken from the same core, there will be a certain degree of difference between the two samples due to the difference in cutting, sample inhomogeneity and transportation environment, which inevitably affects the experimental results to a certain extent. However, the samples at the project site are more meaningful for guiding the actual project. Therefore, this difference is also acceptable.
[image: Figure 2]FIGURE 2 | (A) salt rock sample; (B) test equipment for high-temperature and high-pressure medium soaking of surrounding rock in salt cavern storage; (C) deep salt rock ultra-low-frequency cyclic loading creep experimental system; (D) installed sample.
2.2 Experimental method
The electrolyte soaking treatment of salt rock sample was conducted using a self-developed equipment for high-temperature and high-pressure medium soaking of surrounding rock in salt cavern storage, as illustrated in Figure 2B. This equipment could soak sample with a diameter not exceeding 120 mm and a height not exceeding 250 mm. The static water pressure can reach up to 50 MPa, and the temperature can reach a maximum of 100°C. According to logging results, the ground temperature at a depth of 1,455 m was 58°C. Based on geostress calculations, the geostress at this depth was approximately 28.6 MPa. The acquisition of geostress is obtained through on-site measurements by the China Petroleum Group North China Logging Company. The method used for measuring geostress is the small-scale hydraulic fracturing method. This is a reliable and effective method for measuring deep crustal stress. To emulate the real operating environment of underground SCFB storage as closely as possible, the static water pressure during the electrolyte soaking treatment was set at 30 MPa, with a temperature of 60°C. The erosion duration was 2 days. The weight of the sample after 2 days of soaking at high temperature and pressure is 3,113.63 g, which is 1.16 g heavier than before soaking. This indicated that the electrolyte had permeated the internal defects of the sample, leading to an increase in its weight.
The cyclic loading test was conducted using a self-developed deep salt rock ultra-low-frequency cyclic loading creep experimental system, as depicted in Figure 2C. This system comprised five main components: the triaxial pressure chamber, stress and deformation monitoring system, loading generation system, data acquisition system, and automatic oil replenishment system. The data acquisition system is based on the data acquisition software jointly developed by our organization and Jiangsu Kedi Scientific Research Instrument Co., Ltd. The software can read the signals of stress sensors and displacement sensors and record them according to the time intervals set by the user. The system can apply a maximum confining pressure of about 50 MPa and a maximum axial pressure of 80 MPa, with temperatures reaching up to 100°C. The axial displacement measurement range can reach 50 mm, and the circumferential measurement range can reach 25 mm. Equipped with an uninterruptible power supply, the system can ensure normal operation for over 72 h under power outage conditions. It could fulfill single-cycle periods ranging from 2 h to 6 months.
After the erosion treatment of the sample is completed, immediately remove it and place two equal diameter pressure heads on the upper and lower ends of the sample. Cover with thermoplastic tubing for sealing. Install the circumferential displacement sensor (Type: FCXA10-005025) and axial displacement sensor (Type: Japanese three quantity digital dial gauge 312–704). Subsequently, the sample is placed in the triaxial chamber of the creep testing system. The installation of samples on the creep test system is illustrated in Figure 2D. Close the three-axis chamber and apply the corresponding temperature. The salt rock sample was equivalent to experiencing unloading at the end of sampling compared to the in-situ environment. Thus, to restore the samples to the state of the original formation, a 2-day recovery phase was conducted before the creep test. During this phase, the sample was subjected to a pressure of 30 MPa, provided by static water pressure, while maintaining a temperature of 60°C. Following the conclusion of the recovery phase, as shown in Figure 3, axial deviator stress was initially increased to 5 MPa and held for 1 day, then further increased to 10 MPa and held for another day. This procedure aimed to observe the effect of electrolyte-bearing state on the creep behavior of salt rock sample during the two constant load phases. Upon completion of these two constant load phases, the cyclic loading tests were started.
[image: Figure 3]FIGURE 3 | Schematic diagram of triaxial long-term cyclic loading waveform.
