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Abstract

:

A modular steel structure building has obvious advantages in reducing construction period and protecting the environment due to its unique construction method, so it is widely used in modern construction. However, the modular building connection design and modeling are mostly based on the traditional connection research results. To address this issue, the paper developed a component-based model for novel modular connections with an inbuild component. First of all, the comprehensive parameter study was implemented using elaborate finite element models. Then the component-based model for novel modular connections was developed, and the force-deformation response of each component was determined using the finite element method. Thirdly, assembly of all components to overall rotational joint and the simplified finite element model of modular connections was obtained. Finally, comparison between simplified and refined finite element was conducted, the results showed that the proposed model can predict the mechanical behavior of modular building connections within the acceptable margin of error.






Keywords:


modular building; modular connections; component method; simplified finite element model












1. Introduction


Modular building can maximize the prefabrication of building factories and improve the efficiency of building construction. In recent years, modular building has gradually replaced the traditional prefabricated building structure system in developed countries in North America, Japan and Europe, and it has been widely used in engineering construction [1,2]. The structural framework, maintenance wall panels and pipelines of the modular units are all prefabricated in the factory and transported to the site for assembly as shown in Figure 1. This process ensures the construction quality of modular units but also makes the modular connections become the most critical factor to ensure the overall structural stability and robustness. A state-of-the-art review conducted by Wahid Ferdous [3] pointed out that the development of multi-story modular buildings still faces the challenge of lack of design guidelines and reliable connection systems. In addition, a same conclusion can be drawn from the research of E. Brunesi [4,5] in seismic property of cast-in-place structure.



In recent years, many scholars have proposed new modular connections to meet the requirements of modular structural strength and stiffness. The mechanical properties were studies mainly based on the experiment and finite element method. Chen et al. [6,7] developed a plug-in connection system that could connect modular units horizontally and vertically at the same time. The test results showed that the beam–beam connection reduces the shear deformation at the corner of the module. The results of finite element modeling show that the upper and lower intramodule connection exhibit independent mechanical behavior. Dhanapal et al. [8] proposed a plug-in cast steel connection system for modular corner connection. The experimental results show that the joints remain elastic under the design load. The weight of cast steel connectors will affect the compressive strength of the connectors, while the position of bolts will affect the tensile strength of the connectors. The finite element method was conducted to optimize bolt position and thickness of steel castings to achieve high strength and low weight. A self-locking connection system was proposed by Xiao-Meng Dai et al. [9]. When the studs are inserted, the joints can be self-locked by modular units’ weight, eliminating the need for construction space during installation. The experimental results show that the self-locking joint has better pulling capacity and no obvious slip before failure.



In addition to the mechanical properties of modular connections, some scholars have studied the mechanical behavior of connections in the structural system. The simplified connection FEM model is the key point of system analysis because the experiment and fine FEM need high time and financing cost. C.D. Annan et al. [10] invented a simplified model for studying the seismic behavior of modular buildings. The model uses rigid links between beams and columns, and a one-side hinge connector between upper and lower columns. Sultana and Youssef [11] provided a spring-based model for intermodule connection using super elastic shape memory alloy bolts. The model considers the rigid link inside the modular unit and semi-rigid link between upper and lower columns using spring groups. Based on the work of C.D. Annan [10], Fathieh and Mercan [12] extended the model to three dimensions. The horizontal joint between modular units was considered as a bolted steel plate, and the elastic behavior was assumed by modeling the connection as an element with strength in bending and shear 30% greater than the adjacent beam section. Gunawardena [13] developed a combined horizontal and vertical connection model. The vertical intermodule connections were modeled by beam element with consideration of the possible positions of plastic hinge. Spring models were placed between horizontal modular units to transfer lateral load. The spring stiffness was determined as the shear stiffness of the adjacent intermodule connection.



According to the above analysis, intramodule connections are usually considered to be rigid. The selection of stiffness and strength parameters of intermodule connections mainly depends on traditional design assumptions and experience. Moreover, due to the construction complexity of modular connections, it is difficult to relate the mechanical properties of real connections to the simplified model. The component method that adopted in Eurocode 3 [14] and Eurocode 4 [15], also known as mechanical model or spring model. It describes the mechanical behavior of connections through a series of rigid and elastic elements. This method has wide applicability and can be extended to all connection structures theoretically. Considering the flexibility of the component method, many researchers have been dedicated to developing a component method for different types of connections [16,17,18]. Some of the studies have also investigated connection mechanical properties under various complex loading conditions using the component method, such as cyclic loading [19], axial load-bending moment interaction [20,21] and fire [22]. However, there are a few component method studies for modular connections in the present study.



The aim of this paper is to develop a component-based model for novel modular connections with superimposed beams shown in Figure 2. The novel modular connection eliminated gaps between ceiling and floor beams in order to ensure more continuous force transmission between modular units. The basic mechanical properties of joints [23] and superimposed beams [24,25,26] were previously studied. In this paper, a more comprehensive parameter study was fist implemented using elaborate finite element models. We then followed the component method procedure:




	(1)

	
the component-based model for novel modular connections was developed based on parameter analysis results.




	(2)

	
the force-deformation response of each component was determined with the help of the finite element method.




	(3)

	
assembly of all components to overall rotational joint. At last, the results of the simplified model were compared with the results of the elaborate finite element model.










2. Parameter Analysis


2.1. Establishment and Validation of FEM


To ensure the logical integrity of the study, the finite element modeling procedure and validation were reviewed briefly. Three full-scale connections experiments were carried out to investigate the basic mechanical behavior. The dimension details and relevant number of specimens were shown in Figure 3 and summarized in Table 1. The reasonable modeling process is the premise to ensure the accuracy of the numerical model. According to E. Brunesi [27,28], a refined nonlinear solid FE model, accounting for the influence of friction, preload of bolts, relative slippage of components, could well reproduce the test result. The typical finite element model was shown in Figure 4a; the loading and support condition were exactly the same as the experiment (Figure 4b). All degrees of freedom on the top and bottom were constrained to achieve a fixed state. A z-direction constraint plane was set at the twin beams to simulate the out-of-plane restraint device in experiment. The bolts and nuts are simplified into cylinders of the same volume, and the pre-tightening force is applied using the “bolt load” method in the Abaqus. All contacts between components are modeled using the “surface-to-surface” algorithm. Normal contact is simulated by “hard contact” to ensure complete pressure transfer and allow separation after contact. Tangential contact is simulated by “penalty” with a friction coefficient of 0.3. All welded parts are modeled as solid units and “tie” to surrounding components. To ensure that the model can accurately simulate the local buckling behavior of the web and the flange of the beam, at least two layers of mesh are set in the direction of the thickness of all the member plates. The model was meshed using the C3D8R element with the size of 10 mm at the connection domain and 20 mm in other areas to speed up the calculation while ensuring accuracy. The model contained 94,594 elements and 143,067 nodes. The geometrical nonlinearities were considered through switching “nlgeom” on in Abaqus. Material nonlinearities were considered by plastic function in “material manger” in Abaqus. For more detailed material parameters, one can refer to the author’s previous articles [23]. In the experiment, the load was applied to test specimens through a particular steel bracket. It ensured that the upward displacement of floor and ceiling were equal. In the numerical model, the upward displacement was applied at the bottom flange of the floor beam to achieve the same effect as the experiment.



