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ABSTRACT 1 

Six simply supported reinforced concrete beams were tested under sustained loads for 450 days. 2 

The beams were made from natural aggregate concrete (NAC), recycled aggregate concrete (RAC) 3 

and high-volume fly ash concrete (HVFAC); two beams were made from each concrete and loaded 4 

after 7 and 28 days. On the beams, deflections, cracking and strains were measured while concrete 5 

specimens were used to determine physical-mechanical properties of concretes and measure 6 

shrinkage and creep. Results showed similar increases in deflections relative to initial deflections for 7 

all six beams. The results are also compared with code predictions and with existing results in 8 

literature. 9 

Keywords: 10 

recycled aggregate concrete; high-volume fly ash concrete; reinforced concrete; beam; deflection; 11 

creep; shrinkage  12 
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1. Introduction 1 

The research community has been investigating possible solutions to environmental issues of 2 

concrete production. As the world’s most-used construction material, almost 20 billion tons of 3 

concrete are produced annually worldwide [1]. This huge amount of concrete requires equally large 4 

amounts of its component materials: 15 billion tons of aggregates (river or crushed stone) [2] and 5 

4.2 billion tons of cement [3]. Although concrete has a low embodied energy compared with other 6 

materials, the scale of its use means a significant impact on the environment. 7 

The first impact is through the production of cement. Using current practice, each kg of 8 

cement produced is associated with an average of 842 g of CO2; taking into account global annual 9 

cement production, the cement industry is actually responsible for 7–10% of all anthropogenic CO2 10 

emissions [4]. The second significant impact of concrete is its end-of-life, i.e. what happens after 11 

any concrete, plain or reinforced, has been decommissioned and demolished. Currently, most of it is 12 

still simply landfilled. What remains after the demolition of concrete structures is construction and 13 

demolition waste (CDW): in the EU alone, around 850 million tons of CDW are generated annually, 14 

accounting for approximately 30% of total waste generated [5]. 15 

One promising solution for these problems is the recycling of CDW to produce recycled 16 

aggregates in order to replace river or crushed stone aggregates in concrete production. This 17 

approach has the benefit of saving natural resources and reducing the amount of CDW being 18 

landfilled. A second potential solution is the partial replacement of cement by supplementary 19 

cementitious materials, usually industrial by-products. This approach both saves natural resources 20 

but also reduces the use (and indirectly production) of cement, thus potentially lowering CO2 21 

emissions. 22 

As for recycling CDW, it can be performed on several materials, such as masonry and 23 

concrete. When concrete (plain or reinforced) is recycled, the produced aggregates are called 24 

recycled concrete aggregates (RCA).  The content of other CDW (masonry, asphalt, glass, wood, 25 

etc.) must be kept very low, e.g. 10% [6]. Since concrete is composed of natural aggregates bound 26 

by hardened cement mortar, after crushing concrete waste, the final product, RCA, is composed of 27 

natural aggregate particles with some ’residual cement paste’ bound to them. This ’residual cement 28 
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paste’ is one of the defining characteristics of RCA and it influences most of its properties: RCA 1 

generally has lower density, higher porosity and greater water absorption compared with natural 2 

(both river and crushed stone) aggregates (NA) [7–9]. 3 

When RCA is used to produce concrete, this new concrete is called recycled aggregate 4 

concrete (RAC) and its use has been investigated for several decades [10]. So far, RCA has mostly 5 

found its way to use in applications such as road sub-base and non-structural concretes; only 1% of 6 

aggregates used in the production of structural concrete is RCA [11]. However, true recycling of 7 

CDW must lead to greater use of RCA in structural applications. In this study, RAC will refer to 8 

concrete in which only coarse aggregates (particle size > 4 mm) are replaced with RCA. 9 

RAC has been very comprehensively investigated. The research on RAC has mostly focused 10 

on short-term mechanical and durability-related properties: compressive strength, tensile strength, 11 

modulus of elasticity, carbonation resistance, chloride ion penetration, etc. Comprehensive literature 12 

reviews analysing these properties of RAC compared with companion natural aggregate concrete 13 

(NAC)—usually defined as having the same water–cement (w/c) ratio—were published in recent 14 

years [12,13]. The general conclusion from these literature reviews is that mechanical properties of 15 

RAC with 100% replacement of coarse aggregate with RCA are, on average, lower than those of 16 

companion NAC (20–40% for compressive strength, 20% for tensile strength and 30% for the 17 

modulus of elasticity) [12,13]. 18 

A topic that has been less investigated is the shrinkage and creep behaviour of RAC. RCA 19 

exerts several influences on these properties in RAC: since RCA is usually weaker than NA, it 20 

provides less restraint for shrinkage and because of the residual cement paste on RCA particles, 21 

RAC usually has a larger total volume of cement paste compared with companion NAC leading to 22 

greater shrinkage and creep. Several literature reviews on studies of shrinkage and creep of RAC 23 

have been published [12,14,15]: studies covered in these literature reviews systematically found 24 

larger shrinkage and creep strains for RAC compared with companion NAC – for RAC with 100% 25 

replacement of coarse aggregates the increases in shrinkage and creep relative to companion NAC 26 

can be expected to be 20–50% and 20–60%, respectively. 27 
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One option for partial cement replacement is fly ash, a by-product of coal combustion in 1 

thermal power plants. Fly ash has pozzolanic properties and is produced globally in large quantities 2 

– 900–1000 megatons annually [4]. When fly ash is used in the production of concrete in which it 3 

constitutes more than 50% of total cementitious materials, then such a concrete is called high-4 

volume fly ash concrete (HVFAC) [16]. For HVFAC, studies are less comprehensive and more 5 

difficult to methodologically carry out because fly ash is a by-product of coal combustion and its 6 

physical properties can vary considerably, depending on the coal from which it originated and the 7 

technological process employed in the thermal power plant. The properties of fly ash with the 8 

greatest influence on HVFAC properties are the particle size distribution and chemical composition. 9 

The mean particle size of fly ash can vary from 1 to 100 μm, with a typical size of around 20 μm 10 

[17]. One possible distinction between different types of fly ash is based on the criterion of the 11 

American standard ASTM C618-12 [18]: if the sum of silicon, aluminium and iron oxides in fly ash is 12 

greater than 70%, the fly ash is defined as class F, otherwise as class C. 13 

One literature review available for HVFAC has been published recently [17]. For compressive 14 

strength, HVFAC with 45–55% of fly ash in total cementitious materials on average has around 60% 15 

of the compressive strength of companion NAC produced with the same water–cementitious 16 

materials ratio (w/cm) after 28 days and around 75% after 90 days [17]. Reductions were also found 17 

in tensile strength and modulus of elasticity: 35–45% reductions for HVFAC with 45–55% of fly ash 18 

in total cementitious materials; the decrease in the modulus of elasticity was found to be between 19 

10% and 60% [17]. 20 

The effect of fly ash on shrinkage is mostly beneficial: literature review revealed that drying 21 

shrinkage of HVFAC can be reduced up to 50% for fly ash contents of 50% of total cementitious 22 

materials [17]. The lower shrinkage of HVFAC compared with companion NAC was also explained 23 

as a result of reduced cement paste content and a lower amount of hydrated paste (caused by the 24 

slower pozzolanic reaction) [19]. For creep, similar trends can be expected. When comparing 25 

