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Abstract

:

In recent years, long-span concrete bridges that have been built frequently expose the problems of excessive deflection and concrete cracking, which even lead to bridge collapse in serious cases. The reason is that, in addition to the insufficient estimation of creep and long-term deflection in current regulations, the rapid growth of traffic volume and the tight use of early-age concrete in construction schedules also have a great impact on long-term deflection. However, at present, the calculation methods of long-term performance are mostly based on the results of material performance tests. However, there are relatively few studies that take bridge components as research objects and consider the influence of load and age factors. The long-term performance of concrete beams is examined and the calculation methods of long-term performance are given by considering various loading levels and ages. Specimens are fabricated using a 1:4 scale model of a standard T-beam with a length of 20 m to conduct the experiment. Based on the long-term observation of the test beam, the variation laws of the mid-span deflection of the concrete T-beam and the concrete strain in the compression zone with time are obtained under the aforementioned conditions. Following a comparative analysis of experimental results with computational results based on existing studies and relevant national and international codes, this study proposes and discusses a set of formulas for the assessment of shrinkage and creep. The obtained creep coefficient test results fall between the values of the Chinese specification and those of AASHTO, where ASSTO is the lower limit and the Chinese specification is the upper limit. The long-term deflection is as follows: 40% of the one-year value at one month, 66% of the one-year value at three months, and 80% of the one-year value at six months. However, the long-term deflection coefficient of beams with an early loading age is larger than the current standard, and the deflection coefficient of T-beams with three-day loading age reaches 6.0. We compare and discuss the test results with the calculation results and related codes obtained in different studies conducted at home and abroad. Based on our present findings, we propose formulas for shrinkage and creep evaluations.
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1. Introduction


Shrinkage and creep are crucial properties of structural concrete elements which result in internal force redistribution, prestressing relaxation, and additional deflection of concrete structures when subjected to sustained loads over time. The aforementioned factors have the potential to impact structural serviceability and, in some cases, jeopardize structural safety [1,2,3]. A typical example of structural failure due to these factors is the Koror Babeldaob Bridge, built in 1977 in the Republic of Palau. As the longest prestressed concrete box girder bridge in the world at that time, it has a 241 m long main span of a continuous rigid frame. After construction, the deflection at the mid-span point kept increasing and reached 1.61 m in 18 years. Three months after being strengthened, the bridge collapsed in 1996 [4]. Meanwhile, in the United States, a 195 m continuous rigid frame completed in 1978 had a cumulative mid-span deflection of 635 mm in twelve years. Similarly, many concrete bridges with long spans, such as the Shibanpo Changjiang River Bridge in China, also suffered excessive long-term deflections [5]. The long-term deformation and deflection of reinforced concrete and prestressed concrete bridges are affected by a range of complex factors. However, among these factors, shrinkage and creep of concrete materials are regarded as primary causative agents.



Extensive research efforts have been devoted to investigating the phenomena of shrinkage and creep, yielding substantial progress in this field over time. In this regard, the shrinkage and creep model has been established based on extensive test results [6,7,8]. In 1970, the European Concrete Commission and the International Association for Prestressing (CEB-FIP) proposed an empirical formula for estimating creep which takes into account the correction factors based on concrete mix ratio, ambient humidity, loading age, component size, and load holding time [9]. This empirical formula was then implemented in China’s design code of highway prestressed concrete bridges [10]. Meanwhile, research suggests that the GL2000 model proposed by Gardner of ACI and the BP series model proposed by Bazant can describe the law of shrinkage and creep more accurately [11,12].



A series of models have also been proposed by some other researchers [13,14,15,16]. However, the accuracy of the prediction of these models is questionable. In some cases, a considerable disparity between observed deformation and theoretical calculations in a structural analysis has been noted. Consequently, there exists a degree of uncertainty regarding the safety of such structures [17].



Due to the tight construction periods or the influence of climatic conditions on construction, early-strength concrete has been increasingly used. However, a lower loading age is associated with a larger deformation caused by the creep of concrete structures. Insufficient research has been conducted on the creep of early-age concrete based on tests of concrete components [18].



As mentioned above, at present many bridges appear to have too large deflection, and after the application of external prestressing and other reinforcement, the deflection is still not effectively prevented. At present, some researchers have proposed that excessive live-load traffic volume may lead to an increase in long-term deformation, but there are few experimental studies on this aspect. Furthermore, according to China’s norms, the long-term load combination considers 40% of the vehicle load [19]. Although no overload currently exists due to the distribution of the large traffic flow over a number of highways, these short-term loads exert long-term action on bridges.



