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10 

Abstract: 11 

The objective of this paper was to analyze the influence of crushed precast concrete waste on the 12 
transport mechanisms as indicators of the durability of precast recycled self-compacting concrete 13 
(SCC) as an alternative to the coarse fraction of natural aggregate. The replacement percentages were 14 
20%, 50% and 100%, by weight, of the silica gravel 2/12.5 mm. Two types of SCC were manufactured: 15 
the first with a minimum compressive strength of 30 MPa (HR-30) and the second with a minimum 16 
strength of 45 MPa (HR-45). The recycled SCC’s mechanical characteristics such as compressive 17 
strength, splitting tensile strength, flexural strength and modulus of elasticity were analyzed. 18 
Regarding the physical properties related to transport mechanisms, the influence of the recycled 19 
aggregate on the porosity, absorption, penetration of water under pressure, density of hardened 20 
concrete and ultrasonic pulse velocity was analyzed. All these properties were compared with those 21 
of a control concrete. The results of the mechanical tests provide values close to those obtained for 22 
the control SCC, while, in terms of durability the results fulfil the limit values that are considered for 23 
a good quality concrete. Therefore, it can be concluded that the use of crushed precast concrete waste 24 
with different degrees of substitution is a viable alternative in the manufacture of more sustainable 25 
SCC. 26 

Keywords: Recycling; Mechanical testing; In-fresh properties; Recycled aggregate concrete; Precast; 27 
Self-compacting concrete. 28 

29 

1. Introduction30 

The construction industry and all those related to cement derivatives consume a large amount 31 
of natural resources. The extraction of natural aggregates used for the manufacture of mortars and 32 
concrete is subject to growing problems due to the depletion of the quarries, the negative impact it 33 
produces on the environment and regulatory requirements. Within this sector the use of 34 
prefabricated elements has become consolidated over the years. Although these types of products 35 
have more impact internationally, in countries such as EEUU, Canada or Japan, in some European 36 
Union (EU) countries, such as the Netherlands and Germany, the prefabrication industry accounts 37 
for above 35% [1]. For these reasons, at the international level, different strategies are being 38 
established which go beyond the current legislation that aims to make precast firms carry out actions 39 
that increase sustainability in the precast industry. Regarding these strategies, it is worth noting the 40 
“Precast Sustainability Strategy and Charter” of the British Precast Concrete Federation [2], 41 
membership of which has been obligatory in Britain since 2014. In addition, prefabrication companies 42 
from EU and in compliance with EU Regulation 305/2011 of Construction Products [3] will have to 43 
comply with the “Sustainable use of natural resources” requirement, so construction work must be 44 
designed, built and demolished in such a way that the use of natural resources is sustainable. 45 

Taking into account that aggregates make up approximately 80% of the total volume of concrete 46 
and their extraction is causing the depletion of these natural resources and generating different 47 
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environmental problems, the reuse of Construction and Demolition Wastes (CDW), as substitutes for 48 
natural aggregate in the manufacture of concrete, could provide a viable alternative to reduce the 49 
overexploitation of natural aggregate quarries and their impact on the environment. 50 

In recent decades, numerous studies have been carried out with the objective of analyzing the 51 
influence of the incorporation recycled aggregates (RA) on the properties of concrete [4–8]. In general, 52 
these works show a decrease in the physical and mechanical properties and durability of concrete. C. 53 
Thomas et al. [5,7,9–14] analyzed the physical and mechanical properties, including fatigue behavior, 54 
and durability of concrete incorporating recycled aggregate (RA) in aggressive environments. 55 
Moreover, they employed steel slag aggregate as a special RA [15]. They observed a greater influence 56 
of RA for concretes with high w/c ratios and a decrease in durability due to the intrinsic porosity of 57 
RA, although these differences compared with the control concrete decrease for low w/c ratios. The 58 
results obtained by Miguel Bravo [6] also showed a reduction in concrete properties by incorporating 59 
processed waste from different CDW recycling plants. Although the results were more dispersed 60 
depending on the type of RA and its composition. 61 

As for compressive strength, there are numerous studies demonstrating that it decreases as the 62 
percentage of RA present in the mixture increases. Several authors set percentages of resistance 63 
reduction whose range of values is between 0-5% for a replacement of 20%, 5-15% for a replacement 64 
of 50% and up to 30% for the incorporation of 100% RA [16–18]. It is estimated that this reduction is 65 
due to the lower resistance of the aggregates and the increasing presence of weak areas in the 66 
concrete. However, the incorporation of 20% of RA is acceptable, even percentages greater than 50% 67 
are acceptable if the water/cement ratio is kept constant and the lower workability is compensated 68 
through the use of superplasticizers. 69 