HVFAC and companion NAC proportioned to have the same strength at the time of loading, HVFAC 26 

will exhibit lower creep due to the larger increase in compressive strength [20]. 27 
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As stated earlier, in order to achieve the full potential of both RAC and HVFAC, they have to 1 

find their way to use in structural applications. There are a considerable number of studies 2 

investigating the structural behaviour of these two concrete. The most numerous are studies testing 3 

the ultimate flexural and shear strength of RAC [21–26] and HVFAC [27–29] beams; in the case of 4 

RAC, there are even studies on structures, such as static pushover or dynamic shake-table tests 5 

[30,31]. For RAC and HVFAC structural members, the studies generally don’t find any significant 6 

difference in ultimate loads compared with companion NAC members. However, for both concretes, 7 

differences are found compared with companion NAC in terms of cracking and deflections. Because 8 

of weaker aggregates in RCA, cracking and short-term deflections are greater for RAC members 9 

compared with companion NAC members [22,23]; for HVFAC members, authors noted no 10 

significant differences compared with companion NAC or even lower short-term deflections and less 11 

cracking [28,29]. 12 

A topic that has been much less researched is the long-term behaviour of reinforced RAC and 13 

HVFAC members under sustained loads even though the need for taking their different long-term 14 

behaviour into account in design has been recognized [32]. The problem of serviceability, namely 15 

deflections, of reinforced concrete structures is often overlooked but not unimportant [33,34]: 16 

controlling appearance, preventing damage to non-structural elements and loss of utility are strong 17 

reasons for not disregarding this issue. However, because of the difficulty of adequately carrying out 18 

such tests and because of many factors which influence deflections, these tests are not numerous, 19 

even for NAC [35,36]. 20 

There is only a small number of long-term tests on reinforced RAC beams [21,37–42] and no 21 

tests on HVFAC beams. Unfortunately, many of the studies on RAC beams are published in the 22 

form of conference proceedings and often do not offer sufficient information. The studies vary in 23 

properties of used RCA (with water absorption from 1.9% to 6%), geometric properties of the beams 24 

(spans 2000–3700 mm, beam height 200–300 mm, reinforcement ratio 0.5–1.6%) and duration of 25 

sustained load (118–1000 days). The authors generally find larger deflections and greater cracking 26 

in RAC beams compared with companion beams produced from NAC with an identical w/c ratio as 27 

RAC [38,40,41]. Although some authors also test the applicability of existing design code provisions 28 
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for deflections [43,44] to RAC beams [40], the existing number of experimental results is not 1 

sufficient for conclusive remarks. 2 

The objective of this research is, therefore, to investigate the long-term behaviour of reinforced 3 

NAC, RAC and HVFAC beams under sustained loads. This study aims to add new results of tests 4 

on RAC beams to a very limited existing database and obtain first-ever results on HVFAC beams – 5 

to start work in this area. The methodology selected for this investigation is the comparison of the 6 

behaviour of RAC and HVFAC beams with that of companion NAC beams. 7 

For this purpose, three concrete mixtures were designed: NAC, RAC with 100% coarse 8 

aggregate replacement with RCA and HVFAC in which the cement-to-fly ash ratio was 1:1. From 9 

these mixtures, six 3.2 m-span, simply supported reinforced concrete beams were prepared (two 10 

from each mixture) and tested in four-point bending under sustained load for 450 days. All of the 11 

beams had identical geometry and reinforcement ratios, while from each mixture one beam was 12 

loaded after 7 and another after 28 days. In order to simulate a realistic situation for structural 13 

members loaded at early ages, the beams were loaded to high stress-to-strength at loading age 14 

(σc/fcm(t0)) ratios: beams loaded after 7 days had a σc/fcm(t0) ratio equal to 0.6, while beams loaded 15 

after 28 days had this ratio equal to 0.45. 16 

Both of these ratios represent relatively high stress levels for reinforced concrete structures, 17 

although not forbidden – the σc/fcm(t0) ratio of 0.6 is the stress limit for the characteristic load 18 

combination in Eurocode 2 (EC2) and fib Model Code 2010 (MC10) [44,45] (for all stress levels 19 

below this, no longitudinal cracking should be expected). However, design of structural members 20 

according to ultimate limit state (ULS) requirements can easily lead to high stress levels in service.  21 

This gives rise to the problem of creep non-linearity. It is a common understanding that below 22 

σc/fcm(t0) ratios of 0.4–0.5, creep strain is linearly related to stress. Above this limit, the relationship 23 

becomes non-linear, mostly a consequence of damage induced by time-dependent growth of micro-24 

cracks [46]. Since the primary interest in analysing the long-term behaviour of reinforced concrete 25 

members is their serviceability behaviour, viz. deflections, non-linear creep behaviour poses a 26 

challenge to their design. 27 
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Since creep non-linearity is caused by cracking and micro-cracking damage, one approach to 1 

serviceability analysis is the incorporation of creep with aging and shrinkage into microplane 2 

modelling of cracking damage, because the microplane model for concrete is already embedded in 3 

various nonlinear softwares (e.g. ATENA, DIANA) [46]. Mazzotti and Savoia [47] have proposed a 4 

model which combines the effects of cracking damage and creep modelled by a modified version of 5 

solidification theory, for uniaxial compression. These prediction models require a significant 6 

computational effort, i.e. it is adequate only for non-linear software. 7 

On the other hand, standards like EC2 and MC10 introduce simplified procedures valid for 8 

certain stress levels [44,45]. These procedures present in fact the ‘linearization’ of nonlinear 9 

problem introducing the so-called nonlinear creep coefficient.  10 

The general definition of creep strain can be taken as given by Ruiz et al. [48]: 11 

          
  
  
         

  
  
         

  
  
  (1) 

where εcc represents the creeps train, εci represents the instantaneous strain and φ is the creep 12 

coefficient. For linear creep, this relation becomes 13 

                           (2) 

i.e., the creep coefficient is stress-independent. For non-linear creep and stress-strength ratios 14 

below 0.7 [48], it is experimentally verified that ‘affinity hypothesis’ applies – linear and non-linear 15 

creep strains are related through the stress-strength ratio [45,48]. Hence, Eq. (1) can be expressed 16 

as 17 

          
  
  
                       

  
  
  (3) 

where φlin is the linear, stress-independent creep coefficient and η is the ‘affinity coefficient’. In that 18 

way the nonlinear creep coefficient is introduced as: 19 

                      
  
  
  (4) 
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For instance, MC10 defines σc/fcm(t0) = 0.4 as the limit up to which linear creep theories apply 1 

[45]. For stress levels up to σc/fcm(t0) = 0.6, MC10 allows a simplified procedure with the application 2 

of a nonlinear creep coefficient defined as:  3 

                            
  

       
       (5) 

where φσ(t,t0) is the nominal non-linear creep coefficient and φ(t,t0) is the linear creep coefficient 4 

calculated according to the MC10 model. The exponential function of the stress-strength ratio is 5 

adopted as the affinity coefficient η from Eq. (3). This non-linear creep coefficient is only an 6 

approximation, as is acknowledged by MC10, since it ‘does not take into account the observation 7 

that non-linearity decreases with increasing duration of loading’ [45]. Hence, predictions based on 8 

the application of a non-linear instead of a linear creep coefficient according to Eq. (5) should be on 9 

the safe side. This is a reasonable approach for any simplified procedure, which is more suitable for 10 

design purposes and engineering practice than complex non-linear software 11 

Following the MC10 criteria, all six beams in the experiment were initially loaded up to stress 12 

levels which lead to non-linear creep behaviour (although the beams loaded after 28 days were only 13 

slightly above the limit). Beside presenting the design, execution and results of the experiment,  an 14 

analysis of own experimental results and those of several other investigations is carried out in order 15 

to draw conclusions about the long-term behaviour of reinforced RAC and HVFAC beams under 16 

sustained loads. Also, the MC10 simplified approach is tested against own experimental results for 17 

all beams. 18 

2. Experimental programme 19 

2.1. Materials 20 

The NA used in this study (sand and gravel) was a commercially available river aggregate 21 

from an excavation site on the Danube river in the vicinity of Belgrade. NA was obtained in three 22 

fractions: I (0/4 mm) – sand, II (4/8 mm) and III (8/16 mm) – gravel. 23 

The RCA used in this study was obtained by demolishing an existing 40 year old highway 24 

bridge in the vicinity of Belgrade, Serbia. The aggregate was obtained by crushing columns and the 25 

deck of the bridge in a GIPO GISLER POWER construction site mobile recycling machine. The 26 



