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Abstract

:

This paper introduces a component model for analysing embedded column bases to predict rotational stiffness, moment resistance, and the full-range moment–rotation response. The key components identified include the embedded column, concrete in compression on the column side, concrete in compression beneath the base plate, concrete in punching shear above the base plate, and anchor bolts. The embedded column is modelled as a Timoshenko beam, considering both shear and flexural deformations, while other components are represented by springs. Methods are provided for determining their uniaxial constitutive behaviour. A simplified iterative solution method is proposed, where the embedded column is further simplified into three rigid segments to specifically address shear and bending deformations. A corresponding simplified finite element model is developed for accurate numerical solutions. The validity of the component model is confirmed through comparisons with the results of existing tests and refined solid finite element analysis for H-steel column bases. The simplified iterative solution method effectively predicts strength but underestimates the stiffness of deeply embedded column bases. This is due to the trilinear deformation pattern simplification, which concentrates flexural deformation at the upper bearing stress resultant force point, leading to an overestimation of steel column rotation on the foundation surface.
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1. Introduction


As a critical component connecting the upper structure and foundation, the column base transmits the axial force, shear force, and moment of the bottom column to the foundation, playing a pivotal role in ensuring the stiffness, strength, and stability of the overall structure. Therefore, the column bases of steel structures are often designed to be fixed and possess greater moment resistance than the plastic moment of the steel column section [1]. Due to higher stiffness, moment resistance, and good ductility compared to exposed column bases and encased column bases, embedded column bases (hereinafter abbreviated as ECBs) are widely utilized in multi-story steel frame structures.



ECBs are typically considered to be fixed due to their substantial stiffness, achieved through sufficient embedded depth. This rigidity often leads to the neglect of their non-rigid behaviours, such as rotation and energy dissipation capacity, in structural analysis. However, recent experimental studies [2] showed that ECBs could exhibit significant flexibility. Under design moments, the rotation of ECBs can reach 0.4% to 0.8% rad. This flexibility may increase the bottom layer’s story drift by 20–30% compared to the drift under the assumption of a fixed connection. Inamasu et al. [3,4] found that, at a story drift ratio of 4%, the axial residual deformation of the steel column, taking into account the actual rotation of the ECB, was reduced by 30% to 60% compared to the results under the assumption of a fixed connection. However, this reduction was accompanied by an increase of 40% to 50% in lateral deformation under the same load. Thus, reasonable utilization of ECB’s deformation and rotation can delay local buckling in wide flange columns and reduce axial residual deformation at the same story drift, enhancing seismic resilience and speeding post-disaster repairs. Additionally, for larger steel columns, a deep embedding requirement often results in higher foundation heights, increasing construction costs. Consequently, shallow ECBs with smaller embedded depths have garnered scholarly interest [5]. Cui et al. [6,7] and Richard et al. [8] investigated the hysteretic behaviour of exposed column bases with a floating concrete slab on top (which can be considered shallow ECBs), and significant rotation was observed. Therefore, accurately evaluating the flexural performance of ECBs, including initial stiffness, moment resistance, and full-range behaviour, is crucial for considering the nonlinear interaction between steel columns and foundations in structural analysis.



Considering the non-rigid behaviour of ECBs, recent theoretical research has further explored their flexural behaviour. For the prediction of rotational stiffness, Pecce et al. [9] simplified the sufficiently embedded column to a semi-infinite beam on a Winkler foundation, subjected to shear force and moment, deriving stiffness using the elastic foundation beam theory [10]. However, this model is unsuitable for shallow ECBs as it neglects the effect of embedded depth. The prediction of stiffness is more meaningful for shallow ECBs. Richards et al. [11] treated the embedded column as a finite beam on a Winkler foundation, incorporating the base plate’s restraint effect with a bottom rotating spring, but overlooked the base plate’s stiffness variation due to embedded depth. Zhao et al. [12] improved Richards’ model by modifying the calculation method for rotational stiffness of the base plate to include the influence of embedded depth and taking the shear deformation of the embedded column and the axial force into account. Rodas et al. [13] divided the rotation of the embedded column into two parts: rigid body rotation caused by compression deformation of the concrete on the column side, and column-section rotation at the foundation surface due to bending and shearing of the embedded column. They emphasized that these deformations are determined by the stress distribution characteristics at the limit state.



The prediction of moment resistance initially relied on the findings from joints with similar mechanical behaviour, such as steel coupling beam-to-concrete shear wall joints [14] and through-steel beam-to-precast concrete column joints [15]. The design guidelines and standards such as AIJ [16], AISC 341 [17], and GB 50017 [18] provide theoretical formulas based on the failure mode of concrete crushing outside the column side and the assumption of bearing stress distribution, but tend to be conservative due to ignoring the bending contribution of the base plate. Pertold et al. [19] corrected the amplitude, width, and height of the bearing stress by considering the bearing contribution of concrete between H-steel flanges and the non-uniformity of the compressive stress along the embedded depth. Cui et al. [6] proposed a resistance formula for shallow ECBs that addressed the punching failure of concrete above the base plate and included the base plate’s contribution. Richards et al. [11] developed a strength formula based on bolt failure on the tension side, accounting for the overlying slab’s role in shifting the compression force centre outward on the base plate. Grilli and Kanvinde [20] proposed a strength model that considered both horizontal and vertical moment-resisting mechanisms. Their model accounts for the influence of embedded depth by introducing the concept of effective embedded depth, limiting the distribution range of bearing stress and incorporating a vertical moment-resisting mechanism contribution coefficient related to embedded depth. Despite these advancements, the model still relies on the failure mode of concrete crushing on the column side.



The aforementioned stiffness and strength models were developed under distinct mechanical models and theoretical frameworks. The stiffness models focused on the deformation coordination between the embedded column and the surrounding concrete, while the strength models were based on specific failure modes and assumed stress distribution patterns. Moreover, different models utilized varying assumptions and parameters, such as the amplitude and distribution range of bearing stress and the degree of the base plate’s contribution to resisting moment. These discrepancies pose challenges in unifying multiple models within a single theoretical framework that encompasses all possible failure modes. The component method [21], however, offers a way to unify the calculation methods for both stiffness and strength.



The component method, introduced in the 1970s–80s [22,23,24], was later incorporated into the Eurocode for the Design of Steel Structures (Eurocode 3) in the 1990s [25] to determine the mechanical behaviour of structural steel semirigid connections [26]. This method conceptualizes a joint as a system composed of springs and rigid rods, with each spring representing a key component responsible for load transfer within the joint. By describing the stiffness and strength of each component under tension, compression, or shear, the overall stiffness and strength of the joint can be determined by solving the mechanical model. This approach captures all possible failure modes of the joints and the stress states of key components within a unified model. In Eurocode 3 [27], the component method is specifically applied to end-plate connections, including end-plate beam-to-column joints and exposed column bases [28]. Subsequently, the method extended to predict the deformation capacity and full-range behaviour of joints, requiring only the identification of the deformation capacity and full-range behaviour of each component. Its wide application and development potential are evident. Zhu et al. [29] and Wan et al. [30] used the component method to predict the full-range behaviour of beam-to-column joints connected by end-plate and angle steel, respectively. Latour and Rizzano [31] applied the component method to predict the moment–rotation response of exposed column bases. Yan and Rasmussen [32] established an analysis model for steel frames based on the component method, accurately accounting for joint behaviour in advanced steel frame structure analysis. Additionally, numerous studies [33,34,35,36] have focused on predicting the full-range behaviour of key components, particularly the equivalent T-stub.



Although the component method has achieved significant success in predicting the stiffness, strength, and full-range behaviour of joints, its application to ECBs has been limited. The primary reasons are: (1) For a considerable period, ECBs were commonly assumed to be fixed. It is only recently that their non-rigid behaviour has garnered significant attention; (2) The component method originated and gained prominence in Europe, where exposed column bases were more frequently adopted than ECBs; (3) Compared to end-plate connections, the mechanical behaviour of ECBs is inherently more complex.



