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Abstract

:

Fire-resistance experiments were conducted on two full-scale two-way reinforced concrete slabs with three simply supported edges and one clamped edge. This paper presents the design of the furnace, specimens and clamped-end device, the test plan, and the measuring contents and methods. The cracking and failure characteristics of the tested two-way reinforced concrete slabs were introduced. The temperature field distribution of the concrete and steel in the direction of the section thickness, out-of-plane deflections, in-plane deflections, and angle of the slab edges of the two-way concrete slab under fire conditions were analyzed. Cracks form on the slab surface, which is shaped similar to the bottom of a shallow bowl, with two transverse cracks in the mid-area of the medially clamped side and intensively annular diagonal cracks on the corner side. There were several main transverse cracks in the central area of the slab surface. The results indicate that there was a significant decrease in frequency under fire conditions. Relations between the frequency and the central vertical deflection of the two slabs were analyzed by the regression method. This research generates valuable test data that can be used to validate the numerical models developed by fellow researchers in the field of structural fire engineering. Based on the plate balance method and energy method, calculation formula of the limit carrying capacity calculation formula of reinforced concrete two-way slabs with four different boundaries under fire are given, which are simply supported on three sides and clamped on one side. The influence of membrane effect under large deflection is considered in the formula, and the calculated results are in good agreement with the experimental results.
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1. Introduction


At room temperature, reinforced concrete slabs will produce both compressive membrane effects and tensile membrane effects, which are related to their supporting conditions. For a concrete two-way slab with four fixed sides, the compressive membrane effect will be produced because of the action of arching caused by the horizontal restraint of the four sides that occurs when the deflection of the slab is less than the thickness of the slab. When the deflection of the plate is larger than the thickness of the slab, the tensile film effect will occur. For other supporting conditions without horizontal restraint, there is no compression membrane effect; when the deflection is larger than the thickness of the plate, the tensile membrane effect will occur. In the case of fire, the deflection of reinforced concrete slabs develops rapidly under the action of high temperature, and the deflection is usually several times the thickness of the slab. At this time, the tensile membrane effect of concrete slab has an important influence on the fire resistance of structure.



During the 1960s, the effects of restraints on concrete floor systems that were exposed to fire were studied by the Portland Cement Association (PCA) [1,2]. In 1990, Vecchio et al. [3] conducted eight full-scale tests on concrete slab to investigate the effect of the temperature gradient on the serviceability and ultimate load states of slabs. In 2002 and 2004, Lim et al. [4,5] conducted fire resistance tests on various types of simply supported reinforced concrete two-way slabs and verified that the tensile membrane effect can significantly improve the fire resistance of slabs. In 2007, Bailey et al. [6,7] conducted tests under normal temperature and fire conditions on 48 reinforced concrete slabs with reduced sizes and without horizontal restraint. The results showed that the main failure modes are steel bar fracture and corner concrete crushing. At room temperature, the two types of failure modes are related to the reinforcement ratio; at high temperature, the main failure mode is steel bar fracture. This is because the properties of concrete and steel bars are greatly affected by high temperatures and weaken rapidly.



In 2010, Wang and Dong [8] conducted fire tests on two reinforced concrete rectangular slabs with different boundaries: slabs with four edges simply supported and slabs with four clamped edges. For the simply supported slab, several cracks occurred parallel to the short span; for the fixed slab, yield hinge lines of an elliptic shape appeared on the top surface. In 2011, Dong and Zhu [9] reported the test results for a rectangular concrete slab with two clamped edges and two simply supported edges under fire conditions. Under the action of fire, there was an obvious stress redistribution at the fixed edge, the temperature gradient increased rapidly with time, and the cracks on the top of the plate were semielliptical. In 2013 and 2015, Dong et al. [10,11,12] reported fire tests in one steel-framed building, and the results indicated that concrete floor slabs at larger deflections played a key role in enhancing the fire resistance of the steel-framed building because of tensile membrane action. In 2016, Wang et al. [13] conducted a series of fire tests, which included four full-scale square slabs under combined uniaxial in-plane and out-of-plane loading, along with vertical restraints at the four corners of the slabs. The results showed that cracks parallel to the in-plane restraint force could be more to come in the uniaxially restrained square slabs. In 2018, Wang et al. [14] investigated the effect of the restraint types, restraint forces, and aspect ratio on the deflection and failure modes of four rectangular slabs (Slabs R1 to R4) and one square slab (Slab S6). Based on test results, the effect of uniaxial or biaxial in-plane restraints on the failure mode should be considered to develop reasonable failure criteria for these slabs. In 2020, Wang et al. [15] conducted fire tests on three continuous slabs: one has fire exerted at the side span only, one has fire exerted at both the side and the mid spans, and the other has fire exerted at all three spans. The furnace temperatures of each span, the temperature of concrete and steel, the slab deflection, the restraint forces at slab corners, and the failure modes were obtained.



At present, many scholars have deduced some calculation methods according to their proposed film effect generation mechanism, but there are some problems such as complex calculation process and too many assumptions [4,5,6,7,16,17]. The author’s research group has also conducted in-depth research in this regard: Dong Yuli [18,19] solved the tensile membrane effect of concrete slab by using the deformation and decomposition principle and gave the calculation formula of the ultimate bearing capacity of rectangular and square two-way slabs without horizontal constraints. On this basis, Yang Zhinian [20], Zhu Chongji [21,22], and Zhang Dashan [23,24] proposed formulas for calculating the ultimate bearing capacity of reinforced concrete two-way slabs under fire, considering the tensile membrane effect with simply supported on four sides, fixedly supported on four sides, simply supported on adjacent sides and fixed supported on adjacent edges, and formulas for calculating the limit load-carrying capacity of two-way slab floors with beams only on columns and one-way slabs with flat beamless floors.



In the numerical simulation of structural fire resistance analysis, the commonly used finite element software includes: ABAQUS [25,26], FEAST [27], SAFIR [28], ADAPTIVE [29], Vulcan [30,31], etc. At present, the work of Vulcan used to analyze the slab is mainly proposed by Huang [30,31]. The reinforced concrete slab is divided into several layers along the thickness direction, and the reinforcement is dispersed into separate reinforcement layers. The element used is a 4-node shell element. The formula used is based on the overall Lagrangian coordinates, and the Newton Raphson iterative method is used to solve the equation. Among the above software, FEAST and SAFIR cannot be used to simulate the tensile film effect, and only Vulcan can describe the tensile membrane film effect best. However, due to the Green strain tensor, when the deflection is large, the rotation of the plate along the thickness direction is very obvious, which cannot be described by the overall Lagrangian coordinate and Green strain tensor. Therefore, in the case of large deflection, there will be slow convergence or even non-convergence.



