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1. INTRODUCTION 

The awareness of the general population to the limits of space and natural resources of the Planet is 

raising an increasing concern with the maintenance of these resources for the future generations. One 

of the sectors with greater responsibility in the consumption of natural resources and generation of waste 

is the construction industry. Construction and demolition waste (CDW) represents a large percentage 

of the total amount of waste produced in the European Union (from 25% to 30% (EC, 2017)). In the next 

few years, with the increase of demolitions and rehabilitations and the decrease of new constructions, 

the production of CDW will certainly rise. 

Nowadays, in the search for a sustainable construction and in response to the high levels of CDW 

production, the adoption, by this sector, of new practices and processes that reduce the negative im-

pacts on the environment has been encouraged at a global level. 

Within CDW, concrete is one of the most frequent materials (Mália et al. (2011)), so the focus should be 

on its great potential of recycling. One of the ways of using concrete waste is by the demolition and 

crushing of its elements for later use as aggregates in the design of new concrete. This enables signifi-

cantly reducing the amount of natural resources to be used, as well the amount of resources to be 

deposited in landfills. With the scarcity and increased cost of purchasing and landfilling some raw ma-

terials, the search for recycled materials will certainly increase (Pinheiro, 2003). 

Many investigations about the properties of coarse recycled concrete aggregates (CRCA) and the me-

chanical behaviour of recycled aggregate concrete (RAC) have been conducted, including some per-

formed at Instituto Superior Técnico, but much fewer about the properties of CRCA from different cycles 

of recycling and the mechanical behaviour of multiple recycling RAC. 

Following this line of reasoning, this Master’s dissertation intends to contribute to the increase of 

knowledge about the properties of CRCA from different cycles of recycling and of controlled origin and 

the mechanical performance of the multiple recycling RAC made with them, through an experimental 

campaign. The CRCA used came from three successive recycling cycles at two replacement ratios, 

25% and 100%, and the resulting mixes were compared with a reference concrete (RC), a mix with the 

same composition but where all aggregates are natural. 

Generally, the quality of the CRCA is lower than that of the natural aggregates (NA), as a consequence 

of the mortar adhered to original aggregates. An increase of the quantity of mortar adhered to NA is 

expected with the number of recycling cycles, which will stabilize at some point. In other words, as the 

number of recycling cycles increases a decrease of CRCA quality is predictable, affecting the mechan-

ical performance of the RAC, tending towards a final value representative of the property’s stabilization. 

With the results of this study, it was possible to prove beyond reasonable doubt that the mechanical 

performance decreases asymptotically with the increasing number of recycling cycles and linearly with 

the increase of the incorporation ratio of CRCA. Thus, the research is a contribution to a wider use of 
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multiple recycled CRCA, in as much as, by knowing the final value, concrete with incorporation of CRCA 

from any cycle of recycling can be designed for the most diverse applications with a good safety level, 

resulting in a decrease of the environmental impacts associated to construction practices. 

 

2. EXPERIMENTAL CAMPAIGN 

2.1. Materials 

The fine natural aggregate used in all mixes was silica sand, in two size fractions: fine sand (0-2 mm) 

and coarse sand (0-4 mm). Three types of limestone coarse natural aggregates (CNA) were used: fine 

gravel (4-8 mm), medium gravel (5.6-11.2 mm) and coarse gravel (11.2-22.4 mm). The CRCA came 

from crushed elements of concrete of controlled origin (concrete produced at the laboratory, designed 

with the same composition as the test mixes). The maximum aggregates’ size was 22.4 mm. Type I 

cement of class 42.5 R and tap water were used. 

 

2.2. Concrete’s composition 

In the experimental campaign of this investigation a total of 7 concrete mixes were formulated. All of 

them were based on the same composition, i.e. the constituent’s contents were maintained, as well as 

the aggregates’ size distribution. 

The concrete has a conventional composition, with no admixtures or mineral additions. It was formulated 

according to the procedures in NP EN 206-1 (2007) and LNEC E 464 (2007), using Faury’s method. 

