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Abstract

:

In order to investigate the mechanical behavior of FRP-reactive powder concrete composite tanks with floating tops (FRPCTs) subjected to gravity, twenty-two full-scale FRPCTs were designed with varying parameters for the inner diameter of the storage tank (D) and the thickness of the reactive powder concrete (tc). Based on nonlinear constitutive models and the contact of the materials, and considering tank–liquid coupling, three-dimensional finite element refined models of FRPCTs were established under gravity with ADINA8.5 finite element software, and finite element models of FRPCTs under gravity were verified based on theoretical frequency formulae and existing static tests. Then, the influence of the regularity of different parameters on the equivalent stress, hoop stress, radial stress, and axial stress of the FRPCTs was obtained, and the stress distributions of FRPCTs were clearly described. The results show that the natural frequency of FRPCTs increases gradually with an increase in the height of the tank liquid (Hw); however, the natural frequency of FRPCTs reduces with an increase in D. The equivalent stress, hoop stress, radial stress, and axial stress of the FRP plate and RPC decrease slowly with an increase in tc. The axial stress of the inner RPC increases with an increase in D. The equivalent stress of the inner FRP plate subjected to gravity is distributed in a W shape, the hoop stress, and the axial stress of the FRPCTs are distributed in a U shape, and the radial stress of the inner FRP plate is distributed in an I shape. The maximum displacement occurs in the middle of the FRPCTs, and the bonding between the FRP plate and the concrete is better. Finally, a calculation formula for the variation in the regularity of the tc is developed with different D, and design and construction suggestions for FRPCTs are given, which can provide technical support for the application of the FRPCTs in practical engineering.
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1. Introduction


At present, large vertical steel storage tanks are widely used in the petrochemical field because of their large volumes and convenient construction [1]. However, with the development of storage tanks towards super-large volumes and corrosion resistance, a large vertical steel storage tank cannot meet the needs of practical engineering. Because of local instability [2,3,4] and corrosion [5] under the action of strong earthquakes and wind or humid environments, it is urgent to propose a novel type of vertical storage tank structure. As we all know, reactive powder concrete (RPC) has good mechanical properties and durability [6,7] with added fiber, so the brittle behavior of conventional cementitious composites can be improved significantly [8,9]. The combination of RPC and FRP can give full play to the excellent mechanical behaviors of the materials [10,11]. Based on this, a novel type of composite storage tank with a concentric double-layer FRP plate and RPC is proposed, as shown in Figure 1, and the tank wall can be formed by pouring RPC into the interlayer of the concentric double-layer FRP plate; then, the floating top is established. Finally, the top ring beam is built to form the novel composite storage tank. The concentric double-layer FRP plate subjected to loading has a restraint effect on the RPC, so the RPC is in a state of biaxial stress, and the compressive strength of the RPC can be improved. The RPC can also prevent local buckling of the FRP plate. This new type of composite storage tank can give full play to the excellent strain-hardening behavior and plastic deformation ability of the RPC [12]. The combination of the RPC and a concentric double-layer FRP plate can significantly improve the stability and corrosion resistance of the FRPCTs. During construction, a concentric double-layer FRP plate can be used as a template for pouring the RPC. This novel kind of composite storage tank will be widely applied to the freeze–thaw low-temperature corrosion environment.



So far, many studies on the mechanical behavior and structural design of storage tanks have been widely conducted by scholars at home and abroad. Numerical analysis of the elastic deformation of round tank walls was carried out by Beaufait F W [13], and the mid-point difference method was proposed to confirm the elastic deformation of round tank walls under axisymmetric effects, which could provide organization methods for the application of computers. A numerical analysis of the stress distribution of cylindrical steel tanks was carried out by Balendra T et al. [14], and the maximum shear force, the maximum overturning moment, and the maximum stress of the tank wall for full-scale steel tanks could be obtained, and design charts for cylindrical steel tanks were developed in this study, which could provide a reference for the design of the tanks. The influence of design methods on the tank walls of large storage tanks in API standard 650-2013 [15] was studied by Azzuni E et al. [16], and the theory of a basic thin-wall elastic matrix method for the wall thickness design of large steel tanks was proposed, which could give more accurate shell designs compared with the one-foot method (1FM) and the variable design point method (VDM). The influences of the design method on storage tanks on rigid foundations were studied by Wieland M [17], and a simplified design method for storage tanks considering liquid convection and pulsation on the tank wall was proposed, which was adopted by European standard 8-1998. However, the simplified design is still at the stage of linear analysis for storage tanks. A numerical analysis of the limit state of buckling failure for storage tanks under flood–hurricane coupling was carried out by Huang M [18], and a formula to calculate the limit state of storage tank buckling failure under flood–hurricane coupling was established. The influences of boundary conditions on the modes of square storage tanks were determined by Jhung M J [19], the natural frequencies and mode shapes of square storage tanks under different boundary conditions were obtained, and the results show that an increase in the fluid in the tank reduces the frequency. The influences of grid division on local defect stress in large storage tanks were analyzed by Wang L L [20]; simplified two-dimensional and three-dimensional models of large storage tanks were established; and the results showed that the simplified two-dimensional models of large storage tanks that were established had enough accuracy to simulate the static analysis of full-scale large storage tanks. A shaking table experiment on a steel storage tank was conducted by De Angelis M [21], and a simplified numerical model of the storage tank was established and proved. Experiments on the sloshing wave heights of steel storage tanks were conducted by Sun et al. [22,23]; the calculated results for sloshing wave heights in steel storage tanks with the different standards were compared, and the results showed that the results of API 650–2013 were conservative.



Although the research on traditional steel storage tanks is relatively mature, the research on the mechanical behavior of composite storage tanks has hardly been reported yet. The interaction between the FRP plate and the RPC has not been clarified. Meanwhile, there is a lack of in-depth understanding of the natural characteristics and force mechanisms of the FRPCTs. Therefore, it is of great theoretical significance and practical value in actual engineering to research the force mechanism of FRPCTs under gravity and the mode analysis of FRPCTs. In this paper, a total of twenty-two full-scale FRPCT specimens are designed. The numerical simulation studies on the stress distribution of FRPCTs are conducted based on theoretical verification. The influences of tc and D on the mechanical behavior of FRPCTs can be investigated. Then, the equivalent stress, hoop stress, radial stress, and axial stress of the FRP plate and RPC of FRPCTs are obtained. Finally, based on the simplified calculation model and the force mechanism of FRPCTs, the calculation formula for the variation regularity of tc is regressed with the different D by polynomial fitting methods, and the design suggestion of FRPCT is put forward, which can lay the foundation for the application of such composite storage tank in practical engineering.




2. Specimen Design


To investigate the mechanical behavior under gravity of FRPCTs with floating tops, a total of twenty-two full-scale FRPCTs are designed, taking the thickness of RPC (tc) and the inner diameter of the storage tank (D) as the main parameters. The specific parameters can be seen in Figure 2 and Table 1. The tf1 and tf2 represent the thickness of the FRP plate, the tB is the thickness of the baseplate of the storage tank, the Tf is the thickness of the floating top, and the Hw is the height of the tank liquid.