In this paper, experiments were conducted on two full-scale two-way reinforced concrete slabs with three simply supported edges and one clamped edge, which are boundary conditions that have not been tested before. The purpose of the test is to research the temperature field distribution, deflection change at different positions, in-plane displacement change, crack occurrence, and development and failure mechanism of concrete slab under different support conditions. The influence of boundary conditions on the fire resistance of two-way slab is studied to fill the gap of previous research. The research generated valuable test data that can be used to validate the numerical models developed by fellow researchers in the field of structural fire engineering. Based on the original work of the research group, this paper further studies the calculation of the limit load-carrying capacity of reinforced concrete two-way slabs with three simply supported edges and one clamped edge.




2. Test Overview


2.1. Specimen Design


Two full-scale two-way reinforced concrete slabs (CS1 and CS2) were designed with the same parameters, according to the Code for Design of Concrete Structures of China [32]. The axial dimensions of the specimens were 7150 mm × 5650 mm. The lay length and the sliding of the simply supported edge caused by the vertical deflections of the slab under fire conditions were considered, and the three simply supported edges of the slab were extended 200 mm along the axis. The location of the clamped edge and reaction trough was considered, and the long-clamped edge was extended 525 mm outward along the short span direction. The dimensions and steel bars of the specimen are shown in Figure 1 and Table 1.



The specimens were cast with C30 commercial concrete. The age of concrete at the time of testing was 210 days and 270 days. The compressive strength of the standard concrete cubes cured under the same conditions as the specimens was greater than 30 MPa, and the concrete moisture contents of the two specimens were 3.68% and 3.86%, respectively.




2.2. Fire Test Furnace


As shown in Figure 2, the steel frame was set outside the fire furnace body as vertical support, and its size was 7150 × 5650 mm. The net dimensions of the furnace were 6000 × 4200 × 1700 mm, and the inner side of the furnace bottom was equipped with a flue along the length direction, with a width of approximately 470 mm. There were ignition nozzles around the furnace, with five along the long side and two along the short side.




2.3. Design of the Support and Restraint Reaction


Based on the standard for test methods of concrete structures in China [33], the simply supported bearing consisted of four parts: a top slab, bottom slab, roller shaft, and clamped steel bar. The roller shaft was made of cylindrical steel 50 mm in diameter, and the clamped steel bar was made of plain round steel 16 mm in diameter. The clamped end of the test was composed of a reaction trough around the furnace body, a reaction beam of homemade steel members, a distribution beam, and a hydraulic jack, as shown in Figure 3. Two high-strength dowel bars with a length of 3.3 m and diameter of 60 mm were sufficient to ensure their strength and rigidity in the test. The reaction beam was a box beam 6000 mm long by 200 mm wide and 300 mm high, and the thickness was 20 mm. The position of the reaction trough around the furnace body was not ideal. Two steel boxes were used as the extension conversion of the trough, with dimensions of 650 × 200 × 300 mm and a thickness of 20 mm. They were clamped to the trough by two high-strength lead screws with a length of 800 mm and a diameter of 60 mm, as shown in Figure 3 and Figure 4. In this experiment, four digital display hydraulic jacks were used to exert restraint reaction forces, and octagonal point loading was realized through a rigid distribution box girder. In the experiment, the restraint force was controlled by the personnel beside the digital display jack, the indication was read out through the digital display meter, and the hydraulic pressure was adjusted to ensure that the restraint moment at the clamped support end remained unchanged.




2.4. Test Loading


According to the Standard of Load Code for the Design of Building Structures of China [34], the scheme was formulated to simulate the office live load. Iron bricks (20 kg) were used to simulate a uniformly distributed load (2.0 kN/m2) on the top of the slab, which was equally divided into four levels (0.5 kN/m2 per level). The load of each stage was stable for ten minutes after loading. The fire test start in 30 min after all loads were applied.




2.5. Deflections and Slab Edge Angle Measurement


The out-of-plane deflections of the slabs were measured by a linear variable differential transformer (LVDT), the in-plane horizontal deflections were measured by bridge displacement transducers, and the slab edge angle was measured by a clinometer. The arrangement of the deflections and tilt transducers is shown in Figure 5, and the LVDT data were collected by the Isolated Measurement Pods (IMP).




2.6. Temperature Measurement


The arrangement of the thermocouple measuring points is shown in Figure 5. Nine groups of thermocouple trees were arranged, and each thermocouple trees consisted of seven K-type thermocouples. The first thermocouple was located at the bottom of the slab, the seventh thermocouple was located at the top of the slab, and the remaining thermocouples were evenly arranged with a spacing of 20 mm. The temperature of the steel bar was measured by a K-type thermocouple that was directly connected to the bottom and top steel bars at each measuring point.





3. Experimental Results


3.1. Macroscopic Phenomena and Failure Characteristics


The macroscopic phenomena and failure characteristics of the two specimens were similar. At the beginning of the test, slab angles C and D begin to tilt slightly. After approximately 5 min, crack ① developed along the axis of clamped edge AB, as shown in Figure 6a. At 13 min, the warpage of slab angles C and D increased continuously (as shown in Figure 6b), cracks ② and ③ inclined at L/4~L/2 from the clamped edge at approximately 45° to the simply supported edge that appeared near slab angles A and B, and main cracks ④ parallel to the short span direction and from the middle to the supporting axes on both sides appeared in mid-span. After the concrete cracks at the axis of the clamped support side, the negative bending moment of the inner plate of the axis increases, and crack ⑤ (as shown in Figure 6c) appears 160 mm away from the axis of the clamped support side after 18 min. Several cracks along the short span direction (such as cracks ⑥ and ⑦, as shown in Figure 6d) appear on both sides of main crack ④. At approximately 21 min, there is a depression in the center of the plate, arc diagonal cracks increase near corners A and B of the clamped side slab, and diagonal cracks ⑧ appear. At 30 min, the vertical cracks on the side of each slab increase (as shown in Figure 6e), and the axial direction of both sides appears in turn. The test is stopped at 180 min for slab CS1 and 210 min for slab CS2. Four hours after the test, the width of the cracks on the surface of the slabs were reduced compared with the experimental results. The middle part of the board was depressed, and the four corners of the board rebound. The cracking form of the top crack of the two slabs is shown in Figure 7, and the failure mode that resembles the bottom of a shallow bowl is finally formed.



