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Abstract

:

A building may be subjected to a variety of accidental loads during its service life. Partially precast concrete (PC) beams are a primary structural component. Their impact resistance can have a substantial impact on the overall safety of a structure when it is subjected to an impact load. In this study, numerical analyses were performed on the dynamic response of PC beams strengthened with bonded steel plates subjected to impact loading. The model was verified from four aspects: energy conversion, failure form, impact force–time history curve, and midspan displacement–time history curve. The dynamic response eigenvalues of the peak impact force, peak midspan displacement, and residual midspan displacement were compared between the numerical simulations and experimental tests. The relative inaccuracy of the peak impact force ranged from 9.51% to 14.0%, with an average value of 11.9%. The average relative error for the midspan displacement was −0.09%, with the greatest relative errors varying between −0.64% and 0.3%. The residual value errors of the midspan displacement ranged from −0.95% to 2.38%, with an average relative error of 0.94%. On this basis, the effects of the impact mass, impact height, width, and length of the bonded steel plate on the impact resistance of the components were evaluated. Furthermore, the differences in the equivalent plastic strain contours, impact force–time history curves, and midspan displacement–time history curves under different parameters were compared. The results demonstrated that the failure modes and flexural deformations of the test beams were influenced by the impact mass and impact height. The increase in the length and width of the steel plate had no effect on the impact force response, but the peak and residual values of the midspan displacement decreased, which could significantly increase the impact resistance of the beams. Lastly, the impact mass m, the impact height h, the thickness t of the bonded steel plate, the length of the bonded steel plate hs, and the width of the bonded steel plate bs were all taken into account in the fitting formula. These five parameters were used to predict the peak impact force response, the peak value of the midspan displacement, and the residual value of the midspan displacement. The results demonstrated that the fitting formula had small errors and could accurately reflect the dynamic responses of the PC beams strengthened with bonded steel plates under impact loading.
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1. Introduction


Throughout their design service life, buildings may be subjected to a variety of accidental loads including collisions, impacts, and explosions, such as the impact generated by a falling precast component during the process of hoisting a lower component or the impact generated by stones rolling onto buildings in mountainous areas. The safety of a building structure is in danger from these loads because of their short durations and high peak values. In order to prevent catastrophic structural progressive collapse, impact loads should be accounted for in structural designs with reinforced concrete beams in specific circumstances, and the impact resistance of existing structural elements should be assessed. Therefore, research on the impact resistance of building components cannot be ignored.



Many scholars have conducted experimental research and numerical simulations on the impact resistance of reinforced concrete beams. Zhou et al. [1], Yoo et al. [2], and Yoo et al. [3] conducted impact tests on RC beams and UHPC beams with various reinforcement ratios. It was found that increasing the reinforcement ratio could improve the total stiffness of the beam, reduce displacement and damage, and thus, improve the impact resistance of the member. Jin et al. [4] established a 3D mesoscopic simulation method considering concrete heterogeneities, discussed the effect of the hoop ratio on the impact resistance of the member, and found that the hoop ratio has little effect on the midspan deflection of the beam under impact load. Yu et al. [5] conducted drop weight impact tests on 15 RC beams and found that increasing the cross-section size affected the stiffness of the beam, raising the impact force but lowering the peak and residual mid-span displacements. Yoo et al. [2], Yoo et al. [3], Ulzurrun et al. [6], and Mao et al. [7] found that the impact resistance of beams could be improved by using steel fiber-reinforced concrete (SFRC) or ultra-high-performance fiber-reinforced concrete (UHPFRC) as the main body of the beams. Scholars have conducted substantial research on the displacement response of RC beams based on numerical simulation results; established and developed expressions or analytical models for the displacement of RC beams as a function of the impact velocity, impact mass, and impact energy; evaluated the damage degree of reinforced concrete members under impact load; and predicted their deformations (Wongmatar et al. [8]; Hwang et al. [9]; Guo et al. [10]; Pham et al. [11]; Adhikary et al. [12]; Zhao et al. [13]; Yong et al. [14]).



It is no longer possible to increase the impact resistance of existing building components through material strengthening or reinforcement design. The construction process becomes complicated when a strengthening design with an additional UHPC layer is adopted, requiring formwork support, pouring, and formwork removal. In the middle of the last century, some scholars proposed a strengthening technology using bonded steel to improve the flexural load-bearing capacity of reinforced concrete beams (Khouzam et al. [15]; Thamrin and Sari. [16]; Alwis et al. [17]). Therefore, researchers can learn from this strengthening technology that uses bonded steel to improve the impact resistance of reinforced concrete beams. In this study, on the basis of experimental research on the impact loads of PC beams strengthened with bonded steel plates, numerical analyses were performed on the dynamic responses of PC beams under impact loading. The finite element model was verified by comparing the simulated and test results. Numerical analysis was carried out to analyze the key parameters affecting the impact resistance, and a simplified calculation formula was established for predicting the displacement responses of PC beams strengthened with bonded steel plates under impact loading.




2. Finite Element Model and Verification


2.1. Test Device


Ultra-high-heavy-duty drop weight impact testing equipment made up of loading, fixing, axial-compression, and data collection devices was used to conduct drop weight impact tests. A slideway, a drop weight control system, a counterweight steel plate, and a hammer made up the loading regime. The impact speed was regulated by employing the drop weight control system to elevate the hammerhead to various heights along the slideway, and the impact mass was adjusted by raising or lowering the amount of counterweight steel plates. The hammer could rebound along the slideway after impact on this drop weight impact testing device, allowing for secondary impact with gravity. The hammerhead had a cross-sectional diameter of 220 mm and had a shape like a cylinder. Support plates, pressure beams, and tie rods were used to support the test beams. Under the support plate, a hinge was placed to permit rotation of the specimen and to create basic support restrictions. The drop weight impact test setup is shown in Figure 1.




2.2. Test Overview


Four PC beams were fabricated, and each test beam had identical geometric proportions; the specific dimensions can be seen in Figure 2 and Figure 3. Here, the concrete strength grade of the precast components was C30, while the concrete strength grade of postcast components was C40. All of the steel rebars were HRB400 grade. The rectangular beam section dimensions were 220 mm × 450 mm, the beam length was 3000 mm, the support width was 150 mm, their centers were 225 mm from the beam ends, the net span of the beam was 2400 mm, and the shear–span ratio was 3. The concrete had a cover of 30 mm. Since the height of the beam was 450 mm, the diameter of the tensile reinforcing bars was 20 mm, and the diameter of the stirrups was 10 mm, the effective depth was 400 mm. The assembly’s midline was at L/4, and the splicing positions were placed on both sides of the assembly. The postcast layer had a 150 mm thickness, and the postcast portion had a 500 mm length. The longitudinal tensile reinforcement in the postcast section was welded with double-sided lap joints with a lap length of 100 mm and staggered welded connections.



