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Abstract

In this research work, High Performance Concrete@Hwas produced employing 30% of fly ash and
70% of Portland cement as binder materials. Thypest of coarse recycled concrete aggregates (RCA)
sourced from medium to high strength concretes wamployed as 100% replacement of natural
aggregates for recycled aggregate concrete (RAG@Juation. The specimens of four types of concretes
(natural aggregate concrete (NAC) and three RAG=evsubjected to initial steam curing besides the
conventional curing process. The use of high gudaliCA (>100MPa) in HPC produced RAC with
similar or improved pore structures, compressive splitting tensile strengths, and modulus of @agt

to those of NAC. It was determined that the meat&rand physical behaviour of HPC decreased with
the reduction of RCA quality. Nonetheless steanedlRACs had greater reductions of porosity up to 90

days than NAC, which led to lower capillary porduroe.

1. INTRODUCTION
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Construction and demolition waste (C&DW) is onetlef most voluminous and heaviest waste streams
generated in the European Union. C&DW accountsafggroximately 33% of all waste generated in the
EU [1] and it consists of several materials, inahgdconcrete, bricks, gypsum or metals, many ofcivhi
can be recycled. European Union countries encoweggng and recycling in construction by publighin
C&DW recycling targets. According to the Waste feamork Directive 2008/98/EC [2], the minimum
recycling percentage of C&DW by the year 2020 stido¢ at least 70% by weight. In spite of the
variability on recycled aggregate properties, projpeatment and categorization of the C&DW allow

recycled aggregates to be more efficiently empldgéd

Over the past twenty years, many studies concerthiageffects of using recycled coarse aggregates as
replacement of natural aggregates in concrete baga published [3-8]. Generally, recycled aggregate
have higher porosity, water absorption capacity eadtaminant content and also lower density and
abrasion or impact resistance than natural aggeegathe use of RCA for the production of low and
medium strength concretes (up to 50-60 MPa accorthnACI [9] and BS EN 206-1) decreases the
compressive strength and modulus of elasticity haf toncrete. Recycled aggregate concretes show
increased shrinkage, creep and water sorptivityoimparison with those of natural aggregate concrete
(NAC). Nevertheless, the use of appropriate mixgiemethods with the addition of mineral admixtures

can mitigate the negative influence of recycledraggtes [10,11].

But relatively few investigations [11-18] have bgmrblished about using recycled aggregates for High
Performance Concrete (HPC) production. Some stuilie44,18] revealed that the quality of the parent
concrete, from which source the recycled aggregatesderived, is a crucial factor affecting the
properties of the resulting HPC produced. It hasnbeeported that the use of RCA, sourced from
crushing original HPC, for the production of neW&l can improve mechanical and durability properties
even at high replacing ratios [14]. Limbachiya [I8Included that only 30% of coarse RCA could be
used to produce HPC. Tu et al. [16] and Pachecgal@t al. [17] affirmed that recycled aggregatesen
not suitable for high strength concrete applicatialue to compressive strength reduction and poorer

long-term durability.

Fly ash represents a beneficial mineral admixtaspecially when incorporated in Recycled Aggregate
Concrete (RAC). Certain studies [14,19,20] haveorel three possible mechanisms which could cause

an enhancement in the RAC ‘s behaviour: part oftireeral admixtures penetrates into the RCA’s pores
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causing a subsequently improvement in the inteafacansition zone (ITZ) bonding between the paste
and the aggregates; the cracks originally presemhe aggregates being filled by hydration prosiuct

RCA would have a residual binding ability which @be activated by using Fly-Ash (FA).

The use of fly ash has been widely accepted inntegears and its influence on many properties of
concrete in both fresh and hardened states havestedied [21-24]. Equally, fly ash ensures ecomomi
benefits through saving cement, environmental hEndfy using industrial wastes, and technical
improvements because of the higher concrete ditsalj22]. Certain authors [21,24] attempted to
produce concrete with high volumes of fly ash, the most common replacement ratios used in low
water/binder ratio concretes are 25-30% [25,26].tl@nwhole, the long term mechanical and durability
properties of fly ash concretes are higher thasdahaf ordinary Portland cement concretes. Howeter,
extended hydration period required for fly ash eete intensifies dependence on curing conditions.
Moreover, for fly ash concrete, at early ages,hbat generation is reduced but the setting andeharg

time are increased.

Steam curing at ambient pressure is the most comeabmiqgue among the accelerated curing methods of
concrete. In applications, such as pre-cast coegrd pre-stressed reinforced concretes, whiakireeq
high mechanical performances at very early ages,stham curing enables concretes which normally
have slower strength gain, such as fly ash corgr&teachieve faster strength gain at the requéeels
[21]. A typical steam curing cycle consists of &-puring treatment of up to 4 hours and a heatiy a
cooling rate of 10-45°C/h. The maximum temperati@ached in steam curing is usually limited to

60+5°C and this temperature is kept constant atds@émum value for 6-18h [21-23,26,27].