3. Finite Element Models (FEMs)


3.1. Simplified Mechanical Model of the FRPCTs


In this section, the simplified mechanical model of FRPCTs with floating tops is shown in Figure 3. According to the research on storage tanks carried out by the civil engineering department of Beijing University of Aeronautics and Astronautics [24,25], the principle of identical wall thickness and equal floor thickness of FRPCTs is adopted. The structure of the fully symmetrical cylindrical vertical of FRPCT is designed. It is assumed that the liquid in the storage tank is water, an ideal incompressible and non-rotational fluid.




3.2. Constitutive Models of Materials


3.2.1. Constitutive Models of FRP


The mechanical behavior of FRP is tested by test, which is a fiber-reinforced composite material with anisotropic properties, and the FRP is a thin-walled structure in practical engineering. Therefore, the FRP belongs to the category of plane stress (σ33 = τ23 = τ31). The material property constant of FRP is given in Equation (1).
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where E1 represents elastic modulus along the fiber direction of the FRP, E2 represents elastic modulus in the vertical fiber direction of the FRP, v12 represents the Poisson ratio of the FRP, and G12 represents the shear modulus of the FRP.



When defining the ultimate strength of FRP in the ADINA, the ultimate tensile strength along the fiber direction (Xt), the ultimate tensile strength along the fiber direction (Yt), the ultimate compressive strength along the fiber direction (Xc), and the ultimate compressive strength along the vertical fiber direction (Yc) need to be defined. The specific formulae are derived in Equations (2)–(5).


   X t  =  V f   σ  ftu    



(2)
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   Y c  =  σ  mcu   [ 1 − (    V f    −  V f  ) ( 1 −    E m     E f    ) ]  



(5)




where σftu represents the ultimate tensile strength of the fiber, σfcu represents the ultimate compressive strength of the fiber, σmtu represents the ultimate tensile strength of the resin, and σmcu represents the ultimate compressive strength of the resin.




3.2.2. Constitutive Models of the RPC


In this paper, the concrete damaged plasticity (CDP) model is adopted to simulate the RPC. The definition of the CDP is shown in Table 2.



The constitutive model (CM) of concrete was studied by Long et al. [26] and Teng et al. [27], and the constitutive model of concrete is shown in Figure 4. Considering the constraint effect of the FRP, the CM for the RPC material is given by Teng et al. [27], which is adopted by Zhao et al. [28] and Lin et al. [29]. In this paper, the mechanical behavior of FRPCTs under gravity is analyzed. The strength grade of the RPC is C50 [30]. The specific parameters of materials of FRP are shown in Table 3.



The behavior of the RPC under compressive is given by Equation (6). The specific parameters are given in Equations (7) and (8).


   σ c  =        E c   ε c  −   (  E c  −  E 2 ′   ) 2    4  f co ′     ε c    2      ( 0 ≤  ε c  ≤  ε t  )        f co ′  +  E 2 ′   ε c      (  ε t  ≤  ε c  ≤  ε  c c  ′  )        



(6)




where σc represents the stress of the RPC under compressive strain when the strain of the RPC (ε) under compressive strain arrives at εc., Ec represents the initial modulus of elasticity, E2′ is the initial elastic modulus of the concrete, fco′ represents the axial compressive strength of the unconfined concrete, and εcc′ is the ultimate strain.
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(7)
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where fcc′ represents the axial compressive strength of the confined concrete, and εh,rup represents the fracture strain of the FRP.





3.3. Element Selection and Contact


The eight-node solid element with reduced integration (C3D8R) is adopted for all parts of FEMs of FRPCTs. The CONTACT elements and TARGET elements matched with the SOLID elements are selected. The liquid surface is set as a free-surface fluid unit when considering the sloshing of the liquid storage, and the liquid surface is defined as a fluid–solid coupling element when considering the tank–liquid coupling. A flexible solid ring is adopted between the floating top and the tank wall. The contact between the FRP plate and RPC is defined as hard contact in the normal direction and a coulomb friction model in the tangential direction. The sliding contact is adopted between the floating top and the inner FRP plate. The interfacial contact of FRPCTs is shown in Figure 5.




3.4. Boundary Conditions and Mesh


While a boundary condition (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) is applied to the bottom plate [31], the gravity acceleration of 9.8 m/s2 is applied at the center of gravity. The mapped meshing is adopted to ensure mesh quality and calculation accuracy. The mesh shape is mainly hexahedral. The tank wall of FRPCTs below the liquid level is divided into 20 parts along the height direction, and 40 parts along the hoop direction, and the tank wall of FRPCTs above the liquid level is divided into two parts along the height direction. The inner and outer FRP plate is divided into one part along the thickness direction, and the RPC is divided into four parts along the thickness direction. The FEM of FRPCTs is shown in Figure 6.





4. FEM Verification


4.1. The Theoretical Verification of the FRPCTs without a Floating Top


Housner G. W., and Haroun M. A. [32,33] deduced the formula for calculating the natural vibration frequency of the liquid in the rigid cylindrical liquid storage structure through theoretical formula, as given by Equations (9) and (10), taking the inner diameter of FRPCT (D) and the height of tank liquid (Hw) as controlled parameters. The first-order natural frequency of liquid sloshing of FRPCT can be seen in Table 4.


   w 2  =     27  8     g R  tanh (     27  8     h R  )  



(9)






   w 1    S  =   tanh ( 1.84  h R  )   1.48  R     



(10)




where w represents the natural frequency of the tank liquid. w1S represents the theoretical value of the first-order natural frequency of the tank liquid of FRPCTs without a floating top. g represents the acceleration of gravity. R and h represent the radius of the FRPCTs and the height of the FRPCTs, respectively.



Based on the above modeling method, the 13 FEMs of FRPCTs are built according to API standard 650 [16], which is adopted by Li [24]. The mode analysis of the 13 FEMs of FRPCTs is carried out, and the FEMs are verified against the theoretical results in terms of the mode analysis. The comparisons of the first-order natural frequency of tank liquid of FRPCTs without a floating top between the calculation and the simulation are shown in Table 4. The mode of vibration of the T-FRPCT13 without a floating top is shown in Figure 7. The first-order vibration of the liquid of the T-FRPCT13 is slope-shape, and the second-order and third-order vibration of the liquid of the T-FRPCT13 is a groove shape and a basin shape, respectively. A good correlation between the theoretical and the FEM results is achieved in terms of the first-order natural frequency of the liquid sloshing of FRPCTs. The maximum error (Errormax) is 4.83% in Figure 8, indicating that the finite element model can better simulate the mechanical behavior of the FRPCTs.




