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Abstract

:

To reuse waste concrete in a more straightforward and simplified way, a new kind of structural member containing fresh concrete (FC) and demolished concrete lumps (DCLs) distinctly larger than conventional recycled aggregates has been proposed. Previous research has shown that, at room temperature, the mechanical performance of the U-shaped steel beams filled with DCLs and FC is similar to that of the U-shaped steel beams filled with FC alone. This research explores the fire behavior of the U-shaped steel beams filled with DCLs and FC. Five specimens including three beams filled with DCLs and FC and two reference beams filled with FC alone were tested in fire. The experimental parameters included the replacement ratio of DCLs, the longitudinal reinforcement ratio, the load ratio, and the thickness of fire insulation. Based on the test results, numerical models in which the thermal resistance at the interface between the U-shaped steel and the in-filled concrete is considered are developed using SAFIR to determine the thermal and structural responses of the specimens. Lastly, parametric studies are carried out preliminarily to investigate the effects of some parameters on the fire resistance of such beams. It is found that the replacement ratio of DCLs within a range of 0% to 33% has a very limited effect on the temperature distribution, structural response, and fire resistance of the specimens, that embedding longitudinal reinforcements can significantly increase the fire resistance of such beams, that the interface thermal resistance can generate a temperature drop of up to 280 °C at the interface between the U-shaped steel and the in-filled concrete, and that the numerical models are capable of predicting the thermal and structural responses of such beams.
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1. Introduction


Recycling waste concrete contributes to environmental protection and reduces the depletion of this natural resource [1]. It has been extensively investigated in recent decades. Ongoing research is mainly related to recycled aggregate concrete (RAC), which is produced by substituting all or part of natural aggregates with recycled aggregates (i.e., crushed and sieved waste concrete debris). A series of studies on the mechanical properties [2,3], thermal performance [4], and durability [5] of RAC and on the performance of structural members with RAC (including slabs [6], beams [7,8], columns [9], wallboard [10], and frames [11]) have been carried out worldwide. Positive findings from these studies support and encourage the application of RAC in real buildings and structures. Guidelines and specifications for RAC have been documented by some researchers and organizations [12,13,14].



Although RAC provides an attractive means of recycling waste concrete, manufacturing high-quality recycled aggregate is still complicated and time-consuming and energy-consuming in actual practice since fine crushing, screening, and purification are needed. At present, a large amount of waste concrete still ends up at waste disposal sites. In order to reuse waste concrete in a more straightforward and simplified way, a new kind of structural member containing both fresh concrete (FC) and demolished concrete lumps (DCLs) with a distinctly larger size than conventional recycled aggregates (e.g., 60 mm to 300 mm for DCLs versus ≤31.5 mm for recycled aggregates, according to the Chinese standard) has been proposed by the authors [15]. In this way, waste concrete only needs to be coarsely crushed into large pieces and both the old aggregates and the old mortar in the waste concrete can be reused. The unit energy consumption and the cost of producing DCLs are, therefore, significantly reduced [16].



A series of studies on structural members containing DCLs has been carried out over the past decade. They have involved flexural and shear tests on reinforced concrete beams containing DCLs [15], compressive and cyclic loading tests of steel tubes filled with DCLs and FC [17,18], flexural tests of U-shaped steel beams filled with DCLs and FC [19], cyclic loading tests of composite shear walls filled with DCLs and FC [20], tests of composite slabs filled with DCLs, and FC at room temperature and in fire [21,22], and compressive tests of FRP-confined compound concrete containing DCLs [23]. It is found that, when the compressive strength of demolished concrete is close to that of FC, the mechanical behavior, seismic performance, and fire resistance of structural members containing DCLs are similar to or only slightly inferior to those of conventional members made of FC alone. In recent years, structural members (including columns, beams, and slabs) containing DCLs have been successfully applied in real building structures [24,25]. Figure 1 shows the application of the U-shaped steel beams filled with DCLs and FC in a real office building.



Hollow U-shaped steel can serve as formwork and reinforcement for in-filled concrete. In addition, putting DCLs into hollow U-shaped steel is more convenient than placing DCLs into steel reinforcement cages composed of longitudinal bars and stirrups, which makes it an effective way to reuse DCLs in concrete filled U-shaped steel beams. Tests have shown that U-shaped steel beams filled with DCLs and FC have comparatively satisfactory flexural behavior at room temperature [19], but further research on the fire behavior of such beams is necessary especially considering that the U-shaped steel is not embedded in the concrete. The effect of interface thermal resistance on the fire behavior of concrete filled steel tubes has been investigated numerically by Ding and Wang [26] and by Tao and Ghannam [27], but it remains unknown whether their findings are applicable to concrete filled U-shaped steel beams because the cross section and loading pattern of such beams are quite different from those of steel tubular columns filled with concrete.



The objective of this study is to reveal the influences of DCLs and longitudinal reinforcements on the fire behavior of the U-shaped steel beams filled with DCLs and FC and to clarify the effect of interface thermal resistance on temperature profiles in such beams. Three U-shaped steel beams filled with DCLs and FC and two reference beams filled with FC alone were tested in the fire. Numerical models are then developed using SAFIR to determine the thermal and structural responses of the specimens and the calculated results are compared with the test data. Lastly, parametric studies are carried out to further explore the effects of load ratio, thickness of fire insulation, and longitudinal reinforcement ratio on the fire resistance of such beams. The findings of this paper provide a basis for the fire-resistance design of the U-shaped steel beams filled with DCLs and FC.




