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1. Introduction 

1.1. Preliminary remarks 

The use of recycled materials is gaining importance as the construction sector continues its develop-

ment. Studies aimed at enhancing their use are extremely important to tackle lack of confidence in their 

properties and increase investment in their processing and use. 

By 2015, 2524 million tons of aggregates were produced in the European Union, with only 7.7% being 

recycled aggregates. Looking at Portugal, it is observed that of the 31 million tons of aggregates pro-

duced none are recycled (UEPG, 2015). According to de Brito (2005), the abundance of natural aggre-

gates in countries such as Portugal has "allowed" ignoring this problem. 

1.2. Scope and methodology 

The scope of this research is to evaluate the effect of the replacement of fine natural aggregates with fine 

recycled aggregates of concrete in the shear resistance, as well as the influence of superplasticizers. 

At first, a survey was carried out of the national and international literature, to obtain the maximum 

information from the studies of other authors on the subject. 

Subsequently, the experimental campaign was performed with several tests conducted on the aggre-

gates and concretes. For that purpose, three groups of concrete were defined changing the type of 

admixture used (without admixture, with medium-performance superplasticizer and with high-perfor-

mance superplasticizer). Within each group, four mixes were produced only varying the replacement 

ratio of recycled aggregates (0%, 25%, 50% and 100%). 

While analyzing the shear strength, a finite element model was developed, to corroborate the mode of 

failure of the experimental specimen. 

2. Experimental campaign 

2.1. Materials 

The mixes produced in this research used aggregates with sizes between 0,063 mm and 20 mm. Silica 

sand and limestone gravel were used as natural aggregates. To produce the recycled aggregates, a 

source concrete with a design strength of 37 MPa was crushed and then sieved to the established fine 

aggregates grading curve. Two types of admixtures were used, a medium- and a high-performance plas-

ticizer. All the mixes used tap water from the public network and CEM II / A-L 42,5 R Portland cement. 

2.2. Concrete composition 

The contents of the materials were defined using the Faury’s method and the particle size distribution 

was kept the same in all the mixes. The reference concrete was produced based on the following as-

sumptions and the mix proportions are given in Table 1. 

• Concrete class: C25/30; 

• Slump class: S3 (100 a 150 mm); 

• Exposure class: XC3; 

• Maximum particle size: 22,4 mm 

• Admixtures: none; 

• Additions: none. 

Due to the difficulties in determining the water absorption using the existing standards, the method suggested 
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by Rodrigues et al. (2013) was used to measure its value. Two concepts of water/cement ratio were defined. 

The effective water/cement ratio refers to the water available to the mixing processes. On the other hand, 

the apparent water/cement ratio also incorporates the water absorbed by the recycled aggregates. 

Table 1 - Composition of 1 m3 of concrete 

  BR0 B0,25 B0,50 B0,100 BR1 B1,25 B1,50 B1,100 BR2 B2,25 B2,50 B2,100 

Replacement ratio 0% 25% 50% 100% 0% 25% 50% 100% 0% 25% 50% 100% 

Cement (kg) 280 280 280 280 280 280 280 280 280 280 280 280 

Water (l) 179 189 198 211 165 175 184 204 140 149 162 185 

Effective w/c 0.64 0.64 0.65 0.66 0.59 0.59 0.60 0.62 0.50 0.50 0.51 0.53 

Apparent w/c 0.64 0.67 0.71 0.75 0.59 0.62 0.66 0.73 0.50 0.54 0.58 0.66 

FRAC (kg) 0.0 184 368 735 0.0 191 382 765 0.0 195 389 779 
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2 - 4 0.0 20.5 40.9 81.9 0.0 21.3 42.6 85.1 0.0 21.7 43.4 86.8 

1 - 2 0.0 49.6 99.3 198.6 0.0 51.6 103.3 206.6 0.0 52.6 105.3 210.5 

0.5 - 1 0.0 57.6 115.2 230.4 0.0 59.9 119.8 239.7 0.0 61.1 122.1 244.3 

0.25 - 0.5 0.0 42.8 85.6 171.3 0.0 44.5 89.1 178.2 0.0 45.4 90.8 181. 

