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Abstract: Rapid construction with an energy-efficient approach is a major challenge in the present
construction industry. Cement, a carbon-intensive material, is mainly used in the construction
industry and hence increases the sector’s carbon footprint on the environment. The current review
focuses on the study of 3D concrete printing (3DCP), in which cement is partially replaced with
industrial byproducts such as ground granulated blast furnace slag (GGBS), fly ash, and silica fume.
Walling material is primarily targeted in 3DCP. There is a need to include energy efficiency to achieve
a thermally comfortable environment. The life cycle assessment (LCA) of concrete is studied to
discover the potential conflicts affecting the environment. The sand-to-binder ratio is pivotal in
determining the performance of concrete. The content of the supplements is decided based on this
factor. The rheological, physical, and mechanical properties of 3DCP are studied further and analysed.
GGBS demonstrates better performance in the compressive and flexure strength of concrete. The
usage of fly ash and silica fume has reduced the thermal conductivity of the material, whereas GGBS
has increased it. An LCA study shows that 3DCP can be made sustainable with the use of these
supplementary cementitious materials.

Keywords: 3DCP; energy efficiency; life cycle assessment; industrial byproducts

1. Introduction

In this era of rapid urbanization, faster construction has become a major issue. Three-
dimensional concrete printing (3DCP) utilizes a 3D printer that allows concrete to print in
layers and in the required geometry. Three-dimensional concrete has greater potential value
in the present construction industry [1]. It helps in building structures without the use of
formwork and thereby reduces the construction cost. Three-dimensional concrete printing
helps to complete construction with high accuracy and low-cost building components, and
it facilitates easy remote-area construction [2]. In recent years, 3DCP has gained attention
in the global construction sector due to its ability to facilitate faster construction. This
technology helps in the reduction of the labor force and of wastage during the construc-
tion phase. It directly reduces the total cost of construction by making the construction
sustainable [3,4].

An important aspect of 3D concrete printing is the machine that prints the structure.
A 3D printer uses a Cartesian coordinate system for printing the structures. A printer has
been designed with a mini bed size of 1 m × 1 m × 1 m [5]. The entire motion of the
printer is controlled using software that includes a G-code as input, which controls the
nozzle motion.

The 3D printer has a gantry crane to which the nozzle is attached. Concrete is allowed
to fall through this nozzle [6]. An Italian civil engineer built a D-shaped 3D printer that
prints layers of a thickness of 5–10 mm [7]. The extrusion nozzle plays an important role
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in determining the shape stability of the printed concrete. Nozzles have different shapes
such as circles, rectangles, U-shapes, and inverted U-shapes [8]. These move with different
speeds ranging from 10 mm/s to 100 mm/s and it has been demonstrated that the nozzle
with a 15 mm diameter releases concrete smoothly [9]. A screw-type nozzle is preferred
to control the extrusion speed [10]. For better consistency, the nozzle lift should be the
same as the thickness of the printed layers [11]. The layer width is increased linearly with
increased extrusion velocity, and printability is increased at lower printing speed. Figure 1
shows a laboratory-scale 3D printing system.
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Larger quantities of cement are used in 3D concrete to accommodate the strength lost
due to the elimination of coarse aggregate and to maintain rheology. This has led to an
increase in energy content and the carbon footprint on the built structure. Energy efficiency
and thermal performance also play a major role in the design of concrete. Wall structures
play a key role in the energy efficiency of a building or structure. Three-dimensional con-
crete printing is mainly used as a walling material, owing to which thermal performance is
a major issue in the design of 3D concrete. Consequently, there is a need to incorporate sup-
plements for cement in the concrete that reduce the quantity of cement while maintaining
the necessary thermal comfort [12,13]. Ground granulated blast furnace slag (GGBS), fly
ash, and silica fume are some known industrial byproducts that are used as a partial re-
placement for cement [14,15]. Different tests regarding the physical and chemical properties
of the materials that are used have been performed [16,17]. Based on the results obtained,
the usage of these materials in the mix is controlled [18]. The addition of cementitious
supplements is performed stage-wise and their effect on the physical properties of the
concrete is noted down. A mega-scale 3D printing system is required to print the concrete
and to check its different properties.

