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Abstract

:

Tensile stresses and cracks in concrete slabs induced by a hogging moment have always been a disadvantage of steel-concrete composite structures and key issue of concern in the design of such structures. To reduce the tensile stress and control the crack width of the reinforced concrete (RC) slab, a new type of connector, called the uplift-restricted and slip-permitted (URSP) connector has been proposed and successfully applied in the area subjected to a negative bending moment in steel-concrete composite bridges. The feasibility of the URSP connector in steel-concrete composite frame buildings is investigated in this study based on a comprehensive parametric analysis. The effects of URSP connectors on the cracking behavior, as well as the stiffness and strength of composite frames, are systematically analyzed using an elaborate finite element model, which resembles a typical composite beam-column joint subjected to both lateral loads and vertical loads. In addition, an optimized arrangement length of URSP connectors is proposed for practical design. The research findings indicate that the application of URSP connectors greatly improves the crack resistance of RC slabs without an obvious reduction of the ultimate capacity and lateral stiffness of the composite frame. It is recommended that the distribution length of URSP connectors at each beam end should be 20–25% of the frame beam length.
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1. Introduction


In recent decades, steel-concrete composite structures, such as concrete-filled steel tubes (CFST) [1,2,3], steel-plate concrete beams [4,5,6], partially encased composite (PEC) columns [7,8,9,10], and steel-concrete composite frames [11,12], have received much attention [13,14,15]. Among them, the steel-concrete composite frame is currently a widespread structural system in multistory and high-rise buildings since it combines the advantages of both steel and concrete frames, thus leading to, in many cases, a reduction of costs and optimization of the structural performance [16,17]. The mechanical behavior of composite frame systems including experimental and theoretical research, has been reported in detail over the last few decades [18,19,20,21], and previous research, has demonstrated that the presence of reinforced concrete (RC) slabs is beneficial to the flexural capacity, stiffness and lateral stability of steel beams, which also improves the seismic performance of the frame [22,23].



However, under vertical and seismic loads, tensile stresses and cracks may occur in the concrete slab at beam ends where a hogging moment exists, which has always been a critical issue hindering the widespread application of steel-concrete composite structures. Concrete cracking significantly influences the stiffness and durability of structures [24,25,26]. To reduce the tensile stress and control the cracks in the concrete slab, the prestressed technique has been widely used in the last few decades. However, most of the prestress applied to the composite beam is undertaken by the steel beam due to the strong composite effects between steel and concrete, which means that the prestressing efficiency is very low in composite structures. Moreover, construction the using prestressed technique is very complex and time-consuming.



The other approach employed to reduce tensile stress and control cracking in concrete is releasing the composite effects by adopting a new type of connector named the uplift-restricted and slip-permitted (URSP) connector instead of the traditional shear connectors [27,28,29,30,31], as illustrated in Figure 1. The traditional shear connectors are mainly the headed stud connector and the Perfobond strip [32,33]. To provide an alternative to replace the stud connector in special situation, an innovative connector named the truss-type shear connector has been proposed and received much attention recently, and has been proven to reduce the production cost and improve the resistance value [34]. However, to reduce the tensile stress and control the cracking in slabs in negative moments, a new type of connector in this paper is designed to partially release the slip constraints along the longitudinal direction while retaining the uplift resistance of the steel-concrete interface. To achieve the structural functions of connectors, foamed plastics are wrapped around the screw and nut. In this way, the slip between steel and concrete is partially allowed. Several theoretical and experimental studies on the performance of URSP connectors have been conducted. The slip and uplift performance has been investigated and a shear force-slip hysteresis model has been proposed based on the push-out tests [27]. In addition, an optimization analysis of URSP connectors in composite bridges and some practical design guidelines, as well as construction methods, have been provided by Li et al. [31]. However, theoretical and experimental studies on the practical application of this new type of connector in a composite frame system for building structures are still insufficient, and the influence of the URSP connector on the strength, stiffness and cracking performance of composite frame structures remains a research blank in this field.