 

10 
 

demolished structure was relatively clean from impurities as the asphalt had been scraped of the 1 

deck prior to demolition. The aggregates were sieved into two fractions for testing: II (4/8 mm) and 2 

III (8/16 mm). Since very little was known about the original structure, Ø100/100 mm cores were 3 

taken from the columns and the deck of the bridge prior to demolishing and compressive strength 4 

was tested. The compressive strength of the cores taken from the bridge deck and from the column 5 

was 35 and 23 MPa, respectively (all values are average of three samples). 6 

For both NA and RCA, oven-dry (OD) and saturated-surface dry (SSD) densities were 7 

determined according to methods given in EN 1097–6 [49]. Water absorption was tested for both 8 

NA and RCA after 24 h according to EN 1097–6 [49] but for RCA also after 30 min. The properties 9 

of the aggregates are provided in Table 1. The results show relatively moderate values for final (24 10 

h) water absorption for RCA. Together with OD density values (which are approximately 10% lower 11 

compared with NA), this RCA can be classified as class B-I according to the classification proposed 12 

by Silva et al. [50]; this is actually a lower quality for recycled aggregates made only from concrete 13 

waste but still does not prevent them from being used in the production of RAC [50]. The 30 min 14 

water absorption values were 82% and 86% of the final value for fractions RCA II and RCA III, 15 

respectively. 16 

The cement used in this study was commercially available CEM II Portland-composite cement 17 

produced by Lafarge Beočin, Serbia. The cement type was CEM II/A-M(S-L) 42.5R according to EN 18 

197-1 [51]. The composition of this cement is 80–94% Portland cement clinker, 6–20% ground slag 19 

and limestone and 0–5% gypsum and mineral fillers and its specific density is 3050–3150 kg/m3. 20 

The chemical composition of cement is given in Table 2. 21 

The fly ash used in this study was obtained from the Nikola Tesla B power plant in Obrenovac, 22 

Serbia. The fly ash had a mean particle size of 8.53 μm determined using a Mlavern Instruments 23 

Mastersizer 2000 and a specific density of 2075 kg/m3 determined according to ASTM C188-15 [52]. 24 

[52]. The chemical composition and physical properties were assessed by X-ray fluorescence 25 

analysis and the results are given in Table 2. As can be seen, the tested sample meets all of the 26 

requirements in the European standard EN 450-1 [53] and according to the loss on ignition it would 27 



 

11 
 

be classified as a category A fly ash. According to criteria in the American standard ASTM C618-1 

12a [18] the fly ash would be classified as class F, i.e. low-calcium fly ash. 2 

Two types of reinforcement were used in this study: (1) Ø10 mm ribbed bars were grade 3 

B500C with a yield stress of fy =574–600 MPa and ultimate strain εu = 10.4–12.6% and (2) Ø6 mm 4 

plain bars were grade SAE1108 with a yield stress of fy =395 MPa and ultimate strain εu = 32%. 5 

2.2. Mixture design, casting and curing of beams and specimens 6 

Three concrete mixtures were designed with a target 28-day compressive strength of 35 MPa 7 

on a 100 mm cubic sample and a 100–150 mm initial slump: 8 

 NAC  9 

 RAC with 100% coarse RCA 10 

 HVFAC with a cement-to-fly ash ratio 1:1 11 

The mixture proportions are given in Table 3. It should be noted that for RAC, additional water 12 

was added for the absorption of RCA. The amount of additional water used was slightly smaller than 13 

necessary for the measured 30 min absorption, and was determined through trial mixtures and 14 

testing workability. The choice of compensating the 30 min absorption was made based on the 15 

usual transport duration for ready-mixed concrete in Belgrade and the target of maintaining 16 

workability during these 30 min. No admixtures were added to any of the mixtures. The mixing 17 

procedure was similar for all three mixtures: (1) sand and coarse aggregates were mixed for 18 

approximately 1min, (2) cement (and fly ash) were added and mixed with aggregates for 1 min, (3) 19 

total water was added during 30 s and (4) the concrete was mixed for another 2.5 min; the overall 20 

mixing time was 5 min. 21 

Concrete compressive strength (fc) was tested on 100 mm cubes, splitting tensile strength 22 

(fct,sp) on Ø150/150 mm cylinders, flexural tensile strength (fct,fl) on 120/120/360 mm prisms and the 23 

modulus of elasticity (Ec) on Ø150/300 mm cylinders. Shrinkage and creep were measured on 24 

120/120/360 mm prisms. 25 

The reinforced concrete beams were designed upon consideration of previously published 26 

studies [35]. Taking into account the most usual dimensions of the tested specimens, a choice was 27 
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made to produce simply supported beams with a 3.2 m span and a b/h = 160/200 mm cross-section 1 

(span-to-height ratio L/h = 20) and load them in four-point bending in thirds of the span, Fig. 1. The 2 

beams were reinforced with 2Ø10 mm bars as bottom reinforcement (reinforcement ratio ρ = 0.58%) 3 

and with 2Ø6 mm bars as top reinforcement (reinforcement ratio ρ’ = 0.21%). The reinforcement 4 

layout is given in Fig. 2. 5 

Two beams were cast from each concrete mixture, one to be loaded after 7 and the other after 6 

28 days. These loading ages were selected as being representative of ’early’ and ’standard’ loading 7 

ages of reinforced concrete structures. Depending on the concrete mixture and loading age, the 8 

beams were labelled NAC7, NAC28, RAC7, RAC28, HVFAC7 and HVFAC28. The beams were cast 9 

in wooden formwork in the Laboratory for Concrete and Rheology at the University of Belgrade’s 10 

Faculty of Civil Engineering. Each beam was cast using approximately four batches of concrete; to 11 

aid placing, a 50 mm diameter vibrator was used to homogenize the concrete and release 12 

entrapped air. 13 

After casting, the beams were cured for 24 h. During this period, they were covered with jute 14 

matting which was kept wet and above which plastic sheets were placed. After 24 h, one side of the 15 

formwork was opened and the beams were slightly moved to separate them from the other side of 16 

the formwork; thus, they were left lying on the bottom side of the formwork, drying under laboratory 17 

conditions. The accompanying concrete test specimens were cured in the same way. Curing 18 

concrete for only one day is standard practice in the Serbian construction industry, at least for the 19 

majority of structures such as buildings, and the aim was to simulate this in the experiment. 20 