The present literature focuses on the study of the partial substitution of cement with
cementitious supplements such as GGBS, fly ash, and silica fume along with the 3D printing
system and its nozzle requirements. The impact of rheological, physico-mechanical, and
thermal properties, along with the technical challenges faced, is studied to check the
suitability of 3D-printable concrete in energy-efficient buildings.

2. Materials and Methods
2.1. Materials

Raw material characteristics play an important role in defining the physical, chem-
ical, and mechanical properties of 3D concrete. Raw material characterization includes
finding particle size distribution, specific gravity, density, and morphology. Chemical
characteristics consist of the chemical composition of materials and their reactivity. X-ray
diffraction (XRD), X-ray fluorescence (XRF), and scanning electron microscopy (SEM) are
performed to determine the mineralogy, chemical composition, and morphology of the
material, respectively.
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2.1.1. Alternative Materials Studied for the Replacement of Cement

Cement is the most used building material in the manufacturing of concrete. Various
grades of commercially available ordinary Portland cement (OPC) and Portland pozzolana
cement (PPC) are most commonly used. Ordinary Portland cement is used in the de-
velopment of 3D concrete. As cement plays a major role in the strength of concrete, it
should be replaced with an optimum content of industrial byproduct complying with the
desired strength. Table 1 shows the chemical composition of cement from various sources
by percentage.

Table 1. Chemical composition of cement (OPC 53).

Composition [19]
(%)

[20]
(%)

[21]
(%)

[22]
(%)

CaO 58.02 64.85 64.2 64.7

SiO2 23.148 21.65 20.4 20.4

Fe2O3 3.56 4.32 3.2 3.38

Al2O3 9.31 5.56 4.9 4.7

MgO 1.36 0.84 1.82 0.87

SO3 2.62 2.58 2.58 1.89

K2O 1.02 0.76 0.38 0.49

Na2O 0.411 0.24 0.24 0.33

2.1.2. GGBS

Ground granulated blast furnace slag (GGBS) is used as a partial substitution for
cement due to its pozzolanic properties. Pig iron manufacturing, a step in the production
of steel, produces blast furnace slag as a byproduct (Figure 2). According to estimates,
each tonne of pig iron produces approximately 300 kg of slag. It has a similar particle
size distribution as cementitious materials [23]. Some 35–50% of it can be used to replace
cement, beyond which there is a reduction in the strength of the concrete [24]. As 3DCP
requires high resistance to the environment, GGBS provides better chloride resistance [25].
Early age cracking resistance is also achieved [24]. Compared to fly ash, GGBS enhances
the strength of concrete [26].
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The extensive usage of GGBS as a cement substitute in today’s concrete is a result
of its technological, financial, and environmental benefits. Its use in binary and ternary
blended cement concretes is widely claimed to improve mechanical characteristics, resis-
tance to corrosion, and chloride ion penetration. Additionally, it has been demonstrated
that well-proportioned, well-curing slag concretes prevent harmful alkali–silica interac-
tions and increase sulphate resistance. The pozzolanic action of slag and microaggregate
filling are factors that contribute to the higher performance of GGBS concrete. Its strength
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development is similar to that of conventional plain cement concrete from 56 days. Table 2
shows the presence of abundant CaO and SiO2 in the material, making it suitable for the
replacement of cement.

Table 2. Chemical composition of GGBS (%).

CaO SiO2 Al2O3 Fe2O3 MgO Na2O SO3 TiO2 K2O Carbon Ref

39.37 29.65 15.56 0.35 7.54 0–1.04 4.32 0–1.04 0–1.04 0 [23]

34.8 37.5 6.4 0.51 8.6 0.38 0 0 0.9 0 [27]

37.73 34.62 11.82 2.73 9.43 0.35 1.42 0 0.5 0 [25]

2.1.3. Fly Ash

Fly ash is a pozzolanic material, shown in Figure 3, that is widely used in the construc-
tion industry as a replacement for cement. It can replace cement by 25–40% [28,29], but
the setting time of concrete increases as the fly-ash content is increased [30]. There is an
increased performance in buildability and smoothness in the end product as fly-ash content
is increased up to 35% [31]. Table 3 shows the chemical composition of fly ash.
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Table 3. Chemical composition of fly ash (%).

