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Abstract

:

To enhance the theoretical basis for the half-wavelength evaluation of high-order local buckling of section steel used as inner core of buckling-restrained brace, this paper conducts theoretical and numerical studies on the local buckling development of an H-section steel core of buckling restrained brace. Firstly, the elastic buckling development of the flange under monotonic compression is theoretically discussed based on the elastic buckling theory of plate and the principle of virtual displacement. The numerical model for the buckling restrained brace with H-section steel core is then established based on Abaqus, and the elastic buckling development of the flange is validated. Finally, further numerical studies are conducted to reveal the elasto-plastic buckling development of the flange and web under cyclic loading. It is found that the local buckling development of the flange and web of the H-section steel core are different from that of the flat plate core of buckling restrained brace. Under cyclic loading, the shortest buckling wave of the flange and web are induced by the buckling of plates on the two sides of the contact point near the ends. It is confirmed that there is no need to consider the lateral support from the restraining members to evaluate the minimum half-wavelength of high-order local buckling for section steel core of buckling-restrained brace.
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1. Introduction


Buckling-restrained braces (BRBs) have been widely used to improve the seismic performance of engineering structures for their excellent energy dissipation capability [1,2,3]. A well designed BRB can yield both in tension and compression and then provides stable elasto-plastic hysteretic behaviors. In local stability and fatigue design of BRBs, the half-wavelength of buckling of the inner core is a key parameter. For the flat plate core of BRB, the half-wavelength of buckling used to be commonly evaluated based on the classical Euler’s formula, where the flat core was regarded as a bar without any lateral restrains [4,5,6,7,8]. However, in BRBs, the inner core is actually continuously restrained by the restraining members, and due to the lateral support provided by the restraining members, the buckling wave of the flat plate core might be twice as long as that calculated based on the classical Euler’s formula [9,10,11]. As a result, it has been widely believed that the lateral support provided by the restraining members should be considered to evaluate the half-wavelength of buckling of the flat plate core, while directly adopting classical Euler’s formula for calculation is theoretically defective [9,10,11,12,13,14,15].



Recently, to provide greater stiffness and yield force in limited space, as well as for the advantages on global and local stability, section steels, especially H-section steels, have become increasingly popular in the fabrication of BRBs [16,17,18,19,20,21,22,23,24,25,26,27]. Test results showed that when the H-section steel core was effectively restricted, the high-order local buckling of the flange and web was the governmental buckling mode of the inner core [22,23,24,25], indicating that the half-wavelength of high-order local buckling of H-section steel core should be the key parameter for local stability design and fatigue analysis of corresponding BRBs. According to the research achievements based on the flat plate core mentioned above, it is natural to deduce that the lateral support provided by the restraining member should also be considered to evaluate the half-wavelength of high-order local buckling of H-section steel core. However, test results showed that the classical buckling theory of a plate with no lateral supports taken into account predicted the half-wavelength of high-order local buckling quite well, not only for the H-section steel core but also for the angle steel core [23,24,25,26,27].



Investigation into the buckling development of inner core is the basis for the half-wavelength evaluation. Large amounts of studies have been conducted on this aspect, however, most of them focused on the flat plate core, and the research on section steel cores were rather limited [28]. As a result, even if the evaluation method based on the classical buckling theory of plate with no lateral supports considered can well predict the half-wavelength of higher-order local buckling of section steel core, it still seems to be doubtful and theoretically defective.



Against this background, this paper conducts theoretical and numerical investigations on the local buckling development of an H-section steel core of BRB, to enhance the theoretical basis for the half-wavelength evaluation of high-order local buckling of section steel used as inner core of buckling-restrained brace. Firstly, theoretical analyses on the elastic buckling development of flange under monotonic compression based on the elastic buckling theory of plate and the principle of virtual displacement are described. Then, the numerical model for the BRB with H-section steel core is established and the elastic buckling development of the flange is validated. Finally, further numerical studies are conducted to reveal the elasto-plastic buckling development of the flange and web under cyclic loading, and the rationality of the existing half-wavelength evaluation method for higher-order local buckling of section steel cores of BRBs with no lateral supports considered is proved.




