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3D-Printed Concrete Mixtures
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Ahmed Gheni2 , and Mohamed ElGawady1

Abstract
This study investigated the use of class C fly ash (FA) as a precursor for alkali-activated mortar (AAM) for 3D-printed con-
crete (3DPC). AAMs with different water-to-FA (W/FA), alkaline activator-to-FA (Alk/FA), and sodium silicate-to-sodium
hydroxide (SS/SH) ratios were examined to develop mixtures that can be tailored for different structural applications of
3DPC. The fresh properties, including extrudability and buildability, were evaluated through the open time (OT) and immedi-
ate deformation tests, respectively. Different cycle times (CTs) were applied to achieve a strain limit state necessary to main-
tain the printed shape. The strength of AAMs in different directions at different CTs was examined. Scanning electron
microscopy (SEM) was carried out on AAM specimens having different CTs for a better understanding of the bond area. OTs
ranging from 2.5 min to 31 min and axial strains ranging from 0.17% to 11.2% were achieved depending on the proportions of
the AAMs and CT, which offers flexibility in optimizing the speed of printing and strength of concrete for different projects.
The 3DPC specimens displayed anisotropic behavior compared with full-height specimens, where the compressive strength
of full-height specimens was higher by 0.2% to 18% and 0.9% to 28% than 3DPC specimens when tested parallel and normal
to the printing directions, respectively. SEM images and line scan indicated an approximately even intensity of the element
concentration at the interfacial zones of AAMs having short CTs, which explained the relatively high compressive strength of
those specimens. For AAMs having long CTs, there was a significant change in the intensity of the element concentration at
the interfacial bond zone, and voids were observed resulting in low compressive strength of those specimens.

3D-printing is an emerging technology that is adopted
for constructing concrete structures in layers using
computer-aided design software and digital model data
(1, 2). Adopting 3D-printed concrete (3DPC) has many
advantages compared with cast-in-place or precast con-
struction, including the ability to print intricate shape
structures as well as reducing the construction time,
workmanship, formwork costs, and construction mate-
rial waste, which leads to cost savings (3–6).

The majority of literature used ordinary Portland
cement (OPC)-based 3DPC (5, 7–16). Recently, alkali-
activated mortar (AAM) was proposed for 3DPC. AAM
is prepared by activating synthesized material such as
metakaolin (17, 18) or industrial byproduct materials
such as fly ash (FA) using alkaline solutions. The fresh
and hardened properties of AAM can be tailored for a
wide range of applications (17, 19–23) and therefore
AAM has the potential to outperform OPC-based
3DPC. Developing AAM using FA also offers an eco-
friendly alternative concrete material. The ASTM 618-15

(24) classifies FA into two classes: class F and class C.
Class F is commonly used as a precursor for AAM;
recent studies, however, have successfully used class C
FA as a precursor for AAM. Whereas the former is
cured at elevated temperatures, the latter can be cured at
ambient or elevated temperatures when producing struc-
tural concrete (23, 25–27).

As 3D-printing is a relatively new technology, there is
no consensus on the concrete terminology and testing
methods. Fresh properties including extrudability and
buildability of mixtures used for 3DPC have been exam-
ined (7, 8, 28, 29). Extrudability, a measure for
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printability, is defined as the time for concrete to be eas-
ily transported from a pump to the extrusion nozzle
without blockage in the hosepipe and without any signs
of filament tearing, discontinuity, or disturbance (5, 10,
29–32). Another measure for fresh properties of 3DPC is
the open time (OT), which is a time interval ‘‘operation
window’’ where the mixture can be extruded (32).
Although printed concrete requires adequate OT, it
needs high early strength and rapid setting time to be
buildable. Buildability refers to the ability of the material
to resist deformation and collapse under its own weight,
that is, shape stability, and the weight of the top layers (2,
33). Thus, it is important to balance and optimize these
properties to ensure success in 3D-printing a structure.

OTs ranging from 10min to 225min were reported
for a combination of class F FA and slag-based AAM
mixtures depending on the alkaline activator characteris-
tics and slag content (3, 8, 29, 34). Decreasing the ratio
of sodium silicate activator from 10% to 8% per total
mass of the precursor increased the OT from 60min to
155min as a result of the lower rate of particle dissolu-
tion (34). Changing from Na-based to K-based activa-
tors increased the OT from 15min to 29min because of
the relatively slow rate of geopolymerization reaction of
the Na-based activators compared with the K-based acti-
vator (3). Moreover, increasing the slag content from
5% to15% of the FA mass resulted in a non-printable
mixture, as the slag increased the yield stresses from 0.86
to 1.04KPa (29).

There is no standard acceptance criterion testing to
evaluate the buildability of a concrete mixture. Different
tests have been proposed (5, 17, 30, 35). The maximum
number of layers printed with a 20mm nozzle diameter
without collapse was proposed as an acceptance criterion
for the buildability of 3DPC (5). Another proposed cri-
terion was to have no significant deformation in the bot-
tom layer (35) of a 3DPC with five subsequent layers
using a 20mm diameter nozzle with a height ratio between
the first and fifth layers of 1.0, or limiting the measured
axial strains and height-to-width ratio of each layer having
a thickness of 8 mm with a target of 20 layers (30). A shape
retention using a mini-slump cone where the ability of a
3DPC layer to carry the subsequent layers while retaining
its own shape was also proposed. The shape retention was
carried out using a cone filled with a mixture that was
lifted after 1min; after that, a load of 600 g was applied on
the top surface of the mixture for 1min allowing the mix-
ture to deform before the average spread diameter was
measured (17). It was concluded that by increasing the
workability, buildability was harder to achieve because of
the occurrence of higher deformation (5, 35).

The cycle time (CT), also called gap time (36), delay
time (12), and paste age (37), defined as the time between
placing two subsequent layers, is another factor that

influences the buildability. CT ranging from 7.0 s to 6.0 h
was used for AAM-based 3DPC (38–40). As the CT
increased, the buildability improved as a result of
decreasing the axial strain in the bottom layers.
Increasing the CT, however, leads to more construction
time and reduces the strength of 3DPC specimens (37) as
a result of the reduction in the interfacial bond strength
between the different 3DPC layers. The geopolymeriza-
tion process resulted in rapid hardening of the AAM,
and subsequently the AAM layer’s surface became dry
with time, causing less interfacial bond strength between
the AAM layers (39, 40).

Hardened properties, including compressive and bond
strengths, of mixtures used for 3DPC were examined
(8, 9, 38, 41). The interfacial bond strength in 3DPC
should be adequate to achieve the required compressive
strength and stability of a structure (2, 8, 9, 31, 40).
3DPC displayed anisotropic strength behavior, that is,
the strength values are directionally dependent (38, 40).
However, there is no consensus on which direction dis-
played higher strength, that is, the direction parallel or
perpendicular to the printed layers. The average com-
pressive strength of AAM-based 3DPC specimens tested
parallel to the layer direction was up to 9.5% higher than
those tested perpendicular to the layer direction (38),
whereas another study found that the compressive strength
perpendicular to the layers was up to 7.5% higher than
those tested in the parallel direction. This inconsistency
occurred for two different reasons. Natural variations
occurred in measuring the compressive strengths in each
direction for the different specimens. Furthermore, the
weakness along the interlayer joints caused slippage and
separation, therefore causing lower compressive strengths
(40). Another parameter that affected the performance of
the interlayer joints is the shape of the nozzle cross-section.
Specimens placed using nozzles having rectangular cross-
section displayed isotropic compressive strength, whereas
those placed using nozzles having circular cross-section dis-
played anisotropic strength with inconsistence in strength
in the perpendicular and parallel directions (8).

