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ABSTRACT

As a viable option to upcycle construction and demolition waste (CDW) into value-added materials, geopolymer
technology is emerging. Most studies investigate CDWs in a separated form or in combination with mainstream
pozzolanic/cementitious materials focusing only on fundamental properties of geopolymer pastes, not consid-
ering to scale such materials to the level of their application in the forms of structural mortars/concretes or to
characterize long-term performance/durability. This study investigated the development and characterization of
ambient-cured mortars with mixed CDW-based geopolymer binders and untreated fine recycled concrete ag-
gregates (FRCA). Mixture of CDW-based roof tile (RT), red clay brick (RCB), hollow brick (HB), concrete (C), and
glass (G) was used as the precursor, while ground granulated blast furnace slag (S) was used in some mixtures to
partly replace CDW precursors. Compressive strength, durability-related parameters including drying shrinkage,
water absorption, and efflorescence, microstructure and materials sustainability were evaluated. Results showed
that 28 d compressive strength results above 30 and 50 MPa are achievable with the entirely CDW-based and
slag-substituted mortars, which were found improvable to have entirely CDW-based structural concretes. Drying
shrinkage of the mortars is slightly higher than that of conventional cementitious/geopolymeric systems
although it can be minimized significantly through mixture optimization. Water absorption values remain
comparable with the literature. CDW-based geopolymer mortars outperform Portland cement mortars in terms of
CO, emission and energy requirement. Our findings show that via utilizing CDW-based constituents in mixed
form as precursor and waste aggregates, it is possible to develop greener construction materials with acceptable
strength and long-term performance.

1. Introduction

inefficiency and non-eco-friendliness of the construction industry are
the issues that need to be addressed not only from the perspective of

The construction industry accounts for at least 42% of total energy
consumption in Europe and 35% of the total greenhouse gas emissions
(Nguyen et al., 2021). The production of cement, the main binder of
traditional concrete, is responsible for the consumption of 3.2-6.3 GJ of
energy and 1.7 t of raw materials per t of clinker alone, leading to sig-
nificant rates of greenhouse gas emissions (Rahman et al., 2015).
Cement production is also quite inefficient as 40% of the energy is
wasted during the production process (Verma et al., 2021). Energy

production and construction but also from the perspective of demolition
of the aged infrastructure that has completed their service life. This is
where the issue of generation of construction and demolition wastes
(CDWs) resulting from the new construction practices, infrastructural
development, repair/maintenance/renovation applications, and demo-
lition works becomes important and needs to be rigorously considered.
CDWs constitute 25-30% of the total waste generated in the EU (Euro-
pean Commission, 2019), and every year, around 800 Mt of CDW are
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generated in Europe (Wu et al., 2019). Solutions focusing on the
reduction of cement-based materials and enhancement of recyclability
can multiply the benefits sustainability-wise. To that end,
geopolymers/alkali-activated materials, which can possibly replace
traditional building materials and enable the recycling of end-of-life
materials such as CDWs, have come to the fore (Dadsetan et al., 2019).

Geopolymers/alkali-activated materials are greener options than
traditional cement-based materials and commonly produced by acti-
vating aluminosilicate industrial wastes (source materials [i.e., pre-
cursors]) with alkali metal hydroxides and silicates (Provis et al., 2005).
Although common industrial wastes/by-products (e.g., different classes
of fly ash and ground granulated blast furnace slag) are widely used in
producing geopolymers, they are highly demanded by the cement and
concrete industry. Many research investigations have focused on pro-
ducing geopolymers from different source materials. CDWs have great
alkaline activation potential given their aluminosilicate-rich nature,
although the number of studies evaluating CDWs performance in geo-
polymer synthesis is quite limited compared to abovementioned main-
stream precursors. It has been shown that individual fractions of
CDW-based materials such as tiles (Yildirim et al., 2021), bricks
(Tuyan et al., 2018), glass (Ulugol et al., 2021a), concrete (Robayo-Sa-
lazar et al., 2017), unbound aggregates (Bassani et al., 2019) can suc-
cessfully be used in geopolymerization. Despite their well identified
potential for use in alkali-activated systems, most of the related studies
focused on the volarization of CDWs in blends with mainstream pre-
cursors/traditional cement and/or under high temperature curing,
which limits the technological transfer and is not desirable for the sake
of maximizing CDW upycling ratio (Robayo-Salazar et al., 2020). The
need for combined utilization of CDW-based precursors together with
mainstream pozzolanic/cementitious materials is largely attributed to
the low-to-medium pozzolanicity (i.e., reactivity) of CDW-based mate-
rials (Frias et al., 2020), which becomes even more challenging when
combined utilization of individual CDW fractions in alkali-activation is
targeted given the wide diversity of the constituents. To ensure the
representativeness of the raw materials and be able to make comparative
assessments with the literature studies, it is highly desirable to work on
samples with wide variety of CDW constituents. When samples of
unseperated CDW in former studies are evaluated, it can be observed in
most cases that concrete, unbound aggregates, bricks/tiles, and glass
collectively form the bulk waste composition in different regions (Tan
et al., 2022a). Combined use of these wastes should be focused on future
studies, although there are very limited number of studies available in
literature with the focus of utilizing CDW constituents in a such a
combined form in alkaline activation. In such a study, Moreno-Maroto
et al. (2022) tried utilizing CDW with low amorphousness and Al,O3
content for geopolymerization. As different parameters to study,
type/proportion of alkaline activators (sodium hydroxide [NaOH] and
sodium silicate [NaySiOs]), curing conditions, duration, and tempera-
ture, time of initial treatment and addition of ordinary Portland cement
were considered. It was concluded that the reactivity of obtained sam-
ples was low leading to relatively low strength levels and efflorescence
formation. Only with temperature curing (60-90 °C) and dry/sealed
curing, meaningful compressive strength results were obtainable. Port-
land cement utilization led to certain improvements in the compressive
strength but also caused greater efflorescence, which was reported as an
important research topic to research further. Tan et al. (2022a) focused
on the feasibility of using unseparated CDW incorporating unbound
aggregates, red clay bricks, waste concrete, waste tiles and waste glass as
precursors in different combinations in geopolymer production. The
effect of different combinations of separate CDW components on the
reactivity of mixed CDW and performance of unseparated CDW-based
geopolymer was investigated. The samples were activated with large
share of sodium silicate (NaySiO3) and some amount of sodium hy-
droxide (NaOH) and cured in an oven set at 50 °C for 7 days. Their
findings showed that it is possible to have reactive phases and highly
reactive bonds when unseparated CDW is used for geopolymerization. It
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was possible to reach compressive strength level of 29.7 MPa after 7
days and the increased contents of unbound aggregates and waste con-
crete led to the achievement of geopolymers with higher strength while
an opposite trend was noted when the content of red clay brick was
increased. In another work of Tan et al. (2022b), the effect of milling
duration (1, 2, 3, and 4 h) on the reactivity of unseparated CDW
(composed mainly of wastes of concrete, unbound aggregates, red clay
bricks, tiles, and glass) and resulting geopolymer mixtures were evalu-
ated. Geopolymers were manufactured by using a mixture of NaySiO3
and NaOH as the alkaline activators and cured at 50 °C in an oven for 7
and 28 days, before being tested for compressive strength. According to
the results, with the increased milling duration, particle size, crystal-
linity, surface group of the CDW precursors change promoting improved
rates of reaction and denser microstructure. It is suggested not to extend
the milling duration beyond 2 h. After 2 h of milling, 28-day compres-
sive strength in the range of 35 MPa was achieved, and only minimal
changes took place with the prolonged milling durations. Tan et al.
(2022c¢) also focused on the efflorescence behavior of unseparated
CDW-based geopolymers activated by a mixture of Na;SiO3 and NaOH,
and efflorescence mitigation was aimed by using either slag or meta-
kaolin. It was concluded that both metakaolin and slag was very effec-
tive in mitigating efflorescence formation, although the mechanisms
being involved in mitigation were different for different mineral ad-
mixtures. 28-day compressive strength of air cured geopolymers with no
mineral admixtures was found to be in the range of 8 MPa but with the
addition of metakaolin and slag, results markedly improved exceeding
30 MPa depending on the rate of use of these materials.

Recycling CDW in a mixed form is complicated considering the wide
variations in the proportion of the constituents, which can closely affect
the ultimate geopolymer material due to differences in the chemical
composition, fineness, amorphousness, and other related properties of
the constituents (Tan et al., 2022a). According to Alhawat et al. (2022),
clayey CDWs such as bricks and tiles incorporate higher levels of SiO,
and Al,O3 compared to other CDWs, which is expected to lead to geo-
polymeric gels with more Si-O-Al bonds (Komnitsas et al., 2015).
Presence of calcium ions in an optimal range, which is largely related to
the proportion of waste concrete in the CDW, was shown to positively
affect the resultant geopolymer material (Alventosa and White, 2021).
To achieve an ideal geopolymerization, it is critical to balance the CDW
constituents (relatedly the oxide/mineral composition). Related to CDW
utilization in geopolymerization, the literature is greatly lacking not
only in terms of the effect of type/fraction of CDW constituents but also
the selection of alkaline activators with proper type/combination,
achieving reasonable compressive strength and setting clear curing
conditions/durations (especially ambient) (Tan et al., 2022a). Although
valuable, majority of the related studies are on the assessment of
fundamental properties (i.e., strength measurements and microstruc-
tural characterization) of CDW-based geopolymer materials, while there
are almost no studies available in the literature, which focus on the
scaling of such materials to the level of their application in the forms of
mortars, concretes, construction elements, and/or applications together
with the long-term performance characterization and durability
(Robayo-Salazar et al., 2020).