The moment of global modular connection was obtained through the force at loading point multiply by the length of twin beams. The overall rotation was equal to the beam rotation minus column rotation. The comparison of moment-rotation curves between the finite element and the experiment were shown in Figure 5. For T1 connection, the curve of the finite element fits well in the elastic range with that of the experiment. When the moment reaches about 225 kNm, two curves began to separate. The finite element curve is slightly higher than the experimental curve. For T2 and T3 connections, the finite element curves are in good agreement with the test curves within the whole loading stage. In general, the finite element can accurately predict the mechanical properties of joints.




2.2. Parameter Setting


The parameters of novel modular connections were shown in Figure 6. According to the experimental results, the bending stiffness of floor and ceiling beams has great influence on the initial stiffness, ultimate strength and continuity of modular connections. In parameter analysis, models were named by F and C followed by beam heights. The reserved construction error between the build-in component and the column leads to the discontinuity of the upper and lower intramodule connections, which is one of the important sources of modular connection deformation between modular units. In the model, the size is represented by G followed by a number. The inbuild component is the main part of the intermodule connection, which can not only locate the position but also enhance the strength of joint panels during construction. The height and thickness of internal inserts are denoted by letters H and P, respectively. After inserting the inbuild component into the side column, the modular connection needs to be tightened by the side plate and split bolts. The thickness of the side sealing plate and the bolt pre-tightening force are respectively represented by S and BL. The beam and column inside the modular unit are welded together through an end plate, which will affect the mechanical properties of the global connections by affecting the strength of the intramodule connection. The thickness of the end plate is represented by D.



In the experiment, the stiffeners can not only prevent the welding failure in advance, but also play a positive role in the mechanical properties of the whole connection. Therefore, stiffeners were set at intramodule connections in all models. The bilinear constitutive model was adopted for the material properties and all members are made of Q345b steel with nominal yield stress 345 MPa (E = 210,000 MPa, ν = 0.3). The simplification of material properties would facilitate the development of subsequent theoretical model research. In the experiment, the construction error was set up to ensure the smooth connection between intramodule connections, and it is considered as one of the parameters in the finite element parameter analysis. Hence, the reference of parameter analysis is based on T3, and the construction error was eliminated. According to the above parameter expression rules, the reference model can be named as F250C200H600G0S12P10D12.



The moment-rotation curve directly expressed the mechanical properties of the joint, and can be used as the basis for the design of the joint. For modular building connections, the deformation was more complicated than that of traditional connections. Therefore, in addition to the basic moment-rotation curve, two groups of curves for joint deformation between modular units were defined as shown in Figure 7. Firstly, the relationship between relative dislocation and the bending moment between upper and lower module side columns are shown in Figure 7a. The dislocation between upper and lower columns was defined as g. When the modular units were stacked vertically, the relative dislocation between the side columns will cause additional bending moment to the bottom units. Secondly, the relation between bending moment and relative rotation of upper and lower columns is shown in Figure 7b. The relative rotation between upper and lower columns was defined as CI. The rotation between modular units was related to the story drift, which affected the seismic performance of the building system. Moreover, excessive rotation and translational deformation may cause premature failure of intermodule connection, and then lead to system disintegration and failure.




2.3. Parameter Analysis Results


2.3.1. Thickness of Side Plate and Bolts Preload


The thickness of the side plate was selected from 6 mm to 16 mm with an interval of 2 mm, and the preload of split bolts was selected from 80 kN to 120 kN with an interval of 20 kN. The moment-rotation curves were shown in Figure 8. There was no obvious difference among all curves, indicating that the side plate thickness and bolts preload have little influence on the mechanical properties of modular connections.



The influence rule of side plate thickness and bolts preload on relative dislocation between upper and lower columns were shown in Figure 9. When the moment is below 200 kNm, the curves almost coincide and increase linearly, indicating that the thickness of the side plate has little influence on the relative dislocation of the upper and lower columns in the elastic stage. When the bending moment reaches 200 kNm, curves entered into the elastic–plastic stage and began to separate. The higher the thickness of the side plate, the smaller the relative dislocation of the side columns. There is no significant difference between the curves with different bolt preload.



The influence rule of side plate thickness and bolts preload on continuity index were shown in Figure 10. As the thickness of side plate increases, the curve is closer to the horizontal axis, which means that the rotation difference between the upper and lower columns is smaller. For bolt preload influence, the connections with higher bolt preload have better continuity in the elastic stage, but there was no obvious difference in elastic–plastic range.



In general, the thickness of the side plate has little influence on the overall moment-rotation curve of connections but plays a positive role in enhancing the continuity between modules. The Mises stress distribution of side plates with thickness of 6 mm and 16 mm is shown in Figure 11. The yield area of S16 was obviously smaller than that of S6, indicating that the plate with larger stiffness can prevent the relative dislocation of the lower and upper columns more effectively. The bolt preload has little effect on the global mechanical properties of the connection, but it can improve the continuity index in the elastic stage. However, if the bolt preload is too high, the column flange will enter the yield stage before vertical force is formally applied, as shown in Figure 12.




