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The collapsing number of tower cranes has increased with the development of the building industry. The safety of tower cranes has the potential to improve practices of building and outcomes in construction. The mechanical performance and failure mode of braced frame joints are analyzed in this research. Firstly, a mechanical model of a braced frame joint (BFJ) is established, and the experiment is designed. The destruction process and failure mode are researched by experiment. Then finite element model is established by ABAQUS. Moreover, working conditions with different concrete strength grades (CSG) and tension direction are researched. The results prove that braced frame joint cracks seriously with ultimate bearing capacity, simultaneously, the pre-embedded steel component (PESC) is pulled out. The failure mode is tensile and bending failure of BFJ in the test. The ultimate bearing capacity of failure is controlled by concrete strength grades. The tensile strength increases with the CSG, and the ultimate capacity of BFJ improves equally. The brittle fracture characteristic is more obvious in the ultimate state. The failure mode changes from crushing failure to tensile and bending failure with increasing tension angle. The research results could provide a better understanding of the working mechanism and performance evaluation of the BFJ of the tower crane.
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1 INTRODUCTION
The height of high-rise buildings increases every year. The duration of construction for most buildings typically lasts longer as building heights increase. A tower crane is an essential equipment for loading and unloading in many construction sites. Tower crane safety during construction has been widely discussed (Forcael et al., 2020; Zhou et al., 2018; Vivian and Ivan, 2011). A tower crane is a multi-degree freedom system, whose dead weight and lifting weight as well as other working loads are carried by braced frame joint (BFJ), and finally, the load is transferred from BFJ to a high-rise structure (Raviv et al., 2017; Wang et al., 2011). The BFJ of the tower crane bears dynamic magnification performance and its reliability is reduced for obvious whiplash effect with external excitation. Engineering accidents often occur during the installation and use of tower cranes, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Accident of tower crane during installation.
Construction machinery safety and the mechanical performance of the structure in construction have been subjects of great concern among researchers (Yang et al., 2021; Yao et al., 2021a; Yao et al., 2021b; Zhang and Pan, 2021; Zhang et al., 2020; Chu et al., 2019; Chu et al., 2019; Duan et al., 2020). Concerning accidents include low-frequency high-severity accidents and high-frequency low-severity accidents (Jaafar et al., 2013). Tower crane safety has been analyzed according to respective issues such as the installation and dismantling stages (Shin, 2015), and other studies have considered selection (Briskorn and Dienstknecht, 2019; Sohn et al., 2014; Marzouk and Abubakr, 2016), location (Abdelmegid et al., 2015), earthquakes (Ai et al., 2013; Huang and Syu, 2014), wind (Mara, 2010; Şahin et al., 2016), and layout (Lien and Cheng, 2014; Younes and Marzouk, 2018). Intelligent monitoring systems (Zheng et al., 2013) and enhanced crane operations (Zavichi et al., 2014; Shapira and Elbaz, 2014; Peng et al., 2018) have also been the subject of research. Numerical simulation is an efficient and feasible approach in tower crane safety research. SAP 2000, ANSYS, and ABAQUS are the main analysis platforms in establishing the tower crane finite element model (Forcael et al., 2020; Yao et al., 2021a; Ai et al., 2013; Mara, 2010). The building information model (BIM) has been applied in tower crane selection and tower crane layout planning (Ji and Leite., 2018; Wang et al., 2015). Appropriate experiments could demonstrate principles of destruction mechanism and failure mode (Heo et al., 2021; Sui et al., 2020; Wang et al., 2019). There are many kinds of research in the mechanical performance of building structures. Nevertheless, experiments exploring tower crane safety are rare. The mechanical performance of tower crane BFJ plays an important role in tower crane safety. However, few types of research are conducted to address the mechanical performance and destruction of tower crane BFJ. Traditional methods such as increasing section, increasing auxiliary measures, and embedding with both sides of the wall are often adopted to improve the reliability of BFJ. Since the BFJ is a temporary facility during construction, it is dismantled after the completion of the main structure. By increasing the reinforcement ratio or section size of the pre-embedded steel component (PESC) to improve the safety coefficient, the corresponding measures and labor cost increases, which is contrary to the limit state design method of the concept of economy.
This research aims to evaluate the mechanical performance and failure mode of BFJ in high-rise building construction. The working performance of BFJs are examined using reduced scale model tests, numerical simulations, and theoretical analysis. Firstly, a mechanical model of the joint was established, and an experiment was designed to study the destruction mechanism and failure mode of BFJ. Finite element models were established and verified, with CSG and tension direction taken as variables respectively. The failure modes and mechanisms of BFJ were then studied by numerical simulation and theoretical analysis.
