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Abstract
The construction industry is moving towards Industry 4.0, integrating 3D printing into practice. However, existing research 
often treats structural, environmental, and economic aspects in isolation, lacking a holistic evaluation of building-scale 
performance under seismic demands. This study addresses this gap by comparing two building-scale 3D printed concrete 
(3DPC) designs with five types of wall section geometries (filled, carved, square, rectangular, and triangular) in terms 
of environmental, structural, and economic considerations. The study proposes a holistic preliminary design option and 
evaluation methodology for 3DPC wall systems in seismic zones. The examined section geometries were selected to 
reflect commonly adopted practical design approaches, aiming to systematically investigate the trade-offs between load-
bearing capacity and material efficiency, ranging from completely filled systems to more material-efficient configurations. 
The buildings are two-story, and their wall thicknesses are 150 mm and 300 mm. Initially, shear walls were considered 
as conventional reinforced concrete members. The demanded axial loads for shear walls were calculated for an area of 
high earthquake risk and compared with the ultimate axial loads of 3DPC walls based on the cross-sectional geometry. In 
conclusion, for the studied high seismic hazard case, considering axial safety, environmental compatibility, and economic 
performance, the carved type is the most favorable wall configuration for a 150 mm thickness. For a 300 mm thickness, 
the most favorable wall configuration depends on the architectural plan.
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Introduction

The construction industry has lagged in introducing new 
technologies and has never experienced significant, dis-
ruptive change, in contrast to industries such as aerospace 
or automotive, which have adopted digital innovations to 
improve quality and efficiency, making radical process 
changes [1]. However, these pictures have changed in recent 
years due to the transition to Industry 4.0, and additive 
manufacturing, also called 3D printing, has emerged as one 
of the most favorable construction methodologies [2]. The 
technologies that fall under Industry 4.0 include materials 
science, artificial intelligence (AI), robots, and printing with 
3D printers [3, 4].

A particular printer is required to produce complicated 
3D structures from concrete using 3D printing (3DP) 
technology. The technology puts forward a wide range of 
potential ecological advantages compared to conventional 
construction techniques. As a possible alternative to current 
construction methods, 3D printing is being evaluated for 
reduced costs, energy efficiency, automation of construc-
tion processes, and environmental impact mitigation [5, 
6]. To minimize the total amount of concrete required for a 

planned building, 3D printed concrete (3DPC) technology 
enables the precise positioning of materials. Thus, resources 
are protected, and the damage caused by construction to 
the environment can be minimized. In addition, 3DPC can 
reduce waste by enabling the production of structures, upon 
request, of the exact size and shape required without the 
need for additional material [7, 8]. Muñoz et al. [9] noticed 
that 3DP technology may be more beneficial to the envi-
ronment than mass manufacturing for unique things, while 
mold reuse in traditional methods is less beneficial. It was 
first started for architectural aesthetics because of its flex-
ibility to create novel geometry and design, and it has since 
been promoted for cost reduction and material optimization-
derived environmental benefits [10–12].

Structural design optimization reportedly reduces costs 
and carbon emissions for concrete structures by 18–24% 
[13]. This means that the increased automation potential 
and greater freedom in production made possible by digi-
tal printing technologies can further lower costs and green-
house gas emissions [14]. The “Apis Cor House” in Russia 
and the “Office of the Future” in Dubai are examples of 
3D-printed structures. The “Office of the Future” is intended 
to serve the National Committee of the United Arab Emir-
ates (UAE). It is equipped with air conditioning, water, 
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electricity, and telecommunications and serves as a place for 
group meetings. Thanks to 3DPC, construction waste has 
been reduced by 30 to 60%, while labor costs have been cut 
by 50 to 80% [15, 16]. Likewise, the production times have 
been decreased by 50 to 70% [17, 18].

