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Abstract:

 In this study, 36 concrete specimens with square cross-sections and different concrete qualities were tested either under uniaxial compression at different loading rates or subjected to sustained uniaxial stresses after externally jacketing with carbon fiber-reinforced polymer (CFRP) sheets. The main test parameters were the loading rate and the applied sustained stress level. Among these parameters, the loading rate varied in the range of 0.0002 and 0.04 strain/min. In the case of short-term creep tests under sustained loads, three stress levels (between 0.73 f'cc and 0.90 f'cc or 2.76 f'cc and 3.37 f'cc) for low-strength and four stress levels (between 0.69 f'cc and 0.92 f'cc or 0.89 f'co and 1.20 f'co) for medium-strength prisms were applied. The test results showed that the stress-strain behavior of CFRP-confined concrete was affected by the change in loading rate, and external CFRP confinement enhanced the creep performance of concrete significantly. For low-strength concrete specimens, higher strain rates did not bring higher strength values; however, an increase in strength was obvious for medium-strength prisms. On the other hand, for both concrete qualities, the specimens loaded at slower strain rates exhibited better deformability. None of the specimens of the medium-strength concrete failed during the short-term creep tests; however, three of the low-strength concrete prisms failed during the tests. The results of residual strength tests showed that sustained loading did not cause a strength or ultimate deformation capacity loss, but affected the residual strain capacities.
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1. Introduction

In the last two decades, several experimental and analytical studies that investigated the uniaxial compression behavior of fiber-reinforced polymer (FRP)-confined concrete have been performed, and extensive data on the stress-strain behavior of concrete have been collected [1]. These studies included several tests performed on different cross-section shapes, concrete qualities and FRP wrapping configurations [2,3,4,5,6,7,8]. However, in the majority of the experiments, the loading rate applied during the uniaxial loading was kept constant. Furthermore, generally, the loading rates vary between 0.0006 and 0.002 strain/min. This range of the loading rate can be accepted to be in the range of static loading. In fact, structures are exposed to much higher strain rates during seismic actions [9]. Therefore, the stress-strain behavior of FRP-confined concrete should be investigated under higher strain rates, in order to have a better perception of earthquake performance. One of a few studies has been carried out by Demir et al. [10] as a preliminary phase of the tests presented in this paper. Demir et al. [10] performed uniaxial compression tests with strain rates varying between 0.0002 and 0.04 strain/min. The specimens were CFRP-confined cylinders cast with 31.2 MPa medium-strength concrete. The test results pointed to an increase in compressive strength and the elasticity modulus for higher strain rates (i.e., 0.04 strain/min) and an increase in the deformation capacity for lower strain rates (i.e., 0.0002 strain/min). Tests performed by Zhang et al. [11] on medium-strength concrete prisms, under four different levels of strain rates (varying between 0.0006 and 0.6 strain/min), gave similar results, with emphasis on the slight increase of Poisson’s ratio with increased strain rates.

It is well known that in many existing structures, particularly in buildings constructed in developing countries, there is a lack of engineered design procedures. Even the engineered ones frequently suffer from low concrete quality, due to construction malpractices. In the case of Turkey, the average concrete compressive strength can be assumed to be around 10 MPa for buildings constructed before the 1990s. Consequently, when the actual concrete strength used during the construction is lower than that foreseen at the structural design phase, the sustained axial stresses of columns may be remarkably high (70%~90% of column axial capacity). These high axial stresses sometimes cause the collapse of columns or the overall structure, due to creep effects on concrete. Views of columns from a building in Diyarbakir, Turkey, which were recently damaged under sustained loads, are shown in Figure 1. Along with the low concrete quality, reinforcement detailing problems and inadequate utilization of transverse reinforcement negatively affect the load bearing capacity and ductility performance. The service life of such structures can be enhanced through external jacketing of columns with FRP sheets. However, although a significant number of experimental studies exist for investigation of the behavior of fiber-reinforced polymer (FRP)-confined concrete members under short-term loading, a limited number of studies has considered the behavior under sustained axial loads [10,12,13,14,15,16,17,18]. In the preliminary phase of this study, Demir et al. [10] tested CFRP-confined medium strength cylinders under 50 h for four different sustained stress levels that varied between 52% and 85% of the confined concrete strength (f'cc) and carried out predictions for the lifetimes of specimens. Since these specimens had circular cross-sections, the confinement pressure distributions were uniform. Accordingly, despite the high sustained loads, FRP confinement proved to be an effective measure against potential creep failure. Moreover, residual capacity tests after sustained loading showed that there was not any deterioration in strength and deformability.