Therefore, this paper focuses on the application of the URSP connector in steel-concrete composite frame buildings. Firstly, the mechanism of the frame beam with URSP connectors is described. Then, an elasto-plastic elaborate finite element model of the typical side beam-column joint is established to investigate the effects of URSP connectors on the performance of a composite frame under vertical and lateral loads. A concentrated load is applied at the beam end to simulate frames subjected to lateral loads such as wind and earthquake. The lateral stiffness and strength are intensively studied based on a comprehensive parametric analysis. In addition, uniformly distributed loads are applied on the beam to simulate frames subjected to vertical loads. The stiffness of the beam, as well as the tensile stress and cracking behavior of the concrete slab at the beam end, are investigated. Finally, design suggestions are proposed for URSP connectors in composite frame systems, which are verified to be suitable for both side and middle joints. In this paper, only in-plane loading conditions are considered, and the application of URSP connectors in bi-directional loading cases will be investigated in further study.




2. Mechanism of a Frame Beam with URSP Connectors


The shear force at the steel-concrete interface in composite beams generates slip and induces additional deflections. A stress and strain analysis considering the interface slip behavior of the composite beam is depicted in Figure 2. When a composite beam section is subjected to a negative bending moment, the stress and strain generated on the section can be divided into two parts: truss mode and bending mode [35]. In the truss mode, the shear force at the steel-concrete interface provided by shear studs is considered. Therefore, the concrete and steel are subjected to axial tensile and compressive loads, respectively. While in the bending mode, the bending moments of the concrete slab and steel beam are considered, and the two components behave as two independent beam elements with individual neutral axes. It has been demonstrated that the contribution of the truss action is proportional to the degree of shear connection [36]. For composite beams using URSP connectors in regions of a negative moment, the longitudinal constraint along the span direction at the steel-concrete interface is released. Therefore, the truss mode can be neglected, and only the bending mode is taken into consideration. Since the flexural modulus of the concrete slab is much smaller than that of composite components, the tensile strain and stress of the concrete slab can be sharply decreased in beams under negative bending [37].



Based on the above analysis, the tensile stress of the concrete slab is expected to be significantly reduced through the application of the URSP connectors in the hogging moment region of frame beams. However, the quantitative improvement of the anti-cracking performance of the frame beam and the influences on the ultimate capacity and overall stiffness remain unclear, which should be investigated to further promote the practical application of URSP connectors in steel-concrete composite building structures.




3. Finite Element (FE) Modeling of Side Joints with URSP Connectors


3.1. Model Definition


For a typical composite frame structure, as shown in Figure 3a, a single-span frame exhibited in Figure 3b,c is the basic unit. In this study, two load cases are considered to investigate the effects of URSP connectors on the performance of the single-span frame: lateral loads and vertical loads. Based on the structural symmetry, the single-span composite frame subjected to lateral loads can be simplified to a side joint consisting of a half-span beam and one column subjected to a concentrated load at the beam end, as illustrated in Figure 3b. Similarly, the single-span frame subjected to vertical loads can be approximately simplified to a side joint consisting of a quarter-span beam and one column subjected to uniformly distributed loads at the whole beam, as detailed in Figure 3c. With the simplified equivalent model, the computational efficiency can be greatly increased, which is beneficial to the parametric analysis in the following sections.




3.2. Geometry, Element and Materials of the FE Model


As shown in Figure 4a, the investigated side joint is composed of a rectangular concrete-filled steel tubular (CFST) column, a steel beam and a concrete slab. The length of the steel beam is L for load case 1 and 0.5L for load case 2 (L is 3 m in this example). The height of the column has the value of 3 m. The thickness and width of the concrete slab are 100 mm and 2 m, respectively.



The reinforcement ratios of transverse and longitudinal rebars are 1.5% and 1%, respectively. All the dimensions are determined based on the common sizes of high-rise buildings in China. To provide a fully shear connection between the RC slab and steel beam, the shear studs are adopted with the diameter and total height of 16 mm and 70 mm, respectively. The spacings of shear studs along transverse and longitudinal directions are both 100 mm, so the actual degree of shear connection is up to 2.0. The detailed model parameters and boundary condition of the joint model are illustrated in Figure 4a. The top and bottom ends of the column are set as hinges, while the beam end is free.



