

  applsci-09-01734




applsci-09-01734







Appl. Sci. 2019, 9(9), 1734; doi:10.3390/app9091734




Article



Long-Term Behavior of RC Beams Strengthened with Hybrid Composite Beam



IL-Heon Kim 1, Hyung-Joo Lee 1, Joo-Won Kang 2 and Yeol Choi 1,*





1



School of Architecture, Kyungpook National University, Daegu, 41566, Korea






2



School of Architecture, Yeung Nam University, Gyeongsan 38541, Korea









*



Correspondence: choiyeol@knu.ac.kr; Tel.: +82-53-950-5592







Received: 20 February 2019 / Accepted: 23 April 2019 / Published: 26 April 2019



Abstract

:

This paper describes the results of long-term tests on reinforced concrete (RC) beams strengthened with hybrid composite beam (HCB) under two different sustained loads. Test specimens were fabricated to reflect the most common RC beam size used in school buildings in South Korea. The specimens had dimensions of 400 mm (width) × 600 mm (depth) × 6000 mm (length), and were tested with or without external strengthening by a hybrid composite beam (HCB). Test results showed that strengthening the RC beams with HCB not only reduced the instantaneous deflection but was also effective in decreasing long-term deflection. In this study, time-dependent factors were investigated using a modified version of the American Concrete Institute (ACI) equation. Time-dependent factors of HCB-strengthened RC beams found in the present work differed from those of other investigations due to various experimental conditions. In the present study, we found that the ACI equation may not provide a reasonable estimation of the long-term behavior of HCB-strengthened RC beams.
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1. Introduction


Since seismic records were first collected in South Korea in 1978, two powerful earthquakes of 5.1 and 5.8 magnitude were recorded in the country, without significant human injuries or serious damage to building structures in the past three years. They were the strongest earthquakes in the country so far, respectively. After that, there were big concerns about existing reinforced concrete school buildings that did not meet current seismic design codes. According to the data, more than 50% of school buildings in South Korea did not meet current seismic design codes. Thereafter, governments have conducted various strengthening works on school reinforced concrete (RC) buildings to make them stronger so that they can withstand more powerful earthquakes, by increasing the strength of rigid structures. Many different ways for strengthening existing school buildings were used, such as damping systems, bracing, external strengthening of steel plates or fiber reinforced polymer ( FRP) composites, section enlargement and a combination of several systems [1,2,3,4]. At this time, a comprehensive understanding of the long-term behavior of FRP-strengthened RC members may be needed for analysis and developing further FRP strengthening systems in this country. Generally, the long-term behavior of structural members can be defined as a creep strain, and this creep strain is indicated as a function of time. It was found that there are several similar analytical and experimental investigations involving long-term tests of FRP-strengthened RC beams [5,6,7,8,9].



Chami et al. [10] reported on the creep behavior of carbon fiber reinforced polymer (CFRP)-strengthened reinforced concrete beams from a series of experiments with twenty-six RC beams with and without bonded CFRP laminates. Different reinforcement ratios were used to evaluate the contribution of the external reinforcement on the creep resistance of the beams. High levels of sustained load were used in order to determine the maximum sustained load that can be applied without any risk of creep failure. The applied sustained loads varied from 59% to 78% of the ultimate static capacities of the unstrengthened beams. This was done to account for the fact that strengthening is typically required when a structure is expected to carry increased service loads. It was found that CFRP-strengthening on RC beams is effective for increasing the ultimate capacities of the beams. However, test results showed there was no improvement with regard to the long-term deflections due to the addition of a very small area of CFRP compared to the tension steel reinforcement.



