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Abstract


Underground Compressed Air Energy Storage (CAES) is a promising large-scale energy storage technology, yet its long-term operational safety is constrained by progressive tensile damage accumulation in lining structures under cyclic thermo-mechanical loading. Conventional steel-lined caverns are costly, while ordinary reinforced concrete linings require excessive reinforcement due to their limited tensile capacity, compromising the economic viability of CAES. This study proposes a Reinforced-Steel Fibre Concrete (R-SFC) lining as the structural load-bearing layer of CAES caverns, in which the steel fibres provide tensile and crack-propagation resistance and the rebars contribute supplementary tensile capacity. A 2D coupled thermo-mechanical damage-plasticity finite element model was developed in COMSOL Multiphysics and verified using published in situ monitoring data from operating CAES caverns. Parametric analyses of the steel fibre volume fraction, lining thickness, rebar diameter, and cavern diameter were then performed. The results show that the R-SFC lining significantly improves crack propagation resistance, reducing the maximum tensile damage by 41.3% relative to conventional reinforced concrete while lowering steel consumption. Within the lining–rock system, the concrete lining and the surrounding rock jointly resist the radial compressive load, while the steel fibres and rebars bear the hoop tensile stress. A thickness-to-diameter ratio of 1/8 to 1/5 is identified as the recommended geometric design range to balance lining damage against surrounding rock loading. Finally, an MOPSO algorithm coupled with a PSO-BP surrogate model is employed to balance lining tensile damage against cavern dimensions, yielding optimised parameter combinations particularly suitable for cavern diameters around 4 m. The study findings may provide a new lining solution and design reference for cost-effective and high-reliability underground gas storage.
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1. Introduction


Since the beginning of the 21st century, environmental and energy issues have been highly prioritised by people, driving nations worldwide to develop alternative renewable energy sources to replace traditional fossil fuels. In 2021, the global renewable energy generation increased by 500 TWh compared to the previous year, exceeding 8000 TWh [1]. It is projected that by 2025, renewable energy generation will surpass coal-fired generation, becoming the largest source of electricity globally. Solar and wind power are expected to account for 20% of total global electricity generation by 2027 [2]. Against the backdrop of global climate change, China has explicitly set the “dual carbon” goals of achieving carbon peak by 2030 and carbon neutrality by 2060 [3], with the transformation of the energy structure as the core pathway. However, renewable energy sources like wind and solar power are characterised by strong volatility and intermittency [4], placing significant pressure on the grid through peak load regulation requirements arising from large-scale integration, necessitating the development of efficient energy storage technologies to balance supply and demand.



Currently, mainstream energy storage technologies include pumped-storage hydropower [5], battery storage [6,7], flywheel storage [8], and compressed air energy storage (CAES) [9,10]. Among these, electrochemical approaches, such as aqueous lithium rechargeable batteries [7], have attracted growing interest for distributed and short-duration applications owing to their low cost and intrinsic safety, while CAES has unique advantages in terms of large storage capacity, long storage duration, environmental friendliness, and long theoretical lifespan [11], and has become one of the most promising storage technologies. A CAES system typically comprises components like compressors, thermal storage devices (for heat recovery), drive motors, generators, air storage caverns (tanks), and turbines [12,13]. Its operation involves compressing air using compressors during periods of excess electricity, storing the compressed air in tanks after heat recovery via thermal storage devices, and subsequently using the stored compressed air to generate electricity by passing it through the thermal storage devices for reheating and driving generators or turbines.



Current mainstream CAES technology can be categorised into two types based on the storage medium: above-ground tank-based [14] and underground cavern-based [15,16]. Above-ground CAES relies on artificially constructed high-pressure tanks, which suffer from high unit capacity costs and limitations in scalability. In contrast, underground CAES utilises natural or artificial underground spaces, such as salt caverns, hard rock cavities, or abandoned mines, to store high-pressure air. This approach offers both cost-effectiveness and scalability potential, making it a core technology for addressing the integration of large-scale renewable energy. However, naturally occurring underground caverns that meet storage conditions are limited [17]. To meet the growing demand for large-scale energy storage, the construction technology for artificial underground storage has become a focal point of research.



To meet the requirements of large-scale CAES for underground gas storage caverns in terms of cost-effectiveness and long-term airtightness, structural designs have been continuously evolving. Research indicates that unlined salt caverns under high-pressure cyclic loading may experience a significant doubling of rock mass deformation due to creep–fatigue coupling effects, posing a threat to structural stability and sealing performance [18]. In response to this challenge, the three-layer composite lining structure comprising a “sealing layer—concrete lining—surrounding rock” has emerged as a widely adopted structural configuration due to its comprehensive advantages [19].



Pressure tests on underground steel-lined gas storage reservoirs in Sweden during the 1990s revealed issues such as stress concentration at the steel–concrete interface and excessively high construction costs when using 6 mm steel plates in concrete linings under 52 MPa internal pressure [20]. To reduce costs and optimise structural mechanical responses, flexible sealing materials, such as butyl rubber, have attracted attention for their excellent instantaneous sealing performance. Studies have shown that such sealing layers can effectively reduce cavern leakage rates [21]; however, concerns remain regarding their sensitivity to gas pressure and the risk of long-term ageing under high temperature and pressure conditions. In recent years, fibre-reinforced polymer (FRP) sealing layers have demonstrated promising prospects. These materials offer a long service life, can be directly applied to the inner surface of concrete linings, and significantly improve stress distribution at the interface while reducing gas leakage rates [22], making them a focal point in current research on high-performance sealing layers.



Compared to sealing layers, concrete linings in gas storage structures primarily serve to seal and withstand internal pressure, undergoing multiple structural optimisations during development. Research on airtight concrete has verified that its low permeability meets the basic requirements of CAES [23], but further validation is needed regarding the long-term airtightness impact of plastic damage accumulation under high-pressure cyclic loading. Traditional reinforced concrete linings, while enhancing the structure’s tensile strength, employ redundant reinforcement designs to prevent concrete cracking and damage, which reduces structural economy and fails to effectively address cracking caused by local stress concentration [24], affecting long-term sealing reliability. Notably, when used as the primary lining material, steel fibre-reinforced concrete (SFRC) develops a dual anti-damage mechanism through stress transfer before cracking and fibre bridging post-cracking. Experimental studies confirm that this mechanism effectively delays structural failure and suppresses multi-scale crack propagation [25,26]. The reinforced-steel fibre concrete (R-SFC) system, which combines both steel rebars and steel fibres, theoretically enhances structural strength and tensile performance while reducing rebar consumption [27]. Its superior crack resistance offers a highly promising solution for controlling damage-plastic zone expansion. Building upon this foundation, this study proposes the application of the R-SFC system to lining structures in gas storage caverns, aiming to explore its mechanical performance and damage control effectiveness within underground gas storage environments.



In addition, research on underground gas storage caverns has shown that experimental methods have higher reliability compared to numerical simulation methods, but the high cost is the biggest obstacle. Numerical simulation methods, after development, have also achieved a certain level of reliability, providing an economical and convenient research solution for the study of underground gas storage caverns [28]. Progress in the numerical simulation of coupled thermal and mechanical fields in underground gas storage caverns indicates that TOUGH-FLAC [29], COMSOL Multiphysics [30], and ANSYS [31] can fully characterise the characteristics of the cavern’s operational cycle. Among these, COMSOL, leveraging its advantages in multi-physics field coupling, demonstrates unique applicability in simulating the evolution of lining damage under gas pressure–temperature cyclic loading [32].



