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Abstract: Industrial secondary products (e.g., fly ash, blast furnace slag, and silica fume) have found
extensive application as alternative construction materials in conventional manufacturing methods
to reduce carbon emissions due to cement usage and solve the waste management problem. To date,
additive manufacturing or 3D printing has been massively developed for every material, including
cement-based materials. Some possibilities have arisen to incorporate industrial wastes in cement
mixtures in 3D printing applications. However, a comprehensive study about fly ash (FA), ground
granulated blast-furnace slag (GGBFS), and silica fume (SF) usage in 3D-printed materials needs to
be conducted. This paper shows that some aspects of 3D printing, such as printability, buildability,
and rheological properties, need to be considered, and waste materials affect these fresh mixture
properties. Applying waste materials as supplementary cementitious materials also gives different
mechanical properties and durability performances. Furthermore, the environmental and economic
benefits of 3D-printed and conventional materials are compared. The results show that 3D printing
methods can enhance the environmental and economic benefits while maintaining the performance
of materials created using traditional methods. Studying industrial waste application in 3D printing
has become a promising way to develop sustainable materials in this digitalization era.

Keywords: fly ash; blast furnace slag; silica fume; 3D printing

1. Introduction

Waste production can affect the environment negatively. The expansion of modern
industrial sectors has increased substantial amounts of waste globally. In addition, the issue
of carbon dioxide emissions poses a noteworthy concern on a global scale. Portland cement
is the most popular material in construction as a binding material. In 2013, Benhelal et al.
reported that 0.9 tons of carbon dioxide is generated for every ton of cement production,
and cement production contributes 5–7% of worldwide carbon dioxide emissions [1]. In
2022, the cement industry’s contribution to carbon dioxide emissions is still in the same
percentage, at 7% [2]. The emission comes from different sources: (1) limestone calcination
process (50% of total CO2), (2) burning coal fuels to generate combustion energy (40% of
total CO2), and (3) transportation and electricity utilization during the manufacturing pro-
cess [3]. As the demand for infrastructure keeps increasing, cement usage is also increasing.
Hence, some alternative materials are needed to replace cement in construction applications.
Many researchers have used waste materials to develop construction materials in infrastruc-
ture applications, such as pavements, footpaths, concrete, aggregate, bricks, and cement
substitution [4–9]. Fly ash, blast-furnace slag, and silica fume are the predominant waste
materials utilized in the construction sector as supplementary cementitious components.
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Thomas classified fly ash and silica fume as pozzolan materials, while blast-furnace
slag is a hydraulic material. Mixing fly ash in the concrete mixture has been carried out,
ranging from 15 to 60% dosage levels [10]. Blast-furnace slag is also known as one of the
alkali-activated materials that can fully replace cement [11]. Silica fume has a very high
pozzolanic reactivity due to the silica content. The amount of silica in silica fume is usually
higher than 85% [12]. It also has four roles in the concrete mixture, including to refine pore
size, dense the matrix, react with free lime, and refine the cement and aggregate interfacial
transition zone [13].

To improve sustainability in the construction industry, besides utilizing waste materials
as supplementary cementitious materials, 3D printing is also considered to impact the
environment positively. Many studies have discussed incorporating fly ash, blast-furnace
slag, and silica fume in traditional concrete, but their usage still needs to be further explored
in 3D printing applications. Automation in construction, like 3D concrete printing (3DCP),
gives more benefits because it saves time and money. Some infrastructures have been
designed and tested in previous trial projects, such as prestressed bridges [14,15] and
several types of buildings [15]. A combination of waste material utilization and 3DCP
operation can be a promising solution to greener construction materials. Some studies
have shown successful stories about applying by-products and additives, such as mining
waste, metakaolin, limestone calcined clay (LC2), and construction and demolition waste
(CDW), in 3D printing mix [16–22]. Marczyk et al. showed that hybrid materials (concrete–
geopolymer system) containing fly ash as a by-product material and metakaolin as an
additive material precisely print an object [20]. Chen et al. presented that calcined clay and
limestone additions enhance the buildability and accelerate the initial setting [22].

In this study, a review of common waste material utilization, like fly ash (FA), ground
granulated blast-furnace slag (GGBFS), and silica fume (SF), for 3DCP application is con-
ducted. This study only focuses on cement-based materials, such as cement paste, mortar,
and concrete. A comparison of environmental and cost analysis between casting and 3D
printing methods is considered. The prospective application of 3D printing in infrastructure
is also presented to show the possibilities of 3DCP utilization in the future. The most recent
literature published in 2022 and 2023 is prioritized to be reviewed.