Different applications of 3DPC require different OTs.
For example, printing some structures will require fast
setting time and therefore short OT such that the printed
layers have adequate stiffness to carry the subsequent
layers, whereas printing other structures such as large
structures with long nozzle traveling-time will require
mixtures with long OTs to assure an acceptable bond
between the printed layers. OPC-based 3DPC could
not provide such flexibility without adding expensive
admixtures to adjust the OT or CT (5, 10, 31). Unlike
OPC-based mixtures, the OT and strength of AAM can
be tailored for different applications by changing the
alkaline activators ratio as they are one of the main ingre-
dients in AAM (3, 8).
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Both OPC-based (5, 7–16) and a combination of class
F FA and slag-based (3, 8, 15, 29, 34, 40, 42, 43) concrete
mixtures were developed for 3DPC. The results from
some of these studies were contradictory. Furthermore,
there are no studies on using class C FA-based AAM for
3DPC applications. Class C FA-based AAMs can offer
some advantages for 3D-printing. For example, 3D mix-
tures available in the literature do not display OT less
than 10min, thus using class C FA-based AAM has the
potential to address this issue producing short OT (i.e.,
less than 10min), which is important for different 3D-
printing applications. Thus, this study was conducted to
investigate the feasibility of using class C FA to simulate
3D-printing. The performance of nine class C FA-based
AAMs in simulating 3D-printing was investigated. The
compressive strengths of the developed mixtures were
determined in two directions, that is, parallel and perpen-
dicular to the direction of layers. The OTs of the devel-
oped mixtures were also determined by using the flow
table test. A new test setup was developed to evaluate the
buildability of the mixtures by measuring the immediate
axial deformation.

Experimental Program

Materials Properties

Fly Ash. This study employed class C FA, per ASTM
C618-15 (24), as the AAM precursor (Table 1). River
sand with a fineness module of 2.25 and a maximum par-
ticle size of 1.18mm was used as the fine aggregate.

Alkali Activators. A mixture of sodium hydroxide (SH) and
sodium silicate (SS) solutions was used as an alkali acti-
vator. A 10M SH solution was prepared and cooled
down to room temperature before use (44). A SS in solu-
tion form with 44.1% and 55.9% solids and water con-
tents by weight, respectively, was prepared and used.
The SiO2/Na2O of the SS’s solids was 2.0 (45).

Mix Design and Mixing Procedure. Nine AAMs were pre-
pared to have water-to-FA (W/FA), alkali activators-to-
FA (Alk/FA), and SS/SH ratios ranging from 0.34 to
0.42, 0.250 to 0.300, and 0.50 to 2.0 (Table 2), respec-
tively. The water used to calculate the W/FA included
both water in the alkaline activators and the extra water
added during the mixing. The range of W/FA was selected
to present a range of relatively stiff and flowable AAMs
for different applications, and the Alk/FA and SS/SH
ranges were selected as they displayed acceptable setting
times and compressive strengths for AAM (44–46).

The mixing procedure followed Gomaa et al. (26, 27,
47). FA and sand were mixed together for 1min, and water
was added over 1min. The alkaline activators had been
mixed together before adding them gradually to the mixture
over 2min. Finally, all the components were mixed together
for another minute. The mixing speed was fixed at 136 rpm.

Extrudability and Buildability of AAM

As there are no standard tests for 3DPC, a modified
mini-slump test, and non-standard deformation test was

Table 1. Chemical Composition of the Fly Ash Using X-ray Fluorescence

Composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 MnO LOI*

wt.% 43.91 20.12 4.96 21.24 4.29 2.87 0.70 1.36 0.51 0.05 0.40

*Loss on ignition.

Table 2. Mix Design of AAMs (kg/m3)

AAM no. W/FA Alk/FA SS/SH Sand FA SS SH Extra water

AAM1 0.34 0.300 1.0 1526 555 83.3 83.3 92.60
AAM2 0.36 0.300 1.0 1513 550 82.5 82.5 102.8
AAM3 0.38 0.300 1.0 1499 545 81.8 81.8 112.8
AAM4 0.40 0.300 1.0 1471 535 80.3 80.3 121.4
AAM5 0.42 0.300 1.0 1458 530 79.5 79.5 130.9
AAM6 0.36 0.275 1.0 1513 550 75.6 75.6 111.3
AAM7 0.36 0.250 1.0 1513 550 68.8 68.8 119.7
AAM8 0.36 0.300 0.5 1513 550 55.0 110 99.80
AAM9 0.36 0.300 2.0 1513 550 110 55.0 105.9

Note: AAM = alkali-activated mortar; Alk = alkali activators; FA = fly ash; SH = sodium hydroxide; SS = sodium silicate; W = water.
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proposed to determine the OT and deformation as mea-
sures for extrudability and buildability, respectively. It is
worth noting that OT and deformation tests were carried
out on different specimens and both tests were performed
at different interval times.

Open Time. The OT for each mixture was measured by
conducting independent mini-slump tests at different
time intervals after mixing, until the mixture lost its
workability. An AAM was mixed and left at rest in the
mixing bowl for a given time; then, the AAM was placed
in the standard ASTM C1437 (48) brass cone without
compaction to simulate 3DPC. The cone was lifted verti-
cally leaving the mixture on a flow table. The flow table
was dropped 25 times in 15 s per ASTM C1437 (49). The
process was repeated for the same mixture at increasing
times until the mixture completely lost its workability,
that is, zero spread diameter after dropping the flow
table 25 times. That time was recorded as the OT for that
mixture. To accommodate AAMs with short OTs, three
flow tables operated by different users were used (Figure
1, a–c). The test was repeated four times for each mix
design. The mixture that remained in the mixing bowl
was remixed, to mimic 3DPC, before placing it on a flow
table.

Immediate Axial Deformation Testing. As there is no ASTM
standard test for measuring the immediate deformation
for 3DPC, a testing method was developed (Figure 2).
The test measures the immediate axial deformation of a
700 g AAM subjected to incremental axial loads repre-
senting the applied weight of the added AAM layers dur-
ing 3D-printing. The incremental load was applied at
different CTs representing adding more printed layers.