The aforementioned studies provide diverse structural configurations and analytical methods for underground lining design. Among the various lining materials, SFRC has been the most extensively investigated for its fibre-bridging mechanism and crack-control performance. Its post-cracking response has been captured by full-scale segment tests and three-dimensional mesoscale finite element models, and even constitutive models for hybrid fibre systems have been proposed [26,33]. However, these SFRC studies were conducted almost exclusively under quasi-static external loading and isothermal conditions, and their applicability to CAES caverns, where linings are subjected to cyclic internal pressure and coupled thermal transients, has not been examined. In comparison, research on RFC is relatively rare, with the few available studies confined to conventional tunnel engineering. For instance, Meng et al. [27] combined field tests and numerical simulations to investigate reinforcement ratio, lining thickness, and steel fibre volume content on the ultimate bearing capacity of R-SFC secondary linings for mountain tunnels under static surrounding rock pressure, reporting a 63.4% conventional reinforcement saving at equivalent load-bearing capacity. However, the loading conditions of mountain tunnels differ fundamentally from those of CAES underground caverns, where cyclic gas pressure and temperature loading drive the airtightness-critical damage. Whether the R-SFC can also serve as the principal load-bearing layer of a CAES cavern under such loading, therefore, remains to be examined. Furthermore, existing CAES lining modelling has focused on ordinary reinforced concrete under thermo-mechanical coupling [29,30,32], with fibre-reinforced concretes appearing only as low-modulus flexible linings without rebar reinforcement [34].



In addition, intelligent optimisation algorithms such as particle swarm optimisation, multi-objective genetic algorithms, and improved ant colony algorithms have been widely applied to structural design problems for balancing safety, economy, and efficiency [35,36,37], but existing CAES lining design optimisation has typically evaluated the influence of a small number of design variables on a single performance indicator, or adopted low-dimensional multi-objective formulations evaluated directly through finite element analysis [38]. An R-SFC lining for CAES caverns involves multiple interrelated fibre, rebar, and geometric parameters and must satisfy structural damage control while also accommodating storage capacity, which requires an efficient multi-parameter optimisation method. To address these gaps, this study introduces an R-SFC lining (as illustrated in Figure 1) for CAES caverns as the structural load-bearing layer, quantifies the influence of key design parameters on its damage evolution under cyclic gas pressure and temperature loading, and performs surrogate-assisted multi-objective optimisation of the lining configuration to balance lining tensile damage against cavern diameter, thereby reducing the dependence of cavern siting on surrounding rock strength.



Accordingly, a coupled thermo-mechanical damage-plasticity model was established in COMSOL Multiphysics to simulate the R SFC lining system. The influence of key parameters (including steel fibre volume fraction, lining thickness, rebar diameter, and cavern diameter) on the linings’ mechanical response, tensile damage, and internal stress in the surrounding rock was analysed and compared across alternative design schemes. On this basis, a particle swarm optimisation backpropagation (PSO-BP) surrogate model was integrated with a multi-objective particle swarm optimisation (MOPSO) algorithm to balance lining tensile damage against cavern diameter, yielding a Pareto front that quantifies their trade-off. Figure 2 illustrates the framework of this study.




2. Numerical Model Establishment of R-SFC Lining


2.1. Geometry and Applicability of the 2D Plane Strain Model


2.1.1. Geometry and Basic Assumptions


Underground lined rock caverns are typically constructed in deeper and high-strength rock layers, with shapes mostly being cavern-shaped (i.e., horizontal cylindrical). The structure of the lined rock cavern, from the inside out, consists of three parts: a fibre sealing layer, an R-SFC lining layer, and a surrounding rock layer. Each part is treated with filling or smoothing to ensure full contact between the layers. To establish a computationally efficient yet representative 2D plane strain model based on the vertical cross-section of the lined rock cavern, the following key assumptions are adopted:




	(1)

	
The volume of the rock cavern remains constant;




	(2)

	
The surrounding rock and steel reinforcement are isotropic materials;




	(3)

	
Due to good contact between the surrounding rock and the lining layer, and between the lining layer and the FRP fibre sealing layer, the thermal resistance is zero;




	(4)

	
Air leakage is neglected;




	(5)

	
The bond slip between the rebar and SFRC is ignored;




	(6)

	
The air inside the cavern is uniformly distributed, so the pressure and temperature on the cavern walls are uniform;




	(7)

	
Other parameters are simplified based on the equivalent thickness criterion.










2.1.2. Applicable Conditions for the 2D Plane Strain Model


Considering that the axial end zones are normally strengthened with enlarged cross-sections and higher-grade concrete in practical CAES caverns to reduce end zone damage and guarantee airtightness, this study identifies the main cavern segment as the governing region for lining design. The CAES underground cavern is a horizontal cylindrical structure whose axial dimension is much larger than its radial direction, and the loads do not vary axially. Under these conditions, the plane strain assumption (axial strain ε z ≈ 0) can be reasonably adopted. The depth of the cavern is relatively large, and the three-dimensional constraint effect of the surrounding rock is significant. In this main segment, lining damage is governed primarily by circumferential tensile stress, which mainly acts in the radial–circumferential plane and controls crack initiation and propagation. The 2D model effectively captures the dominant thermo-mechanical response within that plane and is therefore suitable for parametric analyses at the preliminary design stage.



Admittedly, the 2D treatment inevitably overlooks several three-dimensional effects, including the stress concentration at the axial ends of the cavern and the three-dimensional stress redistribution of the surrounding rock under cyclic thermal loading. These simplifications and their influence are summarised in Table 1.



Although the three-dimensional stress redistribution introduces an underestimation of tensile damage, the damage deviation is small in magnitude for caverns with an axial dimension much larger than the radial one. Moreover, the maximum damage in similar lined caverns under normal cyclic operation has been shown to be approximately 20% [39]. Even if this deviation is added to the 2D predictions, the total damage remains well below the level that could cause through-thickness cracking. Therefore, the 2D predictions are conservative and safe for the parametric study. Furthermore, under identical geometric and loading conditions, this underestimation is consistent across different design configurations, which means it does not alter the comparative trends among design alternatives. The high computational efficiency of the 2D model further makes it feasible for the extensive numerical calculations required in this work.





2.2. Thermodynamic Control Equation


Because the mechanical load on the lining originates from the compressed air storage, the first step is to determine the time-varying internal pressure and temperature. Based on the above assumptions, when the initial state of the cave wall is regarded as the constant volume boundary, the thermodynamic state of the air inside the cave can be expressed using the cave thermodynamic control equation proposed by Kushnir et al. [40]. This equation characterises the dynamic relationship between the air mass flow rate and the ratio of inflation to deflation time under constant cave volume conditions:


  V    d ρ   d t    = (  F i  +  F e  )  m c   



(1)




where V is the volume of the cavity; mc is the mass flow rate of air; Fi and Fe are the dimensionless relative mass flow rates during the charging and discharging stages, respectively, and their sum (Fi + Fe) is shown in Figure 3; CD is the charge–discharge time ratio.



