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ABSTRACT 38 

In this work, we present the effect of using coarse and fine recycled aggregate jointly as a partial 39 

replacement of natural aggregate in self-compacting concrete in the mechanical performance of precast 40 

beams. The replacement levels of recycled aggregate were set to 0%, 20%, 35%, and 50% of the total 41 

amount of aggregate. The effect of the partial replacement of coarse and fine recycled aggregate jointly 42 

in the mechanical and physical properties of concrete was analyzed at 28 days. Then, a total of 8 43 

reinforced beams were cast (two beams per each concrete studied) to determinate the effect of the 44 

partial replacement of recycled aggregate. One of the beams of each concrete was designed and tested 45 

to determine the flexural strength, and the other beam was used to determine the shear strength. The 46 

flexural and shear strengths obtained from the tests of real-scale beams were compared with theoretical 47 

analyses based on standards EC-2 and EHE-08, and by computational analyses based on the finite 48 

element method (FEM). These comparison, allowed us to assess the use of theoretical and computational 49 

models as tools to predict the mechanical behavior of real scale beams under different loading conditions 50 

(flexural and shear tests) when different proportions of recycled aggregate are used.  According to the 51 

results, for the shear test, the theoretical models based on standards can be applied for concrete 52 

structures regardless of the percentage of recycled aggregate, without losing accuracy in comparison 53 

with beams made of plain concrete. In contrast, under flexural conditions, the theoretical models based 54 

on the standards are only applicable when considering 20% or less recycled aggregate. In general, 55 

computational models based on FEM show good agreement with experimental results in all the studied 56 

cases.  57 

 58 

 59 
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Highlights: 63 

Fine recycled aggregate is not allowed to make structural concrete 64 

Full scale beams with different percentages of recycled aggregate were made 65 

Fine and coarse recycled aggregate were used jointly 66 

The studied percentages were 0%, 20%, 35% and 50% of the total aggregate 67 

Accuracy of theoretical and FEM were tested in function of the replacement 68 
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1. Introduction 69 

Waste management is currently required to prevent negative environmental impacts around the world 70 

[1], [2].  The management of all types of waste is considered to be significant, in particular, waste 71 

produced in precast concrete plants, which is the subject of this research study. In general, the use of 72 

recycled aggregate in structural concrete is not allowed or is very limited in different standards. For 73 

instance, the Spanish code EHE-08 [3] limits the use of coarse recycled concrete aggregate in new 74 

structural concrete production up to 20% by weight of the total coarse aggregate content (as long as this 75 

aggregate complies with a series of geometric, physical, and chemical requirements). Moreover, many 76 

other standards around the world (e.g. United Kingdom, Portugal, Germany, Brazil, Spain) do not allow 77 

the use of fine recycled aggregate in structural concrete [4]. 78 

 79 

Precast concrete typically exhibits a characteristic concrete strength above 40 MPa. Therefore, the 80 

crushing of concrete waste and later removal of contaminants allows obtaining high quality recycled 81 

aggregates. However, after concrete crushing, approximately 40%-50% of the material has a particle size 82 

less than 4 mm (corresponding to fine aggregate typical size), and therefore, it cannot be used to produce 83 

new concrete according to the current standards around the world [4].  In consequence, almost half of 84 

this waste material cannot be recycled, making waste management economically unfeasible. An 85 

alternative solution to this problem is the use all of the aggregates resulting from the recycling process 86 

(fine and coarse recycled concrete aggregates, jointly without sieving) as a partial replacement of natural 87 

aggregates to make new structural concrete. However, given the current restrictions provided by 88 

different standards, research about the effects of fine and coarse recycled aggregate used jointly in 89 

structural concrete is necessary to evaluate the effects on mechanical performance and enable its 90 

feasibility on the fabrication of structural elements. 91 

 92 

The influence of the coarse recycled aggregate on the mechanical properties of concrete has been widely 93 

studied [5]–[15]. The feasibility of fabricating recycled concrete using fine recycled aggregate produced 94 

from the crushing of concrete is an active research topic. Previous studies [9], [16]–[25] have shown that 95 

increasing the substitution percentage of fine or coarse natural aggregate by recycled aggregate reduces 96 

the compressive strength, the splitting tensile strength, and the elastic modulus of concretes to varying 97 

extents. However, Evangelista et al. [26] obtained similar compressive strength for a reference concrete 98 

and for a concrete with 100% replacement of fine aggregate. Pedro et al. [27] noticed a decrease in the 99 

mechanical properties concerning durability, creep and shrinkage of concretes with recycled concrete 100 

aggregate, both fine and coarse, in comparison with concretes without recycled aggregate. But the values 101 

reached are adequate to use these aggregates in most of the structural elements. 102 

