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Abstract

:

High levels of sustained load can lead to time-dependent failure of reinforced concrete (RC) members. This in turn may lead to collapse of all or part of a building. Design errors, construction errors, and material deterioration may lead to concrete elements being subjected to high levels of sustained loads well exceeding typical service loads. Plain concrete can experience compressive failure when subjected to a high sustained stress (over 75% of its short-term strength). However, there is a lack of knowledge about the time-dependent strength and stiffness characteristics of RC members under high sustained loads. This paper presents the results of experimental testing of simply supported shear-controlled RC beams under high sustained loads. Two series of beams, consisting of 4 and 5 beams, were tested at concrete ages of 67 to 543 days to represent in-service concrete structures. The applied sustained loads ranged from 82% to 98% of the short-term capacity and lasted for 24 to 52 days. Test results indicated that high sustained load may eventually lead to failure (collapse); however, the level of load needs to be very close (~98%) to the short-term capacity. Under sustained load, all specimens experienced increased deflection with over half of the deflection increase occurring in the first 24 h. The sustained load increased the deflection at shear failure by 190% on average. The increase in the beam deflection may allow for load redistribution in redundant structural systems. A sharp increase in deflection due to tertiary creep occurred in a short time (~2 min) before failure, indicating little warning of the impending failure.
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1. Introduction


Reinforced concrete (RC) members subjected to high sustained loads may experience time-dependent failure. This in turn may cause all or part of a building to collapse. RC members can be exposed to levels of sustained load higher than typical service levels because of design errors, construction errors and material deterioration. Rüsch [1] showed that, under a high sustained stress (over 75% of its short-term strength), plain concrete can experience a compressive failure. However, the time-dependent strength and stiffness characteristics of concrete members with reinforcement under high sustained load have not been fully investigated. Previous research has only tested a limited number of beams and those tests did not include compression reinforcement. This research provides valuable experimental data on the behavior of shear-controlled reinforced concrete beams loaded under high levels of sustained load to fill in the lack of previous studies.



The objective of this study is to understand the effect of high sustained gravity loads on the behavior of RC shear-controlled beams and thus better understand the collapse mechanism of buildings under high sustained loads. The research program is designed to evaluate the time-dependent strength and stiffness characteristics of RC shear-controlled beams, determine the level of high sustained load that would lead to eventual failure (collapse) in RC shear-controlled beams, and evaluate the characteristics of impending failure.



This research is motivated by building collapses in service under sustained gravity loads. These buildings experienced total or partial collapse without additional loading, such as an earthquake or change in use. Wardhana and Hadipriono [2] reported 172 structural collapses in low-rise and multistory buildings in the U.S. from 1989 to 2000. Partial or total failure accounted for 94% of these collapses and 45% were related to design or construction error, overloading, or material insufficiency. Eldukair [3] reported 604 collapses in the U.S. from 1975 to 1989, excluding those caused by natural hazards. Technical errors were blamed for 78% of the collapses and 86% of collapses occurred to RC buildings. The collapses caused 416 deaths. In contrast, according to USGS [4], earthquakes have caused 68 deaths in the U.S. since 1990. Hadipriono [5] reported 150 collapses around the world from 1977 to 1981. Of those, about 65% were related to RC structures. These data highlight that although uncommon, structural collapse does occur in RC buildings under sustained gravity loads.



Several collapses have occurred in parking garages where material degradation led to high sustained loads (loads close to capacity) in RC members. One example is the New York Wilson Hospital parking garage, a flat-plate structure, that failed in 2015 [6]. Corrosion in the reinforcement reduced the capacity of the slab-column connection. This led the concrete to experience a load level close to its capacity and eventually to failure under sustained load. Although material degradation is a significant contributor to the collapse, this research focuses on the behavior of RC members under high sustained stresses to determine the effects of sustained load on collapse.



In other cases, collapse or near collapse occurred in buildings where construction errors or poor material quality led to high sustained loads in RC members. In the Dolphin Tower condominium, a 15-story RC flat-plate building in Sarasota, Florida structural failure was temporarily avoided. The structure experienced severe damage to the 4th-floor slab because of poor concrete quality. Collapse was avoided through temporary shoring, but it took nearly 5 years to repair because the functionality and safety condition could not be judged based on available knowledge [7]. Greater knowledge about how RC members behave or how concrete is damaged under high sustained loads may have helped the structural safety evaluation of the building.



Recently, in June 2021, a 12-story RC flat-plate building in the Miami suburb of Surfside, Florida, collapsed. While the investigation is ongoing, early results show that long-term degradation of RC structural support in the ground-level parking garage under the housing units may have been a contributing factor [8]. As a result, the structural components in the building may have been exposed to high sustained loads and their time-dependent effects may have contributed to the eventual collapse.



