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Abstract The main objective of this experimental work is

to analyse the effect of recycled aggregates (RA), on the

basis of the study of the various qualities, of the physical,

mechanical and durability properties of high performance

concrete (HPC). Five types of recycled aggregates: three

coarse RA sourced from parent concretes of 100, 60 and

40 MPa, as well as one coarse mixed recycled aggregate

and one fine ceramic waste aggregate were used as

replacement for natural aggregates (NA). Two types of

coarse NA and two types of river sands were employed for

concrete production. On the basis of the findings of our

research it was determined that the reduction in quality and

the increase in the amount of RA substitution produced a

decline in the properties of HPC. According to our analysis

of the mechanical properties, a 100 % replacement of

coarse NA for recycled concrete aggregates can be

employed, providing the RA has been sourced from a

60 MPa minimum-strength concrete. Nevertheless, dura-

bility behaviour was greatly influenced by the use of RA,

and consequently replacement ratios of high quality RA

should be reduced to 50 % to achieve similar behaviour

patterns to those of NA concrete. Moreover, severe

reductions of RA qualities (sourced from 40 MPa strength

concretes or mixed waste) only permitted 20 % replace-

ment ratios on HPC production. However, those concretes

containing fine ceramic RA (up to 30 %) reached higher

compressive strength, higher chloride-ion penetration

resistance and higher improvements of durability proper-

ties at longer ages than those concretes produced using NA

concrete.

Keywords High performance concrete � Construction and

demolition waste � Recycled concrete aggregate � Ceramic

waste aggregates � Mixed recycled aggregates

Introduction

High performance concrete (HPC) is designed to have

better mechanical properties and higher workability and

resistance to aggressive chemicals than traditional concrete

[1]. Certain demolition waste materials have been suc-

cessfully used in the manufacture of conventional concrete,

and even in HPC.

The suitability of recycled concrete aggregate (RCA) for

use in different applications with a low or moderate degree

of requirement has been extensively tested and proved by

many authors [2–13]. Taking into consideration the prop-

erties of RCA in concrete production, both the dosage

method and substitution rates of the natural aggregate were

established in order to achieve adequate fresh and hardened

properties, comparable to those of natural aggregate con-

crete (NAC).

Ceramic waste also represents an important amount of

the construction and demolition waste that reaches recy-

cling and treatment plants [14]. Unfortunately this waste is

usually combined with waste from other inorganic mate-

rials. These materials have a negative effect on the prop-

erties’ results of mixed recycled aggregates (MRA), which

show lower technical properties. It is evident that selective
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demolition will represent a more appropriate recycling

method of achieving a more efficient and sustainable reuse

of ceramic materials [15].

The suitability of ceramic material as recycled aggre-

gates or cementitious material for use in different appli-

cations with a low or moderate degree of requirement

(lower compressive strength than that defining HPC,

62 MPa according to ACI [16]), has been extensively tes-

ted and proved by many authors [17–26].

De Brito et al. [14] stated that the disparity in water

absorption between secondary (or ceramic waste) and

natural aggregates will be the main difficulty in the

employment of ceramic aggregates in particular, in the

production of concrete that does not lose in strength,

workability or durability. However, according to certain

research works recycled concrete could achieve the prop-

erties of conventional concrete when the natural aggregates

are replaced by ceramic aggregates. Torkittikul and Chai-

panich [23] and Khatib [26] studied the mechanical prop-

erties of concrete produced with fine ceramic waste

aggregates (CWA). Torkittikul [23] established 50 % of

CWA, produced by crushing earthenware ceramic waste, as

the optimum replacement ratio in order to maintain similar

workability and compressive strength to that of conven-

tional concrete. Khatib [26] extended the statement to long-

term compressive strength, recommending the use of 50 %

of CWA, produced from crushed bricks, in the substitution

of natural sand for concrete production. However, Khatib

[26] affirmed that even at 100 % of fine aggregate

replacement the reduction in strength was only 10 % and

indicated that this could be due to the cementing action in

the presence of that type of CWA. Pacheco-Torgal and

Jalali [20] found that concrete mixtures employing ceramic

sand achieved durable concrete.

However, the use of these recycled materials is impor-

tant in HPC since the growth of the extensive worldwide

use of HPC. Certain authors [4, 5, 27–29] have suggested

that the use of coarse RCA could be extended to high

performance concrete (HPC), thus offering additional value

to RAC.

Limbachiya [27] examined the influence of coarse RCA

in high-strength concrete, 50 MPa or more. The concrete

performance was assessed, and the practical issues and

durability properties were dealt with. The results obtained

showed that concrete containing up to 30 % of coarse RCA

could be used in a wide range of high performance engi-

neering applications and the durability properties were

similar to those of NAC concrete.