The main purpose of the current study is to develop and characterize
completely CDW-based geopolymer mortars with reasonable compres-
sive strength levels that can be scaled up to the strength levels (i.e., in the
range of 30 MPa) of completely CDW-based concrete mixtures suitable
for use in large-scale structural components for the planned future
works. Different from most of the literature studies, emphasis was placed
on the achievement of high compressive strength levels under ambient
curing conditions for the mixtures with geopolymer pastes having mixed
CDW-based precursors with no further treatment to modify their oxide/
mineral composition and crystallographic nature and fine recycled
concrete aggregates (FRCA). High compressive strength levels for the
mortars were aimed not to jeopardize the compressive strength of CDW-
based structural concrete mixtures planned to be developed in future,
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presuming that there would be further decrements in the strength with
the addition of coarse recycled concrete aggregates. Through using
waste concrete as fine recycled aggregates, the aim was to maximize the
amount of CDW utilized, reduce raw/clean materials usage, and upcycle
FRCA, which has been mostly downcycled and recommended for use in
low-grade non-structural applications by most of the past studies (Vil-
lagran-Zaccardi et al., 2022). As another novel aspect, parameters (i.e.,
drying shrinkage, efflorescence, water absorption) that are closely
related and critical to the durability and long-term performance of
completely CDW-based geopolymer mortars (and relatedly concretes)
were focused for the first time in literature to the authors’ best knowl-
edge. Comprehensive microstructural analyses including scanning
electron microscopy with energy dispersive X-ray spectroscopy
(SEM/EDX), thermogravimetry (TG/DTG), mercury intrusion porosim-
etry (MIP), and nuclear magnetic resonance (NMR) spectroscopy were
also made to validate and correlate the results along with the sustain-
ability analyses based on the material sustainability index (MSI)
approach.
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2. Experimental program
2.1. Materials

2.1.1. Collection and preparation of CDW-based precursors

In this study, CDW-based materials were used as precursors to obtain
geopolymer binders which were then incorporated with the CDW-based
fine recycled concrete aggregates (FRCA) to obtain geopolymer mortars
ultimately. In half of the mixtures, ground granulated blast furnace slag
(S) was substituted with some part of the CDW-based precursors to see
the effect of higher calcium content on the overall performance.
Different CDWs used herein were roof tile (RT), red clay brick (RCB),
hollow brick (HB), concrete (C), and glass (G), which were obtained
from an old, demolished structure situated in an urban transformation
area with selective demolition practices. The type and proportions (as
will be discussed) of CDWs were agreed to achieve ideal geo-
polymerization and high compressive strength results under ambient
curing conditions considering authors’ previous experience (Ulugol
et al., 2021a). Each CDW-based material was subjected to a 2-step
crushing and milling procedure for powderization. Each one of the
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Fig. 1. Video camera and SEM images of the precursors before and after grinding. (The scales in SEM images are 40 pm).
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materials was crushed by a jaw crusher with 1 mm spacing and then was
ground in a ball mill for an hour. Due to their diverse nature, CDWs had
different particle size distributions, surface characteristics, and crystal-
line nature, but no special attention was paid to have the materials with
similar grain size distributions to better simulate the real-life cases of
construction and demolition. Upon demolition of a structure, different
types of CDWs are obtained together. It takes substantially less work to
recycle different types of CDW materials together. As this situation was
foreseen, all materials were crushed and milled under the same condi-
tions (i.e., same crusher spacing, milling duration, and ball configura-
tion) in the study. The video camera and scanning electron microscope
(SEM) images of different precursors were presented in Fig. 1. According
to the SEM images, clayey precursors (i.e., HB, RCB, and RT) were
similar to each other and mostly with angular grains having rough
surface, whereas C and G had a mixed particle structure that included
grains with both angular and smooth surface. Impurities were much
clearer in the case of C compared to other precursors due to hydrated
cement/mortar residues on the grains.

2.1.2. Characterization of CDW-based precursors

The gradation curves and chemical compositions (as determined by
X-ray fluorescence [XRF] analysis) of the precursors are shown in Fig. 2
and Table 1. Table 1 also presents the characteristic dimensional prop-
erties such as surface weighted mean diameter (D[3,2]), volume
weighted mean diameter (D[4,3]), and particle diameters of materials
indicating the size below which 10% (d(0,1)), 50% (d(0,5)), and 90% (d
(0,9)) of all particles are found, by mass. According to Komnitsas et al.
(2015), significant improvements in the mechanical properties of geo-
polymers can be obtained when fractions having d(0,5)<15 pm are used.
As seen in Table 1, all precursors except G have a smaller fraction than
this threshold value. After the most efficient grinding period which was
determined as 1 h based on the previous experience of the authors, the
smallest average particle size among different CDWs belonged to clayey
precursors, whereas the average particle size of G was the coarsest.

As seen from Table 1, the chemical compositions of the clayey CDWs
were quite similar with minor differences. They were rich in siliceous
and aluminous oxides, which are essentially important for geo-
polymerization (Duxson et al., 2007). C had the greatest CaO level
(21.2%) among all CDWs most probably due to the presence of old
adhered mortar and calcareous aggregates in its composition. G was the
richest in SiO2 (72.5%) content among all CDWs. It was previously
shown that when used singly, the geopolymerization performance of
glass waste was poorer compared to different types of CDWs mostly due
to low Al,O3 content of glass negatively affecting the Si/Al balance
(Yildirim et al., 2022). It can still be considered as a valuable material
considering its SiO,-rich and amorphous nature (see below), especially
when combined with other waste materials. To monitor the effect of CaO

i
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Fig. 2. Gradation curves of the precursors.
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Table 1

Pyhsical properties and chemical composition of the precursors.
Physical properties RT RCB HB C G S
D[3,2] (pm) 2.3 29 2.4 2.7 6.9 3.7
D[4,3] (pm) 10.3 18.0 10.4 249 33.4 11.7
d(0,1) (pm) 0.8 1.1 0.9 0.9 3.5 1.6
d(0,5) (um) 4.7 8.5 5.4 7.9 25.7 9.8
d(0,9) (pm) 28.4 51.9 28.4 79.5 75.6 24.6
Specific gravity 2.88 2.81 2.89 2.68 2.51 2.80
Chemical composition (%)
SiO, 49.3 52.4 53.5 37.4 72.5 32.1
Al,O3 20.0 19.9 19.3 10.7 0.93 11.2
Fe,03 8.16 7.92 7.45 3.82 0.25 0.62
CaO 5.16 4.18 4.21 21.2 10.5 36.1
MgO 3.29 2.84 2.61 1.29 0.43 5.64
SO3 0.79 0.95 1.46 0.54 0.24 1.21
NayO 1.23 1.58 1.50 1.96 12.6 0.31
K0 3.67 3.72 3.58 2.22 0.20 0.83
Loss on ignition 6.64 4.68 4.91 19.7 2.15 9.09

content on the performance of the final geopolymer mortars, selected
mixtures were incorporated with S which was with the CaO content of
36.1%.

Crystal structures observed as a result of XRD analyses together with
their particle diffraction file (PDF) numbers and chemical formula were
presented in Fig. 3 and Table 2. It was observed that Quartz peaks with a
broad hump centered between 26 values of approximately 26° were
detected in RT, RCB, and HB, while mainly Quartz and Calcite mixed
peaks were observed in C at 26° and 29°. The detected quartz mineral is
a tetrahedral structure formed between silicon atoms and oxygen that
crystallizes in the hexagonal system and positively impacts the me-
chanical characteristics of geopolymers due to its ability to provide
barriers for crack propagation (Nergis et al., 2020). Quartz, Cristobalite,
Tridymite, Calcite, Albite, Diopsite, and Lazurite were the major peaks
found in CDW-based precursors. The presence of these crystal structures
is related to the calcination process of CDW-based materials at approx-
imately 800-1000 °C and the formation of different crystal types during
the cooling stage (Baronio and Binda, 1997). It was also seen that the
crystalline structures of RT, RCB, and HB show similarity to fly ash
(Palomo et al., 1999), which is one of the most frequently used source
materials in the production of geopolymers in the literature. While an
amorphous structure was detected for G and S, low density traces of
albite crystals were found in S.

2.1.3. Preparation and characterization of fine recycled concrete aggregate

CDW-based concrete was used to obtain fine recycled concrete
aggregate (FRCA) in this study. Geopolymer binders were incorporated
with the fine recycled concrete aggregate without any treatment to

Q Q: Quartz, Cr: Cristobalite;
T: Tridymite; Cc: Calcite; A: Albite;
D: Diopside; L: Lazurite
RT LQcr per|Q cc D Cr Q Q
Q
Q D
crD crQ
RCB d D Cr Q i
Q
Q
T cr]|Q
HB A B s
Q Cc
c Q cc Cc G ¢c e
G
s A
10 20 30 40 50 60
26(°)

Fig. 3. X-ray diffractograms of the precursors.
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Table 2
Chemical formula and PDF numbers of the crystalline phases observed in XRD
analyses.