The durability of concrete is another factor that can be affected by the incorporation of RA, being 70 
reduced as the percentage of recycled aggregate present in the mixture increases [5,19]. Although, 71 
when the concrete is exposed to aggressive environments it has been proven that the variations in 72 
durability, with respect to control concrete, are smaller [7]. However, there are discrepancies because 73 
some authors such as Olorunsogo [20] and Kou [21], conclude that durability can significantly 74 
improve with the age of cure. In relation to the conclusions obtained in these studies, it is possible to 75 
affirm that the durability characteristics may be more influenced by the water/cement ratio, so the 76 
influence of recycled aggregates on properties such as concrete permeability, which is closely 77 
connected with durability, would not be considered significant [16]. C. Thomas et al. [12] showed 78 
that the durability of concrete is also influenced by the degree of saturation of the RA. The results 79 
show a greater porosity when the aggregates that are incorporated into the mixture are saturated. M. 80 
Martín-Morales [22] analysed the feasibility of using recycled concrete aggregates for the production 81 
of hollow concrete blocks. The results show adequate durability of hollow concrete blocks against 82 
certain extreme environmental conditions such as freeze-thaw and salt crystallization. 83 

Another alternative may be the incorporation of RA in the manufacture of self-compacting 84 
concrete (SCC). Thanks to its great capacity for self-consolidation, concrete without voids, more 85 
waterproof than traditional ones and with excellent surface finish is obtained. The use of this type of 86 
concrete is widespread in the prefabrication industry. Therefore, in recent years numerous studies 87 
have been carried out where the feasibility of incorporating different types of RA into the SCC is 88 
analyzed [11,23–25]. Jose Sainz-Aja et al. [11] analysed the possibility of recycling out-of-service 89 
railway superstructure wastes as RA in the manufacture of SCC and with them achieve different 90 
environmental benefits. Kou and Poon [23] evaluated the fresh and hardened properties of SCC using 91 
recycled concrete aggregate as both coarse and fine aggregates. The results do not show very relevant 92 
differences between the control SCC and the SCC with fine recycled concrete aggregate. 93 

As can be seen, although these studies focus on the use of different wastes in the manufacture 94 
of SCC, there are few studies related to the use of waste from the prefabricated industry and its 95 
incorporation back into the manufacturing process. T. Barroqueiro et al. [26] confirmed the viability 96 
of producing e high-performance self-compacting concrete with recycled aggregates from the precast 97 
industry. In this regard, also, F. Fiol [13] assessed the influence of incorporating recycled aggregates 98 
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from prefabricated elements on the mechanical properties of SCC, obtaining results close to those of 99 
control concrete. 100 

The use of this waste and its incorporation back into the production chain, in addition to 101 
achieving economic savings, contributes to the sustainability of the sector. If the latest technologies 102 
are also applied, the result can be doubly beneficial. For all these reasons, the main objective of this 103 
study was to analyze the feasibility of using recycled aggregates from precast elements to produce a 104 
self-compacting structural concrete, with compressive strengths of 30 and 45 MPa and with 105 
percentage substitution of 20%, 50% and 100% by weight of natural aggregate. To evaluate the 106 
influence of the RA on the behavior of the manufactured SCC, different physical and mechanical tests 107 
were performed. This is an innovative study as up to date, because although there are studies that 108 
analyze the influence of use of concrete waste in the manufacture of concrete, few are the studies that 109 
focus on the use of waste from the precast sector [13,27–29] and fewer that use this type of waste in 110 
SCC [13,26,29]. These studies analyse the influence of waste from the precast concrete industry on 111 
the physical and mechanical properties of SCC, while our study aims to analyse the influence of this 112 
type of waste on the transport mechanisms that affect durability of recycled concrete. 113 

2. Materials and Methods114 

2.1. Materials 115 

The cement used in this research was CEM I- 52.5 R. Table 1 shows its main characteristics. Two 116 
types of natural aggregates were used: 0/2 mm silica sand as the finest aggregate while, as a coarse 117 
aggregate, a silica gravel with a size of 2/12.5 mm was used. The apparent density and water 118 
absorption of the aggregates was determined following the specifications of the UNE-EN 1097-6 119 
standard [30]. The 0/2 mm sand has a density of 2640 kg/m3 and an absorption coefficient, by weight, 120 
of 0.26%, while, the gravel 2/12.5 mm has a density of 2680 kg/m3 and a coefficient absorption of 121 
1.16%. Their grading curves are shown in Fig. 1. Addition limestone filler, produced in BELCHITE 122 
(Zaragoza, Spain) and complying with the ISO 9001 certificate, was used.  123 

In order to achieve suitable workability of self-compacting concrete (SCC), two 124 
polyplacarboxylate superplasticizer additives were used. The superplasticizers used were: Sika 125 
ViscoCrete®-20 HE, especially suitable for the preparation of concrete with high initial strength, 126 
concretes with great need for water reduction and excellent fluidity, and Sika ViscoCrete®-5920 HE, 127 
a high-performance superplasticizer that is usually used in concrete with low water content. Finally, 128 
as recycled aggregate (RA) and alternative to coarse aggregate, crushed precast concrete waste with 129 
a size of 4/12.5 mm was used. 130 

Table 1. Cement chemical composition. 131 

Test Average result (% by weight) 