During the heating stage, water stains began to appear at the cracks on the top of the slab at approximately 18 min; at approximately 26 min, the rate of water increase at the top of the slab was obviously fast, and water evaporation began to appear at the crack along the thickness of the slab. At approximately 71 min, the water that accumulated in the concave part of the slab surface reached the maximum, accompanied by a large amount of water evaporation (as shown in Figure 6f); at approximately 140 min, the puddles on the top of the slab began to decrease.



When the temperature inside the furnace rises, due to the action of fixed end bending moment, the negative bending moment at the fixed support axis is large. When the ultimate tensile strength of concrete is less than its value, the concrete will crack first. As the temperature rises, the concrete strength decreases sharply. The bending moment in the middle of the slab span is related to the length of the slab span. The bending moment in the middle of the long span of the concrete slab is large, and the concrete in the slab is compressed and cracked along the short span direction, resulting in cracks. Due to the temperature rise, the concrete slab expands, the slab angle is warped, the slab angle force is upward, and the slab surface is subjected to downward uniformly distributed load. Under the coupling of temperature and load, oblique annular cracks are produced in the corner of the plate. When the concrete in the area of the fixed support axis is cracked, the redistribution of the internal force of the slab is obvious, the fixed support effect on the outside of the fixed support axis is reduced, and the negative bending moment on the inside is gradually increased. At the same time, the slab surface is cracked along the long span direction due to the warpage of the slab angle. In the fire area at the bottom of the slab, most of the small chaps appear on the surface of the slab bottom due to the influence of temperature, and there are no regular cracks. The radial cracks in the non-fire area are caused by the large difference between the concrete temperature in the non-fire area and the fire area and the different expansion degree of the concrete.



As shown in Figure 8, the fire affected area at the bottom of the slab is grayish white, and the unfired area is grey. There is an obvious dividing line between the two areas, accompanied by remarkable explosive spalling phenomenon. The main feature of explosive spalling is the burst-out of concrete pieces accompanied by the sudden release of energy and loud sounds [35]. Numerous factors affect the explosive spalling of concrete, while a thorough commentary on each one of them can be found in the literature [35,36,37,38,39]. Affected by high temperature, the fire area of the bottom of the slab was mostly damaged by fire, and there is no regular crack. The radial cracks in the unfired area (as shown in Figure 9) were caused by the large difference in concrete temperature between the unfired area and the fire area and the different expansion degrees of concrete.



The explosive spalling duration at the bottom of the slab lasts a long time (approximately 40–50 min), and the explosive spalling phenomenon is obvious. From the bottom of the observation slab, it is evident that half of the area of the center AB for the clamped support edge in the fire area is the main explosive spalling area, and the bottom reinforcement was exposed, but no fracture phenomenon was observed, as shown in Figure 10.



Compared with the characteristics of other boundary conditions, the macroscopic phenomena and failure characteristics of the two-way slab with a coaxial line as the boundary condition after fire exposure are analyzed, and their similarities and differences are shown in Table 2. It can be seen from the comparison that the boundary condition is the decisive factor affecting the fire failure characteristics of two-way slabs. The temperature rise leads to the concrete expansion of the concrete slab, the constraint effect of the fixed support is large, the simple support has no constraint, and all the cracks on the two-way slab surface with different boundaries are concentrated on the fixed support side.




3.2. Analysis of the Test Results


3.2.1. Test Furnace Temperature


The temperature rise curve of the test is shown in Figure 11, and the actual temperature rise curve was basically consistent with that of the ISO 834 standard [43]. When the furnace was shut off, the furnace temperatures of slabs CS1 and CS2 were 1106.4 °C and 1132.0 °C, respectively.




3.2.2. Section Concrete Temperature


Figure 12 shows the temperature–time curves of T5. In the initial stage of fire, the temperature of the concrete slab along the section thickness increases in turn, and the temperature inside the concrete reaches 100 °C. In addition to the temperature at the bottom of the slab, there are different gentle stages in turn, and the duration increases in turn. This is because when the concrete slab is exposed to fire, the crystal water inside the slab migrates from the high temperature to the low temperature, and part of the crystal water turns into water vapor by evaporation, which absorbs heat and keeps the temperature of the concrete slab in a relatively balanced state; when the bottom of the slab is in direct contact with the fire, the crystal water can quickly migrate and evaporate, and it will not appear in the gentle stage. In the cooling stage, the temperature near the bottom of the slab decreases rapidly, and the temperature at other positions of the vertical section gradually begins to decrease after increasing to different degrees. According to the concrete slab temperature failure criterion for insulation [4,44], when the surface temperature exceeds 180 °C, the standard fire resistance of the two slabs can be determined as shown in Table 3.



The temperature curve across the full depth with time during the heating stage is shown in Figure 13. According to the test results, the maximum temperatures of CS1 and CS2 at bottom of the slab were 858.2 °C and 959.2 °C, and the maximum temperatures of the top concrete of the slab were 98.7 °C and 94.0 °C, respectively. Due to the influence of moisture, the temperature of the concrete at other heights, except for the bottom of the slab, appears to be in an obvious gentle stage at 100 °C.



The temperature curve across the full depth, with time, during the cooling stage is shown in Figure 14. In the cooling stage, the temperature gradient gradually slowed down compared with that of the heating stage, and part of the curve was convex. This phenomenon was due to the heat conduction from the bottom concrete to the furnace and the upper concrete, and the temperature decreased rapidly. The middle concrete was only affected by the heat conduction between the interior of the slab, and the decreasing speed was slow; the decreasing speed of the temperature for the upper concrete was between the two temperatures under the influence of external air convection and the thermal inertia of the concrete. Due to the different temperature reduction rates of the three parts, the temperature in the middle part was higher than that on both sides, and the stress due to the internal temperature stress of the concrete changed.




3.2.3. Temperature of the Steel Bars


Figure 15 shows the temperature–time relationship curve of the top and bottom steel bars of the specimen. ST6-1 is the top steel bar, and ST6-2 is the bottom steel bar. Due to the influence of crystal water in the concrete, the top steel bar experiences an obvious temperature plateau at 100 °C for approximately 30 min. The temperature difference between the bottom layer and the top layer of the specimen increases continuously. When there is no fire exposure, the temperature difference between the bottom and top steel bars of slabs CS1 and CS2 reaches 406 °C and 447 °C, respectively. Finally, according to the steel failure criterion [44,45], that is, the condition steel temperature exceeds 593 °C, the fire resistance of the two concrete slabs based on the reinforcement temperature limits can be determined as shown in Table 3.



