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This work aims at evaluating the anisotropy (direction-dependency) in terms of mechanical performance and
bonding properties of entirely construction and demolition waste (CDW)-based geopolymer mortars fabricated
by 3D-additive manufacturing (3D-AM) technique. In the study, a combination of hollow brick (HB), red clay
brick (RCB), roof tile (RT), concrete waste (CW) and glass waste (GW) obtained from various demolition sites and
different combinations of alkaline activators including sodium hydroxide (NaOH) and calcium hydroxide (Ca
(OH)3) were used for geopolymerization. CW was also used as fine aggregate in geopolymer mortar production.
Specimens were subjected to ambient curing conditions until testing ages. Direction-dependent mechanical
performance of printed specimens was evaluated at 7-, 28- and 90-day via compressive strength test in three
different loading directions of perpendicular, parallel, and lateral to the printing path and flexural strength test in
two different loading directions of perpendicular and lateral to the printing path. Moreover, bond strength be-
tween the consecutive printed layers were tested through direct and splitting tensile strength tests at the end of 7-
, 28- and 90-day ambient curing and used to compare the directional performance of tested mixtures. In addition,
compressive and flexural strength test results of printed specimens were compared with those of conventional
mold-casted specimens. Results showed that alkaline activator content affects the mechanical properties
considerably. According to compressive and flexural strength test results, 3D-printed geopolymer mortar spec-
imens have anisotropic behavior and the bond performance between consecutive layers is one of the main
influencing parameters for the anisotropic behavior of 3D-printed structures. However, perpendicular-loaded 3D-
printed specimens showed similar or slightly better performance compared to the mold-casted ones, indicating
that the bond zone had little influence on the performance of specimens loaded in perpendicular loading di-
rection. This study pointed out that the anisotropic performance of printed structures can be diminished with the
enhanced bond adhesion between consecutive layers and the adhesion can be improved by optimizing the
rheological properties and matrix performance of the mixtures.

1. Introduction

In regard to different essential properties of construction industry
such as higher speed of construction, design flexibility, and material and
energy efficiency, the current technologies are at their limits. To shift
beyond those boundaries, automation is expected to provide a striking
enhancement. Although the integration of automation systems into the
construction sector dates back to 1960s, progress has not been made as
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rapidly as in different fields (e.g., automotive sector) [1]. In the last few
years, the most revolutionary development in integrating automation
systems into the construction industry has been made with the use of
3-dimensional concrete printing (3DCP) systems in building construc-
tion. In the current situation, where construction companies are looking
for new ways to increase efficiency and reduce costs in construction,
3DCP can lead to numerous economic and environmental benefits
compared to traditional methods [2]. The main benefits that 3DCP
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technique may bring are the reduction in the production-related errors,
production time, risks of occupational safety, and cost [3]. Specifically,
compared to traditional methods, 3DCP provides significant advantages
in decreasing the formwork costs, which have an approximate share of
35-60% in the total construction costs [4,5]. 3DCP method can also
significantly reduce the environmental impact caused by traditional
construction methods [6]. Another remarkable benefit of 3DCP tech-
nique is the minimization of amount of post-production waste by
enabling a production process in which construction waste is managed
correctly, and material consumption is optimized [7,8]. Taking all these
advantages into account, the integration of the 3DCP technique into the
construction industry can play an essential role in the changing world
[9].

Measures for the problems related to the Portland cement production
and construction and demolition waste (CDW) generation, which are
two interdependent issues, have a key role in eliminating the negative
burden of construction industry on the environment, economy, and so-
ciety. Energy- and carbon-intensive production procedure of Portland
cement together with the inability to reduce the embodied carbon and
improper disposal of CDW are serious problems, which require urgent
and proper tackling [10,11]. Global cement production has experienced
an extreme increase from 0.94 billion tons (in 1970) to 4.1 billion tons
(in 2018) [12]. Moreover, it is expected that 45% more cement will be
manufactured by 2050 if alternative binders are not proposed [13].
Meanwhile, CDW-related reports indicate that roughly 570 million tons
of CDW were produced in the United States in 2017 [14] and the volume
of CDW produced in the European Union is approximately 35% of the
total waste production, that is, over 700 million tons per year [15].
Reuse rates of CDW approach 80% in some countries, such as Germany,
Denmark, and the Netherlands, whereas the same rates for the remain-
ing countries are on average less than 30% [11,16]. Even so, the ma-
jority of CDWs are used for non-structural filling purposes for road
pavements or pathways with no added value [17-19]. Under such cir-
cumstances, development of a holistic solution that can eliminate the
unbearable burden of cement production and CDW generation and help
forming a sustainable circular economy in the construction industry, can
possibly be proposed through the geopolymer technology (via reaction
between aluminosilicate source materials [e.g., CDWs] and alkaline
activators).