A shell-solid elaborate finite element model of the side joint is established using the software MSC. Marc (2015). As shown in Figure 4b, the steel beam, the steel tube of the column and the RC slab are modeled by a four-node shell element with six degrees of freedom per node and full integration schemes. The concrete of the CFST column is modeled by eight-node solid elements with three degrees of freedom per node and full integration schemes. The mesh size is selected to be 50 mm, and a mesh sensitivity study was performed, which ensures the precision of all FE models presented in this study. A multilayer material model composed of three rebar layers and four concrete layers is adopted to simulate the RC slab [38]. A Rüsch curve is employed as the uniaxial compressive stress-strain relationship of the slab concrete. In order to consider the cracking of concrete, the fracture energy can be calculated based on the calculation recommendations stated in CEB-FIP MC90 [39]. The steel and the reinforced bar in the RC slab are assumed to be an idealized elasto-plastic material with the Von Mises yield criterion. The concrete material of the column is assumed to be elastic based on the design criterion of the weak beam-strong column. The nodes corresponding to the steel tube and the concrete core are connected by the node-sharing approach.



The above model has already been adopted to investigate the behavior of steel-concrete composite joint and frame structures, and the feasibility and accuracy of the aforementioned finite element modeling strategy have been experimentally validated [40,41].




3.3. Modeling of Shear Connectors


To consider the interfacial slip between the RC slab and steel beam, shear connectors are simulated by springs along the longitudinal direction. Meanwhile, the uplift action is simulated by springs along the vertical direction as per the numerical simulation performed by Stitic, A. et al. [42]. As shown in Figure 5, to simulate each shear connector, the node on the shell element of the RC slab is connected to the corresponding node on the shell element of the top flange of the steel beam by two springs including one vertical spring and one longitudinal spring. In this paper, the springs along the vertical and longitudinal direction are independent.



For the shear connector, based on the theoretical analysis of the tensile stiffness of headed stud connectors in reference [43], a very large stiffness value is adopted for the definition of the spring in the vertical direction to simulate the uplift restraint, which is similar to the rigid link as reported in references [18,44]. The shear force-slip relationship curve for URSP connectors illustrated in Figure 6 is adopted to simulate the nonlinear behavior along the longitudinal direction of the steel-concrete composite interface, which is a critical factor for the simulation precision of the whole finite element model. The mathematical expression can be described in Equations (1)–(4). The proposed curve is based on the previous experimental and analytical research conducted by the authors’ research team [27,45], as well as the curve proposed for traditional shear studs [32,46,47].


V={k0δδ≤δ0k0δ0δ0<δ≤ts3Vu[1−e−(δ−ts3)]0.558+k0δ0≤Vuts3<δ≤δuVu[1−δ−δu10(δf−δu)]δu<δ<δf
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δuds=0.41−0.0030fc+ts3ds



(3)






δfds=0.45−0.0021fc+ts3ds



(4)




where δ is the interfacial slip; δ0 is the slip corresponding to the failure of the interfacial bond; δu is the slip at the maximum capacity; δf is the slip at failure; k0 is the stiffness before the failure of the interfacial bond; ts is the thickness of foamed plastic; As is the area of screw, ds is the diameter of the screw; V is the shear force; Vu is the ultimate shear capacity; Ec and fc are the modulus of elasticity and compressive strength of the concrete, respectively; and fs is the yield strength of the screw material.



At the beginning of the curve, the initial stiffness k0 represents the bond stiffness between the concrete slab and the steel beam. After a small slip δ0, the natural bonding surface fails, and the foamed plastic is pressed. Due to the small stiffness of foamed plastics, the stiffness in this stage is regarded as 0. When the slip δ reaches ts/3, the screw will be under shearing stress and the shear capacity Vu is also identical to that of the traditional headed stud. Lastly, when δ is larger than δu, the shear force descends and fracture occurs on the connector. For the URSP connectors, the key factors are determined by referring to the experimental findings of Han [45], namely, k0 = 3.75 kN/mm, δ0 = 0.15 mm, and ts = 5 mm.



For the traditional headed stud, the adopted constitutive relationship is proposed by Ollgaard et al. [32], as given in Equation (5) and Figure 7. Here, V is the shear force, Vu is the ultimate shear capacity, s is the interfacial slip, m and n are parameters obtained from experimental measurement. In most cases, m and n take the value of 0.558 and 1 mm−1, respectively [46].