The curves of the temperature of the steel bars versus the furnace temperature are shown in Figure 16. During the heating stage, the temperature inside the furnace is lower than 600 °C, the temperature of the upper and lower layers of steel bars increases slowly, and the speed of the lower layer is slightly higher than the speed of the upper layer. When the furnace temperature is between 600 °C and 1000 °C, the temperature of the lower layer of the steel bars increases rapidly, but the temperature of the upper layer increases slowly. When the furnace temperature exceeds 1000 °C, the steel bar temperature increases rapidly, and the temperature of the upper and lower steel bars increases at almost the same rate.




3.2.4. Out-Of-Plane Deflections


Figure 17 shows the out-of-plane (vertical) deflections of each measuring point. During the heating stage, the deflections in the concrete slab increase rapidly in the initial 10 min, and the maximum midspan deflections of the CS1 and CS2 slabs (V7) reach 63 mm (6.3 mm/min) and 57 mm (5.7 mm/min), respectively. After 60 min, the deflections of V7 reach 141.9 mm (1.6 mm/min) and 193.7 mm (2.7 mm/min), and the growth rate tends to be stable. At 180 min, the deflections of V7 were 244.5 mm (0.86 mm/min) and 251.3 m (0.48 mm/min), respectively. After the fire test is stopped, the deflections of CS1 and CS2 were 244.5 mm and 261.4 mm, respectively. During the cooling stage, the deflections exhibited a rebound trend, which was faster in the initial stage and smoother in the later stage. When data collection stopped, the deflections of V7 were 166.8 mm and 180.6 mm, respectively. The trends of the other deflection measuring points in the plate were similar to that of V7 during the heating and cooling stages. At all out-of-plane measuring points, V7 was the largest in the middle of the span, and V8, V3, and V4 decreased in turn near the 1/4 span of the simply supported edge; V11 and V12 were the smallest near the 1/4 span of the clamped supported edge.



According to the deflection or deflection rate failure criteria [45,46], which involve the deflection or deflection rate of the slab exceeding span/20 (or span/30) at any time, the fire resistance of each slab can be calculated as shown in Table 3.



Figure 18 shows the curve of the vertical out-of-plane deflections versus the furnace temperature. The curve shows that the growth rate of the out-of-plane deflections in the slab is low before the furnace temperature reaches 600 °C and increases when the furnace temperature is higher than 600 °C. When the furnace temperature is lower than 600 °C, the deflections increase, and the rebound rate accelerates. This phenomenon is due to the thermal inertia of the concrete materials. After the fire exposure stops, the temperature at the bottom of the slab decreases rapidly, but the temperature inside the slab continues to transmit heat to the top of the slab. The temperature of the concrete in the slab is relatively stable, and the deflections do not change greatly.



Figure 19 shows the curves for the vertical out-of-plane deflection of the middle slab edge versus time. The results show that the edge of the concrete slab experiences a downward trend in the early stage of combustion, which is caused by the expansion of the concrete, the obvious warping of the slab corner, and the downward trend in the middle of the slab edge; however, with the increase in time of fire exposure, the deflections in the slab become larger, and the deflections of the slab edge move up relatively. When fire test stopped, the deflections of slabs CS1 and CS2 with a long simply supported side span (V1) reached 21.75 mm and 23.56 mm, the deflections of the span supported on the short side (V9) reached −0.95 mm and 1.47 mm, and V13 reached −0.53 mm and 2.67 mm, respectively. The difference in the values at the edge of the slab shows that the restraint effect of the bending moment at the clamped end on the deflections at the edge of the slab is very obvious.




3.2.5. In-Plane Deflections and Rotation Angle at the Support Axis


Figure 20 shows the curve of the in-plane (horizontal) deflections with time. The negative deflections indicate that the deflections of the slab develop outward along the axis, and the positive deflections indicate that the deflection develops inward along the axis. When the fire stopped, slabs CS1 and CS2 expanded 20.36 mm and 17.92 mm along the long side and 2.39 mm and 0.02 mm along the short side. After the test, due to the decrease in the furnace temperature, the effect of thermal expansion was reduced, and H1 and H2 moved to the plate and were still in the expansion state. H3 moved slightly to the inside and then returned to the outside, and H4 moved slightly to the outside and then returned to the inside.



Figure 21 shows the curve of the rotation angle at the supporting axis of the concrete slab with time. The deflection deformation in the slab leads to its rotation along the support axis; there is a clamped end constraint at the clamped end, which has a certain inhibition effect on the rotation of the edge of the clamped plate, and rotation angle of R4 far less than that of the three simply supported edges. There are no constraints on the long simply supported edge and the two plate angles, so rotation of R3 is the largest; the short simply supported edge has a single plate angle constraint, and the degree of rotation is in the middle compared to the rotation for other constraints.




3.2.6. In-Plane Acceleration of the Test Slabs


Throughout the whole test process, the change in the plate acceleration of each test plate can be divided into three stages, and slab CS1 is taken as an example for illustration. The first stage (stationary period) is from the beginning of the test to the 10th min. In this stage, the two-way slab is not affected by fire excitation, and the acceleration information is stable. The second stage (intense stage) is from the 10th min to the 50th min. In this stage, the bottom of the two-way slab expands, and there is a large temperature gradient in the section. Constrained by the clamped end, a large number of cracks appear on the slab surface and develop rapidly. The vertical deflections in the slab increase rapidly. Damage to the slab leads to a rapid reduction in its stiffness, and the first vertical frequency changes significantly. The third stage (stable period) is from the 50th min to the end of the test. There are basically no new cracks on the surface and bottom of the slab, the existing cracks continue to expand, and the acceleration of the slab is relatively stable.




3.2.7. Vertical Frequency of the Test Slab


Figure 22 and Table 4 show the change in frequency with time during the test (in Table 4, the temperature used to calculate rate of frequency reduction is the measured value of ST5-1 reinforcement temperature in the slab). The figure shows that throughout the whole test process, the change in the vertical first-order frequency of the two-way slab can also be divided into three stages.