3 ANALYSIS OF THE TEST RESULTS
3.1 Stress–strain curves
Figure 4 shows the axial deviatoric stress and confining pressure curves with time. The tested confining pressure data showed stabilization at 20 MPa, while the tested axial deviatoric stress data showed smooth and gradual increases and decreases during the slow-rise and slow-fall stages. Minor fluctuations were observed during the constant high and low stress stages, but these fluctuations did not impact the test results. Prior to the commencement of cyclic loading, two constant loading stages (5 and 10 MPa) were applied to sample, each lasting for 1 day. The 5 MPa here refers to the axial deviatoric stress, which is an axial pressure of 25 MPa. Similarly, 10 MPa of axial deviatoric stress is also an axial pressure of 35 MPa. The purpose of these two constant loading stages was to observe the deformation behavior in the electrolyte-bearing and the electrolyte-free states under the same stress environment.
[image: Figure 4]FIGURE 4 | Axial deviatoric stress and confining pressure curves with time.
Figure 5 illustrates the axial stress-strain curves for the samples with and without electrolyte under two constant load stages and cyclic load stages. The axial stress-strain curves of samples in two different states. After two constant load stages, axial stress-strain curves of samples with and without electrolyte still exhibit two distinct phases, namely, “sparse-dense”. The appearance of this event is analogous to creep experiments performed on uniaxial testing machines (Li Z. et al., 2023). The results obtained in this study also show that the stress-strain curve of the sample under creep test undergoes a “sparse-dense” phase in the early part of the stress-strain curve. The limitations of the samples are explained in section 2.1, so it is assumed that this phenomenon is not due to the differences in the samples, but rather that applying the constant loading before the cyclic loading does not alter the fundamental characteristics of the fatigue curve. The stress-strain curves of both the samples with and without electrolyte appear to be sparse in the early part of the experiment period, which is due to the large amount of strain accumulation during the constant loading phase. During the creep experimental stage, strain increment gradually stabilizes, resulting in the stress-strain curve approaching denser values. Additionally, the stress-strain curve of the electrolyte-bearing sample undergoes a “dense” stage approximately 4 cycles earlier than that of the sample without electrolyte.
[image: Figure 5]FIGURE 5 | The axial stress-strain curves for the samples with and without electrolyte under two constant load stages and cyclic load stages.
Figure 6A shows the axial strain as a function of time for electrolyte-bearing sample and sample without electrolyte. During the initial application of two constant loading stages, the strain of electrolyte-bearing sample exceeds that of sample without electrolyte. This trend persists during the cyclic loading phase. This suggests that the state of electrolyte-bearing promotes further development of defects (pores or cracks) within the salt rock sample, resulting in poorer densification and enhanced deformability. By selecting 1 day as an observation period, the strain differences between the two types of samples were compared, as illustrated in Figure 6B and Table 1. With increasing time, the deformation of electrolyte-bearing sample significantly surpasses that of sample without electrolyte, exhibiting a trend of rapid increase followed by gradual stabilization. In order to further analyze the strain fluctuations of the electrolyte-bearing and without electrolyte samples on different days, the variance of each was calculated. The variance of the electrolyte-bearing sample is 6.41 × 10−6 and the variance of the without electrolyte sample is 3.56 × 10−6. This indicates that the strain data of the electrolyte-bearing sample is more volatile, which may be attributed to the fact that the sample contains electrolyte, which leads to a change in the internal pore structure, causing its strain to be more volatile.
[image: Figure 6]FIGURE 6 | (A) Axial strain of samples in two different states with time, (B) the strain differences between the samples in two different states.
TABLE 1 | Strain difference between the samples in two different states.
[image: Table 1]3.2 Stress–strain curve in a single cycle
Since Figure 5 depicts complete axial stress-strain curve of creep experiment, it appears to be somewhat dense. In order to more clearly analyze the difference between the creep deformation of the samples in two different states, the stress-strain curves within a single cycle are plotted. Taking the electrolyte-bearing sample as an example, the axial stress-strain curves are plotted (Figure 7).
[image: Figure 7]FIGURE 7 | Axial stress-strain curves of electrolyte-bearing sample. (A) 1st cycle; (B) 2nd cycle; (C) 4th cycle; (D) 6th cycle; (E) 8th cycle; (F) 10th cycle.