CaO SiO2 Al2O3 Fe2O3 MgO Na2O SO3 TiO2 K2O Carbon Ref

3.10 36.10 25.03 8.66 1.24 0 0.59 0.91 1.08 23.29 [32]

2.61 52.11 23.59 7.39 0.78 0–1.2 0 0 0–1.2 0 [33]

0.6–9 50.2–59.7 14–32.4 2.7–16.6 0.1–2.3 0.2–1.2 0 0.3–2.7 0.2–4.7 0 [34]

From Tables 2 and 3, it is seen that GGBS is a better fit for the partial replacement of
cement than fly ash, based on its chemical composition. Cement with GGBS has higher early
age strength than the cement mix with fly ash; this is a necessary property in 3DCP [35]. Fly
ash produces less calcium hydroxide as compared to GGBS, which improves the property of
durability. Early age hydration is more prevalent in GGBS-based concrete mix as compared
to fly-ash-based mix [35]. Both of these are used as a soil stabilizing agent [36], which is
helpful for foundation works in 3DCP.

2.1.4. Silica Fume

Silica fume, shown in Figure 4, is another pozzolanic material used as a partial replace-
ment for cement. It can replace cement by 10–15%, beyond which there is a reduction in the
compressive strength of the concrete [37–39]. The use of silica fume results in an increased
yield stress of up to 1.25 kPa and increased buildability [40]. The tensile strength of concrete
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represents the bond strength and is improved with the addition of silica fume [38]. Table 4
presents the chemical composition of silica fume.
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Table 4. Chemical composition of silica fume (%).

CaO SiO2 Al2O3 Fe2O3 MgO Na2O SO3 TiO2 K2O Carbon Ref

0.1–0.5 86–96 0.4–1 0.1–1.5 0.3–2 0.4–0.5 0.1–0.4 0 0.3–3 0.5–2.5 [41]

0.69 93.35 0.92 0.71 0.72 0.33 0.13 0 0.86 0 [42]

0.94 92.6 0.89 1.97 0.96 0 0.33 0.25 1.31 0.07 [43]

From the above Tables, it is inferred that GGBS and fly ash are superior to silica
fume, based on the chemical composition. The compositions of these raw materials are in
accordance with Indian standards, and they can be used as supplementary cementitious
materials. The use of these materials in 3D printing technology and their behavior for
various properties are studied before filling them into the equipment [44]. GGBS has higher
bulk density and specific gravity compared to fly ash and silica fume [45].

2.1.5. Aggregate

Concrete constitutes both coarse and fine aggregates. From the study, it is known
that coarse aggregates contribute up to 34% of the strength of concrete [46]. As the coarse
aggregates are completely eliminated in the making of 3D concrete, there is an increase in
the content of fine aggregate. To overcome the strength, there will be an increase in the
content of cement. There is a significant impact of sand-to-binder ratio in the making of
concrete. Usually, the range of the sand-to-binder ratio lies between 1.1 and 1.7 [47].

2.2. Methodology

To proceed with the review, various methodologies were studied. From the point of
selection of raw materials to the end product printing, a sequence of steps is followed.
There are three basic parameters that are considered in creating the mix design [48]. They
are water-to-binder ratio (w/b), sand-to-binder ratio (s/b), and additive-to-binder ratio.
The compressive strength and smoothness of concrete are highly affected by the s/b ratio.
The lower the s/b, the higher the strength of concrete [49]. The water-to-binder ratio also
affects the strength of the concrete [50]. Researchers have found that 3DCP works well for
s/b ratios between 1.1 and 1.6 [47]. Initially, it is fixed, as it decides the strength and finish
of 3D concrete. Then, additives are taken out and replaced with cement or fine aggregate at
small intervals (e.g., 0%,5%,10%,15%, etc.). Superplasticizer is added to reduce the quantity
of water in the mix. A subsequent increase in the strength of the concrete is seen [51]. A
slump flow test is conducted simultaneously [3,51]. The optimum mix is then considered
for further replacement of fine aggregate.
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Then, in the mix described above, fine aggregate substitute or additive is partially
replaced with sand at the defined intervals. Slump flow values are to be checked subse-
quently. A viscosity modifying agent (VMA) and superplasticizer are added to improve
the workability and buildability of the concrete.

Mix Procedure and Design

Suitable mixing and casting procedures are adopted to prepare the concrete mix.
Materials of the required content are fed into the mixer, and mixing is carried out for
homogeneity. Water combined with superplasticizer is added to the mix. The VMA is
added to the mix along with water if it is in gel form, or it is sprinkled over the mix if it is
in dry form [52].

