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Abstract

:

Nowadays, one of the foremost procedures for strengthening concrete structures is the Near-Surface Mounted (NSM) technique. This paper presents an experimental study on the effect sustained loading and different service temperatures (steady and cyclic) have on NSM Carbon Fibre-Reinforced Polymer (CFRP)-concrete bonded joints and their post-sustained loading load-slip behaviour. Four experimental campaigns using eight NSM CFRP-concrete specimens were performed by employing two different service load levels (15% and 30% of the ultimate load) and combining two groove thicknesses (7.5 and 10 mm) and two bonded lengths (150 and 225 mm). Two steady state temperatures (20 and 40 °C) and two cyclic service temperatures (ranging between 20 and 40 °C) were programmed. The slip obtained was proportional to the sustained load level. Furthermore, higher slips were registered for specimens under higher mean temperatures in the cycle. After 1000 h of sustained load testing, the specimens were tested under monotonic loading until failure (post-sustained loading tests). In general, the ratio between the post-sustained loading ultimate load and the instantaneous ultimate load was close to the unity, although some differences were perceived in series S2 (steady 37.7 °C) with a mean increase of 6.3%, and series S3-B (cyclic temperature ranging between 24.6 and 39.2 °C) with a mean reduction of 9%.
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1. Introduction


The use of fibre-reinforced polymers (FRP) to strengthen concrete structures has been steadily gaining popularity over the last decades. The externally bonded reinforcement (EBR) and near-surface mounted (NSM) techniques are currently the most well-known methodologies employed to enhance the load-carrying capacity of civil structures. Standards and guidelines such as the fib Bulletin 90 [1], the ACI 440.2R-17 [2], and the CNR-DT 200 R1/2013 [3] have already approved the design of FRP strengthening systems for concrete structures.



Even though the short-term bond behaviour of EBR and NSM methodologies has been extensively studied over the past decades, less attention has been paid to their behaviour under service conditions. External circumstances, such as sustained loading or environmental temperature conditions, can cause significant damage, either to the concrete [4,5,6] itself or to the strengthening system during its service life, which can then lead to a reduction of the load-carrying capacity, resulting in premature bond failures [7,8,9]. It is extremely important, therefore, to investigate the behaviour of FRP strengthening systems under real service environmental conditions.



The effect of sustained loading in NSM CFRP strengthening systems was experimentally evaluated in Emara et al. [10] and Gómez et al. [11] for room conditions. In both studies, sustained loading caused a substantial increase in the relative slip between the CFRP and concrete, although the load applied was much lower than the ultimate load of the bonded joint. From these investigations, numerical models based on the degradation of the bond-slip law of the bonded joint were proposed to predict their sustained loading behaviour.



On the other hand, high service temperatures have been proved to significantly affect the performance of FRP strengthening systems. In general, dramatic decreases in the bond strength and stiffness of the joint have been observed when temperatures are close to the glass transition temperature (Tg) [8,12,13,14,15,16,17,18], along with an increase in the bonded length needed to carry the maximum load [13,15], a redistribution in the FRP strain [13,16,18], and a change in the failure mode [17,18].



Furthermore, because service temperatures do not remain constant with time in real applications but rather oscillate during the day-night cycle and during the different seasonal weather conditions, it is crucial that the effects such cyclic temperatures might have on the structural response of the bonded joint be investigated. Fernandes et al. [7] performed durability tests of NSM CFRP-concrete specimens under cyclic temperature (20 to 80 °C) conditions for six months and obtained a significant variation in the stiffness and a similar value of the ultimate load in comparison with the instantaneous values. On the contrary, when Lee et al. [9,19] studied the effect cyclic temperature conditions have on concrete elements strengthened with NSM CFRP rods using temperature cycles ranging from −15 to 55 °C they detected a decrease in the ultimate load of the bonded joint as the temperature cycles being applied were increased.



Several other experimental studies focused their investigations on the effects of the combination of sustained loading performance and high service temperatures, evaluating their impact on the activated length, the residual strength, and the stiffness of the bonded joint. Some contributions [20,21] have concluded that the combination of high service temperature with sustained loading caused an increase in the overall strength of the EBR bonded joint, while others [9,22,23] observed a reduction in the EBR joint strength.



In the field of NSM strengthening, only a few investigations on the subject of the combination of sustained loading and high service temperatures are to be found in the literature. For instance, Borchert et al. [24] observed a loss of the load carrying capacity which was attributed to the creep effect caused by the combination of both factors, while Emara et al. [25] concluded that service conditions greatly affected the bonded joint performance, causing a significant increase in the slip with time between the CFRP and the concrete element. Nevertheless, less attention has been paid to the effect of cyclic environmental conditions, such as day-night cycles, and these may prove crucial for a better understanding of the bond behaviour of FRP strengthening systems.



