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Abstract:

3D printediconcrete (3DPC) is one of the new and promising techniques in the movement toward the
automation of construction processes. As it has been proven, the requirement of industrialization and
expansion of technology is its efficiency from different perspectives. Paying attention to the economic
evaluation and cost-effectiveness of that method is one of the most important points. The purpose of
this study is to investigate the feasibility of building production using the 3DPC method. The evaluation
factors of different landscapes including cost, time, quality, labor, safety, and environmental issues have
been briefly reviewed. For. economic” evaluation between different construction methods, based on
experimental studies, the direct costs of construction (including frame and internal and external walls)
of a typical residential building were determined. The economic evaluation results show that although
the cost per cubic meter of 3D printed“concrete is more than 2 times the cost of normal concrete, 3D
printed concrete has lower direct construction costs than other traditional construction methods so that
On average, this method reduces the directsconstruction costs for such a building by 23%. Its main
reason is to eliminate molding, optimal use/of materials, and minimum waste of materials. The
economic advantage of this method is improved by a significant reduction in time.
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1. Introduction

Having a safe shelter is one of the basic human needs. Due to'the increasing rate of construction around
the world, the construction industry is currently facing a shortage of materials, which leads to the high
cost of materials. Also, a labor shortage is another problem in this industry. An increase in the cost of
materials and labor causes an increase in construction costs. Even today, in the modern age of
automation in every field, the construction industry is still based on traditional construction methods.
Therefore, there is an urgent demand to transform and improve the practices of this industry with various
construction automation technologies [1]. 3DPC is an emerging technique for constructing buildings
and infrastructures. 3DPC is one of the types of additive manufacturing (AM).that includes‘all modern
techniques of building elements layer by layer [2-4].

Today, 3D printing is experiencing an exponential increase in terms of research and application
activities and is continuously progressing [5]. The use of 3DPC technology in constructionsis considered
a new era for the industry due to its potential in creating changes in conventional construction methods
[6]. Due to its unique features, such as mold-free construction, reduced human involvement, minimal
wastage of materials, higher shape complexity due to the lack of time-consuming molds, mass
customization, geometric freedom and flexibility, and structural design. More efficiency, which leads
to more stable structures, is considered desirable [7]. This technology completely saves formwork costs,
reduces labor costs by 50-80% [8], and reduces the waste of construction materials on the site by 30-



60% [9, 10]. In addition, due to the increase in productivity at the construction site and reduction in
construction time, it has the potential to further reduce construction costs [3, 11, 12].

The 3D printing construction market is expected to grow by around 250% between 2019 and 2024. The
market for 3D printed structures is growing at a fast pace due to the high demand for complex structures
in the building and infrastructure sectors. 3D printing is considered an important tool for the third
industrial revolution [1].

The main concern of the consumer to adopt new technology is the costs imposed and issues related to
the technology,«if the cost associated with it is more than the traditional method, even if there are
advantages.over the old method. Anyone would be hesitant to adopt a relatively new method. Only a
few studies have beensconducted on the cost analysis of 3DPC [13]. Most of the studies have focused
on comparing 3DPC with traditional concrete and less on other construction methods.

The purpose "of this study isito analyze the economic impact of 3D printing technology in building
construction and compare_.it with other traditional construction methods. The capital cost of the 3D
printing system can be eonsidered.similar to the investment of primary assets in traditional construction
[1]. It is very difficult to assess the costs associated with pre-construction investments. Therefore, in
this research, the direct gosts related te construction are considered only. All other works such as
plumbing, electrical, woodwork, and finishing works are carried out among similar construction
methods.

2. Evaluation factors

In general, examining a subject from different perspectives.may show different results. In the discussion
of evaluating the 3D printing method of buildings; this issue can be looked at from different
perspectives. Overall, relatively limited studies have investigated this issue, and often the focus has
been on examining the costs and time of projects in-this way. In this study, in addition to examining
this issue from the perspective of cost, other aspects are also briefly‘discussed.