Crystalline Symbol  PDF Chemical formula
phase number
Quartz Q 96-901- SiO,
1494
Cristobalite Cr 96-900- SiO,
1581
Tridymite T 96-901- SiO,
3394
Calcite Cc 96-900- CaCO3
0968
Albite A 96-154- Ca30sSi
0705
Diopside D 96-900- Alp.06 Cag.o1 Feg.1 Mgo.o1 Nag.os Og
1333 Siy .07
Lazurite L 96-901- Al 97 Cag 6 Nag 4g O11.52 Si3.00
1357

manufacture geopolymer mortars. Concrete waste constitutes the largest
share in CDW with a ratio of about 40% (Oikonomou, 2005). It is critical
to recycle waste concrete efficiently among all other CDWs. Along with
using concrete waste as part of the precursors, it was used as FRCA in the
mixtures to maximize its utilization rate. To obtain FRCA, concrete
waste was first crushed by using a jaw crusher with 1 mm opening and
then sieved through a 2 mm sieve and blended. A significant amount of
crushed fine materials (0-2 mm) is acquired as a result of the recycling
of CDWs. It was reported that approximately 20-40% of the fine parti-
cles are composed of 0-2 mm particles (Solyman, 2005). By using fine
fractions as FRCA, it was aimed to reduce the extra processing of
CDW-based materials and pollutive dust formation. A large share of fine
particles of FRCA is expected to cause an increase in the water
requirement of the mixtures to ensure sufficient workability, although it
was considered that when adequate workability is provided, the pres-
ence of FRCA will provide a certain reactivity and filling effect in the
geopolymer mortars. The particle size distribution of the FRCA was
shown in Fig. 4. The proportion of aggregates below 106 pm constitutes
approximately 22.8% of the total weight of the aggregates (Fig. 4),
which can be considered beneficial to obtain a denser matrix and
improved mechanical performance. FRCA was with the compacted unit
weight of 1352.5 kg/m?, loose unit weight of 1273.3 kg/m?, dry specific
gravity of 1.95, saturated surface dry specific gravity of 2.17, apparent
specific gravity of 2.50, water absorption of 11.1% and porosity of
21.7%.

2.2. Mixture design

As a result of the preliminary trials, six mortar mixtures were
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Fig. 4. Particle size distribution and range of FCRA.
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designed to evaluate the key parameters affecting the performance of
the final products. The proportions of CDW-based geopolymer mortar
mixtures were shown in Table 3. For the valorization of CDW-based
components together, mixed CDW with the combination of 30% RT,
17% RCB, 23% HB, 10% G and 20% C was used as precursors in pro-
ducing the mixtures, which were decided based on a previous experi-
ence (Ulugol et al., 2021b). The mixtures coded as “CGM-1, CGM-2, and
CGM-3” consisted of completely CDW-based materials, while the mix-
tures coded as “CGM-1/S, CGM-2/S, and CGM-3/S” were identical to
previous mixtures although the total amount of CDW-based precursors
were replaced with the use of S, by 20%. Water/binder and FRCA/-
binder ratios were kept constant at 0.35 in all mixtures. FRCA was ex-
pected to reduce the compressive strength results of mixed CDW-based
geopolymers given its nature, which led authors to keep its utilization
rate constant. It is important to have reasonable strength results in the
presence of FRCA, utilization of which is mostly limited to low-grade
non-structural applications (Villagran-Zaccardi et al., 2022). Although
the amount of FRCA was constant, through their utilization, it was also
aimed to reveal the successful usability of FRCA in completely mixed
CDW-based geopolymers without risking the compressive strength re-
sults and increase their upcycling potential. It is important to note that
the utilization of CDW-based aggregates in CDW-based geopolymers
with different properties require further research efforts, although this is
not focused herein.

To dissolve aluminosilicate-based precursors in an alkaline envi-
ronment, sodium hydroxide (NaOH) was used in all mixtures (Xu and
Van Deventer, 2000). Geopolymerization reactions are known to
accelerate by the combined use of alkali hydroxides and soluble silicates
(Palomo et al., 1999). For this reason, sodium silicate (Na;SiO3), in the
liquid form, was used as another alkaline activator. Amount of water
used in the mixtures was calculated considering the water content of
NaySiOs. Together with NaOH and Na,SiOs, certain mixtures contained
calcium hydroxide (Ca(OH)) as an additional activator. One of the main
reasons of adding calcium-based components to the geopolymer systems
was to achieve increased compressive strength levels under ambient
conditions (Temuujin et al., 2009). The alkaline activator type and
concentration is one of the most important aspects together with the
type/properties of the aluminosilicate precursors in geopolymer sys-
tems. Several alkaline activator combinations were planned and used
during the design of the mixture proportions of mortar mixtures.
Regardless of the type of precursors, the combination of the alkaline
activators used in the mixtures was divided into three groups. In the first
group (CGM-1/S and CGM-1), NaOH with the Na concentration of 6%,
by the total weight of the binder was used alongside with the Na;SiO3
having twice the weight of the NaOH used. In the second group
(CGM-2/S and CGM-2), along with the alkali activator combination of
the first group, Ca(OH)2 by 2% of the total weight of the binder was
used. In the third group (CGM-3/S and CGM-3), NaOH with the Na
concentration of 10%, by the total weight of the binder was used

Table 3

Mixture designs of CDW-based geopolymer mortars.
Ratios of Mixture ID
ingredients CGM-  CGM- CGM-  CGM- CGM-  CGM-

1/8 1 2/S 2 3/8 3

Precursors (%)
Mixed CDW 80 100 80 100 80 100
Slag (S) 20 - 20 - 20 -
Aggregate, by the total weight of the precursor (%)
FRCA 35 35 35 35 35 35
Alkaline solutions, by the total weight of the precursor (%)
Water 35 35 35 35 35 35
Na 6 6 6 6 10 10
NaOH 10.44 10.44 10.44 10.44 17.40 17.40

Na,SiO3 20.88

20.88 20.88 20.88 -
Ca(OH); -
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together with the Ca(OH),, by 6% of the total weight of the binder.

All mixtures were prepared by using the same mixing procedure,
which included the following steps: (i) NaOH solution was prepared 24 h
prior to mixing and kept to cool down to the room temperature,
considering the workability losses that might be caused by the
exothermic reactions between NaOH and water (Rashidian-Dezfouli and
Rangaraju, 2017), (ii) dry mix consisting of CDW-based precursors and
FCRA was mixed for 60 s at 100 rpm by a mortar mixer, (iii) Subse-
quently, the NaOH solution was slowly added to the mixer in 60 s and
mixed for an additional 120 s at 100 rpm, (iv) during mixing, NasSiO3
solution, if found in the mixture design, was added to the mixture in 60 s,
and the mixing process was continued for 120 s at 150 rpm, (v) Ca(OH)a,
if found in the mixture design, was added to the system in 60 s after the
addition of NaySiO3 and mixed for another 180 s at 150 rpm.

2.3. Curing and testing

In the current study, three cubic specimens with 50 x 50 x 50 mm
dimensions were prepared for each of the CDW-based geopolymer
mortar mixtures to specify the compressive strength results at the ages of
7 d, 28 d, and 90 d. After initial casting, the samples were kept in their
mold with their surfaces covered for 24 h under ambient conditions set
at average temperature of 23 + 2 °C and a relative humidity of 50 + 5%,
and then moved into plastic bags having controlled environment set at
average temperature of 23 + 2 °C and relative humidity of 95 + 5%
until the testing date. Compressive strength tests were performed at a
loading rate of 0.9 kN/s by using a 100-t capacity testing device in
accordance with the ASTM C109 (2020) standard. The compressive
strength result was calculated by averaging the results obtained from
three separate specimens tested.

Drying shrinkage tests were performed in accordance with the ASTM
C596 (2018) standard. For this test, three prismatic specimens
measuring 25 x 25 x 285 mm (height x width x length) were prepared
to be tested at predetermined ages for each of the mortar mixtures. The
length measurements were performed until the end of 7 d, 14 d, 28 d,
and 90 d. Before the tests, specimens were first kept in water at tem-
perature of 23 + 2 °C for two days. Afterwards, they were left in an
ambient environment with the average temperature of 23 + 2 °C and
relative humidity of 50 + 5% until the test day. The length measure-
ments were then performed for the specimens removed from the water
and a comparator was used to determine the level of shrinkage of the
specimens. Changes in the length measurements were calculated using
Eq. (1).

Microstrain :Lxlj L x 10° (€8}
where, L; represents the initial measurement length (length of specimen
+ two pins attached to both ends of the specimens), L, represents the
length of the specimen at the age of testing.