In a recent experiment to investigate the progressive collapse resistance of RC flat-plate buildings, a full-scale test was conducted in 2016 by the Defense Threat Reduction Agency (DTRA) [9]. Following the instantaneous removal of the front center column, the test structure was seemingly safe and obtained an alternative load path to carry the sustained gravity loads. However, the slab continued to deform. After four hours, punching failures occurred at two neighboring slab-column connections. The system at this stage was still able to tolerate the local failures and maintain stability. Overnight, the test structure completely collapsed.



All these aforementioned examples show that sustained load can lead to local component failure and, if the failure is not mitigated timely and properly, time-dependent effects can cause structural collapse. Although the cited in-service structures had additional factors for failure such as material degradation or poor-quality concrete, they also had concrete members loaded close to their capacity. The exact mechanism of collapse evolution from highly stressed concrete to structural collapse is largely unknown. Currently, very few tests have been conducted on RC members under high sustained loads.



Failure of RC structures under high sustained load is most directly related to concrete creep behavior. Slip between the reinforcement and concrete due to creep in the concrete can also occur. Creep is defined as the time-dependent increase in strain of a solid body subjected to sustained stress. Many parameters influence concrete creep, including stress level relative to short-term compressive strength, age, temperature, aggregate type and size, water-cement ratio, geometry, and humidity [10,11,12]. This research is concerned with collapse of older concrete structures where the effects of shrinkage and changes in moisture content are minimal after a high sustained load has been applied. As a result, basic creep (time-dependent deformations at a constant temperature caused by load) in concrete with a nearly constant moisture content is considered.



In terms of creep strain kinematics under high constant stresses, concrete experiences three stages of creep: primary, secondary, and tertiary creep, see Figure 1 [1,13,14,15,16]. Stress level dictates whether the concrete will experience all the three stages, or only a subset of them. The primary stage of creep occurs early in the loading history. It is characterized a high early creep rate that steadily decreases with time. Primary creep is generally associated with low stress up to about 40% of short-term compressive strength (f’c). Creep under this level of stress has been the focus of most past research [13,17,18]. The stress level (σc) falls within the elastic domain of concrete response and creep deformations are caused by the breaking and reformation of atomic bonds at various highly stressed sites within the colloidal microstructure of the calcium silicate hydrate gels in the hardened cement paste [19]. At sustained stress levels ≤ ~0.4 f’c, there is a nearly linear relationship between the short-term strains (strain under short-term loading) and delayed creep strains (strains developed with time) and the rate of creep strain development decreases with time [16].



The secondary stage of creep occurs later when creep strains increase with a relatively constant creep strain rate. Under higher compressive stresses (greater than ~0.4 f’c), the concrete undergoes additional damage processes as a result the propagation of microcracks initiated during loading [20,21,22]. Additional nonlinear creep strains are developed as the relationship between the linear creep strain and elastic strain is lost [16].



Tertiary creep is the last stage and generally occurs only when stress become greater than ~0.75 f’c. During this stage, concrete experiences coalescence of microcracks, which ultimately results in concrete failure [16]. The tertiary creep stage is signified by a rapid increase in the creep strain rate.



Many studies [1,12,16,17,20,23,24,25] found that plain concrete subjected to sustained load fails at about 70% to 80% of its short-term strength. Figure 2 shows the effect of level and duration of sustained load on concrete strain [1]. When the sustained stress is lower than 0.75 f’c, microcracks grow slowly [20], creep deformations are limited under infinite loading, and concrete does not fail [1]. When the sustained stress is greater than 0.80 f’c, microcracks grow rapidly [20] and concrete strains increase rapidly so that concrete fails at stresses lower than f’c. Iravani and MacGregor [12] demonstrated that as concrete strength increased, the ratio of sustained load strength to ultimate strength increased.



Tasevski et al. [16] experimentally and theoretically investigated concrete failure under varying strain and stress rates. They investigated the development of linear and nonlinear creep strains, as well as their relationship to material damage and eventual failure. Tasevski et al. [16] concluded that the inelastic strain capacity of concrete governs failure under sustained load, which can be estimated as the difference between the instantaneous post- and pre-peak strains for a given stress level.



Because stresses can be redistributed to the longitudinal reinforcement as the concrete creeps, RC members behave differently from plain concrete under sustained loading. Stress redistribution allows concrete stresses to be decreased, thereby reducing failure likelihood. Moreover, the bond between concrete and reinforcing bar is also affected by sustained load and may contribute to increased deformation or failure. While considerable research has been conducted on long-term deflection of RC beams under service-level sustained loads [26,27,28,29,30,31] or corrosion [32,33,34,35,36], there has been little research on RC members subjected to high-level sustained loads.



