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ABSTRACT: The paper presents the results of an experimental programme to evaluate 6 

the viability of concrete made when various ratios of coarse natural aggregates (CNA) 7 

are replaced with coarse recycled concrete aggregates (CRCA), coarse recycled ceramic 8 

masonry and mortar aggregates (CRMMA), or both. Results show that the incorporation 9 

of CRCA and of CRCA and CRMMA simultaneously has no effect on compressive 10 

strength. However this property decreases when only CRMMA is incorporated. A re-11 

duction of 23.6% in compressive strength was obtained when 50% of CRMMA was 12 

used. Splitting tensile strength is unaffected by the incorporation of CRCA, but it is af-13 

fected by the incorporation of CRMMA. The mixes with 50% of CRMMA showed a 14 

reduction of 20.1% in tensile strength. Every recycled aggregates concrete (RAC) type 15 

suffered a linear decrease of modulus of elasticity as the replacement ratio of CNA by 16 

coarse recycled aggregates (CRA) increased. The use of 100% of CRCA caused a de-17 

crease in modulus of elasticity of 30%. In the mixes with 50% of CRMMA that de-18 

crease was 22.2%. Finally, shrinkage was significantly affected by the incorporation of 19 

CRA, though the degree of shrinkage varied according to their nature and incorporation 20 

ratio. For replacement ratios between 50% and 100%, the difference between RC and 21 

the mixes with CRCA remained constant, inside a 30% increase range. 22 
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Subject headings: concrete, recycled concrete aggregates, recycled masonry 23 

and mortar aggregates. 24 

25 



INTRODUCTION 26 

The construction industry both drives the progress of Society and is a major con-27 

tributor to serious environmental impacts. One of the most visible aspects of these im-28 

pacts is construction and demolition waste (CDW), which represents from 20% to 30% 29 

(including soil) of all the solid waste produced each year. 30 

Table 1 shows the average figures for CDW production in various European coun-31 

tries. The information was taken from a paper from the European Union in 2003 (Muth-32 

mann, 2006), and the average annual growth rates determined from Eurostat Environmental 33 

Statistics and an estimation of per capita production have been added. Due to some incon-34 

sistencies, these results should be viewed with caution especially where they differ most 35 

from a previous estimate, put together in the so-called Symonds report (Symonds, 1999). 36 

Unfortunately, most of these waste products are not reintroduced into the con-37 

struction process as aggregates for concrete production, one of the few options not con-38 

sidered downcycling, i.e. when the materials are used for a less demanding function than 39 

the original one, and therefore very little is gained from their intrinsic value (in terms of 40 

cost or potential properties). One of the main reasons for this trend is the absence or 41 

conservative stance of regulations that would allow the use of recycled aggregates in 42 

concrete production (Gonçalves and de Brito, 2010). 43 

This paper presents part of the results of an experimental programme developed 44 

at Instituto Superior Técnico (IST) where the technical viability of replacing natural 45 

coarse aggregates with coarse aggregates recycled from concrete and rendered brick 46 

partition walls was studied to supplement the data on durability performance already 47 

published (Gomes and de Brito, 2009). The mechanical performance of the concrete 48 

mixes tested was evaluated through the following properties: compressive strength, 49 

splitting tensile strength, modulus of elasticity, and shrinkage. 50 



On the one hand, this research allows evaluating the influence of the use of coarse 51 

recycled concrete aggregates and coarse recycled ceramic masonry and mortar aggregates 52 

in concrete production. On the other hand, taking into account that all mixes were made in 53 

the same way, it also allows comparing the results for each of these types of waste, the most 54 

important ones in CDW. The research also analyses the simultaneous use of these aggre-55 

gates’ types. This evaluation is important because it simulates, in a controlled way in la-56 

boratory conditions, what would occur in concrete production with CDW from an actual 57 

recycling plant. This eliminates any factor that could disturb the concrete properties, besides 58 

the ones under consideration (incorporation ratio of coarse recycled concrete aggregates 59 

and/or ratio of coarse recycled ceramic masonry and mortar aggregates). 60 

LITERATURE REVIEW 61 

The selected works described below report experimental research on the mechanical 62 

properties of concrete made with recycled aggregates similar to those used in the present 63 

work. Most of the work was carried out at IST, Technical University of Lisbon, Portugal. 64 

Compressive strength 65 

Santos et al. (2004) tested beams made of a reference concrete (RC), with w/c of 66 

0.55 and slump of 62 mm, and two recycled aggregates concrete (RAC) mixes, both 67 

without coarse natural aggregates (CNA) and with coarse recycled aggregates (CRA) of 68 

crushed concrete from the demolition of a stadium, but with different water/cement ratios 69 

(0.55 and 0.63) and slump values (18 mm and 62 mm), and determined their compressive 70 

strength: 38.4 MPa, 38.4 MPa and 32.7 MPa, respectively. The authors concluded that the 71 

use of CRA instead of CNA may lower concrete’s compressive strength and that this 72 

property can be significantly affected by the w/c ratio. Maintaining the water/cement ratio 73 

in the first RAC, at the cost of reducing the workability, offset the expected reduction of 74 

compressive strength in the second RAC by reducing the amount of free water. The same 75 



authors (Santos et al., 2002) tested an RC without CRA and two RACs, both without 76 