 103 
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The flexural and shear behaviour of full-scale reinforced beams with coarse recycled concrete aggregate 104 

has also been studied for several authors [11], [12], [28]–[35]. There is also a study of the flexural 105 

behaviour of reinforced concrete beams made with fine recycled concrete aggregates (but no coarse 106 

recycled aggregate) [36]. There are a few studies of the influence of fine and coarse recycled aggregate 107 

on the flexural or shear behaviour of reinforced beams, [37]–[42]. Most of them conclude that recycled 108 

concrete aggregate beams show very promising results in terms of flexural strength. Ajdukiewicz and 109 

Kliszczewicz [40], [41], observed similar bearing capacity of the studied members (beams and columns) 110 

with and without recycled aggregate, but significantly greater deformations of concrete in members with 111 

recycled aggregate.  With regard to the shear behaviour, they drew the conclusion that the shear 112 

strength was lower as the replacement level increased, even when the recycled aggregate is only coarse. 113 

 114 

The application of finite element methods (FEM) for the evaluation of flexural and shear behaviour of 115 

concrete elements has been performed for several authors [43]–[45]. For instance, in a recent study, Sun 116 

[43] performed a three-dimensional FEM model of push-off tests for recycled aggregate concrete 117 

elements. The study presents a simulation of the shear transfer behaviour of the push-off specimens and 118 

analyses the effect of different parameters across the shear plane. Based on the FEM results and 119 

parameter studies, the following conclusions were drawn: The FEM model was consistent with the 120 

experimental results; for recycled aggregate concrete (RAC) beams with the same concrete strength, the 121 

ultimate shear strength increases when the lateral reinforcement ratio rises, but the stirrup diameter has 122 

not significant influence; and the ultimate shear strength decreased 13.8% when the replacement ratio of 123 

coarse natural aggregate by coarse recycled aggregate rose from 0% to 100%. 124 

 125 

Studies comparing the accuracy of FEM and theoretical estimations with the results of full-scale 126 

experimental tests of concrete beams in function of the percentage of fine and coarse recycled aggregate 127 

used jointly, have not been found. 128 

 129 

This research aims to contribute to the progress of the standards towards a more eco-friendly 130 

regulations, without compromising the safety. The main objective of this research is to evaluate the 131 

influence of fine and coarse recycled aggregate on the accuracy of theoretical and FEM models to predict 132 

the behaviour of real scale beams under different solicitations (flexural and shear tests). To achieve this, 133 

we fabricated reinforced beams made of self-compacting concrete with fine and coarse recycled 134 

aggregate from the same precast facility. Concrete reinforced beams with replacement levels of 0, 20, 35 135 

and 50% of the total amount of aggregate were considered in this study. 136 

 137 
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2. Materials 138 

2.1. Concrete components 139 

The following materials were used in this study. 140 

 141 

• Cement CEM-I 52.5 N/SR 142 

• Limestone filler 143 

• Natural quartzite sand: 0/2.5 fraction (NA 0/2.5) and 0/5 mm (NA 0/5) 144 

• Natural granite gravel: 6/12 fraction (NA 6/12) 145 

• Recycled concrete aggregate: 0/12 fraction (RA 0/12). These aggregates were obtained by 146 

crushing the existing waste from a precast concrete plant.  The materials were taken to a 147 

construction and demolition waste plant for recycling, where they were treated by crushing, 148 

removing impurities and sieving. This recycled aggregate has a 47% of fine recycled aggregate 149 

and a 53% of coarse recycled aggregate. It is the same recycled aggregates used in other two 150 

studies published [46], [47]. 151 

• Visocrete 20 HE superplasticiser. 152 

 153 

Table 1 shows the chemical analysis results from X-ray fluorescence for all of the components that were 154 

used in this study. The compounds of the recycled aggregate were classified following the standard EN 155 

933-11 [48].  The results show that almost all (> 99%) of the particles could be classified as Rc “Concrete, 156 

concrete products, mortar” (93%) or Ru “Unbound aggregate, natural stone” (6.7%), as expected. No clay, 157 

bituminous materials or glass was found.  158 

Table 1. Chemical composition (wt. %) 159 

Component Cement Filler NA 0/2.5 NA 0/5 NA 6/12 RA 0/12 

CaO 65.5 55.4 0.031 0.031 1.2 16.0 
SiO2 18.6 1.3 97.5 97.5 67.8 53,2 

Fe2O3 4.7 0.25 0.40 0.40 2.3 2.1 
SO3 3.6 0.11 - - 0.03 0.74 

Al2O3 3.0 0.53 1.2 1.2 15.9 8.3 
MgO 0.79 0.58 - - 0.70 0.82 
K2O 0.65 0.11 0.14 0.14 6.0 3.1 