In recent years, limited number of studies have been carried out to
adapt geopolymers, as environmentally friendly construction materials,
into 3DCP technology to combine materials- and production-related
breakthroughs. In one of such studies, Chougan et al. [20] investi-
gated the 3D printability of geopolymer binders produced by activating
fly ash, granulated blast furnace slag, silica fume precursors with sodium
hydroxide (NaOH) and sodium silicate (NaySiO3) as the alkaline acti-
vators. Rheological, mechanical and buildability properties of the
3D-printed mixtures were investigated. Although the majority of the
mixtures were found to show anisotropic behavior according to Young’s
Modulus, that is, mechanical performance was direction-dependent; no
detailed research has been performed to evaluate whether this behavior
was negligible in 3D-printed geopolymers. In another study, Panda et al.
[21] investigated the mechanical properties and anisotropic behavior of
fly ash-based 3D-printed geopolymers. In this study, compressive
strength tests for three different directions and flexural strength tests for
two different directions were performed on 3D-printed specimens, and
the results were compared with the mold-casted specimens. Compared
to mold-casted specimens, 3D-printed specimens had 5% less compres-
sive strength under perpendicular and parallel loading and 2% higher
under lateral loading. These findings revealed that the 3D-printed geo-
polymer exhibits anisotropic behavior depending on the loading di-
rections. In addition, the bond strength was determined by performing
direct tensile tests on the 3D-printed specimens and the maximum bond
strength was reported to be 1.4 MPa. Nematollahi et al. [22] investi-
gated the effect of polypropylene fibers on the fresh and hardened
properties of 3D-printed fly ash-based geopolymer mortars.
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Compressive strength in three different loading directions and flexural
strength in two different loading directions were studied in addition to
the workability and extrudability of the mortars. The results showed that
fiber reinforcement had a positive effect on the compressive strength
only for the specimens loaded in perpendicular (perpendicular to the
printing direction) loading direction. Also, according to their compres-
sive strength test results depending on the loading directions, the
maximum difference between perpendicular and lateral loading was
reported to be 20.8 MPa. Bong et al. [23] investigated the buildability
and mechanical performance of slag and fly ash-based geopolymers
activated by NapSiOs with different dosages and reported that
compressive strength variation depending on the loading direction was
23% in three different directions. In a different work performed by
Panda et al. [24], fresh and hardened properties of geopolymers pro-
duced from fly ash, granulated blast furnace slag and silica fume were
investigated. As a result of the compressive strength tests performed
only in the perpendicular direction to examine the compressive
strengths of 3D-printed and mold-casted geopolymers, it has been re-
ported that the influence of the production technique on the compres-
sive strength is negligible. This study reported that compressive strength
results of the 3D-printed and mold-casted specimens were 18.4 MPa and
16.2 MPa, respectively. However, in another study of Panda et al. [25],
it was emphasized that fly ash-based geopolymers produced with 3DCP
technology showed directional variations in their mechanical proper-
ties. As a result of flexural strength tests for three different loading di-
rections, the maximum difference between direction-dependent
performances was reported to be ~50%. Nematollahi et al. [26] per-
formed compression tests in three different directions and flexural tests
in two different directions on Class F fly ash-based geopolymer speci-
mens and measured the interlayer bond strength between the 3D-printed
layers. Results showed that the compressive strength of the specimen
under parallel loading was 50% higher than that of the specimen under
lateral loading. For flexural strength results, it was reported that the
specimens tested under lateral loading showed 6.5% higher strength
than that recorded under perpendicular loading. Interlayer bond
strength of geopolymer mixtures were obtained to be between 2.33 and
3.03 MPa. In another study, Nematollahi et al. [27] performed
compressive strength tests in three different directions, flexural tests in
two different directions and time-dependent (2 and 15 min delay after
the first layer when printing two layers) interlayer bond strength tests on
3D-printed geopolymers produced by using fly ash and granulated blast
furnace slag. As a result of the compressive strength tests, the specimens
loaded in parallel to the printing path were 72% higher than those of
loaded in lateral. On the other hand, for flexural strength, 65% of the
lateral loading was obtained under perpendicular loading. Maximum of
1.3 MPa interlayer bond strength was also reported. In the study of
Muthukrishnan et al. [28], compressive and flexural strength tests in
three different directions were applied to the fly ash and granulated
blast furnace slag-based geopolymer specimens. According to 28-day
test results, compressive and flexural strength test specimens loaded in
parallel direction showed 28% and 56% higher strength than those
loaded in perpendicular direction, respectively. In the above-detailed
existing studies related to 3DCP, different mechanical performances
obtained in different loading directions are generally explained by the
anisotropic property caused due to weak bonding region between the
layers due to the nature of 3D printing process.

In general sense, literature studies related to 3DCP process and
performance of 3D-printed structures showed that due to layer-by-layer
deposition approach of 3D-AM method, the mechanical performance of
the printed specimens can be influenced by the direction of loading and
the interlayer bond (adhesion) between the two consecutive layers.
Therefore, anisotropic mechanical performance of the layer-by-layer
manufactured structures and the interlayer bond strength between the
two printed consecutive layers should be evaluated to determine the
printing compatibility of the mixtures at hardened state. Moreover,
these need to be assured for geopolymer materials manufactured with
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different types of precursors, as opposed to vast majority of literature
focusing on the use of mainstream pozzolanic materials such as fly ash
and ground granulated blast furnace slag, which are highly demanded
and not regarded as waste anymore by many. Considering the existing
divergency in literature and deficiency of studies regarding the perfor-
mance of 3D-printed CDW-based geopolymer mortars, the direction-
dependent mechanical and bond strength performance of entirely
CDW-based geopolymer mortars was mainly focused herein. Geo-
polymer mortars were produced by using different components of CDW-
based materials, including hollow brick (HB), red clay brick (RCB), roof
tile (RT), concrete waste (CW) and glass waste (GW). Geopolymer
binders were incorporated with CW-based fine aggregates to increase
the waste upcycling potential and reduce the need for clean raw mate-
rials. To activate the precursors, NaOH and Ca(OH), were used in
different combinations, as the alkaline activators. Direction-dependent
mechanical performances of CDW-based geopolymer mortars were
assessed via compressive strength tests in three different directions and
3-point flexural tests in two different directions on the 3D-printed
specimens. In addition, direct tensile and splitting tensile tests were
performed to determine the bond strength. Performance characteristics
of 3DCP technique were also evaluated by comparing 3D-printed spec-
imens with the mold-casted specimens. Aside from the influences of the
manufacturing technique, the effects of different alkaline activator types
and combinations on the mechanical properties were examined.

