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Abstract:

Large amounts of construction and demolition (C&Ijste are generated annually and will
increase in the future. Until now, only a smallcfian of concrete by-products is re-used as
recycled concrete aggregates (RCA) for the manufacof concrete. In this paper, the
feasibility of using RCA obtained from old precasincrete block was investigated for the
industrial scale production of new blocks. Conclaigding blocks with different substitution
rates (0%, 30% and 100%) of natural aggregates NAthe same volume fraction of RCA
were manufactured in a factory and the mechanioapgrties and durability of concrete
blocks were monitored. The results show that ino@afing RCA slightly decreases the
compressive strength and impairs the durabilitgafcrete blocks. However, the compressive

strength of concrete blocks made with 100% RCAaoeach 11.1 MPa after 28 days, which
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is within the requirement in Belgian codes for tlype of block. The concrete blocks
produced with 30% and 100% of RCA reached the gthencapillary water absorption,

drying shrinkage and freeze-thaw resistance reongines for concrete blocks specified by
Belgian codes. A cradle-to-gate life cycle assessn{€CA) was performed on both

"classical" blocks with only NA and with substitoti of NA by RCA. When considering the
additional use of RCA from a nearby C&D waste rdiogccentre, the substitution of 30% or
100% of NA by RCA led to a reduction in the lan@ esitegory, in addition to supporting the

implementation of the circular economy.

1. Introduction

Very large quantities of construction and dematti@€&D) waste are produced every year
around the world. The European Union (EU) produg28 million tonnes of C&D waste
(Galvez-Martos et al., 2018), which is one of tleaviest and most voluminous waste streams
generated in the EU (approximately 25% - 30% ofwadlstes). The composition of C&D
waste is heterogeneous and may consist of humenaisrials, including concrete, bricks,
gypsum, wood, glass, metals, plastic and excavaigdThe main constituent of C&D waste
is concrete (varies from 32% to 75% depending am dhigin), ceramics and masonry
(Batayneh et al., 2007; Bianchini et al., 2005;iS#nal., 2005; Xiao et al., 2012). On the
other hand, more than 2.7 billion tonnes of aggesgare produced every year in the EU
according to European Aggregates Association (UERG7). Therefore, it is very important
to recycle C&D waste and substitute natural aggesga order to protect the environment
and save natural resources. EU Waste Frameworlctiviee(2008/98/EC) has provided a
framework for moving towards a European recycliogisty with a high level of resource
efficiency. In particular, Article 11.2 stipulatésat "Member States shall take the necessary
measures designed to achieve that by 2020 a miniafuf@% (by weight) of non-hazardous

C&D waste excluding naturally occurring materiafided in category 17 05 04 in the list of

2
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waste shall be prepared for re-use, recycled amer obaterial recovery (including backfilling
operations using waste to substitute other magtiéEuropean Commission, 2008).

Up to now, most of recycled C&D waste has been ased base or sub-base material in road
construction (“down cycling”), engineering fill dandfill engineering (Barbudo et al., 2012;
Poon and Chan, 2006a), while only a small proporisore-used as recycled aggregates in the
concrete industry (high-value application) (Couratdal., 2010; Delvoie et al., 2018; Huang
et al., 2002; Xiao et al., 2013; Zhao et al., 2018)

Recently the use of recycled aggregates in stralcttwncrete has been included in the
European standard. EN 206:2013+A1. “Concrete — iSpatton, performance, production
and conformity” (CEN, 2016) only concerns the ukeaarse recycled aggregates; their use is
restricted to less severe environments. Table WwsHwmnits for the replacement of natural
normal-weight coarse aggregates by coarse recgggregates in relation to exposure classes.
This table is valid for coarse recycled aggregétasegories Type A and B) conforming to
standard EN 12620 (CEN, 2013a). The physical-machhproperties of recycled concrete
aggregates and recycled masonry aggregates (sw@aldasoluble chloride ion content, water
soluble sulphate content, fines content, flakineskex, resistance to fragmentation, oven
dried particle density, water absorption) couldeeffftheir use in concrete (Limbachiya et al.,
2000; Oikonomou, 2005; Silva et al., 2014). Coreraade with recycled concrete aggregates
should be tested to confirm their mechanical andlility properties such as freeze-thaw and
sulphate resistance for their intended use (Dedlied., 2010; Zhao et al., 2013).

All over Europe, more than 5500 companies with atbB000 production plants are
producing concrete precast products. It is estich#dtat the sector generated 24 billion euro
in 2015 according to European Federation of theddteConcrete Industry (BIBM, 2016).
The European Federation of the Precast Concretestnd estimates that about 25% of

concrete production is represented by concreteapteproducts (Delvoie et al., 2018).
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Concrete precast producers consume large quartitiaggregates and generate voluminous
amounts of concrete waste, generally about 1-2%otafl production. Concrete building

blocks are a commodity product and its profit maigilow (Soutsos et al., 2011) with a local
distribution area. The raw materials used to mastufa blocks could be virgin aggregate,

lightweight or recycled materials from C&D waste.

Tablel

Maximum percentage of replacement of coarse aggged® by mass) according to EN 206:2013+A1 (CEN,
2016)

Exposure classes

Recycled aggregate type c XC3, XC4, XF1, All other exposure
X0 XC1, XCZ XAl, XD1° classe$

Type A:

(Rcgo, Rews, Rbyo, Ra, FL,, 50% 30% 30% 0%

XRgn)"

Type B

(RGs0, RCWyg, R, Ra&, FL,,  50% 20% 0% 0%

XRgy)”

@ Tyep A recycled aggregates from a known source Imeaysed in exposure classes to which the original
concrete was designed with a maximum percentageptdcement of 30%.

