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Abstract

:

Disconnectable coupling (DC) joints of steel bracing in foundation pit engineering are inevitably subjected to eccentric load, but their mechanical properties under eccentric load have not been thoroughly investigated. Based on full-scale test results of DC joints under axial compression, a validated finite element model was established. The bearing capacity and flexural performance of DC joints under eccentric load were studied systematically through a series of numerical simulations. These parameters included the length, width and height of the steel wedge; eccentricity; steel tube wall thickness; channel steel thickness and middle-rib plate height. Based on the numerical results, a modified moment–rotation model was established. The results obtained show that the numerical models accurately reflect the failure mode and the load-displacement curves revealed by the full-scale test. The bearing capacity and flexural performance of DC joints decreases with eccentricity, middle-rib plate height, and steel wedge height. The effect of eccentricity is the most significant. By contrast, the bearing capacity and flexural performance of DC joints increases with steel wedge length, steel wedge width, channel steel thickness and steel tube wall thickness. The modified moment–rotation model can describe the flexural performance of DC joints accurately under eccentric load.
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1. Introduction


At present, the “row pile plus steel support” internal support system is widely used in foundation pit engineering [1,2,3]. This support system improves the overall bearing capacity of a foundation pit through prestressing [4,5], so that the deformation of the foundation pit is effectively controlled. The DC joint is the device to apply and maintain prestressing [6]. The “row pile plus steel support” internal supporting system of the foundation pit is shown in Figure 1. The DC joint is a crucial connection between steel support and row piles, composed of steel wedges, a fixed part and an active part, as revealed in Figure 2. The role of the end plate is to connect the steel support with the purlin or top beam. The jack bracket is used to place the jack. The DC joint and the steel support are associated by flange and bolt. An essential advantage of DC joints is convenient installation. The active part is separated gradually from the fixed part by the jack, and prestress is applied. The steel wedges are wedged between the fixed part and active part when the design value of prestressing is achieved; then, the jack is removed. Therefore, the critical role of the DC joints is to apply prestress to the whole support system. The DC joint sits at the junction of the vertical member and the horizontal member, which is a crucial joint connecting the row pile and the steel support. The importance of the joints generally exceeds the components which connect to them [7], since the failure of joints can arouse the progressive collapse of row piles. Further, the transfer path of force at the joint is more complex and fuzzier than that of the components which it connects to. Therefore, the influence of the DC joints should be considered when evaluating the mechanical properties of the steel support system. Current research on joints mainly focuses on the joints of frame structures [8,9,10] and beam-column structures [11,12,13], such as K-joints [14,15], T-joints [16,17,18], and X-joints [19]. The research on DC joints is relatively minor. Most studies focus on bearing capacity under axial compression. For example, The literature [20] studied the mechanical properties of DC joints through experimental methods, and corresponding improvements were proposed. The literature [21] improved the DC joint. The load holding performance of the improved DC joints increased about 30%, verified by field test. The literature [22] systematically analyzed the strain evolution process, load-displacement curves and failure modes of DC joints under axial load, and the fitting formulas of bearing capacity indexes were obtained.



DC joints inevitably bear eccentric load [23,24], due to the incomplete vertical of the embedded steel plate at the connection, in addition to other quality problems. Local buckling, or even overall instability of the support system, is easily caused by eccentric load [25]. Eccentric compression reduces the bearing capacity of the support system [26]. Therefore, the flexural performance of DC joints affects the bearing capacity of the whole support system. Currently, the research on the flexural performance of DC joints focuses chiefly on improved DC joints. The literature [27] studied the influence of eccentricity on the bearing capacity of disconnectable coupling with a rectangular plate through numerical simulation and theoretical calculation. The results showed that the ultimate bearing capacity of disconnectable coupling with a rectangular plate decreases by 20% when the eccentricity increases from 0 to 30 cm. The literature [28] experimentally studied the mechanical properties of disconnectable coupling with a bolt fasten wedge under eccentric load. The results showed that the compression stiffness of disconnectable coupling with a bolt fasten wedge was clearly outstanding; the fracture of the bolts was irregular.



The moment–rotation model is usually used to describe the flexural performance of structures. At present, research on the moment–rotation model of DC joints is relatively lacking. Most similar research focuses on frame construction, which is worthy of interest. The literature [29] put forward a multi-parameter exponential model for semi-rigid joints. The literature [30] provided a three-parameter exponential model to describe the moment–rotation curves of top-and seat-angles with or without double web-angle connections. The literature [31] fitted a four-parameter moment–rotation model of rectangular steel frames. The literature [32] proposed a method to calculate the rotational deformation of semi-rigid end plate connections of steel structures. The moment–rotation curve can be calculated accurately using this method. As the chief semi-rigid joint in the internal support system, it is necessary to study the flexural performance and moment–rotation model of DC joints.



In this paper, a study of the mechanical properties of DC joints under eccentric load for steel bracing in foundation pit engineering is reported. To begin, a finite element model was established based on the test results of axial compression experiments in the literature [22], and its accuracy and reliability were verified. Then, the influence of eccentricity and key position parameters on the bearing capacity and flexural performance of DC joints under eccentric load was studied through numerical simulation. Finally, a moment–rotation model for DC joints is proposed and the initial rotational stiffness and moment resistance of the numerical results are compared with the calculation results. At present, research on DC joints mostly focus on bearing performance under axial loads, while research on bearing performance, flexural performance and a moment–rotation model of DC joints under eccentric loads are lacking. Therefore, the research content of this paper is meaningful.