2. Experimental program
2.1. Materials

CDW-based materials including HB, RCB, RT, GW and CW, collected
from variety of selective demolition activities performed in Turkey, were
used as precursors in the production of geopolymer mortars. All these
waste-originated materials were first crushed individually with a jaw
crusher to reduce the size and then milled for 60 min in a ball mill to
obtain their powder forms. After milling process, X-ray fluorescence
(XRF) analysis with the wavelength of 0.1-50 A and laser diffraction
technique with the size range sensitivity of 0.02-2000 pm were per-
formed on oven-dried powders taken from different regions of powder
batches to determine the oxide compositions (Table 1) and particle size
distribution (PSD) (Fig. 1) of the precursors, respectively. As seen in
Table 1, SiOy, Al;O3 and FeyOs, which are fundamentally important
oxides for geopolymerization process [29], were found in high quanti-
ties in clay-originated materials (HB, RCB, and RT). In addition to the
clay-originated CDW-based precursors, GW and CW precursors had high
percentages of SiO2, NayO and CaO.

As seen in Fig. 1, at the end of the crushing and milling procedures,
powdery precursors had different PSDs. HB, RCB, and RT had similar
PSD, while CW and GW had coarser particle size distributions compared
to the others. Approximately 90-95% of HB, RCB, and RT were finer

Table 1

Chemical compositions and specific gravity of CDW-based precursors.
Oxides % HB RCB RT GW Ccw
Si0, 39.7 41.7 42.6 66.5 31.6
Al,03 13.8 17.3 15.0 0.9 4.8
Fe,03 11.8 11.3 11.6 0.3 3.5
CaoO 11.6 7.7 10.7 10.0 31.3
Na,0 1.5 1.2 1.6 13.6 0.45
MgO 6.5 6.5 6.3 3.9 5.1
SO3 3.4 1.4 0.7 0.2 0.9
K0 1.6 2.7 1.6 0.2 0.7
TiOy 1.7 1.6 1.8 0.1 0.2
P,0s 0.3 0.3 0.3 0.0 0.1
Cr,03 0.1 0.1 0.1 0.0 0.1
Mn,03 0.2 0.2 0.2 0.0 0.1
Loss on ignition 7.8 8.0 7.5 4.3 21.1
Specific gravity 2.89 2.81 2.88 2.51 2.68
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Fig. 1. Particle size distributions of the precursors.

than 40 pm and the amount of CW finer than 40 pm was ~80%. Among
all precursors, GW was with the coarsest grain size; only 60% remained
below 40 pm. Differences in the PSDs of the powdery precursors after the
same milling process was most probably related to the differences in the
grindability index, hardness, density and pore structure of the materials.

Instead of natural aggregates, fine recycled concrete aggregates
(RCA) obtained by crushing waste concrete rubbles was used to produce
geopolymer mortars. Considering the 3D-printing application proced-
ures, maximum particle size of the aggregates was limited to 2 mm for
each mixture. At first, a jaw crusher with a 2 mm opening was used to
reduce the size of the concrete waste rubbles. Then, crushed RCA were
sieved by using a 2-mm sieve. Obtained RCA from the concrete rubbles
were directly used in geopolymer mortar mixtures without applying any
kind of treatment to enhance their mechanical and durability properties.

To activate CDW-based precursors, NaOH and Ca(OH); were used as
the alkaline activators, in different usage rates and combinations, as
detailed in the following section. NaOH was solid and in flake form with
98% purity level and the Ca(OH), was in powder form and had a purity
level of 87%. More detailed information regarding the alkaline activa-
tors can be found in the previous works of the authors [30,31].

2.2. Mixture proportions

Proportions of the geopolymer mortar mixtures produced in this
study were designed considering the extensive studies carried out by the
authors. In this regard, a dry base mixture was designed to have 80%
brick-based materials (HB, RCB and RT), 10% GW and 10% CW. Since
the physical and chemical properties of RCB, RT, and HB were similar,
brick-based material content was chosen to have equal percentages in
the mixture (~26.67% for each). Usage rates of GW and CW were
limited to 10% by considering the Si/Al balance of the geopolymer
systems. Aggregate to binder ratio of 0.35 and water to binder ratio of
0.33 (by weight) were used for each mixture.

To investigate the effect of activators on the bond strength and
anisotropic behavior of the developed geopolymer mortars, 10 M and
12.5 M NaOH and 0, 4 and 8% Ca(OH), (by weight of precursor) were
used solely and in binary combinations. These ranges and combinations
were designed by considering previous studies of the authors [30,31]. As
increased NaOH molarity leads to higher viscosity, thereby lower
printability performance, NaOH molarity was limited to 12.5 M. Like-
wise, increased usage rates of Ca(OH); led to increased amounts of
geopolymerization products and solid content, hence decreased flow-
ability. Thus, usage rate of Ca(OH), was limited to maximum 8%, by the
weight of binder material. Designed CDW-based geopolymer mortars
without additional chemical admixtures other than the alkaline activa-
tors performed satisfactorily in terms of shape retention, and
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extrudability during 3D-AM process. Details of the designed mixtures
were presented in Table 2 alongside with the flowability indexes. The
flowability index given in Table 2 is an indicator of the fresh properties
of the materials and an increment in this index means an increment in
flowability and vice versa.

2.3. Mixture preparation

Mixture preparations were started with the preparation of NaOH
solutions. To obtain NaOH solutions with different molar concentra-
tions, required amounts of solid NaOH for a desired molar concentration
was dissolved in tap water. Then, to avoid the heat-related effects as a
result of the exothermic reactions between the NaOH and water, pre-
pared solutions were kept in the laboratory medium until reaching
constant room temperature. Different from NaOH solution, powdery Ca
(OH), was directly added to the dry mixtures. After preparing the NaOH
solution, the mixing process was started by mixing all powdery in-
gredients (i.e., CDW-based precursors, fine recycled aggregate, and Ca
(OH), [if available for a given mixture]) for 2 min in a pan-type mixer.
Then, NaOH solution was gradually added to the mixer, and the mixing
was continued for 5 min to ensure that the solution was evenly mixed
with the dry mixture.