Initially, the mixing can be started with any water/binder ratio [53]. Then, the mix
should be checked for its flowability while simultaneously using flow table apparatus,
which in turn shows its workability. If the mix appears dry, then the water/binder ratio is
increased to achieve sufficient workability. Superplasticizer is added to the mix to reduce
the quantity of water, which in turn reduces the water/binder ratio. By following the above
procedure, several trials are carried out to find the optimum mix.

The finalized mix is tested for several rheological properties such as workability,
thixotropic open time, extrudability, and buildability by making a sample slab with dimen-
sions of 350 × 350 × 120 mm. Hardened properties, such as compressive strength and
flexure strength, are also measured [54].

Concrete made by applying the above mixing procedure requires a target compressive
strength and flexure strength with a moderate setting time. Workability and the maximiza-
tion of buildability are also governing factors in this procedure [51]. By performing various
tests, the water/binder range and the sand/binder ratio for concrete with acceptable print-
able regions are measured [55]. All the rheological properties are to be tested in order, as
shown in Figure 5, before finalizing the mix.
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Some mix proportions which were used to replace cement and aggregates at various
intervals of mixing are shown in Table 5.
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Table 5. Quantity of materials per m3.

Cement
(kg)

GGBS
(kg)

Silica Fume
(kg)

Limestone
Sand
(kg)

Aggregate
(kg)

Water
(kg)

Superplasticizer
(kg)

VMA
(kg)

Recycled
Sand (kg)

Fibres
(kg) Ref

483 314 70 447 284 347 3.47 5.2 - -
[56]

458 377 51 195 549 355 2.66 2.66 - -

1000 0 0 0 1000 350 1.12 1.28 - 20

[57]

1000 0 0 0 1000 420 0.86 1.28 500 5

1000 0 0 0 1000 420 1 1.28 500 10

1000 0 0 0 1000 420 1.24 1.28 500 20

1000 0 0 0 1000 420 2.18 1.28 500 28

815 0 0 0 1222 285 4.24 0.81 - -
[58]

815 0 0 0 1222 285 2.85 0.81 - -

3. Rheological Properties of Fresh Concrete

Another key aspect in the success of the 3D-printable concrete lies in its fresh concrete
properties. The fresh concrete that is taken for printing should possess rheological prop-
erties such as pumpability, extrudability, printability, thixotropy open time, buildability,
and setting time [4]. Different tests are performed to find the rheological properties of fresh
concrete. As there is no standard procedure for testing these rheological properties, results
are obtained by using any appropriate method.

Flowability is the property of fresh concrete that allows the material to move smoothly
from the extrusion nozzle. A flowability test is performed by using flow table apparatus,
and the flow value is noted. Segregation or bleeding creates difficulty in printing the
concrete. Stiff concrete creates an extra demand on the pump, which causes failure in
the machine. From the obtained results, it is known that the material with a higher yield
stress has less flowability [59]. Flowability also depends on the presence of the optimum
aggregate content in the concrete [60].

Extrudability is the ability of the fresh concrete to pump out from the nozzle smoothly
without clogging the nozzle. It is also defined as the ability of the concrete to print
continuously without any breakage [61,62]. Printing becomes easier only if the concrete is
sufficiently extrudable.

Buildability is defined as the ability of fresh printable concrete to exist in the form of
bonded layers that bear the load of the newly printed concrete without collapsing [55,62].
It can be related to the green strength of the concrete. The higher the green strength,
the higher the ability of the fresh concrete to bear the load, which directly increases its
buildability. The test establishes the number of layers that can be printed without collapse.
The buildability of 3DCP is improved by using different kinds of admixtures and by active
rheological control [63].

Printability is defined as the ability to design the end product or the structure to its
desired shape and architecture [64]. It is the difference in the original design and the end
geometry that is obtained from printing. Three-dimensional concrete printing is highly
prized for its flexibility in creating complex geometries that are difficult to obtain using
conventional methods [48,65].

Thixotropy open time (TOT) is defined as the time taken to clog the nozzle from
extruding the concrete [66]. It is the time taken by the concrete to lose its extrudability
property. It indirectly depends on the setting time of the concrete: the higher the setting
time, the higher the thixotropy open time.