The four test beams were designated as A1, B1, B2, and B3, respectively. Beam A1 was not strengthened with steel plates, and the remaining three test beams were strengthened with bonded steel. The grade of the steel plates was Q235. The reinforcement of beam B1 consisted of a strengthened steel plate with a length of 3000 mm, a width of 220 mm, and a thickness of 2 mm on the bottom of the beam. The steel plate of Beam B2 had the same length and breadth as that of Beam B1, but it was 4 mm thick instead. Beam B3 was strengthened with a steel plate with a length of 3000 mm, a width of 220 mm, and a thickness of 2 mm on the bottom of the beam, and it was set with eight U-shaped steel plate hoops with a width of 60 mm and a thickness of 2 mm.




2.3. Finite Element Model


The numerical analysis was performed using the commercial software LS-DYNA. The keywords for this model were set according to the LS-DYNA user’s manual (LS-DYNA, 2022a; LS-DYNA, 2022b). The numerical analysis simulated the steel reinforcements using the BEAM161 beam element. The steel plates and U-shaped steel plate hoops were simulated using the SHELL163 thin shell element. The beams, hammerheads, support pads, and pressure beams were simulated using the SOLID164 solid element. The material model for steel bars and steel plates used the plastic hardening model (*MAT_PLASTIC_KINEMATIC), which was used to simulate isotropic and kinematically plastic hardening materials and also had the option of strain rate effects. The model can be used for beam, shell, and solid elements and is a very cost-effective model. The model can effectively simulate the elastic−plastic behavior of steel. The material model of the beam concrete adopted the continuous concrete cap damage model (*MAT_CSCM_CONCRETE). This model can be used for solid elements in LS-DYNA, which therefore can be used for the simulation of concrete materials under low-velocity impact loads, and the model has a good response to the stress−strain relationship of concrete materials. The user can select a custom material or directly select concrete (CONCRETE). The specific parameter settings of the above material models are shown in Table 1. A summary of the element types and material models of the individual components of the finite element model in this paper is shown in Table 2.



This model adopts the symmetric penalty function method and realizes the contact control by setting the parameters of the *CONTROL_CONTACT keyword, where SLSFAC is the penalty scale factor of the sliding interface, which was set to the default value of 0.1. ISLCHK indicates whether the initial penetration check is performed on the contact surface. This keyword was enabled in this model.



As a general algorithm, the surface-to-surface contact in LS-DYNA can usually handle the relative sliding contact between objects, such as *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE, *CONTACT_TIED_SURFACE_TO_SURFACE, and *CONTACT_TIEDBREAK_SURFACE_TO_SURFACE. Due to the bonding connection between the test beam solid element and the bottom-pasted steel plate shell element, there is a phenomenon of peeling; hence, for the contact between the two, only tied break contact can be selected. In contrast to the way that the surface-to-surface binding contact binds the master and slave surfaces of the contact, the fixed failure contact adds a new contact surface to the target surface only before the failure stress is reached. A penalty stiffness is used to achieve a “pin connection” between the master and slave contact surfaces. When the contact interface stress exceeds the failure stress, relative sliding or even separation can be achieved between the master and slave surfaces. The setting of the contact parameters is similar to surface-to-surface contact, except that two new failure stresses, NFLS and SFLS, are added. These two parameters determine the failure criterion of the contact surface, as shown in Equation (1).


           σ n      NFLS      2  +          σ s      SFLS      2  ≥    1   



(1)







In order to simulate double-sided lap welding, the longitudinal tensile reinforcement at the bottom portion of the test beam was joined using the constraint method of *CONSTRAINED SPOTWELD. The element type of this part adopted a three-dimensional beam element, and the material model adopted a plastic hardening model, where TS1 = TS2 = 40 was defined. Since the test beam did not have obvious dislocation between the superimposed part and the spliced part, and only cracks with a small width appeared, the contact between the precast concrete and the cast-in-place concrete at the superimposed position and the spliced position was set to binding contact *CONTACT_TIED_SURFACE_TO_SURFACE. The contact of the test beam, the hammer head, and the support was set to automatic surface-to-surface contact *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. The contact mode of the longitudinal reinforcement, stirrup, and concrete was a coupling bond, which did not consider slip failure between the reinforcement and concrete. The contact between the beam and the steel plate was set as surface-to-surface fixed failure contact *CONTACT_TIEDBREAK_SURFACE_TO_SURFACE, and the failure damage between the steel plate and the concrete was simulated by setting the failure stresses of NFLS and SFLS. The gravity load was set to the *LOAD_BODY_OPTION with a value of 9800 mm/   s 2   . The initial velocity was applied to the hammer head by setting *INITIAL_VELOCITY, and the initial velocity was obtained from the velocity collector in Section 2. On the basis of ensuring the accuracy and efficiency of numerical calculations, after repeated trial calculations, the grid density of the reinforcement frame, precast concrete beam, and steel plate was finally determined to be about 50 mm, and the grid density of support pads and hammer was about 35 mm. The above keyword settings were all implemented using the finite element software Hypermesh. Finally, after using this software to divide the finite element model mesh, the k file was output to the LS-DYNA Solver for calculations and solutions. The reinforced skeleton of the test beam, the spliced parts of old and new concrete, and the final finite element model are shown in Figure 4, Figure 5 and Figure 6.




2.4. Validation of the Finite Element Model


As an illustration, test beam B1 was used to confirm the accuracy of the finite element model. The total energy, internal energy, kinetic energy, slip energy, and hourglass energy under impact loading are shown in Figure 7. The total energy at different moments was almost equal to the sum of the other four terms, which shows the energy conversion relationship in the impact process. The fact that the total energy was equal according to the energy conversion curve indicates that the impact process complied with the law of energy conservation. Energy conversion mainly occurred between kinetic and internal energy. The kinetic energy of the hammerhead was converted into internal energy in the beam, causing the beam to undergo deflection, deformation, cracks, and local damage. The slip energy was controlled within a certain range, and there was no negative value, indicating no excessive slip and initial penetration between the beam and the support. The hourglass could be controlled within 5%, ensuring the validity of the developed model. From the energy perspective, the calculation results were relatively ideal.



