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Abstract

:

In composite structures or complex concrete members, some concrete bears multiple forces, called core concrete. The properties of the core concrete are variable under complex stress conditions, which will influence the structure performance analysis. Therefore, it is necessary to establish an accurate and theoretical constitutive model of concrete under complex stress conditions. The elastic–plastic properties of concrete in complex stress conditions were analyzed first. Then, the failure criterion of concrete in complex stress conditions was discussed to identify the key parameters. And the relationship between the stress–strain curve and failure criterion was analyzed through mathematical derivation. Finally, the multi-dimensional iterative constitutive model of concrete under complex stress conditions was established and verified. Based on the analysis results, the concrete under multi-axial stress conditions shows a spindle-shape stress envelope diagram. The failure criterion should be established by the analysis of concrete under high multi-axial compression conditions, tension–compression conditions, and shear–compression conditions. The plastic modulus is the key to reflecting the plastic strain development trend and the stress–strain relationship.
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1. Introduction


In recent years, the “Artificial Intelligence+” and “Internet+” methods have been introduced into civil engineering, including construction, operation, and maintenance systems. The combination of structural analysis and computer technology is a development trend among civil engineers. In design and analysis, concrete is the most common construction material, and it is widely used in practical engineering. In various application scenarios, concrete will be under different complex stress conditions [1,2,3,4,5]. For example, concrete will be under a triaxial compression condition in concrete-filled steel tube columns. In composite joints, concrete will be under multi-axial tension–compression conditions. When composite members bear vertical load and horizontal load simultaneously, concrete will be under multi-axial shear–compression or cyclic stress conditions. The properties of the concrete in the complex structures are variable under complex stress conditions, which will influence the structural performance analysis. Therefore, it is necessary to clarify the properties of concrete under complex stress conditions for the structure design methods and structure performance analysis.



In existing studies [6,7,8,9,10], the mechanical properties of concrete under complex conditions have been analyzed by adjusting the correlation coefficients of uniaxial mechanical properties. However, the simplified analysis method cannot reflect the real mechanical response. With the development of computer technology, the difficulty of finite calculations in complex structure analysis is not a limiting factor. Therefore, complex and accurate constitutive models can be widely used in engineering analysis [11]. It is necessary to establish accurate and theoretical constitutive models for concrete under complex stress conditions.



Most existing studies have focused on the axial mechanics of confined concrete. In most existing models, the lateral force should be set before the calculation process, including the development trend and characteristic values. The simple calculation methods can lead to large deviations between the experimental data and the calculation results in the performance analysis of complex concrete structures because obtaining valid test data is difficult. And the theoretical model cannot correctly reflect the internal physical mechanisms of concrete under complex stress conditions. To establish an accurate and effective mechanical model, it is necessary to analyze the internal mechanical mechanism and the plastic characteristics through theoretical derivation. Then, reasonable parameters should be selected to establish an accurate constitutive model for concrete under complex stress conditions.




2. Complex Stress Conditions


As is known, all stress–strain curves of concrete exhibit elastic–plastic properties. But these curves show different development trends under different stress conditions. For any stress condition, it can be simplified that the concrete withstands axial forces (principal stresses) and shear forces (tangential stresses). Therefore, the complex stress conditions are discussed in the following forms: compression condition, tensile condition, and shear condition.



2.1. Compression Condition


The uniaxial compression condition of concrete is too common to discuss in this section. The multi-axial stress condition can be divided into biaxial and triaxial compression conditions. In existing studies [12,13], the concrete under multi-axial compression was mainly tested using the true triaxial compressive test and the conventional triaxial compressive test. The cubic specimen in the true triaxial compressive test can be loaded under three unequal axial stresses (i.e., σ1 ≥ σ2 ≥ σ3), as shown in Figure 1. The stress conditions with unequal axial stresses can objectively reflect the actual stress conditions, such as concrete confined by a nonuniform confining effect and the section under rotational deformation. And the finite element model is mainly divided by cubic elements. Therefore, the true triaxial test results were discussed.