2.3.2. Thickness of Beam End Plate


In order to understand the influence of beam end plates on mechanical properties of new modular building joints in a more comprehensive way, end plates with thickness of 6 mm to 16 mm (2 mm interval) were selected for parameter analysis based on the reference model. Among them, D6 and D8 were used to study the mechanical properties of joints with end-plate thickness less than or equal to column flange thickness, respectively. D12 to D16 were used to study the effect to modular connections when the thickness of end plate was greater than that of column flange. Figure 13 shows the influence of the thickness change of the end plate on the moment-rotation curve. The overall trend is that the connection with higher thickness of the high-end plate has better mechanical properties. For D6 and D8, the initial stiffness of connections was reduced by 11.0% and 6.7%, and the ultimate moment resistance capacity was reduced by 4.7% and 2.9%, respectively, as compared to the reference model. When the end plate thickness is increased (D14, D16), the initial stiffness was increased by 3% and 7.2%, and the ultimate moment resistance strength was increased by 1.1% and 2.2%, as compared to the reference model.



The influence rule of end plate thickness on relative dislocation between upper and lower columns is shown in Figure 14. When the bending moment reached 225 kNm, the D6 and D8 models showed an obvious elastic–plastic stage, while the D12 to D16 models did not. When the maximum bending moment was reached, the horizontal displacement differences of D12, D14 and D16 were 1.54 mm, 1.39 mm and 1.24 mm, respectively, while those of D6 and D8 were 2.70 mm and 2.12 mm, respectively. After the connection reached the maximum bending moment, the curves of D12, D14 and D16 models showed a smooth descending section, while those of D6 and D8 models showed a slightly divergent state.



The continuity index curves of different end plate thicknesses were shown in Figure 15. It can be seen that the continuity index of D12, D14 and D16 models was significantly stronger than that of D6 and D8 models. Moreover, the curves of D12, D14 and D16 almost coincide, indicating that increasing the end plate thickness on the basis of the reference model have little impact on the continuity of connections.



According to the above analysis, increasing the thickness of the beam end plate can improve the mechanical behavior and continuity of the connection. Mises stress distribution of D6, D12 and D16 models at the final loading stage was shown in Figure 16a, and the parts of stress over 345 MPa were indicated in gray. The yield area of the end plate with high thickness is small, which improves the ultimate bearing capacity of the joint. The stress distribution in the joint panel of D6 and D16 models at maximum moment is shown in Figure 16b. The end plate is connected with the column flange by welding. Increasing the thickness of the end plate is equivalent to improving the strength of the beam–column connection, and the initial stiffness of the global modular connection is improved by reducing the deformation of the column flange. At the same time, higher thickness of the end plate can better protect the inbuild component from local buckling under the ultimate load, thus improving the continuity of intermodule connection.




2.3.3. The Height and Thickness of the Inbuild Component


The inbuild component is made by bending a steel plate. Considering bending and drilling difficulty of steel plate, the thickness parameter range was set by 2 mm interval from 6 mm to 14 mm. Two additional models with the inbuild component height of 650 mm and 700 mm are selected on the basis of 600 mm of the reference model. The moment-rotation curves with different inbuild component height were shown in Figure 17a; the initial stiffness amplitude of H600, H650 and H700 models was within 0.58%, and the ultimate bending capacity was 275 kNm, indicating that the height of the internal plug-in has little effect on the global mechanical behavior of the modular connection. Figure 17b showed the influence of the inbuild component thickness on the moment-rotation curves. There was little difference between each curve in the elastic stage, but obvious separation occurs in the elastic–plastic stage. Compared to the reference model P10, the initial stiffness of the P6 model and the P8 model decreased by 7.1% and 5.9%, respectively, while that of the P12 model and the P14 model increased by 5.4% and 5.7%. One can conclude that the initial stiffness of joints can be improved by increasing the thickness of the inbuild component. The ultimate moment of P6 to P12 models was between 274 kNm and 275 kNm, indicating that the thickness change of the inbuild component has little effect on the ultimate bearing capacity of connections.



The moment-dislocation curves of different inbuild component heights and thicknesses were shown in Figure 18. For H600 to H700, the curves almost coincide with each other, which indicates that the height change has little influence on the relative dislocation between the upper and lower columns. For the P6 to P14 models, curves of the P10 to P14 models were significantly higher than that of the P6 and P8 models. When the bending moment reached 225 kNm, the curves of the P6 and P8 models showed an obvious elastic–plastic stage, and the relative displacement of the side column increases rapidly. However, the curves of the P10, P12 and P14 models have no obvious elastic–plastic stage. When the bending moment reached the maximum value, the dislocation of P6 and P8 was around 2.5 mm, which was 40% higher than that of reference model P10 (1.5 mm). The dislocation of P12 and P14 was 1.0 mm and 1.4 mm, respectively, which is 33.0% and 6% lower than that of reference model P10. Hence, the dislocation between upper and lower columns can be reduced by increasing the thickness of inbuild component.



The rotation difference moment curves with different inbuild component heights are shown in Figure 19a, indicating that the variation of inbuild component heights has little effect on the connection continuity index. Figure 19b showed the rotation difference-bending moment curves of different inbuild component thicknesses. At the initial stage (bending moment less than 100 kNm), the difference between curves was not obvious. When the bending moment reached 150 kNm, the curve began to separate, and the higher the thickness of the inner plug is, the better the continuity of the node. When the bending moment reached 250 kNm, the curves of the P6 and P8 models began to rise sharply and diverge, while the values of the P10 to P14 models remained at a low level.



The above analysis showed that the inbuild component thickness had greater influence on the connection mechanical properties than the height. The Mises stress distribution of inbuild component in models P6 to P14 was shown in Figure 20. The stress concentration area was mainly distributed at the junction of the upper and lower columns. The inbuild component wall of model P6 and model P8 revealed obvious depression in the stress concentration area, which could not continue to constrain the relative dislocation of upper and lower columns to improve the continuity of joints. The yield area of P12 and P14 was significantly smaller than that of the P6 and P8 models. The internal inbuild component still had potential to limit the relative deformation between columns.




2.3.4. Allowable Construction Errors


In order to guide the design of joints accurately, it is necessary to analyze the influence degree of different construction errors on mechanical properties of connections. In this section, 1 mm, 2 mm and 3 mm were selected as the control group based on the reference model of 0 mm construction error. The moment-rotation curves of connections with different construction errors were shown in Figure 21. Compared to the reference model G0, the initial stiffness of G1, G2 and G3 models decreased by 29.8%, 41.7% and 48.7%, respectively, and the ultimate bending capacity decreased by 1.1%, 1.5% and 2.2%, respectively. Increasing the construction error had a great effect on the initial stiffness of the connection but had almost no effect on the ultimate bearing capacity.