With the intent of eliminating any differences in size distribution between the mixes, all the CNA and 

CRCA were sieved and separated by size fraction. Only the grading curves of the sands (fine NA) were 

used and best fitted to the Faury’s reference curve. The mixes’ slump was kept constant, in order to 

have mixes with the same type of use, and therefore more properly compared in terms of properties. A 

target slump range of 125 ± 15 mm was thus defined. 

To keep the RAC’s slump and the effective w/c ratio constant, the mixing water compensation method 

was used, which consists of providing an extra amount of water equivalent to the absorption of the 

CRCA during mixing, as suggested by Ferreira (2007). 

In the first experimental stage, in order to obtain the CRCA, three source concrete mixes were produced: 

CO1: concrete produced with CNA, which originated CRCA of the first cycle of recycling (CRCA1); CO2: 

concrete produced with CRCA1, which originated CRCA of the second cycle of recycling (CRCA2) and 

CO3: concrete produced with CRCA2, which originated CRCA3 of the third cycle of recycling (CRCA3). 

The volume of CO1, CO2 and CO3 was defined considering the quantity needs of CRCA (CRCA1, 

CRCA2 and CRCA3, respectively) required to perform the second experimental stage. 

The second experimental stage corresponded to the production of the test mixes: RC: concrete pro-

duced with CNA; RAC1: concrete produced with CRCA1; RAC125: concrete produced with the incor-

poration of 25% of CRCA1; RAC2: concrete produced with CRCA2; RAC225: concrete produced with 

the incorporation of 25% of CRCA2; RAC3: concrete produced with CRCA3 and RAC325: concrete 

produced with the incorporation of 25% CRCA3. RC and CO1 has the same composition, as well as 

RAC1 and CO2, and RAC2 and CO3. In this experimental stage, 90 liters of concrete were cast in each 

case, in order to fill all the necessary test specimens. 
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The replacement of the aggregates was made in terms of volume, resulting in a lower mass of the 

incorporated CRCA relative to the CNA. This mass reduction increased with the cycle of recycling where 

CRCA were (decrease of the density of the particles with the increase of the recycling cycles). 

The composition of all the mixes is presented in Table 1. 

Table 1 - Composition of the concrete mixes 

Components 
Components mass (kg) 

CO1 CO2 CO3 RC RAC1 RAC125 RAC2 RAC225 RAC3 RAC325 

CNA 

4-5.6 mm 29.9 - - 8.8 - 6.6 - 6.6 - 6.6 
5.6-8 mm 33.0 - - 9.7 - 7.3 - 7.3 - 7.3 

8-11.2 mm 35.7 - - 10.4 - 7.8 - 7.8 - 7.8 
11.2-16 mm 100.7 - - 29.5 - 22.1 - 22.1 - 22.1 
16-22.4 mm 100.7 - - 29.5 - 22.1 - 22.1 - 22.1 

CRCA 

4-5.6 mm  16.7 7.4  7.8 2.0 7.3 1.8 7.2 1.8 
5.6-8 mm  18.5 8.1  8.6 2.2 8.1 2.0 7.9 2.0 

8-11.2 mm  19.9 8.8  9.3 2.3 8.7 2.2 8.5 2.1 
11.2-16 mm  56.3 24.8  26.3 6.6 24.7 6.2 24.1 6.0 
16-22.4 mm  56.3 24.8  26.3 6.6 24.7 6.2 24.1 6.0 

Fine sand 77.1 48.2 22.7 22.6 22.6 22.6 22.6 22.6 22.6 22.6 
Coarse sand 145.3 91.0 42.8 42.5 42.5 42.5 42.5 42.5 42.5 42.5 

Cement 107.6 67.4 31.7 31.5 31.5 31.5 31.5 31.5 31.5 31.5 
Water 59.5 37.3 17.5 17.4 17.4 17.4 17.4 17.4 17.4 17.4 

Water compensation - 7.8 4.4 - 3.6 0.91 4.4 1.1 5.0 1.2 
Effective w/c ratio 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 
Apparent w/c ratio 0.55 0.67 0.69 0.55 0.67 0.58 0.69 0.59 0.71 0.59 

 

2.3. Tests 

To formulate the concrete composition using Faury’s method, the fine NA were subjected to the size 

grading test (NP EN 933-1 (2000)). Since the concrete properties are strongly conditioned by the fea-

tures of the aggregates used in its formulation, the CNA and CRCA used in the various concrete mixes 

were the object of various standardized tests: particles density and water absorption - NP EN 1097-6 

(2003); bulk density - NP EN 1097-3 (2003); Los Angeles wear - NP EN 1097-2 (2000); shape index - 

NP EN 933-4 (2002) and water absorption for 24 hours - method described by Leite (2001). 

