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It is widely accepted that concrete columns confined with fiber-reinforced polymer (FRP) jackets exhibit significant increases in strength and ductility with reference to the unconfined case. Existing experimental studies have indicated that the hoop rupture strains measured in the FRP jackets are significantly lower than the material strain capacity determined by the flat coupon tensile tests. An FRP efficiency factor is then usually used to define the ratio of the average hoop rupture strain to the material strain capacity of the FRP jackets, which governs the lateral FRP confinement as well as the peak strength and ultimate strain of the FRP-confined concrete under axial compression. FRP jackets are also expected to be a promising solution to repair damaged RC columns after fire exposure. However, there is lacking research on the behavior of FRP-confined fire or heat-damaged concrete columns. In particular, the FRP efficiency factor of FRP-confined fire or heat-damaged concrete columns has not yet been established. The study presents the results of an experimental study aimed to investigate the effects of the historical high temperature and the layer of basalt FRP (BFRP) jackets on the efficiency factor of BFRP for the confined heat-damaged concrete cylinders. A sum of 51 standard concrete cylinders is prepared and tested under axial compression. The parameters varied between tests are the historical high temperature (200°C, 400°C, 600°C, or 800°C) that is used to produce the heat damage of concrete cylinders and the number of layers of BFRP jackets (2, 3, or 4). The test results have indicated that the efficiency factor of BFRP jackets increases with the historical high temperature but decreases slightly with the increase in the BFRP layers. A new temperature-dependent design equation for the BFRP efficiency factor of the confined heat-damaged concrete is proposed to consider the effects of the parameters mentioned above and can be used for practical design.
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INTRODUCTION
Fiber-reinforced polymer (FRP) composites have been widely used for the repair and strengthening of concrete columns. The use of FRP jackets can enhance the compressive strength and ductility of concrete columns. The success of FRP confinement is mainly related to the excellent properties of FRP composites, including high tensile strength, corrosion resistance, lightweight, and easy application (Jiang and Teng, 2013; Bai et al., 2021). Extensive research on FRP-confined concrete columns has led to a good understanding of the axial compressive behavior and the related concrete confinement models (Xiao and Wu, 2000; Ilki et al., 2008; Yu et al., 2010a; Yu et al., 2010b; De Luca et al., 2010; Dai et al., 2011; Ozbakkaloglu et al., 2013; Zhou et al., 2016; Bai et al., 2017; Lin and Teng, 2017; Ouyang et al., 2017; Wang et al., 2017; Zeng et al., 2017; Zeng et al., 2018; Guo et al., 2019; Zeng et al., 2020a; Zeng et al., 2020b; Zeng et al., 2020c; Lin and Teng, 2020; Yan et al., 2021; Zeng et al., 2021). It is well known that the failure mode of FRP-confined concrete cylinders is usually dominated by the tensile rupture of the FRP jackets in the hoop direction. The existing results have indicated that the FRP jackets usually exhibit tensile rupture failure with a strain level lower than the maximum tensile strain of the material measured by the flat coupon tests (Rousakis and Tepfers, 2004; Berthet et al., 2005; Lam et al., 2006; Jiang and Teng, 2007; Wang and Wu, 2008; Smith et al., 2010; Lim and Ozbakkaloglu, 2014; Jian and Ozbakkaloglu, 2015). In other words, the hoop rupture strain of FRP in FRP-confined concrete in the ultimate state is less than the maximum tensile strain obtained from the flat coupon tests. Therefore, some researchers have proposed FRP efficiency factors to describe the ratio of the hoop rupture strain of FRP jackets to the maximum tensile strain of the material. Also, several investigations have been conducted to propose design values of FRP efficiency factors [e.g. (Xiao and Wu, 2000; Lam and Teng, 2004; Rousakis and Tepfers, 2004; Smith et al., 2010; Chen et al., 2013; Wu and Jiang, 2013; Pham et al., 2015)]. It is found that the detailed values of the FRP efficiency factors exhibit large scatter, mainly due to the different design parameters considered in the existing experimental studies. For example, Lam and Teng (2004) reported that the FRP efficiency factor of nine CFRP-confined cylinders was only 0.581, while that of six GFRP-confined cylinders was 0.669. In addition, the American Concrete Institute (ACI) guidelines recommend using a constant value of 0.55 to determine the FRP efficiency factor of FRP-confined concrete for practical design purposes (ACI, 2008).
On the other hand, fire represents one of the most severe disasters that concrete structures may encounter during their service life. Concrete structures usually have good fire resistance, mainly due to the low thermal conductivity and non-combustibility of concrete, which provide good fire protection for the internal steel bars (Gao et al., 2014; Gao et al., 2016; Gao et al., 2017). Existing survey data show that concrete buildings rarely collapse in fires, and most of the fire-damaged reinforced concrete (RC) members can be repaired to restore their structural functions (Yaqub and Bailey, 2011; Yaqub et al., 2011; Yaqub et al., 2013; Al-Kamaki et al., 2015). The successful use of FRP jackets to strengthen RC columns indicates that they are also expected to be used to repair fire-damaged RC columns (Yaqub and Bailey, 2011; Yaqub et al., 2011; Yaqub et al., 2013; Al-Kamaki et al., 2015). However, limited