The laboratory in which the experiment was carried out was maintained under an average 21 

temperature of 21°C; however, relative humidity (RH) could not be controlled in a narrow range, its 22 

average value was 48%. The ambient conditions in the laboratory during the experiment are given 23 

in Fig. 3. 24 

2.3. Test setup and procedure 25 

When designing the sustained load for the beams, a fixed stress-to-strength at loading age 26 

ratio (σc/fcm(t0)) was chosen for all beams loaded at the same age. As already stated, for the beams 27 
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loaded after 7 days (NAC7, RAC7, HVFAC7), this ratio was adopted as 0.60, and for the beams 1 

loaded after 28 days (NAC28, RAC28, HVFAC28), this ratio was chosen as 0.45.  2 

On the day of its loading, each beam was manually raised onto a steel support structure. After 3 

this, two steel Π-shaped rectangular tubes were placed on the beams in thirds of the span. 4 

Underneath each beam, a steel cart was driven and loaded with dead load consisting of concrete 5 

blocks obtained by cutting reinforced concrete beams from a previous experimental programme. 6 

The steel cart was aligned with the Π-shaped steel tubes and raised using manual jacks. Following 7 

this, bolts were screwed to connect the cart and steel tubes and the manual jacks were released, 8 

thus instantaneously applying the load, Fig. 4. 9 

On each beam, deflections were measured using seven dial indicators: above the supports, in 10 

the middle of the shear spans, in the thirds of the span and in the middle of the flexural span. The 11 

first reading was taken after positioning the load beneath the beam and the instantaneous deflection 12 

was taken as the reading 5 min after load application. Afterwards, deflections were measured daily 13 

during the first week, weekly during the first month and monthly until 450 days after loading. Strains 14 

were measured using a mechanical strain gauge with a 100 mm base. Steel pins for measuring 15 

strains were glued onto the concrete surface 3 mm from the top fibre and 31 mm from the bottom 16 

fibre (at the level of bottom reinforcement). In the middle of the flexural spans, steel pins were also 17 

glued at 115 and 155 mm from the bottom fibre in order to measure the strain distribution along the 18 

cross-section height, a detail of this is given in Fig. 5. Strains were measured at the same as 19 

deflections. Finally, cracks were monitored, viz. crack spacing and width. A first inspection of each 20 

beam was performed after raising it on supports. Subsequently, 1 h after loading, cracks were 21 

measured in detail; their position and lengths were identified and highlighted with a marker and their 22 

widths were measured using a crack gauge. Further measurements were performed 7, 28, 90, 180, 23 

365 and 450 days after loading. 24 

Shrinkage was measured on three 120/120/360 mm prisms for each mixture. The prisms were 25 

taken out of the moulds 24 h after casting and held in the upright position. Immediately afterward, 26 

steel pins for strain measurements were glued on the concrete surface of two opposite sides of 27 

each prism; measurements began approximately 1 h after unmoulding. Thus, all reported shrinkage 28 
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values are averages of six measurements. The same mechanical strain gauge was used as for 1 

strain measurements on beams. 2 

Creep was tested in steel frames using a lever system on groups of three 120/120/360 mm 3 

prisms, Fig. 6. Unfortunately, due to equipment restrictions of the laboratory, only four frames were 4 

available. Hence, creep was tested on RAC and HVFAC by loading three prisms at the same time 5 

as the beams: after 7 and after 28 days (RAC7, RAC28, HVFAC7 and HVFAC28). The prisms were 6 

loaded to an identical σc/fcm(t0) ratio as the beams: 0.60 and 0.45 for the prisms loaded after 7 and 7 

28 days, respectively. Steel pins for mechanical strain gauge measurements were glued on all four 8 

sides of each prism. Thus, every reported creep value is an average of 12 measurements. 9 

3. Experimental results 10 

3.1. Concrete properties 11 

Properties of the concrete mixtures in the fresh and hardened state are given in Table 4. The 12 

slump values given in Table 4 show that without a plasticizer, it was relatively difficult to control the 13 

workability of RAC and HVFAC mixtures. As for the 28-day compressive strength, both NAC and 14 

RAC slightly overshot the target 35 MPa with NAC having a 9% higher compressive strength 15 

compared with RAC. HVFAC was 14% below the target and, importantly, the increase in strength 16 

after 28 days was not significant. At first look, this is in contrast with previous findings, as the 17 

increase in strength after 28 days is one of the most highlighted aspects of HVFAC [16,17]; in this 18 

study the increase from 28 to 90 days was 14.6% for HVFAC, nonetheless larger than the 3.7% 19 

increase for NAC. However, this was caused by the curing regime of only 24 h of wet curing, which 20 

significantly slowed down and decreased the development of compressive strength [54]. 21 

NAC also had the highest modulus of elasticity, 5% and 12% greater compared with RAC and 22 

HVFAC, respectively. It should be noted that due to equipment problems, the reported 28-day value 23 

for RAC is a single measurement whereas all others are averages of three specimens. For tensile 24 

strength, both splitting and flexural, NAC and RAC have practically identical values whereas HVFAC 25 

has a somewhat lower strength, especially after 7 days. 26 

Results of shrinkage measurements are given in Table 5 and Fig. 7. As seen from the results, 27 

RAC had the largest shrinkage strain after 477 days, 21% greater than NAC, whereas HVFAC 28 
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displayed the lowest shrinkage strain, 7% smaller than NAC. Viewed in a logarithmic time scale in 1 

Fig. 7, the results display the typical lower inclination in early times with an increase in slope after 2 

approximately 10 days. However, the anticipated levelling-off of the shrinkage curve, indicating an 3 

approach to its final value is not yet detectable in any of the curves after 477 days. 4 

As described earlier, creep was measured on RAC and HVFAC prisms loaded after 7 and 28 5 

days (RAC7, RAC28, HVFAC7 and HVFAC28). The results are presented in Table 6 and Fig. 8. In 6 

Table 6, εc(450) denotes the total strain measured on prisms for testing creep after 450 days, εci(t0) 7 

is the initial strain measured 5 min after loading (loading ages of 7 and 28 days), εcs(450) is the 8 

corresponding shrinkage strain measured reported in Table 5 and εcc(450) is the creep strain after 9 

450 days, obtained by subtracting the initial and shrinkage strains from the total strain. Also reported 10 

in Table 6 are the stresses in the prisms σc(t0), the stress-to-strength at loading age ratios σc/fcm(t0), 11 

and the experimental creep coefficient after 450 days φexp(450) calculated as 12 

      
      

       
 (6) 

Since all of the prisms were loaded to high stress levels, as previously explained, the reported 13 

experimental creep coefficient is in fact the non-linear creep coefficient. The experimental creep 14 

coefficient can still be defined using Eq. (1), however it is stress-dependent and represents the 15 

product of linear creep coefficient and affinity coefficient according to Eq. (4). 16 

Looking again at Table 6, interestingly, in this experiment practically identical experimental 17 

creep coefficients were obtained for both loading ages, for both RAC and HVFAC. Different loading 18 

age and different stress-to-strength at loading age ratio didn’t cause significant difference in 19 

experimental creep coefficient within the same concrete type, possibly pointing to a higher limit of 20 

linear creep than 0.4 of compressive strength under circumstances as in this investigation. Similar to 21 

shrinkage, RAC displayed a significantly more pronounced creep behaviour compared with HVFAC: 22 

the RAC creep coefficient was 45% and 60% greater compared with HVFAC for specimens loaded 23 

after 7 and 28 days, respectively. 24 

In Fig. 8, the stress-dependent strains εcσ(t,t0) = εci(t0) + εcc(t) are plotted in a logarithmic time 25 

scale..For HVFAC, the values for the two loading ages lie on parallel lines, reflected in the 26 
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practically identical experimental creep coefficients, whereas for RAC the gap between the lines 1 

slowly decreases, also reflected by the experimental creep coefficient being slightly larger for the 2 

loading age of 28 days, contrary to initial expectations. 3 

3.2. Results on reinforced concrete beams 4 

After measuring the mechanical properties of the concretes, the load for each beam was 5 

calculated so that the target σc/fcm(t0) ratios could be achieved. Table 7 lists, for each beam, the total 6 

imposed bending moment Mtot, the cracking moment Mcr, the ultimate bending moment Mult, and the 7 

ratios Mtot/Mcr and Mtot/Mult. The cracking moment for each beam was calculated as 8 