High sustained load has been found to negligibly impact the flexural capacity of simply supported beams [37,38], likely because longitudinal bars, rather than concrete, control flexural strength. For shear-controlled beams, a study by Sarskosh et al. [39] showed failure in two beams tested under high sustained loads equal to 98% and 91% of their average short-time shear capacity after 2.5 and 44 h of loading, respectively; however, 16 other beams did not experience failure under sustained loads. The researchers also found that crack widths stabilized after 6 months and subsequent reloading to failure did show a reduction in shear strength due to sustained load. While this test provided valuable information, the beams did not contain compression reinforcement that is typical in many beams and may alter the sustained load behavior. Saifullah et al. [40] tested shear critical beams under very slow loading (160 kN/1000 h) and found that the increase in crack width under sustained load was very small and creep had no effect on concrete shear strength. However, only two specimens were tested under the very slow load rate. Nie and Cai [41] investigated the deflection of eight cracked RC beams under sustained loads ranging from 48 to 88% of capacity. The rate of deflection increase decreased with time with the ratio of the seven day and three-month deflections increments between 16% and 34%. They found that both flexural and shear deflections are significant under sustained loads. As in the other the tests by other researchers, the beams did not contain compression reinforcement.



Tasevski et al. [42] investigated the effect of loading rate on the shear strength of RC beams. Despite the longer load duration (load application time ranging from 7.4 s to 5.7 days), there was no noticeable reduction in beam shear strength. Because the longitudinal bars limited crack opening and maintained aggregate interlock, time-dependent crack growth in an RC beam may be less pronounced than in plain concrete. Shang et al. [43] experimentally evaluated bond strength under sustained loading. In this study, 32 specimens were subjected to different levels of sustained load (25%, 50%, and 75% of short-time capacity) for 120 days under different environmental conditions. The time-dependent slip between concrete and reinforcing bar increased as the level of sustained load increased.



While previous research has shown plain concrete is suspectable to failure under high sustained load, the limited research on RC beams has shown that addition of reinforcement may limit the effect of sustained load on beam failure. However, the experimental data is limited and not all tests considered shear-controlled beams under constant load. This research will provide important additional experimental data on the time-dependent behavior of shear-controlled RC beams under high sustained load.




2. Materials and Methods


Nine RC beams were tested to evaluate their time-dependent strength and stiffness characteristics under high sustained loads. The beams were tested in two different series with differences in tensile reinforcement ratio and shear span length. The research sought to investigate the behavior of shear-controlled beams with a short shear span length as shear failure is more brittle and possibly more susceptible to sustained load failure. The beams had both compression and tension reinforcement to represent typical beam structures. The compression reinforcement would influence the sustained load response as the reinforcement would be able to help to compensate for the concrete creep in compression. The primary parameter in each series was high sustained load level ranging from 82% to 98% of short-term loading capacity. Among the nine beams, two were control specimens (one in each series) and loaded to failure within a short time without experiencing any sustained load.



2.1. Specimen Design


The specimens were constructed with dimensions of 1524 mm × 140 mm × 140 mm (60 in. × 5.5 in. × 5.5 in.), see Figure 3. The beams were at a 0.47 scale to match the scale of ongoing testing of slab-column specimens. The clear concrete cover outside the stirrups was 6.35 mm (0.25 in.). In beam series I, the reinforcement ratio in both the tension and compression zones was 0.86% and the shear span to depth ration (a/d) was 2.9. The point load (P) (see Figure 4) to reach the ACI 318 [44] shear strength in beams series I was 17.28 kN (3884 lb). The load at yield moment was 16.81 kN (3780 lb) and ultimate moment 19.21 kN (4320 lb). Therefore, under short-term loading, the beam flexural reinforcement would be expected to yield before shear failure.



In beam series II, the reinforcement ratio in the tension zone and compression zones was 1.29% and 0.86%, respectively, and the shear span to depth ratio was 4.3. The reinforcement ratio and the shear span length were increased so that shear failure could occur before flexural yielding. The point load (P) to reach the ACI 318 [44] shear capacity was 15.80 kN (3551 lb). The load at the yield moment was 19.31 kN (4340 lb) and ultimate moment 20.01 kN (4500 lb).




2.2. Test Setup


The test setup for both series used a 1219 mm (4 ft) span between loading points. Beam series I used two supports, each located at 1/3 of the span length (Figure 4a). Beam series II used only one support at mid-span (Figure 4b). Each beam had two through holes created by PVC tubes to allow threaded rods to pass through and load the beam. Each threaded rod was connected to the lab strong floor. The load was applied to the beam by turning the nuts on the top of the threaded rods. Coil springs with a stiffness of 0.84 kN/m (4800 lb/in) were added to help maintain a constant applied load.