2.4. Specimen preparation and curing

Both 3D-printed and mold-casted geopolymer mortar specimens
were produced to examine the effects of manufacturing methods on the
mechanical properties of the mixtures. After the completion of mixing,
prismatic specimens with dimensions of 4 x 4 x 16 cm were prepared
for each mixture by pouring mixtures into the pre-oiled molds in two
stages (Fig. 2a). Vibration was applied to the molds by a vibration table
in both stages of pouring to prevent the formation of air voids. Casted
mixtures were kept under laboratory conditions for 24 h and then
extracted from their molds and cured until the testing ages under
ambient conditions (temperature of 23 + 2 °C and relative humidity of
50 + 5%).

For 3D-printing applications, a lab-scale gantry system 3D-printer,
details of which can be found in authors’ recent work [31], was used.
3D-printer used consisted of a mortar pump, transmission pipe, CNC
router and control panel and was with the printing volume of 100 x 100
x 40 cm® (width x length x height). Mixtures were loaded into the
pump container of the 3D-printer and printed by using a rectangular
nozzle and G-Code-based 3D-printing path design. Although the pa-
rameters related to 3D-printing process have clear effects on the ulti-
mate performance of the printed structure, in this study, process-related
parameters were kept constant for each mixture since the main focus
was on materials-related parameters. The nozzle speed was set at 60
mm/s. Two-layered filaments with the length of 80 cm (chosen by
considering the limitation of 3D-printer) and cross-section of 40 x 40
mm were printed uniformly side by side without any breaking time
between the consecutive layers while printing. Immediately after the
printing, 40 x 40 x 40 mm cubic and 40 x 40 x 160 mm prismatic
specimens (Fig. 2b) were carefully extracted from these fresh

Table 2
Proportions of geopolymer mortar mixtures.
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Fig. 2. Representative images showing the details of test specimens: a) Pris-
matic mold-casted specimen, b) prismatic and cubic 3D-printed specimens.

longitudinal two-layered filaments by cutting them with thin fishing
line. Cubic and prismatic specimens were kept on the printing table until
hardening and then moved to the curing medium. The curing process
was carried out under ambient conditions to accurately simulate the
field application conditions of the 3D-printing process. Within this
context, printed specimens were also cured under laboratory conditions
(23 £ 2 °C) until the testing ages of 7, 28 and 90 days.

2.5. Testing

2.5.1. Flexural strength test

3-point flexural strength test was performed on prismatic mold-
casted and 3D-printed specimens in two directions including perpen-
dicular and lateral to the printing direction (Fig. 3) by using a universal
testing machine at a crosshead speed of 0.05 mm/s to evaluate the
direction-dependent behavior of 3D-printed specimens and
manufacturing method-related flexural performance differences. Flex-
ural strength of the specimens was calculated by using the following
formula:

3F L
= b

where, Fpay is the maximum load applied; L is the span length, b is the
thickness of the specimen; h is the height of the specimen. A minimum of
six replicates were used for each case (e.g., mixture proportion, loading

Alkaline activators CDW-based precursors (g) RCA (g) W/B Flowability index [30]
NaOH Ca(OH), (1000 &)
Molarity (M) Amount (g) Rate (%) Amount (g) HB RCB RT CwW GW
10 132 0 0 266.7 266.7 266.7 100 100 350 0.33 1.25
4 40 0.77
8 80 0.56
12.5 165 0 0 1.02
4 40 0.56
8 80 0.44
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Fig. 3. Schematic representation of the flexural strength test.

direction, testing age etc.) and the results were averaged. Before testing,
the b and h values of each specimen were measured to be more precise
about the results.

2.5.2. Compressive strength test

Compressive strength tests were carried out on the mold-casted and
3D-printed specimens by using hydraulic testing machine with loading
rate of 0.9 kN/s 3D-printed cubic specimens were subjected to
compressive loading in three different directions, including perpendic-
ular, parallel and lateral to the printing direction (Fig. 4), to evaluate
anisotropy in terms of compressive strength measurements. For the
compressive strength tests of mold-casted specimens, the pieces broken
from the prismatic casted specimens used under flexure were used. To
keep the compression area equal for each specimen, 40 x 40 mm steel
plates were placed on the compression areas of the specimens. At least
six replicates of each specimen were tested for each case (e.g., mixture
content, loading direction, testing age etc.) and the strength results were
averaged.

—
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Fig. 4. Schematic representation of compressive strength test for three different
loading directions.
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2.5.3. Interlayer bond strength

To test the interlayer bond strength between 3D-printed layers,
splitting tensile test following ASTM C496 [32] and direct tensile
strength test inspired by Nematollahi et al. [26] were performed on
40-mm 3D-printed cubic specimens. For the splitting tensile test, spec-
imens were placed between the compression plates and cylindrical metal
rods were placed at the joint of two consecutive layers (Fig. 5a).
Compressive stress was applied on the rods and the maximum force
value required to split the layers from each other was determined. By
using the obtained force value, splitting tensile strength was calculated
according to Timoshenko [33] formula below:

2P.

GST:%

where, ogr is the splitting tensile strength, P, is the magnitude of the
splitting load, b is the width of the specimen and h is the height of the
specimen.