Four dial gages were attached to each corner of a
230mm square Plexiglass plate which was resting on an
upright cylinder (Figure 2). A piece of non-absorbent
butchers’ paper was placed on the Plexiglass plate to
increase surface friction (Figure 2a). A 150mm diameter
15mm-high plastic ring beam having three legs was

placed and centered on a Plexiglass plate (Figure 2a).
The legs were used to ensure the fixation of the ring into
the Plexiglass, preventing its horizontal movement
(Figure 2a). The ring was filled with 700 g fresh AAM,
which was placed continuously starting from the middle,
and then the surface was flushed (Figure 2b). Therefore,
it simulates the load applied to a layer of printed mortar.
A vertical thin metal rod was continually centered on
top of a Plexiglass plate that was placed atop the AAM,
and the dial gages measuring the spacing between the
two Plexiglass plates were zeroed (Figure 2c). The top
Plexiglass plate and the plastic ring beam were removed
(Figure 2d). The top Plexiglass was placed again atop the
AAM at the required CT, and the immediate axial defor-
mation was measured (Figure 2e). The weight of the
Plexiglass plate with the rod was 700 g, which repre-
sented a weight equivalent to that of the used AAM
(Figure 2e).

In total, 700 g, equivalent to the weight of an AAM
layer, was added in increments atop the Plexiglass plate
at the required CT (Figure 2f). Each weight had a hole in
its center where it was installed on the rod atop the
Plexiglass plate. The weights were added until the dial
gage readings remained constant. CTs of 1.0, 2.5, and
5.0min were selected for all AAMs. For AAMs having a
longer OT exceeding 10min, CTs of 30 and 60min were
used. The wide-range spectrum of the investigated CTs is
of significant interest for different structural applica-
tions. The average deformation obtained using the four
dial gages was determined and converted to immediate
axial strains. The entire procedure was repeated for each
mixture. The test was carried out under a constant tem-
perature of 23 6 2�C and relative humidity of 60%.

Compressive Strength and Microstructural Analysis

Effect of the Loading Direction on the Compressive
Strength. Each mixture was used to cast three 50mm
cubes in brass molds. As no actual 3D-printing was car-
ried out in this study, two types of specimens were cast: a

Figure 1. Three flow tables to measure the spread diameter at different times for AAM1 at (a) zero, (b) one and a half and (c) two and
half minutes after mixing.
Note: AAM = alkali-activated mortar.

200 Transportation Research Record 2676(2)



full-height specimen that was cast in a single concrete
placement (Figure 3a) and a layered specimen in which
four 12.5mm-thick layers with different CTs were placed
(Figure 3b). The layered specimens were an attempt to
simulate the deposition process of additive manufactur-
ing of concrete (3DPC) (Figure 3). The full-height speci-
mens were used as reference specimens for comparison
purposes. It is worth noting that although ASTM C109-
16 (50) requires the specimens to be compacted, neither
of the specimens were compacted to simulate 3DPC.

After placing the mixture in the molds, the molds were
covered with plastic bags and stored in the laboratory at
the ambient temperature of 23 6 2�C for 12h and then
cured at 50�C in an oven for another 12 h (51, 52). The
compressive strength of the 3DPC specimens tested in

both parallel (X) and perpendicular (Z) directions to the
AAM layers was determined (Figure 3). The reported
results were the average of three specimens tested in each
direction. The compressive strength was carried out for
specimens with CTs of 1.0, 2.5, and 5.0min for all AAMs.
Besides, CTs of 30min and 60min were carried out for
mixtures AAM5 and AAM8. Moreover, although it is
not practical for 3DPC, a CT of 24h was carried out for
AAM1 as an extreme case to investigate the effect of a
very long CT on the strength of the tested specimens.

Microstructural Analysis. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy were
used to visualize and collect the elemental composition at

Figure 2. Immediate deformation measurement setup.
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the interface between two subsequent layers. FEI Helios
Naolab 600 DualBeam was used for the SEM scope. The
images were acquired using the secondary electron detec-
tor. Tested specimens, 10 3 10 3 50mm, were cut from
different AAM specimens in a wet condition (Figure 4).
The tested surface of each specimen was polished using
360, 800, and 1200 grit sandpapers, respectively. The spe-
cimens were dried by placing them in a 40�C oven for
48 h; then, the tested specimens were coated with gold
before the SEM testing per ASTM C1723-16 (53).

Results and Discussion

In this section, the effect of the W/FA, Alk/FA, and SS/
SH on the OT, deformability, and anisotropic compres-
sive strength of AAM are discussed.

Open Time

The results indicated a wide spectrum of OTs ranging
from 2.5min to 31min, which allows engineers to tailor

and adopt an appropriate AAM mixture depending on
the target printed application. AAMs having shorter
OTs (i.e., up to 7.0min) could be used to print a small
structure whereas AAMs having longer OTs (i.e., above
20min) could be used to print a large structure.

Figure 5a shows the effect of W/FA, Alk/FA, and SS/
SH on the OT. The OT increased with increasing W/FA
as W/FA had no direct role in the geopolymerization
process (54); however, increasing W/FA decreased the
concentration of the chemicals (i.e., SS and SH), leading
to slower chemical reaction and therefore increasing the
OT (44). For example, when the W/FA was increased
from 0.34 to 0.40, the OT increased from 2.5min to
7.0min, but as the W/FA was increased to 0.42, the OT
increased significantly to 31min. AAM is sensitive to the
W/FA where a small change in the added extra water
can significantly change the viscosity of AAM, thus
resulting in substantial changes in the workability and
setting time, that is, OT (47, 55).

Figure 5b shows the effect of Alk/FA on the OT of
mixtures having W/FA of 0.36 and SS/SH of 1.0. The

Figure 3. (a) Full-height specimen and (b) four layers of 3DPC specimens tested in Z and X directions.
Note: 3DPC = 3D-printed concrete.

Figure 4. Specimen preparation for SEM testing: (a) AAM specimen after cutting the tested specimen and (b) tested specimen.
Note: SEM = scanning electron microscopy; AAM = alkali-activated mortar.
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OT decreased with increasing Alk/FA. For example,
increasing the Alk/FA from 0.250 to 0.300 decreased the
OT from 6.5min to 4.0min. Alk/FA has a significant
role in the geopolymerization reaction, and it takes part
in the dissolution of aluminosilicate precursor; low Alk/
FA may not be sufficient to dissolve the FA at a fast
rate, causing long OT. High Alk/FA increases the solu-
ble silica (SiO2) and alkali (Na2O) content in a mixture
which increases the dissolution rate of FA and acceler-
ates the geopolymerization reaction, resulting in lower
workability of the AAM and subsequently short OT (44,
56, 57).

Figure 5c shows the effect of SS/SH on the OT of
mixtures having W/FA of 0.36 and Alk/FA of 0.30. As
the SS/SH was increased, the OT decreased. For exam-
ple, increasing the SS/SH from 0.5 to 2.0 decreased the
OT from 24min to 3.5min. Increasing the SS content in
the AAM increased the SiO2/Na2O, which accelerates
the dissolution reaction and geopolymerization process,
decreases the setting time, decreases the workability (55–
58) and decreases the OT. Furthermore, SS is more vis-
cous than SH, which results in lower workability (58, 59)
and shorter OT.