The initial stage is from the beginning of the test to the 60th min. In this stage, the bottom of the two-way slab is subject to fire expansion, there is a large temperature gradient in the cross section, and a large number of cracks appear on the slab surface and develop rapidly because the surface is constrained by the clamped end. The vertical deflections in the slab increase rapidly. Damage to the slab leads to a rapid reduction in its stiffness, and the corresponding first-order vertical self-excitation frequency changes significantly. The second stage is from the 60th min to the 150th min. In this stage, the vertical deflections increase slowly, and the self-excitation frequency decreases correspondingly. During this period, no new cracks appear on the slab surface, and the existing cracks continue to expand. As the in-plane membrane effect in the central region of the plate changes from compression to tension, the tensile membrane effect develops gradually, the growth rate of the vertical deflections decreases, and the stiffness attenuation rate of the plate decreases significantly compared with the previous stage. The third stage is from the 150th min to the end of the fire test. In this stage, the vertical deflections increase slowly and linearly, and the vertical frequencies of the slabs decrease slightly, which also reflects the slow attenuation of the stiffness of the slab. Throughout the whole test process, the frequency attenuation of the slab is large, which indicates that the stiffness of the slab experiences great loss under the action of fire.



Figure 22 shows that the variation in the vertical first-order frequency of the two-way slab is consistent with the variation law of the vertical deflections in the slab, and Figure 23 shows the relationship between change in the frequency and change in the vertical deflection of the two-way slab under fire conditions.






4. Calculation of Bearing Capacity Based on Yield Hinge Line Theory


Basic assumptions [19,20,24]: The failure of the stiffened plate starts from the yield of tensile reinforcement. In case of failure, plastic deformation and yield of tensile reinforcement occur at the yield hinge line. No strain-hardening of reinforcement occurs. Based on the classical yield hinge line theory, the failure mode of two-way slabs with three simply supported edges and one clamped edge under fire is shown in Figure 24. In the figure, A-B, B-C, A-O, A-E, B-D, E-D, O-E, C-D are the positive yield hinge line and O-C is the negative yield hinge line.



When the vertical out-of-plane mid-span deflection of the two-way slab reaches  v , direction of reinforcement resultant force no longer remains horizontal, but it will form an angle ( θ ) with the horizontal direction, and the vertical component is generated (see Figure 25 and Figure 26). With the continuous increase of vertical displacement in the slab and the continuous increase of reinforcement temperature at the bottom of the slab, the resultant force of concrete pressure ( C ) and reinforcement ( T ) continues to decrease, the vertical component of reinforcement (  T sin θ  ) continues to increase, the membrane effect continues to strengthen, and the limit carrying capacity of the slab also increases accordingly [19,20].



4.1. Plate Balance Method


At room temperature:



The equilibrium Equation of plate ① rotating around AB axis is:


   m y  L =  1 6   x 1   y 2 2  q +  1 2    L −  x 1  −  x 2     y 2 2  q +  1 6   x 2   y 2 2  q  



(1)







The equilibrium Equation of plate ② rotating around AO axis is:


   m x  l =  1 6   x 1 2  l q  



(2)







The equilibrium Equation of plate ③ rotating around OC axis is:


     m  y e  ′  +  m y    L =  1 6   x 1   y 1 2  q +  1 2    L −  x 1  −  x 2     y 1 2  q +  1 6   x 2   y 1 2  q  



(3)







The equilibrium Equation of plate ④ rotating around CA axis is:


   m x  l =  1 6   x 2 2  l q  



(4)




where    m x    is x-direction moment of resistance per length at yield hinge line section;    m y    is y-direction moment of resistance per length at yield hinge line section;    m  x T     is x-direction moment of resistance per length at yield hinge line section at elevated temperatures;    m  y T     is y-direction moment of resistance per length at yield hinge line section at elevated temperatures;    m  y e  ′    is y-direction negative moment at the axis of the clamped support;  q  is carrying capacity of the concrete slab, including dead load of slab and live load of slab surface.



It can be seen from the geometric relationship of plates:    x 1  =  x 2   .



It can be solved from Equations (1)–(4):


   x 1  =  x 2  =   − 2  l 2   m x  + l    m x  + 3  L 2   m x      L        m y    +    m  y e   +  m y       2     



(5)






   y 1  =   l    m y  +  m  y e          m y    +    m y  +  m  y e        



(6)







After the yield hinge line is formed in the concrete slab, the position of the yield hinge line has been determined, and the position will not change with the increase of deflection. Therefore, the calculated value and at room temperature can be used to calculate the ultimate bearing capacity of the two-way slab at high temperature.



Under high temperature, the vertical component of tensile reinforcement participates in the stress, and membrane effect is generated in the plate. Equations (1)–(4) should change to:


   m  y T   L +  1 2   y 2     x 1  +  x 2     T  y T   sin  θ 1  +   L −  x 1  −  x 2     y 2   T  y T   sin  θ 1  =  1 6   x 1   y 2 2  q +  1 2    L −  x 1  −  x 2     y 2 2  q +  1 6   x 2   y 2 2  q  



(7)






   m  x T   l +  1 2   x 1   T  x T   l sin  θ 2  =  1 6   x 1 2  l q  



(8)






     m  y e  ′  +  m  y T     L +  1 2   y 1     x 1  +  x 2     T  y T   sin  θ 3  +  y 1    L −  x 1  −  x 2     T  y T   sin  θ 3  =  1 6   x 1   y 1 2  q +  1 2    L −  x 1  −  x 2     y 1 2  q +  1 6   x 2   y 1 2  q  



(9)






   m  x T   l +  1 2   x 2   T  x T   l sin  θ 4  =  1 6   x 2 2  l q  



(10)




where    T x    is x-direction reinforcement tensile force per length at plastic hinge line section;    T  x T     is x-direction reinforcement tensile force per length at plastic hinge line section elevated;    T y    is x-direction reinforcement tensile force per length at plastic hinge line section;    T  y T     is x-direction reinforcement tensile force per length at plastic hinge line section elevated.


   sin  θ 1  =  ν     y 2 2  +  ν 2        sin  θ 2  =  ν     x 1 2  +  ν 2        ,   sin  θ 3  =  ν     y 1 2  +  ν 2        ,   sin  θ 4  =  ν     x 2 2  +  ν 2        



(11)






   q 1  =   6  m  y T   L + 6  y 2   T  y T   L   ν −  v 0       y 2 2  +  ν 2      - 6  x 1   y 2   T  y T     ν −  v 0       y 2 2  +  ν 2        3 L  y 2 2   - 4   x 1   y 2 2     



(12)






   q 2  =  q 4  =   6  m  x T   + 3  x 1   T  x T     ν −  v 0       x 1 2  +  ν 2         x 1 2     



(13)






   q 3  =   6    m  y T   +  m  y e     L + 6  y 2   T  y T   L   ν −  v 0       y 2 2  +  ν 2      - 6  x 1   y 2   T  y T     ν −  v 0       y 2 2  +  ν 2        3 L  y 2 2   - 4   x 1   y 2 2     



(14)




where    q i    is limit load-carrying capacity of plate i.