V=Vu(1−e−ns)m



(5)








3.4. Validation of Modeling with URSP Connectors


In order to validate the proposed finite element modeling approach for a URSP connector, an FEM-based verification test on a simply supported beam with URSP connectors along the entire span subjected to negative bending moment is performed in this section [45], since there has been no experiment on the structural performance of the composite frames with URSP connectors till now. The loading scheme, cross-section, URSP connector, and material information of the tested beam are depicted in Figure 8a–c. The numerical results are compared with the test results, as shown in Figure 8d. It can be seen that the predicted bending moment-deflection curve at the midspan is consistent with the experimental results presented in reference [45], which verifies the accuracy of the FE modeling methods in this study.





4. Parametric Analysis of Side Joints


In order to investigate the effect of URSP connectors on the structural performance of the composite frame, a variety of critical parameters are chosen to be analyzed. Since the lateral capacity and stiffness are the two most basic characteristic indexes in seismic design [48,49], the load-displacement curves for the side joint under load case 1 with a concentrated load are analyzed. Furthermore, load case 2 is calculated to evaluate the crack performance of the slab concrete and the vertical stiffness of the beam by applying a uniformly distributed vertical load on the beam. The positive direction of loading is depicted in Figure 3, resulting in the hogging moment in the beam.



4.1. Lateral Resistance under Load Case 1


As listed in Table 1, several URSP lengths with different values are adopted for parametric analysis, and the URSP length is the most critical parameter influencing the effect of URSP connectors. Three levels of shear connection are considered by adjusting the spacing of connectors: two full shear connection design with the connection degree of 2.0 and 1.0, and one partial shear connection designs with the connection degree of 0.7. The ultimate loading capacity and stiffness of the side joint mainly depend on the RC slab and steel beam. Therefore, the key dimension parameters of the RC slab and steel beam within the range of usual values in the actual practice are chosen as variables.



4.1.1. Arrangement Length of URSP Connectors


As illustrated in Figure 3, LU is the length of regions where URSP connectors are placed along the beam. Load-displacement results at the beam end depicted in Figure 9 are the results corresponding to the side joint with different LUs and three extreme cases including the perfect interaction (nodes of the RC slab and steel beam are shared with each other), no interaction (the longitudinal stiffness of shear connectors at the interface is zero) and the bare steel beam (without an RC slab). It can be seen from Figure 9 that the ultimate resistances of the joint with perfect interaction are 8.7% and 7.7% larger than that with all studs (LU = 0) when subjected to a hogging and sagging moment, respectively. For the overall stiffness, the increases are 10.7% and 23%, respectively, which is consistent with the results presented in an earlier study [50]. Compared to the result with all studs (LU = 0), the differences corresponding to LU ranging from 0.2L to 0.9L are very small and can be neglected under a hogging and sagging moment. For simplicity, only the numerical result while LU is equal to 0.5L is plotted in the figures. However, compared to the result with all studs (LU = 0), the ultimate resistances with LU = L decrease by 10.9% and 23.3% under a hogging and sagging moment, respectively, and for overall stiffness, the decreases are up to 23.0% and 38.7%. Moreover, it can be observed that the curve with LU = L is very close to the results with no interaction, which demonstrates that the interfacial shear force can be effectively released by applying URSP connectors along the whole beam. Nevertheless, due to the contribution of the RC slab, the ultimate capacities corresponding to the hogging and sagging moment while the LU = L are 13.7% and 6.6% higher than those of the bare steel beam. Meanwhile, the increment ratios of structural stiffness are 9.3% and 7.5%, respectively. In addition, it can be observed that obvious buckling of the bottom flange of the steel beam occurs under the hogging moment with a high strain level, resulting in a rapid reduction of the load-bearing capacity of beams with perfect interaction and all studs, as presented in Figure 9a. The occurrence of buckling can be effectively postponed due to the application of URSP connectors, which increases the ductility of the beam hinge and the whole frame structures under seismic loads.



When subjected to the hogging moment, the load-strain curves of the bottom flange at the beam section where the max moment occurs are illustrated in Figure 10. As shown in Figure 10, the linear relationship between load-strain curves can be observed before the bottom flange reaches its yielding strength. With the increasing of cracks in the concrete slab and the yielding of the bottom flange, the specimen exhibits apparent nonlinear behavior. The buckling of the bottom flange occurs in several beams, as presented in Figure 9.