This paper aims to extend the application of the component method to predict the stiffness, strength, and full-range behaviour of ECBs. In Section 2, the moment-resisting mechanisms of the ECB are introduced, and key components are identified and reassembled into a mechanical model consisting of springs and rigid rods. Section 3 details the behaviour of each spring and provides constitutive models. Section 4 and Section 5 propose a simplified iterative solution method and a simplified finite element (FE) model based on the component method, respectively. The former avoids complex modelling, while the latter can be applied to advanced analysis of steel frame structures. In Section 6, the validity of the model is verified through the comparison with experimental results and refined solid FE results. Finally, Section 7 summarizes the main contributions and conclusions of this paper.




2. Moment-Resisting Mechanisms and the Component Model


In ECBs, steel columns are directly embedded in reinforced concrete foundations, including independent foundations, raft foundations, and strip foundations. The bottom of the steel column is typically welded to an end plate, which broadens the contact surface between the column’s end and the underlying concrete, thereby preventing potential bearing failures. Additionally, the end plate facilitates the installation of anchor bolts to stabilise the steel column during construction. However, in contemporary design practices, the contribution of the end plate to moment-resisting is often disregarded. Consequently, unlike exposed column bases, the anchor bolts in ECBs are usually positioned within the flange. To facilitate the transfer of compression from the column flange to the surrounding concrete and prevent localized buckling of the web, horizontal stiffeners are installed at the column section near the foundation’s surface. In addition to the standard reinforcement within the concrete foundation, vertical reinforcement and stirrups are also positioned around the embedded column. The embedded depth (de) and the embedded depth ratio (α = de/hc), are critical geometric factors that influence the resistance of ECB. A sufficient embedded depth guarantees the ECB’s strength and stiffness, and in China, the embedded depth ratio for H-steel columns must exceed two to ensure a fixed connection [17].



In a steel frame under horizontal load, the ECB experiences not only shear force and moment but also axial force. As shown in Figure 1 and supported by the findings of Kanvinde et al. [2], the moment resistance of the ECB primarily arises from two mechanisms: the horizontal and vertical moment-resisting mechanisms. The deformations of the components induced by these mechanisms are the primary sources of the ECB’s rotation.



In the horizontal moment-resisting mechanism, as illustrated in Figure 1a, the concrete on the column side is compressed by the flange, leading to compressive deformation. The compressive stress is distributed on the upper part of one side of the embedded column and the lower part of the opposing side, creating a force couple that counteracts the external moment. Due to the equilibrium of shear forces, the compressive stress on the upper part has a greater magnitude and broader distribution compared to the lower part. Consequently, under the combined effects of moment and shear force, the embedded column exhibits both flexural and shear deformations.



As depicted in Figure 1b, the vertical moment-resisting mechanism is provided by the rotational restraint imposed by the surrounding concrete on the base plate. Beneath the base plate, the concrete directly below the column compressive flange undergoes compressive deformation due to the pressure exerted by the base plate. The concrete outside the column tensile flange and above the base plate exhibits uplifting deformation due to the same pressure. The anchor bolts elongate under the tensile force from the base plate, accompanied by the flexural deformation in the base plate itself. Moreover, varying axial forces can create two stress scenarios in the base plate: (1) when the steel column is subjected to large compression, the concrete beneath the base plate undergoes compression, the concrete above the base plate is not uplifted, and the anchor bolts remain unstressed; and (2) when the steel column is subjected large axial tension, the concrete above the base plate exhibits uplifting deformation due to the pressure from the base plate, leading to tensioning of the anchor bolts, and the concrete beneath the base plate remains stress-free.



The moment resistance and stiffness of the ECB increase with the embedded depth due to the significant enhancement of both horizontal and vertical moment-resisting mechanisms. For the horizontal moment-resisting mechanism, greater embedded depth increases the height of compressive stress (specifically, h1 and h2 as indicated in Figure 1a) and the moment arm of the force couple. For the vertical mechanism, a deeper embedded depth enhances the punching shear resistance of the concrete above the base plate. However, the increase in moment resistance and stiffness does not continue indefinitely. The steel column’s inherent flexibility limits the effectiveness of deep embedment. As the embedded depth increases, the rotation of the steel column’s cross-section diminishes progressively from the foundation’s top surface to the base plate. Once the embedded depth surpasses a certain value, the steel column section at the base plate ceases to rotate significantly, making it impossible to form effective vertical moment-resisting mechanisms at the base plate. Grilli and Kanvinde [20] addressed this by introducing the concept of effective depth in their strength model. This model posits that beyond the effective depth, the vertical moment-resisting mechanism’s contribution becomes negligible, and horizontal bearing stress is confined to the effective depth range. When evaluating the vertical mechanism’s bending contribution for depths shallower than the effective depth, they hypothesize that as the embedded depth increases, the ratio of the moment resistance from the vertical mechanism to joint resistance decreases linearly.



Drawing from the analysis of the moment-resisting mechanisms inherent to ECBs, they can be categorized into distinct force and deformation components. As illustrated in Figure 2a, the horizontal moment-resisting mechanism comprises two primary components: concrete in compression on the column side (ccc) and embedded column in bending and shearing (ecbs). In the vertical moment-resisting mechanism, the key components are concrete in compression beneath the base plate (ccb), concrete in punching shear above the base plate (csb), anchor bolts in tension (bt), and the base plate in bending (bpb).



Based on the identification of components, Figure 2b presents an idealized mechanical model. In this framework, component ccc is represented by horizontal springs evenly distributed along the embedded depth on one side, illustrating the nonlinear response of compressive concrete per unit height. The component ecbs is depicted as a Timoshenko beam positioned at the column’s axis, incorporating both flexural and shear deformations. The base plate is substituted with a rigid rod, securely fastened to the beam representing the embedded column. The components ccb and csb are denoted by vertical springs centred at the flanges on each side. The components bt and bpb are symbolized by springs at the bolt’s axis. Due to the complex interaction between the tensile anchor bolt and the flexural base plate, it is challenging to describe their uniaxial behaviours separately. Following the recommendations of Eurocode 3, they are combined into a spring, with a T-stub method employed to determine their combined uniaxial behaviour. Similarly, due to the complex interaction between the base plate and the bearing concrete, they are equated to a T-stub in compression to determine uniaxial behaviour. The determination of the load-deformation relationships of these components will be presented in Section 3.




3. Component Behaviour


3.1. Concrete in Compression on the Column Side


The elastic stiffness per unit length (ke) of the component ccc is calculated by multiplying the foundation coefficient (k0) by the column width (bf):


   k e  =  k 0   b f   



(1)




According to the recommendations of Richards et al. [11], k0 for the direction along the strong axis of the H-steel column is 41 N/mm3, while for the direction along the weak axis, k0 is 54 N/mm3.



The compressive or tensile strength (Fp) is determined by the following equation:


   F p  = β  f c   b f   



(2)




in which fc is the concrete compressive strength, and β is a coefficient that accounts for the enhancement effect of the surrounding concrete confinement on the compressive strength. According to the suggestion of Grilli and Kanvinde [20], β is taken as two, as verified by the comparison between the test results and model predictions of ECBs’ moment resistances. This value is also consistent with those adopted by Mattock and Gaafar [37], Deierlein et al. [38], and Sheikh et al. [39], and it has subsequently been codified in the ASCE Guidelines for composite connections [40].