Na2O 0.45 - - - 3.8 1.2 
CO2 - 41.6 - - - - 

LOI 1.7 - 0.31 0.31 1.3 13.4 

 160 

Table 2 shows the percentage of material passing through 0.063-mm and 4-mm sieves (these values are 161 

limited in many regulations) and the densities and water absorption values that were obtained according 162 

to EN 1097-6 Standard [49]. 163 
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Table 2. Particle size distribution, particle density and water absorption 164 

Property NA 0/2.5 NA 0/5 NA 6/12 RA 0/12 

% passing 0.063 mm (%) 1.94 1.49 0.43 3.61 
% passing 4 mm (%) 100 100 3.72 40.64 

Apparent particle density (Mg/m3) 2.79 2.90 2.62 2.55 
Oven-dried particle density (Mg/m3) 2.74 2.88 2.55 2.21 

Saturated surface-dried particle density (Mg/m3) 2.76 2.88 2.58 2.34 

Water absorption (%) 0.67 0.30 1.04 6.06 

Sieve size (mm) Percentage passing (by weight) (%) 

0.063 1.9 1.5 0.4 3.6 
0.125 3 5 1 6 
0.25 10 17 1 9 
0.5 33 41 1 13 
1 62 63 2 17 
2 90 80 3 24 

2.5 96 84 - - 
4 100 92 4 41 
5 100 96 5 53 

5.6 100 98 6 56 
6.3 100 100 12 68 
8 100 100 35 84 

10 100 100 86 98 
11.2 100 100 99 100 
12.5 100 100 100 100 
14 100 100 100 100 
16 100 100 100 100 
20 100 100 100 100 
25 100 100 100 100 

31.5 100 100 100 100 
63 100 100 100 100 

 165 

Finally, for the recycled aggregate, the value of the flakiness index according to EN 933-3 [45] is 5 and the 166 

Los Angeles abrasion coefficient according to EN 1097-2 [50] is 38, lower than the values permitted by 167 

EHE-08 [3].   168 

2.2. Concretes mixtures 169 

Four different mixtures of concrete are used in this study. All the concretes are self-compacting 170 

concretes. The reference concrete was named M-0, and it does not have recycled aggregate. The other 171 

concretes have replacement levels of 20%, 35%, and 50%; named M-20, M-35 and M-50 respectively. 172 

Note that the percentage of replacement was calculated with respect to the total amount of aggregate 173 

(fine and coarse), therefore, the amount of natural aggregate replaced is significant even in low 174 

percentages. For example, M-20 has a total of 47% of fine natural aggregate (NA 0/5) and 53% of coarse 175 

natural aggregate (NA 6/12) replaced by fine and coarse recycled aggregate respectively (RA 0/12). The 176 

fractions were not separated by sieving in order to do the process more sustainable (energetic saving) 177 



7 

from the environmental and economic point of view. Table 3 shows the concrete mixes that were used in 178 

this study.   179 

Table 3.  Mix design 180 

Component M-0 M-20 M-35 M-50 

Cement (kg) 335 335 335 335 

Filler (kg) 320 320 320 320 

NA 0/2.5 (kg) 370 370 370 370 

NA 0/5 (kg) 510 375 273 172 

NA 6/12 (kg) 810 607 455 303 

RA 0/12 (kg) --- 338 592 845 

Superplasticizer (kg) 5.4 5.4 6 6 

Effective water/cement ratio 0.5 0.5 0.5 0.5 

Volume (m3) 1.000 1.009 1.015 1.022 

 181 

Before the mixing, the aggregates were close to the saturated surface dry condition. The moisture 182 

content of each aggregate was determined. Following previous studies [34], [51], [52], we assumed that 183 

the aggregates absorb 100% of their absorption capacity. We adjusted the mixing water accordingly to 184 

achieve the target water/cement ratio. 185 

3. Methods 186 

3.1. Real scale tests of beams 187 

A total of 8 beams were fabricated and tested. Each beam had a total length of 6.50 m and a span length 188 

of 6.10 m. The loading was applied by two symmetrical concentrated loads as shown in Figures 1 and 2. 189 

Two beams were tested for each substitution percentage: one beam was aimed to flexural failure with 190 

1.50 m load spacing (Fig. 2a), and the other beam was aimed to shear failure with 3.50 m spacing (Fig. 191 

2b).  192 

 193 
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Figure 1. Beam of 6.5 m of length 194 