2. Numerical Model and Verification


2.1. Finite Element Model


In the literature [22], the mechanical properties of DC joint specimens under axial load were studied experimentally, and the load-displacement curve and ultimate failure mode of the specimens—welded with Q235 steel [33]—were obtained [22]. The experimental results showed that the weld was not cracked. Therefore, the welds are set as a rigid connection in the numerical models. The geometric dimension of the numerical models is consistent with that of the specimens, as displayed in Figure 3.



The yield strength, ultimate strength, Young’s modulus and true stress–strain relationship of Q235 steel were obtained through experiments by the literature [34,35]. The physical and mechanical parameters of materials are shown in Table 1 and Table 2. A numerical model of DC joints was constructed in the FEM software package ABAQUS 2016/Standard. The numerical model was meshed with the C3D8I element. C3D8I is an improved version of the C3D8 element, and is an incompatible mode 8-node brick element. In the bending problem, the result equivalent to the quadratic element can be obtained with fewer elements in the thickness direction, which greatly reduces the calculation cost. A total of 22,508 meshes were obtained. The finite element model is listed in Figure 4a. The boundary condition of the model is only to restrict the movement of the flange plate completely. The rotation of the flange is free, as shown in Figure 4b. The numerical model adopts the contact form of surface to surface. The normal contact method adopts hard contact. Tangential contact is applied in a penalty calculation, and the friction coefficient is 0.2 [34]. To accurately simulate the interaction between the loading plate and end plate, the reference point RP-1 is established, and the outer surface of the end plate is connected to the center of RP-1 through kinematic coupling. A concentrated force is applied at RP-1, as shown in Figure 4c. Two steps are set, gravity is applied at the first step, and the concentrated force is applied at the second step. The concentration force increases from 0 to 6200 kN, and its increment is 1%.




2.2. Validation of Finite Element Model


2.2.1. Failure Mode


The failure mode of the model in the numerical results is consistent with the experiment. Only the steel wedges are excessively deformed, and there is no other obvious failure in the specimen. According to the von Mises stress nephogram shown in Figure 5, the contact area (inside the red line) of channel steel, middle-rib plate and steel wedge generate the evident stress concentration. Further, the material in the area marked by the red line has yielded. Plastic strain emerges in the contact zone, which is consistent with the failure mode and strain distribution of the test results.




2.2.2. Load-Displacement Curve


The load-displacement curve obtained through numerical results agrees well with that obtained by the experiment, as shown in Figure 6. There is a slight difference between the experimental results and numerical results in the later loading stage. However, joint deformation is limited to a certain extent in engineering applications; a single joint will not evince excessive deformation. The initial compression stiffness and yield load obtained by the numerical results agree well with the experiment results, especially in the elastic stage.



Taken together, comparison of the numerical results and experiment results shows that the numerical model can accurately estimate the stress distribution and deformation characteristics of DC joints. The established model and physical and mechanical parameters are reasonable, and the load is an external factor. Therefore, the finite element model of DC joints can also be reliably used for numerical analysis under different load conditions. A study of bearing capacity and flexural performance are carried out under eccentric load through the finite element model.






3. Response Feature under Eccentric Load


3.1. Loading Method of Eccentric Load


The response feature of DC joints is studied using the numerical model established in Section 2.1 under eccentric compression. The eccentric direction is along the middle-rib plate. Eccentricity is achieved through adjusting the position of RP-1. The distance between RP-1 and the centre of the outer surface of the end plate (point D) is the eccentricity of the joint. The concentrated force still applies at RP-1. The concentration force increases from 0 to 5000 kN, and its increment is 1%. The application of eccentric load in the finite element model is shown in Figure 7.




3.2. Results of Numerical Simulation


3.2.1. Deformation


The vertical deformation nephogram of the model is shown in Figure 8. Due to the eccentric load, the active part rotates significantly around the x-axis, while the fixed part does not show any obvious rotation, as seen in Figure 8a. When the load reaches 5000 kN, the end plate of the active part rotates 0.06 rad around the x-axis. At the same time, the maximum vertical deformation at the end plate on the side with the eccentric load is 62 mm, as shown in Figure 8b. The relative deformation of the active part is mainly caused by the deformation of the steel wedge, and the absolute deformation of the active part is relatively small, due to the restriction effect of the channel steel on the middle-rib plate. The uneven deformation of the steel wedges is shown in Figure 8c. The maximum deformation of the steel wedges is 34 mm, which occurs on the loaded side of the steel wedge, and there is almost no deformation on the other side of the steel wedges. The maximum vertical deformation of the fixed part occurs at the middle plate, which also occurs on the loaded side of the middle plate, as shown in Figure 8d. However, due to the effect of the stiffeners on both sides of the middle plate, the maximum deformation value is only 2.46 mm, which is only 7.2% of the maximum deformation of the steel wedge.