Water absorption test under atmospheric pressure was performed on
the mortar mixtures in accordance with the ASTM C642 (2013) stan-
dard. Water absorption test measures the change in the mass of the
saturated specimen by allowing it to absorb water. In this test, three
cylindrical specimens measuring 50 mm in thickness and 100 mm in
diameter (100 x 50 mm) were prepared for each mixture to determine
the water absorption values. The specimens were first left to dry in an
oven at 50 + 5 °C for two days until they reached to a constant weight.
Afterwards, they were kept under laboratory conditions (50 + 5%
relative humidity, 23 + 2 °C temperature) for 6 h and their weights were
recorded. After drying, all cylindrical specimens were submergerd in
water. The specimens were removed from the water after 24 h and
weight recordings after their surfaces dried were made and water ab-
sorption results were determined. The water absorption was calculated
using Eq. (2).
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where, w4 represents the saturated surface dry weight of the specimen,
and wy represents the dry weight of the specimen.

Efflorescence formation was evaluated by using a single 50 mm-
cubic specimen which was kept under laboratory conditions (50 + 5%
relative humidity, 23 + 2 °C temperature) for 90 d. The specimens were
visually examined considering the intensity of the white-colored prod-
ucts formed on the surface of the specimens because of the efflorescence
formation. SEM/EDX and X-ray diffraction analyses (XRD) were per-
formed to characterize the efflorescence products.

Along with the abovementioned tests, in-depth microstructural an-
alyzes were performed on 90 d old mortar specimens. For the charac-
terization of microstructure, reaction products and elemental
distribution, SEM/EDX analysis was performed. Mortar samples with the
dimensions less than 1 cm were used for this analysis. XRD analyses
were performed at a scan range of 5°<20 < 55°, with a 20 step length of
0.033°, scanning step time of 30.48 s and for the wavelength Kal of
copper (A = 1.5406 A) to illustrate the composition of the efflorescence
products. Powder samples weighing nearly 15 mg were scratched and
used for the XRD analyses. Thermogravimetric (TG/DTG) analyses were
performed using 15 mg powder samples at temperatures ranging from
25 to 1000 °C with an incremental rate of 10 °C/min to determine the
degradation temperatures of the samples. The degradation temperatures
and degrees of the chemically/physically bound water and/or geo-
polymeric bond structure of the samples were assessed by using the
thermograms generated from these analyses. Mercury intrusion poros-
imetry (MIP) analyses were performed to measure the void distribution
and pore structure of the mortars. During the MIP analyses, y was the
surface tension of the mercury and 6 was the contact angle between the
mercury and the pore wall, which were 480 erg/cm? and 140°. A device
capable of applying pressures up to 50,000 psi (approximately 345 MPa)
was used in MIP analysis. At last, nuclear magnetic resonance (NMR)
spectroscopy was performed on the mortar samples to reveal the
chemical and structural characteristics on the molecular basis, which
include the identification of the main geopolymerization products and
atomic bond structure. Since the main reaction products of geopolymers
are Al and Si-based gel structures, 2°Si and ?’Al NMR analyses were
performed on the samples.

Apart from the detailed tests and analyses listed above, the greenness
of the developed mixtures was discussed quantitively in comparison to
ordinary Portland cement-based systems, following the material sus-
tainability index (MSI) approach.

3. Results and discussion
3.1. Compressive strength

Average compressive strength results of CDW-based geopolymer
mortars at the end of 7 d, 28 d and 90 d ambient curing were presented
in Fig. 5. After 7 d of ambient curing, the results were 18.2, 20.9, and
10.3 MPa for entirely CDW-based CGM-1, CGM-2, and CGM-3 mixtures,
and 26.0, 34.4, and 13.1 MPa for slag-substituted CGM-1/S, CGM-2/S,
and CGM-3/S mixtures. Similar trend was noted for later-age results.
After 90 d of ambient curing, the results of entirely CDW-based CGM-1,
CGM-2, and CGM-3 mixtures were 31.3, 35.1, and 28.2 MPa, and 43.8,
56.4, and 33.7 MPa, for slag-substituted CGM-1/S, CGM-2/S, and CGM-
3/S mixtures. Irrespective of the different mixture proportions and
curing ages, the individual compressive strength results obtained from
separate cubic specimens were close to each other so that standard de-
viations did not exceed 3.08 MPa. The compressive strength results were
observed to be highly dependent on the slag substitution and combi-
nation of the alkaline activators. For example, slag substitution by 20%
led 39.9% improvement in the 90 d average compressive strength of
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Fig. 5. Average compressive strength results of CDW-based geopolymer mor-
tars after different curing ages.

geopolymer mortars with the combined use of NaOH + NaySiO3 (CGM-
1/S, CGM-1), while the improvement rates were 60.6% and 19.5% for
mixtures with the combined use of NaOH-+NaySiO3+Ca(OH), (CGM-2/
S, CGM-2), and NaOH+Ca(OH), (CGM-3/S, CGM-3). The improvements
noted in the compressive strength results with the inclusion of slag into
the designs of entirely CDW-based geopolymer mortars were mostly
attributed to the increased reactivity and high calcium content of slag
(Nath and Sarker, 2014). It was reported in literature that the dominant
reaction products observed in the CDW-based geopolymers is sodium
alumino-silicate hydrate (NASH) gels (Mahmoodi et al., 2020). It was
also reported that the main reaction products of geopolymer systems
incorporating slag were calcium silicate hydrate (CSH) and calcium
alumino-silicate hydrate (CASH) gel structures (Escalante-Garcia et al.,
2003). Depending on the composition of precursors and alkaline acti-
vator combinations, both NASH and CASH gels can be present in the
same alkali-activated matrix as well (Garcia-Lodeiro et al., 2011).
Marked improvements in the compressive strength results in the pres-
ence of slag are most likely related to the formation of calcium-based (i.
e., CSH and CASH) gel structures alongside with the NASH gels leading
to a denser and more compact microstructure. In the presence of calcium
ions in a highly alkaline medium, the NASH gel structure has an ion
exchange tendency leading to the formation of an intertwined gel too (i.
e., [C(N)ASH]) (Garcia-Lodeiro et al., 2011). Considering the above-
mentioned advantages and experimental findings, it is also important to
note that the presence of slag accelerates geopolymerization reactions
and enables the CDW-based matrix to form strength-giving gel structures
at ambient temperature. In general, our findings indicate that the
compressive strength performance of the mortars is enhanced with the
addition of slag. Nevertheless, it is worth noting that after 28 d of
ambient curing, even the mortars with completely CDW-based in-
gredients achieved compressive strengths in the range of 22.6-31.6
MPa. This compressive strength range is suitable for a wide variety of
common construction applications, although our findings need to be
furthered to achieve similar or better compressive strength levels in the
presence of coarse aggregates for concrete mixtures rather than mortars,
which will be focused in the future.

Another parameter which was decisive on the compressive strength
results was different alkaline activator combinations. For example, dif-
ferences in the alkaline activator combinations caused 12.1-24.5%
change in the 90 d compressive strength results of completely CDW-
based geopolymer mortars and 28.8-67.4% change in the same-age
companion mixtures with slag substitution. For all ages, the highest
compressive strength results were obtained from CGM-2/S coded
mixture for the slag-substituted mixtures and from CGM-2 coded
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mixture for entirely CDW-based mixtures, in which NaOH +
NaySiOs+Ca(OH), combination was used together as the alkaline acti-
vator. The performance of these mixtures was followed by CGM-1/S and
CGM-1 mixtures. This showed that mixtures incorporating Na;SiOs3 in
the alkaline activator combination outperformed in terms of compres-
sive strength. Higher strength results achieved in the presence of
NaySiO3 was attributed to the increased availability of soluble silicates
in the systems which enhance the geopolymerization kinetics by
increasing reactivity of the CDW-based particles (Palomo et al., 1999).
Weaker compressive strength performance observed for the mixtures
with NaOH + Ca(OH); combination might be associated with the
deceleration of the ion transfer in the matrices and retardation of
polymerization due to high NaOH content (Alonso and Palomo, 2001)
and inadequate capacity of NaOH in dissolving CDW-based precursors.