The energy conservation equation considers the enthalpy change in injected air, the internal energy change in air inside the tunnel, and the convective heat transfer on the tunnel wall:


  V ρ  c v     d T   d t    =  F i   m c  (  h i  − h + Z R T − ρ    ∂ u   ∂ ρ     | T  ) +  F e   m c  ( Z R T − ρ    ∂ u   ∂ ρ     | T  ) +  h c   A c  (  T  Rw   − T )  



(2)




where    h i  −    h    ≈      c     p 0       T i  − T    ;      ∂ u   ∂ ρ     | T    ≈   −    R  T 0 2   Z   T 0       ρ 0      ;  ρ  is the instantaneous density of air;    c v    and    c p    are the specific heat capacities of air at constant volume and constant pressure, taken as 718 J·kg−1·K−1 and 1005 J·kg−1·K−1, respectively;  R  is the specific constant of air, taken as 287 J·kg−1·K−1;    T i    and  T  are the temperature of injected air and the instantaneous temperature of the air inside the cavern, respectively, with Ti set to 20 °C;    T 0    is the initial temperature inside the cavern, set to 20 °C;    ρ 0    is the initial air density, taken as 1.205 kg·m−3;    h c    is the convective heat transfer coefficient, taken as 0.1 W·m−2·K−1;    A c    is the surface area of the cavern wall;    T  Rw     is the temperature of the cavern wall;    Z   T 0      is the partial derivative of Z to temperature under the initial state (   T 0   ,    p 0   ); Z is the air compression coefficient, derived from the Berthelot gas state equation:


  Z = 1 −    9 p   128  p c         T c    T    (    6  T c 2     T 2     − 1 )  



(3)




where T is the air temperature; p is the air pressure;    T c    is the air temperature at the critical state, taken as −140.7 °C;    p c    is the air pressure in the critical state, taken as 3.77 MPa.



The pressure inside the cavern is derived from the generalised gas state equation:


  p = Z ρ R T  



(4)







The pressure and temperature on the inner surface of the gas storage rock cavity wall at any given time can be calculated using Equations (1)–(4) above, so the fluid calculation of the air inside the cavity can be omitted when constructing a two-dimensional model for simulation.




2.3. Constitutive Model for Materials


To analyse the structural response and damage under the above thermo-mechanical load, the constitutive relationships of all solid components need to be defined. This study’s constitutive model primarily comprises four components: the FRP sealing layer, the SFRC lining layer, rebar within the lining, rock layers, and the excavation-disturbed zone (EDZ), which is the region in the surrounding rock mass where strength and stiffness are reduced due to excavation damage.



2.3.1. FRP Sealing Layer and Steel Rebar


Both the FRP sealing layer and the reinforcing steel rebar are modelled as linear elastic isotropic materials. This simplification is justified because the FRP’s primary function is sealing rather than load-bearing, and the tensile stress on the steel rebar is far below its yield stress.




2.3.2. Concrete and SFRC Lining Layer


The concrete and SFRC lining are the primary load-bearing components whose potential damage and cracking are central to this investigation. Therefore, the concrete damage-plasticity model (CDPM2) proposed by Grassl [41] is employed to capture their complex nonlinear behaviours under multi-axial loading. Specifically, this model utilises two non-independent plastic and damage variables to separately describe the failure characteristics of concrete under tension (cracking) and compression (crushing) actions, respectively, to accurately reflect the enhancement effects of steel fibres on concrete’s various failure modes.



The constitutive model is based on the following stress–strain relationship:


  σ = ( 1 −  ω t  )   σ ¯  t  + ( 1 −  ω c  )   σ ¯  c   



(5)




where     σ ¯  t    and     σ ¯  c    represent the positive and negative parts of the effective stress tensor, respectively;    ω t    and    ω c    are the tensile and compressive scalar damage variables, respectively, with values ranging from 0 (undamaged) to 1 (fully damaged).



The effective stress tensor    σ ¯    is defined as follows:


   σ ¯  =  D e  : ( ε −  ε p  )  



(6)




where    D e    is the elastic stiffness tensor based on the elastic modulus and Poisson’s ratio;  ε  and    ε p    are the strain tensor and plastic strain tensor, respectively.



In addition, given that explicit representation of individual steel fibres within steel fibre-reinforced concrete (SFRC) in a two-dimensional model is not feasible, this study adopted a homogenization modelling method. The constitutive parameters of SFRC at fibre volume fractions of 0.5% to 1.5% were obtained as the product of the standard strength values of C40 plain concrete and the strength ratios of SFRC to plain concrete. These standard values, including the axial compressive strength of 26.8 MPa, the axial tensile strength of 2.39 MPa, and the elastic modulus of 32.5 GPa, are taken from GB/T 50010-2010 [42]. Correspondingly, the compressive strength ratio, tensile strength ratio, and elastic modulus ratio of SFRC at the four fibre volume fractions, derived from the cube compressive, splitting tensile, and flexural toughness tests reported by Zhang [43] under GB/T 50081-2002 and CECS 13:2009, are summarised in Table 2. Meanwhile, to capture crack propagation in the lining, the fracture energy must be incorporated into the numerical computation. The plain concrete fracture energy values listed in Table 3 are taken from the data reported in previous research [44]. Correspondingly, the SFRC fracture energy values at fibre volume fractions of 0.5%, 1%, and 1.5% are obtained by multiplying the concrete values by the increase ratios (11, 15, and 21, respectively) determined by Kazemi et al. [45] from the three-point-bend tests on notched cylindrical specimens.




2.3.3. Rock Layer and EDZ


The surrounding rock provides the external boundary constraint for the lining system. Both the rock layer and EDZ use the soil plasticity interface built into the COMSOL Multiphysics 6.2 software. To speed up the computation, the Drucker–Prager criterion is used as the constitutive model for the rock layer, while the Mohr–Coulomb criterion is used to ensure the accuracy of the results. The material properties of the five components in Table 4 are adopted from [24].





2.4. Building Numerical Models and Boundary Conditions


Based on the fundamental assumptions, relevant thermodynamic formulas, and basic properties of various materials, the final 2D finite element model of an underground lined gas storage cavern is conducted in COMSOL software for plane strain analysis, calculating whether the mechanical performance of the R-SFC lining meets the relevant requirements. The model and meshing are shown in Figure 4, where r0, r1, r2 represent the cavern radius, EDZ radius, and lining thickness, respectively. To avoid size effects, the model domain is set as a square with a side length of 200 m, and the gas storage lined cavern is placed at the centre of the model. Mesh refinement is applied to the central lining cavern area, while mesh coarsening is used for the rock layer regions, resulting in a total of 8032 domain elements and 1204 boundary elements.



Solid mechanics boundary condition settings: The initial air pressure in the cave is set to one standard atmospheric pressure. The bottom of the model is fixed with constraints, the top is set as a free boundary, and considering the calculations of in situ stress equilibrium and the deformation and stress caused by the body load of the model, only normal displacement constraints are applied to the sides of the model.



Solid heat transfer boundary conditions set up: the initial temperature of the model is set to 20 °C. Heat flux boundaries are applied to all four sides of the model, with external temperatures uniformly set at 20 °C. The bottom and side boundaries are set to be in contact with external rock layers, with a heat transfer coefficient of 1.75 W·m−2·K−1; the top boundary is set to be in contact with air, with a heat transfer coefficient of 5 W·m−2·K−1.



Dynamic boundary conditions for each charge–discharge cycle: A single cycle spans 16 h and comprises three consecutive periods, namely a charging period from 0 h to 6 h, a storage period from 6 h to 14 h, and a discharging period from 14 h to 16 h. This yields a charge-to-discharge time ratio (CD) of 3 and a cycle frequency of 1.5 cycles per day.



Within each cycle, the transient pressure and temperature on the cavern inner wall are governed by Equations (1)–(3), which together characterise the pressure cycling curve and the temperature fluctuation pattern, respectively. The temperature transmitted to the inner surface of the lining rock cavity is obtained from these equations, and the corresponding internal pressure is then determined by substituting the relevant parameters into Equation (4). The calculated pressure and temperature are imposed as boundary conditions on the inner surface of the FRP sealing layer. Utilising the built-in solid mechanics and heat transfer modules of COMSOL software, the mechanical properties and temperature field of the steel-reinforced R-SFC lining gas storage cavity under thermo-mechanical coupling can be obtained through the multi-physics coupling illustrated in Figure 5.