For the direct tensile test, T-shaped steel profiles were firstly glued to
the 40-mm printed cubic specimens 4 days before the testing day with
epoxy-based adhesive. Epoxy-based adhesive used had enough adhesion
strength (>3 MPa on concrete surface, >3.5 MPa on steel surface) to
ensure adhesion between the plate and specimen so that there was no
failure observed due to epoxy-based adhesive related problems during
testing. On the day of testing, T-profiles glued to the specimens were
carefully connected to single-hole metal plate with a pintle chain link to
avoid any eccentricity during testing. Single-hole metal plates were
fixed into the jaws of the tension machine and direct tensile stress was
applied to the specimen (Fig. 5b). The direct tensile strength values of
the 3D-printed specimens were found by dividing the failure load to the
area under tension loading. For both splitting and direct tensile strength
tests, at least six replicates of each specimen were tested for each curing
age and strength results were averaged.

3. Results and discussion
3.1. Compressive strength

Mechanical performance of the 3D-printed specimens including
compressive strength can vary with the loading direction since the 3D-
printing process is a production method based on adding layer upon
layer of material, resulting in interlayer bonding (adhesion) zone be-
tween consecutive printed layers. Mechanical properties of the bond
interface of layers are relatively weaker than the core region of
consecutive layers; thereby, a performance dependency, termed as
anisotropy, emerges due to the loading and printing direction [34].
Therefore, to assess the anisotropic mechanical performance of
layer-by-layer produced specimens and compare the effects of the
manufacturing process on the mechanical performance of CDW-based
geopolymer mortars, compressive strength tests were performed both
on the printed (for three different loading directions including perpen-
dicular, parallel, and lateral to printing direction) and mold-casted
specimens.

The average compressive strength results of 7-, 28- and 90-day-old
geopolymer mortars produced by the single use of NaOH and combi-
nation of NaOH-Ca(OH); are presented in Fig. 6. The results of printed
specimens reveal that independent of the other mixing parameters and
loading conditions, the mechanical performances of the specimens show
a continuous improvement trend due to the continuation of geo-
polymerization reactions in the maturing matrix. At the end of 90-day,
maximum compressive strength results recorded for the mold-casted,
perpendicular-, parallel- and lateral-loaded printed specimens were
20.5 MPa [10 M NaOH - 8% Ca(OH)], 21.5 MPa [10 M NaOH - 4% Ca
(OH),], 19.9 MPa [10 M NaOH - 4% Ca(OH)-] and, 17.5 MPa [10 M
NaOH - 8% Ca(OH)-], respectively. In general, the findings indicate that
printed specimens exhibit comparable compressive strengths to the
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Fig. 6. Average compressive strength results of 3D-printed and mold-casted geopolymer specimens.

mold-casted specimens in different loading directions, regardless of the
mixture design; however, the loading direction and alkaline activator
content cause differences in the mechanical performance. Therefore, a
detailed discussion on how the mechanical performances were affected
by the production method (casted and 3D-printed), alkaline activator
content, and loading directions is presented in the following sections.

3.1.1. Effect of alkaline activators

When other mixture design parameters were the same, although
some variations were observable, an increase in the NaOH molar con-
centration from 10 to 12.5 M resulted in higher compressive strength
results for the mixtures singly activated with NaOH. According to Refs.
[35,36], when NaOH molar concentration increases, an increase in the

strength of geopolymer mixtures can be expected; however a decrease is
also possible. Increase in the NaOH molar concentration increases the
alkalinity of the reaction medium and encourages the dissolution of the
precursors resulting in an increase in the dissolved Si and Al ions, that
can increase the strength of the geopolymers [37-39]. However, higher
dissolution rate compared to geopolymerization rate results in the
presence of excess dissolved ions in the reaction medium [40-42]. This
fact causes (i) restriction in the ion transport because of the repulsive
forces between the particles [35,42,43] and (ii) higher silica coagulation
and rapid hardening because of the increased Na™ and (OH) ions in the
reaction medium [44]. As a result, the increase in the compressive
strength results with the increased NaOH concentration can be attrib-
uted to higher alkalinity of the geopolymerization medium and thereby
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higher dissolution of the precursors.

According to the compressive strength results of both mold-casted
and printed specimens given in Fig. 6, common trends were not noted
when the Ca(OH)- utilization rate of the mixtures were increased from
0 to 8% while other parameters were the same. In order to discuss the
possible reasons for this, Ca(OH)s-related influencing factors on the
compressive strength need to be properly explored and taken into ac-
count. In the current literature, there are studies indicating that the
mechanical properties of geopolymer mixtures increase with the in-
crease in the utilization rate of Ca(OH),, and this was attributed to the
(i) enhancement in the dissolution of the aluminosilicate precursor with
the increased (OH) ions in the reaction medium resulting in availability
of more active groups to participate in the geopolymerization reactions
[45,46], (ii) increase in the precipitation of the C-S-H and C-A-S-H gels
and nucleation sites for the formation of geopolymerization products
[45,47-511, (iii) ionic charge balancing and seeding effect [49,52-54]
and (iv) CaCOs3 formation [39,46]. On the other hand, it was also re-
ported that the excessive increase in the utilization rate of Ca(OH)y
decreases the strength of the geopolymer mixtures and the reasons for
this were three-fold: (i) lower ionic mobility because of higher ionic
concentration [42], (ii) disruption of the optimal gel binder structure
because of excess lime content [49], (iii) presence of unreacted lime in
the matrix resulting in the creation of the microstructural faults [55]. As
can be followed from Fig. 6, there was a general effect of enhancement in
the compressive strength of casted and perpendicular-loaded printed
specimens with the increased amounts of Ca(OH),. However, as the
utilization rate of Ca(OH), increased from 4 to 8%, in mixtures activated
by 10M-NaOH, decreases in compressive strength were observed, which
can be related to unreacted lime content. Negative effects of Ca(OH), at
lower molarities can be attributed to the presence of lower amount of
reactive dissolved Si and Al species arising from lower dissolution of
aluminosilicate materials in the reaction medium with lower alkalinity
[35,36]. In addition to the above-mentioned chemical effects, variations
in the results can be related to the likely effects of Ca(OH); on the fresh
properties of the mixtures. As reported in literature [30,31], decrease in
the utilization rate of Ca(OH), increases the flowability of the geo-
polymer mortars, and with the increase in flowability it becomes easier
to print the fresh mixtures more homogeneously and improve the
adhesion between two consecutive printed layers, which can also in-
fluence the compressive strength results. In this regard, negative effects
of Ca(OH); on the compressive strength results generally observed for
lateral- and parallel-loaded printed specimens (especially for mixtures
activated by 12.5M-NaOH in the case of the increase in the utilization
rate of Ca(OH), from 4 to 8%) can be associated with the effect of Ca
(OH); on the fresh properties [63].