From Figure 7, the stress-strain curves of electrolyte-bearing sample exhibit different phases, and in order to subdivide them even further, the complete curves are divided into a total of six phases. This characterization of different phase is generally similar to that of the sample without electrolyte. In particular, at the initial loading stage of the creep experiment, the axial stress-strain curve in a single cycle can be further subdivided into two stages. One is the elastic deformation, whose slope is approximately linear, and the resulting deformation belongs to the elastic deformation, which is the stage I labeled in the Figure 7. The other is the plastic deformation, and the resulting deformation belongs to the irreversible deformation, which is the stage II labeled in the Figure 7. In the stage I, creep deformation increases in a nearly linear manner with increasing axial stress. In stage II, creep deformation of sample increases faster, and axial stress-strain curve gradually tends to be horizontal. It is noteworthy that as the cycle number increases, the strain in stage II gradually decreases and disappears in the 4th cycle, whereas for sample without electrolyte, stage II disappears in the 17th cycle. Stage III represents the constant high stress phase, where the stress remains constant at the highest cyclic load, while the strain continues to increase. In stage IV, the changes in axial stress do not have an effect on the axial strain of electrolyte-bearing sample. The reason for this phenomenon is that the elastic recovery deformation due to stress reduction offsets the creep deformation at that stress, so the overall axial strain remains constant. In stage V, the decreasing axial stress triggers an elastic recovery of the axial strain. Stage VI represents the constant low stress phase, where the stress remains constant at the lowest cyclic stress, and the strain remains essentially unchanged.
Figure 8 illustrates variation of axial strain of electrolyte-bearing sample in different stage with number of cycles. As shown in Figure 8A, axial strain remains relatively constant throughout stages I, IV, V, and VI no matter the cycle number. Moreover, axial strain is nearly 0 during stages IV and VI, indicating minimal or no change in axial strain during the two stages. Observation shows that axial strain developed in stage Ⅰ and that developed in stage Ⅴ are comparatively close to each other, which indicates that the creep deformation in these two stages belongs to elastic deformation. This also means that the elastic deformation generated by loading stage is basically recovered in unloading stage.
[image: Figure 8]FIGURE 8 | Variation of axial strain of electrolyte-bearing sample in different stage. (A) Stage Ⅰ, stage Ⅳ, stage Ⅴ and stage VI, (B) stage Ⅱ and stage Ⅲ.
From Figure 8B, it can be observed that if the stages II and III are viewed as a whole, the axial strains developed by them exhibit a two-phase pattern characterized by a “gradual decrease-basically stabilization” trend with cycles. Since the axial strain developed during stage I by the electrolyte-bearing sample is essentially elastic strain, this part of strains are recovered during stage V. Consequently, the axial strain developed in this whole should be attributed to plastic deformation. Electrolyte-bearing sample becomes progressively denser as further progress in the creep experiments increases, resulting in a gradual reduction in the plastic deformation generated during each cycle. By the 4th cycle, stage II disappears, and the axial strain during stage III approaches 0.0003. This value is approximately twice the axial strain convergence value observed during stage III for the sample without electrolyte.
3.3 Creep strain and creep rate
Figure 9A depicts the creep strain and creep rate of electrolyte-bearing sample as a function of time. The creep rate of electrolyte-bearing sample exhibits periodic fluctuations with variations of axial stress owing to the cyclic loading. As the creep experiments are carried out further, it is observed that at the stage of unloading to the minimum cyclic stress level, the creep rate reaches a minimum and remains relatively constant (indicated by the red dots in Figure 9A). When the cyclic stress level reaches its maximum during the creep experiment, the creep rate at this point follows a “gradual decrease—basically stabilization” trend (indicated by yellow dots in Figure 9A). Based on the observed variations in the maximum creep rate of electrolyte-bearing sample from loading to the undamaged, the creep process can be divided into two stages. One is decay creep stage, in which maximum creep rate of the sample gradually decreases with time. The other is steady creep stage, in which maximum creep rate of the sample remains relatively constant.
[image: Figure 9]FIGURE 9 | Creep rate of the electrolyte-bearing sample. (A) variations of creep strain and creep rate over time; (B) variations of creep rate, axial strain, and axial deviatoric stress over time for the 3rd and 4th cycles; (C) variations curves of peak, valley, high plateau, and low plateau strain rate over time.