CNA and with CRA from concrete mixes with different water/cement ratios, keeping the 77 

slump value constant at 85 ± 10 mm. They concluded that compressive strength (at 7 and 78 

28 days) was lower because of the replacement of CNA with CRA (due to the mortar still 79 

adhering to the original stone particles after concrete is crushed). This property did not 80 

seem to be significantly affected by the original source concrete of the CRA. The same 81 

authors tested one RC and two RACs, with 50% and 100% replacement of CNA with 82 

CRA of crushed concrete, and concluded that, even though the compressive strength is 83 

similar for the RC and the RAC for small replacement ratios (confirming the findings of 84 

Limbachyia et al. (2000) for high-performance concrete up to a 30% ratio), the difference 85 

tends to increase roughly proportionally to the replacement ratio. 86 

De Brito et al. (2005) determined the compressive strength of one RC and three 87 

RACs in which the CNAs were replaced by 1/3, 2/3 and 3/3 of coarse ceramic brick 88 

aggregate, with the same slump value and effective w/c ratio as the RC. The grading 89 

curve of the CNA and coarse ceramic brick aggregate was also exactly the same. A 90 

clear descending trend with a high correlation ratio (R2 = 0.927) was obtained for the 91 

compressive strength/replacement ratio relationship. The compressive strength of the 92 

RAC with only ceramic coarse aggregates was 45% lower than that of the RC with 93 

limestone coarse aggregates only. 94 

Evangelista and de Brito (2007) produced one RC and five RACs in which 10%, 95 

20%, 30%, 50% and 100% of fine natural aggregates (FNA) were replaced with fine re-96 

cycled concrete aggregates (FRCA), with the same slump value and effective wa-97 

ter/cement ratio as the RC. Again, the grading curves of the FNA (water absorption of 98 

1%) and FRCA (water absorption of 13%) were exactly the same. Contrary to the previ-99 

ous results and to existing preconceptions, the variation in compressive strength for the 100 



various mixes was insignificant and no visible trend due to the FNA replacement by 101 

FRCA was found. Several authors (Katz, 2003; Poon et al., 2004; Barra and Vásquez, 102 

1996) have offered possible explanations, the most relevant of which is that fine recycled 103 

aggregates have high amounts of cement (both hydrated and non-hydrated), that can reach 104 

as much as 25% of their weight, and this increases the total amount of cement in the mix. 105 

Matias et al. (2013a) compared an RC with two RACs with the same slump val-106 

ue where the CNA had been totally replaced by CRA, with exactly the same grading 107 

curve, and two different superplasticizers had been used to compensate for the CRA’s 108 

drawbacks (in particular its much greater water absorption). The results for compressive 109 

strength were similar in the various mixes and no trend was detected in terms of re-110 

placement ratio (corroborating the results of the earlier research but with coarse instead 111 

of fine aggregates, even though here the main reason is probably the use of superplasti-112 

cizers) or the effect of the type of superplasticizers. 113 

Tensile strength 114 

In the same research program reported above, de Brito et al. (2005) determined 115 

the flexural tensile strength of three small slabs (5 x 40 x 60 cm) made with each of the 116 

concrete mixes. Like the compressive strength, this property also decreased with the 117 

higher percentages of replacement of limestone aggregates with ceramic aggregates. 118 

Again, these results indicate a linear relationship between the two factors. In addition, 119 

the relative reduction in flexural strength when all coarse primary aggregates are re-120 

placed is only 26%, much less than that for compressive strength, a trend far from being 121 

matched in other experimental works. 122 

Evangelista and de Brito (2007), in the same experimental research quoted above, 123 

but testing only two RACs with 30% and 100% replacement of FNA with FRA (fine recy-124 

cled aggregates), obtained the following results for splitting tensile strength: the RAC with 125 



30% FRA had a performance 5% worse than the RC’s, and that with 100% FRA was 30% 126 

worse. The authors suggest that this discrepancy with the compressive strength results is 127 

because tensile strength does not particularly benefit from the additional cement that is in-128 

corporated along with the FNA, and therefore the more porous structure of the recycled 129 

aggregates explains the decrease of the tensile strength with the incorporation ratio increase. 130 

Matias et al. (2013a) determined the splitting tensile strength of the various mix-131 

es an obtained the following results (average of 3 specimens per mix): 4.41 MPa for the 132 

RAC and reductions of 5% and 16% for the RAC with the different superplasticizers. 133 

These results are somewhat inconclusive but it can be said that they show a downward 134 

trend of tensile strength as a function of the replacement ratio that depends on how ef-135 

fective the superplasticizer is at offsetting the drawbacks of the recycled aggregates 136 

compared with the natural aggregates. 137 

Olorunsogo (1999) tested the 28-day flexural tensile strength of concrete with 138 

CRA consisting of more than 90% of concrete and mortar, with replacement ratios of 139 

30%, 50%, 70% and 100%. The respective values obtained were 7.8 MPa, 7.3 MPa, 6.3 140 

MPa and 7.8 MPa, and 7.8 MPa for the RC. Based on these results the author concluded 141 

that no trend could be detected in terms of flexural tensile strength as a function of the 142 

replacement ratio and that the values for the various RACs were similar to that for the RC. 143 

