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Abstract

:

The spray anchor system is commonly used for primary support in underground projects due to its advantages such as fast closure of excavation surfaces, tight connection with the surrounding rock, and high early strength. However, this system has several drawbacks, such as severe pollution, poor working conditions, long construction periods, and high labor costs. In response to the concepts of green construction and prefabrication, this study proposes an innovative composite structure consisting of corrugated steel plates and concrete, namely, corrugated steel–concrete (CSC), which is a prefabricated support structure for underground engineering. The proposed system involves on-site corrugated steel plates and concrete, and the concrete is poured into the corrugated steel plates without using shotcrete. This approach mitigates pollution and improves working conditions. After the introduction to the novel structural system, elaborate Abaqus numerical models are developed to investigate the mechanical performance considering full elastoplastic response until failure. The steel–concrete interfacial connections, as a major factor in composite structures, are carefully studied and discussed based on the delicate interfacial contact model. The deformations, stress distributions, and failure types are analyzed. A parametric analysis is also conducted to expand the efficient range. Theoretical analysis is further carried out, and design expressions are proposed, which are verified to be suitable for design considerations.
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1. Introduction


The rapid growth of modern cities has led to issues of traffic congestion and insufficient land resources. Developing underground urban spaces can be an effective solution to these problems by transferring urban functions underground and reducing the environmental impact on surface spaces. However, underground engineering faces challenges due to limited land resources and the mutual influences of existing buildings [1]. Moreover, as underground engineering significantly affects the environment, the adoption of green and sustainable technologies is crucial for the development of modern cities [2].



The spray anchor construction system, comprising grating/shaped steel arch frame, rebar mesh, and shotcrete, is commonly employed for primary support in underground engineering, offering several advantages such as fast excavation surface closure, high early stage strength, and a tight connection with the surrounding rock [3,4,5]. However, shotcrete, a crucial component of this system, is not structurally sound and is prone to cracking, leading to potential water leakage. Moreover, the construction technology of this method poses several challenges, including significant environmental pollution, large injection rebound, low efficiency, and high cost [6]. Consequently, shotcrete is not preferred in several countries due to its high levels of pollution. Therefore, there is a pressing need for a novel form of underground support system that meets the engineering requirements of green construction, low cost, high efficiency, high performance, mechanizability, flexibility, and safety.



The increasing demand for underground construction necessitates the development of new support systems. Some scholars use geopolymer concrete as an eco-friendly approach for tunnel lining [7,8]. This study proposes an innovative composite structure consisting of corrugated steel plates and concrete, namely, corrugated steel–concrete (CSC), which is a prefabricated support structure for underground engineering. The case of tunnel primary support is considered in this paper, considering the non-uniform distributed load and the interaction with the surrounding rock. The proposed system is also suitable for underground lining.



The CSC composite structure offers significant advantages. Firstly, the high ductility of steel endows the corrugated steel plate with good tensile properties, allowing for large deformation of the surrounding rock, particularly when the surrounding rock is weak [9]. Secondly, the corrugated steel plate can be prefabricated in the factory and assembled on-site, enhancing construction efficiency [10]. Most importantly, the absence of shotcrete renders the construction process environmentally friendly and operationally improved [11].



The application of assembled corrugated steel plate structures as primary support in underground projects has been proposed [12]. The feasibility and effectiveness of using corrugated steel plate for the strengthening of existing underground projects were analyzed, demonstrating that corrugated steel plate lining is capable of preventing the lining from falling [13]. Previous research employed corrugated plates as a trial for repairing tunnels [14]. The mechanical behavior of the interaction between surrounding rock and corrugated steel plates has been investigated [15]. Additionally, the impact of the underground environment and construction process on the corrosion risk of rusted corrugated steel plates has been studied [16]. The mechanical properties of buried corrugated pipes under dynamic loads have been analyzed [17,18,19]. Recently, a new type of corrugated steel plate structure was proposed as the primary support in tunnels, and its capacity was evaluated using ANSYS finite element software [20,21]. The differences in prefabricated corrugated steel primary support structures, constructed using various methods, were studied through monitoring and simulation [19].