Loss on ignition (LOI) 1.0 

Insoluble residue 0.6 

Sulphates SO3 3.1 

Chlorides 0.03 

Alkali content 0.7-0.8 
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132 

Fig. 1 Grading curves of silica gravel, natural sands and RA. 133 

2.2. Recycled aggregates 134 

The RA used in this study was obtained from useless precast elements; for works not executed, 135 
nonconforming pieces, pieces with erroneous geometry or from leftover wastes of the daily 136 
concreting. Some examples of the precast components Fig. 2￼. 137 

To obtain the final RA used in this study, the following steps were followed: first, the pieces 138 
were crushed by a hydraulic clamp in order to eliminate the reinforcement, obtaining an aggregate 139 
size of 0/300 mm. Then, a first crushing process was performed by jaw crusher until a maximum 140 
aggregate size of 80 mm is obtained. Finally, the RA is processed in an impact crusher to reduce the 141 
size of the aggregate to 0/25 mm. The fraction used in this study to make concrete was 4/12.5 mm. 142 
Table 2 shows the main properties of the recycled aggregate used in this study. All results fulfil the 143 
requirements of EHE-08 [31]. The chemical composition of RA was determined by X-ray fluorescence 144 
analysis. Table 3 shows the corresponding results, while in Fig. 1 the grading curve of the RA is 145 
shown, together with the curves of the natural aggregates 146 

147 

148 

Fig. 2. Rejected precast products. 149 

Table 2. Physical and chemical properties of the RA. 150 

Property Value EHE-08 [31] Standard 

Fines content (%wt.) 0.41 < 1 UNE-EN 933-1 [32] 
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Property Value EHE-08 [31] Standard 

Sieve modulus 6.68 - UNE-EN 933-1 [32] 

Flakiness index (%wt.) 7.90 <35 UNE-EN 933-3 [33] 

Shape coefficient (%wt.) 2.25 UNE -933-4 (>0.2) UNE-EN 933-4 [34] 

Density (kg/m3) 2410 - UNE-EN 1097-6 [30] 

Los Angeles (% wt.) 37 <40 UNE-EN 1097-5 [35] 

Absorption coefficient (% wt.) 4.15 < 5 UNE-EN 1097-6 [30] 

Chloride content (% wt.) 0.0005 < 0.05 HA >0.03 HP UNE-EN 17744 [36] 

Frost loss (% wt.) 11.51 <18 UNE-EN 1367-2 [37] 

Sulphate content (%wt.) 0.50 <0.8 UNE-EN 17744 [36] 

Soluble sulphates (%wt.) 7.07 - UNE-EN 17744 [36] 

Crushing value (%wt.) 35.42% - UNE-83112 [38] 

Lost by calcination (% wt.) 0.47 - UNE-EN 17744 [36] 

Table 3. Chemical composition (%) of RA. 151 

CaO SiO2 Al2O3 Fe2O3 SO3 K2O MgO TiO2 C 

37.4 56.53 2.16 1.1 0.16 1.32 0.79 0.098 0.47 

2.3. Self-compacting concrete design 152 

To carry out this study, two reference mixes were designed, HR-30 and HR-45, which ensure 153 
self-compacting fresh concrete. These control mixtures set a starting point for the mix proportions of 154 
precast recycled concrete and meet the standards that are commonly used in precast concrete plants. 155 
Once the control mix proportions were established, 20%, 50% and 100% of the natural coarse 156 
aggregate was replaced by the same volume of RA. Table 4 shows the mix proportions of each of the 157 
manufactured SCCs, in kg/m3. 158 

The incorporation of RA, as substitute of the natural one, shows influence on the effective 159 
water/cement ratio during the mixing process due to the high absorption coefficient of them. In order 160 
to adequately compare the properties analyzed in the experimental program, the effective 161 
water/cement ratios of each of the dosages used were calculated, estimating that the RA reaches 162 
approximately 70% water saturation capacity [39]. The calculation of the effective water/cement ratios 163 
is obtained from equation (1), while the effective water/cement ratios (w/c)eff can be seen in Table 4. 164 

{
𝑤

𝑐
}

𝑒𝑓𝑓
 =

𝑊−
0.7

100
∑ (𝑃𝑖𝐴𝑖)𝑖

𝑐
, (1) 

where, {
𝑤

𝑐
}

𝑒𝑓𝑓
 is effective water/cement ratio ; W is the total amount of water incorporated in 165 

the mixer; 𝑃𝑖  is the weight of the components incorporated during mixing; 𝐴𝑖 is the absorption of 166 
the components incorporated during. 167 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 of 24

The experimental program includes a total of eight mixes. Two of them correspond to the control 168 
SCC, HR-30-0% and HR-45-0%. The rest of the mixes correspond to SCCs with different contents of 169 
RA (Table 4). 170 