Figure 1. Columns damaged under sustained loads.
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The aim of this paper is to study the effects of loading rate and short-term creep on the stress-strain relationships of low- and medium-strength concrete prisms with square cross-sections. For this purpose, the results of short-term monotonic loading tests at different loading rates, short-term creep tests and residual strength tests performed on CFRP confined square specimens are presented. Additionally, the general results are compared with a preliminary study performed on medium-strength cylinders [10]. Seventeen square cross-sectioned specimens with low-strength concrete (6.8 MPa unconfined concrete strength) and nineteen square cross-sectioned specimens with medium-strength concrete (31.2 MPa unconfined concrete strength) were tested under uniaxial compression. Three specimens with medium-strength concrete and two specimens with low-strength concrete were chosen as reference unconfined specimens. Additionally, one low-strength concrete specimen was left unconfined and tested under sustained loads. The rest of the specimens were wrapped by three plies of CFRP sheets. The applied loading rate, sustained stress/strength ratio and concrete quality are the main parameters of this study. The originality of the study stems from the non-circular cross-section shape and low-strength concrete used for the construction of the specimens. It should be noted that the initial results of this study for the short-term creep behavior of low-strength specimens have been presented in Demir et al. [19].





2. Experimental Program


2.1. Specimen Preparation

Thirty-six square cross-sectioned prism specimens with dimensions of 150 mm × 150 mm × 300 mm were cast using both medium-strength and low-strength concrete. The cement, water, sand, gravel and crushed stone weights used in the unit volume of the medium-strength and low-strength concrete mixes were 375, 140, 490, 1025, 355 (kg/m3) and 197, 231, 563, 852, 272 (kg/m3), respectively. Portland cement and a maximum aggregate size of 15 mm were used in both of the mixtures. The corners of all specimens were rounded to a 15-mm radius. Sixteen of the specimens from the medium-strength concrete group and fourteen of the specimens from the low-strength concrete group were wrapped in the transverse direction with three plies of CFRP sheets (Figure 2a). CFRP sheets were bonded onto the concrete surface by using a two-component epoxy adhesive, and a 150-mm overlap was formed at the end of the wrap. While wrapping the CFRP sheets, a 10-mm spacing was left from the top and bottom ends of the specimens to avoid the direct axial loading of the sheets. Finally, all specimens were capped with sulfur and graphite. CFRP sheets with a tensile strength of 3800 MPa and a Young’s modulus of 240,000 MPa were used for wrapping, as provided by the manufacturer. The ultimate elongation and thickness of one ply of the CFRP sheet was 1.55% and 0.117 mm, respectively.

Figure 2. (a) Carbon fiber-reinforced polymer (CFRP) wrapping of concrete prisms. (b) Test setup.
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The nomenclature of the short-term monotonic loading test specimens depends on the utilized concrete strength (L for low- and M for medium-strength concrete), the type of applied load (M: monotonic), the number of CFRP plies (0 or 3 plies), the loading rate (L0, L1, L2 or L3) and the specimen sequence code (A, B or C). For example, LM3L2A represents the first low-strength concrete specimen, which is tested under monotonic loading, confined with 3 plies of CFRP and loaded with a loading rate of L2, which is 0.002 strain/min. In the case of short-term sustained loading tests, the specimens were named as LSR or MSR (L for low-strength and M for medium-strength concrete), which were followed by the specimen sequence code (i.e., LSRA). The test matrix of the study is presented in Table 1.


Table 1. Tested specimens and investigated parameters. Specimen nomenclature: L, low-strength concrete; M, medium-strength concrete; the number of carbon fiber-reinforced polymer (CFRP) plies (0 or 3 plies); the loading rate (L0, L1, L2 or L3); and the specimen sequence code (A, B or C).



	
Concrete Strength

	
Test Type

	
Specimens

	
Loading Rate (strain/min)

	
Sustained Load Duration (h)

	
Sustained Axial Stress Level 1






	
Low Strength

	
Loading Rate

	
LM0L2A, LM0L2B

	
0.002

	
–

	
–




	
LM3L0A, LM3L0B

	
0.04

	
–

	
–




	
LM3L1A, LM3L1B

	
0.02

	
–

	
–




	
LM3L2A, LM3L2B

	
0.002

	
–

	
–




	
LM3L3A, LM3L3B

	
0.0002

	
–

	
–




	
Short-term Creep

	
LSRA, LSRB

	
–

	
48, –

	
3.37 f'co (0.90 f'cc)




	
LSRC, LSRD

	
–

	
48, –

	
3.13 f'co (0.83 f'cc)