4.2. The Test Validation of the LNG Storage Tank with a Floating Top


In order to verify the rationality of the modeling method of the FRPCTs with floating top, the FEMs for the mechanical behavior of the storage tank carried out by Chen et al. [34] are built. By comparisons with H-σt curves and H-σm curves with tests, H-σt curves and H-σm curves under the action of gravity can be obtained by simulation, which proves the rationality of adopting the modeling method of the storage tank with a floating top. The comparisons of four specimens are shown in Figure 9a–d. It can be seen that the trends of curves obtained by test and simulation remain consistent, and the peak stress can be accurately simulated. The hoop stress and axial stress of the storage tank simulated by the ADINA (σtS, σmS) and the hoop stress and the axial stress obtained by testing are compared in Table 5. It is analyzed that the maximum error (Errormax) is 4.27%, indicating that the modeling method of the storage tank has good application for the FRPCTs.





5. Parametrical Investigation


5.1. Influence of the Thickness of RPC (tc) on the Equivalent Stress


To comprehensively understand the mechanical behavior [35] of FRPCTs under gravity, a total of two designed parameters are considered in the numerical simulation [36,37]. Those are D and the tc. It can be obtained that the influences of different parameters on the stress distribution, equivalent stress, hoop stress, radial stress and axial stress of each part of FRPCT.



5.1.1. Influence of the Thickness of RPC (tc) on the Equivalent Stress with an Inner Diameter of the Storage Tank (D) of 100 m


The influences of tc on the equivalent stress of the FRPCTs with an inner diameter of 100 m are simulated using different values of 1.0 m, 1.2 m, 1.4 m, 1.6 m, 1.8 m, and 2.0 m. The corresponding H-σe curves, σe-tc of FRPCTs with different tc, and the equivalent stress cloud diagram of FRPCTs are plotted in Figure 10. The peak equivalent stress of FRPCTs is shown in Table 6. The H-AB-MAX represents the location of the peak equivalent stress of the FRPCTs. Among them, “A” uses T, M, and B to determine the position of the peak equivalent stress of FRPCTs, and “B” uses 1, 2, 3, and 4 to determine the stress curves of different structural layers of the FRPCTs. Numbers 1, 2, 3, and 4 represent the inner FRP plate, the inner RPC, the outer RPC, and the outer FRP plate of the FRPCTs, respectively; T denotes the part of the tank wall at the height from 15 m to 21.5 m of FRPCTs; M represents the part of the tank wall at the height from 5 m to 15 m of FRPCTs, and B represents the part of the tank wall at the height from 0 m to 5 m of FRPCTs. For example, H-T1-MAX means the peak equivalent stress of the inner FRP plate at the height of the tank wall from 15 m to 21.5 m of FRPCTs.



As seen in Figure 10a,b, when the values of the tc are given from 1.0 m to 2.0 m, the peak equivalent stress of the inner FRP plate (σ1max) can be decreased from 3.68 MPa to 1.55 MPa, which is reduced by 49.59%, as seen in Figure 10c,d, when the values of the tc are given from 1.0 m to 2.0 m, the peak equivalent stress of the inner RPC (σ2max) can be decreased from 5.45 MPa to 2.50 MPa, which reduces by 54.13%, as seen in Figure 10e,f, when the values of the tc are given from 1.0 m to 2.0 m, the peak equivalent stress of the outer RPC (σ3max) can be decreased from 5.15 MPa to 2.34 MPa, which reduces by 54.56%. As seen in Figure 10g,h, when the values of tc are given from 1.0 m to 2.0 m, the peak equivalent stress of the outer FRP plate (σ4max) can be decreased from 2.83 MPa to 1.19 MPa, which reduces by 57.95%. It can be seen that tc significantly influences the equivalent stress of FRPCT, and an increase in tc can indirectly reduce the equivalent stress of FRPCTs. With an increase in tc, the bearing capacity of FRPCTs increases. When the tc is more extensive than 1.4 m, a higher tc results in a less reduction in equivalent stress of FRPCT, which the increase in tc can explain, and the effective utilization rate of materials decreases.




5.1.2. Influence of the Thickness of RPC (tc) on the Equivalent Stress with an Inner Diameter of the Storage Tank (D) of 80 m


The influences of tc on the equivalent stress of the FRPCTs with an inner diameter of 80 m are simulated using different values of 0.8 m, 1.0 m, 1.2 m, 1.4 m, and 1.6 m. The corresponding H-σe curves and σe-tc of FRPCTs with the different tc are plotted in Figure 11, and the peak equivalent stress of FRPCTs is shown in Table 6. As seen in Figure 11a,b, when the values of tc are given from 0.8 m to 1.6 m, the σ1max can be decreased from 3.67 MPa to 1.55 MPa, which reduces by 49.48%, as seen in Figure 11c,d, the σ2max can be reduced from 6.08 MPa to 2.93 MPa, which decreases by 51.81%, as seen in Figure 11e,f, when the values of tc are given from 0.8 m to 1.6 m, the σ3max can be decreased from 5.14 MPa to 2.57 MPa, which reduces by 50.00%, and as seen in Figure 11g,h, when the values of tc are given from 0.8 m to 1.6 m, the σ4max can be decreased from 2.87 MPa to 1.32 MPa, which reduces by 54.01%. It can be summarized that the peak equivalent stress of the inner FRP plate appears at the top of the tank, and the peak equivalent stress of the inner RPC appears at the top of FRPCTs, which is the influence of the floating top on the tank wall. However, the equivalent stress of the outer RPC and the outer FRP plate reaches the peak stress at the bottom of FRPCTs, which is due to the effect of consolidation between the baseboard and the tank wall of FRPCTs.




5.1.3. Influence of the Thickness of the RPC (tc) on the Equivalent Stress with an Inner Diameter (D) of 120 m


The influences of tc on the equivalent stress of the FRPCTs with an inner diameter of 120 m are simulated using different values of 1.2 m, 1.5 m, 1.8 m, 2.1 m, and 2.4 m. The corresponding H-σe curves and σe-tc of FRPCTs with different tc are plotted in Figure 12, and the peak equivalent stress of FRPCTs is shown in Table 6. As seen in Figure 12a,b, when the values of tc are given from 1.2 m to 2.4 m, the σ1max can be decreased from 4.03 MPa to 1.33 MPa, which reduces by 62.36%, as seen in Figure 12c,d, the σ2max can be reduced from 4.99 MPa to 2.10 MPa, which reduces by 57.92%, as seen in Figure 12e,f, when the values of tc are given from 1.2 m to 2.4 m, the σ3max could be decreased from 4.95 MPa to 2.04 MPa, which decreases by 58.79%, and as seen in Figure 12g,h, when the values of tc are given from 1.2 m to 2.4 m, the σ4max can be decreased from 2.69 MPa to 1.01 MPa, which reduces by 62.45%. It can be seen that the equivalent stress of the inner RPC changes slowly in the middle of the FRPCTs, and the trend of the equivalent stress of FRPCTs is similar when the inner diameter changes.




