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Abstract

:

This paper presents a numerical study on the thermal effect of the insulation of lightweight concrete in hybrid GFRP-concrete structures. In these hybrid structures, the GFRP profiles are totally covered by normal and lightweight concrete and subjected to thermal loads. The problem with GFRP structures is their weak thermal resistance, even at moderately high temperatures. To promote some thermal insulation, it is recommended to cover the GFRP profile with concrete, but this increases its weight. Therefore, lightweight concrete may be a good solution due to its insulation capabilities. For this study, the thermal loads used in the numerical campaign are based on a nominal fire-curved ISO-834, and the temperature is measured at several points. Using these temperatures, it is possible to conclude that the effect of lightweight concrete may provide structural benefits when compared with classical standard structural concrete for covering GFRP profiles using different cover values (from 5.0 cm to 2.5 cm). For this work, commercial finite element software was used for the thermal nonlinear analysis. It was possible to conclude that with lightweight concrete, it is likely to have half of the cover and still maintain the same level of insulation as regular concrete.
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1. Introduction


The recent use of FRP structures is growing in the civil engineering industries [1], and its application in the scientific community is highly regarded, with a new Eurocode for FRP structures on the horizon [2]. It allowed for future predesign guidelines to be applied to FRP structures in real-life load scenarios [3].



FRP materials (FRPs) have enormous potential as construction materials, presenting several advantages when compared with traditional materials: high mechanical performance, lightness, low maintenance, improved durability, and increasingly competitive costs [4,5]. These characteristics are particularly relevant for building rehabilitation or pedestrian bridges [6,7], since the use of FRPs often does not need elevation devices and introduces much lower loads over existing construction elements.



With regard to its lightness, this material is economically competitive for the construction of temporary structures in emergency situations and in the rehabilitation of old structures [8]. The lightness and ease of assembly are important additional advantages, reducing the costs and duration of the work, which is also vital in new construction [9].



Recently, with the study of new orthotropic damage models applied to glass fiber reinforced polymer (GFRP) structures [10,11], it has been possible to fully understand their postpeak behaviour in real column-beam connections in GFRP structures [12].



The use of FRPs with RC offers several advantages (despite their higher initial costs), relative to their increased strength and anticorrosion properties [13,14,15]. However, several concerns exist relative to the fire behaviour performance of GFRPs due to their mechanical and adhesion properties being drastically reduced after (70–150 °C), which is why the main design codes/guidelines discourage the use of FRP in building structures until a consistent fire insulation is achieved.



For this reason, the use of hybrid GFRP-concrete structure requires a thick cover to consider the need of fire insulation with concrete. However, thick cover is a noneconomic solution, and increases the total weight, just to gain fire resistance. A solution is to use lightweight concrete (LC) instead of normal concrete (NC), due to its higher insulation properties for ambient and high temperatures. In addition, contrary to steel reinforced LC, in hybrid GFRP-LC structures there is no fasten corrosion problem in the long term, which is a known disadvantage in the scientific community when using LC with steel (contrary to NC). Furthermore, the use of normal concrete takes advantage of the lightness of GFRP, which makes the use of lightweight concrete an attractive alternative. This last statement is even more important, especially in zones prone to earthquakes, in which this hybrid GFRP-LC presents less self-weight, and therefore, fewer structural responses to seismic activity.



1.1. Objectives


The main objective of this work is to study the thermal insulation efficiency of the use of LC in hybrid GFRP-concrete structures. This is performed using a thermal numerical analysis with the aid of the commercial finite element software ABAQUS. A numerical non-linear thermal analysis is performed in a 2D hybrid GFRP-concrete section with normal and lightweight concrete, in which all the thermal properties are temperature-dependent. To assess the efficiency of the insulation, internal temperatures are compared at different heights, with different covers and different types of concretes.




1.2. Research Significance


According to the authors’ best knowledge, research regarding the thermal performance of hybrid GFRP-LC beams when subjected to a nominal ISO-834 interior fire [16] is almost null in the scientific community. Although it is known in the scientific community that LC presents lower conductivity than NC, there is no reference in Eurocode 2: Design of concrete structures—Part 1–2: General rules—Structural fire design regarding the minimum needed cover for LC to present the same insulation as NC. This study plans to fill this gap in knowledge.





2. Applications of Hybrid GFRP Concrete Structures


2.1. The Known Fire Problem in GFRP Structures


The application of FRP materials has been focused on bridges since fire resistance is not a design requisite. Its application in buildings has been postponed due to its performance in the presence of fire [17], in which its mechanical and resistance properties are severely reduced at 70–150 °C, values close to the glass transition temperature (Tg) [18]. Moreover, even at temperatures lower than standard building fires 350–500 °C, their organic matrix decomposes, causing further deterioration [19].