2. Experimental Program


2.1. Test Specimens


Five beam specimens including three beams filled with DCLs and FC and two reference beams filled with FC alone were fabricated. All the specimens were 5300 mm long and mounted with the same clear span of 4400 mm. Steel plate with a nominal thickness of 3 mm (the measured value was 2.4 mm) was processed by a bending machine to form the U-shaped steel. L 50 × 50 × 3 mm steel angles with a length of 280 mm were welded to the top flanges of the U-shaped steel to transfer the longitudinal shear force between the steel and the in-filled concrete. The steel angles were positioned 400 mm apart along the clear span of the specimens. The measured yield strength and ultimate strength of the steel angles were, respectively, 286.4 MPa and 421.8 MPa. For each specimen, the thickness of the concrete slab was 90 mm and the slab was 300 mm wide at both ends and 700 mm wide in the middle to match the size of the furnace chamber. Double-layer bidirectional steel mesh was incorporated in the slab and steel bars 6 mm in diameter were employed as the longitudinal reinforcements (8φ6) and transverse reinforcements (φ6@200). The measured yield strength of the steel bars was 358 MPa. Schematic diagrams of the specimens are given in Figure 2.



The parameters considered in the tests included the replacement ratio of DCLs η (0% or 33%), the longitudinal reinforcements located at the lower part of the beam (none or 2φ18), the thickness of fire insulation t (10 mm or 18 mm), and the load ratio n (0.45 or 0.625). In this study, the replacement ratio η is a ratio of the weight of DCLs in the U-shaped steel to the total weight of the in-filled concrete and n denotes a ratio of the applied bending moment at the mid-span section to the flexural capacity of the specimen at room temperature calculated according to the formulas proposed by Wu and Ji [19]. Those formulas are derived from plasticity theory and have been validated in the test of U-shaped steel beams filled with DCLs and FC at room temperature [19]. Table 1 gives the details of the specimens. In this table, ρs is the longitudinal reinforcement ratio. N is the load applied by the hydraulic jack and R is the measured fire resistance of the specimen. The effect of the replacement ratio on fire behavior of the beams can be revealed by comparing the test results of Specimen B1 (B2) with those of Specimen B3 (B4). The influence of the longitudinal reinforcements on fire performance of the beams can be examined by comparing the test results of Specimen B1 (B3) with those of Specimen B2 (B4). For Specimens B4 and B5 subjected to the same applied load, the beneficial effect of increasing fire insulation thickness on the beam’s fire resistance is compared with that of embedding longitudinal reinforcements.



The fresh concrete for all the beams came from one batch of ready-mix. The demolished concrete was obtained from RC beams, which had served as a retaining and protection structure during excavation of the foundations for 16 months. Fifteen core samples (100 mm in diameter by 100 mm in height) were drilled from the waste beams and the compressive strength of these samples was measured. The measurements were used to estimate the 150 mm cubic compressive strength of the demolished concrete (i.e., fcu, old in Table 1), according to the Chinese standard JGJ/T 384-2016 [28]. The proportions of fresh and demolished concrete are shown in Table 2. Both the fresh and the demolished concrete were made from Portland blast furnace-slag cement (P.S.A 32.5), natural crushed limestone (coarse aggregate) with a maximum size of about 20 mm, and local river sand (fine aggregate, 0–4 mm). The test-day 150 mm cubic compressive strength of the fresh concrete (fcu, new) is given in Table 1.



The waste beams were broken into 120 mm to 180 mm lumps using a pneumatic drill and other simple tools, as shown in Figure 3. For the specimens containing DCLs and FC, all of the DCLs were dampened by watering first and then were put into the U-shaped steel at the same time (see Figure 4). Fresh concrete was then poured around the lumps with a continuous vibration to ensure proper filling, compactness, and uniformity. The whole process including breaking of the waste RC beams and concrete casting of the specimens took about one month. All the specimens were cured at room temperature for about eight months before the fire test.



The fire insulation is of a new type developed using rice husk ash as heat insulation aggregate and alkali-activated metakaolin geopolymer as inorganic binder [22]. Tests have shown that it has excellent thermal insulating properties. The thermal conductivity and mass density of the fire insulation were measured at room temperature and the results were 0.0806 W/m K and 620 kg/m3, respectively. The fire-retardant coating was applied to the surface of the U-shaped steel (see Figure 1b) and then was cured at room temperature for at least four months before the fire tests were carried out. Figure 5 shows a photo of a specimen before the fire test.




2.2. Test Setup and Procedure


The specimens were tested in a 4000 × 3000 × 1500 mm furnace chamber at South China University of Technology. For each specimen, it was simply supported on two opposite walls of the furnace chamber and was heated over a length of 4000 mm. The beam had three exposed faces (the soffit and the two side surfaces) and the slab had one (the soffit) heated during the fire test. A schematic diagram of the test setup is displayed in Figure 6.