When concrete is subjected to steam curing, theatigsh of cement proceeds quickly, the speed of CSH
gel formation also increases and the gel wrapsddiua cement or fly ash particles [22]. The aceien

of compressive strength gain eases the producfigmescast and pre-stressed concrete elementsin th
pre-casting plants. The required early compressivength for formworks demolding and bar stress
transmission is in general at more than 30 and %ta Mespectively [27,28]. Nevertheless, heat and
moisture treatment of the concrete also increabesproportion of large pores in the cement paz®. [
Inadequate steam curing regimes can lead to dettéhehanges in porosity and pore size distributibn
concrete which can significantly reduce mechanaal durability properties, especially over the long

term [26].
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The total pore volume, pore size distribution andepnterconnection are the main properties infbireg

the mechanical and durability behaviour of con@e8everal investigations [30,31] have inferred tha
mechanical properties and permeability of concrate principally dependent on the meso and
macrocapillary pores. Porous structures in ceniensitmaterials have been widely investigated bgaisi
the Mercury Intrusion Porosimetry (MIP) techniqu6 32—34]. Nevertheless, this technique has been
criticized due to the fact that the pore structwiearacterized by the MIP method are based on ipgro
assumptions. These assumptions on pore connedivitypore dimensions can produce differences in the
measured MIP values to those of the real pore n&t@4]. Besides these limitations, MIP is still

considered as an appropriate technique used toarentpe pore structures of cementitious systems.

This paper details research on the influence éinsteam curing on the pore structures and mecakn
properties (compressive strength, splitting tenstitength and modulus of elasticity) of Portlangi-Rkh
HPCs containing recycled concrete aggregates. Tdiffsgent qualities of original concretes (40, &td
100MPa of characteristic compressive strength) wanshed to obtain coarse recycled aggregates which
were used to replace 100% of the natural coarseeggtes. After concrete casting, the specimenadi e
type of concrete were exposed for the first 24 baartwo different initial curing regimes, air augi and
steam curing, in order to assess the influenceeains curing on the pore structures and the mechlanic

behaviour.

2. EXPERIMENTAL DETAILS
2.1. Materials
2.1.1. Bindersand admixture

The cement used was a commercially available RotttEement (CEM | 52.5R) equivalent to ASTM
Type | cement. The Portland cement had a Blainesific surface of 495 ftkg and a density of 3150
kg/m?®. A rapid-hardening Portland cement was used irrmtd achieve concretes of 1-day compressive
strength which were higher than 50 MPa, thus mgetie requirements for precast and prestressed
concrete [27,28]. The FA used had a specific serfaic336 kg and a density of 2320 kglmwas
equivalent to ASTM class F. The chemical composgiof the Portland cement and the FA are given in

Table 1.
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A high performance superplasticizer based on pobhmeylate ether (PCE) with a specific gravity 0d8..
was used for concrete production. The dosage ussdatva constant percentage of binder weight (1.5%)

following the manufacturer’'s recommendations.

2.1.2. Aggregates

Two types of 4-10 mm coarse natural aggregatesn@ied siliceous and crushed dolomitic) and two
siliceous river sands (size fractions of 0-2 mm @mtl mm) were used for the production of the natura
aggregate concrete (NAC). The natural aggregates these used in previous research [18] and sélecte
for being those used in HPC to produce commercatgilable prestressed concrete elements from a

Spanish factory.

The recycled aggregates, RCA100, RCA60 and RCA4l¢hwwere used in complete replacement by
volume of the natural coarse aggregates, wererdutdrom crushing three parent concretes of differe
qualities (of 100, 60 and 40MPa of characteristimpressive strength). The three recycled aggregates
mentioned were employed in a previous researchydt8] maximum sizes of 10 mm. The RCA100 were
sourced from rejected 100 MPa compressive strezggibrete specimens obtained from the same Spanish
prestressed concrete manufacturer. The parent etenased to produce RCA100 was the same as the
NAC of this study. The 60 MPa parent concrete wspeeially produced in the laboratory to achieve 60
MPa at 28 days, after which it was crushed for RCA6oduction and stored for a minimum of 180 days
before using in concrete fabrication. The RCA40aveourced from crushing 3-year old precast beams
with a compressive strength of 40MPa at 28 day® fdrent concretes of 60 MPa and 40 MPa were
composed of crushed fine (0-4 mm) and coarse lonestiggregates (4-10 mm and 10-20 mm) and

Ordinary Portland cement (CEM | 42.5, type | acangdo ASTM specifications).

The patrticle size distributions are shown in Figntl their physical properties are shown in Tabl€h2
natural aggregate had better physical properties tthose of the recycled concrete aggregates.
Nonetheless, the physical and mechanical propesfitse RCA improve as the original concrete gyalit

increases.

According to Jennings [31], pore structure is ttestimportant feature which may act as flaws in eetm
based materials. The porosity of recycled aggregates determined by Mecury Intrusion Porosimetry

(MIP) using a ‘Micromeritics Poresizer 9320’ in sales taken from the RCAs of approximately a total
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weight of 5.5 g. Each mean value was calculateoh ftesting three RCA samples and each sample was
composed by three @ 1 cm RCA particles. The pare diameter can be divided into four pore size
ranges, following Mindess [35] classification; >I0u(air), 10-0.05 um (macropores), 0.05-0.01um
(mesopores) and <0.01um (micropores). As can beisdeg. 2, some differences in the range of @1

10 um were found, RCA-60 showed the lowest percentdgmire volumes in the range of 0.05-1@,
while RCA-100 contained the lowest percentage akpmlumes of smaller than 0.G6n. RCA-40
showed significantly higher pore volumes than thB€8A-100 and RCA-60 at all the pore size ranges.
The total porosity results from the MIP of the R@AL 60 and 40 were 4.88, 5.73 and 8.63%
respectively (see Table 2). The detailing of thendard deviations were 0.31, 0.25 and 0.40%. The

reduction on the quality of the parent concretettedigher total porosity of the RCAs.