This paper aims to contribute to the understanding on how steady and cyclic service temperature conditions affect the sustained loading bond response of NSM CFRP-concrete elements through an experimental programme using sustained loading single-shear tests. The effects the service load level, temperature, groove thickness and preconditioning have are presented and discussed. Furthermore, following the sustained loading tests, monotonic tests have been carried out to investigate the residual strength, stiffness and failure mode of the bonded joints.




2. Experimental Programme


Four experimental series (S1 to S4)—each consisting of eight specimens—were performed under sustained loading (ST) and different service temperatures at 55% relative humidity (RH). Two different service loads were applied (15% and 30% of the ultimate load of the NSM CFRP-concrete joint) which represent the range of load values that the CFRP-concrete joint can undergo in a flexural configuration under service conditions. Furthermore, two steady-state and two cyclic service temperatures were programmed. Their bond response was studied by analysing the slip between the CFRP and concrete with time.



The instantaneous bond behaviour of the NSM specimens was experimentally investigated and presented previously by Gómez et al. [26]. The ultimate loads (Pu), stiffnesses (Ke) and failure modes that were obtained have been summarised in Table 1. Specimens are labelled as I-Lb-tg, where I stands for instantaneous test, and Lb and tg are the bonded length and groove thickness, respectively.



All the specimens that did not fail during the sustained loading (SL) were tested using a monotonic pull-out configuration to investigate the residual mechanical characteristics of the bonded joints and were called post-sustained loading (PSL) specimens.



2.1. Specimen Characteristics


In each experimental series eight NSM CFRP-concrete specimens combining two groove thicknesses (7.5 and 10.0 mm) and two bonded lengths (150 and 225 mm) were loaded under two sustained load levels (15% and 30% of the instantaneous ultimate load, Pu). Concrete blocks measuring 200 mm × 200 mm × 300 mm and 200 mm × 200 mm × 370 mm were used for short and long bonded length specimens, respectively. Figure 1a shows a lateral view of the setup for the single shear test and Figure 1b presents a detailed view of the groove dimensions and the CFRP strip into the groove.



For each experimental series, the concrete blocks were cast with a standard ready-mix concrete supplied by a local company and cured for 28 days under laboratory conditions. Once the concrete had cured, 15 mm deep grooves were then cut and cleaned. The adhesive was prepared by mixing a 3:1 ratio of resin and hardener, as indicated by the manufacturer. Next, CFRP strips were carefully introduced into the grooves and then the NSM CFRP-concrete specimens were subsequently cured for 12 days under laboratory conditions before testing.



The specimens under sustained loading were called S-SL-Lb-tg-%Pu, where S stands for the series number, SL for Sustained-load, Lb and tg are the bonded length and groove thickness, respectively, and %Pu the percentage of ultimate load applied as sustained load.



The residual response of the NSM CFRP-concrete joint after SL was evaluated for all the specimens by employing an instantaneous pull-out test until failure at room temperature (20 °C and 55% RH). Each specimen was then called S-PSL-Lb-tg-%Pu, where PSL stands for post-sustained-loading and the rest of the parameters representing the same as those previously defined above. It should be noted that the specimens from series S3-B were those from the S3-A series, therefore, only the S3-B series specimens’ PSL behaviour following the sustained-loading (SL) tests could be studied.




2.2. Material Properties


All the concrete blocks were cast from the same concrete batch. Following the ASTM S3-A69/S3-A69M-10 [27] and UNE 12390-3 [28] standards, a concrete compressive strength of 33.0 MPa (with Standard Deviation, SD = 1.8 MPa) and an elastic modulus of 33.1 GPa (SD = 1.6 GPa) were obtained.



CFRP Sika CarboDur S NSM 1030 strips of 10 mm × 3 mm were used. A tensile strength of 3.2 GPa (SD = 68.3 MPa) and an elastic modulus of 169.3 GPa (SD = 13.1 GPa) were obtained following the ISO 527-5 standard [29]. To measure the thermophysical properties of the adhesive, differential scanning calorimetry (DSC) tests were performed after 12 days of curing at 20 °C [30]. A Tg of 53.1 °C and a curing degree (α) of 96.3% were obtained.



The adhesive used in the experimental campaigns was Sika 30 bi-component epoxy resin, which had been previously characterized according to the ISO 527-2 standard [31]. The tensile strength and elastic modulus were, respectively, 26.1 MPa (SD = 4.5 MPa) and 10.7 GPa (SD = 471.4 MPa).




2.3. Test Set-up and Instrumentation


All tests were performed using a direct pull-out shear configuration. The test set-up for the sustained loading tests consisted of adapting the set-up applied in the instantaneous characterization of the NSM CFRP-concrete joint [11] by using a steel lever arm with a magnifying factor of 8.3 (Figure 2a). For the PSL tests, the instantaneous characterization set-up was used (Figure 2b).