Figure 8 compares the failure morphology of the PC beam and the equivalent plastic strain contour. Since the concrete used a continuous-cap damage model, the equivalent plastic strain did not refer to the effective plastic strain of the concrete, but to the damage index. To a certain extent, the equivalent plastic strain contour reflects the cracking of concrete, such that the distribution of concrete cracks can be observed indirectly. It can be seen from the comparison diagram that the equivalent plastic strain cloud map obtained by numerical simulation could better reflect the real failure state of each test beam after impact load.



The damage to the test beam in the equivalent plastic strain contour mainly occurred near the contact area of the hammer and on the midspan web and bottom of the beam, and the main damage locations were the same as the test results. The finite element model discretely exhibited the distributed cloud-like micro-cracks in the splicing part. The cracks in the splicing area in the test were developed from the beam web oblique cracks from the midspan. The test and finite element cracks appeared at similar locations and had little damage. This shows that the contact type of concrete was selected correctly during numerical simulation. Test beam B1 had micro-cracks in the superimposed layer, and the plastic strain contour acquired using the numerical simulation indicates that the test beam was damaged in the superimposed layer, but no major damage occurred, indicating that the values of the parameters of the contact surface of the superimposed layer were reliable. Due to the long calculation time for numerical simulations, the mesh was not refined, and the equivalent plastic strain cloud map mainly showed the damage degree of the concrete; cracks did not completely develop, hence the “cracks” of the equivalent plastic strain cloud map appearing as flakes. However, the crack position and the main damage area were accurately simulated; thus, the finite element model was accurate for the simulation of the damage state.



Figure 9 is a comparison diagram of the impact force−time history curves obtained from the test beam tests and numerical simulations. Although the initial reaction time and development trend of the main peak section curve were accurately approximated, there were errors in the increase rate of the curve and the size of the main peak. The curve obtained by the finite element simulation had no obvious oscillating section, which was caused by different boundary conditions. During the test, in order to prevent the support from tilting, there was an air attack on the pressure beam and the top of the beam on one side of the support, such that the test beam was in the vertical position. Displacement could occur in the direction of the beam, resulting in the continuous reflection of the stress wave in the beam height direction, but the finite element simulation did not need to protect the support; the vertical displacement of the beam was restrained by setting spacers and compression beams. Subsequent tests and numerical simulations produced sub-peak segments; the sub-peak segments of the numerical simulation appeared earlier than those measured during the test, with larger peaks and longer durations. This is because the numerical simulation had no oscillation section, and the energy consumed in the second wave peak section included the energy consumed by the experimental oscillation section. Lastly, the test and numerical simulation impact force−time history curves entered the decay section; both were steady and tended to zero. A comparison of the midspan displacement–time history curves produced by the test beam test and numerical simulation is shown in Figure 10. The displacements of the experimental curve and the simulated curve began to respond almost simultaneously, had almost the same growth rate, and reached the peak displacement almost simultaneously. During the increasing and rebounding stages of the displacement, the displacement curve obtained from the test fluctuated, and the test beam reinforced with bonded steel showed a small peak, while the simulated curve was relatively smooth and did not show the second peak. In this paper, a finite element model was established without erosion under relatively ideal conditions. In the displacement spring-back stage, the curves of the test beam reinforced with bonded steel were in good agreement, while the displacement spring-back value of the test beam without reinforcement had a large error. After the displacement rebound, the numerical simulation fitting was relatively good. The curve gradually stabilized after fluctuation and approached the displacement residual value, whose error was extremely small.



Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 show the impact force−time curves and the midspan displacement−time curves for the remaining specimens. Following the modeling method in Section 2.2, the four strengthening conditions in the tests were simulated, and the main dynamic response characteristic values (peak impact force, peak midspan displacement, and residual midspan displacement) were selected for comparison (Table 3).



The relative errors of the peak impact force were between 9.51% and 14.0%, and the average relative error was 11.9%. The peak impact forces of the test beams reinforced with bonded steel had sizable simulation errors. The peak relative errors of midspan displacement were between −0.64% and 0.3%, and the average relative error was −0.09%, indicating that the finite element model could very accurately simulate the maximum midspan displacements of the test beams under actual working conditions. In addition, the midspan residual displacements of the test beams were extremely accurately simulated under actual working conditions with the residual value errors of midspan displacement between −0.95% and 2.38%, and the average relative error being 0.94%. In general, the finite element model could accurately reflect the failure forms and dynamic responses of the bonded steel-reinforced PC beams under impact loading, and the simulated midspan displacement peak values and residual values were accurate, verifying the correctness and effectiveness of the finite element model.



In order to prepare for the subsequent nonlinear regression analysis of the characteristic values of individual parameters to obtain a nonlinear expression, the effects of individual parameters on the damage modes and dynamic responses of the test beams under the impact load were investigated through the parametric analysis of the impact position, impact mass, impact height, length of the bonded steel plate on the bottom of the beam, and width of the bonded steel plate on the bottom of the beam.





3. Factors Influencing the Impact Resistance


The influences of the impact mass, impact height, length of the bonded steel plate on the bottom of the beam, and width of the bonded steel plate on the bottom of the beam on the dynamic responses of the beams are all quantified in this section using finite element models. A typical model for finite element parameter analysis is established. The parameter settings of the typical model were the same as those of the numerical simulation model, and the same reinforcement method was adopted as for test beam B2. The base loading conditions were as follows: impact mass, height, speed, and energy as 280 kg, 6 m, 10.84 m/s, and 16,464 J, respectively.



3.1. Impact Mass


The impact mass of the typical finite element model was set to be 280 kg, but a PC beam strengthened with a bonded steel plate may be affected by different degrees of impact mass under actual working conditions. Therefore, in this section, the impact mass was increased by 50 kg in turn, and the impacts on the dynamic responses were studied through seven different impact masses, as shown in Table 4.



Comparing the equivalent plastic strain contours of individual parameter analysis models, the influence of different impact masses on the overall failure modes of the test beams was studied, as shown in Figure 17. The damage locations of individual parameter models were roughly the same, mainly occurring in the midspan beam web, near the contact area of the hammer head. In the area where the steel plate was attached, the degree of damage increased with the mass of the blow. Specifically, the local damage range in the compression zone was enlarged, the bending cracks on the bottom of the beam developed more seriously, and the damage area increased significantly. When the impact mass was minimal, local damage in the impact area, the growth of bending cracks at the bottom of the beam, and the formation of web shear diagonal cracks were the main manifestations of the failure modes of the models. However, when there was a larger impact mass, the failure modes primarily manifested in increased local damage in the impact area, complete development of individual cracks, greater damage to the post-poured layer, and the peeling off of the steel plate at the bottom of the beam and the concrete, resulting in peeling damage to the concrete cover.