® Tyep B recycled aggregates should not be usedriorete with compressive strength classes > C30/37.
°X0: Exposure class for no risk of corrosion or eitta

XC1 to XC4: Exposure classes for risk of corrodimtuced by carbonation (XC1: Dry or permanently;wet
XC2: Wet, rarely dry; XC3: Moderate humidity; XC8yclic wet and dry);

XF1: Exposure class for risk of freeze/thaw attdkderate water saturation, without de-icing agent)
XA1: Exposure class for risk of chemical attackdBlly aggressive chemical environment);

XD1: Exposure class for risk of corrosion inducgdchlorides other than from see water (Moderateitlify).
YRy mass percentage of concrete products is higlaer@h% (50% for Rg);

Rcws: mass percentage of concrete products and unkeggrégate is higher than 95% (70% for Rxu
Rb,o: mass percentage of clay masonry units (i.e. braaid tiles) is lower than 10% (30% foragb

Ra;: mass percentage of bituminous materials is Idhan 1% (5% for R3;

FL,: volume percentage of floating material is lowsar 2%;

XRg.: other non-floating materials (i.e. clay, soilaglic, gypsum) and glass is lower than 1% (2% fRpX

22 million tonnes of C&D waste is generated anrmyiallBelgium, excluding excavated soils.
Recycling of inert C&D waste has become an oblggatsince 1998 in Flanders and since
2006 in Wallonia. In Belgium, the total annual gtilgnof concrete produced is estimated at
40.8 million tonnes (equal to 3.6 tonnes per capitdiile the quantity of precast concrete
products approaches 12 million tonnes per yearaleigul.l tonnes per capita). Estimates of
concrete wastes can be based on the assumptionathertete precast producers generate 1-

2% of total produced concrete, i.e. concrete wast8sl8 million tonnes per year in Belgium
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(Delvoie et al., 2019). For example, a medium-sigextast blocks factory can use up to 600
tonnes of aggregate per day and generate 10 tavinesncrete wastes per day. These
concrete wastes are exempt of any contaminatiars, high-quality RCA could be obtained
from them; indeed, RCA obtained from C&D waste aseially contaminated with other
elements such as wood, plastic, bricks, gypsunssgkxcavated soil etc. (Zhao et al., 2017b,
2015).

The feasible use of recycled aggregates from C&Btevan the production of concrete blocks
has recently attracted more research interest €T2b(Guo et al., 2018; Poon et al., 2009;

Poon and Chan, 2007, 2006b; Soutsos et al., 20ab;ef al., 2012).

Table?2
Summary of recent studies on the feasible useoytted aggregates in the production of concretekslo
Reference Origin of recycled Block Test_ . Replacement Main results
aggregates type conditions levels
Feasible to produce paving
RCA from Two series on blocks prepared with 25%
Poon and recycling facility Paving Laboratory 0. 25 50 and crushed clay brick that
Chan (2006b) and crushed clay  blocks test 7’5% ' satisfied the compressive
brick strength requirement
An allowable contamination
RCA from Two series on level in the RCA can be
Poon and recycling facility Paving Laboratory 100% RCA increased from 1% to a
Chan (2007) and other blocks test and 10% other maximum of 10% in the
contaminants contaminants  production of paving blocks

Recommend to produce the
Six series (two blocks with 50% RCA and
Paving Laboratory series on 0, 25, 50% recycled crushed glass

Recyclded crushed
glass and RCA

Poon and Lam . crete rubble

(2008) from C&D waste blocks test 50, 75 and and with A/C ratoi of 4 or
X - 100%) below
recycling facility)
Potential to use low grade
Low grade RCA .
from C&D waste Non- Three series RCA for making non- .
; " : structural concrete blocks;
Poon et al. recycling facility structural Laboratory (one series on ootimal percentage of
(2009) with high content  concrete test 0, 25,50, 75 r(fc c der;ine a ?e ate is
of no concrete blocks and 100%) 50(;/ ggreg
components 0

The maximum replacement
RCA and masonry Laboratory Eour series levels were 60% for coarse
derived aggregate Concrete y fraction RCA and 20% for

Soutsos et al. (RMA) from local  building test and laboratory fine fraction RCA; 20% for
(2011) o factory tests and :
demolition blocks trial factory trial coarse fraction RMA and
company y 20% for fine fraction RMA
Guo et al. RCA from 30 MPa Concrete Laboratory Two mixtures Concrete blocks made with
(2018) waste concrete building test and (O and 75%)  75% RCAs exhibit

5
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blocks factory laboratory favoirable mechanical and
trial tests and a durability performances and
factory trial satisfy Chinese standard

The amount of crushed clay
Concrete

RCA (Concrete masonr Four series on brick should be controlled at
Xiao et al. rubble waste from artitiony Laboratory 0 25 50 75 less than 25% for coarse
(2011) earthquakes) and \llavall test a’n d 1’00% aggregates and within 50-

crushed clay brick 75% for fine aggregates.

blocks
The compressive strength of
concrete made with 100%

Laboratory 0, 30 and RCA could reach 8 MPa

test 100% after 28 days without
increasing the cement
content of the concrete mix.

RCA from precast Concrete
concrete block building
waste blocks

Zhao et al.
(2017a)

Poon and Lam (2008) evaluated the effects of agdeetp-cement ratio and the influences of
the combinations of aggregates on the propertieslatks. RCA was mainly obtained by
concrete rubble sources from a C&D waste recydaugity in Hong Kong. The maximum
size of all aggregates was less than 5mm. RCA (waltsorption = 10.3%) was used to
replace 25%, 50%, 75% and 100% natural crushedeggty, respectively, in the production
of concrete blocks (200 mm x 100 mm x 60mm); anreggfe-to-cement ratio of four was
used. The blocks were manufactured in the laboratath three layers. The authors found
that the compressive strength of the paving blalggeased as the aggregate-to-cement ratio
increased. The use of RCA as a replacement ofalattushed aggregate in the production of
concrete blocks reduced the density and strengthnioteased the water absorption of the
blocks. The compressive strengths of the blocley 28 days were 79.9, 67.4, 65.8, 63.5 and
64.8 MPa, respectively, with 0%, 25%, 50%, 75% &00% replacement of natural crushed
aggregate by RCA.