Immediate Axial Deformations

Effect of CT. Figure 6 shows the effect of W/FA, Alk/FA,
and SS/SH on the immediate axial strains of AAM with
increasing the applied loads at different CTs. As the CT
increased, the immediate axial strain decreased. The
immediate axial strains ranged from 11.2% to 0.17% for
CTs ranging from 1.0min to 60min. The reductions in
the axial strains ranged from 1.23% to 11.2%, 0.63% to
6.20%, and 0.24% to 1.37% for CTs of 1.0min, 2.5min,
and 5.0min, respectively. The number of stacked loads,
which represents the number of stacked AAM layers,

ranged from 5 to 9 based on the AAMs where the
AAMs that had relatively low W/FA, high Alk/FA, high
SS/SH, and long CTs required a smaller number of
stacked loads to reach an approximate constant immedi-
ate axial strain and vice versa. For AAM5 and AAM8
which had longer OTs, CTs of 30min and 60min were
used. Observations similar to those observed for short
CTs were recorded where with increasing the CT from
30min to 60min, the immediate axial strains decreased
as a result of the increase in concrete modulus. At the
CT of 30min and 60min, the immediate axial strains
ranged from 0.65% to 1.02% and from 0.53% to 0.78%,
respectively. Moreover, the number of stacked loads ran-
ged from 3 to 5 for both AAMs.

With increased CT, the rate of evaporating of the free
water increased, which increased the AAM hardening
rate and improved the overall AAM stiffness, which in
turn caused the material to change from being in the fluid
state to a plastic state. Therefore, it can hold itself and
other subsequent layers (9, 28). When the CTs ranged
from 0 to 80min, the immediate axial strains ranged from
76% to 0.0% (28, 30, 31, 60).

Effects of W/FA, Alk/FA, and SS/SH. Figure 6a shows the
effect of W/FA, with Alk/FA of 0.300 and SS/SH of 1.0,
on the axial strains with increasing loads at CTs of
1.0min, 2.5min, and 5.0min. The axial strain increased
with increasing the W/FA and the number of stacked
loads. For a CT of 1.0min, and W/FA ranging from
0.34 to 0.40, the axial strains ranged from 1.37% to
7.88% and the number of stacked loads reached nine
layers. This trend was the same for CTs of 2.5min and
5.0min, for W/FA ranging from 0.34 to 0.42, and for
axial strains ranging from 0.65% to 6.22% and from
0.17% to 1.37% with the number of stacked loads

Figure 5. Effect of (a) W/FA, (b) Alk/FA and (c) SS/SH on the OT.
Note: W/FA = water-to-FA; Alk/FA = alkaline activator-to-FA; SS/SH = sodium silicate-to-sodium hydroxide; OT = open time.
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reaching seven and six for CTs of 2.5min and 5.0min,
respectively. With increasing the W/FA, the strain
increased because AAMs had higher free water content
which increased the deformability (54). It is worth noting
that the AAM with W/FA of 0.42 was not included in
Figure 6a as it had high strains reaching approximately
11.2% only after the first load.

Figure 6b shows the effect of Alk/FA ranging from
0.250 to 0.300, with W/FA of 0.36 and SS/SH of 1.0 on

the axial strain with increasing the number of stacked
loads at CTs of 1.0min, 2.5min, and 5.0min. For a CT
of 1.0min, the strain ranged from 2.17% to 4.32% and
the number of stacked loads reached nine. This trend
remained the same for CTs of 2.5 and 5.0min, with
the number of stacked loads reaching six and the axial
strains ranged from 1.65% to 2.30%, and 0.33% to
1.55%, respectively. The axial strains decreased with
increasing Alk/FA. Increasing the Alk/FA accelerates the

Figure 6. Effect of (a) W/FA, (b) Alk/FA and (c) SS/SH on the axial strains (Note the difference in the scale of the vertical axis).
Note: W/FA = water-to-FA; Alk/FA = alkaline activator-to-FA; SS/SH = sodium silicate-to-sodium hydroxide.
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geopolymerization process, which results in short setting
time (i.e., workability) (44). This decreases the deforma-
tion, which both enhances and improves the buildability.

Figure 6c shows the effect of SS/SH ranging from 0.5
to 2.0, with W/FA of 0.36 and Alk/FA of 1.0, on the
axial strains with increasing the stacked loads at CTs of
1.0, 2.5, and 5.0min. The axial strains decreased with
increasing SS/SH. For a CT of 1.0min, the axial strain
ranged from 1.28% to 2.17% and the number of stacked
loads reached up to nine. This trend was the same for
CT values of 2.5min and 5.0min with the number of
stacked loads reaching to six and the axial strain ranging
from 0.62% to 3.05% and 0.23% to 1.40%, respectively.
With increasing the SS/SH, the setting time decreased
and the AAM rapidly lost its workability (61), which
resulted in less deformation and good buildability. The
AAM with a SS/SH of 0.5 was not included in Figure 6c
as its high strain reached 10.1% under the first stacked
load.

Compressive Strength

Effect of the 3DPC on the Compressive Strength. Figure 7
shows the compressive strengths of the full-height and
3DPC specimens having different CTs. The compressive
strengths of the full-height specimens were always higher
than those of the 3DPC specimens. The compressive
strengths of full-height specimens were 0.2% to 28%
higher than those of the 3DPC specimens based on the
testing direction, that is, the X and Z directions. These
results were similar to what was reported for OPC-based
3DPC specimens with reductions in the compressive
strengths ranging from 5.0% to 30% (13) compared with
full-height specimens

The decrease in the compressive strengths of the
3DPC specimens compared with those of the full-height
specimens occurred because of the relatively insufficient
interaction and interlinkage between the subsequent
layers (36) leading to the layers’ slippage/separation. The
weak interfacial bond occurred because of the lack of
compaction of the layers which trapped air voids at the
interfacial joint (13, 16). There was also a moisture loss
from the top surface of each layer, as some moisture on
the top layer’s surface is required to maintain adequate
workability to develop the interfacial bond, resulting in
lower compressive strength (9).

Effect of the Loading Direction on the Compressive Strength.
Figure 7 shows the compressive strength results of the
full-height and 3DPC specimens tested in X and Z direc-
tions for different ratios of W/FA, Alk/FA, and SS/SH.
The 3DPC specimens displayed an anisotropic phenom-
enon where the compressive strengths in the X-direction
were always higher than those of the Z-direction by

0.03% to 3.5%, 3.6% to 10%, 2.2% to 23%, 4.6% to
10%, and 7.1% to 14% for CTs of 1.0, 2.5, 5.0, 30, and
60min, respectively (Figure 7). A higher compressive
strength in the X-direction could be caused by the nature
of the tested specimens. When placing the concrete in the
molds, the sides and bottom faces of the test specimens
were perfectly even inside the molds, whereas the top
surfaces were manually leveled. This variation in the sur-
face quality affected the results of the 3DPC specimens
tested in the Z-direction, where they were exposed to
stress concentrations on the upper surface, which was
not perfectly flat and had some imperfections compared
with those 3DPC specimens tested in X-direction, which
was exposed to stress on the sides of the AAM specimen
that were perfectly flat.

