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ABSTRACT

This research aims to study feasibility of incorporation of fine fraction of recycled aggregates coming
from construction and demolition waste in cement-based masonry mortar fabrication. Initially, three
types of recycled aggregates: concrete, mixed and ceramic recycled aggregates, were characterized in
terms of physical, mechanical and chemical properties. There were used 1:3 and 1:4 cement-to-
aggregate proportions and replacement percentages of 50%, 75% and 100% respectfully for three types
of studied recycled aggregates.

Physical characterization of recycled aggregates shows a continuous size distribution curve, lower
density and higher absorption, what makes the usage of additive necessary to obtain appropriate con-
sistency. Main crystalline phases shown in the X-ray diffraction analysis were: calcite, quartz and gyp-
sum. According to the results of the dosages study, recycled mortars present poorer behaviour than
mortars fabricated using natural stand, however, complying with the limits established by the standards
and manufacturers. Therefore, the results of this study suggest the possibility to replace 100% of natural
sand with analyzed recycled aggregates.

1. Introduction

. There can be obtained three types of recycled
aggregates {KA) classifying them according to the comnoininds thev

Massive exploitation of natural resources in the construction
and building sector has been a continuing process through the
times, causing gradual environmental degradation. Under the
existing regulatory framework, it is vital to incorporate recycling
policies which would enable effective sustainable development of
construction sector.

Construction and demolition waste (CDW) is produced mainly
during building rehabilitation and demolition phase. The con-
struction industry generates in European Union around 900 million
tons per year of wastes, what represents 30% of all wastes produced
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are formed of: concrete RA, mixed RA and ceramic RA

The average recycling rate in Europe is 50%, and there are even
some countries such as Denmark, Estonia and the Netherlands that
recycle more than 90% of their CDW . However,
in Spain these rates are much lower and do not reach the objective
established by the Integrated Waste Management Plan (2008).

Recycling rate is Spain is about 15% of the total production of
CDW, which is used mainly as filler in road construction that is also
typical for other countries . The Code on Struc-
tural Concrete (EHE-08:20us) permits tne usage of coarse fraction
of RA in mortar fabrication, recommending substitution of up to
20% of natural sand by RA. However, the fine RA has not been
considered by most standards until now because of its poorer
properties. Lots of studies showed that the properties of concrete
decrease as the replacement percentage of fine RA increased
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Therefore, the incor-
PULAUIUIL UL ULLS 11Idielidl Ul 1idsoiny moiwdt production implies a
new alternative for recycling of CDW in the building and con-
struction sector.

1.1. Literature review

Various scientific researches have studied the feasibility of
incorporating fine fraction of RA in masonry mortars production.
The bibliography consulted shows varying permitted renlacemeant
nercentages, partly due to the heterogeneity of RA

concluded that mortars can contain up to 25% vl 11e KA
witnourt their mechanical properties, workability and shrinkage
beino affacted rennirino no additives.

-oncluded that the incorporation of up to
4uz% o1 ceramic waste in mortars production does not affect
significantly the properties of cement mortar in fresh and hardened
state with excentinn nf ite dencitv and workability.

evaluated mechanical and
rheological penaviour or cement mortars manufactured using three
types of RA: rejected prefabricated concrete material, recycled
bricks waste and plant recycling rubble. In three cases, 100% of RA
has been used, determining poorer mechanical behaviour and
higher mortar-brick bond strength of recycled mortars comparing
to traditinnal mnrtarc
replaced quartz sand in the production of
cenlent anu nyurauuc lime mortars using ceramic aggregates
coming from crushed red brick. The aggregates were incorporated
in saturated-dried condition without admixtures use. It was
concluded that fine crushed brick aggregates present poorer me-
chanical properties than coarse crushed brick aggregates due to the
greater angularity of the coarse fraction. However, fine crushed
brick asereoatec nracent the best mortar-brick bond strength.

:ompared the properties of mortars made
using tnree types or natural sand and three types of recycled ag-
gregates from concrete, ceramic and masonry waste. 1:6 cement-
aggregate proportion and 100% substitution of natural sand by
recycled aggregates rate were used. It was concluded that mortars
fabricated with recycled aggregates present poorer mechanical
strength properties, except natural sand from Cuba, because of low
quality of this sand. Higher water absorption and shrinkage were
obtained in recucled martars,

xvaluated the possibility to incorporate
fine racuon ul kA m masonry mortars using CEM II/BL 32,5 N.
Obtained results show that replacement ratio of 50% can be ach-
ieved in mortar for indoor use.