3.1.2. Anisotropic behavior and effect of loading direction

Compressive strength results of the mold-casted specimens were
lower than specimens loaded perpendicular to the printing directions,
irrespective of the curing age (Fig. 6). Many previous studies comparing
the compressive strength results of 3D-printed and mold-casted speci-
mens have also reported that 3D-printed specimens could exhibit higher
compressive strength than mold-casted specimens [21,56]. This can be
explained by the formation of a relatively denser matrix due to the pump
pressure during printing. After evaluating the loading direction depen-
dence of the mixtures’ compressive strength results, it can be seen that
printed specimens loaded in perpendicular direction generally exhibited
higher strength results, which is consistent with [25,57], although some
natural variations were observed. Higher strength results of the
perpendicular-loaded specimens can be attributed to the fact that the
loading direction is perpendicular to the bond region. When compressed
under perpendicular loading direction, the bond zone between the
consecutive printed layers is forced to come together [21]. The load is
then transmitted directly through the printed specimen without any
negative effect on the bond zone, which can possibly be the reason for
the higher performance of the printed specimens under perpendicular
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loading [58]. This can also be evidenced by the fracture patterns of the
different-direction-loaded printed specimens. When a uniform
compressive stress is applied to specimens, microcracks start to occur in
the matrix at early the stages of loading. With the increments in stress,
the cracks begin to propagate throughout the matrix (a growth in di-
agonal directions). When the stress rises above the critical value, it
causes a bridge to form between the cracks formed in the matrix and
failure occurs. Therefore, the expected failure shape after the compres-
sion test is similar to hourglass [59]. When the failure patterns of the
specimens are evaluated (Fig. 7), it was observed that
perpendicular-loaded printed specimens had failed like hourglass,
meaning that the compressive stress was distributed uniformly
throughout the perpendicular-loaded specimens, as in the mold-casted
specimens. On the other hand, parallel- and lateral-loaded specimens
exhibited a different fracture pattern than the generally expected one
under compressive stress. For the loading cases in parallel and lateral
directions, after cracks were created by the compressive loading on the
specimens reached to the interface bond region, they preferred to
propagate along this bonding region resulting in separation of the layers
(Fig. 7) [21,58,60]. This type of crack propagation caused relatively
brittle failure mode and hence lower compressive strength results for
parallel- and lateral-loaded printed specimens were obtained compared
to perpendicular-loaded ones. Considering all these statements, it can be
stated that the path of propagation chosen by the microcracks has a
significant role on the mechanical properties of the printed specimens.
Well compaction of the fresh mixtures in the perpendicular direction
owing to the self-weight of the extruded layers can be another possible
contributor of better compressive strength results under loading in
perpendicular direction. Compressive strength results of parallel-loaded
specimens were higher than those of lateral-loaded specimens, which
can be attributed to the increased intensity of the fresh mixture in par-
allel to the nozzle movement direction due to considerable pumping
pressure on the 3D-printed layer over the extrusion process [21,27,
61-63].

According to TBEC 2018 [64], the mortar compressive strength of
masonry walls varies between 1.4 and 14.6 MPa, depending on the
mortar class. According to IBC 2015, the compressive strength of the
masonry must be 2.07 MPa on average and at least 1.7 MPa. The
compressive strengths of masonry structures determined in MSJC and
based on the work of Noland and Kingsley [65] should be between 10.34
and 27.58 MPa. In accordance with the compressive strength results
obtained herein, the compressive strength of the entirely CDW-based
geopolymer mortars met the values reported by all three standards for
the construction of masonry walls.

3.2. Flexural strength

Flexural strength of 3D-printed CDW-based geopolymer mortar
specimens were tested for the loading in the directions perpendicular
and lateral to the printing path to evaluate performance differences
between mold-casted and layered specimens, anisotropic behavior of the
3D-printed specimens, and effects of alkaline activator content on the
flexural performance of the mixtures. 7-, 28- and 90-day average flex-
ural strength results of both mold-casted and 3D-printed specimens
subjected to ambient curing conditions are shown in Fig. 8. Flexural
strength of the mixtures increased continuously with the extended
curing ages because of the ongoing geopolymerization reactions [66].
Maximum flexural strength results for mold-casted, perpendicu-
lar-loaded and lateral-loaded 3D-printed specimens were recorded from
the mixture activated by 10 M NaOH and 4% Ca(OH),. The average
flexural strength reached the maximum values of 4.9 MPa, 6.6 MPa, and
4.7 MPa for the mold-casted specimens, perpendicular-loaded and
lateral-loaded 3D-printed specimens after 90 days, respectively. Ob-
tained flexural strength results of perpendicular-loaded and
lateral-loaded 3D-printed specimens were compatible with several
research results [23,26,27,57,67-71]. Results demonstrated that
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Fig. 7. Representative images showing details of failure mode of compression specimens in a) perpendicular, b) parallel, c) lateral direction, d) casted specimen.
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Fig. 8. Average flexural strength results of 3D-printed and mold-casted geopolymer specimens.

flexural strength of 3D-printed specimens loaded in perpendicular di-
rection were higher than those of both mold-casted and lateral-loaded
3D-printed specimens. In general, mold-casted and lateral-loaded
3D-printed specimens showed similar performances for all testing ages
with slight deviations.