Arockiasamy et al. [11] investigated the time-dependent deformations of concrete beams reinforced with CFRP bars from four rectangular concrete beams, under four different uniform sustained loadings for nearly two years. Four rectangular concrete beams reinforced with CFRP bars were cast in two sizes: 152 mm × 203 mm × 2438 mm; 152 mm × 152 mm × 2438 mm. The beams were instrumented and monitored to observe the changes in behavior due to creep and shrinkage of concrete. Test results showed that time-dependent deflection, strain and curvature increased with the increase in the applied moment in the beams, and the rate of increase in strains and deflections was higher in the initial period of loading and tended to reduce with time under sustained loading. In this investigation, the age-adjusted elastic modulus method appears to be realistic in predicting the long-term behavior of concrete beams reinforced with CFRP. The time-dependent deflections are computed using a simple modified equation in terms of loading duration and compression CFRP reinforcement ratio. The proposed time-dependent factor due to reinforcing CFRP bars for 3, 6, 12, and 60 months showed slightly lower figures than those suggested by ACI for reinforced concrete beams.



Sobuz et al. [12] reported on the deflection and cracking behavior of RC beams externally reinforced with CFRP laminates from different degrees of strengthening schemes and two types of sustained loads up to 180 days. A total of eight RC beams were cast and tested under sustained loads for cracked and un-cracked sections. It was found that attachment of a CFRP sheet can reduce the instantaneous deflection and be effective in controlling the long-term deflection. The effectiveness of CFRP-strengthened RC beams in reducing time-dependent deflections is not to the same extent as in providing flexural strength, especially for beams subjected to sustained loads lower than the service load levels. Test results showed that the larger the CFRP reinforcement ratio was, the smaller the long-term deflection. For the same sustained loading, a maximum reduction of 35% in deflection was found in uncracked three-layer strengthened beams compared to the control specimen. For the cracked section, the corresponding reduction in deflection was 56% as compared to the unstrengthened beam.



Diab et al. [13] presented the long-term deflections of beams strengthened by prestressed and non-prestressed FRP sheets. The age-adjusted effective modulus method (EMM) is used to model the creep behavior in concrete and the relaxation in FRP prestressing sheets. A tension-stiffening model was also presented to evaluate the stiffness of the cracked section. The analytical values were compared to the results obtained from a finite element code and to the experimental results from some existing papers. It was found that the analytical method proposed in this work had a good agreement with finite element methods.



From reviewing similar investigations, we knew that the majority of previous long-term tests on RC beams with FRP strengthening were conducted with relatively small or scaled-down member size [14,15,16]. In general, use of scaled-down tests in engineering is the most preferred method when test environments are difficult or involve complex conditions such as requiring a faster time to set up or cost-effective testing. However, there is a concern that a scaled-down test does not fully represent the same testing value as a full- or large-sized test. Therefore, results from large-scale tests are strongly preferred for better analysis and applications. In the present study, test specimens were considered to be the typical size of RC beams in school buildings used in South Korea. In addition, the long-term behavior of FRP-strengthened RC beams with relatively large-scale members has not been investigated. The experimental work in this study was done to provide more realistic data in the field of FRP applications on the strengthening or repair of RC structural members.




2. Experimental Program


In general, long-term tests are not easy to conduct accurately because executing mass loading and test setup processes is somewhat complex and tedious throughout the test period. The experimental work in this paper was performed in order to understand the effect of externally strengthened hybrid composite beams (HCBs) on full-size existing RC beams that do not satisfy the current design codes. The used RC beams of 6000 mm in length and 400 mm × 600 mm in cross section represented the typical size used in school buildings in South Korea.



2.1. Materials


The following materials were used in this study: type I/II Portland cement which meets the Korean standards KS L5201, 19 mm maximum size of crushed coarse aggregate with a specific gravity of 2.64, and natural sand with a specific gravity of 2.56 and a fineness modulus of 2.42. The designed mix of concrete was prepared with the following: ordinary Portland type I/II cement 410 kg/m3, aggregate 1629 kg/m3, and a water–cement ratio of 0.48. The mix proportions used were intended to have a normal weight and a target average compressive strength of 21 MPa at 28 days, respectively [17]. For the strengthening of RC beams, a commercially available hybrid composite beam (HCB), as shown in Figure 1, was used. Table 1 shows the mechanical properties of the hybrid composite beams provided by the manufacturer. The hybrid composite beam had dimensions of 260 mm (W) × 40 mm (H).