In the first and second experimental stages, the fresh-state concrete tests, workability and density, fol-

lowed the procedures in NP EN 12350-2 (2009) and NP EN 12350-6 (2009), respectively. 

In the hardened state, at the first experimental stage, a quality control of the source concrete mixes 

(CO1, CO2 and CO3) took place, through a compressive strength test at 28 days. 

The third experimental stage concerned the characterization of the mechanical performance of the test 

mixes (RC, RAC1, RAC125, RAC2, RAC225, RAC3 and RAC325), which were subjected to the tests 

listed in Table 2. 

Due to a technical problem in the laboratory, in the abrasion resistance test the age of 112 days corre-

sponds to 91 days of wet chamber curing and 21 days of laboratory conditions curing. 

Table 2 - Tests of hardened concrete (laboratory of construction)  

Test Standard Age (days) Number of specimens Shape and size (mm) 

Compressive strength NP EN 12390-3 (2003) 
7 3 

Cubes, 150 28 3 
56 3 

Splitting tensile strength NP EN 12390-6 (2003) 28 2 Cylinders, Φ150 x 300 
Modulus of elasticity LNEC E 397 (1993) 28 2 Cylinders, Φ150 x 300 
Abrasion resistance DIN 52108 (2002) 112 3 Cubes, 100 
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3. RESULTS AND DISCUSSION 

3.1. Aggregates proprieties 

Being the major constituents of concrete in terms of weight and volume, aggregates have influence on 

its fresh and hardened state properties. Therefore, knowing their properties is extremely important to 

allow a better characterization of the mixes in which they are incorporated (Table 3). 

Table 3 - Properties of the coarse aggregates 

Property CNA CRCA1 CRCA2 CRCA3 Final value R2 

Density (kg/m3) 

Waterproof material 2668.4 2668.1 2629.9 2672.2 - - 

Dry 2593.0 2319.3 2175.0 2124.8 2065.4 ± 22.5 0,999 

Saturated surface dry 2621.3 2450.0 2348.0 2329.7 2291.7 ± 33.7 0,995 

Bulk density (kg/m3) 1355.1 1132.2 1034.4 990.1 955.7 ± 1.2 1.000 
Water absorption, 24 h (%) 1.1 5.6 8.0 9.6 11.6 ± 0.7 0.999 

Los Angeles wear (%) 27.9 38.8 41.1 40.9 41.2 ± 0.4 0.998 

Shape index (%) 
Fine gravel 17 

18 19 18 - - Medium gravel 20 
Coarse gravel 18 

 

The results show that, as expected, the CNA have a lower quality than the CRCA and that it decreases 

as the number of cycles of recycling increases. This is mainly due to the increase of the amount of 

mortar adhered to the CNA with the number cycles of recycling (Figures 1 to 4). 

 
However, from cycle to cycle, this increment of cement paste becomes smaller. Analyzing these values 

using an exponential asymptotic nonlinear regression model (EAM) it was possible to identify, with ex-

cellent correlation values (R2 ≈ 1) and for almost all properties, an asymptotic decrease of the quality of 

the CRCA that tended towards a final value. Contrary to what happened in the case of: dry density 

(Figure 5); saturated surface dry density (Figure 6); bulk density (Figure 7); water absorption (Figure 8) 

and Los Angeles wear (Figure 9), the shape index and waterproof material density presented values 

that suggested a stabilization of the property as the cycles of recycling increased. 