Studies show that there is no relationship between yield stress and thixotropy. A
minimum of 10,000 N mm rpm of thixotropic value is necessary for 3DCP [67]. All the above
rheological properties that are studied are interlinked with the mix design of the concrete.
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4. Tests on Physico-Mechanical Properties and Testing Procedure

Different physical and mechanical tests are conducted before finalizing the mix and
proceeding to end printing. The tests conducted are as follows.

Compressive strength is the main characteristic property of the concrete. Cubes of
100 mm are made and are tested under a compression testing machine [68] for 7 days,
14 days, and 28 days, respectively. The concrete is printed in layers with dimensions
of 50 mm × 40 mm × 20 mm and tested [69]. There is an anisotropic behavior in the
calculation of the compressive strength of concrete with a fly ash-based mix [70].

From the above-studied material properties, it has been found that the mix with GGBS
has a higher compressive strength as compared to other additives.

Various sources have presented different mix designs. The correlation of compres-
sive strength with variation in the binder and superplasticizer properties is indicated in
Figures 6 and 7, respectively.
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From the above graph (Figure 6), it is observed that a significant increase in the
compressive strength of concrete is achieved by increasing the content of the binder. It is
inferred that the binder content can be raised up to 1000 kg/m3.

In Figure 7, it is shown that there is a significant increase in the compressive strength of
concrete with an increase in superplasticizer. It is inferred that the superplasticizer dosage
is increased to compensate for lost strength. The flexure strength is assessed to find the
bending strength of the concrete. It determines the bending compression and bending
tension of the concrete. A prism of 40 mm × 40 mm × 160 mm is made and tested for
flexure by performing three-point loading. A test block is also made with dimensions of
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140 mm × 120 mm × 180 mm to test for flexure in all directions [71]. Anisotropic behavior
of the flexure strength is observed by testing the samples in various directions [72].

Unconfined compressive strength is used to find out the shear strength and stability
of fresh concrete by making cylinders of 70 mm diameter and 140 mm length, which are
tested under a compression testing machine. Cracks are clearly visible in this test [73]. The
green strength is established by using this test [74]. It is improved by replacing natural
sand with recycled sand [74,75].

Density is the measure of the packing and the level of compaction of the concrete. It
is averaged for 100 mm cubes that are made and for the slab specimens with dimensions
of 350 mm × 350 mm × 120 mm and 500 mm × 350 mm × 120 mm [68]. Usually, the
density varies from 1900 kg/m3 to 2100 kg/m3 depending on the materials used and the
compaction procedures [76].

Tensile bond strength plays a major role in 3DCP as there is less reinforcement or none.
A direct tension test is conducted by making cylinders with dimensions of 58 mm diameter
and 120 mm height. Specimens with dimensions of 100 mm × 100 mm × 500 mm are made
in layers to test the same property [68]. Polyethylene (PE) fibres have improved the tensile
strength of concrete [77].

The tensile splitting test is another testing procedure used to establish the tensile
strength of concrete by making cubes with dimensions of 40 mm × 40 mm × 40 mm and
by attaching a wedge to the compression testing machine [78].

Bond shear strength helps in establishing the shear capacity of the concrete when it
is printed. In this test, T- and U-shaped moulds are used to determine the bond shear
strength. Specimens in three layers with dimensions of 100 mm × 40 mm × 60 mm are
made and tested under these moulds [69]. It is found that using polyvinyl alcohol (PVA)
fibres improves the shear strength of the concrete.

Porosity is an important parameter that determines the structural packing of the
concrete. The helium porosity method is adopted for this, where the cast cubes are kept
in an oven at 130 ◦C for 12 h. Their final weight and volume are noted. Their porosity is
established by noting down their bulk volume by means of helium pycnometry [79]. All
mechanical properties were compared simultaneously in previous studies [80].

Static yield stress is another important property that is tested. It directly relates to
buildability, as a higher value of static yield stress indicates higher buildability, and too
high a value of it will stop the flow. It is measured using a Brookfield rheometer in which
450 mL of test material is placed in a 500 mL beaker with a diameter of 95 mm and a depth
of 115 mm. It is sheared using a 30 mm × 60 mm vane spindle at a speed of 0.2 s−1 for
90 s [81].