2.3. Instrumentation


Each specimen was instrumented to provide data needed to understand its response under high sustained loads. Two load cells with 89 kN (20 kip) capacity were placed between the plate and washer at the top of the beam specimen to measure the applied load. In addition, strain gauges were attached to each rod connected to the lab floor to provide an additional measurement of the applied load. The readings from the two systems were consistent. Two linear variable differential transformers (LVDTs) were utilized to determine the vertical deflections of the beam at the loading points. The LVDTs were placed underneath the beam as near as possible to the through-hole and threaded rod. The LVDTs (BDI LVDT-01-005) have a range of ±12.7 mm (0.5 in.) and an accuracy of ±0.025 mm (0.001 in.). Each beam had two strain gauges (one on a tension bar and the other one on a compression bar) attached at a distance of 76 mm (3 in.) longitudinally from beam center. In beam series II, the tension side gauges were attached to the center bar. The strain gages (Vishay C4A-13-125SL-350-39P) have an accuracy of ±10−6 strain.



Table 1 summarizes the specimens’ characteristics, including loading age, sustained load duration, and sustained load intensity. Temperatures and relative humidity were also recorded and are shown in Table 1, which also shows the designation of the test specimens applied with sustained loads. The testing lab had no cooling in the summer so there was a greater variation in the daily temperature for the beams tested in the summer. Furthermore, the temperature and humidity variations more closely replicated the actual conditions of beams in service. Differences in the average temperatures for each test may have significant effects. Higher average temperatures will accelerate creep, while lower temperatures will decelerate creep [1,2]. Temperature variations of 11 °C, as reported during testing, will result in about 5% increase in the temperature correction coefficient used in the CEB-MC90 creep model [1]. Because the tests are short and the specimens have been pre-dried for some time, humidity is unlikely to have a significant effect.




2.4. Material Properties


The concrete used in the RC beams was provided by a local ready-mix company and designed to have a cylinder compressive strength of 27.58 MPa (4000 psi). Table 2 shows the concrete mix design for one cubic meter of concrete. The measured concrete slump was 76–101 mm (3–4 in.) in both series. The beams were moist-cured for 7 days and then removed from the formwork and exposed to the environment for further curing before testing. The beams in each series were cast at the same time. Compressive strength was measured at the start of testing. The measured compressive strength of the concrete used in series I at age of 64 days was 42.45 MPa (6157 psi). The measured compressive strength of the concrete used in series II at age of 206 days was 35.45 MPa (5141 psi). The stress–strain curves for four concrete cylinders, two from each series, are shown in Figure 5.



Grade 420 (Grade 60) steel rebars were tested under uniaxial tension according to the specifications of ASTM A370 [45]. Stress–strain curves from two tested reinforcement bars are shown in Figure 6. The average yield strength was 476 MPa (69 ksi), average elasticity modulus was 197 GPa (28,600 ksi), and the average ultimate strength was 718 MPa (104 ksi).




2.5. Testing Procedure


Sustained load specimens were first loaded to a target sustained load within about 20 min (short-term loading). Then, the load was held constant for 24 to 52 days (sustained loading). The target sustained window was 24 days. Although this testing period may seem short for creep testing, the objective of this research was to determine if failure would occur under high sustained load. After 24 days, the rate of deflection increase reduced to less than 0.025 mm/day (0.001 in./day) on average and the research team felt the beam would not fail under additional testing. This was verified by a few specimens that were tested for an extended time period to evaluate behavior beyond 24 days. The applied load was checked and adjusted (if needed) every 12 h for the first 3 days and daily afterwards. For beam series I, after the sustained loading was finished, the beam was loaded to failure in a short time. For beam series II (excluding B10-SL), multiple levels of sustained load were applied. If no failure occurred under sustained load, the load was increased by 2.5 to 5% and then held constant for a time period of 2–3 days. The goal of this stepped loading approach was to determine shear-controlled beam near-failure behavior under sustained load and capture the tertiary phase of creep. Figure 7 and Figure 8 show the details of loading histories.





3. Results


Figure 9 and Figure 10 show the load vs. the average deflection of the two LVDTs for beam series I and II, respectively. During the initial short-time loading, all specimens in series I showed similar behavior. However, there was a 10% variation in the initial stiffness of the beam series II.



Table 3 and Table 4 summarize the results of beam series I and series II including sustained load intensity, defined as the ratio of sustained load to the peak load of the control specimens (BC1 for series I and BC5 for series II). The tables also include the actual sustained load intensity which is the ratio of sustained load to the actual peak load of the specimens. The tables give the failure deflection when a beam experienced a sudden shear failure. In the tables, the creep coefficient is defined as the ratio of deflection increase during sustained loading to the initial deflection. The measured initial deflections, which is the elastic and inelastic deflection experienced in the specimens during the initial short-term loading, are also reported in the tables. The initial loading occurred in a slow process (over 20 min). The initial deflection was defined as the deflection measured at the end of the loading period. The sustained loading period and deflection increase are highlighted in Figure 9 and Figure 10. The figures indicate that the beams that underwent sustained loading showed a load-deflection behavior different from that of the control specimen and much greater deflection at failure.