Effect of the CT on the Compressive Strength. Figure 7 shows
the compressive strength results of the full-height and
3DPC specimens having different CTs. When the CT
increased, the compressive strength of the 3DPC
decreased. For a CT of 1.0min, the compressive strengths
for 3DPC specimens tested in both directions were
slightly smaller than those of the full-height specimens,
ranging from 0.2% to 5.3%, whereas for CTs of 2.5min
and 5.0min the reduction ranged from 1.3% to 17% and
4.7% to 21%, respectively. The compressive strength test
of 3DPC specimens at long CTs of 30min and 60min
was carried out for AAM5 and AAM8 as they had rela-
tively long OT, and the reduction ranged from 6.6% to
20% and from 7.3% to 22%, respectively. A CT of 24h
was carried out on AAM1 to investigate the significant
effect of CT, with reduction of the compressive strength
reaching 51%.

The failure pattern of all specimens tested in both
directions, for all CTs, was similar, and failure occurred
as a result of the shear effect from the two loading ends
(Figure 8) except for the 3DPC specimen having a CT of
24 h tested in X-direction (Figure 8d), where separation
occurred between layers 1 and 2. This similarity in the
failure pattern can explain the relatively low reductions
in the strengths of the 3DPC specimens compared with
those of the full-height specimens. The reduction in the
compressive strength of the 3DPC specimens occurred
because of the loss of moisture at the surface layer which
increased with increasing the CT. Losing moisture led to
reductions in the interfacial bond between subsequent
layers. Furthermore, with increasing CT, more FA parti-
cle nucleation occurred, which increased the hardening
rate of the surface of the layer and improved the materi-
al’s stiffness. This increase in stiffness caused less disrup-
tion on the interfacial material as the CT increased, and
subsequently caused lower interfacial bond strength
between subsequent layers (36).
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Effect of the W/FA, Alk/FA, and SS/SH on the Compressive
Strength of Full-Height Specimens. Figure 7a shows the effect
of W/FA on the compressive strength of the tested speci-
mens with Alk/FA and SS/SH of 0.300 and 1.0, respec-
tively. Increasing the W/FA decreased the compressive
strengths of the tested specimens. When the W/FA
increased from 0.34 to 0.42, the compressive strengths of
the tested specimens decreased from 44.1 to 16.4MPa.

Increasing the W/FA increased the formation of voids as
the water had no role in the geopolymerization reaction,
resulting in higher porosity and lower compressive
strength (54).

Figure 7b shows the effect of Alk/FA on the compres-
sive strengths of the tested specimens with W/FA and SS/
SH of 0.36 and 1.0, respectively. Increasing the Alk/FA
from 0.250 to 0.300 increased the compressive strength of

Figure 7. Effect of (a) W/FA, (b) Alk/FA and (c) SS/SH on the compressive strength of full-height and 3DPC specimens having different
CT.
Note: W/FA = water-to-FA; Alk/FA = alkaline activator-to-FA; SS/SH = sodium silicate-to-sodium hydroxide; 3DPC = 3D-printed concrete; CT = cycle time.

CT in a minute in the legend.
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the tested specimens from 19.4 to 34.7MPa. This trend
was caused by increasing the alkali activators, which
increased the solubility of the silica, alumina, and the
Na2O and SiO2 content which resulted in a higher rate of
geopolymerization (i.e., better reactivity), resulting in
denser microstructure and subsequently higher compres-
sive strength (25, 44, 46, 54, 62–64).

Figure 7c shows the effect of SS/SH on the compres-
sive strength of the tested specimens with W/FA and
Alk/FA of 0.36 and 0.300, respectively. With increasing
SS/SH the compressive strengths of the tested specimens
increased. Increasing SS/SH from 0.5 to 2.0 increased the
compressive strength from 27.7 to 38.2MPa. Increasing
SS/SH increased the soluble silica (SiO2) which increased
the SiO2/Al2O3 ratio, resulting in more Si-O-Si bond and
higher compressive strength (3, 44, 54, 65).

Microstructural Analysis of the Interfacial Bond Area. The SEM
images and line scan of the 3DPC specimens of AAM1
having CTs of 2.5min and 24h are shown in Figures 9
and 10, respectively. Those two specimens with those
CTs were selected to explain the relatively strong and
weak interfacial bond strength between the AAM layers
(Figure 7). The SEM images show the top and bottom
layers as well as the interfacial bond zone between them.
Along the elemental line the following notations are used:
(1) Areas that had a high intensity of Si were detected as
sand particles (Noted as ‘‘S’’). (2) Areas that had a high
intensity of Si, Al, and Na were detected as the alumino-
silicate gel (N-A-S-H) (Noted as ‘‘N’’). (3) Areas that had
a high intensity of Si, Al, Na, and Ca were detected as
aluminosilicate gel with calcium (C-N-A-S-H) (Noted as
‘‘C’’). (4) Black areas were detected as voids (Figure 10a
and b).

For the specimen having a CT of 2.5min, the different
elements were distributed approximately evenly in
the top layer, bottom layer, and bond area (Figure 10a).
The bond area was not obvious in the SEM image

(Figure 9a), and it was homogeneously blended with the
top and bottom layers (Figure 10a). (Note: the interfacial
bond area of this specimen was determined and marked
before SEM testing as shown in Figure 4.) Moreover, there
were no voids existing in the interfacial bond area.
Therefore, relatively high compressive strengths were
obtained for 3DPC specimens having short CTs (Figure 7).

For the specimen having a CT of 24 h, the different
elements were distributed approximately evenly in the
top and bottom layers (Figure 10b). Although the SEM
did not show a clear separation line between the top and
bottom layers at the interfacial bond area (Figure 9a),
there was a drop in the intensity of the different elements
at the interfacial bond area between the top and bottom
layers (Figure 10b). That drop was caused by the rela-
tively long CT (i.e., 24 h) that negatively affected the
interconnection between the top and bottom layers nega-
tively. Moreover, there were voids (i.e., entrapped air
voids) between the top and bottom layers at the interfa-
cial bond area (Figure 10b). This explains the roughly
50% decrease in the compressive strength of the 3DPC
specimen with a CT of 24 h compared with a full-height
specimen.

Providing a Wide Range of AAMs for
Different Applications

Based on all 3DPC properties that were studied, AAM-
based 3DPC offers a wide range of selections of OTs,
deformations, and CTs without adding any admixtures
such as accelerators, retarders, or superplasticizer. For
example, the OT was extended from 3.5 to 24min by
decreasing the SS/SH from 2.0 to 0.5 with W/FA and
Alk/FA of 0.36 and 0.300, respectively. Furthermore,
OTs ranging from 2.5 to 5.5min were obtained by either
increasing W/FA from 0.34 to 0.38 with Alk/FA and SS/
SH of 0.300 and 1.0, respectively, or decreasing Alk/FA
from 0.300 to 0.275 with W/FA and SS/SH of 0.36 and

Figure 8. Failure patterns in compression test for 3DPC specimens tested in (a) Z-direction, (b) X-direction with CTof 5.0 min, (c) Z-
direction and (d) X-direction with CTof 24 h.
Note: 3DPC = 3D-printed concrete; CT = cycle time. Numbers in the figures indicate the layer number.
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Figure 9. SEM images of AAM1 with CTs of (a) 2.5 min and (b) 24 h of the 3DPC.
Note: SEM = scanning electron microscopy; AAM = alkali-activated mortar; 3DPC = 3D-printed concrete; CT = cycle time. Voids are caused by the entrapped air.