research is available in the literature to study the confinement mechanism of FRP jackets on confined heat- or fire-damaged concrete (Bisby et al., 2011; Lenwari et al., 2016; Ouyang et al., 2021; Song et al., 2021). Bisby et al. (2011) evaluated the compressive strength and the related axial stressstrain responses of unconfined and CFRP-confined concrete cylinders after exposure to various high temperatures (i.e., 300°C, 500°C, and 686°C). The test results showed that the heat-damaged concrete confined with a single CFRP jacket layer had a significant increase in the recorded axial strain at the time of failure compared with the unconfined concrete. The FRP efficiency factor of FRP-confined heat-damaged concrete is higher than that of the FRP-confined undamaged concrete. More recently, the authors conducted some axial compressive tests to investigate the confinement mechanism of BFRP-confined heat-damaged cylinders and prisms, and the authors also reported similar observations (Ouyang et al., 2021; Song et al., 2021). That is, in our tests, the BFRP jackets are more effective in enhancing the compressive strength of the heat-damaged concrete than that of the undamaged concrete. The FRP strengthening efficiency was more significant for the concrete cylinders or prisms with higher levels of heat-induced damage.
To further investigate the BFRP efficiency factor of the BFRP-confined heat-damaged concrete cylinders, this study presents the results of the axial compressive tests aiming to examine the effects of the heat-induced damage level of concrete and the number of BFRP jacket layers on the efficiency of BFRP jackets in the BFRP-confined heat-damaged concrete cylinders. Also, the failure modes and lateral strain distributions are examined and reported in detail. The test results show that the BFRP efficiency factor increases with the historical high temperature but slightly decreases with the increase of BFRP layers. In addition, a new temperature-dependent design equation for the BFRP efficiency factor of the confined heat-damaged concrete is proposed for practical design purposes.
EXPERIMENTAL PROGRAM
Test Specimens
In the study, 51 standard concrete cylinders with a diameter of 150 mm and a height of 300 mm were cast and tested under monotonic axial compression. The specimens were divided into three groups: one unheated case used as a control group, four cases of heat-damaged concrete without strengthening, and 12 cases of heat-damaged concrete with different layers of BFRP jackets. For each design case, three identical specimens were prepared. The variables of this study were the target temperatures (20°C, 200°C, 400°C, 600°C, and 800°C) and the number of layers of the BFRP jackets (0, 2, 3, and 4). Each specimen is named by a label consisting of two letters (T stands for the target temperature and L stands for the number of BFRP layers), followed by a number to distinguish nominally identical specimens. For instance, “T400-L2-1” denotes the first specimen of three duplicates that was heat-damaged after exposure to 400°C and then confined with two layers of BFRP jackets.
Material Properties
All the specimens were cast with the same concrete mix design. The concrete mix included sand, crushed granitic rocks, ordinary Portland cement (OPC), and water. River sand was used as the fine aggregate, and crushed granitic rocks with a maximum size of 10 mm were used as the coarse aggregate. The mixing proportion of 1 cubic meter of concrete consisted of 438 kg cement, 704 kg fine aggregate, 1,103 kg coarse aggregate, and 206 kg water. The compressive strength and elastic modulus of concrete were determined to be 45.1 MPa and 21.9 GPa, respectively. The basalt fibers used in the study were in the form of continuous unidirectional fabric sheets with a nominal thickness of 0.121 mm and a width of 300 mm. The tensile strength and elastic modulus of the BFRP jackets were obtained according to the flat coupon tests recommended by the ASTM D3039 standard (ASTM, 2017). Table 1 lists the test results and the specified mechanical properties of BFRP sheets provided by the manufacturer.
TABLE 1 | Properties of BFRP sheets.
[image: Table 1]Heating Regime
Four representative high temperatures (i.e., 200°C, 400°C, 600°C, and 800°C) were used in this study to induce the light (after exposure to 200°C), moderate (after exposure to 400°C or 600°C), and severe (after exposure to 800°C) damage of concrete. Three standard concrete cylinders (unheated) were tested at 20°C as a control group. Prior to heat exposure, the remaining 48 concrete cylinders were oven-dried at 105°C for 24 h to reduce the water content of the concrete. It is well recognized that the high water content in concrete may cause explosive spalling of concrete during heating (Gao et al., 2013; Yang et al., 2019), and RC columns that have been serviced for many years generally exhibit much lower water content than fresh concrete. Therefore, the purpose of pre-drying treatment is to reduce the moisture content of fresh concrete so that the concrete reaches a relatively actual moisture content like that during service. The concrete cylinders were exposed to a high temperature of 200°C, 400°C, 600°C, or 800°C in an electric furnace. A heating rate of 5°C/min was set for the furnace temperature, which was monitored by a thermocouple placed in the chamber. After the high temperature was obtained, it was maintained for 2.5 h to endure that the entire cross-section of the concrete cylinder achieved an almost uniform high temperature. Such a heating period was determined by numerical analysis of heat transfer according to the finite element model proposed by the authors (Gao et al., 2013; Gao et al., 2015; Gao et al., 2018). After finishing the heating process, the door of the furnace was opened, and the concrete cylinders were left in the chamber to be cooled down naturally. Post-heating inspection of all the cylinders was carefully carried out. It was obvious that as the high temperature increased, some slight micro-cracks appeared on the surfaces of the concrete cylinders, and no severe explosive spalling occurred. Only some slight concrete spalling was observed for the cylinders after exposure to 800°C. The reason may be due to the positive impact on the concrete cylinders during the early preheating process.