3.2.1. Effect of alkaline activators

Flexural strength results of the mold-casted specimens activated
solely with 10 M NaOH were lower than those of mold-casted specimens
activated with 12.5 M NaOH. Similar results were also obtained from the
3D-printed geopolymer mixtures activated solely with NaOH. Increment
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of NaOH molarity, therefore, was favorable for the flexural strength
performance of CDW-based geopolymer mortar mixtures activated
solely with NaOH. The possible reasons for the positive effects of
increased NaOH molarity on the strength development were discussed in
the previous section and are also valid for flexural strength results.

Inclusion of Ca(OH), into mixtures activated singly with NaOH
yielded increments in flexural strength results of both casted and 3D-
printed specimens, since the increment of Ca sources in the medium
may lead to the formation of more strength-giving geopolymer products
(e.g., C-(A)-S-H, N-A-S-H) in the matrix and effective bond area [45,
47-51]. However, addition of 8% Ca(OH)- either decreased or did not
make a positive contribution to the flexural strength results, irrespective
of NaOH molarity. The possible effects of 8% Ca(OH), addition could be
due to lower ionic mobility, disruption of gel structure, presence of
unreacted lime [42,49,55]. In addition, for the 3D-printed specimens,
increment of Ca(OH); content in the matrix may lead to weaknesses in
the effective bond area because of the redundant increment in viscosity
(Table 2).

The trend observed for the compressive strength results of casted and
perpendicular-loaded 3D-printed specimens activated with 12.5 M
NaOH - 8% Ca(OH); did not coincide with the flexural strength results
of the same mixtures. This can possibly be attributed to the variations in
the fracture mechanism and load distribution on the specimens and test
methods since the compressive strength results of lateral- and parallel-
loaded 3D-printed specimens coincided with the flexural strength test
results of both mold-casted and 3D-printed specimens. For the flexural
strength, applied load was directly delivered to the effective bond area
that made the bond area more essential than the matrix. Although in-
crements in the Ca(OH); content may lead to more geopolymerization
products in the matrix, due to more viscous structure, more voids can
form in the effective bond area which may lead to reductions in flexural
strength with the increment of Ca(OH), from 4 to 8% in the mixtures
activated with 12.5 M NaOH. It seems that the enhancements in the
geopolymer matrix favoring the flexural strength could not overcome
the negative effects of high viscosity resulting in weaknesses in the
bonding zone [63] (Fig. 11).

3.2.2. Direction-dependence of mechanical properties

In addition to the effects of alkaline activators, anisotropic behavior
of the mixtures was evaluated by considering the flexural performance
of 3D-printed specimens. According to the obtained test results, flexural
strength of the mold-casted specimens was similar to or lower than that
of 3D-printed specimens for each testing age. The possible reason for the
improved flexural strength performance of 3D-printed specimens
(although decrement was expected because of layer-by-layer produc-
tion) can be better compaction of the mixtures due to high-pressure
pump, considering the fact that the amount of air voids is significantly
effective on the flexural strength [56]. Increased air void formation was
observed in geopolymer specimens during casting in comparison with
the 3D-printed counterparts, as the developed CDW-based geopolymers
have sticky nature due to clayey nature [30,31].

During printing, because of both the weight of the upper layer and
pushing of pressurized consecutive materials by the pump, better
compaction was achieved in the bottom layer of prismatic specimens.
Production-related parameters are significantly effective on the perfor-
mance of the mixtures. Moreover, load distribution pattern of 3D-
printed specimen was also effective on the performance of CDW-based
geopolymer mortar mixtures. According to the obtained results,
perpendicular-loaded 3D-printed specimens had higher flexural strength
than that of lateral-loaded ones for each mixture and testing age.
Considering that during the flexural strength testing in perpendicular
direction, first layer, which was more compacted and bonded, was in the
tension zone, it yielded better performance. Moreover, 3D-printed
specimens loaded in the lateral direction tended to separate from the
weak bond area between the two consecutive printed layers, causing
them to fail quickly under flexure. When the fracture behaviors are
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examined, the fracture behavior presented in Fig. 9a is close to parallel
to the perpendicular reference line. However, when Fig. 9b is examined,
the fracture behavior is parallel to the reference line until it reaches the
bond area, deviating thereafter. The weakness in this area may cause
deviation in the cracking path and the flexural strength to decrease by
up to 29% considering the printing direction.

3.3. Splitting and direct tensile strength (bond strength)

7-, 28- and 90-day splitting and direct tensile test results of the
printed specimens cured under ambient conditions are represented in
Fig. 10. As seen from the figure, tensile strength results obtained from
both splitting and direct test methods were generally consistent with
each other. The tensile strength result of the mixtures increased
continuously with the extended curing ages as a result of ongoing geo-
polymerization reactions. Maximum splitting and direct tensile strength
results for each curing age were recorded from the geopolymer mixture
activated with 10 M NaOH - 4% Ca(OH),, where the splitting and direct
tensile strength results reached the maximum values of 1.35 and 1.79
MPa after 90-day ambient curing, respectively.