3.2. Drying shrinkage

Drying shrinkage results of the mortars at the end of different curing
ages under ambient conditions were presented in Fig. 6. The standard
deviations of the obtained drying shrinkage results were close to each
other regardless of the curing age and mixture type, not exceeding 988.7
pe. In general, with the use of NaySiO3 in the mixture compositions,
higher rates of shrinkage were noted. To exemplify, while the mixtures
with NaySiO3 (CGM-1/S, CGM-1, CGM-2/S, CGM-2) showed drying
shrinkage in the range of 12,530-19510 pe after 90 d, the same range for
the mixtures without NaySiO3 (CGM-3/S, CGM-3) was approximately
5330-5730 pe. A similar trend was also valid for other testing ages.
Increased shrinkage rates caused in the presence of NaySiO3 imply for a
relationship between the shrinkage characteristics and rapid hardening
with high brittleness (Atis et al., 2009). Drying shrinkage mechanism of
alkali-activated materials/geopolymers was reported to be mainly
dependent on the use of calcium-based precursors (Thomas et al., 2012)
and curing conditions (Marjanovic¢ et al., 2015), although the use of
Na»SiO3 and related variations in the silicate modules seem to have
more eye-catching effect on the general drying shrinkage behavior of the
mortars in this study (Fig. 6) (Taghvayi et al., 2018). During geo-
polymerization, the formation of silica-rich gels, which contain high
amounts of water, takes place in NaySiOs-activated systems. Higher
drying shrinkage of the Na,SiOs-activated systems can be explained by
the higher rates of water loss over time from the abovementioned
silica-rich gels (Matalkah et al., 2019). It was reported that the release of
free water trapped in the silica gels over time also causes the onset of
shrinkage (Zhang et al., 2022). In line with these results, it has also been
reported that the activation with NaySiO3 causes smaller porosity and
fine pore sizes than activation with NaOH and an increase in drying
shrinkage due to growing tensile stress localization in the capillary pores
(Taghvayi et al., 2018).
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Fig. 6. Drying shrinkage results of CDW-based geopolymer mortars after
different curing ages.
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It was clearly seen from the results that, regardless of the mixture
design, early-age shrinkage was critical so that most of the drying
shrinkage strains occurred during the first 14 d and the subsequent time-
dependent increments were lower especially beyond 28 d. This high
shrinkage rate during the first 14 d was associated with the excessive
water release and evaporation during geopolymerization reactions, as
also reported in the study of Wallah and Rangan (2006). In the work of
Collins and Sanjayan (2000), Portland cement-based concrete as the
control specimen showed lower drying shrinkage than that of
alkali-activated slag concrete despite having higher weight loss during
drying. It was concluded that water loss was not the only parameter
affecting the drying shrinkage behavior of the alkali-activated materi-
als/geopolymers but the pore size distribution and geopolymer gel
characteristics were also highly effective as will be detailed in the
following sections. They concluded that the drying shrinkage behavior
of the alkali-activated materials is also driven by the capillary tensile
forces formed during rapid hardening of mixtures with NaySiOs3 at the
drying state. Considering the shrinkage behavior of the mixtures con-
taining Na,SiO3 (CGM-1/S, CGM-1, CGM-2/S, CGM-2), it was observed
that the slag-containing mixtures showed a lower shrinkage than the
slag-free mixtures. Similar behavior was also noted for CGM-1/S and
CGM-1 mixtures without Na,SiOs3, although the differences in the drying
shrinkage results were not that different. Lower drying shrinkage strains
noted for the slag-containing mixtures was mainly attributed to two
reasons: (i) reduced total amount of evaporated water due to
self-cementing and hydration capability of slag with the free water in
mixture and (ii) reduction of interconnected capillary networks in the
presence of slag (Deb et al., 2015). On top of the effects of NapSiO3 and
slag substitution, drying shrinkage results were also affected by the
presence of Ca(OH),. For example, when the shrinkage behaviors of
mixture groups of CGM-1 and CGM-2 were considered (regardless of the
slag substitution), the use of Ca(OH), as a tertiary activator increased
the level of drying shrinkage. Although there are findings in literature
which state that the use of Ca(OH), causes an improvement in the
shrinkage resistance of alkali-activated slags (Zhu et al., 2018), this was
not the case for geopolymers with slag-substituted CDW-based pre-
cursors. It seems that the use of different alkaline activator combinations
greatly affected the drying shrinkage behavior by modifying the chem-
istry and reaction products of mixed CDW-based geopolymer mortars.

It has been noted that unlike ordinary Portland cement, the water in
the geopolymer binders is not directly incorporated into the gel struc-
tures, with a small percentage remaining as an intermediate water in the
gels as will be discussed in the following sections (Tchakouté et al.,
2016). In an alkali-activated binder, free water that does not participate
in the gel structure can escape from the paste exposed to relatively low
relative humidity conditions under ambient temperatures. As such,
excessive moisture loss can cause shrinkage cracking in geopolymers. As
presented in Fig. 7, drying shrinkage resulted in shallow map-type
microcracks on the specimen surface. For different mixtures, forma-
tion of microcracks due to drying shrinkage varied randomly and was
independent from the compressive strength; no direct relationship be-
tween the microcracks generated by drying shrinkage and compressive

Fig. 7. Representative image of 90 d old drying shrinkage test specimen (CGM-
3/S mixture).
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strength results could be established, as previously reported in literature
(Adesanya et al., 2018). Yet, the possible effects of microcracks formed
due to drying shrinkage on the durability-related properties of the
samples were further discussed in the following sections.

3.3. Water absorption

In Fig. 8, the water absorption of CDW-based geopolymer mortars at
the end of 7 d, 28 d, and 90 d ambient curing were shown. Similar to
compressive strength and drying shrinkage results, individual water
absorption results obtained from separate specimens were close. Based
on initial curing age and mixture type, the maximum standard deviation
recorded was 0.57%. The water absorption was found closely dependent
on the slag substitution and differences in the combined use of alkaline
activators. The water absorption of slag-substituted CGM-1/S, CGM-2/8S,
and CGM-3/S- mixtures were lower with less standard deviation
compared to slag-free CGM-1, CGM-2, and CGM-3 mixtures. For the
given alkaline activator combination, slag substitution reduced the
water absorption of the mixtures in the range of 30.9-34.6%. This was
particularly evident with the extended ages. As also discussed under the
title of compressive strength, slag substitution resulted in the acquire-
ment of denser and more compact matrix thereby restricting the ingress
of water via reduction in porosity. Similar results were also reported in
literature and concluded that formation of extra CASH gels in the me-
dium with the help of slag substitution reduces the water absorption by
improving the microstructure (Bellum et al., 2020).

Among the slag-substituted mixtures (CGM-1/S, CGM-2/S, CGM-3/
S), the lowest water absorption was acquired from the mixture, which
was activated by the binary use of NaOH + Ca(OH), while the mixtures
activated by the binary use of NaOH + Na,SiO3 gave higher water ab-
sorption, which implies for a trend non-concordant with the compres-
sive strength results. The same trend was also observed for entirely
CDW-based mixtures (CGM-1, CGM-2, CGM-3). Accordingly, there
seems to be no direct relationship between the water absorption and
compressive strength development results and the water absorption is
mainly affected by the volume of internal porosity including capillary
and structural pores more than the compressive strength (Mobasheri
et al., 2022). This statement could be more understandable by consid-
ering the MIP analyses presented in the following section.

Water absorption of all mixtures increased with the increasing age
regardless of the differences in the mixture compositions (Fig. 8). This
may possibly be related to the increments in the pore volume of the
geopolymer structures over time. In a study by Zhang et al. (2014), pore
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Fig. 8. Water absorption of CDW-based geopolymer mortars after different
curing ages.
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volume of geopolymers was reported to be capable of increasing from
6.2 to 20.6% over time. One reason for this increase may be the for-
mation of efflorescence as the degree of efflorescence is linked to the
pore structure of geopolymers. Zhou et al. (2020) reported that efflo-
rescence increased the water absorption of geopolymers due to deteri-
oration of pore structures by the crystallization pressure and the samples
which showed efflorescence had higher pore volume and mean pore
diameter than the control samples. Although the efflorescence becomes
more intense when the samples are subjected to cyclic wetting and
drying as in the water absorption tests, the specimens were not subjected
to an intense wetting and drying conditions in this study to cause a
significant amount of water absorption caused by the efflorescence
(Zhang et al., 2014). Apart from efflorescence, pore structure is likely to
be affected by the formation of drying shrinkage and related micro-
cracks. It can be seen from Fig. 8 that there is a sharp increase in the
water absorption results from 7 to 28 d of age, a trend of which was
found quite similar to the changes monitored in the drying shrinkage
strains between the same ages. Likewise, alterations in the pore structure
due to drying shrinkage cracks is another reason increasing the water
absorption results and it seems that water absorption results are more
affected by the formation of microcracks due to drying shrinkage rather
than efflorescence. The total drying shrinkage strains of the mortars
were slightly higher compared to the literature studies, although the
water absorption results were still found at comparable levels (Paw-
luczuk et al., 2021; Kaze et al., 2021; Sharma et al., 2022). It needs to be
emphasized that the mortars manufactured were with a constant
FRCA/binder ratio of 0.35. Although not focused herein, by making
simple changes in the particle size distribution of FCRA and FRCA/-
binder ratio, it seems very likely to lower the drying shrinkage strains
further and relatedly obtain much better water absorption results.

3.4. Efflorescence

In alkali-activated materials/geopolymers, excessive alkali ions in
the system leak through the pores and interact with the CO; in the at-
mosphere; this mostly results in the formation of white salt deposits on
the surface of samples. While this phenomenon, which is called efflo-
rescence, does not affect the mechanical performance of the material in
general (when it is not excessive), it implies that there are deficiencies in
the matrix properties and porosity. Alkali solutions in geopolymer
matrices is either chemically bound in the 3D-aluminosilicate gel or in
free entrapped state in the pore solution and tend to leach from the pores
to the surface, especially in low calcium/high alkali systems (Davidovits,
2008).

Different levels of efflorescence formation were observed in the
mixtures containing NaySiO3; (CGM-1/S, CGM-1, CGM-2/S, CGM-2)
while mixtures without NaySiO3 (CGM-3/S, CGM-3) almost did not
show any efflorescence formation (Fig. 9). In the pore solution analysis
performed by Lloyd et al. (2010), it was reported that the soluble sili-
cates in the system will promote the reaction degree thereby limiting the
alkali leaching and efflorescence. As observed, efflorescence was not
only dependent on the changes in the pore solution chemistry (due to
soluble silicates) but also largely on the availability of alkali metal
cations in the system. As a result of the interactions of the SiOs of
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Fig. 9. Image showing the formation of efflorescence products on the CDW-
based geopolymer mortars after 90 d of ambient curing.