2. Theoretical Analyses on the Elastic Buckling Development of Flange


Given that the double integral of the shape function of web can hardly be obtained, only the elastic buckling development of flange is theoretically discussed in this section.



2.1. Analytical Model


To investigate the buckling behavior of the flange, buckling theory of plate should be used. As part of the core member of BRB, once the first order buckling occurs, the buckled flange will contact the restraining member and then an out-plane contact force P will be induced, as shown in Figure 1.



Meanwhile, when the clearance between inner core and restraining member is properly designed, the axial stress on the cross section of inner core can be regarded as uniformly distributed. Then, the analytical model for the restrained flange can be simplified as a rectangular plate with boundary conditions of “three edges simply supported, the other free” [23,24,25,27], under the combined action of in-plane uniform load Nx and out-plane contact force P (lateral support) in the middle of the free edge, as shown in Figure 1.




2.2. Elastic Buckling Development of Flange


Based on the analytical model presented in Figure 1 and the principle of virtual displacement, it can be obtained that [29],


    δ  T v    =  1 2  δ   ∬   [  −  N x     (    ∂ w   ∂ x    )   2   ]     dxdy      +  D 2  δ       ∬   {   (     ∂ 2  w   ∂  x 2    +    ∂ 2  w   ∂  y 2     )        2  − 2  (  1 − υ  )   [     ∂ 2  w   ∂  x 2       ∂ 2  w   ∂  y 2    −    (     ∂ 2  w   ∂ x ∂ y    )   2   ]   }  dxdy    



(1)




where the left-hand side in this equation represents the work done during the virtual displacement by the lateral contact force P, the right-hand side is the corresponding change in the strain energy of the plate, Nx denotes the magnitude of axial in-plane force per unit length, D is the flexural rigidity of the plate, and w is the deflection of the plate. For the flange, the general expression for the deflection w that satisfies the boundary conditions of “three edges simply supported, the other free” is


  w =   ∑  m = 1  ∞    a m  sin   m π x  a    ⋅  y b   



(2)




where a and b are the length and width of the investigated flange, respectively, as shown in Figure 1, and am is an undetermined coefficient. Taking the derivative of Equation (2), it can be obtained that


    ∂ w   ∂ x   =   ∑  m = 1  ∞    a m  ⋅    m π   a  ⋅ cos    m π x   a  ⋅  y b     



(3)






     ∂ 2  w   ∂  x 2    = −   ∑  m = 1  ∞    a m  ⋅    m 2   π 2     a 2    ⋅ sin    m π x   a  ⋅  y b     



(4)






     ∂ 2  w   ∂ x ∂ y   =   ∑  m = 1  ∞      a m   b  ⋅    m π   a  ⋅ cos    m π x   a     



(5)






     ∂ 2  w   ∂  y 2    = 0  



(6)







It is worth noting that when   m ≠   m ′    


     ∫ 0 a   cos    m π x   a  cos     m ′  π x   a     dx =    ∫ 0 a   sin    m π x   a  sin     m ′  π x   a     dx = 0  



(7)




so


        ∫ 0 b      ∫ 0 a    (    ∂ w   ∂ x    )        2  dxdy =      ∫ 0 b      ∫ 0 a    (    ∑  m = 1  ∞    a m 2  ⋅    m 2   π 2     a 2    ⋅   cos  2     m π x   a  ⋅    y 2     b 2       )        dxdy      =   ab  6    ∑  m = 1  ∞    a m 2     m 2   π 2     a 2         



(8)






        ∫ 0 b      ∫ 0 a    (     ∂ 2  w   ∂  x 2     )        2  dxdy =      ∫ 0 b      ∫ 0 a    (    ∑  m = 1  ∞    a m 2  ⋅    m 4   π 4     a 4    ⋅ si  n 2     m π x   a  ⋅    y 2     b 2       )        dxdy      =   ab  6    ∑  m = 1  ∞    a m 2     m 4   π 4     a 4         



(9)






        ∫ 0 b      ∫ 0 a    (     ∂ 2  w   ∂ x ∂ y    )        2  dxdy   =    ∫ 0 b      ∫ 0 a    (    ∑  m = 1  ∞      a m 2     b 2    ⋅    m 2   π 2     a 2    ⋅   cos  2     m π x   a     )        dxdy      =  a   2 b      ∑  m = 1  ∞    a m 2     m 2   π 2     a 2         



