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Abstract

This research aims to produce roller compacted concrete (RCC) using recycled aggregates
(RAs) from construction and demolition waste (CDW) with low cement content. Previous
research has confirmed that RA performs favourably when applied to a road base layer as
a granular material or as a cement-treated granular material. In addition, previous studies
have made progress in analysing the feasibility of using RCC with different types of RA,
such as recycled concrete aggregate (RCA) and recycled pavement aggregate (RPA). Un-
der this framework, we determined the feasibility of using RCC with a 100% coarse RA
incorporation ratio and low cement content in the base layer of light-traffic roads. For that
purpose, two series of RCC mixtures were produced with different cement contents: 150
and 250 kg/m>. Each series consisted of RCC mixtures with three different types of RA,
specifically, one RCA and two mixed recycled aggregates (MRA). The percentage of ce-
ramic particles in the RA ranged from 2.5 to 23.4%. The mechanical properties (e.g., the
compressive strength, splitting tensile strength and elastic modulus) and drying shrinkage
were studied in the RCC specimens produced. \The results support the feasibility of using

RCC with a 100% coarse RA incorporation ratio and low cement content to form light-

traffic-road base layers, such as residential streets, sidewalks and bike lanes.

Words: 4764

_— Commented [ALU2]: El revisor 3 indica que :
“The results of the physical and mechanical properties obtained
in the most relevant research are not reflected in the abstract”
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1. Introduction

In the European Union, waste resulting from the construction sector, i.e., construction
and demolition waste (CDW), composed approximately one-third of the 800 million tonnes
of waste in 2012 (European Commission, 2012). The European recycling policy, Directive
2008/98/CE, mandates that countries must re-use, recycle and recover at least 70% of CDW
by weight by 2020. The recycling rate, determined by the percentage of total produced CDW
that is processed as recycled aggregate (RA), ranges between 10% and 90% in European
countries (EU-27), corresponding to a mean value of less than 50%. Spain is one of the coun-
tries with the lowest recycling rate of less than 15% (European Commission, 2011). The use

of RA has been promoted as a priority to ensure that this rate increases.

Worldwide demand for the second most exploited natural resource, construction ag-
gregate, is expected to increase at a rate of 5.2% annually in 2019 (Fredonia Group, 2016).
The use of RA in civil projects reduces construction aggregate consumption and solves other

problems associated with construction, such as landfill disposal.

Two major types of RA are characterised by the nature of its constituents: recycled
concrete aggregate (RCA) must contain Portland cement-based fragments and natural un-
bound aggregates in a minimum proportion of 90% by mass, and mixed recycled aggregate
(MRA) must contain less than 30% of masonry rubble (Agrela, 2011). In Spain, RCA and
MRA represent approximately 15% and 80% of the total produced RA, respectively (GERD,

2012).

The use of RA in civil projects is diverse. Jiménez (2013), Cardoso (2015) and Vieira
(2016) have each reviewed the various RA geotechnical unbound applications, such as back-
filling, base and sub-base layers on roads and pavement on unpaved roads, highlighting the

feasibility of its use.
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Other applications of RA exist, such as cement-treated granular material (CTGM)-e¢

ineorporated-aggregate in-conerete-manufacturing. Within CTGM threetwo types of materials

are distinguished: soil-cement (SC) and; gravel-cement (GC), both with a cement content

ranging between 3% and 7%-and-relled-compacted-conerete(RCC)Y. Xuan et al. (2012) de-

termined that the mechanical properties of SCEFGM improved as the cement amount used
and compaction degree increased and as the RA ceramic content decreased. Del Rey et al.
(2016) studied the feasibility of using EFGM-eonsisting-of-athe fine fraction of MRA and

RCA treated with cement as a road base layer. The Spanish General Technical Specifications

for Road Construction (PG-3) called this material soil-cement 20 mm (SC-20). The differ-

ences between the two types of RA (MRA and RCA) used in SCseil-cement CFGM-manu-
facturing were compared in terms of their mechanical and durability performance; that study
found that there was no statistically significant difference between the two. Agrela et al.