The main aim of this work is the evaluation of recycled mortars
properties both in fresh and hardened state using different
replacement percentages of natural sand with three types of RA
coming from collaborating recycling plant. This study results pre-
sent a contribution regarding the published works, and could help
to increase CDW recycling rates, reducing in such a way con-
sumption of natural recourses in the construction sector.

2. Materials and methods
2.1. Materials

The following materials were used in this research: cement,
sand, additive and water.

2.1.1. Cement

The binders used in the study were CEMII/B — L32.5 N and CEM
IV/B (V) 32.5 N, suitable for mortar fabrication and masonry in
general. Spanish and European standard UNE-EN 197-1:2011 and

the Instruction for the cement placing (RC-08) specify the proper-
ties of these cements. Their main characteristics and chemical
composition are shown ir

2.1.2. Aggregates

Aggregates employed to prepare reference mortars were pro-
vided by the Cemex Company. Recycled sand was provided by an
integrated CDW Treatment Plants of Madrid Region. Three samples
of RAwere employed: fine recycled aggregates RA-1, RA-2 and RA-3
originated from ceramic recycling process, mixed recycling process
and concrete recycling process respectively. RA passed through the
pre-screening, trommel separation of fines, crushing and grinding,
and final screening obtaining fine RA of 0/6 mm size. The fine
fraction was sieved in the laboratory to remove particles lager than
4 mm and shorter than 0.063 mm.

2.1.3. Additive

Recycled mortars were prepared using the superplasticizer ad-
ditive Glenium Sky 604 by BASF Company. This is a high-activity
water reducing/superplasticising additive based on poly-
carboxylates. Glenium SKY 604 was prescribed by BASF Company
technical department to improve consistency of recycled mortars.

2.2. Characterization

Characterization of fine RA samples was based on the technical
requirements regulated by the standard UNE-EN-13139:2002:
“Aggregates for mortar”. Three types of fine RA comply with the
upper and lower size limits and the maximum percentage of fines
established by the standard for masonry mortars. The results of
physical and chemical chararterization of RA and natural aggre-
gatea< (NA) are presented i

shows graphical representation of RA used in this study
accuruing to the requirements established by the UNE-EN-933-
2:1995 and the UNE-EN-933-1:2012 standards, in particular Part
1: Determination of particle size distribution “Sieving method”.

As pointed by other authors, size distribution is ane of the most
imnnrtant properties of aggregates

Analyzed RA present contint
situated within the limits establisheu vy wie relerence stanuara.

To complete the characterization of RA the following tests were
carried out: X-ray diffraction analysis and X-rav flunrescence
method. Obtained results are presented i1

Crystal structures and purity of samples were tested by X-ray
diffraction (XRD) analysis, where the X-ray diffraction pattern was

Table 1
Characteristics of CEMII/B-L 32.5 N and CEMIV/B(V) 32.5 N.

CEMI/B—L325N CEM IV/B (V) 325N

Physical characteristics

Density (g/cm?®) 3.05 2.85
Blaine specif. area (cm?/g) 4000 4400
Initial set (min) 175 230
Final set (min) 275 285
Chemical characteristics

AlLO3 325 1340
Ca0 60.10 35.55
Fe 03 256 3.50
K0 0.26 1.80
MgO 1.75 2.60
Si0, 18.13 31.90
TiO, 0.14 0.60
MnO 0.02 0.05
P05 0.16 0.33
NaO, 0.22 0.02
Loss on ignition 11.85 8.60







Table 4
X Ray fluorescence test results.

Samples ALO; Ca0 Fe,05 K»0 MgO Si0, Mno TiO, SO3 P,0s Na,0 LLoss %
RA1 10.10 15.70 244 231 1.81 4550 - 0.32 3.12 0.12 0.95 16.50
RA2 6.57 1158 157 2.17 0.61 63.50 0.024 0.17 244 0.08 0.35 9.50
RA3 6.48 10.67 1.22 2.16 0.54 67.70 0.022 0.15 143 0.10 0.22 8.60

shrinkage tray with a digital comparator at one of its ends. The aim
of this test is to measure mortar length variations during the initial
phase of hydration (plastic and hydraulic shrinkage). The test was
carried out in the laboratory during 72 h with a temperature of
20 °C + 1 °C and humidity of 60% + 2%, taking readings every
60 min.