For beams series I, BC1 served as a control specimen and was tested under monotonically increasing load to failure. BC1 failed at a load per loading point (P) of 19.62 kN (4410 lb) and a deflection of 12.75 mm (0.502 in.). The failure mode was a sudden shear-controlled failure, as seen in Figure 11. The remaining beams in series I were loaded with sustained loads equal to 82% (B2-SL), 87% (B3-SL) and 93% (B4-SL) of the strength of the control specimen BC1. Beam B2-SL’s sustained load was near the yield moment, while the others were greater. None of these specimens failed under the sustained loads. During further loading, the beams experienced significant flexural cracking and deflection prior to the sudden final shear failure shown in Figure 11.



BC5 served as a control specimen for beams series II and failed at a load of 18.35 kN. (4216 lb). The failure mode was a sudden shear failure, as shown in Figure 12. The remaining beams in series II were tested under a first stage of sustained load with initial load levels of 84% (B6-SL), 91% (B7-SL), 95% (B9-SL), and 98% (B10-SL) of the strength of BC5. Under increasing levels of short period sustained loads, the shear-controlled beams that experienced sustained load exhibited significant flexural cracking and deflection before a sudden shear failure.



Specimen B10-SL, which was loaded to 98% of beam BC5’s failure, load failed under sustained load (18 kN (3930 lb)) only 84.5 min after the sustained load level was obtained (total time of 104.5 min). All other specimens did not fail during the first stage of sustained load. The test results indicate that to fail under sustained load, the load level must be very close (within 2% in this case) to the short-time capacity. This is a higher capacity than the results by Sarkhosh et al. (2015) in which the beams failed at 91% of the shear capacity. It is possible the compression reinforcement in this series of beams helped to increase the level at which failure would occur under sustained load. The demonstrated that a RC specimen has a significant ability to redistribute loads and thus survive under high sustained loads. In contrast, the failure sustained load level for plain concrete may be as low as 80% [1,12].




4. Discussion


The overall results illustrate the behavior of the beams under high levels of sustained load. The following discussion looks closer at each of the results to understand the time-dependent strength and stiffness characteristics as well as the characteristics of impending failure. This information is vital to understand the behavior of RC beams under high sustained loads.



4.1. Deflection under Sustained Loading


Figure 13 and Figure 14 plot load and deflection time history under sustained loads for the two series of tests. During sustained loading, the deflection of all beams increased. All specimens had the same general behavior which matches the behavior of plain concrete as shown in Figure 1. In the first stage (primary) deflections increased rapidly, and in the second stage (secondary) the deflections increased at a linear rate. Jumps in deflections were due to load adjustments.



During sustained loading, the deflection of B2-SL increased from 5.31 mm to 6.42 mm (21%). B3-SL increased in deflection by 38%. However, B4-SL with the highest sustained load level of 93% increased by only 20.5%. At 24 days, the deflection increases under sustained loading in B2-SL, B3-SL, and B4-SL were 21%, 33%, and 20%, respectively, of the initial deflection. B2-SL was near yield when sustained loading started. This may have led to higher deflections as the reinforcement yielded under sustained load. The post-yielding load-deflection behavior of B3-SL appeared to be softer than that of the other specimens, possibly leading to increased deflection under sustained load. The small difference (0.44 mm) in the total and 24-day deflection for B3-SL shows that the additional 18 days of testing did not result in significant increases in displacement. The deflection at the end of sustained loading of B6-SL, B7-SL, and B9-SL (beam series II) increased by 19%, 25%, and 29%, respectively. At 24 days, the increase in deflection was 18%, 25%, and 28%, respectively. The deflection increase was greater for shear-controlled beams with higher levels of sustained load and demonstrated a more consistent trend than for beam series I, as shown in Figure 15.



Figure 16 and Figure 17 describe the rate of deflection increase under sustained loading by depicting the additional deflection that occurred under sustained load (δs) divided by the sustained load deflection at 24 days (δs@24 days) for series I and series II. Despite some differences, all specimens show a similar rate of deflection increase with time. Most of the deflection increase took place in the first few days. In the first 24 h for beam series I, 44%, 61%, and 65% of the deflection increase occurred in specimens B2-SL, B3-SL, and B4-SL, respectively. After 7 days, 67%, 72%, and 80% of the deflection increase occurred in these specimens. Moreover, higher sustained load induced greater deflections in the first few days. In the first 24 h for beam series II during the first stage of sustained loading, 35%, 72%, and 71% of the deflection increase occurred in specimens B6-SL, B7-SL, and B9-SL, respectively. Specimen B6-SL experienced the slowest gain in deflection, most likely due to the much lower load level compared to the other specimens (84% vs. >91%). After 7 days, 71%, 85%, and 84% of the 24-day deflection had occurred in the specimens. Again, the results show that most of the deflection increase occurred in the first days of sustained loading. After about 2 days the rate of deflection increase was nearly constant at about 0.025 mm/day (0.001 in./day) for the specimens as expected in the secondary stage of creep. Only specimen B10-SL (series II) reached the third stage (tertiary) and failed under sustained load, as shown in Figure 18. The two earlier increases in deflection were due to load adjustment, while the last increase occurred during tertiary creep with no adjustment in the loading. This stage happened within 2 min before failure.