Portland cement (PC) is the binder used in concrete, 
which is the most widely used construction material in struc-
tures worldwide [19, 20], and it is associated with signifi-
cant emissions of CO2 [19–21]. The construction industry 
is responsible for 40% of global resource consumption and 
waste production and 33% of greenhouse gas emissions [22, 
23]. This situation necessitates a comprehensive evaluation 
of the environmental impacts of building materials and con-
struction methods, encompassing not only the production 
phase but also their entire life cycle. Life Cycle Assessment 
(LCA) serves as a critical methodology for quantifying a 
product or service’s environmental footprint throughout its 
lifespan. Early application of LCA protocols helps identify 
environmental hotspot sand potential challenges, thereby 
aiding in more informed and sustainable decision-making 
[24, 25]. In the context of emerging construction tech-
niques, LCA contributes significantly to sustainable devel-
opment in emerging technologies like 3DCP by revealing 
process-related environmental impacts [26]. Notably, recent 
LCA-based studies confirm that 3DPC offers substantial 
environmental and economic benefits, particularly, in large-
scale projects. For instance, Weng et al. [27] demonstrated 
that 3DCP technology offers significant reductions of 25.4% 
in cost, 85.9% in CO2 emissions, and 87.1% in energy con-
sumption compared to traditional construction [27, 28]. 
Mohammad et al. [29] reported that 3DCP assessed via LCA 
exhibits lower environmental impacts than conventional 
construction, particularly regarding fossil fuel consumption, 
global warming potential, acidification, smog, and eutrophi-
cation. Overall, 3DCP enables faster, more environmentally 
friendly, and potentially more cost-effective construction 
[30].

In addition, the high design freedom offered by additive 
manufacturing allows material use to be minimized. More-
over, 3DPC facilitates the production of lightweight struc-
tures through topology optimization. Structural weight can 
be further reduced, and thermal insulation can be improved 
by developing mixtures with materials with low heat con-
ductivity [31, 32]. The outer walls significantly contribute 
to heat loss, accounting for up to 25% of the total thermal 
energy loss [32]. Air voids or filling materials, changes in 
thickness, and cross-sectional forms are among the tech-
niques suggested to control the thermal performance of 
3DPC walls [33]. Although it offers environmental and 
construction benefits, 3DPC presents certain notable limita-
tions. The performance of 3D-printed concrete is primarily 
influenced by material properties, particularly the interlayer 

bonding characteristics, which introduce uncertainties 
regarding mechanical performance and durability [34]. 
In addition, substantial initial investment costs, complex 
equipment requirements, and the need for skilled operators 
are major factors limiting the widespread use of the technol-
ogy [35–37].

Furthermore, challenges related to maintaining consis-
tent quality and the limited variety of design strategies for 
secure load transfer pose substantial obstacles to the engi-
neering implementation of this technology [38–42]. As a 
consequence of these limitations, the load-bearing capacity 
of the walls in existing buildings and the degree to which 
the 3D printing technique was integrated into the structures 
remain unknown [43]. Studies on this topic are underway. In 
this context, Han et al. [44] determined the axial load capac-
ity of large 3DPC walls, and other researchers have also 
studied this topic [45–47]. In this case, Mütevelli Özkan 
and Aldemir [48] used machine learning (ML) algorithms 
to figure out the ultimate axial load capacities of 3DPC 
walls with various cross-sectional geometries. In addition, 
Ozalp and Aldemir presented artificial intelligence (AI) 
based automated tool to estimate and design 3D printed con-
crete walls. Therefore, the tools required to automatically 
design and print the 3D printed concrete buildings started to 
become available in the literature.

This study aims to investigate the environmental, struc-
tural, and economic consequences of constructing build-
ings using 3D printing technology, specifically focusing on 
several types of 3DPC walls. Therefore, two buildings with 
different architectural plans were modeled, and a response 
spectrum analysis (RSA) was performed to design these 
structures located in a region with a high earthquake haz-
ard level using SAP2000 [49]. Afterwards, considering five 
different cross-sectional geometries, ultimate (Ulti.) axial 
load capacities of the 3DPC walls in the buildings were esti-
mated. The ultimate and demanded (Demand.) axial loads 
were compared by considering different cross-sectional 
geometries. Then, considering the wall thicknesses of 150 
mm and 300 mm, the amount of material required to print 
these buildings, their environmental impact, printing times, 
and prices were compared.