2.2. Concr ete mixtures

All concrete mixtures were prepared and producedha laboratory. The NAC proportioning was
provided by a Spanish HPC manufacturer and followesl Fuller's dosage method [36]. Following
previous research [12,18], the three types of dedycoarse aggregate were used to substitute (by
volume) 100% of the natural aggregates in each R&@es (RAC were referenced as 100, 60 and 40,
according to the strength of the parent concrdteg. concrete proportioning parabola correctly dittee

Gessner parabola provided by the Fuller’s methdubith cases, when using NA and RCA.

The moisture content of the fine and coarse agt¢gegmas reproduced following the moisture condgion
defined in previous studies [12,18]. The fine aggtes were over-saturated (3-4% of moisture content
In order to control the concrete production, theyobed coarse aggregates were nearly saturat80;20

% of their water absorption capacity. In genera tigher water absorption of the RCAs reduces the
workability of the concrete mixtures, however imsthase the moisture content in the RCAs neutrlize
such effect. In addition, the high moisture staaabled higher control on the reacting water wli# t

binder and avoided problems derived from waterhenRCAs surface or bleeding [37].

As shown in Table 3, 380 kg of binder (266 kg aiheait and 114 kg of fly ash) and a constant effectiv
water - binder ratio of 0.285 were used in all cete productions (considering as being effectivéewa
that water which reacted with the binder). The waduof mixing water was determined before concrete
production, in order to maintain constant the wateount reacting with the binders (effective water)

The volume of mixing water was compose of the effecwater and the water absorbed by the
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aggregates at concrete production (effective alisorgapacity). The effective absorption capacity o

aggregates was determined by submerging the aggeseigavater for 20 minutes.

The total water amount of the concrete was cons@les the total amount of effective water, effectiv
absorption capacity of aggregates and moisturervfaigter inside the aggregates) [38]. The totalewat
amount in the RAC studied was found to be highea assult of its higher absorption capacity which

initially provided the same cement paste conditimmSAC and RAC.

The amount of chemical admixture added was kepstaon at 1.5% of the cement weight in all concrete
mixtures. The mix proportioning and the admixtuneoant produced dry consistencies of fresh concrete,

between 0-20 mm in the concrete slump test (Sk étdowing the EN 206-1:2000 standard).

2.3. Specimens casting and curing

For each concrete mixture, 100 mm cubic specimeare wsed to determine the compressive strength at
the age of 1, 28 and 90 days and 200 x @100 mmadmndial specimens were used for the splitting tensi
strength and the modulus of elasticity tested atl@@s. Samples extracted from 100mm concrete cubic
specimens were used for the Mercury Intrusion Roretsy (MIP) test. The specimens were compacted

using a vibrating table during two stages of 3@saes each.

The concrete specimens were divided into two sesiesured (AC) and steam-cured (SC). The air-¢ure
specimens were stored in the laboratory at amigenditions for 24 hours. A wet burlap and a plastic
sheet being used to cover the specimens to ensw@uation in water evaporation. The other concrete
series was cured in a steam bath 4 hrs after gagtuithout demolding). Both the steam curing
temperature and its duration have important effentthe progress of the hydration reaction anddycb
formation [38]. The steam curing cycle used, whicllowed the method of Poon and Kou [39] and
Ramezanianpour et al. [27], is shown in Fig. 3eAthe initial curing stage of 24 hours, the spetim
from both series were demolded and three cubesdi series were tested for the 1-day compressive
strength. The rest of the specimens were furthexccin a curing chamber at constant conditions35€2

and 95% humidity until the other test ages werehed.

2.4. Tests of hardened properties of concrete
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The compressive strength and the porosity and gipeedistribution analysis were determined at thesa
1, 28 and 90 days after the concrete casting. Plitirsg tensile strength and the modulus of etasti

were tested at the age of 28 days.

24.1. Porestructure

The testing of porosity and pore structure wasqueréd by Mercury Intrusion Porosimetry (MIP) with a
‘Micromeritics Poresizer 9320’ mercury intrusionrpsimeter according to BS7591 Part 1. This test was
carried out on small concrete pieces, weighing @gdprately 5.5 g. The crushed samples were obtained
from the 100 x 100 x 100 mm cubic specimens. Tinepsas were first immersed in acetone for 4 days to
stop the cement hydration and then introduced wa@ium drier for 2 hours to extract the remaining
acetone. Before testing, the samples were driesh ioven at 50°C for 4 days. Using the MIP technique
measure of the total porosity of the sample as aglthe surface area of the pore network was also
obtained. The MIP test was conducted on the comc@tples cured at ages 1, 28 and 90 days and each

result represents the average of three tested sampl

2.4.2. Compressive strength, splitting tensile strength and modulus of elasticity

The mechanical properties of concretes were detednusing a compression machine with a loading
capacity of 3000 kN. The compressive strength waasured using 100 mm cubic specimens following
the UNE-EN 12390-3. The splitting tensile strengttd the modulus of elasticity were tested at 2&day
employing 200 x @100 mm cylindrical specimens isadance with UNE-EN 12390-6 and UNE 83-

316-96 specifications, respectively. Each presewdduak is the average value taken from 3 specimens.