Figure 18 shows the impact force–time history curves under different impact masses. The impact force–time history curve of each parameter analysis model had a distinct pattern that was primarily evident in the significant differences in the impact force’s primary peak value, secondary peak value, and primary peak and secondary peak durations. However, the initial response time and rising speed of the curves were not much different. The major peak value of the impact force steadily increased with the increasing impact mass, but the impact force’s rate of decrease slowed once it reached its highest value, and the duration of the main peak period of the force increased noticeably. This was due to the more serious overall damage to the beam under the action of the larger impact load, and the increase in deflection of the beam body. When the impact mass was greater, the sub-peak value of the impact force was somewhat enhanced, and the duration of the sub-peak part of the impact force was also extended. The sub-peak section of the impact force responded more quickly. This is because the beam body was seriously damaged and the residual stiffness was reduced after the test beam was subjected to a large impact load, and therefore the secondary impact of the hammer on the beam body was less affected by the beam body’s own resistance mechanism. The curves then stabilized and tended to near zero.



The midspan displacement–time history curves for various impact masses are depicted in Figure 19. The curves of individual models had similar trends in their changes. Because a bigger impact mass could speed up the transmission of the stress wave in the beam body, it follows that the midspan displacement rise rate dramatically increased as the impact mass increased. The displacement peak value and the residual value were obviously increased. Within a certain impact mass range, the difference between the displacement peak value and the displacement residual value increased with the increase in the impact mass. However, when the impact mass was large, the increase in the displacement rebound value was no longer obvious. This is due to the fact that the test beam’s tensile area suffered significant damage from the increase in impact mass. The concrete in this area was removed from the construction site, and the lower tensile longitudinal reinforcement participated in the work, increasing the beam’s midspan deformation recovery ability. However, after the impact mass exceeded a certain range, the lower tensile longitudinal bars and steel plates yielded and the elastic recovery capacity decreased, resulting in an increase in the proportion of plastic deformation.



Figure 20 shows the variations in individual dynamic response characteristic values under different impact masses. Combined with the analysis of the dynamic response characteristic values and their change trend point-line diagrams, the increase in impact mass was accompanied by a significant increase in the peak value of the impact force, which roughly showed a logarithmic growth trend. The impact quality clearly had an impact on the change trend of the midspan displacement peak values and residual values, which primarily exhibited a linear growth trend when the impact quality was raised. However, when the impact mass was 480 kg or more, this linear growth trend could no longer apply due to the severe peeling damage between the steel plate at the bottom of the beam and the bottom of the beam.



In summary, the test beam sustained more localized damage and overall damage as a result of the increased impact mass, which also increased the transmission speed of the stress wave in the beam body and lengthened the duration of the main and secondary peak portions of the impact.




3.2. Impact Height


The impact height of the typical finite element model was set at 6 m, but a PC beam strengthened with a bonded steel plate may be affected by different degrees of impact height in actual working conditions. Therefore, in this section, the impact height was increased by 1 m in turn, and the impact on the dynamic responses was studied through six different impact heights, as shown in Table 5.



The effects of different impact heights on the overall failure modes of the test beams were studied by comparing the equivalent plastic strain contours of individual parameter analysis models, as shown in Figure 21. Bending shear failure occurred for all models. Bending cracks on the bottom of the beam formed more fully as the height of the impact increased, and primarily manifested in the growth of crack breadth and damage area. The damage degree of beam web oblique cracks was aggravated, but the distribution of cracks was reduced. The damage degree of concrete in the compression zone was obviously aggravated, mainly manifesting as the local damage range extending from the top of the beam to the post-poured layer. The concrete cover at the bond of the steel plate had peeling failure, and this failure was aggravated with the increase in the impact height.



Figure 22 shows the impact force–time history curves under different impact heights. The shapes of the curves obtained for individual parameter analysis models were not much different; only the numerical values were different, whereas the initial response time and the rising speed of the impact force were almost the same. However, with the increase in the impact height, the main peak value of the impact force increased significantly, while the secondary peak value was not much different. The impact force decreased after reaching the main peak value, and its descending speed decreased with the increase in the impact height, which prolonged the duration of the main peak period. This is due to the fact that the overall flexural deformation and crack development of the beams increased with the increase in the impact height, and the downward acceleration time and rebound time of the test beam were prolonged. The duration of the sub-peak phase of the impact force increased with the increase in the impact height, due to the decrease in the residual stiffness of the beam after the first impact due to the larger impact height.



The midspan displacement–time history curves for various impact heights are depicted in Figure 23. All curves had similar trends. With the increase in the impact height, the increase rate of the midspan displacement value increased significantly. This is due to the fact that an increase in the impact height promotes an increase in the stress wave transmission height. At the same time, the midspan displacement could reach a larger peak value, and the residual value of the displacement also increased to a greater extent. The spring-back displacements and displacement differences of individual models were almost the same, indicating that, under the load induced by the abovementioned impact height, the test beam could fully exert its elastic deformation ability. However, the rebound displacement and displacement difference of the B-IH9 model decreased, indicating that when the impact height was greater than or equal to 9 m the test beam’s ability to rebound was diminished, and the fraction of plastic deformation of the test beam increased.



Figure 24 shows the variations in the individual dynamic response characteristic values under different impact heights. The peak value of the impact force increased significantly due to the increase in the impact height, and the stiffness of the contact surface material increased due to the influence of the strain rate effect, which further led to an increase in the local contact stiffness. The peak value and residual value of midspan displacement also increased significantly, and the trends were roughly linear. However, when the impact height was 9 m or more, due to the severe peeling damage of the steel plate on the bottom of the beam and the bottom of the beam, the residual value of the midspan displacement was basically linear but had a tendency to rise upward.



In summary, the test beams eventually sustained more local damage and overall damage as a result of the increased impact height’s effects on the transmission rate of the stress wave through the beam body, local contact stiffness at the impact interface, and impact duration.




3.3. Lengths of the Bonded Steel Plates


The use of bonded steel strengthening on the bottom can improve the bearing capacity and rigidity of PC beams, as well as effectively improve their impact resistance. The length of the bonded steel plate of the typical model was 3000 mm. In this section, the length of the steel plate pasted on the bottom was changed to study its effect on the impact resistance of the test beam, as shown in Table 6; the steel plates were set in the center.