2. Overview of Waste Materials
2.1. Fly Ash

Fly ash comes from the burning coal process in power plants as a by-product material
and is placed in landfills [23]. Typically, the furnace generates coal ash in two forms: fly
ash (75–85% of total coal ash) and bottom ash [24]. According to the American Coal Ash
Association (ACAA), in 2021, 28 million tons of fly ash were generated, and 67.08% of total
fly ash production was re-utilized in many sectors in the United States [25]. Generally,
fly ash has two classes: class F and class C. Class F fly ash is called low-calcium fly ash,
which is produced by burning bituminous coal. In contrast, class C fly ash originates
from sub-bituminous coal ignition. The classification is characterized by its elevated
calcium content [26]. Fly ash has a similar or finer particle size compared to cement and
is predominantly spherical [12,26]. The morphological appearance of fly ash particles is
spherical (hollow or solid) and irregular [27]. The hue of fly ash can range from pale to
deep gray, typically associated with the type of coal that is burned and the amount of iron
and unreacted carbon [12,27]. The typical physical and chemical attributes are tabulated in
Tables 1 and 2. The main chemical components are aluminum oxide, iron oxide, and silicon
dioxide, which are presented as amorphous [27]. Silicon dioxide is the most dominant
chemical component to generate a pozzolanic reaction. Fly ash has been successfully
utilized in construction materials, either for cement or fine aggregate replacement [26,28].
According to the ASTM C618, the sum of oxides of silicon, aluminum, and iron must be at
least 70% for class F fly ash and 50% for class C fly ash to have a pozzolanic reaction [29].
Fly ash is good in workability and reactivity, with 36% of the content being reactive silica
and 88% of particles having a size under 45 µm [30].
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Table 1. Physical properties of fly ash [26,31,32].

Physical Properties Materials
Cement Fly Ash

Specific gravity (g/cm3) 3.05 2.43
Blaine-specific surface (m2/kg) 392 565

Particle mean diameter (µm) 14.0 12.6–22.9
Density (kg/m3) 3130 2250–2660

Table 2. Chemical compositions of fly ash.

Reference
Components (wt%)

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 Al2O3 + Fe2O3 + SiO2

[33] 29.05 4.87 5.78 2.56 0.90 - - - 52.17 - 1.42 87.00
[34] 37.00 6.05 5.56 0.71 0.88 0.06 0.75 0.69 41.12 1.08 1.38 83.68
[35] 23.80 10.70 7.40 1.40 1.50 0.12 2.10 1.16 47.60 0.73 2.92 78.80
[36] 26.80 3.10 7.30 1.50 2.30 - 0.10 - 58.70 0.20 - 92.80
[37] 27.28 3.25 9.28 2.82 1.52 - 1.12 - 50.13 - - 86.69

2.2. Ground Granulated Blast-Furnace Slag

Slag or granulated ground blast-furnace slag (GGBFS) comes as a waste substance
from the iron extraction process of iron ore in a blast furnace [23]. Globally, the amount of
produced GGBFS is 530 million tons, and the re-utilization percentage of GGBFS is about
65% [38]. In 2019, 17 million tons of GGBFS was produced in the United States [39]. The
characteristics of GGBFS were examined in a study by Pal et al., who divided slag into
two types based on the basicity index: basic or acidic [40]. Basic GGBFS gives improved
hydraulic activity because of alkaline activators [38]. For hydraulic activity assessment, the
ratio between CaO and SiO2 is considered the simplest calculation method, and the value
must exceed 1.0 [41]. The best value ranges from 1.3 to 1.4 [40]. Increasing the hydraulic
activity involves raising the quantities of crystalline phases and chemical components,
namely Al2O3, CaO, and MgO [40]. The hue of blast-furnace slag is usually off-white. The
surface morphology of GGBFS is rough, and its fragments are angular [38]. The typical
physical and chemical attributes of GGBFS are given in Tables 3 and 4. GGBFS contains
predominantly calcium, silica, and alumina in the forms of amorphous phase [38]. GGBFS
has a larger specific surface area in terms of microscopic morphology due to the aggregation
of smaller particles that create porous particles [34]. The larger surface area requires more
materials to conceal GGBFS, thus decreasing the material paste’s flowability because of less
lubrication material [38]. Particles that are finer than cement give better performance in
strength development and water requirement [40]. Regarding hydration kinetics, GGBFS
hydrates at a lower rate compared to Portland cement [41]. The addition of Portland
cement increases the reaction rate. GGBFS is commonly used as cementitious materials,
ranging from 20 to 80% of cement replacement level [42]. The standard of GGBFS usage as
supplementary cementitious materials in mortar and concrete is regulated by the ASTM
C989. Referring to the standard, there are three grades of GGBFS based on its strength: 80,
100, and 120 [43].