5.1.4. Influence of the Thickness of RPC (tc) on the Equivalent Stress with an Inner Diameter of the Storage Tank (D) of 150 m


The influences of tc on the equivalent stress of the FRPCTs with an inner diameter of 150 m are simulated using different values of 1.5 m, 1.8 m, 2.1 m, 2.4 m, 2.7 m, and 3.0 m. The corresponding H-σe curves and σe-tc of FRPCT with different tc are plotted in Figure 13, and the peak equivalent stress of FRPCTs is shown in Table 6. As seen in Figure 13a,b, when the values of tc were given from 1.5 m to 3.0 m, the σ1max could be reduced from 3.71 MPa to 1.02 MPa, which reduced by 72.5%, as seen in Figure 13c,d, the σ2max could be reduced from 4.14 MPa to 1.61 MPa, which reduced by 61.11%, as seen in Figure 13e,f, when the values of tc were given from 1.5 m to 3.0 m, the σ3max could be reduced from 4.38 MPa to 1.58 MPa, which reduced by 63.93%, and as seen in Figure 13g,h, the σ4max could be reduced from 2.69 MPa to 1.01 MPa, which reduced by 62.45%. It can be seen that the equivalent stress of each part of FRPCTs is a W shape, the equivalent stress of the outer RPC and the outer FRP plate appear stress mutations. The stress mutations are more obvious with a reduction in tc. The equivalent stress of the inner FRP plate suddenly increases at the height of the tank wall of 20.5 m, and the equivalent stress of the outer RPC and the outer FRP plate suddenly increases at the bottom of FRPCTs.





5.2. Influence of the Thickness of RPC (tc) on the Hoop Stress


The influences of tc on the hoop stress of the FRPCTs with an inner diameter of 100 m are simulated using different values of 1.0 m, 1.2 m, 1.4 m, 1.6 m, 1.8 m, and 2.0 m. The corresponding H-σt curves and σt-tc of FRPCT are plotted in Figure 14. It can be seen that the top and bottom hoop stress of the inner FRP plate is complex. When the inner diameter is 1.0 m, the hoop stress of the inner FRP plate reaches the peak hoop tensile stress of 0.455 MPa and the hoop stress of the inner FRP plate and the inner RPC change from compressive stress to tensile stress at the height of the tank wall from 20 m to 19 m. The maximum difference value of hoop stress of the inner FRP plate is 0.88 MPa, and the stress mutation of the inner RPC is more obvious with a value of 1.06 MPa. It is found that tc greatly influences the variation in hoop stress. As seen in Figure 14a,c, at the same position, the hoop stress of the inner RPC is more significant than that of the inner FRP plate. The main reason is that the elastic modulus of the FRP is greater than that of concrete, and the RPC can effectively restrain the hoop deformation of the FRP plate. The changing trend of the hoop stress of the outer concrete and the outer FRP plate is consistent. The peak hoop stress of FRPCTs is 1.89 MPa in Figure 14, which is much less than the equivalent stress, so the hoop stress is not considered in this paper.




5.3. Influence of the Thickness of RPC (tc) on the Radial Stress


To illustrate the influence of tc on the radial stress of the FRPCTs with an inner diameter of 100 m, tc is set to five different values: 1.0 m, 1.2 m, 1.4 m, 1.6 m, 1.8 m, and 2.0 m. The corresponding σr-H curves and σr-tc of FRPCTs are plotted in Figure 15. Figure 15a,b shows that the radial compressive stress of the inner FRP plate reaches a maximum of 1.37 MPa, when tc is 1.0 m. Subsequently, the radial compressive stress of the RPC decreases slightly with an increase in tc and reaches a minimum of 0.470 MPa, when tc is 2.0 m. With an increase in tc, the radial stress of the inner FRP plate remains almost unchanged at the height from 3 m to 17.5 m, and with an increase in tc, the radial stress variation in the inner FRP plate fades away. The radial stress of the inner RPC reaches the peak value of 2.08 MPa at the height of 10 m, as shown in Figure 15c,d. It can be seen in Figure 15e, that the whole radial stress of the outer RPC and the outer FRP plate is in tensile stress, and the radial stress of the outer RPC and the outer FRP plate decreases with the increase in tc. Figure 15e shows that the radial compressive stress of the outer FRP plate reaches a maximum of 1.89 MPa, when tc is 1.0 m, and the radial stress of the outer RPC comes to a minimum of 0.696 MPa, when tc is 2.0 m. It can be summarized that with the increases in tc, the radial stress of each part of FRPCTs decreases gradually. The radial stress appears to be a stress mutation at the top of the inner FRP plate, and the radial stress of the inner FRP plate reaches the peak value of tensile stress of 1.37 MPa, which is much less than the ultimate tensile strength of FRP. Meanwhile, the radial stress of the outer FRP plate and outer RPC do not appear to stress mutation, so the radial stress of FRPCTs is not considered in this paper.




5.4. Influence of the Thickness of RPC (tc) on the Axial Stress


The influences of the tc on the axial stress of the FRPCTs with an inner diameter of 100 m are simulated using different values of 1.0 m, 1.2 m, 1.4 m, 1.6 m, 1.8 m, and 2.0 m. The corresponding H-σm curves and σm-tc of FRPCTs are plotted in Figure 16. Figure 16a shows that the stress variation in the inner FRP plate is complex at the top of FRPCTs. Figure 16c,d shows that the axial stress of FRPCT reaches the peak compressive stress of 4.52 MPa at the bottom of the inner RPC. Figure 16e,g shows that the axial stress of FRPCTs comes the peak tensile stress of 5.42 MPa at the bottom of the outer RPC. The reason for this situation is that the tank wall of FRPCTs is solidified with the baseboard. Moreover, with an increase in tc, the peak of compressive stress of each part of FRPCTs reduces gradually. Due to the material properties of the FRP, the axial stress needs to be considered. The peak axial compressive stress of inner RPC comes to 4.52 MPa, and the peak axial tensile stress reaches 5.42 MPa. The difference between the peak axial compressive stress and the peak tensile stress is large, so the axial stress of FRPCTs is considered in this paper.




5.5. Displacement Analysis on the FRPCTs


To reveal the force mechanism of FRPCTs, the numerical analysis of RPC and FRP plate is carried out. Taking the typical specimen (FRPCT6) as an example, the Δ-H curve of FRPCT6 is shown in Figure 17. The displacement of the bottom and top of the storage tank changes. The displacement of the storage tank at the height of 0 m varies from 0.26 mm to 0.40 mm, and the displacement of the storage tank at the height of 21.5 m ranges from 0.30 mm to 0.70 mm. The H-Δ curves of the inner FRP plate, the inner RPC, the outer FRP plate, and the outer RPC are almost coincident at 5 m to 20 m. The displacement of FRPCT reaches a maximum of 1.88 mm at the height of 10 m, which meets the structural design requirements. The displacement trend of different structural layers of the tank wall is consistent, which shows that the bonding between the FRP plate and the concrete is better. Hence, the influence of bond–slip between the FRP plate and the concrete can be neglected in the design of the FRP composite storage tank.