The studies referred above demonstrate that the concrete tensile strength remains 144 

similar when coarse recycled concrete aggregates (CRCA) are used. On the contrary, the 145 

use of ceramic aggregates resulted in a decrease of this property 146 

Modulus of elasticity 147 

Santos et al. (2002) compared the 32-day modulus of elasticity of one RC with 148 

that of two RACs with coarse recycled concrete aggregates (CRCA). The authors ob-149 

tained reductions of 22% and 33% for total replacement of the CNA. This decrease is 150 



greater than the one for compressive strength, around 20% for both RACs. This differ-151 

ence is linked to the different original concrete mixes’ source of the CRCA and demon-152 

strates the influence of the quality of the original concrete on the deformability of the 153 

structural elements made with RAC. 154 

Kou et al. (2004) studied the modulus of elasticity in concrete mixes with CRA 155 

from CDW in percentages of 0, 20%, 50% and 100% of the total weight of coarse aggre-156 

gates. The authors determined the 28-day and 90-day modulus of elasticity and found re-157 

ductions of 40% and 28%, respectively, for total replacement of the CNA. 158 

Oliveira et al. (2004) evaluated the influence on the modulus of elasticity of the 159 

10%, 20%, 30%, 40% and 100% replacement of CNA with CRA. The CRA came from 160 

CDW mostly made of concrete waste. The authors found that total replacement of CNA led 161 

to an 18% reduction of this property. 162 

Evangelista and de Brito (2007) found a maximum decrease of the modulus of elas-163 

ticity of 20% when all FNA were replaced by FRA from crushed concrete. They also detect-164 

ed a linear relationship between the modulus of elasticity and CRCA incorporation ratio. 165 

All studies concur on a decrease of the modulus of elasticity when recycled concrete 166 

aggregates are used. This trend is valid both for fine and coarse aggregates. 167 

Shrinkage 168 

Santos et al. (2002) evaluated the shrinkage of one RC and two RACs made with 169 

CRCA. They found an increase of 45% and 84% in the 28-day shrinkage of RAC with 170 

100% replacement of CNA, according to the original source concrete of the CRCA, 171 

proving that it is a conditioning factor in the long-term behaviour of structural elements 172 

made with RAC. In both cases the increase was due to the lower bulk density of the 173 

CRCA compared to that of the CNA and to the increase of the water/cement ratio from 174 

0.56 (RC) to 0.65 (both RAC). 175 



De Pauw et al. (1998) produced one RC and three RACs (one with CRCA and 176 

two with ceramic CRA). Shrinkage was measured at 460 days. The authors concluded 177 

that the shrinkage after 28-days may differ in relative terms from that after 1 year. This 178 

is because the RC has faster initial shrinkage but it slows down significantly after 2 to 3 179 

months. This trend was also detected by Matias et al. (2013a). De Pauw et al. (1998) 180 

also found that the increase in cement content reduces shrinkage less efficiently than the 181 

use of superplasticizers. Finally they observed that the CRA’s size distribution and min-182 

eral source influence the shrinkage evolution. 183 

Evangelista and de Brito (2007) found a significant increase in the shrinkage of 184 

RAC mixes with 50% and 100% ceramic FRA. However, no noticeable change in this 185 

property occurred for aggregate replacement ratios below 30%. 186 

Matias et al. (2013a) tested RAC with full replacement of CNA with CRCA and 187 

different plasticizers. Based on the results they concluded that the type of plasticizer has 188 

a significant influence on concrete shrinkage. The RAC with the lower performance 189 

plasticizer had an increase of 45% compared to the RC, while shrinkage of the RAC 190 

with the higher performance plasticizer only increased 22.5%. 191 

These studies in consensual in that the shrinkage of RAC (concrete or ceramic) is 192 

higher that of the RC. Various studies conclude that this trend is inverted in the first days. 193 

EXPERIMENTAL PROGRAM 194 

Materials used 195 

Calcareous natural aggregates (NA) were used throughout the work. Coarse ag-196 

gregates were considered as ground and fine aggregates as rolled. 197 

Concrete recycled aggregates were obtained in laboratory by crushing prismatic 198 

specimens of ready-mixed concrete. This original concrete belonged to compression refer-199 

ence class C 30/37 and had a maximum aggregate size of 25 mm. The specimens were 200 



crushed in a jaw-crusher at 35 days. The ceramic masonry plus mortar aggregates used in 201 

this work came from the demolition of some 6 month-old walls on a worksite approximate-202 

ly. They were built of ceramic hollow bricks and two mortar layers using cement type CEM 203 

II 32.5R and a clayish sand. These materials were used to replicate artificial CDW (con-204 

crete, ceramics and mortar) while controlling their origin, homogeneity and properties. 205 

Cement type CEM II A-L 42.5 R and tap water were used to make the concrete 206 

mixes. No admixture was used. 207 

Concrete mixes’ composition 208 

Based on standard EN 206-1 (2000) a reference concrete (RC) with a compressive 209 

strength class of C 30/37 and workability within the slump range 80±15 mm was produced. 210 