(20124) conducted a study of a practical application that used a MRA (fine and coarse frac-

tion) treated with cement-based-ETGM as the base layer in the construction of a road in Ma-

laga (Spain), PG-3 —called this material soil-cement 40 mm (SC-40). EFGM—ecentaining

MRA treated with cement exhibited favourable mechanical behaviour, which was confirmed

by continuing satisfactory performance of this infrastructure after two years. (Grilli et al. | Commented [ALU3]: He incluido este articulo pq es del

(2013) incorporated reclaimed asphalt as aggregate in SC20, obtaining a general weakening

in indirect tensile strength and unconfined compressive strength respect to those SC produced \

with natural aggregates.

Silva et al. (2015a, 2015b), through an extensive literature review, concluded that the
compressive and tensile strength decreases as the RA content incorporated into concrete in-

creases; the magnitude of the decrease depends on the RA type, size and origin.

A use of RA in civil applications that, to our knowledge, has not been widely studied

is roller-compacted concrete (RCC), which is a mixture of water, cement and aggregate (fine

RM&PD. Tb he encontrado este articulo, que es del RM&PD
que podria ser interesante, pero no lo encuentro en internet.
Nguyen, M. L., Balay, J. M., Di Benedetto, H., Sauzeat, C., Bilo-
deau, K., Olard, F., ... & Bonneau, D. (2017). Evaluation of
pavement materials containing RAP aggregates and hydraulic
binder for heavy traffic pavement. Road Materials and Pave-
ment Design, 182), 264-280.

N

Commented [JAM4]: Debes decir que tipo de material era. ]
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and coarse fraction), placed with compacting equipment, is commonly defined as “zero-

slump” concrete consolidated by roller-compaction methods. The amount of cementitious

material recommended for RCC ranges between 208 and 356 kg/m’, corresponding to 10%

and 17% of dry mass of aggregates, respectively (ACI Committee 325, 2001). RCC has been

widely used for sub-base and concrete pavement construction. Its use reduces the cost of
transporting, placing, and compacting concrete. It has also been used for building commercial
parking areas, industrial storage facilities, parking pavements, container ports and dock stor-

age areas (Gao et al., 2006, Yerramala and Baku, 2011).

The studies conducted on the hybrid RA-RCC mixture have focused on the incorpo-

ration of recycled pavement aggregate (RPA). Settari et al. (2015) found that RPA incorpo-

ration in RCC degraded the mechanical properties with respect to a control mixture, which is

consistent with the results of Modarres and Hosseini (2014), Fakhri and Amoosoltani (2017)

and Abut and Yildirim (2017). Researchers such as Modarres and Housseine (2014) studied

the influence of RPA and rice husk ash on RCC, varying the cement content between 9% and

14%. Others, such as Vahedifard et al. (2010), studied the effects of various binder mixes on

RCC with a content of approximately 235 and 275 kg/m> cementitious material content.

Lopez-Uceda et al. (2016) studied the use of RCA as a coarse fraction of RCC. The
study found that RCC with 175 kg/m?> with full incorporation of RCA could be used as a base
layer in urban area roads, while RCC at 250 kg/ m® and a 50% ratio of incorporated RCA
could be applied to road bases with higher resistance requirements. Courard et al. (2010)
found that the maximum solid compactness varies between 250 and 175 kg of cement per m?
in RCC mixtures with full coarse RCA replacement. The authors also found that the 7-day
compressive strength for a maximum contribution of a unit quantity of cement corresponded

to the mixture with an RCC content of 200 kg/m®.
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The target of the present research is to study the feasibility of using MRA different

types-of RA-(ene RCA-and-twe-MRA)-as a full replacement for the coarse fraction of RCC

with two low and different cement contents (150 and 250 kg/m?) to form base layers for light-
traffic roads, such as bike lanes, residential streets and sidewalks:. The twe-types-ofRA;

ealled MRA RCA--and-MRA used in the present study are the most widely produced by

Spanish CDW plants, and to the best of the authors’ knowledge. there has not been studied

the MRA incorporation in RCC. —Thus, it is imperative to incorporate these materials to

diversify their technical applications.

2. Materials

2.1. Cement

Portland cement (CEM II/A-V 42.5 R) with a fly ash content of 17% was used in

this investigation. The fly ash eementincorporated to the cement used was produced from

the emissions of a local coal-fired power plant. The fly ash content in RCC generally
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ranges from 15% to 20% of the cement composition (ACI Committee 325, 2001). Fhe

o ‘ .