The creep rate curve in Figure 9A is densely plotted, making it difficult to intuitively discern the variation pattern of creep rate of electrolyte-bearing sample within a single cycle. Therefore, plots depicting the variations of creep rate, axial strain, and axial deviatoric stress over time for the 3rd and 4th cycles are illustrated in Figure 9B. Within a complete cycle, stress variation comprises four stages: (i) load increasing stage, (ii) constant high stress stage, (iii) load decreasing stage, and (iv) constant low stress stage. Correspondingly, creep rate also exhibits four stages within a cycle: (i) during the load increasing stage, creep rate gradually increases, and in the load to reach the maximum cyclic load creep rate reaches its maximum. At the meantime, the creep rate of electrolyte-bearing sample also reaches the peak of fluctuation curve, which can be referred to as the peak strain rate of the cycle; (ii) during the constant high stress stage, the creep rate curve rapidly decreases from the peak strain rate to a “plateau”, where the strain rate stabilizes, termed as the high plateau strain rate; (iii) during load decreasing stage, creep rate gradually decreases, and the speed of the decreasing gradually decreases over time until the axial stress approaches the minimum cyclic load, at which point the creep rate minimizes, also representing minimum of creep rate fluctuation curve for that cycle, termed as the valley strain rate; (iv) during the constant low stress stage, the creep rate curve rapidly rises from the valley strain rate to a “plateau”, where the strain rate stabilizes, termed as the low plateau strain rate.
Figure 9C illustrates the variations curves of peak, valley, high plateau, and low plateau strain rate over time for electrolyte-bearing sample. As depicted, both peak and high plateau exhibit a trend of “gradual decrease—basically stabilization” over cycles, while valley strain rate fluctuates slightly around a certain constant negative value. The average valley strain rate for electrolyte-bearing sample is −0.0023/d, which is lower by −0.0005/d compared to the average valley strain rate for sample without electrolyte. The low plateau strain rate for electrolyte-bearing sample is essentially equal to 0, similar to the case for sample without electrolyte.
3.4 Elastic modulus
The elastic modulus plays an essential role in assessing elastic deformation of electrolyte-bearing sample. The elastic modulus E of a sample within a given single cycle is taken from the slope of the linear segment during initial cyclic pressure increase phase, which is also the slope of linear segment in the stage I. Figure 10 displays the evolution of elastic modulus of electrolyte-bearing sample over cycles. As shown in Figure 10, the elastic modulus of electrolyte-bearing sample exhibits a gradual increase in the stage 1 as the creep experiment continues. This is followed by a stabilizing trend in the stage 2. The elastic modulus of the electrolyte-bearing sample shows a gradual increase trend throughout the first four cycles of overall creep experiment. Starting from the fourth cycle, the elastic modulus of electrolyte-bearing sample tends to reach a stable stage (stage 2), where it fluctuates but maintains an overall stability without a noticeable increasing or decreasing trend. Taking an average of all the elastic modulus values for the electrolyte-bearing sample in stage 2, the value is calculated to be 12.61 GPa, which is about half of the value for stage 2 of sample without electrolyte. The above analysis shows that the creep rate of electrolyte-bearing sample is larger than that of sample without electrolyte (Dong, 2023), and the time to enter the stable creep rate is shorter. This indicates that the creep characteristics of the electrolyte-bearing sample should be fully considered when designing the SCFB system. In particular, when designing the parameters of the operating pressure range inside the salt cavern, it is recommended to increase the maximum operating pressure or shorten the low stress time inside the salt cavern. This will be of great significance to ensure the stability of the SCFB storage.
[image: Figure 10]FIGURE 10 | The elastic modulus of electrolyte-bearing sample over cycles.
Salt rock, as a rock precipitated by evaporating seawater or lake action, contains a certain amount of internal defects such as pores or cracks. After soaking in electrolyte, these internal pores or cracks undergo further development, which is an essential factor contributing to the variations of the elastic modulus of electrolyte-bearing sample in creep experiments. Typically, the elastic modulus of rocks decreases with an increase in microscopic defects, and vice versa. In the initial stages of cyclic loading for electrolyte-bearing sample, the microscopic defects inside the sample gradually tend to close, causing an increase in densification and an enhancement of the resistance to deformation. This is fed back into the increasing trend of the elastic modulus (stage 1). When creep experiment reaches a certain level, the sample has been compressed to near its limit, which also means that the density of sample is approaching its maximum value. At this point, elastic modulus of sample no longer changes significantly as number of cycle increases, indicating that elastic modulus of sample tends to stabilize (stage 2).