On the other hand, the investigation of shrinkage and creep behavior in bridge structures has received relatively limited attention in previous research, with a particular paucity of relevant experimental studies even though concrete bridges constitute a significant proportion of infrastructure in many countries, including China. Therefore, a comprehensive understanding of their long-term load-bearing behavior is crucial for ensuring their continued safety during their service life. The current study involves long-term performance testing of reinforced concrete T-beams. The impacts of concrete shrinkage and creep on the long-term load-bearing behavior of bridges are systematically evaluated and addressed in these tests, with relevant measures and countermeasures recommended. Therefore, in this study, the actual reinforced concrete T-beam is used as the prototype, and the laboratory test is designed to study the long-term deformation and deflection of concrete. The effects of different load levels and loading ages are considered in the experiment. Seven T-beams were made in this experiment, and were observed under continuous load for nearly 400 days. The strain, deflection, and shrinkage of reinforced concrete beams were recorded, the characteristics of long-term deformation and strain were studied, and the shrinkage and creep models and experimental results were compared with those provided by the current Chinese code and AASHTO code. Based on the experimental results, the calculation method for shrinkage and creep, and long-term deflection coefficients of reinforced concrete beams were given, this study not only considers the influence of early-age concrete, but also considers the current situation of large traffic volume, which can provide a basis for evaluating and explaining the excessive long-term deflection of current long-span bridges.




2. Experimental Program


2.1. Specimen Design


The model specimens are designed on a 1:4 scale, with a typical T-beam 20 m long as the prototype. The beam-like model spans 5 m, and the beam height, web thickness, and flange plate width are 0.37 m, 0.12 m, and 0.25 m, respectively. The tension and compression zones of the concrete T-beam specimens are reinforced with four φ12 and two φ8 reinforcing bars, respectively. Further information on the beam model, such as its size and reinforcement arrangement, is illustrated in Figure 1.




2.2. Materials


The T-beam specimens are constructed using C30 concrete and are reinforced with 8 mm-diameter R235 steel bar stirrups and 12 mm-diameter HRB335 steel bar longitudinal reinforcements. The concrete mix includes Portland cement (42.5), mid-coarse sand, 5–25 mm gravel of good gradation, and a high-range water-reducing admixture. The concrete mixing ratio of cement:water:sand:gravel:fly ash is 1:0.52:2.56:3.53:0.18. The mechanical properties of these steel bars are presented in Table 1.




2.3. Main Parameters of Specimens


The specimens are divided into three groups, with seven beams in total. To account for the impacts of loading age and stress level, the first and second experimental groups consist of three T-beam specimens, while the third group comprises a single beam specimen for shrinkage testing. The loading age is varied across three levels, specifically 3, 7, and 14 days. Further, three standard specimens of size 150 mm × 150 mm × 3000 mm are prepared to compare with the SHC3 specimen. In addition to the dead load (i.e., weight), the live load of the bridge for loading is taken into account as per the Chinese bridge design code [19]. Two levels of loading, i.e., 40% and 70% of the design live load, are considered for loading the first and second groups of specimens. The main loading factors of the specimens are presented in Table 2.




2.4. Test Procedure


The load is converted as per the highway level in the Chinese bridge design code. The exerted load is composed of a uniform load and a concentrated load, where the uniform load after scaling is obtained as 2.625 kN/m, and the concentrated load is evaluated as 7.7 (4.4) kN for the load level of 40% (70%). Iron blocks are utilized in the test loading, and the concentrated load is composed of iron blocks piled up, and the loads are evenly distributed along the T-beam. Meanwhile, the boundary conditions of the understudied beams are simply supported. The schematic representation of the uniform and concentrated load applied on the reinforced concrete T-beam is illustrated in Figure 2.



Different parameters are measured and recorded throughout the testing process, including the deflection of the reinforced concrete T-beam, steel bar strain, and temperature and humidity levels both in the laboratory environment and within the specimens. Displacement measurements are taken at the middle of the span for vertical displacement and at both ends for longitudinal displacement. The strain measurement points are arranged on the steel bars in the middle span of the T-beam. The arrangement of the displacement and strain measuring points is presented in Figure 3. The data acquisition instrument is used to collect the measured displacements and strains.