 
Figure 1 - CNA 

 
Figure 2 - CRCA1 

 
Figure 3 - CRCA2 

 
Figure 4 - CRCA3 
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Figure 5 - Evolution of dry den-
sity with the cycles of recycling 

 
Figure 6 - Evolution of satu-

rated surface dry density with 
the cycles of recycling 

 
Figure 7 - Evolution of bulk 

density with the cycles of recy-
cling 

 

 
Figure 8 - Evolution of water absorption with 

the cycles of recycling 

 
Figure 9 - Evolution of Los Angeles wear with 

the cycles of recycling 
 

Concerning the absorption of water over 24 hours, it was found that the CRCA from the different cycles 

of recycling presented a significantly different evolution during the first 30 minutes (CRCA1 absorbs 

water faster than CRCA2 and CRCA2 faster than CRCA3), but very similar after this period (Figure 10). 

 

Figure 10 - Evolution over time of the water absorption of the different CRCA 

 

3.2. Fresh concrete proprieties 

As stated, the workability of the concrete mixes under analysis was fixed a priori, i.e. in their design, to 

make a more balanced comparison between them. All mixes were to have a slump in the 125 ± 15 mm 

range (Table 4); mixes failing to comply with this were rejected and corrected. 

Table 4 - Density and slump of the concrete mixes 

Concrete mix Density (kg/m3) Slump (mm) 

RC 2413.8 124.5 
RAC1 2319.3 126.0 

RAC125 2385.3 126.0 
RAC2 2279.8 121.0 

RAC225 2383.8 119.5 
RAC3 2264.8 128.5 

RAC325 2375.8 120.0 
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The density of the RAC is lower than that of the RC and it decreases asymptotically with the number of 

cycles of recycling (Figure 11) and linearly with the incorporation ratio of CRCA (Figure 12). The density 

of fresh concrete depends directly on the density of its elements; as the CRCA have lower density than 

their counterparts (CNA), due to the mortar adhered to them, the results obtained are as expected. 

 

3.3. Hardened concrete mechanical proprieties 

3.3.1. Compressive strength 

The compressive strength of the mixes is presented in Table 5. 

Table 5 - Compressive strength 

Compressive strength (MPa) 

Concrete 7 days DRC (%) 28 days DRC (%) 56 days DRC (%) 

RC 46.2 - 55.9 - 63.8 - 
RAC1 44.0 -4.8 54.1 -3.2 59.0 -7.5 

RAC125 47.6 3.0 59.7 6.8 65.0 1.9 
RAC2 43.3 -6.3 53.3 -4.7 57.6 -9.7 

RAC225 47.0 1.7 55.9 0.0 60.7 -4.9 
RAC3 40.3 -12.8 48.6 -13.1 56.2 -11.9 

RAC325 45.2 -2.1 55.9 0.0 62.7 -1.7 

 

For the mixes with CNA with CRCA replacement ratio of 100% (RC, RAC1, RAC2 and RAC3), the 

compressive strength decreases, for all ages, with the number of cycles of recycling. This reduction of 

the compressive strength with the cycles of recycling presents, as shown in Figure 13, an approximately 

linear trend for the curing ages of 7 and 28 days (very good correlation coefficients were obtained: R2 = 

0.8863 and R2 = 0.8941, respectively) and an asymptotic trend (as expected for all ages) for the age of 

curing of 56 days (R2 = 0.99695). This change in the trend of the compressive strength with the cycles 

of recycling of the aggregates depending on the curing age is explained by the fact that, over time, the 

RC increases in mechanical strength faster than the RAC, which increases in strength more gradually. 

As for RAC with incorporation of 25% of CRCA (RAC125, RAC225 and RAC325), it is concluded that 

the compressive strength is, in all cases, similar to that of RC, showing slight variations. However, for 

the same curing age and an increasing number of cycles of recycling of the incorporated CRCA, a slight 

decrease in their value is identified (Figure 14). 