The biaxial compression test results of concrete are shown in Figure 2a, which reveals a parabolic relationship between the two stresses. With the increase in the middle axial stress, the maximum axial stress initially increases, followed by a decreasing trend. Based on the relationship between the two axial stresses, the different stress combinations can be analyzed to draw the following conclusions: (1) the middle stress is an important factor for the limit conditions of concrete because the maximum stress changes with the middle stress; (2) the single stress differences (i.e., σ1 − σ3, σ1 − σ2 or σ2 − σ3) cannot be key parameters because these stress differences do not reflect the parabolic relationship between the two axial stresses; (3) the maximum stress is independent of the spherical stress (σm, 3σm = σ1 + σ2 + σ3), because there may be two stress points with the same spherical stress values in Figure 2a; (4) the stress envelope curve can be represented by the maximum stress difference (σ1 − σ3) and the middle stress (σ2), based on the stress analysis in Figure 2a.



In order to study the mechanical properties of concrete under multi-axial compression, the test results [12,13] are summarized in 3D coordinate diagrams. If there is no axial stress order, the stress diagram can be plotted, as shown in Figure 2b. In this stress diagram, the stress points should be symmetrical about the σ1 = σ2 plane and the σ2 = σ3 plane.



Based on the 3D stress envelope, the following conclusions can be drawn: (1) The stress envelope is a “spindle-shaped surface” with the isotropic line as the central axis rather than the “open-cone-shaped surface” proposed in prior studies. The open-cone-shaped surface means that the axial stress increases continuously with the increase in hydrostatic stresses, but concrete may be crushed. The crushed concrete under high triaxial pressure will produce a spindle-shaped surface. (2) Most stress data are at lower stress levels, which just reflects the development trend of higher stress levels. (3) Hydrostatic stresses (σ1 = σ2 = σ3) strongly influence the stress conditions, which differ from the spherical stress (σm). The spherical stress is σm = (σ1 + σ2 + σ3)/3, while hydrostatic stress is the stress condition where three axial stresses are equal. There may be two stress points with equal spherical stress in the stress space. Therefore, spherical stress is an average stress, while hydrostatic stress is equal to the smallest stress. It is not appropriate to use the average stress to represent the minimum stress. (4) At the same hydrostatic stress, the relationship between the two bigger stresses is similar to the biaxial test results. (5) The hydrostatic stresses and the middle stress are key parameters to influence the stress conditions of concrete under multi-compression conditions.




2.2. Tensile Conditions


Because the tensile conditions include multi-axial tensile, tension–compression, tension–compression–compression, and tension–tension–compression, most studies have shown that lateral forces have no effect on the maximum tensile stress (σ1) of concrete. These test results [14] showed that the tensile stress of concrete is minor, which means the tensile stress loss can be ignored. Therefore, the tensile stress of concrete in any stress condition is similar to uniaxial tensile stress. But some existing studies [15,16] have shown that lateral compressive stress would reduce tensile stress. The reduced value is too small to influence the mechanical analysis. It is reasonable to take uniaxial tensile stress as a substitute for the tensile stress in the multi-axial stress condition. However, the lateral tensile stress (σ1) considerably reduces the maximum compressive stress (σ3), based on existing studies [16]. The biaxial tension–compression condition often occurs in some key members, such as the joints and the negative Poisson’s ratio structures, which would lead to critical damage.




2.3. Shear Conditions


For the member under complex stress conditions (e.g., lateral shear force or torsional force), the concrete is often under the shear condition. Under the shear condition, concrete bears the combination of axial loads and shear forces. Therefore, the shear effect on the properties of the concrete is critical. Based on test results [17], the relationship between compressive stress and shear stress is drawn in Figure 3. The shear–compressive stress envelope is elliptical, which means the axial compressive stress can improve the shear stress under low-stress conditions. And the shear stress will reduce the compressive stress under high-stress conditions. It is necessary to introduce shear stresses in the failure criterion.



In most constitutive models, the stress converted method is introduced to analyze the effect of shear stress, and to establish the failure criterion. There are some converted methods in existing failure criterion, as follows:



(1) The maximum shear stress is defined directly (see Equation (1a)). Then, the corresponding shear stresses and axial stresses are converted into the axial stresses, based on the Mohr Circles theory (see Equation (1b)).


