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Abstract

:

This study presents finite element analysis of double split tee (DST) connections with high-strength steel bolts and coupled split tee sections, to evaluate various cyclic response parameters and elements. The investigation included quantifying connection behavior and hysteretic response, damage indexes, and failure modes. Over 40 specimens were simulated in ABAQUS under cyclic loading, including shape memory alloy (SMA)-built specimens. In the post-analysis phase, the T-stub thickness, the T-stub yield strength, the bolt preload and bolt number, and the stiffener type and stiffener material for the most significant parts of the DST connection were calculated. Simulation results showed that a lower ultimate moment yielded fewer needed stem bolts. The energy dissipation (ED) capacity increased as the horizontal distance between the stem bolts decreased. Additionally, increasing the strength of the bolt and T-stub by 15% resulted in a 3.86% increase in residual displacement (RD) for the bolt and a 1.73% decrease in residual displacement for the T-stub. T-stub stiffeners enhanced ED capacity by 31.7%. SMA materials were vulnerable to mode 1 failure when used in T-stubs, bolts, or stiffeners. However, the use of SMA increased the rate of energy dissipation. Adding stiffeners to the T-stubs altered the failure indexes and improved the pattern of failure modes. In addition, stiffeners decreased the rupture and pressure indexes. As a result, the failure index of a T-stub shifted from brittle failure to ductile failure.
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1. Introduction


In traditional seismic design, connections between strong columns and weak beams have been used to achieve the desired modifications to stability and cyclic behavior [1,2,3,4]. The connections also protect against soft-story occurrence via the energy dissipation (ED) mechanism [5]. However, detailing reinforcement for structural joints that must meet full-strength requirements with an over-strength factor is reported to be expensive [6,7,8,9].



Conventional T-stub connections involve welding or bolting T-stubs to the primary structural members [10]. The connection provides high flexural resistance. Both tensile and shear behaviors can be studied by deforming the top T-stub axially and transversely [11,12]. Figure 1 is an overarching illustration of how a load affects a bolted steel connection and a T-stub.



As shown in Figure 1, it is possible to develop a prying action between the T-stub flange and the support base. By preloading the T-stub bolts, a contact stress is created between the T-stub flange and the support base. Atasoy [13] and Kulak et al. [14] note that when external loads are applied to the T-stub web, a contact pressure might be generated between the flange edge and the base. Figure 1 also shows how such contact stress would overload the T-stub bolts with a prying action force, Q, based on the flexural rigidity of the T-stub base flange. As a result of this force, the T-stub connector bolts are at risk of premature failure [15].



There is also an uncertainty about the position of the prying action force in the current state of the art regarding T-stub connectors. The force is assumed to act on the side line of the T-stub in a wide range of analytical models, such as those in [15,16,17,18,19,20,21]. AISC [16,22] and ASCE [23] have adopted this assumption.



The strength of tension zones in column flanges, end-plates, and bolts has received more attention [17]. The American Institute of Steel Construction (AISC) [24] and the Eurocode 3 [25] Standards provide analysis methods that serve as starting points from which seismic design enhancements to end-plate and T-stub connections could be derived.



Several analytical studies [18,26,27,28,29,30,31] verified static equilibrium and the application of the beam theory to the T-stub flange, and several experiments [32,33,34] were conducted to establish the force–displacement behavior. The T-stub connections’ rotational capacity was identified and evaluated using post-limit behavior [9,32,33,34,35], revealing the connections’ resistance and stiffness.



Abidelah et al. [36] analyzed the impact of bolts on T-stub performance and looked into the causes of failure. The functionality of a welded T-stub was studied by Barata et al. [37]. They discovered that when the temperature increased, the T-fire stub’s resistance and initial stiffness decreased, and its failure modes shifted.



Additionally, a three-dimensional FE model was used to study the structural behavior of the moment resisting connections and the formation of the plastic hinges in steel beam–column connections under earthquake load, and the stiffness and resistance predictions were presented in detail, with a model validated via experimental results [38,39].



For bolted T-stub connections including welded plates, the welding method is very crucial for ensuring ductile behavior of the connection [40]. T-stubs are sensitive to the minor axis of the column in out-of-plane bending [41].



High ductility in a moment resisting frame (MRF) was achieved by fabricating specimens with both unstiffened and stiffened end plate connections, with the latter using bolt extensions [42]. Diagrams illustrating the bending moment and deflection of an MRF under seismic load are shown in Figure 2.



Ozkilic [44,45,46,47] evaluated behavior of stiffened extended end-plate connections with large bolts, application of extended end-plate connections for replaceable shear links, effects of yield line mechanisms of four bolted extended end-plate connections on frame response, and impacts of bolt diameter and end-plate thickness on capacity of connection and failure modes under cyclic and monotonic loading.



Guidelines and standards have been established by Mistakidis et al. [48], Gebbeken et al. [49], Sherbourne and Bahaari [50], Bursi and Jaspart [32,51,52,53,54], Hantouche et al. [55,56,57,58,59], Lemonis and Gantes [60,61,62,63], and Swanson et al. [33]. Elementary T-stubs’ behavior was investigated by Soltani et al. [64] using finite element analysis. All possible modes of failure were accounted for by considering a wide range of geometry and strength characteristics. There were examples of both identical and dissimilar T-stub configurations among the specimens. To determine the full force–displacement curve of bolted connections, Fernandez-Ceniceros [65,66,67] has conducted extensive studies. Precise estimation of link behavior was achieved using the hybridization of FE modeling with soft-computing approaches [68].



Bravo and Herrera [69], Girao Coelho et al. [42], Hantouche et al. [59], and Herrera et al. [70] have investigated the behavior of bolted steel connections in an effort to determine their failure modes and fracture zones. As a result, bridge piers are ideal locations for conducting scour experiments [71]. The nonlinear behavior of a T-stub join under impact stresses was also established in a study by Ribeiro et al. [72]. The force–displacement results were improved by using a ductile failure criterion, and it was found that the strain rate had an effect on the material’s behavior. Different dynamic loads had little effect on the force–displacement response, despite the fact that they all applied a sizable impetus.



The finding was that an increase in bolt diameter results in an increase in plastic capacity as well as an increase in gage distance. Additionally, if the thickness of the weld increases, the plastic capacity will increase as well. Moreover, strain hardening affected the capacity of T-stub connections [73,74,75,76].



The bolted angle connection’s moment rotation capacity and influencing parameter were analyzed by Saedi Daryan et al. When the shear hardness increased, the lateral drift decreased, and the frame stability increased [77].



Numerical models were developed to study the performance of the post-tensioned (PT) self-centering steel connection in the context of an intelligent seismic system. Different types of bolted angles with associated stiffeners (Shiravand et al. [78] and Abdollahzadeh et al. [79]) and SMA material [80,81] were examined for their impact on structural member behavior.



In keeping with this discovery, Asada et al. [82] described a method for increasing the plasticity of welded wide flange beam to column connections by using high-yield bolts and welding complementary H-section haunches.