Methodology

Traditional methods in construction industry has some 
drawbacks in terms of economic reasons, environmental 
impacts and the quality assurance and quality inspection 
(QA/QC) of the project. In addition, conventional methods 
cause material waste and lead to uncontrolled consumption 
of natural resources. On the other hand, thanks to 3D print-
ing technology, less material waste, less cost, and faster 

1 3

Page 3 of 20  241



Innovative Infrastructure Solutions (2026) 11:241

mm were chosen to represent the thin and thick wall options 
commonly used in 3DPC applications and to comparatively 
investigate the effect of wall thickness on the load-bearing 
system. Thicknesses below this range can increase build-
ability flaws and stability problems, while increasing thick-
ness beyond this range reduces printing efficiency, limiting 
the comparative value of geometry-based evaluation. The 
buildings were assumed to be located in the Golcuk region, 
which has a high seismic risk level [51–53], to more rigor-
ously assess the behavior of different cross-section geom-
etries and wall thicknesses under a demanding seismic 
scenario. Table 1 summarizes both physical properties of the 
buildings and the geographical coordinates of the selected 
building site.

The plan-1 and the plan-2 are shown in Fig. 1, and all 
dimensions are given in centimeters. The floor areas of 
plan-1 and plan-2 are 145 m2, and 135 m2, respectively. 
Plan-1 has 18 shear walls, whereas plan-2 has 19 shear 
walls. The analysis was repeated for plan-1 and plan-2 using 
150 mm and 300 mm wall thickness considering two stories 
(Fig. 2).

The axial force demands were calculated for each shear 
wall using SAP2000 [49]. Each value was obtained using 
the load combinations defined in Requirements for Design 
and Construction of Reinforced Concrete Structures (TS 
500) [54] and TBEC 2018 [50].

3D printed concrete walls

A concrete compressive strength of 25 MPa (C25) was 
selected for the 3DPC walls, representing a commonly 
reported strength class in the literature for structural evalu-
ation [8, 55–57]. The numerical analysis assumes that the 

construction are possible. As sustainability increases, mis-
takes caused by workers could be eliminated, and the use 
of molds in the traditional method could be ended. Mainly 
thanks to rapid construction, the accommodation needs of 
the victims could be provided urgently after natural disas-
ters. Similarly, in case of an emergency like a pandemic, 
hospitals could be built quickly as well.

Analysis of buildings

Initially, two different architectural plans were designed, 
consisting only of shear walls as the vertical structural com-
ponents. Then, each structure was analyzed using an RSA 
according to the Turkish Building Earthquake Code (TBEC 
2018) [50], which estimates peak structural demands based 
on the design spectrum. TBEC 2018 is the latest seismic 
design code in Turkiye and combines the national seis-
mic hazard map with a location-specific design spectrum, 
enabling seismic demand to be characterized consistently 
for design purposes. Wall thicknesses of 150 mm and 300 

Table 1  Structural and site conditions of the buildings
Category Parameter Assumptions
Material properties Concrete class C25

Rebar class S420
Story dimensions 1st story height (cm) 400

2nd story height (cm) 320
Site parameters Soil class ZC

Peak ground acceleration, 
PGA (g)

0.705

Peak ground velocity, PGV 
(cm/s)

55.842

Site coordinates Latitude (°) 40.705975
Longitude (°) 29.820707

Fig. 1  Architectural plans. a plan-1, b plan-2
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The perimeter line in 3D printing was the whole length of 
all layers in the wall system multiplied by the total amount 
of layers. Additionally, the height of the printing layer in 
3DPC walls was accepted as 10 mm. In this study, the math-
ematical method of estimating electricity consumption in 
kilowatt-hours (kWh) was preferred. It was calculated by 
multiplying power demand in kW by the printing time in 
hours [58].

The issue’s importance for the environment becomes 
clear when concrete includes PC. Therefore, using as much 
concrete in buildings as is ecologically and economically 
necessary is essential. Moreover, one ton of PC necessitates 
the utilization of an estimated 1.5 tonnes of raw materials 
[59–61]. Table 3 shows the life cycle inventories of the 
materials utilized in the current study. For 3DPC, $250 per 
cubic meter was accepted [62, 63], and the volume of con-
crete in both buildings was multiplied by the price per cubic 
meter and divided by the two-story buildings’ total square 
meters to calculate the price per square meter.

  

walls are successfully manufactured with sufficient inter-
layer bonding, allowing the study to isolate and quantify 
the effects of cross-sectional geometry. Consequently, the 
primary objective is to compare the building-scale structural 
performance of 3DPC wall cross-sectional geometries, the 
experimental evaluation of fresh state rheological properties 
(e.g., printability, buildability) and interlayer bonding char-
acteristics was considered beyond the scope of this study. 
The mix proportions of the C25 3D-printable concrete were 
defined based on relevant literature, notably the research 
conducted by Khan et al. [8], as reported in Table 2, to pro-
vide the necessary material inventory for the environmental 
impact analysis.