 195 

  

a) Flexural test b) Shear test 

Figure 2. Schematic test set-up 

The cross section for flexural test beams and shear test beams is depicted in Fig. 3a and Fig 3b 196 

respectively. The tests were performed in 2 ton (19.62 kN) increments, and the deflection at mid-span 197 

was measured for each test. In addition, cylindrical samples of 150 mm x 300 mm were cast for all of the 198 

mixes and were tested for compressive strength and elastic modulus at 28 days, and the density of the 199 

each concrete mix was measured.  200 

  

a) Flexural test b) Shear test 

Figure 3. Cross section of the beam 

3.2. Theoretical methods. 201 

To calculate the theoretical flexural moments, the following hypothesis has been considered based on 202 

the Eurocode EC-2 and the “Spanish standard of structural concrete” (EHE-08). 203 

For concrete, the stress-strain diagram used was the parabola-rectangle diagram, the unit stress under 204 

maximum load is 2‰ and the ultimate unit stress 3.5‰. The tensile strength was neglected. 205 
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For steel, the assumed stress-strain diagram was the typical double-line diagram. The steel maximum 206 

strain (tensile) 1% (it means 10 ‰). Its yield strength assumed is 500 MPa, the ultimate unit load is 550 207 

MPa and the elastic modulus 200.000 MPa. 208 

 209 

The calculation of the theoretical shear forces has been performed following the prescriptions of the EC-2 210 

and the EHE-08 (they are the same). The ultimate shear force is calculated considering both, the concrete 211 

contribution and the shear reinforcement contribution. The ultimate force due to the web compression 212 

fatigue (Vu1) and the ultimate force in the tensile web fatigue need to be verified. The latter is equal to 213 

the sum of the concrete contribution and the steel contribution (Vu2=Vcu+Vsu). 214 

For rectangular sections and vertical cross reinforcement without axial force, these values have been 215 

calculated with Eq.1, Eq. 2 and Eq. 3. 216 

                 (1) 

    
    

  
             

 
       (2) 

                      (3) 

Where: 217 

Vu1: ultimate force due to the web compression fatigue. 218 

Vu2: ultimate force in the tensile web fatigue. 219 

Vsu: Contribution of the vertical cross reinforcement to the shear force strength. 220 

Vcu: Contribution of concrete to the shear force strength. 221 

fcd: Concrete compressive strength. 222 

b: concrete section width. 223 

d:  concrete effective depth with regard to the flexural longitudinal reinforcement. 224 

   concrete reduction factor. 225 

      
   

 
          (with d in mm) 226 

Fcv: Concrete shear effective strength in N/mm2 with a value of fcv = fck, being fcv lower than 15 227 

N/mm2 in the case if indirect concrete control. 228 

fck: Concrete compressive strength in N/mm2. 229 

 fck values lower than 100 N/mm2 will be adopted. 230 

ρl: Steel ratio of the main longitudinal reinforcement, active and passive, anchored at a distance 231 

equal or higher than “d”. 232 

Aα: Area per unit length of each steel reinforcement group which forms an angle α with the piece 233 

directrix. 234 

fya,d: Calculated strength for the reinforcement Aα. 235 

 236 
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Finally, the theoretical deflections at mid-span have been also calculated for all the load states using the 237 

EHE method and the EC-2 method. The main difference between them is the inertia considered. 238 

Deflection in the EHE-08 is calculated considering a weighted intermediate inertia between the gross 239 

inertia and the cracking inertia. The weighting factor is the cubed ratio of the cracking moment to the 240 

applied bending moment. 241 

In contrast, deflection in the EC-2 is calculated as a weighted average of the deflection considering the 242 

non-cracked section and the deflection considering the cracked section. This weighted average depends 243 

on the squared ratio of the cracking moment to the applied moment. 244 

3.3. Finite element analysis (FEA) 245 

Computational simulations based on the finite element method (FEM) considering the real scales size of 246 

the tested RC were performed using Abaqus/Explicit. In the models, three dimensional hexahedral 247 

elements (Abaqus C3D8) were considered for the concrete sections, while all the steel reinforcement was 248 

modeled using beam elements (Abaqus B31). In addition, a rigid interaction (i.e. no slipping allowed) was 249 

assumed between the concrete and the steel bars.  After mesh convergence analyses it was determined 250 

to use 7800 hexahedral elements and 3284 beam elements in the flexural test models, and 7800 251 

hexahedral elements and 1788 beam elements in the case of shear test models. Deflections in the 252 

simulations of both tests were obtained by tracking the displacement of a reference point located mid-253 

span of the beams. 254 

 255 

A plastic damage model was assumed to model the concrete behavior. This model assumes that the main 256 

failure modes in concrete are tensile cracking and compressive crushing. Consequently, the tensile 257 

behavior of the concrete is assumed to follow a linear response characterized by the elastic modulus until 258 

reaching the tensile failure strength σ¬t, where σ¬t is assumed to be 7% of the compressive strength σ¬c. 259 