The vertical load was applied using a hydraulic jack with a loading capacity of 1000 kN and three distributive beams. The four loading points on the specimen were at 550 mm, 1650 mm, 2750 mm, and 3850 mm away from the support. Before the actual loading, each specimen was pre-loaded to lessen the adverse impacts on the test data due to the loading system. After pre-loading, the vertical load (see Table 1) was applied to the specimen about 20 min before the fire test and then was maintained at an almost constant value during the test. The sum of the applied load, the total weight of the three distributive beams (7.5 kN), and the weight of the specimen itself (3.4 kN/m) was employed to determine the applied bending moment at the mid-span section and the load ratio of the specimen. A photo of a specimen during the fire test is shown in Figure 7.



For each specimen, the fire test ended when the applied load could no longer be maintained. According to ISO 834-1 [29], the fire resistance of a specimen is reached when the mid-span deflection reaches L2/(400 d) mm (107.5 mm for these specimens). L is the clear span of the specimen and d is the distance between the extreme fiber of the compression zone and that of the tensile zone on the cross section. The rate of deflection criteria is not applied because 107.5 mm is less than L/30.



Two linear variable differential transducers (LVDTs) having a calibrated range of 200 mm and an accuracy of 0.03 mm were employed to measure the mid-span deflection of the specimens during the fire tests. At the same time, any settlement of the supports was monitored using two dial indicators with a calibrated range of 30 mm and an accuracy of 0.01 mm (see Figure 6).



For each specimen, 10 or 12 Type WRNK-101 thermocouples 3 mm in diameter were embedded in the cross section 550 mm away from the support (see Figure 8). Thermocouples 1–6 were used to measure the temperatures at different positions on the surface of the in-filled concrete. Although the end faces of Thermocouples 1–6 were in touch with the inner surface of the U-shaped steel at first, they separated from the steel when the bond between the in-filled concrete and the steel was destroyed during the test. Thermocouples 9 and 10 were employed to measure the temperatures of the bottom flange and the web of the U-shaped steel, respectively. Thermocouples 7 and 8 were adopted to record the temperatures at the center of in-filled concrete and at the center of the slab. For Specimens B2 and B4, Thermocouples 11 and 12 were used to measure the temperatures of the longitudinal reinforcements. The front parts of Thermocouples 9 and 10 in Specimens 1–5 were parallel to the outer surface of the U-shaped steel, which means their end faces were not completely in touch with the steel. The temperatures at a position 3 mm away from the steel surface were actually recorded. To measure the temperature of the U-shaped steel exactly, two additional thermocouples (Thermocouples 9s and 10s) were embedded in Specimens B5. The front parts of the two additional thermocouples were perpendicular to the outer surface of the U-shaped steel, so their end faces were completely touching the steel.





3. Test Results and Discussions


3.1. Test Observation


Generally speaking, the failure of the specimens containing DCLs and FC resembled that of the reference specimens containing FC alone. After 10 to 20 min of heating, steam was observed rising from the top of the specimens and from the interface between the U-shaped steel and the in-filled concrete at both ends of the specimens. The steam flow lasted until about 95 min. In most of the testing time, the mid-span deflection of the specimens increased slowly but it began to increase quickly as the heating time approached the fire resistance of the specimens. Figure 9 shows the specimens after the fire tests. It can be seen that all the tested specimens exhibited the same failure pattern (i.e., flexural failure).



After the fire test, no specimen showed any obvious slip at the interface between the U-shaped steel and the in-filled concrete at either end of the beam. This is quite different from some reported observations of simply-supported U-shaped steel beams filled with DCLs and FC subjected to two concentrated loadings at room temperature [19]. In those tests, a significant slip was observed at the interface between the U-shaped steel and in-filled concrete in the later stage of loading. This discrepancy probably arises because the modulus of elasticity of the steel decreases remarkably with a rising temperature, which facilitates its elongation when subjected to fire and loading.



After the fire test, when the specimens were taken out from the furnace chamber, small cracks could be observed on the bottom and side surfaces of the concrete slabs, but almost no spalling of the concrete was observed due to normal-strength concrete being employed in this study.



Although many cracks appeared on the surface of the fire-retardant coating, the insulation generally remained intact after the fire tests (see Figure 10). Fracture of the bottom flange and two webs of the U-shaped steel was observed in Specimen B5 (see Figure 11), but it was not observed in any other specimen. The load ratio of Specimen B5 was much higher than that of the others (see Table 1) and no longitudinal reinforcement was embedded in the lower part of the beam.



Figure 12 shows the surfaces of the in-filled concrete of Specimens B3 and B4 after the U-shaped steel has been removed. The cut sections of the in-filled concrete are shown in Figure 13. It can be seen that:




	(a).

	
The surface of the in-filled concrete is smooth and there are no obvious defects such as voids, holes, or pits on the surfaces or in the cut sections. This indicates that satisfactory construction quality can be achieved using the aforementioned concrete pouring method (all of the DCLs are put into the U-shaped steel at the same time and then the fresh concrete is poured with a continuous vibration).




	(b).