Sebbagh et al. [83] found that if the flange is monotonically loaded, adding an outer row of bolts is unlikely to have any significant effect until it begins to yield. When cyclic loads are applied, the added row of bolts prevents stiffness from decreasing and can provide more than 80% more strength under cyclic loads. As a result of cyclic loading, the outer bolts take on practically all the load applied during the unloading phase while simultaneously participating in the load resistance during loading. With the addition of the outer bolts, the end part of the T-stub plate under cyclic loads is prevented from uplift, and prying forces are avoided, while the inner bolts undergo about 40% less elongation during loading and unloading.



The stainless steel T-stub to the square hollow section bolted connection was numerically studied [84]. It was shown that by increasing the flange thickness from 2 mm to 7 mm, the connection capacity was increased by 88%. Bolts positioned far apart from the stem of the T stub exhibited a ripping or prying action. Additionally, thicker flanges were less susceptible to prying. With the diameter of the bolt increasing from 12 mm to 16 mm, the capacity increased by 21.4%.



Designing the flange bearing resistance against the membrane shear component can increase the T-stub’s ductility at extremely large deformation. Finite element calculations estimate the hole’s design force as 0.2 times the bolt’s tensile resistance. Constructional flaws, such as web misalignment and flange bowing, only affect bolt action. These discrepancies are minimal and can be ignored for the examined flaw [85].



Five beam-to-column joints, made of austenitic stainless steel, were put through cyclic loading tests by Wang et al. [86]. The joints were connected using welded flange and bolted web connections. Cyclic tests were performed on three beam-to-column joints made of duplex stainless steel by Liu and Shi [87] using welded unreinforced flange-welded web connections, while experimental results from five austenitic stainless steel bolted extended end-plate beam-to-column joints were reported by Bu et al. [88]. Furthermore, Yuan et al. [89] performed a battery of cyclic experiments on stainless steel T-stubs and developed a new hysteretic model. The hysteretic performance of stainless steel end-plate beam-to-column joints has not been thoroughly studied, and only five joints of austenitic grade S31608 were tested under cyclic pressure.



Zhao et al. [90] found that grades S385 and S440 specimens were more malleable than S690 specimens causing brittle fracture. Kong and Kim [10] provided the results of finite element simulations, with a particular emphasis on the anticipation of the first-stage hardness and final-stage moment for T-stub joints. To enhance the moment and initial stiffness capability, a novel model was presented, and the connection collapse mechanisms were investigated.



Sun et al. [91] demonstrated the dampening effect of the heat affected zone (HAZ) by applying shear and axial loads to a T-stub joint. As a result, as the dispersion radius of HAZ was extended, and the initial yield resistance of the T-stub represented a linear distance [91].



Using MRFs, Wang et al. [92] studied the operation of the blind-bolt Hollobolt. Initial stiffness, malleability, and strength of the bolted steel connection were all measured in the analysis. Further, by contrasting the flat angle and the shank diameter of the bolt, it was discovered that the flange thickness had a direct bearing on the stiffness or strength of the blind-bolted connections.



The study in this paper presents the structural responses of a DST connection when loaded laterally. Thus, a few parameters were chosen to examine the connection’s response modification. When the connection is subjected to seismic loads, a number of factors must be modified, including the behavioral requirements of the bolt and T-stub, the material of the effective section (from steel to SMA), and the geometry of the stiffener. The fundamental goal of this research was to establish the correct DST connection behavior. Accordingly, the proposed damage indexes, failure modes, and behavioral curves were evaluated so that the structural response of a bolted steel connection may be predicted, allowing for a more robust and efficient overall structural system to be designed. The significance of the study is to assess the performance of DST connections that include stiffeners and shape memory alloys (SMA) because supplementary elements are increasingly employed in steel connections to improve and alter their behavior. The paper concludes by outlining the necessary steps and projected outcomes for improving the DST link.




2. Finite Element Models


The reference FE model consisted of a full-scale T-stub connection, calibrated by the experimental model (Yang et al. [93]). All other comparative models were developed by altering different parameters from the reference model. This connection is composed of the beam, column, double plates, continuity plate, bolts, and T-stub. The height of the column and length of beams is equal to 1 m. The beam has lateral support to avoid unwanted movement, overturning, and out-of-plane connection rotation during cyclic loading. The load is applied to the free end of the beam. In this research, the methodology employed included the stress amplitude and cycle (SAC) loading protocol [94]. This protocol consists of applying a specific level of stress and a specific number of cycles to a material and then evaluating its response. As for the loading phase, cyclic loading was applied to the tip of the beam section, and a static general analysis method was used.



The sections of the beam and column were H406 × 403 × 16 × 24 mm. The T-stub area was defined by beam flanges, column flanges, and prestressed bolts. The distance between bolts and hole arrangements was defined in the experimental models.



The model assumed that the sliding contact between the bolt shank and the bolt hole, the bolt head and the flange, and the bolt head and the rigid plate was finite, allowing for the simulation of massive slip. Normal behavior was assumed to be hard contact, while tangential behavior was simulated using the penalty friction method. In the literature for steel, stainless steel, and aluminum connections [38,92,95,96,97,98], the chosen co-efficient of friction was 0.3, which is within the range of 0.2–0.33.



The specification of the model parts is defined in Table 1, in which values of Fu and Fy for bolts, T-stub, beam, and column are presented. Fy and Fu are yield stress and ultimate stress, respectively.



The axisymmetric condition was established for modeling for computational efficiency. A decrease in the quantity of bolts and interactions was modelled for half of the beam-to-column connection. The length of the T-stub section, the stub column, and the midpoint of the beam were all constrained in the X and Z directions to ensure connection symmetry.



Figure 3 demonstrates a meshing overview of the solid elements. The eight-node 3D solid elements and the reduced integral (C3D8R) were used to deliver high precision at minimal computational cost [33,38,92,99]. Several mesh densities were tested, and eventually, a structured mesh was used with variable densities for each region of the model. In order to accurately capture their out-of-plane flexure and prevent the effect of shear locking, at least three elements were given through the thickness of the T-stub. According to [95,96,97,99], a flange’s thickness should have at least two elements across it for bending to be effective. To better simulate the interface between the bolt and the T-stub and to capture contact, a finer mesh was employed around the smaller region of the bolt [99].



Mesh sensitivity analysis was conducted to obtain an optimized mesh size for all elements of the T-stub connection. Several mesh sizes were studied to determine the size that provided the best accuracy. In the panel zone, which was subject to more stress and strain variations, and also for the T-stub sections and column bolts, which underwent significant yielding, finer meshes were specified.



The total numbers of nodes and elements were 32,760 and 19,572 with linear hexahedral elements (C3D8R), respectively. The column section’s mesh sizes at the surroundings of the bolt hole and bolt section were 1.8 and 3.6 cm, respectively. The beam’s mesh size adjacent to an area of the column was about 1.5 cm. In addition, plates and T-stubs were supposed to be 2.1 cm and 1.8 cm, respectively. Mesh sensitivity analysis was conducted to compare the stress value of the T-stub section or area as it provided an optimized meshing size.