Moreover, Ajdukiewicz and Kliszczewicz [28] and

Gonzalez and Etxeberria [29] studied high performance

concrete using RCA obtained from medium and high

strength demolition concrete and analysed their influence

on concrete properties. The properties of the original

concrete had a significant influence on the mechanical

properties of the recycled aggregate concrete (RAC); the

RAC obtained higher compressive strength than conven-

tional concrete when the RCA was produced with HPC

aggregates.

Relatively speaking, it must be noted that few studies

have examined the use of recycled ceramic aggregates in

high performance concrete [30–32] or suggested that the

use of recycled ceramic materials could enhance HPC,

offering an additional value to the ceramic waste. Suzuki

et al. [31] used porous coarse ceramic waste aggregates for

the internal curing of high performance concrete. Their

research exposed that there was a high effectiveness of the

ceramic aggregates in reduction of, and even complete

elimination of autogenous shrinkage. The incorporation of

40 % of coarse mixed aggregate led to a non-shrinking

HPC which was accompanied by a significant increase of

compressive strength. The use of ceramic waste material as

fine admixtures has proved to have positive values as an

additional binder which could prove to be very useful in

HPC. If ceramic minerals are mixed with calcium

hydroxide and water, pozzolanic reactions can form new

compounds, thus increasing the strength and durability

properties of the concrete [32].

In this paper the influence of the quality of recycled

aggregates and their replacement ratio on the properties of

HPC was evaluated. The natural aggregate concrete (NAC)

was designed to achieve 100 MPa compressive strength in

order to comply with the regulations governing Spanish

railway sleeper specification [33], as well as meeting all the

technical requirements for its application in precast-con-

crete factories. Four different coarse recycled aggregates,

three types of coarse RCA and one coarse MRA, and one

fine ceramic waste aggregates (CWA) were used in order to

analyse their influence on the physical, mechanical and

durability properties of HPC. The results obtained by

recycled aggregate concretes were compared to those of

NAC mixtures.

Experimental Details

Materials

Cement and Admixture

ASTM Type I Portland cement (CEM I 52.5R) was used in

all concrete mixtures. The cement had a characteristic rapid

hardened strength of 52.5 MPa, low alkali content and

specific surface of 4947.8 cm2/g. Rapid hardened cement

was used in order to achieve concretes with 1-day com-

pressive strength higher than 46 MPa in compliance with

the requirements defined for concretes in railway sleeper
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production [33]. The chemical properties of the cement are

given in Table 1.

A high performance admixture, superplasticizer based

on polycarboxilate-ether, was used for all concrete pro-

duction to a ratio of 1.5 % of cement weight, as required

for the manufacturing of railway sleepers.

Aggregates

Two types of coarse natural aggregates (NA) and two types

of river sands were used for the production of the con-

ventional concrete. The mixture proportioning followed

that used in HPC for sleeper manufacture. The two types of

coarse natural aggregates (NA) were: crushed dolomite and

river gravel. Two different types of natural river sand

(River sand 1 and 2) were used as fine natural aggregate in

all the concrete mixtures. Both river sands showed essen-

tially siliceous particles (quartz and feldspars). The use of

river sand improved the workability and toughness of the

concrete.

Four types of coarse recycled aggregates were assessed,

three Recycled Concrete Aggregates (RCA) and one Mixed

Recycled Aggregate (MRA). The RCAs which were found

to contain different characteristic strengths (100, 60 and

40 MPa) were sourced from precast concrete wastes, the

crushing of which took place in the laboratory (they were

nominated as RCA100, RCA60 and RCA40). The MRA

containing 67 % ceramic waste was sourced from a treat-

ment plant located in Catalonia (Spain). The compositions

of the MRA and CWA are given in Table 2, and follow the

specifications of EN-933-11. The MRA composition did

not fulfil the ceramic aggregate classification requirements

of the RILEM [34] and DIN standards [35] ([90 or[80 %

of ceramic content, respectively). The mixed aggregate

category was adopted to define the MRA composition, in

spite of showing a high proportion of ceramic components.

The nominal sizes of the coarse natural aggregates,

RCA100/60/40 and the MRA aggregates were 10 and

12.5 mm, respectively and their particle size distributions

are shown in Fig. 1. One can note that all the size grading

of the natural and recycled coarse aggregate were similar.

Therefore no grading adjustments were carried out before

NA replacement.

Fine aggregates particle size distributions are shown in

Fig. 2. River sand 1 had a higher amount of particles

Table 1 Chemical composition

of cement
Composition SiO2 Al2O3 Fe2O3 CaO MgO K2O Cl- SO3 LOI

(%) 21.75 3.38 4.55 64.65 1.63 0.64 0.01 2.66 0.91

Table 2 Composition of MRA and CWA following UNE-EN 933-11:2009

Composition

(%)

Concrete

products

Unbound

aggregates

Masonry

products

Bituminous

products

Glass

products

Others (wood, plastics and

gypsum)

MRA 22.2 9.8 67.3 0 0.1 0.7

CWA 0 0 100 0 0 0
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Fig. 1 Particle size distribution of coarse aggregate according to
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between 0.25 and 2 mm than River sand 2 in order to

improve the compactness of the entire fine aggregates

grading size distribution. Fine ceramic waste aggregates

(CWA) were obtained by crushing rejected bricks from a

local masonry company. The CWA was used as replace-

ment for both of the natural fine aggregates mentioned.