Repair Process of Heat-Damaged Concrete Cylinders
Before applying the BFRP jackets, an epoxy mortar (Sikadur®-31 CF Normal) was first applied to repair the heat-damaged concrete cylinders to fill the concrete cracks caused by local concrete spalling. After that, the repaired specimens were cured in a laboratory environment for 7 days to make the epoxy mortar reach a sufficient hardening state according to the recommendations provided by the design specification (GB, 2006). Then, the concrete surfaces of the cylinders were burnished with abrasive paper, and acetone was used to wipe the surfaces of the concrete cylinders. Any dust or pollutants were removed by compressed air. The epoxy adhesive used to bond the BFRP jackets was a two-part resin consisting of an epoxy (Part A) and a hardener (Part B), and the mixing ratio was 3:2 by volume. The tensile strength and elastic modulus of the epoxy resin provided by the material manufacturer are 40 MPa and 2.5 GPa, respectively. A thin layer of two-part epoxy resin was applied on the cleaned concrete surface as a primer, then the BFRP sheets were wrapped along the hoop direction, and another layer of epoxy resin was brushed on the surface of the BFRP sheets and served as a polymer matrix. The BFRP sheets were continuously wrapped around the heat-damaged cylinders with the primary fibers orienting in the hoop direction, and there were additional 150-mm-length BFRP sheets in the overlapping zone. Two additional 20 mm BFRP jackets were used at both ends of the column to prevent possible premature failure near the two ends.
The mechanical properties of BFRP sheets were measured by tensile coupon tests following the ACI testing code (ASTM, 2017). Table 1 lists the detailed values of the tensile strength and elastic modulus of the BFRP sheets obtained from the flat coupon tests, in which the mechanical properties supplied by the material manufacturer were provided as a reference. The BFRP-confined heat-damaged specimens were cured under laboratory conditions for 7 days to ensure that the epoxy adhesive was fully cured according to the provisions supplied by the ACI design code (ACI, 2008). The prepared specimens were further placed in the laboratory at least 2 weeks before the axial compression tests.
Test Setup and Testing Procedure
The specimens were tested under axial compression using a 2,000 kN loading system. A displacement-controlled method was adopted for the axial compression tests, in which the specimens were loaded at a constant displacement rate of 0.2 mm/min. Before testing, each column was capped with dental plaster at its top and bottom to achieve parallel surfaces and help the load be distributed uniformly. Two clip-on extensometers with a gauge length of 100 mm were placed at the middle height of each specimen to measure the axial deformations. Lateral strain responses of BFRP jackets were sufficiently measured by seven strain gauges with a 10-mm gauge length, which were distributed at the mid-height of the cylinder along the hoop direction, as shown in Figure 1. Two strain gauges were located in the 150-mm overlapping zone, and the remaining five were evenly distributed in the non-overlapping zone. All the test data (i.e., load force, displacement, and strain measurements) were monitored and recorded by an automatic data acquisition system.
[image: Figure 1]FIGURE 1 | Arrangement of strain gauges.
FAILURE MODES
Figure 2 shows the failure modes of the unconfined heat-damaged concrete cylinders after exposure to various high temperatures. All the failures of the unconfined cylinders were caused by the concrete crushing. For the reference (unheated) specimens tested at 20°C, the failure was sudden and brittle with relatively small deformation capacity. Compared with the reference specimens, the failure process of the heat-damaged concrete cylinders was more gradual and continuous. This was because the heat-damaged concrete became more ductile after high temperature exposure. As the high temperatures increased, the colors of the heat-damaged concrete cylinders were changed from grey to whitish-grey, and some micro-cracks were observed on the surface of the specimen. However, several concrete cracks with some fragments of concrete crushed were observed for the specimens after heating to high temperatures of 600°C and 800°C. It is worth mentioning that the failure mode of the concrete cylinders after heating to 200°C is similar to that of the unheated specimens (Figure 2A), which is mainly due to the fact that the high temperature level of 200°C will not significantly reduce the mechanical properties of concrete.
[image: Figure 2]FIGURE 2 | Failure modes of unconfined heat-damaged concrete cylinders. (A) 20°C, (B) 200°C, (C) 400°C, (D) 600°C, (E) 800°C.