Poon et al. (2009) reported the influence of loadgr recycled aggregates on the properties of
concrete blocks. The low grade recycled aggrega&es obtained from a construction waste
sorting facility and they were contaminated withgher percentages of no-concrete
components (e.g. > 10% soil, brick, tiles etc.)eTblocks were prepared using coarse
recycled aggregate and an aggregate to cemenbfati1. Fine recycled aggregate replaced

6
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the crushed fine sand at differing levels of 25, B9 and 100%. They discovered that the
mechanical strength of blocks decreased with thereasing low grade recycled fine
aggregate content (the compressive strengths diltoiks were 37 and 25 MPa respectively
for the reference block and 100% fine recycled egate block). The drying shrinkage of the
blocks increased with an increase in fine recyelggregate content.

Soutsos et al. (2011) investigated the effect otigdly replacing limestone aggregate by
recycled demolition aggregates in the manufactdrerecast concrete building blocks. A
specifically modified electric hammer drill was ds® compact the blocks in the laboratory.
The maximum replacement levels were 60% for co&émsetion RCA and 20% for fine
fraction RCA, respectively: this had no significas¢trimental effect on the mechanical
properties of blocks. For all the mixes with 100/rky of cement below the maximum
replacement level, the compressive strength ofkslas around 7.5-8.5 MPa after 28 days,
which is higher than the target strength (7 MPd&eylfound that the maximum replacement
levels were 20% for coarse fraction recycled mags@ygregate and 20% for fine fraction
recycled masonry aggregate. Factory trials shoWwatthere were no practical problems with
the use of recycled demolition aggregate in theufanture of building blocks.

Guo et al. (2018) explored the possible use of R€Aroduce concrete building blocks by
using 75% of RCA. The results indicated that thmrporation of RCA slightly declined the
compressive strength and impaired the durabilitycohcrete blocks. However, concrete
blocks with 75% RCAs satisfied the strength, drysiginkage and freeze-thaw resistance
requirements for concrete blocks specified by Céengtandards. The compressive and shear
performances of masonry prisms made with recyctefteyate blocks were similar to those
of conventional concrete masonry.

The research above demonstrates that RCA can loessfally used for the production of

paving blocks. However, most existing studies weased on laboratory test experience and
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used RCA from the C&D waste recycling facility. Fhdocused principally on the
mechanical properties and specific durability ohaete blocks. Knowledge from industrial
scale experiences remains limited. Moreover, onfgva studies have recently been carried
out covering the environmental impact of using odeg aggregates in the production of
concrete blocks (Groslambert et al., 2018). Moeaech is needed to better evaluate the
environmental impact of using recycled aggregatesdustrial scale production of concrete
building blocks.

The objectives of this work were twofold:

1) To study the feasibility of using RCA obtainedrh precast concrete block by-products in
industrial scale production of precast concretekdpand

2) To evaluate the environmental impact of indastconcrete blocks with RCA via a life
cycle assessment.

In this study, concrete block by-products (concrglieck wastes: C8/10) from a Belgian
precast company were crushed using an industrae smpact crusher and the different
fractions of produced RCA were characterized. Cetecbuilding blocks with different
substitution rates of natural aggregates (0%, 3Q8c1®0%) by the same volume fraction of
RCA were manufactured in the precast factory. Tleehanical properties and durability of
new precast concrete building blocks were contrioded investigated. The environmental
impact of industrial produced concrete blocks VRBA was also evaluated via a life cycle

assessment.

2. Materialsand methods
2.1. Materials

2.1.1. Cement



169

170

171

172
173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

The cement used in the concrete blocks was blasade cement (CEM III/A 42.5 N LA,
provided by Heidelberg CBR company) with a densify3.01 g/cmi. The mineralogical

composition of the cement is shown in Table 3.

Table3

Mineralogical composition of cement determined BD<Rietveld

CsS GS GA C,AF  Anhydrite  Gypsum Arcanite Portlandite Slag

CEM llI/A 42.5

N LA (%) 3510 7.91 329 522 0.16 0.86 2.33 1.08 44.01

2.1.2. RCA and natural sands

Concrete block wastes (C8/10) were collected incttrapany and crushed with an industrial
scale impact crusher. Then, RCA were separated fouo granular fractions (0/2, 2/6.3,
6.3/14 and 14/20 mm). RCA were characterized bysomérag the density, porosity and water
absorption. Only the fraction 2/6.3 mm was usedtf@ manufacture of precast concrete
building blocks.

The patrticle size distributions of natural aggregattural sand and RCA are shown in Fig. 1.
RCA and natural aggregate had similar size didfiobucurves, and both were continuous.
Natural limestone aggregate (noted as NA 2/7) adral river sand (noted as NS 0/2) were
used for the manufacture of concrete blocks. Thiemabsorption of RCA 2/6.3 mm is 3.43%
and its apparent density is 2.51 glcfwhereas it is 0.37% and 2.7 gftrfor natural
aggregate) according to European standard EN 10@7&®l, 2013b). The higher value of
water absorption and low value density of RCA aue tb the presence of hardened cement
paste (which is much porous than natural aggregalie¢ring to the natural aggregate for the

RCA (Zhao et al., 2018).
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Fig. 1. Grading curves of used aggregates
2.2. Experimental methods
2.2.1. Manufacture of concrete blocks