One can observe that the fine CWA showed higher ratios of

filler and finer particles than the natural aggregates. How-

ever, the particle size distributions of the fine aggregates

samples combined with 15 and 30 % of CWA were ade-

quate according to Spanish Structural concrete require-

ments [36].

Physical and mechanical properties of each type of

aggregates were determined according to EN specifica-

tions. The results of the density and water absorption of the

aggregates were determined according to the BS EN

1097-6:2001 regulation. The results of the flakiness, abra-

sion indexes and the crushing value were determined

according to the BS EN 933-3:2012, BS EN 1097-2:2010

and BS 812-110:1990 regulations, respectively. As Table 3

shows, the natural coarse aggregates had a higher density

and lower absorption capacity than any other RCA and

MRA. In contrast, when the original concrete had higher

compressive strength, the RCA achieved better physical

properties (RCA100 achieved a higher density and lower

porosity than RAC60 and RAC40). However the three

types of RCA had a lower absorption capacity than 7 %,

which is the maximum absorption capacity required by the

Spanish Structural concrete regulation [36]. MRA showed

a water absorption capacity of 16.45 %, due to the high

proportion of ceramic material (see Table 2). MRA had

much lower percentages of natural and concrete aggregates

with 9.8 and 22.2 % respectively. The Los Angeles Index

of all the aggregates were lower than 30 %, which indicates

high strength to abrasion. Moreover the three types of RCA

and MRA aggregates’ index were similar, or even lower, to

that from dolomitic coarse aggregate. Nevertheless, the

aggregates crushing value revealed higher differences

between recycled and natural aggregates. The MRA was

much weaker (34.62 %) than the dolomitic aggregates

(20.15 %). The fine CWA aggregates due to their high

porosity not only obtained lower density (2.0 kg/dm3) but

also a much higher water absorption capacity (14.37 % at

24 h) than those of the river sands.

Concrete Mixtures

All concrete mixtures were prepared and produced in the

laboratory. The coarse recycled aggregates were used as

20, 50 and 100 % substitutions for coarse natural aggre-

gates. The fine CWA was used as 15 and 30 % substitu-

tions for natural sands. Due to the low density of recycled

aggregates, the replacement of natural aggregates (both fine

and coarse aggregates) was carried out by volume. Fol-

lowing previous research [29] and other authors’ procedure

[2, 31], the ratio between aggregates and concrete volumes

was kept constant and no modifications on cement amount

were conducted. The concrete mix proportions were

defined according to the Fuller’s method [38]. This was the

method followed by the prestressed concrete railway

sleeper manufacturer in the reference NAC mixture pro-

duction. As shown in Table 4, 380 kg of cement and

effective water –cement ratio of 0.285 were used in all

concrete productions.

The effective water-cement ratio of the conventional

concrete was determined (it is the ratio between the water

weight, which would react with cement, and cement weight

used for concrete production) and it was fixed as a constant

value for all concretes. It was considered that the water

which would react with the cement would be named

effective water. In order to control the same effective water

in all concretes, the moisture conditions of the aggregates

were intensively controlled. The fine natural aggregates

were used in oversaturation conditions with 3.5–4 % of

humidity (the unabsorbed water was considered as part of

the effective water). They were first moistened the day

before use by means of a sprinkler system and then covered

with a plastic sheet in order to maintain a high humidity

level until their use in concrete production. The fine

aggregates’ moisture condition was essential in the con-

trolling of the compressive strength of concretes at 1-day.

The natural coarse aggregates were used in a dry condition

and tests concluded that they absorbed 20 % of their total

water capacity at the concrete production stage (which was

Table 3 Physical and mechanical properties of natural and recycled aggregates

River gravel

4–12 mm

Dolomitic

gravel

4–10 mm

River

sand 1

River

sand 2

RCA100

4–10 mm

RCA60

4–10 mm

RCA40

4–10 mm

MRA

4–10 mm

Fine CWA

0–4 mm

Dry particle density (kg/dm3) 2.61 2.68 2.50 2.57 2.47 2.39 2.30 1.80 2.00

Water absorption (%) 1.29 2.13 1.02 1.93 3.74 4.90 5.91 16.45 14.37

Flakiness index (%) 17.71 7.81 – – 9.59 13.57 16.53 12.00 –

Abrasion index (%) 19.61 24.77 – – 24.01 25.24 24.31 25.20 –

Crushing value (%) 18.93 20.15 – – 22.59 23.36 25.56 34.62 –
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the water absorption capacity of aggregates submerged in

water up to 30 min). The coarse recycled aggregates,

RCA100, RCA60, RCA40 and MRA were also moistened

the day before use in order to reduce their absorption

capacity [2, 7]. According to Poon et al. [37] and previous

research [2, 29], the RCA and MRA were not saturated as

that would probably result in the failure of an effective

interfacial transition zone (ITZ) between the saturated

coarse mixed aggregates and the new cement paste. They

were employed with approximately 80–90 % of humidity

of their absorption capacity and their effective absorption

capacity was that of 70 %. Fine ceramic aggregate was

used in dried conditions and its effective absorption

capacity was that of 100 %. The total water amount of the

concrete was considered as the amount of effective water

weight plus the moisture (or absorbed water) of the

aggregates (see Table 4).