Figure 10. Elemental line scan of AAM1 with CTof (a) 2.5 min and (b) 24 h of the 3DPC.
Note: AAM = alkali-activated mortar; 3DPC = 3D-printed concrete; CT = cycle time.
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1.0, respectively. Longer OTs were achieved by increas-
ing the W/FA to 0.40 and 0.42 with Alk/FA and SS/SH
of 0.300 and 1.0, respectively; however, the compressive
strengths of those mixtures were less than 20MPa and
therefore not a candidate for structural applications.

In relation to the acceptable deformations, specified
strain limits can be satisfied using different combinations
of mixture design and CT. For example, a strain limit state
of 2.00% can be satisfied using the following combina-
tions: (1) for AAM1 and AAM2, the maximum strain was
approximately 2.00% with all CTs; (2) all AAMs displayed
a maximum strain less than 2.00% when the CT exceeded
5.0min; (3) with decreasing the Alk/FA to 0.275 or 0.250
(i.e., AAM6 and AAM7, respectively), W/FA of 0.36, and
SS/SH of 1.0, the maximum limited strain of 2.00% was
obtained with CTs of 2.5min and 5.0min, respectively; (4)
by increasing the SS/SH to 2.0 (i.e., AAM9), the maximum
limited strain of 2.00% was obtained for all CTs; (5) with
decreasing the SS/SH to 0.5 with W/FA of 0.36 and Alk/
FA of 0.300 (i.e., AAM8), with CTs of 30min and 60min,
a maximum strain of 1.00% was obtained. Thus, these dif-
ferent options provide flexibility to industry to adopt the
AAM mixture that best fits a particular structure rather
than using a single mixture for every job.

All AAMs had compressive strengths, ranging from
20.4 to 44.0MPa, which are adequate for structural
applications with all CTs except AAM4, AAM5, and
AAM7. The compressive strengths for those mixtures
were low for both full-height and 3DPC specimens (i.e.,
ranging from 14.4 to 19.5MPa) which will not fit struc-
tural applications. Table 3 summarizes the mix designs,
OTs, and CTs of the different AAMs that displayed an
acceptable deformation and compressive strength for
structural applications.

It is worth noting that there could be potential differ-
ences between the performance of 3DPC specimens cast
with different extrusion processes, such as extrusion
methods, the size and shape of the extrusion nozzle, the
rotational velocity of the extruder, and printing pressure
(7, 32). For example, it was found that the compressive
strength of the full-height specimen was about 15% lower
than the 3DPC specimens as a result of the deposition pro-
cess (i.e., pressure in the printing system) (7, 41). Therefore,
as there is no actual 3D-printing used in this study, the
AAM mixtures that were successful in this study need to be
further investigated using a 3D-printing process.

Findings and Conclusions

This study investigated the use of class C FA for differ-
ent application options of 3DPC. The fresh properties,
including extrudability and buildability in relation to OT
and deformation, as well as the hardened properties
including the compressive strength of different alkali-
activated concrete having different W/FA, Alk/FA, and
SS/SH were investigated. In addition, the effects of the
CT on the deformation and compressive strength of
3DPC specimens tested in two orthogonal directions
were investigated. Based on the results, the following
conclusions were made:

� A 3DPC-based class C FA was successfully devel-
oped with a wide range of options to meet the
construction industry requirements allowing for
flexibility in printing different shapes, sizes, and
strengths. The results will allow the industry to
select the most appropriate mixture that meets the
required construction and structural performance.

Table 3. Results of the Accepted AAMs

AAM no. W/FA Alk/FA SS/SH
OT

(min)
CT

(min)
Strain
(%)

f’c Full-height
(MPa)

f’c in
X-direction (MPa)

f’c in
Z-direction (MPa) f’cx/f’cz

AAM1 0.34 0.300 1.0 2.5 1.0 1.40 44.1 44.0 43.7 1.01
AAM1 0.34 0.300 1.0 2.5 2.5 0.65 44.1 43.3 41.4 1.05
AAM1 0.34 0.300 1.0 2.5 5.0 0.17 44.1 41.7 40.8 1.02
AAM2 0.36 0.300 1.0 4.0 1.0 2.00 34.7 34.1 33.5 1.02
AAM2 0.36 0.300 1.0 4.0 2.5 1.65 34.7 32.8 30.3 1.08
AAM2 0.36 0.300 1.0 4.0 5.0 0.32 34.7 31.1 30.0 1.04
AAM3 0.38 0.300 1.0 5.5 5.0 0.52 25.5 22.8 20.4 1.12
AAM6 0.36 0.275 1.0 5.0 2.5 1.80 32.4 31.2 29.3 1.06
AAM6 0.36 0.275 1.0 5.0 5.0 0.73 32.4 29.3 26.9 1.09
AAM8 0.36 0.300 0.5 24 30 0.65 27.7 25.9 24.8 1.04
AAM8 0.36 0.300 0.5 24 60 0.53 27.7 25.7 22.6 1.14
AAM9 0.36 0.300 2.0 3.5 1.0 1.28 38.2 37.6 37.0 1.02
AAM9 0.36 0.300 2.0 3.5 2.5 0.62 38.2 36.9 34.8 1.06
AAM9 0.36 0.300 2.0 3.5 5.0 0.23 38.2 34.8 32.6 1.07

Note: AAM = alkali-activated mortar; Alk = alkali activators; CT = cycle time; FA = fly ash; OT = open time; SH = sodium hydroxide; SS = sodium silicate;

W = water; f ’c = compressive strength.
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� Mixtures having a wide range of OT were achieved
by controlling the W/FA, Alk/FA, and SS/SH.
OTs ranging from 2.5 to 31min were achieved.

� Increasing the CT decreased the immediate axial
strains, as the AAM gained enough strength to
resist the deformation. Immediate axial strains less
than 2.00% were found for mixtures with CTs
ranging from 1.0 to 60min. However, a shorter
CT can be used for flexible strain limits cases.

� Increasing W/FA resulted in higher deformation,
whereas increasing the Alk/FA and SS/SH
resulted in lower deformation. The immediate
axial strains ranged from 0.17% to 11.2% with
different W/FA, Alk/FA, and SS/SH ratios.

� The compressive strengths of full-height speci-
mens in both orthogonal directions were higher
by 0.2% to 28% than those of the 3DPC speci-
mens. Furthermore, the compressive strength was
dependent on the test direction (i.e., normal or
parallel to the layer’s deposition). The compres-
sive strength of 3DPC specimens tested parallel to
layer deposition was 0.03% to 23% higher than
those tested normal to the layer deposition.

