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The paper presents the assessment of metakaolin-slag-potassium-silicate geopolymer mixtures contain-
ing concrete and fired clay aggregates from Construction and Demolition Waste (CDW). An extensive
characterization was carried out from a mechanical and physical standpoint, aimed at exploring their
potential as a building material and their suitability for exploitation at industrial level. Based on the
obtained experimental results, geopolymers with CDW showed promising properties for use in building
elements even with 50% of aggregates and more, although further aspects need dedicated investigations.

� 2018 Published by Elsevier Ltd.
1. Introduction

Construction and Demolition Wastes (CDWs) typically com-
prise inert mineral materials (concrete, bricks, tiles and ceramics,
etc.), with smaller amounts of other components (e.g. wood, glass,
plasterboard, bituminous mixtures and tar) [1]. CDWs are one of
the main sources of waste in Europe, according to official data
released by the European Union (EU) [2]. Although estimations
may vary, due to illegal dumping and to different waste definitions
and reporting mechanisms in force in various Countries [3], CDWs
approximately represent one third of the total waste generated by
economic activities and households, which in EU-28 are about 2.5–
3 billion tonnes per year [2]. Thus, the European CDWs stream is
about 0.8–1 billion tonnes per year. As underlined by Peng et al.
[4], the recycling of CDWs is of primary importance for several rea-
sons: CDWs are heavy and bulky, thus undesirable for landfill dis-
posal; many of them are potentially very relevant for recovery and
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reuse; their recycling is environmentally significant since it would
reduce the consumption of energy and natural resources, the emis-
sion of CO2, and would promote the achievement of recycling goals
(70% by weight in the European Union, according to the Waste
Framework Directive [5]) and the preservation of valuable space
in landfills. Incidentally, it is worth mentioning that a lack of har-
monisation still exists in EU, with End-of-Waste (EoW) criteria not
fully developed or consistent across different Countries [6].

Currently, two of the main destinations of recycled CDWs are:
unbound aggregates for road sub-bases [7] and bound aggregates
for concrete mixes [8–10], the latter being a higher added value
recycling pathway. According to Nixon [10], just after the Second
World War the use as aggregate in fresh concrete of brick debris
left by intensive bombardments was documented, and later on
concrete rubble coming from demolished fortifications was
included as well. Conversely, after that period of intensive rebuild-
ing, there was little research interest until the Seventies, when the
increasing availability of CDWs and the expected future scarcity of
natural aggregates promoted more systematic investigations on
recycled aggregates. Recent studies demonstrated that the produc-
tion of structural Recycled Aggregates Concrete (RAC) with proper-
ties comparable to those of standard concretes is feasible through a
careful optimization of CDWs typologies [11,12], grading [13] and
mixing approach [14]. This is mainly due to an improved refine-
ment of the Interfacial Transition Zone (ITZ) between old aggre-
gates and the new cementitious matrix [15,16]. Nevertheless, the
use of RAC is restrained by several drawbacks. It is worth mention-
ing, among them, the inferior mechanical properties and the
greater drying shrinkage generally exhibited by RACs in compar-
ison to concrete made with virgin aggregates, their lower resis-
tance to carbonation and chloride penetration, and the still low
cost of natural aggregates [9–11].

A promising alternative recycling option appears to be offered
by Alkali Activated Materials (AAM) and geopolymer binders,
incorporating CDWs as either inert aggregates or partially reactive
materials. Since AAM/geopolymers were shown to present great
flexibility in using numerous types of different industrial wastes
and by-products [17,18], the use of CDWs in these binders has
been extensively investigated recently, with encouraging results.
Concrete and/or fired clay waste aggregates were studied in [19–
23]. Concrete, brick, glass and ceramic tile waste in geopolymer
binders were investigated also by [24–26], while brick waste
aggregates alone were specifically studied in [27] and [28], and
ceramic waste aggregates were tested in [29] and [30]. These
papers testify both the interest and the potential of AAM/geopoly-
mer binders in the recycling/reuse of CDWs.

Within this context, a research was developed in the framework
of the H2020 European project ‘‘InnoWEE – Innovative pre-
fabricated components including different waste construction
materials reducing building energy and minimising environmental
impacts”, focused on the development of architectural components
(i.e. prefabricated panels for insulation, ventilated façades and
radiant heating/cooling) made with geopolymer mixtures embed-
ding CDWs. The present work presents the assessment of
metakaolin-slag-potassium-silicate mixtures containing concrete
and fired clay aggregates derived from CDWs. The extensive
mechanical and physical characterization herein reported aimed
at exploring their potential as a building material and their suit-
ability for exploitation at industrial level. It is worth noting that
the term ‘‘geopolymer” was used instead of the more general
‘‘AAM”, according to Provis et al. [31], due to the primary role of
the aluminosilicate and highly coordinated binding phase.

Several parameters were selected for the study, among the
numerous variables that may affect the behaviour and the perfor-
mance of mixtures. The test program was focused not only on
mechanical performance and physical properties, but also on
aspects that may influence the exploitation in industrial processes.
The experimentation was obviously not exhaustive, because the
subject is very wide and there are challenging aspects [32,33]
(e.g. drying shrinkage, efflorescence, freeze-thaw in presence of
salts, lacking of effective superplasticizing agents, etc.), whose
investigation is currently at a preliminary stage. Nonetheless, the
aspects presented in the following sections were assumed to be
of primary importance at the first stage of the assessment process.
2. Experimental program

The experimentation involved the thorough testing of 41
geopolymer mixtures with CDW aggregates, whose detailed fea-
tures are provided apart as supplementary data, for the sake of
brevity. The mechanical performance of each mixture was evalu-
ated in compression, at 7 days and 28 days of age, and in splitting
at 28 days (some of them also at 7 days), except those aimed at
investigating the effects of curing temperatures, which were tested
only in compression but at the additional ages of 24 h and 3 days
(two of them also at 3 and 6 months). Bulk and material density,
open porosity and water absorption of each mixture were also
measured after at least one month of curing.

In order to optimize time and material consumption, 3 repeti-
tions for each test were envisaged, for overall 300 compression
tests, 168 splitting tests and 123measures of bulk density, material
density, open porosity and water absorption. The test matrix is
shown in Table 1, where mixtures are grouped by scope. It is to
be noted that the original labelling of mixtures was herein revised
to improve clarity, thus the present labels might not match those
apparent in photos. Groups are sorted in logical order, but they
do not reflect the chronological sequence of testing. Details about
materials, sample preparation and test methods are reported in
the following sections, along with specifications of the investigated
parameters. It is to be noted that, for the sake of clarity, aggregate
contents are expressed throughout the paper as a percentage of the
overall dry weight of the mixture, differently from the common
practice of concrete and mortars, where aggregates are usually
indicated by the ratio with the binder.

2.1. Materials and specimen preparation

2.1.1. Binder
The geopolymer binder was prepared by mixing commercial

metakaolin (MK: Argical MK 36), with median particle size 8.6
lm, and commercial furnace slag (SL: Minerali Ind. LV 425), with
median particle size 9 lm, as reported in their datasheet. The
quantitative chemical analysis of the reagents by Energy Dispersive
X-ray Spectrometry (EDS), carried out with a FEI Quanta 200F FEG-
ESEM equipped with an EDAX Genesis EDS system, is reported in
Table 2. Two types of potassium-silicate activator with a modulus
SiO2/K2O of either 1.26 (dens. 48.3%, type A) or 1.88 (dens. 44.1%,
type B) were prepared by mixing LUDOX� TM-50 colloidal silica
and KOH pellets (both from Sigma-Aldrich) with distilled water
at least 24 h prior to use. Based on the chemical composition of
the reagents, the generic SiO2/Al2O3 molar ratios of the activator
and the solid precursors were comprised between 4.4 and 4.8,
while K2O/SiO2 � 0.35 and K2O/Al2O3 � 0.84.

2.1.2. Aggregates
Aggregates used in geopolymer mixtures were obtained from

the in-house grinding of concrete and fired clay scraps, both com-
ing from two different sources. In the first phases (mixtures
belonging to Group 1 – blend of aggregate types, and Group 2 –
curing temperature), wastes with known origin were used, labelled
CR0 and FC0. Then, they were replaced by wastes (CR1 and FC1)



Table 1
Test matrix of geopolymer mixtures, grouped by scope (in brackets those that appear more than once).

Mixtures Compression Splitting Others*

24 h 3 d 7 d 28 d 3 m 6 m 7 d 28 d >1 m

Group 1: Blend of Waste types
BW1, BW2, BW3, BW4, BW5 – – all all – – – all all

Group 2: Curing Temperature
CT1-AT, CT1-30�, CT1-40�, CT1-60�, CT2-AT,

CT2-40�, CT2-60�
all all all all CT1-AT, CT2-AT CT1-AT, CT2-AT – – all

Group 3: waste amount of concrete (CR) and fired clay (FC)
CR40, CR40r, CR50, CR60, FC40, FC40r, FC50, FC60 – – all all – – CR60, FC60 all all

Group 4: Particle Size Distribution
PSDcr-f, PSDcr-g, PSDcr-i, PSDcr-r, PSDfc-f, PSDfc-g,

PSDfc-i, PSDfc-r
– – all all – – all all all

Group 5: metakaolin:slag ratio
(CR40), CR40-1:2, CR40-1:3, (FC40), FC40-1:2, FC40-1:3 – – all all – – CR40-1:2, FC40-1:2 all all

Group 6: reduction of base amount
(CR40), CR40-15%, CR40-30%, (FC40), FC40-15%, FC40-30% – – all all – – CR40-15% & -30%,

FC40-15% & -30%
all all

Group 7: Preparation Temperature during mixing
PT0, PT1, PT2, PT3, PT4 – – all all – – all all all

*‘‘others” indicates dry bulk density, material density, open porosity and water absorption.

Table 2
Elemental Analysis by oxides (% weight) of metakaolin (MK) and furnace slag (SL).

Material Al2O3 CaO Fe2O3 K2O MgO SiO2 SO3 TiO2

MK 39.08 – 1.78 0.94 – 56.16 – 2.04
SL 9.31 44.36 0.57 0.71 6.2 36.48 1.55 0.83
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supplied by the company involved in the InnoWEE project, which
can be considered representative of actual waste streams gener-
ated by selective demolition of ordinary buildings.