2.1. Cost

Cost is one of the three main pillars of any project. In general, for-@ construction method to become
widespread, it is necessary for its costs to be known [14, 15]. It has been widely stated in the literature
that the use of 3D printing in buildings leads to a great reduction (in costs due to the elimination of
molding, reduction of labor, and construction time. These findings are still under debate and conflicting
opinions have been reported [3, 16, 17]. There is a lot of literature on the cost analysis of metal, polymer,
and ceramic-based 3D printed parts used in the construction sector. However, in this study, the focus is
on the research that has been done regarding 3DPC. Table 1 summarizes the studies conducted in the
economic evaluation of 3DPC structures.



Table 1. An overview of the studies in the economic evaluation of 3DPC

Study

Result

Year

Ref.

Buswell etal.

Due to the need for a skilled operator and accuracy in providing the concrete mixture in
the 3DPC, the widespread use of this technology is currently considered impossible to
some extent.

2018

(18]

Khoshneuvis et al..&
Labonnote gt al.

The ability to produce complex 3D shapes is the most attractive feature of 3DPC
compared to traditional processes, not cost savings.

1998
2016

[17, 19]

Schutter et al

3DPE. material costs can be lower than conventional construction costs (less material
waste). Still, they may be higher than traditional costs if expensive additives such as nano
clay, nano-silica, and certain chemical additives are present.

2018

[3]

Yang et al.

They.stated that, unlike conventional construction, there is no general understanding, and
no" pricing.basis for 3DPC, which may lead to a large deviation from the actual cost
calculation. Therefore, the authors proposed an accurate method for calculating the cost
of 3DPC structures on-site and off-site but did not show a cost-saving case study.

2018

[20]

Mechtcherine et al.

Formwork accounts<for about 30% of the total cost of structural work, even for simple
geometric configurations so 3DPC can provide significant cost savings.

2019

[21]

Schmitt

Formworks werefound«to be responsible for 28% of costs, which may be higher
depending on complexity due to labor costs and the time required.

2001

[22]

Aitcin

They investigated the costand’product comparison for additive manufacturing technology
versus the traditional concreting method«The authors considered a hypothetical structure
of a wall 20 m long, 0.305 m thick,sand‘4 m high. According to them, the cost of using
this technology was about traditional construction. But due to the higher efficiency of
using 3DPC technology and converting=it“intora cost, 3D printing technology is more
affordable.

2016

[23]

Jietal.

They printed an electricity distribution pest. The authors reported a 30% reduction in
execution time and a 60% saving in material waste'/compared to traditional construction
methods. Also, a cleaner and tidier construction site.was achieved by reducing dust
pollution.

2019

[24]

Nather et al.

Between the 3DPC and traditional masonry structures, a total cost savings of about 25%
and a four- to six-fold reduction in execution time were achieved. The main cost savings
was workers' salaries, which was about 85 percent, followed by materials, which were
down about 20 percent. Equipment costs, which were about 5% of thetotal costrincreased
by 265% with 3DPC.

2019
2017

[21, 25]

Soto et al.

reported that the cost structure of 3DPC is significantly different /compared=to
conventional construction.

2018

[26]

Schach et al.

According to the authors, traditional masonry structures make up 75% 'of the total
construction in Germany, whose wall area is about 35,000,000 meters. If only 1%of walls
are printed by this technology, the current result would be 350,000 meters of printed'walls
and a market volume of 20 million euros.

2017

[27]

Yang et al.

According to them, this technology effectively reduces energy consumption and the
amount of waste. They claimed that 3DPC may reduce construction material consumption
by 60 percent, construction time by 50 to 70 percent, and labor costs by 50 to 80 percent.

2018

[20]




It is generally accepted that costs are divided into two categories: direct costs, including the cost of
materials, construction, labor, equipment, and indirect costs, including overhead costs, taxes, insurance,
administrative costs, and profit.

In“terms of construction costs, it should be noted that considering only the construction of walls and
structural vertical components is done through 3D printing and other processes such as roof
components, joinery, and implementation of facilities, is similar to other techniques including ordinary
conerete andymasonry buildings, are considered the same for the estimation of the total project costs,
the cost of similar activities, in different techniques.