2.2. Aggregates

As coarse fraction, four different aggregates were used:Tweo RA were used-in this

natural limestone coarse aggregate (NG) in the range 8-32 mm from crushed rocks; one RCA,

whose origin was primarily from concrete demolition, and two different MRA (MRAI and

MRAII), which were obtained via the demolition of residential buildings. The RA used //{ Commented [ALU5]: Habria que indicar que el NG y el RCA

se han usado para contrastar los resultados.

came from a nearby CDW treatment plant and their Fhe-size range were efthe-three RAused

was-8-32 mm. NG and RCA aggregates were used to contrast the results. |As fine fraction: a

Natural-limestone sand (NS) was used as-a-finefraction; with a maximum size of 4 mm--. The

particle size distribujtions of the aggregates used are shown in Figure 1. Commented [JAM6]: Yo pondria un solo material que serfa
la combinacién de las dos granulometrias

[t]Figure 1 near here[t]
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Figure 1 - Particle size distribution

Table 2 shows the key properties and compositions of the aggregates. lTheﬁ twoMRA

(MRA-I and MRA-II) presented a lower-surface saturated density and higher water absorp-
tion relative to the RCA. The water-soluble and acid-soluble sulphate contents of the RCA
and the two MRA complied with Spanish Code specifications (Ministry of Development,

2015). h\IG y NS presented usual properties to natural aggregates.‘

Table 1. Main physical and chemical properties, and composition of aggregates used.

Properties NG RCA MRAI MRAII NS Test methods

Commented [ALU7]: Habia pensado en poner lo siguiente.

The percentages of ceramic particles in the RA were, 2.5%,
11.4% and 23.4% corresponding to RCA, MRAI and MRAII re-
spectively. Despite of the fact that RA usually presents hetero-
geneous composition, the RA studied in our research were rep-
resentative in terms of its ceramic composition of the RA pro-
duced in Spain.

Habria que usar alguna referencia que justificara esto ... es
sélo una idea..

Esto no lo ha revisado JesUs

I

Commented [JAMS8]: Idem a anterior comentario un solo
material
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9.2 0.9 UNE - EN 1097 - 06:2014

Dry density (g/cm?) 2.63
Water absorption (%)

%
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Los Angeles abrasion test 36.6 353 37.0 - UNE - EN 1097-2:2010
Flakinesss index 5.7 9.4 14.3 - UNE - EN 933-3:2012
Total sulphur content (% S) 0.1 0.6 0.5 0.6 0.1 UNE - EN 1744-1:2013
Composition (%) UNE-EN 933-11:2009
Bituminuos 1.7 1.5 1.1 -

Ceramic particles 2.5 11.4 23.4 -

Concrete and mortars 58.7 55.3 50.8 -

Natural aggregates 100 36.8 31.4 24.1 100

Gypsum 0.0 0.1 0.2 -

Others (Wood. glass. plas-
tic and metals)

[t]Table 1 near here[t]

0.2 0.3 0.4 -

2.3. Dosage and mixing process

The aggregate gradation of the mixtures was determined by approximating them
by a Fuller curve to seek the maximum compactness in the aggregate mixture and to fill the

voids of the granular skeleton (Figure 2).

Figure 2 - Fuller and mixtures distributions.
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[t]Figure 2 near here[t]

Two different series were produced, one for each cement content used (150 and

250 kg/m?). The proportions of the 6 RCC mixtures produced and their designations are

listed in Table 2. To determine the water necessary to produce the RCC mixtures, the

Proctor Modified was carried out for each mixture, explained in 3.1. section. The water

content required were higher as the amount of ceramic content increased in each serie.