0.125 - 0.25 0.0 11.4 22.7 45.5 0.0 11.8 23.7 47.3 0.0 12.1 24.1 48.2 

0.063 - 0.125 0.0 1.9 3.8 7.6 0.0 2.0 3.9 7.9 0.0 2.0 4.0 8.0 

Fine sand (kg) 254 190 127 0.0 264 198 132 0.0 269 202 135 0.0 

Coarse sand (kg) 634 475 317 0.0 659 494 329 0.0 672 504 336 0.0 

Coarse aggregate 1 (kg) 246 246 246 246 256 256 256 256 261 261 261 261 

Coarse aggregate 2 (kg) 704 704 704 704 732 732 732 732 746 746 746 746 

Superplasticizer (kg) 0 0 0 0 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 

Fresh density (kg/m3) 2391 2385 2349 2258 2390 2378 2363 2291 2446 2379 2359 2286 

Slump (mm) 129 132 139 115 110 127 118 105 115 131 125 106 

2.3. Aggregates testing 

Different tests were conducted to analyze the properties of the aggregates as well as the properties of 

the concrete mixes produced with them. The aggregates were tested for the following properties: 

• Particle size distribution - NP EN 933-1 (2000) and NP EN 933-2 (1999); 

• Density and water absorption - EN 1097-6 (2000); 

• Bulk density - NP EN 1097-3 (2000); 

• Moisture content analysis - NP EN 1097-5 (2002). 

2.4. Concrete testing 

While fresh, slump and density tests were carried on concrete. Slump was determined according to the 

Abrams’ slump test following NP EN 12350-2 (2002). Concrete fresh density was measured according 

to NP EN 12350-6 (2002). 

For hardened concrete, several mechanical properties were tested: compressive strength at 7 and 28 

days (NP EN 12390-3, 2003); modulus of elasticity (LNEC E 397, 1993); fracture energy by wedge 

splitting test (WST) (NT BUILD 551, 2005); and shear strength by push-off test (PO). 

2.4.1. Shear strength using the push-off test 

The cross section of the push-off test is shown in Figure 1. This test was carried on using an S shaped 

specimen (560 x 300 x 150 mm3) of reinforced concrete with 21 mm notches. A vertical axial force was 

applied causing failure through the central plane. A video-extensometer was used to measure displacements 

of the specimen using the targets in Figure 2. 

3. Experimental results and discussion 

3.1. Aggregates properties 

Table 2 shows the experimental results of the aggregates tests. 
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Figure 1 - Cross section of the push-off 

specimen 
Figure 2 - Distribution of the targets for the video-extensom-

eter 

Table 2 - Experimental results of the aggregates tests 

 Fine sand Coarse sand Coarse aggregate 1 Coarse aggregate 2 FRA 

Particle density (kg/m3) 2637 2645 2824 2730 2535 

Oven dried density (kg/m3) 2611 2600 2751 2682 2143 

Saturated surface dry density (kg/m3) 2650 2613 2775 2713 2298 

Bulk density (kg/m3) 1630 1685 1386 1374 1162 

Water absorption in 24 h (%) 0,32 0,37 0,96 1,09 7,2 

The particle density and bulk density of the FRA are lower than those of the natural aggregates. On the 

other hand, the FRA’s water absorption is much higher. The presence of attached mortar in the recycled 

aggregates can explain these results, due to its higher porosity and lower density. Considering the 

method used to determine the water absorption variation with time, it can be seen that 70.1% of the total 

water absorption capacity of the FRA was reached during the first 10 minutes. 

All the aggregates, FRA included, were dried before batching, making their moisture content close to zero. 

3.2. Fresh concrete properties 

The Abrams’ slump test results are shown in Table 1. During mixing, it was observed that the RFA 

reduced the workability of concrete, so it was necessary to proceed with a correct compensation of 

water and adjustments of the mixes’ composition, to obtain results within the required range. 