The stiffness and strength of the compressive concrete per unit length are given by Equations (1) and (2), respectively. However, there is currently no available reference for the full-range load–displacement relationship. Here, referring to the form of the uniaxial compressive constitutive model of concrete, it is assumed that the load–displacement relationship of component ccc follows the same form. The Hogenestad model, which is adopted by concrete design codes in countries such as China, Europe, and the United States, is shown in Figure 3a. The ascending segment is a quadratic function, and the descending segment is a linear function. Its expression is as follows:


  σ =         2   ε   ε p     +       ε   ε p        2     f c        0 ≤ ε <  ε p          1 − 0.15    ε −  ε p     ε u  −  ε p        f c       ε p  ≤ ε <  ε u         



(3)




in which εp and εu are the peak strain and ultimate strain, respectively. For C30 concrete, εp and εu are typically taken as 0.002 and 0.0038, respectively [41]. By derivation, it can be understood that the secant modulus at the peak point is twice the initial stiffness, i.e., εp = 2fc/Ec, where Ec is the concrete modulus. Many uniaxial stress–strain models for concrete adopt the form of the Hogenestad model. For instance, both the Concrete01 and Concrete02 constitutive models widely used in OpenSees 3.6.0 [42] employ the Hogenestad curve for the ascending segment, with a straight line for the descending segment. When the strain exceeds εu, the stress is equal to the ultimate strength.



This assumes that the ascending segment of the load–displacement relationship of the concrete per unit length is the same as the Hogenestad model, which is a quadratic function, while the descending segment is a straight line. When the displacement exceeds the ultimate displacement Δu, the load is equal to the ultimate strength Fu. The expression is as follows:


  F =        F p    Δ   Δ p       2 +   Δ   Δ p                   0 ≤ Δ <  Δ p         F p  +     F u  −  F p     Δ u  −  Δ p       Δ −  Δ p         Δ p  ≤ Δ <  Δ u         F u                      Δ ≥  Δ u           



(4)




in which Δp is the peak displacement which is equal to 2Fp/ke.



For ease of application, the load–displacement curve is simplified into a four-linear curve, as shown in Figure 3b. According to the principle of energy equivalence, the elastic limit Fe is taken as 2/3Fp, and the corresponding plastic stiffness kp is equal to 1/4ke. Referring to the concrete constitutive model, Δu and Fu are equal to 1.9Δp and 0.85Fp, respectively. Additionally, since uniformly distributed springs placed on one side are used to represent the compressive behaviour of the concrete on both sides of the column, the full-range tension-compression behaviour of the springs can ultimately be represented by the curve shown in Figure 4.




3.2. Concrete in Compression Beneath the Base Plate


The initial compressive stiffness (ke−) and peak strength (Fp−) of the component ccb can be determined based on the method for the behaviour of equivalent T-stub in compression codified in Eurocode 3 [27]. Due to the flexibility of the base plate, the compressive stress is concentrated in the area near the column section. Stockwell [43] proposed replacing the flexible base plate with uneven stress distribution with an equivalent rigid plate with uniform stress distribution. As shown in Figure 5, considering stress diffusion, the concrete compression area beneath the base plate of the H-steel column is divided into three rigid rectangular areas, which can be regarded as three equivalent T-stubs and represented by three compression-only springs beneath the base plate.



The compressive strength of the equivalent T-stub in compression is calculated by:


   F p −  =  f j   b  eff    l  eff    



(5)






   f j  =  β j   k j   f c   



(6)




in which beff and leff are the effective width and effective length of the equivalent T-stub, respectively. For an equivalent T-stub composed of a column flange and a base plate, beff = tf + 2c and leff = bf + 2c, where c is the stress diffusion width and tf is the flange thickness. For an equivalent T-stub composed of a column web and a base plate, beff = tw + 2c and leff = hc − 2tf − 2c, where tw is the web thickness and hc is the column height. If the calculated results exceed the range of the base plate, only the area within the base plate range is effective. fj is the compressive strength of the concrete in the rigid region. kj is a concentration factor reflecting the edge effect, and the specific calculation method is shown in Figure 6. When the base plate is sufficiently far from the edge of the concrete foundation, kj = 5. βj is a reduction factor considering the quality of the bedding grouting. When the characteristic strength of the bedding is greater than 0.2 times the characteristic strength of the concrete and the thickness of the bedding is less than 0.2 times the minimum width of the base plate, βj = 2/3. If these conditions are not met, the performance of the bedding needs to be evaluated separately. c is determined based on the condition that the base plate just reaches bending yield under the compressive stress fj, i.e., 1/2fjc2 = 1/6tp2fy, in which fy is the yield strength of the base plate and tp is the thickness of the base plate. Then,


  c =  t p        f y    3  f j        



(7)







The compressive stiffness of the equivalent T-stub in compression is calculated using Equation (8). The specific derivation process can be found in reference [44].


   k e −  =     E c     b  eff    l  eff       1.275     



(8)




in which Ec is the elastic modulus of concrete, which can be calculated according to ACI 318 [42] using the formula     E   c   = 4700    f   c     .



Assuming that the compressive behaviour of the equivalent T-stub also follows the aforementioned four-linear model and that this component cannot withstand tensile forces, the full-range load–displacement relationship is shown in Figure 7. The coordinates of the characteristic points are (−Δe, −Fe) = (−2Fp−/(3ke−), −2Fp−/3), (−Δp, −Fp) = (−2Fp−/ke−, −Fp−), and (−Δu, −Fu) = (−3.8Fp−/ke−, 0.85Fp−).




3.3. Concrete in Punching Shear above the Base Plate


Referring to the formula for the punching shear strength of concrete slabs with stirrup provided by ACI 318 [45] under local load or concentrated reaction force, the punching shear strength of the concrete above the base plate can be calculated by:


   F p  =  F   c , p    +  F   s , p    = 0.5 × 0.33    f c     u m   h 0  +  f  yv    A  svu    



(9)




in which Fc,p and Fs,p represent the contributions of concrete and stirrup, respectively; h0 is the distance from the upper surface of the base plate to the foundation surface, i.e., h0 = de − tp; fyv is the yield strength of the vertical reinforcement around the column; Asvu is the total area of all vertical reinforcement intersecting with the 45° punching shear failure cone; and um is the calculated perimeter, taken as the average of the top and bottom perimeters of the punching shear failure cone. Influenced by the foundation width (Bc), two possible failure surfaces for punching shear can occur, as shown in Figure 8. The smaller calculated perimeter of the two punching shear failure surfaces is taken as um:


   u m  = min   2  b p  +  h p  −  h c  −  b c  + π  h 0  ,   2  B c  −  b c     



(10)




in which bc and hp are the width and height of the base plate.



For the initial stiffness, Zhao et al. [12] simplified the concrete block subjected to the uplifting effect of the base plate on the tensile flange side as an equivalent simply supported beam, as shown in Figure 9. Here, L represents the equivalent beam length, Lct represents the distance between the mid-surfaces of the flanges on both sides of the steel column, and the equivalent beam width is taken as the column width bc. Considering shear and flexural deformations, the initial stiffness can be calculated by:


   k e  =   1    L  L  ct  2    3  E c  I       1 −    L  ct    L     2  +    L  ct     μ  G c  A     1 −    L  ct    L        



(11)




in which EcI and μGA represent the flexural stiffness and shear stiffness of the equivalent beam, respectively.



When the component csb is equivalent to an axial spring located below the base plate, the spring can only withstand tension but not compression and its tensile load–displacement curve is simplified as a trilinear model, as shown in Figure 10. The trilinear model consists of an elastic segment, a softening segment, and a post-softening plateau segment. The strength and stiffness of the elastic segment have been given by Equations (9) and (11); the stiffness of the softening segment is γske, where γs is the tensile softening modulus, taken as −0.1 [41]. As the displacement increases, the punching resistance provided by the concrete gradually diminishes. The ultimate strength Fu, corresponding to the post-softening plateau segment, is only provided by the steel rebars, so is equal to fyvAsvu.




3.4. Anchor Bolt in Tension


Eurocode 3 [27] idealises the anchor bolts and base plate as an equivalent T-stub in tension through the equivalent length method to calculate the stiffness (ke) and strength (Fp). The specific method for determining the effective length (leff) can be found in Eurocode 3. The tensile strength of the equivalent T-stub is the minimum strength related to all possible failure modes as illustrated in Figure 11a, and is calculated by:


   F p  =       min      4  M p   m   ,      2  M p  + 2  B u  n   m + n    ,   2  B u         L b  ≤    8.8  m 3   A b     l  eff    t p 3           min      2  M p   m   ,   2  B u                     L b  >    8.8  m 3   A b     l  eff    t p 3            



(12)




in which the three terms in the first function min() correspond to three typical failure modes when there is a prying force, while the two terms in the second function min() correspond to two typical failure modes when there is no prying force, as shown in Figure 11a; Mp (=fylefftp2/4) is the plastic moment of the base plate section within the effective length; Bu is the tensile strength of the anchor bolts; Ab is the cross-sectional area of the anchor bolts; Lb is the effective length of the anchor bolts, taken as eight times the diameter of the anchor bolts plus the total thickness of the grouting layer, base plate and washer, as well as half the height of the nut and bolt head; and parameters m and n are geometric parameters, and their values can be referenced in Eurocode 3.