CR0 derived from residual cubic test specimens of Ordinary
Portland Cement (OPC) concrete in class C30/37 according to
[34], whereas FC0 derived from commercial red soft-mud bricks
with a declared compressive strength fb [35] of 18 N/mm2, pro-
duced by a local brick industry. Further data are not disclosed,
being them covered by official testing certifications delivered to
the proprietary industry. However, the main aim was only to col-
lect selected and tested representative average waste with known
compressive strength. Conversely, concrete waste CR1 and fired
clay waste FC1 came from non-hazardous CDWs obtained by selec-
tive demolition processes and classified as 17.01.01 (concrete) and
17.01.02 (bricks), according to the European List of Wastes [36], for
which is impossible pointing out the initial compressive strength.
Images of CR1 and FC1, before and after milling, are shown in Fig. 1.
Fig. 1. Waste before and after milling: (a)
As a general indication, concrete with a compressive strength of
35 N/mm2 was referred to as ‘‘high-strength” in the 1950s, and
products with compressive strengths exceeding 60 N/mm2 have
become commercially available in the early 1970s [37], but they
did not affect most of the ordinary low and medium rise buildings;
nowadays, a reasonable strength limit for ordinary concrete can be
assumed at 50 N/mm2 according to Eurocode 2 [34], although not
explicitly mentioned. Concerning fired clay bricks, their normal-
ized strength rarely exceeds 40–50 N/mm2 even in modern
extruded units [38].

The mineralogical quantitative phase analyses (QPA) was per-
formed through X-ray powder diffraction (XRPD) with a Bragg–
Brentano hh diffractometer (PANalytical X’Pert PRO) equipped with
a real time multiple strip detector (X’Celerator by Panalytical). It
revealed (Table 3) that the main components of CR1 were calcite,
quartz (especially in ‘‘coarser” fractions) and amorphous
(prevalent in finer fractions), whereas the composition of FC1
concrete CR1, and (b) fired clay FC1.
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was predominantly of quartz and amorphous. It is to be noted that
the milling process had a certain influence on the composition of
separated particle size fractions, although lesser than expected
and occurring mostly on concrete waste, with harder substances
like quartz and feldspars prevailing in coarser fractions. The bulk
chemical compositions of CR1 and FC1, carried out by X-ray fluo-
rescence spectroscopy (XRF) on a WDS Philips PW2400 spectrom-
eter, are reported in Table 4, whose results are basically consistent
with the mineralogical analysis. CR1 revealed a composition typi-
cal for aged concrete, with dominant CaO and SiO2 related to both
the hydrated cement paste and the aggregate phases, associated
MgO and Al2O3 mainly related to the inert fraction and minor
amounts of the remaining major chemical constituents. The loss
on ignition is relevant, and consistent with the observed high
amount of carbonate phases. The composition of FC1 is typical of
bricks and ceramic materials prepared from carbonate-rich base
clays, with dominant SiO2, associated Al2O3, CaO and Fe2O3 and
minor amounts of the other major chemical constituents. The loss
on ignition is lower than 10%, mainly related to calcination pro-
cesses of the residual carbonate phases.

The geopolymeric reactivity of CR1 and FC1 was investigated
through the analysis of the leachates obtained after a 24 h leaching
test in alkali solution 10 M KOH. The concentrations of Si and Al
(Table 5), measured via inductively-coupled plasma mass spec-
trometry (ICP-MS) with an Agilent Technologies 7700� ICP-MS,
suggested that both materials are active in alkali solution, thus
prone to reaction in a hyper alkaline system. The fired clay FC1
resulted particularly active, with leaching values of Al more than
three times higher with respect to the concrete CR1, and values
of Si 50% higher. These results are anyway consistent with the
overall content of Si and Al reported in Table 4. Considering stan-
dard geopolymeric precursors available in literature [39], it is pos-
sible to observe that CR1 is characterized by a leaching value of Al
lower than fly ash, slag, metakaolin and zeolite, but higher or com-
parable to those of natural pozzolana and kaolin. Concerning Si, the
obtained leaching value is lower than zeolite and metakaolin, sig-
nificantly higher than kaolin, natural pozzolana and fly ash, and
comparable with furnace slag. As for FC1, the leaching value of Al
is higher than what obtained on all the tested precursors, with
the exception of metakaolin, while the Si value is significantly
higher than natural pozzolana, fly ash, slag and kaolin and compa-
rable with the one of metakaolin and zeolite.

Crushed materials were screened with woven wire cloth sieves
having a square mesh size complying with EN 933-2 [40] (aper-
tures from 0.063 mm to 2 mm). Their Particle Size Distribution
(PSD) was measured during the screening process. The various
fractions were kept separated and mixed before use in two differ-
ent fashions. The first distribution, used for CR0, FC0 and for refer-
ence mixtures with CR1 and FC1, reproduced that of the standard
sand for testing cements, which was directly measured on 12 pack-
ages of certified sand because the set of available sieves did not
match the sizes provided by EN 196-1 [41]. The second distribution
(labelled ‘‘as is”), which was specific for CR1 and FC1, represented
the actual one produced by the hammer mill used for crushing the
scraps, although particles with sizes above 2 mm and below 0.063
mm were not included, in analogy with the standard sand. The
adopted PSDs are shown in Fig. 2, together with the upper and
lower limit distributions used for studying the effects of
granulometry.

2.1.3. Preparation of binders and specimens
Geopolymer mixtures were prepared by stirring together in an

8 l planetary mixer metakaolin and alkali activator for about 3 min,
before adding the furnace slag and stirring for further 2 min. Then,
waste aggregates were mixed, and possible additional water was
added to adjust workability and to keep a satisfactory thixotropic



Fig. 2. Adopted Particle Size Distributions (PSDs).

Table 4
Bulk chemical composition of CR1 and FC1 (% weight), with the relative loss on ignition (LOI).

Oxides: SiO2 TiO2 Al2O Fe2O3 MnO MgO CaO Na2O K2O P2O₅ Tot LOI

CR1 38.03 0.23 5.01 1.80 0.06 12.21 39.88 0.74 1.06 0.07 99.09 31.3
FC1 63.00 0.79 15.14 5.03 0.08 3.22 8.52 1.00 2.57 0.11 99.46 6.66

Table 5
Chemical composition of the leachates obtained in alkali solution for the analysed
wastes.

Element: Al Si

CR1 Concrete 16 ppm 157 ppm
FC1 Clay bricks 60 ppm 229 ppm
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behaviour. It is to be noted that the moisture content of ingredients
(metakaolin, slag and waste) cannot be feasibly assessed at the
moment of mixing, but raw materials were stored in rather con-
stant conditions. Measures carried out between December and July
provided an average moisture content of 0.2%, 0.4%, 1.0% and 0.6%
for metakaolin, slag, concrete and fired clay aggregates, respec-
tively, with fluctuations lower than 0.2% in any case. Those mois-
ture contents were not taken into account in calculations. Details
about mix ratios, due to their extensiveness, are presented as
supplementary data. Nonetheless, as a general indication, the
ranges of constituent materials were as follows, expressed for the
sake of clarity as a percentage of the overall dry weight. Mixtures
with 40% of waste aggregates and MK:SL 1:1: MK 21.9–23.8%;
dry matter of the alkali activator 11.6–15.3%; total water including
that of the alkali solution 16.4–21.2%. Mixtures with 50% of waste
aggregates and MK:SL 1:1: MK 18.2–18.5%; dry matter of the alkali
activator 12.7–14.3%; total water including that of the alkali solu-
tion 14.0–25.8%. Mixtures with 60% of waste aggregates and MK:SL
1:1: MK 14.8%; dry matter of the alkali activator 10.3%; total water
including that of the alkali solution: 17.1–21.1%.

When ready, the geopolymer mixture was casted inside plastic
pipes having a nominal internal diameter of 22 mm. Casting was
promoted by external pneumatic ball vibrators that exploited the
thixotropic behaviour of the mixtures. Pipes were further vibrated
for a couple of minutes to enforce the expulsion of most air bubbles
entrapped inside the mixture, then sealed with masking tape and
placed in plastic bags, carefully sealed to avoid premature evapora-
tion of water. Samples were kept for the subsequent 24 h either in
a conditioned room at 20 �C (mixtures cured at ambient tempera-
ture – AT) or in an oven set at 30 �C, unless otherwise specified (see
supplementary data). After one day, samples were demoulded and
placed until testing in a conditioned room at 20 �C inside their
resealed plastic bag, which was opened after three days to allow
cutting of specimens and to promote the evaporation of water.
2.2. Test methods

2.2.1. Compressive and splitting strength
The mechanical performance of the various geopolymer mix-

tures was measured through uniaxial compression tests and
through splitting tests (also known as Brazilian tests). The main
principles of standards EN 12390-3 [42] and EN 12390-6 [43] were
adopted for the testing procedures.

Tests were performed with a universal multipurpose frame
(Matest Unitronic S205), equipped with a 50 kN load cell, on cylin-
drical specimens with a nominal diameter of 22 mm, and a nomi-
nal height of either 44 mm in compression or 22 mm in splitting.
The size was a trade-off between representativeness of test results
and economy of mixtures, and the upper bound of the diameter
was limited by the maximum force that the machine could apply
(i.e. 50 kN). Nonetheless, the minimum size of specimens was
more than 10 times the maximum aggregate size Dmax (2 mm),
noticeably larger than the minimum value of 3.5 times required
for concrete by EN 12390-1 [44], and of 5 times for mortars, as
inferred by the combined provisions of EN 196 [41] and EN
13139 [45]. The actual sizes were measured with a resolution of
0.05 mm.