Table 3. Physical properties of ground granulated blast-furnace slag [26,32,33,40].

Physical Properties Materials
Cement Ground Granulated Blast-Furnace Slag

Specific gravity (g/cm3) 3.05 2.79–2.90
Blaine-specific surface (m2/kg) 392 599

Particle mean diameter (µm) 14.0 9.42
Density (kg/m3) 3130 1200–1300
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Table 4. Chemical compositions of ground granulated blast-furnace slag.

Reference
Components (wt%)

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 CaO/SiO2

[33] 14.58 41.91 0.33 0.61 7.88 0.53 0.27 - 29.75 1.74 1.66 1.41
[34] 8.09 38.77 19.14 0.13 4.25 2.00 0.31 1.82 18.93 2.62 0.82 2.05
[37] 15.63 40.15 1.56 0.52 6.54 - 0.21 - 35.32 - - 1.14
[44] 12.40 43.17 0.37 0.18 5.80 0.58 0.91 0.59 31.65 0.98 0.40 1.36
[45] 11.23 43.72 0.36 0.93 6.94 - 1.01 - 29.38 1.76 - 1.49

2.3. Silica Fume

Silica fume is a residual product resulting from silicon or ferrosilicon production
by electric arc furnaces [23,46]. The appearance of silica fume is a glassy powder with a
gray color [12]. A summary of silica fume characteristics was published by Gapinski and
Scanlon in a technical paper, which classified silica fume as undensified and densified.
Undensified silica fume is the first generated by-product without further processing, while
densified one is undensified silica fume with additional processing. Undensified silica
fume has a loose-fill density because of air voids before processing. Thus, densified silica
fume has advantages in shipping costs due to packing efficiency while minimizing health
risks due to dispersing fine particles [47,48]. In addition, densified silica fume tends to
maintain its quality because there is no further agglomeration process after production [49].
Kang et al. have shown in ultra-high-performance fiber-reinforced concrete materials that
both densified and undensified silica fumes perform similarly in terms of workability,
strength, and hydration reaction [50]. The typical physical and chemical attributes of silica
fume are given in Tables 5 and 6. Silica fume contains 75% of silicon content, and 85–95%
are non-crystalline silica [51]. Its pozzolanic reaction is relatively high because of the high
silicon dioxide content. Silica fume has highly amorphous silicon dioxide and has extremely
fine spherical particles [13]. Around 95% of its particles are smaller than 1 µm [12]. Besides
high silicon dioxide, silica fume has a high surface area, affecting its reactivity [12]. Because
of its high reactivity, in practice, silica fume is employed in small amounts, at 5–10%, to
prevent bleeding and improve mechanical properties and durability [52,53]. Because of
a very high surface area, concrete materials with silica fume require more water [51]. To
achieve the desired workability, superplasticizers are needed for the mixture. The standard
for silica fume addition in cementitious materials is published in the ASTM C1240 [46].

Table 5. Physical properties of silica fume [13,26,54].

Physical Properties Materials
Cement Silica Fume

Specific gravity (g/cm3) 3.12 2.22
BET-specific surface (m2/kg) 1.22 13.86
Particle mean diameter (µm) 14.0 0.50
Undensified density (kg/m3) - 130–430

Densified density (kg/m3) 3130 480–720

Table 6. Chemical compositions of silica fume.

Reference
Components (wt%)

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 Al2O3 + Fe2O3 + SiO2

[34] 0.78 1.05 0.92 0.67 0.59 0.42 0.59 0.23 92.76 0.53 0.12 94.46
[44] 0.19 0.40 0.95 0.62 0.17 0.73 0.00 1.10 93.74 0.34 0.48 94.88
[54] 0.12 0.30 0.15 1.51 0.73 - 0.46 - 90.21 0.01 - 90.48
[55] 0.31 0.12 0.07 - 0.11 - - - 96.65 1.21 - 97.03
[56] 0.29 0.29 0.03 - 0.11 - - - 98.70 1.82 - 99.02

From the chemical compositions in Tables 2, 4, and 6, a ternary diagram of supplemen-
tary cementitious materials is given in Figure 1. All waste materials show the same plots as
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provided in the literature [57]. According to the ternary diagram, the type of fly ash some
authors used is class F.
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3. Three-dimensional Printing in Construction

Three-dimensional printing or additive manufacturing is an advanced manufacturing
method that converts a digital model to a real object by depositing material layers by
layers. In construction applications, 3D printing is called 3D concrete printing (3DCP).
With high-precision computer-aid automation techniques, 3DCP assembles materials into
3D structures by extruding a series of individual material filament stacks. It is recognized
as an effective manufacturing process for sustainable development in the construction
industry. Compared to traditional construction methods, 3D printing has some advantages
and disadvantages, as listed in Table 7.