Fire resistance tests on RC beams strengthened with conventional FRP bonded with epoxy-based adhesives [20] have confirmed the reductions in mechanical and bond properties at elevated temperatures. Recent research conducted at the research centre CERIS [21] has shown that large thicknesses of thermal insulation are generally only needed in the FRPs’ anchorage zones.



In terms of GFRP rebars, some authors [22] have reported that when the Tg is exceeded, a loss of bond between the GFRP and concrete occurs. This leads to premature structural collapse due to bar debonding in lap-splices [23]. Therefore, the use of normal RC takes advantage of the lightness of GFRP, which makes the use of lightweight concrete (LC) an attractive alternative.



During the last 10 years, investigations in CERIS research centre have developed extensive know-how on the fire performance and behaviour of civil engineering materials and concrete structures [24,25]. In these works, it was concluded that FRP, and more precisely, GFRP structures, can indeed compute with classical steel reinforced concrete structures for ambient temperatures. However, for higher temperatures, due to low glass temperature transition in GFRP, the structural robustness is dependent on an efficient thermal insulation. Therefore, extra studies were promoted; these included: extensive experimental and numerical campaigns in bond at elevated temperatures of FRP-RC beams [26,27]; fire behaviour of GFRP profiles [28]; strengthened FRP-RC beams [21]; and lately, fire behaviour of GFRP rebars in RC beams [29].




2.2. Motivation for the Use of Lightweight Concrete


Recent studies [30,31] indicate that it is possible to take advantage of a simple GFRP-RC connection with a significant increase in resistance. Therefore, by using LC, which has only 1/4 of the conductibility of RC, it is expected to fully cover a GFRP profile with a minimum covering while maintaining some lightness in order to have an increase in resistance to ambient temperature and improved fire behaviour.



Another advantage of using a combination of GFRP and LC is that steel rebars tend to initiate corrosion more quickly due to the high level of carbonation in LC when compared with normal RC. In this case, the carbonation does not affect the GFRP since no corrosion exists.



Finally, a hybrid GFRP-LC design is feasible, confirming the building’s fire safety code. This research, like earlier fire research (1970s) in composite steel-concrete structures, in which the concrete protected the steel from high temperatures, aims to fill this gap in knowledge.




2.3. Recent Developments in Hybrid GFRP Concrete Structures


Although some research exists concerning hybrid GFRP-RC beams [30,32,33], due to the idea that the interface behaviour of GFRP-RC is almost nonexistent, this research path has been forgotten. Recently, several authors have confirmed through experimental results [30,31,34] that this may not be true, and that further investigations are necessary in order to achieve the correct bond-slip in GFRP-RC. Moreover, some authors have encouraged results regarding hybrid GFRP-RC beams if proper connections or adhesives are used [35]. In the last work of Ines Rosa [29], GFRP rebars without ribs were proven to have an efficient adhesion/connection to normal concrete, confirming that the interface between GFRP-RC is not negligible.





3. Thermal Properties


For the thermal properties and their temperature variation, it was chosen to use values and variations from known structural Eurocodes for concrete and GFRP structures. Therefore, the volumetric mass density, conductivity, and specific heat for concrete are obtained from Eurocode 2: Design of concrete structures—Part 1–2: General rules—Structural fire design [36] for elevated temperatures (1). For the flux boundary prescribed parameters concerning convection and radiation, the values proposed in [37] were adopted. A summary of all thermal material properties at ambient temperature is in Table 1.


  p r o p e r t y   T ° C   = p r o p e r t y     T   a m b   ° C   × r a t i o   ( T ° C )  



(1)







3.1. Concrete


For the normal concrete, the thermal property values for an ambient temperature of 20 °C were used, which include volumetric mass   ρ = 2400   k g /   m   3    , conductivity     k   c   = 1.642   W / m K ,   and specific heat     c   ρ   = 900   J / k g K  . Its ratio variations (1) with temperature are depicted in Figure 1, and are according to [36] for elevated temperatures.



For LC, the values of thermal properties at ambient temperature are, according to recent studies [38],   ρ = 1550   k g /   m   3    , conductivity     k   c   = 0.5   W / m K ,   and specific heat     c   ρ   = 800   J / k g K  . For the LC, the ratio variation for high temperatures was the same as normal concrete for volumetric mass and conductivity Figure 2. However, for the specific heat, the ratio variation from the work of [39] was used, since the one adopted from NC is not applicable, according to these authors.