The experimental programme involved two stages with the intention of evaluating different 211 

factors. In the first stage the main objective was to determine the mixes with coarse recycled 212 

aggregates (CRA) whose performance would not differ from the RC’s performance, in a 213 

series of pre-established properties, beyond given limits. In the second stage the aim was to 214 

evaluate as thoroughly as possible the concrete mixes with maximum CRA incorporation 215 

whose performance still complied with the limits defined in the first stage. 216 

The following compositions with different replacement ratios of coarse natural 217 

aggregates (CNA) by CRA were tested: C12.5C (mix with 12.5% replacement, in 218 

weight of coarse aggregates, of CNA by CRA from crushed concrete - CRCA), C25C, 219 

C50C, C100C, C6.25CM (mix with 6.25% replacement, in weight of coarse aggregates, 220 

of CNA by ceramic masonry plus mortar CRA - CRMMA), C12.5CM, C25CM, 221 

C50CM, C6.25CM12.5C (mix with 6.25% replacement, in weight of coarse aggregates, 222 

of CNA by CRMMA and 12.5% replacement, in weight of coarse aggregates, of CNA 223 

by CRCA), C12.5CM25C and C25CM50C (Figure 1). 224 

The fine aggregates fraction (natural sand) was the same for all the mixes. The 225 



coarse fraction had the same particles size distribution for all aggregate’s types, i.e. 226 

an artificial curve determined using the Faury method that forced the sieving of every 227 

coarse aggregate used. This prevented this factor from interfering with the results. 228 

The effective water/cement ratio was also constant for all the mixes. This was 229 

achieved by pre-saturating all the recycled aggregates (RA), because of their greater 230 

water absorption capacity compared with that of the NA. The amount of extra water 231 

required was determined using a method that allows tracking the progression of the wa-232 

ter within each type of aggregate (Ferreira et al., 2011). 233 

Tests 234 

The aggregates were characterized using the following tests: 235 

• Size distribution- EN 933-1 (1997) and EN 933-2 (1995); 236 

• Bulk density and water absorption - EN 1097-6 (2000); 237 

• Loose bulk density - EN 1097-3 (1998); 238 

• Water absorption over time (only for CRA); 239 

• Volume index - LNEC E223 (1968) (only for coarse aggregates); 240 

• Los Angeles wear - EN 1097-2 (1998). 241 

The tests performed on fresh concrete were as follows: 242 

• Slump test (Abrams cone) - EN 12350-2 (2009); 243 

• Density - EN 12350-6 (2009). 244 

The following tests were performed on hardened concrete: 245 

• Compressive strength at 7, 28 and 56 days - EN 12390-3 (2003); 246 

• Splitting tensile strength - EN 12390-6 (2009); 247 

• Modulus of elasticity at 28 days - LNEC E397 (1993); 248 

• Shrinkage - LNEC E398 (1993). 249 



RESULTS AND DISCUSSION 250 

Properties of aggregates 251 

Table 2 shows the results of the tests on aggregates. The particle bulk density of 252 

CRA is lower than that of CNA. This is basically because the cement paste that adheres 253 

to the latter (concrete paste in the CRCA and coating mortar in the CRMMA) has a 254 

lower density than the stone aggregate. In the case of the CRMMA this situation is ag-255 

gravated by the lower particle bulk density of ceramics and current renders compared 256 

with the stone used as coarse aggregate in concrete. 257 

CRA revealed much higher water absorption than NA. CRCA had a value of 258 

8.49% and CRMMA 16.34%, which is explained by the higher absorption capacity of 259 

the hardened paste adhered to the natural aggregates as well as by the rougher surface of 260 

the CRA. As for the crushed ceramic aggregates, their high porosity is well known and 261 

their elongated shape further enhances their water absorption capacity. 262 

The Los Angeles wear test indicated that there is a higher wear of the CRA than of 263 

the CNA, explained by a lower binding capacity of the cement paste adhered to the natural 264 

aggregates and a lower intrinsic strength of the ceramic part of the CRMMA. The wear 265 

increase over the CNA values was 33% for the CRCA and 130% for the CRMMA, which 266 

clearly confirms that the latter is the least able to be used in structural concrete (Table 2). 267 

As observed for the particle bulk density - and for exactly the same reasons - the loose 268 

bulk density of CRA is lower than that of the CNA. 269 

The volume index test was performed to analyse the shape of the particles and thus 270 

understand its influence on concrete workability. The results showed that the CNA volume 271 

index decreases with the particles size, just as it does for the CRA. Within the CRA, 272 

CRMMA have the higher volume index due to their rougher surface and elongated shape. 273 



Fresh concrete properties 274 

Workability 275 

Workability is one of the properties most affected in RAC due to the higher water 276 

absorption of the RA. In fact RAs tend to absorb part of the mix’s free water, thus reducing 277 

its plasticity. In order to tackle this effect an experimental method was developed (Gomes 278 

and de Brito, 2009) to allow understanding of how the CRAs absorb water over time. Thus 279 

the parcel of water absorbed by the CRA during mixing was determined and it was initially 280 

added to the mix to guarantee the cement’s hydration. This compensation results in the need 281 

to determine two water/binder ratios, the apparent and the effective one. 282 

Results show that the workability of the various mixes remained within the pre-283 

defined slump range of 80 ± 15 mm, measured with the Abrams cone (Table 3). This situ-284 

ation is considered essential for a correct direct comparison of all concrete properties. 285 