5. Energy Efficiency of 3DCP

Energy efficiency has become an important factor in the construction industry. It is nec-
essary to make construction sustainable and maintain a thermally comfortable environment.
Achieving this with the help of thermal performance is discussed further.

Thermal Performance

Thermal performance is a key factor in energy-efficient buildings, where maintaining
thermal comfort is essential. It plays a vital role in 3DCP, as walling material constitutes a
majority of the structure. A small commercial building model was demonstrated for 3DCP
to show its energy-saving potential [82].

Thermal comfort can be improved by reducing the thermal conductivity of the material,
which depends on various factors such as aggregate type, porosity of concrete, water-to-
cement ratio, and density. Heat transfer can be reduced by using lightweight concrete [83].
The thermal conductivities of concrete in a saturated state have higher values than those of
concrete in dry state due to the high heat diffusivity of water [84].

The thermal conductivity of concrete is measured using the steady-state box method,
the steady-state hot plate method, and the transient hot wire method. In the steady-state
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box method, the device contains a hot box and a cold box with concrete inserted between
them. The thermal conductivity measurement is achieved by calculating the difference in
the air temperature between the boxes. A guarded red-hot plate is used in the steady-state
hot plate method, with a concrete sample between two red-hot plates. The rate of heat
flow and the temperature difference between them provide a measurement of the thermal
conductivity. In the hot wire technique, the thermal conductivity is found by noting down
the temperature at a distance from the hot wire.

The usage of GGBS in concrete resulted in a slight increase in the thermal conductivity
of the concrete [85]. Fly ash usage in concrete helps in its reduction [86]. The thermal
conductivity is reduced when cement is replaced with silica fume [40]. The usage of
polyurethane in 3DCP walls reduced energy by 9500 kW per year more than the one
without any insulation for a built-up area of 1200 m2 and a wall thickness of 100 mm [87].
To improve the thermal performance of conventional concrete, insulation materials such as
expanded polystyrene (EPS), polyurethane, and extruded polystyrene (XPS) with thermal
conductivities ranging from 0.02 to 0.04 W/mK are added to the mix [88]. The application
of these materials in 3DCP helps in enhancing the thermal performance of the concrete
by reducing its thermal conductivity. The usage of phase change materials also helps in
reducing the thermal conductivity of the wall [65]. Figure 8 shows the thermal conductivity
values of different materials used in the manufacturing of concrete.
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Reducing thermal conductivity helps to attain thermal comfort in the structure. This
results in a reduction in the cooling load on air conditioners, thereby reducing the electricity
consumption and, in turn, lowering the burning of fossil fuels.

6. Life Cycle Assessment (LCA) of 3DCP

Life cycle assessment (LCA) is a tool used to discover the environmental impact
of product manufacturing from cradle to grave. It helps to identify the sustainability
aspect of products [89]. The LCA framework shown in Figure 9 consists of four phases.
Defining the goal and scope sets out the intended purpose of study. The life cycle inventory
analysis deals with the input of materials used in different stages of construction. The
life cycle impact assessment recognizes the potential environmental impacts, and the
final stage evaluates the results. Global warming potential is the most assessed indicator,
measured in kg CO2 eq., which indicates the carbon footprint of the end product [90].
Three-dimensional concrete printing helps to make sustainable construction [91]. It is an
automated construction with less wastage of material, a shorter construction time, and
reduced greenhouse gas (GHG) emissions [82]. The additive manufacturing technique,
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also referred to as 3DCP, constructs the building in layers with high precision and accuracy.
It helps in reducing the environmental impact [92]. Cement plays a significant role in the
environmental impact of the concrete, which can be reduced by using cement supplements
such as GGBS, silica fume, and fly ash [93]. As 3DCP minimizes waste generation to
a greater extent, waste treatment of 3DCP is lower than in conventional concrete [94].
Optimizing the distribution of materials reduces the environmental impact by 15% [95].
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7. Costing of 3DCPs

Cost is a significant factor to consider in any construction project, and this also ap-
plies to 3DCP. The feasibility of 3DCP products is determined by comparing their cost
to commercially available products. The cost calculation of 3DCP structures is complex
and involves considering various costs in all stages of construction [96]. This includes
considering the cost of printing and assembly, which can be higher for 3DCP than for
traditional construction methods. The initial cost of 3DCP is generally higher, and the
demand for 3DCP products in the market is low. The cost of 3DCP is also affected by social
changes, making cost calculation more complicated.