For different beams, the strain distributions along the section height of the composite beam at the drift ratio of 1/50 (corresponding to the ultimate limit state) are shown in Figure 11. This figure shows that interface slip exists in the beam with all studs of a full shear connection degree. Moreover, the slip increases and the height of neutral axes in the steel girder decreases while using the URSP connectors. When LU = L, or no interaction between the concrete slab and steel girder exists, the two parts behave independently and the strain profile of the steel girder is similar to that of the bare steel beam. Since the truss action is proportional to the degree of shear connection as is mentioned above, compared with no interaction and without arranging the URSP connectors, the tensile strain at the slab top with studs is obviously larger.



Since the interface slip between the RC slab and steel beam always leads to a reduction of the overall structural stiffness [44,51,52], a detailed analysis of the slip effect under different cases is performed to interpret the results presented in Figure 9. The slip distributions along the beams under the hogging moment corresponding to the loading displacement (denoted as u in the following sections) of 10 mm, 70 mm and 150 mm, which represent the elastic state, ultimate state and maximum displacement state, respectively, are summarized in Figure 12a–c. The origin of the coordinate system is located at the beam-column interface. The values in the right direction are set to be positive. Therefore, the coordinate axis value at the left end of the beam is “−3000”. Compared with models merely connected with studs, the slip increases with the use of URSP connectors. In addition, with the increasing arrangement lengths of URSP connectors, the interface slip increases accordingly. The maximum slip value is still less than 1 mm.



For the extreme case where LU = L, the slip increases sharply, especially at the left end of the beam, which explains the decrease of the ultimate loading capacity in Figure 9a. The significant slip differences among beams with a partial (LU < L) and full (LU = L) arrangement of URSP connectors demonstrate that the studs can strongly restrain the slip at the left beam end. For LU < L, the slip shows an obvious increase at the transition point where URSP connectors are arranged instead of traditional studs.



Based on the simulation results above, it can be concluded that if the URSP connector’s length LU is less than L, small differences are observed among the load-displacement curves with different LUs. Therefore, only the model with a URSP arrangement length equal to 0.5L (denoted as URSP) is chosen to be compared with the model constructed with all studs (denoted as Stud) in the following parameter analysis for simplicity.




4.1.2. Shear Connector Spacing


The shear connection degree is defined as the ratio of the longitudinal shear force at the interface between the RC slab and steel beam that the connection has to resist to the shear capacity of the connectors. The effect of the shear connection degree on the performance of composite structures has been investigated in recent years [19,53,54]. A full or strong shear connection degree greater than 0.8 between the slab and the beam is considered in Eurocode 8 [55]. The effect of URSP connectors with different shear connection degrees is investigated in this section.



Here, the spacing of shear connectors is set to 100 mm, 200 mm and 300 mm in the longitudinal direction to simulate the shear connector degree of 2.0, 1.0 and 0.7, respectively. The load-displacement curves corresponding to different levels of shear connection degree are shown in Figure 13. For each shear connection degree, two models are constructed considering different LUs with the values of 0 and 0.5L. It can be seen from Figure 13 that the ultimate loading capacity and overall stiffness of the two models in each case are almost identical. Moreover, the variation of the shear connection degree poses a limited influence on the ultimate capacity and stiffness of the composite beam, which matches well with the research findings reported by Bursi et al. [19].




4.1.3. The Width and Height of the RC Slab


In a certain range, the width of the concrete slab is a critical factor that influences the effective width and the ultimate capacity of the composite beam. Within the range from 1000 mm to 3000 mm in most cases for building structures, the effect of URSP connectors on the performance of composite structures composed of concrete slabs with different widths is analyzed and the load-displacement curves are compared in Figure 14. For each slab width, the ultimate resistance and overall stiffness of the joint are almost identical between different types of connectors subjected to the positive and sagging moment. Because the ultimate negative effective width is around 1500 mm, the ultimate negative load obviously increases with the enlargement of the slab width when the width is less than 1500 mm. Moreover, the load remains almost constant when the slab width exceeds 1500 mm. Meanwhile, the ultimate positive load values are similar while changing the slab widths since the ultimate positive effective width is smaller than 1000 mm.



The thickness of the concrete slab is another important factor that influences the structural performance of the composite frames. The thickness hc ranging from 100 mm to 150 mm is considered in this section and the load-displacement curves of FE models established with the URSP connectors (LU = 0.5L) and studs (LU = 0) are exhibited in Figure 15. It can be easily observed that the application of URSP connectors has little influence on the ultimate capacity and global stiffness of the joint under both the hogging and sagging moment, which is the common phenomenon in joints with different slab thicknesses.