Table 4. SCC mix proportions (kg/m3). 171 

Material 
HR-30-

0% Control 

HR-30-

20% 

HR-30-

50% 

HR-30-

100% 

HR-45 

0% Control 

HR-

45-20% 

HR-45-

50% 

HR-45-

100% 

RA 4/12.5 0 250 540 1040 0 250 540 1040 

Sand 2/12.5 1150 920 540 0 1150 920 540 0 

Sand 0/2 650 650 670 720 650 650 670 720 

Limestone filler 320 320 320 320 280 280 280 280 

CEM I-52.5 R 250 250 250 250 320 320 320 320 

Water 112 112 112 112 112 112 112 112 

Sika 20HE 0.50 0.50 0.65 0.85 0.50 0.50 0.65 0.85 

Sika 5920 1.30 1.30 1.60 2.00 1.50 1.50 1.80 2.20 

w/c eff 0.40 0.39 0.35 0.32 0.31 0.30 0.28 0.25 

172 

2.4. Experimental program 173 

For mixing, the procedure stipulated in ASTM C192 [40] was followed, which was as follows: 174 
first, the mixer is wetted and coarse aggregates are added. Then half of the mixing water is 175 
incorporated. After that, the limestone filler and cement are added and the mixing process is started 176 
by adding the rest of the water, mixing for 3 minutes, the mixer is stopped and the mixture stands 177 
for 3 minutes. Finally, the mixer is activated and the mixing is continued for 2 more minutes. After 178 
this time the mixing process is finished. 179 

Standardized specimens of the following dimensions were manufactured for each batch: 15×30 180 
cm cylindrical specimens, 10×10×10 cm cubic specimens and 10×10×40 cm prismatic specimens. The 181 
specimen molds were filled according to the specifications of the UNE-EN 12350-1 standard [41]. The 182 
specimens were cured for 28 days in a humid chamber at a temperature of 20 ± 2 ° C and a relative 183 
humidity of 95% according with the specifications of the UNE-EN 12390-2 standard [42]. 184 

2.4.1. Mechanical properties 185 

The following mechanical properties were determined: the consistency of fresh SCC according 186 
to UNE-EN 12350-8 [43] standard, compressive strength (UNE-EN 12390-3) [44], splitting tensile 187 
strength (UNE-EN 12390-6) [45], flexural strength (UNE-EN 12390-5) [46] and modulus of elasticity 188 
(UNE 83316) [47]. To determine flowability, fresh concrete is poured into a cone similar to that used 189 
in the slump-flow test of the EN-12350-2 standard [48]. When the cone is removed upwards, the time 190 
from the start of the extraction until the concrete flow reaches a diameter of 500 mm is measured, this 191 
being the time t500. Next, the largest diameter of the extended SCC and the diameter perpendicular to 192 
it are measured and the average is the slump-flow. 193 

2.4.2. Durability properties 194 

Regarding durability, the following properties were determined: porosity and absorption of 195 
hardened concrete according to the specifications of ASTM C-642 [49], penetration of water under 196 
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pressure according to the specifications of UNE-EN 12390-8 [50], density of hardened concrete 197 
according to UNE-EN 12390-7 [51] and ultrasonic pulse velocity by UNE-EN 12504-4 [52]. 198 

2.4.3. Micro and macro-porosity analysis 199 

To quantitatively assess the macroporosity of the concretes used, pores larger than 170 µm, 200 
computed axial tomography (TAC) was used. The equipment consists of an X-ray system with a 225 201 
kV / 30mA Yxlon tube, with a metallic steel-lead-steel cabin, so that it operates with a maximum 202 
radiation of 225 kV / 30mA (within the booth), the maximum radiation dose at a distance of 100 mm 203 
from its external surface does not exceed 2.5µS / h. The software that regulates the instruments 204 
coordinates the number, thickness and number of sections on the specimen under consideration (Fig. 205 
3 Test tube and programming of the number and thickness of the cross sections.).  206 

207 

208 

Fig. 3 Test tube and programming of the number and thickness of the cross sections. 209 

The methodology for evaluating macroposity was carried out using the VgsStudio Max (Vgs 210 
Studio Max version 2.2 High-end software for the visualization and analysis of industrial CT data) 211 
and Mimics software (Mimics V 10.0. Materialises Interactive Medical Image Control System. Version 212 
10.0). In the first one, several sections corresponding to circular sectors are made on a cylindrical 213 
specimen to differentiate and relate the volume of pores from the outside to the inside. 214 

The determination of porosity by mercury intrusion porosimetry (PIM), analyzes the micropores 215 
of the material. The operating procedure begins by vacuuming the samples, and then applying a 216 
hydrostatic pressure with mercury to the chamber containing the sample. The mercury intrusion 217 
pressure is inversely proportional to the pore opening size. The applied pressure values and the 218 
volume of mercury intrusion give graphical representations of the filling process, which enables the 219 
representation of the cumulative volumes, differentials and percentage porosity estimated from the 220 
Washburn equation that assumes cylindrical pore volumes. The Washburn equation describes the 221 
balance between the internal and external forces of a three-phase solid-liquid-vapor system. 222 

Three fundamental parameters are obtained in the PIM: the total porosity, the pore diameter and 223 
the distribution of the porous structure. Total porosity is the volume of pores with respect to the total 224 
volume, where only the connected pores are considered, according to expression. 225 

226 

𝑃𝑡 =
𝑉𝑝

𝑉𝑚

𝑥100 (2) 