(10)




and then the items in the right-hand side of Equation (1) can be obtained as follows,


    −  1 2  δ    ∬   N x   (    ∂ w   ∂ x    )     2  dxdy   = −   ab   12    N x   ∂  ∂  a  mi      (    ∑  m = 1  ∞    a m 2     m 2   π 2     a 2       )  δ  a  mi        = −   ab  6   N x   a  mi      m i 2   π 2     a 2    δ  a  mi      



(11)






     D 2  δ    ∬   (     ∂ 2  w   ∂  x 2    +    ∂ 2  w   ∂  y 2     )     2  dxdy   =    π 4  ab   12   D  ∂  ∂  a  mi      (    ∑  m = 1  ∞    a m 2     m 4     a 4       )  δ  a  mi        =    π 4  ab  6  D  a  mi      m i 4     a 4    δ  a  mi      



(12)






    −  D 2  δ   ∬  2  (  1 − υ  )   [     ∂ 2  w   ∂  x 2       ∂ 2  w   ∂  y 2    −    (     ∂ 2  w   ∂ x ∂ y    )   2   ]     dxdy     =   D  (  1 − υ  )  a   2 b    ∂  ∂  a  mi      (    ∑  m = 1  ∞    a m 2     m 2   π 2     a 2       )  δ  a  mi   =   D  (  1 − υ  )  a  b   a  mi      m i 2   π 2     a 2    δ  a  mi      



(13)




where mi is the specific value of coefficient m corresponding to δami.



As to the left-hand side in Equation (1), to obtain a virtual deflection δw, we give to a coefficient ami an increase δami. Then, based on Equation (2), the corresponding deflection of the plate is


  δ w = δ  a  mi   ⋅ sin    m i   π x   a  ⋅  y b   



(14)







The work done during this virtual displacement by the lateral force P is


  δ  T   v ,   a  mi     = P ⋅ δ  a  mi   ⋅ sin    m i   π ξ   a  ⋅  η b   



(15)




where ξ and η are the coordinates of the location of lateral force P.



Substituting Equations (11)–(13) and (15) into Equation (1), it can be obtained that


   a  mi   =   P ⋅ sin    m i   π ξ   a  ⋅  η b       π 4  abD  6  ⋅    m i 4     a 4    +    (   1 − υ   )   π 2  aD  b  ⋅    m i 2     a 2    −    N x   π 2  ab  6  ⋅    m i 2     a 2       



(16)







Then substituting these values of the coefficients ami into Equation (2), the deflection of the plate can be found to be


  w =   6 P    π 4  abD     ∑  m = 1  ∞     sin    m π ξ   a  ×  η b       m 4     a 4    +   6  (  1 − υ  )   m 2     a 2   b 2   π 2    −    N x   m 2     a 2   π 2  D       sin    m π x   a  ⋅  y b   



(17)







Given that P acts in the middle of the free edge as shown in Figure 1, hence, the coordinates for the loading point of P are ξ = a/2 and η = b, then Equation (17) can be rewritten as follow.


  w =   6 P    π 4  abD     ∑  m = 1  ∞     sin    (  2 m − 1  )  π  2         (  2 m − 1  )   4     a 4    +   6  (  1 − υ  )     (  2 m − 1  )   2     a 2   b 2   π 2    −    N x     (  2 m − 1  )   2     a 2   π 2  D       sin    (  2 m − 1  )   π x   a  ⋅  y b   



(18)







Wu et al. used to conduct research on the buckling mode development of flat steel plate core of BRBs [9]. It was proved that under the increasing axial load Nx, the first order global buckling of the flat plate core would occur first as presented in Figure 2a, and with the increase in axial load, the curvature at the contact point would decrease to 0, followed by the appearance and development of a flat segment, as shown in Figure 2b. With the further increase in applied force, the flat segment would buckle, and then the higher order buckling of the flat core would appear, as shown in Figure 2c. In this paper, the buckling development of flange is theoretically discussed based on the same analysis procedure proposed by Wu et al., starting with the calculation of axial load when the curvature of the flange at the contact point is 0.