For the SL tests, the instrumentation consisted of one linear variable differential transformer (LVDT) placed at the loaded end to measure the relative displacement between the CFRP and the concrete, and one strain gauge bonded at the loaded end to register the load applied to the bonded joint. To measure the internal temperature of the bonded joint, a temperature strain gauge was bonded onto the CFRP surface, inside the NSM groove, of a dummy specimen, which was also kept inside the climatic chamber during the tests, in each of the series. Another temperature strain gauge was bonded onto the NSM groove surface of the same dummy specimen to measure the temperature on the specimen’s surface. In the case of the post-sustained loading monotonic tests, the instrumentation consisted of one LVDT placed at the loaded end.




2.4. Sustained Loading Experimental Series


The details of each experimental series are listed in Table 2, i.e., where the cycle function (steady for constant objective temperature and cyclic for 24 h-periodical temperature cycles), whether the specimens were preconditioned (or not) before loading, the objective temperature in the climate chamber, the temperature measured on the specimen’s surface, the temperature measured inside the NSM groove (attached to the CFRP) and the duration of the test are presented.



In the experimental series S1 (previously presented in Gómez et al. [11]) and S2, specimens were tested under steady temperatures, while in series S3 and S4, trapezoidal and triangular 24-h temperature cycles, respectively, were applied (Figure 3). Experimental series S3 was split into two different steps. First, specimens were subjected to an objective temperature cycle ranging between 18.0 and 38.0 °C (S3-A) and then, after 600 h of testing and without any unloading, the same specimens were subjected to a new objective temperature cycle ranging between 22.0 and 43.0 °C (S3-B). Series S1–S3 were subjected to a thermal preconditioning before loading which consisted of acclimatizing the specimens to the objective temperature for seven days. In series S4, the specimens were loaded without undergoing any previous preconditioning stage.



Figure 3 shows the details of the objective temperature (red curve), the temperature on the specimen’s surface (blue curve) and the temperature inside the NSM groove (black curve) for all series. As observed, the temperature on the specimen’s surface was generally lower than the objective temperature for both steady and cyclic temperature series, basically due to thermal inertia effects. Furthermore, in the cyclic temperature series, the mean temperature measured inside the NSM groove was between 1.3 and 3.3 °C lower than on the specimen’s surface, while in the steady temperature cycles this difference did not occur. Finally, in the S3 series, with a trapezoidal shape for the objective temperature, the temperature inside the NSM groove reached higher values than in the S4 series where a triangular shape was programmed as the objective temperature.





3. Sustained Loading Bond Behaviour of NSM CFRP-Concrete Specimens


The evolution of slip with time was obtained from the sustained loading tests in all series, as seen in Figure 4.



Overall, two different stages were identified in the slip evolution with time for all experimental series: an initial stage with a high non-linear increase in slip and a second stage where the slip evolution tended to increase at a lower and constant rate with time. In the following subsections, the effects of the sustained load level, thermal effects, preconditioning and groove size are discussed.



3.1. Effect of Sustained Load Levels


The effect of sustained load levels can be clearly observed in Figure 4 for all the experimental series, i.e., as expected, the higher the sustained load, the higher the slip and increment of slip. This effect was observed regardless of the temperature conditioning, bonded length or groove size. Moreover, the specimens under 30% Pu experienced approximately double the slip than the under 15% Pu specimens. This linearity in the slip with respect to load was also observed in Emara et al. [25].




3.2. Thermal Effects


3.2.1. Effect of Steady Temperatures


The effect of different steady temperatures on the slip behaviour can be observed by comparing series S1 (with a steady 18.7 °C inside the NSM groove, Figure 4a) and S2 (37.7 °C, Figure 4b). As expected, higher slips were obtained in the S2 series which could be attributed to the effect temperature has on the creep behaviour of the adhesive [25]. Furthermore, of all the experimental series it was the S2 specimens that showed the highest increments of slip; albeit with the only exception being the S4 specimens which experienced a significant increase in the slip in the first cycles which is attributed to the lack of preconditioning (see Section 3.2.3). In contrast, series S1, with the lowest temperature, experienced the smallest effect on the creep behaviour of the bonded joint. This behaviour was likewise observed in Emara et al. [25], where the highest increases of slip were obtained in specimens subjected to the highest temperatures.




3.2.2. Effect of Cyclic Temperatures


The temperature cycles in series S3-A, S3-B and S4 caused important fluctuations in the evolution of slip as a result of the thermal effects on the materials. These slip oscillations were relatively high in comparison with the increase in slip due to the sustained loading effect, especially in those cases under 15% Pu where the evolution of slip was small. In Figure 5, the comparison of the slip evolution between the S1 (with a steady temperature in the NSM groove of 18.7 °C) and S3-A (with a cyclic temperature of 17.8–33.9 °C) series is presented.



It can be observed that, in general, similar mean evolutions of slip were obtained in both series despite the temperature cycles applied in S3-A. This could be explained by the fact that in series S3-A the average temperature measured in the NSM groove (25.6 °C) was relatively far away from the Tg of the adhesive (53.1 °C), thus leading to a small influence in comparison with the effect of sustained loading.