We were able to assess the effects of various lengths of bonded steel plate on the overall failure modes of the test beams by comparing the comparable plastic strain contours of individual parameter analysis models, as shown in Figure 25. The overall damage to the test beams greatly decreased with an increase in the length of the bonded steel plate, as mostly seen in the amelioration of local damage and the reduction in damage area. The distribution of cracks was condensed, and midspan bending cracks and oblique beam web cracks were less likely to develop. In addition, the longer bottom steel plate length, as opposed to the shorter bottom steel plate, slowed down the peeling of the concrete cover induced by the steel plate on the bottom of the test beam. The length of the bonded steel plate was found to have a more noticeable restraining effect on the cracks in the beam body and also had a certain control effect on the local damage to the compression zone, which could effectively lessen the damage to the test beam under an impact load.



The impact force–time history curves under various bonded steel plate lengths are depicted in Figure 26. The change forms of the curves were nearly identical as the length of the bonded steel plate increased, and there were no appreciable differences in the characteristic values of the impact force–time history curves. The main indication that the impact force response was unaffected by changes in the steel plate length is that the sub-peak value of the impact force, the duration of the sub-peak section, and the fluctuation trend were all different only in the sub-peak and decay sections of the impact force–time history curve. The midspan displacement–time history curves for the various lengths of bonded steel plates are depicted in Figure 27. The change trends of all model curves were almost the same. With the increase in the length of the steel plate, the increase rate of the midspan displacement value was almost the same, but the peak displacement values decreased. When the length of the steel plate attached to the bottom was less than or equal to 2550 mm, the displacement curve had an obvious oscillation section. This is because the steel plate arrangements of these lengths lost the restraint of the supports at both ends, while the displacement curves of the larger lengths of the steel plates were more stable due to the restraint of the supports on both sides.



Figure 28 shows the variations of individual dynamic response characteristic values under different lengths of the bonded steel plates. The different lengths of the bonded steel plates had little effect on the peak impact force. When the length of the bonded steel plate increased, the peak value of midspan displacement declined, essentially following a linear decay trend, while the residual value of the midspan displacement first increased and then decreased.



In summary, the change in the length of the bonded steel plate did not change the local contact stiffness of the impact, but it had a great impact on the displacement responses and the failure modes of the test beams; the steel plates along the full length of the test beam had the best impact resistance. However, in an actual construction environment, the beam is not suitable for full-length pasting, then the maximum pasting length should be achieved as much as possible. A prefabricated beam can be hoisted after a steel plate is pasted on the bottom.




3.4. Width of the Bonded Steel Plate


The standard model had bonded steel plates with a width of 220 mm. In this section, to determine the impact of the width of the bonded steel plate pasted on the bottom on the laminated beam’s impact resistance, the width of the bonded steel plate pasted on the bottom was adjusted, as shown in Table 7; the steel plates were set in the center.



Comparing the plastic strain contours of individual parameter analysis models, as shown in Figure 29, allowed for examining the effects of various bonded steel plate widths on the overall failure modes of the test beams. With the increase in width of the steel plate, the overall damage degree of the component was obviously reduced. The main manifestations were that the bending cracks on the bottom of the beam developed slowly, the distribution range was reduced, the local damage in the impact contact area decreased, the damage to the post-poured layer was reduced, and the peeling of the concrete cover was reduced. This shows that an increase in the width of the steel plate could significantly reduce the overall failure of the components. This is due to the fact that, when the steel plate width was increased, more of the steel plate surface area participated in tension, and therefore concrete damage in the tension zone was mitigated, more concrete participated in compression at the top of the beam, and local damage was likewise mitigated.



The impact force–time history curves for various bonded steel plate widths are shown in Figure 30. The curve trends of individual parameter analysis models were not noticeably different when the width of the bonded steel plate increased, and the characteristic values of the impact force–time history curves were nearly the same, with just a minor reduction in the secondary peak value of the impact force. This is due to the fact that a narrower steel plate results in a greater overall failure of the test beam under the impact load, and that the test beam’s stiffness would thus diminish after the first impact, making the second impact’s dynamic responses more visible. The width of the steel plate did not, in general, have a major impact on the response of the impact force–time history curves.



The midspan displacement–time history curves under different widths of the bonded steel plates are shown in Figure 31. The change trends of the individual parameter analysis models’ curves were similar. As the width of the bonded steel plates increased, the displacement reacted almost simultaneously, the rate at which the displacement value increased was nearly the same, and the displacement’s peak value and residual value both decreased. Since the local contact stiffness at the point of impact was unaffected by the change in the steel plate width, strain waves were transmitted at the same rate, causing the midspan displacement values to rise at the same rate. In contrast, the peak displacement and displacement residual values decreased as the steel plate width increased because more of the plate’s surface area was exposed to tension, thus reducing local damage.



Figure 32 shows the peak impact force characteristic values under different widths of the bonded steel plates. With the increase in the width of the bonded steel plate, the peak value of the impact force remained unchanged. Figure 33 shows the peak displacement and residual displacement characteristic values under different widths of the bonded steel plates. With the increase in the width of the bonded steel plate, the peak value of the midspan displacement decreased from 82% to 78%, and the residual value decreased from 58.5% to 52%, both showing linear decay trends.



In summary, the changes in the width of the steel plate did not significantly improve the local contact stiffness of the impact point and had no effect on the impact force response, but they had a greater impact on the displacement response. A greater width of the bonded steel plate led to a better impact resistance of the beam.





4. Prediction of the Dynamic Responses


The impact height, impact mass, and thickness of the steel plate attached to the bottom all had a significant impact on the impact force response, whereas the length and width of the bonded steel plate had only a small impact. The impact mass m, the impact height h, and the thickness t of the bonded steel plate were the three parameters used in this study as independent variables.



The peak impact force responses under the effects of the three parameters were found to be nonlinear and to be positively correlated with the impact mass m and the impact height h, but they were negatively correlated with the thickness t of the bonded steel plate as demonstrated by Figure 14 and Figure 18, as well as the results of the drop weight impact tests. Therefore, the nonlinear regression formula of the peak impact force took the form of a power exponential function, as shown in Equation (2). Origin 2021 was used to perform multivariate nonlinear curve fitting for each design condition, and the values of the parameters    α 1   –   α 4    were determined. Finally, the regression formula (Equation (3)) of the impact force peak value as a function of the impact mass, impact velocity, and thickness of the bonded steel was obtained. The correlation coefficient of this formula was R2 = 0.977. The working conditions used in the fitting of this formula and the fitting errors of the final formula are shown in Table 8. For comparison purposes, MAPE was used to represent the main peak value of the impact force after fitting.