Substituting the coordinates of the contact point (x = a/2, y = b) into Equation (18) and then taking the second derivative of the deflection, it can be obtained that


     ∂ 2  w   ∂  x 2     |     x =  a 2  , y = b     =   6 P    π 4  abD     ∑  m = 1  ∞    1       (  2 m − 1  )   2     a 4    +   6  (  1 − υ  )     a 2   b 2   π 2    −    N x     a 2   π 2  D       ⋅    π 2     a 2     



(19)







Writing the axial uniform load Nx as


   N x   = k     π 2  D    b 2     



(20)




and setting Poisson Ratio   υ = 0.3  , then Equation (19) becomes


     ∂ 2  w   ∂  x 2     |      x =   a 2  ,  y = b      =   6 P    π 2  abD     ∑  m = 1  ∞    1       (  2 m − 1  )   2     a 2    +   0.425 − k    b 2         



(21)







For a given plate with a certain value of a/b, letting Equation (21) equal to 0, then the value of the coefficient k denoted as kx0 can be obtained. Substituting the obtained value of kx0 into Equation (20), the axial load Nx0 corresponding to that the curvature at the contact point is 0 can be obtained.



It should be noted that since the buckled flange touches the restraining member until the curvature at the contact point decreases to 0, the flange keeps point-contacted with the restraining member, indicating that there are no extra restraints on the flange plates locating on the two sides of the contact point during this process. As a result, the buckling load of the side flange plate as shown in Figure 1 can be investigated just based on the classical buckling theory of plate with no need to consider the lateral support. Denote the uniform axial load for the buckling of the side flange plate as Ncr, if Nx0 < Ncr, the development of the flat segment from the contact point will occur prior to the local buckling of the side flange plates, as shown in Figure 3a, then the buckling development of the flange will be similar to that of the flat steel core. In this case, the lateral support must be considered to estimate the half-wavelength of local buckling of the flange. However, if Nx0 > Ncr, the local buckling of the side flange plates will occur first, as shown in Figure 3b, and on this condition, the half-wavelength of high-order local buckling of the flange can be evaluated just based on the classical buckling theory of plate with no necessary to consider the lateral support, because except on the contact points, the side flange plate will not touch the restraining members until buckling.



Setting Equation (21) to be 0, typically adopting different values of a/b and employing the first six values of m to calculate, the corresponding values of kx0 can be obtained. While, based on the classical buckling theory of plate [30,31], the values of coefficient kcr for the local buckling of side flange plate can be achieved with Equation (22), where b and as = 0.5a are the width and length of the side flange plate, as shown in Figure 1.


   k  cr   = 0.425 +    b 2   /   a s 2     



(22)







The values of kx0 and kcr under different values of a/b are listed in Table 1, and the relationship between Δk = kx0 − kcr and a/b is presented in Figure 4. It can be observed that kx0 is always larger than kcr, and the difference between them aggravates with the decrease in a/b, indicating that Nx0 > Ncr is always true especially for short plates. As discussed above, Nx0 > Ncr means that the local buckling of the side flange plate occurs prior to the development of the flat segment, hence it can be proved that the buckling development of the flange is different from that of the flat plate core, and there is no need to consider the lateral support to evaluate the half-wavelength of high-order local buckling of the flange, at least in the elastic range.





3. Establishment of Numerical Model


To validate the elastic buckling development of the restrained flange discussed above, as well as to further investigate the elasto-plastic buckling development of H-section steel core under cyclic loading, the numerical model for a typical BRB with an H-section steel core is established in this section.



The authors used to develop and conduct experimental studies on a type of BRB with an H-section steel core restrained by two U-shaped steels and two restraining plates, as shown in Figure 5 [22,23]. According to the specimen labeled S3 in reference [23], the numerical model used for analysis in this paper is established based on the finite element program Abaqus, where the length of the H-section steel core and restraining members are all 1050 mm, and the total thickness of the clearance between H-section steel core and restraining members is assigned to be 2 mm. Detailed cross-sectional dimensions of the H-section steel core, U-shaped steel and restraining plate for the numerical model can be found in Figure 6.