Studies have shown that the cost of prefabricated houses constructed using 3DCP in
Japan is 8% higher than that of their available counterparts [97]. However, in Shanghai, a
building constructed using 3DCP was more economical than a conventionally constructed
building [98]. This inconsistency in cost makes it difficult to determine whether 3DCP is
economical or not.

In India, an 1100 sq. ft. building is constructed using 3DCP for a cost of INR 23 lakhs, and
various internet sources suggest that 3DCP costs approximately INR 5000–7000 per m3 of con-
crete. The cost of wall components can be higher due to the cost of printing materials [99],
but overall costs can be reduced by minimizing the cost of manpower, as the entire 3DCP
process is automated. However, the use of software components can also increase the cost
of 3DCP [100].

In conclusion, a clear empirical formula is needed for the accurate cost calculation of
3DCP to determine its economic feasibility compared to traditional construction methods.

8. Challenges in 3DCP

As discussed earlier, cost calculation for 3DCP is a major challenge in bringing the
technology into the market. A study has shown that shrinkage and cracking are more
common in 3DCP, which is a major issue relating to its durability. The active control of
rheology is also a major issue for fresh concrete [101]. Anisotropy of 3D concrete is also an
issue concerning its structural and long-term durability [102].

Testing 3DCP requires high-cost equipment, and it becomes difficult to analyze the
results due to the lack of standard codal provisions. Maintaining the pumpability and
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buildability of the concrete is relatively difficult when designing the mix proportion. Using
thermal insulators such as polyurethane creates difficulty in the availability of materials in
the market and thereby a delay in the total project time.

The impact on the environment due to 3DCP technology is comparatively higher than
for conventional construction techniques [103]. Developing energy-efficient and low carbon
intensive products that reduce the risk to the environment is a challenge. There is a variation
in open time and printability for both laboratory-scale and actual site conditions [104].

Due to its high temperature, there is a large evaporation of water from the concrete
which leads to cracking of the concrete [105]; this might lead to a reduction in the strength
of the concrete.

9. Conclusions

From the study, it is concluded that there is a need for the development of 3D concrete
with supplementary cementitious materials. This is achieved by replacing cement with
GGBS, fly ash, and silica fume. Three-dimensional concrete printing has the potential
to achieve faster construction with higher accuracy, better quality, less wastage, and the
least usage of manpower. GGBS, fly ash, and silica fume are commonly used as cement
substitutes due to their superiority in physico-mechanical properties. As compared to
silica fume and fly ash, GGBS has a similar chemical composition to cement. The mixing
procedure is performed by fixing the sand/binder ratio, thereby replacing cement with
its substitutes. The sand/binder ratio varies from 1.1 to 1.7. The content of the binder is
varied from 300 kg/m3 to 1000 kg/m3. The mix with GGBS has a higher compressive and
flexure strength as compared to the mix with fly ash and silica fume. Anisotropic behavior
of 3DCP is observed in its compressive strength as well as in its flexure strength, which
need to be considered carefully when designing the end product. Thermal conductivity
plays a key role in establishing the thermal comfort of the structure. Fly ash and silica
fume provide better thermal comfort as compared to GGBS. A mix containing polyurethane
saves 9500 kW energy as compared to a conventional mix. An LCA study shows that
the use of these industrial byproducts can make concrete sustainable. Optimizing the
distribution of materials reduces the environmental impact by 15%. As the nozzle plays an
important role in the shape stability of the fresh concrete, a screw-type nozzle is preferred
for better extrusion of concrete. Efficiency in the design and making process, the capacity
of engineers to enable certified elements and building components, and the value of the
created components all contribute to the commercial success of 3DCP. Further studies are
required in the thermal performance of 3D concrete, as walling components play a vital
role in the energy efficiency of structures. Additionally, the development of standards and
codal provisions is necessary for 3DCP to be successful commercially.

From the extensive study carried out, it is concluded that using supplementary cemen-
titious materials such as GGBS, fly ash, and silica fume leads to a better performance in
the rheological, physical, and mechanical properties of 3D concrete while maintaining the
energy efficiency and sustainability of the structure.
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