The initial stiffness of the equivalent T-stub in tension is calculated by the series superposition of the flexural stiffness of the flange and the tensile stiffness of the bolts:


   k e  =               m 3    0.85 E  l  eff    t p 3     +     L b    1.6 E  A b         − 1        L b  ≤    8.8  m 3   A b     l  eff    t p 3                   m 3    0.425 E  l  eff    t p 3     +     L b    2 E  A b         − 1        L b  >    8.8  m 3   A b     l  eff    t p 3            



(13)







Although Eurocode 3 provides methods for determining the initial stiffness and strength of equivalent T-stubs, it does not explicitly specify how to determine their full-range behaviour based on the strength and stiffness. Fortunately, Eurocode 3 provides recommendations for determining the moment–rotation curves of end-plate connections, including exposed column bases and beam-to-column connections: Clause 6.3.1(6) states that when the moment exceeds 2/3 of the joint’s resistance, the joint’s response becomes nonlinear, and the secant stiffness at the peak strength is 1/3 of the initial stiffness. This prediction model is supported by the results of bending tests on end-plate connections [46,47]. On the other hand, the test results of end-plate connections also indicate that the bending end-plate and column flange, which can be equivalent to T-stubs, are the primary source of rotational deformation in the joint [47,48], so that the last 1/3 of the T-stub’s response before the peak is nonlinear, with secant stiffness at peak being 1/3 of the initial stiffness. This implies a post-yield stiffness of 1/7 of the initial stiffness. Therefore, the tensile load–displacement response of the equivalent T-stub can be represented by the trilinear model as shown in Figure 11b. This model applies to T-stubs that experience flange yielding and has been verified against the tests on bolted T-stubs with various yield line patterns [33,49], although it provides relatively conservative estimates for ultimate resistance. In cases of anchor bolt fracture, where the flange does not exhibit significant plastic deformation and the deformation is primarily concentrated in the tensile deformation of the anchor bolt, the plastic capacity is reached when the load attains the yield strength of the anchor bolt. Hence, a bilinear ideal elastoplastic model is used to describe its stress behaviour. Additionally, when the base plate and anchor bolts are under compression, the pressure is directly transmitted to the foundation concrete through the bearing action between the base plate and the concrete. Therefore, the compressive behaviour can be neglected.




3.5. Summary of Basic Components


Table 1 summarizes the uniaxial load–displacement relationships of the four basic components mentioned above.



When different components can be represented by springs located at the same position below the base plate, the behaviour of these components can be combined. For example, the components csb and ccb (on the flange side) can be represented by a spring with tension-compression asymmetric behaviour located below the flange. Similarly, the anchor bolt located in the middle of the base plate and the component ccb (on the web side) can also be represented by a spring with tension-compression asymmetric behaviour located below the web. Figure 12 shows the component models for ECBs with different configurations of the base plate and the constitutive models of the equivalent springs.





4. Solution of Full-Range M-θ Curve—Simplified Method


4.1. Simplified Model


Due to the complex nonlinear behaviour of springs and the intricate deformation coordination relationships among various components, the mechanical models shown in Figure 2 and Figure 12 are difficult to solve unless numerical calculation methods such as FE analysis are employed, which will be presented in Section 5. Therefore, this paper proposes a simplified method for solving the system response.



As shown B in Figure 13, the distributed bearing stress on both sides of the embedded column can be equated to two concentrated forces. The upper concentrated force acts at the position where the moment in the cross-section is maximum; hence, it is assumed that the bending deformation is concentrated at this position. The shear force in the cross-section between the upper and lower concentrated forces is maximum and constant, so it is assumed that the shear deformation occurs uniformly between the two concentrated forces. Finally, as shown C in Figure 13, the embedded column is divided into three segments based on the positions of the equivalent concentrated forces. Each segment is represented by a rigid rod, and relative rotation can occur between them. The bending and shear deformations of the embedded column are concentrated and represented at the rotation points. As shown in E in Figure 13, the difference between the rotation θt of segment I and the rotation θb of segment III, i.e., θt- − θb, represents the difference in rotation at the two ends due to bending deformation. The relative rotation θb − θ0 between segments III and II represents the rotation of the column’s central axis caused by shear deformation. Therefore, the relative rotation θt − θ0 between segments I and II is the sum of the rotation caused by both bending and shear deformations.



The restraint moment generated by the base plate is only related to the rotation of the base plate and the constitutive models of the vertical springs representing the vertical moment-resisting mechanism. Therefore, as shown in D in Figure 13, the rigid rod representing the base plate and the vertical springs can be first equivalent to a nonlinear rotational spring to achieve further simplification.




4.2. Moment–Rotation Curves of the Base Plate


Under the moment Mb and axial force P, the deformation of the base plate is uniquely determined by rigid-body axial displacement and rotation around a certain point, as shown in Figure 14b. Theoretically, this point can be located anywhere, but for the convenience of establishing equations, the intersection point of the neutral axis of the steel column and the base plate is chosen. Denoting the rigid-body displacement and rotation as δb and θb, respectively, and the springs from right to left as s1, s2, …, with the vertical distance from spring si to the neutral axis being hi, the axial deformation of spring si (tension is positive) is:


   δ i  =  δ b  +  θ b   h i   



(14)







The spring’s load–displacement curve is represented by a multi-linear model and linear interpolation is used to obtain the internal force of the spring:


   F i  = f    δ i     



(15)







The springs’ forces satisfy both the following axial equilibrium equation and the rotational equilibrium equation:


  P +  ∑   F i  = 0    



(16)






   M b  =  ∑   F i   h i     



(17)







In theory, by Equations (16) and (17), the values of δb and θb can be obtained. However, since Equation (15) is a piecewise linear function, it is inconvenient to derive analytical expressions for δb and θb. Therefore, an easily implementable and convergent iterative solution method is proposed here, and the flowchart is shown in Figure 15:



	1.

	
First, an arbitrary value of θb is given and δb is assumed to be 0;




	2.

	
Calculate Fi and the tangent stiffness ki of the spring by Equations (15) and (18); ki is also a piecewise linear function of the spring’s deformation δi;


   k i  = g    δ i     



(18)








	3.

	
Judge whether the axial equilibrium, i.e., Equation (16), is satisfied. If not, obtain a new value for δb by Equation (19), then return to step 1 and solve for the new values of Fi and ki until Equation (16) is satisfied;


   δ b  =    − P −  ∑   F i       ∑   k i        



(19)








	4.

	
Calculate Mb by Equation (17). Thus far, a point (θb, Mb) on the moment–rotation curve of the base plate has been obtained;




	5.

	
Gradually increase θb and solve for a series of points to obtain the full moment–rotation curve of the base plate. The precision of the moment–rotation curve of the base plate depends on the precision of the component behaviour description and the magnitude of the θb increment given during the solution process.








4.3. Mechanical Model


As shown in Figure 16, determining the deformation of the embedded column under any load (M, V, with the relationship M = V·Lc, where Lc is the height of the inflection point) requires six geometric parameters, including the rotation θt of segment I, the rotation θ0 of segment II, the rotation θb of segment III, the distance dt from the bearing stress reversal point (i.e., point B, where the bearing stress or lateral deformation is 0) to the foundation surface, the distance Dt from the upper equivalent concentrated force action point (point A) to the bearing stress reversal point, and the distance Db from the lower equivalent concentrated force action point (point C) to the bearing stress reversal point.