It should be pointed out that, actually, the two U-shaped steels and two restraining plates were assembled by fillers and high-strength bolts to form the restraining member as shown in Figure 5. In this paper, to simplify the numerical model and, thus, to improve the efficiency of numerical simulation, the bolt connections are not simulated. Instead, the fillers, the U-shaped steels and the restraining plates are directly merged together to become a whole, as shown in Figure 7.



To investigate the buckling development of H-section steel core, an initial imperfection has to be applied, or the ideal H-section steel core will be always under axial compression and the buckling will never occur. In this paper, a small value of the first order global buckling around the weak axis of the H-section steel core is assumed as the initial imperfection, with the peak magnitude being 5/10,000 of the core length. The H-section steel core and restraining components are all modeled by eight-node solid elements with incompatible mode(C3D8I). The interaction between the H-section steel core and restraining members is represented by a hard contact behavior, allowing separation of the interface in tension and no penetration in compression. Given that, for a properly designed BRB, the effects of friction on the buckling mode and half-wavelength of buckling of inner core are limited [11,15], the tangential behavior of the interaction is not considered in this paper. The end elements of the flanges and web could rotate but are constrained to move only in the longitudinal direction without any other deformation or torsion. For the numerical solution, the full Newton method is adopted by default.




4. Elastic Buckling Development of H-Section Steel Core


To validate the elastic buckling development of the flange as discussed in Section 2.2, the pure elastic property with the elastic modulus of 2.0 × 105 MPa and the Poisson ratio of 0.3 is assigned to the H-section steel core and restraining members in this section. Then, an axially compressive displacement is monotonically applied to the H-section steel core until the compressive strain reaches 2%. It should be noted that because the H-section steel core is set to be elastic, although the maximum strain reaches 2% in compression, the H-section steel core still deforms elastically, and thus can be used to validate the theoretical deduction on the elastic buckling development of the flange mentioned in Section 2.2 of this paper.



With the increase in axial displacement, the elastic buckling mode of the H-section steel core at different strain values are presented in Figure 8, where ε is the core strain obtained with the relative deformation between the two ends divided by the core length of 1050 mm, and the buckling deformation of the H-section steel core is magnified by 25 times for better presentation. It has been proved that, for the flat plate core of BRB, after the buckled plate touches the restraining member, the contact form will develop from one-point contact to two-points contact with a flat segment between the contact points, and the flat segment will buckle prior to the buckling of the side plates under the increasing axial load [9,10,11]. However, for the H-section steel core, as can be observed from Figure 8, after the buckled flange touches the restraining member, no flat segment appears, instead, the local buckling of flange plates locating on both sides of the contact point occurs and develops significantly, which is rather different from the buckling development of the flat plate core, but agrees quite well with the deduction proposed in Section 2.2 of this paper.



Based on the changes of stress nephogram, the buckling development of the web can also be investigated. The buckling of the web in compression leads to non-uniform stress distribution, with the stress of bending compressive elements being larger than that of the bending tensile elements. In the mises stress nephogram of Abaqus, the magnitude of stress is represented by the intensity of color. As a result, based on the distribution and changes of web elements’ color, the buckling development of the web can be discussed qualitatively. As shown in Figure 8, no flat segment can be observed on the web, and it is quite obvious that the inhomogeneous web element colors develop from both sides to the contact point in the middle. This indicates that the local buckling of the side web plate occurs prior to the development of flat segment, which is different from the buckling development of flat plate core but quite similar to that of the flange.




5. Elasto-Plastic Buckling Development of H-Section Steel Core


5.1. Numerical Model and Loading Protocol


Buckling-restrained braces are usually used as damping devices in seismic prone areas with the input energy dissipated by the elasto-plastic deformation of the core member. As a result, it is quite necessary to investigate the elasto-plastic buckling behavior of the inner core for better design of BRBs. Given that the elasto-plastic plate is bidirectional orthotropic [30,31], theoretical derivation like that in the elastic stage can hardly be conducted, hence, the elasto-plastic buckling behavior of the flange and web for H-section steel core are investigated through numerical simulations in this section.