In addition to that, one cylindrical sample of each concrete was tested by split test (also named Brazilian 260 

test). It was observed that our assumption for the tensile failure strength is very close to the value 261 

obtained from the split test; see Table 4. Beyond the tensile failure strength, the formation of 262 

microcracks is represented with a linear softening of the stress-strain response characterized by a 263 

fracture energy 90 J/m2 (90 N/m) [53]–[55] which corresponds to a typical value of fracture energy in 264 

conventional concrete. According to previous research [55]–[58], the fracture energy of recycled 265 

concrete can be as low as 50 J/m2 and it showed a relation with the compressive strength. In the 266 

supplemental information, we show a comparison of the simulations considering both values (90 J/m2 267 

and 50 J/m2). As observed in these figures the major effect of reducing the fracture energy corresponds 268 

to a change in the deflection at failure. However, the overall behavior of the beams is similar. Note that, a 269 

fracture energy of 50 J/m2 is an extreme case (very low value) and, for our concretes we will not expect 270 
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such a huge drop of the fracture energy according to the literature  [55]–[58]. The compressive behavior 271 

is assumed to follow a linear response with elastic modulus E up to σc. Beyond this point, the material is 272 

assumed to follow a perfectly plastic response. The values for E, σc, and σt used in each of the different 273 

mixes are reported in Table 4. In the case of the steel, it is assumed to follow a linear perfectly plastic 274 

response characterized by E = 200 GPa and σy = 500 MPa. 275 

Table 4.  Properties of concrete used on FEA 276 

Property / Mixture M-0 M-20 M-35 M-50 

Compressive strength 28 days (MPa) 64.8 62.9 58.2 56.5 
Split test (MPa) – One sample only 4.3 4.5 4.2 4.3 

Tensile strength (7% of compressive strength) (MPa) 4.5 4.4 4.1 4.0 
Modulus of elasticity 28 days (MPa) 29000 27500 26000 24000 

 277 

4. Results 278 

4.1. Experimental results 279 

4.1.1. Mechanical and physical properties 280 

 Density of concrete mixes 281 

Table 5 shows the mean density of hardened concrete. It was measured following the standard EN 282 

12390-7:2009 [59]. The density was slightly affected by the replacement of recycled aggregate. The 283 

decrease in density of M-50 in comparison with the density of the reference concrete was less than 2%.  284 

 285 

Table 5.  Average density 286 

Concrete Density (Kg/m3) 

M-0 2274 
M-20 2250 
M-35 2248 
M-50 2244 

 287 

 Compressive strength and Modulus 288 

Table 6 shows the compressive strength and the modulus of elasticity at 28 days. As expected, the higher 289 

the amount of recycled aggregate used, the lower the mechanical property (compressive strength or 290 

modulus). For all the eco-concretes studied, the loss percentage of Modulus is higher than the loss 291 

percentage of compressive strength, but the difference between them is not high. With a replacement of 292 

50% of the total amount of aggregate, and considering of M-0 as a reference, the loss percentage is 293 

around 13% of compressive strength and around 17% of Modulus. This means that, even with a 50% of 294 

fine and coarse recycled aggregate, the mechanical properties studied are not dramatically affected: a 295 
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reduction of 13% for the compressive strength and 17% for the elastic modulus in comparison with the 296 

same properties of reference concrete without recycled aggregate. 297 

 298 

Table 6.  Mechanical properties 299 

Property / Mixture M-0 M-20 M-35 M-50 

Compressive strength 28 days (MPa) 64.8 62.9 58.2 56.5 
Modulus of elasticity 28 days (MPa) 29000 27500 26000 24000 

 300 

4.1.2. Flexural strength in the real scale test. 301 

Figure 4 shows the correlation between applied load and deflection registered in the flexural test of the 302 

beams tested. The beams with concretes M-35 and M-50 register for the same load a higher deflection 303 

than the registered in beams with concrete M-0 and M-20. It is also noted that the beams without 304 

recycled aggregate and with a 20% of recycled aggregate did not show relevant differences in the Load-305 

Deflection behavior. This is an important observation because it means that with a replacement level of 306 

20% of the total amount aggregate by fine and coarse recycled aggregate, the Load-Deflection behavior 307 

for the eco-concrete does not change with respect to the reference (M-0). We note that most of the 308 

current standards do not allow the use of fine recycled aggregate in structural concrete. Standards such 309 

as EHE-08 [3] only allow up to 20% of the coarse aggregate to be replaced by coarse recycled concrete 310 

aggregate without modifying the calculations.  As mentioned before, we considered the percentage of 311 

replaced aggregate as the percentage over the total amount of aggregate, therefore, our M-20 has a 312 

higher amount of recycled aggregate and it is not in compliance with EHE-08. 313 

 314 

The experimental deflection at mid-span in yielding in the beam made with M-50 is around a 10% higher 315 

than the deflection in the beam with the reference concrete (Table 7). In Failure, the experimental 316 