Determining the internal force of the ECB requires three force parameters: the restraining moment Mb provided by the base plate, the upper equivalent concentrated force Pt, and the lower equivalent concentrated force Pb.



The external loads M and V, along with the foundation reactions Mb, Pt, and Pb, must satisfy the following equilibrium equations:


   P t  −  P b  −   M   L c     = 0  



(20)






   M b  +  P b     d t  +  D b    −  P t     d t  −  D t    − M = 0  



(21)






     ∫ 0   d t     p  x  d x    =  P t   



(22)






     ∫ 0   d t     p  x  x d x    =  P t     d t  −  D t     



(23)






     ∫   d t     d e     p  x  d x    = −  P b   



(24)






     ∫   d t     d e     p  x  x d x    = −  P b     d t  +  D b     



(25)




in which p(x) represents the distributed force provided by the distributed springs, which is uniquely determined by the lateral displacement y(x) calculated using the geometric parameters θt, θ0, θb, dt, Dt, Db, and the constitutive relationship of the distributed springs:


  y  x  =        θ 0   D t  +  θ t     d t  −  D t  − x         x ≤  d t  −  D t                 θ 0     d t  − x                      d t  −  D t  < x ≤  d t  +  D b        −  θ 0   D b  +  θ b     d t  +  D b  − x        d t  +  D b  < x                    



(26)






  p  x  =        k 1  y  x  +   ∑  i = 1  n      k  i + 1   −  k i      y −  Δ i    ⋅ H   y −  Δ i              y ≥ 0        k 1  y  x  +   ∑  i = 1  n      k  i + 1   −  k i      y +  Δ i    ⋅ H   − y −  Δ i          y < 0        



(27)




in which H(x) is the Heaviside function; ki is the slope of the ith segment of the multi-linear constitutive model, and Δi is the deformation corresponding to the end of the ith segment; n equals the number of segments minus 1; and the origin position and positive direction of the coordinates x and y refer to Figure 16. Specifically, corresponding to the constitutive model of the component ccc, n = 3; k1, k2, k3, k4 = ke, kp, ks, 0; and Δ1, Δ2, Δ3 = Δe, Δp, Δu.



Substituting Equations (26) and (27) into Equations (22) to (25), the simplified forms can be obtained:


     P j  =   1 2    k 1   θ 0   d j 2  +   1 2    k 1     θ j  −  θ 0        d j  −  D j    2          +     θ 0   2     ∑  i = 1  n      k  i + 1   −  k i         D j  −  D  i , 0      2  ⋅ H    D j  −  D  i , 0               +     θ j   2     ∑  i = 1  n      k  i + 1   −  k i       d j  −  D j       d j  +  D j  − 2  D  i , 0     ⋅ H    D j  −  D  i , j               +     θ j   2     ∑  i = 1  n      k  i + 1   −  k i         d j  −  D  i , j      2  ⋅ H   −  D j  +  D  i , j     ⋅ H    d j  −  D  i , j          



(28)






     P j   D j  =   1 3    k 1   θ 0   d j 3  +   1 6    k 1     θ j  −  θ 0      2  d j 3  − 3  d j 2   D j  +  D j 3              +     θ 0   6     ∑  i = 1  n      k  i + 1   −  k i      2  D j 3  − 3  D j 2   D  i , 0   +  D  i , 0  3    ⋅ H    D j  −  D  i , 0                 +     θ j   6     ∑  i = 1  n      k  i + 1   −  k i      2  d j 3  − 3  d j 2   D  i , j   + 3  D j 2   D  i , j   − 2  D j 3    ⋅ H    D j  −  D  i , j                 +     θ j   6     ∑  i = 1  n      k  i + 1   −  k i      2  d j 3  − 3  d j 2   D  i , j   +  D  i , j  3    ⋅ H   −  D j  +  D  i , j     H    d j  −  D  i , j          



(29)




in which:


   D  i .0   =     Δ i     θ 0     ;    D  i , j   =     Δ i  +    θ j  −  θ 0     D j     θ j      



(30)




where the subscript j represents t or b.



The restraining moment Mb provided by the base plate and the rotation θb satisfy the moment–rotation relationship of the base plate obtained in Section 4.2:


   M b  = f    θ b     



(31)







The difference in rotation between segments I and III, i.e., θt − θb, is equal to the difference in rotation at the two ends of the beam under the action of external loads M, V, and foundation reaction forces Mb, Pt, Pb, which corresponds to the end rotation of the cantilever beam in the force diagram shown in Figure 17. This can be expressed as:


   θ t  −  θ b  = f    D t  ,  d b  ,  d t  ,  P b  ,  P t  , V , M    



(32)







When the embedded column is in the elastic stage, the end rotation can be directly obtained using structural mechanics methods:


   θ t  −  θ b  =    M  d e    E I    +    V  d e 2    2 E I    +     P b       d e  −  d t  −  D b     2    2 E I    −     P t       d e  −  d t  +  D t     2    2 E I     



(33)







If the plastic stage is reached, the end rotation can be obtained by integrating the more general section curvature along the length of the beam:


   θ t  −  θ b  =    ∫ 0   d e     χ  x     d x  



(34)







Assuming that the section material exhibits ideal elastic–plastic behaviour, the relationship between the moment and curvature of the H-beam section is as follows:


    M = E I χ − E  I 1    1 −         χ  y , f    χ      3    χ ⋅ H   χ −  χ  y , f     +  M  y 1     1 −         χ  y , f    χ      2    ⋅ H   χ −  χ  y , f                 + E  I 2    1 −         χ  y , w    χ      3    χ ⋅ H   χ −  χ  y , w     −  M  y 2     1 −         χ  y , w    χ      2    ⋅ H   χ −  χ  y , w        



(35)




In which χy,f = 2εy/hc and χy,w = 2εy/(hc – 2tf), which correspond to the section curvature when the outermost fibres of the flange and web enter the plastic state, respectively; and εy is the yield strain. The values of I, I1, I2, My1, and My2 are as follows:


    I =  I 1  −  I 2  ,    I 1  =     b f   h c 3    12    ,    I 2  =       b f  −  t w         h c  − 2  t f     3    12    ,      M  y 1   =     b f   f y   h c 2   4   ,    M  y 2   =       b f  −  t w     f y       h c  − 2  t f     2   4      



(36)







For a cantilever beam with a length of L and an end moment of Me, using Equation (34) and substituting the moment-curvature relationship expressed in Equation (35), the end rotation is calculated as:


  θ    M e  , L   =    ∫ 0 L   χ  x     d x =  χ e  L −    ∫ 0   χ e    x   d χ =  χ e  L −   L   M e        ∫ 0   χ e    M   d χ  



(37)




in which:


       ∫ 0   χ e    M   d χ =    E I  2    χ e 2  − E  I 1        χ e 2   2   +     χ   y , f   3     χ e     −   3 2    χ   y , f   2    H    χ e  −  χ  y , f     +  M  y 1           χ e  −  χ  y , f      2     χ e     H    χ e  −  χ  y , f                   + E  I 2        χ e 2   2   +     χ  y , w  3     χ e     −   3 2    χ  y , w  2    H    χ e  −  χ  y , w     −  M  y 2           χ e  −  χ  y , w      2     χ e     H    χ e  −  χ  y , w        



(38)




in which χe is the curvature at the fixed end of the beam.



Finally, the moment diagram shown in Figure 17 consists of three linear segments. The contributions of three segments can be calculated separately and then superimposed. The rotation caused by each linearly varying segment can be equated to the difference in end rotations of two cantilever beams. Therefore, the relative rotation between the top and bottom ends of the embedded column can finally be expressed as follows:


     θ t  −  θ b  = χ    M b       d e  −  d t  −  D b                  + θ   M + V    d t  −  D t    ,    M + V    d t  −  D t       P b       − θ    M b  ,     M b     P b                     + θ   M + V    d t  −  D t    ,  L c  +  d t  −  D t    − θ   M ,  L c       



(39)







The difference in rotation between segments III and II, i.e., θb − θ0, is the shear deformation, which is equal to the deformation over the length Dt + Db under the shear force Pb:


   θ b  −  θ 0  = f    P b  ,  D b  ,  D t     



(40)







Considering the ideal elastoplastic behaviour with shear deformation of the section, it can be expressed as:


   θ b  −  θ 0  =           P b     D b  +  D t      G  A w            P b  <  f  yv    A w        ≥     f  yv      D b  +  D t     G        P b  =  f  yv    A w         



(41)




in which Aw is the column web area, fyv is the yield shear stress, and G is the shear modulus.