The numerical model established in Section 3 of this paper is also used here, but a double-line elasto-plastic property is applied to the components, where the yield strength is set to be 300 MPa according to the material test results [23] and the post-yield modulus is 2% of the elastic modulus. Then the H-section steel core is cyclically loaded with the target core strain of ±3.5% (target relative displacement between the two ends of H-section steel core of ±36.75 mm divided by the core length of 1050 mm) starting with compression, as shown in Figure 9.




5.2. Simulation Results


The buckling mode of H-section steel core at different strain values in compression under cyclic loading are listed in Figure 10, Figure 11 and Figure 12, where the buckling deformation is magnified by 15 times to present. It can be found that, once the elasto-plastic property is considered, the buckling development of the H-section steel core is different from that with elastic property.



As shown in Figure 10, when the H-section steel core is compressed for the first time, with the increase in axial strain, a flat segment of the flange appears and then a slight buckling of the flat segment can be observed. However, an important phenomenon worth noting is that although the flat segment appears and buckles slightly, the local buckling of the side flange plate occurs earlier and develops more promptly, as exhibited in Figure 10b–f. For the web, it can be observed that the nonuniformity of the elements’ color appears first at both ends and then extends to the middle, indicating that the high-order local buckling of the web also develops from both sides to the center.



As the cyclic loading goes on, when the H-section steel core is compressively loaded in the second loading cycle, due to the existence of residual deformation caused by the elasto-plastic buckling from the previous step, the H-section steel core works with a high-order initial imperfection. In addition, under cyclic loading, the yield strength of H-section steel core also decreases due to the Bauschinger effect. As a result, the high-order buckling of the flange and web appear much earlier and develop more severely than those in the first loading cycle, and the buckling of the flat segment of the flange, which was quite slight in the previous step, becomes more obvious here, as shown in Figure 11. It should be pointed out that although the serious buckling of the flat segment finally occurs, the high-order local buckling of the flange and web still originate from the two ends, as shown in Figure 11a,b. In addition, as denoted in Figure 11f, it can be found that not only for the flange but also for the web, the shortest buckling wave is induced by the buckling of the side plate rather than that of the flat segment in the middle, hence, the buckling of the side plate should be the focus for half-wavelength evaluation of high-order local buckling of section steel cores in BRBs.



Based on Figure 10 and Figure 11, it can be observed that the buckling developments of H-section steel core under compression for the first and second time are different, due to the influences of residual deformation and Bauschinger effect. However, when the compressive load is applied for the third time, no obvious changes of the buckling development of H-section steel core can be observed compared with that in the second loading cycle. As presented in Figure 12, no higher-order local buckling of the flange or web occurs, and the shortest buckling wave still appears on the side plates, indicating that the influences of residual deformation and Bauschinger effect tend to be stabilized, and as a result, no more cyclic loadings are needed.



Based on the simulation results presented in Figure 10, Figure 11 and Figure 12, it can be found that once considering the elasto-plastic property of H-section steel core, a flat segment developing from the contact point will appear and then buckle under cyclic loading, which is different from the elastic buckling development exhibited in Section 4 of this paper. However, it should be pointed out that although the flat segment appears and buckles, the buckling of the side flange and web plate always occur earlier and develop more promptly, and more importantly, the shortest buckling wave is found to be induced by the buckling of the side plate near the ends rather than the buckling of the flat segment. In local stability design and fatigue life analysis of BRBs, the minimum half-wavelength of local buckling directly related to the largest contact force and bending strain is the key parameter. For the H-section steel core, given that the shortest buckling wave results from the buckling of the side plate, and when the buckling occurs, there are no additional restraining effects on the side plate except for the contact force on the contact point, there is no need to consider the lateral support to evaluate the minimum half-wavelength of local buckling for H-section steel core, and this conclusion also suits for other section steel cores of BRBs.




