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Abstract

:

In steel structures, unstiffened top and seat angle connections (TSACs) show semi-rigid behavior and transfer both the vertical reaction and some end moment of the beam while also making some degree of rotation. The moment–rotation behavior of TSACs has been evaluated using experimental and numerical analyses under monotonic loading and generally compared in the linear elastic region. In this paper, three-dimensional (3-D) finite element models of the TSACs were developed based on experimental data available from the literature to accurately obtain the moment–rotation results along the curve. The numerical models were verified with the moment–rotation curves of TSACs and the deformed shapes of the angles in the connections. The experimental results show that the finite element model in this study is adequate to predict the moment–rotation behavior of TSACs. The effects of bolt material properties, bolt diameter, bolt pretension load, friction coefficient, and gage distance on the moment–rotation behavior of the connections were investigated using the verified numerical model. The parametric analyses show that almost the same moment–rotation behavior is obtained for the connections by increasing the bolt strength and pretension load and varying the friction coefficients. The ultimate moment capacity of the connections was increased with a decrease in the gage distance.
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1. Introduction


One of the most demanded structural systems is the steel framework. The assumptions made for the modeling of structural members and especially the definition of the behavior of beam-to-column connection regions are important factors in the analysis of structural systems. In the conventional analysis and design of steel structures, beam–column connections in a frame system are modeled as either fully rigid or pinned. In a rigid connection, it is assumed that the entire end moment of the beam is transferred to the column and no relative rotation occurs. In a pinned connection, it is assumed that no moment is transferred, and relative rotation is allowed without restriction. Experimental research demonstrates that all steel beam–column connection regions are in between rigid and pinned connections and have some stiffness. In connections considered as rigid, the full cross-sectional area of the beam is welded to the column’s flange. However, the connection exhibits nonlinear behavior and is commonly known as semi-rigid connections if the beam and column members are fastened using top and seat angles and a web plate or all angles, with either bolts or rivets [1]. Overestimating the connection rigidity can lead to an underestimation of the lateral deformation capacity, story drift ratio, and the collapse mechanism, whereas underestimating the rigidity of the connection may result in incorrect reaction forces in the beam and column members [2].



The analysis and design of steel frameworks necessitate a detailed consideration of the moment–rotation (M–θ) behavior of beam–column connection regions. To determine the moment–rotation relation of beam–column connections, various methods are utilized, such as experimental, numerical, empirical, analytical, informational, and mechanical models [3]. The most reliable understanding of the behavior of the connections is obtained from experimental data. However, due to the expense of experimental tests, they are typically conducted for research purposes rather than routine design practice [4]. According to the American Institute of Steel Construction (AISC) Allowable Stress Design (ASD) specifications [5], the top and seat angle connection (TSAC) is defined as the top angle is utilized to offer lateral support for the beam’s compression flange, and the seat angle is designed to solely transmit the shear force on the beam to the column member without imposing a significant restraining moment on the end of the beam member. Based on the experimental findings, TSACs are capable of transferring the vertical forces and a certain amount of end moment from the beam to the column member [5]. TSAC is a semi-rigid connection that transfers both the vertical force and some part of the beam’s end moment reaction while also making some degree of rotation.



Numerous research studies have been performed to experimentally investigate the moment–rotation behavior of TSACs. Azizinamini et al. [6] conducted several experimental tests to determine the static and cyclic performance of bolted and bolted and welded TSACs. The geometric properties that influence the performance of the connections were examined, and the M–θ curves of the connections with analytical models were compared. Fleischman [7] conducted experimental tests on TSACs. The test results were evaluated by considering different bolt pre-tension forces, angle thicknesses, and bolt configurations. Yang and Jeon [8] proposed analytical models to predict the initial rotational stiffness and ultimate moment capacity of TSACs. The analytical models considered the moment–rotation relations, plastic hinge lines, failure modes, the prying action effect, and the moment–shear interaction due to a top angle.