3. Numerical Simulation Results and Analysis


3.1. Temperature and Pressure in the Cavern


Based on the aforementioned internal wall pressure–temperature formula and the dynamic boundary conditions defined in Section 2.4, the temperature and pressure curves on the cave’s inner surface for one complete charging and discharging cycle are shown in Figure 6.



The temperature and pressure changes during the first three periods exhibit good correlation, with the highest temperature reaching 62.5 °C and the maximum pressure being 8.73 MPa on the cave’s inner surface. The initial pressure on the cave wall’s inner surface is 1 standard atmosphere, and the temperature shows an initial rapid increase followed by a slower growth due to heat transfer within the lining’s solid material. Quantitatively, the solved cyclic response yields a pressure fluctuation amplitude of 8.63 MPa (from 0.1013 MPa to 8.73 MPa) and a temperature fluctuation amplitude of 42.5 °C (from 20 °C to 62.5 °C) per cycle, providing the dynamic thermo-mechanical loading input for the subsequent analyses.




3.2. Model Validation


To validate the established 2D coupled thermo-mechanical damage-plasticity model, two previously reported field-monitoring datasets from operating CAES test caverns [22,24] were used. The rebar stress and radial displacement, which reflect the hoop tensile force in the lining and the integrated deformation of the lining–EDZ–rock system, respectively, were selected as the key indicators for comparison.



For the rebar stress, Li et al. [24] carried out in situ monitoring in a 35 m3 horizontal cylindrical reinforced concrete-lined cavern in granite formations, where the rebar stress in the outer rebar layer was recorded by reinforcement metres under a peak inner wall pressure and temperature of 8.71 MPa and 46 °C. The corresponding cavern geometry, material parameters, operating conditions, and the cycle stage durations were adopted as input parameters and boundary conditions in our model for validation simulation. Figure 7a compares the simulated and measured rebar stress. The simulated results agree well with the measurements throughout the cycle, with an RMSE of 0.8 MPa and MAE of 0.115 MPa.



For the radial displacement, Jiang et al. [22] monitored a 28.8 m3 horizontal cylindrical reinforced concrete-lined cavern at 110 m depth in a granite stratum in Hunan Province, China, under a peak working pressure of approximately 10 MPa. The multi-point extensometers were installed in the surrounding rock to measure radial displacements at different depths from the cavern wall. The point closest to the lining–rock interface (M3-3-1, 0.53 m from the inner surface) was selected for comparison, as it provides the most representative deformation response of the lining–rock system. The geometrical dimensions, material parameters, and the measured pressure, temperature, and stage durations were adopted as input parameters and boundary conditions for model validation. Figure 7b shows that the simulated radial displacement closely follows the measured trend, with RMSE of 0.12 mm and MAE of 0.10 mm.



These two comparisons confirm that the established 2D model accurately reproduces the response of the lining–rock system under thermo-mechanical CAES loading. It can provide a reliable basis for the parametric and optimisation analyses in the following sections.




3.3. Performance Analysis of R-SFC Lining


As a thin-walled structure subjected to multi-axial external forces, the gas storage cavern lining primarily fails due to hoop tensile stress induced by internal gas pressure exceeding the tensile strength of the lining material, leading to cracking. Therefore, this study selected maximum tensile damage as the core evaluation index for lining performance, as the main failure mode of CAES underground lining is circumferential tensile cracking under cyclic thermal mechanical loads (caused by high-pressure air inside the tunnel). Tensile damage directly characterises the micro-crack evolution and macro-cracking trends in concretes, and its physical meaning is the loss rate of effective bearing area (damage value 0 is no damage, 1 is complete failure). Considering that the 2D model may slightly overestimate lining performance, together with the engineering requirements of CAES linings, the acceptable tensile damage threshold is set at 0.5. Beyond this threshold, cracks in the lining will rapidly propagate due to stress concentration, leading to sealing performance failure.



Uniformly adding steel fibres to concrete can significantly improve the tensile and shear resistance of the concrete material while addressing its inherent cracking tendency, although it does not notably enhance its compressive strength. To further investigate the performance of R-SFC lining and quantitatively analyse the influence of steel fibre volume fraction on lining performance, this section designs four different R-SFC lining structures with varying steel fibre volume fractions for numerical simulation. The dimensions of the R-SFC lining are presented in Table 5.



The lining structure exhibits nonlinear eccentric loading characteristics under the coupled field of compressed gas pressure, surrounding rock constraint, and self-weight. Conventional reinforced concrete is prone to forming damage concentration zones due to tensile damage in the concrete. The quantitative simulation results shown in Figure 8 indicate that damage decrement exhibits a nonlinear relationship with fibre volume fraction, with a reduction of 2.4% (compared to 1.7% in the 1.0% to 1.5% range) in the 0.5% to 1.0% range, suggesting a pattern of diminishing marginal returns for fibre dosage. Notably, the configuration combining 1.5% fibre volume fraction with 18 mm double-ring rebar achieves a 68% reduction in steel consumption while maintaining a comparable damage level relative to the conventional 32 mm rebar configuration without fibres, alleviating the excessive rebar redundancy in traditional linings. The proposed rebar configuration achieves a reinforcement ratio of 1.02% for the lining structure, with double rings of 18 mm rebar spaced every 100 mm in the radial direction (perpendicular to the modelling direction), ensuring that the reinforcement ratio complies with the stipulations of the current Chinese code for design of concrete structures concerning the minimum reinforcement ratio for reinforced concrete members [42].



Based on this configuration, compared with the traditional reinforced concrete lining (C-0 group, maximum damage of 0.218), the maximum tensile damage of the SF-3 group (steel fibre volume fraction 1.5%) decreased to 0.128, a reduction of 41.3%. The addition of steel fibres resulted in a more uniform damage distribution, avoiding the concentrated damage observed in the traditional lining. This improvement can be attributed to the bridging effect of steel fibres across cracks, which constrains localised crack propagation.



To further assess the engineering feasibility, a preliminary economic comparison is made between the two lining schemes in Figure 8a,b, which represent the conventional and the R-SFC linings, respectively. The conventional C-0 lining has a total steel content of 3.22% by volume, corresponding to 0.253 t·m−3 of rebars. The SF-1 lining has a total steel content of 1.52%, comprising 0.08 t/m3 of rebars and 0.039 t·m−3 of steel fibres. Its total steel mass is 0.119 t·m−3, which is 53% lower than that of the C-0 lining. Given the unit cost of rebars is approximately 70–80% of that of steel fibres at current industry market prices, the material cost of the steel components (ignoring minor concrete volume difference) is reduced by 46–49%.



For SF-2 and SF-3 lining with higher fibre contents, the steel mass becomes 0.158 t·m−3 and 0.197 t·m−3, respectively, corresponding to 38% and 22% savings in steel mass. Under the same price assumption, the material cost savings are estimated at 20–30% and 5–10%. Because auxiliary material and labour costs for R-SFC are generally higher than those for conventional reinforced concrete, the overall construction cost saving is smaller than the primary material saving. Nevertheless, the relevant study [46] reported that a steel fibre-reinforced concrete lining achieved a total cost reduction of about 20% compared to conventional lining, confirming the economic advantage of using steel fibres. Therefore, all R-SFC linings achieve better tensile damage control while also being more economical than the conventional C-0 lining.




3.4. Structural Parameters Influence Analysis on Plastic Damage of R-SFC Lining


To comprehensively study the mechanical properties and damage plasticity influencing parameters of R-SFC lining, and to guide the relevant design of such structures, this paper will conduct model expansion analysis based on parameters such as lining thickness, rebar diameter, and storage cavern inner diameter, with these parameters as control variables, while keeping other influencing parameters of the model constant. Structural dimensions are shown in Table 6.