Figure 22 showed moment-dislocation (M-g) curves with different allowable errors, and there were significant morphological differences among the curves. In the initial stage of the G0 model (moment was less than 200 kNm), dislocation grows almost linearly and slowly. The curve of the G1 model increased linearly in the initial stage, and the slope was about 78% lower than that of the G0 model. When the bending moment reached 80 kNm, a slip segment of about 0.5 mm appeared in the curve, and then the curve continued to maintain a linear growth before 200 kNm. A 1 mm horizontal slip segment appears at around 80 kNm of the G2 model, and then the curve changes back to a linear growth mode. The G3 model curve almost overlaps with the G2 model in the initial stage. When the bending moment reached 100 kNm, the curve showed a slip segment of about 3 mm. The dislocation of the G1, G2 and G3 models were 2.9 mm, 4.4 mm and 6.2 mm at ultimate moment, which were 86.6%, 185.5% and 305.3% higher than that of the reference model G0, respectively. The construction error has a significant effect on the relative displacement of the upper and lower columns.



Rotation difference-moment curves of the G0 to G3 models were shown in Figure 23. Before 100 kNm, the curves of the G1, G2 and G3 models almost coincide and are higher than those of the G0 model, indicating that the continuity of connections with construction errors in the elastic stage was similar and weaker than that of the model without admissible errors. When the bending moment was greater than 200 kNm, the curves of the G2 model and the G3 model showed a divergent trend, and the rotation difference continued to increase, while the G0 model and the G1 model remained at a low level. Through the above analysis, it is found that the construction error has great influence on the initial stiffness, the dislocation and the continuity of the connection. Mises stress distribution at each connection was shown in Figure 24 at the moment of 100 kNm. For the G0 model, the inbuild component was closely attached to the column wall, which increases the strength of the joint panel and thus improves the initial stiffness of the node. For the G1 to G3 models however, the stress distribution still remains in a low level, indicating that the connection was in a “slip” stage.




2.3.5. Dimension of Floor and Ceiling Beams


Different from traditional assembly joints, modular building joints consist of two beams. Many studies proved that the height ratio between floor beam and ceiling beam has significant influence on the mechanical properties of modular connections and systems. In order to better understand the influence of geometric dimensions of double beams on mechanical properties of joints, six groups of finite element models were set up under the premise that geometric dimensions of floor beams were no less than that of ceiling beams. F200C200, F225C200, F225C225, F250C200, F250C225 and F250C250 were considered, among which F250C200 was the reference model. The result moment-rotation curves were shown in Figure 25. Compared to the reference, the initial stiffness of F250C225 and F250C250 models increased by 16.6% and 19.9%, respectively, and the ultimate moment bearing capacity increased by 3.63% and 12.7%, respectively. F225C200 and F200C200 models reduce the height of floor beams on the basis of the reference model. The initial stiffness was reduced by 2.4% and 18.2%, respectively, and the ultimate bearing capacity was reduced by 10.9% and 18.9%, respectively.



The moment-dislocation curves were shown in Figure 26. The curves were overlapped in the elastic stage and began to separate when the moment reached 125 kNm. Under the same bending moment, the higher the joint of double beam, the smaller the dislocation between columns. The relative displacement of the F250C225 model and the F250C250 model was 1.73 mm and 2.38 mm, respectively, at maximum moment, which was 12.3% and 54.5% higher than that of the F250C200 model. The relative displacement of the F225C200 model and the F200C200 model was 1.41 mm and 1.31 mm, respectively, when the bending moment reaches the maximum value, which was reduced by 8.4% and 14.9%, as compared to the reference model. The rotation difference-bending moment curves were shown in Figure 27. The curves of the F200C200 model, F225C225 model and F250C250 model which had the same height of floor beam and ceiling beam were significantly lower than those of other models. The inflection points of the F200C200 model, F225C225 model and F250C250 model appeared at about 200 kNm, 230 kNm and 260 kNm, respectively. The inflection points of the F250C200 model, F225C200 model and F250C225 model appeared at 150 kNm, 175 kNm and 225 kNm, respectively, and the curves diverged upward after reaching the inflection point, indicating that the rotation difference between upper and lower columns further expanded.



The stress distribution along x direction of the twin beams and the Mises stress distribution of connections were shown in Figure 28 and Figure 29, respectively. By comparing F200C200, F225C200 and F250C200, it can be concluded that increasing the height of the floor beam can reduce the stress concentration area and then improved the stiffness and strength of upper intramodule connection. The same conclusion can be drawn by comparing F250C200, F250C225 and F250C250 for lower intramodule connection. For models with equal height of twin beams (F250C250, F225C225, F200C200), the strain was symmetrically distributed with respect to the interface of twin beams. The force transmitted from the double beams was equal to the intermodule connection, so the continuity of the joints is better than that of the joints with unequal heights of the double beams.






3. Component-Based Model


3.1. Component Identification


According to the parameter analysis, the significant factors affecting the mechanical properties of modular connections were the geometric dimension of twin beams and admissible construction errors reserved between the inbuild component and columns. In reference to the classical studies on the component method and the three-dimensional macro model on Yukihiro Harada et al. [29,30], the model for novel modular connections was built (shown in Figure 30).



The advantage of the model was that it can distinguish the deformation of intramodule connections and intermodule connections that are shown in Figure 31. The skeleton (a) consists of several horizontal rigid rods and five vertical rigid rods. The plane composed of horizontal rods defines the deformation location of the converging section component (b) deformations. The space formed by vertical rods defines the region of intramodule connections. Converged section components (b) consist of the compression and tension deformations in column main face and side walls. It covers the interaction mechanism between columns and the inbuild component as well. Diagonal springs (c) located between the pair of converged section components represent the shear deformation of the intrajoint panel. Ceiling beams or floor beams were connected to a pair of converged section components through a rigid bar (d). The beam element (e) connected the geometrical center of the upper and lower skeleton to represent the behavior of intermodule connection. It can be concluded from the model that the mechanical properties of global modular connection could be obtained through superposing that of intramodule connections and intermodule connections. Moreover, for each intramodule connection, the key component was the joint panel and converged section component. The model needs to be based on the following assumptions:




	(1)

	
The rigid body assumption was made to beam end plate.




	(2)

	
The allowable construction errors and relative dislocation between the upper and lower column were considered as the mechanical properties of intramodule connections (will be discussed in Section 3.2.3).




	(3)

	
Based on assumption (2), only rotational deformation will be considered in intermodule connections.




	(4)

	
The enhancement stiffeners’ effect on connections was neglected.