                 (7) 

where Wi is the section modulus of the transformed cross-section and fctm(t0) is taken as fct,sp(t0) as 9 

per MC10 [45]. The ultimate bending moment is calculated as 10 

                        
      

       
  (8) 

where As1 is the area of tensile reinforcement, fy is the nominal reinforcement yield strength, d is the 11 

cross-section effective depth, b is the cross-section width and fcm is the 28-day concrete 12 

compressive strength (converted to standard cylinder strength using a conversion factor 0.75). 13 

It can be seen from Table 7 that the Mtot/Mcr ratios are very similar among beams loaded at the 14 

same age and that the imposed load is significantly greater than the cracking load.  From the 15 

Mtot/Mult ratios it can be seen that the NAC and RAC beams were loaded to 0.44–0.55 of their 16 

ultimate load, which is a relatively usual service load level. At the same time, the Mtot/Mult ratios are 17 

smaller for HVFAC beams as a consequence of their lower compressive strength compared with 18 

NAC and RAC. 19 

Results of mid-span deflection measurements on the beams are given in Table 8 and in Fig. 9, 20 

grouped by loading age; a(t0) represents the initial deflection measured 5 min after applying the 21 

imposed load and a(t–t0) represents the long-term deflection after t–t0 days under load. It is worth 22 

noting that the measured deflections do not include only the deflections of the beam from self-23 

weight, approximately 0.30 mm. The absolute values of deflection in Table 8 vary in a wide range 24 
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and because the beams were loaded to different loads and had different compressive strengths they 1 

can be compared only in a normalised, i.e. dimensionless form.  2 

Therefore, the last column in Table 8 presents the normalised deflection a(450)/ a(t0), i.e. the 3 

final long-term–to–initial deflection ratio. It can be seen that for all six beam, regardless of the 4 

concrete type or loading age, this ratio is in a narrow range of 2.03–2.36, i.e. all the ratios differ by 5 

no more than 15%. The complete time evolution of the a(t–t0)/ a(t0) ratio is shown in Fig. 10, again 6 

grouped by loading age and in logarithmic time scale. The normalised deflections evolve practically 7 

identically in all the beams except for beam RAC28. This is a significant result considering the 8 

differing parameters in the six beams. On one hand, for beams made from the same concrete and 9 

loaded at different ages, no effect of loading age and stress level can be observed; this result is 10 

supported by creep measurements on RAC and HVFAC prisms in which there were no significant 11 

differences between prisms loaded after 7 and 28 days. Hence, it is plausible that for the conditions 12 

in this study, creep non-linearity is negligible up to σc/fcm(t0) = 0.6. On the other hand, differences in 13 

the evolution of normalised deflections are negligible between beams made from different concretes 14 

even though it was shown at the material level that they exhibit different shrinkage and creep 15 

behaviour. The reason for this is probably the relatively high Mtot/Mult ratio applied to the beams, i.e. 16 

load level, which caused significant cracking in the beams. This lead to a relatively small height of 17 

the compressed zone in the beams’ cross-section and consequently, the different effects of NAC, 18 

RAC and HVFAC creep and shrinkage are indistinguishable. 19 

Strain measurements, taken with the mechanical strain gauge did not include shrinkage strain 20 

up to loading nor mechanical strain caused by self-weight of the beam. Measured tensile strains at 21 

the level of bottom reinforcement (εs1) and compressive strains 3 mm from the top fibre (εc), for the 22 

mid-span cross-section (Fig. 5) are given in Table 9. The reported values for each beam are 23 

averages of six measurements (three on each side of the beams, Fig. 5), i.e. they represent 24 

average strain over a length of 300 mm. 25 

The compressive strain in concrete increased between 2.95 and 3.48 times and the tensile 26 

strain at the level of bottom reinforcement between 1.18 and 1.53 times with no clear correlation to 27 

loading age (stress level) or concrete type. Although, theoretically there should be only a small 28 
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increase in tensile steel strain over time, its larger occurrence here is the consequence of the 1 

measurement method: strain was measured on the concrete surface at the level of tensile 2 

reinforcement; hence, the increase in strain over time can be explained by the loss of concrete 3 

tension stiffening between two measurement points. 4 

The measured strain distribution over the cross-section height is given in Fig. 11 for beams 5 

loaded after 7 and 28 days, respectively. As stated previously, the reported values are average 6 

strains over a length of 300 mm. Since the flexural span of the beams is under a constant bending 7 

moment, the average strain values represent a constant strain distribution (across the beam length) 8 

which is equivalent to the actual strain distribution (which is varying across the beam length). It can 9 

be seen that this ‘equivalent’ strain distribution is approximately linear during the entire 450 days for 10 

all beams thus confirming the validity of the standard plain section assumption used in the linear 11 

theory of beams as an adequate substitute for the actual strain distribution which significantly 12 

simplifies calculations. Similar results were obtained by other researchers for both NAC and RAC 13 

beams and lower stress-to-strength ratios [40,55].  14 

All of the beams display a lowering of the neutral axis over time which is slightly more 15 

pronounced in beams loaded after 7 days compared with companion beams loaded after 28 days; 16 

this is in accordance with previous findings [40,55]. The lowering of the neutral axis is a physical 17 

consequence of the linear strain distribution and the fact that over time, concrete compressive strain 18 

increases significantly, whereas reinforcement tensile strain increases only slightly; theoretically, this 19 

is represented by the effective modulus method [45]. According to these measurements, the 20 

average strain distribution over the cross-section height is approximately linear even for high stress 21 

levels as applied in this experiment. Lowering of the neutral axis was more pronounced in NAC and 22 

RAC beams compared with HVFAC, for both loading ages, because of the higher load levels they 23 

were exposed to. 24 

Crack measurements are presented in Table 10: average crack spacing sm is reported along 25 

with average crack widths wm and the full range of crack widths wmin–wmax. Most of the crack 26 

propagation occurred between 7 and 90 days, both in terms of increasing crack widths and opening 27 

of new cracks. The crack patterns of the beams immediately after loading and after 450 days are 28 
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displayed in Fig. 12; new cracks which appeared after the initial ones are coloured blue. From Fig. 1 

12, the much more pronounced cracking of NAC and RAC beams compared with HVFAC beams 2 

can be clearly seen, as well as the more pronounced cracking of beams loaded after 7 days 3 

compared with those loaded after 28 days, for all concrete types. RAC beams—under similar tensile 4 

steel stress as NAC beams—have smaller or similar crack spacing and somewhat smaller crack 5 

widths. HVFAC beams, in this experiment, under lower tensile steel stress levels compared with 6 

NAC, show significantly larger crack spacing and smaller crack widths. 7 

All experimental results on concrete specimens and beams can be found in the form of raw 8 

data Excel sheets using Mendeley Data and doi 10.17632/86mvvjr65h.1 [56]. 9 

4. Discussion 10 

4.1. Comparison with existing results from literature 11 

It was explained in section 1.2 that long-term experiments of reinforced concrete members 12 

under sustained loads are not very common, even in the case of NAC beams. The most 13 

comprehensive database of experimental results on NAC beams was prepared by Espion [35] with 14 