2.2.Time

In addition to cost, time.is also a very important parameter in construction projects in such a way that
it is necessary for'projects to be efficient both economically and time-wise. The shorter the construction
time, the faster the return ominvestment; As a result, the total costs of the project are reduced and the
investment profit is increased [28]. This factor is especially prominent in economies with inflation.
Considering that 3DPC«can be used only in the frame and structure of the building, and in other parts
such as carpentry and mechanical and electrical installations, the process is the same as traditional
conventional techniques, only inithat part it is possible to reduce Project time helped [4, 26].

Various studies [29, 30] have investigated the project time and Batikha et al. [28] based on various
studies have presented the following relationship to estimate the construction time of a two-story
building using the 3D printing method;

Time (days) = 0.074 x (total area in square meters) + 15 (Equation 1)
2.3. Labor

One of the basic pillars in the construction industry‘projects is the labor issue. Stopping or delaying
projects due to problems in this pillar is a commaon thing=One of the advantages that are always raised
for the construction of automation is the significant reduction of labor, especially in areas that suffer
from a lack of labor (even simple labor) [31]. Various studies state that construction in this way can
reduce 50-80% of labor on the site [9, 32]. In addition, it is clear that, by reducing the number of people
present on the site, the issues of human resource management, costs. are also largely resolved. Batikha
et al. [28] showed that 3D printing reduces labor requirements.by 50% compared to conventional
construction methods. However, compared to the prefabricated construction method, more labor is still
required.

2.4. Quality

Providing appropriate and desirable quality in projects is one of the basic challenges ofthe‘eenstruction
industry, and in other words, any industry. Achieving the right quality in a project depends on various
parameters that are not included in this study. In the traditional construction method, the performance
and in other words the skill of the human resources present in the project is one of the.important factors
in the quality of the projects. Therefore, in this regard, the issue of human resource management is
always raised [33, 34]. Considering that the 3D printing process of the building leads to the'reduction
of labor and the maximum elimination of human intervention, and the process is based on mechanical
systems, the number of errors and defects can even approach zero. The accuracy of automation
processes has always led to the improvement of quality in other industries [35].

2.5. Safety



The construction industry is one of the most dangerous industries in the world [36] so about one-third
of accidents and deaths occur in this industry. This phenomenon is under the influence of various
factors, which include the human behavior of the workforce, overcrowding in the workshop. It can be
said that when the presence of labor in the project processes is eliminated or minimized, the possibility
of aceidents, especially the physical injuries of the people present in the project, is reduced. The
regularity of construction sites by 3DPC will also add to this reason [37, 38].

2.6./Architecture

One of the important aspects of any structure and building is its architecture. Because at first glance,
thisarchitecture is abuilding that attracts people. One of the limitations of using traditional construction
methodssis architectural limitations. It may be possible to provide a special and complex architecture in
certain structures, but it will definitely increase the cost, time, and complications of the project. One of
the basic advantages of 3DPC is the possibility of implementing and building structures with geometric
freedom and flexibility, and im,other words, it leads to more efficient structural design [7, 21, 39].

2.7. Environmentally-friendly

Considering that concrete is@ widely used material in the construction industry all over the world, and
because it is mainly based.on cement, this,material plays an essential role in the emission of greenhouse
gases, especially carbon dioxide gas. Therefore, researchers are always looking for solutions to reduce
or replace the consumption of‘cement with other materials [40-42]. Regarding the concrete used for
printing structures, depending on‘the. miXture design, considering that these mixtures contain higher
amounts of cement than normal concrete, they produce more CO- per cubic meter of concrete, which is
proven by various studies [13, 43]. But due.t0 the hollow structure and optimal geometry of printed
structures, these structures consume less‘concrete per square meter and studies show [28] that this
construction method is compared to other methods even in metal structures. They produce less COs. It
seems that this method can be environmentally friendly, and.even by using cement substitutes in the
mix design of these concretes, they can be more stable:

2.8. Weight of the structure

As it is known, the weight of metal frame structures is much smaller than concrete structures. On the
other hand, it has been determined that the forces acting on the structure due to an earthquake have a
direct relationship with the weight of the structure, therefore, in terms.of examining the forces acting
on the structure due to an earthquake, it is necessary to pay attention to this issue. Studies [28] have
shown that 3DPC structures have more weight per unit area than conventional reinferced concrete and
steel structures and less weight than prefabricated structures.