Beam series 1 was loaded to failure after the period of sustained loading. The beams experienced a peak load at deflections 12%, 65%, and 47% greater than the failure deflection of BC1. The load level then dropped as the concrete crushed on the extreme compression face. The beams then experienced sudden shear failure at deflections 227%, 262%, and 202% greater than BC1. The application of sustained load increased the deflection at sudden shear failure for beam series I by 28.49 mm (1.122 in.) or about 230% greater than BC1.



All beams in series II experienced a sudden shear failure at the peak load. The failure deflections for series II (B10-SL excluded) increased by 230%, 108%, and 122% or by an average of 8.60 mm (0.339 in.) or 150% more than that of BC5. The effect of creep in the concrete under compression during sustained load and possible bond-slip of the tension reinforcement may have allowed for additional deformations to occur before the final shear failure. The increase in deflection at shear failure for both series was significant (190%). In addition, the control experienced sudden shear failure, whereas the sustained specimens experienced significant flexural cracking, which allowed for additional deformation before the shear failure. This may be an indicator of possible structural issues in actual structures.



For beam series II, after the sustained load period, the beam’s load was increased by 2.5 to 6% and held constant for a time period of 2–3 days. The purpose of the stepped loading was to evaluate the near failure behavior of the beams. However, testing time constraints did not allow for a long period of sustained loading. During these stepped loadings, the beam’s deflection increased due to the increase in load and over time during the sustained loading. The rate of deflection increase with time was comparable to the rate at the first stage of sustained loading. B6-SL reached a sustained load of 19.92 kN (4479 lb) (14th stage) for two days without failure. The beam was then loaded to failure and failed at a load of 21.13 kN (4750 lb). The load level was 8% greater than the BC5’s peak load (18.35 kN) (4216 lb) and only 6% greater than the previous loading stage that did not cause failure. B7-SL was subjected to a sustained load (third stage) of 18.16 kN (4084 lb) for two days without failure, which is 3% less than the peak load of the BC5. B7-SL failed during loading the next stage at a load of 18.70 kN (4205 lb) which is only 3% greater that the load level it held for two days in the previous stage. B9-SL was able to resist a sustained load of 18.82 kN (4230 lb) (fourth stage) for two days without failure, which is 0.3% greater than the BC5’s peak load. B9-SL failed in the fifth stage of sustained load after 15.83 min at a load of 19.26 kN (4330 lb), which is 5% greater than the peak load of the BC5 but only 2% greater than the previous loading stage. These results indicate that RC shear-controlled beams may have a much greater ability to withstand sustained loads than plain concrete. The rise in peak load in sustained specimens was attributable to random scatter and continuing time curing.




4.2. Peak Load


In general, the strength of the specimens slightly increased due to the application of sustained load with an average increase of 6.1%. The peak loads of B2-SL, B3-SL, and B4-SL (series I) were 5%, 3%, and 7% higher than the control specimen BC1, respectively. With the exception of B10-SL, the peak loads of B6-SL, B7-SL, and B9-SL (series II) were 18%, 2%, and 5% higher than the control specimen BC5, respectively. The peak load for the control specimens were greater than the ACI 318 [44] and Eurocode2 [46] predicted shear capacity. The peak load for BC1 was 18.36 kN (4352 lb), which was 12% higher than the ACI prediction and 40% higher than the Eurocode2 prediction. The peak load in BC5 was 18.35 kN (4216 lb), which was 19% and 25% higher than that predicted by ACI and Eurocode2, respectively.




4.3. Strain


Strain readings followed a similar trend to deflection. Both tension (+) and compression (−) strains increased with the time under sustained load with greater rates of increase earlier in time, as shown in Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22. In series I, the increase in tension strain caused by sustained load was about 0.0005, 0.00007, and 0.0002 mm/mm (in./in.) of the initial tension strain in B2-SL, B3-SL, and B4-SL, respectively. Under sustained load, concrete strain increases due to creep on the compression face which reduces the lever arm for the internal resisting moment. Therefore, in order to sustain the load, the tension force in the reinforcement must increase. The strain increase in B2-SL was greater likely because the reinforcement was near yield at the start of sustained loading. This also likely led to the relatively greater deflection for B2-SL. The strain increase in the compression bars was greater than the bars in the tension. For example, B4-SL experienced an approximately 25% increase in the compression strain under sustained load and a 7% increase in the tension strain.



In beams series II, the percent increase in tension strain under sustained load was 17.6% (B6-SL) of the initial strain. The increase in compression strain in B6-SL and B9-SL was 45.5% and 40.6%. Again, the compression strain increase was greater than the tension strain. The percentage of increase was greater for beam series II.