Three concrete building blocks with different sulision rates (0%, 30% and 100%nese
substitution rates were determined according tdirpreary laboratory tests) of natural
aggregates by the same fraction of RCA (only foac®/6.3 mm) were manufactured on the
production site (in real industrial conditions).bl@a 4 shows the composition of concrete
building blocks (dimension 39 cm x 14 cm x 19 cnihwiwo holes, see Fig. 2 right) for
masonry unit. European standard EN 206:2013+A1 apguied in the concrete blocks mix
design. CEM III/A 42.5 cement and a water/cemeriioraf 0.5 were used for block
production. The air-dried recycled aggregates wesexl for the concrete blocks production.
The absorbed water of natural and recycled aggeegaas adjusted according to the water

content of the aggregates and their water absormidhe mixer (Table 4). More water was

10
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used for the concrete blocks made with recycledesgges (an additional 28.5 kg of water
was used for the concrete blocks B_RCA100 compasiddd the reference concrete block —
see Table 4) due to the higher porosity and wdisortion of recycled aggregates compared
to the natural aggregates. After mixing, the freshcrete blocks were placed by mechanical
vibrations (Fig. 2, left photo). The block was siin a wet chamber at 20°C for three days
(Fig. 2, right photo). After that, the blocks westered outside for two weeks. They were then

stored in the laboratory at a temperature of 20G &nd relative humidity of 60% + 2% until

the tests were conducted.

Table 4

Compositions of concrete building blocks - prodastof a wall unit (1 1)

B_RCAO B_RCA30 B_RCA100

NA 2/7 (kg) 1010 707 0

RCA 2/6.3 (kg) 0 282 940

NS 0/2 (kg) 822 822 822
Yellow sand 0/1 (kg) 63 63 63
Cement CEM III/A 42.5 (kg) 175 175 175
Efficient water (kg) 87.5 87.5 87.5
Absorbed water (kg) 9.49 18.04 38
Wi/ C 0.50 0.50 0.50

11
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Fig. 2. Production of block with RCA on the prodoat site, under real industrial
conditions (left: installation for mechanical vibicn; right: marking and storage)

2.2.2. Hardened properties of blocks

2.2.2.1. Dimensions

The dimensions of the concrete blocks were measacedrding to European standard EN
772-16 (CEN, 2011a). The length, width and heidghte specimens were measured with an
appropriate device. The deviations of dimensiond &wlerances were determined and
compared according to European standard EN 77ZEB8I( 2000) for all concrete blocks.
2.2.2.2. Hardened density

The density of concrete blocks specimens was detedraccording to European standard EN
772-13. The specimens of blocks were dried untilstant mass My pin a ventilated oven at
a temperature of 70°C + 5°C. The net volume of kdo¥,epwas determined from the total
volume (length x width x height: determined accogdio European standard EN 772-16)
subtracting the volume of all voids (length x width height: determined according to
European standard EN 772-16). The hardened dgnsigs calculated using Equation 1.

Po =My b/ Voo Equation 1

2.2.2.3. Capillary water absor ption

The water absorption values of concrete block mgsanits due to capillary action were

determined according to European standard EN 77@&EN, 2011b). At the age of 28 days,
the specimens were dried until constant mags g¥h a ventilated oven at a temperature of
70°C £ 5°C. Specimens were cooled at room temperand the dimensions of the faces to
be immersed were measured in order to calculatgtbhes areas A The specimens were

immersed in water up to a depth of 5 mm £ 1 mmther duration of the test. After specific

12
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immersion times i, (10 mins, 30 mins, 1 h, 4 h, 6 h and 24 h), théaserwater was wiped
and the mass of specimens,Mwas measured. The coefficient of water absorpdioa to
capillary action (Gg) of blocks was calculated at,E10 mins using Equation 2.

Cun = (Minp = My )/ (A XT,,.) Equation 2

2.2.2.4. Compressive strength

The mechanical properties of concrete blocks werasured according to European standard
EN 772-1 (CEN, 2011c). The surface of concrete Kdowas flattened by fresh mortar, and
then the compressive strength of concrete blocks measured with a loading rate of 0.05
MPa/s. The maximum load was reached and recordesl cdmpressive strength of concrete
blocks at 28 and 360 days were analyzed. The 38§ dampressive strength was chosen to
investigate the long term curing on properties oharete blocks. Three specimens were
tested for each mix proportion.

2.2.2.5. Drying shrinkage

The drying shrinkage of concrete blocks was deteeshiaccording to BS 6073 (British
Standards Institution, 1981). Many researchers habv@ined reliable results using this
method (Poon et al., 2009; Xiao et al., 2011). AR® days curing, the concrete blocks were
immersed in water at room temperature for 24 h,thed the initial length of the specimens
was measured. After the initial measurement, theciate specimens were stored in the
laboratory chamber at a temperature of 20 + 2°C anélative humidity of 60% + 2%.
Length of the specimens was measured again afg&r7land 14 days, respectively.

2.2.2.6. Freeze-thaw resistance

The freeze-thaw resistance of concrete blocks vessrmhined according to NBN B 15-231
(Belgian standard, 1987). The concrete block spewsnwere placed in a freeze-thaw
chamber where they were subjected to the 14 fréeme-cycles shown in Fig. 3 (24 h per

cycle from -15°C to +10°C, freezing at -15°C in amd thawing in water at 10°C). The

13
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evaluation of freeze-thaw resistance was carrigcouhe base of mass loss and reduction of
resonant frequency. The resonant frequencies afretmblocks before and after the freeze-
thaw action were determined according to NBN B B5-ZBelgian standard, 1976). In

addition, a visual evaluation of surface scalingwanducted after freeze-thaw action.
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Fig. 3. Freeze-thaw cycle according to NBN B 05-2B8|gian standard, 1977)

2.2.3. Life cycle assessment of concrete blocks

Life cycle assessment is a well-recognized scientifethod to assess the environmental
impact of a technical solution, a material or aver (Ding et al., 2016; Kurad et al., 2017,
Kurda et al., 2018; Marinko¥iet al., 2010). It considers a broad range of emvrental
impacts and follows ISO standardization (Hauscletdal., 2018). The present LCA was
conducted in accordance with 1ISO 14040:2006 (I1S3D62) and 14044:2006 standards (ISO,
2006b) and the four mandatory key steps were chmigt; namely, (1) goal and scope
definition, (2) inventory analysis, (3) impact ass®ent, and (4) interpretation.