Figure 3 depicts the failure modes of heat-damaged concrete cylinders confined by the BFRP jackets. The failure of each BFRP-confined heat-damaged concrete cylinder occurred due to the tensile rupture of the fiber jackets in the mid-height zone of the specimen. During the loading process, cracking sounds were observed prior to the failure, indicating that the confinement of the BFRP jackets was activated. When approaching the peak load, visible wrinkles caused by lateral dilation were witnessed followed by a sudden explosive failure of the fibers accompanying the concrete crushing. It was noted that the rupture of the BFRP jackets occurred in the middle height zone of each concrete cylinder rather than at the top or bottom zone, which was mainly due to the additional confinement provided by the use of 20-mm BFRP strips in both end zones. In addition, the concrete crushing became more significant with the increase in the number of BFRP jacket layers. The rupture failure of heat-damaged concrete cylinders confined by the BFRP jackets proved that the overlap of 150 mm was sufficient to provide adequate confinement and prevent undesirable failure caused by the debonding of the BFRP jackets in the overlapping zone.
[image: Figure 3]FIGURE 3 | Failure modes of BFRP-confined heat-damaged concrete cylinders. (A) 200°C, (B) 400°C, (C) 600°C, (D) 800°C.
RESULTS AND DISCUSSION
The main test results are summarized in Tables 2 and 3. Table 2 shows the compressive strength and the corresponding axial strain of the unconfined concrete ([image: image] and [image: image]), the compressive strength and the ultimate axial strain of the BFRP-confined heat-damaged concrete ([image: image] and [image: image]), and the maximum, minimum, and average hoop strains ([image: image], [image: image], [image: image]) recorded by the seven strain gauges installed on the FRP jackets in the ultimate state. In this table, [image: image] is defined as the ratio of the average hoop rupture strain (i.e., [image: image]) to the maximum hoop strain (i.e., [image: image]), while [image: image] is determined as the ratio of [image: image]. The efficiency factor ([image: image]) is the product of the above two ratios (i.e., [image: image] = [image: image]× [image: image]). Table 3 provides the hoop strains under the ultimate conditions recorded by the strain gauges. It is worth noting that the strain responses of T600-L3-2 and T600-L4-1 were not recorded during the loading tests due to instrument error.
TABLE 2 | Results of the compressive tests.
[image: Table 2]TABLE 3 | Hoop strain responses at the ultimate condition.
[image: Table 3]Strain Distribution in the Overlapping Zone
It is well known that the lateral confinement provided by the FRP jackets is proportional to the FRP hoop rupture strain as follows:
[image: image]
where [image: image] is the confinement pressure provided by the FRP jackets, [image: image] is the number of the FRP jacket layers, [image: image] is the elastic modulus of FRP jackets obtained from the flat coupon tests, [image: image] is the nominal thickness of the FRP jackets, [image: image]is the average hoop strain in the overlapping zone, [image: image] is the diameter of the confined concrete core. Since the tensile force of the FRP jackets can be regarded as a constant, the difference in the recorded strain responses between the overlapping zone and the non-overlapping zone can be determined by the following theoretical strain ratio:
[image: image]
where [image: image] is the average hoop strain of the overlapping zone, [image: image] is the average hoop strain of the non-overlapping zone (i.e., [image: image] in Table 2), [image: image] is the number of FRP layers in the overlapping zone, and [image: image] is the number of FRP layers in the non-overlapping zone. To further examine the strain distribution of BFRP jackets in the BFRP-confined heat-damaged concrete, Figure 4 shows the details of the measurements recorded by the seven strain gauges for the tested specimens after exposure to 200°C and 800°C. It is seen that the minimum strain [image: image] is obtained in the overlapping zone, which occurs at the strain gauge SG1 near the end of the jackets. Comparatively speaking, the lateral strain measured by the strain gauge SG2 in the overlapping zone is much closer to that measured at the strain gauge SG3 in the non-overlapping zone. In other words, the strain values measured by the two strain gauges in the overlapping zone are different, and the difference between them increases with the distance from the edge of the BFRP jackets. This observation was also reported by Lam and Teng (Lam and Teng, 2004).
[image: Figure 4]FIGURE 4 | Strain distributions of BFRP-confined concrete cylinders with different damage levels. (A) 200°C, (B) 800°C.
Table 4 shows the strain difference recorded by the two strain gauges in the overlapping zone. It can be seen from the table that when the same BFRP jacket layer is used, the ratio of the measured lateral strain of [image: image] to [image: image]is close to the theoretical ratio (i.e., [image: image], while the ratio of the hoop strain of [image: image] to [image: image] is usually higher than the theoretical ratio. The results further indicate that in the overlapping zone, the confinement efficiency of the BFRP jackets increases with the increase of the distance from the end edge of the FRP jackets. This is because when the concrete core expands, the tension force starts from the inside of the FRP, transmits in the hoop direction, and arrives at the end of the overlapping. After reaching the transition area between the overlapping and the non-overlapping zone, it will cause a sudden change in stiffness. Therefore, in the overlapping zone, the FRP jackets near the end edge exhibit a smaller tensile stress, while the FRP jackets far from the end edge exhibit a higher tensile stress.
TABLE 4 | Comparisons between the strain measurements recorded in overlapping zone.
[image: Table 4]Strain Distribution in the Non-Overlapping Zone