3.5 Irreversible deformation
The axial strain generated during each cycle is made up of elastic deformation (reversible) and plastic deformation (irreversible). From the previous analysis, it has been known that axial deformation developed in stage I is elastic in nature, this part of deformation essentially recovers in stage V of unloading. However, axial deformation developed in stages II and III are plastic deformation, which are irreversible, and therefore this part of deformation is not recovered. The plastic deformation has an essential impact on fatigue behavior (Zhao et al., 2022). The irreversible deformation within a single cycle is calculated by subtracting the strain at the beginning and end of the cycle. Figure 11 shows the variation of irreversible deformation of electrolyte-bearing sample over cycles. When the salt rock sample is not loaded to destruction, the changes in cumulative irreversible deformation can be categorized into two stages over cycles. One is attenuation phase, in which the irreversible deformation gradually decreases over a cycle. The other is stable stage, in which the irreversible deformation remains essentially constant over a cycle.
[image: Figure 11]FIGURE 11 | The variation of irreversible deformation of electrolyte-bearing sample over cycles.
The irreversible deformation includes plastic deformation during loading stage (stage II) and creep deformation during high constant stress stage (stage III). As shown in Figure 8B, both stages exhibit a characteristic of gradually decreasing with increasing number of cycles until reaching a stable state, indicating that the irreversible deformation also exhibits a two-phase characteristic of “gradual decrease-basically stabilization” as number of cycles increase. Compared to the deformation in stage III, the deformation in stage II constitutes a lesser percentage of the irreversible deformation, and the deformation in stage II disappears in the 4th cycle, indicating that irreversible deformation in cyclic loading is mainly generated during the high constant stress stage (stage III).
4 CONCLUSION
To study the creep characteristics of electrolyte-bearing salt rock in a SCFB system under long-term cyclic loading, creep tests with a cycle period of 1 day were conducted. The effect of the electrolyte state on the creep characteristics of salt rock sample is comparatively analyzed. Based on the scope of this study, the following conclusions can be drawn:
(1) The axial stress-strain curve of the electrolyte-bearing sample undergoes only two phases of “sparse-dense” when not been loaded to the failure point, which is similar to the results of creep experiments of sample without electrolyte. The electrolyte-bearing sample undergoes a “dense” stage approximately 4 cycles earlier than sample without electrolyte.
(2) In the two constant stress stages (5 and 10 MPa) and cyclic loading stage, the strain of electrolyte-bearing sample is greater than that of sample without electrolyte. The trend presented is to increase rapidly in the 5th cycles, and then gradually stabilize.
(3) The axial stress-strain curve of electrolyte-bearing sample over a cycle could be divided into six stages, which is similar to that of sample without electrolyte. The axial strain in stages I, IV, V and VI is essentially cycle independent. The axial strain in stages IV and VI is basically 0. The elastic deformation developed in stage I is basically recovered in stage V. The strain in stage II gradually decreases and disappears in the 4th cycle.
(4) Under cyclic loading, the creep rate of electrolyte-bearing sample exhibits periodic fluctuations with variations of axial stress. When the cyclic stress level reaches its maximum during the creep experiment, the creep rate at this point follows a “gradual decrease—basically stabilization” trend. When not loaded to the point of failure, the creep process of the electrolyte-bearing sample includes only two stages: the decay creep and steady creep stages.
(5) The elastic modulus of electrolyte-bearing sample gradually increases over cycles. From the 4th cycle, the elastic modulus tends to a stable phase. The overall trend is “gradually increasing - basically stabilization”. The average value of elastic modulus of electrolyte-bearing sample during the stable phase is 12.61 GPa, which is about half that of the sample without electrolyte.
(6) The irreversible deformation exhibits a two-phase characteristic of “gradual decrease-basically stabilization” with increasing number of cycles, mainly generated in stage III. When the electrolyte-bearing salt rock is not damaged, the cumulative irreversible deformation over cycles can be divided into two phases: attenuation and stable phases.
The results of this study deepen our understanding of the influence of electrolyte-bearing states on the creep characteristics of salt rock, facilitating a systematic comprehension of the creep behavior of rock salt in salt caverns as a storage site for electrolyte. This research provides crucial experimental and theoretical foundations for the parameter design and stability analysis of SCFB system. As the SCFB reservoir may have a longer cycling cycle and be subjected to more complex loads during operation, in order to further investigate the creep behavior of electrolyte-bearing salt rock, future research may consider carrying out ultra-low frequency cyclic load creep experiments with longer cycling cycles and more complex waveforms, so as to better serve the engineering site.
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