Dry consistency was maintained in all concrete mixtures

and the 1.5 % respect to cement weight of superplasticizer

was used in all mixtures, as required for the manufacturing

of railway sleepers.

The recycled concrete mixtures were coded as RAC-x

(x = type of recycled aggregate used).

Specimens Casting and Curing

For each concrete mixture, 100 mm cubes were used to test

the hardened concrete density, absorption, the permeable

pore voids, and capillary water absorption. The pore size

distribution was determined for concretes produced with

the three types of RCAs and natural aggregates.

Compressive strength and flexural strength tests were

conducted using 150 mm cubes and 100 9 100 9 400

prisms, respectively, in compliance with the requirements

of the Spanish railway sleeper technical specification [33].

Moreover, 100ø/200 mm cylinders were used to evaluate

compressive strength (in order to establish correlation

between different specimen dimensions), elastic modulus,

splitting tensile strength and resistance to chloride-ion

penetration of the concrete.

All the specimens were compacted using a vibrating

table during two stages of 30 s duration. The concrete

specimens were kept for a day in the moulds. The moulds

were covered with a wet burlap and a plastic top to ensure

that the temperature and wet conditions would remain

stable between 18 and 26 �C with a high moisture content.

Specimens were demolded 24 h after casting. Three cubes

were immediately tested after demolding to measure 1-day

compressive strength. The rest of the specimens were cured

in a humidity room at 23 �C and 95 % humidity until the

other testing ages were reached.

Tests of Hardened Properties of Concrete

Physical Properties

Density, Absorption and Volume of Permeable Pore

Space The density, absorption and voids were measured

following the ASTM C 642-97 ‘‘Standard Test Method for

Density, Absorption, and Voids in Hardened Concrete’’ at

28 days. Three cube specimens were used in this test for

each type of concrete produced.

Table 4 Proportioning of the concrete mixtures

Mix notation Replacement

ratio (%)

River

sand 1

River

sand 2

River

gravel

Dolomitic

gravel

RA Total water

(kg)

Cement

(kg)

Effective

W/C ratio

NAC 0 711.8 215.2 302.1 784.5 – 135.4 380 0.285

RAC-CWA 15 605.0 182.9 302.0 784.5 108.6 154.1 380 0.285

30 498.2 150.7 302.0 784.5 217.2 166.3 380 0.285

RAC-RCA100 20 711.8 215.2 241.6 627.6 202.0 137.1 380 0.285

50 711.8 215.2 151.0 392.2 505.1 146.5 380 0.285

100 711.8 215.2 – – 1010.2 162.3 380 0.285

RAC-RCA60 20 711.8 215.2 241.6 627.6 195.0 138.2 380 0.285

50 711.8 215.2 151.0 392.2 487.5 149.8 380 0.285

100 711.8 215.2 – – 975.1 170.4 380 0.285

RAC-RCA40 20 711.8 215.2 241.6 627.6 187.8 139.7 380 0.285

50 711.8 215.2 151.1 392.3 469.4 153.1 380 0.285

100 711.8 215.2 – – 938.8 175.3 380 0.285

RAC-MRA 20 711.8 215.2 241.6 627.6 147.0 160.8 380 0.285

50 711.8 215.2 151.0 392.2 367.4 191.3 380 0.285

100 711.8 215.2 – – 734.9 244.8 380 0.285

Coded: natural aggregate concrete, NAC; recycled concrete mixtures, RAC-x (x = type of recycled aggregate used)
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Pore Structure The testing of porosity and pore structure

was performed by Mercury Intrusion Porosimetry (MIP)

with a ‘Micromeritics Poresizer 9320’ mercury intrusion

porosimeter according to BS7591 Part 1. This test was

carried out on small concrete pieces, weighing approxi-

mately 5.5 g, from concretes containing 100 % of RCA

(from parent concretes of 100, 60 and 40 MPa). The crushed

samples were obtained from the 100 9 100 9 100 mm

cubic specimens. The samples were first immersed in

acetone for 4 days to stop the cement hydration and then

introduced in a vacuum drier for 2 h to extract the

remaining acetone. Before testing, the samples were dried

in an oven at 50 �C for 4 days. Using the MIP technique, a

measure of the total porosity of the sample as well as the

surface area of the pore network was also obtained. The

MIP test was conducted on the concrete samples cured at

ages of 1 and 28 days and each result represents the

average of three tested samples.