3. RESULTSAND DISCUSSION

3.1. Pore structure

The porosity, average pore diameter and threshalueter obtained by the MIP test at the ages @81,
and 90 days are presented in Table 4. The stantaidtions, which are also reported, were lowentha
0.6%. The variability of results between NAC and@Awas similar, however the steam cured concretes’

results showed slightly higher variability than $kaf conventional air curing.
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Fig. 4 shows the cumulative mercury intrusion voduafter 1, 28 and 90 days of curing employing both
curing methods (AC and SC). The pore size distidimst of all the samples followed a similar pattern,
each curve having three distinct regions: one witfentle increase of pore volume of pore sizegpdbu
0.1 pum; the second within the pore size range biw@1-0.01 with a significant increase in pore
volume; and the last being between pore size df-@®MO05 pm with a gentle slope. The majority of the
intrusion volume in the first range is due to m@m®@s and macrocracks and the filling of the non-
wetting liquid (mercury) into the rough texturetb& exterior surface of the crushed sample [32,76%
majority of the intrusion in the second range ig thucapillary pores and the last one due to saanis pf

gel pores [35].

3.1.1. Effect of original quality of RCA on pore structur

After 1 day of curing, the RAC-100 had significdmiver average pore diameters than those of the NAC,
in both curing methods. Likewise Fig. 4a show ttiee RAC-100-AC had slightly lower cumulative
intrusion (pore volume) at any pore size than tB&CNC. In steam curing concretes (Fig. 4b), the RAC
100-SC and the RAC-60-SC had finer pore distrimgidrcom 1 to 0.05 pm, but the total cumulative

intrusions were similar to those of the NAC-SC.

The porosity reduction observed in RAC, containinegycled aggregates sourced from high quality
parent concrete (> 60 MPa), when compared to thalteeof the NAC can be explained by an ITZ
improvement. Such early-age improvements in recyalggregate concretes were attributed by Poon et
al. [41] to the reduction of the water-cement ratiothe ITZ at early hydration, a similar behaviour
pattern also observed in lightweight aggregatedB]2.The partially saturated aggregates absorbtaine
amount of water, lowering the w-c ratio in the I&Zearly age, and the newly formed hydrates gradual

fill the pores in the ITZ.

Nevertheless the RAC-40 concretes had the highest ywlume at all pore sizes. The RAC-40-AC and
the RAC-40-SC had total intrusions of 0.053 and8.thL/g, respectively and capillary pore intrusions
(between 10-0.01 pum) of 0.046 and 0.042 mL/g, retbpely. Park et al. [44] and Igarashi et al. [30]
measured the total pore intrusion of cement pasidscapillary pore intrusion of concretes, respebfi
using OPC also at early ages (1 day) by the MIFhatktAccording to their results, the total porosify
OPC mixtures with a low water/cement ratio was agjpnately 0.080 mL/g [44] and the capillary pore

volume was in the region of 0.100 mL/g at 24 h [3e early-age total pore volume and the capillary
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pore volume of all the concretes produced in thigl\g even those RAC containing the RCA-40MPa,
were lower than those reported by Park et al. i Igarashi et al. [30] due to the refinementhaf t

porous structure on account of the 30% fly ashaeghent of rapid-hardening Portland cement [45,46].

At 28 and 90 days of curing, the RAC-100 generhbyl similar or lower average pore diameters and
threshold pore diameters to those of the NAC a8 90 days of curing (for both curing methods) Th
pore size distributions of the RAC-100 at 28 dafyswing were lower than those of the NAC in alf@o
sizes (see Fig. 4c) for air-cured concretes. Th&€MN and the RAC-100-SC also showed similar pore
volumes (0.025 mL/g) in the steam curing concréseg Fig. 4d). Fig. 4e and 4f show the result$ef t
90-day cured samples in which the RAC-100 showéidea pore structure and lower pore volumes to
those of the NAC. The RCA100 had similar pore sigribution (see Fig. 2) to that of NAC due to the
similar quality of the mortar paste. The finer pstaictures of the RAC-100 could be explained by a

improvement of the ITZ and the new mortar pasteubh internal curing [15,47].

The total porosities and threshold values of theCF® were higher than those of the NAC, whose
average pore diameters were generally very sirallahe ages of 28 and 90 days. The RAC-60-AC had
slightly lower large macrocapillary pores (10-Orh)than the NAC-AC, but the amount of mesocapillary
pores (0.05-0.01 um) rapidly increased (Fig. 4c4a)d The RAC-60-SC had slightly higher pore volume
(0.028 mL/g) despite showing lower macrocapillagrep (10-0.05 pm) volume than that of NAC-SC

(Fig. 4d and 4f).

The porosity, the average pore diameter and thestiold diameter at 28 and 90 day were increasdd wit
the reduction of the RCA quality, irrespective bktcuring method used (see Table 4), due to the
influence of the aggregate type used. Also the retes produced employing the lowest quality RCA had

a coarser pore size distribution (Fig. 4d and 4f).

It must be noted that the steam-cured RAC showghehireduction (between 16 and 36%) of the total
cumulative intrusion volume from 28 to 90 days imparison with the NAC (5%). Such higher
reductions are more than likely caused by the oaighigher porosity of the RCA which permitted md
extension of hydration and a more effective watangport through the pore structure in steam curing
concretes [15,48]. The RAC showed similar or lowercrocapillary pore volumds those of the NAC-
SC but their meso and microcapillary pore size nmas were similar or slightly higher than thoself t

NAC-SC.