3. Research method

As it is known, one of the challenges of using 3DPC is economic issues and cost evaluation. Most of
the studies conducted in this regard have compared the construction cost of this method'with oerdinary
concrete, but in a closer examination, it seems that only the evaluation of the cost with the ordinary
concrete construction method is not enough, and other methods should also be considered. Because the
ultimate goal is the construction of the desired structure, not the method of its construction. In.this
research, only the direct costs related to construction are considered. All similar processes and works
among different methods, such as roof implementation, carpentry, installations, are assumed to be
similar and are not directly included in the calculations. The cost evaluation is calculated based on the
price rate in Iran in 2022. It should be noted that the used mixtures design is determined based on

5



experimental studies. Also, in estimating the costs of other construction methods, the design of the
structure and the determination of the dimensions of the elements have been based on the relevant
standards.

3.1+Architectural details

To evaluate the construction of 3D printing with other construction methods, a hypothetical one-story
house-with,an area of 77 m? is considered (Figure 1). One of the basic differences in different
construction systems is the difference in the load-bearing components of the structure and the details of
the internal and.external walls of the building. In the construction of a concrete frame or steel frame,
reinforced concrete,or steel beams and columns are implemented and these components play a load-
bearing.role. Regarding the walls in these methods, ordinary cement blocks with cement sand mortar
have beenused, and the width of the inner and outer walls is 10 and 20 cm, respectively. In the methods
of 3D printing-and.masenry. construction, because the walls are load-bearing, their width is increased
so that the width of the masonry frame reaches 20 and 35 cm for internal and external walls. Of course,
the printed walls are hollew sections and consist of two outer horizontal layers with a width of 4 cm
and a diagonal layer that connects these layers together. Architectural details of internal and external
walls of different construction‘methods are shown in Figures 1 and 2.
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Fig. 1. Plan of the investigated building.
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Fig. 2. Details of internal and external walls of different construction methods; a) 3DPC, b) masonry structures,
c) concrete and metal structures

Local and available materials havesbeen used in this study. The mix design used for printed concrete
and normal concrete can be seen in Table 2, As can be seen from Table 2, the amount of cement used
in 3DPC has doubled compared to.ordinary concrete, and the ratio of water to cement has decreased
significantly. Also, rolled steel sections with a yield stress of 240 MPa have been used for steel frame
structures.

Table 2. Mix design used for 3DPC.and conventional concrete

Materials 3DPC (Kg/m?®) conventional concrete (Kg/md)
Aggregate 1350 1775
Cement 630 350
Micro silica 70 --
Water 250 175
Additives 6.3 -
4. Discussion

4.1. Cost of materials

To evaluate the construction costs between different methods, first, the cost of running-acubic meter of
ordinary concrete and printed concrete and building materials was calculated (Table 3). Also, the unit
length cost for the used steel beam and column sections was calculated.

Table 3. The cost of components of the mixed design used for 3DPC and conventional concretes$ (million

tomans)
Materials 3DPC conventional concrete Masonry
Brick - - 13.73 (0.549)
Aggregate 6.08 (0.243) 7.99 (0.319) 1.2 (0.048)
Cement 13.86 (0.554) 7.7 (0.308) 1.15 (0.046)
Micro silica 2.8 (0.112) -- --




Water 10.24 (0.41) -- -
Total cost 32.98 (1.319) 15.69 (0.627) 16.08 (0.643)

According to Table 3, the cost of one cubic meter of 3DPC is more than 2 times that of ordinary concrete
and building materials (110 and 105% increase, respectively). The use of more cement materials,
especially-micro-silica and chemical additives in 3DPC is the reason for increasing the cost compared
to ordinary concrete [44-46]. For example, the cost of adding microsilica in the mix design of 3DPC is
about 8.5% of the total cost. In masonry materials, although there is the cost of cement and aggregates
likeyconventional concrete, but its amount is much less. The main cost per cubic meter of masonry
materialss related to pressed bricks and the mortar used is only responsible for the connection between
them. However, the"cost per cubic meter of masonry materials and conventional concrete is close to
each other.