deflection at mid-span could not be measured in the beams with M-20 and M-35 concretes because the 317 

beams failed in a way that made not possible to get the last measurement of the deflection. The changes 318 

in the experimental bending moment at mid-span due to the use of recycled aggregate are negligible and 319 

they do not have a clear trend, both for yielding and failure. 320 

  321 
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 322 

Figure 4. Real results of the flexural tests 323 

 324 

Table 7. Values of the flexural test 325 

Property M-0 M-20 M-35 M-50 

Yi
el

d
in

g 

Experimental deflection at mid-span (mm) 41 40 43 45 

Experimental bending moment at mid-span (kN·m) 393 381 399 386 

Theoretical bending moment at mid-span (kN·m) 379 378 377 376 

Fa
ilu

re
 Experimental deflection at mid-span (mm) 174.1 > 128 > 128 127.7 

Experimental bending moment at mid-span (kN·m) 451.9 443.0 444.4 447.1 

Theoretical bending moment at mid-span (kN·m) 432 431 428 428 

 326 

 327 

4.1.3. Shear strength in the real scale test. 328 

 329 

Figure 5 shows the Load – Deflection behavior obtained for the different concretes during testing for the 330 

shear test. The represented load is the load applied by the actuator during the shear test (Figure 2.b). The 331 

results show that there is an influence of the replacement percentage of recycled aggregate in the 332 

behavior. Table 8 summarizes the maximum deflection and maximum shear strength before failure for 333 

each beam. In addition, there is no influence of the recycled aggregate on the experimental deflection at 334 

mid-span in failure. However, we found a trend of the influence of the recycled aggregate on the 335 

maximum shear strength; the higher the level of recycled aggregate is, the lower the maximum 336 

experimental shear strength at the end of the beam. 337 
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 338 

Figure 5. Real results of the shear tests 339 

Table 8. Values of the shear test 340 

Property (Failure) M-0 M-20 M-35 M-50 

Experimental deflection at mid-span (mm) 27.2 26.5 24.6 27.4 

Experimental shear at the end of the beam (kN) 167.7 160.5 158.1 157.8 

 341 

4.2. Theoretical results 342 

Figure 6 shows the analytical results of the flexural strength test (Deflection vs Load), according to the 343 

Eurocode standard (Figure 6.a) and according to the EHE-08 standard (Figure 6.b), of the beams with 344 

each concrete (M-0, M-20, M-35 and M-50). According to these theoretical results, a 20% of replacement 345 

of the total amount of natural aggregate by recycled aggregate does not affect the curves Load-346 

Deflection which overlap for the beams with reference concrete (M-0) and concrete with 20% of recycled 347 

aggregate (M-20). Higher percentages of replacement (35% and 50%) imply a reduction of the load value 348 

for a given deflection. This fact was also observed on the real scale experiments (Figure 4). According to 349 

the Eurocode standard EC-02 [60], a deflection of 30 mm corresponds to a load for M-0 of 287 kN, but for 350 

M-50 the corresponding load for the same deflection is 271 kN (Figure 6.a).  351 

Figure 7 shows the results of the shear strength test (Deflection vs Load) of beams made of each studied 352 

concrete, according to the Eurocode standard (Figure 7.a) and according to EHE-08 standard (Figure 7.b). 353 

The beam M-20, with a 20% of recycled aggregate, is really close to the reference concrete beam (M-0) 354 

but they do not overlap. With higher percentages or recycled aggregate, the difference between the 355 

curves Load-Deflection is larger, in comparison with reference beam.  356 

Table 9 summarizes the yielding and failure theoretical bending moments at mid-span and the theoretical 357 

shear at the end of each beam studied at failure. 358 
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Figure 6.a) Theoretical results of the flexural 

strength [EC-2] 
Figure 6.b) Theoretical results of the flexural 

strength [EHE-08] 
 359 

 
 

Figure 7.a) Theoretical results of the shear 
strength[EC-2] 

Figure 7.b) Theoretical results of the shear strength 
[EHE-08] 

Table 9. Theoretical values of the bending moment and shear 360 

Property  M-0 M-20 M-35 M-50 

Theoretical bending moment at mid-span (kN·m) [Yielding] 379 378 377 376 

Theoretical bending moment at mid-span (kN·m) [Failure] 432 431 428 428 

Theoretical shear at the end of the beam (kN) [Failure] 176.6 172.0 165.4 163.0 

  361 

4.3. FEM results 362 

4.3.1. Results of flexural test using FEM 363 

Figure 8 shows the pattern of cracks as a result of the FEM model at two steps: plastic strain after 33.05 364 

mm of deflection (Figure 8.a) and after a deflection of 120 mm (Figure 8.b). It also shows the comparison 365 

between these crack patterns and the real crack pattern resulting from the flexural strength test on real 366 

scale beams. All the images belong to the flexural test of the deformed beam M-0 with cracks. Figure 9 367 

shows the Load-Deflection diagram resulting from the application of FEM models. According to these 368 

results, for the same deflection, the higher the replacement level of recycled aggregate is, the lower the 369 

load, but the differences between the concretes studied are not significant (less than 10%). 370 
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 371 