   F  max      = α   1     m   α 2     h   α 3       t   α 4       



(2)






   F  max    = 1396.537     m  0.104    h  0.219      t  0.016      



(3)







The thickness, length, and width modifications of the bonded steel plate had a significant impact on the displacement response. The development tendencies of the displacement–time history curves were primarily related to the impact height, impact mass, and the steel plate attached to the bottom. Therefore, five parameters were taken as independent variables: the impact mass m, the impact height h, the thickness t of the bonded steel plate, the length of the bonded steel plate hs, and the width of the bonded steel plate bs.



By analyzing the tests and Figure 20, Figure 24, Figure 28, and Figure 32, it was found that the responses of the characteristic values of the midspan displacement curves under the five parameters were quite different. The displacement peak values and residual values were positively correlated with the impact mass m and the impact height h, but negatively correlated with the thickness t, the length hs, and the width bs of the bonded steel plates. The nonlinear regression formula is shown in Equation (4), and nonlinear curve fitting was performed for each design condition. Finally, the nonlinear formulas of the midspan displacement peak value (Equation (5)) and the midspan displacement residual value (Equation (6)) were obtained. The correlation coefficients R2 were 0.994 and 0.964, respectively. Table 9 displays the working circumstances employed in this formula fitting, as well as the final formula fitting error. The fitting errors in Table 9 show that the displacement values produced using several formulas were lower than those from the numerical simulation. Therefore, from the perspective of safety, the safety factor β0 = 1.1 was introduced, and the formulas for the midspan displacement peak value (Equation (7)) and the midspan displacement residual value (Equation (8)) were obtained. The peak midspan displacement after fitting was represented by the MSE for comparison. The residual value of the midspan displacement following fitting was represented by the RMSE.


     δ = β   1     m   β 2     h   β 3       t   β 4     h s   β 5     b s   β 6       



(4)






   δ  max    = 2.618     m  0.746    h  0.54      t  0.06    h s  0.184    b s  0.212      



(5)






   δ  rd    = 14.63     m  0.911    h  0.724      t  0.1    h s  0.513    b s  0.336      



(6)






   δ  max    = 2.88     m  0.746    h  0.54      t  0.06    h s  0.184    b s  0.212      



(7)






   δ  rd    = 16.093     m  0.911    h  0.724      t  0.1    h s  0.513    b s  0.336      



(8)








5. Conclusions


In this paper, a comparison of the experimental data and finite element results was first carried out for a PC beam to assess the validity of the model. The finite element analysis software LS-DYNA and the function drawing software Origin were then used to complete the parameter analyses on the PC beams under impact load, and the dynamic response calculation formulas of the parameters with the greatest influence were fitted. The conclusions of the study can be drawn as follows:




	(1)

	
The finite element model was able to accurately reflect the damage form and dynamic responses of bonded reinforced PC beams under impact loading. Comparing the peak impact forces, peak midspan displacements, and residual values from the finite element simulation with the test results, the average relative errors were 11.9%, −0.09%, and 0.94%, verifying the correctness and validity of the finite element models.




	(2)

	
The primary and secondary peak parts of the impact lasted longer due to the increases in the impact mass and height, which also resulted in more localized damage and overall damage to the PC beam. These effects also improved the local contact stiffness of the impact interface.




	(3)

	
Although the local contact stiffness of the impact point was not increased by changing the length of the bonded steel plate, it had a considerable effect on the displacement and the reaction of the impact force. The peak value of the midspan displacement decreased from 32.7 to 31.2 mm and the residual value of the midspan displacement decreased from 23.9 to 20.8 mm as the length of the bonded steel plate increased, substantially reducing the test beam’s damage from the impact force.




	(4)

	
Although the impact point’s local contact stiffness was not increased and the impact force response was unaffected, the breadth of the bonded steel plate significantly changed the displacement response. A wider bonded steel plate led to a greater impact resistance of the beam and lower midspan displacement peak and residual values. Specifically, the midspan residual displacement decreased from 23.4 to 20.8 mm, and the peak midspan displacement decreased from 32.8 to 31.2 mm.




	(5)

	
Using Origin 2021 software, regression analysis was carried out on the formulas of the peak impact force, revealing the peak and residual values of the midspan displacements of the PC beams strengthened with bonded steel plates under impact load. The regression formula was finally obtained. Comparing the results of the fitted calculations with those of the finite element modeling, it was found that the average relative error in the main peak value of the impact force was 0.35%, the average relative error in the peak midspan displacement was 0.09%, and the average relative error in the midspan residual displacement was 0.02%, proving the correctness of the fitted equations.
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Figure 1. Schematic of the drop weight impact test setup. 






Figure 1. Schematic of the drop weight impact test setup.
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Figure 2. The details of the concrete and reinforcement for the PC beam: side view (unit: mm). 
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Figure 3. PC beam reinforcement welding joint positions: plane view (unit: mm). 
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Figure 4. Reinforcement frame of the PC beam. 
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Figure 5. Splicing position of the PC beam. 
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Figure 6. Drop-hammer impact model of the PC beam. 
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Figure 7. Energy conversion curve. 
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Figure 8. Comparison of the damage patterns. 
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Figure 9. Comparison of the impact force–time history curves (beam B1). 
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Figure 10. Comparison of the midspan displacement–time history curves (beam B1). 
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Figure 11. Comparison of the impact force−time history curves (beam A1). 
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Figure 12. Comparison of the midspan displacement−time history curves (beam A1). 
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Figure 13. Comparison of the impact force−time history curves (beam B2). 
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Figure 14. Comparison of the midspan displacement−time history curves (beam B2). 
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Figure 15. Comparison of the impact force−time history curves (beam B3). 
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Figure 16. Comparison of the midspan displacement−time history curves (beam B3). 
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Figure 17. Equivalent plastic strain contours under different impact masses: (a) B-M130; (b) B-M180; (c) B-M230; (d) B-M280; (e) B-M330; (f) B-M380; (g) B-M430. 
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Figure 18. Impact force–time history curves under different impact masses. 
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Figure 19. Midspan displacement–time history curves under different impact masses. 
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Figure 20. Variations of the dynamic response characteristic values under different impact masses. 
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Figure 21. Equivalent plastic strain contours under different impact heights: (a) B-IH4; (b) B-IH5; (c) B-IH6; (d) B-IH7; (e) B-IH8; (f) B-IH9. 
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Figure 22. Impact force–time history curves under different impact heights. 