4.1.4. The Height of the Steel Beam


Figure 16 shows the variation trend of the ultimate capacity and overall stiffness when the height of the steel beam varies within the range of usual values in practical engineering. It can be concluded that the height of the steel beam significantly influences the ultimate resistance and overall stiffness of the composite joint. However, as the height of the steel beam varies from 300 mm to 450 mm, the load-displacement curves of joints with partial URSP connectors and only studs are always almost the same.





4.2. Cracking and Deflection under Load Case 2


When subjected to the vertical uniform pressure, the frame structure can be simplified to the side joint, as shown in Figure 3b. In order to study the performance of the composite frame under vertical loads, the crack performance of the concrete slab and the deflection of the whole beam are analyzed. The arrangement lengths of URSP connectors in the composite beam range from 0–0.5L, while the entire length of the beam in this side joint is 0.5L. Concrete stress distributions in the concrete slab of Stud and URSP-0.5L are shown in Figure 17. It is observed that the concrete stress decreases and the crack-opening-area reduces due to the presence of URSP connectors.



For different arrangement lengths of URSP connectors, the variation of concrete stress, rebar stresses and the deflection at the loading point with the increase of loading displacement are illustrated in Figure 18. The location where the concrete and rebar stress investigated in the FE model is in the middle of the section, where the max moment occurs near the slab-to-column surface.



It can be seen from Figure 18a that the maximum concrete stress in the models with URSP connectors lags behind that in the model with only studs. Moreover, the concrete stress corresponding to the same load will decrease with the increment of the arrangement length of URSP connectors. In other words, compared with the model with only studs, the cracking of the RC slab with URSP connectors is postponed. It can be seen from Figure 18b that the rebar stress in the FE model with URSP connector is less than that of the model with only studs under the same uniformly distributed load. In addition, it can be observed in Figure 18c that under the same load, the deflection at the loading point of models with URSP connectors is larger than that of the model with only studs, and the deflection increases with the arrangement length growth of the URSP connectors.



In this case, the cracking load is defined as the value of the uniform pressure when the concrete stress reaches the peak. It can be seen from Figure 18 that the cracking load increases at most by 18% when the length of the region with URSP connectors is 0.5L. Compared with studs applied in composite frame beam only, for each arrangement length of URSP connectors LU applied in the composite frame, the amplification factor of the cracking load RF is defined as


RF=FURSPFStud



(6)




where FURSP and FStud are the cracking loads of the composite frame beam while using URSP connectors and studs, respectively.



In the serviceability limit states, the stiffness amplification coefficient is an important factor which can be used to calculate the deflection of the composite beam and is inversely proportional to the deflection. It can be found in Figure 18c that the stiffness amplification coefficient decreases when the URSP connectors are arranged in the composite frame beam. In addition, it decreases to a greater extent with the increment of arrangement length LU of the URSP connectors. The ratio of the stiffness amplification coefficient RI is defined as


RI=αURSPαStud=δURSPδStud



(7)




where αURSP and αStud are the stiffness amplification coefficients of the composite frame beam when using URSP connectors and studs, respectively. δURSP and δStud are the deflection of the composite frame beam when using URSP connectors and studs, respectively, which are obtained by deflection of the composite frame beam under a uniformly distributed load before cracking occurs.



In order to study the effect of the length of URSP connectors on the cracking performance of the side beam under different conditions, seven additional critical parameters varying in a usual range in practice are considered in the elaborate finite element models depicted in Figure 4, as shown in Table 2.



Similar trends to those shown in Figure 18 are observed after applying 0–0.5L URSP connectors when other variable parameters are adopted. Choosing the parameters slab thickness hc and steel beam height hs, which greatly influence the performance of composite structures, as the main variables in this section, the variation of RF and RI of composite beams with different URSP connectors arrangement lengths LUs is illustrated in Figure 19.



It can be seen from Figure 19a,c that the amplification factor of the cracking load RF increases with the increase of URSP length, and the effect of cracking delay is more obvious and effective with the increase of URSP length. As illustrated in Figure 19b,d, the ratio of the stiffness amplification coefficient RI decreases with the increase of URSP length. In other words, the stiffness amplification coefficient decreases more with the increase of URSP length. Figure 19a indicates that the amplification factor of the cracking load RF almost decreases with the increase of slab thickness hc, which implies that the cracking load can be effectively enhanced with a relatively lower slab thickness.