Table 7. Benefits and drawbacks of using 3D printing in construction [58,59].

Advantages Disadvantages

Reduce time and cost Complicated mix design to fulfill the printability, buildability,
and open time requirements

Able to build complex geometry with high accuracy Directional dependency (e.g., anisotropic material properties)
Shorter supply chain Risk of cybersecurity
Enhance productivity Low structural integrity

Sustainable materials and structures High initial cost (e.g., equipment, transportation)
Less waste and redundant materials Require new labor skills

Fewer formwork Need routine inspection during the printing process
Safer workplace Regulations and codes are still unavailable

Reduce number of labors High project management risks

Because 3DCP does not require formwork, 3DCP mixture is expected to be continu-
ously printable without failure. The printing quality parameters of 3DCP are commonly
described as having four qualitative aspects: workability, pumpability, extrudability, and
buildability. Those aspects relate to fundamental rheological properties include yield stress
and plastic viscosity. Some of those aspects may have conflicts with each other. For ex-
ample, high workability is needed during the pumping process before extrusion, but low
workability is also needed after extrusion for better buildability of concrete. Hence, a mix
design should be appropriately obtained depending on the application.

4. Fresh-State Performance

Three-dimensional printing tends to use more cement than the casting method because
of the absence of formwork. Hence, the fresh-state properties have important roles in
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maintaining the aimed shape during the printing process and smoothly extruding the
material mix through a nozzle [60]. Using excessive amounts of cement is avoided to make
more sustainable materials. Waste materials have been commonly used as supplementary
cementitious materials and fine aggregates, both in conventional and 3D printing. However,
waste materials affect the fresh-state performance during the printing process. Some
parameters to describe the fresh-state performance are rheology (yield stress and plastic
viscosity), thixotropy, extrudability, and buildability.

Buswell et al. described other fresh-state parameters, including open time, pumpabil-
ity, cycle time, and deformation. Open time is usually described in conventional concrete as
concrete slump loss during hydration. In 3DCP, open time is the duration during which the
concrete mix maintains the required viscosity and yield stress, influencing its extrudability
or printability. Extrudability is the ability of a concrete mix to be extruded continuously
through the printing nozzle. Cycle time denotes the time interval between extruding the
current and subsequent filaments. This parameter affects the interlayer bond strength and
cold jointing. Deformation under self-weight is associated with how the stacking filaments
maintain the layer height under self-weight pressure [60]. Mandal et al. established certain
rheological characteristics, including yield stress, plastic viscosity, thixotropy, structural
build-up, shear thickening and thinning, flow resistance, and torque viscosity. However,
yield stress and viscosity are the main rheological properties. Yield stress is the minimum
stress to start or maintain the material flow and is also called static and dynamic yield
stress, respectively. Once the flow moves, the resistance between the fluid and the surface
appears in the form of plastic viscosity. Thixotropy is when the material stops flowing due
to the loss of external shear force [61]. Chen et al. explained some basic requirements that
are required to fulfill in 3D concrete printing: (1) sufficient dynamic yield stress (viscosity)
to maintain the paste flow continuously, (2) high static yield stress to maintain buildability
during the printing process, and (3) great thixotropy to ensure the paste flow smoothly [62].

Generally, the material flow increases by adding fly ash because its spherical shape
has a ball-bearing effect [61]. Nodehi et al. examined how fly ash, GGBFS, and silica
fume influence the fresh-sate properties. Fly ash addition decreases the yield stress of
cement mixture, but sometimes, it increases the yield stress. The yield stress changes
due to fly ash addition highly depend on the particle density, size, shape, and surface
quality. For example, a very fine particle size leads to a high surface area, and fly ash
can absorb more water and increase the water–binder ratio, thus increasing yield stress.
In the end, it makes extrudability better. However, increasing the water–binder ratio
eventually decreases the strength in the hardened state. GGBFS has been used as cement
replacement by 10–35% without an alkaline activator and 100% with an activator in 3D
concrete printing. In addition, GGBFS addition increases buildability and decreases the
rheological parameters (e.g., yield stress and viscosity). However, extrudability is reduced
if the replacement level by GGBFS is more than 30%. This evidence has been confirmed
by Al-Noaimat et al., who showed that the negative effect of using GGBFS is decreased
extrudability and flowability [63]. Silica fume generally increases yield stress and viscosity
but sometimes has an opposite impact on both variables or on only viscosity. The different
effects of silica fume appear depending on the surface properties, the replacement level,
and the interaction between silica fume and other components [64]. Moreover, Yuan et al.
evaluated fly ash and silica fume effects on cement paste. Fly ash decreases the thixotropic
area of cement paste. It decreases the static yield stress, while silica fume shows the opposite
effect in both the thixotropic area and static yield stress [65]. Yu et al. found that a higher
level of slag content leads to a significant decrease in static yield stress because of the higher
water absorption capability. Then, the amount of water within fresh materials is reduced.
Ultimately, the static yield stress is not only influenced by the type of supplementary
cementitious materials. The static yield stress of 3DCP paste is also influenced by particle
morphology, particle-size distribution, zeta potential, and water–binder ratio [34].
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5. Hardened-State Performance