Although the cost of one cubic'meter of this concrete is higher, due to the hollow structure and optimal
use of materials [7], the amount. of concrete used in this method is lower than the conventional
concreting method per unit of the wall surface. This causes the cost of 3DPC to be lower than ordinary
concrete and even building‘materials per unit area, and its use is justified from an economic point of
view. So that the amount of concrete used per surface unit in the printed structure is equal to 0.23 cubic
meters. While in the concrete frame method, this amount reaches 0.28 cubic meters in one square meter
of surface. The results are consistent with previous studies [13].

4.2. Direct construction costs

As stated in the previous section, in this study, only the direct costs of building the skeleton and walls
(except the roof) have been calculated, taking into acceunt materials, labor, and equipment. The costs
of each construction method are shown separately insTable 4. Among the construction methods, only
in the concrete frame, there is the cost of installing and applying the formwork. Also, in the masonry
frame method, due to the presence of vertical ties, amounts of concrete and rebar are used, which have
been considered for the cost of materials and labor and its construetion.

Table 4. Separation of the costs of parts in different manufacturing methods $ (million tomans)

Construction method 3DPC Masonry frame Concrete frame Steel frame
Concrete 1227 (49.08) 160.5 (6.42) 257 (10.28) -
Rebar - 236.75 (9.47) 688 (27.52) -
Steel Sections -- -- -- 1403.5 (56.14)
Formatting -- -- 516.75 (20.67) --
Chinese wall - 1003.75 (40.15) 420 (16.8) 426.5 (17.06)
Total construction cost 1227 (49.08) 1401 (56.04) 1882 (75.28) 1830 (73.2)
Cost per unit area 15.93 (0.64) 18.19 (0.73) 24.44 (0.98) 23.77(0.95)

Also, Figure 3 shows the cost values of each different method. Based on the results obtained from Table
4 and Figure 3, it is clear that the cost of each square meter of the structure using the 3D printing method
is lower than other methods, which is consistent with the literature [13, 26, 28].The direct construction
costs in the 3D printing method are 49.08 million Tomans, which is 0.64 million Tomans per surface
unit, considering the area of the structure plan.

The cost of building two methods of concrete and steel frame is almost similar and is higher than other
values. The results show that using the 3DPC in the construction of this building causes a 12% reduction
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in construction costs compared to the use of masonry materials and a 34% reduction in costs compared
to concrete and steel frames. Molding has increased the costs of the concrete frame method and is
significantly different from the 3D printing method [9].
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Fig. 3. The cost/of different construction methods by item (million tomans)

It is clear that the final cost of the structure is obtained by adding the cost of other similar processes and
activities among these methods, including the roof and the costs of carpentry and facilities, to the direct
costs of construction. Therefore, by adding<other costs, the total cost reduction percentage of the 3D
printing method will be lower compared to other construction methods. In fact, the difference between
the cost of different construction methods will'be smaller [13, 28, 40].

Figure 4 also shows the percentage share of the cost.ofeachof the frame construction components in
different methods. It is clear that in 3D printing and masonry frame methods, the majority of direct
construction costs are related to one process, but in the case.of ‘the other two methods, especially
concrete frame, the variety of effective factors increases. Only in the construction with the concrete
frame method, the cost of molding is raised, which has a share of about 27% of the direct construction
costs.
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Fig 4. The cost of different manufacturing methods by item (percentage)

It should be noted that in this study, only a part of the final costs of the construction of the structure has
been considered, and for a more accurate evaluation of different construction methods, different factors
should be considered. The impact of more complex architecture, increase in quality, a significant
reduction in time. should also be seen in the costs. Even in terms of materials that make up the major
part of the costs of 3DPC, the use of cement substitutes and reducing the amount of cement used can
contribute to, the economic advantage of these concretes. It is also necessary to mention that this
construction method is still in its early stages and more additional studies should be done, especially on
its durability and performance, so that it can finally be introduced as a desirable option.