The serie with a cement content of 250 kg/m’ demanded more water than the serie with

150 kg/m®,

Table 2 - Composition of the mixtures

Proportions
NS NG RCA Cement Water
Samples  (kg/m®) (%o)*.*  (kg/m®) (%)**  (kg/m®) (%)**  (kgm’) (%) (kg/m®)
SI-NG 7920 352 13050  58.0 150 6.8  139.9
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S1-RCA 765.2 35.1 1264.4 58.0 150 6.9 152.6
S2-NG 729.6 32.0 1299.6 58.0 250 11.1 148.2
S2-RCA 700.6 31.7 1259.7 57.0 250 11.3 163.5

* * percentage of the element respect to total dry mass

Proportions
NS MRA-I MRA-II Cement Water
Samples  (kKg/m®) (%)** (kKg/m®) (%)** (kKg/m’) (%)** (kKgm’) (%) (kKg/m®)
SEREA F65.2 354 - - - - 1500 6.9 1520
S1-MRAI 7525 35.0 1247.0  58.0 - - 150-6 7 176.3

S1-MRAII 7329 349 - - 1208.0  58.0 150-6 7.1 180.6
S2-RCA T00.6 37 - - - - 230.0 H3 1633
S2-MRAI  686.7 31.5 1242.6 570 - - 2500 11.5 161.3
S2-MRAIl  661.4 31.2 - - 12084  57.0 2500 11.8 175
** percentage of the element respect to total dry mass
[t]Table 2 near here][t]

The scheme of the mixing procedure is presented in Figure 3.

1° Coarse moul l il l u
Aggregates - 1 i
After two ‘[é\. . ' l ' l
minutes Vibrating Kangoo hammer
2°Fine ‘
aggregates 4° Water
After
homogenezation 3° Cement 1 minute latter

5° Filling the
O
0

Figure 3 - Mixing procedure.

[t]Figure 3 near here[t]

3. Experimental tests

3.1. Compaction tests

An analysis of the mixture compaction characteristics was performed according
to the UNE-EN 13286-2:2011 modified Proctor test. A cylinder mould (@ 152.5 x 129.8

mm) was used. The relationship between the moisture and dry density was obtained.
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The compaction time for all specimens was calculated using a vibrating Kango
hammer in accordance with the Spanish Standard 310/90 NLT. The specimens were com-
pacted using the optimum moisture content determined through the modified Proctor test.
Different compaction energies were applied by varying the time of application of the load
exerted by the vibrating hammer (5, 12 and 20 seconds). Compaction was applied in three
layers ina @ 152.5 x 129.8 mm Proctor mould. The vibrating hammer time sufficient to
produce 98% of the maximum dry density obtained in the modified Proctor test was ob-

tained.

3.2. Mechanical property tests in hardened RCC

The mechanical tests were conducted using cylinder moulds (@ 150 x 300 mm).
The compressive strength and the splitting tensile strength tests were performed accord-
ing to UNE-EN 13286-41:2003 and UNE-EN 12390-6:2010, respectively. For each test,
six moulds were filled in five layers, and each layer was compacted with the previously
calculated optimal vibrating hammer time (Mardani-Aghabaglou and Ramyar, 2013).
After approximately 24 hours, the specimens were demoulded and stored in a moist
chamber at 18-22 °C and a relative humidity above 95%. After 7, 28 and 90 days, three
specimens were tested for each curing age.

The development of the elastic modulus in the RCC mixtures was investigated
using the stress-strain relationships of the mixtures in the strength tests and identifying
the tangent of the modulus of elasticity obtained according to UNE 83316:1996. For
this test, each of the three specimens was stored for 28 days prior to the testing under

the aforementioned conditions.

3.3. Drying shrinkage

To study the drying shrinkage, specimens were manufactured in cylindrical moulds
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(@ 150 x 300 mm) in the same way as in mechanical property tests. After 24 hours, after the
specimens were demoulded, six generatrixes were drawn at 60°, and the specimens were
stored in a dry chamber at 22-25 °C and 46-54% relative humidity. The evolution of height
over time was measured in each generatrix using a digital sliding gauge with an accuracy of
+0.005 mm. The height of each specimen was determined at 7, 28, 56 and 90 days as the
average of the six generatrix measurements (Agrela et al., 2014). Each reported result repre-

sents the average of two specimens.