3.4.1. Lining Thickness


As shown in the comparison between Figure 8c and Figure 9, the thickness of R-SFC lining ranges from 300 mm to 600 mm, and for every additional 100 mm in thickness, the maximum tensile damage decreases by 2.2%, 1.5%, and 1%, respectively. The trend of tensile damage reduction first decreases rapidly and then slows down as the thickness increases. For R-SFC lining with a thickness of 300 mm, the maximum tensile damage occurs at the bottom side of the outer reinforcement. For R-SFC lining with thicknesses between 400 mm and 600 mm, the maximum tensile damage occurs between the inner and outer reinforcements at the bottom. Furthermore, based on the differences in fracture energy of R-SFC lining with different thicknesses as shown in Table 2, it can be concluded that under smaller tensile damage conditions, the influence of lining thickness is greater than the influence of damage fracture energy factors. Compared with traditional reinforced concrete lining (thickness of 500 mm, damage of 0.218), increasing the thickness of R-SFC lining to 600 mm reduces the maximum damage to 0.0926, a reduction of 57.5%. However, the damage suppression effect exhibits diminishing returns with further thickness increases.




3.4.2. Cavern Diameter


By comparing Figure 8c and Figure 10, it can be observed that the selection of cavern diameter has a significant impact on the control of tensile damage within the lining. As the cavern diameter increases from 2000 mm to 6000 mm, with each increment of 1000 mm, the maximum tensile damage within the lining increases by 10.4%, 7.6%, 5.4%, and 4.5%, respectively. The growth trend of tensile damage is initially rapid and then slows down. With the decrease in the thickness-to-diameter ratio, defined as the ratio of lining thickness to cavern diameter, the lining’s ability to bear internal compressive stress decreases, as radial compressive stress is inversely proportional to the radius. An excessively low thickness-to-diameter ratio reduces the strength of the lining, increases tensile damage within it, and consequently increases the stress that the surrounding rock must bear, implying higher requirements for the strength of the surrounding rock. Therefore, during structural design, it is essential to consider both the strength of the surrounding rock and the performance of the lining itself, selecting an appropriate cavern-thickness ratio to better meet the needs of structural safety and economy. Compared with traditional reinforced concrete lining (bearing a pressure of 2.4 MPa inside the tunnel), the R-SFC lining (steel fibre volume fraction of 1.5%) can bear an internal pressure of 2.58 MPa, representing a 7.5% increase in load-bearing capacity. Consequently, the bearing pressure on the surrounding rock is significantly reduced.




3.4.3. Rebar Diameter


Reinforcing bars in the lining primarily serve to constrain cracking and damage in the lining, enhance its tensile performance, share internal lining pressures, and control lining deformation. By comparing the maximum tensile damage distribution diagrams in Figure 8c and Figure 11, which only alter the diameters of the inner and outer ring reinforcing bars, it can be observed that optimising the diameter of either the inner or outer ring individually reinforcing bars reduces lining tensile damage by 2.3%. Furthermore, a lining with double rings of 25 mm diameter reinforcing bars exhibits a 4.5% reduction in maximum tensile damage compared to 18 mm diameter bars. Because the maximum tensile damage in the lining occurs at its midsection, resulting from the combined effects of internal air pressure and the external rock mass’s circumferential pressure. Both inner and outer ring reinforcing bars demonstrate similar effectiveness in controlling damage. Considering the stress distribution, while the inner ring reinforcing bars experience significantly higher circumferential tensile stresses than the outer ring, the strength redundancy remains ample. Circumferential cracks in the outer ring will directly lead to the degradation of the surrounding rock-lining interface, causing leakage risks and increased maintenance costs. Therefore, it is recommended to adopt a circumferential reinforcement design combining “thick bars in the outer ring and thin bars in the inner ring”.





3.5. Lining–Rock Internal Pressure Sharing Under Parameter Variations


The third principal stress in the lining layer and the excavation damaged zone (EDZ), which is the radial compressive stress, forms a pair of interacting forces that are parallel but opposite in direction to the internal compressive stress within the cavern. The magnitude and distribution of the third principal stress in each structural layer reflect the load-sharing role of each layer in bearing the internal compressive stress of the cavern. Figure 12 and Figure 13 illustrate the distribution of the third principal stress in the lining structure layers and the EDZ for models SF-3 and DJ-3, respectively (with the internal pressure borne by the inner wall of the FRP sealing layer being 8.73 MPa in both cases). In these Figures, the direction of the third principal stress is set as positive when directed from the cavern centre outward.



At the same moment, the third principal stress in the lining layer and the EDZ exhibits a linear distribution inversely proportional to the radius, meaning that the closer to the inner surface of the cavern, the greater the third principal stress, and the higher the internal pressure it bears. By comparing the results, it can be observed that when only changing the internal diameter of the cavern from 3000 mm to 5000 mm, while keeping the lining thickness and internal pressure constant, the maximum internal pressure borne by the inner wall of the EDZ increases by 0.97 MPa. This indicates that the cavern diameter has a significant influence on the magnitude of internal stress sharing among the structural layers.



In addition, Figure 14 compares the maximum third principal stress on the lining inner walls and EDZ across different lining gas storage cavern models mentioned earlier (the inner walls of the FRP sealing layer subjected to 8.73 MPa gas pressure).



The main observations include:




	(1)

	
Function of steel fibre volume fraction: The tensile performance is significantly improved through the bridging effect of steel fibres. Within the volume fraction range of 0.5% to 1.5%, the internal pressure borne by the lining increases from 2.55 MPa to 2.58 MPa, which is a 6.2% to 7.5% improvement compared to plain concrete (2.4 MPa). It demonstrates that enhancing lining strength can bear more internal pressure and indirectly reduce the required surrounding rock strength.




	(2)

	
Regulation of lining thickness: As the lining thickness increases from 300 mm to 600 mm in 100 mm increments, the maximum internal pressure on the EDZ inner wall decreases successively to 7.05 MPa, 6.56 MPa, 6.09 MPa, and 5.72 MPa, with reductions of 7%, 7.16%, and 6.08% between adjacent values. The increase in thickness enhances the section modulus and leads to stress redistribution, so that the lining itself carries a greater share of the internal pressure. The reduction in EDZ pressure becomes smaller beyond 500 mm, indicating that thicknesses in the 400 to 500 mm range provide a favourable balance between damage control and material economy.




	(3)

	
Effect of cavern diameter: When the cavern diameter increases from 2000 mm to 6000 mm in 1000 mm increments, the maximum internal pressure on the EDZ inner wall rises successively to 5.27 MPa, 6.09 MPa, 6.67 MPa, 7.06 MPa, and 7.34 MPa, with increases of 15.6%, 9.5%, 5.8%, and 4.0%. As the cavern diameter increases at fixed lining thickness, the bending stiffness of the lining ring decreases, transferring more internal pressure to the surrounding rock, while the rate of pressure rise gradually slows. To avoid overloading the surrounding rock and ensure a reasonable storage volume, a cavern diameter of 2000–4000 mm is recommended.




	(4)

	
Influence boundary of rebar: Adjustments to the diameter of circumferential rebar have less than a 3% impact on the distribution of radial compressive stress, verifying the mechanical division of labour where R-SFC matrix and surrounding rock primarily bear radial loads, while the steel fibres bear the principal hoop tensile stress and the rebars provide supplementary tensile capacity.









Based on the above analysis, the key factor influencing the lining’s ability to share internal pressure is the structural strength of the lining. A higher steel fibre volume fraction, greater lining thickness, and smaller cavern diameter result in better structural strength performance of the lining, allowing it to share more internal pressure with the surrounding rock. Conversely, poorer strength performance means the lining shares less internal pressure.