5. Design Recommendations for URSP Connectors for Side Joints


URSP connectors have been adopted in continuous composite bridge in China. The design guidelines for bridge engineering have been provided by Li et al. [31]. In a composite frame system, the scientific design guideline will be proposed on the basis of intensive numerical analysis in this section.



As detailed in Table 2, a total of 17 different conditions are considered for each URSP length LU. The quantities of RF and RI obtained from elaborate finite element analysis are up to 102 in each diagram presented in Figure 20. For composite components arranged with URSP connectors of different lengths, the simplified design formula for the amplification factor of the cracking load RF and the ratio of stiffness amplification coefficient of the composite frame RI is proposed as


RF=0.3445LUL+1



(8)






RI=−0.3678(LUL)2+0.0045LUL+1



(9)







The calculated RF and RI based on the proposed formulas are in good agreement with the values obtained from numerical analysis, as shown in Figure 20, except for some conditions when slab thicknesses hc are 125 mm and 150 mm. As mentioned above, the RF is relatively low when the slab thickness is relatively high, which is not considered in the following section and suggested in practice.



The proposed formulas are helpful to understand the influence of arrangement lengths of URSP connectors on the improvement of the crack resistance performance, and can provide effective suggestions for the calculation of the stiffness amplification coefficient in the composite frame using URSP connectors.



According to Figure 20, a length of the region with URSP connectors equal to 0.4–0.5L in a composite frame beam is recommended for practical design, which improves the cracking load by 12–22% and controls the reduction of the stiffness amplification coefficient within 12%.




6. Design Recommendations for URSP Connectors for Middle Joints


In Section 5, the simplified design formulas for calculating the amplification factor of the cracking load RF and the ratio of the stiffness amplification coefficient of the composite frame RI for the side joint are proposed, as expressed in Equations (8) and (9). As for the middle joints, the beam end at one side is subjected to the ultimate sagging moment, and the other side is subjected to the ultimate hogging moment, as shown in Figure 21a. The uniformly distributed load is applied on the middle joint in Figure 21b to investigate the cracking behavior and the deflection of the composite beam.



For load case 1, the capacity of middle joints with URSP connectors distributed in 0.5L is compared to that only arranged with stud connectors, and a limited difference can be observed in these two cases. As shown in Table 3, MStud-L and MURSP-0.5L represent the ultimate moment of middle joints with studs only and URSP connectors distributed in 0.5L, respectively. The application of URSP connectors with the arrangement length of 0.5L poses a limited influence on the capacity of the middle joints, which is similar to the research findings from the side joints discussed in Section 4.



For load case 2, in order to clarify whether the proposed formulas in Section 5 are suitable for the beam ends at the middle joints, Table 4 and Table 5 compare the RF and RI by the proposed formulas and the calculated values RF′ and RI′ by FE models of middle joints with different URSP connector lengths. Since almost all the results are similar to the theoretical results based on the formulas proposed in this study, Equations (8) and (9) for the side joints can also be suitable for the structural design of middle joints.




7. Recommendations for Future Work


In this paper, only numerical studies of the application of URSP connectors in the steel-concrete composite frame system are performed. Future work will mainly concentrate on experimental investigation to validate the URSP’s functions in reducing the cracking in concrete slabs and to verify the numerical parametric study. With the recent development of low cost and embedded piezoceramic smart aggregates for concrete structures [56,57,58,59], the cracking inside a concrete structure can be monitored through active sensing approach [60,61,62] and the imaging approach [63,64,65,66]. The piezoceramic smart aggregate can function as an actuator to generate stress/ultrasonic waves and also as a sensor to detect the stress/ultrasonic waves. In the experimental verification, the smart aggregates will be embedded in the concrete slab to monitor crack initiation and growth. On the other hand, to monitor the bond slip between the RC slab and the steel beam, the shear-type of small-size piezoceramic patches will be used. This work has been motivated by the reported research on the monitoring of bond-slip and debond between the reinforcement and concrete using piezoceramic transducers [67,68,69].