	
The flexural cracks propagate from the bottom of the beam to the slab. The minimum crack spacing and the maximum crack width of Specimen B3 are 180 mm and 15 mm, respectively. Specimen B4 shows more and narrower cracks due to the presence of the longitudinal reinforcements in the lower part of the beam. Its minimum crack spacing is 80 mm and the maximum crack width of Specimen B4 is 5 mm.




	(c).

	
The cut sections of the in-filled concrete show that the DCLs and the FC bond well, which makes them work together.










3.2. Thermal Response


The measured temperature-time curves in the furnace chamber for Specimens B1–B5 are shown in Figure 14. It can be seen from this figure that the recorded curves are generally in good agreement with the ISO834 standard temperature-time curve.



Figure 15 shows the temperature-time curves recorded from Thermocouples 1–8 in Specimens B1~B5. No data were recorded by Thermocouple 5 in Specimens B1 due to accidental damage. It can be seen from Figure 15 that:




	(a).

	
The temperature-time curve related to Thermocouple 2, which was located at the corner of the in-filled concrete and subjected to 2-face heating, is generally higher than the others.




	(b).

	
During the middle and later stages of the fire test, the temperature-time curve related to Thermocouple 1 located on the bottom surface of the in-filled concrete is generally higher than the curves of Thermocouples 3–6 located on the side surface. Heating from both sides of the beam raised the temperature of Thermocouple 1 relatively quickly.




	(c).

	
The temperatures recorded by Thermocouples 4–6 are close to each other on the whole. Temperature differences between Thermocouples 2 and 4 vary between 200 °C and 300 °C in the later stage of the fire test, which indicates distinct temperature differences between different points on the surface of the in-filled concrete.




	(d).

	
The temperatures measured by Thermocouples 7 and 8 (located at the center of the in-filled concrete and the center of the slab, respectively) are generally close to each other and increase slowly as the time goes on.









Figure 16 presents the measured temperature-time curves for Thermocouples 11 and 12 in Specimens B2 and B4. From the figure, it can be concluded that:




	(a).

	
The measured temperatures for Specimen B2 are lower than those for Specimen B4 because the temperature in the furnace chamber is lower for Specimen B2, which is shown in Figure 14.




	(b).

	
Referring to Figure 15d, in the later stages of the fire test, the temperatures recorded by Thermocouples 11 and 12 in Specimen B4 are lower than those of Thermocouples 1 and 2 located at the corner and bottom surface of the in-filled concrete. They are close to that of Thermocouple 3 located at the lower part of the side surface of the in-filled concrete and higher than those of Thermocouples 4–6 located at the upper part of the side surface.









The temperature-time curves of Thermocouples 1, 4, 9s, 10s, 9, and 10 are plotted in Figure 17. The temperature drop between Thermocouples 9s and 1 (i.e., ∆T9s-1), and that between Thermocouples 10s and 4 (i.e., ∆T10s-4) are shown in Figure 18. As mentioned above, Thermocouples 9s and 10s were embedded only in Specimen B5, so for the other specimens the temperatures related to Thermocouples 9s and 10s (i.e., the temperatures on the inner surface of fire-retardant coating) are estimated values. They are interpolated using the measured temperature in the furnace chamber (approximately the temperature of the outer surface of fire-retardant coating), the temperature recorded by Thermocouple 9 or 10 (i.e., the temperature 3 mm away from the inner surface of the fire insulation), and the assumption that the temperature is linearly distributed through the thickness of the insulation. The assumption is supported to some extent by the test data of Specimens B5, which is shown in Figure 19. It can be seen from Figure 17 and Figure 18 that:




	(a).

	
For Specimen B5, the measured temperatures pertaining to Thermocouples 9 or 10 are, respectively, higher than those related to Thermocouples 9s and 10s and the temperature difference between Thermocouple 9 (or 10) and Thermocouple 9s (or 10s) fluctuates between 80 °C and 125 °C. Therefore, to accurately measure the temperature of steel protected by the fire-retardant coating, the front part of the thermocouple should be perpendicular to the surface of the steel and their end face should be completely in touch with the steel.




	(b).

	
Since the actual thickness of the U-shaped steel is only 2.4 mm and the thermal conductivity of the steel is high, the temperatures recorded by Thermocouples 9s and 10s may be regarded as the temperatures of the inner surface of the steel. So there are remarkable temperature drops (i.e., ∆T9s-1 and ∆T10s-4) at the interface between the U-shaped steel and the in-filled concrete. This may be due to the gap between them induced by the loading and heating. The thermal conductivity of the air and water vapor in the gap is significantly lower than that of the steel and concrete, which impedes the heat flow from the steel to the in-filled concrete to some extent.




	(c).

	
With the increasing of the heating time, the temperature drop at the steel-concrete interface (i.e., ∆T9s-1 and ∆T10s-4) increases at first and then decreases gradually. For Specimens B1, B3, and B4 with a fire insulation thickness of 10 mm, the peak values of ∆T9s-1 vary between 175 °C and 230 °C, and the peak values of ∆T10s-4 range from 205 °C to 280 °C. However, for Specimen B5 with a fire insulation thickness of 18 mm, the peak values of ∆T9s-1 and ∆T10s-4 are, respectively, 130 °C and 183 °C. Clearly, for any given specimen, the peak value of ∆T10s-4 is higher than that of ∆T9s-1, which implies that the thermal resistance at the interface between the U-shaped steel and the in-filled concrete near the mid-height of the beam is greater than that at the bottom. On the other hand, the temperature drop at the steel-concrete interface decreases with increasing the thickness of the fire insulation.