Numerical methods are indispensable parts of structural research for their accuracy, efficiency, and cost-effectiveness to conduct comprehensive parametric investigations and to understand significant local effects. In the analysis of steel connections, the geometrical and material nonlinearities of the elements in the connections, bolt pretension force, interaction between bolts and plates, stresses due to compressive interfaces, friction resistance, slips occurring between the bolt and the bolt hole, welds, and imperfections should be considered [3]. Ahmed et al. [9] performed FE analyses of TSACs to investigate the behavior between the column flange and the vertical leg of the top angle and the effect of bolt action on the M–θ response. The effects of parameters, such as the diameter of the bolt, thickness of the angle, gage distance, material properties of the angle and bolt, slip, and bolt pretension force, on the moment–rotation behavior of TSACs were evaluated [10,11,12,13,14,15].



Yang et al. [16] proposed an FE model to determine the initial stiffness and the ultimate moment of TSACs. The initial rotational stiffness and the ultimate moment values obtained from the FE model were compared with those of existing test data. Kong and Kim [17] analyzed the response of TSACs and proposed two new equations to predict the initial rotational stiffness and plastic moment capacity of the connections.



The moment–rotation behavior of unstiffened semi-rigid TSACs obtained from experimental and numerical analyses under static loading is generally evaluated in the linear elastic region. This study aimed to acquire good agreement between the M–θ curves of TSACs determined using the experimental and FE results in both the elastic region and the strain hardening (plastic) region. Displacement-based 3-D FE models of these connections were created in the ABAQUS/CAE v.6.14 Standard module [18]. In the FE models of the connections, separate material properties for steel members and bolts, the interactions between the elements, the pretension force of high-strength bolts, and the coefficient of friction were considered. The moment–rotation curves obtained from the FE models were compared with the experimental results existing in the literature to validate the models. In addition, a parametric study was performed by changing the material properties of the bolt, including bolt diameter, bolt pretension load, friction coefficient, and gage distance to obtain their effects on the M–θ behavior of these connections.




2. Finite Element Modeling of Top and Seat Angle Connections


Four three-dimensional FE models were created in the ABAQUS/CAE Standard to obtain the moment–rotation curves of semi-rigid top and seat angle connections. The accuracy of the M–θ curves for the modeled TSACs was controlled with the experimental studies conducted by Yang and Jeon [8]. Experimental tests for type B connections according to the AISC-Load and Resistance Factor Design (LRFD) Specifications [19] were carried out while changing the angle thickness as a primary parameter. In this study, the angle specimens were assembled to the flanges of the column and beam members using M20 (High Strength Hex Head Bolt-F10T) bolts. The beam, column, and angle specimens were made of S235 (SS400) steel (Fy = 235 MPa, Fu = 400 MPa). The following sections will provide a detailed explanation of the FE modeling method utilized in the present research.



2.1. Geometry of Connections


The geometric properties of four connections with the same beam and column types but different angle thicknesses are given in Table 1. The geometric details for the T10-S12 specimen are illustrated in Figure 1. The diameter of the hole for F10T-M20 bolts was taken as 22 mm.




2.2. Material Properties


The material characteristics of the angle specimens obtained through Yang’s coupon tests [8] were utilized in the FE modeling. The average values for the yield stress and the tensile strength of the material were calculated as 280 MPa and 449.8 MPa, respectively. These material properties, which are higher than the nominal values of S235 steel, were utilized for the columns, beams, and angles in the FE models. A multi-linear true stress–strain curve, accurately representing the elastic, yield plateau, and strain hardening stages, was defined in the FE models for all the steel components in the connections, as shown in Figure 2 [16]. The material strength values of the bolts obtained from Yang’s tests were not used in the FE models as they were reported to be lower than the nominal values of F10T bolts. The material characteristics of the F10T-M20 bolts used in the connections were assumed to be the same as those obtained from the coupon tests conducted by Yang et al. [16].