4.4. Deflection vs. Strain


Creep in the concrete under compression during sustained load, possible bond-slip of the tension reinforcement, or cracking and shifting of the neutral axis may have allowed for additional deflection increases to occur early in the response of the beam. In order to evaluate evidence for the early time response, the average of the tension and compression strains under sustained load was compared to the increase in deflection. In the first hours, the percentage increase in deflection was much greater than the percentage increase in strain (see Figure 23).





5. Conclusions


RC shear-controlled beams were tested under high levels of sustained load to evaluate their time-dependent strength and stiffness characteristics. The beams were tested at concrete ages of 67 to 543 days and exposed to high levels of sustained load ranging from 82% to 98% of the short-term capacity for time periods from 24 to 52 days. The experimental work yielded the following conclusions.



	
Even if plain concrete can experience tertiary creep and eventual failure under load levels near 75–80% of its compressive strength, the sustained load level for RC beams to cause failure is very close to their short-term capacity. Only one beam (B10-SL) failed under sustained load at a load level of 98%. Another beam (B9-SL) was able to carry a load level of 95% for 30 days without failure.



	
Deflections increased during sustained loading for all specimens. At 24 days, the increase in deflection was on average 24% of the initial deflection. The increase in deflection was higher for specimens with higher levels of sustained load.



	
On average 55% of the increase in deflection under sustained load took place in the first 24 h. The sharper increase in deflection early in the loading coincided with the primary stage of creep deformations and time-dependent bond slip. The secondary stage exhibited nearly a linear increase in deflection with time. Only specimen B10-SL experienced a tertiary stage that showed a sharp increase in deflection with time just 2 min before failure.



	
Sustained load increased the deflection at shear failure for all specimens. For beams series I, the increase in deflection at shear failure compared to the control specimen was 230% while for beams series II, the increase in deflection was 150%. The large increase in deflection shows that sustained loading can significantly affect the failure behavior of a beam. This large increase in deflection would allow for load redistribution in redundant systems or provide warning signs of impending failure.



	
Shear-controlled beams tested under sustained load showed a different failure behavior from the control specimen that was tested under monotonically increasing load to failure. Unlike the control specimen, which failed brittlely in shear, specimens tested under sustained loads experienced significant increases in deflection and flexural cracking before ultimate shear failure.



	
Both the tensile and compressive strains increased under sustained load. The increase in strain shows that the reinforcement took more of the loading as the concrete softened under the sustained load. The increase in the compression strain was higher than in the tension strain.
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Figure 1. Evolution of creep strains with time (primary, secondary, and tertiary stages of creep). 
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Figure 2. Effect of sustained stress level and duration on the concrete strain (adapted from Rüsch [1]). 
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Figure 3. Beam reinforcing details: (a) series I and (b) series II. 
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Figure 4. Test setup for (a) beam series I and (b) beam series II. 
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Figure 5. Stress–strain curves for concrete (1 MPa = 145.04 psi). 






Figure 5. Stress–strain curves for concrete (1 MPa = 145.04 psi).



[image: Applsci 12 04015 g005]







[image: Applsci 12 04015 g006 550] 





Figure 6. Stress–strain curves for longitudinal reinforcement. 
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Figure 7. Beam series I loading histories. 
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Figure 8. Beam series II loading histories. 
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Figure 9. Load vs. deflection response of beam series I. 
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Figure 10. Load vs. deflection response of beam series II. 
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Figure 11. Beam series I failures. 
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Figure 12. Beam series II failures. 
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Figure 13. Sustained load and deflection with time for the first stage (series I). 
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Figure 14. Sustained load and deflection with the time for the first stage (series II). 
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Figure 15. Deflection increases vs. sustained load intensity after 24 days of sustained load. 
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Figure 16. Percent increase in deflection with time beams series I. 
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Figure 17. Percent increase in deflection with time beams series II. 
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Figure 18. Percent increase in deflection with time for specimen B10-SL. 
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Figure 19. Load vs. strain for beams series I. 
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Figure 20. Strain increase with time during sustained loading for series I. 
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Figure 21. Load vs. strain for beams series II. 
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Figure 22. Strain increase with time during the first stage of sustained loading for beams series II. (a) Specimens B6-SL and B9-SL (b) Specimen B10-SL. 
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Figure 23. Increase in deflection and strain under sustained load (beams series I). 
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Table 1. Specimen summary including temperature and relative humidity during testing.
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Series

	
Specimen

	
Loading Age to (Days)

	
Duration td

	
Temperature

°C (°F)

	
Relative Humidity %






	
Series I

	
BC1

	
64

	
-

	
-

	
-




	
B2-SL

	
65

	
25 days

	
15.4 ± 3.7 (59.7 ± 6.7)

	
NA




	
B3-SL

	
91

	
42 days

	
13.3 ± 2.7 (56.0 ± 4.9)

	
NA




	
B4-SL

	
135

	
24 days

	
16.5 ± 3.7 (61.7 ± 6.7)

	
NA




	
Series II

	
BC5

	
282

	
-

	
-

	
-




	
B6-SL

	
284

	
32 days

	
26.1 ± 2.5 (79.0 ± 4.5)

	
73.5 ± 3.6




	
B7-SL

	
338

	
52 days

	
26.4 ± 3.6 (79.5 ± 6.5)

	
72 ± 7




	
B9-SL

	
492

	
34 days

	
17.1 ± 5.9 (62.8 ± 10.7)

	
28.1 ± 17.1




	
B10-SL

	
543

	
84.5 min.