Figure 22. Impact force–time history curves under different impact heights.



[image: Buildings 13 00696 g022]







[image: Buildings 13 00696 g023 550] 





Figure 23. Midspan displacement–time history curves under different impact heights. 
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Figure 24. Variations of the dynamic response characteristic values under different impact heights. 
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Figure 25. Equivalent plastic strain contours under different lengths of the bonded steel plates: (a) B-h2100; (b) B-h2250; (c) B-h2400; (d) B-h2550; (e) B-h2700; (f) B-h2850; (g) B-h3000. 
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Figure 26. Impact force–time history curves under different lengths of the bonded steel plates. 
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Figure 27. Midspan displacement–time history curves under different lengths of the bonded steel plates. 
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Figure 28. Variations of the dynamic response characteristic values under different lengths of the bonded steel plates. 






Figure 28. Variations of the dynamic response characteristic values under different lengths of the bonded steel plates.



[image: Buildings 13 00696 g028]







[image: Buildings 13 00696 g029 550] 





Figure 29. Equivalent plastic strain contours under different widths of the bonded steel plates: (a) B-h2100; (b) B-h2250; (c) B-h2400; (d) B-h2550; (e) B-h2700. 
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Figure 30. Impact force–time history curves under different widths of the bonded steel plates. 
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Figure 31. Midspan displacement–time history curves under different widths of the bonded steel plates. 
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Figure 32. Peak impact force characteristic values under different widths of the bonded steel plates. 
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Figure 33. Peak displacement and residual displacement characteristic values under different widths of the bonded steel plates. 
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Table 1. Constitutive model parameters.






Table 1. Constitutive model parameters.





	
*MAT_RIGID

	
*MAT_PLASTIC_KINEMATIC

	
*MAT_CSCM_CONCRETE






	
Density/ ρ 

	
   7.85 ×   10   − 9     

	
Density/ ρ 

	
   7.85 ×   10   − 9     

	
Density/ ρ 

	
   2.3 ×   10   − 9     




	
Elastic modulus/E

	
200,000

	
Elastic modulus/E

	
200,000

	
Drawing options/NPLOT

	
1




	
Poisson’s ratio/ ν 

	
0.3

	
Poisson’s ratio/ ν 

	
0.3

	
Strain rate effect coefficient/RATE

	
1




	
Coupling control coefficient/N, COUPLE, M

	
0, 0, 0

	
Yield strength/SIGY

	
427.45

	
Elastic modulus coefficient of restitution/RECOV

	
0




	
Quality constraint factor/CMO, CON1, CON2

	
1, 7, 4

	
Tangent modulus/ETAN

	
2000

	
Retraction coefficient of cap surface/ITRETRC

	
0




	

	

	
Hardening factor/β

	
0

	
Predamage factor/PRED

	
0




	

	

	
Strain rate factor/SRC, SRP

	
40.4, 5

	
Unconfined compressive strength/FPC

	
25.5




	

	

	
Failure strain/FS

	
0.2

	
Maximum particle size/DAGG

	
25.0




	

	

	
Strain rate effect algorithm/VP

	
0

	
Unit options/UNITS

	
2
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Table 2. Summary of element types and material models.
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	Part Name
	Prop Name
	Material Model





	Beam body
	SOLID164
	*MAT_CSCM_CONCRETE



	Hammer; support pad
	SOLID164
	*MAT_RIGID



	Longitudinal reinforcement; stirrup
	BEAM161
	*MAT_PLASTIC_KINEMATIC



	Steel plate; U-shaped steel plate hoops
	SHELL163
	MAT_PLASTIC_KINEMATIC










[image: Table] 





Table 3. Comparison of the eigenvalues of dynamic responses.
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ID

	
Peak Impact Force

	
Peak Midspan Displacement

	
Residual Value of Midspan Displacement




	
Test Value (kN)

	
Numerical Value (kN)

	
Error (%)

	
Test Value (mm)

	
Numerical Value (mm)

	
Error (%)

	
Test Value (mm)

	
Numerical Value (mm)

	
Error (%)






	
A1

	
3353

	
3672

	
9.51

	
33.6

	
33.7

	
0.30

	
29.8

	
29.9

	
0.34




	
B1

	
3204

	
3648

	
13.8

	
32.6

	
32.6

	
0.00

	
21.0

	
21.5

	
2.38




	
B2

	
3194

	
3640

	
14.0

	
31.4

	
31.2

	
−0.64

	
21.0

	
20.8

	
−0.95




	
B3

	
3684

	
4060

	
10.2

	
31.7

	
31.7

	
0.00

	
20.3

	
20.7

	
1.97
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Table 4. Parameter influence analysis: impact mass.
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	ID
	Impact Mass (kg)
	Peak Impact Force (kN)
	Peak Midspan Displacement (mm)
	Residual Value of Midspan Displacement (mm)





	B-M130
	130
	3300
	16.6
	11.8



	B-M180
	180
	3480
	22.1
	14.8



	B-M230
	230
	3580
	26.2
	17.1



	B-M280
	280
	3640
	31.2
	20.8



	B-M330
	330
	3680
	34.9
	24.5



	B-M380
	380
	3720
	38.1
	27.6



	B-M430
	430
	3760
	42.2
	32.7







Note: B-M280 is a typical model; B indicates beam; M indicates mass; M280 represents an impact mass of 280 kg.
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Table 5. Parameter influence analysis: impact height.
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	ID
	Impact Height (m)
	Peak Impact Force (kN)
	Peak Midspan Displacement (mm)
	Residual Value of Midspan Displacement (mm)





	B-IH4
	4
	3340
	25.5
	16.7



	B-IH5
	5
	3440
	27.5
	17.7



	B-IH6
	6
	3640
	31.2
	20.8



	B-IH7
	7
	3800
	33.7
	23.0



	B-IH8
	8
	3840
	36.5
	25.3



	B-IH9
	9
	3960
	38.4
	29.6







Note: B-IH6 is a typical model; B indicates beam; IH indicates impact height; IH6 represents an impact height of 6 m.
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Table 6. Parameter influence analysis: lengths of the bonded steel plates.
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	ID
	Length of Bonded Steel Plate (mm)
	Peak Impact Force (kN)
	Peak Midspan Displacement (mm)
	Residual Value of Midspan Displacement (mm)