On the other hand, Figure 6 depicts a comparison between the evolution of slip in the S3-A series with its trapezoidal cyclic temperature between 17.8 and 33.9 °C and a mean temperature of 25.6 °C, and the S3-B with the same shape for the temperature cycles but ranging between 24.6 and 39.2 °C and with a mean value of 31.3 °C.



Comparison between these series seems to indicate a somewhat greater influence of temperature in the S3-B series, mainly in those cases loaded at 30% Pu, which could be attributed to the higher mean and maximum temperatures in the S3-B series and being closer to the Tg of the adhesive. Finally, Figure 7 depicts the comparison of the slip evolution with time between S2, (with a steady temperature of 37.7 °C) and S3-B (with a trapezoidal cyclic temperature between 24.6 and 39.2 °C and a mean temperature of 31.3 °C).



The lower values of slip obtained in the S3-B series could be attributed to the fact that the mean temperature in S3-B was 6.4 °C lower than that of the S2 series, even though the peak temperature of the cycle was slightly higher than the steady temperature in S2 (see Table 2). To sum up, in general terms the effect the temperature exerted on the sustained loading behaviour became more significant as the average temperature in the NSM CFRP-concrete joint moved closer to the Tg of the adhesive.




3.2.3. Effect of Preconditioning


As shown in Figure 4, results from series S4 indicate that the thermal preconditioning of the specimens had a significant effect—particularly important in the first temperature cycles—on the bonded joint response. This behaviour was also observed in [24] where a very high increase in FRP strain was observed in specimens under a sustained load of 40% Pu, when the temperature was raised from 20 to 50 °C. However, after around three cycles, the slip evolution stabilized and similar increases of slip with time were obtained among the S1, S3-A and S4 series, probably because the average temperatures inside the NSM groove were relatively low (18.7 °C for series S1, 25.6 °C for S3-A and 26.8 °C for S4).





3.3. Effect of Groove Thickness


While in the previous sections the comparisons were made among different series, in this section the effect of the groove thickness is analysed. Since the instantaneous slip caused by the percentage of sustained load is different for 7.5 and 10 mm groove thicknesses, to better compare its effect, the evolution of the slip increase, defined as the slip occurring after the instantaneous slip (Δs), is presented in Figure 8 for the different series. For series S4 (Figure 8d), the instantaneous slip was taken three first cycles after the test started to avoid the effect of the preconditioning.



In general, the effect of the groove thickness was small in comparison with other parameters such as the sustained load level. At t = 1000 h, the maximum difference in slip evolution between the specimens with different groove thicknesses was found in S2 series for specimens loaded at 30% Pu and with a bonded length of 225 mm. This was equal to 0.016 mm.



In series S1, slightly higher increases of slip were obtained in specimens with narrower grooves, probably because more sustained loads were applied to the 7.5 mm specimens compared to the 10 mm ones [11]. However, in the S2 and S3-B series, where temperature had a more significant effect, as the average temperature increased, the 10 mm specimens experienced higher slips than the 7.5 mm specimens did, especially those under 30% Pu. This might be attributed to more of the adhesive surface being in contact with the ambient temperature, thus causing greater damage to the bonded joint.





4. Post-Sustained Loading Bond Behaviour of NSM CFRP-Concrete Specimens


The residual bond response of the NSM CFRP-concrete specimens after sustained loading, in terms of ultimate load (Pu,PSL), stiffness (Ke,PSL) and failure mode, was studied using instantaneous pull-out tests until failure. Table 3 presents the ratio of Pu,PSL, obtained from the PSL tests, with respect to the value of the instantaneous Pu for each experimental series. Due to gripping/un-gripping operations during long-term and subsequent pull-out tests, four specimens experienced a premature FRP failure in the zone of the gripping system (S1-PSL-225-10-15, S1-PSL-225-10-30, S1-PSL-225-7.5-30, S2-PSL-150-7.5-15). While the results from these specimens have been considered non-representative and consequently removed from the analysis of ultimate load, they were, however, retained for the stiffness comparisons (since the initial part of the curve could be used).



4.1. Effect on the Ultimate Load and Failure Mode


Overall, no significant differences were obtained in the PSL ultimate load compared to the instantaneous characterization values (the mean ratio of all specimens being equal to 0.99). Likewise, ratios close to the unity were observed when analysing the global results of groups of specimens under either 15% or 30% Pu.