10
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3.1.2 Effect of steam curing on pore structure

Despite the fact that steam curing generally predularger capillary pores in NAC [49], the pore
structure of the steam-cured concretes with 1 dayiong (Fig. 4b) was improved by the use of rdegic
aggregates due to a denser ITZ [41]. The use of R@iyated the increase of macrocapillary pores due
to steam curing, which had been typically obseivesteam-cured natural aggregate concretes [29r Af

1 day of curing, the steam-cured concretes obtdimedr porosity, average pore diameter and threkshol
pore diameter than those concretes cured in aiafgiven aggregate type (Table 4 and Fig. 5). The
influence of steam curing was especially positiweghie reduction of the average pore size, which was

between 12-34% lower in comparison to those ofiheured concretes.

The steam curing process enhanced the pozzolaautiors which led to refinements of the pore
structure of the RAC [50]. This reaction was clgarbserved in the higher reduction of the averawe p
diameter of the RAC-60-SC when compared with th@es@oncrete subjected to air curing. Several
studies [14,39] have confirmed that the use of R&&@ improve the binder’s hydration by containing
higher amount of portlandite and unreacted cemartigles. The parent concrete from RCA60 was the
youngest concrete used in recycled aggregates gioduconsequently having more portlandite, dua to

lower carbonation ratio, reacting with the pozzslfiom FA and increasing CSH formation.

The MIP results at 28 and 90 days still showed losxeerage pore diameter for steam-cured concretes
(Fig. 5). In addition it must be noted that the RBC and the RAC-40 had lower relative average pore
diameters, when comparing steam-cured and air-cooedretes, than NAC after 90 days of curing.
Moreover the porosity increase, which was due &ube of lower quality aggregates, was lower when
they were exposed to steam curing than when theg wie-cured. The porosities of the RAC-60-SC and
the RAC-40-SC were 10 and 21% higher, respectitbfn that of the NAC-SC; while the porosity of the
RAC-60-AC and the RAC-40-AC was 17 and 34% highespectively, than that of the NAC-AC after
90 days of curing. Also pore size distributions e&led that steam cured concretes had similar
distributions even when using medium quality RCACER40) and that the RAC-100 and the RAC-60

kept lower capillary pore volumes than the NAC a&@ days of curing (Fig. 4f).

3.2.2. Effect of concrete’s age on pore structures
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Fig. 6 shows the porosity reduction according t@e¢hpore size ranges from ages 1 to 90 days of the
concretes. When using steam curing, the RAC expezid higher reductions of pore volumes than the
NAC from 1 to 90 days age, with respect to all poge size ranges. Typically, steam-curing produces
diminished hydrations of binders due to the isolatdf the unreacted binder particles and disruptibn
the water circulation [22]. The use of porous RCAynpermit an enlarged and continuous hydration of
binders which led to higher refinement of the peteicture. The highest reductions, especially with
respect to the capillary pores (10-0.01um) wereofesl in the RAC-40-SC. The RCA40 had the highest
porosity which could act as internal curing resénamd enlarge the binder hydration. A fact thas ha

been reported in other studies using recycled gagee and lightweight aggregates [15,47,51].

3.2. Compressive strength

The compressive strength test results at the afjds 28 and 90 days are presented in Table 5. The
employment of steam curing proved to be essemtiié production of concrete for prestressed ceacre
elements. The use of fly ash diminished the eagl/-eompressive strength, which was detrimental for
concrete mixtures containing RCA60 and RCA40. Hoavethe concrete mixtures containing these two
lower-quality aggregates could only reach the mimimof compressive strength at 1 day of curing (50
MPa [27,28]) by undergoing the steam curing regime standard deviations indicated in Table 5 were
lower than 7.5 MPa and the compressive strengthitsefulfilled the tolerance values required by the
Spanish technical specification on prestressedretmsleepers [28]. The only concrete mixture shgwi
higher standard deviations than NAC was RAC60. RAG&d been prepared with the youngest parent
concrete which appeared to be more influential len \tariability of compressive strength due to the

remaining reactivity of the RCAs [14,52].

3.2.1. Effect of original quality of RCA on compressivesgth

The compressive strength results show that theofidewer quality RCA reduced the compressive
strength of the RAC when compared with the NAC. tdeer, with respect to the high quality RCA, after
1 day of curing, the study determined that the RKO-SC produced with RCA sourced from 100MPa
recycled concrete and steam-cured, obtained theekigompressive strength. These values beingasimil
to that of the NAC-SC, steam-cured concrete prepatith natural aggregates. Furthermore, with respec

to air-cured concretes, the RAC-100-AC attainedgadr 1-day compressive strength than the NAC-AC.
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After 28 and 90 days of curing, the RAC-100-AC ae¢kid the highest compressive strengths which were
slightly higher than those of the NAC for both a@ese Table 5). The results revealed that the figeeo
RCA-100 increased the mechanical behaviour. Theawgment of the compressive strength of HPC by

using high quality have been previously reporteadtner studies [11,14,18].

Despite the fact that the 28-day compressive stheofjthe RAC-60 was slightly lower than that oéth
NAC, this small decrease was in line with the valdetermined in other studies [14]. However, itdtio
be noted that the RAC-60-AC achieved similar corsgire strengths to those of the NAC-AC at 90 days,
highlighting the higher potential of the recycleggeegates in reacting with fly ash due to the highe

pozzolanic enhancement [53].