Density 286 

The fresh concrete density reflects the bulk density of each of its components and 287 

their degree of compaction. Therefore, and according to the results, the difference in density 288 

between the fresh mixes tends to increase as the difference in bulk density of the aggregates 289 

and the CNA/CRA replacement ratio also increases (Table 4). It is concluded that there is a 290 

linear relationship between fresh concrete density and the CNA/CRA replacement ratio. 291 

Hardened concrete properties 292 

Compressive strength 293 

The compressive strength tests were performed in two stages. First, 6 specimens 294 

per mix type were tested at 28 days and then 3 specimens were tested at 7 days, 5 at 28 295 

days and 2 at 56 days. Results from the first stage are presented in Table 5. 296 

To better perceive the results strength in relation to CRA incorporation, ratio 297 

curves were plotted (Figures 2 to 4). Figure 2 shows there is no significant variation in 298 



compressive strength between the various mixes when the incorporation ratio of CRCA 299 

changes. The same had already been found by Evangelista and de Brito (2007) for fine 300 

recycled concrete aggregates. 301 

However, Figure 3 demonstrates that the compressive strength of the mixes with 302 

CRMMA is strongly affected by their incorporation ratio. 303 

When CRA totally replaces CNA (solely ceramics made from crushed hollow 304 

bricks) de Brito et al. (2005) obtained mechanical strength losses of 45% relative to the 305 

RC. This figure is similar to the theoretical value obtained using the linear regression line 306 

shown in Figure 3. De Brito et al. also found a linear relationship between compressive 307 

strength and the CNA/CRA replacement ratio, which confirms the results of our study. 308 

The mixes in which CRCA and CRMMA were incorporated simultaneously (Figure 309 

4) yielded very interesting results. The compressive strength of these specimens remained 310 

practically constant until the maximum replacement ratio of 75% RA, for mix C25CM50C. 311 

In the second stage of the experimental campaign, besides the RC some RAC 312 

mixes were studied. These were the mixes that had resulted in first stage losses lower 313 

than 15% of the average compressive ultimate stress and with a feasible CRA incorpo-314 

ration rate. The specimens were tested until failure at different ages with the objective 315 

of understanding their behaviour over time and comparing it with that of the RC. 316 

The results of this second stage are summarized in Tables 6 to 8. Comparing the re-317 

sults of the first and second stages clearly shows that there was a general and approximately 318 

constant small decrease in corresponding mixes. This indicates there was an involuntary 319 

change in the mixes’ composition that was the same for all the second stage mixes. This is 320 

linked to a slight improvement in workability (within the pre-defined range) and shows how 321 

important it is to effectively control this property when undertaking comparative studies. 322 

Figure 5 shows how compressive strength develops for the various mixes tested 323 



in the second stage. It is concluded that the strength of RAC tends to develop favoura-324 

bly after 56 days, which contrasts with the strength stagnation exhibited by the RC after 325 

28 days of curing. This indicates that the hydration of cement within the RAC occurs 326 

more slowly than for the RC. 327 

Splitting tensile strength 328 

Results from the three specimens per concrete mix tested are found in Table 9. They 329 

show that the splitting tensile strength of concrete is affected by the nature of the aggregate 330 

surface (which relates to its adhesivity to the cement paste) and its ultimate tensile strength. 331 

These factors explain the lower tensile strength of the RAC with CRMMA compared with 332 

that of the RAC with CRCA, regardless of the incorporation ratio of CRA. 333 

Of the mixes with a mixture of CRA the one with 12.5% CRMMA and 25% 334 

CRCA showed a loss of tensile strength of 17.9% compared with the RC. 335 

The results obtained demonstrate that the tensile strength is not affected by the 336 

replacement of CNA with CRCA for mixes with the same cement content and effective 337 

water/cement ratio. A slight positive effect was even found, caused by the higher sur-338 

face roughness of the CRCA. 339 

The splitting tensile strength of the mixes with CRMMA shows a linear decreas-340 

ing trend as the incorporation ratio increases (Figure 6). De Brito et al. (2005) had simi-341 

lar results when they performed flexural tensile tests on slabs (180 x 400 x 40 mm) 342 

made with RAC containing ceramic aggregates. 343 

Modulus of elasticity 344 

Three cylindrical specimens with a diameter of 150 mm and a height of 300 mm 345 

were produced per concrete mix. They were tested in three cycles of loading until the 346 

difference between the averages of the strain variations of two consecutive cycles was 347 

less than 10 × 10-6. The results obtained per specimen are listed in Table 10. 348 



The modulus of elasticity of the RAC was lower than that of the RC because of 349 

the lower bulk density of the CRA. Thus the incorporation of CRA decreases the struc-350 

tural stiffness of concrete because their strength and bulk density are lower than those of 351 

the CNA. This trend is sharper when CRMMA are used. 352 

For an incorporation of 50% CRCA in weight there is a 10.2% reduction of the 353 

modulus of elasticity. This value corroborates the potential to use RAC in current struc-354 

tural applications. Figure 7 clearly shows that the modulus of elasticity of the RAC with 355 

CRCA changes linearly with the CNA replacement ratio, a similar conclusion to that 356 

reached by Evangelista and de Brito (2007) for fine recycled concrete aggregates. 357 