To create 3DPC walls, the characteristics of the 3D 
printing robot used in the study of Alhumayani et al. [58] 
were considered. The robot performs 3D printing processes 
and carries a load of around 30 kg. It is equipped with six 
motors on its each axis, and the total power of the motors 
at maximum capacity is 16.8 kW. 3D printing speed and the 
perimeter length of the design path line for the walls, includ-
ing all layers, are necessary to calculate the time needed to 
complete 3D printing of each building. The speed of the 3D 
printing was accepted as 0.25 m/s. The robot’s operating 
time to complete 3D printed buildings was calculated by 
dividing the perimeter of the walls by the 3D printing speed. 

Table 2  Constituents and proportions of mixture for C25
Constituents Proportions (kg/m3)
Portland cement (PC) 625
Normal aggregate (NA) - quartz sand 1250
Water 300

Table 3  Life cycle inventory data of utilized materials
Materials Global warm-

ing intensity 
(kgCO2-eq/t)

Embodied 
energy (MJ/t)

Refer-
ences

Portland cement 1000 5500  [64, 65]
Normal aggregate 6.20 120  [65, 66]
Water (a)Not considered (a)Not 

considered
 [65, 67]

(a)The environmental impacts of water were omitted due to their min-
imal contribution to the overall global warming potential of concrete 
production

Fig. 2  Numerical models. a building-1, b building-2
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In this study, the evaluation is limited to the ultimate 
axial load-carrying capacity and the resulting SF, represent-
ing the compressive load-bearing safety of walls. Axial load 
demands obtained from RSA performed for a high-seismic 
hazard zone provide a fundamental criterion for the pre-
liminary evaluation of the structural safety of load-bearing 
walls. Ensuring sufficient axial load-carrying capacity is a 
prerequisite for a meaningful evaluation of shear and bend-
ing behaviors. Therefore, the presented results should not be 
interpreted as a final seismic performance evaluation; rather, 
they constitute a preliminary design and pre-selection meth-
odology that allows for the comparison of different cross-
sectional geometries in terms of axial load-bearing safety.

Results and discussion

The study compared the ultimate and demanded axial loads 
of walls with five different cross-sectional geometries for 
two different architectural plans. The comparison also eval-
uated the effect of different wall thicknesses (i.e., 150 mm 
and 300  mm) for each plan. In addition, the quantity of 
material needed to print these structures, their environmen-
tal impact, printing durations, and costs were also assessed. 

Mütevelli Özkan and Aldemir [48] proposed 3DPC walls 
with five different cross-sectional geometries, as shown 
in Fig. 3. They calculated their ultimate axial load capac-
ity by explicit dynamic analysis using finite element (FE) 
methods. Then, they used several ML models to train the 
outputs to predict the ultimate axial load capacity. The ML 
algorithms provided reliable predictions with a coefficient 
of determination greater than 0.95 [48]. The ML algorithms 
used in the study are Random Forest Regressor (RFR), 
Extra Trees Regressor (ETR), Gradient Boosting Regres-
sor (GBR), Hist Gradient Boosting (HGB), Light Gradi-
ent Boosting Machine (LightGBM), and Extreme Gradient 
Boosting (XGBoost). Then, they also used the average pre-
diction, which calculates the arithmetic mean score of the 
predicted values.

  
This study evaluated 150 mm and 300 mm wall thick-

nesses for the filled, carved, square, rectangular, and trian-
gular types (Fig. 3). The average prediction [48] was used to 
calculate the building walls’ maximum axial load capacity. 
Then, the safety factor (SF) values were found by dividing 
the ultimate axial load capacities of the 3DPC wall by the 
axial load demands calculated in SAP2000 [49].

Fig. 3  Symmetric cross-section dimensions of 3DPC wall types. a filled type, b carved type, c square type, d rectangular type, e triangular type [48]
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the W300 configuration in plan-1. In addition, Table 6 gives 
the quantities of materials used for each wall type in plan-2 
belonging to W150, while Table 7 gives them for each wall 
type in the W300 in plan-2.

Material saving rates were calculated separately for each 
wall type by using the filled type wall model with the same 
external dimensions as the reference. Since the cross-sec-
tional geometry remains constant along the wall length, the 
cross-sectional area of the relevant wall type (Arelevant) was 
subtracted from the cross-sectional area of the filled type 

In this context, W150 denotes a building with 150-mm-
thick walls, and W300 represents a building with 300-mm-
thick walls.