Compressive strength is assumed to be the most representative
strength parameter for brittle and quasi-brittle materials like con-
crete, mortars and fired clay [46,47], which can be considered sim-
ilar materials from a mechanical standpoint despite the chemical
differences of the matrix, as well as AAM and geopolymers, as tes-
tified by most of the reported literature (e.g. see [19,20,24–31,33].
Indeed, the compressive strength is relevant to the extent that it
identifies the class of concretes and mortars according to the Euro-
pean design standards [34,48]. The ratio between length and base
of the specimen tested in compression should be equal to 2 [46] in
order to obtain what is called ‘‘cylinder strength” [34] or ‘‘specified
compressive strength” [49]. Otherwise, for lower ratios, the friction
between the steel plates of the test machine and the faces of the
specimen would affect the behaviour by producing a confinement
effect of the specimen ends [50], resulting in greater values of
strength that need to be normalized by proper reduction factors.
In order to improve the contact between specimen and plates, for
avoiding premature failures, either capping or grinding can be
applied [42]: the latter method was chosen to smooth the faces
of the specimen, due to the relevant expected values of strength,
greater than 50 N/mm2, which would complicate the choice of
suitable capping materials.

The splitting test was independently developed during the For-
ties by Carneiro in Brazil (hence the alternative name ‘‘Brazilian
test”) and Akazawa in Japan, and is commonly used for obtaining
an indirect evaluation of the tensile strength of brittle and quasi-
brittle materials, like concrete and rocks [51,52], as well as clay
bricks [53] and even masonry assemblages [54], being its simplest
and reliable estimator [55]. The splitting failure is caused by a com-
pressive force that induces a tensile stress across the diametral
plane of loading [51], and the assumed strength [43] is generally
the value of tension in the middle of the sample in correspondence
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of the failure load, as derived from an elastic analysis. Due to the
small size of specimens, packing strips (i.e. hardboard plates hav-
ing a width of 0.1 times the diameter) were not used, but four lay-
ers of 80 g/m2 paper were placed instead, in order to improve the
contact with the steel plates of the machine. Soft putty for glass
windows was stuck to the sides of the sample in order to keep it
in position after being centred between the plates. The relation
between splitting strength and actual tensile strength is complex
and material dependent; nonetheless, as a general indication, for
reduced characteristic lengths lesser than 300 mm the tensile
strength is assumed to range between 85% and 98% of the splitting
strength [56].

All tests were carried out with the universal machine in dis-
placement control. The rate of the movable transverse beam was
0.5 mm/min for compression and 0.3 mm/min for splitting, in
order to ensure a quasi-static application of the load and a reason-
able duration of about 3–5 min for most samples. The maximum
load was recorded for calculating compressive strength fc (Eq. (1),
were Pmax is the failure load and Ac is the cross-sectional area of
the specimen on which the compressive force acts) and splitting
strength fsp (Eq. (2), where d and L are the average diameter and
length in correspondence of the diametral plane under loading).

f c ¼
Pmax

Ac
ð1Þ

f sp ¼
2Pmax

pLd
ð2Þ

The displacement of the movable beam of the test machine was
recorded as well, but was not used in any analysis because it is
assumed not to be representative of the material behaviour, since
it includes the contribution due to the deformation of the machine
and to the contact areas.

2.2.2. Dry bulk density, material density, open porosity and water
absorption

Dry bulk density, material density, open porosity and water
absorption were measured according to the main principles of
ASTM C20-00 [57]. Weighing operations were performed with a
Mettler-Toledo BB2440 balance. Dry bulk density (qb) refers to
the apparent density given by the ratio of the dry weight of the
specimen divided by its exterior volume, including pores. Apparent
material density (q) refers to the ratio of the dry weight of the
specimen divided by the volume of its impervious portions. The
open porosity (OP) represents the amount of pores accessible by
water expressed as a percentage of the specimen exterior volume.
The water absorption (WA) is the ratio between the weight of
water absorbed by the saturated specimen and the weight of the
dry specimen. These parameters were measured in samples
obtained by cutting disks about 10–15 mm thick from the cylin-
ders with a nominal diameter of 22 mm used for compression
and splitting tests. Specimens were immersed in water for 24 h
and subsequently boiled in water for 2 h at least, in order to assure
their complete saturation; then, their saturated weight (W) was
recorded. Their weight while suspended in water (S) was measured
as well, taking care to keep them immersed during the operations
and to detract the weight of the hanging wire. Finally, their dry
weight (D) was obtained after drying in oven at 105–110 �C until
constant weight (i.e. about 12–24 h).

3. Investigated parameters

3.1. Blends of waste aggregates.

Although CDWs suitable for reuse have to come from selective
demolitions [58], a complete separation of concrete and fired clay
waste streams is not granted through the whole process from
demolition to disposal/reuse. Indeed, from a practical standpoint,
the great part of the ordinary buildings stock in Europe (from
60% to 90%, according to an inventory that involved 9 main Coun-
tries [59]) dates back to the second post-war period, when the
most widespread construction system was (and still is) reinforced
concrete frames with fired clay infill walls. In addition, from a
health and safety point of view, concrete has known issues with
the release of chromium contained in Ordinary Portland Cement
(OPC) [60,61], and concrete wastes alone would unlikely meet
the leaching requirements for recycled aggregates or even for land-
fill disposal in most EU Countries, which can be found in [62],
unless mixed with other materials with a minor release. Conse-
quently, the influence of aggregate types was studied by compar-
ing the compressive strength of similar mixtures with different
blends of concrete (CR0) and fired clay (FC0) waste in the following
CR0-FC0 ratios: 1:0; 3:1; 1:1; 1:3; and 0:1. The overall aggregate
content was 40% of dry weight for all those mixture.

3.2. Temperature during the first 24 h of curing.

Curing temperature is known to influence the strength gain of
geopolymers, since higher temperatures during the first phases
of setting (up to 12–24 h according to [63]) promote the geopoly-
mer reactions and improve the material quality. Conversely, keep-
ing the curing environment warm for longer periods represents a
cost in terms of required energy and storage area, thus the opti-
mization of time and temperature is significant. As reference per-
iod of conditioning, 24 h (adopted also in [24]) was considered
adequate to produce appreciable effects, and potentially compati-
ble with industrial processes as well. The selected curing tempera-
tures were 20 �C (also referred to as Ambient Temperature – AT),
30 �C, 40 �C and 60 �C. Compression tests were performed after
24 h, 3 days, 7 days and 28 days. The subset of mixtures cured at
ambient temperature was tested also at 3 and 6 months. Mixtures
incorporated either 40% or 50% of concrete CR0 and fired clay FC0
in 1:1 proportion.

3.3. Waste aggregates content.

The maximization of the aggregate content was investigated for
the cost optimization and for the increase of CDW reuse. Three
contents, expressed in terms of dry weight of the mixture, were
selected for both concrete CR1 and fired clay FC1: (i) 40%, tested
in preliminary trials and assumed as reference content; (ii) 50%;
and (iii) 60%.

3.4. Particle Size Distribution (PSD) of aggregates

The distribution in size of aggregates, similarly to cement con-
crete and mortars, was assumed to affect the behaviour of both
the fresh mixture (finer fractions generally require more water
for achieving a suitable workability, due to their larger surface
area) and the hardened material (in terms of strength, drying
shrinkage, etc.). Since the beginning of the last Century, the impor-
tance of a correct grading of aggregates has been acknowledged
not only for concrete [64,50], but also for mortars and stuccoes
[65,66]. Given the maximum aggregate size (Dmax) lower than 2
mm, due to a practical requirement for casting thin panel layers
(about 8–10 mm), the discussion about the PSD of aggregates
might be of lesser importance. Nonetheless, the purpose of this
point was investigating the suitability of ground aggregates as they
result from milling, with minimum production steps, e.g. removal
of finer dust, and providing possible ranges of acceptance for the
aggregates. Indeed, a sieving process to separate size fractions of
milled aggregates and, then, reassemble a specific grading
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distribution, is feasible for research purposes but likely incompat-
ible with a large-scale production. Moreover, a certain variability of
PSD has to be taken into account, depending on the type of the
hammer mill, the hardness of materials and even the milling time;
possible dust reduction systems can influence the resulting pro-
duct as well. Hence, the performance of mixtures with either CR1
or FC1 were compared and discussed, whose aggregates were
either: (i) graded as a standard sand according to EN 196-1 [41],
which has a maximum aggregate size of 2 mm; (ii) used as they
resulted from the in-house milling; or (iii) graded with three limit
distributions (either fines, intermediate particles, or ‘‘coarser”
aggregates only).

The adopted limit distributions were as follows: (i) fines only:
⅓ between 0 and 0.063 mm, ⅓ between 0.063 and 0.125 mm, ⅓
between 0.125 and 0.25 mm; (ii) intermediate particles: 100%
between 0.25 and 0.50 mm; (ii) ‘‘coarse” aggregates: ½ between
0.5 and 1 mm, ½ between 1 and 2 mm.

3.5. Metakaolin:Slag (MK:SL) ratio and reduction of alkali activator
solution.

The cost of raw materials of geopolymer binders needs to be
carefully considered when aiming at competitive products. For
example, the cost of metakaolin is typically 3–4 times greater than
that of ground blast furnace slags, and comparable with that of
potassium silicate, depending on K-silicate modulus and concen-
tration. For these reasons, compatibly with the desired mechanical
performance, the amount of metakaolin and K-silicate should be
optimized. Na-silicate activators, which are considerably cheaper
than K-silicate, were dismissed due to their very large salt efflores-
cence exhibited in preliminary trials, which far exceeded that of K-
silicate activators.

The reference recipe presented a metakaolin:slag (MK:SL) ratio
of 1:1, whose effectiveness was proven in preliminary trials carried
out by the authors. Although metakaolin generally presents great
reactivity and promotes a quicker strength development if com-
pared to slag [31], the cost ratio of the used materials was about
4:1. Consequently, the reference MK:SL proportion was modified
into 1:2 and 1:3, in order to measure its influence on strength. Con-
cerning the amount of K-silicate, although the proportion of the
alkali activator was based on stoichiometric considerations (ratio
K/Al � 1 and Si/Al � 2.5), preliminary trials suggested that part of
the base did not react, intensifying leaching and salt efflorescence
phenomena. Therefore, a reduction of 15% and 30% of the reference
quantity of alkaline activator was tested to measure its effect on
strength. Mixtures included 40% of either CR1 or FC1 aggregates,
with the aim of intensifying the effects related to variations of
the binder.