2.2.3.1. Goal and scope definition

The goal is to study the influence of natural aggtes (NA) substitution by recycled concrete

aggregates (RCA) from precast concrete block wasterder to produce precast concrete

building blocks.

14
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The scope is to conduct a cradle-to-gate comparativA between the "classical" concrete
blocks of Prefer (B_RCAOQ) and the blocks with atitbtion of 30% and 100% of NA by
RCA from precast block waste (B_RCA30 and B_ RCAl@8)described in the Section 2.2.1.
The functional unit (FU) is 1 m3 of concrete blocks the basis of a one-year production
cycle.

The system boundaries for the B_RCAO include the maaterials and their transport to the
two production sites of Prefer (Engis and FIémalle¢ processing of the blocks (mixing and

pressing), the transport of the waste and its d&lia an inert landfill (Fig. 4).

Ele ctricity Fuel
Transpart | |

Matural aggregate MA 2/7
T 1y
Mixing Block
Transport| MNatural sand NS 0/2 Pressing > blocks

S Yellow sand
Cement CEM/A 11l 42.5 / |

Watar
Transport ———
WWaste —=  Landfil

1%

Fig. 4. System boundaries for the production of BAR (NA only)

The system boundaries for the B_RCA30 and B_ RCA@fdide the raw materials and their
transport to the two production sites of PrefergiErand Flémalle), the processing of the
blocks (mixing and pressing), the transport of wWesste blocks from the Engis site to the
Flemalle site, the crushing of all the waste blogkth a mobile crusher and their sorting, the
transport of the mobile crusher to a Prefer sit g fuel consumption, the recycling of the
RCA 2/6.3 mm as substitute of NA for the blocksd dhe transport of the ultimate waste
(RCA 0/2 mm) and its disposal (Fig. 5). The remagniractions (6.3/14 mm and 14/20 mm)
are included in the boundaries as avoided burdenthey are recycled with other internal
products (e.g. concrete components manufacturddthaise coarse recycled aggregates in the

substitution of NA for the barrier wall to stocketimaterials) by Prefer. It means that all the
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RCA used in internal recycling (2/6.3, 6/14 and2D4/inm) are considered as potential
substitution of NA in the model (system extension).

Since the amount of RCA produced from the wasteKslas insufficient to ensure annual

production at Prefer, another source of RCA is iied as a complementary supply. It
consists the use of RCA 2/6.3 mm from a nearby (&d3te recycling site. The proposed site
is the Richopré quarry and recycling site whichobhgk to Eloy Construction located in

Chanxhe, which is 25 km from Prefer’s facilitiehelC&D waste is supposed to be crushed
and sorted at Richopré site. The amount of recypleduct is the one allowing an annual

production of blocks including 30% or 100% of RCA.

Some elements are excluded from the system bowsd#&uildings and infrastructure, ground

occupation, internal conveying of the raw materiafshe blocks and of waste.

Transport |

"External" RCA 2/6.3 | Electricity Fuel
Transport
——)| Natural aggregate NA 2/7 \
N

Pressing

T rt| Natural sand NS 0/2
ranses Yellow sand

Cement CEM IIl/A 42.5
Water

38%

Fuel 5| Crushing . Transport -
U Sorting RCA 072 Landfill

RCA 2/6.3 (36.6%)

62%

. RCA (25.4%)
Otherllntemal -6.3/14 (19.9%)
recycling(s) - 14/20 (5.5%)

Fig. 5. System boundaries for the production of BAB0O and B_ RCA100
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2.2.3.2. Lifecycleinventory

The composition of the blocks is described in Tabl®refer produces 101500 m? of blocks
per year (on a 10-month activity basis) on twossitelémalle and Engis, which produces
65.5% and 34.5% of the blocks respectively. Theregfce scenario is the business as usual
production of B_RCAO concrete blocks.

Waste represents 1% of the production, which iSI@¥year (or 2202550 kg). It is very low
and the most plausible assumption is to surmiseahmaobile crusher comes once a year to
transform all the waste into aggregates. The atera scenario with recycling of the waste
blocks assumes that the waste is stored for oneayahe two facilities, and that the crusher
comes to Flémalle once a year. Waste from Engtsaissported by road to Flémalle. The
waste is crushed and sorted in four fractions:rof2 (38%), 2/6.3 mm (36.6%), 6.3/14 mm
(19.9%) and 14/20 mm (5.5%). The RCA 0/2 mm ismsdtie waste and disposed at an inert
landfill (transported by road). The RCA 2/6.3 mmirisorporated into the concrete blocks at
the level of 30% of substitution of NA, and thetlaso fractions (6.3/14 and 14/20 mm —
25.4%) are recycled with other internal productsHrgfer. They are considerédvoided
burden” in the alternative scenario. The RCA 2/ represents 805015 kg/year. It is
possible to produce 2855 m3 of B_RCA30 with thisoant of aggregates, or 856 m3 of
B_RCA100, which corresponds only to 3% (respecyivieB%) of the annual production of
blocks. Therefore, the internal production of RC#sho be completed with "imported RCA"
from a nearby sorting centre to meet the demanBrefer’s customers. The burden of the
waste processing, i.e. the transportation and tiparaf the mobile crusher, are allocated to
the whole annual production along with the avoidacten due to the other fractions of RCA.
The inventory is calculated on a whole year basd standardized by the overall annual