The analysis had two steps; in the first step, the bolts were prestressed using the bolt load method (AISC 360-16(2016) and RCSC (2014)) [100,101]. In the second step, the cyclic loading was applied to the beam’s free end. The numerical modeling results were compared with six specimens experimentally [93], as shown in Table 2. The effective parameters were M0, Mmax, and  θ max defining the reference moment of the T-stub, maximum moment, and maximum rotation, respectively. As a result, the maximum error of numerical modeling was approximately 3.47% compared with the experimental results. Figure 4 illustrates the force–displacement curve and Von Mises distribution for the experimental specimen (G310-T19-B400). The stresses concentrated on the T-stub through the beam rotation, and the critical stress and local deformation were revealed in beam flanges and bolts, respectively. Nu and Ex are the abbreviation forms of the numerical and experimental values, respectively.



The G310-T19-B400 model was considered the verification model (SP02) for further investigation. The parametric specifications for the developed models are presented in Table 3, where tf, Fyt, and Fyb are the T-stub’s thickness, the T-stub’s yield stress, and the bolt’s yield stress, respectively. L1 and L2 are the arrangement of bolt holes on the T-stub web, as depicted in Figure 5. All dimensions are in millimeters.



The SP01 to SP03 models showed a decrease in L2 value of ~50%. The SP04 to SP07 models were classified based on changing the number and material of bolts. For example, in the SP04 model, the bolts that connected the T-stub section to beam flanges were reduced from six to two in number. Based on the SP08 to SP13 models, a change in the T-stub’s yield stress and thickness or the bolt pretension load could be seen. The steel and SMA were equipped with either a bolt column or a T-stub, as shown in the SP14 and SP15 models. In the SP16 to SP19 models, the T-stub section was equipped with a triangular stiffener as the thickness and number differed.



The Capability of SMA Material


Shape memory alloy (SMA) has been used in seismic applications because it can withstand large loads and recover its original shape by unloading and heating. Utilizing SMA is related to self-centering and energy dissipation capacities in behavior (Wang et al. [103] and Wang and Zhu [104]). According to Pereiro-Barceló et al. [105], the reversible transitions between martensite and austenite identify this distinct property. The SMA likely recovers up to 8% strain in the mode of NiTi alloy because the austenite phase exhibits superplastic behavior (Chowdhury et al. [106]). NiTi material is imported into the ABAQUS based on the mechanical characteristics described in DesRoches et al. [102].





3. Analyzing the Moment–Rotation Curve


The parameters of the moment–rotation curve for 19 models are presented for understanding the behavior of bolted T-stub connection. These parameters include moment capacity, ED capacity, and RD, as shown in Table 4.



A downward trend in the Mmax, ED, and RD was revealed when there was an increasing trend in the value of L1. For instance, in the SP03 model, ED capacity was reduced compared with the SP02 model (reference model) by about 20%. Similar reductions for the SP06 and SP07 models were observed by a decrease in yield stress of the bolt. A leap in Fyt, tf, or bolt pretension led to enhancing the ED, Mmax, and RD values. For example, the values of ED, Mmax, and RD had increments of 1.5%, 3%, and 6%, respectively, where tf was increased to 23 mm.



A sharp drop in the Mmax and ED values in the SP15 model could be seen when the T-stub section was equipped with SMA. While an increment trend in the values could be seen when the T-stub was equipped with triangular stiffeners, the maximum ED increased by approximately 55%.



Assessment of Response Curve Variables


The response curve variables are provided by using the force–displacement curve as shown in Figure 6. Table 5 presents the response variable factors. The initial stiffness (Ki) of a bolted steel connection at a drift of 0.3% is defined as the secant stiffness and is calculated from the cyclic response. The residual stiffness or post-yield stiffness (Kr) of a bolted steel connection after the decompression has occurred is also shown, as well as the maximum force (Fmax) in the connection under lateral loading.



The values of Ki, Kr, and Fmax showed a downward trend by the change in Fyt and tf and also when the T-stub or bolt was equipped with SMA material.



The maximum value of Ki limited to the SP17 model was substantially increased by about 102% compared with the SP02 model, while the minimum value showed a 50% decrease for the SP14 model. The value of Kr fluctuated significantly. For example, for the values of the SP12 and SP04 models, the trend decreased by 51% and increased by 75%, respectively. In the SP17 model, Fmax showed an upward trend of 24%, although its lowest value had a decreasing trend of 11.5% compared with the SP02 model, where the number of beam bolts changed from six to two.



The use of SMA material for the T-stub section resulted in a reduction in the initial stiffness (Ki), residual stiffness or post-yield stiffness (Kr), and maximum force (Fmax) because of the inherent elastic, resilient, and reversible properties of the SMA material. However, it improved the flexibility and ductility of the DST connection.



As for stiffener-equipped models, these components affected the total response of the connections significantly. The Ki and Fmax values increased. Stiffeners enhanced the stiffness of the DST connection, and the connection would sustain 5% drift with negligible strength degradation.



Figure 7 depicts the structural behavior curves and Von Mises distributions for models SP14 and SP15. Consequently, in the SP15 model, a reduction in the strength could be noticeably seen compared with the SP14 model. Based on the Von-Mises distribution at a 4% drift, the SP14 model shows a significant focus on stress in comparison to the SP15 model. However, in the SP15 model, there is a sharp increase in the strain energy value that occurs when the drift exceeds 2%.



The ductility capacity and residual displacement of the SP14 model were more than 20 and 40%, respectively, compared with the SP15 model. This conclusion was derived from Figure 7b. These changes illustrated more effectiveness of the SMA column bolts than the SMA T-stub in enhancing the ductility and residual displacement of the bolted steel connection.



Figure 8 shows the stress–strain diagram of the SMA T-stub. In this case, the T-stub strain did not exceed 6%. Thus, the conclusion was that the behavior of the SMA materials was simulated correctly.





4. Failure Indexes


Since fractures or cracks were not explicitly modeled, response indexes could be used to determine the potential level of fracture. There are several commonly used indexes to assess potential fracture, including the pressure index, the Mises index, the triaxiality index (TI), the equivalent plastic strain index (PEEQ), and the rupture index (RI) [107]. An accumulation of high RI values indicated the location of the most potential fracture [108]. Initiating fractures could not be determined by RI. Bozkurt et al. [109,110,111] recommended using it to compare different configurations to determine the most likely to fracture. In many studies, researchers use the rupture index to evaluate the degree of damage to be experienced at beam-to-column connections [107,112,113,114,115].



The T-stub section had a significant role in the DST connection’s cyclic behavior to dissipate energy and affect the connection’s stiffness and strength.



Equations (1)–(3) show an example of damage index formulations of the T-stub from El-Tawil et al. [116].


  PEEQ =    2 3       ε    ij  p   ε  ij  p     



(1)




where the PEEQ index is the ratio of the equivalent plastic strain by the yield strain and    ε  i j  p    is the plastic strain.