Some aspects should be highlighted when analysing the different series. For instance, series S1 does not present any significant effects from the sustained loading conditions, despite presenting a mean global reduction of Pu,PSL lower than 1%, and no relevant differences being observed either for load values or bonded length and groove thickness. Some differences, however, can be identified in series S2 and S3-B. For example, series S2 presents a mean global increment of 6.3% (probably due to the post-curing effect on the adhesive) with similar values for the two load levels, and a slightly more pronounced increment for the 10 mm groove thickness (9%) than for the 7.5 mm thickness (3%). Meanwhile, for S3-B in terms of temperature cycles, an 8% global reduction can be seen. This influence is greater in the specimens loaded at 30% Pu (12% reduction) than in those loaded at 15% Pu (4% reduction), which might indicate that there the temperature cycles exert some influence, albeit mainly for the higher sustained load value. On the other hand, with a final global mean value of the ratio close to the unity, no clear tendencies are observed in series S4 with temperature cycles but without preconditioning. The results presented are in accordance with the observations made in Fernandes et al. [7], where small decreases of the ultimate load were observed in specimens subjected to outdoor environmental conditions (around 12%).



As for the failure mode of the NSM CFRP-concrete joint, no differences were generally obtained in comparison with the instantaneous characterization, with the main failure mode being the cohesive failure in the concrete for specimens with a 7.5 mm groove thickness and failure in the FRP-adhesive interface for specimens with a 10 mm groove thickness. However, specimens S3B-PSL-150-10-30 and S3B-PSL-225-10-30 experienced a failure in the adhesive-concrete (A-C) interface, which indicates a decrease in the bond at the interface. Figure 9 shows two examples of failure modes obtained from PSL tests: a failure in the A-C interface obtained in specimen S3-B-PSL-225-10-30 (Figure 9a), and a cohesive concrete failure obtained in specimen S3-B-PSL-225-7.5-30 (Figure 9b).




4.2. Effect on the Stiffness


The PSL load-slip load is illustrated in Figure 10 (black curve) together with the load-slip curves obtained in the instantaneous characterization (blue curve) for specimens PSL-225-10-30 from each series (S1, S2, S3-B and S4). Note that in Figure 10a, the specimen experienced a premature failure in the CFRP strip (marked with an X in Figure 10). A reduction in the initial stiffness was observed in all specimens, but there was an overall recovery as the load in the instantaneous test surpassed the value of the sustained loading. This effect is attributed to the unloading-loading path as a combination of damage and creep effects. During the sustained loading tests, the activated length was lower than the total bonded length (Lb) and, consequently, the effects of sustained loading affected only part of Lb. Subsequently, as the load was increased in the monotonic PSL test, as the load increased, the activated length increased and moved towards the free end and joint stiffness was recovered because this zone had not been activated during the sustained loading test.



When the observed values of all the specimens are considered, the global overall reduction of the stiffness was about 14% (see Table 3). This reduction was more noticeable for specimens loaded under 30% of the initial ultimate load, and, in particular, those from series S2, thus showing that the higher the sustained load level and average temperature are, the greater the decrease in stiffness is. These observations agree with the results presented in Fernandes et al. [7], where a significant decrease in the stiffness of the bonded joint was observed in specimens under cyclic environmental conditions.





5. Conclusions


The present work experimentally studied the bond behaviour of an NSM CFRP-concrete joint under sustained loading and different service temperature conditions. Four experimental campaigns consisting of eight NSM CFRP-concrete pull-out single shear tests (SL tests) were performed under sustained loading for 1000 h inside a climatic chamber at different temperature conditions, combining steady and cyclic objective temperatures. After that, post-sustained loading tests (PSL tests), where the specimens were tested under monotonic loading until failure, were carried out.



From the SL tests the following conclusions can be drawn:




	
Overall, the slip values obtained in specimens under 15% and 30% Pu were proportional to the applied load;



	
Similar slips were obtained in specimens with short and long bonded lengths under a sustained loading level of 15% Pu;



	
Higher slips were obtained in the 10 mm grooved specimens in comparison with the 7.5 mm grooved specimens under high steady temperatures;



	
Significant slip oscillations, caused by the thermal expansion of the materials, were observed in series with temperature cycles;



	
As the mean temperature of the thermal cycle increased, so too did the slip at the loaded end;



	
Specimens under temperature cycles (S3-A, S3-B and S4) experienced increases of slip that ranged between S1 and S2 slips, since the temperatures in the NSM groove fell between 20 and 40 °C;



	
The decisive effect of the preconditioning cycles was observed during the initial loading days as the specimens that had been submitted to preconditioning temperature cycles experienced lower increases in slip during the first temperature cycles.








From the PSL tests the following conclusions can be drawn:




	
The ratio of the PSL ultimate load with respect to the initial instantaneous ultimate load was globally close to unity. However, some differences were observed in series S2 with its global increment of 6.3% and in series S3-B with a global reduction of 8%;



	
Overall, no change in the failure modes were observed in the instantaneous post-sustained loading tests;



	
A global reduction in the initial stiffness in the load-slip curve was observed, followed by its recovery at higher loads as the load of the PSL test surpassed the value of the sustained loading.