In order to further illustrate the influence of historical high temperatures (i.e., different heat-damage levels of concrete) on the strain responses of the BFRP jackets, Figures 5A,B compare the strain distributions in the non-overlapping zones for the specimens confined by two layers and four layers of BFRP jackets, respectively, which are initially exposed to various high temperatures (i.e., 200°C, 400°C, 600°C, and 800°C). It can be seen that the hoop strain values of the non-overlapping zone are significantly higher than those of the overlapping zone, which are consistent with the observations reported in the literature (Lam and Teng, 2004; Wu and Jiang, 2013; Chen et al., 2013; Pham et al., 2015; Take and Bisby, 2009). Figure 6 shows the strain distributions of four typical specimens under different loading levels. The lateral strains measured in the non-overlapping zone are not uniform, mainly attributed to the inhomogeneity of the concrete that causes the uneven lateral deformations (Lam and Teng, 2004; Take and Bisby, 2009). In addition, when the number of the BFRP jackets is increased from two to four layers, the lateral strain distributions are more uniform. This indicates that the increase of the BFRP layers helps to improve the nonuniformity of the lateral strain distribution. However, the increase in the number of BFRP layers cannot enhance the hoop rupture strain, which means that the confinement efficiency of a single layer of BFRP will not increase with the growth in the number of BFRP jackets.
[image: Figure 5]FIGURE 5 | Strain distributions of heat-damaged concrete cylinders confined with different layers of BFRP jackets. (A) Two layers of BFRP jackets, (B) four layers of BFRP jackets.
[image: Figure 6]FIGURE 6 | Strain distributions of typical specimens at different load levels. (A) T200-L2-2, (B) T800-L2-1, (C) T200-L4-2, (D) T800-L4-3.
EFFICIENCY FACTOR OF BFRP IN CONFINED HEAT-DAMAGED CONCRETE
As stated in the above sections, the efficiency factor of FRP composites is widely used to quantify the confinement and the related pressure provided by the FRP jackets. According to Pessiki et al. (2001), the efficiency factor [image: image] consists of two ratios as follows:
[image: image]
where [image: image] is the average hoop strain in the non-overlapping zone, [image: image] is the maximum hoop strain of the FRP jackets, [image: image] is the ultimate strain of the FRP material measured from flat coupon tests.
The first ratio [image: image] accounts for the effect of a nonuniform strain distribution in the FRP jackets, while the second ratio [image: image] represents the reduction of FRP strain capacity compared with that obtained by the flat coupon tests. The average values of [image: image] and [image: image] for all the specimens tested in the present study are determined as 0.851 and 0.897, respectively. Moreover, the efficiency factor is 0.763 for the 36 BFRP-confined heat-damaged concrete cylinders. The value is very close to those found from the existing test results reported in the literature (Jian and Ozbakkaloglu, 2015), which is 0.704 for 12 CFRP-confined concrete cylinders and 0.718 for 12 GFRP-confined concrete cylinders.
Effect of Historical High Temperature
The relationship between the efficiency factor and the historical temperatures is presented in Figure 7. As the historical temperature increases, the efficiency factor grows, and the increasing rates for the specimens with different levels of heat damage after exposure to different temperatures are different. It is apparent that the efficiency factor increases significantly between the exposed temperature from 400°C to 600°C due to the abrupt deterioration of the compressive strength of concrete (Bisby et al., 2011; Lenwari et al., 2016; Jia et al., 2021).
[image: Figure 7]FIGURE 7 | BFRP efficiency factor versus historical high temperature.
Effect of Confinement Strength
Figure 8 illustrates the relationship between the values of the BFRP efficiency factor versus the confinement strengths provided by the BFRP jackets. The values of the BFRP efficiency factor decrease slightly with the increase of the confinement strength under various historical high-temperature conditions. For example, for a confinement strength of about 4.06 MPa, the values of the BFRP efficiency factor for the BFRP-confined heat-damaged specimens after exposure to 400°C, 600°C, and 800°C are 0.742, 0.798, and 0.810, respectively. When the confinement strength is increased to almost 8.12 MPa, the efficiency factor values of the corresponding specimens after exposure to 400°C, 600°C, and 800°C decrease by 1.46, 1.23, and 2.34%, respectively. Moreover, as the confinement strength increases, the difference between the values of the efficiency factor for the specimens with different levels of initial heat damage decreases. In other words, under monotonically axial compression, the effect of the confinement strength on the FRP efficiency factor is much smaller than those of compressive strength and ultimate axial strain (Jian and Ozbakkaloglu, 2015). Therefore, the effect of BFRP confinement strength on the efficiency factor is ignored in deducing the design equation of the efficiency factor of BFRP for confined heat-damaged concrete cylinders.
[image: Figure 8]FIGURE 8 | BFRP efficiency factor versus confinement strength.
Comparisons and Discussion
Ozabakkaloglu et al. (2013) collected a large amount of existing test data and proposed a design method of FRP efficiency factor based on the FRP-confined concrete columns tested at ambient temperature. An attempt to use the Ozabakkaloglu et al.’s design method to predict the BFRP efficiency factor for the confined heat-damaged concrete is conducted, and the predicted values of the efficiency factor are shown in Figure 9. The performance of the design method in predicting the efficiency factor of BFRP for the confined heat-damaged concrete columns is evaluated using statistical indicators including the mean squared error (MSE) and the average absolute error (AAE), as described in the following equations:
[image: image]
[image: image]
where [image: image] is the total number of the data points, and [image: image] and [image: image] are the prediction and the test result of the [image: image]th specimen, respectively.
[image: Figure 9]FIGURE 9 | Performance of typical model in predicting BFRP efficiency factor.
It can be observed that the method by Ozabakkaloglu et al. (2013) is not capable of predicting the experimental results accurately. When the historical high temperature increases from 200°C to 400°C, the predicted values of the efficiency factor agree reasonably well with the test results, which further verify the applicability of the design method for the FRP-confined concrete columns under ambient temperature conditions. However, when the historical high temperature further increases to 600°C or 800°C, almost all the test data points are lower than the line of equality (solid line in Figure 9), indicating that the method by Ozabakkaloglu et al. (2013) underestimates the efficiency of the BFRP jackets for confining the heat-damaged concrete. Therefore, a new and more accurate design equation is needed to describe the efficiency of BFRP in practical design of BFRP-confined heat-damaged concrete columns, especially for these columns after experiencing moderate or severe heat- or fire-induced damage.
New Design Method for BFRP Efficiency Factor
As stated in the above sections, the efficiency factor of BFRP jackets used for the confinement of heat-damaged concrete columns relies on the initial concrete damage level. Therefore, a regression curve between the detailed test values of the BFRP efficiency factor versus the historical high temperatures is proposed as follows to describe the effect of historical high temperature:
[image: image]
The accuracy of the proposed design method is described in Figure 10. It is seen that the BFRP efficiency factor increases almost linearly with the historical high temperature, and the value of [image: image] between the regression curve and the test results is 0.8815, indicating that there is a good agreement between the test results and the model predictions. It should be noted that the design equation (i.e., Eq. 6) is only described as a function of historical high temperature (i.e., the initial heat damage of concrete), so it has only considered the effect of initial heat damage on the efficiency factor of BFRP jackets for confining heat-damaged concrete. The detailed value of [image: image] can be determined by multiplying [image: image] (calculated by Eq. 6) by the corresponding value determined by the exiting design method of the efficiency factor proposed at ambient temperature ([image: image]) in the literature [such as those provided in the Refs (Lam and Teng, 2004; Chen et al., 2013; Wu and Jiang, 2013; Jian and Ozbakkaloglu, 2015; Pham et al., 2015)]. That is, the efficiency factor [image: image] = [image: image] × [image: image].
[image: Figure 10]FIGURE 10 | Regression curve of the efficiency factor.[image: image]
CONCLUSION
A series of compressive tests were conducted on BFRP-confined heat-damaged concrete columns. The design parameters included the historical high temperature that was used to produce the initial concrete damage and the number of BFRP jacket layers. The hoop strain responses of the BFRP-confined heat-damaged concrete columns were sufficiently monitored and examined during the loading process. Based on the test results reported in this study, the following conclusions can be drawn.
a. The failure mode of all the BFRP-confined heat-damaged concrete columns was caused by the rupture of BFRP jackets in the non-overlapping zone at around the mid-height of each specimen.
b. The hoop strain distribution is not uniform. That is, in the overlapping zone, the measured strain values increase with the distance from the end edge of the FRP jackets. In the non-overlapping zone, the measured strain values are significantly larger than those of the overlapping zone.
c. The values of the BFRP efficiency factor increase with the increase of the historical high temperature. In particular, when the heat-damaged concrete cylinders confined with two layers of BFRP jackets, the efficiency factors of BFRP are 0.726, 0.742, 0.798, and 0.810 for the heat-damaged concrete columns after exposure to 200°C, 400°C, 600°C, and 800°C, respectively. Therefore, BFRP jackets exhibit better confinement efficiency when the heat damage level of concrete is more significant.
d. The efficiency factor of BFRP decreases slightly as the confinement strength increases. As the confinement strength increases from 4.06–8.12 MPa, the efficiency factors of BFRP for the heat-damaged concrete after exposure to high temperatures of 400°C, 600°C, and 800°C decrease by 1.46, 1.23, and 2.34%, respectively. The influence of confinement strength on the efficiency factor is much smaller than that of the historical high temperature.
e. The existing design method of FRP efficiency factor cannot accurately predict the test results. Therefore, a new and more accurate design equation is proposed to describe the BFRP efficiency factor in BFRP-confined heat-damaged concrete, which can be combined with the existing design method of the efficiency factor proposed at ambient temperature to achieve an accurate prediction of the BFRP efficiency for confining heat-damaged concrete.
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T800-L4-3 4 00137 00153 00145 00186 00174 00168 00164 00186 00173