5.6. Influence of the Inner Diameter of the Storage Tank (D) on the Equivalent Stress


In this paper, the influence of D on the equivalent stress of FRPCT is studied using different values of 80 m, 100 m, 120 m, and 150 m. The corresponding H-σe curves are plotted in Figure 18. The equivalent stress of the inner RPC and the outer RPC changes abruptly at the bottom and top of the storage tank, which is due to the influence of the floating top and the base plate on the storage tank. The equivalent stress of the inner RPC reaches a maximum in the middle of the storage tank, which is due to the combined effects of the floating top and the liquid on the tank wall. It can be summarized that with the increase in D, the peak equivalent stress of FRPCT decreases.




5.7. Influence of the Inner Diameter of the Storage Tank (D) on the Axial Stress


The effects of the D on the axial stress are simulated using different values of 80 m, 100 m, and 120 m. The corresponding H-σm curves are plotted in Figure 19. It is not difficult to find that with an increase in D, the volumes of the liquid storage quality increases. Hence, with an increase in D, the axial stress of inner RPC obviously increases. The axial stress of inner RPC is tensile stress at the height of 0 m to 5 m. However, the axial stress of the inner RPC is mainly compressive stress at the height of 5 m to 21.5 m. The reason for this is the connection between the tank wall and the baseboard. The baseboard shares part of the stress of the liquid on the bottom of the tank wall.





6. Discussion


6.1. Force Mechanism


To reveal the force mechanism of FRPCT, the numerical analysis of RPC and FRP plate is carried out. Taking the typical specimen (FRPCT11) as an example, the H-σe curves of the inner FRP plate, the inner RPC, the outer RPC, and the outer FRP plate are a horizontal W shape distribution, and the direction of the curves is consistent. It is shown that there is a sudden change in the equivalent stress at the bottom and top of FRPCTs. The H-σt curves of the inner FRP plate, the inner RPC, the outer RPC, and the outer FRP plate are a horizontal U-shape distribution, and the direction of the curves is consistent. The H-σr curves of the inner FRP plate are an I-shape distribution, but the curves of the inner RPC, the outer RPC, and the outer FRP plate are a horizontal U-shape distribution. The H-σm curves of the inner FRP plate and the inner RPC are a U-shape distribution with an opening to the left, but the axial stress-H curves of the outer FRP plate and outer RPC are a U-shape distribution with an opening to the right. The essential reason is the consolidation between the tank wall and the base plate.



According to numerical analysis of 22 FRPCTs, the stress distribution of inner RPC and outer RPC are obtained. The equivalent stress of inner RPC reaches a maximum at the top of FRPCTs, and the axial stress reaches a maximum at the bottom of FRPCT. The equivalent stress of outer RPC reaches a maximum at the bottom of FRPCT. The peak stress of FRPCT is shown in Table 7.




6.2. Theoretical Formula of the Tank Wall Composition


The formula [38] to calculate the axial tensile strength standard value of RPC (ftk) is:


   f  tk   = 1.77    f   cu , k , 70   . 7      − 11.7  



(11)




where fcu,k,70.7 represents the cubic compressive strength standard value of the RPC with a side length of 70.7 mm



The fcu,k,70.7 of the RPC is 100 MPa, and the ftk is 7.1 MPa [39]. The stress boundary of FRPCTs is selected from the value of 1/3 ftk to 1/2 ftk. Therefore, it has been calculated that the FRPCTs are considered to be damaged, when the stress of the tank wall exceeds 3.3 MPa in this paper. For the diameters of 80 m and 100 m of FRPCTs, the tc is 1.6 m, which meets the specification. For the diameters of 120 m of FRPCTs, the tc is 1.8 m, which meets the specification. For the diameters of 150 m of FRPCTs, the tc is 2.1 m, which meets the specification. Based on the statistical calculation software, the parameters are regressed. The calculation formula for the variation regularity of the tc is developed with the different D, as shown in Equation (12).


     B H  =  t   f 1    +  t c  +  t   f 2        =  t   f 1    +  10  − 4    D 2  − 0.0148 D + 2.1513 +  t   f 2        =  10  − 4    D 2  − 0.0148 D + 2.3513    



(12)




where tf1 and tf2 represent the thickness of the inner FRP plate and the thickness of the outer FRP plate, which is taken as 0.1 m. tc is the thickness of the RPC.



The calculation formula for the variation regularity of the tc is compared with the numerical simulation results in Figure 20. It is noted that the R2 is 0.9836, indicating that the formulae can be adopted to calculate the tc of FRPCTs, which can provide a reference for the preliminary design in practical engineering.




6.3. Design and Construction Suggestion for FRPCTs


The stress distribution of FRPCTs with a floating top under gravity is studied and discussed in this paper. More in-depth research on the other behavior of FRPCTs needs to be carried out. The design suggestion for the FRPCTs can be carried out from the following aspects, as shown in Figure 21.



	(1)

	
To solve the design problem of wall thickness, the calculation formula for the variation regularity of the tc is developed with the different D in this paper. The appropriate wall thickness can ensure the material utilization and safety of FRPCTs.




	(2)

	
In order to ensure the stiffness of the baseboard, it is suggested that the baseboard be poured with reinforced reactive powder concrete [40]. The influence of uneven settlement of the foundation on the baseboard is a severe problem, which is the main reason for structural failure. In the future, the form of the baseboard of the storage tank can be carried out to enrich the study of the storage tank. Due to the rounding effect, the internal pressure of the storage tank is specific to the bolt tension. In order to achieve the overall stability of the tank wall and the baseboard, the M64 bolt is adopted in Figure 21c,d.




	(3)

	
The floating top is connected with the tank wall by the sealing rubber trap, which is placed in the groove of the floating top, and the upper slideway and the lower slideway are fixed at the design-in location to ensure gas tightness. The floating top slides into the tank, and the reserve vent removes gas below the floating top. The sketch of the floating top is shown in Figure 21a,b.




	(4)

	
The layered construction method was used to construct the tank walls. First, the FRP precast plates are spliced through rivets, and the connection for the FRP plate is bonded along the circumference between the inner FRP plate and the outer FRP plate. Then, the RPC is poured between the inner FRP plate and the outer FRP plate, and one layer is completed to construct the next layer until the tank wall of the FRPCTs is finished. At last, the ring beam is built to improve the overall stability of the storage tank.









7. Conclusions


In this paper, combined with the RPC and the structure of the composite storage tank, 22 specimens of FRPCTs are designed, and the stress distribution of FPRCTs is analyzed. The main findings of the study are summarized below.