	
LSRE, LSRF

	
–

	
96, 96

	
2.76 f'co (0.73 f'cc)




	
LSRI (unconfined)

	
–

	
48

	
0.85 f'co




	
Medium Strength

	
Loading Rate

	
MM0L2A, MM0L2B, MM0L2C

	
0.002

	
–

	
–




	
MM3L0A, MM3L0B

	
0.04

	
–

	
–




	
MM3L1A, MM3L1B

	
0.02

	
–

	
–




	
MM3L2A, MM3L2B

	
0.002

	
–

	
–




	
MM3L3A, MM3L3B

	
0.0002

	
–

	
–




	
Short-term Creep

	
MSRA, MSRB, MSRH

	
–

	
48, 48, 96

	
0.89 f'co (0.69 f'cc)




	
MSRI

	
–

	
96

	
1.00 f'co (0.77 f'cc)




	
MSRD, MSRE

	
–

	
48, 96

	
1.11 f'co (0.86 f'cc)




	
MSRC, MSRF

	
–

	
48, 96

	
1.20 f'co (0.92 f'cc)






1f'cc is assumed as the average confined concrete strength of the LM3L2 and MM3L2 series specimens.








2.2. Test Setup

The specimens were tested under monotonic or sustained compressive loads by using a 5000-kN capacity Instron Satec 1000RD universal testing machine (Norwood, MA, USA) that can be run under displacement or force control. Four linear variable displacement transducers (LVDTs) of the TML CDP-25 type with a gage length of 150 mm were attached to the specimen through a compressometer, to measure the average axial strains. The compressometer, which was compatible with the square cross-section of the prisms, was designed and manufactured particularly for this study. Lateral strains on the FRP surface at mid-height were measured by four surface strain gages (one on each side). The strain gages had a gage length of 60 mm. For the measurement of loads, a TML CLP-100CMP type load cell with a capacity of 1000 kN was used in parallel with the built-in load cell of Instron loading system. A specimen with the above-mentioned instrumentation can be seen in Figure 2b. Data acquisition was maintained via a 50-channel TML ASW-50C switch box (Tokyo Sokki Kenkyujo Co., Tokyo, Japan) and a TML TDS-303 data logger (Tokyo Sokki Kenkyujo Co., Tokyo, Japan). In short-term monotonic tests, data from the measuring devices was collected with random intervals. During the short-term creep tests, the displacement, strain and loading data were collected at every second automatically, until the target stress level was reached. Then, data collection continued at 20-s intervals until the end of the sustained loading test. Short-term monotonic and residual capacity tests were performed by controlling the displacement; whereas, the short-term creep tests were controlled by force.



2.3. Short-Term Monotonic Tests

Short-term monotonic tests were carried out under different loading rates, which were defined as the ratio of cross-head displacement to specimen height. For this purpose, a total of 16 CFRP-confined concrete specimens from two different concrete strength groups (eight low-strength and eight medium-strength concrete specimens) were loaded under displacement control. As also indicated in Table 1, two identical specimens for each of the four different loading rates, 0.04, 0.02, 0.002 and 0.0002 strain/min (or 6.66 × 10−4, 3.33 × 10−4, 3.33 × 10−5 and 6.66 × 10−6 strain/s), were used in the tests for the L0, L1, L2 and L3 loading series, respectively. According to the strain rate ranges given by Bischoff and Perry [9] for creep, static, earthquake, hard impact and blast loading conditions, the strain rate range investigated in this study extended the limits of the static loading case, since it was in between creep and earthquake loading strain rates. The intermediate loading rate, L2 (0.002 strain/min), was considered as the reference rate for determining the other loading rates, since it was ascertained as the average loading rate used in similar experiments. The major concern in deciding the maximum loading rate, L0 (0.04 strain/min), was the minimum reaction time of the measurement devices. The applied preloads for low-strength concrete samples and medium-strength concrete samples were 5 kN and 7.5 kN, respectively. Unconfined concrete reference specimens were tested under a loading rate of 0.002 strain/ min (L2).



2.4. Short-Term Creep Tests

Two confined specimens of low-strength concrete for each of the three different sustained axial stress levels were subjected to continuous axial load for targeted time durations (Table 1). For CFRP-confined low-strength concrete specimens, the sustained axial stress levels were 73%, 83% and 90% of the confined concrete strength (f'cc). These stress levels respectively corresponded to 2.76-, 3.13- and 3.37-times the unconfined concrete strength (f'co). For low-strength concrete series, these reference f'co and f'cc values were obtained from monotonic loading tests (carried out at 0.002 strain/min loading rate) as 6.8 MPa and 25.6 MPa, respectively. The single unconfined low-strength concrete prism (LSRI) was tested under a short-term creep load that corresponded to 0.85 f'co. A similar procedure was repeated for medium-strength concrete series. Eight specimens subjected to four different sustained axial stress levels were loaded for targeted time durations. For these specimens, the sustained axial stress levels were 69%, 77%, 86% and 92% of the confined concrete strength (f'cc), or in other words, sustained axial stress levels corresponded to 0.89-, 1.0-, 1.1- and 1.2-times the unconfined concrete strength (f'co), respectively. For medium-strength concrete series, the reference f'co value was 31.2 MPa, and f'cc was 40.5 MPa.