217 results from 29 experimental programmes. All of the tests in the database are simply supported 15 

beams and the majority of the tests (83.4%) were carried out on beams with a rectangular cross-16 

section. It is therefore useful to compare the main parameters of own experimental investigation 17 

with the range of parameters covered by Espion’s database [35]. For this purpose, a subset of the 18 

database [35] was selected, according to the following criteria: 19 

 studies carried out after 1945; 20 

 rectangular cross-section; 21 

 deformed bars; 22 

 four-point bending or uniformly distributed load; 23 

 total imposed load causes cracking immediately after loading; 24 

 compressive strength 20–50 MPa; 25 

 cross-section height greater than 100 mm; 26 

 span-to-depth ratio smaller than 40; 27 

 loading age t0 smaller than 90 days; and 28 

http://dx.doi.org/10.17632/86mvvjr65h.1
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 stress-to-strength at loading age ratio (σc/fcm(t0)) below 0.6. 1 

From  the original 217 results in the database, 78 results from 10 experimental programmes 2 

satisfied the criteria. The range of their test parameters and results in comparison to the values in 3 

own experiment (for NAC beams) is given in Table 11. From the table, it can be seen that the values 4 

of test parameters chosen in own experiment are well within the range of previous experiments, with 5 

parameters like span, depth, compressive strength and a(t–t0)/a(t0) ratio being close to median 6 

values of the ranges. The reinforcement ratio, and loading age are closer to lower values in the 7 

database ranges and the Mtot/Mcr ratio is closer to higher values in the database. Nonetheless, the 8 

chosen set of parameters fits into existing research. 9 

For RAC beams, there are only two studies which provide sufficient data for comparison and 10 

analysis [40,41]. A comparison between test parameters and results for own RAC beams and those 11 

from previously published research [40,41] is given in Table 12; from the study by Seara-Paz [41], 12 

only beams with 50% and 100% coarse RCA replacement were considered (the replacement ratio 13 

of 20% was disregarded as too low). The beams in own experiment have a similar span to the ones 14 

from the two existing studies [40,41] but a smaller cross-section depth, reinforcement ratio and 15 

compressive strength. However, the RCA in this study had the lowest water absorption compared 16 

with RCA used in the other two experiments [40,41]. The load level, i.e. Mtot/Mcr and σc/fcm(t0) ratio, is 17 

the highest in own experiment.  18 

In general, all three experiments have a similar setup and design, but one important aspect is 19 

that in the study by Knaack and Kurama [40] beams from the ‘UC’ series were designed not to crack 20 

immediately after loading but after some time; these beams show a very large increase in 21 

deflections (because of their transition from uncracked to cracked state), hence, the large a(t–22 

t0)/a(t0) ratio obtained by Knaack and Kurama [40] (up to 7.4). Additional difficulties in comparing the 23 

results between the experiments are their different durations and σc/fcm(t0) ratios. Two beams in 24 

Table 12 which are very similar are beam RAC28 and beam H65-100 from the study by Seara-Paz 25 

[41]: the beams are loaded to very similar σc/fcm(t0) ratios, they have similar stiffness ratios and 26 

finally, their normalised deflections are similar, even though compressive strengths and 27 
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reinforcement ratios are different. Unfortunately, beside this observation, no definite conclusions can 1 

be drawn. 2 

4.2. Comparison with code predictions 3 

Finally, the measured deflections were compared with deflection predictions calculated 4 

according to the rigorous procedure of MC10 [45]. The rigorous procedure of MC10 is based on the 5 

interpolation of curvatures calculated in two states: (I) uncracked and (II) fully cracked state. The 6 

interpolation is performed at the cross-sectional level using a distribution coefficient ζ. For the case 7 

of pure bending, this distribution coefficient can be defined as 8 

    
     

   

 
 
 

               

                                           

  (9) 

where β is a coefficient accounting for the influence of the duration of loading or repeated loading 9 

and is taken as 1.0 for single short-term loading and 0.5 for sustained loads or multiple cycles of 10 

repeated loads [45]. Curvatures are then interpolated according to the following equation: 11 
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where (1/r)eff is the interpolated effective curvature, and (1/r)II and (1/r)I are curvatures in the fully 12 

cracked and uncracked states, respectively. The curvatures themselves are composed of a 13 

curvature due to load (1/r)load and curvature due to shrinkage (1/r)cs. The curvature is calculated as 14 
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where K is a coefficient depending on the static system (0.104 for a simply supported beam under 15 

uniformly distributed loading and 0.107 for a simply supported beam in four point bending in thirds of 16 

the span); Ii,n is the moment of inertia of the transformed section in state I or II; Si,n is first moment of 17 

area of the reinforcement about the transformed section’s centroid (in state I or II). The effect of 18 

creep is taken into account using the effective modulus of elasticity Ec,ef: 19 
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which also defines the modular ratio αe = Es/Ec,ef where Es is the modulus of elasticity of 1 

reinforcement (may be taken as 200 GPa). 2 

In this study, curvatures were calculated in 50 cross-sections for each beam and then a 3 

double numerical integration was performed to obtain deflections [57,58]. All the necessary input 4 

parameters (tensile strength, modulus of elasticity, shrinkage strain and creep coefficient) were 5 

calculated from measured values of concrete compressive strength using MC10 expressions [45]. 6 

Even though MC10 expressions are generally not directly applicable to RAC and HVFAC (mostly in 7 

terms of predicting shrinkage strain and creep coefficient), such an approach can still be useful 8 

when directly comparing the performance of MC10 expressions between NAC, RAC and HVFAC. 9 

Most of the differences in the MC10 model’s behaviour between RAC and NAC can be expected to 10 

lie in material properties, since their structural behaviour, i.e. tension stiffening, has been shown to 11 

be similar [59]; unfortunately, for HVFAC no such studies were found. 12 

Since the beams were loaded to high stress-to-strength at loading age ratios, non-linear creep 13 

effects had to be taken into account. As previously said, MC10 sets 0.4fcm(t0) as the limit up to which 14 

creep strain is linearly related to stress [45] and above this limit, up to stresses equal to 0.6fcm(t0), 15 

the simplified non-linear creep coefficient given by Eq. (5) is applicable. This approach has 16 

previously been successfully used to predict the deflections of beams loaded to high stress-to-17 

strength at loading age ratios, even above 0.6fcm(t0) [60]. 18 

In this study, the calculation of deflections was carried out similar to the procedure described 19 

in the study by Mullem et al. [60]. After calculating the stress distribution at t0, the non-linear creep 20 

coefficient was applied to the part of the cross-section which surpassed the linear creep limit of 21 

0.4fcm(t0); this led to a cross-section consisting of reinforcement and ‘two concretes’: a less stiff 22 

concrete exposed to non-linear creep and a more stiff one under linear creep, as illustrated in Fig 23 

13. However, in this analysis, the height of the compression zone at t0 was approximately 40 mm for 24 

all six beams and the height of the zone under non-linear creep was approximately 11–15 mm for 25 

the beams loaded after 7 days and 4–5 mm for the beams loaded after 28 days. This led to a very 26 

small effect of non-linear creep on deflections, as reflected in the results in Table 8 where the 27 

a(450)/a(t0) were shown to be very similar for all six beams. 28 
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The results of the deflection calculation are shown in Fig. 14 (for clarity of presentation, the 1 

vertical axes do not start from 0). The results for NAC and RAC beam show a relatively good and 2 

acceptable agreement between measured and calculated values, with only deflections of beam 3 