       σ 0  =    σ 1  +  σ 3    / 2      τ 0  =    σ 1  −  σ 3    / 2      



(1a)






      σ =  σ 0  +  τ 0   cos 2  θ     τ =  τ 0  sin 2 θ      



(1b)







(2) The shear and axial stresses are converted into octahedral stresses, as shown in Equation (2). The method is widely used in most failure criteria.


       σ  o c t   =    σ x  +  σ y  +  σ z   3       τ  o c t   =  1 6         σ x  −  σ y     2  +      σ y  −  σ z     2  +      σ z  −  σ x     2  + 6    τ  x y  2  +  τ  y z  2  +  τ  z x  2           



(2)







(3) The converted relationships between shear stresses and axial stresses are defined directly. The classical method is the double-shear unified strength theory, as shown in Equation (3).


           σ  12   =    σ 1  +  σ 2    / 2      σ  23   =    σ 2  +  σ 3    / 2      σ  31   =    σ 1  +  σ 3    / 2              τ  12   =    σ 1  -  σ 2    / 2      τ  23   =    σ 2  -  σ 3    / 2      τ  31   =    σ 3  −  σ 1    / 2          



(3)







As the analysis above shows, the converted method of the shear stresses is the key to establishing the failure criterion of concrete. The converted relationship should be proposed to reflect the mechanical properties of concrete in complex stress conditions. Therefore, it is necessary to study the mechanism of shear stress and its effect on axial stress initially. In future research, the shear stress under the lateral confining effect should be analyzed using compressive–shear tests. And the conversion mechanism of shear stress to axial stresses should be studied to propose the conversion equation.





3. Failure Criterion of Concrete under Complex Stress Conditions


The stress–strain curve of concrete can be divided into three stages: the elastic stage, the elastic–plastic stage, and the softening stage. The differences between the three stages can be reflected in loading and unloading rules, which have been discussed in existing studies [18]. The stress point between the elastic stage and elastic–plastic stage can be determined by the yield criterion. In the elastic–plastic stage, the yield surface expands with the increase in plastic strain. At the peak point, the yield surface is referred to as the failure criterion. However, the elastic stage is too short to define. It can be assumed that concrete just has the elastic–plastic stage and softening stage.



Based on above analysis, the test results of concrete under shear stress are too limited to define the converted relationship between shear stress and axial stresses. This paper only uses the axial stresses to establish the failure criterion in this section. Based on stress analysis (sees Figure 2), the key factors of the failure criterion for concrete under complex stress conditions are the middle stress (σ2), shear stress, and the hydrostatic stress.



To establish the failure criterion of concrete under multi-axial stress conditions, the first author improved the double-shear strength theory [19] to focus on the effects of shear and hydrostatic stresses. The test results show that confined concrete belongs to lower lateral stress levels (i.e., σ3: σ1 > 4). It means that shear stress is more important than hydrostatic stress. Then, the five-parameter failure criterion is proposed, as follows:


  F =  τ  13   +  τ  12   + β    σ  13   +  σ  12     + A  σ m  +  B 1       τ  13   +  τ  12      2  = C ,   F ≥  F ′   



(4a)






   F ′  =  τ  13   +  τ  23   + β    σ  13   +  σ  23     + A  σ m  +  B 2       τ  13   +  τ  23      2  = C ,   F ≤  F ′   



(4b)




where σm is the spherical stress, σm = (σ1 + σ2 + σ3)/3; A, B1, and B2 represent the influence coefficients. It should be noted that the spherical stress is introduced to replace the hydrostatic stress [12].



In the cylindrical coordinate system, Equation (4) can be expressed as follows:


  ξ =  a 0  +  a 1  ρ +  a 2   ρ 2  ,   φ = 0  



(5a)






  ξ =  b 0  +  b 1  ρ +  b 2   ρ 2  ,   φ = 60 °  



(5b)




where    a 0  =  b 0  =    3  C   A + 2 β    ,    a 1  = −   3  2  +  2  β   2 A + 4 β    ,    a 2  = −   3  3   B 1    2 A + 4 β    ,    b 1  = −   3  2  −  2  β   2 A + 4 β    ,    b 2  = −   3  3   B 2    2 A + 4 β    .