2 MECHANICAL MODEL
The load applied to the tower crane transfers of the reinforced concrete core tube through the BFJ. The stability and safety of joints are the premise of the normal operation of the tower crane. Tower cranes are attached to the shear wall in high-rise buildings during construction, as shown in Figure 2. The concrete at the supporting point bears a composite effect by horizontal and vertical forces. It is therefore vital to establish a reasonable mechanical model of BFJ, to study the reasons and extension regularities of cracks.
[image: Figure 2]FIGURE 2 | BFJ of tower crane and cracks.
The standard section of the tower crane connects with the building by PESC, the most commonly used BFJ is shown in Figure 3A. The vertical load of PESC and concrete in the joints include the dead weight of the tower crane, lifting weight, and the weight of concrete counterbalance. The horizontal load includes wind load, anti-overturning moment, and anti-sliding load. The seismic load, the non-uniform motion of cable and trolley, and the rotation of the crane arm in the horizontal plane will lead to dynamic actions at the joints. In engineering, the force of the tower crane joints is complex, and its direction is also uncertain. The simplified BFJ and test device are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Simplified BFJ and test device: (A) BFJ in construction, (B) test device.
Three steel beams are used in the test device. Steel beam A (SBA) aims to provide drawing force. The loading actuator protrudes from the hole in the middle of SBA. During the loading process, the hydraulic jack transmits the thrust to SBA. Steel beam B (SBB) and steel beam C (SBC) are used to the fixed specimen. The steel beam is provided with stiffeners to improve the rigidity and reduce the deformation of SBA, SBB, and SBC. During the loading process, the end of SBA also follows the upward displacement of the hydraulic jack, meaning SBA is slightly inclined. At the same time, the bottom of the SBA separates from the top of the hydraulic jack. To ensure contact between SBA and the hydraulic jack, a movable hinge is designed to ensure contact. During installation, the laser level is used to correct the position of components, which ensures that the center of the jack, the centerline of PESC, and the midpoint of the rotating hinge are in the same vertical plane. According to the Saint-venant principle, the local load effect only influences the stress field distribution within a certain range (Bastin et al., 2021; Bai et al., 2021; Chen and Bai, 2021). Hence, the dimension of BFJ could be increased in number threefold with PESC. The dimensions of tested BFJ specimens are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Dimensions and composition of BFJ and PESC (mm).
The mechanical performance of BFJ is mainly controlled by the PESC parameters. PESC is composed of five parts, including ear plate, stiffening plate, faceplate, anchor, and endplate, as shown in Figure 4. The PESC is an axisymmetric structure, therefore displacement and extreme stress in key locations can reflect mechanical performance. Two strain gages (strain gage U and strain gage D) are placed on anchor one and anchor four respectively.
3 EXPERIMENTAL SETUP
3.1 Testing Device
The experiment was completed in the Structural Laboratory of Chongqing University. The quantitative value of load added on the BFJ is measured with Digital Strain Gauge, and the quantitative value of crack is measured with Crack Width Observer, as shown in Figure 5. The detailed parameters and types of main test instruments are shown in Table 1.
[image: Figure 5]FIGURE 5 | Main test instruments: (A) digital strain gauge, (B) crack width observer.
TABLE 1 | Parameters of main test instruments.
[image: Table 1]3.2 Sensor Placement
To study the mechanical properties and failure mechanism of the BFJ, the data measured include tension, displacement of PESC, and the anchor plate strain of PESC. The strain gauges are arranged on the end of the anchor, the measurement points are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Layout of strain stages and displacement measurement.
The pressure sensor is placed between nut and SBA, and hence the measured load value is the exact quantitative value applied on the PESC. It could directly measure the load quantitative value of the hydraulic jack, avoiding the amplified error. Considering the deformation of SBA, SBB, and SBC, measured points are directly installed on the upper side and lower side welded rebar of the PESC and named measured point I and measured point II.
3.3 Material Performance Testing
3.3.1 Concrete Performance Testing
The concrete used for the test comes from the same batch of commercial concrete. Three groups of 150 mm standard test blocks are randomly produced, and there are three specimens in each group. The test specimens are cured under the same conditions. The average actual compressive strength value of the tested concrete is taken as the representative value of the strength. The concrete performance testing is shown in Figure 7, and the parameters in Table 2 are obtained.
[image: Figure 7]FIGURE 7 | Concrete performance test device.