Journal of Cleaner Production 396 (2023) 136522

Na,SiO3 with the unreacted free alkalis such as Na ™ ions, formation of
weaker Na(H,0); (n indicates water molecules in the aluminosilicate
matrix) bonds that can easily be broken in a humid environment takes
place and efflorescence may also become pronounced (Maghsoodloorad
and Allahverdi, 2016). This seems to be the case for the higher levels of
efflorescence formation observed for CGM-1/S, CGM-1, and CGM-2
mixtures containing NaSiOs. In CGM-2/S mixture, which contains
NaySiO3 and shows the best performance in terms of compressive
strength, the negligible efflorescence formation is associated with the
prevention of alkali leakage due to dense and compact microstructure,
despite the relatively high alkalinity compared to other mixtures, except
CGM-2. In highly alkaline systems, this is mainly associated with the slag
substitution, which improves the matrix gel formation and restricts the
pore sizes concurrently (Zhang et al., 2014). Among the mixtures con-
taining NaySiOs, due to the effect of Ca(OH);, reducing the leakage and
concentration of Na™ and leading to a more compact and denser matrix,
it might have been possible to observe reduced efflorescence formation
for the CGM-2/S and CGM-2 mixtures compared to CGM-1/S and CGM-1
mixtures (Tang et al., 2021).

The XRD diffractogram presented in Fig. 10 illustrates the compo-
sition of the efflorescence products. Na* and OH™ ions available in the
matrices are considered to be the two principal factors leading to
efflorescence by leaching via formation of hydrous alkali carbonates,
NayCO3-7H20 (i.e., natrite [N], PDF: 96-901-1305), in white crystal
form due to a series of reactions with the atmospheric CO,, details of
which were given in the following equations:

CO,(g) +20H (aq) — COZ™ (aq) + H,O

2Na* (aq) +CO?™ (aq) +7H,O — Na,CO;-7H,0(s)

(Zhang et al., 2014) SEM image coupled with the EDX analysis also
details the efflorescence products (Fig. 10). As seen from Fig. 10-b,
formation of natrite was validated in the form of elongated crystals,
together with the elemental analysis complying with the XRD findings
(Ulugol et al., 2021b). Nevertheless, considering the CGM-2/S mixture
which exhibited the highest compressive strength with no remarkable
efflorescence formation, it seems very likely to eliminate the efflores-
cence problem almost completely via further tailoring of the mixture
designs.

3.5. Microstructural characterization

3.5.1. Scanning electron microscopy/energy-dispersive X-ray spectroscopy
(SEM/EDX)

SEM/EDX analyses were performed on the selected specimens of
CGM-2/S mixture after 90 d of ambient curing, which resulted in the
highest compressive strength results and likely to have formations of
both Na- and Ca-based gel structures simultaneously in its matrix.
Considering the fact that the use of calcium sources such as slag and Ca
(OH), in the compositions of geopolymer mortars significantly modified
the properties (e.g., strength, pore structure etc.), emphasis was placed
on the general evaluation of the microstructure by focusing on the dif-
ferences in ultimate gel structures available in a given sample. For
geopolymer mortars with the entirely CDW-based ingredients having
lower amounts of calcium, the main geopolymerization products are
expected to be NASH gels, while in the presence of an additional calcium
source in the systems, along with the Na-based gel structures, Ca-based
gel structures such as CSH, CASH and/or C(N)ASH are also expected
(Garcia-Lodeiro et al., 2011). To this end, determination of micro-
structural differences was aimed by specifically focusing on the regions,
which contain low, medium, and high contents of calcium.

In Fig. 11-a, -b, and -c, representative SEM images of CGM-2/S
sample coupled with EDX analyses obtained from different regions
with the low, medium and high Ca contents were presented. According
to the Fig. 11-a, formation of NASH gels (Myers et al., 2015), which is
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Fig. 10. (a) X-ray diffractogram and (b) SEM image with the regional EDX analysis of the efflorescence products.

the main structure responsible for strength achievement in low-Ca sys-
tems, was seen in the form of rectangular-faced and prismatic structures
(Badanoiu et al., 2015). Formation of NASH gels were also verified by
the dominant elemental contents of sodium, silica, and alumina in the
EDX spectra of the related region. The traces of calcium observed here
can be associated with the Ca-substituted NASH gel structures with a low
degree of ion exchange. In Fig. 11-b, different types of gel formation
were observed most probably due to increased calcium content.
Compared to low-Ca region (Fig. 11-a), the NASH structures in rectan-
gular form mostly disappeared and replaced by more densely dispersed
C(N)ASH structures. Due to hybrid gel formation with different struc-
tural order and random dispersion, the defects such as voids and
microcracks were also observed similar to low-Ca regions (Fig. 11-b). As
noted previously, geopolymerization reactions occur rapidly in the
presence of NaySiO3 and additional nucleation sites provided by the
Ca*? ions, which improve the polymerization and lead to denser
matrices. Calcium dominated dense matrix structure obtained with the
modification of the binding phase (i.e., precursors and alkaline activa-
tors) can be seen from Fig. 11-c. Higher amounts of Ca in the elemental
count were also indicative of Ca-based gel structures (e.g., CSH, CASH
and/or C(N)ASH), which was reported for the geopolymer systems
supported with additional content of calcium (Temuujin et al., 2009).
Similar mechanisms for the formation of abovementioned final gel
structures, where the amount of Ca is a determining factor, were also
reported for unseparated CDW-based geopolymers (Tan et al., 2022c).

3.5.2. Thermogravimetry (TG/DTG)

Theremogravimetry (TG) and differential thermogravimetry (DTG)
plots (i.e., thermograms) of geopolymer mortars in the temperature
range of 30-1000 °C were presented in Fig. 12. In accordance with the
majority of studies using thermal analysis in the evaluation of geo-
polymers, the thermograms are generally divided into three stages.
Stage-I, which is in the temperature range of 0-300 °C, is associated with
the dehydration of physically and chemically bound water, although
latter partially occurs (Balachandra et al., 2021). According to the pre-
vious studies, the dehydration of physically bound water occurs up to
the temperature range of 100-120 °C, while the dehydration of chemi-
cally bound water occurs beyond this temperature range (Ismail et al.,
2014). Apart from the dehydration of water, degradations of gel struc-
tures in Stage-I were also reported (Sivasakthi and Jeyalakshmi, 2021).

In Stage-I, for all geopolymer mortars, first endothermic peaks were
observed in the temperature range of 52-92 °C. The intensities of the
peaks were similar for the slag-substituted mixtures; but, for completely
CDW-based mixtures, the same trend did not hold true. While the weight
losses were generally at similar levels, there were differences for the
completely CDW-based mortars (especially for CGM-3 mixture). The
weight loss corresponding to the first peak was also recorded at a higher
level for the slag-substituted mixtures, which was in parallel with the
literature (Hager et al., 2021). The second endothermic peak in Stage-I
was detected in the temperature range of 142-161 °C with similar in-
tensities, except for CGM-3/S which had no peak in the related range.

10

The total weight loss for CGM-3 was considerably higher than the other
mixtures with a rate of 9.35% at the second peak. The endothermic
peaks formed at this temperature range can be associated with the
involvement of water into the aluminosilicate network, in other words,
the conversion of water from being available at the physical state to the
chemically bound state (Pu et al., 2021). Considering the differences in
the abovementioned temperature ranges noted in former studies, a
direct relationship could not be established between the mechanical
performances and dehydration of physically/chemically bound water.
This is also due to that there are two explanations for the increased
availability of loosely bound water: (i) the greater amount of gel pores
(micro and nano) caused by the lower density of the gel that was
developed; (ii) the higher degree of gel production via more cross-linked
and organized structures, which leads to higher amounts of water to be
released back to the system (Ulugol et al., 2021a). The poorer me-
chanical performance of CGM-3 mixture was also reflected in the ther-
mal analysis via considerable loss in weight, which was associated with
the presence of higher amounts of loosely bound water in the network
due to lower rates of geopolymerization in CGM-3 mixture (Ismail et al.,
2014).

In the temperature range of 300-600 °C (Stage-II), the weight loss is
assigned to the dehydration and dehydroxylation of the aluminosilicate
gel structure (Pu et al., 2021). As seen in Fig. 12, broad endothermic
peaks were detected in the range of 430-434 °C for CDW-based geo-
polymer mortars, while for CGM-3/S and CGM-3 mixtures, this range
was at 405-410 °C. For completely CDW-based CGM-1 and CGM-2
mixtures, weight losses were 9.81% and 9.15%, while for the
slag-substituted CGM-1/S and CGM-2/S, weight losses were 11.99% and
11.58%. The higher weight loss observed in the case of slag-substituted
mixtures might be attributed to the higher degree of dehydration and
dehydroxylation due to formation of denser aluminosilicate gels. In this
region, for CGM-3/S and CGM-3 mixtures, the peaks were detected at
lower temperatures (405-410 °C) compared to other mixtures, which
may be associated with the higher Ca(OH);, contents in these mixtures
(Balachandra et al., 2021). Another reason for the peaks formed at
higher temperatures, excluding CGM-3/S and CGM-3 mixtures, may be
related to the dehydration of sodium carbonate, which is formed by the
atmospheric carbonation of unreacted NaOH (Tchakouté et al., 2016).
Considering all geopolymer mortars had more or less the same alumi-
nosilicate networks, the weight losses due to dehydration and dehy-
droxylation of the aluminosilicate gel structure are expected to be
similar, and the observed differences in Stage-II were thought to be due
to NaOH reactivity. It is considered that the thermogravimetric response
of CGM-3 and CGM-3/S mixtures designed only with NaOH and Ca
(OH), showed a high-efficiency reaction of NaOH, whereas the inclusion
of NaySiOs is likely to reduce the reaction efficiency of NaOH, thereby
leading to the presence of unreacted NaOH. This is also related to the
efflorescence behavior of the CGM-3 and CGM-3/S mixtures, which
exhibited almost no efflorescence products by consuming NaOH
effectively.