	
In the case of the full tank, the equivalent stress of the inner FRP plate and the inner RPC occurs stress mutation at the top and bottom of the tank. The equivalent stress of the inner FRP plate reaches a peak value at the top of the tank. The equivalent stress of the inner FRP plate, inner RPC, outer RPC, and outer FRP plate uniformly changes at the middle of FRPCTs, and the equivalent stress of outer RPC and outer FRP plate reaches the peak equivalent stress at the bottom of FRPCTs. The distribution of equivalent stress of FRPCT is horizontal W-shaped, and the peak equivalent stress of inner RPC appears in the middle of FRPCTs.



	
Due to the influence of the floating top, the hoop stress, radial stress, and axial stress exhibit complexity of stress distribution at the top of FRPCTs. Among them, the radial stress of the inner FRP plate causes mutation at the top of FRPCTs. Compared with traditional steel storage tanks, due to the FRP characteristic of high tensile strength, the deformation of FRPCTs is less prone to buckling at the top of the storage tank.



	
The equivalent stress, hoop stress, radial stress, and axial stress of FRPCT decrease with an increase in tc. Furthermore, the tc positively affects the stress mutation, and with an increase in tc, the magnitude of the stress change is significantly reduced. Especially, the radial stress mutation of the inner FRP plate is improved obviously with the increase in tc. By comparison of the stress distribution of inner RPC with different D, the equivalent stress and axial stress increase with an increase in D. However, the effect of D on the axial stress of the FRPCTs is slight.



	
The displacement of the inner FRP plate, inner RPC, outer FRP plate, and outer RPC have a good agreement. In the case of the full tank, there is no obvious dislocation between the FRP and RPC. Therefore, the bond–slip between the FRP and RPC can be neglected. The concentric double-layer FRP plate can be used as a template to pour concrete, which has economic efficiency.



	
Based on the stress distribution acquired through the static analysis of FRPCTs, the calculation formula for the variation regularity of the tc is developed, and the design suggestion for this kind of novel tank is proposed correspondingly. The findings of the numerical simulation results agree with the calculation formula for the variation regularity of the tc obtained by polynomial fitting, indicating that the calculation formula for the variation regularity of the tc is reasonable and feasible.
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Figure 1. A schematic diagram of this kind of FRPCT. (a) Overall diagram of an FRPCT with a floating top. (b) Profile diagram of an FRPCT with a floating top. 
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Figure 2. The physical meanings of different variables for FRPCTs. 






Figure 2. The physical meanings of different variables for FRPCTs.



[image: Symmetry 16 00051 g002]







[image: Symmetry 16 00051 g003] 





Figure 3. Simplified mechanical model of FRPCTs. (a) Simplified mechanical model of an FRPCT with free surface. (b) Simplified mechanical model of an FRPCT with a floating top. 
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Figure 4. Constitutive models of concrete by Long et al. [26] and Teng et al. [27]. 
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Figure 5. Interfacial contact of FRPCTs. 
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Figure 6. Three-dimensional FEM of full-scale FRPCTs. 
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Figure 7. The modes of vibration for the T-FRPCT13 without floating top. (a) The overall vibration of the T-FRPCT13. (b) The first-order vibration of the liquid of the T-FRPCT13. (c) The second-order vibration of the liquid of the T-FRPCT13. (d) The third-order vibration of the liquid of the T-FRPCT13. 
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Figure 8. Comparison between w1T and w1S theoretical formula by Housner G. W., and Haroun M. A. [32,33]. 
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Figure 9. Comparison of H-σ curve between test by Chen et al. [34] and simulation. (a) H-σt curve of T-ST-14. (b) H-σt curve of T-ST-15. (c) H-σm curve of T-ST-16. (d) H-σm curve of T-ST-17. 
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Figure 10. The comparisons of equivalent stress of FRPCTs (D = 100 m) with different tc. (a) H-σe curve of the inner FRP plate. (b) σe-tc 3D histogram of the inner FRP plate. (c) H-σe curve of the inner RPC. (d) σe-tc 3D histogram of the inner RPC. (e) H-σe curve of the outer RPC. (f) σe-tc 3D histogram of the outer RPC. (g) H-σe curve of the outer FRP plate. (h) σe-tc 3D histogram of the outer FRP plate. (i) The equivalent stress cloud diagram of the inner FRP plate. (j) The equivalent stress cloud diagram of the inner RPC. (k) The equivalent stress cloud diagram of the outer RPC. (l) The equivalent stress cloud diagram of the outer FRP plate. 
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Figure 11. The comparisons of equivalent stress of FRPCTs (D = 80 m) with different tc. (a) H-σe curve of the inner FRP plate. (b) σe-tc 3D histogram of the inner FRP plate. (c) H-σe curve of the inner RPC. (d) σe-tc 3D histogram of the inner RPC. (e) H-σe curve of the outer RPC. (f) σe-tc 3D histogram of the outer RPC. (g) H-σe curve of the outer FRP plate. (h) σe-tc 3D histogram of the outer FRP plate. 
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Figure 12. The comparisons of equivalent stress of FRPCTs (D = 120 m) with different tc. (a) H-σe curve of the inner FRP plate. (b) σe-tc 3D histogram of the inner FRP plate. (c) H-σe curve of the inner RPC. (d) σe-tc 3D histogram of the inner RPC. (e) H-σe curve of the outer RPC. (f) σe-tc 3D histogram of the outer RPC. (g) H-σe curve of the outer FRP plate. (h) σe-tc 3D histogram of the outer FRP plate. 
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Figure 13. The comparisons of equivalent stress of FRPCTs (D = 150 m) with different tc. (a) H-σe curve of the inner FRP plate. (b) σe-tc 3D histogram of the inner FRP plate. (c) H-σe curve of the inner RPC. (d) σe-tc 3D histogram of the inner RPC. (e) H-σe curve of the outer RPC. (f) σe-tc 3D histogram of the outer RPC. (g) H-σe curve of the outer FRP plate. (h) σe-tc 3D histogram of the outer FRP plate. 
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Figure 14. The comparisons of Hoop stress of FRPCTs (D = 100 m) with different tc. (a) H-σt curve of the inner FRP plate. (b) tc-H 3D histogram of the inner FRP plate. (c) H-σt curve of the inner RPC. (d) tc-H 3D histogram of the inner RPC. (e) H-σt curve of the outer RPC. (f) tc-H 3D histogram of the outer RPC. (g) H-σt curve of the outer FRP plate. (h) tc-H 3D histogram of the outer FRP plate. (i) The stress cloud diagram of the inner FRP plate. (j) The stress cloud diagram of the inner RPC. (k) The stress cloud diagram of the outer RPC. (l) The stress cloud diagram of the outer FRP plate. 
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Figure 15. The comparisons of radial stress of FRPCTs (D = 100 m) with different tc. (a) H−σr curve of the inner FRP plate. (b) tc−H 3D histogram of the inner FRP plate. (c) H−σr curve of the inner RPC. (d) tc−H 3D histogram of the inner RPC. (e) H−σr curve of the outer RPC. (f) tc−H 3D histogram of the outer RPC. (g) H−σr curve of the outer FRP plate. (h) tc−H 3D histogram of the outer FRP plate. (i) The stress cloud diagram of the inner FRP plate. (j) The stress cloud diagram of the inner RPC. (k) The stress cloud diagram of the outer RPC. (l) The stress cloud diagram of the outer FRP plate. 
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Figure 16. The comparisons of axial stress of FRPCTs (D = 100 m) with different tc. (a) H-σm curve of the inner FRP plate. (b) tc-H 3D histogram of the inner FRP plate. (c) H-σm curve of the inner RPC. (d) tc-H 3D histogram of the inner RPC. (e) H-σm curve of the outer RPC. (f) tc-H 3D histogram of the outer RPC. (g) H-σm curve of the outer FRP plate. (h) tc-H 3D histogram of the outer FRP plate. (i) The stress cloud diagram of the inner FRP plate. (j) The stress cloud diagram of the inner RPC. (k) The stress cloud diagram of the outer RPC. (l) The stress cloud diagram of the outer FRP plate. 
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Figure 17. H-Δ curves of FRPCT6. 
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Figure 18. The comparison diagrams of equivalent stress of the inner FRP plate. (a) H-σe curves of the inner FRP plate. (b) H-σe curves of the outer FRP plate. 
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Figure 19. The comparison of diagrams of H-σm curves of inner RPC. 