3.2.2. Stress Distribution


The von Mises stress nephogram of the model is shown in Figure 9. For the entire model, the stress is mainly concentrated on the side where the eccentric load is applied, as exhibited in Figure 9a,b. The stress of the active part is mainly concentrated on the bottom of the middle-rib plate, that is, the contact position with the steel wedge. When the eccentric load increases to 3360 kN, the material on the loaded side of the middle-rib plate begins to yield. At the same time, due to the rotation of the active part, the material on the pressure side of the channel steel begins to yield, as shown in Figure 9c. When the load increases to 5000 kN, the material on the compression and tension side of the channel steel is close to the ultimate strength, as shown in Figure 9d. The channel steel nested in the fixed part has a tendency to move in the negative direction of the y-axis due to the effect of eccentric load. Therefore, when the load increases to 5000 kN, the stress value of the nested part is about 209.3 MPa, which does not reach the yield strength, as shown in Figure 9d. In the numerical model, the yield strength of steel is 235 MPa, and plastic damage is identified to occur when the stress of steel exceeds 235 MPa. The material of almost the entire steel wedge yielded at the end of loading. Meanwhile, more than half of the material of the steel wedges have reached ultimate strength, as shown in Figure 9e. Therefore, the selection of high-strength steel for processing steel wedges can significantly improve the mechanical properties of DC joints. The excessive stress of the fixed part is concentrated in the middle plate, especially the side where the eccentric load is applied. At the end of the simulation, the maximum stress value of the middle plate is 362 MPa, which is close to the ultimate strength of the material. At the same time, due to the effect of the channel steel of the active part, the stress value of the stiffener is relatively large. In addition, the stress value of the steel tube on the loading side is larger; the maximum value is about 213 MPa. The stress concentration area is symmetrically distributed along the middle plate. The closer to the flange, the greater the stress, as listed in Figure 9f. On the opposite side of the steel tube of the fixed part, the stress is mainly concentrated at the junction of the steel tube and the flange. This is caused by the tensile stress of the steel tube on this side. The stress concentration area is also symmetrically distributed along the middle plate. The maximum stress value is about 121 MPa, as shown in Figure 9b.






4. Bearing Capacity under Eccentric Load


To further study the influence of parameters at key positions on the bearing capacity of DC joints under eccentric load, parametric studies were carried out. The key parameters of DC joints are shown in Figure 10. A total of 27 models were established. The eccentricity and geometric information at key position of the models are shown in Table 3.



4.1. Value Criteria of Bearing Capacity Indexes


Axial force and deformation of steel support are important monitoring projects in practical engineering. Deformation monitoring mainly collects the variation of distance between the centre points of the steel support on both sides. Control of deformation and axial force of steel bracing depend on the initial compression stiffness and yield load, respectively. Therefore, the initial compression stiffness and yield load are crucial bearing capacity indexes of DC joints. The load-displacement curves of each numerical model are obtained from point D, and they do not have a distinct yield platform. Therefore, the initial compression stiffness and yield load are defined by the conditional yield method [36]. The yield load is the corresponding load when the residual deformation of the models is 0.2%. The initial compression stiffness is the average slope of the curves between the origin and condition yield point. The initial compression stiffness and yield load are expressed as k and Fy, respectively.




4.2. Parameter Analysis of Bearing Capacity


4.2.1. Influence of Eccentricity


Figure 11a shows the load-displacement curves of the DC joints under different eccentricities. The bearing capacities of the DC joints decrease with eccentricity, and the decline rate gradually increases. Figure 11b shows the effect of eccentricity on the initial compression stiffness and yield load of the DC joints. The results show that the initial compression stiffness and yield load are inversely correlated with eccentricity, and the correlation gradually increases. While the eccentricity increases from 0 mm to 36.5 mm, the initial compression stiffness and yield load decrease about 20 kN/mm and 70 kN, respectively. When the eccentricity exceeds 73 mm, the initial compression stiffness and yield load decrease by about 84 kN/mm and 550 kN, respectively, for each increase of eccentricity by 36.5 mm.




4.2.2. Influence of Steel Wedge Length


The relationship between steel wedge length and the bearing capacity of the DC joints is revealed in Figure 12a. Bearing capacity is significantly affected by steel wedge length; the bearing capacity increases with steel wedge length. When the length exceeds 400 mm, it will no longer affect bearing capacity. Figure 12b shows the effect of steel wedge length on initial compression stiffness and yield load. When steel wedge length is less than 350 mm, the initial compression stiffness and yield load increase with steel wedge length. For every increase of the length by 50 mm, the initial compression stiffness and yield load increase by 115.8 kN/mm and 412.5 kN, respectively. Steel wedge length weakly affects bearing capacity as the length exceeds 350 mm. When the steel wedge length exceeds 400 mm, the length will no longer be the influential factor on the initial compression stiffness and yield load. The increase of the length of the steel wedges is ineffective with respect to the compression area of the steel wedges.




4.2.3. Influence of Steel Wedge Width


According to load-displacement curves of DC joints under different steel wedge widths, as listed in Figure 13a, it can be found that wedge width affects the bearing capacity significantly: bearing capacity increases with steel wedge width. Figure 13b shows the effect of the width on initial compression stiffness and yield load. The influence of steel wedge width on initial compression stiffness and yield load is initially weak. When the width increases from 25 mm to 30 mm, the initial compression stiffness and yield load will increase by 104.8 kN/mm and 500 kN, respectively. When the width increases from 40 mm to 45 mm, the initial compression stiffness and yield load increase by 68 kN/mm and 290 kN, respectively, which is only about 60% when the width increases from 25 mm to 30 mm. The increase rates of initial compression stiffness are both about 18.9%, 14.4%, 12.1% and 10.9% as the steel wedge width increases from 25 mm to 45 mm.