Mechanical Properties

Compressive, Flexural, Splitting Tensile Strengths and

Elastic Modulus The compressive strength of concretes

was determined using a compression machine with a

loading capacity of 3000 kN. The compressive strength

was measured at the ages of 1, 7 and 28 days for the cube

specimens (in order to verify that they were in accordance

with Spanish railway sleeper technical requirements [33])

and at the ages of 28 and 180 days for the cylinder spec-

imens following BS-EN 12390-3 standards. Each presented

value is the average of three measurements.

The flexural strength was measured following BS-EN

12390-5 at the age 7 days in accordance with the Spanish

railway sleeper technical requirement [33]. The splitting

tensile strength and elastic modulus were tested at 28 days

also following BS-EN 12390-6 and BS-EN 12390-13

specifications, respectively. Three specimens were used for

each type of concrete produced.

Durability Properties

Capillary Water Absorption The concrete’s capillary

water absorption was assessed using 100 9 100 9 100 mm

cubic specimens at 28 days of curing and according to ISO

15148:2002(E). The specimens were previously oven-dried

at 40 �C until constant weight. Then the bottom face of the

specimens was submerged in water to a depth of 5 mm (the

lateral surfaces were impregnated with impermeable resin).

The cumulative water absorbed was recorded at different

time intervals up to 48 h by weighing the specimen after

removing the surface water using a dampened tissue for

determination of capillary absorption capacity. Sorptivity is

the slope of the regression curve of the amount of water

absorbed by a unit surface area versus the square root of the

elapsed time from initial instant to 120 min. The results of

capillary water absorption as well as the results of sorp-

tivity are the average of three measurements.

Chloride Ion Penetrability The chloride penetrability of

concrete was determined in accordance with ASTM C1202

(1997) using a 50 mm thick/100ø mm concrete sections cut

from the middle of 100ø/200 mm concrete cylinders. The

two middle sections obtained from one cylinder were tested

at different ages. The external 5 mm sections of the

cylindrical were rejected. The resistance of concrete to

chloride ion penetration is represented by the total charge

passed, in coulombs, through a water-saturated concrete

section during a test period of 6 h. In this study, the

chloride ion penetrability test was carried out on the con-

crete specimens at the ages of 28 and 180 days, each result

was the average of four measurements. Each middle sec-

tion, which was sourced from a different 100[/200 mm

concrete cylinder, was tested at the same age.

Results and Discussion

Physical Properties

The results of dry-density, absorption and accessible voids

are shown in Table 5. As reported by several authors [39],

both the increase in the replacement of coarse recycled

aggregates and the poorness of their quality caused the

decrease of the dry-density of the RACs and the increase in

water absorption. For example, the absorption and void

percentages increased by more than 100 % when the total

volume of the natural coarse aggregates were replaced by

MRA. The higher absorption capacity and the higher vol-

ume of voids of MRA affected the final properties of the

concretes in which they were used.

However, the concrete made with fine CWA had slightly

lower density than that of NAC concrete. The absorption

and permeable pore volume of concretes made with CWA

were lower than those of NAC. A major quantity of filler

particles in fine CWA not only leads to a better filling of

pore space than conventional fine aggregate but also an

improvement of the durability properties [25]. The water

absorbed in fine ceramic aggregates could also produce an

internal curing in concretes, improving the cement hydra-

tion [40] and consequently lowering the amount of acces-

sible pores. Similarly in concretes made with lightweight

aggregates, Cusson and Margeson [41] found that cement

hydration was actually enhanced by internal curing which

lead to higher C–S–H content.
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Pore size distributions of mortar samples taken from

concrete specimens were determined for NAC and RAC

containing 100 % of RCA100, RCA60 and RCA40 and

their results can be observed in Fig. 3. After 1 day of

curing (see Fig. 3a), the concrete produced with RCA100

showed significant lower porosity, at any size range, than

that of NAC. In NAC, the porosity is higher in the

aggregate–paste interface than in the paste itself and the

pore size is usually larger [42, 43]. Nevertheless, as certain

authors have pointed out [2], the ITZ is improved by the

use of recycled aggregates, which could explain the

reduction of porosity. However, RAC containing lower

quality RCA which had higher total water-cement ratios

worsened pore size distributions at very early ages.

Figure 3b shows the pore size distributions at 28 days of

age. While NAC and RAC containing RCA100 and 60

showed similar distributions, RAC-RCA40 had higher

capillary pore volumes than NAC. RAC containing

RCA100 and 60 could have improved the pore structure by

acting as internal curing agents [31, 44]. Internal curing in

HPC leads to lower internal stress and also enhances the

cement matrix densification [40]. Furthermore, the pore

distribution of RAC-RCA40 could be influenced by the

presence of old-mortar attached to the RCA.