3.2. GFRP


Thermal property data for an ambient temperature of 20 °C were used for the GFRP [2,40], concerning volumetric mass   ρ = 1890   k g /   m   3    , conductivity     k   c   = 0.35   W / m K  , and specific heat     c   ρ   = 1053   J / k g K  . Although, as referred to in Table 1 that GFRP does not possess a reliable structural performance for temperatures above 200 °C, in any case, it was admitted that it had thermal properties above this value for the thermal heat transfer analysis. In Figure 3, the ratio variations (1) of the thermal properties are presented for the GFRP, and these are according to the results from the work of [40].




3.3. Convection and Radiation


According to [37], when using nominal fire curves such as ISO-834, it is recommended to use a convection coefficient of     h   c   = 25   W / (   m   2   K )  , a Stefan–Boltzmann constant of   s b = 5.67 ×   10   − 8     W / (   m   2     K   4   )  , and an emissivity of 0.7 for the radiation flux for all materials, as recommended for concrete in Eurocode 2: Design of concrete structures—Part 1–2: General rules—Structural fire design [36]. Different values can be adopted, but these were chosen for this numerical study since they are related to the thermal parameters used for ultimate limit state verification.





4. Numerical Model


In this section, the numerical model used to assess the efficiency of the concrete thermal cover is fully described. It presents the geometry and mesh only for the 5.0 cm. For the 2.5 cm cover, half of the cover is suppressed, but the proceedings are similar. For the finite element analysis, the commercial software ABAQUS standard is used, with a nonlinear thermal analysis, in which all the material properties are temperature-dependent.



4.1. Geometry and Boundaries


A standard section involving a beam and concrete slab was used to simulate real structural geometry, for a 5 m span in a residential building. For this reason, a beam with dimensions 600 mm × 250 mm was used (Figure 4), connected to a slab of 150 mm thickness. For the GFRP a classical I profile is used with a total height of 500 mm, therefore a cover of 50 mm was adopted. It is important to note that for steel rebars, the cover is around 30 mm to 40 mm; in any case, more thick cover was chosen to provide some insulation for the GFRP profile, when the bottom surface to the beam is subjected to a fire.



The slab has a total width of 600 mm, and its left and right boundaries are considered thermally adiabatic. For a classical concrete slab, supported by beams, a thickness of 150 mm is standard for spans from 3.0 m to 4.0 m. To reduce the computational cost, symmetry theory was applied in the vertical axis, and in this boundary, the thermal adiabatic condition is also attributed.




4.2. Type of Analysis


A 2D thermal nonlinear analysis, with Newton-Raphson predictor corrector, is used, and necessary, due to the thermal properties of the materials being temperature-dependent. Nonlinear heat transfer difficulties can occur when the material properties are temperature-dependent or when the boundary conditions are nonlinear. Temperature-dependent material properties often have minor nonlinearity since the properties do not change quickly with temperature. To address nonlinear heat transfer issues, Abaqus/Standard employs an iterative approach. The approach employs the Newton-Raphson method, with some modifications, to increase the iteration process’s stability in the presence of highly nonlinear latent heat effects. To control the flux transfer between nodes, the maximum allowed temperature change per increment was 20K. This is necessary according to [41], in which the time step increment will decrease, but will produce a more stable numerical nonlinear thermal solution.




4.3. Thermal Loads


Different thermal loads were applied to the bottom and latter surfaces of the beam cross-section, which is according to the design requirements of Eurocode 2: Design of concrete structures—Part 1–2: General rules—Structural fire design. For the bottom and lateral surfaces of the beam and slab, a prescribed boundary flux with convection and radiation was applied (2). For the bottom and lateral surfaces of the beam and slab (Figure 5b,c), the sink temperature     T   ∞     is equal to the ISO-834 [16] fire nominal curve (3). However, for the top surface of the slab and beam, ambient constant temperature was adopted for the sink temperature     T   ∞   =   T   a m b   = 20 ° C  . Nonlinear boundary conditions are common but modest and provide minimal difficulties. Heat transfer problems are always nonlinear due to radiation effects, and as temperatures rise, nonlinearities in radiation increase.


  q =   − h   c       T   S U F   −   T   ∞     − ε σ         T   S U F   + 273     4   −       T   ∞   + 273     4      



(2)






    T   ∞   =      T   I S O   =   T   0   + 345 ×     log   10    ⁡    8 × t   m i n   + 1         



(3)








4.4. Adopted Mesh


For the adopted mesh, two different types of elements were used for the GFRP and concrete. For the GFRP, a structured mesh using eight-quad node element DC2D8 with full integration was used, but for the concrete, a triangular six-node element DC2D6 with full integration was adopted, using an advancing front mesh. Different elements were used in the concrete and GFRP, due to the difficulty of presenting a correct, nondistorted mesh only with quad elements. When generating the mesh, it was admitted a maximum size of 7.0 mm for the quad elements in the GFRP, and a maximum size of 6.0 mm for the triangular elements in the concrete. These maximum sizes are more than enough due to the use of quadratic approximation functions.