NAC7 being significantly overestimated. Initial deflections are systematically overestimated, by 4 

27.6% and 15.6% for beams NAC7 and NAC28, respectively and by 14.6% and 41.5% for beams 5 

RAC7 and RAC28 respectively. However, of much greater interest are deflections after 450 days 6 

which are overestimated by 12.8% for beam NAC7 and exactly predicted for beam NAC28, and 7 

overestimated by 2.4% and 8.8% for beams RAC7 and RAC28, respectively. In other words, the 8 

precision of predictions increases over time and final deflections are predicted with a maximal 9 

overestimation of experimental values of 13%, which can be considered as a good result. However, 10 

based on only this analysis it cannot be said whether the deflection predictions would be improved 11 

by taking into account different predictions of RAC properties compared with NAC. There is strong 12 

evidence that changes MC10 predictions, especially for creep and shrinkage, are necessary for 13 

application on RAC [14,15,61,62]. 14 

As for HVFAC beam, the results in Fig. 14 show a very significant overestimation of measured 15 

deflections by MC10. Qualitatively, the predicted deflection curve is appropriate but quantitatively it 16 

overestimates initial deflections by 39.8% and 88.9% for beams HVFAC7 and HVFAC28, 17 

respectively and final deflections by 44.2% and 71.3% for beams HVFAC7 and HVFAC28, 18 

respectively. Hence, the predictions remain significantly larger than measured values over time. 19 

Again, since these are the only results available on HVFAC beams, it cannot be claimed where the 20 

errors lie—whether in code expressions for material properties or structural behaviour of HVFAC, 21 

i.e. tension stiffening—more experimental results are necessary. 22 

5. Conclusions 23 

This study presented the results of an experimental programme testing the long-term 24 

behaviour of reinforced NAC, RAC and HVFAC beams under sustained load. Based on the results 25 

of tests on concrete specimens and reinforced concrete beams, the following conclusions are 26 

drawn: 27 
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1. RAC concrete with 100% coarse RCA, produced with the same effective w/c as companion NAC 1 

had an 8% lower 28-day compressive strength. HVFAC produced with a cement-to-fly ash ratio 2 

of 1:1 had a 26% lower 28-day compressive strength compared with NAC. The selected curing 3 

regime of only one day of wet curing significantly contributed to the lower compressive strength 4 

of HVFAC; 5 

2. After 477 days, the unrestrained shrinkage strain of RAC and HVFAC, compared with NAC, was 6 

22% greater and 8% smaller, respectively. The experimental creep coefficient of RAC and 7 

HVFAC specimens loaded after 7 days was practically identical to the creep coefficient of RAC 8 

and HVFAC specimens loaded after 28 days, even though specimens loaded after 7 days were 9 

loaded to a stress-to-strength at loading age ratio of 0.60 and specimens loaded after 28 days to 10 

a ratio of 0.45. However, the RAC creep coefficient was 45% and 60% greater compared with 11 

HVFAC for specimens loaded after 7 and 28 days, respectively; 12 

3. Normalised deflections, i.e. the a(t–t0)/ a(t0) ratio, after 450 days was in the range of 2.03–2.36 13 

for all six beams, regardless of concrete type or loading age (stress level). No effect of creep 14 

non-linearity and loading age was observed between beams from the same concrete, as 15 

corroborated by results on concrete prisms. No effect of concrete type and different shrinkage 16 

and creep behaviour was observed between beams made from different concretes, possibly 17 

because of the high load level applied to the beams which caused significant cracking, a small 18 

height of the compressed concrete zone in the beams’ cross-section and, consequently, an 19 

indistinguishable effect of different concrete types; 20 

4. In line with previous findings, the cracking behaviour of RAC beams was more pronounced 21 

compared with NAC beams (crack spacing was smaller and crack widths larger), even though 22 

they were loaded to similar load levels. The crack pattern in HVFAC beams was much less 23 

developed, mostly because they were loaded to a lower load level. Between beams made from 24 

the same concrete, those loaded after 7 days displayed smaller crack spacing and larger crack 25 

widths than those loaded after 28 days, and developed more shrinkage-induced cracks over 450 26 

days; 27 

5. The experimental setup parameters used in this study fit well with previously executed 28 

experiments; therefore, comparison with own results is possible. For RAC beams, the results of 29 
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this study match very well the results of two previously published studies in terms of increase of 1 

normalised deflections. In this study, there was no significant difference in the increase of 2 

normalized deflections between RAC and NAC beams; 3 

6. Experimental deflection curves for own beams were compared with MC10 predictions using 4 

code expressions to predict input parameters. For NAC and RAC beams good agreement was 5 

found between experimental and calculated values for final deflections, whereas initial 6 

deflections were overestimated. There was no significant difference between the performance of  7 

the MC10 model for deflections on NAC and RAC beams. The deflections of HVFAC are 8 

significantly overestimated, both initially and after 450 days (between 39.8% and 88.9%) 9 

pointing to significant differences in the MC10’s performance of HVFAC compared with NAC and 10 

RAC. However, more experimental results are necessary for definite conclusions; 11 

7. The results of this study are promising in terms of the applicability of RAC and HVFAC as 12 

structural concrete members under sustained loads. Only in this way, the full benefits of using 13 

these recycled and waste materials can be realized. Future research should focus on extending 14 

the experimental database with different basic parameters, especially with beams with T-cross 15 

sections, since this cross section type is more representative of reinforced concrete beams and 16 

can cause different beam’s behaviour; finally research efforts should focus on providing 17 

analytical expressions for long-term material and structural properties of these concretes so that 18 

they can be designed using existing codes. 19 
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Table 1. Physical properties of NA and RCA 
 

Aggregate 

OD 
density

*
 

(kg/m
3
) 

SSD 
density

*
 

(kg/m
3
) 

Water 
absorption 

30 min 
(%) 

24 h 
(%) 

NA I 2570 2600 – 1.20 
NA II 2550 2580 – 1.24 
NA III 2590 2620 – 1.04 
RCA II 2390 2480 3.01 3.67 
RCA III 2360 2550 3.55 4.05 
*
density values are rounded to the nearest 10 kg/m

3
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Table 2. Chemical and physical properties of cement and fly ash 
 

Property Cement Fly ash 

SiO2 (%) 21.04 58.24 
Al2O3 (%) 5.33 20.23 
Fe2O3 (%) 2.37 5.33 
SiO2 + Al2O3 + Fe2O3 (%) – 83.80 
TiO2 (%) – 0.45 
CaO (%) 60.43 7.62 
MgO (%) 2.43 2.01 
P2O5 (%) – 0.00 
SO3 (%) 3.55 2.21 
Na2O (%) 0.22 0.52 
K2O (%) 0.70 1.51 
MnO (%) – 0.03 
LOI (%) 3.53 2.10 
Fineness  (>45 μm) (%) – 11.71 
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Table 3. Mixture proportions of the tested concretes 
 

Concrete 
mc 
(kg/m

3
) 

mw 
(kg/m

3
) 

Δmw 
(kg/m

3
) 

mFA 
(kg/m

3
) 

NA (kg/m
3
)  RCA (kg/m

3
) 

0/4 mm 4/8 mm 8/16 mm  4/8 mm 8/16 mm 

NAC 285 175 – – 815 543 453  – – 
RAC 285 175 21.5 – 767 – –  511 426 
HVFAC 200 195 – 200 810 486 324  – – 
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Table 4. Properties of fresh and hardened concrete 
 