5.3. Validation of Half-Wavelength of Local Buckling for Flange


The authors used to propose a method for the minimum half-wavelength evaluation of high-order local buckling for the flange of H-section steel core and angle steel core of BRBs [23], as presented by Equations (23) and (24), where a is the half-wavelength to be calculated, b and t are the width and thickness of the flange, σ denotes the in-plane stress applied on the flange plate, v is the Poisson’s ratio, η* is the modulus degradation factor, E and Et represent the elastic and tangent modulus of the material of flange.


  a =  b /      12 ⋅ σ ⋅   (  b / t  )  2  ⋅  (  1 −  υ 2   )     π 2  ⋅ E ⋅  η *    − 0.425      



(23)






   η *  =      E t   / E  + 3      E t   / E     4   



(24)







For the flange of H-section steel core investigated in this paper, it can be found from Figure 6 and Section 5.1 that b = 47 mm, t = 7 mm, v = 0.3, E = 2.0 × 105 MPa, Et/E = 0.02, and the compressive stress of σ = 450 MPa at ultimate strain can be obtained by dividing the cross-sectional area of H-section steel core into the reaction force extracted from the numerical model. Based on these values, the minimum half-wavelength of the flange is estimated to be 61.4 mm. As presented in Figure 12f, the measured minimum numerical half-wavelength is about 67.5 mm, which agrees well with the theoretical value, indicating that the numerical model can be used for the investigation of the buckling development of H-section steel core, and the aforementioned conclusion that there is no need to consider the lateral support to evaluate the minimum half-wavelength of local buckling for section steel cores is further proved.





6. Conclusions


To enhance the theoretical basis for the minimum half-wavelength evaluation of high-order local buckling of section steel cores in BRBs, theoretical and numerical studies are conducted on the buckling development of an H-section steel core in this paper. The main achievements and conclusions of this study are as follows:



(1) Theoretical and numerical analysis prove that the elastic buckling development of the flange of H-section steel core is different from that of the flat plate core, the local buckling of the side flange plate rather than the development of the flat segment is dominant with the increase of axial displacement.



(2) Under cyclic loading with elasto-plastic property considered, the shortest buckling wave of the flange as well as the web is induced by the buckling of the side plate near the end rather than the buckling of the flat segment in the middle.



(3) It is confirmed that there is no need to consider the lateral support to evaluate the minimum half-wavelength of high-order local buckling for section steel cores of BRBs.
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Figure 1. Theoretical analysis model for the flange of H-section steel core. 
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Figure 2. Buckling development of flat plate core of BRB. (a) One point contact. (b) Development of flat segment. (c) Higher buckling mode. 
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Figure 3. Buckling mode of flange plate under different conditions. (a) Nx0 < Ncr. (b) Nx0 > Ncr. 
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Figure 4. Relationship between Δk and a/b. 
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Figure 5. Configuration of the prototype specimen for the numerical model adapted from Ref. [23]. (a) Assembly of the prototype specimen. (b) Layout of the high strength bolts. 
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Figure 6. Detailed geometric dimensions of the numerical model (Unit: mm). 
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Figure 7. Numerical model for the H-section steel core and restraining member. 
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Figure 8. Elastic buckling development of the H-section steel core under monotonic compression. (a) ε = 0%. (b) ε = 1.02%. (c) ε = 1.46%. (d) ε = 1.50%. (e) ε = 1.51%. (f) ε = 1.52%. (g) ε = 1.83%. (h) ε = 2.00%. 
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Figure 9. Cyclic loading protocol. 
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Figure 10. Buckling development of H-section steel core in compression of the first loading cycle. (a) ε = 0. (b) ε = 1.28%. (c) ε = −2.18%. (d) ε = −3.08%. (e) ε = −3.30%. (f) ε = −3.50%. 
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Figure 11. Buckling development of H-section steel core in compression for the second time. (a) ε = 0. (b) ε = −0.67%. (c) ε = −1.28%. (d) ε = −2.08%. (e) ε = −2.97%. (f) ε = −3.50%. 
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Figure 12. Buckling development of H-section steel core in compression for the third time. (a) ε = 0. (b) ε = −0.67%. (c) ε = −1.22%. (d) ε = −2.07%. (e) ε = −2.87%. (f) ε = −3.50%. 
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Table 1. Values of the buckling coefficients with the change of a/b.
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	a = 30b
	a = 20b
	a = 10b
	a = 5b
	a = 2b





	kx0
	0.4298
	0.4357
	0.4679
	0.5965
	1.4964



	kcr
	0.4294
	0.4350
	0.4650
	0.5850
	1.4250



	Δk
	0.0004
	0.0007
	0.0029
	0.0115
	0.0714
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