Numerous studies have been conducted on the mechanical performance of corrugated steel plates in shear walls [22], including the use of novel materials [23] and the investigation of dynamic responses [24,25]. Similar research has also been performed on underground pipes or tunnels that use stiffened steel plates [26]. The application of composite slabs or beams using concrete and corrugated steel plates in buildings and bridges has been investigated [27,28]. For large-scale tunnel engineering, steel plate–concrete composite structures have been proposed and studied in recent years [29,30,31].



The use of concrete connected to corrugated steel plates as load-bearing structures has also been widely adopted in pipelines, culverts, and tunnel strengthening [32,33]. Steel frame–concrete initial supports for tunnels have also been studied, while research has explored the connections between these two different materials [34,35]. The feasibility of the proposed construction method has been verified through tests, while theoretical analyses and three-dimensional numerical simulations have been conducted to investigate the key parameters involved in assembled corrugated steel plate structures.



Several studies have investigated the mechanical performance of corrugated steel plates and corrugated steel–concrete composite beams/slabs in various applications such as shear walls, bridges, and road embankments [9,36,37]. However, limited studies have been conducted on the application of corrugated steel plates as composite structures with concrete as the primary support. Pure steel structures have been found to have issues with connections to the surrounding rock, large gaps, and high costs, among others. To address this, a novel structural system is proposed in this paper, known as the CSC composite structure. This system involves the fabrication of corrugated steel plate segments in a factory, which are then assembled on-site using bolt connections. Concrete is then poured into the corrugated steel plate to form the composite structure. This support system offers advantages such as low pollution, fast construction, small size, high capacity, low cost, and no gaps. With all structure members prefabricated in the factory, on-site assembly and concrete casting are the only required procedures. Moreover, it is essential to emphasize the broader socio-economic benefits of this innovative approach. By offering enhanced environmental sustainability and safety, the corrugated steel–concrete prefabricated support structure not only contributes to a more responsible and secure underground construction industry, but also carries significant economic advantages. These benefits can include reduced maintenance and repair costs, faster project completion times, and improved resource utilization. After the introduction to the novel system, numerical and theoretical analyses are carried out to investigate the mechanical performance of the proposed structure, including elastoplastic response and parametric analyses. Finally, design expressions are proposed for practice. The results demonstrate that the proposed structure offers superior mechanical and construction performances, making it a promising choice for tunnel primary support and lining in future projects. The objective of this study is to investigate the lateral load-bearing performance of the corrugated steel–concrete prefabricated support structure, establish numerical and theoretical models, and propose design methods for engineering reference.




2. Structural Design


2.1. Main Structure


The CSC composite structure system is developed for tunnel primary support, which can avoid the usage of shotcrete, and solve the problems of pure steel support systems including structural gaps, casting leakage, and loose connections. A CSC support system consists of two main parts: a corrugated steel plate, and concrete (in the corrugated steel plate). The corrugated steel plate manufactured in the factory in segments is assembled on-site. The concrete is poured into the corrugated steel plate on site.




2.2. Corrugated Steel Plate


A corrugated steel plate segment, as demonstrated in Figure 1, contains multiple components such as a corrugated panel, two side flanges, two end flanges, several preserved bolt holes, a preserved pipe hole for concrete pouring, and another preserved pipe hole for pressure control. It is noteworthy that the side and end flanges serve as central connecting components in both directions, and the preserved bolt holes are evenly arranged in the flanges to facilitate positioning and connections during the assembling process. The height of the segment, represented by H, can be determined based on the excavation step level. The flange widths, expressed as B1 and B2, should satisfy the requirements for bolt connection. Furthermore, the arc length, designated as L, should be based on the inner diameter of the supporting structure, and consider various factors such as the number of lateral assembling segments, self-weight, and assembling and construction feasibilities.