2.2. Specimens


A total of five RC beams of 400 mm (width) × 600 mm (depth) × 6000 mm (length) were fabricated with an average concrete compressive strength of 22.8 MPa at 28 days. The average concrete compressive strength was obtained from the four standard cylinders (100 mm × 200 mm). The beam dimensions of the RC used were chosen based on the typical full scale of school buildings in South Korea. According to design guidelines, each RC beam had five and two HD (high density) 19 mm bars for tension and compression reinforcement, respectively. Details of RC beam reinforcement are given in Figure 2. All steel bars used in the RC beam have a yield strength of approximately 480 MPa. Before bonding the hybrid composite beam, the tension surface of the RC beam was first sandblasted, cleaned and dried, and the epoxy was uniformly applied, and then externally bonded. To improve the bond between the hybrid composite beam and the concrete, commercially available power pins were uniformly used in the lips of the hybrid composite beams along with span length. The external bonding of the hybrid composite beams along a length of 5400 mm was undertaken in accordance with the requirements of the manufacturer of the hybrid composite system. All the strengthened RC beams were tested approximately 10 months after casting, and 3 months after externally bonded with hybrid composite beam.




2.3. Loading and Test Setup


Prior to long-term tests, a short-term test was first conducted on an RC beam of 5400 mm clear span without strengthening to determine its ultimate load capacity, as shown in Figure 3. The test was conducted using a monotonic compressive loading at 500 kN of the Material Testing System (MTS, Eden Prairie, MN, USA) with a maximum stroke of 150 mm [18]. The load was applied at the center of the specimen at a rate of 2.0 mm/min up to ultimate failure. From the test, the first cracks at the bottom of the mid-span were observed about 70 kN, and then it moved up to half of the beam depth at about 110 kN. The obtained ultimate load from the short-term test without strengthening of the HCB was approximately 250 kN with the maximum mid-span deflection of 24 mm.



For the long-term test, two sustained loading levels from the results of the short-term test were considered on RC beams with and without strengthening of HCB, in the present work. These loading levels are approximately 33% and 50% of the ultimate load capacity from the short-term test. It was assumed that these loading levels of 33% and 50% were enough within the line-elastic range. For the 33% loading level, a set of two RC beams with and without strengthening of a hybrid composite beam, was tested. For the 50% loading level, one RC beam without strengthening of HCB and two RC beams with strengthening of HCB were tested. Figure 4 shows one of the long-term tests with the concrete loading mass.




2.4. Long-Term Measurement


To measure the long-term deflection, a dial gauge was installed at the bottom of the mid-span for each HCB-strengthened or unstrengthened RC beam, as shown in Figure 5. Also, a multi-position strain gauge with a dial indicator reading of 0.0025 mm was used to measure the longitudinal tension strains of RC beams under the sustained loading. Two 254 mm gauge lines sustained by Demec gauges on each side of the RC beam were equally spaced at the center line, almost at the bottom of the beam section, as shown in Figure 5. The specimens were designed as follows: NHCB33 represents the non-strengthened hybrid composite RC beam subjected to a loading level of 33% of its ultimate beam capacity; HCB33 represents the HCB-strengthened RC beam subjected to a loading level of 33% of its ultimate beam capacity.




2.5. Test Procedures


The long-term tests in this work were carried out outside due to the size and difficulty of test setup with the normal weather conditions from June 2014 to June 2015 (almost 1 year). During testing, the specimens were subjected to average temperatures of 25.0 °C in summer (June–August), 15.5 °C in autumn (September–November), 2.2 °C in winter (December–February), and 13.7 °C in spring (March–May), respectively. In this work, all RC beams with or without HCB strengthening, have been subjected to concentrated loading at the mid-span of the beams, and the time-dependent deflections were measured using a dial gauge. After loading, the deflections at mid-span and longitudinal beam tension strains were measured at the following time intervals [17];

	
Step 1: once every 10 min for the first hours.