4.2.4. Influence of Steel Wedge Height


Figure 14a reveals the relationship of steel wedge height on the bearing capacity of DC joints. The bearing capacity is affected by the steel wedge height weakly, but it decreases with steel wedge height. Steel wedge height is inversely correlated with initial compression stiffness and yield load, but the correlation gradually weakens, as shown in Figure 14b. The increase rates of initial compression stiffness and yield load are both about 6.3%, 5.5%, 4.9% and 4.2%, respectively, as the height increases from 50 mm to 250 mm.




4.2.5. Influence of Steel Tube Wall Thickness


The relationship of steel tube wall thickness with the bearing capacity is shown in Figure 15a. Similarly, the DC joint is affected by the steel tube wall thickness weakly, but the bearing capacity increases with steel tube wall thickness. Figure 15b shows the curves of the steel tube wall thickness with the initial compression stiffness and yield load. The relation between the bearing capacity and the steel tube wall thickness is a positive linear correlation. When the wall thickness increases by 2 mm in each step, the initial compression stiffness and yield load increase by about 59.8 kN/mm and 45 kN, and the increase rate is about 1.5% and 1.1%, respectively.




4.2.6. Influence of Channel Steel Thickness


Figure 16a lists the effect of channel steel thickness on the bearing capacity of DC joints. The increase of channel steel thickness improves the bearing capacity of DC joints. The beneficial effect reduces gradually. When the load is less than 2200 kN, the impact of channel steel thickness on the bearing capacity of the DC joints is weak. However, the effect amplifies as the load increases. The relationship of channel steel thickness with initial compression steel and yield load is shown in Figure 16b. The channel steel thickness positively correlates with initial compression stiffness and yield load, and the correlation gradually decreases. When the channel steel thickness increases from 8 mm to 10 mm, the initial compression stiffness and yield load increase by 61.9 kN/mm and 311 kN, respectively, and their increase rates are about 1.7% and 8.8%, respectively. The initial compression stiffness and yield load increase by 34 kN/mm and 190 kN, respectively, as the thickness increases from 16 mm to 18 mm, and their increase rate is only about 0.9% and 5.3%, respectively.




4.2.7. Influence of the Middle-Rib Plate Height


According to Figure 17a, the bearing capacity of the DC joint decreases with the middle-rib plate height, due to the beneficial influence of channel steel and the stiffener-rib in the active part of deformation of the middle-rib plate. The height weakly affects the bearing capacity of the DC joints. As revealed in Figure 17b, while the middle-rib plate height increases from 330 mm to 430 mm, the initial compression stiffness and yield load reduce by 9.5 kN/mm and 20 kN, respectively, and their reduction rate is 0.2% and 0.4%, respectively. As the middle-rib plate height exceeds 430 mm, the initial compression stiffness and yield load reduce by 47 kN/mm and 100 kN, respectively, due to the instability of the active part.






5. Flexural Performance under Eccentric Load


5.1. Selection Criteria of Flexural Performance Indexes


The flexural performance indexes of DC joints include initial rotational stiffness and moment resistance. The moment–rotation curves of the models start from point D. Due to the strengthening effect of the material, all moment–rotation curves are smooth and without the apparent descending stage. In European standard [37], the bending moment corresponding to the lower limit of the rotation stiffness of the semi-rigid joint is the moment resistance. The lower limit of rotation stiffness is obtained by the following formula:


   S  p i n n e d   =   E I   2 L    



(1)




where L equals 15 times the height of the bending section [38]. The initial rotational stiffness is the slope at the initial stage of the moment–rotation curve. The selection criteria of the flexural performance indexes are shown in Figure 18.




5.2. Parameters Analysis on Flexural Performance


5.2.1. Influence of Eccentricity


Figure 19a shows the moment–rotation curves of DC joints under different eccentricities. Eccentricity significantly affects flexural performance; flexural performance decreases with eccentricity. The relationship of eccentricity with initial rotational stiffness and moment resistance is presented in Figure 19b. The influence of eccentricity on flexural performance gradually weakens with the increase in eccentricity. The initial rotational stiffness and moment resistance decrease by 50.3 MN·m·rad−1 and 86.7 kN·m, respectively, as the eccentricity increases from 36.5 mm to 73 mm. However, the initial rotational stiffness and moment resistance significantly decrease by 11.6 MN·m·rad−1 and 25.8 kN·m, respectively, as the eccentricity increases from 109.5 mm to 146 mm.