On contrary to the compressive and flexural strength results, in-
crements in the NaOH molarity did not lead to increments in the split-
ting and direct tensile strength test results. On one hand, increment in
NaOH molarity may increase the dissolution of precursors resulting in
increases in the production of geopolymerization products, while on the
other hand, the viscosity of the mixtures may increase, leading to the
formation of voids in the matrix and weak bonding capacity (weak
effective bond area) between the consecutive printed layers [30,31,63].
According to the obtained results, the bond strength of the geopolymer
mixtures increased with the usage of Ca(OH)2 up to 4%, irrespective of
the NaOH molarity. Increment in the bond strength could be attributed
to the formation of more geopolymerization products on effective bond
area and matrix (Fig. 11a), and improved interfacial tranisiton zone
between the geopolymer paste and aggregates due to lower porosity in
the presence of high calcium content [72-74]. The relatively low tensile
strength results of geopolymer mixtures activated with 10 Mand 12.5 M
NaOH containing more than 4% Ca(OH); can be explained by the fact
that, unreacted excessive alkaline activator content disrupts the homo-
geneity of the mixture and, decreased workability with the increased Ca
(OH); content may lead to weak bonding between the layers as the voids
formed prevent the synthesis of strength-giving products between the
layers (Fig. 11b). The tensile strength results of CDW-based geopolymer
mortars here were comparable with those reported in literature [70,
75-771.

Our results showed that mechanical properties of 3D-printed entirely
CDW-based geopolymer mortars are driven by the rheology of the
mixtures and geopolymerization reactions simultaneously. Improve-
ments in the matrix due to alkaline content were more influential for the
mechanical performance of the mold-casted and perpendicular-loaded
printed specimens due to less stress formation in the bond area. How-
ever, viscosity properties had more dominant effects on the mechanical
properties of the parallel- and lateral-loaded specimens since the applied
load concentrated in the bond area, and adhesion between the layers
was mainly affected by the fresh properties. It was shown that the bond
performance between the layers is one of the main reasons for the
anisotropic behavior of 3D-printed structures. Furthermore, bond
strength evaluation showed that although the matrix was enhanced with
the alkaline content optimization, due to higher viscosity resulting in
poor adhesion between the layers, lower bond strength performance was
recorded from geopolymer mortars. Thereofore, in order to eliminate
the anisotropic performance of printed structures, bond adhesion be-
tween the layers should be taken into account considering viscosity
along with the matrix performance while designing the mixtures. With
the improved bond adhesion, therefore it will be possible to diminish
directional performance variations for the geopolymer systems based on
CDW entirely.
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Fig. 9. Representative images showing the failure modes of flexural test specimen in a) perpendicular (loaded in z axis) b) lateral (loaded in y axis) direction.
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Fig. 10. Average splitting and direct tensile strength results of 3D-printed geopolymer specimens.

4. Conclusions

This study aimed at evaluating direction-dependent performance of
3D-printed entirely CDW-based geopolymer mortars. The study also
focused on determining the effect of alkaline activators on the me-
chanical properties of 3D-printed geopolymer mortars such as
compressive, flexural and bond strengths. 3D-printed and mold-casted
specimens’ performances were compared with each other to examine
production method-related variations in the mechanical properties of
the geopolymer mortars. The mixtures were activated with 10 M and
12.5 M NaOH and 0%, 4% and 8% (by the total weight of precursors) Ca
(OH), in various combinations, and specimens were cured under
ambient conditions. The following results were drawn:

e For the mixtures activated by the single use of NaOH, increasing the
NaOH molarity from 10 to 12.5 M increased the compressive and
flexural strengths of the mold-casted and 3D-printed specimens,

10

irrespective of the curing age. However, with the increased NaOH
molarity, splitting and direct tensile strength results of the 3D-
printed specimens decreased most probably due to the increase in
the viscosity of the mixtures leading to lower adhesion in the inter-
facial bonding region between the layers.

Mechanical properties of the CDW-based geopolymer mortars
increased with inclusion of Ca(OH), at utilization rate of 4%. How-
ever, beyond this rate, enhancement effects of Ca(OH); utilization on
mechanical properties (except compressive strength) were not
observed, most probably due to the excessive increase in the viscosity
of mixtures suppressing the positive effects of Ca(OH)y in
geopolymerization.

Direction-dependent tests performed on 3D-printed mortar speci-
mens indicated that printed CDW-based specimens have anisotropic
feature. In terms of direction-dependent compressive strength re-
sults, in general, among mold-casted and three different loading di-
rections including perpendicular, parallel and lateral to the printing
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Fig. 11. Representative general and close-up views of (area of 3.2 x 2.4 mm?) a) non-porous and, b) porous bond zone.

path, irrespective of the curing age, the compressive strength results
were the highest for perpendicular loading direction with the
decreasing order for mold-casted, parallel direction and lateral
direction.

In terms of direction-dependent flexural strength results, between
two different loading directions including perpendicular and lateral
to printing direction, irrespective of the curing age, specimens
loaded in perpendicular to the printing direction exhibited better
performance compared to those loaded in lateral to the printing di-
rection. As in the compressive strength tests, perpendicular-loaded
specimens exhibited higher flexural strength performance than
mold-casted ones. In addition, lateral-loaded and mold-casted spec-
imens showed similar flexural performances.

At the end of 90-day ambient curing, compressive strength results
recorded for the mold-casted and 3D-printed entirely CDW-based
specimens reached approximately 20 MPa and met the values of
relevant standards for construction of masonry walls.

11

e Geopolymer mortars showed anisotropic properties in compressive

and flexural strength tests. In compressive strength results of the 3D-
printed specimens loaded in different directions, the maximum di-
rection dependent variation reached to the level of 20%, while this
level was 30% for flexural strength results. The anisotropic behavior
of the 3D-printed geopolymer mortar specimens is considered to be a
natural feature of the layer-by-layer printing process.
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