After installing the T-beam and sensors, initial data are recorded before commencing the long-term observation testing phase. Data collection is performed at an increment of 1 h every day. The duration of testing is about 400 days.





3. Results


3.1. Temperature and Humidity Observation Results


Humidity and temperature are the crucial environmental factors affecting the creep of concrete. Figure 4 demonstrates the temperature and humidity of the atmosphere in the laboratory room, and Figure 5 displays the temperature inside the specimen during the experiment. The obtained results show that the overall trends of temperature and humidity changes are similar to their seasonal variations; however, the plotted results are remarkably affected by the local environment. During the experiment, the average room temperature and humidity are 16 °C and 36%, respectively. The interior temperature of the T-beam follows a similar trend to that of the room temperature. The highest internal temperature of the RC T-beam specimen is around 18 °C, which is approximately 2 °C higher than the usual ambient temperature.




3.2. Shrinkage Test Results


Figure 6 illustrates the shrinkage strain diagram of the T-beam (SHC3 specimen) and the standard specimens. The results obtained from the study demonstrate a sharp increase in shrinkage strain in all tested specimens during the initial 30 days, followed by a gradual variation after 80–100 days. The development of shrinkage strain can thus be divided into three distinct stages: the first stage, which endures for about 30 days, is characterized by rapid strain development. The second stage, spanning from 30 to 100 days, shows a transition phase of shrinkage strain change. The third stage, lasting over 100 days, presents a slower rate of strain development compared to the second stage.



In addition, Figure 7 shows the shrinkage strain diagram after removing the influence of temperature. The demonstrated results reveal that the shrinkage strains of the subjected specimens sharply vary from the beginning to 30 days, and then there exists a slow variation till 250 days. It should be noted that the curve in Figure 7 illustrates a downward trend after 250 days, which is inconsistent with the actual situation. The main reason is that the strain change is very small at this phase, but the recorded temperature error is large. Therefore, the shrinkage after deducting the temperature causes a calculation error. The shrinkage strains of the standard and T-beam specimens in 30 days, 60 days, and the maximum values are presented in Table 3. The plotted results indicate that the predicted shrinkage strains are similar for the standard specimens and T-beam (SHC3). Meanwhile, the maximum value of the average shrinkage strain of standard specimens and T-beam is observed to be 498 ×     10   − 6    . The obtained value closely approximates that predicted by the Chinese code (JTG D62-2004) for humidity levels between 40% and 70%, but the Chinese code considers the shrinkage value of the 1000-day load time; that is, the test value is extrapolated beyond the specification value.




3.3. Creep Strain


Figure 8 and Figure 9 present the Time−history plots of the creep strain. The curves from top to bottom represent the plots associated with specimens of loading ages 3 days, 7 days, and 14 days, respectively. The demonstrated results show that the creep curves exhibit a rapid increase in the initial 30 days of loading and gradually become stable after 100 days. Additionally, the results show that creep strain is greater at a loading age of 3 days than at 7 days, and greater at 7 days than at 14 days. This indicates that creep strain diminishes with the increasing loading age of the specimens.



Figure 10, Figure 11 and Figure 12 illustrate the creep strain of the RC T-beam specimens with three levels of the loading age, namely, 3 days, 7 days, and 14 days, respectively. The plotted graphs from top to bottom represent 40% and 70% of load levels, respectively. According to the demonstrated results, at the same loading time, the creep strain at the load level of 70% design load is greater than that at the load level of 40% design load. The impact of load on creep strain diminishes with a decrease in the loading age. Additionally, when the loading age is small, the effect of load level on creep strain is negligible. The obtained results emphasize that the horizontal creep strain curves for the two loads are nearly identical at the initial stage of loading time, and their discrepancy gradually increases with loading time. Furthermore, a smaller loading age results in a longer delay in the separation time of the two curves for a given level of discrepancy.



It should also be noted that since this section focuses on the analysis of creep influencing factors, the influence of temperature and shrinkage is not deducted. The effects of shrinkage and temperature will be avoided when computing the change in creep strain with loading time by removing the strain of the shrinkage T-beam.