During their service life, civil structures are submitted to a combination of sustained loading and cyclic environmental conditions. This study has helped to appreciate and understand the effect thermal cycles have in constantly loaded CFRP-concrete joints. The bonded joints have been shown to be affected by creep and have their mechanical properties reduced. Therefore, it can be concluded that environmental conditions must be taken into account when designing of CFRP strengthened civil structures.



While this study limited the sustained loading tests to 1000 h, further studies would need to extend this further, especially for higher average temperatures where the high increases of slip were observed in this work.







Author Contributions


Conceptualization, J.G. and C.B.; methodology, J.G.; validation, J.G., C.B. and L.T.; formal analysis, C.B., L.T., M.B. and R.P.; investigation, J.G.; data curation, J.G.; writing—original draft preparation, J.G.; writing—review and editing, C.B., L.T., M.B and R.P.; supervision, C.B. and L.T.; project administration, C.B., M.B. and R.P.; funding acquisition, C.B., M.B. and R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Spanish Ministry of Science, Innovation and Universities, (projects BIA2007-84975-S2-2-P and BIA2007-84975-S2-1-P) and the University of Girona (grant number IFUdG2018/18).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors acknowledge the support of SIKA in supplying the CFRP strips and epoxy adhesive used in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



International Federation for Structural Concrete. Fib Bulletin 90. In Externally Applied FRP Reinforcement for Concrete Structures; International Federation for Structural Concrete: Lausanne, Switzerland, 2019. [Google Scholar]

	



ACI Committee 440. ACI 440.2R-17. Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Existing Structures; American Concrete Institute: Farmington Hills, MI, USA, 2017. [Google Scholar]

	



CNR. Guidelines for the Design and Construction of Externally Bonded FRP Systems for Strengthening Existing Structures—Timber Structures, CNR-DT 200 R1/2013; Advisory Committee on Technical Recommendations for Construction: Rome, Italy, 2013. [Google Scholar]

	



Farzampour, A. Temperature and humidity effects on behavior of grouts. Adv. Concr. Constr. 2017, 5, 659–669. [Google Scholar] [CrossRef]

	



Farzampour, A. Compressive behavior of concrete under environmental effects. In Compressive Strength of Concrete; Krivenko, P., Ed.; IntechOpen: London, UK, 2020. [Google Scholar]

	



Mansouri, I.; Shahheidari, F.S.; Hashemi, S.M.A.; Farzampour, A. Investigation of steel fiber effects on concrete abrasion resistance. Adv. Concr. Constr. 2020, 9, 367–374. [Google Scholar] [CrossRef]

	



Fernandes, P.; Cruz, J.R.; Xavier, J.; Silva, P.; Pereira, E. Durability of bond in NSM CFRP-concrete systems under different environmental conditions. Compos. Part B Eng. 2018, 138, 19–34. [Google Scholar] [CrossRef]

	



Aydin, H.; Gravina, R.J.; Visintin, P. Durability of Adhesively Bonded FRP-to-Concrete Joints. J. Compos. Constr. 2016, 20, 04016016. [Google Scholar] [CrossRef]

	



Gullapalli, A.; Lee, J.; Lopez, M.M.; Bakis, C.E. Sustained Loading and Temperature Response of Fiber-Reinforced Polymer–Concrete Bond. Transp. Res. Rec. J. Transp. Res. Board 2009, 2131, 155–162. [Google Scholar] [CrossRef]

	



Emara, M.; Barris, C.; Baena, M.; Torres, L.; Barros, J. Bond behavior of NSM CFRP laminates in concrete under sustained loading. Constr. Build. Mater. 2018, 177, 237–246. [Google Scholar] [CrossRef]

	



Gómez, J.; Barris, C.; Jahani, Y.; Baena, M.; Torres, L. Experimental study and numerical prediction of the bond response of NSM CFRP laminates in RC elements under sustained loading. Constr. Build. Mater. 2021, 288, 123082. [Google Scholar] [CrossRef]

	



Pan, Y.; Xian, G.; Li, H. Effects of Freeze-Thaw Cycles on the Behavior of the Bond between CFRP Plates and Concrete Substrates. J. Compos. Constr. 2018, 22, 04018011. [Google Scholar] [CrossRef]

	



Yun, Y.; Wu, Y.-F. Durability of CFRP–concrete joints under freeze–thaw cycling. Cold Reg. Sci. Technol. 2011, 65, 401–412. [Google Scholar] [CrossRef]

	



Silva, M.A.G.; Biscaia, H.; Chastre, C. Influence of Temperature Cycles on Bond between Glass Fiber-Reinforced Polymer and Concrete. ACI Struct. J. 2013, 110, 977–987. [Google Scholar] [CrossRef]

	



Silva, M.A.G.; Biscaia, H.; Marreiros, R. Bond–slip on CFRP/GFRP-to-concrete joints subjected to moisture, salt fog and temperature cycles. Compos. Part B Eng. 2013, 55, 374–385. [Google Scholar] [CrossRef]