2.3. Contact Surface Modelling


A surface-to-surface contact-type algorithm was defined for all the connected parts, such as between the column flange and the angles’ vertical legs, between the beam flanges and the angles’ horizontal legs, between the washers and components, and between the bolts and the bolt hole. A finite sliding formulation was chosen between the main surface and the secondary surface. The tangential behavior of the contact was defined as a penalty function for the friction formulation. In the slip critical condition, the faying surfaces of class A were accepted for the bolts in the models and the coefficient of friction was set to 0.3 [5]. The normal behavior of the contact between the surfaces was defined as hard contact, and the surfaces were allowed to separate after the interaction.




2.4. Boundary Conditions and Loadings


All the nodes along the bottom and top cross-sections of the column member were restrained to satisfy the fixed-support conditions, as shown in Figure 3. The analyses were performed in two loading stages. In the first stage, the bolts were loaded with a pretension force of 162 kN using the bolt load command in the ABAQUS program (Figure 4). The bolt pretension loads generated in the first step were modified for the second step using the “fix at current length” method. At the beginning of the second step, the bolt pretension force application was completed to reflect the fully tightened bolts realistically, as in the experiment. The pre-stress was transferred from the bolt to the top angle, column, and beam flanges as illustrated in Figure 5. In the second load step, 100 mm displacement was applied to the beam’ free end at a distance 1125 mm from the rotation center of the connection, as shown in Figure 3. In the experiment conducted by Yang and Jeon [8], static shear forces were applied at a rate of 1.5 mm/min using an actuator. In the FE model, the displacement loading was gradually increased up to 100 mm using the automatic load increment scheme to simulate the experimental tests, and the loading increment rate was controlled to prevent any numerical convergence problems. The out-of-plane movement was restricted at the location of the applied displacement to prevent the overall instabilities of the beam member [20]. The distance between the instantaneous center of rotation located on the seat angle’s horizontal leg and the application point of the displacement at the end of the beam was multiplied by the reaction force of the imposed displacement to determine the connection moment (M), as shown in Figure 6. The difference between horizontal displacements, δt and δs, was obtained from the FE analysis and, the connection relative rotation (ϕr) shown in Figure 6 was calculated.




2.5. Mesh Generation


The element type of an eight-node linear brick C3D8R (with reduced integration and hourglass control) was selected for all the components in the connections. The shape of the C3D8R element was preferred as a structural mesh (hex). A mesh sensitivity analysis was performed for the C3D8R elements. The approximate dimension of the mesh was set to 10 mm for the beams and columns, 5 mm for the top and seat angles, and 3 mm for the bolts, corresponding to three mesh along the thickness of the elements. In the regions where the bolts met the structural members, the approximate dimension of the mesh size was decreased for accurate results, as represented in Figure 5.





3. Verification of the FE Models


The moment–rotation curves of the TSACs determined through the FE model results were verified using the FE analysis data from Kong and Kim [17] and the experimental test results of Yang [8]. The comparisons in Figure 7a,b demonstrate that the M–θ responses obtained from the FE models of the T10–S12 and T10–S15 connections are almost the same as the test results obtained in the linear elastic, early plastic, and late plastic stages. The moment–rotation curves of the T13–S12 and T13–S15 specimens show good agreement with the test results obtained in the linear elastic and late plastic ranges, as shown in Figure 7c,d. However, the curves determined from the FE results of Kong and Kim yield lower moment values than the experimental results for the T10–S12 and T10–S15 specimens in the later plastic ranges, as shown in Figure 7a,b. In addition, the FE model results of Kong and Kim were overestimated compared to the test data for the T13–S12 and T13–S15 connections. In Yang’s study [8], the static loading was removed for safety reasons when the observed rotation reached about 0.035 radians. For all the specimens, the ultimate moment results obtained at the end of the tests and determined from the FE models gave the same values. Additionally, when the moments of the TSACs were compared at 0.02 rad, according to the AISC [21], a very good agreement was observed for the specimens.



The deformed shape of the T10–S15 angle connection in its ultimate loading stage is shown in Figure 8. Similar to the observations in Yang’s experimental study, the vertical leg of the top angle assembled to the flange of the column began moving up, perpendicular to the applied load, as shown in Figure 9a. On the contrary, Figure 9b illustrates that the horizontal leg of the seat angle connected to the bottom flange of the beam moved down along the same axis with the applied force. A gap was formed between the top flange of the beam and the top angle leg at the end of the test. All comparisons, including those of the deformations of angles in Figure 9a,b, show that the FE models can accurately simulate the response of TSACs.