  TI =   PI   MI    



(2)







According to Equation (2), the triaxiality index (  TI  ) is the ratio of hydrostatic stress (   σ m   ) to the Mises stress (    σ ¯   )  . The pressure index (  PI  ) is the hydrostatic stress (   σ m   ) divided by the yield stress (   σ y   ), and the Mises index (  MI  ) is defined as the ratio of the Mises and yield stress. In Equation (3), the rupture index (RI) is the PEEQ divided by    e  (  1.5    σ m    σ ¯    )    .


  RI =   PEEQ   exp (  1.5    σ m     σ ¯     )    



(3)







Additional indexes such as the pressure index, the strain index, and a mix of them were calculated to compare and assess the behavior of the connection system, as shown in Table 6. The stress and strain values were normalized according to the yield stress and strain of the T-stub section.



The pressure index indicates a failure possibility in the area of the T-stub. The existence of hydrostatic stress in this area increased the likelihood of sudden failure and fracture of the T-stub. Decreasing the number of connected bolts to the beam reduced the T-stub fillet’s pressure index and sudden failure possibility. Moreover, a decrease in the spaces between bolts increased the pressure index. It caused improvement in the distribution of ultimate stress and strain on the T-stub section, and finally, the failure of the T-stub section became flexible.



The equivalent plastic strain index (PEEQ) indicates the flexibility of a specific section of the T-stub. The rupture index is the ratio of triaxiality stress (triple ratio). The medium range of triaxiality stress was between values of 0.75 and 1.5 [116]. When the fractural behavior of models became brittle, the triaxiality stress became more than 1.5 or lower than 0.75.



This research compared and evaluated the flange and web area of the T-stub or T-stub fillet index. Increasing the yield stress in the SP08, SP10, and SP12 models changed the value of the rupture index from 1.5 to 1.41, 1.53, and 1.55, respectively. In other words, the fractural behavior of the T-stub became brittle. However, according to the pressure index, increasing the thickness of T-stub and preload of bolts indicated better unexpected fractural behavior in mentioned models.



The rupture index, pressure index, and triaxiality stress index were reduced significantly in models equipped with stiffeners. The reduction of the rupture index of the SP17 model was about 1.05, according to the reference index value (1.5). As a result, the stiffeners improved the sudden fractural behavior of the T-stub section, and the failure of the T-stub connection became flexible.



Failure Modes


This section covers the Eurocode 3 [25] approach. A simple bolted T-stub can fail in accordance with three possible collapse cases, in which the occurrence of a given case typology is governed by the parameter    β  Rd     as shown in Equation (4):


   β  Rd   =   4  M  f . Rd     2  B  Rd   m    



(4)







In the above equation, Mfrd is the design flexural resistance of the T-stub flanges, BRd is the design axial resistance of the single bolt, m is the distance between the bolt axis and the section corresponding to the flange-to-web fillet where the formation of a plastic hinge can be expected, and n is the distance between the bolt axis and the location of the prying force.



In the first case, four plastic hinges were used. Two hinges at the bolt axes assisted with two hinges at the flange to web connection. The value of the design resistance is defined as in Equation (5):


   F  1 . Rd   =   4  M  f . Rd    m   



(5)







The second case was associated with the formation of two plastic hinges at the sections dealing with the flange-to-web connection and by the fracture of the bolts. The design resistance is given by Equation (6):


   F  2 . Rd   =   2  M  f . Rd   + 2  B  Rd   n   m + n    



(6)







Eventually, the third case was concerned with bolt failure, in which connected plates were fully separated. In this case, the design resistance of the T-stub is given by Equation (7):


   F  3 . Rd   = 2  B  Rd    



(7)







To obtain a ductile behavior, the T-stubs must be designed according to mode 1: flange yielding and higher strength should be achieved for the other failure modes, including bolt failure.



Table 7 denotes the failure modes for all 19 models. For instance, the connection did not have any failure modes by equipping the T-stub section or column bolt with SMA material. Mode 3 failure occurred in most developed models. For example, the column bolts failed by an increase in L2 value of about 50%, although mode 2 failure occurred in the SP04 and SP11 models, having different numbers of beam bolts and flange thicknesses of the T-stub section, respectively.



Based on Figure 9, when applying the lateral loads on the SP18 model, mode 3 developed. It showed critical Von Mises stress in the bolt, which illustrated the failure of the bolt. In addition, the behavior of the T-stub flange remained within a limit of the linear region and did not yield.





5. Effects of SMA on Stiffener, T-Stub, and Bolt Column


An SMA material is recognized as an alloy that can be deformed when the temperature drops, while attaining its initial mode shape without residual displacement after increasing the temperature. Such a feature offers intelligent material behavior when subjected to seismic loads. The effectiveness of the SMA property on the response of models was investigated, in which the T-stubs were equipped with different types of stiffeners.



The newly developed models were named the SP20 to SP43 models, as shown in Table 8. The specifications of the models changed in thickness, number, and type of stiffener and material of components, including the stiffeners, T-stub sections, and column bolts in bolted steel connections. For instance, in the SP28 model, T-stubs were equipped with stiffeners (e.g., type B), and in addition, the material of column bolt was changed from steel to SMA, while as shown in the SP29 model, the T-stubs were equipped with stiffeners (e.g., type A), and the SMA property was assigned to the stiffeners. The stiffeners’ dimensions were determined using ABAQUS optimization scripting. Different dimensions were defined in the ABAQUS scripts, and it updated automatically and compared specific results. Figure 10 shows the details.



The stiffeners are reported to have caused rapid growth in the DST connections’ initial stiffness and maximum force. Their target in this research was to postpone the early yield and increase the tolerance threshold, which occurred by the enlargement of the initial stiffness of the stiffeners’ equipped specimens. Another aim of this section was to modify the stiffeners geometry; there were two types of stiffeners for further investigation.



5.1. Monitoring Behavioural Curve


The force–displacement curves for the SP20 to SP43 models are presented in Figure 11. These curves exhibited the simultaneous effect of the various parameters of importance on the cyclic behavior of bolted steel connection. As a significant result, force values that were enhanced in the models could be observed clearly when comparing with the SP14 and SP15 models for 4% drift. This increasing trend started at approximately 1% drift and was substantially visible between 2% and 4% drifts. In addition, the SP20 to SP43 models indicated a remarkable increase in the residual displacement value compared with the SP15 model. For example, the residual displacement value of the SP30 model increased by 63% when compared with the SP15 model.



As stated in Table 9, an SMA material had beneficial effects on the total performance of DST connections. For example, all three studied parameters (Ki, Kr, and Fmax) for SP26 were higher than those of SP02. This validated the usage of stiffeners, either steel or SMA materials. It consistently increased the initial stiffness (Ki) and ultimate strength (Fmax) of the connection (each by 113.52% and 15%), while the first yield point of the connection was delayed (higher post-yield or residual stiffness).



Another vital element alongside the stiffener was the T-stub section. The overall performance and response of the DST connections depended on the deformation quality and status of the T-stub section. SP15 was an example where it had an SMA type T-stub section, in which the initial slope of the force–displacement curve (Ki) and Fmax experienced a percentage decrease of 27.4% and 11.8%. This reduction showed that SP15 was more flexible and ductile when compared with the original specimen (SP02), whereas the T-stub section could rebound or return to its preliminary position due to the inherent SMA material specifications. These results conclusively supported the reasons for using SMA material.