production to be normalized to 1 m?3 of blocks, the FU.
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The raw material and waste are transported by r@&d truck, EUROS5). The natural
aggregates and sand comes from a nearby quarryidRaBE) — the yellow sand comes
from Rotterdam (NL) and the cement CEM III/A fronodrnai (BE). The inert landfill is
located in Loncin (BE). The mobile crusher (MetsblR13) travels by road on a truck (50t,
EURO4) from Namur (BE). Its capacity is 250t/h atsdspecific consumption of fuel is 80.5
L/h of diesel. It is modelled on the Ecoinvent Brécess "Diesel, burned in building machine
(GLO), market for, APOS, U". Block processing enempnsumption is derived from the
Ecoinvent 3.5 process "Concrete block producti@E)( APOS,U" and adapted to Prefer's
and Belgian specificities (electricity grid mix)h& natural aggregates and sand production
are modelled on the basis of the generic entridscoinvent adapted to Belgian specificities
for heat production and electricity mix (adaptatmin'Gravel, round {CH}| gravel and sand
quarry operation | APOS, U" and "Sand {CH}| graametl quarry operation | APOS, U").

For the "import of external RCA" from Richopré seen, the C&D waste is crushed and
sorted in situ with a crusher of the same typehasnobile crusher used at Prefer. Only its
fuel consumption is counted, and it is supposdaktsimilar to that of the mobile crusher. The

RCA 2/6.3 mm is transported by road to Prefer’sdpation sites (25 km, 30t truck, EURO5).

2.2.3.3. Method for assessment

The Ecoinvent database (3.5, November 2018) (Weanat., 2016) was used to model the
scenarios.

Impact assessment was evaluated with Simapro $t@ase (2019) (Pré-Consultant, CH),
with ILCD 2011 Midpoint+ (1.10) method (EC-JRC-IE2010), as recommended by the
Joint Research Centre of the European Commissiba.cbnsidered impact categories: are

Climate change, Ozone depletion, Particulate mat®irotochemical ozone formation,
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Acidification, Terrestrial eutrophication, Freshemateutrophication, Marine eutrophication,

Land use and Mineral, fossil and renewable resodepéetion.

3. Resultsand discussion
3.1. Hardened properties of concrete blocks

3.1.1. Dimensions

Table 5 shows the results with differing block dmsi®ns and maximum deviations according
to EN 771-3 (CEN, 2011d). The values are an avefrage three measurements. The results
indicate that all the dimensions of the blocks werdhe requirement of limit deviations
regardless of the type of blocks (with RCA or withdRCA). No visual differences were

observed between the different types of blocks.

Table5

Dimensions of blocks and limit deviations accordiadgeN 771-3 (in millimeters)

Length Width Height I(ig\r/]igattri]on \é\g\?it:tion g:\ll?ahtgon
B_RCAO 386.8 138.0 189.7 -3.2 -2.0 -0.3
B_RCA30 386.8 137.7 190.6 -3.2 -2.3 0.6
B_RCA100 386.3 138.0 190.4 -3.7 -2.0 0.4
Standard size 390.0 140.0 190.0 - - -
Tolerance category - - - D1: -5, +3 D2: -3, +1 By:+1

3.1.2. Hardened density

The hardened density values of the block specirmemseported in Fig. 6. The values are an
average from three measurements. The results shatvtiie hardened density of blocks
slightly decreased with an increase in RCA contetich is due to the fact that RCA had a
lower density compared to the natural aggregate dhparent density of RCA 2/6.3 mm is
2.51 g/cri, whereas it is 2.7 g/chior natural aggregate). The lower value densitiR6fA is
due to the presence of hardened cement paste, whiotuch more porous than natural

aggregate (the hardened cement paste content of RE&AR mm was reported as 8.5%
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according to Zhao et al., 2018). On the other haue, to the higher apparent porosity, the
concrete blocks containing RCA have lower densdgsnpared to the reference block. This
finding agrees with the results of other authoreyi@rd et al., 2010; Guo et al., 2018; Poon
and Chan, 2007, 2006b). Moreover, all the blockseve the category of clags2.2 (1900
kg/m® < p < 2200 kg/m) according to the density category given in PTV-0P1

(PROBETON, 2011).

2200

2100

2000 -+

1900 -

1800 -

Density (kg/m3)

1700 -

1600 -

1500 -
B_RCAO B_RCA30 B_RCA100

Fig. 6. Hardened density of concrete building bkck

3.1.3. Capillary water absorption

Capillary water absorption of the concrete blockspresented in Fig. 7. Block specimens
containing RCA had higher water absorption valuesygared to the block prepared with
natural aggregates. As might be expected, wateorpiien of concrete with recycled
aggregates was significantly higher than that atirah aggregate concrete, which was also
reported by other researchers (Debieb et al., 2BbOn and Lam, 2008; Xiao et al., 2011).
This outcome is due to the higher water absorpt@pacity of RCA (higher porosity as a

result of the presence of adherent hardened cepasie in RCA) versus natural aggregates.
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The capillary water absorption of concrete blocksréased as the substitution of natural
aggregates by RCA increased. The increased amdwmdter absorption of the blocks was
caused by the greater porosity of the specimens REEA — the presence of RCA creates
more and longer capillaries as a consequence @iwts porosity, which increases capillary
stress. This increase in the amount of capillamep@ssociated with the absorption by the
RCA ends up promoting a greater suction of the wdatbhe values of the capillary water
absorption coefficient (& obtained at 10 mins) of blocks were 4.11, 5.580 &/nfs for the
concrete block B_ RCAO, B_ RCA30 and B_RCA100 respelst These concrete blocks
however meet the capillary water absorption reaquémets prescribed in PTV 21-001 for

grade A2 blocks (max 8 gfs).
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o
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3000 + —#—B_RCA30
B_RCA100
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Capillary water absorption (g/m?)
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o
o
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Fig. 7. Capillary water absorption of concrete kkc