In the temperature range between 600 and 800 °C indicated as Stage
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III, the broad endothermic peaks around 670 °C were observed in all
geopolymer mortars. This is associated with the decarbonation of cal-
cium carbonate and sodium carbonate that are present in various crys-
talline forms (Lu et al., 2018). In this region, CGM-1/S and CGM-2/S
showed the highest weight losses (approximately 17%) among the
slag-substituted mixtures, while CGM-3 showed the highest weight loss
(approximately 19%) among the completely CDW-based mixtures.
Another notable point was that the mixtures without slag substitution
showed more intense peaks than mixtures with slag substitution in this
temperature range, which was related to possible consumption of free
alkali ions in the system by the slag contributing to the formation of
additional reaction products. In other words, in the presence of free
alkalis in the system, alkalis tend to react with the atmospheric CO3 to
form alkali-carbonates, so, mixtures without slag substitution showed
more intense peaks due to the availability of higher amounts of
alkali-carbonates in their systems (Tchakouté et al., 2016).

3.5.3. Mercury intrusion porosimetry (MIP)

Results related to the MIP analyses including total porosity, pore size
distribution and cumulative mercury intrusion volume were shown in
Fig. 13. According to the results obtained, the total porosities of CGM-1/
S, CGM-2/S, and CGM-3/S were found to be 11.9%, 9.72%, and 11.5%,
while the same results were 17.4%, 16.2, and 14.9%, for the CGM-1,
CGM-2, and CGM-3 mixtures. The mixture with the lowest porosity
was the CGM-2/S mixture, which also exhibited the highest compressive
strength results after different ages. It is clear that the formation of
compact and dense aluminosilicate gel structure and its homogeneous
distribution in the matrices not only have a positive effect on the
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compressive strength but also on the total porosity. This relationship
observed between the compressive strength and total porosity results
has also been similarly reported in the literature (Kusbiantoro et al.,
2013). Considering the further microstructural improvements in the
matrices with the use of slag, the total porosity results found for the
slag-substituted CGM-1/S, CGM-2/S and CGM-3/S mixtures were ex-
pected (Li and Liu, 2007). It is known that the pores larger than 0.2 pm
are available between the undissolved particles and aluminosilicate gels.
The pores between 0.05 and 0.2 pm are the macropores that form in the
initial stages of geopolymerization and turn into mesopores in the later
stages, and the pores between 0.0036 and 0.05 pm are the mesopores,
which are characteristic to the amorphous materials and present in the
aluminosilicate gel network (Rodriguez et al., 2013). The lowest volume
of mesopores was found in CGM-2/S mixture, followed by the CGM-1/S
and CGM-3/S mixtures. Having less mesopores volume can be consid-
ered one of the influencing parameters for the achievement of a more
compact and denser microstructure, as also reflected by the compressive
strength results (Nikoli¢ et al., 2017). It is notable that the presence of
other pores (especially the larger ones [i.e., macropores]) is also very
effective on the compressive results. For example, although CGM-3
mixture showed the lowest volume of mesopores following the
CGM-3/S mixture, this was not reflected in the compressive strength
results, most probably due to the availability of larger pores and other
related factors being involved.

Along with the relationship between the compressive strength and
total porosity, results showed that there is also a close relationship be-
tween the water absorption and total porosity results. For instance,
CGM-1 had the highest total porosity result and also the highest water
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Fig. 13. MIP results of the CDW-based geopolymer mortars (a) total porosity with different-size pore distribution, (b) cumulative intruded pore volume.

absorption. Although the water absorption and the total porosity values
were in parallel, there were deviations from this general trend. For
instance, CGM-3/S mixture with the lowest water absorption did not
have the lowest porosity (Figs. 8 and 13) which implied that together
with the total porosity, the pore size distribution is decisive on the water
absorption (Masi et al., 2014). It has been well reported that while pores
greater than 50 nm are more effective on the permeability and strength
properties of cement-based systems, pores smaller than 50 nm are more
effective on drying shrinkage and creep (Mehta and Monteiro, 1993).
Likewise, CGM-3/S mixture with the lowest water absorption had the
lowest volume of pores (0.31%) with the size greater than 50 nm,
showing the importance of pore size distribution on overall water ab-
sorption results. Similar results were also obtained for other mixtures.
For example, CGM-2/S mixture with the lowest water absorption after
CGM-3/8, had the lowest volume of pores (1.07%) with the size greater
than 50 nm after CGM-3/S.

Considering the relationship between drying shrinkage and porosity,
drying shrinkage is largely affected by the mesopore volume in the
matrix, as stated in the literature (Collins and Sanjayan, 2000). A similar
observation was made in this study that CGM-1 and CGM-2 mixtures,
which exhibited the highest drying shrinkage after 90 d, had the highest
mesopore volumes among other mixtures. A similar trend was also
registered for the CGM-1/S and CMG-2/S mixtures that exhibited lower
drying shrinkage results and lower mesopore volumes compared to
CGM-1 and CMG-2 mixtures. No relationship could be established

between the drying shrinkage and mesopore volume of the CGM-3 and
CGM-3/S mixtures as in other mixtures. This might be due to that the
drying shrinkage of the mixtures is more affected by the use of Na;SiO3
rather than the effect of volume of the mesopores.

3.5.4. Nuclear magnetic resonance

NMR analysis enables the determination of the local chemical envi-
ronments of NMR active nuclei through the signals and resonances that
occur as a result of the interactions between the applied magnetic field
and nuclei (Ozcelikci et al., 2022). For the characterization of the mo-
lecular framework of the geopolymeric gel structure, 2°Si MAS NMR and
27A1 MAS NMR analyses were carried out on the geopolymer mortars.
While the nuclei of interest in cementitious composites and geopolymers
in general are H, 3¢, 170, 1°F, 2°Na, 25Mg, 2771, 2%si, 31p, 33, 35¢], 3K,
and *ca (Walkley and Provis, 2019), only 27Al and ?°Si examinations
were made for the current study to provide more valuable insight into
the formations of geopolymeric gel structure. In 2°Si MAS NMR analysis,
the bond structures are defined as Q"(mAl), while the Q indicator rep-
resents the tetrahedral coordination of Si atoms, the n indicator repre-
sents the number of bonds of Si to other atoms via oxygen, and the m
indicator represents neighboring Al atoms. In previous literature studies,
which examined the gel structure of the geopolymers through NMR
analysis, it has been reported that silicon and aluminum sites are in
tetrahedral coordination and the silicate coordinate number (n) of
geopolymeric gels is 4 (Barbosa et al., 2000). In 2’ Al MAS NMR analysis,



E. Ozcelikci et al.

q" indicator is generally used to define tetrahedral Al species, where ¢
indicates Al coordination linked to n tetrahedral silicon with the oxygen
bridges (Walkley and Provis, 2019).

The results of 2°Si MAS NMR and 2’Al MAS NMR analyses obtained
from the CDW-based geopolymer mortars are presented in Fig. 14. Ac-
cording to the results presented in Fig. 14-a, the chemical shift values
were found to range from —80.023 to —98.118 ppm with a broad
resonance. Literature studies have reported that well-cured geopolymers
exhibit a broad resonance behavior in the range of —85 to —95 ppm and
the sharp resonances between —80 and —100 ppm indicate the presence
of unreacted silicate oligomers that are not bound to a gel structure
(Provis and Van Deventer, 2013). Based on this, CDW-based geopolymer
mortars produced herein confirms the formation of typical geopolymer
gel structure as mentioned in the literature. Comparing the 2°Si chemical
shift analysis of aluminosilicate-based inorganic materials in literature
(MacKenzie and Smith, 2002), CGM-1/S and CGM-1 samples were found
to have Q4(2Al) site due to the presence of the centered shift at about
—98.118 and —97.191 ppm. In the CGM-2/S mixture, the chemical shift
was centered at about —86.368 ppm and was corresponding to the
Q4(3Al) site. In accordance with the chemical shift values, in CGM-2,
CGM-3/S, and CGM-3 mixtures, Q*(1AD), Q*(4Al), Q*(4AD) sites were
observed. According to the structural orders of the CDW-based geo-
polymer mortars, all mixtures exhibited typical tetrahedral silicate
centers bonded by several numbers of aluminum atoms. These findings
indicated that geopolymers contain 3D cross-linked sites, which corre-
spond with the highly polymerised structural aluminosilicate framework
(Lecomte et al., 2006). It was also observed that while the slag substi-
tution did not cause a significant change in the structural framework
developments, the addition of NaySiO3 plays a more essential role in the
development of the different structural orders than slag substitution.