Mechanical Properties

The compressive strength results for the concrete mixtures

are presented in Table 6. RAC mixtures obtained a higher

compressive strength than those of NAC after 24 h, except

for RAC containing 100 % of RCA40 or MRA, which

obtained similar or 10 % lower results to those of NAC.

The remaining absorption capacity of partially saturated

recycled aggregates could be responsible for reducing the

w/c ratio in the ITZ, thus improving its strength at early

hydration [7]. Figure 4a shows the 28-day, relative com-

pressive strength of all RACs with respect to NAC. The

RAC containing coarse RCA sourced from HPC concrete

(RCA 100 and 60) or fine CWA achieved higher or similar

compressive strength to that of NAC. According to the

results obtained from an analysis of the RAC produced

with 50 % 40 MPa recycled aggregates or 20 % MRA

aggregate replacement for NA, a lower compressive

strength than that of NAC was achieved. As certain authors

[6] have pointed out, the quality of the old attached mortar

when compared to the new mortar has notable detrimental

effects on the mechanical behaviour of the RAC.

The compressive strength test was also carried out on

cylindrical specimens at 28 and 180 days (Table 6). The

RAC showed a higher compressive strength increase from

28 to 180 days to that of the NAC during the same period

of time. Increasing recycled aggregate content produced

higher developments of compressive strength. In addition,

the concrete produced employing MRA, which was the

most porous recycled aggregate type employed, achieved

the highest compressive strength increase. The water stored

in the recycled aggregates, similarly in behaviour to that of

lightweight aggregates, enhanced the cement hydration

through internal curing and produced improved mechanical

behaviours [16, 31].

According to flexural strength results, all the concretes

made with the three types of RCA and fine CWA achieved

higher or similar strength to that of NAC concrete. The use

of MRA on substitution of natural coarse aggregates for

Table 5 Physical properties and Sorptivity at 28 days (in brackets, standard deviations)

Mix notation Replacement

ratio (%)

Dry-density

(kg/dm3)

Water

absorption (%)

Voids (%) Sorptivity (mm/min1/2)

NAC 0 2.51 (0.01) 1.39 (0.04) 3.49 (0.09) 0.014 (2.6E-04)

RAC-CWA 15 2.50 (0.00) 1.30 (0.02) 3.24 (0.06) 0.015 (9.8E-06)

30 2.48 (0.00) 1.31 (0.04) 3.26 (0.11) 0.016 (1.1E-03)

RAC-RCA100 20 2.50 (0.00) 1.24 (0.01) 3.10 (0.02) 0.015 (7.2E-04)

50 2.48 (0.01) 1.51 (0.07) 3.72 (0.16) 0.015 (6.3E-04)

100 2.43 (0.01) 1.51 (0.05) 3.67 (0.12) 0.013 (5.6E-04)

RAC-RCA60 20 2.44 (0.08) 1.76 (0.06) 4.44 (0.01) 0.014 (6.7E-04)

50 2.40 (0.05) 1.93 (0.08) 4.64 (0.29) 0.014 (4.2E-04)

100 2.34 (0.01) 2.43 (0.04) 5.69 (0.13) 0.013 (4.3E-04)

RAC-RCA40 20 2.47 (0.00) 2.08 (0.04) 5.14 (0.10) 0.013 (1.1E-03)

50 2.43 (0.01) 2.12 (0.08) 5.16 (0.19) 0.014 (4.8E-04)

100 2.39 (0.00) 2.17 (0.08) 5.20 (0.18) 0.014 (1.5E-04)

RAC-MRA 20 2.43 (0.01) 1.88 (0.04) 4.55 (0.10) 0.021 (1.3E-03)

50 2.35 (0.01) 2.48 (0.07) 5.83 (0.43) 0.026 (2.9E-04)

100 2.19 (0.03) 3.97 (0.16) 8.70 (0.26) 0.036 (1.0E-0)3
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concrete production had a negative influence on those

properties. Only the concrete made with 20 % of MRA

obtained similar flexural strength to that of CC.

According to the splitting tensile strength results (see

Table 6), all concrete mixtures produced employing RCAs

showed an adequate performance, except the concrete

mixtures made with 100 % of 40 MPa RCA and MRA. All

the other series achieved more than 4.5 MPa of splitting

tensile strength, which is the minimum requirement for

high performance concrete elements such as railway

sleepers [33]. The splitting tensile strength did not appear

to be greatly influenced by the RAC replacement level in

each recycled aggregate quality used. This fact was prob-

ably due to the influence of the ITZ between the cement

paste and the coarse aggregate [2]. The concretes made

with CWA achieved a similar or higher flexural and

splitting strength to those of the NAC.