4. Results and discussion

4.1. Compaction tests

The maximum dry density and its corresponding optimum moisture for each mix-
ture are presented in Table 3. The maximum dry density values ranged from 2.28+to 2.10
g/cm®. The highest values of maximum dry density are matched to the mixes produced

with NG, RCA. The results show that the higher the ceramic particle content, the more

water is required and the lower the maximum dry density. These results agree with certain
results reported by Xuan (Xuan et al., 2012, and Xuan et al., 2014). In addition, the ob-
servations suggest that the series S2 mixtures exhibit a higher maximum dry density than
the S1 mixtures, likely because of the greater cement amount; these results agree with
those of Hazaree et al. (2011), who obtained an increase in dry density with increasing

cement content up to 300 kg/m?>.

Table 3. Proctor Modified test values

Max. dry density Optimum moisture

Samples (g/em?) (%)
S1-NG 2.25 6.0
S1-RCA 2.18 7.0
S1-MRAI 2.15 8.2
S1-MRAIIL 2.10 8.6
S2-NG 2.28 5.5
S2-RCA 2.21 7.4

S2-MRAI 2.18 7.4
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S2-MRAII 2.12 8.4
[t]Table 3 near here[t]

Figure 4 shows the density results for each vibrating hammer time. The S1-RCA and
S2-RCA mixtures had a slope similar to that reported by Agrela et al. (2014), who used

CTGM produced with RCA and a low cement content.

230 SI-NG XS1-RCA 2,20 7 xS2-RCA WS2MRA-TT  ®S2-MRA-
o B S1-MRA-I ©S1 MRA-II =
%225 E’
%’D &
2220 =
= 1Z)]
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g | -
S 2,05 == ' =
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Time (s) Time (s)
230 1 AS2-NG XS2-RCA
2,20 1 XSI-RCA ®SI-MRA-I #S1 MRA-II .
~ E 505 | WSIMRA ©S2-MRA-I
g &
K} ES
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£ g
= =l
= =
g :
% = i
= E
:

Time (s) Time (s)

a) b)

Figure 4 - Vibrating hammer time of the series; a) S1; b) S2
[t]Figure 4 near here[t]

4.2. Mechanical properties in hardened RCC

Table 4 shows the mean values of the compressive strength, splitting tensile
strength and modulus of elasticity and their standard deviation at different curing ages.

The Belgian Guideline RW99 establishes the minimum standards for RCC that can be



10

11

12

13

14

15

16

17

used in road foundations. A compressive strength of 20 MPa and 30 MPa after 90 days
must be reached for a minimum cement content of 200 kg/m?> and 250 kg/m?, respectively.
The fourthree mixtures of the series S2 complied with the requirement of 20 MPa at 90
days for a cement content of 250 kg/m?, which is higher than the indicated 200 kg/m>.

[Expect to S2-MRAII mixture, whose mean value is 19.5 MP. but its standard deviation

is 0.82. so it could de said that could meet the requirement\. —The Spanish Guide of Re-

cycled Aggregates from CDW (GERD, 2012) defines the standards for the use of RCC
made with RA in base pavements. In areas with a high density of heavy vehicles, a min-
imum compressive 28-day strength of 20 MPa and a minimum splitting tensile strength

of 3.3 MPa must be met. The S2-NG mixture complied with these requirements after 90

days. The S2-RCA and S2-MRA-I mixtures complied with the compressive strength re-
quirement at 90 days but did not comply with the splitting tensile strength required. The
compressive strength results for all mixtures were over 10 MPa at 28 days, complying
with the requirement for RCC with RA composition established in the Catalogue of Pave-
ments and Work Units with RA from CDW (Public Works Agency of the Regional Gov-
ernment of Andalusia, 2017) for the use of this material in residential streets and similar

civil works (fewer than 50 heavy vehicles per day).

__—1 Commented [ALU9]: No sé si es necesario incluirlo, n ha
comentado nada ningtin revisor.




1

10

11

12

13

14

15

16

17

18

Table 4 - Mean values of the mechanical properties

Compressive strength (MPa) Splitting tensile strength (MPa) M.E. (GPa)

7 28 90 7 28 90 28
Mixtures days s.d. days s.d. days s.d. days s.d. days s.d. days s.d. days s.d.
SI-NG 131 097 158 099 183 127 149 047 202 019 212 019 176 116
SI-RCA 101 075 129 062 149 099 121 010 166 014 177 017 142 155
SI-MRAL 96 071 120 100 139 124 1.08 012 151 008 158 011 13.1 131
SI-MRAIL 66 054 113 090 133 058 1.05 011 143 015 148 015 119 1.10
S2-NG 198 172 268 214 298 186 245 023 321 021 336 025 195 110

i

S2-RCA 162 088 234 119 262 1.25 201 0.08 267 009 275 011 160 1.09
S2-MRAL 147 083 214 046 240 082 191 006 258 013 261 016 156 0.73
S2-MRAIL 110 083 184 046 195 0.82 184 0.06 248 013 250 016 142 0.73

aNote: Standard deviations (s.d.) given in italics.