3.6. Influence on the open time of temperature during preparation.

The open time, which is an important parameter for the indus-
trial applicability of geopolymer mixtures, was herein assumed as
the time spanning from the end of mixing, which lasted about 10–
12 min, and the beginning of setting with loss of thixotropy. This
preliminary investigation stemmed from an unexpected short open
time exhibited by a mixture prepared according to a recipe already
tested in early springtime. The only significant difference in the
boundary conditions was the room temperature, which the second
time was relatively higher.

In order to clarify the impact of preparation temperatures on
the open time, the following conditions were tested: cool room
(19 �C) and ingredients (19–21 �C); warm room (28 �C) and ingre-
dients (29–31 �C); warm room and ingredients, but with additional
water; mildly cool room (21 �C) and ingredients (21–23 �C), with
additional water; mildly cool room, and ingredients kept cold dur-
ing the mix (8–11 �C) through an ice bath of the vessel, with addi-
tional water. Mixtures were prepared with 50% of fired clay FC1
aggregates.

It is worth mentioning that viscosity was empirically adjusted
to a suitable extent through water addition during mixing,
although its evolution in time was measured on sample mixtures
by means of a rotational viscometer (Brookfield DV2T with spindle
nr. 7 and rpm = 0.2). According to preliminary trials, the suitability
of the initial viscosity (i.e. just after the end of mixing, who lasted
about 10 min in most cases) was found in the 1000–2500 Pa�s
range. The end of the open time was conventionally set at about
6000 Pa�s for the sake of comparison, being the limit empirically
related, for the tested mixtures, to loss of thixotropy and beginning
of plastic behaviour unsuitable for the adopted casting procedures.

3.7. Influence of water content in the fresh mixture.

Water in the geopolymer reaction is reagent and solvent at the
same time, and its quantity is critical for the final quality of
geopolymer [67]. The water content of K-silicate activators was
comprised between 51% and 55% as a consequence of previous tri-
als by the authors, aimed at minimizing the addition of non-
solvated water at the time of preparation of geopolymer mixtures.
Additional water may be needed anyway to adjust workability to a
suitable extent, according to the different behaviour of fired clay
and concrete aggregates. Conversely, exceeding water leaves more
pores in the binder and may affect the performance of the mixture.
For these reason, the relation between water content of the fresh
mixture and open porosity was investigated for all the tested mix-
tures, as well as possible relations between open porosity and com-
pressive strength.

3.8. Evolution of strength during time.

Since the mechanical performance, from a standardisation
standpoint, needs to be assessed at conventional ages, the reliabil-
ity of 28-day testing was investigated, being a typical reference age
for building materials [34,48,49]. For this purpose, two mixtures,
incorporating either 40% or 50% of waste aggregates with blended
CR0 and FC0 in 1:1 proportion, were tested in compression after 3
and 6 months. A second point was the assessment of a relation
between the strength at 7 and 28 days of age for possibly estimat-
ing the resistance through early testing, which was considered of
interest for reducing the time spanning between preparation and
testing of mixtures.

3.9. Relation between splitting and compressive strength.

As usual for building materials [34,48,49], the ratio between
tensile and compressive strength is extremely important, due to
the difficult estimation of the former property. Possible correla-
tions between compressive strength and splitting strength were
investigated with the aim of obtaining a predictive formulation
of the latter based on the measured compressive strength.

3.10. Comparison with natural aggregates

The presented geopolymer mixtures, given the maximum nom-
inal aggregate size limited to 2 mm, might be assimilated to mor-
tars, hence the behaviour of waste aggregates might be compared
to sand. As a preliminary investigation, several mixtures with 50%
to 55% in weight of fine siliceous sand, which is a typical aggregate
for rendering, were tested. It is worth noting that a perfect match
of mixtures with either siliceous sand or waste aggregates is very
difficult from a practical standpoint, due to the nature of sand that
has a negligible water absorption. This implies a generally different
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water content in the fresh mixture, which affects accordingly the
properties of the hardened geopolymers, and allows mixtures with
sand to increase further the aggregate content retaining a remark-
able strength. Nonetheless, a rather close match in terms of mix
ratio and water content was achieved in two cases with concrete
waste aggregates only.
Fig. 4. Results of mixtures with blended aggregate types (40% dry weight of
aggregate content).
4. Results and discussion

For the sake of brevity, detailed quantitative results are pro-
vided apart as supplementary data. Typical failure modes of cylin-
drical test samples under compression and splitting tests are
shown in Fig. 3. Samples under compression failed either in explo-
sive manner or in a less sudden mode, nonetheless without
exhibiting any appreciable softening behaviour. Specimens of split-
ting tests failed in a brittle fashion along the loaded diametral
plane. Considering the complete dataset, the Coefficients of Varia-
tion (CoVs) as well as their 95%-percentile were evaluated to
obtain an estimate of the quality of data. Average CoVs for com-
pression tests were lower than 4% and their 95-percentiles lower
than 10%. These values suggest that results obtained with three
samples per test are sufficiently representative for the current
research. Mean and 95-percentile CoVs for splitting tests are
greater but still satisfactory (less than 9% and 18%), given the
intrinsic limited reliability of tests involving tensile properties of
brittle and quasi-brittle materials [56]. Mean and 95-percentile
CoVs of density, porosity and water absorption are even lower than
those of compression tests. A dedicated discussion for each group
of mixtures is reported in the following sections. Error bars
reported in charts represent ± one standard deviation.
4.1. Blends of waste aggregates

Results in terms of compressive strength are shown in Fig. 4.
Samples with greater amounts of fired clay aggregates showed a
higher 28-to-7 day strength ratio, presumably due to some resid-
ual pozzolanic reactivity of the fired clay, similarly to what was
highlighted by the characterization of the second batch of wastes
(Table 5) and as reported by other authors [68,69]. Geopolymer
samples with blends of concrete and fired clay aggregates approx-
imately behaved in an intermediate fashion, in between those with
a single type of aggregate. Anyway, all mixtures exhibited a com-
pressive strength at 28 days between 74 and 88 N/mm2, and the
difference between the weakest and the strongest mixture did
not exceed 15%. From a strength standpoint, the use of concrete
and fired clay waste aggregates, either separated or blended
together, appears suitable, as confirmed by tests carried out on
samples with the second type of wastes.
Fig. 3. Typical failure modes in compression: (a) explosive, with disintegration of the sam
plane.
4.2. Temperature during the first 24 h of curing

Compressive strengths measured at 7 and 28 days are shown in
Fig. 5a, whereas Fig. 5b compares the strength development from
24 h to 28 days as a function of the curing temperature. The effect
was particularly evident in the early phases, and most of the
strength gain was achieved in the range 20–40 �C. After 7 days,
no remarkable improvement was noticed, provided that a certain
fluctuation of values has to be taken into account when testing
mechanical properties of brittle and quasi-brittle materials [70]
and, consequently, the tested temperatures seemed not to affect
sensibly the reference strength after 28 days. However, the com-
pressive strength after 24 h was greater than 30 N/mm2 in all
cases, hence demoulding operations are assumed to be feasible
even when curing is carried out at ambient temperature. Temper-
atures equal to or greater than 30 �C might be selected when a
stricter control of curing conditions or shorter demoulding inter-
vals are needed. Nonetheless, temperatures greater than 60 �C
are supposed not to appreciably improve the strength, therefore
the energy required for the initial curing can be limited.
4.3. Waste aggregates content

Concrete and fired clay aggregates were studied separately,
with either a grading curve that matched the PSD of standard sand
[41], taken as reference for the 40% content, or with the PSD that
resulted from the in-house milling (labelled ‘‘as is”), without parti-
cles smaller than 0.063 mm. Fig. 6 shows the compressive strength
measured at 7 and 28 days of age. Using the ‘‘as is” grading did not
affect significantly the strength: at 28 days, the difference was les-
ser that 7% for both concrete and fired clay aggregates. The negli-
gible influence of the ‘‘as is” grading curve was initially not
ple, (b) less sudden; and (c) typical failures in splitting along the loaded diametral



Fig. 5. Effect of curing temperature during the first 24 h: (a) comparison of results, and (b) evolution of strength.

Fig. 6. Results for aggregate content increasing from 40% to 60%.

Fig. 7. Effects of Particle Size Distribution of aggregates on compressive strength.
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granted, due to the slightly larger amounts of finer particles, in
comparison with that of standard sand (Fig. 2), which however
does not lie very far. Conversely, the reduction of strength was
noticeably (about 20%) for both the input CDW when moving from
40% to 50% of aggregates content, and was remarkable for 60% con-
tent (about 55% and 45% for concrete and fired clay waste,
respectively).

The slightly different trends of concrete and fired clay aggre-
gates might be partly explained by considerations about the water
content of the fresh mixture, and the different features of the
aggregates, in terms of porosity and related water absorption.
The apparent porosity of clay bricks can reach 40%, according to
their type and constituent materials [71–73]; values measured
by the authors for siliceous extruded and soft mud bricks used in
[74], which are likely to cover the range of available fired clay
waste, were approximately 25% and 35%, respectively. On the other
hand, the order of magnitude of the apparent porosity of ordinary
concretes is about 9–16% [75,76]. The different porosity reflects the
greater water demand when fired clay aggregates are included in
geopolymer mixtures: for example, the water content of mixture
FC40r was about 11% greater than CR40r. It is underlined again that
the dilution of the alkaline activators was tuned to minimize the
addition of non-solvated water during mixing. CR40r and CR40
were fluid enough with no extra water, and CR50 required only a
minor addition (0.2% of dry weight) to achieve a satisfactory work-
ability, thus suggesting that the water intake due to the base was
slightly exceeding for lower concrete aggregates contents. Indeed,
although the water content of fresh CR50 is lower if referred to the
overall weight (14.0% compared to 16.4%), there is a slight increase
if that quantity is referred to the amount of matrix, which
decreased from 60% to 50%. With 60% of concrete aggregates, the
increase of water content was 4.1%, compared to the water content
of CR40r. Conversely, all the mixtures with fired clay aggregates
required extra water, leading to water contents that were progres-
sively increased by 9.2%, 10.0% and 15.5% with reference to the
FC40r mixture.

Although water is known to increase porosity and, conse-
quently, affect the resistance of geopolymer binders [67], similarly
to most of the engineering materials [77], it might be inferred that
the larger water demand of mixtures with fired clay aggregates
was balanced by their greater porosity and water absorption. They
might have retained part of the water reducing its amount in the
binder and, thus, levelling the initial difference with concrete mix-
tures and even promoting a more gradual setting of the geopoly-
mer binder.