3.3. Structural Response


The measured mid-span deflection-time curves of the specimens are shown in Figure 20. The horizontal dashed line in the figure represents the critical mid-span deflection (i.e., 107.5 mm) at which the fire resistance of the specimens reached. It can be concluded that:




	(a).

	
The measured mid-span deflection-time curves of the specimens with different replacement ratios of DCLs (i.e., Specimens B1 and B3 and Specimens B2 and B4) are close to each other, which implies that using DCLs has almost no influence on the fire-induced deformation.




	(b).

	
When the load ratio and the thickness of the fire insulation are the same, the mid-span deflections of the specimens with longitudinal reinforcements (i.e., Specimens B2 and B4) develop much more slowly than those of the specimens without longitudinal reinforcements (i.e., Specimens B1 and B3) because the mechanical properties of the embedded longitudinal reinforcements degrade more slowly than those of the U-shaped steel.




	(c).

	
For Specimens B2, B4, and B5 with the same applied load, the development of the mid-span deflections of the former two with longitudinal reinforcements and an insulation thickness of 10 mm is slightly slower than that of the latter one without longitudinal reinforcements and having an insulation thickness of 18 mm.










3.4. Fire Resistance


The measured fire resistance of the specimens is listed in Table 1. It can be seen that:




	(a).

	
The fire resistance of Specimen B1 (or B2) is very close to that of Specimen B3 (or B4), which indicates that the replacement ratio of DCLs within a range of 0% to 33% has a very limited effect on the fire resistance of the specimens.




	(b).

	
With the same load ratio and insulation thickness, the fire resistance of Specimen B2 (or B4) is about 50% longer than that of Specimen B1 (or B3), which implies that embedding longitudinal reinforcements increases the fire resistance significantly.




	(c).

	
Although Specimens B2, B4, and B5 were subjected to the same applied load, the former two exhibit longer fire resistance than the latter one, which indicates that embedding longitudinal reinforcements (2φ18) is more effective in improving fire resistance than increasing insulation thickness from 10 mm to 18 mm.




	(d).

	
When the actual load ratio is 0.45 and the insulation thickness is 10 mm, the beams without longitudinal reinforcements and with a longitudinal reinforcement ratio of 0.7% can meet the requirements of fire resistance classes R90 and R120, respectively. At the same time, the beam without longitudinal reinforcements and with an insulation thickness of 18 mm can satisfy the requirements of fire resistance class R120 at an actual load ratio of 0.625.











4. Numerical Study


The SAFIR software, developed at the University of Liege, Liege, Belgium, has been widely used to analyze the behavior of structures in fire [30,31]. It is used to set up finite-element models to predict the thermal and structural responses of the U-shaped steel beams filled with DCLs and FC exposed to fire. Thermal analysis is performed prior to structural analysis to obtain the thermal profiles of such beams. Their structural behavior in fire is then simulated.



4.1. Finite-Element Models


The temperature distribution along the length of the beam is assumed to be uniform. Therefore, a plane model, as shown in Figure 21, is employed in the thermal analysis. This plane section (including the U-shaped steel, in-filled concrete, fire-retardant coating, and longitudinal reinforcements) is discretized by many triangular elements. In this model, to take the effect of interface thermal resistance into account, a thin interface layer is assumed to exist between the U-shaped steel and the in-filled concrete. In order to enhance the compatibility of the element meshes, the thickness of the interface layer is assumed to be 2 mm. The outer surface of the U-shaped steel is coated by fire-retardant coating. The bottom and side surfaces of the beam and the soffit of the slab are exposed to the fire with the heating process shown in Figure 14. The convective heat transfer coefficients are 25 W/m2 K for the surfaces exposed to fire and 9 W/m2 K for the unheated top surface of the slab. The thermal emissivity of the surface of concrete is 0.56 and the surface of fire insulation is 0.496 [32].



Figure 22 shows the finite-element model for the structural analysis. The beam elements provided by the SAFIR software are adopted in this model. The discretization of the cross section of the beam for structural analysis is the same as that for thermal analysis. There are two options to model the interaction between the U-shaped steel and the in-filled concrete. First, the bond between the steel and concrete is considered perfect and no slip occurs, which was employed in past research [33,34,35]. Second, the interaction between the steel and concrete is simulated by using spring elements and contact elements [36,37]. According to the above-mentioned test observation (see Section 3.1), the slip between the U-shaped steel and the in-filled concrete can be neglected approximately, thus the first option is adopted in this study. In Figure 22, the vertical load FN is that applied to the beam during the fire test and “F0” indicates that the displacement of the node along the arrow is fully constrained.



SAFIR uses an iterative procedure to converge on the correct solution for each increment. In this study, a tolerance value of 0.001 is adopted during the calculations. The failure limit state (i.e., the state at which the beam’s fire resistance is reached) used for the structural analysis is the same as that for the fire test, which has been given in Section 2.2.