5. Analysis of the Results


In this section, the results from the thermal nonlinear analysis of a hybrid GFRP-concrete 2D section with normal and LC and different concrete cover thicknesses are presented. According to [2], the average stiffness and strength of GFRP are severely reduced at high temperatures, and the reduction ratios are presented in Table 2. It is important to point out that for temperatures near 200 °C, both stiffness and strength present a severe reduction, and it can be admitted that the GFRP structural performance is compromised, and collapse is imminent. Therefore, for the analysis of the results, it will be considered that temperature values above 200 °C are unacceptable to be used as a structural solution.



The temperatures are measured at three points, which are represented in Figure 4: Point A is on the lower surface of the bottom flange of the GFRP profile; point B is on the upper surface of the bottom flange of the GFRP profile; and point C is on the bottom connection between the flange and the web. These three chosen points are related to the upper and lower temperature distribution in the flange, and the maximum temperature in the connection between the flange and the web. When all these three points reach values above 300 °C, there is no guarantee of structural safety.



For the first example, it is considered to have the same geometry as in Figure 4, with a concrete cover of 5.0 cm. However, for the second example, the cover thickness is reduced by 12 by adopting a value of 2.5 cm. In any case, the points are analogous to the initial geometry but with different heights.



5.1. Geometry with 5.0 cm of Concrete Cover


In Figure 6a, it is possible to observe that for NC, both points A and B reach values of temperature above 200 °C just after 45 min, and in particular, point A after only 25 min, not even reaching the 12 h mark. Contrary to LC, both points A and B took more than 75 min to reach the temperature of 200 °C. For point C, it took NC more than 90 min to reach temperatures above 200 °C, but this temperature value was never reached for 2 h in point C for LC. From Figure 6a, it is possible to conclude that the top surface of the bottom GFRP flange surface presents temperatures between 100 °C and 300 °C after 2 h of fire exposure with LC, compared with a range of temperatures between 300 °C and 500 °C with NC.



Although this is only a thermal analysis, it can be approximately stated that the solution with LC presented an extra thermal safety around 30 min. This is related to the temperature in the flange being lower in the LC than NC, and that the temperature in the connection between the web and the flange not passing 200 °C even after 2 h. For the bottom surface, its maximum temperature is around 1040 °C, a value close to 1049 °C reached by the ISO-834 after 2 h of fire exposure, therefore validating the numerical model, when the boundary temperatures are directly compared. Moreover, the temperature field distribution is also very similar to the one present in Annex A of Eurocode 2: Design of concrete structures—Part 1–2: General rules—Structural fire design, for two hours of fire exposure to the nominal ISO-834 curve.




5.2. Geometry with 2.5 cm of Concrete Cover


For the 2.5 cm cover, the temperature variation in time at the same points A, B, and C marked in Figure 4 are depicted in Figure 7. Although points B and C present similar temperature variations for covers of 5.0 cm and 2.5 cm, respectively, there is a clear difference in point A. For point A, the temperatures are 697 °C and 785 °C for 5.0 cm and 2.5 cm of cover, respectively. In Figure 6b) with a 5.0 cm cover, even for NC, the temperature in the GFRP web is clearly below 250 °C, but for a 2.5 cm cover in Figure 7b), this value raises almost to 300 °C. For this reason, the reduction of the NC cover cannot properly insulate the GFRP web from elevated temperatures, and the use of LC is fundamental.



Another important fact can be observed in Figure 8 for point A, in which the NC with 5.0 cm reaches 200 °C after 30 min, but the same LC with 2.5 cm also reaches this temperature value after 30 min. This leads to the conclusion that LC with half the cover of NC may present the same fire resistance time in hybrid GFRP-concrete structures.