As shown in Figure 12, for the DST connection, the existence of the SMA column bolt and changes in the number and thickness of the stiffener increased the value of Mmax when compared with SP14, from 19% to 30%. Equipping the connection with the SMA T-stub section and changing the number and thickness of stiffeners led to changes in the Mmax value. This increase was between 19.6% to 34.6% when compared with the SP15 model. As shown in Figure 13, for non-reference models where the column bolt or T-stub section was equipped with SMA property, a change was seen in the number or thickness of the stiffeners simultaneously. The ED capacity of the SP24 and SP25 models increased when compared with the SP14 and SP15 models.




5.2. Equivalent Viscous Damping Ratio


As for further investigation of the connection behavior and response, another index was introduced to show the dissipation potential of the DST connections, exclusively in the specimens equipped with T-stub stiffeners. This index was called the equivalent viscous damping ratio (EVDR), a dimensionless index that could be calculated by Equation (8) [117,118,119]:


  ξ =    E D    4    π   E    So      



(8)




where ED is the total energy loss per loading cycle and Es is the strain energy in an elastic system with identical maximum deformation and force to a nonlinear system.



Considering Figure 14, Ed and Es are the total energy loss per loading cycle and strain energy in an elastic system with identical maximum deformation and force, respectively. It is clear that Ed for each specimen would increase by drift increment. The findings in this paper provide additional information about the definition of the equivalent viscous damping ratio and its usage in assessing steel or composite connection [117,118,120,121,122].



According to the EVDR/drift figures, the application of stiffeners affected the energy dissipation of the DST connections; EVDR increased up to 20% in a 4% drift. That showed a successful modified and developed edition of an original specimen (a stiffener-free model). Figure 15 shows the subsequent results on the EVDR versus drift level for all stiffened specimens.



5.2.1. Ductility Capacity and Failure Modes


Ductility is the ability to endure the nonlinear deformations without failing. Using this concept in analysis and design can guarantee the optimized performance of a structure, when facing strong lateral displacements. The ductility ratios of the models were calculated by the equivalent energy elastic–plastic (EEEP) method that has been recommended by ASTM E2126-11 [123]. The ductility ratio is defined as the ratio of the ultimate displacement to the yield displacement (rotation), respectively, and is shown in Equation (9).


  μ =    Δ u     Δ y     



(9)







The connection behavior had a straight/linear relationship with the value of the ductility ratio. The equivalent energy elastic–plastic method used two enclosed areas by intersecting three points on the curve: namely, yield, maximum, and ultimate point. Figure 16 shows that A1 and A2 were created with intersection of the curve lines with equal areas.



As shown in Table 10, the extents of ductility revealed fluctuations from 2.66 to 3.97. The maximum and minimum values were calculated for the SP29 and SP39 models, respectively.



The results could be observed that an increase in the stiffener thickness reduced the ductility ratio only when the stiffener type was equipped with SMA material. For example, in the SP26 model, there was 11% reduction in the ratio in comparison with the SP20 model. Simultaneously, having an SMA T-stub or SMA column bolt increased the ductility ratio. As for the SP33 and SP39 models, the effectiveness of the SMA T-stub and stiffener thickness in the ductility ratio was observed.



Regarding the effect of the number of stiffeners, the ductility ratio in the SP43 model was compared with SP31. The existence of the SMA column bolt and change of stiffener number from one to three resulted in an 18% increase. However, the exact change in the number of stiffeners and of the addition of the SMA T-stub or SMA stiffener in the bolted steel connection led to reducing the ductility ratio.



Table 10 also illustrates the failure modes for the SP20 to SP43 models. It was shown that mode 3 occurred in the models having stiffeners or T-stub with SMA properties. Figure 17 shows a representative mode 3 failure for SP32. The Von Mises distribution in the bolt was evaluated critically, and the bolt failed. However, the distribution of the AC yield in the T-stub revealed that the flange of the T-stub did not yield. The models that included the column bolt with SMA properties did not experience any failure.




5.2.2. Bolt Force, Strain Energy, and Frictional Energy


Figure 18 illustrates the frictional dissipation capacity for 12 specimens that were subjected to cyclic loading. The capacity of the models for bolts having SMA was compared with other models in which the T-stub material or stiffener material was changed from steel to SMA. For example, at the end of lateral loading, the frictional dissipation of the SP28 model was about 28 KN.m. However, the dissipation of models such as SP26 and SP27 was limited to approximately 12.5 KN.m.



Based on the dissipations, the simultaneous change in the number of stiffeners and the material of the stiffeners, bolts, or T-stubs did not significantly affect the frictional dissipation in the bolted steel connection.



The strain energy was obtained from the strain and stress created in the part or body and the volume change of the body undergoing deformations. The strain energy was generated in the elastic phase of the part so that the body sustained some stress due to loading and underwent local deformation and strain. Total deformation led to altering the volume and structure of the part. The strain energy was directly related to the part’s volume variation rate.



The total strain energy consisted of two elastic and non-elastic (plastic) phases. Thus, the figures show that the connection remained elastic in the drifts below 1%, and the elastic strain energy was formed. However, when the rotation increased from 1% to 4%, the connection tolerated plastic deformations due to increased stresses on the connecting parts.



As discussed before, the reason for the lower total energy dissipation and strain energy of SP27 (176.3 KN.m) was type B stiffeners. Since this type of stiffener had drilled holes, the volume of the part was less than the other stiffener type (without drilled holes or the solid one); hence, higher strain energy is observed from SP30 (197.9 KN.m). The reason for the proposed type B stiffener was its high capacity for total energy dissipation. The induced deformation and stress in the stiffener increased with increasing loading intensity, and this enhancement resulted in the loss of connection internal energy through significant plastic strains as shown in Figure 19.



As shown in Figure 20, at the beginning of loading, the force generated in the bolts of all three models was approximately identical. If the loading intensity or the step time increased, the difference between the generated forces of the bolts was insignificant.



In other words, an increment in the bolt force was due to the increase in the connection rotation. At drifts above 3 to 4%, the bolts underwent high tensile stress, and the bolts could be brought to the yield point threshold and could eventually collapse and rupture.



Among three models, the maximum bolt force was observed for SP30, with SMA T-stub (double split tee section). Such an improvement in the bolt force was due to a large amount of plastic deformation in the T section because of high drifts and with respect to the SMA alloy properties. The T-stub sought to restore all deformations and strains created in the preloading state or its initial state by adding large tensile forces to the bolts. The beam rotation caused the T-stub flange to rotate, and the bolts connected to the column flange prevented that rotation. Therefore, the forces in bolts were increased sharply for each cycle.



Ultimately, the addition of the stiffeners had a considerable influence on the behavior and performance of T-stub connections, ultimate moments, and energy dissipation capacity. The ultimate moment was responsible for decaying the internal energy in the connection and reducing the amount of damage induced. The change allowed for the optimization of the proposed connection, which increased the energy dissipation capacity of the T-stub and resulted in material savings for manufacturing stiffeners. Therefore, the use of type B stiffeners caused more energy loss, and the connection withstood more bending moments before failure.