In accordance with the results of Al MAS NMR analysis results, a
narrow resonance centered in the range of 169.015-174.640 ppm,
9.746-14.642 ppm, and —53.193 to —49.309 ppm, together with the
broad resonance centered in the range of 58.328-60.605 ppm were
observed for all CDW-based geopolymer mortars. 2”Al MAS NMR spectra
showed that resonances at about 9.746-14.642 ppm indicated a lower
amount of octahedrally coordinated Al in the framework of gel struc-
ture. The broad and larger resonances at around 58.328-60.605 ppm
indicated that major content was tetrahedrally coordinated Al in the
related structural order (Lecomte et al., 2006). The major difference in
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Al coordination among CDW-based geopolymer mortar samples is the
geopolymerization kinetics. As the reactions continue, the wider reso-
nances become sharper by showing a higher structural order, as in
zeolite-type structures (Provis and Van Deventer, 2013). It was reported
that as a result of the geopolymerization reactions of unreacted fly ash,
the wide peak characterized by NMR MAS became sharper and had a
higher structural order indicating the presence of high contents of
crystalline phases (Wan et al., 2017). This situation became more
evident, especially in the case of CGM-2/S sample, which showed the
highest compressive strength, while the wider resonance of CGM-3
compared to other samples may be associated with the lowest strength
results recorded.

3.6. Interrelationship among the experimental results

The interrelationship among the selected experimental results,
which were quantitively measurable, was presented in Fig. 15. Although
comparative discussions were made in the related sections, results were
collected and presented altogether in Fig. 15 for clarity and easier
comparison. According to Fig. 15, irrespective of the mixture composi-
tion, a close relationship between the porosity and water absorption
results was noted. The relationship between the porosity and drying
shrinkage was closely related to the mesopore volume in the matrices
and direct proportional relationship was observed for all the mixtures
except for CGM-3 and CGM-3/S which lacked NaySiOs, the alkaline
activator with the greatest effect on drying shrinkage and did not exhibit
such a relationship. Compressive strength results were found to be
inversely proportional to the other three parameters (total porosity,
water absorption, and drying shrinkage). The increments in these three
parameters, which had almost linear relationships between themselves,
mainly caused decrements in the compressive strength results.

3.7. Sustainability analysis

Development of eco-friendly construction materials to ensure long-
term sustainability is of major importance. Geopolymer binders are
being developed as an alternative to the traditional Portland cement.
Assessment of the materials sustainability and greenness of existing
geopolymer binders must be carefully considered. Material Sustain-
ability Index (MSI) has been developed to quantify the environmental
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Fig. 14. (a) 2°Si MAS NMR, (b) Al MAS NMR spectra of CDW-based geopolymer mortars.
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effect and the material sustainability of the newly developed alternative
materials (Keoleian et al., 2005). The MSI evaluation is very useful in
investigating the environmental impacts of the products, their
manufacturing and processing, as well as in determining the carbon and
energy footprints. Material sustainability was evaluated by using MSI for
the components of the mixtures used herein. Reliable life cycle inventory
data for all the components of the mixtures was collected from the
literature or database. The life cycle inventory data of the materials used
in this study were listed in Table 4. All the data presented in Table 4
represents the values related to the production of the materials, and the
data originated by transportation were not taken into account. Data
related to CDW-based materials were calculated based on the time and
energy consumed by the laboratory jaw crusher/ball mill and the CO,
emissions generated during the acquirement of consumed energy,
similar to the work of Mahmoodi et al. (2020).

In Fig. 16, embodied energy and global warming impact assessments
of the geopolymer mortar mixtures designed in this study and traditional
Portland cement mortars (with 28 d compressive strength of 32.5 MPa)
were presented. It can be clearly seen that the CO, emissions calculated
for CDW-based geopolymer mortar mixtures are largely dependent on
the alkaline activator usage. CDW-based geopolymer mortars exhibited

Table 4
Life cycle inventories of the materials.
Material Reference Embodied energy ~ Global warming
(MJ/t) intensity (kg.COx-eq/t)
Roof tile - 675 96.9
Red clay brick  — 675 96.9
Hollow brick - 675 96.9
Glass - 675 96.9
Concrete - 675 96.9
Recycled - 112.5 13.84
aggregate
Normal Nisbet et al. 120 6.20
aggregate (2000)
Portland Barcelo et al. 5500 1000
cement (2014)
Slag Yu et al. (2021) 1300 70
NaySiO3 Fawer et al. 4600 430
(1999)
NaOH Mahmoodi et al. 3500 633
(2020)
Ca(OH), Gutiérrez et al. 4464 938
(2012)
Water Jones et al. -
(2011)
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quite low CO5 emissions compared to traditional Portland cement-based
counterparts. This was mainly due to the absence of Portland cement in
the geopolymer mixtures. Geopolymer mixtures had lower energy con-
sumption levels. Such energy consumption of geopolymer mixtures
largely arises from the use of alkaline activators in their production.
Together with the sustainability analysis, the efficiency values were
calculated by dividing the energy consumption and global warming
intensity values with the compressive strength results. According to the
red line indicator based on MJ/m®.MPa (Fig. 16-a) and kg COz-eq/m°>.
MPa values (Fig. 16-b), it was observed that CDW-based geopolymer
mortars, especially CGM-2/S being in the first place, had very high ef-
ficiency in terms of energy consumption and CO2 emissions. CDW-based
geopolymer mortars were found to be highly advantageous in terms of
their environmental friendliness within the context of developing con-
struction materials alternative to those produced by the ordinary Port-
land cement.

4. Conclusions

This paper investigated the development and characterization of
ambient-cured mortars with mixed CDW-based geopolymer binders and
untreated FRCA. Reaching reasonably high compressive strength levels
to suit the developed mortars for future designs of completely CDW-
based structural geopolymer concretes and elements was aimed along-
side with revealing durability-related parameters (i.e., drying shrinkage,
water absorption, and efflorescence) critical for the long-term perfor-
mance. Detailed microstructural characterization and material sustain-
ability analysis were also performed. Following conclusions were drawn
from the experimental work undertaken:

e Depending on the mixture design, it is possible to achieve 28
d compressive strength exceeding 30 and 50 MPa, with the entirely
CDW-based mortars and with the 20% slag replacement of CDW-
based precursors, which are promising strength levels that can be
scaled up to have entirely CDW-based structural concretes and ele-
ments. Utilization of NaySiO3 and slag had positive effect on the
compressive strength. A similar effect was also observed at later ages
for the mixtures incorporated with Ca(OH),.

Drying shrinkage strains were the highest for mixtures produced
with Na,SiO3 while for those incorporated with slag, early age drying
shrinkage was restricted. Since the mixtures were manufactured with
a constant and reasonably low amount of FRCA, the drying shrinkage
strains of the CDW-based mortars were slightly higher than and/or
comparable to the cementitious/geopolymer mortars based on
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Fig. 16. Results of sustainability analysis, (a) embodied energy and (b) global warming impact for CDW-based geopolymer mortars and ordinary Portland
cement mortars.

mainstream precursors with low content of aggregates. It was
inferred that with small modifications in the FRCA gradation and
content it is possible to reach much lower drying shrinkage strains.
Slag substitution led to denser and more compact matrices thereby
lowering the water absorption, while the use of NaSiO3 negatively
affected this parameter. This was mainly attributed to the formation
of randomly oriented map-type microcracks due to the higher drying
shrinkage in the presence of Na;SiO3. Nevertheless, the level of water
absorption was still at acceptable levels compared to literature
studies.

Although the efflorescence formation was observed at various de-
grees in some mixtures; its effect on the compressive strength and
other durability-related parameters was limited. Taking the mixture
with the highest compressive strength as an example, which had very
limited efflorescence, it seems very likely to eliminate the efflores-
cence formation almost completely via further tailoring of the
mixture designs.

SEM/EDX analysis revealed that NASH gel formation was observed
mostly in the regions where the amount of calcium is low, whereas
hybrid NASH and calcium-based gels such as CSH, CASH and C(N)
ASH were present together in the regions where the amount of cal-
cium is high, leading to a denser and more compact matrix. In TGA/
DTG analysis, slag-substitution was the most influential parameter
for the variations of weight changes/endothermic peaks caused by
evaporation of loosely bound water, dehydration and dehydrox-
ylation of the aluminosilicate gel structure and the decarbonation of
calcium carbonate and sodium carbonate. MIP analysis revealed that
lower pore volume led to the realization of higher compressive
strength results. The water absorption was mainly governed by the
pores with the size greater than 50 nm, while the extent of drying
shrinkage of the mixtures produced with Na,SiO3 was mainly driven
by the pores with the size smaller than 50 nm. NMR analyses
revealed that CDW-based geopolymer mortars were with 3D cross-
linked sites and the usage of NaySiO3 was one of the key parame-
ters determining the structural orders.

The MSI evaluation proved that CDW-based geopolymers were
significantly advantageous over the ordinary Portland cement-based
mortars in terms of CO emission and energy consumption values.
This outcome was clearer in the case of CGM-2/S mixture, which also
exhibited the highest compressive strength.
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