	B-h2100
	2100
	3620
	32.7
	23.9



	B-h2250
	2250
	3620
	32.5
	25.4



	B-h2400
	2400
	3620
	32.3
	25.1



	B-h2550
	2550
	3620
	32.1
	24.1



	B-h2700
	2700
	3640
	31.9
	22.7



	B-h2850
	2850
	3640
	31.5
	21.3



	B-h3000
	3000
	3640
	31.2
	20.8







Note: B-h3000 is a typical model; B indicates beam; h3000 indicates that the length of the steel plate is 3000 mm.
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Table 7. Parameter influence analysis: widths of the bonded steel plates.
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	ID
	Width of Bonded Steel Plate (mm)
	Peak Impact Force (kN)
	Peak Midspan Displacement (mm)
	Residual Midspan Displacement (mm)





	B-b160
	160
	3640
	32.8
	23.4



	B-b175
	175
	3640
	32.5
	23.1



	B-b190
	190
	3640
	32.3
	22.8



	B-b205
	205
	3640
	31.4
	22.0



	B-b220
	220
	3640
	31.2
	20.8







Note: B-b220 is a typical model; B indicates beam; b220 indicates that the width of the steel plate is 220 mm.
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Table 8. Comparison of the peak impact force values between the working condition design and formula fitting.
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	ID
	Impact Mass (kg)
	Impact Height (m)
	Thickness of Bonded Steel Plate (mm)
	Main Peak Value of the Impact Force (kN)
	MAPE (kN)
	Relative Error (%)





	C1
	280
	4
	4
	3340
	3328
	−0.36



	C2
	280
	5
	4
	3440
	3495
	1.59



	C3
	280
	6
	4
	3640
	3637
	−0.07



	C4
	280
	7
	4
	3800
	3762
	−0.99



	C5
	280
	8
	4
	3840
	3874
	0.89



	C6
	280
	9
	4
	3960
	3976
	0.39



	C7
	130
	6
	4
	3300
	3360
	1.81



	C8
	180
	6
	4
	3480
	3475
	−0.15



	C9
	230
	6
	4
	3580
	3564
	−0.45



	C10
	330
	6
	4
	3680
	3700
	0.54



	C11
	380
	6
	4
	3720
	3754
	0.92



	C12
	430
	6
	4
	3760
	3802
	1.13



	C13
	280
	6
	1
	3705
	3707
	0.05



	C14
	280
	6
	2
	3670
	3672
	0.05



	C15
	280
	6
	3
	3650
	3652
	0.05



	C16
	280
	6
	5
	3622
	3626
	0.12



	C17
	280
	6
	6
	3601
	3617
	0.45
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Table 9. Comparison of the midspan displacements between the working condition design and formula fitting.






Table 9. Comparison of the midspan displacements between the working condition design and formula fitting.





	ID
	Impact Mass (kg)
	Impact Height (m)
	Thickness of Bonded Steel Plate (mm)
	Length of Bonded Steel Plate (MPa)
	Width of Bonded Steel Plate (mm)
	Peak Midspan Displacement (mm)
	MSE (mm)
	Relative Error (%)
	Residual Value of Midspan Displacement (mm)
	RMSE (mm)
	Relative Error (%)





	W1
	280
	4
	4
	3000
	220
	25.5
	24.8
	−2.7
	16.7
	15.9
	−5.0



	W2
	280
	5
	4
	3000
	220
	27.5
	28.0
	1.8
	17.7
	18.7
	5.4



	W3
	280
	6
	4
	3000
	220
	31.2
	30.9
	−1.0
	20.8
	21.3
	2.4



	W4
	280
	7
	4
	3000
	220
	33.7
	33.6
	−0.4
	23
	23.8
	3.5



	W5
	280
	6
	4
	3000
	220
	36.5
	36.1
	−1.2
	25.3
	26.2
	3.7



	W6
	280
	9
	4
	3000
	220
	38.4
	38.4
	0.1
	29.6
	28.6
	−3.5



	W7
	130
	6
	4
	3000
	220
	16.6
	17.4
	5.0
	11.8
	10.9
	−7.6



	W8
	180
	6
	4
	3000
	220
	22.1
	22.2
	0.5
	14.8
	14.2
	−3.8



	W9
	230
	6
	4
	3000
	220
	26.2
	26.7
	1.8
	17.1
	17.8
	4.1



	W10
	330
	6
	4
	3000
	220
	34.9
	34.9
	0.1
	24.5
	24.7
	0.9



	W11
	380
	6
	4
	3000
	220
	38.1
	38.8
	1.8
	27.6
	28.1
	1.9



	W12
	430
	6
	4
	3000
	220
	42.2
	42.5
	0.8
	32.7
	31.5
	−3.7



	W13
	280
	6
	1
	3000
	220
	33.2
	33.6
	1.1
	25.2
	24.4
	−3.0



	W14
	280
	6
	2
	3000
	220
	32.6
	32.2
	−1.2
	21.5
	22.8
	6.1



	W15
	280
	6
	3
	3000
	220
	31.9
	31.4
	−1.5
	21.2
	21.9
	3.3



	W16
	280
	6
	5
	3000
	220
	30.5
	30.5
	−0.1
	20.7
	20.8
	0.6



	W17
	280
	6
	6
	3000
	220
	29.9
	30.2
	0.8
	20.6
	20.4
	−0.7



	W18
	280
	6
	4
	2100
	220
	32.7
	33.0
	0.9
	23.9
	25.6
	7.0



	W19
	280
	6
	4
	2250
	220
	32.5
	32.6
	0.2
	25.4
	24.7
	−2.9



	W20
	280
	6
	4
	2400
	220
	32.3
	32.2
	−0.4
	25.1
	23.9
	−4.9



	W21
	280
	6
	4
	2550
	220
	32.1
	31.8
	−0.8
	24.1
	23.1
	−4.0



	W22
	280
	6
	4
	2700
	220
	31.9
	31.5
	−1.3
	22.7
	22.5
	−1.0



	W23
	280
	6
	4
	2850
	220
	31.5
	31.2
	−1.0
	21.3
	21.9
	2.6



	W24
	280
	6
	4
	3000
	160
	32.8
	33.1
	0.8
	23.4
	23.7
	1.3



	W25
	280
	6
	4
	3000
	175
	32.5
	32.4
	−0.2
	23.1
	23.0
	−0.5



	W26
	280
	6
	4
	3000
	190
	32.3
	31.9
	−1.3
	22.8
	22.4
	−1.9



	W27
	280
	6
	4
	3000
	205
	31.4
	31.4
	−0.1
	22
	21.8
	−0.9
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