The maximum incorporation of CRMMA tested (25%) led to a 15.8% fall in the 358 

modulus of elasticity compared with the RC. This indicates that a higher incorporation 359 

ratio should not be used if CRMMA were to be used in structural applications (the limit 360 

of loss of the modulus of elasticity of RAC imposed in the reference literature is 20% 361 

with respect to an RC). Figure 8 shows that the variation of the modulus of elasticity as 362 

a function of the CNA/CRMMA is approximately linear (R2=0.9448). 363 

Of the mixes with a mixture of CRA the one with 12.5% CRMMA and 25% 364 

CRCA showed a loss of modulus of elasticity of 16.2% compared with the RC. This is 365 

very close to the relative loss of tensile strength of the same mix (17.9%). 366 

Shrinkage 367 

Two specimens per concrete mix were tested (in both the first and second stages of 368 

the experimental programme) by being placed in a dry chamber under controlled tempera-369 

ture and humidity. There were some technical problems that led to different relative humidi-370 

ty levels in the two stages (around 55% in the first one and 70% in the second). This pre-371 

cludes direct comparisons between the absolute values from the mixes common to the two 372 

stages. Therefore the analysis was made in relative terms by dividing the results of each 373 



RAC mix by the corresponding values of the RC. Hyperbolic regression curves were used 374 

to smooth the individual measurements, in accordance with Comité Euro-International du 375 

Béton - Model Code 90 (1990). These curves are shown in Figures 9 to 11. 376 

It was found that concrete shrinkage was similar to that of the RC up to a 25% 377 

limit of incorporation of CRCA. But absolute values were considerably higher than for 378 

the RC for the C50C and C100C mixes. Santos et al. (2002) reached the same conclu-379 

sion when analysing the 28-day shrinkage of mixes with 100% of CRCA. 380 

It was also found that for incorporation ratios of CRMMA of 12.5% or less the 381 

RAC shrinkage was lower than that of the RC. For ratios between 12.5% and 50% 382 

shrinkage was still below that of RC in the initial ages. However, the situation was re-383 

versed after 35 days. This can be explained by the release of free water within the 384 

CRMCA pores into the cement paste, thus attenuating autogenous shrinkage, whose 385 

relative importance in overall early-age shrinkage tends to be quite high. This also ex-386 

plains the reversal of the trend after 35 days. De Pauw et al. (1998) and Matias et al. 387 

(2013b) also found that RC has an initial shrinkage higher than that of concrete with 388 

ceramic aggregates and that this trend reversed later on. 389 

Within the mixes containing both CRCA and CRMMA the C6.25CM12.5C mix 390 

shows a shrinkage performance similar to that of the RC after 100 days. On the other hand 391 

the C12.5CM25C and C25CM50C mixes have a similar behaviour, though it is slightly 392 

better in the first. Both mixes had shrinkage levels around 40% higher than the RC. 393 

Figure 12 shows the relative shrinkage coefficients of the RAC mixes tested in the 394 

second stage of the experimental programme. It is clear that the RAC’s shrinkage after 30 395 

days can be estimated based on the RC’s shrinkage. For that one must multiply the RC’s 396 

shrinkage by the approximately constant value of the last stretch of each mix’s curve. 397 



CONCLUSIONS 398 

The mechanical performance of coarse RAC was analysed in this work. In this 399 

study concrete was produced with the two main CDW, artificially made in laboratory. 400 

These mixes intend to simulate very approximately the results that would be obtained 401 

using recycled aggregates from CDW of a real recycling plant. 402 

It is concluded that, both for the incorporation of coarse recycled concrete aggre-403 

gates (CRCA) up to 100% and the simultaneous use of CRCA and coarse recycled ceram-404 

ic masonry and mortar aggregates (CRMMA) up to a joint value of 75% in coarse RAC 405 

production, there is no significant difference in compressive strength. Evangelista and de 406 

Brito (2007) reached the same conclusion with fine recycled concrete aggregates. Howev-407 

er the incorporation of CRMMA alone leads to a reduction in compressive strength right 408 

from the start of the replacement. De Brito et al. (2005) also found a 45% reduction of 409 

concrete compressive strength with 100% coarse ceramic aggregates relative to RC. 410 

Splitting tensile strength was unaffected by the incorporation of CRCA in the mix. 411 

The results were similar to those for compressive strength. For the mixes with CRMMA a 412 

linear trend of loss of ultimate tensile stress was found to be related to the ratio of 413 

CRMMA in the mix. De Brito et al. (2005) had similar results when they performed flex-414 

ural tensile tests on slabs made with RAC containing ceramic aggregates. Mixes contain-415 

ing both CRCA and CRMMA showed a drop in splitting tensile strength of 20% for an 416 

overall replacement ratio of 37.5% (volumetric proportion of 1 CRMMA: 2 CRCA). 417 

The coarse RAC mixes showed a linear decrease of their modulus of elasticity 418 

that was related to the replacement ratio of coarse natural aggregates (CNA) with coarse 419 

recycled aggregates (CRA). Evangelista and de Brito (2007) reached the same conclu-420 

sion when using fine recycled concrete aggregates. This was due mostly to the lesser 421 

compacity of CRA, which is linked to hardened cement paste adhering to the original 422 