4.4. Particle Size Distribution (PSD) of aggregates

It is to be noted (Table 3) that the milling process determined a
slightly different composition of the various particle size fractions,
especially in the case of concrete aggregates, which derive from a
material inhomogeneous at centimetric scale. In particular, finer
particles of concrete (Dmax � 0.25 mm) presented a higher content
of carbonate phases, while coarser particles (Dmax > 0.5 mm) were
richer in quartz, albite and microcline, which are minerals with
greater hardness (about 6–7 in Mohs scale). Conversely, fired clay
size fractions presented lesser difference, except for a slightly larger
content of carbonate phases in coarser particles (Dmax > 0.5 mm).

Results in terms of compressive strength are shown in Fig. 7.
Compared to the referencemixtures, the use of fine aggregates only
(i.e. with Dmax � 0.25 mm) implied a remarkable increment of
water content to achieve a suitable workability, approximately



Fig. 9. Effect of K-silicate base reduction on compressive strength.
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between 30% (fired clay) and 40% (concrete), with a consequent rel-
ative increase of porosity equal to 17% and 25% for fired clay and
concrete waste, respectively. This might justify a strength loss that
almost reached 50%. Conversely, the use of ‘‘coarse” aggregates only
(i.e. with nominal size comprised between 0.5 and 2 mm) required
less water than the reference mixtures, and determined a decrease
in porosity (approximately 10–15% for fired clay and concrete,
respectively) with a strength loss of about 15–17%. The use of the
intermediate aggregate size fraction (Dmax between 0.25 and 0.5
mm) seemed even beneficial in the case of concrete, while the beha-
viour did not differ sensibly from samples with coarser aggregates
in the case of fired clay. The removal of a reasonable amount of finer
fractions (i.e. with Dmax comprised between 0.063 and 0.25 mm),
which represented about 25% and 35% in weight of the ‘‘as is” dis-
tribution of concrete and fired clay aggregates, seemed more detri-
mental for fired clay, likely due to their residual reactivity that
might contribute to the geopolymer reaction.

4.5. Metakaolin:Slag (MK:SL) ratio and reduction of alkali activator
solution

Fig. 8 shows the effect on compressive strength of MK:SL ratios
that changed from 1:1 to 1:2 and 1:3. The progressive decrease of
strength is apparent for both the aggregate types (approximately
30% and 55% for concrete, 20% and 35% for fired clay), but more
remarkable in the case of concrete waste. Result can be explained
by the lower reactivity of the slag, compared to the used metakao-
lin, and might support again the slightly greater residual poz-
zolanicity of fired clay aggregates, likely responsible for the
lower loss of strength.

Fig. 9 shows the effect on compressive strength of the reduction,
referred to the starting mixture, of the K-silicate activator. The
decrease of up to 30% by weight resulted in only a slight decrease
(about 10%) of compressive strength. It is to be noted that the miss-
ing alkaline activator was replaced by metakaolin and slag (for the
dry part) to keep the same aggregate content ratio, and by water, to
retain the fluidity of the mixture. The slightly greater amount of
powder required more extra water to achieve a suitable viscosity
(see also Sections 2 and 4.6). The water content was slightly
increased (adding 0.4% and 0.7% of dry weight) for concrete aggre-
gates, which however resulted in approximately the same porosity
of all the three mixtures (about 26%), while fired clay aggregates
required more extra water (0.9% and 1.3%), which determined an
approximately comparable increase of porosity (from 28% to 29%).

Results confirmed that the stoichiometric ratios adopted for cal-
culating binder components, based on the assumption that all the
Al was available for the geopolymer reaction, need to be empiri-
cally adjusted to take into account the specific features of the used
materials, reducing non-reacted quantities that might affect efflo-
rescence and leaching in water of soluble salts.
Fig. 8. Results for various Metakaolin:Slag (MK:SL) ratios.
4.6. Influence on the open time of temperature during preparation

The controlled conditions and the measured open time are
reported in Table 6, while Fig. 10 shows the measured compressive
strength at 7 and 28 days of age. Temperature appears to have a
remarkable effect on the open time, which might be dramatically
reduced when the preparation is carried out in a room without
conditioning. As a preliminary indication, limited to this family
of metakaolin-slag mixtures, the temperature of both room and
ingredients should not exceed 20–21 �C for a reasonably long open
time. Conversely, the addition of water, while effective in reducing
the viscosity, did not seem to affect the open time. With reference
to the measured strength, temperature might have affected the
early strength (at 7 days), but the long term values appeared con-
sistent with the amount of water in mixtures, which was slightly
greater (+0.2%) in PT1 and sensibly greater (+0.6%) in PT2-4, com-
pared to the reference PT0. Possible other options to increase the
open time might be considered, e.g. the use of fly-ash or the addi-
tion of retardants like boron, but they would affect the recipe and
its properties.
4.7. Influence of water content in the fresh mixture

Fig. 11 shows a fairly linear correlation between porosity and
total amount of water in the formulation. Clearly, the overall open
porosity includes both that of the binder and that of the aggregates,
and they cannot be feasibly separated. As previously noted, sam-
ples with fired clay aggregates required generally more water than
those with concrete aggregates, due to the intrinsically higher
porosity of fired clay (20–40%) compared to concrete (10–15%).
Interestingly, these values are close to the porosity values of sam-
ples with ‘‘coarse” aggregates only, suggesting that, in this case,
water absorption and porosity are controlled more strongly by
the properties of the aggregates than in case of finer aggregates.

In Fig. 12 the compressive strength of the same samples is plot-
ted as a function of open porosity, confirming a general trend of
decreasing compressive strength with increased sample porosity,
even though masked by a large data scatter related to the various
modifications introduced in the mixtures.
4.8. Evolution of strength during time

Fig. 13 shows the evolution of compressive strength along time
for samples cured at ambient temperature, spanning from 24 h to
6 months of age. At 28 days of age, specimens achieved more than
90% (i.e. 97% for CT1-AT and 93% for CT2-AT) of the strength
measured after five additional months. It is to be noted that the
28-day strength of CT2-AT had an unusually large variability and
might be underestimated. Results suggested that 28 days can be



Table 6
Preparation conditions and open time of the tested mixtures.

MIXTURE Ambient temperature Temp. of ingredients during mixing Temp. at the end of the open time Water conten t % dry weight Open time

PT0 19 �C 19–21 �C 22.5 �C 19.8% �35 min
PT1 28 �C 29–31 �C 32 �C 20.0% �7min
PT2 28 �C 29–31 �C 31.5 �C 20.4% �7 min
PT3 21 �C 21–23 �C 25 �C 20.4% �19 min
PT4 21 �C 8–11 �C 18.5 �C 20.4% �47 min

Fig. 10. Strength and open time for different conditions during preparation.

Fig. 11. Relation between open porosity and water added to the fresh mixture.

Fig. 12. Compressive strength plotted versus the open porosity (trends are
qualitative).

Fig. 13. Evolution of compressive strength over 6 months for mixtures CT1-AT and
CT2-AT.
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reasonably assumed as reference age also for this family of
geopolymer materials. This outcome was confirmed by tests car-
ried out on similar mixtures, prepared outside the scope of this
paper, which provided a 28-day-to-6-month strength ratio com-
prised between 91% and 97%.

Concerned the feasibility of early testing for a reliable estima-
tion of strength, it is worth noting that an increment of strength
from 7 to 28 days was not unexpected [31], and was observed in
several cases by other authors for Alkali-Activated Cements (AACs)
and Hybrid Cements (HYCs) with concrete waste [19] and red clay
brick waste [27,28]. With reference to the mixtures tested in this
work, Fig. 14a shows an apparent linear correlation when the 28-
day compressive strength is plotted versus the 7-day compressive
strength. The least square regressions, calculated on a set of data
that excluded PT1 to PT4 mixtures, due to their preparation not
fully consistent with the others, provided a strength ratio of 1.09
and 1.18 for concrete and fired clay, respectively. It can be
observed once more that samples with fired clay aggregates devel-
oped on average a slightly higher strength in time compared to
samples with concrete aggregates, suggesting that some slower
pozzolanic reactivity [68,69] contributed to the long-term
strength, consistently also with the greater release in alkali solu-
tion of Al exhibited by fired clay waste, compared to concrete
waste (see Section 2.1.2), and with other results above discussed
(see Sections 3.1, 3.4, and 3.5). Conversely (Fig. 14b), the splitting
strength does not reveal any significant correlation, partly due to
its intrinsic variability as indicator of tensile properties that might
have hindered the observation of a clear trend.

4.9. Relation between splitting and compressive strength

As expected, the splitting-to-compressive strength ratio tends
to reduce for greater compressive strengths, as can be seen in
Fig. 15a, and most values are comprised in the range 5–10%.
Although the average splitting-compressive strength ratio was



Fig. 14. Values measured at 7 and 28 days for: (a) compressive strength, and (b) splitting strength.

Fig. 15. Splitting vs. compressive strength measured at 28 days.

Table 7
Comparison of performance of mixtures with either concrete waste or fine siliceous sand aggregates.

Property CR50 corresp. mix with sand D PSDcr-r corresp. mix with sand D

Compressive strength (N/mm2) 76.5 79.3 +4% 81.2 89.7 +10%
Splitting strength (N/mm2) 4.4 6.6 +50% 5.3 6.0 +13%
Bulk density (kg/m3) 1970 2040 +4% 1940 2000 +3%
Porosity (% volume) 23.0% 15.8% �31% 23.4% 16.5% �29%
Water absorption (% mass) 11.7% 7.7% �34% 12.0% 8.2% �32%
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about 6% regardless the aggregate type, an empirical power law
regression appears to describe adequately the observed trends,
with a slight difference between concrete and fired clay aggregates,
which resulted in the calculated exponents 0.65 and 0.44, respec-
tively, which are consistent with those proposed for concrete
[55]. For the sake of comparison, data are plotted (Fig. 15b) against
the curves proposed by Model Code 2010 [78] for the estimation of
concrete tensile strength (Eq. (3), where fctm, fck and fcm are the
mean tensile, characteristic compressive and mean compressive
strength of concrete, respectively). Interestingly, the expression
provided for grades greater than C50 (i.e. with characteristic com-
pressive strength >50 N/mm2) appears to fit satisfactorily the
experimental data.

f ctm ¼ 0:3 � f 0:3ck ðgrades 6 50Þ;
f ctm ¼ 2:12 � ln ð1þ 0:1 � f cmÞ ðgrades > C50Þ ð3Þ
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4.10. Comparison with natural aggregates

As shown in Table 7, mixtures with siliceous sand, compared to
concrete waste aggregates, exhibited as expected a greater com-
pressive and tensile strength, and a higher apparent density as
well. On the other hand, porosity and water absorption were sen-
sibly greater in mixtures with waste aggregates.