6. Conclusions


This paper presented the cyclic performance and response of double split tee connections, specifically quantifying the addition of stiffeners. The findings revealed that reducing the number of bolts used in the beam caused a decrease in the connection’s ultimate moment by up to 11%. Increasing the thickness of the T-stub, the yield stress of the T-stub and bolts, and the bolt preloads, however, improved the connection’s moment capacity. Adding a column bolt to the SMA decreased the connection’s ultimate moment due to the SMA’s behavior and the high stress levels of austenite and martensite. Additionally, including triangular stiffeners in the models increased the connection’s stiffness, resulting in an increase in the ultimate moment and moment capacity of the models with 15 mm and 25 mm thickness stiffeners by 16% and 21% times compared with the reference models.



The research found that increasing the number of bolts and the yield stress of the T-stub led to an increase in the failure index and a sudden brittle fracture. However, models with a higher T-stub thickness and bolt preload showed an increased failure index. This indicated that the haunch of the T-stub was more likely to experience a high brittle fracture at a 4% drift. The use of stiffeners on the T-stub improved the performance of the DST connection by decreasing the failure index, pressure index, and triaxiality index. Specifically, the failure index was reduced by 69% when using a 15 mm thick stiffener. The stiffeners improved the behavior of the T-stub and reduced its likelihood of failure, making their use in bolted steel connections recommended. Additionally, using an SMA T-stub in the DST connection improved its role as an energy dissipater and the overall performance of the connection.



The study found that the failure mode of the models was mode 1 when the T-stub, bolts, or stiffeners were made of SMA materials. However, when changes in the bolt pretension, the yield stress of the T-stub, or the thickness of the T-stub were made, the failure mode switched to mode 2. Additionally, reducing the number of bolts from six to four or two led to a switch in failure mode from mode 1 to mode 3.



In terms of the energy dissipation capacity, increasing the number of bolts and the thickness and yield stress of the T-stub increased the ED capacity of the beam. The models with SMA material also showed an increase in energy dissipation. On the other hand, using stiffeners on the T-stub also increased the ED capacity, with those using three stiffeners with 2.5 cm thickness showing a 55% improvement in ED capacity.



Additionally, the study found that the Ki value of connections reinforced by steel and SMA stiffeners was greater than that of the reference model. The Kr variable was, however, reduced by 58% when using an SMA stiffener. The equivalent viscous damping ratio (EVDR) was also increased for the modified and stiffened models with steel and SMA stiffeners when compared with the reference model.



In comparison with the stiffener-free specimens, the specimens with steel/SMA stiffeners exhibited higher income energy, primarily due to inelastic/plastic deformation. Despite slight differences, the DST connections with steel/SMA stiffeners demonstrated increased ED capacities, Ki, Kr, and Fmax when compared with the reference model.



Recommendations for further studies include the following:




	
Investigating the use of different types and thicknesses of stiffeners to determine their impacts on the connection’s performance.



	
Examining the effects of different T-stub thickness, yield strength, and bolt preload to improve the ultimate moment and ED capacity of the connection.



	
Evaluating the behavior and performance of the connection with different types of loading conditions, such as cyclic, static, and dynamic loading.



	
Conducting more comprehensive tests, such as shake table testing, to evaluate the real-world performance of the connection in seismic situations.



	
Performing a detailed cost–benefit analysis of using different materials and designs to optimize the practicality and cost-effectiveness of the connection.



	
Investigating the behavior of the DST connection under different loading conditions such as cyclic loading, static loading, and dynamic loading.
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Figure 1. Bolted steel T-stub connection schematic and deformation of T-stub. 
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Figure 2. MRF under cyclic loading. (a) The MRF deflection diagram of the MRF, (b) moment diagram, (c) exterior connection, and (d) installed substructure in numerical modeling, reproduced with permission of Gerami et al. [43]. 
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Figure 3. Details of T-stub connection mesh: (a) overview, (b) bolt, and (c) T-stub. 
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Figure 4. (a) Hysteresis curve and (b) Von Mises stress distribution for G310-T19-B400 model. 
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Figure 5. (a) The arrangement of bolt holes on connected T-stub to beam. (b) General schematic of different parameters in T-stub profile. 
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Figure 6. Response variables. 
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Figure 7. (a) Strain energy-displacement curve. (b). Force- displacement curve (c) Von Mises distribution. 
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Figure 8. Strain–stress distribution of SMA T-stub under cyclic loading. 
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Figure 9. Stress concentration on SP18 model. (a) General view, (b) bolt, and (c) T-stub under cyclic loading. 
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Figure 10. (A,B) Geometric dimensioning of stiffener types. 
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Figure 11. Force–displacement curves. 
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Figure 12. Mmax of all connections. 
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Figure 13. ED capacity of all connections. 
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Figure 14. Illustration of total energy dissipation    E D    and maximum strain energy    E  So     [119]. 
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Figure 15. EVDR versus drift level. 






Figure 15. EVDR versus drift level.



[image: Civileng 04 00008 g015a][image: Civileng 04 00008 g015b]







[image: Civileng 04 00008 g016 550] 





Figure 16. Equivalent energy elastic–plastic (EEEP) method. 
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Figure 17. Distribution of Von Mises and AC yield (MPa) for the SP32 model. 
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Figure 18. Frictional dissipation and drift. 
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Figure 19. Strain energy and drift. 
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Figure 20. Bolt force and time. 
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Table 1. Value of Fy and Fu.
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	Components
	Fy (MPa)
	Fu (MPa)





	Bolt
	912.7
	976.1



	T-stub
	399.61
	435.85



	Beam or column
	399.61
	435.85
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Table 2. Comparing experimental results with numerical modeling results.
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Sample Model

	
M0 (KN.m)

	
 θ max (%)

	
Mmax (KN.m)






	
G260-T15-B350

	
PS1Ex

	
257.62

	
0.087

	
451.22




	
PS1Nu

	
251.88

	
0.09

	
442.48




	
Error percent

	
2.23

	
3.45

	
1.937




	
G310-T15-B400

	
PS2Ex

	
197.42

	
0.098

	
402.4




	
PS2Nu

	
195.23

	
0.1

	
399.61




	
Error percent

	
1.11

	
2.041

	
0.69




	
G260-T19-B350

	
PS3Ex

	
411.11

	
0.037

	
454.36




	
PS3Nu

	
408.34

	
0.038

	
435.85




	
Error percent

	
0.674

	
2.7

	
4.07




	
G310-T19-B400

	
PS4Ex

	
329.86

	
0.13

	
448.68




	
PS4Nu

	
324.52

	
0.125

	
443.17




	
Error percent

	
1.62

	
3.84

	
1.23




	
G260-T21-B350

	
PS5Ex

	
458.08

	
0.023

	
502.84




	
PS5Nu

	
452.34

	
0.024

	
495.51




	
Error percent

	
1.253

	
4.37

	
1.46




	
G310-T21-B400

	
PS6Ex

	
411.78

	
0.0385

	
447.97




	
PS6Nu

	
407.47

	
0.04

	
440.73




	
Error percent

	
1.05

	
3.9

	
1.62
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Table 3. Developed finite element models.
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	Sample Model
	tf

(mm)
	Fyt

(T-Stub)

(KN)
	Bolt Pretension

(KN)
	* No

(Bolt Beam)
	Fyb

(Bolt)

(KN)
	L1

(mm)
	L2

(mm)
	Stiffener of

T-Stub

(mm)
	Equipped SMA Material





	SP01
	19
	538.5
	165
	6
	912.7
	50
	150
	….
	….