The limit load-carrying capacity of two-way slabs with three simply supported edges and one clamped edge is:


  q = min    q 1  ,  q 2  ,  q 3  ,  q 4     



(15)




where    v 0    is taken as [46]:


   v 0  =       0.1  f y   E      3  L 2   8     



(16)








4.2. Energy Method


In the case of large deflection, the tension film effect of the plate occurs after the yield hinge line appears, and the reason for the film effect is the plastic work conducted by the elongation of the yield reinforcement at the section of the yield hinge line [19]. Work conducted by reinforcement elongation when the yield hinge line rotates around axes AB and BC:


     ∫ 0   y 1        ∫ 0 v    T  x T   d y d e  x        =    ∫ 0   x 1        ∫ 0 v    T  x T     d x   tan φ              x 2  +      x   x  1 T       z + d z      2    −    x 2  +      x   x  1 T     z    2      =    T  x T    2   y 1       v 2       x  1 T  2  +  v 2    +  x  1 T        



(17)






     ∫ 0   x 1        ∫ 0 v    T  y T   d y d e  y        =    ∫ 0   y 1        ∫ 0 v    T  y T   d y tan φ            y 2  +      y   y  1 T       z + d z      2  −      y 2  +      y   y  1 T     z    2      =    T  y T    2   x 1       v 2       y  1 T  2  +  v 2    +  y  1 T        



(18)







Work conducted by plastic hinge wire AD rotating around axes AO and AB and steel bar elongation:


     T  x T    2   y 2       v 2       x  1 T  2  +  v 2    +  x  1 T        



(19)






     T  y T    2   x 2       v 2       y  1 T  2  +  v 2    +  y  1 T        



(20)







Work conducted by yield hinge line CD rotating reinforcement elongation around axes BC and OC:


     T  x T    2   y 1       v 2       x  2 T  2  +  v 2    +  x  2 T        



(21)






     T  y T    2   x 1       v 2       y  2 T  2  +  v 2    +  y  2 T        



(22)







Work conducted by reinforcement elongation when plastic hinge BD rotates around axes BC and AB:


     T  x T    2   y 2       v 2       x  2 T  2  +  v 2    +  x  2 T        



(23)






     T  y T    2   x 2       v 2       y  2 T  2  +  v 2    +  y  2 T        



(24)







Work conducted by reinforcement elongation when yield hinge line DE rotates around axes AO and BC:


     ∫   x 1    L -  x 2        ∫ 0 v    T  y T   d x d e  y        =    ∫   x 1    L −  x 2        ∫ 0 v    T  y T   d x            y 2  +      y   y  1 T       z + d z      2    −    y 2  +      y   y  1 T     z    2      =  T  y T     L −  x 1  −  x 2         v 2       y  1 T  2  +  v 2    +  y  1 T        



(25)






   T  y T     L −  x 1  −  x 2         v 2       y  1 T  2  +  v 2    +  y  1 T        



(26)




where    x  i T   =  x i  +  α 1    T − 20    x i   ,    y  i T   =  y i  +  α 1    T − 20    y i   , where    α 1    is coefficient of thermal expansion;    x i    and    y i    are obtained by the plate balance method.



The work performed by uniformly distributed external load can be expressed:


  W =  1 6  q l v   3 L −    x 1  +  x 2       



(27)







The work performed by resultant moment:


   D 1  =  m  x T   l  v   x 1    +  m  x T   l  v   x 2    +  m  y T    x 1   v   y 1    +  m  y T    x 2   v   y 1    +  m  y T    x 1   v   y 2    +  m  y T    x 2   v   y 2    +  m  y e   L  v   y 1     



(28)







Work performed by reinforcement elongation:


   D 2  =    T  x T    2  l      v 2       x  1 T  2  +  v 2    +  x  1 T       +    T  x T    2  l      v 2       x  2 T  2  +  v 2    +  x  2 T       +    T  y T    2    2 L −  x 1  −  x 2         v 2       y  1 T  2  +  v 2    +  y  1 T       +    T  y T    2    2 L −  x 1  −  x 2         v 2       y  2 T  2  +  v 2    +  y  2 T        



(29)







Work performed by external force is equal to work done by internal force:


  W =  D 1  +  D 2   



(30)







The limit carrying capacity of two-way slabs with three simply supported edges and one clamped edge can be obtained from Equations (27)–(29):


  q =  6  l   3 L −    x 1  +  x 2             m  x T   l    x 1    +    m  x T   l    x 2    +    m  y T   L    y 1    +    m  y T   L    y 2    +    m  y e   L    y 1    +    m  y e   L    y 2    +   ∑  i = 1  4    m  p i        



(31)






   m  p 1   =    T  y T    2    2 L −  x 1  −  x 2        v −  v 0       y  2 T  2  +  v 2    +  y  2 T        



(32)






   m  p 2   =    T  x T    2  l     v −  v 0       x  1 T  2  +  v 2    +  x  1 T        



(33)






   m  p 3   =    T  y T    2    2 L −  x 1  −  x 2        v −  v 0       y  1 T  2  +  v 2    +  y  1 T        



(34)






   m  p 4   =    T  x T    2  l     v −  v 0       x  2 T  2  +  v 2    +  x  2 T        



(35)








4.3. Verification


Figure 27 and Figure 28 show the relationship between the calculated carrying capacity of two-way slab specimens under fire and the temperature change of bottom reinforcement based on plate balance method and energy method, respectively. The traditional method in the figure is the yield hinge line theoretical formula, without considering the tensile membrane effect. Table 5 shows the comparison of limit carrying capacity of two-way slabs under fire.



As can be seen from Figure 27 and Figure 28, when the temperature of the bottom reinforcement exceeds 400 °C, the limit carrying capacity of the slab decreases rapidly. This is because the yield strength of the reinforcement will be rapidly reduced when temperature exceeds 400 °C [47]. According to the limit load-carrying capacity calculated by the formula in this paper, when the vertical out-of-plane mid-span deflection is lower than    v 0   , the carrying capacity is constant. However, when the vertical out-of-plane mid-span deflection is higher than    v 0   , the carrying capacity of the slab begins to increase because the membrane effect of the slab begins to appear.