5.2.2. Influence of Steel Wedge Length


Figure 20a shows the effect of steel wedge length on the moment–rotation curves. Length significantly improves the flexural performance of DC joints when the length is less than 350 mm. Figure 20b shows the relationship of the steel wedge length with the initial rotational stiffness and moment resistance. When the length increases from 300 mm to 350 mm, the initial rotational stiffness and moment resistance increase by 9.5 MN·m·rad−1 and 27.9 kN·m, respectively, and their increase rate is about 30.2% and 12.9%, respectively. When steel wedge length is greater than 350 mm, the effective compression area is unaffected because the length exceeds the lower edge length of the middle-rib plate. Therefore, when steel wedge length increases from 350 mm to 400 mm, the increase rate of the initial rotational stiffness and moment resistance is only 8.7% and 5.5%, respectively. The increase rate decreases to 3.2% and 0.7%, respectively, as the steel wedge length increases from 400 mm to 450 mm. Therefore, in practical engineering, the steel wedge length should be greater than that of the lower edge of middle-rib plate, and excessively long steel wedges are unnecessary.




5.2.3. Influence of Steel Wedge Width


Steel wedge width weakly affects the flexural performance of DC joints, as shown in Figure 21a; flexural performance increases with steel wedge width. When the width is 25 mm, the joints produce local buckling of the steel wedge at the later stage of loading. Flexural performance is undesirable when the width is 25 mm. As revealed in the relationship curves in Figure 21b, the correlation between steel wedge width and the moment resistance, initial rotational stiffness is linear and positive. The initial rotational stiffness and moment resistance increase by 2.5 MN·m·rad−1 and 18.5 kN·m, respectively, as the steel wedge width each increase by 5 mm, and their average increase rates are 4.7% and 8.2%, respectively.




5.2.4. Influence of Steel Wedge Height


The moment–rotation curves of different steel wedge heights are given in Figure 22a. The flexural performance of DC joints gradually decreases with steel wedge height. Figure 22b shows the relation curves of steel wedge height on initial rotational stiffness and moment resistance. Steel wedge height is inversely correlated with the initial rotational stiffness and moment resistance, and the correlation gradually weakens. When the steel wedge height increases from 50 mm to 100 mm, the initial rotational stiffness and moment resistance decrease by 10.1 MN·m·rad−1 and 22 kN·m, respectively. When the height increases from 200 mm to 250 mm, the initial rotational stiffness and moment resistance decrease 5.3 MN·m·rad−1 and 8 kN·m, respectively. The decrease rates of initial rotational stiffness are 14.5%, 13.3%, 9.3% and 3%, respectively, and those of moment resistance are 7.4%, 5.0%, 4.1% and 3.2%, respectively.




5.2.5. Influence of Steel Tube Wall Thickness


According to Figure 23a, it can be found that flexural performance increases with the wall thickness of the steel tube. The increase of wall thickness does not significantly improve the flexural performance of DC joints. Figure 23b shows the relationship of wall thickness with the initial rotational stiffness and moment resistance of DC joints. The results show that wall thickness is linearly and positively related to the initial rotational stiffness and moment resistance; the initial rotational stiffness increases by 6.7 MN·m·rad−1 and the moment resistance increases by 2.1 kN·m with the increase of steel tube wall thickness by 2 mm in each step. The average increase rates of the two are about 17% and 0.8%, respectively.




5.2.6. Influence of Channel Steel Thickness


Figure 24a shows the moment–rotation curves for different channel thickness. In the early stage of loading, the influence of varying channel thicknesses on flexural performance is slight when the bending moment is less than 150 kN·m. When the bending moment is greater than 150 kN·m, the effect of channel thickness is significant. According to the relationship curves in Figure 24b, the initial rotational stiffness and moment resistance increase with channel thickness, and the increase rate gradually decreases. The increase rate of initial rotational stiffness decreases from 7.1% to 4.0%, and the increase rate of moment resistance decreases from 10.9% to 5.4%, when the channel thickness increases from 7 mm to 19 mm.




5.2.7. Influence of Middle-Rib Plate Height


According to Figure 25a, the flexural performance of DC joints decreases with the height of the middle-rib plate. Due to the restraint effect of the channel steel on both sides of the middle-rib plate, the height of the middle-rib plate weakly impacts flexural performance. Figure 25b shows the influence of middle-rib plate height on initial rotational stiffness and moment resistance. The initial rotational stiffness and moment resistance decrease linearly with the height of the middle-rib plate when the height is less than 430 mm. When the middle-rib plate height increases by 50 mm, the initial rotational stiffness and moment resistance decrease linearly by 7.8 MN·m·rad−1 and 3.8 kN·m, respectively, and their reduction rates are 9.3% and 1.3%, respectively. When the middle-rib plate height exceeds 430 mm, the reduction rate of initial rotational stiffness and moment resistance slightly increase to 10.2% and 1.5%, respectively.






6. Moment–Rotation Model


6.1. Building Model


The slope of the moment–rotation curves is increasing at the later stage of loading, as described accurately in the model proposed by the literature [29] and in the moment–rotation models here proposed. The moment–rotation model is consistent with the changing trend of the moment–rotation curves of DC joints, as in Section 4. The model begins with Equation (2). In this model, Mi represents the idealized elastic-plastic mechanism moment, which refers to the limit bending moment when the material of the DC joints shows plastic strain; θ0 means reference rotation; n represents the shape parameter of structure, is only related to θ0 and needs to be obtained by fitting; the calculation of Mi is irrelevant to some parameters such as h and hm, while Mi is relevant to h and hm in the numerical results. Therefore, the model needs to be modified, and the correction coefficient λ is introduced. The moment–rotation model of DC joints is listed in Equation (3).