3.4. Deflections


Figure 13 and Figure 14 demonstrate the evolution of long-term deflections for load levels of 40% and 70%, respectively. The results indicate that the deflections of concrete T-beams increase gradually with the extension of time and decrease with the increase in the loading age. The deflection curve associated with the loading age of three days is generally higher than that associated with the loading age of seven days; meanwhile, the deflection curve corresponding to the loading age of seven days is above that of the loading age of 14 days. This indicates that the long-term deflection of concrete T-beams lessens with the increase in the loading age.



Figure 15, Figure 16 and Figure 17 illustrate the Time−history plots of the long-term deflections of RC T-beam specimens for 3-day, 7-day, and 14-day loading ages, respectively. The top and bottom curves in order are associated with the 40% and 70% loading levels. This shows that the greater the loading level, the greater the deflection. In addition, the two curves in the figure are adjacent to each other at the beginning of the loading time and gradually separate with the increase in the loading time. Hence, with the increase in the loading age, the load level has a greater impact on the long-term deflection.



The two curves in Figure 15 are closer together than in Figure 16 and even further apart in Figure 17. This trend suggests an increasing influence of loading level with the progression of loading age, which persists until a certain point in time, followed by a gradual stabilization.





4. Results Analysis


4.1. Shrinkage Strain


Figure 18 compares the experiment, computed as per Chinese code [20], AASHTO [21], and Branson [22] and the recommended values of shrinkage strain for the RC beam bridge over time. The results manifest that the computed values provided by Branson and AASHTO are in good agreement with the experimental value at an early stage of approximately 30 days of load duration. However, after 30 days, AASHTO’s curve exhibits a faster rate of change than all other curves. Before 100 days, Branson’s curve is marginally lower than the experimental curve, whereas it is slightly higher beyond 100 days. Generally, Branson’s curve closely approximates the experimental curve.



The shrinkage strain curve obtained based on the Chinese code is the lowest. As mentioned above, the shrinkage test result is similar to the Chinese code result. However, the specification result is the ultimate value, whereas the test result is the value of 400-day loading time, and the specification ultimate value considers the 1000-day loading time. In fact, the test value is greater than the predicted value of the Chinese code, which may approximate the value obtained in an experiment conducted indoors, where the humidity is relatively low. The average humidity in this test is 36%, whereas the humidity considered by the Chinese code is 55%, which is beyond the scope considered by the Chinese code.



Furthermore, the values given by the AASHTO specification and Branson are too small at the early time, which may be conservative in predicting the shrinkage strain during the construction phase of the structure. However, the value given by AASHTO after 30 days is too large, which may overestimate the shrinkage strain value. Given this, and in conjunction with the test findings, the suggested value of the shrinkage strain is also provided, as shown in Figure 18 by a curve with empty circle markers. The proposed curve can compensate for the possibility of underestimating strain deformation at the onset of contraction and avoid overestimating later. The formula for the recommended curve can be stated as:


   ε  cs   =  k c   k  RH    ε  cs 0      t  0.6     5 +  t  0.6      



(1)




where    ε  cs 0     denotes the ultimate contraction strain value, which is commonly set as   560 ×   10   − 6    ,    k  RH     indicates a factor depending on the environmental humidity, and    k c    is a parameter that relies on the ratio of the cross-sectional area of the member to the length of the outer contour.




4.2. Creep Strain


Table 4 presents the experimental and computed results of the instantaneous strain of RC T-beams and their corresponding creep coefficients at 30, 60, 90, and 360 days.



The findings illustrated in Table 4 demonstrate that when using one year as a benchmark for evaluating creep at varying loading durations, the creep strain after one month is approximately 30% of the value obtained after one year. Similarly, the creep strain after three months is approximately 55% of that recorded after one year.



At a low load age, the load level creep exerts an insignificant influence. However, when the load level is large, the influence of the loading age on creep is more significant. For example, little differences between the results of 40% and 70% loading levels were observed in 360-day-old specimens. At a 7-day loading age and a 360-day loading time, the creep ratios of the loading levels of 40% and 70% were 1.16 times higher. When the loading age was 14 days and the loading time was 360 days, the creep ratios of the loading levels of 40% and 70% were 1.45.



At a small load level, the influence of the loading age on creep is insignificant; at a large load level, however, the influence of the loading age on creep is more significant. In our study, at a load level of 70% and a loading time of 360 days, the creep ratio of 3-, 7-, and 14-day loading ages was 1:1.69:1.80.