	SP02
	19
	538.5
	165
	6
	912.7
	100
	100
	….
	….



	SP03
	19
	538.5
	165
	6
	912.7
	150
	50
	….
	….



	SP04
	19
	538.5
	165
	2
	912.7
	100
	100
	….
	….



	SP05
	19
	538.5
	165
	4
	912.7
	100
	100
	….
	….



	SP06
	19
	538.5
	165
	6
	950.7
	100
	100
	….
	….



	SP07
	19
	538.5
	165
	6
	874.7
	100
	100
	….
	….



	SP08
	19
	620
	165
	6
	912.7
	100
	100
	….
	….



	SP09
	19
	458
	165
	6
	912.7
	100
	100
	….
	….



	SP10
	23
	538.5
	165
	6
	912.7
	100
	100
	….
	….



	SP11
	15
	538.5
	165
	6
	912.7
	100
	100
	….
	….



	SP12
	19
	538.5
	190
	6
	912.7
	100
	100
	….
	….



	SP13
	19
	538.5
	140
	6
	912.7
	100
	100
	….
	….



	SP14
	19
	538.5
	165
	6
	*
	100
	100
	….
	Bolt column



	SP15
	19
	*
	165
	6
	912.7
	100
	100
	….
	T-stub



	SP16
	19
	538.5
	165
	6
	912.7
	100
	100
	3PL169 × 15
	….



	SP17
	19
	538.5
	165
	6
	912.7
	100
	100
	3PL169 × 25
	….



	SP18
	19
	538.5
	165
	6
	912.7
	100
	100
	PL169 × 15
	….



	SP19
	19
	538.5
	165
	6
	912.7
	100
	100
	PL169 × 25
	….







* Defines yield strength of SMA T-stub and bolt as discussed in DesRoches et al. [102].
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Table 4. Moment capacity, ED capacity, and RD.
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	Specimen
	SP01
	SP02
	SP03
	SP04
	SP05
	SP06
	SP07
	SP08
	SP09
	SP10





	Mmax(KN.m)
	455.25
	450.9
	427.82
	399.14
	447.83
	453.94
	448.2
	455.36
	444.46
	465.3



	ED(KN.m)
	142.9
	138
	110.2
	87.96
	136.7
	139.9
	135.9
	140.81
	135.34
	140



	RD(mm)
	28.65
	27.18
	25.44
	27.58
	27
	27.23
	26.3
	27.65
	26.81
	28.9



	Specimen
	SP11
	SP12
	SP13
	SP14
	SP15
	SP16
	SP17
	SP18
	SP19
	



	Mmax(KN.m)
	440.46
	452.56
	449.17
	417
	399.73
	541.81
	557.5
	523.47
	545.2
	



	ED(KN.m)
	137
	140.9
	134.8
	142.05
	84.75
	192.1
	213.6
	181.8
	196.85
	



	RD(mm)
	26.83
	28.18
	26.58
	25.92
	18.73
	27.38
	28.25
	26.33
	27.84
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Table 5. Response variables.
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	Specimen
	SP01
	SP02
	SP03
	SP04
	SP05
	SP06
	SP07
	SP08
	SP09
	SP10





	Ki (KN.m)
	21,709
	24,072
	24,845
	21,148
	19,860
	19,851
	20,354
	21,056
	19,638
	19,758



	Kr (KN.m)
	10,712
	7130
	3710
	12,476
	5918
	5720
	6729
	5994
	6410
	5980



	Fmax (KN)
	737.62
	777.43
	781.47
	688.17
	772.12
	775.76
	774.37
	785.11
	766.31
	776.38



	Specimen
	SP11
	SP12
	SP13
	SP14
	SP15
	SP16
	SP17
	SP18
	SP19
	



	Ki (KN.m)
	20,255
	20,654
	20,062
	12,147
	17,471
	34,440
	48,684
	29,242
	35,300
	



	Kr (KN.m)
	5917
	3500
	6037
	4168
	4417
	4302
	3747
	5883
	6589
	



	Fmax (KN)
	776.65
	780.27
	774.43
	719.13
	689.2
	934.16
	961.2
	902.54
	940
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Table 6. Failure indexes for the developed models.
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	Sample Model
	        σ  ¯     
	     σ m     
	PEEQ
	PI
	MI
	Plasticity Index
	TI
	RI





	SP01
	694.2
	−567.499
	1.09814
	−1.0538
	1.2891
	463.1547
	−0.8175
	3.7428



	SP02
	694.2
	−497.691
	0.511864
	−0.9242
	1.2891
	215.8853
	−0.7169
	1.5003



	SP03
	667.68
	−470.156
	0.341547
	−0.8730
	1.2399
	144.0518
	−0.7042
	0.9821



	SP04
	694.2
	−419.191
	0.241981
	−0.7784
	1.2891
	102.0586
	−0.6038
	0.5986



	SP05
	694.2
	−468.181
	0.566258
	−0.8694
	1.2891
	238.8266
	−0.6744
	1.5572



	SP06
	694.2
	−497.293
	0.511835
	−0.9235
	1.2891
	215.8730
	−0.7163
	1.4990



	SP07
	676.48
	−484.384
	0.508633
	−0.8995
	1.2561
	214.5225
	−0.7161
	1.4889



	SP08
	694.2
	−509.196
	0.470578
	−0.9456
	1.2891
	198.4723
	−0.7335
	1.4140



	SP09
	694.2
	−488.235
	0.544232
	−0.9066
	1.2891
	229.5369
	−0.7033
	1.5629



	SP10
	694.2
	−499.25
	0.51937
	−0.9271
	1.2891
	219.0510
	−0.7192
	1.5274



	SP11
	694.2
	−493.445
	0.492601
	−0.9163
	1.2891
	207.7608
	−0.7108
	1.4307



	SP12
	694.2
	−498.05
	0.527099
	−0.9249
	1.2891
	222.3108
	−0.7174
	1.5462



	SP13
	646.8
	−469.976
	0.486086
	−0.8727
	1.2011
	205.0130
	−0.7266
	1.4457



	SP14
	694.2
	−494.392
	0.472123
	−0.9181
	1.2891
	199.124
	−0.7122
	1.374



	SP15
	1309.81
	−347.098
	0.025471
	−0.6445
	2.4323
	10.7427
	−0.265
	0.03790



	SP16
	596.152
	−386.19
	0.07693
	−0.7171
	1.1071
	32.4463
	−0.6478
	0.2033



	SP17
	553.96
	−357.88
	0.030672
	−0.6646
	1.0287
	12.9363
	−0.646
	0.0808



	SP18
	665.99
	−433.944
	0.170127
	−0.8058
	1.2367
	71.7532
	−0.6516
	0.4521



	SP19
	614.55
	−420.317
	0.101485
	−0.7805
	1.1412
	42.8026
	−0.6839
	0.2831
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Table 7. Failure modes in developed models.
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	Specimen
	SP01
	SP02
	SP03
	SP04
	SP05
	SP06
	SP07
	SP08
	SP09
	SP10