Comparison of 3DPC buildings from an ecological 
and economic point of view

The material quantities used for each wall type belonging 
to W150 in plan-1 are shown in Table 4. Similarly, Table 5 
lists the quantities of materials used for each wall type in 

Wall type Filled Carved Square Rectangular Triangular
Concrete volume (m3) 148.5 26.8 49.9 60.9 47.1
Void volume (m3) 0.0 121.8 98.6 87.7 101.4
Void volume to concrete volume ratio 0.0 4.5 2.0 1.4 2.2
Concrete fulled mass (t) 356.5 64.3 119.8 146.1 113.0
Savings of concrete according to the filled 
type

0.0% 82.0% 66.4% 59.0% 68.3%

Completed duration (Day) 27.5 5.0 9.2 11.3 8.7
Price ($/m2) 128.1 23.1 43.0 52.5 40.6
Electricity consumption (kWh) 11089.8 1999.1 3726.4 4544.5 3515.9
Electricity consumption ratio according to 
the filled type

100.0% 18.0% 33.6% 41.0% 31.7%

PC consumption (t) 92.8 16.7 31.2 38.0 29.4
Water consumption (t) 44.6 8.0 15.0 18.3 14.1
NA consumption (t) 185.7 33.5 62.4 76.1 58.9
Raw material consumption (t) 139.2 25.1 46.8 57.1 44.1
Global warming intensity of PC 
(kgCO2-eq)

92827.5 16733.8 31191.6 38040.0 29429.6

Embodied energy of PC (MJ) 510551.3 92035.6 171553.6 209220.0 161862.6
Global warming intensity of NA 
(kgCO2-eq)

1151.1 207.5 386.8 471.7 364.9

Embodied energy of NA (MJ) 22278.6 4016.1 7486.0 9129.6 7063.1

Table 5  The case of 300 mm wall 
thicknesses for 3DPC wall types 
in plan-1

 

Wall type Filled Carved Square Rectangular Triangular
Concrete volume (m3) 74.3 25.6 46.9 45.0 42.6
Void volume (m3) 0.0 48.7 27.4 29.2 31.6
Void volume to concrete volume ratio 0.0 1.9 0.6 0.6 0.7
Concrete fulled mass (t) 178.2 61.3 112.5 108.1 102.3
Savings of concrete according to the filled 
type

0.0% 65.6% 36.9% 39.3% 42.6%

Completed duration (Day) 13.8 4.7 8.7 8.3 7.9
Price ($/m2) 64.0 22.0 40.4 38.8 36.8
Electricity consumption (kWh) 5544.9 1908.6 3499.5 3363.1 3183.1
Electricity consumption ratio according to 
the filled type

100.0% 34.4% 63.1% 60.7% 57.4%

PC consumption (t) 46.4 16.0 29.3 28.2 26.6
Water consumption (t) 22.3 7.7 14.1 13.5 12.8
NA consumption (t) 92.8 32.0 58.6 56.3 53.3
Raw material consumption (t) 69.6 24.0 43.9 42.2 40.0
Global warming intensity of PC 
(kgCO2-eq)

46413.8 15976.3 29292.7 28151.3 26644.0

Embodied energy of PC (MJ) 255275.6 87869.4 161109.6 154831.9 146542.1
Global warming intensity of NA 
(kgCO2-eq)

575.5 198.1 363.2 349.1 330.4

Embodied energy of NA (MJ) 11139.3 3834.3 7030.2 6756.3 6394.6

Table 4  The case of 150 mm wall 
thicknesses for 3DPC wall types 
in plan-1
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trusses) remains constant, increasing the total wall thickness 
leads to a disproportionate increase in the void area, result-
ing in higher material efficiency.

In both plans for the W150, the ratio of material saved 
according to the filled type is 65.6% for the carved type, 
42.6% for the triangular type, 39.3% for the rectangular 
type, and 36.9% for the square type (Tables 4 and 6). In both 
plans, for the W300 buildings, the percentage of material 
saved according to the filled type is 82.0% for the carved 
type, 68.3% for the triangular type, 66.4% for the square 

(Afilled) to calculate the concrete saving rate (CSR) for 
each wall type as defined in Eq. (1).