	
Step 2: once every 1 h for the next 24 h following step 1.



	
Step 3: twice every day for the next 1 month following step 2.



	
Step 4: once every day for the next month.



	
Step 5: once every 7 days thereafter.










3. Experimental Results and Discussions


3.1. Long-Term Deflection


The measured instantaneous and long-term deflections for the unstrengthened and HCB-strengthened RC beams under the two different sustained loadings are summarized in Table 2. It was observed that the instantaneous deflections of HCB-strengthened RC beams are approximately 15% and 38% lower than those of unstrengthened RC beams at 33% and 50% sustained loadings, respectively. Also, it was found that the long-term deflections of HCB-strengthened RC beams after 1 year were approximately 245% and 176% higher than those of the instantaneous deflection at 33% and 50% sustained loadings, while the long-term deflections of unstrengthened RC beams were approximately 278% and 152% higher than those of the instantaneous deflection at 33% and 50% sustained loadings, respectively. For more details, the time-dependent deflections of the HCB-strengthened RC beams at 1, 3, 6 and 12 months were approximately 24%, 14%, 22% and 25% lower than those of the unstrengthened RC beams under 33% loading level, respectively. The time-dependent deflections of the HCB-strengthened RC beams at 1, 3, 6 and 12 months were approximately 30%, 29%, 29% and 28% lower than those of the unstrengthened RC beams under 50% loading level, respectively.



Therefore, it can be concluded that HCB strengthening of the RC beams not only reduced the instantaneous deflection but it was also effective in controlling the time-dependent deflection for the entire time. In this investigation, as expected, we found that both the instantaneous and long-term deflections of both unstrengthened and HCB-strengthened RC beams at a higher loading level were increased, and the influence of HCB strengthening on the long-term deflection of RC beams is roughly proportional to the level of applied sustained loading. Figure 6 presents the graphical curves of additional deflections at the mid-span, along with loading time. The additional deflections in this study were obtained by subtracting the instantaneous deflection from the total deflection at given specific times. At 33% loading level, the additional deflections of HCB-strengthened RC beams were smaller than those of unstrengthened RC beams. However, the additional deflections of HCB-strengthened beams at 50% loading level showed similar values to the unstrengthened RC beams. At a higher loading level, a further investigation is needed due to such an unexpected result from the findings of this study.



Figure 7 shows the relationship between instantaneous deflection and the deflection of HCB-strengthened and unstrengthened RC beams. As seen in Figure 7, the ratios at a specific time of higher sustained loading level for unstrengthened and HCB-strengthened beams showed somewhat higher values than those of the relatively lower sustained loading level. This means that the strengthened and unstrengthened RC beams subjected to the higher sustained loading load level seemed to have no advantage for long-term deflection compared to lower sustained loading levels. This observation from this study was not clearly seen in other investigations.




3.2. Longitudinal Concrete Tensional Strains


Figure 8 shows the average long-term longitudinal concrete tensional strains measured at both tension sides of the RC beams using Demec gauges. The observed concrete tensional strain of the HCB-strengthened RC beams at both loading levels yielded a slightly lower result than those of the unstrengthened RC beams. In this investigation, the instantaneous longitudinal concrete tensional strains of HCB-strengthened RC beams are approximately 3.62% and 2.56% lower than those of unstrengthened RC beams for loading levels of 33% and 50%, respectively. Also, it was observed that the long-term concrete strains of HCB-strengthened beams at 1 year were approximately 37.46% and 34.66% lower than those of unstrengthened beams at 33% and 50%, respectively. For the HCB-strengthened RC beam, longitudinal concrete tensional strain testing found that approximately 28.45% and 26.96% of strains at 1 year occurred in the first 24 h, and 35.80% and 34.56% strains occurred in the first 1 month for 33% and 50% loading levels, respectively. For the unstrengthened RC beams, longitudinal concrete tensional strain indicated that approximately 19.70% and 18.50% of strains at 1 year occurred in the first 24 h, and 24.0% and 24.23% occurred in the first 1 month for 33% and 50% loading levels, respectively. Therefore, it can be concluded that RC beams strengthened by hybrid composite beams (HCB) were effective in controlling the longitudinal long-term concrete tensional strain under the given sustained loading levels.