	



Biscaia, H.C.; Ribeiro, P. A temperature-dependent bond-slip model for CFRP-to-steel joints. Compos. Struct. 2019, 217, 186–205. [Google Scholar] [CrossRef]

	



Borosnyói, A. Influence of service temperature and strain rate on the bond performance of CFRP reinforcement in concrete. Compos. Struct. 2015, 127, 18–27. [Google Scholar] [CrossRef]

	



Leone, M.; Matthys, S.; Aiello, M.A. Effect of elevated service temperature on bond between FRP EBR systems and concrete. Compos. Part B Eng. 2009, 40, 85–93. [Google Scholar] [CrossRef]

	



Lee, H.; Jung, W.; Chung, W. Bond behavior of near surface mounted CFRP rods under temperature cycling. Eng. Struct. 2017, 137, 67–75. [Google Scholar] [CrossRef]

	



Dash, S.; Jeong, Y.; Lopez, M.M.; Bakis, C.E. Experimental Characterization of moisture, temperature and sustained loading on concrete-FRP bond performance. In Proceedings of the 11th International Symposium on Fiber Reinforced Polymers for Reinforced Concrete Structures—FRPRCS-11, Guimarães, Portugal, 26–28 June 2013; pp. 1–7. [Google Scholar]

	



Jeong, Y.; Lopez, M.M.; Bakis, C. Effects of temperature and sustained loading on the mechanical response of CFRP bonded to concrete. Constr. Build. Mater. 2016, 124, 442–452. [Google Scholar] [CrossRef]

	



Gamage, J.; Al-Mahaidi, R.; Wong, M. Integrity of CFRP-concrete bond subjected to long-term cyclic temperature and mechanical stress. Compos. Struct. 2016, 149, 423–433. [Google Scholar] [CrossRef]

	



Gamage, J.; Al-Mahaidi, R.; Wong, B.; Ariyachandra, M. Bond characteristics of CFRP-strengthened concrete members subjected to cyclic temperature and mechanical stress at low humidity. Compos. Struct. 2017, 160, 1051–1059. [Google Scholar] [CrossRef]

	



Borchert, K.; Zilch, K. Bond behaviour of NSM FRP strips in service. Struct. Concr. 2008, 9, 127–142. [Google Scholar] [CrossRef]

	



Emara, M.; Torres, L.; Baena, M.; Barris, C.; Cahís, X. Bond response of NSM CFRP strips in concrete under sustained loading and different temperature and humidity conditions. Compos. Struct. 2018, 192, 1–7. [Google Scholar] [CrossRef]

	



Gómez, J.; Torres, L.; Barris, C. Characterization and Simulation of the Bond Response of NSM FRP Reinforcement in Concrete. Materials 2020, 13, 1770. [Google Scholar] [CrossRef] [PubMed]

	



ASTM International. ASTM C469/C469M-10. Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression; ASTM International: West Conshohocken, PA, USA, 2010. [Google Scholar]

	



Spanish Association of Normalization. UNE 12390-3. Testing Hardened Concrete. Part 3: Compressive Strength of Test Specimens; AENOR: Madrid, Spain, 2003. [Google Scholar]

	



International Organization for Standardization. ISO 527-5:2009. Determination of Tensile Properties—Part 5: Test Conditions for Unidirectional Fibre-Reinforced Plastic Composites; International Organization for Standardization: Geneva, Switzerland, 2009. [Google Scholar]

	



ASTM International. ASTM D3418-99: Standard Test Method for Transition Temperatures of Polymers by Differential Scanning Calorimetry; ASTM International: West Conshohocken, PA, USA, 1999. [Google Scholar]

	



International Organization for Standardization. ISO 527-2:2012. Determination of Tensile Properties—Part 2: Test Conditions for Moulding and Extrusion Plastics; International Organization for Standardization: Geneva, Switzerland, 2012. [Google Scholar]








[image: Applsci 11 08542 g001 550] 





Figure 1. (a) lateral view of the setup and (b) detailed view of the groove dimensions and CFRP strip position. 
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Figure 2. Set-up used for (a) sustained loading tests; (b) post-sustained loading tests. 
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Figure 3. Temperature in the experimental series: (a) S1; (b) S2; (c) S3-A; (d) S3-B; (e) S4. 
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Figure 4. Slip at the loaded end obtained in series (a) S1; (b) S2; (c) S3-A; (d) S3-B; (e) S4. 
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Figure 5. Comparison of the slip evolution with time obtained in series S1 and S3-A for groove thicknesses of: (a) 7.5 mm; (b) 10 mm. 
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Figure 6. Comparison of the slip evolution with time obtained in series S3-A and S3-B for groove thicknesses of: (a) 7.5 mm; (b) 10 mm. 
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Figure 7. Comparison of the slip evolution with time obtained in series S2 and S3-B for groove thicknesses of: (a) 7.5 mm; (b) 10 mm. 
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Figure 8. Increment of slip at the loaded end obtained in series (a) S1; (b) S2; (c) S3-A; (d) S3-B; (e) S4. 
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Figure 9. (a) S3-B-PSL-225-10-30 failure in the A-C interface; (b) S3-B-PSL-225-7.5-30 cohesive failure in the concrete. 
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Figure 10. Comparison between the instantaneous behaviour and the post-SL behaviour of the specimen PSL-225-10-30 in series (a) S1, (b) S2, (c) S3-B and (d) S4. 
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Table 1. Experimental results of the instantaneous pull-out tests.
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	Nomenclature
	Bonded Length, Lb [mm]
	Groove Thickness, tg [mm]
	Ultimate Load, Pu [kN]
	Stiffness, Ke [kN/m]
	Failure Mode