According to the calculation based on the traditional plate balance method, the slabs CS1 and CS2 are damaged when the bottom reinforcement temperature is 572 °C and 603 °C; that is, the limit carrying capacity is lower than 5.00 kN/m2, and the vertical out-of-plane mid-span deflections of each slab corresponding to the reinforcement temperature are   s p a n / 28   and   s p a n / 24  , respectively, which has not exceeded the deflection limit of   s p a n / 20   [48,49,50], and the slab still has a certain fire resistance. It is obvious that a traditional calculation method does not consider the improvement of the bearing capacity of the two-way slab membrane effect at high temperature, which leads to the conservative calculation results. According to the calculation formula proposed in this paper, the limit bearing capacity of the specimen when the fire turned off are 5.53 kN/m2 and 5.31 kN/m2, respectively, and the corresponding vertical out-of-plane mid-span deflections are   s p a n / 22   and   s p a n / 23  , respectively, which is basically consistent with the test results.



According to the calculation based on the traditional energy method, the slab CS1 and CS2 are damaged when the bottom reinforcement temperature reaches 657 °C and 656 °C and the vertical out-of-plane mid-span deflections of each slab corresponding to the reinforcement temperature is   s p a n / 22   and   s p a n / 24  , respectively, which has not reached the failure criterion of the two-way slab (  s p a n / 20  ). As can be seen, there are problems between the traditional energy method and the traditional plate balance method. The calculation results are still conservative, but the deviation degree is lower than that of the plate balance method. According to the calculation formula proposed in this paper, the limit load-carrying capacity of the slabs when the fire is turned off is 5.54 kN/m2 and 5.40 kN/m2, respectively, which is slightly larger than the calculated value of the plate balance method proposed in this paper, with a deviation of about 0.2~1.7%, which is basically consistent with the test results.



Figure 29 shows the comparison of the calculation results of the carrying capacity of the two slabs obtained by Equation (15) when the vertical out-of-plane mid-span deflections is   s p a n / 15  ,   s p a n / 20  ,   s p a n / 25  ,   s p a n / 30  , and   s p a n / 35  , respectively. The temperature of reinforcement at the bottom of the slab shall be taken as the test result. Calculation result of carrying capacity is close to 5.00 kN/m2 (at the time the fire test is stopped) when the given vertical displacement of slab CS1 (CS2) is between   s p a n / 25  ~  s p a n / 30   (  s p a n / 20  ~  s p a n / 25  ), which has a certain deviation from the failure criterion of vertical displacement. The reason for the deviation is temperature of reinforcement at the bottom of slab CS1 and CS2 is much lower, and the yield strength of reinforcement will decrease significantly with the increase of temperature.





5. Discussion


	(1)

	
In the fire test, the method of equivalent bending moment is used to simulate the fixed edge of the test plate, which has a certain deviation from the actual project and will lead to a certain error in the results.




	(2)

	
When the steel bar is not perpendicular to the yield line, the work performed by moment rotation and steel bar extension can be determined by projecting the work performed to the yield line after calculating the rotation angle at the yield line.




	(3)

	
When calculating the carrying capacity of two-way slab according to Equations (12)–(15) and (31)–(35), the plastic hinge line mode of the slab shall be calculated according to the axis size, reinforcement, and boundary conditions of slab, so as to determine whether the formula is used.




	(4)

	
Although in the same fire site, there are still great differences in the temperature of reinforcement at the bottom of the slab at different positions. In the calculation of limit bearing capacity of a two-way slab, according to the physical meaning represented by various parameters and different positions, the measured values of reinforcement at the bottom of the slab at different measuring points are selected as the corresponding temperature in the calculation process.








6. Conclusions


Based on the experimental study on the fire resistance of full-scale two-way reinforced concrete slabs with three simply supported edges and one clamped edge, the following conclusions are drawn:




	(1)

	
Under the action of fire, the cracks on the top of the two-way reinforced concrete slab with three sides simply supported and one side clamped form a failure mode is shaped similar to the bottom of a shallow bowl. The maximum out-of-plane deflections of the slab occur at the side of the slab center, leaning towards the long simply supported side. The stress redistribution on the clamped side of the slab is obvious, and the concrete temperature field presents a nonlinear distribution along the thickness of the slab.




	(2)

	
The failure mode of the two-way slab with three simply supported edges and one clamped edge under fire exposure is similar to that obtained by conventional yield hinge line theory.




	(3)

	
The acceleration change of the two-way slab under fire exposure can be divided into three stages, namely, the stable stage, intense stage, and stable stage.




	(4)

	
The change in the vertical first-order frequency of the two-way slab under fire exposure can also be divided into three stages. In the first stage, the change rate of the frequency is the largest, and in the third stage, the change rate of the frequency is the smallest. The vertical first-order frequency of the two-way slab under fire exposure is consistent with the vertical mid-span deflections. Fitting analysis can be used to establish the first-order frequency and the vertical mid-span deflections.




	(5)

	
Based on the plate balance method and energy method of yield hinge line, this paper gives the formula for calculating the limit load-carrying capacity of two-way slabs with three simply supported edges and one clamped edge. The calculated results are in good agreement with the experimental results. The traditional yield hinge line theoretical formula is conservative because it does not consider the membrane effect.
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Figure 1. Dimension and steel bar arrangement of the specimen (dimensions in mm). 






Figure 1. Dimension and steel bar arrangement of the specimen (dimensions in mm).



[image: Applsci 12 01561 g001]







[image: Applsci 12 01561 g002 550] 





Figure 2. Plan view of the furnace arrangement (dimensions in mm). 
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Figure 3. Clamped-end device and loading apparatus for the clamped edge (dimensions in mm). 
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Figure 4. Photograph of the clamped-end device and conversion device: (a) clamped-end device, (b) distribution support, and (c) conversion device. 
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Figure 5. Arrangement of the deflections and tilt transducers (dimensions in mm). 






Figure 5. Arrangement of the deflections and tilt transducers (dimensions in mm).