Figure 8. Flexural test of beam with concrete M0: (a) FEA model with principal plastic strain after a 372 
deflection of 33.05 mm. (b) FEA model with principal plastic strain after a deflection of 120 mm. (c) 373 

photography of cracking pattern at flexural failure.  374 
 375 
 376 

 377 

Figure 9. Load - Deflection using FEM results of flexural strength  378 

4.3.2. Results of shear test using FEM 379 

Figure 10 shows the pattern of plastic deformation after applying a defection of 25.4 mm. Figure 10 also 380 

shows a picture of real scale shear test. The figure shows that the shape of the crack pattern of the real 381 

test matches with the FEM results.  Both images belong to the shear test of the deformed beam M0 with 382 

cracks. Figure 11 shows the shear Load-Deflection diagram resulting from the application of FEM models. 383 

According to these results, for the same deflection, the higher the replacement level of recycled 384 

aggregate is, the lower the load. These differences are more relevant than the differences observed on 385 

the flexural test using FEM, but not higher than 20%. 386 
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 387 

Figure 10. Shear test of beam with concrete M0: FEA model with principal plastic strain after a deflection 388 
of 25.4 mm and detail photography of cracking pattern on one extreme of the beam at shear failure 389 

 390 

 391 

Figure 11. Load - Deflection using FEM results of shear strength 392 

 393 

5. Analysis: Comparison between experimental, FEM and analytical results 394 

5.1. Comparison on flexural test 395 

Figure 12 shows the results comparison of real scale test, theoretical results according to two different 396 

standards and FEA results, for the flexural test of each concrete beam. As it can be observed, for all 397 

concretes, the higher the deflection is, the better the results of the simulations are in comparison with 398 

the theoretical models. In addition, it is remarkable that the theoretical models are overestimating the 399 

load when the deflection is higher than 25 mm in all the cases studied. The FEM models simulate the 400 

behavior of the beam during the elastic part of the test and underestimate the plastic moment, but it 401 

seems a very good approach. 402 

 403 
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a) M-0 b) M-20 

  

c) M-35 d) M-50 

Figure 12. Comparison of FEM, analytical and experimental results [Flexural test] 404 

 405 

5.2. Comparison on shear test 406 

Figure 13 shows the comparison of the results of real scale test, theoretical results according to two 407 

different standards and FEA results, for the shear test of each concrete beam. The best estimation of this 408 

test was obtained applying the theoretical models. In particular, the EHE-08 estimation is the best for the 409 

beams without recycled aggregate (Figure 13.a) or with low replacement of natural aggregate by recycled 410 

aggregate (Figure 13.b). For higher replacement (Figures 13.c and 13.d), the theoretical approach of EC-2 411 

has the same accuracy or even higher than the EHE-08 approach.   412 
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a) M-0 b) M-20 

  

c) M-35 d) M-50 

Figure 13. Comparison of FEM, analytical and experimental results [Shear test] 413 

 414 

6. Discussion and conclusions 415 

According to the experimental results, if 50% of the total aggregate is replaced by recycled concrete 416 

aggregate (fine and coarse), the resulting concrete presents a reduction of 13% in the compressive 417 

strength and 17% in the Modulus, with respect to the values of the reference concrete (without recycled 418 

aggregate). However, the experimental values of yielding and failure bending moments at mid span are 419 

not significantly affected (with a 50% replacement of the total aggregate, they suffered a detriment of 420 

0.8% and 1.1%, respectively). The failure shear moment decreases 6% with the replacement of 50% of 421 

the total aggregate by recycled concrete aggregate. It was also observed that, the higher the level of 422 

recycled concrete aggregate is, the lower the maximum experimental shear strength at the end of the 423 

beam. 424 

 425 

The theoretical Load-Deflection curves using EC-2 or EHE-08 Standards predicted the experimental results 426 

obtained on beams made of plain concrete and beams made of concrete with 20% replacement of fine 427 
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and coarse recycled aggregate (M-20) with and error lower than 20%, in both cases. It is remarkable that 428 

this 20% of substitution corresponds to the 20% of the entire amount of aggregate (including fine and 429 

coarse). The EHE-08 recommends the use of the theoretical models for concretes with no more than 20% 430 

replacement of the coarse aggregate. In the case of M-20, the amount of recycled concrete aggregate 431 

represents more than 40% of the natural coarse aggregate of the reference concrete. Other standards do 432 

not allow any percentage of fine recycled concrete aggregate for structural concrete. Our results suggest 433 

that these restrictions are too conservative, at least from the mechanical behavior point of view. 434 