Where 227 
Pt  Total porosity (%). 228 
Vp  pore volume (mm3). 229 
Vm  volume of material (mm3). 230 
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The average pore diameter is the corresponding diameter assuming an equivalent cylindrical 231 
distribution, and is determined according to the equation: 232 

233 

∅ =
4 𝑉

𝐴
(3) 

234 
235 

∅ average pore diameter. 236 
V  pore volume (mm3). 237 
A  material’s surface. 238 

3. Results and analysis239 

Table 5 shows a summary of the results obtained in this study. All values, except slump and 240 
ultrasonic pulse velocity (UPV), correspond to the average value of the three results obtained in each 241 
of the tests performed. The characterization of the hardened concrete was carried out after curing the 242 
specimens for 28 days. 243 

3.1. Flowability 244 

Table 5 shows the results obtained for the different SCCs. A reduction in workability can be 245 
observed when the RA replaces natural aggregate 2/12.5 mm. This decrease occurs for all replacement 246 
percentages, including for ratios of 50% and 100% where the amount of additive was increased. This 247 
may be due to the greater absorption of water by the RA, of 4.15%, with respect to the aggregate 248 
2/12.5 mm, of 1.16%. This entails a reduction in the effective water/cement ratios (w/c) and, therefore, 249 
in the workability of the SCC. 250 

Table 5. Results of the experimental program. 251 

Test 
HR-

30-0% 

HR-30-

20% 

HR-30-

50% 

HR-30-

100% 

HR-45-

0% 

HR-45-

20% 

HR-45-

50% 

HR-45-

100% 

Flowability (cm) 68 60 58 55 75 71 60 65 

Compressive strength (MPa) 49.09 49.98 55.34 56.75 63.36 64.13 66.82 72.81 

Splitting tensile strength (MPa) 5.17 5.06 4.85 4.92 5.30 5.21 4.95 5.00 

Flexural strength (MPa) 6.20 6.30 6.30 5.60 7.95 7.80 7.80 7.50 

Modulus of elasticity (GPa) 36.98 38.50 35.15 34.03 40.83 42.60 38.01 37.80 

Open porosity (%vol.) 7.30 7.50 8.15 8.50 5.15 5.80 6.00 6.30 

Absorption (%wt.) 3.30 3.40 3.80 4.10 2.95 3.00 3.20 3.01 

Water penetration (mm) 10.0 12.8 13.5 11.5 12.0 8.6 15.0 14.5 

3.2. Compressive strength 252 

Table 5 shows the average compressive strength values obtained for HR-30 and HR-45 concretes 253 
with substitution of 0%, 20%, 50% and 100%. The results show an increase in compressive strength 254 
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as the percentage of RA increases. However, this may be due to the increased absorption of RA, which 255 
reduces the effective w/c ratio [5]. However, it is also well-known that the behavior of compressive 256 
strength as a function of the w/c ratio can be fitted to an exponential curve with equation (4) [5,53,54]: 257 

y = 𝐴𝑒−𝐵(
𝑤

𝑐
), (4) 

where, y is compressive strength for a cured age; w/c is the effective water/cement ratio; A and 258 
B are the parameters to be calculated.  259 

Considering the results obtained, the corresponding parameters were calculated. Fig. 4. 260 
Compressive strength of SCC as a function of the w/c ratio. shows the compressive strength curves 261 
of the different SCC, at 28 days, against the effective water/ cement ratio. 262 

Once these parameters were calculated, and as can be seen in Figure 3, as the w/c ratio decreases 263 
there is an increase in compressive strength. These results are in line with those obtained in other 264 
studies [5,23,39,55,56]. Regarding the substitution ratio, the results show a slight loss of compressive 265 
strength for the same w/c ratio as the substitution percentage is increased. However, for a ratio of 266 
20% the variation with respect to the control SCC is not significant. 267 

Finally, the confluence of the curves was noted as the w/c ratio is increased. This may be because 268 
the lower resistance of the recycled aggregate compensates for?? the worst paste quality for the high 269 
water/cement ratios. For low water/cement ratios the opposite happens, the difference between the 270 
control concrete and the concrete with RA is higher, which denotes the good quality of the new paste. 271 
The results of the compressive strength shown in Table 5, where  the dosage in the recycled concrete 272 
is maintained, are in the line with the results obtained in other studies [57,58]. The higher water 273 
absorption of the RA results in a lower w/c ratio, which causes an increase in strength. 274 

275 

Fig. 4. Compressive strength of SCC as a function of the w/c ratio. 276 

3.3. Splitting tensile strength 277 

The tensile strength values are shown in Table 5 and are represented in Fig. 5. Splitting tensile 278 
strength of SCC as a function of the w/c ratio., respectively. As in the case of compressive strength 279 
values, the values can be adjusted according to equation (4). The results show a decrease in splitting 280 
tensile strength as the replacement percentage is increased, although the variations are small. The 281 
variation between the control SCC and the SCC with a ratio of 100% RA indicates a strength loss of 282 
4.8% for the HR-30 and 3.7% for the HR-45. 283 
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These results are well below the results obtained in other studies where there is a large 284 
dispersion in the results observed. The studies carried out by Sanchez and Alaejos [59] show a high 285 
dispersion in the values, which range between -20% and + 20% depending on the type of waste used. 286 
These differences may be related to the quality of the RA used. 287 