5. Conclusion

The 3DPC is one of the new construction techniques that has received great attention due to its unique
features. Freedom of architecture, significant reduction of construction time, reduction of wastage of
materials, and increase of quality'are among these things. In the evaluation of a construction method,
different architectures can be considered, and the cost is one of the most important factors in the
development of a construction method«In this study, the evaluation of 3DPC method compared to the
traditional construction methods is«done by.comparing the cost. The results show that;

* The cost of each cubic meter of concretetised in the 3D printing method is more than 2 times the cost
of masonry materials and ordinary concrete. The use of high amounts of cement materials in the design
of the mixture of these materials is one of the reasons.

* Even with the higher cost of materials, the 3DPC method has a greater economic advantage than other
methods and reduces construction costs.

* Eliminating the cost of molding, reducing the labor force, and reducing the amount of material
consumption per unit area, respectively, reduces the costs.of this method by 12% and 34% compared to
the masonry frame and the concrete and steel frame.

* Increasing the speed of project construction, especially in turbulent economies, will greatly help to
reduce the final cost of the project.

* By using cement substitutes and new materials, the unit cost of this ' method can be reduced and the
economic advantage of this method can be increased.

References

[1] Y. Han, Z. Yang, T. Ding, J. Xiao, Environmental and economic assessment on 3D (printed buildings with
recycled concrete, Journal of Cleaner Production, 278 (2021) 123884.

[2] A. Ramezani, S. Modaresi, P. Dashti, M.R. GivKashi, F. Moodi, A.A. Ramezanianpour, Effects’of Different
Types of Fibers on Fresh and Hardened Properties of Cement and Geopolymer-Based 3D Printed Mixtures: A
Review, Buildings, 13(4) (2023) 945.

[3] G. De Schutter, K. Lesage, V. Mechtcherine, V.N. Nerella, G. Habert, I. Agusti-Juan, Vision of/3D printing
with concrete—Technical, economic and environmental potentials, Cement and Concrete Research, 112 (2018)
25-36.

[4] Y. Weng, M. Li, S. Ruan, T.N. Wong, M.J. Tan, K.L.O. Yeong, S. Qian, Comparative economic,
environmental and productivity assessment of a concrete bathroom unit fabricated through 3D printing and a
precast approach, Journal of Cleaner Production, 261 (2020) 121245.

[5] P. Wu, J. Wang, X. Wang, A critical review of the use of 3-D printing in the construction industry, Automation
in Construction, 68 (2016) 21-31.

10



[6] A. Al Rashid, S.A. Khan, S.G. Al-Ghamdi, M. Ko¢, Additive manufacturing: Technology, applications,
markets, and opportunities for the built environment, Automation in Construction, 118 (2020) 103268.

[7] V. Mechtcherine, F.P. Bos, A. Perrot, W.L. Da Silva, V. Nerella, S. Fataei, R.J. Wolfs, M. Sonebi, N. Roussel,
Extrusion-based additive manufacturing with cement-based materials—production steps, processes, and their
underlying physics: a review, Cement and Concrete Research, 132 (2020) 106037.

[8] KIN. Jha, Formwork for concrete structures, Tata McGraw Hill Education Private Limited, 2012.

[9] J. Zhang, J. Wang, S. Dong, X. Yu, B. Han, A review of the current progress and application of 3D printed
concrete, Composites Part A: Applied Science and Manufacturing, 125 (2019) 105533.

[10] S#*Mindess, Sustainability of concrete, in: Developments in the Formulation and Reinforcement of Concrete,
Elsevier, 2019, pp. 3-17.

[11] S.C. Paul, G.P. Van Zijl, M.J. Tan, I. Gibson, A review of 3D concrete printing systems and materials
properties: Current status and future research prospects, Rapid Prototyping Journal, 24(4) (2018) 784-798.