The creep value at the loading age of 14 days and the load level of 70% were equal to previously reported ones [23]. However, the loading age implemented in this earlier study was 28 days, although the test loading level was 40% of the strength, and thus the loading age had a greater influence on the creep.



Figure 19, Figure 20 and Figure 21 demonstrate the variation of the creep coefficient change with time for 3-day, 7-day, and 14-day loading ages based on the experiment, as well as those computed according to Chinese code, AASHTO, and Branson’s formula. The results indicate that the creep values computed by the Chinese code are relatively high at loading ages of 3 and 7 days, whereas those provided by AASHTO are comparatively low. In contrast, Branson’s prediction model closely approximates the measured values of the specimen. At a loading age of 14 days, both the Chinese code and Branson’s model closely approximate the prediction model, while AASHTO’s prediction model is closest to the specimen with a loading level of 70%. Notably, AASHTO’s prediction model does not account for the effect of loading age.



Based on Branson’s formula, the suggested value of the creep coefficient can be evaluated in the following form:


  ϕ   t ,  t 0    =  k c   k  RH    ϕ 0     t α    d +  t α     



(2)




where    ϕ 0    denotes the nominal creep coefficient, whose value is commonly set as 4,    k  RH     is a factor that relies on the environmental humidity, and    k c    represents a parameter that depends on the ratio of the cross-sectional area of the member to the length of the outer contour. The values of α and d in the above formula for concrete structures for different loading ages are given in Table 5.



The creep coefficient of the test specimens at different loading times is computed according to Equation (2), as recommended values in Figure 19, Figure 20 and Figure 21.




4.3. Long-Term Deflection


Table 6 manifests the instantaneous deflection of the test beam at the beginning of loading and the ratio of long-term deflection to instantaneous deflection under various loading periods.



The investigation demonstrates that when utilizing the deflection after one year as the benchmark for long-term deflection, the deflection magnitudes associated with the first month, three months, and six months represent approximately 40%, 66%, and 80% of the deflection value recorded after one year, respectively. These findings align with the prevailing consensus among researchers in the field.



The effect of the loading level on long-term deflection is as follows: little difference between the results of the loading levels of 40% and 70% was observed in three-year-old specimens. When the loading age was seven days and the loading time was one year, the loading level of 40% was 1.16 times that of 70%. When the loading age was 14 days and the loading time was one year, the loading level of 40% was 1.45 times higher than that of 70%.



Based on calculations spanning five years and longer, AASHTO specifies a deflection coefficient for concrete flexural members with a reinforcement rate of 0.2%. In accordance with this guideline, the coefficient for loading periods exceeding five years is determined to be 1.8. However, this value is less than the measured values obtained for most specimens in this experiment. Given that the ambient humidity of the test specimen may be lower than that of the outdoor environment, the long-term deflection value may increase. Additionally, the long-term deflection coefficients given by the Chinese code are smaller than the experiment values. According to the results obtained from this test, it is suggested that the long-term growth coefficient of deflection is considered to be 3.0 for normal conditions, but for the early age concrete structure, this value is considered to be within the range of 5.0–6.0.



The long-term deflection and creep coefficient of concrete obtained by [24] are also larger than predicted by the current code ACI209, and the test was carried out under higher humidity.



As mentioned above, the rapid development of the economy, the continuous increase in traffic volume, and the use of early-age concrete are all big problems with respect to catching up with the construction schedule in China and even the world. However, the current regulations do not fully consider these problems, leading to the increase in late deflection of long-span bridges, affecting the safe operation of bridges. Secondly, at present, many long-term concrete performance research results are based on the material level, while there are relatively few studies based on the actual bridge component level. In this paper, a 20 m T-beam in China is taken as an object to carry out a long-term performance observation test. The results obtained can better reflect the actual working state of the structure. Due to the limitation of the number of specimens, only two load levels are considered in this paper. Therefore, the influence of load level is not considered by variables in the calculation formulas of shrinkage and creep obtained. The formulas given are mainly applicable to structures with high stress levels.