3.1.4. Compressive strength
The 28-day and 360-day compressive strength oblibeks are given in Fig. 8. The values
are an average from three measurements. It caredre that the compressive strengths of

concretes with RCA were lower than those of comcrefth natural aggregates. The
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compressive strength of the block specimens slighdicreased with an increase of RCA
content. The compressive strength of concrete biloekle with 100% RCA at 28 days
deceased 16.5% compared to the reference conetdte,the concrete block made with 30%
RCA at 28 days decreased 6.0%. The lower mechasicaigths are caused by the poorer
physical properties of RCA in comparison to natuagfjregates used, i.e. the presence of
adherent cement paste led to higher porosity andemmechanical and physical properties of
RCA (less resistant) compared to the natural aggesg(Xiao et al., 2007, 2013; Zhao et al.,
2015). It could also be associated with an incréaglke water/cement ratio, from the higher
initial free water content in the concrete mixtisance the RCA was used at the air-dried
condition with moisture content of aggregate mumldr than the water absorption, about
28.5 kg more water was used for the concrete bl8cKRBCA100 compared to the reference
concrete block), due to the existence of a seconé bf transition. The compressive strength
of concrete block made with 100% RCA could react MPa after 28 days and 12.7 MPa
after 360 days. The normalized compressive stremigtiasonry unit ¢, fom =d X fy) can be
determined by the shape factband mean compressive strength of masonry speci(figns
according to EN 772-1. The shape fadlas defined as being a multiplying factor used to
convert the mean compressive strength of the mgsspecimens to the normalized
compressive strength of masonry ugjt f(d =1.18 for all blocks: the shape factor is equal to
1 for specimen with height and width each equali@@mm according to the EN 772-1). The
normalized compressive strength of concrete bloadenwith 100% RCA was 13 MPa,
which is within the requirement for this type obbk according to PTV 21-001 (class 1@, f

> 10 MPa). Moreover, all types of concrete block madth RCA or without RCA were in
the quality category of class “10/2.2” according?®V 21-001 (category of class f10 witl, f

> 10 MPa and category2.2 with 1900 kg/m< p < 2200 kg/m).

22



443

444
445

446

447

448

449

450

451

452

453

454

455

18

16

14
12 -

10
H 28-day

m 360-day

Compressive strength (MPa)

o N OB Oy
|

B_RCAO B_RCA30 B_RCA100

Fig. 8. Compressive strengths of concrete blociZ8atay and 360-day.

3.1.5. Drying shrinkage

The drying shrinkage of the concrete blocks is shanvFig. 9. The values are an average
from three measurements. The drying shrinkage @fblbcks increased with an increase in
RCA content. The hardened cement paste attachte tBCA contributed to an increase in
the volume of the paste (old hardened cement pasRCA + new), thus increasing the

drying shrinkage of the resulting concrete. Thisamsistent with the results of previous
studies (Guo et al., 2018; Poon et al., 2009)diiiteon, the shrinkage of blocks with 100% of

RCA in this test (i.e., 0.052%) is consistent whike result obtained by Poon et al. (2009) (

0.06%). Moreover, the drying shrinkage values &f thocks were beneath the limit(

0.06%) prescribed by BS 6073 regardless of the oyjdock.
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Fig. 9. Drying shrinkage of concrete blocks

3.1.6. Freeze-thaw resistance

After 14 freeze-thaw cycles, a visual inspectioth&f specimen did not reveal any significant
deterioration in all the blocks (this is in linetwithe requirement for this type of block
according to PTV 21-001). The loss of mass intal toncrete blocks did not exceed 1% in
any case (the mass loss of concrete blocks we4).D.27% and 0.47% for B_RCADO,
B_RCA30 and B_RCA100, respectively). The mass tdssoncrete blocks made with RCA
was higher than those of the reference concretekbldl'he residual resonant frequency of
concrete blocks is shown in Fig. 10. The resideabnant frequency of blocks made with
RCA after freeze-thaw cycles was lower than thahefreference concrete blocks (the scope
of reduction in resonant frequency of the blocksrafreeze-thaw cycles were 7.91%, 8.32%
and 15.84% respectively for B_ RCAO, B_ RCA30 and BARO00). As can be seen, the
specimens containing RCA were less durable in &d¢kaw action, which is due to their
higher initial water/cement ratio and consequeghér capillary porosity. This is a direct
consequence of the higher porosity of RCA and tloewer stiffness (Bogas et al., 2015) and

is consistent with the results of a previous st({8lyo et al., 2018).
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Fig. 10. Residual resonant frequencies of condreteks after freeze-thaw action

3.2. Life cycle assessment of concrete blocks

The comparative LCA of concrete blocks without REA RCAO) and with 30% and 100%
of RCA in substitution of NA (B_RCA30 and B_RCA10@o not show significant

differences across almost all impact categorieg. (E1, Table 5) with the exception of land
use, especially for the 100% substitution case giieen in Fig. 11). The benefits are
respectively 16.1% and 53.1% for the B_ RCA30 arel BhRCA100 compared to the NA
scenario. Although these findings appear obvioukaut even doing a LCA, it is worthwhile

to be able to quantify objectively the potentiaingafrom the substitution of NA by RCA.