Note: “/"-Unreliable data.





OPS/images/inline_54.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effective Strain of BFRP for Confined Heat-Damaged Concrete Cylinders		Introduction

		Experimental Program		Test Specimens

		Material Properties

		Heating Regime

		Repair Process of Heat-Damaged Concrete Cylinders

		Test Setup and Testing Procedure





		Failure Modes

		Results and Discussion		Strain Distribution in the Overlapping Zone

		Strain Distribution in the Non-Overlapping Zone





		Efficiency Factor of BFRP in Confined Heat-Damaged Concrete		Effect of Historical High Temperature

		Effect of Confinement Strength

		Comparisons and Discussion

		New Design Method for BFRP Efficiency Factor





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/fmats-08-729781-t002.jpg
Specimen fio
(MPa)
T200-L2-1 41.81
T200-L2-2 41.81
T200-12-3 41.81
T200-L3-1 41.81
T200-L3-2 41.81
T200-L3-3 41.81
T200-L4-1 41.81
T200-L4-2 41.81
T200-L4-3 41.81
T400-L2-1 36.57
T400-12-2 3557
T400-12-3 3557
T400-L3-1 3557
T400-L3-2 3557
T400-L3-3 3657
T400-L4-1 36.57
T400-L4-2 35.57
T400-L4-3 36.57
T600-L2-1 17.87
T600-L2-2 17.87
T600-L.2-3 17.87
T600-L3-1 17.87
T600-L3-2 17.87
T600-L3-3 17.87
T600-L4-1 17.87
T600-L4-2 17.87
T600-L4-3 17.87
T800-L2-1 16.42
T800-L2-2 16.42
T800-L2-3 16.42
T800-L3-1 16.42
T800-L3-2 16.42
T800-L3-3 16.42
T800-L4-1 16.42
T800-L4-2 16.42
T800-L4-3 16.42
Note: Unreliable data.