The microstructure of concrete has excellent influences on mechanical properties and
durability. Thus, the examination of porosity is a vital aspect to be considered. Mohan et al.
evaluated the porosity in GGBFS-cement systems, and it was found that the porosity of cast
specimens is 20% lower than 3D-printed ones. The volume of capillary pores in 3D-printed
concrete is higher than in the cast ones because of the interconnected pores between the
printing layers and the high moisture loss. According to X-ray µCT observations, the
amount of open pores in the interlayer region is significantly higher than in bulk [66]. van
den Heever et al. showed similar results for an FA-SF-cement system. The cast specimens
have lower porosity (6.5%) than the 3D-printed specimens (10.3–10.8%) [67]. The porosity
of 3D-printed concrete is more significant than cast concrete, and it can be reduced by
adjusting the printing process, rheology, and environment [68].

Porosity affects the mechanical properties of hardened materials. In FA-SF-cement
samples, van den Heever et al. showed no significant difference in mechanical properties
in the orthotropic orientation of 3D-printed samples. The elastic modulus values of the 3D-
printed samples in the printing direction (longitudinal/x-direction, see Figure 2) and in the
direction perpendicular to the printing direction (transversal/z-direction, see Figure 2) are
21.9 and 21.6 GPa, respectively. Meanwhile, the traditional sample gives a 26.7 GPa value.
Regarding compressive strength, the 3D-printed samples show anisotropic properties.
The compressive strengths in the longitudinal and transversal directions are 45.1 MPa
and 38.2 MPa, respectively. Those values are lower than the cast sample’s compressive
strength of 60.5 MPa. Three aspects give answers to why the mechanical properties can be
different: (1) void shape and orientation, (2) porosity at the interlayer, and (3) orientation
of the interlayer regions [67]. In 3D concrete printing (3DCP) applications, materials
have anisotropic characteristics, which means the mechanical properties vary in three
directions, x, y, and z, as shown in Figure 2. Chen et al. demonstrated that flexural
and split strengths clearly show anisotropy in FA-GGBFS-cement systems. The weakest
flexural strength and tensile strength occur in the direction III. The strengths in directions
I and II have no significant difference. However, in this case, compressive strength has
no prominent anisotropic characteristics. Regarding waste material incorporation, fly ash
addition of up to 25% slightly enhances the compressive, flexural, and split tensile strengths
of GGBFS concrete mixture compared to the one without fly ash. However, the mechanical
strengths are reduced when the replacement levels are 50% and 75%. Increasing the ratio
of FA/GGBFS decreases the mechanical strength because fly ash has a lower activation
reactivity [69]. In terms of timing, Mohan et al. presented no significant change in open
pores in the interlayer by increasing the time gap, which indicates no cold joint in the
interlayer region. The range of time gap values was 90–155 min [66].
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compressive strength, split tensile strength, and flexural strength [69].
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Porosity also influences the durability of hardened materials. Du et al. reported
that the primary determinant impacting frost durability is the pore structure. Printed
specimens have significant pore sizes and connectivity that cause the hydrostatic and
osmotic pressures to be much lower than cast specimens during freeze–thaw loads [70,71].
Thus, the frost resistance in 3D-printed concrete is better than the traditional one. Another
reason is that the moisture loss is high in 3DCP, so there is insufficient water to freeze [70].
It has also been proven by measuring the mass loss rate of these types of samples that the
3D-printed sample has a lower mass loss rate than the cast one [70]. The mass loss of a
sample is calculated by subtracting the initial and final mass of the sample after several
freeze–thaw cycles and normalizing the value by the initial mass of the sample. The mass
of the 3D-printed sample is reduced due to an increase in porosity and surface degradation
during multiple volumetric expansion of ice crystals [72]. Regarding chloride ion attack,
cast specimens have better chloride ion attack resistance due to their uniform and less
connected pores. In 3D-printed specimens, pores accumulate at the interface and make it
easier for chloride ions to penetrate [70]. Waste materials are also important factors that
relate to durability. Nodehi et al. reviewed that by-product materials influence permeability,
porosity, and acid resistance. Fly ash gives great compaction and high sulfate and acid
resistance. GGBFS also increases sulfate and acid resistance. Silica fume reduces porosity
and increases compaction [73]. Decreasing porosity increases the mechanical properties
and decreases the durability degradation.