To solve Equation (5), which has five unknown parameters, five stress points should be selected as the boundary conditions. The five stress points are uniaxial tensile stress (3½ α/3, 6½α/3, 0), uniaxial compressive stress (−3½/3, 6½/3, 60°), biaxial compressive stress (−2*3½ αbc/3, 6½αbc/3, 0), triaxial tensile stress (3½ α, 0, 0), and a stress point on the compressive meridian (−ξ2, ρ2, 60°). It should be noted that triaxial tensile stress is equal to the uniaxial tensile stress (i.e., σt = σttt). Based on the boundary conditions and corresponding reference [12], the parameters in Equation (5) can be expressed as follows:


    a 2  =   3  3  α   2   α  α  b c   −  α  b c  2        ,    a 0  =  b 0  =  3  α   ,    a 1  =   3  α 2  + 2  α  b c   α − 2  α  b c  2     2     α  b c  2  − α  α  b c       ,     b 1  =   2  ξ 2  −  3   ρ 2 2  −  3  α   3  ρ 2 2  − 2      6   ρ 2 2  − 2  ρ 2      ,  b 2  =      6   ξ 2  −  3   ρ 2    −  3  α   3  ρ 2  −  6      2  ρ 2  −  6   ρ 2 2      











The proposed model has been validated in prior research [12], and the suitable situations are where the lateral force is relatively close to and far less than the axial compressive stress. However, the model is not applicable to the following conditions: (1) there are significant differences in the three axial stresses (i.e., σ1 ≠ σ2 ≠ σ3); (2) the hydrostatic stresses are high.



Furthermore, the test results are insufficient and can only be qualitatively analyzed to identify the key factors and the influence trends. It is difficult to establish an accurate model based on the existing test results. It is necessary to propose a detailed study on concrete under multi-axial stress conditions.




4. Multi-Dimensional Constitutive Model of Concrete under Complex Stress Conditions


The constitutive model is the calculation method of the stress–strain curve, which is important for reflecting on the material properties. However, most existing studies only use failure criteria to compute the peak stress. And they propose the relationship curve between stress and strain. In the simple method, the relationship between the constitutive model and the failure criterion is weak, and the loading path should be set first. If the concrete is confined by uneven lateral pressure or under other complex stress conditions, the stress–strain curve will be difficult to predict (see Figure 4) [18]. Therefore, these simple constitutive models are not suitable for concrete under complex stress conditions. To solve the above problems, it is necessary to present a theoretical analysis of the failure criterion and identify the key parameters of the stress–strain curve.



Based on the existing studies [20,21], the stress–strain curve can be directly divided into the elastic–plastic stage and the softening stage. Therefore, it is necessary to establish relationships between the stress–strain characteristics and the failure criteria. Then, the multi-dimensional constitutive model of concrete can be established by iterative processes based on the plastic deformation, the hardening trend, and the softening trend.



4.1. Elastic–Plastic Stage


4.1.1. Multi-Dimensional Elastic–Plastic Constitutive Model


In each iteration step, the strain increment (dε) includes the elastic strain (dεe) and the plastic strain (dεp), i.e., dε = dεe + dεp. Then, the stress increment can be expressed as follows:


  d σ =  D e    d ε − d  ε p     



(6)




where [De] is the elastic matrix, as follows:


    D e  =           K + 4 G / 3     K − 2 G / 3     K − 2 G / 3           K + 4 G / 3     K − 2 G / 3               K + 4 G / 3                                                           s y m        G                 G                 G                 K =  E  3 ( 1 − 2 ν )       G =  E  2 ( 1 + ν )       ν =       3 K − 2 G   2 ( 3 K + G )     



(7)




where K is the Bulk modulus, G is the shear modulus, ν is the Poisson’s ratio.



The key parameters should be derived again to form the new derivation process for computing software. Based on the generalized plasticity theory, the plastic strain increment is:


  d  ε p  = d λ ⋅  n l  =   d σ ⋅  n l   A   



(8)




where dλ is the plastic multiplier, A is the plastic modulus, nl is the unit vector perpendicular to the yield surface (f).