[12] S: Yang, S. Wi, J.H. Park, H.M. Cho, S. Kim, Novel proposal to overcome insulation limitations due to
nonlinear structures using 3D printing: Hybrid heat-storage system, Energy and Buildings, 197 (2019) 177-187.
[13] N. Manhanpally;'S. Saha, Benefit Cost Analysis of 3D Printed Concrete Building, in: Recent Advances in
Materials, Mechanics and Structures: Select Proceedings of ICMMS 2022, Springer, 2022, pp. 381-392.

[14] E.G. Segovia, R. Irles, A. Gonzalez, A. Macia, J.C. Pomares, The vertical safety nets in building-construction.
I1, Informes de la Construccidng59(1) (2007) 37-51.

[15] J.C. Pomares, E.A. @Garrion,” A. Gonzalez, P.l. Saez, Optimization on personal fall arrest systems.
Experimental dynamic studies on lanyard prototypes, International journal of environmental research and public
health, 17(3) (2020) 1107.

[16] T. Wangler, E. Lloret, L<Reiter, N. Hack, F. Gramazio, M. Kohler, M. Bernhard, B. Dillenburger, J. Buchli,
N. Roussel, Digital concrete: opportunities'and challenges, Rilem technical letters, 1(1) (2017) 67-75.

[17] N. Labonnote, A. Rgnnquist, B..Manum, P. Riither, Additive construction: State-of-the-art, challenges and
opportunities, Automation in construction, 72 (2016) 347-366.

[18] R.A. Buswell, W.L. De Silva, S.Z. Jones{J. Dirrenberger, 3D printing using concrete extrusion: A roadmap
for research, Cement and Concrete Research, 112 (2018) 37-49.

[19] B. Khoshnevis, R. Dutton, Innovative rapid prototyping process makes large sized, smooth surfaced complex
shapes in a wide variety of materials, Materials Technology, 13(2) (1998) 53-56.

[20] H. Yang, J.K. Chung, Y. Chen, Y. Li, Thercost calculation method of construction 3D printing aligned with
internet of things, EURASIP Journal on Wireless Communications and Networking, 2018(1) (2018) 1-9.

[21] V. Mechtcherine, V.N. Nerella, F. Will, M7 Nather; J. Otto, M. Krause, Large-scale digital concrete
construction—~CONPrint3D concept for on-site, monolithic 3D-printing, Automation in construction, 107 (2019)
102933.

[22] R. Schmitt, Die Schalungstechnik: Systeme, Einsatz und Logistik, John Wiley & Sons, 2001.

[23] P.-C. Aitcin, Accelerators, in: Science and technology of concrete admixtures, Elsevier, 2016, pp. 405-413.
[24] G. Ji, T. Ding, J. Xiao, S. Du, J. Li, Z. Duan, A 3D printed ready-mixed concrete power distribution
substation: Materials and construction technology, Materials, 12(9) (2019) 1540;

[25] M. Néther, V.N. Nerella, M. Krause, G. Kunze, V. Mechtcherine, R. Schach, Beton-3D-Druck-
Machbarkeitsuntersuchungen zu kontinuierlichen und schalungsfreien Bauverfahren durch 3D-Formung von
Frischbeton. Abschlussbericht, (2017).

[26] B.G. de Soto, I. Agusti-Juan, J. Hunhevicz, S. Joss, K. Graser, G. Habert, B.T. Adey, Productivity of digital
fabrication in construction: Cost and time analysis of a robotically built wall, Automation.in construction, 92
(2018) 297-311.

[27] R. Schach, M. Krause, M. Nather, V. Nerella, CONPrint3D: Beton-3D-Druck als Ersatz fiir den
Mauerwerksbau, Bauingenieur, 92(9) (2017) 355-363.

[28] M. Batikha, R. Jotangia, M.Y. Baaj, . Mousleh, 3D concrete printing for sustainable and economical
construction: A comparative study, Automation in Construction, 134 (2022) 104087.

[29] T. Marchment, J. Sanjayan, M. Xia, Method of enhancing interlayer bond strength in construction seale 3D
printing with mortar by effective bond area amplification, Materials & Design, 169 (2019) 107684.