6. Conclusions


In this study, the efficiency of thermal isolation with LC in hybrid GFRP-concrete structures was numerically assessed, using thermal nonlinear analysis with classical finite element models, in which all thermal properties were temperature dependent. Four numerical models were assembled, with different concrete types from normal to light weight, and with different covers from 2.5 cm to 5.0 cm, in order to understand the need for a lower cover thickness with LC. Several conclusions and assumptions can be derived from this numerical campaign:




	
It was concluded that for the same level of concrete cover over the GFRP, LC can achieve an extra fire resistance exposure time of around 30 min when compared with NC for hybrid GFRP-concrete structures. This condition is comparable with the ones provided by adding a small thickness of silicate of calcium (SC), normally used in fireproof solutions.



	
In addition, the temperature distribution with NC and LC was compared with different concrete covers over the GFRP, and it was possible to conclude that LC needs less cover to present the same fire resistance exposure time. Since only half of the cover is needed for the LC solution, and the self-weight is smaller, the total structural dead load is smaller, reducing future structural responses due to earthquakes.



	
Even for NC, the temperature in the GFRP web is clearly below 250 °C with a 5.0 cm cover, but with a 2.5 cm cover, this value rises almost to 300 °C after two hours. For LC with 2.5 cm, in the GFRP web this value is around 200 °C after two hours, which is enough to maintain some residual strength and stiffness in the GFRP.



	
As a result, reducing the NC cover cannot adequately insulate the GFRP web from elevated temperatures, and the use of LC is critical to achieve an economical and efficient structure.








6.1. Limitations of the Study


This study is only comprised of a thermal analysis, in which the maximum allowed temperature in the GFRP is compared, meaning the results extrapolated for the mechanical analysis are only an approximation. Moreover, the efficiency of the interface between the GFRP and the concrete was not taken into account, and some recent studies [29,42] have suggested that the connection between GFRP and concrete is almost neglected above 150 °C. For this reason, the idea of using LC can promote a more robust solution in hybrid GFRP-concrete structures when subjected to the action of a nominal interior fire. In addition, these cover geometries are only valid for fire in the interior of the building; for external fires or wildfires, extra research may be needed.




6.2. Further Developments


To better understand the difference in the structural response of hybrid GFRP-concrete structures, when subjected to the action of a nominal fire curve with NC and LC, a sequentially coupled thermal-mechanical analysis is necessary. It is expected to embark on a future 3D numerical campaign to access the previous conclusions more correctly. The problem is that the bond-slip interface between GFRP profiles and LC is not known at the moment; therefore, the bond-slip used in GFRP rebars from the work [29] will be used. Another important aspect ot study at ambient and high temperatures in the near future is the beam-column and slab-beam of hybrid GFRP-LC structures, in which some know-how is already present in the previous work of [12].
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Figure 1. Ratio variation of thermal properties vs. temperature for NC according to [36]. 
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Figure 2. Ratio variation of thermal properties vs. temperature for LC according to [36,39]. 
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Figure 3. Ratio variation of thermal properties vs. temperature for GFRP according to [2,40]. 
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Figure 4. Adopter geometry of the hybrid concrete-GFRP beams for normal and lightweight concrete. Point A bottom flange lower surface; Point B bottom flange upper surface; Point C connection of web to flange. 
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Figure 5. Mesh and model geometry; (a) adopted geometry of the hybrid concrete-GFRP beams; (b) prescribed boundary flux using ISO-834; (c) prescribed boundary flux using an ambient temperature of 20 °C. 
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Figure 6. (a) Temperature variation in time for the beam with 5.0 cm of cover in degrees Celsius; (b) temperature distribution in degrees Kelvin for 2 h of fire exposure for NC with 5.0 cm of cover. 
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Figure 7. (a) Temperature variation in time for the beam with 2.5 cm of cover in degrees Celsius; (b) temperature distribution in degrees Kelvin for 2 h of fire exposure for NC with 2.5 cm of cover. 
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Figure 8. Temperature at point A for normal concrete with 5.0 cm cover and lightweight concrete with 2.5 cm cover. 
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Table 1. Material thermal properties used in the non-linear analysis for ambient temperatures.
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	Material
	Conductivity
	Specific Heat
	Density





	NC
	   1.642   W / m K   
	   900   J / k g K   
	   2400   k g /   m   3     



	LC
	   0.50   W / m K   
	   800   J / k g K   
	   1550   k g /   m   3     



	GFRP
	   0.35   W / m K   
	   1053   J / k g K   
	   1890   k g /   m   3     
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Table 2. Material properties reduction for high temperatures. It uses the symbol “-“ when the residual properties are near 0%.
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	Temperature
	Tensile Strength
	Compressive Strength
	Shear Strength
	Longitudinal Tensile Modulus
	Shear Modulus





	200 °C
	<60%
	<8%
	<10%
	<95%
	-



	300 °C
	-
	-
	-
	<80%
	-
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