4.2. Thermal and Mechanical Properties


Variations of the thermal and mechanical properties of the U-shaped steel and longitudinal reinforcements (including density, specific heat, thermal conductivity, thermal strain, and stress-strain relationship) with temperature are determined, according to Eurocode 4 [38]. The elastic modulus of the U-shaped steel and longitudinal reinforcements at room temperature is taken as 2.1 × 105 MPa. The yield strengths of the U-shaped steel and longitudinal reinforcements listed in Table 1 are employed in the structural analysis. The thermal properties of the demolished concrete are assumed to be the same as those of the fresh concrete and are determined in accordance with Eurocode 2 [39]. The upper limit of concrete thermal conductivity given in Eurocode 2 is adopted and the moisture content of the concrete is taken as 5% by weight. The density of concrete at room temperature is taken as 2400 kg/m3. During the structural analysis, the in-filled concrete composed of DCLs and FC is considered as a whole and the combined compressive strength (fcu, com) of the in-filled concrete is calculated based on Equation (1) [24]. The stress-strain relationship of the in-filled concrete at an elevated temperature is determined according to Eurocode 2. The thermal strain of concrete with siliceous aggregates given in Eurocode 2 is employed.


fcu, com = fcu, old × η + fcu, new × (1 − η)



(1)







Due to a lack of information about the density and specific heat of the fire insulation at a high temperature, the room temperature density is adopted in the numerical analysis and the specific heat is taken as 1047 J/(kg °C) [40]. The thermal conductivity of the insulation generally increases as the temperature rises and a rate of increase ranging from about 0.0001 W/m K2 to 0.0003 W/m K2 has been recommended by other researchers [41,42]. In this way, based on the aforementioned value pertaining to room temperature, the thermal conductivity of the fire insulation at an elevated temperature (T) is determined, according to Equation (2).


   λ i  = 0.0806 + 0.00015 ( T − 20 )    



(2)







Tao and Ghannam [27] have investigated the influence of thermal resistance at the steel tube-concrete interface on the temperature distribution of the concrete-filled steel tubular columns and constant values of 0.026 m2 K/W and 0.022 m2 K/W were, respectively, suggested for the interface thermal resistance of the circular and rectangular columns with a cross-sectional size above 300 mm. The loading pattern of the U-shaped steel beams filled with DCLs and FC is completely different from that of the concrete-filled steel tubes, which means the values of interface thermal resistance for the columns may be not suitable for the beams. Through trial-and-error, the thermal resistance at the interface between the web of the U-shaped steel and the in-filled concrete is estimated as 0.03 m2 K/W and that at the interface between the bottom flange of the U-shaped steel and the in-filled concrete is estimated to be 0.02 m2 K/W. It should be noted that the thermal resistance at the steel-concrete interface is expressed as ti/λi where ti is the thickness of the putative interface layer between the steel and the in-filled concrete (assumed to be 2 mm) and λi is the thermal conductivity of the interface layer. During the thermal analysis, the density and specific heat of the interface layer are ignored [43].




4.3. Simulation Results and Discussions


The calculated and measured temperature-time curves for Specimens B4 and B5 are compared in Figure 23 in which “t” and “c” indicate the test and calculated results, respectively. It can be seen that the simulation results generally agree well with the test results except for Points 9s and 1 in Specimen B4. After the fire test, a 20 mm-wide crack was observed in the fire insulation of Specimen B4 near Points 9s and 1 (see Figure 23c), which may explain the relatively large difference between the calculated and measured temperatures.



The calculated and measured temperature drop-time curves are compared in Figure 24. For Specimen B4, the peak values of ∆T9s-1-t, ∆T9s-1-c, ∆T10s-4-t, and ∆T10s-4-c are, respectively, 192 °C, 175 °C, 275 °C, and 236 °C. For Specimens B5, the peak values of ∆T9s-1-t, ∆T9s-1-c, ∆T10s-4-t, and ∆T10s-4-c are, respectively, 130 °C, 132 °C, 183 °C, and 178 °C. This indicates that the calculated peak values are generally in good agreement with the measured ones even though the difference between the calculated and measured temperature drop-time curves is relatively large in part of the heating stage.



The calculated and measured mid-span deflection-time curves are compared in Figure 25. It can be seen from this figure that the calculated curves generally agree well with the measured ones. However, for the specimens with longitudinal reinforcements (i.e., Specimen B2 and B4), the difference between the calculated and measured curves is relatively more distinct. This may be due to the fact that the strain-hardening of the longitudinal reinforcements with relatively lower temperature than the U-shaped steel is ignored in the structural analysis. The calculated fire endurances of Specimens B1–B5 are, respectively, 96 minutes, 151 minutes, 98 minutes, 142 minutes, and 142 minutes, which generally match well with the measured values in Table 1.




4.4. Effect of Interface Thermal Resistance


To illustrate the effect of interface thermal resistance on the fire behavior of the U-shaped steel beams filled with DCLs and FC, the calculated results corresponding to the numerical models with and without an interface layer are compared in Figure 26 and Figure 27. In these two figures, “TRY” indicates that the interface thermal resistance is considered whereas “TRN” is not. It can be seen from Figure 26 and Figure 27 that:




	(a).