A severe decrease on the RCA quality caused notablgctions on compressive strength, the RAC-40
compressive strengths were, on average, 13 andldbés in comparison with the NAC-AC at the ages
of 28 and 90 days respectively. In line with thdselings from Etxeberria et al [8] and Tabsh and
Abdelfatah [6], the compressive strengths from RBGHd RAC40 were lower than NAC due to the
poorer mechanical properties of RCAs than thoseatdral aggregates. In all probability the mechainic
properties of RCAs were due to the lower qualitytted old adhered mortar in comparison to the new
mortar paste [54]. The old ITZ between the agedtangraste and the raw aggregates from RCA60 and
RCA40 is expected to be weaker than the new ITdéen the new mortar and the RCA. The old ITZ

could be the first surface in which the crack depsl|[8,54].

3.2.2. Effect of steam curing on compressive strength

The steam-cured concretes showed 4 to 15% higltaryleompressive strength than their air-cured
counterparts due to the acceleration of the CSHogelation (Fig. 7). The obtained compressive gtien
was higher than that required in pre-cast and fresssed reinforced concrete [27,28], even using the
lowest RCA quality (aggregates sourced from 40M@wacretes). Concrete mixtures subjected to steam
curing suffered an acceleration of binder hydratod CSH gel formation [22,26,29] a fact whichris i
accordance with the porosity reduction at veryyeage mentioned previously. But amongst the aiedur
concretes, the RAC-40-AC could not be used in pressed concrete due to the negative influence on

compressive strength of the poorer quality RCA.
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The 28 and 90-day compressive strengths of thenstesed concretes were similar to those of air-g¢ure
concretes when using the same type of aggregate T For a given quality of RCA, steam-cured
concretes achieved 1-9% and 4-11% lower compressigagth to those of the air-cured concretes at 28
and 90 days of curing, respectively. The negatnieiénce of steam curing was increased at long,term

accord with the results reported by various researc[39,55].

In this research work, the reduction of compressivength due to the use of steam-curing for rec/cl
aggregate concrete was lower than that reportei§idoyet al. [39] in all probability to the high-meatn
quality of the RCA used in this study. However Keiwal. [39] found slight improvements in compressiv
strength when using RCA in steam curing as opptssthndard curing. In this study such improvements
were not observed as a consequence of the diffeesnént type used, as in this case, a rapid hargleni

cement was used and Kou et al. [39] employed a alonardening cement.

3.2.3.  Effect of concrete’s age on compressive strength

Fig. 8 shows the increase of compressive strengthegrcentage) with respect to the 1-day compressiv
strength for each concrete mixture produced. Ittrbesnoted that the RAC-60-AC and the RAC-40-AC
showed the lowest compressive strength at 1 dayTable 5) but they attained the highest evolutains

28 and 90 days. The compressive strength increasaled the positive influence of using FA in RAC a

pointed out by other studies [39,56].

A comparison between the steam cured concreteghendir cured concretes revealed that the steam
curing regime reduced the long term compressiength gain. These detrimental effects of stearmguri
on the long term concrete properties had been teghoior natural aggregates concretes [39,55].
Nevertheless for steam-cured concretes, the higloaspressive strength gain was achieved by the RCA-
40, which signifies that the use of higher porousARcould contribute to a better binder hydration
[15,48]. The compressive strength evolution isamrelation with the pore structure improvementsrfro
ages 28-90 days, and also the higher average pametr reduction of RCA40 compared to all other
steam-cured concrete prepared with the higher tyuacycled aggregates. The higher reduction of RAC
pore volume compared to that of the NAC could aomfihe improvement of the ITZ between the cement

matrix and the recycled aggregates, as well adehsification of the binder matrix by internal awgi
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3.3. Splitting tensile strength

Table 5 shows the results of the splitting tenstlength of all the concretes at 28 days. The @tecr
mixtures produced with RCA100 aggregates obtaihedhighest splitting tensile strength results. This
was due to the influence of the high-quality ITZvieeen the cement paste and the coarse RCA which is
especially influential on this property [8]. Certaiesearchers found that when compared with NAE, th
RCAs in fact improved the ITZ quality. This foundnprovement was due to both the surface
irregularities of the recycled aggregates and éareamount of remaining water absorption which had

the effect of reducing the water-cement ratiorhefifTZ [8,54].

A comparative study between NAC concretes and thbsewer quality RCA, revealed that there was a
drop in the splitting tensile strength of 0.5-5%RICA60 and 12-16% in RCA40 with respect to NAC
concretes. In these cases, the effect of the Ioqwality of the old mortar attached to the RCA cobéd
responsible for the splitting tensile strength dase [54]. Moreover, the standard deviations were
proportionally higher than those found in other hedcal tests. The reason could be the higherentia

of the old ITZ in the splitting tensile strengtisudts [57].

The steam curing process proved to be beneficitii vaspect to concrete produced with RCAs. The
splitting tensile strengths of steam-cured RACsenapproximately 7-5% higher than those concretes
which were exposed to conventional curing. Howeggeam-cured NAC achieved lower results than
those of the same concrete cured under conventemmalitions. Consequently, it was observed that the
RAC concrete proved to have better performance tharNAC concrete when submitted to the steam

curing process.