C)

0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.008
0.008
0.008
0.008
0.008
0.008
0.008
0.008
0.008

Pa)

59.32
69.35
67.28
78.11
74.96
80.16
107.95
100.75
93.54
61.43
67.58
64.96
78.76
77.19
78.09
106.94
99.53
10117
56.79
59.37
62.99
71.23
73.89
75.77
94.87
91.66
98.08
55.56
58.19
58.70
71.62
70.18
73.04
93.65
95.10
90.94

£cu

(&

0.011
0.011
0.012

0.015
0014
0.017
0017
0.018
0.013
0.013
0013
0.015
0016
0.016
0.020
0.020
0.020
0017
0.016

0.019
0.020
0.021
0025
0.024

0.020
0.018
0.020
0.022
0022
0.024
0.029
0.027
0027

h,max

[C]

0.019
0.019
0.019
0.019
0.018
0.019
0.019
0.018
0.018
0.020
0.020
0.020
0.019
0.019
0.019
0.018
0.019
0.019
0.021
0.019
0.021
0.021

0.021

0.020
0.019
0.019
0.021
0.021
0.021
0.019
0.020
0.020
0.020
0.019

En,min

C)

0.011
0.010
0.011
0.012
0.012
0012
0.013
0.013
0.013
0.011
0.011
0.011
0.012
0.012
0.012
0.013
0.013
0.013
0.011
0.011
0012
0.013

0.013

0.014
0014
0.011
0.011
0.011
0.013
0.013
0.013
0014
0.014
0014

Ehave

[C]

0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0017
0.018
0017
0.017

0.017

0.017
0017
0.018
0.018
0.018
0.018
0017
0.017
0017
0.017
0017

0.812
0.819
0.820
0.822
0.865
0.823
0.815
0.866
0.906
0.824
0.827
0.830
0.829
0.829
0.833
0.870
0.825
0.829
0.833
0.944
0.841
0.841

0.842

0.848
0.892
0.934
0.851
0.854
0.852
0.896
0.850
0.842
0.848
0.928

0.893
0.887
0.886
0.886
0.841
0.883
0.893
0.840
0.804
0.902
0.896
0.896
0.891
0.893
0.890
0.840
0.886
0.885
0.949
0.853
0947
0.941

0.940

0.929
0.884
0.864
0.954
0.950
0.942
0.892
0.940
0.935
0.935
0.855

0.726
0.727
0.726
0.728
0.728
0727
0.728
0727
0.729
0.743
0741
0.743
0.739
0.740
0.742
0.730
0731
0.734
0791
0.805
0.797
0.791

0.792

0.788
0.788
0.807
0.811
0.811
0.803
0.799
0.798
0.787
0.793
0.793





OPS/images/inline_53.gif





OPS/images/inline_10.gif
Ch.ave





OPS/images/inline_56.gif





OPS/images/fmats-08-729781-t004.jpg
Temperature (C)

200

800

Specimen

T200-L2-2
T200-L3-1
T200-L4-1

T800-L2-2
T800-L3-2
T800-L4-3

Layer

PN RON

msor
0.66
0.76
0.80

0.64
0.72
0.79

0.88
0.88
0.90

0.81
0.83
0.88

oon avep
Towrt
0.67
0.76
0.80

0.67
0.76
0.81





OPS/images/inline_55.gif





OPS/images/inline_50.gif





OPS/images/inline_5.gif





OPS/images/fmats-08-729781-t001.jpg
Type

Flat coupon test

Data supplied by the manufacturer

Specimen

ESESRCIN

t (mm)

0.121
0.242
0.363
0.484

0.121

érp.

0.0219
0.0218
0.0217
0.0221

0.0218

fip MPa)

2,368.49
2,317.99
2,408.27
2,408.27

2,303

Eip(GPa)

108.16
106.33
110.98
105.14

105





OPS/images/inline_52.gif





OPS/images/fmats-08-729781-g010.gif
Koo

A





OPS/images/inline_51.gif





OPS/images/inline_47.gif





OPS/images/crossmark.jpg
©

|





OPS/images/fmats-08-729781-g005.gif
i::::u:: AN ‘

LT 1

frovitipri e e haraesie vty





OPS/images/fmats-08-729781-g006.gif





OPS/images/fmats-08-729781-g003.gif





OPS/images/inline_36.gif
Ch SG2





OPS/images/fmats-08-729781-g004.gif





OPS/images/fmats-08-729781-g009.gif
2o

ok






OPS/images/fmats-08-729781-g007.gif
i
petd
-4

Beiasient memicC:






OPS/images/fmats-08-729781-g008.gif





OPS/images/inline_44.gif





OPS/images/cover.jpg
frontiers
1IN Materials

Effective Strain of BFRP for
Confined Heat-Damaged
Concrete Cylinders





OPS/images/inline_43.gif
Chomax





OPS/images/inline_46.gif





OPS/images/inline_45.gif





OPS/images/fmats-08-729781-g001.gif
oetepe.






OPS/images/inline_4.gif





OPS/images/fmats-08-729781-g002.gif





OPS/images/inline_37.gif
Ch.ave





OPS/images/inline_42.gif
Ch.ave





OPS/images/inline_41.gif





OPS/images/inline_35.gif
Noverlap! Mnon-overlap)





OPS/images/inline_34.gif
Ch.ave