   M   M i    = n   ln   1 +  θ  n  θ 0         



(2)






  M = λ ⋅  M i  ⋅ n   ln   1 +  θ  n  θ 0         



(3)







According to a series of numerical analysis results of DC joints under eccentric compression, the deformation of a DC joint is mainly caused by the steel wedges. The deformation of the middle-rib plate is only 1% of that of the steel wedges, due to the restriction of channel steel. The deformation of the middle plate is 7% of that of the steel wedges, due to the action of the stiffening ribs. Therefore, the deformation of the middle plate and middle-rib plate can be ignored, and it can be assumed that the bending of DC joints is caused entirely by the deformation of the steel wedges.




6.2. Determination of Parameters


6.2.1. Determination of Mi


The deformation diagram of DC joints under eccentric load is shown in Figure 26. It can be found that the DC joint is a compression-flexure member. The bottom of the channel steel is free. The channel steel only bears the bending moment. Therefore, the following formula is satisfied for the DC joint:


   F A  +    M i   W  =  f y   



(4)







Namely,


   M i  =   A e W  f y    A e + W    



(5)




where W represents the bending section coefficient of the DC joints (the calculation formula of W is listed in Equation (6), some parameters of which are explained in Figure 27); fy represents the yield strength of the material; A means the effective compression area of steel wedges.


  W =    t c   H 3  +    t w  −  t c      2  t c    3  + 6  t c      H −  t c     2      3 H   +   w ⋅  l 3    12    



(6)








6.2.2. Determination of θ0


Because the deformation of the middle plate is slight, the point A is regarded as the rotation center. θ represents the angle of the axis rotating around point A; it equals the angle before and after the deformation of the upper surface of the steel wedge, as shown in Figure 26. If Δ1 is the vertical deformation at point B and Δ2 is the vertical deformation at point C, then θ meets the following requirements:


   θ    = arctan       Δ 1  −  Δ 2   l     



(7)







θ0 is the rotation angle as the joint begins to produce plastic strain. When the joint reaches θ0, the corresponding load is called the ultimate bending load. The ultimate bending load Fi meets the following formula:


   F i  =    M i   e   



(8)







When the eccentricity is less than one-sixth of the steel wedge length, the DC joint is a small eccentric compression member. Otherwise, it is a large eccentric compression member. The different force forms of steel wedges under different eccentricities are shown in Figure 28. Figure 28a shows the force form with small eccentricity, and Figure 28b shows the force form with large eccentricity.



The parameters in Figure 28 are calculated using the following formulas:


          P 0  =  F  w ⋅ l     1 +   6 e  l        e ≤  l 6         P 0  =   2 F   3 a w       e >  l 6               P 1  =  F  w ⋅ l     1 −   6 e  l          a =  l 2  − e     











	(1)

	
Calculation of Δ1







According to Boussinesq’s equation, the elasticity solution of the displacement at any point in the half-space can be obtained under the action of the vertical force, as follows:


  ω ( x , y ) =   1 −  μ 2    π E      ∬ A     p   ξ , η           x − ξ    2  +     y − η    2         d ξ d η  



(9)







If the deformation of the steel wedges at point B is Δ1, and the coordinates x = 0 and y = 0 of point B are taken into Equation (9), the calculation of Δ1 is as follows:


   Δ 1  = ω ( 0 , 0 ) =   1 −  μ 2    π E      ∫ 0 w      ∫ 0 b     p   ξ , η        ξ 2  +  η 2            d ξ d η  











The result is as follows:


   Δ 1  =   1 −  μ 2    π E      ∫ 0 w    P 0    ln     b +    b 2  +  η 2     η         d η +   1 −  μ 2    π E      ∫ 0 w   z   η −    b 2  +  η 2         d η  











Order,    Δ  1 , 1   =   1 −  μ 2    π E      ∫ 0 w    P 0    ln     b +    b 2  +  η 2     η         d η  ,    Δ  1 , 2   =   1 −  μ 2    π E      ∫ 0 w   z   η −    b 2  +  η 2         d η  .



According to the Gauss–Legendre quadrature formula, Δ1,1 can be obtained as follows:


   Δ  1 , 1   =     1 −  μ 2     P 0    π E   ⋅  w 2  ⋅    5 9  f   −     15    5    +  8 9  f  0  +  5 9  f       15    5       








where   f  x  = ln     b +    b 2  +       w x  2  +  w 2     2        w x  2  +  w 2       .



Δ1,2 is further solved as follows:


   Δ  1 , 2   =   1 −  μ 2    π E   ⋅ z      w 2   2  −  w 2     b 2  +  w 2    −    b 2   2  ln     w +    b 2  +  w 2     b       











Among them,   z =        P 0    3 a     e >  l 6         P 0  −  P 1   l    e ≤  l 6       ,   b =     3 a   e >  l 6      l   e ≤  l 6       .