	
12.6 (54.6)

	
22.6
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Table 2. Concrete Mix Design per m3 (yd3).
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	Material
	3/8” Limestone

kg (lb)
	River Sand

kg (lb)
	Type I Cement

kg (lb)
	Air

L (oz)
	Retarder

L (oz)
	Water

L (gal)





	Amount
	1067.64

(2354)
	831.07

(1831)
	333.45

(738)
	0.135

(4.6)
	0.843

(28.5)
	133.68

(35.3)
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Table 3. Beam series I test matrix and results.
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	Specimen
	BC1
	B2-SL
	B3-SL
	B4-SL





	Sustained load kN (lb)
	-
	16.01 (3600)
	17.13 (3850)
	18.24 (4100)



	Sustained load intensity

(sustained load/peak load of BC1)
	-
	0.82
	0.87
	0.93



	Actual sustained load intensity

(sustained load/measured peak load)
	-
	0.79
	0.86
	0.88



	Peak load kN (lb)
	18.36 (4352)
	20.28 (4559)
	20.01 (4498)
	20.68 (4659)



	Ratio of the peak load to the peak load of BC1
	1
	1.05
	1.03
	1.07



	Deflection at the peak load mm (in.)
	12.37 (0.487)
	13.88 (0.547)
	20.47 (0.806)
	18.22 (0.717)



	Deflection at failure mm (in.)
	12.37 (0.487)
	40.39 (1.590)
	44.78 (1.763)
	37.41 (1.473)



	Initial deflection under short-term loading deflection (δi) mm (in.)
	-
	5.31 (0.209)
	9.42 (0.371)
	10.66 (0.420)



	Deflection increase under sustained load (δs) mm (in.)
	-
	1.11 (0.043)
	3.55 (0.140)
	2.18 (0.085)



	Creep coefficient—Ratio sustained to initial deflection (δs/δi)
	-
	0.21
	0.38
	0.20



	Rotation under sustained load
	-
	0.0027
	0.0087
	0.0054



	Sustained load deflection at 24 days (δs@24 days) mm (in.)
	-
	1.11 (0.043)
	3.11 (0.122)
	2.18 (0.085)



	Rotation at 24 days under sustained load
	-
	0.0027
	0.0075
	0.0054







Note: the load reported in this table is the point load (P).













[image: Table] 





Table 4. Beam series II test matrix and results.
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	Specimen
	BC5
	B6-SL
	B7-SL
	B9-SL
	B10-SL





	Sustained load kN (lb)
	-
	15.35 (3750)
	16.68 (3450)
	17.48 (3750)
	18.02 (4050)



	The reinforcement depth mm (in.)
	116 (4.573)
	112 (4.412)
	112 (4.423)
	111 (4.357)
	114 (4.473)



	Sustained load intensity

(sustained load/peak load of BC1)
	-
	0.84
	0.91
	0.95
	0.98



	Actual sustained load intensity

(sustained load/measured peak load)
	-
	0.71
	0.89
	0.91
	1.00



	Peak load kN (lb)
	18.35 (4216)
	21.75 (4889)
	18.70 (4205)
	19.26 (4330)
	18.02 (4050)



	Ratio of the peak load to the peak load of BC5
	1
	1.18
	1.02
	1.05
	0.98



	Deflection at the peak and failure mm (in.)
	5.64 (0.222)
	18.45 (0.727)
	11.76 (0.463)
	12.52 (0.493)
	6.13 (0.241)



	Initial deflection under short-term loading deflection (δi) mm (in.)
	-
	4.98 (0.196)
	6.45 (0.254)
	6.84 (0.269)
	5.87 (0.231)



	Deflection under sustained load (δs) mm (in.)
	-
	0.91 (0.036)
	1.60 (0.063)
	1.95 (0.077)
	0.26 (0.010)



	Creep coefficient—Ratio sustained to initial deflection (δs/δi)
	-
	0.19
	0.25
	0.29
	0.05



	Rotation under sustained load
	-
	0.0015
	0.0026
	0.0032
	0.00043



	Sustained load deflection at 24 days (δs@24 days) mm (in.)
	-
	0.90 (0.035)
	1.58 (0.062)
	1.92 (0.076)
	-



	Rotation at 24 days under sustained load
	-
	0.0015
	0.0026
	0.0032
	-







Note: the load reported in this table is the point load (P).
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