In summary, the equation groups consisting of Equations (20), (21), (28), (29), (31), (39), and (41) (where Equations (28) and (29) each include two separate equations) can be solved to obtain the nine unknowns: θt, θ0, θb, dt, Dt, Db, Mb, Pt, and Pb. Due to the complexity of the equation groups, it is necessary to use the numerical iterative method.




4.4. Solution of Response


To obtain the moment–rotation curve of the ECB, the equation groups mentioned above can be solved using the flowchart shown in Figure 18:



	1.

	
First, an arbitrary value of θt is given, assuming that θt is known;




	2.

	
The initial values of θb and θ0 are given and the shear and bending deformations are temporarily ignored, assuming θb = θ0 = θt;




	3.

	
Obtain Mb from Equation (31);




	4.

	
The initial value of dt is given. Assuming that all components ccc are in the elastic stage, the value of dt can be obtained by simultaneously solving Equations (20), (21), (28), and (29), i.e., Equation (42);


   d t  =     M b  +  1 6   k e   θ 0   d e 2    2  d e  + 3  L c       1 2   k e   θ 0   d e     d e  + 2  L c        



(42)








	5.

	
The initial values of Dt and Db are given. Assuming that all components ccc are in the elastic stage, it can be obtained that Dt = 2dt/3 and Db = 2db/3;




	6.

	
Calculate Pt and Pb by Equation (28);




	7.

	
Calculate new values of Dt and Db by Equation (29), denoted as Dt,temp and Db,temp;




	8.

	
If Dt ≠ Dt,temp or Db ≠ Db,temp, set Dt = Dt,temp and Db = Db,temp, and repeat steps 6 and 7; if Dt = Dt,temp and Db = Db,temp, calculate M by Equation (21);




	9.

	
If M does not satisfy Equation (20), calculate a new value of dt by Equation (43) (in which k represents the lateral stiffness of the concrete on the column side corresponding to the current deformation and can be obtained by Equations (44) and (45)), denoted as dt,temp. Set dt = dt,temp, then repeat steps 5 to 8; if M satisfies Equation (20), calculate new values of θb and θ0 by Equations (39) and (41), denoted as θb,temp and θ0,temp;


   d   t , temp    =  d t  +     M /   L c    −  P t  +  P b    k ⋅  θ 0      



(43)






  k =  k t  +  k b   



(44)






     k j  =  k 1   d j  +   ∑  i = 1  n      k  i + 1   −  k i       D j  −  D  i , 0     ⋅ H    D j  −  D  i , 0                   +   ∑  i = 1  n      k  i + 1   −  k i       d j  −  D j    ⋅ H    D j  −  D  i , j                   +   ∑  i = 1  n      k  i + 1   −  k i       d j  −  D  i , j     ⋅ H   −  D j  +  D  i , j     ⋅ H    d j  −  D  i , j          



(45)








	10.

	
If θb ≠ θb,temp or θ0 ≠ θ0,temp, set θb = θb,temp or θ0 = θ0,temp, and repeat steps 4 to 9; if θb = θb,temp and θ0 = θ0,temp, it indicates that all equations have been satisfied, and a point (θt, M) on the moment–rotation curve is obtained;




	11.

	
Gradually increase θt and repeat the above steps to solve for several points and obtain the whole process moment–rotation curve. The precision of the moment–rotation curve depends on the precision in describing the component behaviour and the magnitude of the θt increment given during the solution process.







In the above flowchart, the determination of each point (θt, M) involves three rounds of iterative calculations. Although it appears complex, each iteration round has a clear initial value selection recommendation and iteration direction with good convergence, eliminating the need for repeated trial calculations. Consequently, it has good feasibility, along with fast convergence speed.





5. Solution of Full-Range M-θ curve—A FE Method


Section 4 presents a simplified iterative solution method for the component model of the ECB proposed in this paper. In this method, the embedded column is equivalently represented by three rigid segments, and the bending and shear deformations of the embedded column are concentrated in the relative rotations between the rigid segments. With the aid of FE software, the embedded column can be directly modelled by beam elements that consider both bending and shear deformations, allowing for a more accurate consideration of the deformations of the embedded column. Additionally, this simplified FE model based on the component method can be used not only for analysing joint behaviour but also for structural advanced analysis of frame structures, to consider the influence of joint behaviour on structural response [32,50].



This study employs the ABAQUS 2020 FE software to establish a simplified FE model based on the component method, as illustrated in Figure 19. The steel column is modelled by planar beam elements (B21), while the base plate is represented by beam elements with a very high elastic modulus, treated as equivalent rigid elements. The reason for using beam elements instead of rigid elements to represent the base plate is that it allows modelling the base plate and the steel column within the same part, eliminating the need to define constraints between them and enhancing modelling efficiency. The remaining components, including the components ccc, ccb, csb and the anchor bolt-base plate equivalent T-stub, are all modelled using Connector elements with axial behaviour. Apart from Connector elements, truss elements or spring elements can also be used, with the specific choice depending on the convenience of modelling and element property setting. Connector elements are selected because they can easily represent very complex axial nonlinear behaviour. One end of the Connector element is coupled with the node of the beam element, while the other end is fixed.



In the direction of embedded depth, the horizontal Connector elements need to reach a certain number. Trial calculations indicate that dividing the embedded column into 40 segments on average and setting 41 Connector elements can meet this requirement. Further increasing the number does not affect the moment–rotation curve. In addition, the load–displacement relationship of the first and last Connector elements is 1/2 of that of the middle Connector elements, to accurately reflect the uniformly distributed compressive stress. The embedded column segment meshes into 40 elements, the cantilever segment of the steel column into 100 elements, and the base plate into only 2 elements. Hence, the model comprises 142 beam elements and 44 Connector elements. Mesh convergence analysis indicated that further increasing the number of elements did not affect the results.




6. Model Validation


Studies [2,51] have conducted experimental investigations of the bending performance of embedded H-steel column bases in the strong axis direction and presented the moment–rotation curves at the interface between the steel column and the foundation surface. The test setups are shown in Figure 20, with a total of eight specimens. Table 2 summarizes the basic dimensions and material information for all tested specimens, and more detailed information can be found in the references [2,51]. In [2], the embedded depth ratios of the 5 specimens vary between 1.0 and 1.8, and different levels of axial force are applied to the steel columns. In [51], the embedded depth ratios of the 3 specimens range from 0.5 to 1.5, and based on a validated refined solid FE model, moment–rotation curves are provided for embedded depth ratios between 2.0 and 4.0. These FE results are also used to verify the applicability of the theoretical model for column bases with larger embedded depths, and the relevant FE model parameters are listed in Table 2.



Figure 21 compares the moment–rotation curves obtained from the experimental and theoretical models. Since the tests conducted in [20] are hysteretic, the curves labelled TEST(+) and TEST(−) in the figure represent the moment–rotation skeleton curves in the positive and negative directions, respectively. The curve labelled TEST represents the moment–rotation curve obtained from a monotonic loading test. The predicted curves labelled MODEL and FEM-S are obtained, respectively, from the simplified iterative solution method presented in Section 4 and the simplified FE model based on the component method established in Section 5. Overall, the predicted curves agree well with the experimental curves, demonstrating similar initial stiffness, gradually developing plasticity, and ultimate failure modes. In the initial stage of loading, the moment increases linearly with the rotation. As the concrete in punching shear above the base plate and the concrete in compression on the column side gradually approach failure, the stiffness begins to decrease. After the base plate reaches its moment resistance, the increase at the moment resistance of the ECB is solely contributed by the horizontal moment-resisting mechanism showing that the secant stiffness of the ECB gradually decreases to zero and the ECB reaches its peak moment resistance. Subsequently, due to the progressive failure of the concrete in compression on the column side, the moment resistance decreases, and the moment–rotation curve enters the descending phase.