	(2)

	
Calculation of Δ2







Similarly, the deformation of the steel wedges at point C is Δ2, and the coordinates x = l and y = 0 of point C are taken into Equation (9), then the calculation of Δ2 is as follows:


   Δ 2  = ω ( l , 0 ) =   1 −  μ 2    π E      ∫ 0 w      ∫ 0 b     p   ξ , η        ξ 2  +     l − η    2            d ξ d η  











The results are as follows:


   Δ 2  =   1 −  μ 2    π E      ∫ 0 w    P 0  ln     b +    b 2  +     l − η    2      l − η        d η +   1 −  μ 2    π E      ∫ 0 w   z     l − η   −    b 2  +     l − η    2         d η  











Order,


      Δ  2 , 1   =   1 −  μ 2    π E      ∫ 0 w    P 0  ln     b +    b 2  +     l − η    2      l − η        d η ,        Δ  2 , 2   =   1 −  μ 2    π E      ∫ 0 w   z     l − η   −    b 2  +     l − η    2         d η     











According to the Gauss–Legendre quadrature formula, Δ2,1 can be concluded as follows:


   Δ  2 , 1   = −     1 −  μ 2     P 0    π E   ⋅  w 2  ⋅    5 9  f   −     15    5    +  8 9  f  0  +  5 9  f       15    5       








where   f  x  = ln     b +    b 2  +       2 l − w  2  −   w x  2     2      l −  w 2    1 + x        .



Δ2,2 is further solved to obtain as follows:


   Δ  2 , 2   =   1 −  μ 2    π E   ⋅ z     l − w  2     b 2  +     l − w    2    −   l ⋅    b 2  +  l 2     2  +    b 2   2  ln     l − b +    b 2  +     l − w    2      l +    b 2  +  l 2        + l w −    w 2   2     











Among them,   z =        P 0    3 a     e >  l 6         P 0  −  P 1   l    e ≤  l 6       ,   b =     3 a   e >  l 6      l   e ≤  l 6       .




6.2.3. Determination of n


The analytical formula of the shape coefficient without specific physical meaning can not be deduced. Therefore, it is necessary to obtain an approximate solution for the fitting formula to solve the shape coefficient. Substituting the calculation results of Mi and θ0 into Equation (2), the value of n can be initially obtained. Therefore, the fitting curve can be performed according to the calculation results of n, as shown in Figure 29. n is only related to θ0, and the approximate calculation formula of n is fitted depending on the correlation between n and θ0, as follows:


  n = 350.85  θ 0    2  − 17.66  θ 0  + 0.24  



(10)








6.2.4. Determination of λ


λ is the introduced correction coefficient, which is related to the key position parameter of the DC joint. λ is an exponential function equation related to l/h, hm/w, e/(t + tc). The approximate solution of λ is obtained by fitting, as follows:


  λ = 37.923 ⋅      l h      0.237   ⋅        h m   w      − 0.108   ⋅      e  t +  t c        − 1.097    



(11)









6.3. Comparative Analysis of Numerical Results and Analytical Solutions


6.3.1. Comparative Analysis of Complete Curve


The moment–rotation curves of the 27 groups of models in Table 3 are obtained according to the established moment–rotation model. The calculation results and numerical results of a complete curve corresponding to each parameter are selected for comparative analysis, as shown in Figure 30. The full moment–rotation curves of the numerical results agree well with those of the calculation results. The agreement indicates the analytical formula can accurately and conveniently determine the moment–rotation curves of the DC joints, which is of value for engineering applications.




6.3.2. Comparative Analysis of Flexural Performance Indexes


The flexural performance indexes of DC joints include initial rotational stiffness and moment resistance. The moment–rotation curves of the 27 numerical models can be calculated using Equation (3). The flexural performance indexes are determined according to the selection criteria in Section 4.1. The comparative analysis of moment resistance between the numerical results and the analytical results is shown in Figure 31, and the relative errors of the numeric and analytical results are calculated and listed in Figure 31. It was found that the analytical results are in good agreement with the numerical results, and all relative error is less than 10%. The relative error of more than 46% of the models is less than 5%. The maximum relative error is 9.7%, the minimum relative error is 0.1%, and the average is 5.3%. The comparative analysis and relative error of the numerical and analytical results of the initial connection stiffness are shown in Figure 32. The relative error of more than 85% of the models is less than 5%, the relative error of all models is less than 10%. The maximum relative error is 7.7%, the minimum relative error is 0.8%, and the average is only 3.3%. The analytical results of the flexural performance indexes agree well with the numerical results. The flexural performance indexes can be predicted accurately through the established moment–rotation model and the selection criteria, which is of application value.






7. Conclusions


Based on the axial compression test results of DC joints, a validated finite element simulation has been conducted, and then parameter analysis was performed through a series of numerical simulations. Furthermore, based on the numerical results, a moment–rotation model suitable for DC joints is proposed. The results are as follows:




	(1)

	
The load-displacement curve and failure mode of DC joints obtained by numerical analysis are in good agreement with those of the experimental results. The finite element model can accurately simulate both the bearing capacity and flexural performance of DC joints under eccentric load.




	(2)

	
Eccentricity significantly affects the flexural performance of DC joints. Flexural performance is reduced to 53% of the original, as eccentricity increases from 0 mm to 36.5 mm, so the effective control of eccentricity is beneficial in improving flexural performance.




	(3)

	
The bearing capacity and flexural performance of DC joints decreases with eccentricity, steel wedge height and middle-rib plate height; they increase with steel wedge length, steel wedge width, channel steel thickness and steel tube wall thickness.




	(4)

	
The calculation methods for both Mi and θ0 in the moment–rotation model are deduced, and the calculation formulas of both n and λ in the moment–rotation model are fitted. The correctness of the calculation formulas of the four parameters is verified by comparison with the bending resistance index of the numerical model of DC joints.