	
In the case that the interface thermal resistance is ignored, the temperatures of the U-shaped steel at Points 9s and 10s are lower than those when considering such thermal resistance, whereas the temperatures of the longitudinal reinforcement (Point 11) and the surface of the in-filled concrete (Points 1 and 4) pertaining to the former case are higher than those corresponding to the latter case. This is because more heat can be transferred into the concrete when such thermal resistance is neglected.




	(b).

	
In the case that the interface thermal resistance is ignored, the mid-span deflection of the U-shaped steel beam develops more slowly than that when considering such thermal resistance. This is because the temperature of the U-shaped steel is relatively lower in the former case, which makes the mechanical properties of the steel decrease more slowly with heating time. This phenomenon is especially evident for the beams without longitudinal reinforcements (i.e., Specimens B3 and B5) since the increasing of the longitudinal reinforcements’ temperature may partly offset the beneficial effect of the decreasing of the U-shaped steel’ temperature in the former case.




	(c).

	
When the interface thermal resistance is ignored, the calculated fire endurances of Specimens B3–B5 are, respectively, 130 minutes, 154 minutes, and 185 minutes, which are 32%, 8%, and 30% longer than the calculated fire endurances of three specimens when considering such thermal resistance, respectively. Clearly, neglecting the interface thermal resistance will greatly overestimate the fire resistance of the U-shaped steel beams filled with DCLs and FC.










4.5. Parametric Studies


The validated numerical models are employed to investigate the effects of the thickness of fire insulation (t), load ratio (n), and longitudinal reinforcement ratio on the fire resistance of the U-shaped steel beams filled with DCLs and FC. The geometric dimensions of the U-shaped steel and concrete slab, material properties, and boundary conditions of the beams are the same as those of Specimen B3 and remain unchanged in the parametric studies.



Variations of the beam’s fire resistance with the thickness of fire insulation, load ratio, and longitudinal reinforcement ratio are shown in Figure 28, Figure 29 and Figure 30, respectively. It can be seen from these figures that:




	(a).

	
The beam’s fire resistance almost increases linearly with the increasing of the thickness of fire insulation. When the insulation thickness rises from 10 mm to 14 mm (18 mm), the fire endurance enhances by about 43% (87%).




	(b).

	
Increasing the load ratio decreases the beam’s fire resistance noticeably. Comparing with the fire endurance related to the load ratio of 0.4, the fire endurances pertaining to the load ratios of 0.5, 0.6, and 0.7 decrease by about 12%, 24% and 35%, respectively.




	(c).

	
A significant rise in the beam’s fire resistance can be achieved by increasing the longitudinal reinforcement ratio. For example, at the load ratio of 0.5, raising the longitudinal reinforcement ratio from 0% to 0.4% (0.7%, 1.0%) increases the fire endurance by about 22% (36%, 58%).











5. Conclusions


Fire behavior of the U-shaped steel beams filled with DCLs and FC has been experimentally investigated in this paper and numerical models are developed using SAFIR to determine the thermal and structural responses of the specimens. From the experimental and simulation results, the following conclusions can be drawn:




	(1)

	
Fire behavior of the U-shaped steel beam filled with DCLs and FC including failure process, temperature distribution, mid-span deflection, and fire resistance is similar to that of the reference beam filled with FC alone, which implies that using DCLs has a very limited effect on the fire performance.




	(2)

	
Satisfactory construction quality can be achieved using the concrete pouring method in this study (i.e., all of the DCLs are put into the U-shaped steel at the same time and then the fresh concrete is poured with a continuous vibration).




	(3)

	
The interface thermal resistance between the U-shaped steel and the in-filled concrete near the mid-height of the beam is greater than that at the bottom. The thermal resistance induces a temperature drop of up to 280 °C at the steel-concrete interface. The temperature drop decreases when the thickness of the fire insulation increases.




	(4)

	
When the load ratio and the thickness of the fire insulation are the same, the mid-span deflection of the beam with a longitudinal reinforcement ratio of 0.7% develops much more slowly than that of the beam without longitudinal reinforcements and the fire resistance of the former is about 50% longer than that of the latter.




	(5)

	
When the actual load ratio is 0.45 and the insulation thickness is 10 mm, the beams without longitudinal reinforcements and with a longitudinal reinforcement ratio of 0.7% can meet the requirements of fire resistance classes R90 and R120, respectively. At the same time, the beam without longitudinal reinforcements and with an insulation thickness of 18 mm can satisfy the requirements of fire resistance class R120 at an actual load ratio of 0.625.




	(6)

	
Neglecting the interface thermal resistance between the U-shaped steel and the in-filled concrete will greatly overestimate the fire resistance of the beams. The thermal resistance at the interface between the web of the U-shaped steel and the in-filled concrete is suggested to be 0.03 m2 K/W and at the interface between the bottom flange of the U-shaped steel and the in-filled concrete is recommended to be 0.02 m2 K/W.