8. Summary and Conclusions


In this paper, the application of a URSP connector in the composite frame system was studied. Elaborate finite element models of side and middle joints, were built in MSC-Marc, in order to resemble the structural response of a composite frame under vertical and lateral loading conditions. The effects of URSP connectors on the structural performance of a composite frame based on the parametric analysis of several critical parameters were investigated. The ultimate load-carrying capacity of side joints and middle joints under a concentrated load and the crack performance under a vertical uniformly distributed load were discussed in depth. It has been demonstrated that the application of URSP connectors improves the crack resistance performance and has little influence on the lateral capacity and stiffness. In other words, applying URSP connectors in the composite frame has been demonstrated to:




	(a)

	
Maintain the ultimate capacity and overall stiffness under lateral loads, which are comparable to those of a composite frame with all stud connectors;




	(b)

	
Improve the cracking resistance of an RC slab under vertical loads, compared with the composite frame with stud connectors only, and the improvement increases with the increased arrangement length of URSP connectors;




	(c)

	
Only decrease the initial vertical stiffness a bit compared with the composite frame with stud connectors only under vertical loads.









Furthermore, based on the FE results, the design recommendations of URSP connectors were given in terms of two factors, the amplification factor of the cracking load RF and the stiffness amplification coefficient ratio RI. A distribution length of 0.4–0.5L (0.2–0.25 times of the whole frame beam length) is recommended for URSP connectors adopted near both beam ends for practical design.
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Figure 1. Uplift-restricted and slip-permitted (URSP) connectors in a continuous composite beam bridge. 
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Figure 2. Stress and strain analysis of a composite beam section under hogging moment. 
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Figure 3. Two load cases simplified from a typical frame structure. (a) Typical steel-concrete composite frame structure; (b) Load case 1; (c) Load case 2. 
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Figure 4. Finite element model. (a) Geometrical configuration and material properties; (b) finite element model established with MSC-Marc. 
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Figure 5. Simulation of the shear connector in the finite element model. 
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Figure 6. Shear-slip model of the URSP connector. 
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Figure 7. Shear-slip model of the traditional headed stud. 
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Figure 8. Verification of the proposed model by reference [45]. (a) Loading scheme of the beam test (unit: mm); (b) cross-section of the beam specimen (unit: mm); (c) URSP connectors in the test (unit: mm); (d) comparison of test and simulation results. 
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Figure 9. Load-displacement results. (a) Hogging moment; (b) sagging moment. Note: For clarity, some of the data points are not drawn in the figure, which is the same for the following figures. 
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Figure 10. Load-strain curves of the bottom flange. 
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Figure 11. Strain distribution along the section height. 
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Figure 12. Interface slip distribution under the hogging moment. (a) u = 10 mm; (b) u = 70 mm; (c) u = 150 mm. 
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Figure 13. Load-displacement curves with different degrees of shear connection. (a) Hogging moment; (b) sagging moment. 
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Figure 14. Load-displacement curves with different slab widths b. (a) Hogging moment; (b) sagging moment. 
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Figure 15. Load-displacement curves with different slab thicknesses hc. (a) Hogging moment; (b) sagging moment. 
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Figure 16. Load-displacement curves with different steel beam heights hs. (a) Hogging moment; (b) sagging moment. 
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Figure 17. Concrete tensile stress distributions in the concrete slab subjected to vertical loads. (a) Concrete stress in the Stud model; (b) concrete stress in the URSP-0.5L model. 
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Figure 18. Results of models subjected to vertical loads. (a) Concrete stress; (b) rebar stress; (c) deflection. 
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Figure 19. Results with different URSP lengths. (a) RF with different hc; (b) RI with different hc; (c) RF with different hs; (d) RI with different hs. 
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Figure 20. Results of models with a variety of URSP lengths. (a) RF; (b) RI. 
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Figure 21. Two loading configurations of middle joints. (a) Load case 1; (b) Load case 2. 
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Table 1. Design parameters for load case 1.






Table 1. Design parameters for load case 1.





	Design Parameter
	Considered Values





	URSP length LU (L)
	0 *, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1



	Shear connector spacing d (mm)
	100, 200, 300



	Slab thickness hc (mm)
	75, 100, 125, 150



	Slab width b (mm)
	1000, 1500, 2000, 2500, 3000



	Steel beam height hs (mm)
	300, 350, 400, 450







Notes: * Bold font represents for the initial values. LU is the length of regions where URSP connectors are placed along the beam, as illustrated in Figure 3.
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