Among the parameters above, the lining thickness and cavern diameter jointly determine the geometric proportion of the lining–rock system. The thickness-to-diameter ratio is therefore introduced to comprehensively evaluate the influence of these two parameters on the EDZ inner-wall pressure. Within the thickness-to-diameter ratio range of 1/12 to 1/4 considered in this study, a larger ratio increases the pressure borne by the lining, thereby reducing the EDZ pressure. However, when the thickness-to-diameter ratio exceeds 1/5, the further reduction in EDZ pressure becomes increasingly less pronounced, while the lining becomes overly thick, increasing material cost and reducing storage volume. Conversely, when the thickness-to-diameter ratio falls below 1/8, the EDZ inner wall carries an excessive proportion of the total internal pressure (e.g., at a thickness-to-diameter ratio of 1/10, this proportion already reaches 81.4%), raising the demand on the surrounding rock strength and increasing lining damage. Hence, to balance lining structural safety, rock stability, material cost, and storage volume, a thickness-to-diameter ratio of 1/8 to 1/5 is recommended for the design of R-SFC linings.





4. PSO-Based Lining Prediction and Multi-Objective Optimisation


Optimisation research on structures influenced by multiple parameters in synergy requires a large amount of data to support the optimisation process. To meet this requirement, this study is based on MATLAB software (version R2022a), where a PSO-BP neural network model for predicting lining structures is constructed to explore the influence of multiple factors acting together on lining performance. The prediction model is used as a data supplement, and the MOPSO algorithm [47] is adopted to optimise the structure. The optimisation objectives are the cavern diameter parameter, which considers cost, and the lining tensile damage parameter, which measures the performance of the lining structure. As mentioned earlier, compared to other optimisation algorithms, the PSO algorithm has advantages such as ease of implementation, fewer parameters to adjust, fast convergence, strong robustness, and the ability to easily escape local optima. These features make it suitable for training complex models in high-dimensional parameter spaces, which is why PSO is applicable for this study.



4.1. Data Preparation


Orthogonal design tables are a type of experimental design method characterised by the ability to efficiently analyse the effects of multiple factors and their interactions on experiments through minimal trial runs. This method is widely applied in the optimisation of multi-factor, multi-level experiments.



To ensure the accuracy of the prediction results from the PSO-BP neural network prediction model, sufficient data that can evenly reflect the effects of multiple factors on the performance of the lining is required. This study referenced the design principles of orthogonal design tables and, on this basis, added some factor combinations within orthogonal matrices to design the model training data table. Parameters within the table were used to construct the model and calculate the corresponding maximum tensile damage of the lining per cycle. The model training data is presented in Appendix A.




4.2. Construction and Results of the PSO-BP Prediction Model


4.2.1. PSO-BP Parameter Setting


The PSO-BP prediction model requires the construction of both a backpropagation neural network model and a PSO algorithm model. For constructing the backpropagation neural network: import the simulation training data, set the steel fibre volume fraction, lining thickness, cavern diameter, and inner and outer ring reinforcement bar diameters as input parameters, and set the maximum tensile damage parameter as the output parameter. Randomly shuffle the training data and divide it into training and testing sets in an 8:2 ratio. The training set is used to train the neural network to determine the weights and thresholds between inputs and outputs, while the testing set is used to compare expected results with training outcomes to derive the expected error, which also serves as the fitness value for PSO algorithm particles. To eliminate dimensional differences between data, normalise all data. Then, define the neural network parameters: the number of input layer nodes corresponds to the number of independent variables (5-dimensional), the number of output layer nodes corresponds to the number of prediction targets (1-dimensional), and the number of hidden layers is set to 11. Use functions from the MATLAB toolbox to construct the neural network, setting the network training parameters as follows: target error to 1 × 10−6 and learning rate to 0.01. To construct the PSO algorithm model, first define the PSO parameters by setting both learning factors to 2, the maximum iteration count to 500, the particle swarm size to 50, the initial weight to 0.9, and the final weight to 0.4.




4.2.2. Forecast Results


As shown in Figure 15, the training set prediction accuracy and testing set training accuracy of the predicted parameters (lining tensile damage) obtained from the PSO-BP prediction model are both above 95%, indicating good model training accuracy. This can provide reliable data support for subsequent multi-objective structural optimisation work.





4.3. Optimisation of R-SFC Lining by MOPSO Algorithm


In this study, the performance of the lining structure is influenced by multiple factors such as cavern diameter, lining thickness, concrete steel fibre dosage, and reinforcement bar diameter within the lining. Additionally, there is a contradiction between structural performance, safety requirements, and cost control. Therefore, this paper proposes the use of the MOPSO algorithm, which has the advantages of efficient search, simultaneous handling of multiple conflicting objective functions, and achieving a good balance between global search and local optimisation to avoid falling into local optima, to optimise the lining structure and provide high-quality and diversified solutions for practical engineering applications.



To facilitate subsequent verification of the optimisation results, parameters affecting tensile damage in the lining are discretized, as shown in Table 7, where the rebar diameters follow the standard specifications [42]. In the MOPSO model of this study, the parameters are set as follows: maximum iteration count of 200, particle swarm size of 150, external archive size of 200, initial inertia weight of 0.95, final weight of 0.3, and learning factors set to 2.2 and 1.8, respectively. Normalise the input and output data. Use a neural network to predict and obtain the output results. Set the training objective: cavern diameter and lining damage (the algorithm aims to find the minimum value, so the cavern diameter parameter is set to train for the opposite value). After constructing the model, we performed the training, and the corresponding results are shown in Figure 16.



From the Pareto frontier solution set derived from model training, it can be observed that a higher steel fibre volume fraction, a thicker lining thickness, a smaller cavern diameter, and a larger reinforcement bar diameter result in a lower lining damage rate. Conversely, the lining damage rate would be higher. The distribution of Pareto optimal solutions indicates that R-SFC linings are more suitable for cavern diameters of 4000 mm and above.



After excluding unrealistic zero-damage solutions from the Pareto set, eight representative combinations of lining design parameters are presented in Table 8. It can be observed that linings with a cavern diameter of 6000 mm generally exhibit more serious tensile damage, which is consistent with the preceding analysis. The design combinations in Types 5 and 6 (see Table 8) demonstrate the best control over lining tensile damage, and their thickness-to-diameter ratios satisfy the aforementioned recommended range (1/8–1/5). A comparison between Types 7 and 8 shows that the rebar diameter has a relatively small effect on controlling tensile damage when other parameters are fixed.



To provide clearer engineering guidance, two preferred designs are recommended from the trade-off solutions. For minimising tensile damage, Type 5 is selected, with a steel fibre volume fraction of 1.5%, a lining thickness of 500 mm, a cavern diameter of 4000 mm, outer rebar 28 mm, and inner rebar 22 mm, achieving a tensile damage of 4.25%. Meanwhile, for maximising cavern diameter while maintaining a low damage level and satisfying the optimal thickness-to-diameter ratio range, Type 6 is recommended, with a steel fibre volume fraction of 1.5%, a lining thickness of 600 mm, a cavern diameter of 5000 mm, outer rebar 25 mm, and inner rebar 20 mm, achieving a tensile damage of 6.86%.



To further validate the reliability of the MOPSO model optimisation data, three typical types from Table 8 were selected for modelling calculations, and the optimised predicted values were compared with the numerical simulation results, as shown in Table 9. The results show that the lining damage error for each group is less than 5%, which validates the reliability of the optimisation results.