Figure 9 shows the percentage increase of longitudinal concrete tensional strains over the initial elastic strain. In this investigation, the percent increase of strain is calculated as follows:


ε(%)=ε(t)−ε(0)ε(0)×100



(1)




where ε(%) = the percentage increase of strain after time period (t), ε(t) = the longitudinal concrete tensional strain measured from Demec gauges at the tension side of the RC beam at time (t) and ε(0) = the initial longitudinal concrete tensional strain.



The percentage increase of concrete tensional strain was almost double at approximately 2 months for unstrengthened RC beams, and half a month for HCB-strengthened RC beams, respectively. Also, the percentage increase of concrete tensional strain of HCB-strengthened RC beams at 1 year was significantly lower than that of unstrengthened RC beams for both the loading levels.




3.3. Evaluation of Time-Dependent Factors


In this study, time-dependent factors of HCB-strengthened RC beams were investigated to understand the influence of external strengthening of HCB on RC beams. To determine the time-dependent factor from the long-term test, the well-known equation suggested by ACI 318 was adopted. This equation derived the additional long-term deflection resulting from creep and shrinkage of steel-reinforced concrete beams in terms of multiplying the instantaneous deflection by a factor. Therefore, it was assumed that the additional deflection of HCB-strengthened RC beams would be affected by the HCB strengthening, and the ACI equation would provide a somewhat adequate approximation in this study. The modified additional long-term deflection (ΔADD) of HCB-strengthened RC beams in this study may be written as


∆ADD=ξ1+50Sρ′



(2)




where, ξ = time-dependent factor for sustained loading level, s = flexural stiffness ratio between HCB-strengthened and unstrengthened RC beams ((EIbeam+EIHCB)/(EIbeam)) and ρ′= compression reinforcement ratio of steel bars in the RC beam section. The time-dependent factors found in this study using Equation (2) may be compared with the values found by Chami [10] and Arockiasamy [11] with similar FRP systems and ACI equations [9]. It should be noted that the ACI equation was proposed by steel reinforced concrete beams, while the values of Chami’s study were obtained from RC beams with externally bonded CFRP laminates, and the values of Arockiasamy’s study were obtained from CFRP bars reinforced with concrete beams. Table 3 presents the time-dependent factors from the present work with each of the different investigations up to 1 year.



In this investigation, we found that the time-dependent factors of HCB50 were approximately similar to those determined by Chami within 1 year. However, the time-dependent factors of HCB33 differed from those obtained by Chami by as much as 50%. The average time-dependent factors of HCB33 were approximately 50% higher than those of Arockiasamy, while HCB50 values were approximately 30% lower than those of Arockiasamy. Given that the present work and the studies of Chami and Arockiasamy were performed using different strengthening materials, types and loading levels, it can be concluded that the time-dependent factor of FRP-strengthened RC beams is strongly dependent upon the type of FRP materials, strengthening method and sustained loading levels. The time-dependent factors of HCB-strengthened RC beams found in this study may also be compared with those values recommended by ACI. The time-dependent factors of HCB33 were on average 26.5% higher than those of ACI, while those of HCB50 were on average 38% lower than those of ACI. In the present work, the ACI equation may not provide a reasonable estimation of the long-term deflection behavior of HCB-strengthened RC beams. For unstrengthened RC beams at the two different loading levels, it was found that the time-dependent factors suggested by ACI ranged from, on average, 60% higher than NHCB50 to 45% lower than NHCB33. Actually, values of time-dependent factors of ACI are derived without a specifically applied sustained loading level. Based on the results of the present work, we suggested that the sustained loading level should not exceed 50% to ensure that the ACI equation can model the time-dependent factor of RC beams. Therefore, further tests with various conditions are needed to verify such a difference. The obtained time-dependent factors as a function of loading time are shown graphically in Figure 10 along with other investigations.