The simplified FE model based on the component method can be regarded as an accurate solution to the component model. It can be observed that the curves obtained from the simplified iterative solution method and the simplified FE model have a high degree of coincidence. The slight difference is caused by the simplification of the deformation of the embedded column segment in the simplified solution iterative method, which assumes that the deformation of the embedded column follows a trilinear pattern. Compared to other specimens, the specimen corresponding to Figure 21h has both a relatively weak cross-section and a larger embedded depth, resulting in significant deformation of the embedded column. Consequently, the differences between the results of MODEL and FEM-S begin to manifest.



The initial stiffness (KMODEL and KFEM-S) and moment resistance (MMODEL and MFEM-S) predicted by the component model are summarized in Table 3 and compared with the experimental results. The model provides a relatively accurate prediction of the initial stiffness. The ratio of stiffness obtained from the FE model based on the component method to the experimental results (KFEM-S/KTEST) for the eight specimens ranges from 0.88 to 1.13, with a mean value and coefficient of variation (Cov) of 0.98 and 0.08, respectively. The predicted moment resistance also agrees well with the experimental results. The ratio MFEM-S/MTEST ranges from 0.93 to 1.23, with a mean value and Cov of 1.05 and 0.09, respectively.



Figure 22 compares the moment–rotation curves obtained from the validated refined solid FE models (FEM) and theoretical prediction curves (MODEL and FEM-S) for five deep ECBs with embedded depth ratios varying from 2.0 to 4.0. The stiffness and moment resistance are summarized in Table 4. It can be observed that the simplified FE model based on the component method also achieves results that are highly consistent with those of the refined FE model. However, it is important to note that as the embedded depth increases, differences begin to emerge between the results of the simplified method and the simplified FE results. The rotational stiffness obtained by the former is lower than that of the latter, and when the embedded depth ratio is 4.0, the ratio is only 0.66. As mentioned earlier, the simplified solution process approximates the embedded column as three rigid segments, concentrating bending deformation at the resultant force point near the foundation surface. This simplification leads to an overestimation of the rotation at the top of the embedded column, especially under conditions of deeper embedded depth and more pronounced bending deformation. However, although the simplified solution method has a greater impact on stiffness when the embedded depth is deeper, it has a smaller impact on moment resistance. When the embedded depth ratio is 4.0, the ratio of moment resistance obtained by the two methods differs by only 5%.




7. Conclusions


The component model of the ECB constructed in this paper is aimed at predicting the stiffness, moment resistance, and even the full-range moment–rotation behaviour of the ECB. The characteristics of this model and the contributions of this paper include the following:




	(1)

	
Based on the moment-resisting mechanism of the ECB, key components such as the embedded column, concrete in compression on the column side, concrete in compression beneath the base plate, concrete in punching shear above the base plate, and anchor bolts were identified. Among these, the embedded column was simplified as a Timoshenko beam considering bending and shear deformations, while the remaining components were simplified as springs, and methods for determining their uniaxial behaviour were established. Ultimately, a simplified mechanical model for predicting the flexural behaviour of the ECB, referred to as the component model, was established.




	(2)

	
To solve the component model, a method for establishing a simplified FE model based on the component method is presented. This method can be regarded as an FE solution for the component model and is capable of providing accurate solutions. Additionally, a simplified iterative solution method is proposed, which is characterized by the simplification of the Timoshenko beam representing the embedded column into three rigid segments based on the force and deformation characteristics of the embedded column. Relative rotation can occur between these segments to collectively represent the bending and shear deformations of the embedded column. Ultimately, based on equilibrium equations, deformation compatibility equations, and component constitutive relationships, a system of equations capable of describing this component system is established, and the iterative solution method is provided.









The component model was applied to eight experimental specimens and five refined solid FE numerical models of ECBs for H-steel columns, demonstrating good consistency in the full-range moment–rotation behaviour, including stiffness and moment resistance. The mean values of the ratios of the predictions by the simplified FE model based on the component method to the experimental results were 0.98 and 1.05, respectively, corresponding to stiffness and moment resistance. Additionally, the simplified iterative solution method proposed in this paper also achieved good predictions of moment resistance. However, in cases with larger embedded depth, it underestimated the stiffness. The reason is that during the simplified process of the component model, it was assumed that the deformation of the embedded column followed a trilinear mode, concentrating the bending deformation at the resultant force point of upper bearing stress, which led to an overestimation of the rotation of the steel column at the foundation surface.
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Figure 1. Moment-resisting mechanisms of ECBs [2]. (a) Horizontal mechanism; (b) vertical mechanism. 
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Figure 2. Component identification and assembly of ECBs. (a) Component identification; (b) component model. 
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Figure 3. Concrete constitutive and compressive behaviour of the component ccc. (a) Compressive constitutive of concrete; (b) compressive behaviour of the component ccc. 
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Figure 4. Full-range load–displacement curve of the component ccc. 
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Figure 5. Equivalent T-stub in compression. 
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Figure 6. Concentration factor reflecting the edge effect [27]. 
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Figure 7. Full-range load–displacement curve of the component ccb. 
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Figure 8. Failure surfaces of the concrete in punching shear above the base plate. (a) Punching shear surface I; (b) punching shear surface II. 
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Figure 9. Equivalent beam model for the stiffness prediction of the component csb [12]. 
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Figure 10. Full-range load–displacement curve of the component csb. 
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Figure 11. Equivalent T-stub in tension. (a) Force diagram; (b) full-range load–displacement curve. 
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Figure 12. Component models for ECBs with different configurations of the base plate. 
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Figure 13. Simplification of the component model. 
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Figure 14. Mechanical model and force diagram of the base plate. (a) Mechanical model; (b) deformation mode; (c) force diagram. 
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Figure 15. Flowchart for obtaining the moment–rotation curve of the base plate. 
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Figure 16. Mechanical model and force diagram of the ECB. (a) Component model; (b) geometric dimensions and deformation modes; (c) force diagram. 
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Figure 17. Force diagram and internal force distribution of a cantilever beam. (a) Force diagram; (b) bending moment diagram; (c) shear force diagram. 
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Figure 18. Flowchart for obtaining the moment–rotation curve of the ECB. 
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Figure 19. Simplified FE model based on the component method. (a) Schematic diagram; (b) FE model. 
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Figure 20. Experimental tests. (a) Reference [2] (Reproduced with permission from [2], ASCE, 2017); (b) Reference [51]. 
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Figure 21. Comparison of moment–rotation curves obtained from component model and tests. (a) Test1; (b) Test2; (c) Test3; (d) Test4; (e) Test5; (f) S-0.5; (g) S-1.0; (h) S-1.5. 
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Figure 22. Comparison of the results obtained from component models and refined solid FE models. (a) S-2.0; (b) S-2.5; (c) S-3.0; (d) S-3.5; (e) S-4.0. 
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Table 1. Summary of basic components.
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	F-Δ Curves
	Equations
	F-Δ Curves
	Equations





	1 Concrete in compression on the column side

[image: Buildings 14 02337 i001]
	    F e +  = −  F e −  =   2  F p   / 3    

    F p +  = −  F p −  = β  f c   b f    

    F u +  = −  F u −  = 0.85  F p +    

    k e +  =  k e −  =  k 0   b f    

    k p +  =  k p −  = 0.25  k e +    

    k s +  =  k s −  = − 0.083  k e +    
	2 Concrete in compression beneath the base plate

(T-stub in compression)