The 28-day compressive strengths of printed concrete with different compositions
of waste materials are compiled in Table 8. Due to the anisotropic characteristics, the
compressive strengths obtained from the literature show three strength components in the
x, y, and z directions. The compressive strengths presented in Table 8 are the average values
of compressive strengths in the three directions. From the table, pair plots are created
and shown in Figure 3 to show the relationship between the variables in scatter plots and
Figure 4 shows the heatmap scale—FA and GGBFS addition in 3D-printed concrete lowers
the compressive strength. A higher water–binder ratio also decreases the compressive
strength. However, due to pozzolanic activity, silica fume addition tends to increase the
compressive strength slightly. The highest value of typical, required compressive strength
for pavement is 5000 psi (34.47 MPa). All concrete systems in Table 8 fulfill the requirement,
except for the mixtures with 50% FA + 50% GGBFS and 75% FA + 25% GGBFS.

Table 8. Compressive strength of 3D-printed concrete at 28 days.

Reference
Replacement Level (%)

w/b 4 Compressive Strength (MPa)
FA 1 GGBFS 2 SF 3

[69]

0 100 0

0.39

36.48
25 75 0 37.64
50 50 0 33.68
75 25 0 14.90

[34]

30 0 10

0.28

66.92
30 10 10 65.63
30 20 10 64.06
30 30 10 55.18
30 40 10 52.77
30 50 10 36.77

[33]

0 0 0

0.32

62.08
0 10 0 53.27
10 10 0 57.10
20 10 0 60.80
30 10 0 53.14
40 10 0 42.79
10 0 0 51.61
10 20 0 58.50
10 30 0 51.35
10 40 0 49.31

1 FA: fly ash; 2 GGBFS: ground granulated blast-furnace slag; 3 SF: silica fume; 4 w/b: water–binder ratio.
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Table 8. Cont.

Reference
Replacement Level (%)

w/b 4 Compressive Strength (MPa)
FA 1 GGBFS 2 SF 3

[74]
0 20 0 0.40 72.76
0 20 10 0.39 77.52
0 0 0 0.31 77.93

1 FA: fly ash; 2 GGBFS: ground granulated blast-furnace slag; 3 SF: silica fume; 4 w/b: water–binder ratio.

Because of layer-by-layer deposition, 3D-printed concrete has another important
mechanical property: interlayer bond strength. Ding et al. summarized the following
factors as influencing this strength:

1. Material compositions: binders, aggregates, admixtures, and fibers;
2. Interfacial treatment: interfacial agent, interfacial shaping, and mechanical treatment;
3. Printing parameters: interval time, filament shape, printing path, printing speed, and

nozzle standoff distance;
4. Printing environmental conditions: Temperature, humidity, and curing.

These factors influence the direct factors affecting interlayer bond strength, such as
rheological behavior, pore structures, interface roughness, effective bonding area, hydration
product, and surface moisture [75]. Due to the significance of the bond strength between the
printed layers in 3D concrete printing, some methods to enhance this strength need to be
investigated. Munemo et al. performed a new method by inducing thermo-hydrokinetics
to increase the interlayer bond strength by 78% through steaming. The continuity in the
interlayer region was also more significant than in the non-steamed samples [76]. He et al.
conducted another method: making the filament interface a tooth-like shape. It was shown
that the interlayer bond strength increased to 291% and the shear strength rose to 89% by
designing the tooth shape with an angle of 45◦ [77].
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6. Three-Dimensional Printing Applications
6.1. Pavement Repair