3.2. Characteristics of Components


3.2.1. Joint Panel (Shear Behavior)


A typical shear-load-displacement diagram of a steel plate was shown in Figure 32. When there was no support inside the column, the shear stiffness and the strength within the elastic range of the joint can be calculated by the following formula:


   k  s h   = 0.38 × E ×  A  v c   /   β × z    



(1)






   V  c r   =  f y  ×  A  v c   /    3     



(2)




where z is the force arm (   h b  −  t f   ), β is the conversion parameter (β ≈ 1),    A  v c     is the shear area of the joint panel. In addition, the double shear sectional area should be considered in a square steel column.


   A  v c   = 2 ×  t c  ×      h c  −  t c     



(3)







During the assembly of the proposed novel modular connection, an inbuild component was inserted into the side column, which played the same role as transverse stiffeners. Hence the shear resistance could be increased by (shown in Figure 33).


   V  w p , a d d   = 4 ×  M  s p   / z  



(4)







   M  s p     is the plastic moment resistance of column flanges. The dimension variable in all expressions was shown in Figure 34.




3.2.2. Converged Section Component


The dimension of “L” type intramodule connection was shown in Figure 34. The converged section components were marked as red dashed lines which are located at the column corresponding to the top and bottom flanges of the beam. For the sake of easy description, the component near the column end was named “II” and the other side was named “I”. The moment direction from “II” to “I” was defined as positive. The deformation mode of the converged section component was shown in Figure 35;    Δ A    represents the vertical deformation caused by bending of the main column surface, and    Δ B    represents the vertical deformation caused by tension or compression of the column side wall. The total displacement    Δ i    of the converged section component can be obtained with    Δ A    plus    Δ B   .



According to the previous parameter analysis and the research in RHS joints [31] area, the main factors affecting the mechanical properties of the converged section component include the height (   h c   ) and thickness (   t c   ) of the column, the thickness of the beam end plate (   t p   ), the length of the loading area (beam flange width ( w )). Moreover, one of the main features of intramodule connection is that the joint panel is very close to the column open end. It will lead to the distance (d) between the converged section model and the column end becoming an important influencing parameter. Based on the above reasons, this paper used the fitting method to obtained the force–displacement relationship of the converged section component.



The reference finite element model was shown in Figure 36. The length of the model was six times the height. The model was meshed by the “S4” shell element in Abaqus. The material properties are the same as the refined finite element model in Section 2.3. It was found that the force–displacement relationship of the converged section component can be expressed as


   F b  =  P 1    ×  Δ i  /    P 2  +  Δ i     



(5)







   P 1    and    P 2    are the shape parameters. As    Δ i    approaches infinity,    F b    is equal to    P 1   . As    Δ i    is equal to 0, the slope of the functions is    P 1  /  P 2   . It illustrates that    P 1    and    P 2    reflect the initial stiffness and ultimate strength of the converged section component to a certain extent. Therefore, studying the influence of various factors on the mechanical properties of the component section area is equivalent to studying that of various factors on    P 1    and    P 2   . The relationship between (   P 1   ,    P 2   ) and (   h c   ,    t c   ) was first studied. Using the control variable method, the thickness of the beam end plate (   t p   ) was set as 0, and the width of the beam flange (w) was equal to the height of the ring region    h c   . Finite element modeling was carried out for square columns with a height of 100 mm to 500 mm in Appendix 1 of “Cold formed Hollow Steel for Structure” [28], and 79 groups of numerical models were built. The force–displacement curves of 79 models were fitted according to the rules of (5), and 79 groups of (   P 1   ,    P 2   ) were obtained. Constructing    f 1     h c  ,  t c      and    g 1     h c  ,  t c      represents the relation between    P 1    and    P 2    with (   h c   ,    t c   ), respectively. After a tentative fitting, it is found that    f 1    and    g 1    conform to “Poly2D” and “Plane” functions, respectively:


   f 1     h c  ,  t c      = a ×  h c  + b ×  t c  + c ×  h c 2  + d ×  t c 2  + f ×  h c   t c   



(6)






   g 1     h c  ,  t c      =  z 0  + a ×  h c  + b  t c   



(7)







When setting the ratio of the thickness of the main column surface (   t c    +    t p   ) to the thickness of the column side wall (   t c   ) as α, the influence of the beam end plate on the mechanical properties of the converged section component can be expressed as a function of α. In order to simplify the calculation and the number of models, columns with a height of 150 mm and α thickness of 8 mm were taken as the basic model. The value of α range from 1 to 3.75 with an interval of 0.25. Following the same fitting procedure of (   h c   ,    t c   ), 20 groups of (   P 1   ,    P 2   ) were obtained. The ratio of (   P 1   ,    P 2   ) with beam end plates to (   P 1   ,    P 2   ) without the beam end plate was calculated, and the results were fitted with α. The influence of the beam end plate on the mechanical properties of the converged section component were obtained, which were defined as    f 2   α    and    g 2   α    corresponding to that of    P 1    and    P 2   , respectively.


   f 2   α    = a × α  



(8)






   g 2   α    = a + b × α + c ×  α 2   



(9)







Define the ratio of beam flange width (w) and distance (d) to column height (   h c   ) as  β  and  η , respectively. Set the column with a height of 150 mm, thickness of 8 mm and α value of 2.5 as the reference model      P 1 o  ,  P 2 0     . The value of β ranges from 0.5 to 1.0, with an interval of 0.05. The value of  η  ranges from      t f  / 2   /  h c    to 2.0, where the interval between 0 and 1.0 was 0.1 and between 1.0 and 2.0 was 0.25. A total of 165 models were built. The effect of β and η on (   P 1   ,    P 2   ) was obtained by fitting the force–displacement relation of 165 models and then dividing by the      P 1 o  ,  P 2 0      of the reference model, which was set as    f 3    β , η     and    g 3    β , η    , respectively.


   f 3    β , η     = 0.25 × b ×     1 + e r f     β − c   /    2  × d         ×     1 + e r f     η − e   /    2  × f        



(10)






   g 3    β , η     =  z 0  + a × β + c × η  



(11)







The parameter values and    R 2    of all fitting curves were summarized in Table 2. The final force (  kN  )-displacement (  mm  ) relationship expressions of the converged section component were as follows:


  F =  P 1    × Δ /    P 2    + Δ    



(12)






   P 1  =  f 1     h c  ,  t c      ×    f 2   α    ×    f 3    β , η    



(13)






   P 2  =  g 1     h c  ,  t c      ×    g 2   α    ×    g 3    β , η    



(14)








3.2.3. Interaction Mechanism


During the assembly of modular units, inbuild components were inserted and secured by side plates and long bolts. According to the parameter analysis in Section 2, it was found that the thickness of the inbuild component has a positive effect on the rotational stiffness of the novel modular connection. The potentiation mechanism of the inbuild component can be reflected in the converged section component as shown in Figure 37. When the converged section component was under compression, the inbuild component would constrain the vertical displacement, leading to the improvement of mechanical properties. When the converged section component was under tension, the inbuild component was separated from the column face. Although the mechanical properties could still be improved by constraints on the column side walls, the extent of improvement was significantly lower than that under compression, obviously.