 
Figure 11- Evolution of the density of concrete 
in the fresh state with the cycles of recycling 

 
Figure 12 - Relation of the density of concrete 
in the fresh state, for each cycle of recycling, 
with the CNA with CRCA replacement ratio 
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Figure 13 - Variation of the compressive 

strength of mixes with 100% incorporation of 
CRCA with the cycles of recycling 

 
Figure 14 - Variation of the compressive 

strength of mixes with 25% incorporation of 
CRCA with the cycles of recycling 

 
The compressive strength decreases linearly with the increase of CNA replacement ratio by CRCA. As 

for the case of concretes with incorporation of 100% of CRCA, this behavior becomes more obvious 

(increase in the value of R2) with the increase of the curing days (Figure 15). 

 

Figure 15 - Variation of the compressive strength with the incorporation ratio of CRCA, for dif-
ferent curing ages 

 
3.3.2. Splitting tensile strength 

The splitting tensile strength of all mixes is presented in Table 6. For the mixes with an incorporation 

ratio of 100% of CRCA, there is a marked decrease in tensile strength from RC to RAC1 (from 4.18 MPa 

to 3.80 MPa) and less significant from RAC1 to RAC2 and from RAC2 to RAC3 (from 3.80 MPa to 3.70 

MPa and from 3.70 MPa to 3.55 MPa, respectively). Applying the EAM to this case, the existence of a 

horizontal asymptote (corresponding to the range of 3.10 MPa to 3.65 MPa) is, with an excellent corre-

lation coefficient (R2 = 0.97709), verified (Figure 16). 

Table 6 - Splitting tensile strength 

Concrete 
Splitting tensile 
strength (MPa) 

DRC (%) 

RC 4.2 - 
RAC1 3.8 -9.1 

RAC125 4.0 -4.2 
RAC2 3.7 -11.4 

RAC225 3.7 -11.4 
RAC3 3.6 -15.1 

RAC325 3.4 -18.6 
 

 
Figure 16 - Variation of the splitting tensile 

strength of mixes with 100% incorporation of 
CRCA with the recycling cycles 

 



8 
 

As the value of the third cycle of recycling lies within the range of the horizontal asymptote (3.10 MPa < 

3.55 MPa < 3.65 MPa), one can say that the property has stabilized at this cycle of recycling. For the 

mixes with CNA with CRCA replacement ratio of 25%, it is found, contrary to what is expected (asymp-

totic trend), that there is a strong relation between the tensile strength and the number of cycles of 

recycling, where the decrease of the first with the increase of the second is approximately linear (R2 = 

0.9878) (Figure 17). 

 

Except for the first recycling cycle, the tensile strength of concrete with an incorporation ratio of CRCA 

of 25% is equal to or less than that of 100%. For the first cycle of recycling, the resistance decreases 

approximately linearly (R2 = 0.9231) with the increase of CRCA incorporation ratio, but for the second 

and the third cycles of recycling no trend was found (Figure 18). 

 

3.3.3. Abrasion resistance 

Table 7 clearly shows that the abrasion resistance decreases with the incorporation of CRCA in con-

crete. In other words, higher wear values were obtained in the RAC than in the RC. In mixes with a 

100% CRCA incorporation ratio, a significant increase in abrasion wear from RC to RAC1 (26.16%) is 

observed, but it appears to stabilize after the first cycle of recycling (R2 = 0.9998) (Figure 19). 

Table 7 - Abrasion wear 

Concrete Abrasion wear (mm) DRC (%) 

RC 2.37 - 
RAC1 2.99 26.16 

RAC125 2.70 13.92 
RAC2 3.00 26.58 

RAC225 2.70 13.92 
RAC3 3.01 27.00 

RAC325 3.05 28.69 
 

 
Figure 19 - Variation of the abrasion wear of 
mixes with 100% incorporation of CRCA with 

the recycling cycles 
 
For mixes with CNA with CRCA replacement ratio of 25%, there is, opposed to the expected (asymptotic 

decrease), a linear decrease (R2 = 0.8996) in abrasion resistance with the number of cycles of recycling 

(Figure 20). It should be noted that this decrease in abrasion resistance appears to stabilize at the first 

and second cycles but decreases abruptly in the third recycling cycle, which leads to the suspicion that 

the wear values of RAC325 may result from an experimental error. Therefore, the asymptotic model 

may still be the one that best represents this evolution. 