The method of 3DCP has excellent potential in maintaining infrastructures with
automation processes. Yeon et al. developed an automated spall damage repair system
using 3D printing. Rather than conducting repairs directly at the location, the suggested
approach involved fabricating the concrete patch in the laboratory and subsequently
installing it to the desired pavement surface. It showed that the method cut 2 h of road
closure and potentially reduced economic losses from USD 140,000 to USD 1700 due to
road blockage. Regarding structural performance, two possible causes for the concrete
patch to fail are compression stress due to vehicles’ weight and friction force due to vehicle
deceleration. The latter is more likely to happen, and the shear stress needs to be increased.
The shear stress resistance comes from friction between the concrete patch and the impaired
surface and adhesive on the bottom of the concrete patch. The concrete patch’s bottom
surface and the spalled concrete’s surface are likely rough and generate friction force.
However, stability needs to be considered due to the irregular contour of these surfaces.
In addition, the behaviors of adhesives with different thicknesses and temperatures must
be tested in an actual application [78]. Vlachakis et al. established a similar idea in 2022
to design an advanced 3D-printed patch with self-sensing capability. Because the self-
sensing system works according to the strain and is related to the mechanical properties
of patches, creating a more uniform patch is essential. Hence, the filaments of the patches
were fabricated vertically for the first layer and horizontally for the second layer [79].

Besides installing patches on damaged pavement surfaces, automated pavement
crack repair using 3D printing equipment has been promoted by some studies in asphalt
pavements [80–83]. However, autonomous damage repair can also be performed on
concrete pavement. For instance, Liu et al. developed an automated pavement crack sealing
by combining computer vision, a path planning algorithm, and 3D printing technology
to detect and repair cracks on concrete pavement slabs. The proposed algorithm gives
precise crack detection. Furthermore, a high contrast between crack and concrete specimen
is the key to effective image capture. However, the cracks in that study were generated
as simple cracks, and further study in real crack applications is essential. The excessive
use of sealant is also a problem that must be solved to make the sealing process more
stable [84]. Cantisani et al. studied the material selection of the filling mixture for pavement
repair. The mixture comprised 100% recycled asphalt pavement and a recycling agent. The
laboratory experiments showed that the mixture performs excellently in indirect tensile
strength, Marshall stability, and particle loss. Asphalt-based materials can be applied on
asphalt and concrete pavements [85].
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6.2. Structural Elements

Most structural elements’ shape complexity is the reason for colossal formwork usage
in construction. To reduce the number of formworks, 3D printing becomes a potential
method to create complicated structural elements, such as shear keys and beams. Hua et al.
conducted a design and experimental study of the shear key element using 3DCP. The
results show that the cracking mechanism on the 3D-printed shear key specimens is similar
to the precast shear key samples, in which the crack on the specimens starts propagat-
ing vertically. The presence of epoxy resin between the male and female parts solves
the geometrical defects during fabrication and enhances the shear resistance significantly.
Compared to the precast shear keys, the 3D-printed shear keys only have a 4.93% lower
normalized shear strength [86]. Topology optimization is commonly applied when design-
ing concrete beam structures by optimizing the problem objective in a large-scale structure.
Vantyghem et al. designed a post-tensioned concrete girder following topology optimiza-
tion. The results show that with the same flange size, total deflection, and overall depth
as the optimized beam geometries, the material was saved up to 20%. The advantages of
the proposed topology optimization are minimizing material consumption, no need for a
particular framework, and autonomous manufacturing [87]. Sung and Andrawes invented
a prestressed concrete bridge girder using shape memory alloy bars as the reinforcements.
After optimization, the concrete volume was reduced by 28.5%, and the shape memory
alloy reinforcements were placed on the bottom of the midspan and the top of the interior
support. The optimized girder design satisfied the AASHTO LRFD stress limits at the
initial, deck casting, and service stages [88].

Breseghello et al. developed a carbon-efficient beam named 3DLightBeam+ using
computational work. According to the testing, the 3D-printed beam exhibited a greater
flexural strength–weight ratio than other types of 3DCP beams. Compared to the full,
porous grid, and infill-optimized beam, the ratio was greater by 200%, 120%, and 20%,
respectively. The carbon footprint of this advanced beam was also evaluated. The carbon
dioxide emission by considering the carbonation process was 30% less than the porous grid
3DCP beam and 60% less than the full 3DCP beam. Regarding computation, the workflow
used in 3DLightBeam+ development gave a practical simulation approach that could be
used for other shapes without increasing the computation time. The simulation work
was also shown to be close to the experimental results, with a peak strength difference of
3% [89]. Another computational work-assisted project was also conducted by Dell’Endice
et al. to design an unreinforced 3D concrete-printed masonry pedestrian arch bridge named
Striatus. The material usage was decreased because the structure was reduced by 40%
in the cross-section. In addition, the structure only exhibited a compression state, which
means it does not need reinforcement bars and provides the possibility to recycle the
printed materials [90]. Huang et al. built a sophisticated project using computer-assisted
3D concrete printing for the Shenzhen Baoan 3D Printing Park project. To generate complex
patterns and construction algorithms, three different paving patterns were designed using
space-filling and printing path generation methods. Three-dimensional printing helps this
complex project to build an 836 sqm printed pavement area [91].