The results of fresh concrete density are presented in Figure 3. They show a decrease of density with 

the increase of the FRA. This trend is consistent with the aggregates properties since the lower particle 

density affects concrete density in the same proportion. The reduction from 93% to 96% of the reference 

concrete fresh density agrees with all the authors consulted. 

3.3. Hardened concrete properties 

3.3.1. Compressive strength 

The compressive strength results are detailed in Table 3. A general trend to decrease the compressive 

strength with the increase of the replacement ratio is observed. For the mix with no superplasticizer, the 

10% reduction is in agreement with the results obtained by García-González et al. (2017) and Kou & 
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Poon (2009). Also, the improvement from the incorporation of superplasticizer is evident as observed in 

Figure 5, for the mixes with 0% and 25 % replacement ratio. 

 

Figure 3 - Fresh density versus FRA incorporation ratio 

Table 3 - Compressive strength results 

 BR1 B0,25 B0,50 B0,100 BR1 B1,25 B1,50 B1,100 BR2 B2,25 B2,50 B2,100 

7 days 31.0 31.5 28.4 30.1 44.1 42.4 39.7 31.7 50.4 49.4 45.4 35.9 

28 days 43.5 39.7 40.5 39.1 55.4 52.3 50.3 41.4 60.8 59.2 50.1 41.4 

The loss of efficacy in the higher replacement ratios is justified by the weaker interfacial transition zone 

of the FRA, which has higher porosity and greater water absorption capacity, causing a higher ratio of 

weaker bonds between the aggregates and the cement matrix (Poon et al., 2004). 

3.3.2. Modulus of elasticity 

The test results for the elasticity modulus at 28 days are shown in Table 4. Performance losses of 9.5%, 

10.4% and 22.5% were observed for mixes with 100% of replacement ratio without SP, with SP1 and 

SP2, respectively, in comparison with the corresponding reference concrete mixes (Figure 7). For con-

crete with 50% and 100% replacement ratios, it was observed that similar results were obtained for the 

three groups of concrete for the modulus of elasticity (Figure 6). This fact evidences the negative effect 

of the incorporation of recycled aggregates which, due to its lower density and stiffness, makes concrete 

more flexible. 

  
Figure 4 - Compressive strength in the 7th day Figure 5 - Compressive strength in the 28th day 

0.90

0.92

0.94

0.96

0.98

1.00

0% 20% 40% 60% 80% 100%

d
e
n
s
it
y 

/ 
d
e
n
s
it
y 

R
C

FRA incorporation ratio

Without SP

SP1

SP2

0

10

20

30

40

50

60

70

0% 20% 40% 60% 80% 100%

f c
m

 7

FRA incorporation ratio

Without SP SP1 SP2

0

10

20

30

40

50

60

70

0% 20% 40% 60% 80% 100%

f c
m

 2
8

FRA incorporation ratio

Without SP SP1 SP2



5 

Table 4 - Modulus of elasticity results 

 BR0 B0,25 B0,50 B0,100 BR1 B1,25 B1,50 B1,100 BR2 B2,25 B2,50 B2,100 

E 43.5 45.1 42.6 39.3 45.1 43.7 41.7 40.4 50.4 48.4 43.2 39.0 

 

  

Figure 6 - Modulus of elasticity results versus 
FRA incorporation ratio 

Figure 7 - Modulus of elasticity of the concrete 
with FRA relative to that of the reference concrete 

When related to the compressive strength (Figure 8), the modulus of elasticity shows an increase that 

follows the increase in compressive strength. It is observed that B0,25 presents a modulus of elasticity 

higher than that of the corresponding reference concrete. A correlation (R2) of 0.07863 was obtained by 

taking all the concrete produced, this indicative of a not so close relation between the modulus of elas-

ticity and the compressive strength, but a satisfactory value, allowing stating that such relation exists. 