The modulus of elasticity appeared to be more influ-

enced by recycled aggregates replacement than the other

mechanical properties. It is well known that the modulus of
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Fig. 3 Pore size cumulative distribution of NAC and RAC containing RCA (100, 60 and 40) at the ages of 1 (a) and 28 days (b)

Table 6 Mechanical properties at each corresponding testing age (in brackets, standard deviations) and compressive strength evolution from 28

to 180 days

Mix

notation

Replacement

ratio (%)

Compressive strength (MPa) Flexural

(MPa)

Splitting

tensile

strength

(MPa)

Elastic

modulus

(GPa)Cubic specimens Cylindrical specimens

1 day 7 days 28 days 28 days 180 days Gain

28–180

days (%)

7 days 28 days 28 days

NAC 0 57.4 (2.5) 91.2 (5.7) 102.1 (6.6) 90.7 (4.8) 100.1 (0.3) 10 6.5 (0.2) 5.1 (0.4) 50.4 (1.2)

RAC-CWA 15 72.1 (0.4) 90.0 (4.0) 109.7 (3.1) 97.0 (3.1) 108.8 (3.8) 12 8.3 (0.2) 5.1 (0.2) 47.6 (1.2)

30 67.6 (1.6) 93.4 (0.6) 109.1 (2.1) 97.4 (0.9) 118.6 (1.1) 22 6.6 (0.2) 5.2 (0.1) 50.0 (1.3)

RAC-RCA100 20 73.8 (0.6) 88.5 (3.8) 108.0 (4.9) 92.3 (5.2) 101.5 (3.2) 10 7.4 (0.3) 5.7 (0.4) 48.5 (1.0)

50 79.2 (2.9) 94.8 (1.5) 104.8 (6.3) 95.8 (6.3) 106.9 (4.2) 12 7.7 (0.8) 5.6 (0.3) 47.9 (2.0)

100 78.7 (3.3) 93.4 (3.7) 108.5 (4.5) 89.5 (3.6) 107.6 (5.3) 20 6.8 (0.3) 5.1 (0.3) 46.1 (0.5)

RAC-RCA60 20 73.6 (1.8) 102.1 (0.5) 102.5 (1.6) 87.9 (4.6) 95.1(2.5) 8 8.0 (0.4) 6.3 (0.4) 47.8 (1.2)

50 72.4 (0.1) 98.8 (5.0) 103.1 (2.8) 83.1 (4.0) 97.2 (1.7) 17 6.8 (0.2) 5.1 (0.3) 44.3 (0.3)

100 79.4 (1.0) 100.1 (3.4) 100.8 (4.9) 80.8 (5.8) 92.8 (4.9) 15 6.3 (0.5) 5.9 (0.2) 40.1 (0.3)

RAC-RCA40 20 67.1 (1.4) 91.7 (0.2) 104.3 (4.8) 83.8 (3.2) 94.2 (5.3) 12 6.7 (0.4) 5.3 (0.3) 48.3 (1.9)

50 60.7 (2.6) 84.4 (0.9) 96.8 (1.8) 81.2 (1.7) 95.6 (0.8) 18 6.8 (0.4) 6.2 (0.5) 43.0 (0.4)

100 56.6 (1.1) 79.9 (3.5) 91.2 (5.6) 72.2 (4.6) 86.6 (2.1) 20 6.5 (0.1) 4.2 (0.0) 37.2 (0.5)

RAC-MRA 20 73.9 (3.3) 97.4 (0.7) 101.6 (5.5) 79.6 (2.2) 95.6 (3.8) 20 6.9 (0.0) 4.6 (0.3) 43.9 (0.9)

50 64.0 (1.1) 84.2 (4.4) 87.0 (2.1) 66.4 (4.5) 79.7 (3.3) 20 5.5 (0.0) 4.5 (0.3) 38.4 (0.3)

100 52.1 (2.5) 66.9 (1.0) 72.3 (2.1) 53.0 (0.9) 69.2 (1.1) 31 5.3 (0.1) 4.2 (0.2) 32.4 (0.8)
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elasticity of concrete is influenced by the modulus of

elasticity of the coarse aggregate [45] and according to

Lydon and Balendran [46], the modulus of elasticity of

aggregate is proportional to the square of its density.

Despite showing lower elastic modulus values, all the RAC

mixtures produced employing RCAs showed high results,

the minimum was found to be 37 GPa (RC-100-40). The

concretes produced with MRA aggregates also showed

high values, the minimum value achieved was 32 GPa,

corresponding to concrete produced with 100 % replace-

ment aggregates. The concretes produced employing fine

CWA achieved nearly 50 GPa.

Figure 4b details a comparative study of the recycled

aggregate concretes’ modulus of elasticity with respect to

that of conventional concrete at 28 days of age. All mix-

tures showed lower results than the reference NAC, except

concrete produced employing 30 % of CWA. The concrete

made with 20 % of RCA replacement also showed a

reduction close to that of 5 %. The use of 100 % of

100 MPa recycled aggregates produced a reduction of

modulus of elasticity lower than 10 %. Results showed that

there was little difference in the modulus of elasticity of the

very strong hardened cement paste and that of the aggre-

gate in high performance concrete. However, the difference

is much higher in the concretes produced employing RCA

with medium strength parent concrete or employing MRA

aggregates.