In accordance with Figure 2, the essential geometric parameters of the corrugated plate include the wave width denoted as w, the steel height represented by hs, the steel thickness designated as ts, and the concrete height/thickness expressed as hc. To streamline the production process, standardized dimensions of corrugated steel plates, which are readily available on the market [38], may be adopted in compliance with local codifications. Nevertheless, customized dimensions tailored to specific cases may be preferred to satisfy technical requirements. Furthermore, the material design must conform to the principles of steel–concrete composite structures in accordance with codes [39].




2.3. Structural Characteristics


The proposed CSC composite structure exhibits several distinct characteristics with regard to its structural performance. Firstly, casting pressure applied during concrete pouring compacts the surrounding rock, enhancing its density. Furthermore, uneven surfaces between the rock, corrugated steel panel, and the concrete fortify mutual connections, ultimately improving structural performance through composite actions between the steel, concrete, and surrounding rock. Secondly, the flanges present in the corrugated steel segment act as connectors between the steel and concrete, further augmenting the composite effect while meeting full composite condition requirements under most load cases, owing to the uneven surface and interfacial friction that are involved. Thirdly, the utilization of bolts in the assembly and the filling of the corrugated steel plate with concrete significantly reduces environmental pollution while greatly improving construction efficiency. This structurally versatile design can be employed as primary support, permanent support, or temporary support based on the project requirements.



However, several practical considerations must be kept in mind: (a) temporary braces may need to be utilized to stabilize the steel plate during concrete casting operations to withstand deformation caused by casting pressure, particularly in larger-scaled projects; (b) additional interfacial connectors may be required for special load cases characterized by significant shear forces in the steel–concrete interfaces; (c) surface enhancement and anti-permeability performances may not be as robust as in shotcrete applications, which should be duly considered in structural design.





3. Numerical Modeling


3.1. General Setting


Abaqus is widely used software for finite element analysis and computer-aided engineering simulations. It employs advanced numerical methods and algorithms, allowing it to provide highly accurate simulation results. Due to its capability to handle complex engineering structural systems, extensive material modeling options, and excellent customizability and extensibility, this study utilizes Abaqus for detailed numerical simulations. As shown in Figure 3, shell element (S4R) is used for corrugated steel plate, while solid element (C3D8R) is used for concrete. Although it was found that the beam model was, to some extent, equivalent to the shell-based elaborate model and could improve efficiency [20], one of the key targets in this research is to investigate the properties and influences of the steel–concrete interface; thus, the beam model is not appropriate here due to the lack of interfacial details. Node-to-surface contact pairs are set in the steel–concrete interfaces, which have properties of: normal hard contact that the slave nodes cannot penetrate the master surface; tangential penalty friction, which follows the Mohr–Coulomb law; and cohesive behaviors both in the normal and tangential directions. The details of the interface model will be discussed in the following sections.



In the tunnel’s longitudinal direction, a full wave (a length of w) of the corrugated plate, as shown in Figure 2, is built in the model due to symmetry and to save costs. The shape of the corrugated plate follows the Chinese Code for Design of Railway Tunnel [38] and the basic model uses the parameters w = 200 mm, hs = 50 mm. The thickness of the outer concrete is considered as hc = 50 mm in the basic model, noting that this is the distance from the outer crest of the corrugated plate.



A global mesh size of 25 mm (about 8–10 elements along a full wave of the corrugated plate) is used in the model, which is representative of the geometry and gives enough accuracy.




3.2. Boundary Conditions and Loads


The soil foundation interaction is also modeled by solid elements and interaction. An elastic foundation assumes that the soil uses an elastic C3D8R element with a modulus and thickness giving an equivalent foundation stiffness of ksoil = 150 MPa/m. This foundation stiffness value is similar to previous studies on pure steel corrugated tunnel supports [20] and is a relatively small value considering soft surrounding rocks. Firmer surrounding rocks with higher ksoil will yield smaller deformation and stress results, thus leading to less conservative results. By utilizing a basically lower boundary value, the results in this research are on the safe side. The boundary conditions for the whole section are considered in the model, as shown in Figure 4. Contact is also set in the soil–concrete interface using only normal hard contact; thus, only compression effects could exist in the soil–concrete interface and the tangential direction is frictionless. According to the literature, it is reasonable to ignore part of the top boundary to improve efficiency. However, this simplification needs pre-estimation of areas in contact that are dependent on the load pattern. In this research, since compression-only contact is set between the tunnel and the soil, the natural boundary conditions are met and are more accurate as the contact regions are calculated by the model. Also, considering the longitudinal symmetry, the out-of-plane deformation is constrained in the model.