2.5. Residual Strength Tests

The CFRP-confined concrete prisms, which did not fail during the sustained loading phase, were tested under monotonic compression in order to assess their residual strengths. For each specimen, at the end of the targeted time duration of the sustained loading, the axial load was decreased to zero, and the specimens were kept unloaded for 30 min. Then, they were reloaded monotonically with a loading rate of 0.002 strain/min, until failure.




3. Results and Discussions


3.1. Short-Term Monotonic Tests

Among the low-strength concrete specimens, two unconfined ones (namely LM0L2A and LM0L2B), and among the medium-strength concrete specimens, three unconfined ones (namely MM0L2A, MM0L2B and MM0L2C), were tested under a 0.002 strain/min loading rate (L2 rate) as reference specimens. For low-strength concrete specimens, the average concrete strength and corresponding axial deformation values were 6.8 MPa and 0.0028 mm/mm, respectively. For medium-strength concrete specimens, these values were 31.2 MPa and 0.0025 mm/mm, respectively. A comparison with the CFRP-confined specimens (tested under the same 0.002 strain/min loading rate) points to a 350% strength and 1470% axial strain capacity enhancement for low-strength concrete and a 134% strength and 240% axial strain capacity enhancement for medium-strength concrete specimens.

The axial stress-strain relationships of CFRP-confined concrete prisms obtained for varying strain rates exhibit an apparent variation (Figure 3). Moreover, a definite difference between the curves of low-strength and medium-strength prisms can be observed. Low-strength specimens are characterized with a clear ascending branch after the unconfined concrete strength, whereas the post-peak curves of medium-strength specimens tend to descend after the peak stress. This result can be attributed to the difference between the effective confinement pressure/unconfined concrete strength ratios (f'l/f'co) of both specimen groups.

Figure 3. Stress-strain behavior of carbon fiber-reinforced polymer (CFRP)-confined specimens under different loading rates. (a) Low-strength concrete. (b) Medium-strength concrete.
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A closer look at the variation of normalized axial strength (f'cc/f'co) with the utilized strain rates leads to a contrast between low- and medium-strength concrete specimens (Figure 4). In parallel with the test results presented by Demir et al. [10] for medium-strength CFRP-confined concrete cylinders, square cross-sectioned medium-strength prisms exhibit a tendency to have a higher strength with an increasing strain rate (Figure 4b). However, low-strength concrete prisms with CFRP confinement tend to have a lower strength enhancement (Figure 4a). For both low- and medium-strength cases, the variation of strength with the strain rate becomes significant between the L1 (3.33 × 10−4 strain/s) and L2 (3.33 × 10−5 strain/s) strain rates.

Figure 4. The variation of strength enhancement. (a) Low strength. (b) Medium strength.
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In the case of axial strain capacities normalized with axial strains corresponding to unconfined concrete strength (εcc/εco), both groups of confined prisms exhibited a descending axial strain capacity for increasing strain rates (Figure 5). This observation is compatible with the results of previous tests performed on confined cylinders [10]. The order of normalized ultimate axial strains for low-strength prisms was much higher than that of medium-strength ones (between 11.5 and 19.7 for low-strength versus between 2.6 and 4.9 for medium-strength). The average lateral strains at failure of the specimens, which occurred due to the rupture of the CFRP sheets, were obtained by using the strain gauges at the mid-height of the specimens (Figure 6). Unlike the medium-strength cylinder specimens reported by Demir et al. [10], the rate of strain seems to have an effect on the rupture strains of rectangular prisms. Accordingly, rupture strains tend to decrease with increasing strain rates. The only exception to this observation is the lateral strain measured for the L3 strain rate (6.66 × 10−6 strain/s) of medium-strength concrete specimens. Although the behavior of CFRPs has been reported to be independent of the loading rate [20], the observations done here can be attributed to the uneven distribution of lateral strains around the square cross-section.