TABLE 2 | Concrete performance parameters.
[image: Table 2]3.3.2 Rebar Performance Testing
Ribbed rebar is used in the test, and the nominal yield strength is 400 MPa. The samples are randomly selected from the same batch of rebar, and C8 and C10 rebar are taken from each group. Each group included three standard length test pieces, and the tensile test is carried out on the INSTRON 1342 static test-machine, as shown in Figure 8. The yield strength, ultimate strength, and elastic modulus are measured and shown in Table 3.
[image: Figure 8]FIGURE 8 | Steel plate performance testing.
TABLE 3 | Rebar performance testing parameter.
[image: Table 3]3.3.3 Steel Plate Performance Testing
The PESC is made of Q345C, and the nominal yield strength is 345 MPa. The standard metal plates are made of the same steel, the tensile test is carried out on the INSTRON 1342 static test-machine, and the yield strength, ultimate strength, and elastic modulus are measured and shown in Table 4.
TABLE 4 | Testing parameters of steel plate.
[image: Table 4]3.4 Loading Scheme and Test Result
A stepwise monotonic static loading project is taken in the test. Preloading is carried out before formal loading and all the test instruments are determined to work normally and the device is reliable. The preloaded data is used to judge the relationship between load and deformation, and the test piece and the support are in contact. After preloading, unloading to 0, and then starting the formal loading, the cracking point, yield point, and limit point are captured during the loading process, the differential is adjusted downward around the point locations, and the load of each level lasts 1.0 min.
The mechanic behavior of BFJ is closely associated with crack propagation. The destruction mechanism and failure mode can be reflected by crack propagation. The critical points and corresponding crack states are recorded and shown in Figure 9. The full load–strain relationships of BFJ are shown in Figure 10.
[image: Figure 9]FIGURE 9 | Load–displacement relationships of BFJ.
[image: Figure 10]FIGURE 10 | Load–strain relationships of PESC.
The cracking load is 141.0kN, with a 2.6 mm tensile crack at the bottom of PESC. When the load is 184.0kN, two tensile cracks appeared with 2.0 and 1.6 mm in width, as shown in Figure 9A. When the load is 282.0kN, shear cracks appear at the bottom center of PESC. The concrete at the bottom of PESC is displacement damaged with lateral uplift, as shown in Figure 9B. The upper corner of the PESC produced an oblique crack with 2.4 mm in width when the load is 361.0 kN, as shown in Figure 9C. When the BFJ is finally destroyed, there are two main tensile cracks with 10.8 and 11.2 mm, and the largest main shear crack is 10.6 mm. Figure 9D indicates that there is no plastic deformation in PESC, and hence the failure of BFJ is determined by concrete. Cracks of specimens concentrate mainly on the central and bottom of PESC. Moreover, tensile shear crack concentrates mainly on a 45° angle, as shown in Figure 9E. The extreme values in strain gage U and D are 1,524 and 711 respectively, as shown in Figure 10. The PESC deformation in the anchor end has an obvious difference from the tension. Both of the strains dropped after the final destruction of BFJ, and hence PESC deformation is elastic deformation without destruction.
4 NUMERICAL ANALYSIS
4.1 Numerical Simulation
Numerical models with different working conditions are established to study the mechanical performance of BFJ. The detailed parameters of numerical models are given in Tables 5, 6.
TABLE 5 | Material properties in finite element model. Steel material properties.
[image: Table 5]TABLE 6 | Material properties in finite element model. Steel Concrete material properties.
[image: Table 6]The PESC element is embedded in the concrete element with the “Embedded Region” command in ABAQUS. The “surface to surface contact” of ABAQUS is set between the surfaces of PESC and the concrete component. The deformation coordination of BFJ is realized by setting the friction contact property. Mesh density and element quality should be simplified to a certain degree because of limited computer performances. The element information used in finite element models is given in Figure 11. In order to research the influence of tension direction and CSG, nine working conditions were set up and analyzed in the finite element model, parameters are shown in Table 7.
[image: Figure 11]FIGURE 11 | Finite element model of BFJ.
TABLE 7 | Working condition parameters.
[image: Table 7]4.2 Comparison Between Model and Experiment
The cross-comparison between test and simulation was taken to verify the correctness and reliability of the numerical simulation, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Load-displacement comparison in experiment and simulation.