 
Figure 17 - Variation of the splitting tensile 

strength with 25% incorporation of CRCA with 
the recycling cycles 

 
Figure 18 - Variation of the splitting tensile 

strength with the incorporation ratio of CRCA, 
for different curing ages 
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The variation of abrasion wear with the incorporation ratio of CRCA showed, except for the third cycle 

(due to the value obtained for RAC325), a linear relationship. In the first and second recycling cycles 

(R2 = 0.9021 and R2 = 0.9078, respectively), an approximately linear increase in abrasion wear was 

observed as the CRCA incorporation ratio increased (Figure 21). 

 
3.3.4. Modulus of elasticity 

As expected, the modulus of elasticity was lower in the RAC, proportionally to the replacement ratio of 

CNA with CRCA (Table 8). For the mixes with 100% incorporation ratio of CRCA, there is a marked 

decrease in the value of modulus of elasticity from RC to RAC1 (-24.0%), lower from RAC1 to RAC2 (-

11.3%) and a practically negligible increase from RAC2 to RAC3 (+0.33%), suggesting the stabilization 

of the property after the second recycling cycle. Through the EAM it was possible to confirm this stabi-

lization (R2 = 0.99636) (Figure 22). 

Table 8 - Modulus of elasticity 

Concrete 
Modulus of 

elasticity (GPa) 
DRC (%) 

RC 45.4 - 
RAC1 34.5 -24.0 

RAC125 41.2 -9.2 
RAC2 30.6 -32.7 

RAC225 41.0 -9.7 
RAC3 30.7 -32.3 

RAC325 39.5 -13.0 
 

 
Figure 22 - Variation of the modulus of elastic-
ity of mixes with 100% incorporation of CRCA 

with the recycling cycles 
 
Mixes with a replacement ratio of CNA with CRCA of 25% have a very similar trend to the previous 

ones. The property stabilized after the third recycling cycle (R2 = 0.96337) (Figure 23). Finally, it was 

found that the modulus of elasticity decreases, for all recycling cycles, linearly with the CRCA incorpo-

ration ratio (Figure 24). For the first cycle of recycling, as for the second and third ones, excellent corre-

lation coefficients were obtained (R2 = 0.9779, R2 = 0.9976 and R2 = 0.9722, respectively). 

 
Figure 20 - Variation of the abrasion wear of 
mixes with 25% incorporation of CRCA with 

the recycling cycles 

 
Figure 21 - Variation of the abrasion wear 

with the incorporation ratio of CRAC, for dif-
ferent curing ages 
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Figure 23 - Variation of the modulus of elastic-
ity of mixes with 25% incorporation of CRCA 

with the recycling cycles 

 
Figure 24 - Variation of the modulus of elastic-
ity with the incorporation ratio of CRCA, for dif-

ferent curing ages 
 

4. CONCLUSION 

This investigation allowed the identification of the behaviour presented by the properties (density, bulk 

density, water absorption, Los Angeles wear and shape index) of CRCA and the mechanical properties 

(compressive strength, splitting tensile strength, abrasion resistance and modulus of elasticity) of con-

crete produced with their incorporation, as the number of recycling cycles of CRCA increases. 

The results prove that with the increase of the number of cycles of recycling of the CRCA, there is a 

decrease of their quality that affects the mechanical performance of concrete (except for the shape 

index, that remained practically unchanged, for all the properties, an asymptotic decrease of quality with 

the number of the cycles of recycling was found). That mechanical performance tends to a final value 

representative of the property´s stabilization, and changes linearly with the CRCA incorporation ratio. 

It is concluded that, by knowing the final value, concrete with incorporation of CRCA from any cycle of 

recycling can be designed for the most diverse applications with a good safety level. 

The present dissertation, constituting an experimental exploratory study, allowed not only to deepen the 

knowledge about the properties of CRCA1 and concrete produced with their incorporation (RAC and 

RAC125), reinforcing work carried out in recent years by various researchers and institutions, but also 

to obtain innovative knowledge regarding the properties of CRCA from multiple cycles of recycling 

(CRCA2 and CRCA3) and the mechanical performance of concrete produced with their incorporation 

(RAC2, RAC225, RAC3 and RAC325). 
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