Figure 5. The variation of the ultimate axial strain with the strain rate. (a) Low-strength concrete. (b) Medium-strength concrete.
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Figure 6. The variation of lateral strains at failure with strain rate (a) Low strength concrete. (b) Medium strength concrete.
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As also seen in Figure 3, the axial stress-strain relationships of CFRP-confined concrete prisms consist of two regions. In the first region, where FRP confinement is not fully activated yet, concrete dominates the behavior. Consequently, in parallel with the behavior of unconfined concrete, in the case of CFRP-jacketed cylinders, the slope of the first branch (elasticity modulus Ec) tends to increase with increasing strain rates [10]. However, in the second region, the FRP wrap demonstrates a dominant behavior. Interestingly, in this study, in the case of low-strength concrete, the initial slope of the first branch (Ec) was not affected considerably by the change in strain rate (Figure 7a). In the case of medium-strength prisms, Ec exhibited a vague tendency to increase with the increasing strain rate (Figure 7b), whereas an apparent increase is reported by Demir et al. [10] for medium-strength cylinder specimens.

Figure 7. The variation of the elasticity modulus. (a) Low strength. (b) Medium strength.
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The post-peak curves of medium-strength specimens tend to descend after the peak stress (Figure 3b), mainly due to the relatively low amount of supplied confinement pressure to unconfined concrete strength ratio. Consequently, the slope of the second region (E2), which can be used for characterizing the post-peak axial stress-strain curves of FRP-confined concrete members, cannot be used for medium-strength specimens. However, it is interesting to note that, for medium-strength specimens, the post-peak descending branches obtained for different strain rates tend to get steeper for increased strain rates (Figure 3b). This observation is also noted by Mander et al. [21] for steel transverse reinforcement-confined concrete members. On the other hand, unlike the observations done by Demir et al. [10] for medium-strength cylinders, the slope of the second branch (E2) of CFRP-confined low-strength concrete prisms seems to be affected by the change in strain rates. Accordingly, the E2 slope increases for higher strain rates (Figure 8).

Figure 8. The variation of E2 with the strain rate for low-strength concrete.
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3.2. Short-Term Creep Tests

During sustained loading tests of low-strength concrete specimens, the behavior up to the target sustained stress levels (varying between 2.76 f'co and 3.37 f'co or 0.73 f'cc and 0.90 f'cc) was identical to monotonic loading tests. However, one specimen from each of the specimen couples (LSRB and LSRD) that targeted 0.83 f'cc and 0.90 f'cc (3.13 f'co and 3.37 f'co) sustained stress levels unexpectedly failed in the vicinity of the target stress levels (Table 2). Similarly, the unconfined LSRI specimen failed three minutes after reaching the 0.85 f'co stress. The premature failures of the specimens LSRB, LSRD and LSRI can be attributed to the possible variation in concrete compressive strength and workmanship errors, which might have led to non-uniform stress and strain distributions on the concrete and the external FRP jacket. In the case of specimens that could reach the target stress levels (the LSRA, LSRC, LSRE and LSRF specimens), the lateral strains initially exhibited a tendency to increase (Figure 9a). This increase was more remarkable for the LSRA and LSRC specimens that were subjected to higher stress levels than the LSRE and LSRF specimens. However, later on, the lateral strains were stabilized, and none of these four specimens reached failure during the short-term creep loading phase. It should be noted that the sudden increase in the lateral strain of the LSRA specimen occurred due to a load adjustment done during sustained loading (Figure 9a).

Figure 9. The variation of lateral strains with time. (a) Low-strength concrete. (b) Medium-strength concrete.
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Table 2. Short-term creep tests.



	
Concrete Strength

	
Specimens

	
Sustained Load Duration (h)

	
Sustained Axial Stress Level

	
Failure During Sustained Loading

	
Likely to Fail in Practical Duration






	
Low

	
LSRA, LSRB

	
48, –

	
3.37 f'co (0.90 f'cc)

	
No, Yes

	
Yes




	
LSRC, LSRD

	
48, –

	
3.13 f'co (0.83 f'cc)

	
No, Yes

	
Yes




	
LSRE, LSRF

	
96, 96

	
2.76 f'co (0.73 f'cc)

	
No, No

	
No




	
LSRI (no confinement)

	
48

	
0.85 f'co

	
Yes

	
Yes




	
Medium

	
MSRA, MSRB, MSRH

	
48, 48, 96

	
0.89 f'co (0.69 f'cc)

	
No, No, No

	
No




	
MSRI

	
96

	
1.00 f'co (0.77 f'cc)

	
No

	
Yes




	
MSRD, MSRE

	
48, 96

	
1.11 f'co (0.86 f'cc)