4. Conclusions


Based on the results of HCB-strengthened and unstrengthened RC beams at the two different sustained loading levels up to 1 year, the following conclusions are obtained:

	(1)

	
The long-term deflections of HCB-strengthened RC beams at the two different sustained loading levels of 33% and 50% at 1, 3, 6 and 12 months were, on average, 27%, 22%, 25% and 26% lower than those of unstrengthened RC beams, respectively. The reduction rate of long-term deflection under the higher loading level showed a slightly higher value than that of the lower loading level.




	(2)

	
The long-term longitudinal concrete tensional strains of HCB-strengthened RC beams at 1 year were approximately 37.46% and 34.66% lower than those of unstrengthened RC beams for loading levels of 33% and 50%, respectively.




	(3)

	
Compared to other investigations, the time-dependent factors of HCB-strengthened RC beams found in the present work differ from those in other investigations such as ACI, Chami and Arockiasamy. At the present time, we concluded that the time-dependent factors of FRP-strengthened RC beams are strongly dependent upon the strengthening types, materials, sustained loading levels, etc. Also, the time-dependent factor suggested by ACI for steel-reinforced concrete beams (RC beams) does not reasonably predict the RC beam strengthened with various FRP materials.
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Figure 1. The hybrid composite beam (HCB) used. 
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Figure 2. Details of the HCB-strengthened reinforced concrete (RC) beam specimen. 
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Figure 3. The short-term test on the reinforced concrete (RC) beam specimen. 
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Figure 4. Long-term test setup: (a) loading mass; (b) test setup. 
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Figure 5. Schematic test setup and creep measurement: (a) schematic test setup; (b) measurement. 






Figure 5. Schematic test setup and creep measurement: (a) schematic test setup; (b) measurement.



[image: Applsci 09 01734 g005]







[image: Applsci 09 01734 g006 550]





Figure 6. Additional deflections under two different sustained loadings. 
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Figure 7. Variation of instantaneous deflection/deflection up to 1 year. 
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Figure 8. Longitudinal concrete tensional strains under sustained loading. 
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Figure 9. Percentage variation of longitudinal concrete tensional strains. 
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Figure 10. Time-independent factor(ξ) under sustained loads. 
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Table 1. Mechanical properties of the hybrid composite beam (HCB).
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	System
	Cross Section (mm2)
	Tensile Strength (MPa)
	Compressive Elastic Modulus (GPa)
	Ultimate Elongation (%)





	Hybrid Composite beam
	1312
	418
	35.75
	2.1
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Table 2. Long-term deflections of RC beams strengthened with HCB.
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	Time (days)
	NHCB 33 (mm)
	HCB 33 (mm)
	NHCB 50 (mm)
	HCB 50 (mm)





	0
	5.14
	4.35
	16.15
	10.05



	30
	9.25
	7.06
	19.26
	13.48



	90
	10.69
	9.19
	21.08
	15.07



	180
	12.73
	9.93
	22.29
	15.91



	360
	14.32
	10.77
	24.54
	17.72
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Table 3. Obtained time-dependent factors with other investigations
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Load Time (month)

	
Present Work

	
ACI(2002) [9]

	
Chami [10]

	
Arockiasamy [11]




	
NHCB33

	
HCB33

	
NHCB50

	
HCB50






	
1

	
0.90

	
0.70

	
0.22

	
0.386

	
0.50

	
0.40

	
-




	
3

	
1.22

	
1.25

	
0.34

	
0.565

	
1.00

	
0.60

	
0.70




	
6

	
1.67

	
1.45

	
0.43

	
0.660

	
1.20

	
0.80

	
0.85




	
9

	
1.87

	
1.57

	
0.53

	
0.750

	
-

	
-

	
-




	
12

	
2.01

	
1.668
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1.00

	
1.15
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