[image: Applsci 12 01561 g005]







[image: Applsci 12 01561 g006 550] 





Figure 6. Macroscopic phenomenon of the slab surface: (a) crack developed along the axis of clamped edge, (b) tilt of the slab angle, (c) cracks along the short span direction, (d) cracks along the short span direction, (e) cracks on the side of the slab and (f) surface water vapor. 
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Figure 7. Cracking development during the test (top surface of slab, dimensions in mm). (a) Slab CS1. (b) Slab CS2. 
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Figure 8. Macroscopic phenomenon of the bottom of the slab. (a) Slab CS1. (b) Slab CS2. 
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Figure 9. Crack diagram of the unfired area at the bottom of the slab (slab CS1). 
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Figure 10. Bursting diagram of the bottom of the slab. (a) Main explosive spalling zone at the bottom of the slab. (b) Secondary explosive spalling zone at the bottom of the slab. 
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Figure 11. Temperature–time curves of the furnace. 
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Figure 12. Temperature–time curves of T5. 
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Figure 13. Temperature–time curves across the full height of each slab at T5. 
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Figure 14. Temperature–time curves across the full depth of each slab at T5. 
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Figure 15. Temperature–time curves of the top and bottom steel bars in the specimen. 
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Figure 16. Curves of the temperature of the steel bars versus the furnace temperature. 
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Figure 17. Curves of the vertical out-of-plane deflections versus time. 
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Figure 18. Curves of the vertical out-of-plane deflection versus furnace temperature. 
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Figure 19. Curves of the vertical out-of-plane deflection at the middle of the edge of the slab versus time. 
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Figure 20. Curves of the horizontal deflections versus time. 
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Figure 21. Corner-time curves of the two slabs. 
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Figure 22. Measured change in the first-order vertical frequency and vertical deflection time curve of the two-way slab. (a) Slab CS1. (b) Slab CS2. 
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Figure 23. Relationship between the change in the frequency and change in the vertical deflection of the two−way slab under fire exposure. (a) Slab CS1. (b) Slab CS2. 






Figure 23. Relationship between the change in the frequency and change in the vertical deflection of the two−way slab under fire exposure. (a) Slab CS1. (b) Slab CS2.



[image: Applsci 12 01561 g023]







[image: Applsci 12 01561 g024 550] 





Figure 24. Yield hinge line configuration of the slab with three simply supported edges and one clamped edge. 
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Figure 25. Forces at the yield hinge section of the slab. 
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Figure 26. Diagram of vertical displacement and rotation angle (   v 0    is vertical out-of-plane deflection of slab at formation of mechanism of the plastic hinge line). 
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Figure 27. Curve of bearing capacity with temperature (plate balance method). (a) Slab CS1. (b) Slab CS2. 
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Figure 28. Curve of bearing capacity with temperature (energy method). (a) Slab CS1. (b) Slab CS2. 
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Figure 29. The ultimate bearing capacity of slab varies with vertical deflections (plate balance method). (a) Slab CS1. (b) Slab CS2. 
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Table 1. Reinforcement details.
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	Slab
	Size (mm)
	Type of Steel Bar
	Bottom

Steel Bar
	Top Steel Bar
	Yield Strength of Steel Bar
	Ultimate Tensile Strength of Steel Bar





	CS1/CS2
	7550 × 6375 × 120
	HRB400
	8@200

(long span)

10@120

(short span)
	8@120

(long span)

8@150

(short span)
	435 MPa

(Ø8 mm)

440 MPa

(Ø10 mm)
	633 MPa

(Ø8 mm)

665 MPa

(Ø10 mm)
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Table 2. Macroscopic phenomena and failure characteristics of two-way slabs after fire under four different conditions.
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Boundary Type

and Specimen Size

	
Top Surface of Slab

	
Bottom

Surface of Slab




	
Overall Shape of Slab Crack

	
Cracks Around the Slab

	
Cracks in the Middle of the Slab

	
Slab

Corners






	
Three simply supported edges and one clamped edge [40],

7550 × 6375 × 120 mm.

	
U-shaped (the opening was the simply supported edge corresponding to the fixed support).

	
(1) Slab was composed of several cracks in the middle of the clamped edge and dense annular inclined cracks at the corners of the clamped edge.

(2) Slab surface was depressed downward to form a basin.

	
Several transverse main cracks along the short span direction in the middle of slab.

	
Corners of the slab were warped.

	
(1) Radial cracks were observed in the area without fire at the bottom of the slab.

(2) Several areas at the bottom of the slab explosive spalling severely, and the reinforcement was exposed.




	
Three edges clamped and one short edge simply supported [41],

7550 × 6700 × 120 mm

7550 × 6700 × 120.

	
Ellipse.




	
Two long edges clamped, and two short sides simply supported,

7875 × 6700 × 120 mm.

	
U-shaped (the opening was the simply supported edge).




	
Two short edges clamped, and two long sides simply supported [42],

8200 × 6050 × 120 mm.

	
Ellipse.

	
Many large cracks in the slab along the direction of the long span and short spans.
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Table 3. Fire resistance of the concrete slabs based on different failure criteria (min).
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Slab

	
CS1

	
CS2




	
Control Index

	






	
Steel temperature

	
122

	
160




	
Concrete temperature

	
244

	
210




	
Deflection (span/30)

	
71

	
53




	
Deflection (span/20)

	
No failure

	
No failure




	
Heating time

	
180

	
210
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Table 4. Vertical first-order frequency variation of two-way slabs during different periods of fire exposure.
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Specimen

	
Fire Time




	
0–60th min

	
60–150th min

	
150th min to the Fire Test Was Stopped




	
Frequency Reduction

	
Rate of

Frequency

Reduction

	
Frequency Reduction

	
Rate of

Frequency

Reduction

	
Frequency Reduction

	
Rate of

Frequency

Reduction






	
CS1

	
9.6%

	
0.16%/min, 0.027%/°C

	
5.3%

	
0.06%/min, 0.02%/°C

	
1.68%

	
0.06%/min, 0.067%/°C




	
CS2

	
9.5%

	
0.16%/min, 0.032%/°C

	
4.3%

	
0.05%/min, 0.017%/°C

	
2.5%

	
0.04%/min, 0.0005%/°C
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Table 5. Comparison of ultimate bearing capacity of two-way slabs under fire.
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No

	
Support Axis/mm

	
Fire Test Was Stopped

	
     q  lim t   / Mpa    




	
Vertical Out-of-Plane

Deflection/mm

	
Temperature of the Bottom Steel Bars/°C

	
Plate Balance Method

	
Energy Method

	
 




	
Yield Line

Theory ①

	
Equation (15) ②

	
Yield Line

Theory ③

	
Equation (30) ④

	
④/②






	
CS1

	
7150 × 5650

	
244.6

	
692

	
2.69

	
5.53

	
4.39

	
5.54

	
1.002




	
CS2

	
261.4

	
700

	
2.48

	
5.31

	
4.25

	
5.40

	
1.017
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