288 

Fig. 5. Splitting tensile strength of SCC as a function of the w/c ratio. 289 

3.4. Flexural strength 290 

Table 5 shows the average results of flexural strength of the SCC with RA for the different types 291 
of HR-30 and HR-40, while, Fig. 6 shows the relationship between the flexural strength and the 292 
effective w/c ratio. As in the previous cases, the values were adjusted according to equation (4). In 293 
this case, compressive strength curves tend to converge when the effective w/c ratio increases. 294 

The results for 20% substitution show little variation and it can even be seen that the trend line 295 
is reversed for values of w/c greater than 0.4. Fig. 6 also shows a decrease in strength as the w/c 296 
increases and also a decrease as the degree of substitution. For 100% ratios, the flexural strength losses 297 
vary between 3% and 4%. These values are considerably lower than those found by Sánchez and 298 
Alaejos in [29], where the percentages ranges between ± 20%. As mentioned above, our better results 299 
may be a consequence of the higher quality of our RA. 300 

301 

y = 5.7733e-0.276x

y = 5.7429e-0.325x

y = 5.371e-0.292x

y = 5.7061e-0.449x

0

1

2

3

4

5

6

7

0.25 0.30 0.35 0.40 0.45 0.50 0.55

Sp
lit

ti
n

g 
te

n
si

le
 s

tr
en

gt
h

 (
M

P
a)

Effective water/cement ratio (w/c)

HR-0%
HR-20%
HR-50%
HR-100%
.
.
.
.

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



11 of 24

302 

Fig. 6. Flexural strength of SCC as a function of the w/c ratio. 303 

3.5. Modulus of elasticity 304 

The average values of the static modulus of elasticity are shown in Table 5 Fig. 7. Static modulus 305 
of elasticity of SCC as a function of the w/c ratio. the variations in the modulus of elasticity as a 306 
function of the effective w/c ratio. In this case, the values can be fitted to a line, with equation (5) [5]: 307 

y = Ax + B, (5) 

where, y is the modulus of elasticity; x is the effective water/cement ratio; A and B are parameters 308 
to be calculated. 309 

310 

Fig. 7. Static modulus of elasticity of SCC as a function of the w/c ratio. 311 
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As expected, the modulus of elasticity decreases when the ratio of RA increase. This may be due 312 
to the greater porosity and the greater volume of cement adhered to the recycled aggregate with 313 
respect to the natural aggregate producing greater deformability of the concrete [27]. For 20% 314 
substitution, the values are very similar to the control SCC, becoming practically the same results for 315 
high w/c ratios. However, for a substitution of 50% and 100% a loss of strength is observed, of 316 
between 7-10% with respect to the control SCC. These results are in line with those obtained in other 317 
studies [27,39,60]. Soares et al. [27] observed a reduction of 11% in the modulus of elasticity when 318 
replacing 100% of coarse aggregate with recycled aggregates from precast concrete wastes. 319 

3.6. Open porosity and absorption 320 

In this study, the influence of the incorporation of RA on open porosity and the absorption of 321 
SCC for concrete type HR-30 and HR-45 was analyzed. Table 5 shows the values obtained and Fig. 8 322 
and Fig. 9 show the variations in porosity and absorption of the SCC as a function of the effective w/c 323 
ratio. As has been shown in several studies [5,53], both porosity and absorption as a function of the 324 
w/c ratio respond to a logarithmic curve. This curve can be fitted to the following equation (6). 325 

y = A Ln(x) + B,  (6) 

where, y is open porosity or absorption; x is the effective water/cement ratio; A and B are 326 
parameters to be calculated. 327 

 328 

Fig. 8. Open porosity of SCC as a function of the w/c ratio. 329 
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 330 

Fig. 9. Water absorption of SCC as a function of the w/c ratio. 331 

The results in Table 5 show an increase in the absorption and open porosity of the SCC as the 332 
percentage of RA increases replacing natural aggregate 2/12.5 mm. As mentioned before, in similar 333 
studies [25], the increased water absorption of the SCC with RA is a logical consequence of the greater 334 
absorption of water by the recycled aggregate compared to natural aggregate. For open porosity, all 335 
values are below the 15%, limit value assumed for a concrete to be considered of good quality [61]. 336 
For high replacement percentages, 50% and 100%, an increase in porosity between 11 and 23% is 337 
observed. For ratios of 20% the variation is small. In Fig. 8 it can be seen that as the w/c ratio is 338 
increased, the porosity of the SCC increases.  339 

The curves showing water absorption as a function of the effective w/c (Fig. 9) indicate that the 340 
greater the w/c ratio, the higher is the influence of the RA on the water absorption coefficient, ￼￼. 341 
A greater slope in the SCC is observed with ratios of the 50% and 100% of RA. This may be because 342 
the less absorbent concrete pastes, the ones with the lowest w/c ratios, isolate the porosity and lessen 343 
the effect that the RA has on absorption.  344 