 

Figure 8 - Modulus of elasticity versus compressive strength 

3.3.3. Fracture energy by wedge splitting test 

The results of the wedge splitting tests are shown in Table 5. Better results for the reference mixes with 

superplasticizers are observed in Figure 9, when compared to the mix with no admixture. The same 

cannot be said to the mixes with 50% and 100% of replacement ratio, where the results between all the 

groups are similar and lower than the reference concrete without superplasticizer. The mix with 100% 

of FRA and SP2 shows a better result than the 50% mix. This can be justified by the reduction of water 
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and the increase of the volume of particles resulting from the introduction of SP into the mix, making 

use of the more angular shape of the AFR in the resistance to crack opening due to the increased friction 

between the aggregate and the paste (García-González et al., 2017). 

Table 5 - Fracture energy results by wedge splitting 

Concrete 
Specimen Aver-

age 
(N/m) 

Standard deviation (N/m) CV (%) 
1 2 3 

BR0 - 93.38 104.79 99.08 8.07 8.15 

B0,25 69.79 69.82 - 69.80 0.02 0.03 

B0,50 77.17 - 86.59 81.88 6.66 8.13 

B0,100 - 76.83 - 76.83 0.00 0.00 

BR1 104.90 120.92 105.49 110.44 9.08 8.22 

B1,25 98.47 - 81.45 89.96 12.03 13.38 

B1,50 - 59.13 81.61 70.37 15.90 22.59 

B1,100 68.85 81.92 72.33 74.37 6.77 9.10 

BR2 104.65 140.78 113.58 119.67 18.82 15.73 

B2,25 117.87 117.89 130.13 121.97 7.07 5.80 

B2,50 - 74.09 91.49 82.79 12.30 14.86 

B2,100 79.45 92.02 89.67 87.05 6.68 7.68 

Figure 10 shows how compressive strength influences fracture energy. A correlation of 0.6184 was 

obtained, which shows that there is a slight relation between properties, even though not very satisfac-

tory. This reduced value, due to the variability of the results, can be justified by the high susceptibility of 

the tensile failure to the arrangement of the particles in the concrete and the different tensile strength of 

its constituents. 

Figure 11 represents the curve load-CMOD of the three specimens of BR1. The opening of the crack 

and softening period can be observed after the peak. The greater energy release is made at the peak 

with the crack progresses afterwards, followed by a period of big displacement and little release of en-

ergy until the specimen breaks. 

  
Figure 9 - Fracture energy results ver-

sus FRA incorporation ratio 
Figure 10 - Fracture energy versus compressive strength 
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Figure 11 - Curve load-CMOD of the BR1 specimens 

3.3.4. Shear strength by push-off test 

The results of the push-off tests are shown in Table 5. Figure 12 shows that the differences between all 

the mixes without superplasticizer are very subtle, indicating little influence of the FRA on the shear 

resistance. On the other hand, for the concrete mixes with SP, there are considerable differences be-

tween the reference concrete and that with 100% incorporation of FRA. The shear resistance loss trends 

from the use of FRA, seem to be more pronounced as the compressive strength of the corresponding 

reference concrete mixes increases. This may be related to the fact that the shear resistance capacity 

is achieved through a combination of the shear resistance of concrete and steel reinforcement. Since 

the steel resistance will have little changes in all specimens, the influence of the concrete resistance 

increases as the overall performance increases as well. 

Having the compressive strength related to the shear strength with a correlation of 0.8276 (Figure 

13Figure 10), the contribution of the concrete to high resistance values, reveals the relation between 

properties. 

Table 6 - Shear strength results by push-off 

Concrete 
Specimen 

Average (kN) 
Standard devi-

ation (kN) 
CV (%) 

Shear stress, τ 
(MPa) 1 2 

BR0 191.9 183.2 183.2 4.39 2.40 6.7 

B0,25 190.7 195.6 193.1 2.48 1.28 7.1 

B0,50 195.6 177.4 186.5 9.11 4.88 6.9 

B0,100 176.2 180.4 178.3 2.12 1.19 6.6 

BR1 226.4 223.9 225.2 1.27 0.57 8.3 

B1,25 204.9 206.1 205.5 0.60 0.29 7.6 

B1,50 212.9 206.8 209.9 3.09 1.47 7.7 

B1,100 178.1 192.3 185.2 7.12 3.84 6.8 

BR2 - 239.7 239.7 - - 8.8 

B2,25 235.7 242.1 238.9 3.20 1.34 8.8 

B2,50 224.8 240.6 232.7 7.89 3.39 8.6 

B2,100 194.4 206.8 200.6 6.21 3.09 7.4 
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Figure 12 - Shear stress results versus 