[t]Table 4 near here[t]

An increase in the mechanical properties studied showed that as the cement con-
tent rose, the mean compressive strength test results at 28 days for series S1 was 1342+
MPa, whereas for series S2 it was 242.5-+ MPa. This result is 29.734% lower than that
obtained by Lee et al. (2013), who found a compressive strength of 32 MPa for RCC with
natural aggregates and 250 kg of cement per m? after 28 days. The mean compressive
strength, at different ages, of RCA. MRA-I and MRA-II mixes were 16.178%, and
22.62% and 35.2% less than those of the NGREA, respectively. These values are con-
sistent with those of Xuan et al. (2012), who concluded that the masonry content dimin-
ished compressive strength in CTGM, and contrasts with the results of Agrela et al.
(2012), whose investigation into an actual use of RA in CTGM as sub-base layer indicated
that CTGM containing RA with higher ceramic content reached a greater compressive

strength after 7 days.

In the case of the splitting tensile strength, less reduction was found than in the
compressive strength according to the type of RA. The mean values for RCA, MRA-I and

MRA-II mixes were 17.66-7%, 23.1% and 26.4+6-7% less than those of the NGRCA,

respectively. These reduction are lower and less scatter than those of compressive




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

strength. This finding can be explained by despite of the fact that RA incorporation caused

weakening of CTMs in terms of resistance, -after reaching the splitting tensile strength,

the cement paste dominates over the coarse aggregate in supporting the concrete strength.
Debied et al. (2009) obtained a 2.6 MPa splitting tensile strength for RCC with RCA as
its coarse fraction and a 250 kg/m® cement content, similar to the results obtained in this

study.

Regarding the modulus of elasticity, a lower reduction than in the compressive
case was found with respect to RCA of the MRA-I and MRA-II mixes. For modulus

clasticitythe splittingtensile strength, the mean values for the MRA-I and MRA-II mixes

were 185.60%.-and 2244.6% and 29.6% lower than those of the NG, respectively-—whick

is-tess—than-that-feundforthe RCA. Lim and Zollinger (2003) studied the modulus of
elasticity of CTGM with RCA and a cement content of 8% of dry matter. In the Lim-
Zollinger research, the mean value of modulus of elasticity was 9.1 GPa, which is lower
than that obtained in this research (14.2 GPa) and may be because that group replaced
100% of the fine and coarse aggregate fraction by RCA. However, Debied et al. (2009)
obtained a modulus of elasticity of 22.6 GPa in RCC mixtures with RCA as the coarse
fraction and with a cement content of 250 kg/m?® (59% higher), which can be attributed to

the high quality of their cement (CEM I 52.5N).

As for the evolution of compressive strength over time (Figure 5.a), the mean of
the RCA and MRA-I mixtures after 7 days were 72.5% and 72.8% of the 28-day strength,
respectively, whereas the MRA-II mixture reached 59.3% of that strength, and- for the

NG mixtures 77.2%. -The relative compressive strength gain between 28 and 90 days was

minor; all increases ranged between 9.2% for the S2-MRA-II mixture and 17.7% for the
S1-MRA-II mixture. In the study of splitting tensile strength over time (Figure 5.b), the

observations suggest that the mean value of all the mixtures of the 7-day strength was
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743.26% + 1.13% of the 28-day strength, whereas the gain between 28 days and 90 days

was 3.3% £ 1.52:3%.
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Figure 5 - Strength evolution over time; a) compressive strength; b) and splitting tensile

strength.