According to Spanish technical specification foegiressed concrete sleepers, the concrete nebdgdo
a minimum of 4.5MPa splitting tensile strength [28he air cured concrete had to be produced with
RCA100 in order to obtain that value. However, lemeficial effects of using steam curing signifatth
the quality of RCA could be reduced to RCA60, thesping the satisfactory results of splitting ténsi

strength.

3.4. Modulus of elasticity

The modulus of elasticity test results at the dg@Badays are presented in Table 5. The concrettunais

designed with RAC obtained lower elastic moduluantihat of the NAC mixtures for both curing
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methods. As certain studies pointed out [12,18}, Idss of elastic modulus is especially significamt
RAC with replacement levels of 100%. According tadbn and Balendran [58], the modulus of elasticity
of aggregate is proportional to the square of @ssity. Since RCA have lower density, the densfty o
RAC particles is reduced and its modulus of elégtis reduced. Concretes with RCA100, RCA60 and
RCA40 had on average 5, 13 and 20%, respectivelerianodulus of elasticity than that of NAC.
However, the drops of elastic modulus as a reguisimg lower RCA quality were less severe thars¢ého
registered from studies of Portland cement HPC$. [IBe higher reactivity of fly-ash with RCA and
improved ITZ are beneficial factors with respectbiader hydration and cement paste densification in

RACs mixtures and certainly influenced the modufislasticity results.

The steam curing method had the effect of sligiiproving the modulus of elasticity of concrete
mixtures. The modulus of elasticity results froreash-cured concretes were up to 7% higher than those
of conventional-cured concrete mixtures for the s®CA quality. Kou et al. [39] observed that the us
of RCA had a positive influences on the moduluslasticity in steam-cured mixtures. It should bésdo
that the use of lower quality aggregates (RCA4Mjextted to steam curing obatined the highest

improvements (7%).

The modulus of elasticity from all the concrete taies proved to be within the range considerechby t

ACI as the typical values of elastic modulus for G4P[9]. Nonetheless, the maximum modulus of
elasticity were those from NAC (44 — 47 GPa), while RAC mixtures achieved moduli of elasticity
between 35 — 44 GPa. The standard deviations (betwel — 2.5 GPa) did not reveal any relation

between the use of RCA and the variability on tleelutus of elasticity.

4. CONCLUSIONS

The following conclusions can be made based ong$ts of this study:

1. The total porosity of RAC is higher than that oé tNAC concretes due to the porosity of the
RCA. However RAC exhibited a greater refinementtld porous structure after the steam
curing process. The difference of porosity betw&&C and NAC in steam-cured concrete

mixtures is lower than that employing air curing.
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2. The use of RCA mitigated the macrocapillary poreréase generated by the use of steam
curing, which is typically observed in steam-cuiamhventional concretes. The influence of
steam curing was especially beneficial in the rédacof the average pore size of RAC in
comparison to those concrete mixtures which onlgemwent air curing. This reduction was

higher in concretes produced with lower quality REGACA40 and RCAG0).

3. The RCA prepared from lower original concrete dyajup to 40 MPa) resulted in significant
losses on the mechanical properties of RAC. Howethe® concrete mixtures with RCA,
especially those sourced from medium-low qualityAR@vere less affected by the long-term
compressive strength reduction due to steam cumirgpmparison with NAC mixtures. It must

be noted that compressive strength evolution ugdathinishes by the use of steam curing.

4. The steam curing process improved the splittingiterstrength of RAC with respect to that of
air curing, though in NAC mixtures the steam curlmgd negative effects on splitting tensile

strength.

5. The modulus of elasticity of the RAC mixtures wamsiderably lower than that from NAC.
However, the modulus of elasticity results fromastecured RCA mixtures were up to 7%

higher than those from conventional-cured conamgieures for the same RCA quality.

According to the results, it is observed that RAGxtares have a more suitable behaviour when

undergoing the steam curing process than that o Nixtures.
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Table 1. Chemical compositions of binders.

Composition (%) SO, AlLO; |FeO; [CaO | MgO |KO |TiO, |P.Os |[NaO |LOI
Cement 2191 357 4.67 6498 (145 |057 |018 |0.18 0.12 1.05
Fly Ash 5546 |26.94 |5.86 570 |150 |151 |[141 |o083 062 |3.70




Table 2. Physical and mechanical properties of coarse and fine aggregates.

Physical and Dried particle|  Water Flakiness | Crushing | LA Index | _ S2nd MIP
mechanical properties density absorption index (%) value (%) (%) equivalent Porosity
(kg/dm?) (%) test (%) (%)
River Gravel 261 129 1771 1892 19.61 - -
Dolomitic Coar se 268 213 781 20.15 24.77 ; -
Aggregate
RCA100 247 374 1653 2259 2401 ; 4.88
RCA60 239 4.90 1357 2336 2524 - 5.73
RCA40 230 501 9.59 2555 2431 - 8.63
River Sand 1 250 102 ; ; - 87.88 -
River Sand 2 257 193 - - - 75.00 -




Table 3. Proportioning of the concrete mixtures (Coded: Natural Aggregate Concrete: NAC; Recycled Aggregate Concrete
mixtures, RAC-x-y (x = compressive strength of original concretes reused as aggregates, 100, 60 or 40MPg; y =: initia curing
method, air curing (AC) or steam curing (SC)) and the results from the Sl ump cone test.