5. Conclusions


This paper presents an experimental analysis of the long-term behavior of the T beam with consideration given to age and level of loading. The findings reveal that the experimental shrinkage coefficient is less than the value predicted by AASHTO, yet higher than JTG D62-2004. Conversely, the creep coefficient shows an opposite trend, with the experimental value exceeding AASHTO’s prediction but less than that of JTG D62-2004. Both AASHTO and JTG D62-2004 underestimate the long-term deflection. In contrast, Branson’s model closely aligns with the experimental results across all parameters. Further, the recommended prediction modes are given for assessing shrinkage and creep. The main obtained results are summarized as follows:




	(1)

	
Since the shrinkage values given by the AAHTO specification and by Branson deviated greatly from the measured results at the initial stage and 30 days later, the formula of the shrinkage strain was provided based on the test results to avoid underestimating or overestimating the long-term structural deformation, which can guide the structural deformation prediction at the construction and operation stages.




	(2)

	
At low loading level values, the loading age exerted a substantial effect on the deflection of RC T-beams. The Chinese code [20] directly gives the long-term deflection growth coefficient without considering the effect of age. For prestressed concrete flexural members, when the deformation during the construction period needs to be calculated, the creep coefficient can be calculated considering the age, and then the long-term deflection can be calculated. However, the calculation formula of long-term deflection given by AASHTO does not consider the influence of loading age on long-term deflection.




	(3)

	
The effect of the loading level on the creep was small in the initial stage of loading. As the loading time increased, the aforementioned effect of the loading level gradually became larger. The duration was longer in specimens with smaller loading ages. When the loading age was low, the influence of the load level on the long-term deflection was not significant, but it gradually increased with the rise in the loading age. At a loading age of 14 days and a loading time of 360 days, the long-term deflection of the specimen with a 70% design load was 1.5 times that of the specimen with a 40% design load. Therefore, the influence of long-term deflection on the concrete bridge with heavy traffic and weighty vehicles cannot be ignored. This may also be the reason for the collapse of many long-span concrete bridges.




	(4)

	
The obtained results showed that the long-term deflection of the RC T-beam increased as the loading age magnified. This indicated that the influence of the loading age on the creep of the concrete T-beams was more pronounced for higher loading age levels. The test results revealed that for RC flexural members, the value of the long-term deflection growth coefficient specified by the current Chinese code was too low. For concrete C40 and below, the long-term deflection coefficient given by the Chinese code was 1.60. According to the AASHTO code, the long-term deflection growth coefficient of the concrete structure with a reinforcement ratio of 0.5% and a loading time of five years was exactly the same as that given by the Chinese code. The results of this paper showed that the mean value of the long-term deflection of specimens under various conditions was 2.12 at a loading time of 60 days.




	(5)

	
Based on the analysis and comparison between the test results and relevant specifications, the proposed shrinkage and creep formulas as well as the long-term deflection coefficients were given. In view of the close proximity between the test results and Branson’s values, the formulas given were similar to Branson’s shrinking and creep formulas. Appropriate modifications were made to the formulas based on the present test results.




	(6)

	
Finally, it should be pointed out that although this test was conducted under laboratory conditions, real-time observations of the temperature and humidity inside the concrete were performed during the test. However, significant changes occurred in the ambient temperature in the laboratory site; thus, the influence of temperature and humidity on the long-term performance of concrete has not been accurately controlled. This is also a common problem in this type of trial and is expected to be solved in the future.
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Figure 1. Dimensions and reinforcement arrangement of the concrete T-beam. 
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Figure 2. Loading diagram of the specimens. 
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Figure 3. Layout of the displacement measuring points. 
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Figure 4. Time-history plots of the temperature and humidity of the atmosphere of the laboratory room. 
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Figure 5. Time-history plots of the temperature inside the T-beam specimen. 
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Figure 6. Time-history plots of the shrinkage strain of various T-beam specimens (including temperature and humidity effects). 
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Figure 7. Time-history plots of the shrinkage strain of various specimens (excluding the temperature effect). 
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Figure 8. Time-history plots of the creep strain for three loading ages and the load level of 40%. 
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Figure 9. Time-history plots of the creep strain for three loading ages and the load level of 70%. 
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Figure 10. Evolution of reinforcement strain in the compression zone of the RC T-beam for two loading levels (loading age of 3 days). 
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Figure 11. Evolution of reinforcement strain in the compression zone of the RC T-beam for two loading levels (loading age of 7 days). 
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Figure 12. Evolution of reinforcement strain in the compression zone of the RC T-beam for two loading levels (loading age of 14 days). 
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Figure 13. Evolution of the long-term deflection of concrete T-beam specimens at various loading ages (40% loading level). 
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Figure 14. Evolution of the long-term deflection of concrete T-beam specimens at various loading ages (70% loading level). 
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Figure 15. Evolution of the long-term deflection of concrete T-beam specimens for two load levels (loading age of 3 days). 
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Figure 16. Evolution of the long-term deflection of concrete T-beam specimens for two load levels (loading age of 7 days). 
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Figure 17. Evolution of the long-term deflection of concrete T-beam specimens for two load levels (loading age of 14 days). 
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Figure 18. Shrinkage strain curves since loading based on AASHTO, Branson, Chinese code, the recommended, and tested value. 
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Figure 19. Evolution of creep coefficients of specimens via various approaches (loading age of 3 days). 
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Figure 20. Evolution of creep coefficients of specimens via various approaches (loading age of 7 days). 
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Figure 21. Evolution of creep coefficients of specimens via various approaches (loading age of 14 days). 
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Table 1. The mechanical properties of variously used reinforcements.
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	Steel Types
	Strength (Mpa)
	Modulus of Elasticity (MPa)