The ultimate bearing capacity is 361.0kN in experiment and 355.0kN in numerical simulation. PESC stiffness has almost no change in the early stage of loading. The BFJ is still in the elastic stage, and only small cracks are generated. The displacements are shown in Figure 12 and have a good consistency. The displacements gradually increase rapidly with the increasing load. The stress distribution of the PESC is also shown in Figure 12. The principal tensile stress on the bottom of PESC is larger. The stress of PESC is relatively lower than the yield strength. The elastic deformation appeared in the PESC, but the PESC is not in failure mode, which is consistent with the experimental results. The PESC failure mode in the simulation corresponds with the experiment. The numerical model has high credibility and could be used in the parametric analysis of PESC.
4.3 Influence of CSG
During the construction of high-rise buildings, the CSG increases with the rising of the core tube. Therefore, it is of great practical significance to study the mechanical performance of the BFJs with different CSGs. The CSGs are taken as C20, C30, C40, C50, and C60 in the study. The constitutive relationships of concrete are defined in the Property module of ABAQUS. The finite element model analysis is carried out to obtain the load-displacement relationships and ultimate bearing capacity with different CSGs, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Influence of CSG on load-displacement.
Figure 13 shows that the load-displacement relationships could generally be divided into three stages, including the elastic stage, crack stage, and failure stage. During the initial loading period, the relationships show a linear relationship with a small displacement. It is speculated that concrete and the PESCs only produced elastic deformations, and hence the initial stiffness of each specimen is relatively similar. With the increase of displacements, track transition relationships occur during the crack stage. Combining the results of the tests, it can be speculated that the concrete is cracked and the stiffness is affected. The load-displacement relationships have a significant decline phase when the specimen is pulled out. The slope of the relationships becomes steeper with increasing CSG in the failure stage, and the brittle failure phenomenon becomes more obvious. The reason for this is the constitutive relation of the concrete material and the slip on the contact surface. The ultimate bearing capacity of C20–450, C30–450, C40–450, C50–450 and C60-450 were 341.1, 350.6, 355.1, 365.8, and 388.1 MPa respectively. The ultimate bearing capacity increase with increasing CSG. In the crack stage, each finite element model has an extreme value, combing with the experiment phenomenon, which has the characteristic of major cracks appearing. The characteristic crack values of C20–450, C30–450, C40–450, C50-450, and C60-450 are 252.4, 276.0, 291.2, 305.9, and 318.9 MPa respectively, and the characteristic crack values also increase with the increase of CSG.
To explore the destruction change in PESC and concrete components with ultimate bearing capacity, the stress and damage distribution of the specimens with different CSGs are shown in Figures, 14, 15.
[image: Figure 14]FIGURE 14 | Numerical stress distribution with different CSG (MPa): (A) C20-450 PESC, (B) C40-450 PESC, (C) C60-450 PESC.
[image: Figure 15]FIGURE 15 | Numerical damage distribution with different CSG: (A) C20-450 concrete component, (B) C40-450 concrete component, (C) C60-450 concrete component.
Based on a comparison of the PESCs in Figures 14A–C, the stress distribution of different concrete grades of PESCs are similar, especially in the location of stress concentration. All three locations of stress concentrations are located on the interface of anchor and faceplate. The peak value is 555.9 MPa, 562.4.9 MPa, and 594.0 MPa. The stress in-ear plate and anchor are larger than the faceplate and endplate. With the action of transverse shear force, the anchor and concrete are mutually squeezed, thus stress on one side of the embed is concentrated. Other parts of the PESC are in the elastic stage, and the safety reservation is sufficient.
As shown in Figure 15, concrete crushing parts are always concentrated around the PESC. This is the result of the transverse shear action between PESC and concrete. The damage concentration area reduces with the increase of CSG. The failure modes of the specimens have similarities in Figure 15. A large number of cracks are generated on the concrete surface in a failure state, and concretes are cracked and damaged with severe tension. It is speculated that failure mode is controlled by concrete tensile strength. Ultimate bearing capacity increases with the increase of concrete.
4.4 Influence of Tension Direction
To research the influence of the tension direction on BFJ, the tension directions were taken from 0.0° to 90.0°, with a 22.5° stepwise. The finite element model analysis was carried out to obtain the load-displacement relationships and ultimate bearing capacity with different tension directions, as shown in Figure 16.
[image: Figure 16]FIGURE 16 | Influence of tension direction grade on load-displacement.