It should be noted that some findings mentioned above are only based on the fire tests of five beam specimens and corresponding numerical analysis. More experiments are needed in the future to further improve the aforementioned quantitative values (e.g., thermal resistance at the interface between U-shaped steel and in-filled concrete).
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Figure 1. Practical application of U-shaped steel beams filled with DCLs and FC. 
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Figure 2. Schematic diagrams of specimens (unit: mm): (a) top view, (b) A-A section, and (c) U-shaped steel and steel angle. 
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Figure 3. Demolished concrete lumps (DCLs). 
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Figure 4. Concrete casting of a specimen containing DCLs and FC. 
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Figure 5. Photo of a specimen before fire test. 
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Figure 6. Schematic diagram of the test setup. 
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Figure 7. Photo of a specimen during the fire test. 
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Figure 8. Locations of thermocouples (unit: mm). 
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Figure 9. Photos of specimens after the fire tests: (a) Specimen B1, (b) Specimen B2, (c) Specimen B3, (d) Specimen B4, and (e) Specimen B5. 
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Figure 10. Typical surface of fire insulation after the fire test. 
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Figure 11. Fracture of U-shaped steel of Specimen B5. 
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Figure 12. Surface features of in-filled concrete after the fire test: (a) Specimen B3 and (b) Specimen B4. 
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Figure 13. Cut sections of in-filled concrete after the fire test: (a) Specimen B3 and (b) Specimen B4. 
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Figure 14. Comparison of measured temperature-time curves in the furnace chamber with an ISO834 standard temperature-time curve. 
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Figure 15. Measured temperature-time curves of Thermocouples 1–8: (a) Specimen B1, (b) Specimen B2, (c) Specimen B3, (d) Specimen B4, and (e) Specimen B5. 
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Figure 16. Measured temperature-time curves of Thermocouples 11 and 12. 
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Figure 17. Measured temperature-time curves of Thermocouples 1, 4, 9s, 10s, 9, and 10: (a) Specimen B1, (b) Specimen B3, (c) Specimen B4, and (d) Specimen B5. 
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Figure 18. Temperature drop-time curves: (a) Specimen B1, (b) Specimen B3, (c) Specimen B4, and (d) Specimen B5. 
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Figure 19. Temperature distribution within fire-retardant coating: (a) Temperature of Thermocouples 9s and 9 and that in furnace and (b) Temperature of Thermocouples 10s and 10 and that in furnace. 
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Figure 20. Measured mid-span deflection-time curves. 
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Figure 21. Finite-element model of the beam for thermal analysis. 






Figure 21. Finite-element model of the beam for thermal analysis.



[image: Applsci 08 01361 g021]







[image: Applsci 08 01361 g022 550] 





Figure 22. Finite-element model of the beam for structural analysis. 
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Figure 23. Calculated and measured temperature-time curves: (a) Specimen B4, (b) Specimen B5, (c) Specimen B4, and (d) Specimen B5. 
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Figure 24. Calculated and measured temperature drop-time curves: (a) Specimen B4 and (b) Specimen B5. 
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Figure 25. Calculated and measured mid-span deflection-time curves: (a) Specimens B1 and B2, and (b) Specimens B3, B4 and B5. 
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Figure 26. Effect of interface thermal resistance on temperature development: (a) Specimen B4 and (b) Specimen B5. 
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Figure 27. Effect of interface thermal resistance on mid-span deflection. 
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Figure 28. Variation of fire resistance with thickness of fire insulation (without longitudinal reinforcements). 






Figure 28. Variation of fire resistance with thickness of fire insulation (without longitudinal reinforcements).



[image: Applsci 08 01361 g028]







[image: Applsci 08 01361 g029 550] 





Figure 29. Variation of fire resistance with a load ratio (without longitudinal reinforcements). 
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Figure 30. Variation of fire resistance with a longitudinal reinforcement ratio (fire insulation thickness = 10 mm). 
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Table 1. Details of specimens.
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Specimen

	
η

	
Longitudinal Reinforcements (ρs)

	
fyr (MPa)

	
fy (MPa)

	
fcu, new (MPa)

	
fcu, old (MPa)

	
N (kN)

	
n

	
t (mm)

	
R (min)






	
B1

	
0

	
–

	
–

	
305

	
40.6

	
36.5

	
140.5

	
0.45

	
10

	
98




	
B2

	
0

	
2φ18 (0.7%)

	
414.5

	
203.5

	
0.45

	
10

	
158




	
B3

	
33%

	
–

	
–

	
140.5

	
0.45

	
10

	
102




	
B4

	
33%

	
2φ18 (0.7%)

	
414.5

	
203.5

	
0.45

	
10

	
154




	
B5

	
33%

	
–

	
–

	
203.5

	
0.625

	
18

	
140








Note: fyr is the yield strength of 18 mm diameter longitudinal reinforcement and fy is the yield strength of U-shaped steel.
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Table 2. Concrete mix proportions (kg/m3).
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	Concrete
	Water
	Cement
	Fine Aggregate
	Coarse Aggregate
	Fly Ash
	Water Reducer





	Fresh concrete
	195
	410
	658
	1078
	75
	5



	Demolished concrete
	180
	356
	708
	1133
	50
	3











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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