	
No, No

	
Yes




	
MSRC, MSRF

	
48, 96

	
1.20 f'co (0.92 f'cc)

	
No, No

	
Yes













In the case of CFRP-confined medium-strength prisms, none of the specimens failed during loading under the targeted sustained axial stress levels (varying between 0.89 f'co and 1.20 f'co or 0.69 f'cc and 0.92 f'cc) applied for designated loading durations (Table 2). This observation is parallel with the results indicated by Demir et al. [10] for medium-strength cylinders subjected to sustained axial stress levels varying between 0.90 f'co and 1.46 f'co (or 0.52 f'cc and 0.85 f'cc). The achieved lateral strains during the loading durations were less than the strains recorded for low-strength specimens (Figure 9b). The stabilization of lateral strains was not as apparent as the low-strength specimens, and the tendency for increase was similar to the medium-strength cylinder specimens [10].

In order to predict the life-time of the specimens subjected to sustained loading, a power type regression analysis was performed on the curves presented in Figure 9. Similar power type relationships for creep-time behavior were also reported by Bažant and Panula [22], American Concrete Institute (ACI) 209 [23] and Neville [24] for plain concrete and Naguib and Mirmiran [14,15] and Berthet et al. [12] for FRP-confined concrete. For medium-strength concrete specimens, the increase in the lateral strains was almost proportional with a 1/8 power of time. However, for low-strength specimens, the lateral strains were proportional with approximately a 1/40 power of time. A comparison of trend lines obtained for 48 h and 96 h loading for the same sustained stress level (i.e., a comparison of MSRA, MSRB and MSRH or MSRC and MSRF or MSRD and MSRE) led to similar power type relationships. During the analysis for the prediction of life-time under sustained loads, it has been assumed that the specimen fails when the trend line, generated by using lateral strain-time data, shown in Figure 9, reaches the FRP effective ultimate lateral strain (rupture strain). The FRP rupture strains were taken approximately as 11,000 microstrain for low-strength and 10,000 for medium-strength concrete prisms, which were determined to be the average rupture strains during the monotonic compression tests. The predictions for the likelihood of failure in a practical duration (i.e., durations up to 50 years) are presented in Table 2. The analysis of the lateral strain-time curves of low-strength LSRE and LSRF prisms with the lowest sustained stress level (0.73 f'cc or 2.76 f'co) showed that the specimens were unlikely to fail in a practical duration. However, other low-strength concrete specimens with 0.90 f'cc (LSRA) and 0.83 f'cc (LSRC) addressed service life durations that can be easily exceeded in actual conditions. These results are also supported with the premature failure of two other specimens (LSRB and LSRD) loaded to these stresses. In the case of medium-strength prisms, which had a considerably lower effective confinement pressure/unconfined concrete strength ratio (f'1/f'co) than the low-strength specimens, the lateral strain-time curves exhibited a higher slope than the low-strength ones (Figure 9). Consequently, all specimens, except MSRA, MSRB and MSRH, which were subjected to a 0.89 f'co (or 0.69 f'cc) sustained axial stress level, were found to fail in practical durations. A comparison with the medium-strength cylinders of Demir et al. [10] shows that a sustained stress level in the order of f'co (or 0.77 f'cc) may lead to failure in time for square cross-sectioned prisms, whereas cylinder specimens perform well under 1.12 f'co (or 0.65 f'cc) and 1.29 f'co (or 0.75 f'cc) stress levels.

It should be noted that the applied sustained stress levels were extremely high and quite unlikely for actual existing structures. However, extremely poor concrete and/or extreme loading conditions may cause unexpectedly high sustained axial stresses. In such cases, FRP confinement arises as an effective retrofitting technique for the prevention of potential damage due to the creep of existing concrete members.



3.3. Residual Capacity Tests

Although some of the CFRP-confined concrete prisms failed under sustained axial loads, the remaining specimens were virtually undamaged after the short-term creep tests. In order to investigate the residual load and deformation capacities, sustained loads were removed, and the specimens were left unloaded for thirty minutes. Some strain regression occurred during this 30-min time interval. In the next step, the specimens were reloaded monotonically under a 0.002 strain/min loading rate until failure. The failure modes of the monotonic compression tests and residual capacity tests were similar. The sudden rupture of the external CFRP jacket generally initiated near the center of a side and extended along 1/3 of the specimen height. In a few cases, as also observed in the LSRA specimen, FRP rupture was close to one of the corners. In contrast with the observations done here, studies, such as Ilki et al. [3], Wang and Wu [25], Wu and Wei [26] and Rousakis and Karabinis [27], report the common FRP rupture location as corner regions of square and rectangular cross-sections. The difference may be attributed to the configuration of the pin supports of the compressometer. In this study, each arm of the compressometer was supported by two pins that were close to the corner regions of the specimens (locations marked in Figure 2b). Therefore, these pin supports may have affected the rupture path of FRP sheets in some cases. Typical views of the specimens after residual capacity tests can be seen in Figure 10.