Taking the allowable construction errors into consideration, the interaction mechanism was shown in Figure 38. The deformation mode can be divided into three stages. In the initial stage, the column face was bent under the action of compression force, but it had not contacted the inbuild component, so the mechanics of the component coincide with that without the inbuild component. In the second stage, the deformation of the column wall reached the construction error G; the inbuild component began to provide support for the converged section components. In the third stage of stress, the column face and the inbuild component were cooperating to deform. The inbuild component continued to provide support for the column.



From above analysis, the interaction mechanism under compression between the converged section and the inbuild component was conformed to parallel springs as shown in Figure 39. The    k i   ( i  = I,  i  = II) represents the force–displacement relationship between “I” and “II”, which conforms to (12). The    k p    represents the force–displacement relationship of the inbuild component which conforms to (15) without the influence of  α .    P 1 ′    and    P 2 ′    were the shape parameters of the inbuild component.    h p    and    t p    were the height and thickness of the inbuild component.


  F =  P 1 ′    ×   Δ /    P 2 ′    + Δ    



(15)






   P 1 ′  =  f 1     h p  ,  t p      ×    f 3     β ′  ,  η ′     



(16)






   P 2 ′  =  g 1     h p  ,  t p      ×    g 3     β ′  ,  η ′     



(17)









3.3. Component Identification


Based on the above analysis and the research of L.M. Gil-Martín [31], the calculation model of intramodule connection was shown in Figure 40. When considering the independent mechanical properties of intramodule connections, the spring of inbuild component (   k p   ) needs to be removed. The significance of discussing the independent intramodule connection lies in the design of mechanical properties of modular units before assembly (such as transportation and hoisting et al.). According to the simplified rule of spring in series and parallel, the spring group in I area can be simplified to a single spring with stiffness of    k  r o w ,  I      and ultimate resistance of    F  r o w ,  I   u   ; the spring group in II area can be simplified to a single spring with a stiffness of    k  r o w , II     and ultimate resistance of    F  r o w , II  u   . Therefore, the initial rotational stiffness and ultimate bending moment of intramodule can be expressed as


   S j  =  z 2  /    k  r o w ,  I       − 1   +  k  r o w , II      − 1      



(18)






   M u  = m i n    F  I , m a x   ,  F  II , m a x     × z  



(19)









4. Validation


4.1. Intramodule Connections


The simplified finite element model of the intramodular connection was shown in Figure 41a. The floor beam (or ceiling beam) was modeled by the B31OS element in Abaqus, while the column was modeled by the B31 element. A rotational spring was placed at the intersection point between beam and column, which were modeled as connectors with “join and revolution” in Abaqus. The moment–rotation relationship of the spring was calculated through the method described in Section 3. To verify the accuracy of the simplified model, more refined models were built using a shell element as shown in Figure 41b. The column bottom face was pinned to the ground, and the material properties were consistent with the model in Section 2. The letter B followed by a number indicates the height of the beam, the letter P indicates whether the influence of inbuild component was considered, the letter G followed by a number represents the allowable error and values were considered, and the letter M means the simplified model. The thickness of inbuild component (   t p   ) was 10 mm. The other dimension details were the same as the refined finite element model in Section 2.



The comparison results between simplified and refined finite element model were shown in Figure 42. Figure 42a shows the moment-rotation curves without setting the inbuild component. When the connection was subjected to the positive bending moment, the “I” region was in compression and the “II” region was in tension. “II” had low mechanical properties as compare to “I” due to its proximity to the column open end. Therefore, the failure mode of the connection was the tension failure at the “I”, and the beam had not reached its ultimate bearing capacity. The same conclusion can be deduced when the connections were subjected to negative bending moment but with the compression failure at “II”. The curves of the simplified and refined finite element mode were almost coincided in elastic stage. In the nonlinear stage, the curve of the simplified model was slightly higher than that of the refined finite element method. Figure 42b shows the results of connections enhanced by the inbuild component under the positive bending moment. The inbuild component enhanced the stiffness and strength of the “I” part but had little effect to the “II” region, so the failure mode of the connection was still the tension failure of the “II” region. The results of simplified model were in good agreement with those of the refined finite element in linear stages. In the plastic stage, the curves of the simplified model were close to horizontal, while the curve of the refined finite element model showed a trend of slow decline. Figure 42c showed the comparison results under the negative bending moment with the inbuild component. The simplified model agreed well with the refined finite element model in the elastic stage. There was no obvious elastic–plastic stage in the mechanical model, and the ultimate bending moment in the plastic stage is slightly lower than that predicted by the refined finite element method. Under the negative bending moment, the “I” region was in the tension state, and the “II” region was in the compression state. The existence of the inbuild component greatly enhances the compressive stiffness and strength of the “II” region, and thus it improves the initial stiffness and ultimate bearing capacity of the connection (Figure 37). Therefore, the failure mode of the joint was that the plastic hinge was formed at the joint beam. When there was construction error between the inner plug-in and the node column, the moment-rotation curves under the negative bending moment were shown in Figure 42d. The curves with construction error were between that without the inbuild component (B250) and without construction error (B250-P), which can be regarded as the lower limit and upper limit. The shape of the curve can be explained by the interaction mechanism between the inbuild component and the converged section component (Figure 38). According to the value of the allowable construction error, the “II” region will be strengthened at different rotational degrees, hence there will be a “slip” phenomenon on the curves. The slip length predicted by the simplified model was slightly lower than that by the refined finite element method. After the intramodule connections were strengthened by inbuild component, the failure mode was a plastic hinge formed at the beam. Because the beam height used in the model was all 250 mm, the ultimate bending capacity of the connections was the same. The prediction results of the simplified finite element model at this stage are slightly lower than that of the refined finite element model. The quantitative comparison of mechanical properties of intramodule connection was summarized in Table 3. In general, the simplified finite element model could accurately predict the mechanical properties and behavior of intramodule connections.