It should be noted that when the stress point is on the yield surface, the direction of strain increment (nl) is determined by the yield surface. If the stress point is at the yield surface, the direction of strain increment (n) should be determined by the plastic energy surface (g). If the associated flow rule is adopted, the yield surface should be equal to the plastic potential energy surface, as follows:


  n =  n l  =   ∂ f   ∂ σ    



(9)







By combining Equations (6)–(9), as follows:


  d λ =      D e    d ε   A +    D e     n l     



(10)







Then, by combining Equations (6), (8), and (9), as follows:


      d  ε p  =      D e     n l  d ε   A +    D e     n l        d σ =      D e    −      D e     n l     D e      A +    D e     n l      d ε      



(11)








4.1.2. Initial Plastic Modulus


In the elastic–plastic stage, the plastic modulus on the yield surface can be obtained by the coordination equation of the boundary interface, as follows:


  d f        σ 0       H n        =   ∂ f   ∂  σ 0    d  σ 0  +   ∂ f   ∂  H n    d  H n  = 0  



(12)




where Hn is the hardening parameter, which can be the corresponding spherical stress when the generalized shear stress is zero (i.e., J2 = 0).



By combining Equations (8) and (12), as follows:


  A = −   ∂ f   ∂  H n      d  H n    d λ   = 0  



(13)







Based on the critical state model, the volumetric strain variation equation:


    d  H n     H n    = k d  ε v p   



(14)




where k is the material parameter, which relates to material characteristics (e.g., Poisson’s ratio and plasticity properties).



By combining Equations (13) and (14), the plastic modulus is:


  A = − k  H n    ∂ f   ∂  H n      d f   d σ    



(15)









4.2. Softening Stage


Based on study [13], the significant damage leads to the softening process of concrete. Therefore, the softening process is the degradation process of mechanical properties, which means the failure surface shrinks constantly. The study [13] used the energy method to predict the softening properties of confined concrete. The study results show that the strain dissipation energy of unconfined concrete and three types of actively confined concrete are the same. Therefore, the dissipation energy can be used as the foundation for predicting the softening curve in further research. It means that the strain calculation model can be established by adjusting the constitutive model of unconfined concrete. The calculation iteration process is shown in Figure 5, which has been published in the study [13]. Then, the compiled program can be applied in this paper.



The above process can provide relatively accurate prediction results for conventional confined concrete. However, the study is presented by experimental analysis. It cannot predict the stress–strain curve of concrete in complex stress conditions, as shown in Figure 4b. It is not possible to provide a more scientific explanation for the softening stage, and connect it with the failure criterion because of lack of test data and theoretical analysis. The solutions will be discussed in the following section.




4.3. Cycle Loading


4.3.1. Loading–Unloading Path


In this section, the two-stage curve is an example to describe the mechanical properties of concrete in the cyclic loading path, as shown in Figure 6. The cyclic stress–strain curve includes the following stages. (1) initial loading stage (i.e., OA path), which includes the elastic–plastic rise stage (i.e., OA1 path) and the softening stage (i.e., A1A2 path); (2) unloading stage (i.e., AB path), which shows an elastic trend, which means the plastic displacement would not change until unloading completion; (3) reloading stage (i.e., BC path), which shows an elastic–plastic trend; (4) re-unloading stage (i.e., CD path), which shows an elastic trend; (5) reloading stage (i.e., DE path), which shows an elastic–plastic trend. Based on the above rules, the loading–unloading path is set. And the plastic modulus in the process will be discussed in the following section, which outlines the mapping rule.



Based on the above analysis, there are two obvious states, namely, the loading state and the unloading state. There are two judging conditions. When σ*dε < 0, the stress point is in the unloading state, and the stress–strain curve shows an elastic trend. When σ*dε ≧ 0, the stress point is in the loading state, and the stress–strain curve shows an elastic–plastic trend. The elastic–plastic curve should be calculated by Equation (11), which uses the plastic modulus to reflect the plastic property. It should be noted that concrete experiences continuous damage with increasing plastic deformation. The concrete damage leads to the following stress characteristics: (1) the peak stress (E) of the reloading curve is lower than the unloading stress (A2); (2) the unloading stiffness is lower than the elastic modulus, which will decrease as the damage increases.