	Failure mode
	Mode 3
	Mode 3
	Mode 3
	Mode 2
	Mode 3
	Mode 3
	N/A
	Mode 3
	Mode 3
	Mode 3



	Specimen
	SP11
	SP12
	SP13
	SP14
	SP15
	SP16
	SP17
	SP18
	SP19
	



	Failure mode
	Mode 2
	Mode 3
	N/A
	N/A
	N/A
	Mode 3
	Mode 3
	Mode 3
	Mode 3
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Table 8. Classification and specification of developed models.






Table 8. Classification and specification of developed models.





	Sample Model
	tf

(mm)
	No (Bolt Beam)
	No (Bolt Column)
	L1 (mm)
	Thickness of Stiffener (mm)
	Number of Stiffener
	Type of Stiffener
	Equipped SMA Material





	SP20
	19
	6
	4
	100
	15
	3
	B
	Stiffener



	SP21
	19
	6
	4
	100
	15
	3
	B
	T-stub



	SP22
	19
	6
	4
	100
	15
	3
	B
	Bolt column



	SP23
	19
	6
	4
	100
	15
	3
	A
	Stiffener



	SP24
	19
	6
	4
	100
	15
	3
	A
	T-stub



	SP25
	19
	6
	4
	100
	15
	3
	A
	Bolt column



	SP26
	19
	6
	4
	100
	25
	3
	B
	Stiffener



	SP27
	19
	6
	4
	100
	25
	3
	B
	T-stub



	SP28
	19
	6
	4
	100
	25
	3
	B
	Bolt column



	SP29
	19
	6
	4
	100
	25
	3
	A
	Stiffener



	SP30
	19
	6
	4
	100
	25
	3
	A
	T-stub



	SP31
	19
	6
	4
	100
	25
	3
	A
	Bolt column



	SP32
	19
	6
	4
	100
	15
	1
	B
	Stiffener



	SP33
	19
	6
	4
	100
	15
	1
	B
	T-stub



	SP34
	19
	6
	4
	100
	15
	1
	B
	Bolt column



	SP35
	19
	6
	4
	100
	15
	1
	A
	Stiffener



	SP36
	19
	6
	4
	100
	15
	1
	A
	T-stub



	SP37
	19
	6
	4
	100
	15
	1
	A
	Bolt column



	SP38
	19
	6
	4
	100
	25
	1
	B
	Stiffener



	SP39
	19
	6
	4
	100
	25
	1
	B
	T-stub



	SP40
	19
	6
	4
	100
	25
	1
	B
	Bolt column



	SP41
	19
	6
	4
	100
	25
	1
	A
	Stiffener



	SP42
	19
	6
	4
	100
	25
	1
	A
	T-stub



	SP43
	19
	6
	4
	100
	25
	1
	A
	Bolt column
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Table 9. The parameters of the response curve.






Table 9. The parameters of the response curve.





	Specimen
	SP20
	SP21
	SP22
	SP23
	SP24
	SP25
	SP26
	SP27
	SP28
	SP29
	SP30
	SP31





	Ki (KN.m)
	52,452
	40,758
	40,550
	53,813
	50,839
	46,142
	51,400
	49,365
	43417
	637,812
	62,677
	33,782



	Kr (KN.m)
	6024.2
	4966.7
	6976.2
	2995.2
	2860
	5901.1
	6049
	2787.5
	6061.4
	2888.4
	2964.7
	6884.8



	Fmax (KN)
	903.91
	859.88
	893.02
	905.02
	873.7
	884.59
	898.64
	874
	898.98
	936.24
	927.67
	933.52



	Specimen
	SP32
	SP33
	SP34
	SP35
	SP36
	SP37
	SP38
	SP39
	SP40
	SP41
	SP42
	SP43



	Ki (KN.m)
	48,168
	45,036
	39,201
	48,720
	43,267
	41,326
	49,444
	44,392
	39,722
	55,153
	55,666
	48,044



	Kr (KN.m)
	2613.2
	3571
	2794.3
	3436.8
	3510.3
	2870
	2998.6
	3402
	3082.3
	2572
	2989.2
	2778.7



	Fmax (KN)
	875.46
	826.82
	850.24
	869.38
	830.87
	856.18
	875.46
	824.27
	854.91
	912.73
	880.57
	916.7
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Table 10. Ductility and failure modes.






Table 10. Ductility and failure modes.





	Specimen
	SP20
	SP21
	SP22
	SP23
	SP24
	SP25
	SP26
	SP27
	SP28
	SP29
	SP30
	SP31





	   θ y    (rad)
	0.012
	0.013
	0.012
	0.011
	0.013
	0.011
	0.013
	0.012
	0.01
	0.013
	0.011
	0.011



	   θ u    (rad)
	0.0349
	0.0349
	0.0348
	0.0345
	0.0349
	0.0344
	0.0349
	0.0349
	0.0349
	0.0348
	0.0349
	0.0349



	My (KN.m)
	385.92
	373.61
	382.11
	385.37
	376.4
	376.19
	382.45
	375.51
	384.48
	399.42
	392.52
	395.94



	   μ =    θ u     θ y      
	2.99
	2.68
	2.88
	3.11
	2.67
	3.17
	2.68
	2.78
	3.33
	2.66
	3.04
	3.24



	Failure mode
	3
	3
	N/A
	3
	3
	N/A
	3
	3
	N/A
	3
	3
	N/A



	Specimen
	SP32
	SP33
	SP34
	SP35
	SP36
	SP37
	SP38
	SP39
	SP40
	SP41
	SP42
	SP43



	   θ y    (rad)
	0.01
	0.01
	0.012
	0.01
	0.009
	0.013
	0.011
	0.008
	0.012
	0.011
	0.009
	0.012



	   θ u    (rad)
	0.0348
	0.0345
	0.0341
	0.0334
	0.0347
	0.0347
	0.0348
	0.0347
	0.0346
	0.0348
	0.0347
	0.0346



	My (KN.m)
	377.55
	359.25
	369.42
	375.06
	361.01
	372
	377.55
	358.14
	371.45
	391.08
	382.6
	387



	   μ =    θ u     θ y      
	3.32
	3.84
	2.81
	3.25
	3.61
	2.68
	3.11
	3.97
	2.85
	3.07
	3.82
	2.74



	Failure mode
	3
	3
	N/A
	3
	3
	N/A
	3
	3
	N/A
	3
	3
	N/A
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