5. Conclusions and Future Work


Focusing on enhancing the tensile resistance and crack propagation resistance of CAES underground lined gas storage caverns, this study proposes a novel R-SFC lining structure. A coupled thermo-mechanical damage-plasticity model is developed to investigate the damage evolution mechanisms and design optimisation strategies for the R-SFC lining structure under multi-parameter coupling effects. The principal conclusions are as follows:




	(1)

	
The incorporation of steel fibres significantly enhances the tensile and cracking resistance of concrete linings, with increased fibre volume fraction improving the uniformity of tensile damage distribution. The proposed R-SFC lining is shown to provide a clear structural advantage over the conventional reinforced concrete lining, with simultaneous reductions in maximum tensile damage and steel consumption.




	(2)

	
The R-SFC lining shares the internal pressure with the surrounding rock through complementary mechanical roles, in which the concrete lining and the surrounding rock jointly resist the radial compressive load, while the steel fibres bear the principal hoop tensile stress and the rebars provide supplementary hoop tensile capacity. Accordingly, the rebar diameter primarily contributes to hoop tensile reinforcement, with only a limited influence on the radial pressure distribution between the lining and the surrounding rock.




	(3)

	
The thickness-to-diameter ratio is identified as the key geometric parameter governing structural response, with larger ratios reducing tensile damage in the lining and decreasing the pressure transmitted to the surrounding rock. Within the parameter range of this study (lining thickness of 300–600 mm, cavern diameter of 2000–6000 mm, steel fibre volume fraction of 0.5–1.5%, and double row steel bar diameter of 18–28 mm), a thickness-to-diameter ratio of 1/8 to 1/5 is recommended for the geometric design of R-SFC lining in horizontal cylindrical CAES caverns at large burial depth, balancing lining damage against surrounding rock loading.




	(4)

	
An MOPSO framework based on PSO-BP surrogate model was implemented to balance lining tensile damage against cavern diameter. The Pareto front confirms that the R-SFC lining is advantageous at cavern diameters around 4 m. From this front, two preferred designs within the recommended thickness-to-diameter range are derived for different engineering priorities, one targeting minimum tensile damage and the other targeting a larger cavern diameter for greater storage capacity.









By combining rebar and steel fibres, the R-SFC lining scheme reduces steel consumption while maintaining structural performance, thereby alleviating the redundant rebar configuration commonly seen in traditional linings. This not only lowers material costs but also relaxes the site selection requirements for CAES cavern surrounding rock, thereby enhancing the applicability of the proposed lining system to a broader range of geological conditions, particularly for the large-scale construction of supporting caverns in wind–solar hybrid energy storage power plants. For computational efficiency at the preliminary design stage, the present study adopts a 2D plane strain model, assuming a horizontal cylindrical cavern with axially uniform loading, and focuses on the structural response within a single charge–storage–discharge cycle. However, to capture axial-end effects, three-dimensional stress redistribution of the surrounding rock and long-term cyclic damage accumulation, future work will establish a 3D thermo-mechanical coupling model supported by laboratory cyclic-loading tests on R-SFC specimens and validated against in situ monitoring data from field CAES caverns. In addition, the preliminary cost comparison, currently limited to primary steel materials, will be extended to a full life-cycle cost evaluation incorporating auxiliary materials, labour, and maintenance costs, thereby providing a more comprehensive engineering assessment of the R-SFC lining system.
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Table A1. Model training data.






Table A1. Model training data.





	Number
	Steel Fibre Volume Fraction/%
	Lining

Thickness/mm
	Cavern

Diameter/mm
	Outer Ring Rebar Diameter/mm
	Inner Ring Rebar Diameter/mm
	Lining Damage/%





	1
	0.5
	300
	2000
	18
	18
	6.62



	2
	0.5
	400
	4000
	28
	25
	16.2



	3
	0.5
	500
	6000
	25
	20
	26.0



	4
	0.5
	600
	3000
	22
	28
	10.5



	5
	0.5
	300
	5000
	20
	22
	24.8



	6
	1
	300
	6000
	22
	25
	27.5



	7
	1
	400
	3000
	20
	20
	12.3



	8
	1
	500
	5000
	18
	28
	21.9



	9
	1
	600
	2000
	28
	22
	0.0



	10
	1
	400
	4000
	25
	18
	20.4



	11
	1.5
	300
	5000
	28
	20
	23.1



	12
	1.5
	400
	2000
	25
	28
	0.0



	13
	1.5
	500
	4000
	22
	22
	16.2



	14
	1.5
	600
	6000
	20
	18
	26.7



	15
	1.5
	500
	3000
	18
	25
	8.24



	16
	0.5
	300
	4000
	20
	28
	18.1



	17
	0.5
	400
	6000
	18
	22
	28.4



	18
	0.5
	500
	3000
	28
	18
	11.9



	19
	0.5
	600
	5000
	25
	25
	20.8



	20
	1
	600
	2000
	22
	20
	0.389



	21
	1
	300
	3000
	25
	22
	11.9



	22
	1
	400
	5000
	22
	18
	24.6



	23
	1.5
	500
	2000
	20
	25
	0.0



	24
	1.5
	600
	4000
	18
	20
	16.7



	25
	1.5
	400
	6000
	28
	28
	23.6



	26
	0.5
	300
	3000
	20
	20
	14.8



	27
	0.5
	400
	5000
	25
	22
	22.5



	28
	0.5
	500
	5000
	20
	20
	24.5



	29
	0.5
	600
	6000
	25
	25
	28.8



	30
	1
	300
	2000
	25
	22
	1.4



	31
	1
	300
	5000
	25
	28
	22.3



	32
	1
	400
	6000
	18
	25
	27.9



	33
	1
	500
	3000
	22
	25
	9.31



	34
	1
	600
	6000
	28
	28
	22.6



	35
	1.5
	300
	3000
	18
	20
	13.4



	36
	1.5
	300
	4000
	25
	22
	17.0



	37
	1.5
	400
	4000
	25
	28
	14.7



	38
	1.5
	500
	5000
	20
	25
	21.3



	39
	1.5
	600
	5000
	28
	20
	19.7



	40
	0.5
	400
	3000
	20
	20
	13.4



	41
	0.5
	500
	4000
	25
	22
	17.7



	42
	0.5
	600
	4000
	22
	18
	19.8



	43
	1
	400
	2000
	18
	18
	3.36



	44
	1
	500
	6000
	28
	22
	25.0



	45
	1
	600
	4000
	20
	25
	17.1



	46
	1.5
	400
	5000
	22
	28
	21.0



	47
	1.5
	500
	6000
	28
	28
	22.2



	48
	1.5
	600
	3000
	18
	18
	10.4
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Figure 1. Schematic diagram of underground CAES system with R-SFC liner gas storage cavern. 
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Figure 2. Framework of this study. 
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Figure 3. Variation in Fi + Fe during a charge–discharge cycle. 
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Figure 4. Planar model dimensions and boundary conditions diagram. 
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Figure 5. The interaction relationship between crustal stress, stress field, and temperature field. 
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Figure 6. Temperature–pressure curve. 
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Figure 7. Comparison between measured and simulated results: (a) rebar stress; and (b) displacement. 
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Figure 8. Distribution diagram of maximum damage inside lining with different volume fractions of steel fibres: (a) C-0; (b) SF-1; (c) SF-2; and (d) SF-3. 
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Figure 9. The effect of lining thickness on the tensile damage of lining: (a) TK-1; (b) TK-2; (c) TK-3; and (d) various lining thicknesses. 
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Figure 10. The influence of cavern diameter on lining tensile damage: (a) DJ-1; (b) DJ-2; (c) DJ-3; (d) DJ-4; and (e) various cavern diameters. 