Moreover, statistical analysis of the data was provided pre-
senting ANOVA tables. Design of experiments carried ont in this
part of study is based on the following factors and levels

Once the cement that shows better results was determined, in
the second part of the study the following properties of RA were
analyzed: workability period, dry bulk and real density, water ab-
sorption by capillarity, crystallization of salts and frost resistance.

Workability period of fresh mortar is measured as a period of
time in minutes that it takes for mortar to reach strength of 0.5 N/
mm?, using a penetrometer (UNE-EN 1015-9:1999). Dry bulk den-
sity of hardened mortar was determined following technical pre-
scription of the UNE-EN 1015-10:1999 standard. Water absorption
by capillarity test was carried out according to the technical pre-
scriptions of the UNE-EN 1015-18:2002 standard. For that reason,
the samples of 40 x 40 x 80 mm were partially immersed in water
by one of the surfaces, waterproofing their lateral surfaces. Crys-
tallization of salts test was realized following the UNE-EN
12370:1999 standard on natural stone specifies, because of
behaviour analogies with mortars. Samples were dried in a stove
and introduced into a sodium sulphate solution decahydrated by
14% during 2 h, to be dried later in an oven during 16 h. As for the
frost resistance, as in case of crystallization of salts, there is no
specific regulation on mortars, so the test was adapted to the UNE-
EN 12371:2001 standard requirements on natural stone subjected
to freeze—thaw cycles. Mortar samples underwent 25 cycles, being
previously dried in an oven until constant mass was reached: one
freeze phase under —15 °C and one thaw phase maintaining sam-
ples during 18 h in immersion under 10 °C + 2 °C.

The following code was employed for the mixes identification:

RA—-N° -X
where RA = Recycled aggregates.

N° = Recycled aggregate type (1 = ceramic recycled aggregate,
2 = mixed recycled aggregate and 3 = concrete recycled
aggregate)

X% =Type of cement (Il = CEM II/B — L32.5 Nand IV = CEM IV/B
(V) 32,5 N).

Table 5
Dosages.
Dosage
c/a RA% Cement Aggregate Water
1:3 50% 1 3 0.57
75% 1 3 0.64
100% 1 3 0.68
1:4 50% 1 4 0.75
75% 1 4 0.86
100% 1 4 0.89

Note: 1% of additive over the weight of cement.
Note: same water amount for all RA and cement.

3. Experimental results and discussion
3.1. Recycled aggregates characterization

Particle size of RA is a result of grinding and sievine nrocess type
employed by a treatment plant. As it is shown ir three types
of analyzed RA present continuous particle size aistripution curve,
This characteristic has a direct influence on such properties of
mortars as mechanical streneth. waorkahilitv. compaction and
durability

Asitca rof RA is lower
than that ot natural sand, while water absorption values of RA are
significantly higher. This characteristic which is eeneral for RA i<
canced mainlv by the amnynt of attached mortar

The nhtained recnlt< are <imilar tn thnse
nresented 1n other researches
and produce higher cement ana warter aemana or recyclea
mortars. There are no standards regulating this property of mortars,
however, the EHE-08:2008 standard limits water absorption values
to 7% for structural concrete. Nevertheless, other studies consider
values 1in tn 10% tn he viable for the usage of RA in construction
sector

Mam crvarguune pndses obtained in the X-ray diffraction anal-
ysis are quartz and calcite. Observed phases, with the
exception of quartz, do not show a high crystalline state presenting
low intensities. Other observed phases are: sanidine, phlogopite
and gypsum.

The results obtained in the X-ray fluorescence analysis
show high silicate content for three types of RA. These silicates are
mainly calcium and aluminium silicates. RA contain higher per-
centage of these two elements: 10.10% (Al;N-Y and 15 70% (CaM
values which are within the ranges found by
The most unfavourable value of SO; of 3.1z% 1s preseneu vy
ceramic RA, what is equal to the amount of Sulphur (S) of 1.248.
This value is higher than the limit of 1% established by the UNE-EN
13139:2002 standard “Aggregates for mortar”. High content of this
element may provoke gradual loss of mechanical strength and
consequently poorer durability in recycled mortar.

3.2. Recycled mortar characterization

3.2.1 Part1

Recycled mortars were characterized through the following
tests: wet density, flexural and compressive strength.hond streneth
and shrinkage. Obtained results are shown ir

A one-way analysis of variance was carriea out to aetermine
whether the mortar type factor had a statistically significant effect
on the studied properties. A multiple range test was also conducted
to determine which means were significantly different from the

Table 6
Experimental design code.