	R235
	235
	   2.1 ×   10  5    



	HRB335
	335
	   2.0 ×   10  5    
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Table 2. The main loading parameters of the T-beam specimens.
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NO

	
Specimen ID

	
Loading Age (d)

	
Load Level






	
1

	
A3L-4

	
3

	
0.4




	
A7L-4

	
7




	
A14L-4

	
14




	
2

	
A3L-7

	
3

	
0.7




	
A7L-7

	
7




	
A14L-7

	
14




	
3

	
SHC3

	

	
Beam for shrinkage test




	
4

	
150 mm × 150 mm × 3000 mm
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Table 3. Shrinkage strains at different times.
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Test

Time

(d)

	
Shrinkage Strain      ×   10   − 6       




	
Specimen 1

	
Specimen 2

	
Specimen 3

	
T-Beam SHC3

	
Average Value






	
30

	
254

	
268

	
286

	
278

	
272




	
60

	
291

	
309

	
334

	
321

	
314




	
Max

	
460

	
482

	
520

	
529

	
498
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Table 4. Creep strains of various specimens based on the test and the proposed formula at different times.
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Specimens

	
Calculated Immediate Strain

(εμ)

	
Measured Immediate Strain

(εμ)

	
30 d

    ε  CR 30   /  ε E    

	
60 d

    ε  CR 60   /  ε E    

	
90 d

    ε  CR 90   /  ε E    

	
360 d

    ε  CR 360   /  ε E    






	
A3L-4

	
62

	
41

	
68

	
0.4

	
0.8

	
1.0

	
1.9




	
A7L-4

	
62

	
23

	
50

	
0.8

	
1.1

	
1.4

	
2.3




	
A14L-4

	
62

	
21

	
48

	
1.2

	
1.6

	
2.2

	
4.2




	
A3L-7

	
84

	
53

	
80

	
0.3

	
0.5

	
0.7

	
1.5




	
A7L-7

	
84

	
39

	
66

	
1.4

	
1.9

	
2.1

	
2.9




	
A14L-7

	
84

	
26

	
53

	
0.3

	
0.5

	
0.7

	
1.5
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Table 5. The values of α and d for various loading ages.
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	Loading Age
	  α  
	d





	3d
	0.65
	10



	7d
	0.70
	20



	14d
	0.80
	30
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Table 6. Comparison between the theoretical deflection and measured deflections after long-term deformation.
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	Specimens
	Calculated Immediate Deflection

(mm)
	Measured Immediate Deflection (mm)
	30 d

   Δ  f  30   /  f 0    
	60 d

   Δ  f  60   /  f 0    
	90 d

   Δ  f  90   /  f 0    
	180 d

   Δ  f  180   /  f 0    
	360 d

   Δ  f  360   /  f 0    





	A3L-4
	1.026
	1.068
	2.5
	3.2
	3.7
	4.6
	6.0



	A7L-4
	1.026
	1.187
	1.8
	2.3
	2.7
	3.2
	3.7



	A14L-4
	1.026
	1.202
	0.8
	1.5
	1.8
	2.3
	3.3



	A3L-7
	1.612
	2.1449
	1.3
	1.8
	2.1
	2.6
	3.2



	A7L-7
	1.612
	2.0359
	1.3
	1.8
	2.1
	2.4
	2.9



	A14L-7
	1.612
	1.4799
	1.6
	2.1
	2.4
	2.8
	3.4
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