Figure 10. Typical failure modes of residual capacity test specimens.
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The axial stress-axial strain and axial stress-lateral strain curves obtained from residual capacity tests are presented in Figure 11, Figure 12 and Figure 13. In these figures, it is also possible to compare the curves of monotonically-loaded, confined and unconfined prisms. Despite the utilized extremely high sustained stress levels and experienced axial and transverse deformations, sustained loading did not have negative effects on confined concrete strength and the ultimate deformation characteristics of low- and medium-strength concrete specimens. Moreover, all CFRP-confined low- and medium-strength prisms subjected to sustained loading experienced slightly higher strengths than the monotonically-loaded ones. In the case of medium-strength concrete, the strength enhancement was more pronounced for 96 h of sustained loading than the 48 hours of loading, as can be seen from Figure 12 and Figure 13.

Figure 11. Low-strength concrete residual capacity tests. (a) Axial stress-axial strain curves. (b) Axial stress-lateral strain curves.
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Figure 12. Medium-strength concrete residual capacity tests after 48 h of sustained loading. (a) Axial stress-axial strain curves. (b) Axial stress-lateral strain curves.
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Figure 13. Medium-strength concrete residual capacity tests after 96 h of sustained loading. (a) Axial stress-axial strain curves. (b) Axial stress-lateral strain curves.



[image: Polymers 06 01685 g013 1024]





In many cases, short-term creep test specimens achieved slightly higher axial and lateral strain values than specimens tested under short-term monotonic loading, as also observed for cylindrical specimens [10]. This observation is clearer for lateral strains, indicated in Figure 6, for higher strain rates (such as L1 and L0 rates) versus the ultimate lateral strains shown in Figure 11b and Figure 12b after sustained loading. This difference may probably be attributed to the intensification of the stresses under high strain rates, so that the internal redistribution of stresses is limited with respect to lower strain rates, where the more uniform propagation of microcracks permits a better internal stress redistribution. The internal redistribution capacity may become very decisive, particularly in the post-peak region, as also observed in the elastic rope-confined concrete tests performed by Rousakis [28] and Rousakis and Tourtouras [29].







While the FRP confinement played an important role for the creep performance of the tested members, the efficiency of confinement was remarkably less than the efficiency reported by Demir et al. [10] for circular specimens. It is thought that this difference mainly stemmed from the distribution of the stresses in the cross-section. In the case of circular cross-sections, the distribution of the stresses is uniform, whereas in the case of square cross-sections, the distribution of stresses is quite irregular, due to concentrations at the corners. Therefore, the current study shows that it is important to approach the results of creep tests of FRP-confined circular specimens carefully before generalizing the obtained results for noncircular specimens.

Although the ultimate strain capacities of both low- and medium-strength prisms were not negatively affected by the sustained loading (Table 3), the residual strain capacities exhibited a dependence on the sustained strain level. Here, the residual strain capacity is defined as the difference between the ultimate axial strain reached during the residual capacity loading and the residual axial strain obtained after the unloading of sustained loading (strain at zero axial load). As presented in Table 3, for both concrete types, the residual strain capacities of all specimens corresponding to the same loading duration group decreased for increasing sustained stress levels (except the MSRE specimen). It should be noted that this reduction in residual axial strain capacity may negatively affect the seismic performance of CFRP-jacketed columns, which are somehow subjected to high sustained stress levels.


Table 3. Ultimate and residual strain capacities of short-term creep specimens.



	
Concrete Strength

	
Specimens

	
Sustained Load Duration (h)

	
Sustained Axial Stress Level

	
Ultimate Strain Capacity (microstrain)

	
Residual Strain Capacity (microstrain)






	
Low

	
LSRA

	
48

	
3.37 f'co (0.90 f'cc)

	
58,500

	
12,300




	
LSRC

	
48

	
3.13 f'co (0.83 f'cc)

	
60,100

	
15,100




	
LSRE, LSRF

	
96, 96

	
2.76 f'co (0.73 f'cc)

	
60,300, 55,200

	
28,300, 20,800




	
Medium

	
MSRA, MSRB, MSRH

	
48, 48, 96

	
0.89 f'co (0.69 f'cc)

	
13,400, 16,400, 14,600

	
10,900, 13,700, 12,400




	
MSRI

	
96

	
1.00 f'co (0.77 f'cc)