Levels

100% (1), 75% (2) and 100% (3)

Cem 1II (a) and Cem IV (b)

Ceramic (cer), concrete (c), and mixed (m)
1:3 (x) and 1:4 (y)

Factors

Substitution % (A)
Cement type (B)
RA type (C)
Dosage (D)




Wot donsity
2.350 griem3
2.300 grfem3 +— AT
2.250 grfem3 +— At
2.200 gricm3 — A2l —
A-2-IV
2.150 griem3 +— —_— —
A-3-I
2.100 gricm3 +— YNV — —
2.050 gricm3 +— efCamit— ]
2.000 gricm3 {— ef CemIV —
1.950 gr/fcm3
50% 75% 100% 50% 75% 100%
1:3 RA Type 1:4

Shrinkage

0.160 mm/m

0.140 mm/m {— A-ll
A-1-IV

0.120 mm/m +— —_— —
A-2-1l

0.100 mm/m +— ANV —

0.080 mm/m 1+— A=SH— —]

0.060 mm/m +— 55 LV A— —
ef. Cem Il

0.040 mm/m +— —
ef. Cem IV

0.020 mm/m T—

0.000 mm/m

50% 75% 100% 50% 75% 100%
13 RA Type 1:4

Fig. 2. Wet density results.

others. The results include a table as an example of the mean for a
level. Homogeneous groups that do not overlap indicate a signifi-
cant difference between the means, while homogeneous groups
that overlap indicate no <ionificant difference between the means.

It can be observed ir that wet density values with sub-
stitution rate of 100% are sugntly lower than values of reference
mortars fabricated using natural sand. It can be also observed that
generally wet density values become lower for three types of RA as
the substitution percentage of natural sand with RA increases.
Values ohtained in thic <tndv are <imilar to those find by other
authors A one-way ANOVA
Was carlieu oul w uetel Hdie wileuler uie mortar type factor had
a statistically significant effect on wet density. The P-value (<0.05)
of the F-test shows that cement type factor, substitution percentage
and dosage are statistically significant as the AB, BC and BD in-
teractions at a 95% confidence level.

A multiple range test was conducted to identify the sienificant
differences between the means. An example is shown i1 As
for substitution percentage, three homogeneous groups with sig-
nificant differences in the mean values of the wet density of fresh
mortar were presented in columns of Xs. Using the same method,
different homogeneous groups were obtained for cement types and
dosage factors, concluding that the mean values are different for
both factors. However, differences in the mean values were ob-
tained in case of RA type factor.

The same applies to bond strength test while analyzing
results for both types of cement. The mixes wiui 100% substitution

Fig. 4. Shrinkage results.

rate present similar results in three cases, complying with the limit
of 0.30 N/mm? established by the UNE-EN 998-1:2010 standard.
Other recearchec nrecent similar bond strenoth valuec: 137 N/mm2
or 0.40 N/mm? with sub-
suLuuoll rate o1 sus and 1:4 cement-to-aggregate proportion.

In case of bond strength, the P-value (<0.05) of the F-test shows
that cement type, substitution percentage, dosage factors and AD,
BC and CD interactions have statistically significant effect on this
property at a 95% confidence level],

As it is presented i1 conducting a multiple range test,
the significant differences between the mean values were pre-
sented. RA type was the unique factor which did not present sig-
nificant differences in the mean values.

No reference standards which establish the procedure of
shrinkage test was followed, so an experimental procedure was
used in the study . Mortars were studied at laboratory
temperature (20 °C + 2 ~{) during 72 h, taking readings every
60 min to determine hydraulic shrinkage.

The results of shrinkage test show higher values
compared to reference mortars. The nuxwure that gives the highest
shrinkage value of 0.121 mm/m is one that corresponds to ceramic
aggregate with 1:4 proportion. These values are significantly higher
than that of mortars fabricated with natural sand, what may cause
cracking and fissuring in recvcled mortar Similar reenltc were ob-
tained in other researches

The P-value (<0.05) of tne r-test 1naicates tnat KA type, sub-
stitution percentage, dosage factors and AD interactions present
statistically significant effect on the shrinkage at a 95% confidence
level. A multiple range test was conducted to identify the <sionifi-
cant differences between the means, as it is presented ir

Fig. 3. Bond strength results.