The typical load patterns are used as shown in Figure 5. The top pressure q is derived from the soil weight and tunnel depth. A general soil unit weight γ = 20 kN/m3 is considered and a ground overload q0 = 20 kN/m2 is also taken into account, which is equivalent to a 1m soil depth. The lateral pressure coefficient used is 0.40. By utilizing different q, loads representing different depths can simulated. Also, structural gravity is considered, giving an acceleration of 9.8 m/s2 and a material weight of 25 kN/m3 and 78 kN/m3 for concrete and steel, respectively. To simulate the non-uniform load distribution, the surface traction type load is applied with the analytical field tool. Note that the applied load only acts in a projective way to its direction, while Abaqus, by default, considers the whole area of the inclined surface (not considering direction); thus, this non perpendicular effect is considered in the formulation of the analytical field.




3.3. Materials


As shown in Figure 6, the concrete damage plasticity (CDP) model is adopted. The compressive and tensile curves of Mode Code [40] are used, while the descending curve of the concrete is taken as a linear form suggested by Hognestad [41]. Concrete class C30 is considered in the basic model. A steel strength of 345 MPa is used in the basic model with the idea of plasticity; thus, strain hardening is not involved, which is consistent with typical code provisions.



Basic concrete plastic parameters are adopted with a dilation angle ϕ = 10°, eccentricity ϵ = 0.1, yield surface shape Kc = 0.667, the ratio between the biaxial and uniaxial compressive strength as fbia/funi = 1.16, and the viscosity parameter 0.001. Since this basically monotonic loading and the strain distribution is relatively uniform, damage parameters are not set in the model. Trials were conducted to test the differences using concrete damage parameters of d = 1 − σ/σu [42], and no significant effects were observed.




3.4. Interfaces


The constitutive curves of the interface model are shown in Figure 7. The mechanical properties of the interface involve normal contact, tangential friction, and cohesion (both in normal and tangential directions) [29,42]. “Hard contact” is set in the normal direction, and penally friction with a coefficient of 0.5 is set in the tangential direction. Cohesive behavior is more complex than normal contact or tangential friction. However, cohesive properties are required in the interface to simulate possible normal and tangential bonds. For the elastic part, the normal and tangential stiffnesses were given as Knn = 100 N/mm3 and Kss = Ktt = 30 N/mm3, which are derived from elastic theory [43]. It is found in this study that the overall behavior is not sensitive to Knn or Kss/Ktt. For the plastic behavior, a damage initiation criterion and a damage evolution criterion should be defined. As there are not enough clues about the bond stress between the film bag and the steel plate, this stress is considered as being between 0 MPa (no cohesion) and 0.2 MPa to investigate its influence. As for cohesive damage evolution, a linear descending form is taken, as no obvious influence is found between the exponential form. An ultimate displacement 1.0 mm is used.



In the realm of inter-surface interaction, the compressive behavior between surfaces in the contact normal direction is governed by the pressure overclosure relationship independently of the cohesive behavior, due to differences in the contact regime involved. Specifically, the pressure overclosure relationship applies when a slave node interacts with the master surface, while the cohesive behavior contributes to the contact normal stress exclusively when a slave node is not in contact. Conversely, in the shear direction, provided that the cohesive stiffness endures no damage, it is assumed that the cohesive model is active and the friction model remains latent. During tangential slip, which is regarded as entirely elastic, the cohesive strength of the bond resists the slippage and gives rise to shear forces. When damage has been established, the cohesive bond’s contribution to the shear stresses initiates a process of degradation. With the associated reduction in cohesive stiffness, the friction model becomes engaged and assists in producing shear stresses. The magnitude of the elastic stick stiffness in the friction model is increased proportionally to that of the elastic cohesive stiffness undergoing degradation. Before the complete failure of the cohesive bond, and subsequent to its initial degradation, the shear stress results from a combination of both the cohesive and frictional contributions. After reaching maximum degradation, the cohesive bond’s contribution to the shear stresses becomes null, leaving the friction model as the sole contributor.