[image: Buildings 14 02337 i002]
	    F e −  = 2    F p −   / 3    

    F p −  = −  f j   b  eff    l  eff     

    F u −  = 0.85  F p −    

    k e −  =     E c     b  eff    l  eff       1.275      

    k p −  = 0.25  k e −    

    k s −  = − 0.083  k e −    



	3 Concrete in punching shear above the base plate

[image: Buildings 14 02337 i003]
	    F p +  = 0.5  f t   u m   h 0  + 0.8  f  yv    A  svu     

    F u +  = 0.8  f  yv    A  svu     

    k e +  =   1     L 3   α 2      1 − α    2    3 E I   +   L α   1 − α     μ G A        

    k s +  = − 0.1  k e +    

   α =     L  ct    L     
	4 Anchor bolt in tension(T-stub in tension)
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	   F e +  =   2  F p +   / 3   ;    k p +  =    k e +   / 7   

   F   p , 1   +  = min      2  M p   m   ,      2  M p  + 2  B u  n   m + n    , 2  B u     

   F  p , 2  +  = min     2  M p   / m  ,   2  B u     

   k   e , 1   +  =         m 3    0.85 E  l f   t f 3     +     L b    1.6 E  A b         − 1    

   k   e , 2   +  =         m 3    0.425 E  l f   t f 3     +     L b    2 E  A b         − 1    

   F p +  =        F   p , 1   +       L b  ≤  L   b , m           F   p , 2   +       L b  >  L   b , m           

   k e +  =        k  e , 1  +       L b  ≤  L   b , m           k  e , 2  +       L b  >  L   b , m           

   L   b , m    =   8.8  m 3   A b   /     l  eff    t p 3       










 





Table 2. Basic dimensions and material information of the specimens.
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No.

	
Name

	
Column Size

(mm)

	
Base Plate Size

(mm)

	
Foundation

Width

(mm)

	
Material

Strength (MPa)

	
Embedded

Depth

(mm)

	
Exposed

Height

(mm)

	
Axial

Force * (kN)

	
Literature




	
hc × bc × tw × tf

	
hp × bp × tp

	
Bc

	
fy

	
fc

	
de

	
Lc

	
P






	
Tests

	
1

	
Test1

	
455 × 419 × 42 × 68

	
762 × 762 × 51

	
1830

	
345

	
29.2

	
559

	
2840

	
445

	
Grilli et al. [20]




	
2

	
Test2

	
567 × 305 × 39 × 70

	
864 × 711 × 51

	
1830

	
345

	
29.2

	
559

	
2840

	
445




	
3

	
Test3

	
455 × 419 × 42 × 68

	
762 × 762 × 51

	
1830

	
345

	
29.2

	
813

	
3100

	
0




	
4

	
Test4

	
455 × 419 × 42 × 68

	
762 × 762 × 51

	
1830

	
345

	
29.2

	
813

	
3100

	
445




	
5

	
Test5

	
455 × 419 × 42 × 68

	
762 × 762 × 51

	
1830

	
345

	
29.2

	
813

	
3100

	
−667




	
6

	
S-0.5

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
200

	
2000

	
0

	
Xu

[51]




	
7

	
S-1.0

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
400

	
2000

	
0




	
8

	
S-1.5

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
600

	
2000

	
0




	
FE

models

	
9

	
S-2.0

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
800

	
2000

	
0




	
10

	
S-2.5

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
1000

	
2000

	
0




	
11

	
S-3.0

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
1200

	
2000

	
0




	
12

	
S-3.5

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
1400

	
2000

	
0




	
13

	
S-4.0

	
400 × 400 × 30 × 45

	
600 × 450 × 45

	
900

	
381

	
26.1

	
1600

	
2000

	
0








* Axial force is considered positive when it is compressive.













 





Table 3. Comparison of the results obtained from component models and tests.
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Specimens

	
TEST

	
MODEL

	
FEM-S

	
MODEL/FEM-S




	
KTEST *

	
MTEST *

	
KMODEL

	
MMODEL

	
       K  MODEL      K  TEST        

	
       M  MODEL      M  TEST        

	
KFEM-S

	
MFEM-S

	
       K   FEM-S       K  TEST        

	
       M   FEM-S       M  TEST        

	
       K  MODEL      K   FEM-S         

	
       M  MODEL      M   FEM-S         






	
Test1

	
3.23

	
2596

	
3.04

	
2418

	
0.94

	
0.93

	
3.07

	
2425

	
0.95

	
0.93

	
0.99

	
1.00




	
Test2

	
3.84

	
2246

	
3.35

	
2147

	
0.87

	
0.96

	
3.38

	
2156

	
0.88

	
0.96

	
0.99

	
1.00




	
Test3

	
3.07

	
3593

	
3.32

	
3872

	
1.08

	
1.08

	
3.47

	
3865

	
1.13

	
1.08

	
0.96

	
1.00




	
Test4

	
3.38

	
3868

	
3.43

	
3945

	
1.01

	
1.02

	
3.62

	
3938

	
1.07

	
1.02

	
0.95

	
1.00




	
Test5

	
3.25

	
3632

	
3.15

	
3765

	
0.97

	
1.04

	
3.24

	
3756

	
1.00

	
1.03

	
0.97

	
1.00




	
S-0.5

	
0.97

	
491

	
0.91

	
606

	
0.94

	
1.23

	
0.92

	
606

	
0.95

	
1.23

	
0.99

	
1.00




	
S-1.0

	
2.10

	
1495

	
1.90

	
1534

	
0.90

	
1.03

	
1.96

	
1536

	
0.93

	
1.03

	
0.97

	
1.00




	
S-1.5

	
2.40

	
2334

	
2.17

	
2595

	
0.90

	
1.11

	
2.39

	
2612

	
1.00

	
1.12

	
0.91

	
0.99




	
Mean

	
—

	
—

	
—

	
—

	
0.95

	
1.05

	
—

	
—

	
0.98

	
1.05

	
0.97

	
1.00




	
Cov

	
—

	
—

	
—

	
—

	
0.07

	
0.09

	
—

	
—

	
0.08

	
0.09

	
0.03

	
0.003








* The unit for K is 105 kN·m/rad, and the unit for M is kN·m. KTEST and MTEST for Test1 to Test5 represent the average values of results in two directions.













 





Table 4. Comparison of the results obtained from component models and refined solid FE models.
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Specimens

	
FEM

	
MODEL

	
FEM-S

	
MODEL/FEM-S




	
KFEM *

	
MFEM *

	
KMODEL

	
MMODEL

	
       K  MODEL      K  FEM        

	
       M  MODEL      M  FEM        

	
KFEM-S

	
MFEM-S

	
       K   FEM-S       K  FEM        

	
       M   FEM-S       M  FEM        

	
       K  MODEL      K   FEM-S         

	
       M  MODEL      M   FEM-S         






	
S-2.0

	
2.85

	
3391

	
2.26

	
3524

	
0.79

	
1.04

	
2.65

	
3552

	
0.93

	
1.05

	
0.85

	
0.99




	
S-2.5

	
2.94

	
4560

	
2.24

	
4262

	
0.76

	
0.93

	
2.87

	
4296

	
0.98

	
0.94

	
0.78

	
0.99




	
S-3.0

	
2.99

	
5644

	
2.20

	
5197

	
0.74

	
0.92

	
2.98

	
5065

	
1.00

	
0.90

	
0.74

	
1.03




	
S-3.5

	
3.02

	
6548

	
2.10

	
6237

	
0.70

	
0.95

	
3.04

	
5940

	
1.01

	
0.91

	
0.69

	
1.05




	
S-4.0

	
3.02

	
7205

	
2.00

	
7270

	
0.66

	
1.01

	
3.07

	
6898

	
1.02

	
0.96

	
0.65

	
1.05




	
Mean

	
—

	
—

	
—

	
—

	
0.73

	
0.97

	
—

	
—

	
0.99

	
0.95

	
0.74

	
1.02




	
Cov

	
—

	
—

	
—

	
—

	
0.06

	
0.05

	
—

	
—

	
0.03

	
0.06

	
0.09

	
0.03








* The unit for K is 105 kN·m/rad, and the unit for M is kN·m.
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