� By applying a longer CT, the compressive strength
of 3DPC specimens was decreased in both ortho-
gonal directions as a result of the reduction in the
lower interfacial bond strength between layers.
The reduction in the compressive strength reached
51% with a CT of 24 h compared with 1.0min.

� The SEM images and the line scan analyses
showed an even distribution in the intensity of the
different elements at the interfacial zone between
adjacent layers of 3DPC specimens having a CT
of 2.5min, which explains its relatively high com-
pressive strength. However, a drop in the intensity
of the different elements and voids at the interfa-
cial bond area of the 3DPC specimens having long
CTs were observed, which explains their relatively
low compressive strengths.

This study focused on investigating the applicability
class C FA-based AAM in simulating 3D-printing.
Future work is still required to investigate the rheologi-
cal properties of class C FA-based AAM and measure
the shear deformation. Further, characterization of the
interfacial bond strength between the different layers is
still required as well.

Author Contributions

The authors confirm contribution to the paper as follows: study
conception and design: F. Abudawaba, E. Gomaa, A. Gheni,
and M. ElGawady; data collection: F. Abudawaba; analysis
and interpretation of results: F. Abudawaba, E. Gomaa, A.
Gheni, and M. ElGawady; draft manuscript preparation: F.

Abudawaba, E. Gomaa, A. Gheni, and M. ElGawady. All
authors reviewed the results and approved the final version of
the manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The work in this research project was partially funded by the
Missouri Department of Natural Resources (MoDNR).

ORCID iDs

Fareh Abudawaba https://orcid.org/0000-0001-7778-7081
Eslam Gomaa https://orcid.org/0000-0002-8748-8867
Ahmed Gheni https://orcid.org/0000-0001-9042-869X
Mohamed A. ElGawady https://orcid.org/0000-0001-6928-9875

References

1. Gao, W., Y. Zhang, D. Ramanujan, K. Ramani, Y. Chen,

C. B. Williams, C. C. Wang, Y. C. Shin, S. Zhang, and P.

D. Zavattieri. The Status, Challenges, and Future of Addi-

tive Manufacturing in Engineering. Computer-Aided

Design, Vol. 69, 2015, pp. 65–89.
2. Ngo, T. D., A. Kashani, G. Imbalzano, K. T. Nguyen,

and D. Hui. Additive Manufacturing (3D Printing): A

Review of Materials, Methods, Applications and Challenges.

Composites Part B: Engineering, Vol. 143, 2018, pp. 172–196.
3. Bong, S. H., B. Nematollahi, A. Nazari, M. Xia, and J. G.

Sanjayan. Fresh and Hardened Properties of 3D Printable

Geopolymer Cured in Ambient Temperature. In RILEM

International Conference on Concrete and Digital Fabrication

(T. Wangler and R. Flatt, eds.), Springer, Cham, 2018.
4. Hager, I., A. Golonka, and R. Putanowicz. 3D Printing of

Buildings and Building Components as the Future of Sus-

tainable Construction? Procedia Engineering, Vol. 151,

2016, pp. 292–299.
5. Malaeb, Z., H. Hachem, A. Tourbah, T. Maalouf, N. El

Zarwi, and F. Hamzeh. 3D Concrete Printing: Machine

and Mix Design. International Journal of Civil Engineering,

Vol. 6, 2015, No. 6, pp. 14–22.
6. Jha, K. N. Formwork for Concrete Structures. Tata

McGraw Hill Education Private Limited, New Delhi,

India, 2012.
7. Nerella, V. N., and V. Mechtcherine. Studying the Print-

ability of Fresh Concrete for Formwork-Free Concrete

Onsite 3D Printing Technology (CONPrint3D). 3D Con-

crete Printing Technology, 2019, pp. 333–347.
8. Paul, S. C., Y. W. D. Tay, B. Panda, and M. J. Tan. Fresh

and Hardened Properties of 3D Printable Cementitious Mate-

rials for Building and Construction. Archives of Civil and

Mechanical Engineering, Vol. 18, No. 1, 2018, pp. 311–319.
9. Sanjayan, J. G., B. Nematollahi, M. Xia, and T. March-

ment. Effect of Surface Moisture on Inter-Layer Strength

of 3D Printed Concrete. Construction and Building Materi-

als, Vol. 172, 2018, pp. 468–475.

210 Transportation Research Record 2676(2)

https://orcid.org/0000-0001-7778-7081
https://orcid.org/0000-0002-8748-8867
https://orcid.org/0000-0001-9042-869X
https://orcid.org/0000-0001-6928-9875


10. Le, T. T, S. A. Austin, S. Lim, R. A. Buswell, A. G. Gibb,

and T. Thorpe. Mix Design and Fresh Properties for High-

Performance Printing Concrete. Materials and Structures,

Vol. 45, No. 8, 2012, pp. 1221–1232.
11. Wolfs, R., F. Bos, and T. Salet. Hardened Properties of 3D

Printed Concrete: The Influence of Process Parameters on

Interlayer Adhesion. Cement and Concrete Research, Vol.

119, 2019, pp. 132–140.
12. Marchment, T., M. Xia, E. Dodd, J. Sanjayan, and B.

Nematollahi. Effect of Delay Time on the Mechanical

Properties of Extrusion-Based 3D Printed Concrete. Proc.,

International Symposium on Automation and Robotics in

Construction, Taipei, Taiwan, 2017.
13. Le, T. T., S. A. Austin, S. Lim, R. A. Buswell, R. Law, A.

G. Gibb, and T. Thorpe. Hardened Properties of High-Per-

formance Printing Concrete. Cement and Concrete

Research, Vol. 42, No. 3, 2012, pp. 558–566.
14. Mechtcherine, V., V. N. Nerella, and K. Kasten. Testing

Pumpability of Concrete using Sliding Pipe Rheometer. Con-

struction and Building Materials, Vol. 53, 2014, pp. 312–323.
15. Alghamdi, H., S. A. Nair, and N. Neithalath. Insights into

Material Design, Extrusion Rheology, and Properties of

3D-Printable Alkali-Activated Fly Ash-Based Binders.

Materials & Design, Vol. 167, 2019, p. 107634.
16. Rahul, A., M. Santhanam, H. Meena, and Z. Ghani.

Mechanical Characterization of 3D Printable Concrete. Con-

struction and Building Materials, Vol. 227, 2019, p. 116710.
17. Nematollahi, B., P. Vijay, J. Sanjayan, A. Nazari, M. Xia,

V. Naidu Nerella, and V. Mechtcherine. Effect of Polypro-

pylene Fibre Addition on Properties of Geopolymers Made

by 3d Printing for Digital Construction. Materials, Vol. 11,

No. 12, 2018, p. 2352.
18. Duxson, P., and J. L. Provis. Designing Precursors for

Geopolymer Cements. Journal of the American Ceramic

Society, Vol. 91, No. 12, 2008, pp. 3864–3869.
19. Gomaa, E., A. Gheni, C. Kashosi, and M. ElGawady.