Durability Properties

The sorptivity values of concretes produced with coarse

RCA (RCA100, RCA60 and RCA40) and fine CWA were

approximately 0.014 ± 0.001 mm/min1/2 (see Table 5).

When the coarse MRA was employed in concrete

production, sorptivity values increased to 0.021–0.036 mm/

min1/2. The sorptivity values are significantly lower than

those found in other studies for HPC, using slightly higher

water-cement ratios [40], which indicates a higher influence

of the water-cement ratio, rather than that of the aggregate

type used.

The results of assessing capillary water absorption dur-

ing 48 h of concrete specimens are shown in Fig. 5. Cap-

illary water absorption capacity of the recycled aggregate

concretes produced employing coarse RCA or fine CWA

were similar or lower to that of the natural aggregate

concrete. Concrete made with coarse MRA showed higher

capillary absorption capacity than that of NAC.

In this study, due to the very low water-cement ratio in

the concretes produced, the concretes made employing

RCA had increases of the water amount (by weight) in the

specimens during the first 30 min, which were lower than

0.05 % with respect to the dry weight of the specimens.

After 48 h, the weight in those samples increased approx-

imately by 0.11 % with respect to the initial weight.

Consequently, the behaviour of those concretes could be

considered as adequate and similar to NAC. The increased

water amount (by weight) on the fine CWA concrete

specimens was lower than 0.06 % for the first 30 min (with

respect to the dry weight of the specimens). After 2 h, the

weight of the CWA concrete specimens increased

approximately by 0.05 % of the initial weight, the beha-

viour of those concretes could be considered similar and

adequate to conventional concrete. Nevertheless, as

explained previously, the capillary absorption of concretes

made with MRA showed much higher values than con-

cretes produced employing RCA CWA, or NA aggregates.

This, in all probability was due to the connectivity of the

porous in each grain of the coarse mixed aggregate. A fact

which has also been reported by other researchers [47–49].
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The results of assessing the chloride-ion penetration of

the concrete specimens are shown in Fig. 6a. In general,

the resistance to chloride-ion penetration of concretes

produced employing recycled aggregate decreased as the

recycled aggregate content increased and as its quality

decreased.

The concrete produced employing fine CWA aggregates

obtained very good results. Those concretes could be

considered as concretes with very low risk to corrosion.

The concretes produced employing up to 50 % of three

types of RCA, achieved also very low risk status as did the

concrete produced with 100 % of the RCA100. In order to

obtain very low corrosion risk, 20 % of MRA should be

employed for concrete production.

As shown in Fig. 6b, the concrete mixtures produced

with fine CWA showed the highest resistances to chloride-

ion penetration, at the age of 180 days. The reduction of

the total charge passed in the NAC concrete from 28 to

180 days was that of 35 %, however the reduction of total

charge in concrete RAC-CWA and RAC-MRA was that of

52–70 and 35–47 %, respectively. In another study [40], as

a result of internal curing, similar improvements of chlo-

ride-ion penetration resistance were found in concretes

produced with low percentages of fine lightweight aggre-

gates in substitution of natural aggregates.

Conclusions

The following conclusions can be made based on the

results of this study:

• The use of coarse RCA for concrete production reduced

the density and increased the absorption capacity of the

concrete, respectively. However, high quality RCA

improved the pore structure of the new mortar paste by

acting as internal curing agent. Moreover, the employ-

ment of fine CWA on substitution for natural aggregates

reduced the density as well as the absorption capacity.

• The high performance recycled concrete produced

employing up to 100 % of high strength coarse RCA,

up to 50 % of medium strength coarse RCA and up to

30 % of fine CWA achieved similar or better compres-

sive, flexural and splitting tensile strengths than the

conventional HPC.

• All RAC mixtures showed lower modulus of elasticity

results than the reference NAC, except concrete

produced employing 30 %�of CWA.
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• The use of high percentages of MRA for concrete

production resulted in lower compressive, flexural and

tensile strengths when compared to those of NAC.

However, the mentioned MRA concretes achieved the

highest compressive strength increase from 28 to

180 days.

• According to durability, the concrete produced employ-

ing 30 % of fine CWA achieved the highest properties.

The use of RCA60 and RCA40 were limited to 50 % in

order to achieve the properties of conventional high

performance concrete. The very high strength recycled

aggregate, RCA100, was able to replace the natural

aggregates in 100 % in order to achieve the properties

of conventional HPC.

According to the results, an emphasis on two aspects could

be made; firstly, the concretes produced employing fine

ceramic aggregates achieved the highest mechanical and

durable properties. Secondly, due to the recycled aggre-

gates’ porous structure, which consequently leads to the

retention of a certain amount of water, the internal curing

caused an improvement in the mechanical and durability

properties in high performance recycled aggregate con-

cretes as time went on.
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