4.3.2. Plastic Modulus and Mapping Rule


As discussed in Section 4.1.1, the plastic modulus is defined to compute the stress and strain increments. If the stress point is within the yield surface, the plastic potential energy surface should be determined by the mapping rule. The mapping rule of the incremental boundary surface can refer to the existing radial mapping rule [22]. And the strain increment direction is known because the plastic potential energy surface is similar to the yield surface.



In this section, the yield surface in the p-q stress space is an example to discuss the mapping rule of the boundary surface, as shown in Figure 7. The mapping point (p0, q0) on the yield surface is the intersection point between the yield surface and the mapping line. The mapping line passes the origin point and the stress point (pn, qn). Therefore, there is a unique mapping point on the yield surface corresponding to the stress point. And δ0 and δ are distance from the origin point and the stress point to the mapping point, respectively. Then, the corresponding plastic modulus on the plastic potential energy surface is established by the interpolation method, based on the stress distance.



The plastic modulus can be computed as follows:


  A =   A   n d           q   0       q   n         m    



(16)






  m =   m   0   ∗ e x p ⁡ ( − D  ∫  d     ε   p       )  



(17)




where m is the reduction parameter caused by the plastic strain.





4.4. Calculation Steps and Programs


In the proposed derivation process, some initial parameters should be set first, including the elastic matrix, the calculation method of the yield function and plastic modulus, the strain increment (dε), and targeted strain path. Then, plastic strain increment should be calculated by the current stress condition and the corresponding calculation method. Finally, the stress increment should be calculated by the plastic strain, and the new stress condition is updated to begin the new cycle steps. The detailed process of the proposed constitutive model can be established by the following steps:




	(1)

	
Determine the stress condition. If it is not a cyclic process, the step should calculate the hardening parameter (Hn) using the yield function (f) and the current stress condition. If it is a cyclic process, the step should compute the mapping point (p0, q0).




	(2)

	
Compute the plastic modulus (A). The value can be computed by Equations (15)–(17).




	(3)

	
Compute the stress increment and the plastic stain by Equation (11). Then, the process can obtain the stress point in the next step.




	(4)

	
Judge whether the stress exceeds the peak stress. If it does, the step should use the iteration process of the softening curve to recalculate the stress point.




	(5)

	
Update the new yield surface equation and new stress point. It should be noted that the hardening parameter is not updated in the cyclic process.









The above steps can be expressed in the process shown in Figure 8. In the calculation process, some key parameters should be set or calculated, which are clarified as follows: In the first step, the yield function should be selected. In this paper, the yield function was expressed in Equation (4). And the special stress point (p = 0) is introduced into Equation (4) to compute the hardening parameter (Hn). Then, the current stress point (p, q) is used to compute the mapping point (p0, q0). In the second step, the plastic modulus (A) is computed by the envelope plastic modulus (And) and Equations (15)–(17). And the equation of envelope plastic modulus (And) is And = a*exp(−b*ε) + c*exp(−d*ε). In the third step, the plastic strain and stress are computed by the yield function, the elastic matrix, and the strain increment in Equation (11). In the fourth step, the computed stress should be assessed. If the computed stress is over peak stress, the stress should be recalculated by the energy method, which has been studied by the first author. In the fifth step, the stress point and yield function are summarized and then updated in the subsequent cycle steps. It should be noted that all parameters in the above steps should be defined by material test and analysis, such as the elastic matrix, the yield function, and the softening function. This section provides an approach for linking material properties with the mechanical performance of composite structures. Therefore, the corresponding parameters should be changed for different materials.




4.5. Model Verification


This section verifies the proposed model by calculation results and test results. The test results [12,18] belong to the confined concrete under uniaxial loading, including actively and passively confined concrete. The curve comparisons are shown in Figure 9. The verification results show that the proposed model can provide accurate prediction results and have wide applicability. However, the proposed model has many limitations, and can only apply to ordinary concrete. The accurate mode should be based on an extensive reasonable database. Afterward, future research should analyze the mechanical mechanism and identify the key influence factors. In this model, the elastic model of confined concrete is 30 GPa. The yield function is shown in Equation (5b), where b0 = 15, b1 = 146, b2 = 873. In the equation of And, a = 2.2 × 108, b = 1.96, c = 1.05 × 103, d = 1.11. It should be noted that the parameters are valid compared to previous studies, but the parameters should be reset by new materials.