Bond Strength of Portland Cement Concrete Repairs Using

Class C Fly Ashes Based Alkali Activated Concrete. Trans-

portation Research Record (TRB), Washington D.C., 2018.
20. Sanjayan, J. Materials Technology Research to Structural

Design of Geopolymer Concrete. Mechanics of Structures

and Materials XXIV, CRC Press, 2016, pp. 60–69.
21. Sumer, M. Compressive Strength and Sulfate Resistance

Properties of Concretes Containing Class F and Class C

Fly Ashes. Construction and Building Materials, Vol. 34,

2012, pp. 531–536.
22. Gomaa, E. Y., A. A. Gheni, and M. A. ElGawady. Dur-

ability of Class C Fly Ash-Based Alkali Activated Con-

crete. ACI Special Publication, Vol. 334, 2019, pp. 185–204.
23. Gomaa, E., S. Sargon, A. Gheni, and M. ElGawady.

Mechanical Properties of Alkali Activated Concrete Based

Class C Fly Ash. Proc., 9th International Conference on

Bridge Maintenance, Safety and Management (IABMAS

2018), Melbourne, Australia, 2018.
24. ASTM-C618. Standard Specification for Coal Fly Ash and

Raw or Calcined Natural Pozzolan for use in Concrete.

ASTM International, Conshohocken, PA, 2015.
25. Gomaa, E., S. Sargon, C. Kashosi, A. Gheni, and M. A.

ElGawady. Mechanical Properties of High Early Strength

Class C Fly Ash-Based Alkali Activated Concrete. Trans-

portation Research Record: Journal of Transportation

Research Board, 2020. 2674: 430–443.
26. Gomaa, E, A. A. Gheni, C. Kashosi, and M. A.

ElGawady. Bond Strength of Eco-Friendly Class C Fly

Ash-Based Thermally Cured Alkali-Activated Concrete to

Portland Cement Concrete. Journal of Cleaner Production,

Vol. 235, 2019, pp. 404–416.
27. Gomaa, E., A. Gheni, and M. A. ElGawady. Repair of

Ordinary Portland Cement Concrete Using Ambient-Cured

Alkali-Activated Concrete: Interfacial Behavior. Cement

and Concrete Research, Vol. 129, 2020, p. 105968.
28. Zhang, Y., Y. Zhang, G. Liu, Y. Yang, M. Wu, and B.

Pang. Fresh Properties of a Novel 3D Printing Concrete

Ink. Construction and Building Materials, Vol. 174, 2018,

pp. 263–271.
29. Panda, B., and M. J. Tan. Experimental Study on Mix Pro-

portion and Fresh Properties of Fly Ash Based Geopoly-

mer for 3D Concrete Printing. Ceramics International, Vol.

44, No. 9, 2018, pp. 10258–10265.
30. Ma, G., Z. Li, and L. Wang. Printable Properties of

Cementitious Material Containing Copper Tailings for

Extrusion Based 3D Printing. Construction and Building

Materials, Vol. 162, 2018, pp. 613–627.
31. Kazemian, A., X. Yuan, E. Cochran, and B. Khoshnevis.

Cementitious Materials for Construction-Scale 3D Printing:

Laboratory Testing of Fresh Printing Mixture. Construction

and Building Materials, Vol. 145, 2017, pp. 639–647.
32. Buswell, R. A., W. L. de Silva, S. Jones, and J. Dirrenber-

ger. 3D Printing Using Concrete Extrusion: A Roadmap for

Research. Cement and Concrete Research, Vol. 112, 2018,

pp. 37–49.
33. Ma, G., L. Wang, and Y. Ju. State-of-the-Art of 3D Print-

ing Technology of Cementitious Material—An Emerging

Technique for Construction. Science China Technological

Sciences, Vol. 61, No. 4, 2018, pp. 475–495.
34. Kashani, A., and T. Ngo. Optimisation of Mixture Proper-

ties for 3D Printing of Geopolymer Concrete. ISARC Pro-

ceedings of the International Symposium on Automation and

Robotics in Construction, IAARC Publications, 2018.
35. Papachristoforou, M., V. Mitsopoulos, and M. Stefanidou.

Evaluation of Workability Parameters in 3D Printing Con-

crete. Procedia Structural Integrity, Vol. 10, 2018, pp. 155–162.
36. Tay, Y. W. D., G. H. A. Ting, Y. Qian, B. Panda, L. He,

and M. J. Tan. Time Gap Effect on Bond Strength of 3D-

Printed Concrete. Virtual and Physical Prototyping, Vol.

14, No. 1, 2019, pp. 104–113.
37. Li, Z., L. Wang, and G. Ma. Method for the Enhancement

of Buildability and Bending Resistance of 3D Printable

Tailing Mortar. International Journal of Concrete Struc-

tures and Materials, Vol. 12, No. 1, 2018, p. 37.
38. Panda, B., S. C. Paul, and M. J. Tan. Anisotropic Mechan-

ical Performance of 3D Printed Fiber Reinforced Sustain-

able Construction Material. Materials Letters, Vol. 209,

2017, pp. 146–149.
39. Panda, B., S. C. Paul, N. A. N. Mohamed, Y. W. D. Tay,

and M. J. Tan. Measurement of Tensile Bond Strength of

3D Printed Geopolymer Mortar. Measurement, Vol. 113,

2018, pp. 108–116.

Abudawaba et al 211



40. Panda, B., S. C. Paul, L. J. Hui, Y. W. D. Tay, and M. J.
Tan. Additive Manufacturing of Geopolymer for Sustain-
able Built Environment. Journal of Cleaner Production,
Vol. 167, 2017, pp. 281–288.

41. Feng, P., X. Meng, J.-F. Chen, and L. Ye. Mechanical
Properties of Structures 3D Printed with Cementitious
Powders. Construction and Building Materials, Vol. 93,
2015, pp. 486–497.

42. Panda, B., C. Unluer, and M. J. Tan. Investigation of the
Rheology and Strength of Geopolymer Mixtures for Extru-
sion-Based 3D Printing. Cement and Concrete Composites,
Vol. 94, 2018, pp. 307–314.

43. Xia, M., B. Nematollahi, and J. Sanjayan. Printability,
Accuracy and Strength of Geopolymer Made Using Pow-
der-Based 3d Printing for Construction Applications. Auto-
mation in Construction, Vol. 101, 2019, pp. 179–189.

44. Gomaa, E., S. Sargon, C. Kashosi, and M. ElGawady.
Fresh Properties and Compressive Strength of High Cal-
cium Alkali Activated Fly Ash Mortar. Journal of King

Saud University-Engineering Sciences, Vol. 29, No. 4, 2017,
pp. 356–364.

45. Yacob, N. S., M. A. ElGawady, L. H. Sneed, and A. Said.
Shear Strength of Fly Ash-Based Geopolymer Reinforced
Concrete Beams. Engineering Structures, Vol. 196, 2019, p.
109298.

46. Gomaa, E., S. Sargon, C. Kashosi, and M. ElGawady.
Fresh Properties and Early Compressive Strength of Alkali-

Activated High Calcium Fly Ash Paste. Congrès Interna-
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