Further preliminary data, which cannot be herein presented in
detail, confirmed in general these results. Geopolymers with fine
siliceous sand showed practically no strength increment from 7
to 28 days, and presented a different behaviour also in terms of
splitting vs compressive strength, with a correlation satisfactorily
depicted by a straight line (fsp � 0.07�fc, with R2 � 0.73) or by a
power law with exponent closer to 1 than to 0.5 (fsp � 0.15�fc83,
with R2 � 0.83). For the sake of comparison, ranges of average com-
pressive and splitting strength, bulk density, open porosity and
water absorption, measured in mixtures with 50-to-55% of fine
siliceous sand aggregates, were 78–107 N/mm2, 5.4–7.9 N/mm2,
1940–2110 kg/m3; 12.3–22.4%; and 5.8–11.5%, respectively. The
corresponding ranges, obtained for mixtures with 50% of waste
aggregates, were 40–87 N/mm2; 2.6–5.6 N/mm2; 1680–2000 kg/
m3; 19.8–32.9%; and 9.9–19.6%, respectively.
5. Conclusions

The mechanical and physical characterization of metakaolin-
slag-potassium silicate geopolymers with 40-to-60% of CDW
aggregates, although not exhaustive, provided encouraging results
and pointed out interesting aspects related to their possible
exploitation as a building material.

Concrete and fired clay aggregates determined slightly different
results, while a blend of them led to intermediate properties. Mix-
tures with fired clay, despite their generally greater open porosity,
showed performances in line with those with concrete aggregates,
but with a higher increment of strength from 7 to 28 days (18% for
fired clay and 9% for concrete, in average), probably related to their
residual pozzolanicity.

Higher temperatures of curing, as expected, accelerated the
strength gain. After 24 h, 40 �C and 60 �C provided about 90% of
the 28-day strength, while 20 �C provided about 50% and 30 �C
about 70%. Therefore, a range of 30–40 �C kept for 24 h could be
a reasonable trade-off when curing conditions need a stricter con-
trol. Higher temperatures might be suitable for demoulding after
curing periods shorter than 24 h.

With reference to the PSD of aggregates, typical distributions
produced by hammer mills were tested and proved acceptable,
provided that an unlikely exceeding preponderance of finest frac-
tions can be excluded. Conversely, the increment of CDW aggre-
gates from 40% of dry weight to 50% and 60% led to a strength
loss (approximately 20% and 55% for concrete and 20% and 45%
for fired clay), but with average values not lesser that 40 N/mm2

and 50 N/mm2 respectively.
The reduction of metakaolin:slag ratios from 1:1 to 1:2 and 1:3

resulted in a strength loss as well (about 30% and 55% for concrete,
20% and 35% for fired clay), but geopolymers with fired clay were
less affected.

Temperatures of room and ingredients, during preparation and
casting processes, affected sensibly the open time of mixtures,
pointing out the importance of avoiding exceedingly warm condi-
tions. For example, working at 28–30 �C lead to a decrease of 80%
of the open time available at about 20 �C.

The open porosity, which affects the strength, is positively cor-
related to the water content of the fresh mixture. This aspect
should be taken into account when increasing the water content
to improve workability.
Based on additional tests carried out at 3 and 6 months,
strength at 28 days can be assumed as a reasonable reference
value, as usual for building materials. The relation between the
compressive strength measured at 7 and 28 days of age showed
an almost linear correlation, and, if early testing is needed, the
28-day strength can be preliminarily estimated as 109% and
118% of the 7-day strength for mixtures with concrete or fired clay
aggregates, respectively.

The relation between splitting and compressive strength, as
expected, was non-linear and reasonably depicted by a power
function, whose exponent is slightly less of the square root
(approximately 0.45) for fired clay mixtures, and slightly more
(approximately 0.65) for concrete ones. Interestingly, the relation
that correlates tensile and compressive strength of concrete pro-
vided by Model Code 2010 [78] in the case of grades > C50 seemed
to fit satisfactorily data on the tested geopolymers.

Finally, a preliminary testing of mixtures with fine siliceous
sand aggregates, instead of waste ones, showed, as expected, that
the former exhibit a generally greater compressive and tensile
strength, and a higher apparent density as well. On the other hand,
porosity and water absorption were sensibly greater in mixtures
with waste aggregates.
6. Conflict of interest

None.
Acknowledgements

This research has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement No. 723916 (Project H2020-EEB-2016 InnoWEE, G.A.
723916). Inorganic waste aggregates were supplied by Guidolin
Giuseppe – ECO G. (Castelfranco Veneto – TV, Italy). Minerali
Industriali (Novara, Italy) is acknowledged for having supplied
metakaolin (in agreement with Imerys S.A., Paris, France) and fur-
nace slag free of charge.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.conbuildmat.2018.
06.018
References

[1] JRC Report EUR 24918 EN 2011. Supporting Environmentally Sound Decisions
for Construction and Demolition (C&D) Waste Management – A practical guide
to Life Cycle Thinking (LCT) and Life Cycle Assessment (LCA). European
Commission Joint Research Centre, 2011. https://doi.org/10.2788/54618

[2] Eurostat Yearbook: The Statistical Guide to Europe. Office for the Official
Publications of the European Communities, Luxembourg, 2017. Online
publication, data retrieved 4 September 2017.

[3] F. Pacheco-Torgal, V. Tam, J. Labrincha, Y. Ding, J. de Brito (Eds.), Handbook of
Recycled Concrete and Demolition Waste, Woodhead Publishing, Cambridge,
UK, 2013. ISBN 978-0-85709-682-1.

[4] C.-L. Peng, D.E. Scorpio, C.J. Kibert, Strategies for successful construction and
demolition waste recycling operations, Constr. Manage. Econ. 15 (1997) 49–
58, https://doi.org/10.1080/014461997373105.

[5] Directive 2008/98/EC of the European Parliament and of the Council of 19
November 2008 on waste and repealing certain Directives. Official Journal of
the European Union no. L 312, pp. 3–30.

[6] End-of-Waste Criteria. Final Report EUR 23990 EN. European Commission,
Joint Research Centre, 2009. https://doi.org/10.2791/28650.

[7] R.H. Paul, R. Warwik, Use of recycled crushed concrete for road pavement sub-
base, in: Roads ’96 Conference Proceedings, Christchurch, New Zealand, 1996,
pp. 93–106.

[8] T.C. Hansen, Recycled aggregates and recycled aggregate concrete second
state-of-the-art report developments 1945–1985, Mater. Struct. 19 (1986)
201–246, https://doi.org/10.1007/BF02472036.

https://doi.org/10.1016/j.conbuildmat.2018.06.018
https://doi.org/10.1016/j.conbuildmat.2018.06.018
https://doi.org/10.2788/54618
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0015
https://doi.org/10.1080/014461997373105
https://doi.org/10.2791/28650
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0035
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0035
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0035
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0035
https://doi.org/10.1007/BF02472036


132 M. Panizza et al. / Construction and Building Materials 181 (2018) 119–133
[9] M. Behera, S.K. Bhattacharyya, A.K. Minocha, R. Deoliya, S. Maiti, Recycled
aggregate from C&D waste & its use in concrete – a breakthrough towards
sustainability in construction sector: a review, Constr. Build. Mater. 68 (2014)
501–516, https://doi.org/10.1016/j.conbuildmat.2014.07.003.

[10] P.J. Nixon, Recycled concrete as an aggregate for concrete — a review, Mater.
Struct. 11 (5) (1978) 371–378, https://doi.org/10.1007/BF02473878.

[11] N. Otsuki, S. Miyazato, W. Yodsudjai, Influence of recycled aggregate on
interfacial transition zone, strength, chloride penetration and carbonation of
concrete, J. Mater. Civ. Eng. 15 (2003) 443–451, https://doi.org/10.1061/(ASCE)
0899-1561(2003) 15:5(443).

[12] C.S. Poon, Z.H. Shui, L. Lam, Effect of microstructure of ITZ on compressive
strength of concrete prepared with recycled aggregates, Constr. Build. Mater.
18 (2004) 461–468, https://doi.org/10.1016/j.conbuildmat.2004.03.005.

[13] S. Manzi, C. Mazzotti, M.C. Bignozzi, Short and long-term behavior of structural
concrete with recycled concrete aggregate, Cem. Concr. Compos. 37 (2013)
312–318, https://doi.org/10.1016/j.cemconcomp.2013.01.003.

[14] W. Li, J. Xiao, Z. Sun, S. Kawashima, S.P. Shah, Interfacial transition zones in
recycled aggregate concrete with different mixing approaches, Constr. Build.
Mater. 35 (2012) 1045–1055, https://doi.org/10.1016/j.conbuildmat.2012.
06.022.

[15] J. Xiao, W. Li, Z. Sun, D.A. Lange, S.P. Shah, Properties of interfacial transition
zones in recycled aggregate concrete tested by nanoindentation, Cem. Concr.
Compos. 37 (2013) 276–292, https://doi.org/10.1016/j.cemconcomp.2013.
01.006.

[16] J. Xiao, W. Li, D.J. Corr, S.P. Shah, Effects of interfacial transition zones on the
stress–strain behavior of modeled recycled aggregate concrete, Cem. Concr.
Res. 52 (2013) 82–99, https://doi.org/10.1016/j.cemconres.2013.05.004.