The absorption and porosity results obtained are in line with the results of other studies [5,7,13]. 345 
In all of them it is observed that for the same w/c ratio there is an increase in both the porosity and 346 
the absorption as the percentage of RA increases. 347 

Finally, Table 5 shows a greater absorption in concretes with lower strength (HR-30). This is due 348 
to the evolution of the pores produced by the recrystallization of the cement components that produce 349 
a favorable effect by filling a large part of them [5,62]. 350 

3.8. Water penetration 351 

The average results of water penetration under pressure are shown in Table 5. The results show 352 
an increase in values for SCC with RA. However, all values are below the average depth limit (20 353 
mm) set in the EHE for the most demanding exposure environments [31]. Therefore, it can be said 354 
that the SCC is sufficiently waterproof. 355 

Fig. 10 shows the relationship between the values of water penetration under pressure as a 356 
function of the effective w/c ratio. These values can be fitted to a logarithmic curve like the one in 357 
equation (6). For a substitution of 20% there are hardly any variations with respect to the control SCC, 358 
regardless of the ratio of w/c. For 50% and 100% ratios, an increase in water penetration is observed, 359 
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which becomes more evident as the w/c ratio is increased. However, when the effective w/c ratio is 360 
low, 0.25 to 0.30, the curves tend to converge to water penetration values between 15 and 20 mm. 361 

 362 

Fig. 10. Water penetration of SCC as a function of the w/c ratio. 363 

3.9. Ultrasonic pulse velocity 364 

The results of the ultrasonic pulse velocity (UPV), for the different percentages of RA as a 365 
function of the effective ratio w/c can be seen in Fig. 11. The values are fitted to a line like equation 366 
(5). In line with similar studies [56], the lower is the w/c ratio, the higher is the propagation speed of 367 
ultrasonic waves. In addition, the analysis of the graph shows that the incorporation of RA, with 368 
equal effective w/c ratio, implies a decrease in the speed of the ultrasonic impulses in the same way 369 
as the degree of substitution. For a ratio of 100% a decrease in the UPV of 5% can be seen. However, 370 
the values obtained can be considered excellent, as they are all above 4.50 km/s [63].  371 
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 372 

Fig. 11. Ultrasonic pulse velocity of SCC as a function of the w/c ratio. 373 

3.10. Density of hardened SCC 374 

Fig. 12 shows the density of hardened SCC for each percentage of substitution as a function of 375 
the effective w/c ratio. First, it is observed that the density increases linearly as the w/c ratio decreases 376 
according to equation (7) [13,39,59]: 377 

y = Ax - B, (7) 

where, y is density; x is the effective water/cement ratio; A and B are parameters to be calculated. 378 
It can be seen that as the percentage of RA increases there is a decrease in the density of SCC. 379 

These results are a consequence of the lower particle density of recycled aggregate, 2410 kg/m3, 380 
compared to natural aggregate 2/12.5 mm, 2680 kg/m3. These variations in the hardened concrete 381 
density are in line with the results obtained in other studies where precast concrete waste has been 382 
used as an alternative to natural aggregate [13,16,64]. 383 
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 384 

Fig. 12. Density of SCC as a function of the w/c ratio 385 

3.11. Results of computed axial tomography 386 

As described in the methodology, analysis using this technic have been performed comparing the 387 
properties of control concrete and concrete with 100% AR substitution. The figure shows the 388 
comparative perspective of the standard concrete and the concrete with 100% AR substitution taken 389 
from the TAC imaging treatment software. 390 

 391 

Fig. 13  3d comparison between concrete HR-45-0% and HR-45-100%. 392 

Fig. 14 evaluates the incidence of macropores in the exterior, central and inner sectors. The area with 393 
the most macroporosity is the exterior with 100% replacement, decreasing until it equals the interior. 394 
In the interior sector it is clearly observed that the pore volume and size of the control and 100% 395 
replacement concretes are practically equal. It can also be seen that the volume of pores larger than 396 
4 mm is greater in the concrete with AR, being lower in the control concrete. 397 
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 398 
Fig. 14 Pore size and volume results in the outside, central and inside sectors. 399 

Table 6 Quantitative value of macroporosity HR-45-0 and HR-45-100% obtained by the relationship between pore volume 400 
and apparent volume, both software. shows the quantitative pore volume values provided by the Vga 401 
studio and mimics software. The values correspond to the total percentage of pores with a size greater than 402 
500 μm respect to the total porosity. The results of the Vga Studio software correspond to the quantitative 403 
values of pore volume, while the percentages of the Mimics software correspond to the resulting macroporosity 404 
values between the pore volume obtained by filtering in an isolated layer and the apparent volume obtained. 405 

Table 6 Quantitative value of macroporosity HR-45-0 and HR-45-100% obtained by the relationship between pore 406 
volume and apparent volume, both software. 407 

Type Macroporosity (%)  