Figure 19. The comparison of diagrams of H-σm curves of inner RPC.



[image: Symmetry 16 00051 g019]







[image: Symmetry 16 00051 g020] 





Figure 20. The fitting relationship between the thickness of RPC and the diameter of FRPCT. 
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Figure 21. Design suggestions for FRPCTs in practical engineering. 
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Table 1. The specific sizes of all FRPCTs.
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	Specimens
	D(m)
	H(m)
	tf1(m)
	tf2(m)
	tc(m)
	tB(m)
	Tf(m)
	Hw(m)





	FRPCT1
	80
	21.7
	0.1
	0.1
	0.8
	5.0
	0.1
	20.18



	FRPCT2
	80
	21.7
	0.1
	0.1
	1.0
	5.0
	0.1
	20.18



	FRPCT3
	80
	21.7
	0.1
	0.1
	1.2
	5.0
	0.1
	20.18



	FRPCT4
	80
	21.7
	0.1
	0.1
	1.4
	5.0
	0.1
	20.18



	FRPCT5
	80
	21.7
	0.1
	0.1
	1.6
	5.0
	0.1
	20.18



	FRPCT6
	100
	21.7
	0.1
	0.1
	1.0
	5.0
	0.1
	20.18



	FRPCT7
	100
	21.7
	0.1
	0.1
	1.2
	5.0
	0.1
	20.18



	FRPCT8
	100
	21.7
	0.1
	0.1
	1.4
	5.0
	0.1
	20.18



	FRPCT9
	100
	21.7
	0.1
	0.1
	1.6
	5.0
	0.1
	20.18



	FRPCT10
	100
	21.7
	0.1
	0.1
	1.8
	5.0
	0.1
	20.18



	FRPCT11
	100
	21.7
	0.1
	0.1
	2.0
	5.0
	0.1
	20.18



	FRPCT12
	120
	21.7
	0.1
	0.1
	1.2
	5.0
	0.1
	20.18



	FRPCT13
	120
	21.7
	0.1
	0.1
	1.5
	5.0
	0.1
	20.18



	FRPCT14
	120
	21.7
	0.1
	0.1
	1.8
	5.0
	0.1
	20.18



	FRPCT15
	120
	21.7
	0.1
	0.1
	2.1
	5.0
	0.1
	20.18



	FRPCT16
	120
	21.7
	0.1
	0.1
	2.4
	5.0
	0.1
	20.18



	FRPCT17
	150
	21.7
	0.1
	0.1
	1.5
	5.0
	0.1
	20.18



	FRPCT18
	150
	21.7
	0.1
	0.1
	1.8
	5.0
	0.1
	20.18



	FRPCT19
	150
	21.7
	0.1
	0.1
	2.1
	5.0
	0.1
	20.18



	FRPCT20
	150
	21.7
	0.1
	0.1
	2.4
	5.0
	0.1
	20.18



	FRPCT21
	150
	21.7
	0.1
	0.1
	2.7
	5.0
	0.1
	20.18



	FRPCT22
	150
	21.7
	0.1
	0.1
	3.0
	5.0
	0.1
	20.18










 





Table 2. The parameters of the concrete damaged plasticity model.
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	Dilation Angle/°
	Eccentric Ratio
	fb0/fc0
	K
	Viscosity Parameter





	36
	0.1
	1.16
	0.667
	0.0005







Note: K is the second stress of the invariant ratio. fb0/fc0 is the biaxial to the uniaxial strength ratio.













 





Table 3. The specific parameters of the FRP plate.
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	E1

/MPa
	E2

/MPa
	v12
	G12

/MPa
	Xt

/MPa
	Xc

/MPa
	Yt

/MPa
	Yc

/MPa
	θ

/°
	tr

/mm





	52,000
	8000
	0.32
	3000
	584
	203
	43
	187
	±80
	0.5







Note: θ is the relative laying angle adjacent layers of the FRP plate. tr is the relative thickness of adjacent layers of the FRP plate.













 





Table 4. The first-order natural frequency of tank liquid of 13 specimens and results.
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	Specimens
	D

(m)
	Hw

(m)
	tf1

(m)
	tf2

(m)
	tc

(m)
	tB

(m)
	Tf

(m)
	w1T

(Hz)
	w1S

(Hz)
	w1T−w1S/w1T

(%)





	T-FRPCT1
	52.2
	2.018
	0.1
	0.1
	2
	5
	0
	0.0266
	0.0254
	4.51



	T-FRPCT2
	52.2
	4.036
	0.1
	0.1
	2
	5
	0
	0.0368
	0.0351
	4.62



	T-FRPCT3
	52.2
	6.054
	0.1
	0.1
	2
	5
	0
	0.0449
	0.0429
	4.45



	T-FRPCT4
	52.2
	8.072
	0.1
	0.1
	2
	5
	0
	0.0515
	0.0492
	4.47



	T-FRPCT5
	52.2
	10.090
	0.1
	0.1
	2
	5
	0
	0.0571
	0.0546
	4.38



	T-FRPCT6
	52.2
	12.108
	0.1
	0.1
	2
	5
	0
	0.062
	0.0593
	4.35



	T-FRPCT7
	52.2
	14.126
	0.1
	0.1
	2
	5
	0
	0.0662
	0.0634
	4.23



	T-FRPCT8
	52.2
	16.144
	0.1
	0.1
	2
	5
	0
	0.0699
	0.0671
	4.01



	T-FRPCT9
	52.2
	18.162
	0.1
	0.1
	2
	5
	0
	0.0732
	0.0703
	3.96



	T-FRPCT10
	37.2
	20.180
	0.1
	0.1
	2
	5
	0
	0.1015
	0.0966
	4.83



	T-FRPCT11
	42.2
	20.180
	0.1
	0.1
	2
	5
	0
	0.0915
	0.0874
	4.48



	T-FRPCT12
	47.2
	20.180
	0.1
	0.1
	2
	5
	0
	0.0831
	0.0797
	4.09



	T-FRPCT13
	52.2
	20.180
	0.1
	0.1
	2
	5
	0
	0.0761
	0.0731
	3.94







Note: w1T represents the finite element value of the first-order natural frequency of the tank liquid of FRPCTs without a floating top.