[17] J.S.J. van Deventer, J.L. Provis, P. Duxson, G.C. Lukey, Reaction mechanisms in
the geopolymeric conversion of inorganic waste to useful products, J. Hazard.
Mater. 139 (2007) 506–513, https://doi.org/10.1016/j.jhazmat.2006.02.044.

[18] F. Pacheco-Torgal, J. Labrincha, C. Leonelli, A. Palomo, P. Chindaprasit (Eds.),
Handbook of Alkali-Activated Cements, Mortars and Concretes, Elsevier, 2014,
https://doi.org/10.1016/C2013-0-16511-7.

[19] A. Vásquez, V. Cárdenas, R.A. Robayo, R.M. de Gutiérrez, Geopolymer based on
concrete demolition waste, Adv. Powder Technol. 27 (4) (2016) 1173–1179,
https://doi.org/10.1016/j.apt.2016.03.029.

[20] S. Ahmari, X. Ren, V. Toufigh, L. Zhang, Production of geopolymeric binder from
blended waste concrete powder and fly ash, Constr. Build. Mater. 35 (2012)
718–729, https://doi.org/10.1016/j.conbuildmat.2012.04.044.

[21] M.F. Zawrah, R.A. Gado, N. Feltin, S. Ducourtieux, L. Devoille, Recycling and
utilization assessment of waste fired clay bricks (Grog) with granulated blast-
furnace slag for geopolymer production, Proc. Saf. Environ. 103 (2016) 237–
251, https://doi.org/10.1016/j.psep.2016.08.001.

[22] A. Allahverdi, E.N. Kani, Use of construction and demolition waste (CDW) for
alkali-activated or geopolymer cements, in: . Handbook of Recycled Concrete
and Demolition Waste, Woodhead Publishing Limited, 2013, pp. 439–475.
ISBN 978-0-85709-682-1.

[23] A. Allahverdi, E. Najafi Kani, Construction wastes as raw materials for
geopolymer binders, Int. J. Civ. Eng. 7 (3) (2009) 154–160.

[24] R.A. Robayo-Salazar, J.F. Rivera, R.M. de Gutiérrez, Alkali-activated building
materials made with recycled construction and demolition wastes, Constr.
Build. Mater. 149 (2017) 130–138, https://doi.org/10.1016/j.conbuildmat.
2017.05.122.

[25] D. Zaharaki, M. Galetakis, K. Komnitsas, Valorization of construction and
demolition (C&D) and industrial wastes through alkali activation, Constr.
Build. Mater. 121 (2016) 686–693, https://doi.org/10.1016/j.conbuildmat.
2016.06.051.

[26] K. Komnitsas, D. Zaharaki, A. Vlachou, G. Bartzas, M. Galetakis, Effect of
synthesis parameters on the quality of construction and demolition wastes
(CDW) geopolymers, Adv. Powder Technol. 26 (2) (2015) 368–376, https://doi.
org/10.1016/j.apt.2014.11.012.

[27] R.A. Robayo-Salazar, J.M. Mejía-Arcila, R.M. de Gutiérrez, Eco-efficient alkali-
activated cement based on red clay brick wastes suitable for the
manufacturing of building materials, J. Clean. Prod. 166 (2017) 242–252,
https://doi.org/10.1016/j.jclepro.2017.07.243.

[28] L. Reig, M.M. Tashima, M.V. Borrachero, J. Monzó, C.R. Cheeseman, J. Payá,
Properties and microstructure of alkali-activated red clay brick waste, Constr.
Build. Mater. 43 (2013) 98–106, https://doi.org/10.1016/j.conbuildmat.
2013.01.031.

[29] F. Puertas, A. Barba, M.F. Gazulla, M.P. Gómez, M. Palacios, S. Martínez-
Ramírez, Ceramic wastes as raw materials in Portland cement clinker
fabrication: characterization and alkaline activation, Materiales de
Construcción 56 (281) (2006) 73–84, https://doi.org/10.3989/mc.2006.v56.
i281.94.

[30] Z. Sun, H. Cui, H. An, D. Tao, Y. Xu, J. Zhai, Q. Li, Synthesis and thermal behavior
of geopolymer-type material from waste ceramic, Constr. Build. Mater. 49
(2013) 281–287, https://doi.org/10.1016/j.conbuildmat.2013.08.063.

[31] J.L. Provis, J.S.J. van Deventer (Eds.), State-of-the-Art Report, RILEM TC 224-
AAM, Springer, 2014, https://doi.org/10.1007/978-94-007-7672-2.

[32] M.C.G. Juenger, F. Winnefeld, J.L. Provis, J.H. Ideker, Advances in alternative
cementitious binders, Cem. Concr. Res. 41 (2011) 1232–1243, https://doi.org/
10.1016/j.cemconres.2010.11.012.

[33] J.L. Provis, S.A. Bernal, Geopolymers and related alkali-activated materials,
Ann. Rev. Mater. Res. 44 (2014) 299–327, https://doi.org/10.1146/annurev-
matsci-070813-113515.
[34] EN 1992-1-1. Eurocode 2: Design of Concrete Structures. General Rules and
Rules for Buildings. European Committee for Standardization, 2004.

[35] EN 772-1. Methods of test for masonry units. Determination of compressive
strength. European Committee for Standardization, 2011.

[36] EU Commission Decision of 18 December 2014 n. 2014/955/EU. Official
Journal of the European Union n. L 370/44 of 30.12.2014.

[37] ACI State of the Art Report on High-Strength Concrete 363R–92, American
Concrete Institute, 1997.

[38] C. Beall, R. Jaffe, Concrete and Masonry Databook, McGraw-Hill, 2003.
[39] C. Panagiotopoulou, E. Kontori, T. Perraki, G. Kakali, Dissolution of

aluminosilicate minerals and by-products in alkaline media, J. Mater. Sci. 42
(2007) 2967–2973, https://doi.org/10.1007/s10853-006-0531-8.

[40] EN 933-2. Tests for geometrical properties of aggregates. Determination of
particle size distribution. Test sieves, nominal size of apertures. European
Committee for Standardization, 1996.

[41] EN 196-1. Methods of testing cement. Determination of strength. European
Committee for Standardization, 2016.

[42] EN 12390-3. Testing hardened concrete-Part 3: Compressive strength of test
specimens. European Committee for Standardization, 2011.

[43] EN 12390-6. Testing hardened concrete-Part 6: Tensile splitting strength of
test specimens. European Committee for Standardization, 2000.

[44] EN 12390-1. Testing hardened concrete-Part 1: Shape, dimensions and other
requirements for specimens and moulds. European Committee for
Standardization, 2012.

[45] EN 13139. Aggregates for mortar. European Committee for Standardization,
2002.

[46] R. Park, T. Paulay, in: Reinforced Concrete Structures, John Wiley & Sons, 1975,
https://doi.org/10.1002/9780470172834.

[47] A.W. Hendry, B.P. Sinha, S.R. Davies (Eds.), Design of Masonry Structures, CRC
Press, 2003. ISBN 9780419215608.

[48] EN 1996-1-1. Eurocode 6: Design of masonry structures. General rules for
reinforced and unreinforced masonry structures. European Committee for
Standardization, 2005.

[49] ACI, Building Code Requirements for Structural Concrete and Commentary, in:
American Concrete Institute, 2008, pp. 318–408.

[50] F. Leonhardt, E. Mönnig, Vorlesungen über Massivbau. Teil 1. Springer (Italian
edition by Edizioni Tecniche), 1973.

[51] H.J. Petroski, R.P. Ojdrovic, The concrete cylinder: stress analysis and failure
modes, Int. J. Fract. 34 (4) (1987) 263–279, https://doi.org/10.1007/
BF00013082.

[52] E.M. Fairbairn, F.J. Ulm, A tribute to Fernando LLB Carneiro (1913–2001)
engineer and scientist who invented the Brazilian test, Mater. Struct. 35 (3)
(2002) 195–196, https://doi.org/10.1007/BF02533589.

[53] K. Thomas, D.C. O’Leary, Tensile strength tests on two types of bricks, in: 2nd
Int. Conf. on Brick Masonry – IB2MAC 1970 Proc., Stoke-on-Trent, England,
1970, pp. 69–74.

[54] R.G. Drysdale, A.A. Hamid, Anisotropic tensile strength characteristics of brick
masonry, in: 6th Int. Conf. on Brick Masonry – IB2MAC 1982 Proc., Rome, Italy,
1982, pp. 143–153.

[55] N. Arioglu, Z.C. Girgin, E. Arioglu, Evaluation of ratio between splitting tensile
strength and compressive strength for concretes up to 120 MPa and its
application in strength criterion, ACI Mater. J. 103 (2006) 18–24.

[56] C. Rocco, G.V. Guinea, J. Planas, M. Elices, Review of the splitting-test standards
from a fracture mechanics point of view, Cem. Concr. Res. 31 (2001) 73–82,
https://doi.org/10.1016/S0008-8846(00)00425-7.

[57] ASTM C20-00. Standard Test Methods for Apparent Porosity, Water
Absorption, Apparent Specific Gravity, and Bulk Density of Burned Refractory
Brick and Shapes by Boiling Water. ASTM International, formerly American
Society for Testing and Materials, 2010.

[58] EU Construction and Demolition Waste Management Protocol. European
Commission, Directorate-General for Internal market, Industry,
Entrepreneurship and SMEs, 2016.

[59] F. Meijer, L. Itard, M. Sunikka-Blank, Comparing European residential building
stocks: performance, renovation and policy opportunities, Build. Res. Inf. 37
(5–6) (2009) 533–551, https://doi.org/10.1080/09613210903189376.

[60] A.M. Barros, D.C.R. Espinosa, J.A.S. Tenorio, Effect of Cr2O3 and NiO additions on
the phase transformations at high temperature in Portland cement, Cem.
Concr. Res. 34 (2004) 1795–1801, https://doi.org/10.1016/j.
cemconres.2004.01.016.

[61] A. Estokova, L. Palaskakova, E. Singovszka, M. Holub, Analysis of the chromium
concentrations in cement materials, Proc. Eng. 42 (2012) 123–130, https://doi.
org/10.1016/j.proeng.2012.07.402.