Table5

Comparison of the impact of the production of 1 ahtoncrete blocks with NA only (B_RCAO — reference
scenario) and the production of 1 m? of blocks wiith substitution of 30% (B_RCA30) and 100% (B_ROB)L
of NA by RCA — Characterization ILCD 2011 Midpoinft.10)

Units B_RCAO B_RCA30 B_RCA100

Climate change kg CLeq 1.09E+02 1.08E+02 1.08E+02

Ozone depletion kg CFC-11 eq 6.30E-06 6.32E-06 BaEd

Particulate matter kg PM2.5 eq 3.36E-02 3.29E-02 178-02

Photochemical ozone kg NMVOC eq 3.01E-01 2.99E-01 2.97E-01
formation

Acidification molc H eq 3.82E-01 3.79E-01 3.74E-01

Terrestrial molc N eq 1.15E+00 1.14E+00 1.14E+00
eutrophication

Freshwater kg P eq 2.90E-03 2.85E-03 2.76E-03

eutrophication
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Marine eutrophication kg N eq 1.00E-01 9.98E-02 3892
Land use kg C deficit 1.86E+02 1.56E+02 8.72E+01

Mineral, fossil & ren kg Sb eq 7.81E-02 7.81E-02 7.81E-02
resource depletion
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Fig. 11.Comparison of the impacts of the production of lahtoncrete blocks with NA only (B_RCAO —
reference scenario) and the production of 1 m3lo¢ks with the substitution of 30% (B_RCA30) and0%®
(B_RCA100) of NA by RCA — Characterization ILCD 20Midpoint+ (1.10)

Usually cement is the main influential element wieealuating the environmental burden of
concrete (as it is for instance for a generic cetgcentry in Ecoinvent database) (Wernet et al.,
2016). The natural aggregatagdvel in the inventory) only represent a small part of th
impact in a classical formulation of a concreteisTias been verified in the test.

Fig.12 presents the detailed impact of the differdements of the inventory of B_RCAO
concrete blocks. The cement (in violet in Fig. i2¢learly the element with the most impact
in all categories except land use. This categompaily affected by natural aggregates and
sand. Natural aggregates or sand have no impabeimineral resource depletion category

because there is no characterisation factor agedcvwath the "gravel” in the ILCD method
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(nor in any other method). This is due to the thett gravel is not considered a potentially
missing mineral resource by any method. However,ald sand have a rather large impact in
the land use category since they are crushed stamesig from quarries, with occupation of
land for the mineral extraction site. Land usescgpation and transformation) are generic
data included in the entries of Ecoinvent datal{§gernet et al., 2016). This fact explains

why even a small substitution of NA can bring gamghis category (see Fig. 11).
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Fig. 12. Impact of the production of 1 m3 of corerdlocks with NA only (B_RCAO —
reference scenario) — Characterization ILCD 201dpdint+ (1.10)

The internal production of RCA 2/6.3mm from old dkowaste for the production of
B_RCAS3O0 blocks can only substitute 3% of the glgiralduction of concrete blocks at Prefer
because a large quantity of materials is needeth@oglobal production of concrete blocks.
As the block waste in Prefer is limited, recycledtenials from a nearby C&D waste sorting
site could be another solution (that is why thenace of life cycle assessment of B_RCA30

and B_RCA100 by using the RCA 2/6.3 mm from oldcklevaste plus RCA from a nearby
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C&D waste recycling site was included). Furtherastigation is needed for the production of

blocks based on recycled materials obtained frautiknown source.

The use of RCA in the production of concrete blockdnteresting. It can decrease the
guantity of natural aggregate used in productiod protect the environment. Meanwhile,
block waste can be reused in the production of blewks and therefore the amount of waste
sent to landfills can be reduced. From an econopumt of view, waste recycling is
worthwhile when the recycled product is competitwigh natural resources in terms of cost
and quality. This study has demonstrated that R@A be successfully used for the
production of concrete blocks on an industrial scBlue to a reduction in transportation costs,

recycled materials will be more competitive in g with scarce raw materials.

4. Conclusions

The feasibility of using RCA obtained from precasincrete block by-products for the
production of new precast concrete building blooksan industrial scale was investigated.
Results clearly showed that the substitution witiARslightly decreases the compressive
strength and impairs the durability of concreteckto However, the concrete building blocks
produced with 30% and 100% of RCA without incregsaement content can satisfy the
hardened density, strength, capillary water abswrptdrying shrinkage and freeze-thaw
resistance requirements specified in Belgian codémrefore, the use of RCA can be
considered in production of new precast concretklipg blocks. The main conclusions that
can be drawn are listed as follows:

1) The hardened density and compressive strengtbontrete building blocks slightly

decreased with an increase in the RCA content.cbngpressive strength of concrete blocks

produced with 100% RCA at 28 days decreased up.&d compared to the reference block
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and up to 6.0% for the concrete block with 30% REAwever, the compressive strength of
concrete blocks made with 100% RCA could even rekkchh MPa after 28 days, which is
within the Belgian code requirements for this tgbdlock.

2) Block specimens containing RCA had higher watlesorption values compared to the
block prepared with natural aggregates. The capileater absorption of concrete blocks
increased as the substitution of natural aggredageRCA increased. Nevertheless, all the
concrete blocks meet the capillary water absorpgguirements prescribed in PTV 21-001.
3) The incorporation of RCA slightly impaired thardbility of concrete blocks in terms of
drying shrinkage and freeze-thaw resistance. Theglrshrinkage of the blocks increased

with an increase of RCA but remained under thetlifii 0.06%) regardless of the type of

block. Freeze-thaw resistance results clearly cowdil that all concrete blocks satisfy the
requirements.

4) A cradle-to-gate life cycle assessment of tleelpction of concrete blocks including RCA
did not show significant gain in most of the impaategories because the element with the
most impact in the blocks is cement. Due to they Vew available amount of waste, it is
necessary to import external RCA 2/6.3 mm from arlog C&D waste recycling site. The
substitution of NA by RCA shows a very limited gammost categories, except in the land
use category, especially with a level of 100% distilution (up to 53.1% of gain). Globally,
from a circular economy perspective, substituting With RCA recycled from concrete
blocks, combined with externally importing RCA, a® interesting development route to

decrease the environmental impact of producing red@duilding blocks.
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