[30] D. Lee, H. Kim, J. Sim, D. Lee, H. Cho, D. Hong, Trends in 3D printing technology for construction
automation using text mining, International Journal of Precision Engineering and Manufacturing, 20 (2019) 871-
882.

[31] L. Romdhane, S.M. El-Sayegh, 3D Printing in Construction: Benefits and Challenges, Int. J. Civ. Eng. Res,
9 (2020) 314-317.

[32] P. Bedarf, A. Dutto, M. Zanini, B. Dillenburger, Foam 3D printing for construction: A review of applications,
materials, and processes, Automation in Construction, 130 (2021) 103861.

[33] I. Shafiei, E. Eshtehardian, F. Nasirzadeh, S. Arabi, Dynamic modeling to reduce the cost of quality in
construction projects, International Journal of Construction Management, 23(1) (2023) 24-37.

11



[34] M. Parsamehr, U.S. Perera, T.C. Dodanwala, P. Perera, R. Ruparathna, A review of construction management
challenges and BIM-based solutions: perspectives from the schedule, cost, quality, and safety management, Asian
Journal of Civil Engineering, 24(1) (2023) 353-389.

[35] R.D. Riaz, M. Usman, A. Ali, U. Majid, M. Faizan, U.J. Malik, Inclusive characterization of 3D printed
concrete (3DPC) in additive manufacturing: A detailed review, Construction and Building Materials, 394 (2023)
132229,

[36] M:R. Givkashi, E. Shakeri, D. Asadollahzadeh, Application of building information modeling (BIM)
technology in safety risk management in the construction industry, The first international conference on design
and management of sustainable, (2022).

[37] z. Ding, . X. Wang, J. Sanjayan, P.X. Zou, Z.-K. Ding, A feasibility study on HPMC-improved
sulphoaluminate cement for 3D printing, Materials, 11(12) (2018) 2415.

[38]. A.K. Feroz; Hi Zo, A. Chiravuri, Digital transformation and environmental sustainability: A review and
research agenda, Sustainability, 13(3) (2021) 1530.

[39] C. GosselinyR. Duballet, P. Roux, N. Gaudilliére, J. Dirrenberger, P. Morel, Large-scale 3D printing of ultra-
high performance concrete=a new processing route for architects and builders, Materials & Design, 100 (2016)
102-109.

[40] M.T. Souza, |.M. Ferreira, E.G. de Moraes, L. Senff, A.P.N. de Oliveira, 3D printed concrete for large-scale
buildings: An overview of rheology, printing parameters, chemical admixtures, reinforcements, and economic and
environmental prospects, Journal of Building Engineering, 32 (2020) 101833.

[41] S.A. Miller, P.J. Manteiro, C.P«#Ostertag, A. Horvath, Comparison indices for design and proportioning of
concrete mixtures taking environmental impacts into account, Cement and Concrete Composites, 68 (2016) 131-
143.

[42] U. Environment, K.L. Serivener, V.M. John, E.M. Gartner, Eco-efficient cements: Potential economically
viable solutions for a low-CO2\cement-based materials industry, Cement and concrete Research, 114 (2018) 2-
26.

[43] A. Rahul, M.K. Mohan, G. De Schutter, K. Van Tittelboom, 3D printable concrete with natural and recycled
coarse aggregates: Rheological, mechanical and shrinkage behaviour, Cement and Concrete Composites, 125
(2022) 104311.

[44] M.K. Mohan, A.V. Rahul, K. Van TittelboomyG./De Schutter, Evaluating the influence of aggregate content
on pumpability of 3D printable concrete, In Second'RILEM International Conference on Concrete and Digital
Fabrication: Digital Concrete, (2020).

[45] M.K. Mohan, A. Rahul, G. De Schutter, K.A/an Tittelboom, Early age hydration, rheology and pumping
characteristics of CSA cement-based 3D printable concrete, Construction and Building Materials, 275 (2021)
122136.

[46] M.K. Mohan, A.V. Rahul, B. Van Dam, T. Zeidan, G. De Schutter, K. Van Tittelboom, Performance criteria,
environmental impact and cost assessment for 3D printable concrete .mixtures, Resources, Conservation and
Recycling, (2022).

12