4.2. Global Connections


The global simplified finite element model of novel modular connections was shown in Figure 43. It consists of two simplified intramodule connection models and a beam element to represent the intermodule connection. The mechanical properties of intermodule connection should cover all the bending deformation between the upper and lower intramodule connections, such as upper and lower columns, the inbuild component, side plates and the beam-end plate. However, for the novel modular connections, it was obvious that the inbuild component was the main part to transfer the bending moment. Therefore, the cross-section characteristics of the beam can be determined according to the inbuild component dimension. The length of intramodule connection    l p    was the distance between the geometric centerline of floor beams and ceiling beams. In this paper, the twin beams were in direct contact, hence the    l p    was half of the total height of the ceiling and the floor beams. The intermodule beam was rigidly connected with the upper and lower intramodule connections to simulate the fixing effect of the long-split bolts. In the simplified model, equal vertical displacement was applied to the ends of the floor and ceiling beams simultaneously to ensure that the loading condition was equivalent to that of the refined model in the finite element parameter analysis.



According to the research results of intramodule connection, a slip stage would appear in the moment-rotation curves when there was construction allowable error. This result was obtained when the geometric centerline of the inbuild component coincides perfectly with that of the side column. However, in the process of the global modular connection deformation, it was difficult to determine the exact relative position between the inbuild component with the upper and lower columns. Therefore, the conservative estimation method as shown in Figure 44 was used to calculate the moment-rotation curve when the allowable error of construction was considered in global modular connections.



Thus, the initial stiffness and ultimate bearing capacity of the global modular connections can be obtained, which are summarized in Table 4. When the construction error was 1 mm, the predicted initial stiffness of the simplified finite element model was 2.12% higher than that of the refined finite element model. The predicted initial stiffness of the other models was lower than that of the refined finite element model, and the error of F225C200 model was slightly more than 10%. The average error of the simplified finite element model about initial stiffness was 3.9%. The prediction value of the ultimate bending capacity of the joints by the simplified mechanical model was low, with an error range of 7.0% to 11.2% and an average error of 9.3%. In general, the proposed model can well predict the mechanical behavior of novel modular building connections.





5. Conclusions


	(1)

	
Bolt preload, side plate thickness and inbuild component height had little influence on mechanical properties of novel modular connections. The thickness of the inbuild component affected the initial stiffness and continuity of the connection but had no effect on the ultimate bending capacity of the joint. The allowable construction error mainly affected the initial stiffness of the joint but did not change the ultimate bending strength of the joint. The height of twin beams was proportional to the initial stiffness and ultimate bending capacity of the novel modular building connections. When the height of the floor beam was equal to that of the ceiling beam, the continuity index of the connections was better. When the height of floor beam was larger than the ceiling height, the rotational difference between upper and lower columns increased and the continuity of connections decreased.




	(2)

	
A component-based model for novel modular connections was established. The advantage of the model was that it can describe the deformation of intramodule connections and intermodule connections, respectively. The key factor of the model was the converged section component, and its force–displacement relationship under various parameters was obtained by the fitting method. The interaction mechanism between inbuild component and columns was analyzed. It was found that the inbuild component improved the mechanical properties of the converged section component under compression but had little effect on the mechanical properties under tension. Taking the allowable construction errors into consideration, the deformation mode can be divided into three stages which would cause a “slip” in moment-rotation curves of a related model.




	(3)

	
A simplified finite element model of intramodule connection was built and compared with the finite element model meshed by “shell element”. For connections without the inbuild component, the failure mode was the tension (compression) failure at the column open end (called “II” region in the paper). The inbuild component can improve the mechanical properties of the intramodule connection under negative bending moment by protecting the “II” from compression failure. When the connection was under positive bending moment, the initial stiffness was increased by improving the mechanical properties of “I” region, but the failure mode remained unchanged. The curves with construction error were between that without the inbuild component and without construction error. In general, the simplified finite element model could accurately predict the mechanical properties and behavior of intramodule connections.




	(4)

	
The simplified finite element model of global novel modular connections was built and compared with the refined finite element model. Length and section characteristics of the “beam” element that represented the intermodule connection was clearly stated. The conservative estimation method was proposed to evaluate the weakening effect of allowance construction error on initial stiffness of global modular connections. The average error of the simplified finite element model about initial stiffness and ultimate bending moment was 3.9% and 9.3%, respectively. In general, the proposed model can predict the mechanical behavior of novel modular building connections within the acceptable margin of error.
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Figure 1. Assembling process of modular construction. 
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Figure 2. The novel modular connection with inbuild component. 
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Figure 3. Geometric configuration of tested specimens (units: mm). 
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Figure 4. Loading and support condition of novel modular connections: (a) Finite element model; (b) Test specimens. 
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Figure 5. Validation of finite element model. 
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Figure 6. Parameters setting of finite element model. 
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Figure 7. Parameters setting of finite element model: (a) Relative dislocation between units; (b) Relative rotation between units. 
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Figure 8. Moment-rotation curves: (a) Thickness of side plate; (b) Bolts preload. 
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Figure 9. Moment-relative dislocation curves of connections: (a) Thickness of side plate; (b) Bolts preload. 
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Figure 10. Continuity index-moment curves of connections: (a) Thickness of side plate; (b) Bolts preload. 
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Figure 11. Stress distribution of side plates. 
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Figure 12. Stress distribution of columns with different bolt preload. 
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Figure 13. Moment-rotation curves of connections with different end plate thickness. 
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Figure 14. Moment-relative dislocation curves of connections with different end plate thickness. 
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Figure 15. Continuity index-moment curves of connections with different end plate thickness. 
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Figure 16. Mises stress distribution of modular connections: (a) Beam end plate; (b) Joint panel. 
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Figure 17. Moment-rotation curves: (a) The height of inbuild component; (b) The thickness of inbuild component. 
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Figure 18. Moment-relative dislocation t curves of connections: (a) The height of inbuild component; (b) The thickness of inbuild component. 
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Figure 19. Continuity index-moment curves of connections: (a) The height of inbuild component; (b) The thickness of inbuild component. 
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Figure 20. Stress distribution of inbuild component with different thickness. 
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Figure 21. Moment-rotation curves of connections with different construction errors. 
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Figure 22. Moment-relative dislocation curves of connections with different construction errors. 
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Figure 23. Continuity index-moment curves of connections with different construction errors. 
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Figure 24. Stress distribution of connections with different construction errors. 
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Figure 25. Moment-rotation curves of connections with different beams height. 
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Figure 26. Moment-relative dislocation curves of connections with different beam height. 