. . . Dolomitic | Recycled
Concrete | Cement Fly Admixture River | River River Coarse Concrete Total Effective | Slump
reference (kg) Ash (kg) Sand Sand | Gravel Aggregate | Agoregate Water w/B (mm)
(kg) 1(kg) | 2(kg) | (kg) (ko) (ko) (kg)
NAC- 266 114 5.7 7118 | 1825 302.1 784.5 135.4 0.285 16

(ACISC) . . . . . ) .
RAC-100-

(AC/SC) 266 114 5.7 7118 | 1825 1010.2 162.3 0.285 10
RAC-60-

(AC/SC) 266 114 5.7 7118 | 1825 975.1 170.4 0.285 11
RAC-40-

(AC/SC) 266 114 5.7 7118 | 1825 938.8 1753 0.285 20




Table 4. Mercury Intrusion Porosimetry tests results of concrete mixtures at the ages of 1, 28 and 90 days (in brackets, standard

deviations).
Air cured mixtures Steam cured mixtures
NAC- RAC- RAC- RAC- NAC- RAC- RAC- | RAC-40-
Mix notation AC 100-AC | 60-AC | 40-AC SC 100-SC | 60-SC SC
858 754 9.36 11.81 7.27 7.36 7.74 10.45
1 day
(0.12) (0.10) (0.08) (0.07) (0.13) (0.54) (0.32) (0.24)
Total Porosity 28 4.88 485 6.270 8.170 5.810 6.02 6.63 8.85
(%) days
(0.38) (0.22) (0.15) 0.2) (0.56) (0.55) (0.53) (0.45)
90 6.46 5.60 7.540 8.690 5.160 471 5.69 6.24
days
i (0.09) (0.12) (0.01) (0.43) (0.46) (0.19) (0.24) (0.36)
0.05 0.04 0.054 0.063 0.046 0.04 0.04 0.06
1 day
(0.004) (0.004) | (0.002) | (0.001) | (0.001) | (0.003) | (0.003) | (0.002)
A‘:ﬁ:{ﬁgg’re 28 0.04 0.04 0040 | 0044 | 0028 0.03 0.03 0.04
days
(nm) Y (0.002) (0.003) | (0.002) | (0.001) | (0.002) | (0.003) | (0.002) | (0.000)
90 0.028 0.022 0.035 0.034 0.026 0.023 0.027 0.029
days
Y (0.000) (0.000) | (0.001) | (0.003) | (0.000) | (0.000) | (0.000) | (0.000)
1 day 111.78 116.98 | 11365 | 21801 | 103.95 | 109.65 | 11366 | 180.04
(2.17) (5.80) (4.69) (8.35) (1.32) (5.06) (1.96) (4.45)
Threshold 28 54.48 7451 | 9188 | 18013 | 6246 | 6857 | 9362 | 11365
porediameter days
(nm) (2.39) (4.78) (6.89) | (10.75) | (0.89) (1.08) (1.26) (7.43)
90 48.01 36.58 8653 | 104.89 | 3835 36.7 83.18 91.9
days
Y (0.55) (2.85) (1.50) (9.56) (3.02) (2.76) (8.06) (7.37)




Table 5. Mechanical properties tests results of concrete mixtures at the ages of 1, 28 and 90 days (in brackets, standard deviations).

Mix notation

Air cured mixtures

Steam cur ed mixtures

RAC- RAC-60- | RAC-40- RAC- RAC-60- | RAC-40-
NACAC | 100ac | AC AC NACSC | jo0sc | sc sc
1 54.11 56.81 46.88 44.23 65.42 66.18 63.03 52.44
day (0.80) (112) (0.77) (1.06) (3.48) (3.00) (2.52) (1.66)
C;mpf Ve 28 87.75 91.61 84.06 76.90 86.59 83.69 82.98 75.63
ren
M P%) days | (5.38) (3.93) (4.85) (Lo (5.67) (2.25) (7.42) (L7
90 102.84 110.88 104.16 88.18 98.05 99.62 93.87 83.18
days | (4.31) (3.91) (5.89) (4.64) (4.63) (2.76) (4.75) (1.64)
Splitting 471 4.78 447 3.95 4.60 497 458 407
tensile 28
St(:w ef;gt)h days | (0.31) (0.39) (0.43) (0.35) (0.13) (0.37) (0.10) (0.10)
a
Mdodul usof 8 4443 42,55 39.49 35.34 46.58 43.90 39.80 37.70
agticit
G pa)y days | (243) (0.26) (1.94) (1.49) (0.38) (L51) (131 (0.11)




Fig. 1. Particle size distributions of fine and s@aaggregates.

Fig. 2. Distribution of pore diameters of recycltahcrete aggregates.

Fig. 3. One-day steam curing cycle.

Fig. 4. Pore size cumulative distribution of iniifaair-cured concretes (left) and initially steamared
concretes (right) at the ages of 1, 28 and 90 days.

Fig. 5. Relative average pore diameter of stearaecapncretes in comparison with air-cured concrates
the ages of 1, 28 and 90 days.

Fig. 6. Pores volume reduction of concretes prodweith 30% FA from 1 to 90 days according to three
different pore size ranges; (a) initially air-cumahcretes and (b) initially steam-cured concretes.

Fig. 7. Relative compressive strength of steametencretes in comparison with air-cured concrates
the ages of 1, 28 and 90 days.

Fig. 8. Compressive strength increase from 1 td®s, highlighting gain ranges from 1 to 28 dayd an

from 28 to 90 days.
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