[t]Figure 5 near here[t]

Figure 6 indicates a correlation (R?=0.863) between the compressive strength and
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splitting tensile strength, which was 10.32% of the compressive strength. This relation-
ship is consistent with the results obtained by Lopez-Uceda et al. (2016), who studied
RCC with different cement quantities and different RCA coarse incorporation ratios.
Mardani-Aghabaglou and Ramyar. (2013) obtained 9% for the same relationship, study-
ing RCC with different replacement levels of cement by fly ash (binder content of 250 kg
per m?) for the same ageing periods.
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Figure 6 - Relation between compressive strength and splitting tensile strength.

[t]Figure 6 near here[t]
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4.3. Drying shrinkage

The influence on the shrinkage was examined in a dry chamber of the type of
RA used in RCC (Figure 3) over a period of up to 90 days for the RCC mixes. As ex-

pected, mixtures with NG showed less retraction than those with RA incorporation. The

results were in accordance with those of Del Rey et al. (2015), who found no significant
difference between retraction values at 90 days of CTGM with MRA and RCA; never-
theless, higher values were obtained (1000-1600 pm/m) by Del Rey et al. than in the
present work. After curing in the dry chamber, the retraction was slightly higher in the
MRA mixtures than in the RCA mixtures.

Pitman and Ragan (1998) recommended that the drying shrinkage values at 28
days range between 80 and 330 pm/m in RCC for pavement applications. This recom-
mendation is consistent with the results obtained in the present research, which varied
between 14960 and 309 pm/m for all mixtures. The results of shrinkage in the six mix-

tures with RA incorporation at 90 days varied between 420 and 541 pm/m, indicating

relatively low scatter. Thus, the prediction shrinkage behaviour of RA in RCC with low

cement content is not expected to be challenging to accommodate regardless of the RA

type.
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5. Conclusions

In the present study, the mechanical properties and dimensional changes of RCC
manufactured with different RA types and low cement content were analysed. Based on
the experimental results obtained and the corresponding discussion, the following con-

clusions are drawn:
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e The Proctor Modified test results indicate that a higher ceramic particle content
in RA used as coarse fraction in RCC corresponds to greater-ltess required water

and a lower maximum dry density.

e The use of RA as the coarse fraction in RCC influences the mechanical proper-
ties; a greater percentage of ceramic particles of the RA corresponds to de-

graded mechanical properties as determined by the test results.

e A strong correlation exists between the compressive strength and splitting ten-
sile strength in RCC mixtures. The splitting tensile strength was determined to

be approximately 10.32% of the compressive strength.

o The shrinkage behaviour of this RCC formulated with RA presented relatively
little scatter, specifically in splitting tensile strength and drying shrinkage. This
indicatesing that its on-site use would not involve special requirements accord-

ing to the type of RA used.

In conclusion, the feasibility of the RCC containing RA as its coarse fraction with
a cement content of 150 kg/m® was confirmed. According to the acquired data, the com-
pressive and splitting tensile strength after 28 days reached 10 MPa and 1.5 MPa, respec-
tively. The MRA-II mixture failed to meet the splitting tensile strength requirement by
only 2%. Thus, based on these values, this technical option could be a satisfactory solu-
tion for bike lanes and sidewalks with low strength requirements. RCC containing RA as
a coarse fraction with a cement content of 250 kg/m> showed compressive and splitting
tensile strength values higher than 20 and 2.5 MPa, respectively, at 28 days. The MRA-
II mixture failed to comply with the splitting tensile strength requirement by only 0.8%.
It would be convenient to limit the percentage of RA ceramic particles to 20%, given the

influence of this percentage on the mechanical properties. This material could be used to



10

11

12

13

14

15

16

17

18

19

20
21
22
23
24
25

construct the base layer of civil applications with relatively high strength requirements,

such as residential streets or light-traffic roads (less than 50 heavy vehicles per day).

Therefore, the present study confirms that the use of RA from CDW can be diver-
sified, provided that the physical and mechanical properties of the aggregate are meticu-
lously controlled and characterised. Thus, the evidence suggests that apart from RPA,
other types of RA used as MRA and RCA can be used in RCC manufacturing, which is
expected to help avoid depletion of natural resources and expand the technical possibili-
ties of using recycled materials in civil infrastructure projects such as light-traffic roads,

residential streets, sidewalks and bike lanes.
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