6.3. Building Design and Renovation

Three-dimensional printing is a great method to build a sophisticated building due to
its high flexibility in making complex geometry, like contour crafting. One example of a 3D-
printed building is a two-story public building for Dubai Municipality [59]. Gypsum-based
mix was used to create wall structures with a height of 9.5 m and an area of 640 m2 using
3D printing [59]. Three-dimensional printing is also helpful in the building renovation
process, allowing the operator to customize the parts and components, for example, the
production and installation of precast concrete façade sections [92]. Because of the high
complexity, 3D printing can improve product quality compared to conventional methods,
and prevent post-installation problems (e.g., air and water leakages) [92]. In addition, a
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flying 3D printing robot that was inspired by builder creatures has been developed [93].
This idea supports the needs of building or infrastructure maintenance in remote locations.

7. Environmental and Economic Analysis

Life cycle assessment (LCA) is frequently employed to evaluate holistic environmental
impact. Mohammad et al. employed LCA to assess the environmental benefits of using 3D
printing for construction following the ISO 14040. Five environmental impact categories
were used in the study and their definitions were as follows:

• Global Warming Potential (GWP): influence of emissions from greenhouse gases;
• Acidification Potential (AP): impact of acidic;
• Eutrophication Potential (EP): impact of nitrogen and phosphorus;
• Smog Formation Potential (SFP): ozone level;
• Fossil Fuel Depletion (FFD): energy generated from the earth.

In utilizing concrete materials with the conventional construction method, formwork
usage contributes approximately 20% of the total EP, and it can be removed by applying the
3D printing method. In [94], formwork gives a negative value to GWP because it is made of
timber. When the timber is a tree, it is considered to absorb carbon dioxide. However, other
factors, such as manufacturing, transportation, and other processes, during its lifetime need
to be considered. Generally, 3D-printed concrete without reinforcements has fewer negative
impacts in all five categories. Conventional concrete emits 58.89 kg CO2eq of greenhouse
gas, while 3D-printed concrete without any reinforcements emits 44.42–46.12 kg CO2eq.
Thus, by employing 3D printing in making construction materials that use 184.42 kg of
concrete, greenhouse gas emissions can be reduced by approximately 20% [94]. Liu et al.
conducted a comparative LCA study to evaluate and compare the environmental impact
of two sustainable production methods: (1) 3D-printed and conventional casting concrete
and (2) different industrial wastes. The LCA was performed following the ISO 14040 series.
The findings indicate that the environmental footprint of 3D-printed OPC-based concrete
mix is reduced by incorporating waste materials, like fly ash and silica fume, to substitute
cement. Furthermore, 3D printing is greener for manufacturing complex and non-repetitive
concrete structures because special casting formwork is environmentally demanding [23].

As the usage of waste materials increases and the manufacturing process is automatic,
economic benefits are also gained. Han et al. compared the fabrication cost between
casting and 3D printing methods. The economic advantage can be achieved for complex
structure construction. Materials and additives budgets are the main contributors to the
high cost of 3D printing. The increasing electricity cost in 3D printing is significantly
less than the costs of formwork and labor [95]. Mohan et al. also proved similar results
in terms of construction cost. In 3D printing, the total material cost rises to 55% due to
chemical admixture addition. Increasing the ratio of aggregate and binder can lower the
cost, but it has negative consequences, such as high pumping pressure demand [66] and
decreased material strength [96]. High pumping pressure needs high power, which might
impact emissions.

8. Conclusions and Recommendations

This review shows that by-product materials like fly ash (FA), ground granulated
blast-furnace slag (GGBFS), and silica fume (SF) can positively and negatively affect fresh-
and hardened-state properties in 3D concrete printing. Regarding environmental impact,
3D printing is more beneficial than conventional one. The benefits can be improved, both
in environmental and economic aspects, by replacing the binder with by-product materials.
Three-dimensional printing is also promising for real applications in construction. For
further research, some recommendations can be followed:

• Development of mechanical testing standard for 3D-printed concrete;
• Finding applicable methods to enhance the interlayer bond strength and decrease

porosity at the interlayer regions;
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• Further research about crack sealing mixture using waste materials that are suitable
for certain pavements under different environmental conditions;

• Exploring other printable waste materials to minimize negative environmental impact
and cost.
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