[62] H. Saveyn, P. Eder, et al., Study on methodological aspects regarding limit
values for pollutants in aggregates in the context of the possible development
of End-of-Waste criteria under the EU Waste Framework Directive.
Publications Office of the European Union, Luxembourg. JRC Report EUR
26769 EN, 2014, https://doi.org/10.2791/1125

[63] B. Mo, H. Zhu, X. Cui, Y. He, S. Gong, Effect of curing temperature on
geopolymerization of metakaolin-based geopolymers, Appl. Clay Sci. 99 (2014)
144–148, https://doi.org/10.1016/j.clay.2014.06.024.

[64] F.W. Taylor, S.E. Thompson, A Treatise on Concrete, Plain and Reinforced, third
ed., John Wiley, 1916.

[65] F.O. Anderegg, Grading aggregates-II.-The application of mathematical
formulas to mortars, Ind. Eng. Chem. 23 (1931) 1058–1064, https://doi.org/
10.1021/ie50261a018.

https://doi.org/10.1016/j.conbuildmat.2014.07.003
https://doi.org/10.1007/BF02473878
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:5(443)
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:5(443)
https://doi.org/10.1016/j.conbuildmat.2004.03.005
https://doi.org/10.1016/j.cemconcomp.2013.01.003
https://doi.org/10.1016/j.conbuildmat.2012.06.022
https://doi.org/10.1016/j.conbuildmat.2012.06.022
https://doi.org/10.1016/j.cemconcomp.2013.01.006
https://doi.org/10.1016/j.cemconcomp.2013.01.006
https://doi.org/10.1016/j.cemconres.2013.05.004
https://doi.org/10.1016/j.jhazmat.2006.02.044
https://doi.org/10.1016/C2013-0-16511-7
https://doi.org/10.1016/j.apt.2016.03.029
https://doi.org/10.1016/j.conbuildmat.2012.04.044
https://doi.org/10.1016/j.psep.2016.08.001
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0110
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0110
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0110
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0110
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0110
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0115
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0115
https://doi.org/10.1016/j.conbuildmat.2017.05.122
https://doi.org/10.1016/j.conbuildmat.2017.05.122
https://doi.org/10.1016/j.conbuildmat.2016.06.051
https://doi.org/10.1016/j.conbuildmat.2016.06.051
https://doi.org/10.1016/j.apt.2014.11.012
https://doi.org/10.1016/j.apt.2014.11.012
https://doi.org/10.1016/j.jclepro.2017.07.243
https://doi.org/10.1016/j.conbuildmat.2013.01.031
https://doi.org/10.1016/j.conbuildmat.2013.01.031
https://doi.org/10.3989/mc.2006.v56.i281.94
https://doi.org/10.3989/mc.2006.v56.i281.94
https://doi.org/10.1016/j.conbuildmat.2013.08.063
https://doi.org/10.1007/978-94-007-7672-2
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1146/annurev-matsci-070813-113515
https://doi.org/10.1146/annurev-matsci-070813-113515
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0190
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0190
https://doi.org/10.1007/s10853-006-0531-8
https://doi.org/10.1002/9780470172834
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0235
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0235
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0235
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0235
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0235
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0245
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0245
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0245
https://doi.org/10.1007/BF00013082
https://doi.org/10.1007/BF00013082
https://doi.org/10.1007/BF02533589
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0265
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0265
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0265
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0265
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0265
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0270
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0270
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0270
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0270
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0270
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0275
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0275
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0275
https://doi.org/10.1016/S0008-8846(00)00425-7
https://doi.org/10.1080/09613210903189376
https://doi.org/10.1016/j.cemconres.2004.01.016
https://doi.org/10.1016/j.cemconres.2004.01.016
https://doi.org/10.1016/j.proeng.2012.07.402
https://doi.org/10.1016/j.proeng.2012.07.402
https://doi.org/10.2791/1125
https://doi.org/10.1016/j.clay.2014.06.024
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0320
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0320
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0320
https://doi.org/10.1021/ie50261a018
https://doi.org/10.1021/ie50261a018


M. Panizza et al. / Construction and Building Materials 181 (2018) 119–133 133
[66] V.G. Haach, G. Vasconcelos, P.B. Lourenço, Influence of aggregates grading and
water/cement ratio in workability and hardened properties of mortars, Constr.
Build. Mater. 25 (2011) 2980–2987, https://doi.org/10.1016/
j.conbuildmat.2010.11.011.

[67] M. Lizcano, A. Gonzalez, S. Basu, K. Lozano, M. Radovic, Effects of water content
and chemical composition on structural properties of alkaline activated
metakaolin-based geopolymers, J. Am. Ceram. Soc. 95 (2012) 2169–2177,
https://doi.org/10.1111/j.1551-2916.2012.05184.x.

[68] G. Baronio, L. Binda, Study of the pozzolanicity of some bricks and clays,
Constr. Build. Mater. 11 (1) (1997) 41–46, https://doi.org/10.1016/S0950-0618
(96)00032-3.

[69] E. Navrátilová, P. Rovnaníková, Pozzolanic properties of brick powders and
their effect on the properties of modified lime mortars, Constr. Build. Mater.
120 (2016) 530–539, https://doi.org/10.1016/j.conbuildmat.2016.05.062.

[70] J.G.M. van Mier, Fracture Process of Concrete, CRC Press, 1997. ISBN
9780849391231.

[71] G. Cultrone, E. Sebastián, K. Elert, M.J. de la Torre, O. Cazalla, C. Rodriguez-
Navarro, Influence of mineralogy and firing temperature on the porosity of
bricks, J. Eur. Ceram. Soc. 24 (2004) 547–564, https://doi.org/10.1016/S0955-
2219(03)00249-8.

[72] M. Dondi, P. Principi, M. Raimondo, G. Zanarini, Water vapour permeability of
clay bricks, Constr. Build. Mater. 17 (2003) 253–258, https://doi.org/10.1016/
S0950-0618(02)00117-4.
[73] C. Coletti, G. Cultrone, L. Maritan, C. Mazzoli, How to face the new industrial
challenge of compatible, sustainable brick production: study of various types
of commercially available bricks, Appl. Clay Sci. 124–125 (2016) 219–226,
https://doi.org/10.1016/j.clay.2016.02.014.

[74] S. Tamburini, M. Natali, E. Garbin, M. Panizza, M. Favaro, M.R. Valluzzi,
Geopolymer matrix for fibre reinforced composites aimed at strengthening
masonry structures, Constr. Build. Mater. 141 (2017) 542–552, https://doi.org/
10.1016/j.conbuildmat.2017.03.017.

[75] R. Kumar, B. Bhattacharjee, Porosity, pore size distribution and in situ strength
of concrete, Cem. Concr. Res. 33 (2003) 155–164, https://doi.org/10.1016/
S0008-8846(02)00942-0.

[76] S.M. Levy, P. Helene, Durability of recycled aggregates concrete: a safe way to
sustainable development, Cem. Concr Res. 34 (2004) 1975–1980, https://doi.
org/10.1016/j.cemconres.2004.02.009.

[77] L. Li, M. Aubertin, A general relationship between porosity and uniaxial
strength of engineering materials, Can. J. Civ. Eng. 30 (2003) 644–658, https://
doi.org/10.1139/l03-012.

[78] fib Bulletin No. 65, Model Code 2010 – Final draft, vol. 1, Int. Federation for
Structural Concrete (fib). Lausanne, Switzerland, ISBN 978-2-88394-105-2,
2012.

https://doi.org/10.1016/j.conbuildmat.2010.11.011
https://doi.org/10.1016/j.conbuildmat.2010.11.011
https://doi.org/10.1111/j.1551-2916.2012.05184.x
https://doi.org/10.1016/S0950-0618(96)00032-3
https://doi.org/10.1016/S0950-0618(96)00032-3
https://doi.org/10.1016/j.conbuildmat.2016.05.062
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0350
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0350
http://refhub.elsevier.com/S0950-0618(18)31409-0/h0350
https://doi.org/10.1016/S0955-2219(03)00249-8
https://doi.org/10.1016/S0955-2219(03)00249-8
https://doi.org/10.1016/S0950-0618(02)00117-4
https://doi.org/10.1016/S0950-0618(02)00117-4
https://doi.org/10.1016/j.clay.2016.02.014
https://doi.org/10.1016/j.conbuildmat.2017.03.017
https://doi.org/10.1016/j.conbuildmat.2017.03.017
https://doi.org/10.1016/S0008-8846(02)00942-0
https://doi.org/10.1016/S0008-8846(02)00942-0
https://doi.org/10.1016/j.cemconres.2004.02.009
https://doi.org/10.1016/j.cemconres.2004.02.009
https://doi.org/10.1139/l03-012
https://doi.org/10.1139/l03-012

	Assessment of geopolymers with Construction and Demolition Waste (CDW) aggregates as a building material
	1 Introduction
	2 Experimental program
	2.1 Materials and specimen preparation
	2.1.1 Binder
	2.1.2 Aggregates
	2.1.3 Preparation of binders and specimens

	2.2 Test methods
	2.2.1 Compressive and splitting strength
	2.2.2 Dry bulk density, material density, open porosity and water absorption


	3 Investigated parameters
	3.1 Blends of waste aggregates.
	3.2 Temperature during the first 24&#x0202F;h of curing.
	3.3 Waste aggregates content.
	3.4 Particle Size Distribution (PSD) of aggregates
	3.5 Metakaolin:Slag (MK:SL) ratio and reduction of alkali activator solution.
	3.6 Influence on the open time of temperature during preparation.
	3.7 Influence of water content in the fresh mixture.
	3.8 Evolution of strength during time.
	3.9 Relation between splitting and compressive strength.
	3.10 Comparison with natural aggregates

	4 Results and discussion
	4.1 Blends of waste aggregates
	4.2 Temperature during the first 24&#x0202F;h of curing
	4.3 Waste aggregates content
	4.4 Particle Size Distribution (PSD) of aggregates
	4.5 Metakaolin:Slag (MK:SL) ratio and reduction of alkali activator solution
	4.6 Influence on the open time of temperature during preparation
	4.7 Influence of water content in the fresh mixture
	4.8 Evolution of strength during time
	4.9 Relation between splitting and compressive strength
	4.10 Comparison with natural aggregates

	5 Conclusions
	6 Conflict of interest
	Acknowledgements
	Appendix A Supplementary material
	References