The yielding in the connection occurs first in the angles and then the components around the bolt holes at the beginning of the nonlinear stage of the M–θ curve. The yielding of the bolts begins in the later stages, as presented in Figure 9a,b.




4. Parametric Study


In the parametric study, the material properties of the bolt, including the bolt diameter, pretension loads for the bolts, coefficient of friction, and bolt gage distance are considered as variables to observe their effects on the M–θ relation of TSACs. The FE model for the T10–S12 connection was chosen for the parametric analysis. The bolt pretension force was applied to a pre-defined section, as illustrated in Figure 4. According to JIS B 1186 [22], the axial tension of the F10T–M20 bolts is recommended to be between 155 kN and 209 kN [22]. In Yang’s experimental study, each bolt was fully tightened up at a value of 162 kN [8]. According to ANSI/AISC 360-16 [21], the minimum bolt pretension force is 179 kN for a Grade A490M bolt, which is considered to be equivalent to an F10T bolt. This value is equal to 70% of the minimum tensile capacity of the bolts [21]. In this study, a pretension force of 202 kN, which is close to the upper limit value according to JIS B 1186, and a bolt pretension force of approximately 245 kN, which is close to the minimum tensile capacity of the bolts according to ANSI/AISC 360-16 [21], were applied to evaluate the influence of bolt pretension on the M–θ relation of TSACs. The moment values are almost the same in the linear and late plastic stages; however, only a slight increase is obtained in the early plastic stage as the applied bolt pretension force increases, as seen in Figure 10.



The M–θ behavior of TSACs was examined by varying the friction coefficient from 0.30 to 0.35 and 0.25 for all contact surfaces. As shown in Figure 11, no significant effect occurred in the M–θ curve when the friction coefficient was changed. In addition, the change in the curves was evaluated when a friction coefficient of 0.30 was defined between the bolts and the bolt holes and between the washers and components, and friction coefficients of 0.1 and 0.2 were utilized along the surfaces between the beam and the angle and between the column and the angle. These FE models were performed since the friction coefficient between steel–steel surfaces and steel–bolt surfaces can be different. However, Figure 12 indicates that the curves are almost identical to each other.



The material characteristics of F10T class hex head bolts were replaced with the stress–strain properties of F13T bolts obtained through the experimental tests conducted by Kim et al. [23]. The yield stress and tensile capacity values of the F13T bolt were defined as 1150 and 1281 MPa, respectively, in the FE model. The increase in the strength of the bolts did not yield any improvement in terms of the moment–rotation behavior, except that it gave a small increase in the ultimate moment capacity at the end of the plastic stage, as shown in Figure 13.



In the FE models, M22 bolts were defined to evaluate the effect of bolt diameter on the M–θ curve. A hole size of 24 mm was considered for the M22 bolts. The geometric properties of the M22 bolts were taken from the JIS B 1186 standard [22], and the pretension forces for the bolts remained at 162 kN to determine the bolt diameter effect only. Figure 14 illustrates the impact of the bolt geometric properties on the connection’s strength and stiffness. The initial slope of moment–rotation curve of the model with M22 bolts is the same with that of the model with M20 bolts. However, the ultimate moment capacity increases by around 8% with the increment in bolt diameter, as expected.



The gage distance, which is the distance between the heel of the top angle and the center of a high-strength bolt on the vertical leg, is shown as 55 mm in Figure 1. In the parametric FE models, the bolts’ gage distance was changed to 45 mm and 65 mm. Figure 15 demonstrates the effect of the bolt gage distance on the M–θ curve. It is shown that when the bolts’ gage distance decreases, the stiffness and strength properties of TSACs improve by approximately 20%.