Figure 10. The influence of cavern diameter on lining tensile damage: (a) DJ-1; (b) DJ-2; (c) DJ-3; (d) DJ-4; and (e) various cavern diameters.



[image: Sustainability 18 05096 g010a][image: Sustainability 18 05096 g010b]







[image: Sustainability 18 05096 g011] 





Figure 11. The influence of rebar diameter on lining tensile damage: (a) GJ-1; (b) GJ-2; and (c) GJ-3. 
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Figure 12. SF-3 lining layer and EDZ third principal stress distribution: (a) the third principal stress distribution of the SF-3 lining layer; and (b) SF-3 EDZ third principal stress distribution. 
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Figure 13. DJ-3 lining layer and EDZ third principal stress distribution: (a) the third principal stress distribution of the DJ-3 lining layer; and (b) DJ-3 EDZ third principal stress distribution. 
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Figure 14. Comparison of the maximum third principal stress between various lining inner walls and the inner walls of the EDZ. 
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Figure 15. PSO-BP neural network training diagram: (a) lining tensile damage training set data prediction; and (b) lining tensile damage test set data prediction. 
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Figure 16. Pareto frontier solution set distribution. 
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Table 1. Limitations and impacts of the numerical model in this study.






Table 1. Limitations and impacts of the numerical model in this study.





	Limitation
	Specific Content
	Impact on Results
	Subsequent Improvement

Direction





	Geometric simplification
	2D plane strain assumption, ignoring the end effect of the cavity, and 3D stress redistribution
	Underestimating the tensile damage at the end of the lining, the predicted damage value is 5–10% lower than that of 3D
	Establish a 3D thermos-mechanical coupling model to quantify end effects



	Interface simplification
	Neglecting the bond slip between the steel lining and the surrounding rock
	Overestimating the stress transmission efficiency and damage control capability of the lining
	Introduce spring elements to simulate adhesive slip and calibrate slip parameters



	Material simplification
	SFRC homogenization treatment, no micromechanical model; isotropic assumption of the surrounding rock
	Unable to characterise the microscale bridging effect of steel fibres, the strength of the surrounding rock is slightly overestimated
	Establish the SFRC micromechanical model and introduce rock anisotropy parameters



	Load simplification
	Uniform distribution of pressure/temperature inside the tunnel, ignoring local load fluctuations
	Underestimating the damage caused by local stress concentration, suitable for uniform inflation and deflation conditions
	Introducing non-uniform load boundaries to analyse the damage effects of local loads










 





Table 2. Strength ratios and elastic modulus ratio of concrete with different steel fibre volume fractions.
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	Steel Fibre Volume Fraction/%
	Compressive Strength Ratio
	Tensile Strength Ratio
	Elastic Modulus Ratio





	0.0
	1.00
	1.00
	1.00



	0.5
	1.09
	1.23
	1.02



	1.0
	1.10
	1.44
	1.06



	1.5
	1.08
	1.63
	1.08










 





Table 3. Fracture energy of concrete and SFRC with different lining thicknesses.
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	Lining Thickness

/mm
	Concrete
	0.5% SFRC
	1% SFRC
	1.5% SFRC





	300
	267
	2937
	4005
	5607



	400
	376
	4136
	5640
	7896



	500
	242
	2662
	3630
	5082



	600
	245
	2695
	3675
	5145










 





Table 4. Material properties [24].
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	Materials
	ρ/kg·m−3
	k/W·m−1·K−1
	chs/J·kg−1·K−1
	α/10−5·K−1
	E/GPa
	μ
	c/MPa
	φ/°





	Rock
	2650
	2.98
	773
	1
	45
	0.15
	3
	55



	EDZ
	2650
	2.87
	760
	1
	40
	0.15
	2.8
	50



	SFRC
	2500
	1.74
	800
	1
	33.1~35.25
	0.168
	-
	-



	FRP
	2000
	0.4
	384
	0.55
	3.9
	0.20
	-
	-



	Rebar
	7800
	50
	465
	-
	200
	0.3
	-
	-










 





Table 5. Lining size of different steel fibre volume fractions.
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	Type
	Lining Thickness

/mm
	Rebar Diameter

/mm
	Cavern Diameter

/mm
	Steel Fibre Volume Fraction/%
	EDZ Radius

/mm





	C-0
	500
	Double ring 32
	3000
	0.0
	4000



	SF-1
	500
	Double ring 18
	3000
	0.5
	4000



	SF-2
	500
	Double ring 18
	3000
	1.0
	4000



	SF-3
	500
	Double ring 18
	3000
	1.5
	4000










 





Table 6. Structure variable parameter size.
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	Type
	Lining Thickness

/mm
	Steel Fibre Volume Fraction/%
	Cavern Diameter

/mm
	Rebar Diameter

/mm
	EDZ Radius

/mm





	TK-1
	300
	1.5
	3000
	Double ring 18
	4000



	TK-2
	400
	1.5
	3000
	Double ring 18
	4000



	TK-3
	600
	1.5
	3000
	Double ring 18
	4000



	DJ-1
	500
	1.5
	2000
	Double ring 18
	3500



	DJ-2
	500
	1.5
	4000
	Double ring 18
	4500



	DJ-3
	500
	1.5
	5000
	Double ring 18
	5000



	DJ-4
	500
	1.5
	6000
	Double ring 18
	5500



	GJ-1
	500
	1.5
	5000
	Inner ring 25,

outer ring 18
	5000



	GJ-2
	500
	1.5
	5000
	Inner ring 18,

outer ring 25
	5000



	GJ-3
	500
	1.5
	5000
	Double ring 25
	5000










 





Table 7. Range of design variables.
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	Parameter Name
	Values Range
	Step Size





	Steel fibre volume fraction/%
	[0.5, 1.5]
	0.5



	Lining thickness/mm
	[300, 600]
	100



	Cavern diameter/mm
	[2000, 6000]
	1000



	Outer ring rebar diameter/mm
	[18, 28]
	Based on existing rebar specifications [42]



	Inner ring reinforcing bar diameter/mm
	[18, 28]
	Based on existing rebar specifications [42]










 





Table 8. Eight types of optimal solutions obtained through optimisation.
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	Type
	Steel Fibre Volume Fraction/%
	Lining

Thickness/mm
	Cavern

Diameter/mm
	Outer Ring Rebar Diameter/mm
	Inner Ring Rebar Diameter/mm
	Lining Damage/%





	1
	0.5
	400
	4000
	25
	25
	18.111698



	2
	1
	400
	6000
	20
	18
	26.266937



	3
	1
	400
	6000
	25
	22
	26.066937



	4
	1
	600
	6000
	20
	22
	22.343342



	5
	1.5
	500
	4000
	28
	22
	4.254951



	6
	1.5
	600
	5000
	25
	20
	6.862758



	7
	1.5
	500
	6000
	28
	25
	19.580517



	8
	1.5
	500
	6000
	28
	18
	21.704188










 





Table 9. Comparison between optimised prediction and numerical simulation results.






Table 9. Comparison between optimised prediction and numerical simulation results.





	
Type

	
Steel Fibre

Volume

Fraction/%

	
Lining

Thickness/mm

	
Cavern

Diameter/mm

	
Outer Ring

Rebar

Diameter/mm

	
Inner Ring

Rebar

Diameter/mm

	
Optimise the Predicted Value

	
Numerical Simulation Computed Values




	
Lining

Damage/%

	
Lining Damage/%






	
1

	
0.5

	
400

	
4000

	
25

	
25

	
18.111698

	
16.6




	
3

	
1

	
400

	
6000

	
25

	
22

	
26.066937

	
23.6




	
5

	
1.5

	
500

	
4000

	
28

	
22

	
4.254951

	
3.97
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