 435 

For a higher percentage of recycled concrete aggregate (35%), it was observed that the theoretical 436 

models are overestimating the flexural load for a given deflection or, in other words, theoretical models 437 

are underestimating the deflection produced by a given flexural load. The proposed FEM models make 438 

better predictions in those cases. So, for percentages higher than 20% of the total aggregate, FEM 439 

methods or other methods should be necessary in addition to the theoretical calculations of standards 440 

(EC-2 and EHE-08).  Whereas the prediction of Load-Deflection in the elastic branch using FEM has a 441 

negligible error in comparison with the real test, on the plastic regime, our FEM models underestimate 442 

the load with an error around 10% in all the cases studied (M-0, M20, M35 and M50). 443 

 444 

In the case of shear tests, the FEM models are not improving the accuracy of the theoretical estimations. 445 

The best estimations were obtained applying the theoretical models. In particular, the EHE-08 estimation 446 

is the best one for the beams with percentages lower or equal to 20%. For higher replacement levels of 447 

recycled concrete aggregate, the theoretical approach of EC-2 has the same accuracy or even higher than 448 

the EHE-08 approach on the estimations of the relationship between load and deflection in shear tests. 449 

 450 

Since the theoretical models predict with high accuracy the behavior of the beams in the shear test, 451 

regardless the percentage of recycled concrete aggregate, the FEM model for shear strength is not so 452 

necessary. The results suggest that the theoretical models can be applied for structures, regardless the 453 

percentage of recycled concrete aggregate, without losing accuracy.  454 

 455 

The proposed FEM models are mainly useful to predict the flexural behavior of reinforced beams made of 456 

concrete with high replacement of recycled concrete aggregate, when the theoretical models start to 457 

lose accuracy, in comparison with the results of structures made of plain concrete or with a low 458 

replacement level of recycled concrete aggregate. 459 
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Note that this research is focused on the use of fine and coarse recycled aggregate for concrete from 460 

defective pieces of concrete produced in a precast plant. Other types of recycled aggregates, such 461 

recycled mixed aggregates, for example, from masonry, would need separate studies. 462 

  463 
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SUPPLEMENTARY MATERIAL  
 
In order to check how the potential variation of fracture energy due to the use of recycled aggregate 
could affect the results of our finite element simulations, Figures S1 (results of flexural test) and S2 
(results of shear test) show the difference between the load-deflection curves from FEA in two cases: 
Assuming fracture energy 90 J/m2, and assuming 50 J/m2 (the lowest value observed in previous 
research [55]–[58]), for the beams made of concrete with recycled concrete aggregate. 
 
As observed in these figures the major effect of reducing the fracture energy corresponds to a change in 
the deflection at failure. However, the overall behavior of the beams is similar and follows the trends 
observed in the experimental data.  
 
 
   

  

 
Figure S1. Comparison between Load-Deflection curves with different fracture energies [Flexural test]. 

(a) M-20, (b) M-35, (c) M50. 
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Figure S2. Comparison between Load-Deflection curves with different fracture energies [Shear test]. (a) 

M-20, (b) M-35, (c) M50. 
 
In addition, note that, note a fracture energy of 50 J/m2 is an extreme case and, for our concretes we do 
not expect such a huge drop of the fracture energy according to the literature [55], [56]. Garcia-
Gonzalez et. al. [55] observed that, for a reference concrete (no recycled aggregates) with fracture 
energy 99.6±8.6 N/m, the concrete with 50% of replacement of recycled aggregate had a fracture 
energy of 89.7±8.4 N/m. This research also concludes that there exists a direct relationship between 
compressive strength and fracture energy of recycled aggregate concrete; since the studied concrete 
with the highest amount of recycled aggregates (M-50 with 50% of recycled aggregates) presents only a 
detriment of less than 13% of the compressive strength, we do not expect extreme changes of the 
fracture energy of the different studied concretes. Gesoglu et. Al. [56] showed also a direct relation 
between compressive strength at 56 days and fracture energy. They proposed a regression analysis with 
the next equation as result: 
 

           
     (Eq.s1) 

 
Here, GF is the total fracture energy (N/m) and fc is the mean cube compressive strength at 56 days 
(MPa). 
 
Therefore, using our compressive strength data at 28 days, instead of the compressive strength at 56 
days, the expected fracture energy for the reference concrete M-0 is 87 N/m, and for the concrete with 



50% of recycled aggregate (M-50) is 69 N/m.  Both values would be higher if we use the right data 
(compressive strength at 56 days) to apply this equation.  