5. Conclusions


The moment–rotation response of the unstiffened semi-rigid top and seat angle connections was investigated under monotonic loading. FE models were defined for the TSAC specimens studied in earlier experimental research, and a nonlinear analysis was conducted to validate the FE models with the experimental data. The M–θ curves, as well as the deformed shapes of the angles in the connections, showed very good agreement with the test data. The parametric studies were performed while considering the bolt material strength, bolt diameter, bolt pretension load, friction coefficient, and gage distance to investigate their effects on the M–θ curve. The following results were obtained through the FE analysis:




	
The yielding of angles in the connections and the yielding around the bolt holes in the components occur in the early steps of the nonlinear range of the M–θ curve, while the bolts yield occurs in the later stages. When the yield strength of bolts decreases, a small drop in the ultimate moment value is observed in the final portion of the curve. However, if the bolt satisfies a sufficient yield strength, which is the crucial criteria recommended in the AISC 360-16 standard [21], any increase in bolt strength will not influence the M–θ curve.



	
The ultimate moment value of the FE model defined by a 45 mm gage distance yielded 20% more capacity than the model with a 55 mm gage distance. On the other hand, the ultimate moment capacity of the model with a 65 mm distance was 23% less t than the result of the model with a 55 mm gage length.



	
Within the nonlinear region of the M–θ curve, the yielding of the angles followed by the yielding of the bolts leads to the formation of plastic deformations and eventually to the connection reaching its ultimate moment. In this range, an increase in bolt diameter results in higher strain hardening stiffness and moment capacity.



	
There was no significant influence observed on the initial rotational stiffness and the ultimate moment value of TSACs due to the increase in bolt pretension force.



	
When the friction coefficient was reduced, a slight increase in the initial stiffness was obtained in the linear range of the M–θ curve, while a decrease in the ultimate moment of TSACs was observed. Conversely, when the friction coefficient was increased, a small decrease in the initial stiffness was determined, whereas the ultimate moment value for the TSAC was similar to that of the model with a friction coefficient of 0.3. Additionally, using two different friction coefficients between connection components in the FE model resulted in a little increase in the initial rotational stiffness, however, the ultimate moment values were almost the same.








The moment–rotation behavior of different TSACs under static loading was obtained using the validated FE models. However, there are various types of semi-rigid connections that were not discussed in this study. Further research on experimental and FE studies of these connections is necessary, and thus, a design optimization of the semi-rigid connections can be proposed.
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Figure 1. Geometry of T10-S12 connection. 
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Figure 2. Engineered and true stress–strain curves of S235 steel material [16]. 
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Figure 3. Boundary conditions and mesh pattern of FE model. 






Figure 3. Boundary conditions and mesh pattern of FE model.



[image: Buildings 13 02425 g003]







[image: Buildings 13 02425 g004] 





Figure 4. Details of the bolt used in FE model. 
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Figure 5. The pre-stress transfer to the flange and the angle. 
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Figure 6. Deformation shape of a TSAC. 
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Figure 7. Comparisons of the M–θ curves: (a) T10–S12, (b) T10–S15, (c) T13–S12, (d) T13–S15 [8,17]. 
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Figure 8. Deformed shape of T10–S15 angle connection. 
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Figure 9. Comparisons of deformed shape of T10-S15 angle specimen with the test results [8]. 
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Figure 10. Effect of the bolt pretension force. 
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Figure 11. Effect of different friction coefficient between all the contact surfaces. 
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Figure 12. Effect of the different friction coefficients between the beam, column, and angles. 
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Figure 13. Effect of bolt strength. 
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Figure 14. Effect of bolt diameter. 
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Figure 15. Effect of bolt gage distance. 
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Table 1. Geometric properties of the Specimens.
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	Specimen
	Column
	Beam
	Top Angle
	Seat Angle





	T10-S12
	H310.305.15.20
	H390.300.10.16
	L100.100.10
	L150.100.12



	T10-S15
	H310.305.15.20
	H390.300.10.16
	L100.100.10
	L150.100.15



	T13-S12
	H310.305.15.20
	H390.300.10.16
	L100.100.13
	L150.100.12



	T13-S15
	H310.305.15.20
	H390.300.10.16
	L100.100.13
	L150.100.15
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