4. Results and Discussion


4.1. Influence of Interfacial Bond


Applying q = γH + q0 = 200 kN/m2, representing a soil depth of H = 9 m, the results are compared as below. As a lower boundary, the interface without cohesion is chosen as the basic model. As shown in Figure 8, the overall structure deforms downwards with a maximum deflection of 12.36 mm in the middle top and a minimum deflection of 1.93 mm in the middle bottom. In the transverse direction, it is found that the lateral foundation offers consideration reaction since a maximum displacement of 3.32 mm exists. This lateral displacement indicates that it is reasonable and necessary to consider a wide range of boundaries in the model. As shown in Figure 9, both for steel and concrete, the maximum stress typically exists in the middle top as compression stress. In this case, without cohesion, the maximum stress in steel is −85.76/+11.58 MPa for compression/tension, respectively, while those for concrete are −12.87/+2.08 MPa. The tensile stress for steel is generally very small. As for the concrete tension, the region is close to the steel plate and wrapped by the plastic bag, leading to an ignorable cracking influence.



Similarly, considering a cohesive bond stress of 0.2 MPa, the maximum steel stress and concrete stress are −77.55/+28.43 MPa and −13.31 MPa/+2.04 MPa, respectively, and deflections at the top/bottom of −10.89/−1.91 mm, respectively. Further, considering the full bond case for a full composite structure, the interfacial tie technique is used between steel and concrete instead of contact, which constrains all of the freedoms together and prohibits slip. The relative results yield steel and concrete stresses of −78.30/+29.75 MPa and −13.32/+1.98 MPa, respectively, and deflections at the top/bottom of −10.75/−1.91 mm, respectively. Through comparisons, it is found that when only frictions are considered, the maximum deflection at the top increases by 19.7%; however, when considering a small tangential cohesive stress of 0.2 MPa, this increase changes to 1.3%, which is basically the same as the full bond case. Similar impacts of interfacial bonds exist for stress. When there is friction alone, the maximum steel stress (in compression) increases by 9.5%; a 0.2 MPa cohesive stress basically yields the same results as the full bond case. Concrete stress, on the other hand, demonstrates a decreasing trend when the interfacial bond is weaker, but the varying amplitude is small (in the above case within 5%).



The above results suggest that interfacial slip does influence the mechanical behaviors, but to a limited extent. The slip mainly occurs in the initial stage when the normal contact stress and the associated frictional stress are marginal; thus, a small initial bond stress (cohesive stress) could prohibit the slip and yield similar results to the full bond case. For safety considerations, the following analyses use the friction-only interfacial model with initial slippage, which will yield lower boundary results. However, in a simplified design, a full-bond condition could be assumed and reduction factors of 0.8/0.9 could be adopted for deformation and stress, respectively.




4.2. Ultimate Response


In the above analyses, it can be seen that when q = 200 kN/m2 (soil depth H = 9 m), the structure is still in an elastic range. Therefore, the loads are gradually increased to investigate the structural responses. Since variable q will change e1 and e2 according to Figure 5, the ratio between e1 and e2 also changes in this process and, therefore, the shape of the lateral load is influenced. A two-step loading strategy is used to deal with this issue. In step one, the structure is considered in a zero-depth, and the ground load and lateral load including the component λγH in e2 are applied. In step two, the depth is gradually increased, and since the load q and λq are only related to the depth, the shape function of the lateral load in this step is constant and, thus, is easy to build.