Concrete 

Properties of fresh 
concrete 

 

Properties of hardened concrete 

Density 
(kg/m

3
) 

Slump 
(mm) 

fcm
1
 (MPa) 

 
Ecm (GPa) 

 
fct,sp (MPa)  fct,fl (MPa) 

7 d 28 d 90 d 7 d 28 d 7 d 28 d  7 d 28 d 

NAC 2340 115  32.9 40.7 40.7  30.1 32.2  2.0 2.4  5.6 6.7 
RAC 2240 140  32.2 37.4 38.8  26.2 30.8

2
  2.0 2.5  5.4 6.4 

HVFAC 2200 70  21.8 30.1 34.5  25.2 28.7  1.2 2.1  4.3 5.2 
1
compressive strength values are measured on 100 mm cubes 

2
single measured value 
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Table 5. Shrinkage strain measurements 
 

Concrete 
εcs(t,ts) (‰) 

7 d 28 d 96 d 186 d 477 d 

NAC –0.143 –0.342 –0.540 –0.557 –0.645 
RAC –0.155 –0.385 –0.583 –0.660 –0.782 
HVFAC –0.125 –0.315 –0.410 –0.492 –0.597 
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Table 6. Creep measurements 
 

Concrete 
εc(450) εci(t0) εcs(450) εcc(450) φexp(450) σc(t0) σc/fcm(t0) 

(‰) (‰) (‰) (‰) (–) (MPa) (–) 

RAC7 –3.413 –0.775 
–0.782 

–1.856 2.395 14.50 0.60 
RAC28 –2.849 –0.594 –1.473 2.480 12.78 0.45 

HVFAC7 –2.345 –0.664 
–0.595 

–1.086 1.634 9.84 0.60 
HVFAC28 –1.855 –0.493 –0.767 1.554 10.20 0.45 
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Table 7. Total imposed, cracking and ultimate bending moments and their ratios 
 

Beam 
Mtot 
(Nm) 

Mcr (t0) 
(Nm) 

Mtot/ 
Mcr (t0) 

Mult 
(Nm) 

Mtot/ 
Mult 

NAC7 7628 2289 3.33 
14379 

0.53 

NAC28 6836 2742 2.49 0.48 

RAC7 7865 2157 3.65 
14304 

0.55 

RAC28 6356 2593 2.45 0.44 

HVFAC7 5491 1678 3.27 
14080 

0.39 
HVFAC28 5352 2069 2.59 0.38 
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Table 8. Time evolution of mid-span deflections 
 

Beam 
a(t0) 
(mm) 

a(t–t0) (mm) a(450)/ a(t0) 
(–) 7 d 28 d 90 d 180 d 450 d 

NAC7 9.17 12.44 14.42 16.35 17.23 18.79 2.07 
NAC28 8.11 10.92 12.52 13.85 14.92 16.51 2.04 
RAC7 10.89 14.43 16.90 19.12 20.39 22.47 2.06 
RAC28 6.23 8.76 10.36 11.65 12.91 14.69 2.36 
HVFAC7 6.13 8.75 10.04 10.79 11.33 12.45 2.03 
HVFAC28 4.04 5.22 6.01 6.61 7.33 8.72 2.16 
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Table 9. Measured beam compressive and tensile strains 
 

Beam 
εc (‰)  εs1 (‰) 

t0 450 d  t0 450 d 

NAC7 -0.547 -1.887  0.923 1.215 
NAC28 -0.442 -1.305  0.965 1.323 
RAC7 -0.660 -2.185  1.462 1.763 
RAC28 -0.412 -1.432  0.600 0.920 
HVFAC7 -0.380 -1.272  0.735 0.865 
HVFAC28 -0.280 -0.893  0.473 0.687 
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Table 10. Crack spacing and crack widths 
 

Beam 

t0  450 days 

sm 
(mm) 

wm 
(mm) 

wmin–wmax  
(mm) 

 sm 
(mm) 

wm 
(mm) 

wmin–wmax  
(mm) 

NAC7 134.3 0.05 0.05–0.05  115.8 0.10 0.03–0.15 
NAC28 119.5 0.08 0.03–0.15  110.4 0.11 0.03–0.20 
RAC7 102.0 0.06 0.03–0.08  97.4 0.09 0.03–0.15 
RAC28 123.6 0.05 0.03–0.08  102.5 0.07 0.03–0.10 
HVFAC7 145.4 0.04 0.03–0.08  125.9 0.08 0.03–0.15 
HVFAC28 153.1 0.04 0.03–0.05  128.9 0.05 0.03–0.08 
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Table 11. Comparison of test parameters and results from reference [35] and own experiment (NAC beams) 
 

Test 
parameter 

Database in [35] Own experiment 

L (mm) 1829–6400 3200 
h (mm) 120–340 200 
L/d 10.7–39.9 18.9 
fcm (MPa) 21.4–39.6 30.5 
ρ (%) 0.55–2.64 0.58 
ρ’ (%) 0–1.67 0.21 
t0 (days) 14–53 7–28 
t–t0 (days) 60–1734 450 
Mtot/Mcr 1.12–4.07 2.49–3.33 
σc/fcm(t0) 0.20–0.58 0.45–0.60 
II/III

*
 2.14–7.18 5.19–5.61 

a(t–t0)/a(t0) 1.62–3.82 2.04–2.07 
*ratio of transformed section moments of inertia in uncracked (I) and 
fully cracked state (II) 
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Table 12. Comparison of test parameters and results from references [40,41] and own experiment (RAC beams) 
 

Investigation Beam 
RCA 
(%) 

RCA 
w.a.

*
 

L 
(mm) 

h 
(mm) 

fcm 
(MPa) 

ρ 
(%) 

t0 
(days) 

t–t0 
(days) 

Mtot/ 
Mcr 

σc/ 
fcm(t0) 

II/III a(t–t0)/ 
a(t0) 

Own 
experiment 

RAC7 100 3.67–
4.05 

3200 200 28.1 0.58 
7 

450 
3.75 0.60 5.08 2.06 

RAC28 100 28 2.52 0.45 5.49 2.36 

Knaack and 
Kurama [40] 

UT-50-28 50 

6.06 3700 230 

43.6 

1.32 

28 

119 

0.91 0.12 3.05 5.91 

UT-50-7 50 40.2 7 1.18 0.16 2.76 7.40 

UC-50-28 50 49.6 28 0.81 0.10 3.21 5.47 

UC-50-7 50 43.6 7 1.08 0.14 2.87 7.13 

CC-50-7 50 40.0 7 2.41 0.31 2.82 3.12 

UT-100-28 100 41.4 28 0.94 0.13 3.01 5.96 

UC-100-28 100 48.2 28 0.83 0.10 3.19 6.12 

UC-100-7 100 40.6 7 1.14 0.15 2.83 6.00 

CC-100-28 100 43.8 28 1.85 0.24 3.12 2.40 

CC-100-7 100 38.5 7 2.5 0.32 2.80 3.19 

Seara-Paz 
[41] 

H50-50 50 

5.40 3400 300 

51.8 
0.81 

42 1000 

1.95 0.31 5.28 1.79 
H50-100 50 42.9 2.40 0.39 5.03 2.24 
H65-50 100 42.2 

0.86 
1.85 0.32 5.67 1.94 

H65-100 100 32.4 2.41 0.43 5.30 2.47 
 *

water absorption 
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