Since there are few cyclic curves for concrete, this paper uses the cyclic shear test results [23] of soil to verify the proposed constitutive model. The verification curves include the single shear curve and the cyclic shear curve, as shown in Figure 10. It can be seen that the peak stress of each cycle curve decreases with the increase in the cycle number. And the stress reduction value also continuously decreases till constant. The verification results in Figure 10 show that the proposed model can provide accurate prediction results for cyclic shear tests. In this model, the elastic model of confined concrete is 7.3 GPa. The yield function is the Cambridge model, where R = 3. In the equation of And, a = 7.3 × 1010, b = 6.6, c = 3.38 × 104, d = 1.3. It should be noted that the parameters are valid compared to previous studies, but the parameters should be reset by new materials.





5. Conclusions


For a complex structural system, the concrete in key members would be under complex stress conditions. It is necessary to clear the properties of the core concrete for accurate mechanical analysis. Therefore, this paper studied the mechanical mechanism of concrete under complex stress conditions to propose the failure criterion, including multi-axial compression, multi-axial tension–compression, and shear–compression conditions. Then, the calculation methods of the constitutive model were derived by stiffness matrix, plastic modulus, stress, and strain increment. Finally, the failure criterion was applied to each analysis step to establish the constitutive model based on the proposed iterative process. As mentioned above, the proposed model has a theoretical derivation process and can predict the mechanical properties of concrete under complex stress conditions by basic material parameters. Based on the above study, the following conclusions can be drawn:




	(1)

	
The stress envelope diagram of concrete under multi-axial stress conditions shows the “spindle” shape with the isoclinic line as the central axis, which passes through the axis origin. This is because the concrete may be crushed under high triaxial pressure, which will produce a spindle-shaped surface.




	(2)

	
The hydrostatic stresses (σ1 = σ2 = σ3) have an obvious effect on the limit condition of concrete under multi-axial compression, which differs from the spherical stress (σm) used in most existing studies because there may be two equal spherical stress points in the stress space. Therefore, spherical stress is an average stress, while hydrostatic stress is equal to the smallest axial stress.




	(3)

	
The middle stress, the shear stress, and the hydrostatic stress can establish the failure criterion model. However, the effect of shear stress under confining pressure is hard to express by characteristic stresses, which should be clarified in future studies.




	(4)

	
In the iterative calculation process of the proposed constitutive model, the hardening parameter is the key to reflecting the yield surface. And the hardening parameter can be reflected by the plastic modulus, based on corresponding formula derivation.




	(5)

	
The plastic modulus is the key to reflecting plastic behavior, including the plastic development trend and the cycle of mechanical behavior. Therefore, the calculation method of plastic modulus is the key to establishing the constitutive model. And the true triaxial test results are the most important parameters that should be focused on in the future.









In this paper, the proposed model can predict the mechanical properties of concrete under complex stress conditions. However, the study results are far from meeting the analysis requirements, for the following reasons: First, there is a lack of experimental results on concrete under high multi-compression conditions. Especially, the test results of concrete under 100 MPa-confining pressure are too few to allow for a detailed analysis of the yield surface of concrete under complex stress conditions. Second, there are few studies that focus on the mechanical properties of concrete under multi-axial tension–compression conditions, which is common in practical engineering. Third, the theoretical foundation is not enough to clarify the converted method for the elliptical relationship between axial stresses and shear stress. It is necessary to supplement relevant experimental studies and theoretical analysis in the future, especially for the mechanical mechanism and mathematical expression of concrete under complex stress conditions.
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Figure 1. Schematic diagram of true triaxial stress. 
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Figure 2. Stress condition of concrete under multi-axial compression. 
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Figure 3. Stress condition of concrete under shear–compressive condition. 
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Figure 4. The stress–strain curve of concrete confined by complex pressure. 
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Figure 5. Calculation iteration process of the softening curves. 
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Figure 6. Stress-strain curve of concrete in the axial cyclic loading. 
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Figure 7. Mapping rule in p-q stress space. 
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Figure 8. Solution program of the constitutive model of concrete. 
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Figure 9. The model verification of confined concrete. 
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Figure 10. The model verification of soil under shear loading. 
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