Figure 26. Moment-relative dislocation curves of connections with different beam height.
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Figure 27. Continuity index-moment curves of connections with different beam height. 
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Figure 28. Stress distribution of twin beams with different height. 






Figure 28. Stress distribution of twin beams with different height.



[image: Applsci 11 10503 g028]







[image: Applsci 11 10503 g029 550] 





Figure 29. Mises stress distribution of connections with different height. 






Figure 29. Mises stress distribution of connections with different height.
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Figure 30. Three-dimensional component model for the novel modular connection. 
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Figure 31. The component deformation mode of novel modular connections: (a) The skeleton; (b) Converging section component; (c) Diagonal springs; (d) Beam connection; (e) The beam element (intermodule connection). 
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Figure 32. Shear-load-displacement diagram. 
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Figure 33. The reinforcement of inbuild component to joint panel. 






Figure 33. The reinforcement of inbuild component to joint panel.
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Figure 34. Dimensions and geometric construction of intramodule connection. 
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Figure 35. Deformation model of converged section component. 






Figure 35. Deformation model of converged section component.



[image: Applsci 11 10503 g035]







[image: Applsci 11 10503 g036 550] 





Figure 36. Reference finite element model. 
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Figure 37. The potentiation mechanism of inbuild component to section component. 
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Figure 38. The deformation mode of converged section component considering construction errors. 
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Figure 39. Spring model for understanding interaction mechanism between inbuild component and converged section component. 
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Figure 40. Spring-based model for intramodule connections. 
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Figure 41. Finite element model of intramodule connection for validation. (a) Simplified finite element model; (b) Refined finite element model. 
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Figure 42. Moment-rotation curves of intramodule connections: (a) Under positive bending moment without inbuild component; (b) Under positive bending moment with inbuild component; (c) Under negative bending moment with inbuild component; (d) Under negative bending moment with inbuild component and take construction errors into consideration. 






Figure 42. Moment-rotation curves of intramodule connections: (a) Under positive bending moment without inbuild component; (b) Under positive bending moment with inbuild component; (c) Under negative bending moment with inbuild component; (d) Under negative bending moment with inbuild component and take construction errors into consideration.
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Figure 43. Simplified finite element model of global novel modular connections. 
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Figure 44. Estimated initial stiffness considering allowable construction errors. 
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Table 1. Structural members of the tested specimens.






Table 1. Structural members of the tested specimens.





	Specimen No.
	Floor Beam
	Ceiling Beam
	Column
	Stiffener Thickness





	T1
	[ 250  ×  140  ×  10
	[ 200  ×  140  ×  10
	□150  ×  150  ×  8
	None



	T2
	[ 250  ×  140  ×  10
	[ 250  ×  140  ×  10
	□150  ×  150  ×  8
	None



	T3
	[ 250  ×  140  ×  10
	[ 200  ×  140  ×  10
	□150  ×  150  ×  8
	12 mm
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Table 2. Summary of fitting coefficients.






Table 2. Summary of fitting coefficients.
















	No.
	a
	b
	c
	d
	e
	f
	z0
	R2





	    f 1    
	0.00835
	7.75261
	0.000219
	3.24409
	
	0.06114
	
	0.996



	    f 2    
	1.0174
	
	
	
	
	
	
	0.990



	    f 3    
	
	1.03139
	0.43665
	0.26507
	0.11452
	0.25916
	
	0.991



	    g 1    
	0.000385
	0.00942
	
	
	
	
	−0.02198
	0.990



	    g 2    
	0.31558
	0.76463
	−0.07116
	
	
	
	
	0.990



	    g 3    
	−3.891
	
	1.4221
	
	
	
	3.40341
	0.991
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Table 3. The comparison between simplified and finite element model.
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Joint No.

	
Initial Stiffness    (  k N m  /  r a d  )   

	
Ultimate Bending Moment    (  k N m  )   




	
Simplified

	
FEM

	
Error

	
Simplified

	
FEM

	
Error






	
B250

	
13,180

	
12,438

	
+5.9%

	
111

	
115

	
−3.5%




	
B225

	
10,029

	
9860

	
+1.71%

	
105

	
99

	
6.1%




	
B200

	
7896

	
7650

	
+3.2%

	
90

	
84

	
7.1%




	
B250-P

	
13,937

	
13,518

	
+3.1%

	
119

	
123

	
−3.3%




	
B225-P

	
10,714

	
10,734

	
−0.19%

	
107

	
104

	
2.9%




	
B200-P

	
8362

	
8318

	
+0.53%

	
91

	
87

	
4.6%




	
B250-P

	
14,796

	
14,603

	
−1.3%

	
157

	
167

	
−6.0%




	
B225-P

	
11,316

	
11,606

	
−2.5%

	
128

	
146

	
−12.3%




	
B200-P

	
8849

	
9022

	
−1.9%

	
113

	
125

	
9.6%











[image: Table] 





Table 4. Comparison between the simplified model and the finite element model of novel modular connections.
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Joint No.

	
Initial Stiffness    (  k N m  /  r a d  )   

	
Ultimate Bending Moment    (  k N m  )   




	
Simplified

	
FEM

	
Error

	
Simplified

	
FEM

	
Error






	
F250C250M

	
20,268

	
21,194

	
−4.37%

	
250

	
275

	
−9.10%




	
F250C225M

	
23,898

	
24,717

	
−3.31%

	
265

	
285

	
−7.03%




	
F250C200M

	
25,319

	
25,410

	
−0.36%

	
275

	
310

	
−11.29%




	
F225C225M

	
20,836

	
22,878

	
−8.9%

	
234

	
261

	
−10.34%




	
F225C200M

	
18,582

	
20,682

	
−10.15%

	
220

	
245

	
−10.20%




	
F200C200M

	
16,350

	
17,375

	
−5.90%

	
206

	
223

	
−7.62%




	
G1-M

	
15,195

	
14,880

	
2.12%

	
245

	
272

	
−9.93%




	
G2-M

	
11,946

	
12,346

	
−3.24%

	
245

	
271

	
−9.59%




	
G3-M

	
10,745

	
10,861

	
−1.07%

	
245

	
269

	
−8.92%
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