CNA (both this paste and the mortar are more deformable than stone). This effect is 423 

even more pronounced for CRMMA because the ceramics have lower density than 424 

stone. The maximum decrease in the modulus of elasticity (-22.2%) in the mixes with 425 

50% of CRMMA was similar to that observed in the tensile strength (-20.1%). 426 

Concrete shrinkage was greatly affected by the incorporation of CRA, albeit to 427 

different degrees, depending on the nature and overall percentage incorporation in the 428 

mix. The mixes with up to 25% CRCA showed no significant differences in shrinkage 429 

from that of the reference concrete (RC), i.e. without CRA. The difference was practi-430 

cally constant at around 30% for percentages of 50% and 100%. Santos et al. (2002) 431 

found a similar increase when using 100% of CRCA. 432 

The corresponding mixes had lower shrinkage than the RC up to CNA/CRMMA 433 

replacement ratios of 25%. This can be explained by the lower autogenous shrinkage of 434 

these mixes (because of free water accumulated in the CRMMA pores) in the early ag-435 

es, with direct influence on the long-term shrinkage performance. 436 

Mixes with simultaneous incorporation of CRCA and CRMMA showed a long-437 

term performance similar to that of the RC until a total replacement ratio of 18.75% 438 

(mix C6.25CM15.5C), with lower values in the early ages. Compared with the RC, the 439 

shrinkage increment tends to reach around 50% for higher replacement ratios. 440 

The conclusions drawn in this research increase existing knowledge on the per-441 

formance of concrete with two types of CDW recycled aggregates. It is expected that 442 

the use of CDW in concrete production will significantly increase. This research would 443 

clearly benefit from the study of concrete with recycled aggregates coming from actual 444 

CDW recycling firms and/or plants. 445 
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 537 

Figure 1. Concrete mixes’ composition 538 

Figure 2. Average concrete ultimate compressive stress as a function of CRCA incorporation ratio 539 

Figure 3. Average concrete ultimate compressive stress as a function of CRMMA in-corporation ratio 540 

Figure 4. Average concrete ultimate compressive stress as a function of CRCA and CRMMA simultane-541 

ous incorporation ratio 542 

Figure 5. Concrete compressive strength evolution in the second testing stage 543 

Figure 6. Linear regression of concrete splitting tensile strength as a function of CRM-MA incorporation 544 

ratio 545 

Figure 7. Linear regression of concrete modulus of elasticity as a function of CRCA incorporation ratio 546 

Figure 8. Linear regression of concrete modulus of elasticity as a function of CRMMA incorporation ratio 547 

Figure 9. Shrinkage evolution of the concrete mixes with incorporation of CRCA in the first testing stage 548 

Figure 10. Shrinkage evolution of the concrete mixes with incorporation of CRMMA in the first testing 549 

stage 550 

Figure 11. Shrinkage evolution of the concrete mixes with simultaneous incorporation of CRCA and 551 

CRMMA in the first testing stage 552 

Figure 12. Relative shrinkage coefficients (coarse RAC compared with RC) in the second testing stage 553 
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 556 

Table 1. CDW production in the EU by country (data from (Muthmann, 2006)) 557 

Table 2. Tests on aggregates 558 

Table 3. (w/c)ef ratio and slump values for all concrete mixes 559 

Table 4. Concrete bulk density 560 

Table 5. Concrete 28 days compressive strength in the first testing stage 561 
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Table 7. Concrete 28 days compressive strength in the second testing stage 563 
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Table 10. Concrete 28 days modulus of elasticity 566 

567 



Table 1 568 

Country 
Average CDW 

production (1000 
tonnes) 

Average annual 
growth 

Time scale 
Population in 

2005 (millions of 
inhabitants) 

Per capita 
production 
(kg/person) 

Belgium 6 559 n/a 1994 10.4 631 
Denmark 2 787 6.05% 1992-2000 5.4 516 
Germany 238 580 2.07% 1996-2000 82.5 2 892 
Greece 1 898 3.90% 1996-2000 11.1 171 
Spain 22 000 n/a 1991 43.0 512 
France 24 300 -0.05% 1991-1997 59.9 406 
Ireland 2 012 27.19% 1995-1998 4.1 491 
Italy 26 226 -4.20% 1991-1999 58.5 448 

Luxembourg 4 359 42.16% 1997-1999 0.5 8 717 
Netherlands 15 604 4.33% 1990-2001 16.3 957 

Austria 27 500 n/a 1999 8.2 3 354 
Finland 33 545 4.12% 1997-1999 5.2 6 451 

United Kingdom 70 625 0.39% 1990-1999 60.0 1 177 
Norway 1 840 -3.74% 1990-2000 4.6 400 

Switzerland 6 393 n/a 1998 7.5 852 
Cyprus 555 -2.34% 1990-1999 0.7 793 

Czech Republic 8 486 16.55% 1998-2001 10.2 832 
Estonia 294 16.08% 1995-2000 1.3 226 
Latvia 39 n/a 2001 2.3 17 

Lithuania 231 10.00% 2000-2001 3.4 68 
Malta 970 -2.29% 1990-2001 0.4 2 424 
Poland 668 2.94% 1998-2001 38.2 17 