FRA incorporation ratio 
Figure 13 - Shear stress versus compressive strength 

Figure 14 represents the curve load-displacement of the reference concrete’s first specimen, without 

plasticizer. The only difference between the curves is the slope of the initial section that represents the 

shortening of the concrete by application of the compression load. It is observed that up to the peak, at 

which point the specimen is completely cracked and behaves like two pieces of concrete connected by 

stirrups, the specimen shortens ~1.5 mm. 

As Barragán et al. (2006) observed, before reaching the maximum load, there is a fall in the applied 

load due to the onset of cracking (point "A" in Figure 14). After this point, a decrease in the stiffness of 

the specimen represented by the greater slope of the line is observed. There is also a load gain due to 

the mobilization of the friction between aggregates resulting from the confinement promoted by the stir-

rups, which reveals the resistant capacity mobilized by these effects (Echegaray-Oviedo et al., 2014). 

Concrete mixes with higher compressive strength showed a rougher failure after the peak due to the 

greater accumulated energy in the shear plane. This happened to concrete mixes with maximum shear 

stress higher than 7.5 MPa. 

 

Figure 14 - Curve load-displacement of the BR0-PO-1 

4. Numerical modelling 

A numerical model was created in the software Atena 2D (Figure 15 to Figure 17). Elements with 10 mm 

were used to define the mesh. This mesh was selected from a set of meshes of increasing number of 

elements, since the corresponding results did not differ from those obtained with more refined mesh. 
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Figure 15 - Finite element model 

 
Figure 16 - Fracture plane cut and monitoring point for verti-

cal displacement 

 
Figure 17 - Steel plate and monitoring point for reaction 

A 0.05 mm displacement by iteration was imposed on the steel plate (Figure 17) for the evaluation of 

the shear stress in the fracture plane. Table 7 presents the results of the numerical model for the peak 

load. The very small percentage variations imply that the design model simulates quite accurately the 

experimental results in the elastic region. 

Table 7- Numerical model results 

Concrete BR0 B0,25 B0,50 B0,100 BR1 B1,25 B1,50 B1,100 BR2 B2,25 B2,50 B2,100 

Experimental (kN) 183.2 193.1 186.5 178.3 225.2 205.5 209.9 185.2 239.7 238.9 232.7 200.6 

Atena 2D (kN) 194 181.5 184.4 179 228.8 217.8 210.4 186.8 235 240.4 212 187.5 

Δ% 5.9 6.01 1.13 0.39 1.6 5.99 0.24 0.86 1.96 0.63 8.9 6.53 

5. Conclusions 
The use of FRA in concrete production must be taken into consideration due to the lower performance 

when compared to concrete with 100% natural aggregates. The following conclusion can be drawn: 

• The main different between recycled and natural aggregates is de adhered mortar which re-

duces the density of a mix and increases its water absorption; 

• Providing that the replacement ratio stays under 25%, the results for compressive strength are 

similar to those of the reference concrete, while, for a replacement ratio of 100%, a substantial 

decrease was observed; 

• The FRA have a big impact on the modulus of elasticity due to theirs lower stiffness that allows 

higher deformation; 

• Due to tensile failure, the fracture energy results are widely dispersed within mixes. The results 

showed better results for mixes with SP in the reference concrete mixes, but a big decrease of 

capacity when the replacement ratio of FRA is higher than 50%; 

• The relation between compressive strength and shear strength becomes evident as a correla-

tion of 0.8276 is observed. The compensation of water due to FRA absorption in the mixes with 

SP caused the results to decrease with the increase of the replacement ratio; 

• Overall the results got better with the use of superplasticizer, but its efficacy was reduced with 

the increase of the replacement ratio. 
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