 Vga Studio Mimics 

HR-45-0% (Control) 0.45 0.78 

HR-45-100% 1.80 2.01 

Through the mimic software the quantification of pore volume in the standard concrete and concrete 408 
with 100% replacement is shown. The figure (Fig. 15) in 3D shows the result of the test piece, isolating 409 
the volume of the pores and the solid part. 410 

 411 

 412 

Fig. 15 The sum of pore volume and mortar is shown for HR-0% and HR-45-100%. 413 

The micro and macro-porosity of recycled aggregate concrete was analyzed using various methods, 414 
computerized tomography (XCT), Scan electron microscopy (SEM) and Image macroporosity analysis 415 
(IMA). The results in this study showed that the total porosity obtained increases with the substitution 416 
ratio, due to the adhered mortar of the aggregate. 417 

3.12 Mercury intrusion porosimetry results 418 
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The results of the microporosity values and the morphological characteristics of the pores are 419 
shown in Table 7. 420 

Table 7 The results of the microporosity values and the morphological characteristics of the pores. 421 

Type Ømin.(nm) Ømax.(nm) Øprom.(nm) Øcritical.(nm) 
Volume 

Micropores MIP (%) 

HR-45-0% 

(Control) 

7.3 215152 91.1 79.8 8.19 

HR-45-100% 7.3 215167 97.2 96.9 8.53 

The graphs in Fig. 16 Cumulative intrusive volume curves.Fig. 17 Curves derived from differential intrusive 422 
volume. and Fig. 17 Curves derived from differential intrusive volume. show the accumulated volume of 423 
the micropores of the  HR-45 0% and HR-45 100% concretes tested and the maximum peak of the 424 
distribution curve, which indicates the critical diameter, that is, it shows the pore size that is 425 
repeated most continuously, and that corresponds to the slope of the intrusive volume curve. 426 

 427 

Fig. 16 Cumulative intrusive volume curves. 428 
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 429 

Fig. 17 Curves derived from differential intrusive volume. 430 

 431 

The graph in Fig. 18 compares the distribution by total intrusive pore volume, where the ranges of 432 
porosity are: 433 

• D> 1000 nm: air from the pores. 434 

• 1000 <d <100 nm: Large capillaries, with greater effect in transport processes, and less effect of 435 
clinker hydration. 436 

• 100 <d 10 nm: Medium capillaries that affect permeability. 437 

• 1d <10nm: Small capillaries that affect workability 438 

 439 

Fig. 18 Total intrusive pore volume distribution. 440 

Based on the results, it can be concluded that the porosity results are in accordance with other 441 
studies of self-compacting concretes. 442 
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The microporosity values for the control concrete and the concrete with 100% AR substitution are 443 
very similar, given the good quality of both concretes with similar resistances, however, the highest 444 
pore content is in the range 10-100 nm (gel pores) for concrete with recycled aggregate. This is 445 
because these pores form in the cement paste and therefore a greater content of paste is incorporated 446 
through the recycled aggregates. 447 

5. Conclusions 448 

In view of the results obtained in this study, the conclusions that were obtained were the 449 
following: 450 

 From the analysis of the physical and chemical properties of the recycled aggregate (RA) it 451 
can be stated that this RA is suitable for the manufacture of recycled concrete. The values 452 
are within the limits established in the Spanish Specification EHE-08. The incorporation of 453 
RA causes a decrease in the fluidity of the SCC, a small loss in strength and in modulus of 454 
elasticity of the SCC as the percentage of substitution increases. 455 

 The incorporation of RA implies an increase in porosity, water absorption and water 456 
penetration of SCC. However, the values are within the limits for the concrete to be 457 
considered of good quality. In addition, it is observed that the curves of the concrete with a 458 
ratio of substitution of 20%, are practically similar to those of the control SCC. 459 

 The influence of RA on the absorption of SCC is not the same for all effective w/c ratios. As 460 
w/c ratio increases, the influence of RA on the absorption coefficient is greater and when the 461 
w/c ratio is low, the differences decrease. This effect may be due to the fact that less 462 
absorbent pastes, those of lesser w/c ratio, isolate the porosity and dampen the effect that 463 
RA has on absorption. 464 

 The density of hardened SCC and ultrasonic pulse velocity are reduced as the percentage of 465 
RA present in the mixture increases. 466 

 The results obtained in terms of durability show a favorable response of the SCC studied, so 467 
that application would be adequate even in the most unfavorable environments. 468 

 With the results obtained in this study, it can be seen that macroporosity and microporosity 469 
are indicators of the durability of recycled concrete since they can be correlated with 470 
capillarity and permeability, since these values are increased by including recycled 471 
aggregate. In addition, the high volume of micro pores can be associated with the transport 472 
mechanisms of gaseous pathological agents such as CO2 and, therefore, with the loss of 473 
durability 474 

From the results obtained in this study, it can be established that the manufacture of self-475 
compacting concrete with recycled aggregates from precast elements is perfectly viable for different 476 
degrees of substitution, being satisfactory even with a ratio of 100%. However, the manufacturing 477 
technology of these concretes requires the use of last generation additives, such as superplasticizers. 478 
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