Romania 623 27.68% 1995-2000 21.7 29 
Slovakia 477 -6.80% 1998-2000 5.4 88 
Slovenia 427 35.64% 1995-2001 2.0 213 
Croatia 290 n/a 2000 4.4 66 
Total 497 285 - - 467.2 1 064 
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Table 2 571 
Aggregate Fine sand Coarse sand Gravel 1 Gravel 2 CRCA CRMMA 

Dry-oven particles bulk density 
(kg/dm3) 

- - 2.57 2.55 2.45 2.16 

Saturated surface dry particles 
bulk density (kg/dm3) 

- - 2.59 2.57 2.53 2.30 

Water absorption (%) - - 2.21 2.29 8.49 16.34 
Loose bulk density (kg/dm3) 1.41 1.50 1.53 1.53 1.30 1.20 

Los Angeles wear (%) - - 28.52 28.52 37.96 65.47 
Volume index - - 0.95-0.96 0.98-1.05 0.77-0.81 0.92-1.22 
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Table 3 574 
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(w/c)apparent 0.43 0.44 0.44 0.45 0.48 0.44 0.45 0.48 0.53 0.45 0.47 0.49 
(w/c)effective 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 

Slump (mm) 85 95 72 92 80 82 80 81 78 92 97 91 
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Table 4 577 
Concrete mix Density (kg/m3) 

RC 2366.3 
C6.25CM12.5C 2352.3 
C12.5CM25C 2342.3 
C25CM50C 2307.3 

C100C 2246.3 
C50C 2350.9 
C25C 2358.9 

C12.5C 2364.9 
C50CM 2224.9 
C25CM 2330.9 

C12.5CM 2302.0 
C6.25CM 2394.0 

 578 
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Table 5 580 
Concrete mix fc (MPa) fcm (MPa) 

RC 47.38 47.64 44.52 52.16 48.13 43.8 47.27 
C12.5C 43.14 46.67 47.87 47.73 46.93 47.24 46.60 
C25C 46.62 * 45.07 45.33 46.00 46.27 45.86 
C50C 49.86 50.50 51.30 47.37 51.60 48.13 49.79 

C100C 48.49 50.98 47.07 51.20 50.27 * 49.60 
C6.25CM 47.56 48.76 47.11 49.51 46.40 48.71 48.01 
C12.5CM 43.12 45.36 44.35 43.04 * 44.46 44.07 
C25CM 46.67 47.60 41.01 44.76 43.87 44.78 44.78 
C50CM 34.16 35.50 37.95 35.99 38.87 34.27 36.12 

C6.25CM12.5C 46.76 44.65 47.57 46.61 46.40 45.76 46.29 
C12.5CM25C 35.42* 44.98 47.60 44.76 42.52 33.34* 44.96 
C25CM50C 44.15 47.38 45.02 45.16 43.88 49.29 45.81 

* - Readings ignored due to anomalous failure modes. 581 
582 



Table 6 583 
 RC C12.5CM25C C25CM C50C 

F (kN) 
845.1 954.8 801.3 1110 
847.3 906.2 820.6 978.1 
847.8 918.7 843.2 1025 

fc (MPa) 
37.56 42.44 35.61 43.17 
37.66 40.28 36.47 38.04 
37.68 40.83 37.48 39.86 

fcm (MPa) 37.63 40.36 36.52 41.18 
584 



Table 7 585 
 RC C12.5CM25C C25CM C50C 

F (kN) 

955.7 1035 848.6 1213 
943.2 982.1 881.3 1242 
1014 1077 988.8 1181 
991.0 1087 931.2 1204 
990.3 1054 994.6 1154 

fc (MPa) 

47.17 46.00 37.72 47.17 
48.30 43.65 39.17 48.30 
45.93 47.87 43.95 45.93 
46.82 48.31 41.39 46.82 
44.88 46.84 44.20 44.88 

fcm (MPa) 43.50 46.53 41.28 46.62 
 586 
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Table 8 588 

 RC C12.5CM25C C25CM C50C 

F (kN) 
969 1113 1045 1218 

1047 1107 974 1239 

fc (MPa) 
43.07 49.47 46.44 51.43 
46.53 49.20 43.30 52.31 

fcm (MPa) 44.80 49.33 44.87 51.87 
 589 
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Table 9 591 
Concrete mix Specimen 1 Specimen 2 Specimen 3 Average (MPa) D (%) 

RC 3.41 3.13 3.13 3.23 - 
C50C 3.79 2.87 3.03 3.23 0.2 

C25CM 3.07 3.07 2.89 3.01 -6.6 
C12.5CM25C 2.62 3.05 2.28 2.65 -17.9 

C100C 3.50 3.05 2.70 3.08 -4.5 
C50CM 2.58 2.55 2.61 2.58 -20.1 
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Table 10 594 
Concrete mix Specimen 1 Specimen 2 Specimen 3 Average (GPa) D (%) 

RC 43.5 38.7 40.5 40.9 - 
C50C 35.8 37.9 36.5 36.7 -10.2 

C25CM 40.2 30.0 33.2 34.5 -15.8 
C12.5CM25C 34.2 35.5 33.1 34.3 -16.2 

C100C 30.2 27.1 28.5 28.6 -30.0 
C50CM 29.7 32.4 33.0 31.7 -22.2 

 595 
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