Figure 16 indicates that the load-displacement relationships could generally be divided into three stages, including the elastic stage, crack stage, and failure stage. The initial stiffness of the specimens is close to different working conditions in the elastic stage. With increasing load, the specimens begin to yield. The specimens are destroyed and ultimate bearing capacity can be obtained in the failure stage. The ultimate bearing capacity of C30–900, C30–675, C30–450, C30–225 and C30-000 were 273.1, 301.6, 350.6, 363.1, and 375.7 MPa respectively. The ultimate bearing capacity has a great difference with changes of tension direction. In the crack stage, the characteristic crack values of C30–900, C30–675, C30–450, C30-225, and C30-000 are 223.7, 264.5, 276.0, 285.3, and 293.2 MPa respectively. Therefore, the tension direction has an obvious effect on the ultimate bearing capacity and characteristic crack value. When the tension direction changes to 0.0°, the concrete is subjected to tangential shear force, and compressive strength plays an important role. When the tension direction changes to 90.0°, the concrete is subjected to normal tension, and tensile strength plays an important role.
As can be seen from the numerical stress distribution of Figure 17, PESC with 0.0° tension direction has the largest deformation. There are two main locations of stress concentration in C30-000 PESC, at the top of the anchor and around the draw hole. Stress concentration is located at the top of the anchor in C30-450 PESC. Nevertheless, PESC with 90.0° tension direction is still in the elastic state when the specimen is destroyed. Stress on the anchor is larger than the ear plate and faceplate.
[image: Figure 17]FIGURE 17 | Numerical stress distribution with different tension directions: (A) C30-000 PESC, (B) C30-450 PESC, (C) C30-900 PESC.
The numerical stress distribution outlined in Figure 18 indicates that the damaged area is largest in the C30-450 concrete component. Damage in the C30-450 concrete component is the second largest and the C30-000 concrete component is the smallest. The specimen shears mainly tangentially and the compression damage is mainly concentrated on the top of the anchor plate. The transition region from damage to undamaged has an obvious difference. The C30-450 concrete component has the largest transition region, and C30-000 concrete component has the smallest transition region. The concrete around the upper side of PESC is crushed by the shear force, which is the reason for the failure of the specimen with 0.0° tension direction. When the tension direction changes to 90.0°, the crushed area is gradually reduced, and the tensile area gradually increases. The tension direction can affect the final failure mode. The change of tension direction has a more obvious effect than CSG.
[image: Figure 18]FIGURE 18 | Numerical damage distribution with different tension directions: (A) C30-000 concrete component, (B) C30-450 concrete component, (C) C30-900 concrete component.
5 CONCLUSION
This study examined the mechanical performance of BFJ by experiment and numerical simulation. The experiment used a reduced scale prototype model test and a whole process numerical simulation of the model was carried out by the finite element method. The loading process can be fitted to a straight line in the early stage with little displacement, and the structure is in the linear elastic state. The stiffness degraded as the loading and the slope of the curve decreased. In the failure stage, the crack distribution range expanded and the stiffness degradation became more serious. The cracks of BFJ can be distributed into three classes, tensile crack, tensile shear crack, and shear crack. The cracks of the specimens were concentrated mainly on the central and bottom of PESC. The development and connection of cracks may be the reason for abrupt stiffness degradation. The ultimate bearing capacity and characteristic crack value increased with the increase of CSG. The stress distribution with different concrete grades of PESCs was similar, especially in the location of stress concentration. Concrete crushing parts were always concentrated around the PESC. The stress concentration area in the concrete component reduced with the increase of CSG. The failure mode was controlled by concrete tensile strength. The construction stage of BFJ should hemce be taken into consideration in safety checking. The tension direction has an obvious effect on the ultimate bearing capacity and characteristic crack value. When tension direction changes to 0.0°, concrete is subjected to tangential shear force. When the tension direction changes to 90.0°, the concrete is subjected to normal tension. The concrete around the upper side of the PESC is crushed by shear force and is the reason for the failure of specimens with 0.0° tension direction. When the tension direction changed to 90.0°, the crushed area gradually reduced, and the tensile area gradually increased. Therefore, the aggregate of all external incentives should be calculated to get the accurate direction of the force. The reasons for tower crane failures are complicated. The nodal instability and mechanical properties of the joints were studied herein by combining experiments and computer simulations, but the influence of different joint structures on the bearing capacity of the tower crane was not considered. The type of material is also critical to the crane’s carrying capacity. Future research should focus on the design of the different joints of the tower crane and material properties. Seismic analysis is also necessary when monitoring the tower crane. With the pace of urbanization accelerating and the density of construction groups increasing, it is necessary to analyze the BFJ of tower cranes in high-rise building construction to improve safety and security (Tang Y. C. et al., 2021; Tang Y. et al., 2021).
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