	I-150-10
	150
	10
	43.9
	172.8
	F-A



	I-150-7.5
	150
	7.5
	47.1
	183.5
	C



	I-225-10
	225
	10
	54.7
	175.4
	F-A



	I-225-7.5
	225
	7.5
	57.7
	181.7
	C







Note: F-A = failure in the FRP-adhesive interface; C = cohesive failure in the concrete.
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Table 2. Details of experimental series.
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	Series
	Temperature Function [24 h]
	Preconditioning
	Objective T°C [°C]
	T°C on the Specimen’s Surface [°C]
	T°C in the NSM [°C]
	Test Duration [hours]





	S1
	Steady
	Yes
	20.0
	19.9
	18.7
	1000



	S2
	Steady
	Yes
	40.0
	40.1
	37.7
	1000



	S3-A
	Cycles 24 h
	Yes
	18.0–38.0 (28.0) 1
	18.0–36.9 (26.9) 1
	17.8–33.9 (25.6) 1
	600



	S3-B
	Cycles 24 h
	Yes 2
	22.0–43.0 (32.5) 1
	23.0–43.0 (33.7) 1
	24.6–39.2 (31.3) 1
	1000



	S4
	Cycles 24 h
	No
	20.0–40.0 (30.0) 1
	19.6–39.5 (30.1) 1
	21.9–31.9 (26.8) 1
	1000







1 Mean temperature indicated in brackets; 2 Preconditioning consisted of the temperature regime of the previous experimental series (S3-A).
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Table 3. Post-sustained loading results.
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Series

	
Specimen

	
      P  u , P S L      P u      

	
      K  e , P S L      K e      






	
S1

	
S1-PSL-150-10-15

	
1.05

	
0.95




	
S1-PSL-150-7.5-15

	
0.95

	
0.94




	
S1-PSL-150-10-30

	
1.03

	
0.84




	
S1-PSL-150-7.5-30

	
0.99

	
0.90




	
S1-PSL-225-10-15

	
*

	
1,11




	
S1-PSL-225-7.5-15

	
0.95

	
0.78




	
S1-PSL-225-10-30

	
*

	
0,93




	
S1-PSL-225-7.5-30

	
*

	
0,81




	
S2

	
S2-PSL-150-10-15

	
1.08

	
1.02




	
S2-PSL-150-7.5-15

	
*

	
1.02




	
S2-PSL-150-10-30

	
1.10

	
0.85




	
S2-PSL-150-7.5-30

	
1.03

	
0.65




	
S2-PSL-225-10-15

	
1.06

	
0.79




	
S2-PSL-225-7.5-15

	
1.07

	
0.92




	
S2-PSL-225-10-30

	
1.12

	
0.67




	
S2-PSL-225-7.5-30

	
0.98

	
0.57




	
S3-B

	
S3-B-PSL-150-10-15

	
1.07

	
1.05




	
S3-B-PSL-150-7.5-15

	
0.93

	
0.95




	
S3-B-PSL-150-10-30

	
0.89

	
0.90




	
S3-B-PSL-150-7.5-30

	
0.86

	
0.77




	
S3-B-PSL-225-10-15

	
0.88

	
0.89




	
S3-B-PSL-225-7.5-15

	
0.97

	
0.96




	
S3-B-PSL-225-10-30

	
0.96

	
0.61




	
S3-B-PSL-225-7.5-30

	
0.80

	
0.71




	
S4

	
S4-PSL-150-10-15

	
0.91

	
0.94




	
S4-PSL-150-7.5-15

	
0.97

	
1.10




	
S4-PSL-150-10-30

	
0.99

	
0.82




	
S4-PSL-150-7.5-30

	
0.99

	
0.88




	
S4-PSL-225-10-15

	
1.01

	
0.99




	
S4-PSL-225-7.5-15

	
1.04

	
0.89




	
S4-PSL-225-10-30

	
0.92

	
0.73




	
S4-PSL-225-7.5-30

	
1.06

	
0.60








* Premature FRP failure in the gripping system zone.
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