 





Table 5. The specific data of test specimens.
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Chen Z. P. [34]

	
Specimens

	
Hw (mm)

	
σtT (MPa)

	
σtS (MPa)

	
|σtT−σtS|/σtT

(%)




	
T-ST-14

	
20.18

	
93.73

	
96.17

	
2.55




	
T-ST-15

	
6.13

	
56.70

	
56.61

	
0.16




	
Chen Z. P. [34]

	
Specimens

	
Hw (mm)

	
σmT (MPa)

	
σmS (MPa)

	
|σmT−σmS|/σmT

(%)




	
T-ST-16

	
20.18

	
247.59

	
237.03

	
4.27




	
T-ST-17

	
6.13

	
19.00

	
19.04

	
0.21








Note: σtT represents the test value of the hoop stress of the storage tank. σtS represents the simulation value of the hoop stress of the storage tank. σmT represents the test value of the axial stress of the storage tank. σmS represents the simulation value of the axial stress of the storage tank.













 





Table 6. The peak equivalent stress of the FRPCTs.
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	Specimens
	D

(m)
	tc

(m)
	σ1max

(MPa)
	σ2max

(MPa)
	σ3max

(MPa)
	σ4max

(MPa)





	FRPCT1
	80
	0.8
	3.68
	6.08
	4.54
	2.88



	FRPCT2
	80
	1.0
	2.75
	4.81
	3.48
	2.27



	FRPCT3
	80
	1.2
	2.15
	3.98
	2.76
	1.86



	FRPCT4
	80
	1.4
	1.80
	3.3785
	2.25
	1.56



	FRPCT5
	80
	1.6
	1.56
	2.94
	1.88
	1.33



	FRPCT6
	100
	1.0
	3.67
	5.56
	2.83
	5.15



	FRPCT7
	100
	1.2
	3.07
	4.53
	2.29
	4.26



	FRPCT8
	100
	1.4
	2.57
	3.81
	1.92
	3.60



	FRPCT9
	100
	1.6
	2.15
	3.25
	1.61
	3.08



	FRPCT10
	100
	1.8
	1.82
	2.83
	1.38
	2.68



	FRPCT11
	100
	2.0
	1.55
	2.50
	1.19
	2.34



	FRPCT12
	120
	1.2
	4.03
	4.99
	4.95
	2.69



	FRPCT13
	120
	1.5
	2.96
	3.82
	3.80
	2.02



	FRPCT14
	120
	1.8
	2.21
	3.05
	3.01
	1.56



	FRPCT15
	120
	2.1
	1.69
	2.49
	2.44
	1.24



	FRPCT16
	120
	2.4
	1.33
	2.10
	2.04
	1.01



	FRPCT17
	150
	1.5
	3.71
	4.14
	4.39
	2.34



	FRPCT18
	150
	1.8
	2.67
	3.25
	3.4
	1.77



	FRPCT19
	150
	2.1
	1.98
	2.63
	2.71
	1.39



	FRPCT20
	150
	2.4
	1.53
	2.19
	2.22
	1.11



	FRPCT21
	150
	2.7
	1.23
	1.86
	1.86
	0.94



	FRPCT22
	150
	3.0
	1.02
	1.61
	1.58
	0.76







Note: σ1max represents the equivalent stress of inner FRP plate. σ2max represents the equivalent stress of inner RPC. σ3max represents the equivalent stress of outer FRP plate. σ4max represents the equivalent stress of outer RPC.













 





Table 7. The peak stress of the RPC.
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	Specimens
	D

(m)
	tf1(m)
	tf2(m)
	tc(m)
	σesmax (MPa)
	σesmax’ (MPa)
	σasmax’

(MPa)





	FRPCT1
	80
	0.1
	0.1
	0.8
	6.07
	5.15
	4.39



	FRPCT2
	80
	0.1
	0.1
	1.0
	4.80
	4.18
	3.41



	FRPCT3
	80
	0.1
	0.1
	1.2
	3.97
	3.491
	2.70



	FRPCT4
	80
	0.1
	0.1
	1.4
	3.37
	2.97
	2.17



	FRPCT5
	80
	0.1
	0.1
	1.6
	2.92
	2.58
	1.76



	FRPCT6
	100
	0.1
	0.1
	1.0
	5.76
	5.14
	4.50



	FRPCT7
	100
	0.1
	0.1
	1.2
	4.54
	4.25
	3.58



	FRPCT8
	100
	0.1
	0.1
	1.4
	3.81
	3.59
	2.89



	FRPCT9
	100
	0.1
	0.1
	1.6
	3.26
	3.08
	2.35



	FRPCT10
	100
	0.1
	0.1
	1.8
	2.84
	2.67
	1.92



	FRPCT11
	100
	0.1
	0.1
	2.0
	2.51
	2.34
	1.57



	FRPCT12
	120
	0.1
	0.1
	1.2
	4.99
	4.95
	4.39



	FRPCT13
	120
	0.1
	0.1
	1.5
	3.83
	3.80
	3.17



	FRPCT14
	120
	0.1
	0.1
	1.8
	3.05
	3.01
	2.33



	FRPCT15
	120
	0.1
	0.1
	2.1
	2.51
	2.34
	1.57



	FRPCT16
	120
	0.1
	0.1
	2.4
	4.99
	4.95
	4.39



	FRPCT17
	150
	0.1
	0.1
	1.5
	3.83
	3.80
	3.17



	FRPCT18
	150
	0.1
	0.1
	1.8
	3.05
	3.01
	2.33



	FRPCT19
	150
	0.1
	0.1
	2.1
	2.51
	2.44
	1.71



	FRPCT20
	150
	0.1
	0.1
	2.4
	2.11
	2.03
	1.26



	FRPCT21
	150
	0.1
	0.1
	2.7
	1.86
	1.85
	1.09



	FRPCT22
	150
	0.1
	0.1
	3.0
	1.61
	1.58
	0.78







Note:    σ  es   max    ,    σ  es     max ′       and    σ  as   max     denote the peak equivalent tensile stress of the inner RPC, the peak equivalent tensile stress of the outer RPC and the peak axial tensile stress of the inner RPC.
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FRPCT -11:¢, = 2.0m. D = 100m, o™ = 3.67MPa
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