	(5)

	
The thickness of channel steel has a significant effect on the flexural performance of DC joints. Therefore, in practical projects, appropriate strengthening of channel steel should be considered to effectively improve the flexural performance of DC joints.
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Nomenclature




	e
	eccentricity



	l
	steel wedge length



	w
	steel wedge width



	h
	steel wedge height



	t
	wall thickness of steel pipe



	tc
	channel steel thickness



	hm
	middle-rib plate height



	Fy
	yield load



	k
	initial compression stiffness



	I
	inertial moment



	F
	concentrated force



	θ
	rotation



	Mi
	idealized elastic-plastic mechanism moment



	Sini
	initial rotation stiffness



	n
	shape parameter



	H
	web height of channel



	Sini, Eq
	initial rotation stiffness of calculation



	Mu, Eq
	moment resistance of calculation



	fu
	ultimate stress



	E
	Young’s modulus



	fy
	yield stress



	δ
	ultimate deformation rate



	ρ
	density



	υ
	poisson’s ratio



	μ
	coefficient of friction



	L
	calculated length of the bar



	W
	bending section coefficient



	M
	moment



	θ0
	reference rotation



	Fi
	ultimate bending load



	Mu
	moment resistance



	λ
	correction coefficient



	A
	effective compression area



	tw
	width of channel flange



	RE
	relative errors



	Spinned
	lower limit of rotation stiffness
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Figure 1. Steel bracing system [22]. 
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Figure 2. Composition of a DC joint. 
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Figure 3. Dimensions of joint specimens. 
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Figure 4. Finite element model of the DC joint. 
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Figure 5. Comparisons on failure modes (Unit: MPa). 
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Figure 6. Comparison of load-displacement curves [22]. 
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Figure 7. Application of eccentric load. 
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Figure 8. Deformation diagram in vertical direction. 
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Figure 9. Diagram of stress distribution. 
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Figure 10. Instructions of parameter and eccentricity. 
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Figure 11. Impact of eccentricity on bearing capacity. 
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Figure 12. Impact of steel wedge length on bearing capacity. 
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Figure 13. Impact of steel wedge width on bearing capacity. 






Figure 13. Impact of steel wedge width on bearing capacity.



[image: Applsci 13 05596 g013]







[image: Applsci 13 05596 g014 550] 





Figure 14. Impact of steel wedge height on bearing capacity. 
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Figure 15. Impact of steel tube wall thickness on bearing capacity. 
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Figure 16. Impact of channel steel thickness on bearing capacity. 
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Figure 17. Impact of middle-rib plate height on bearing capacity. 
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Figure 18. Criterion of flexural performance index. 
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Figure 19. Impact of eccentricity on flexural performance. 
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Figure 20. Impact of the steel wedge length on flexural performance. 
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Figure 21. Impact of the steel wedge width on flexural performance. 
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Figure 22. Impact of the steel wedge height on flexural performance. 
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Figure 23. Impact of the thickness of steel tube on flexural performance. 
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Figure 24. Impact of the channel steel thickness on flexural performance. 
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Figure 25. Impact of middle-rib plate height on flexural performance. 
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Figure 26. Deformation of DC joint. 
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Figure 27. Parameters of channel steel. 
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Figure 28. Force form of steel wedge. 
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Figure 29. Fitting curve of n. 
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Figure 30. Comparison of moment–rotation curves. 
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Figure 31. Comparison of moment resistance and RE. 
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Figure 32. Comparison of initial rotational stiffness and RE. 
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Table 1. Physical and mechanical parameters of model material.
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	Material
	E (GPa)
	fy (MPa)
	fu (MPa)
	δ (%)
	ρ (g/cm3)
	υ
	μ





	Q235
	209.511
	235.7
	372
	14.3
	7.85
	0.3
	0.2
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Table 2. Stress–strain relationship of steel.
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	Stress (MPa)
	0
	215.7
	250
	325
	372
	402



	Strain
	0
	0.1
	0.3
	10
	17.7
	34.3
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Table 3. Parameters of finite element models.
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Number

	
e/mm

	
h/mm

	
l/mm

	
w/mm

	
t/mm

	
tc/mm

	
hm/mm






	
1

	
36.5

	
100

	
350

	
45

	
16

	
13

	
430




	
2

	
73




	
3

	
109.5




	
4

	
146




	
5

	
73

	
100

	
300

	
45

	
16

	
13

	
430




	
6

	
400




	
7

	
450




	
8

	
73

	
100

	
350

	
25

	
16

	
13

	
430




	
9

	
30




	
10

	
35




	
11

	
40




	
12

	
73

	
50

	
350

	
45

	
16

	
13

	
430




	
13

	
150




	
14

	
200




	
15

	
250




	
16

	
73

	
100

	
350

	
45

	
10

	
13

	
430




	
17

	
12




	
18

	
14




	
19

	
18




	
20

	
20




	
21

	
73

	
100

	
350

	
45

	
16

	
7

	
430




	
22

	
10




	
23

	
16




	
24

	
19




	
25

	
73

	
100

	
350

	
45

	
16

	
13

	
330




	
26

	
380




	
27

	
480
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