Figure 10 shows maximum stresses and deflection changing with the loads, in which the concrete stress and deflection are amplified by a factor 3.0 to make them more clear. Von Mises stress is used for steel and concrete, since it is more representative in the multi-axial stress state. Note that the von Mises stress for concrete is mainly an indicator of concrete compressive stress. It is found that the stress and deformation distributions are similar to those shown in Figure 8 and Figure 9, and the structure fails in the middle span at the top. In Figure 10, it can be seen that the structure has an approximately linear response before steel yielding. The relatively flat initial part is in loading step one, as discussed above. Although the load could further increase after steel yielding, it is out of the typical scope of design. In this study, the elastic limit is defined as the ultimate state. In the case shown in Figure 10, the elastic limit is reached when the steel yields. If the structure has different parameters, it is possible the concrete crushes before the steel yields, and in that case, the concrete crushing is the structure limit.



In the basic case shown in Figure 10, when steel stress reaches fsy = 345 MPa, q = 651 kN/m2 corresponds to a soil depth of 31 m. When the material limitation is lower, linear interpolation could be applied to calculate the corresponding allowable load. For example, if the allowable strength of the steel is 210 MPa, the maximum load could be assumed as 651/345 × 210 = 396 kN/m2. Note that the curves in Figure 10 are actually convex downward, and a linear assumption would give conservative results, which is on the safe side. The elastic design limit criteria could also be used for concrete stress and deflection, and the lower bounds of different design requirements should be met.





5. Parametric Studies


To investigate the influences of different parameters and to give references for practical design, parametric studies were conducted and the results are shown in Table 1. Here, No. 1~No. 12 change the parameters based on the standard case discussed above to investigate the influences, while No. 13~No. 20 choose the parameter from national standards [45] to give references for practical design. In Table 1, the definitions of sectional parameters are consistent with in Figure 3: qmax represents the load capacity (at the top of the structural influenced by soil weight and depth) at the ultimate state, σs, σc and δmax are the corresponding stresses and displacements, and q/δ is the ratio between qmax and δmax, representing the concept of stiffness. In Table 1, it can be seen that for most cases, the structures reach the load limit when the steel approaches yield strength. On the opposite side, when the concrete is relatively thick in some cases, the structures reach the limit when the concrete crushes while the steel is still in an elastic state. Note that due to the confinement effect provided by the steel, the concrete crush strength is typically larger than the uniaxial compressive strength and sometimes up to twice that of the uniaxial strength, which is an obvious advantage of the composite structures. Since concrete crush failure usually occurs when the steel ratio is too small and is very brittle, this failure type is typically suggested to be avoided in design.



The influences of typical sectional parameters on ultimate load capacities are shown in Figure 11. The data points are chosen from Table 1 and only the target variable kept changing. It can be seen from Figure 11a that the load capacity increases with concrete thickness to a limited extent. As discussed above, if the concrete thickness is too large and not compatible with the steel (too small a steel ratio), the structure will experience brittle failure in concrete crush. Figure 11b,c show that the load capacity increases linearly with steel height and steel thickness, indicating a first-order relationship with the steel area. Figure 11c shows that the load capacity decreases with wave length, but to a limited extent, of which the effect might be ignored. These observations are useful in design consideration.




6. Design Considerations


In this section, design considerations are proposed for practice. Based on the numerical observations and parametric analyses, theoretical analyses are carried out for the load capacity, which is the main design target. The structural stiffness, on the other hand, could adopt elastic assumptions and full-bond conditions, as discussed in Section 4.1, and be considered in an elastic model.



As shown in Figure 8 and Figure 9, the deformations and stress distributions of the structure suggest that the middle top area, which is prone to failure, is in a state of compression and bending. Although bending deformation causes the middle top area to deflect downward, the compression is the major effect, as the compressive stress in the steel is much larger than the tensile stress. As shown in Figure 12, the compression force shifts the bending stress to the negative compression side. Since the crest is near the neutral axis, it has the largest compressive stress, and approximately equals the average compressive stress resulting from the sectional compressive force. This can be verified from Figure 9, as the crest has the largest compressive stress, while the trough has low tensile stress. Based on this observation, the ultimate load capacity corresponding the yield of the steel crest could be mainly determined by the sectional compressive force. On the force side, the load causes compressive force and a bending moment in the middle top area. The sectional compressive force is the only variable of concern, as discussed above, and could be roughly assumed based on a uniformly compressed circular ring model:


   N  comp   =  α l    q w D  2   



(1)




where Ncomp is the sectional compressive force, D is the diameter of the tunnel, and αl is a coefficient considering the difference between the real compressive force and the ideal compressive force, which could be assumed as 0.31 based on the numerical analyses. By transferring the concrete to equivalent steel by Es/Ec, the efficient sectional area Ae is:


   A e  =  γ s    (  w 2  + 4  h s 2  )    1 2     t s  +  γ c   h c   t c     E c     E s     



(2)




where γs is a coefficient considering the difference between the arc length and the chord length, which could be assumed as 1.1 based on the numerical analyses; and γc is a coefficient considering the concrete compressive area below the steel crest, which could be assumed as 1.4 based on the numerical analyses. Combining the above equations, the ultimate load capacity qmax could be predicted as:


   q  max   =   2 [  γ s    (  w 2  + 4  h s 2  )    1 2     t s  +  γ c   h c   t c     E c     E s    ]  f s     α l  w D    



(3)







Utilizing Equation (3), the predicted ultimate capacities are also listed in Table 1, noting that the concrete crushing failure is not considered in this method as it should be avoided in design. With an avenge error of 2.7% and a standard deviation of 4.7%, the proposed analytical method is regarded as suitable for practical design. However, it should be noted that the conclusions are valid within the parameter range considered in this research, while future studies might be required for wider applications.




7. Conclusions


This study presents a novel composite support system known as the corrugated steel–concrete (CSC) structure, which is proposed for use in primary tunnel support. Detailed structural descriptions are furnished, and comparisons with earlier applications are made. Elaborate 3D finite element models were proposed, which were constructed to examine the full elastoplastic response until failure, taking into account the interfacial properties between the steel and concrete, alongside the interactions with its surrounding rock. Parametric analyses were then conducted, encompassing typical design ranges. Subsequently, theoretical analyses were performed, and design equations were proposed, dis-playing a high degree of efficiency and accuracy. The main findings are as follows:




	(1)

	
An innovative CSC composite structure employed in tunnel support was proposed, accompanied by detailed construction methods. The novel composite structure has high stability performance compared to previous steel structures, since the concrete can provide out-of-plane support. Precise elastoplastic finite element models were developed to assess the mechanical response until the failure of the proposed system. These models additionally account for the steel–concrete interfacial properties and contact interactions. Non-uniform loads were analytically applied based on field methods, with foundation interactions computed through frictionless elements. Under typical loading conditions, cohesive stress and frictional forces provided adequate connections such that the structure behaved in a nearly fully composite way. The predominant failure modes were steel yield and concrete crushing in the middle top area.




	(2)

	
Parametric analyses spanning common design ranges were conducted, revealing that the thickness of the concrete, thickness of the steel, and height of the corrugated plate were key factors affecting the structural response. Designers ought to avoid excessively thick concrete, which could lead to brittle concrete crushing failure.




	(3)

	
Theoretical analyses were conducted based on numerical studies, from which design equations and recommendations were developed. These demonstrated high efficacy and accuracy for most engineering applications.









The proposed support system is not limited to tunnel support, but can also potentially find broad applications in other underground engineering projects. Further research is necessary to examine more complex geometries, materials, and loading conditions. Future research will encompass lateral test verification, a broader parameter range, various load types, and the effects of connection contact between different modules.
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Figure 1. Design of corrugated steel plate segment. 
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Figure 2. Corrugated steel plate dimensions. 
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Figure 3. Elements and meshes. 
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Figure 4. Boundary condition modeling of the compression-only elastic soil foundations. 
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Figure 5. Typical load patterns of circular-shaped tunnel. 
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Figure 6. Constitutive curves of CDP concrete. 
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Figure 7. Constitutive curves of the interface model [44]. 
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Figure 8. Deformations of the basic model. 
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Figure 9. Stress in the circular direction. 
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Figure 10. Stresses and deformations increase with loads. 
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Figure 11. Influences of different parameters on load capacities. 
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