.60 Nimm2 Bond strength The factor which did not show significant differences between the
a mm;
0.56 Nmm2 +— AT
Nimm2 Table 7
050 Nimm2 1— Y ] Multiple range test for the wet density by % substitution. Method: 95.0% LSD.
0.45 Nimm2 {— Adl — — -
A2V %Substitution Count LS mean LS sigma Homogeneous groups
0.40 Nimm2 1= e I 1 12 144254 000223979 X
0.35 \mm2 +— TV — 2 12 1.44931 0.00223979 X
- 3 12 1.46088 0.00223979 X
0.30 Nmm2 +— sfCanrit
0.25 Nimm2 1— ef Cem IV
0.20 N/mm2 Table 8
50% 75% 100% 50% 75% 100% Multiple range test for the bond strength by dosage. Method: 95.0% LSD.
1:3 RA Type 14 N
Dosage Count LS mean LS sigma Homogeneous groups
y 18 0.407778 0.0021606 X
X 18 0.452778 0.0021606 X










e Wet bulk density, dry bulk density and real density decrease
lineally as replacement ratio of natural sand by RA increases,
due to lower density of RA.

Due to high absorption of RA, important reduction of work-

ability period is observed in recycled mortars. Because of this

characteristic absorption by capillarity increase is also observed.

e Mechanical strength of recycled mortars fabricated with 100% of
RA is poorer compared to mixes made with natural sand. Ac-
cording to the statistical analysis, better results were obtained in
the mixes made with CEM IV/B (V) 32.5 N and concrete RA.

¢ Both compressive and bond strength values of recycled mortar
comply with established standards, allowing its use in con-
struction using studied RA in suggested proportions.

¢ Recycled mortars shrinkage values are superior to those of the
reference mortars. Statistical analysis determined better
behaviour of concrete RA in terms of shrinkage, presenting no
significant differences between ceramic and mixed RA.

¢ Recycled mortars show poorer behaviour in terms of crystalli-
zation of salts and frost resistance, what is similar to the results
of other researches.

e Recycled mortar placing is similar to the reference mortar, tak-
ing into consideration the humidity content of the aggregate
and workability decrease of mortar elaborated with RA.

e Mixes elaborated with RA3 present better properties then those
fabricated with RA1 and RA2. However, there have been found
no significant differences between RA2 and RA3 in the ANOVA
study.
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Standards used in the experimental work

Spanish Ministry of Public Works. Instruccion de Hormigon
Estructural EHE-08 (Spanish Structural Concrete Code). BOE
2008; 203:258—66.

UNE 83115:1989 EX. Friability coefficient (In Spanish).

UNE-EN 12370:1999. Natural stone test methods. Determina-
tion of resistance to salt crystallization.

UNE-EN 12371:2001. Natural stone test methods. Determination
of frost resistance.

UNE-EN-933-1:2012. Tests for geometrical properties of aggre-
gates — Part 1: Determination of particle size distribution —
Sieving method.

UNE-EN-933-2:1995. Test for geometrical properties of aggre-
gates — Part 2; Determination of particle size distribution. Test
sieves, nominal size of apertures.

UNE-EN 998-1:2010. Specification for mortar for masonry —
Part 1: Rendering and plastering mortar.

UNE-EN 1015-2:1998. Methods of test for mortar for masonry —
Part 2: Bulk sampling of mortars and preparation of test
mortars.

UNE-EN 1015-6:1998. Methods of test for mortar for masonry —
Part 6: Determination of bulk density of fresh mortar.

UNE-EN 1015-9:1999. Methods of test for mortar for masonry —
Part 9: Determination of workable life and correction time of
fresh mortar.

UNE-EN 1015-10:1999. Methods of test for mortar for masonry
— Part 10: Determination of dry bulk density of hardened
mortar.

UNE-EN 1015-11:1999. Methods of test for mortar for masonry
— Part 11; Determination of flexural and compressive strength of
hardened mortar.

UNE-EN 1015-12:2000. Methods of test for mortar for masonry
— Part 12: Determination of adhesive strength of hardened
rendering and plastering mortars on substrates.

UNE-EN 1015-18:2002. Methods of test for mortar for masonry
— Part 18: Determination of water absorption coefficient due to
capillary action of hardened mortar.

UNE-EN-1097-3:1998. Tests for mechanical and physical prop-
erties of aggregates — Part 3: Determination of loose bulk den-
sity and voids.

UNE-EN-1097-6:2001. Tests for mechanical and physical prop-
erties of aggregates — Part 6: Determination of particle density
and water absorption.

UNE-EN 13139:2002. Aggregates for mortar.
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