	
14,000

	
9,410




	
MSRD, MSRE

	
48, 96

	
1.11 f'co (0.86 f'cc)

	
13,400, 18,100

	
8,900, 12,200




	
MSRC, MSRF

	
48, 96

	
1.20 f'co (0.92 f'cc)

	
16,500, 18,500

	
8,200, 6,300









A Comparison of 48-h sustained loading with 96 h under similar stress levels shows that longer sustained loading may slightly increase the residual load capacity, as observed in Figure 14 (for MSRA, MSRB versus MSRH; MSRC versus MSRF and MSRD versus MSRF medium-strength prisms). Moreover, the ultimate axial strain capacities of specimens loaded under 96 h were higher than that of 48 h-loaded specimens. Despite the dependence of ultimate strain capacity to loading duration, no tendency could be observed for residual strain capacities obtained for 48- and 96-h loading durations (Table 3).

Figure 14. Medium-strength concrete residual capacity tests: 48 h versus 96 h of loading.
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4. Conclusions

In this study, the behavior of CFRP-confined prisms with square cross-sections were investigated under short-term monotonic and short-term creep loading. For this purpose, low- and medium-quality concrete specimens, confined with three plies of CFRP sheets, were prepared and tested under uniaxial compression. Short-term monotonic loading tests were carried out under different strain rates, and short-term creep tests were executed for different sustained stress levels. The specimens that did not fail during the short-term loading were, then, tested under monotonic compression for assessing the residual strength and deformation capacities. As a result of this research program, the following conclusions can be drawn:


	The stress-strain behavior of CFRP-confined concrete is affected by the change in the loading rate.


	As also observed for cylindrical specimens, the strength of CFRP-confined medium-strength concrete prisms increases with the increasing strain rate (about an 11% difference between low and high strain rates). However, retrofitted, low-strength concrete specimens tend to have less strength enhancement with the increasing strain rate (about an 8% difference between low and high strain rates).


	Both low- and medium-strength concrete specimens exhibit higher strain capacities in the case of lower strain rates. The axial strain capacities at the lowest rate are approximately 70% and 90% higher than the strain capacities at the highest rate, for low- and medium-strength specimens, respectively.


	FRP rupture strains tend to decrease with increasing strain rates, particularly in the case of low-strength concrete (about a 28% difference for low-strength concrete).


	In the case of low-strength concrete, the initial slope of the first branch of stress-strain curves is not considerably affected by the change in the strain rate. In the case of medium-strength prisms, the initial slope exhibits a vague tendency to increase with the increasing strain rate (increases about 15% between the lowest and highest rates). However, a clear increase is reported by Demir et al. [10] for medium-strength cylindrical specimens.


	Unlike the previous observations made for medium strength cylindrical specimens, the slope of the second branch of axial stress-strain diagrams of CFRP-confined low-strength concrete prisms increases with increasing strain rates (about a 45% increase). For medium-strength specimens, the post-peak descending branches obtained for different strain rates tend to get steeper for increased strain rates.


	CFRP confinement appears to be an effective retrofitting method against creep failures, even for sustained stress levels higher than the unconfined concrete strength (particularly for circular cross-sections, as was reported by the authors before [10]).


	For low- and medium-strength concrete prisms, sustained stress levels higher than 75% of the confined concrete strength (approximately corresponding to 2.76 f'co and f'co for low-strength and medium-strength prisms, respectively) may cause failure in a practical duration (i.e., during the service life of the structure).


	Power type relationships obtained for the variation of lateral strains under creep loads by time are similar for both the 48- and 96-h loading durations.




In the case of residual capacity tests performed after short-term creep loading under sustained axial loads, the following conclusions are reached:


	Sustained loading did not have negative effects on confined concrete strengths and the ultimate axial deformation capacities of low- and medium-strength concrete specimens.


	All CFRP-confined prisms subjected to sustained loading reached slightly higher strengths than the monotonically-loaded ones.


	Although the total axial deformation capacity was not negatively affected, the residual strain capacities of specimens corresponding to the same loading duration group (48 or 96 h) decreased for increasing sustained stress levels.


	The increased duration of sustained loading led to slightly higher strength and ultimate strain values for medium-strength specimens.


	The efficiency of the confinement in the case of noncircular specimens was remarkably less than the efficiency reported by Demir et al. [10] for circular specimens.




Further research on the investigated topic may include the effects of internal steel presence, existing pre-load and creep prior to FRP wrapping, FRP type, the FRP application procedure (i.e., textile reinforced mortar) and the presence of active confinement.
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