CSR = Afilled − Arelevant

Afilled
× 100� (1)

The nonlinear variation of material saving with wall thick-
ness arises because the hollow cross-sectional geometries 
are not scaled proportionally as thickness increases. Specifi-
cally, since the thickness of the printed elements (shells and 

Wall type Filled Carved Square Rectangular Triangular
Concrete volume (m3) 148.0 26.8 49.8 60.7 47.0
Void volume (m3) 0.0 121.3 98.2 87.3 101.0
Void volume to concrete volume ratio 0.0 4.5 2.0 1.4 2.1
Concrete fulled mass (t) 355.2 64.2 119.5 145.7 112.8
Savings of concrete according to the filled 
type

0.0% 81.9% 66.4% 59.0% 68.3%

Completed duration (Day) 27.4 5.0 9.2 11.2 8.7
Price ($/m2) 137.0 24.8 46.1 56.2 43.5
Electricity consumption (kWh) 11051.9 1998.4 3718.6 4533.4 3508.9
Electricity consumption ratio according to 
the filled type

100.0% 18.1% 33.6% 41.0% 31.7%

PC consumption (t) 92.5 16.7 31.1 37.9 29.4
Water consumption (t) 44.4 8.0 14.9 18.2 14.1
NA consumption (t) 185.0 33.5 62.3 75.9 58.7
Raw material consumption (t) 138.8 25.1 46.7 56.9 44.1
Global warming intensity of PC 
(kgCO2-eq)

92510.3 16727.8 31126.4 37946.9 29371.6

Embodied energy of PC (MJ) 508806.4 92002.6 171195.3 208707.7 161544.0
Global warming intensity of NA 
(kgCO2-eq)

1147.1 207.4 386.0 470.5 364.2

Embodied energy of NA (MJ) 22202.5 4014.7 7470.3 9107.2 7049.2

Table 7  The case of 300 mm wall 
thicknesses for 3DPC wall types 
in plan-2

 

Wall type Filled Carved Square Rectangular Triangular
Concrete volume (m3) 74.0 25.5 46.7 44.9 42.5
Void volume (m3) 0.0 48.5 27.3 29.1 31.5
Void volume to concrete volume ratio 0.0 1.9 0.6 0.6 0.7
Concrete fulled mass (t) 177.6 61.2 112.1 107.8 102.0
Savings of concrete according to the filled 
type

0.0% 65.5% 36.9% 39.3% 42.6%

Completed duration (Day) 13.7 4.7 8.7 8.3 7.9
Price ($/m2) 68.5 23.6 43.3 41.6 39.3
Electricity consumption (kWh) 5525.9 1904.6 3488.9 3353.1 3173.8
Electricity consumption ratio according to 
the filled type

100.0% 34.5% 63.1% 60.7% 57.4%

PC consumption (t) 46.3 15.9 29.2 28.1 26.6
Water consumption (t) 22.2 7.7 14.0 13.5 12.8
NA consumption (t) 92.5 31.9 58.4 56.1 53.1
Raw material consumption (t) 69.4 23.9 43.8 42.1 39.8
Global warming intensity of PC 
(kgCO2-eq)

46255.1 15942.1 29204.1 28067.3 26566.3

Embodied energy of PC (MJ) 254403.2 87681.7 160622.3 154370.3 146114.4
Global warming intensity of NA 
(kgCO2-eq)

573.6 197.7 362.1 348.0 329.4

Embodied energy of NA (MJ) 11101.2 3826.1 7009.0 6736.2 6375.9

Table 6  The case of 150 mm wall 
thicknesses for 3DPC wall types 
in plan-2
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for the carved, square, triangular, rectangular, and filled 
types, respectively.

Figure 4 shows the completed duration of the W150 and 
W300 for both plans. The completion time of both W150 is 
4.7 days for the carved type, 7.9 days for the triangular type, 
8.3 days for the rectangular type, 8.7 days for the square 
type, and approximately 13.8 days for the filled type. On the 
other hand, the completion time of both W300 is 5.0 days 
for the carved type, 8.7 days for the triangular type, 9.2 days 
for the square type, approximately 11.3 days for the rectan-
gular type, and approximately 27.5 days for the filled type.

When the values are examined, the printing time of the 
filled wall type of both W150 is approximately 2.9 times 
that of the carved type, 1.7 times that of the triangular type, 
and 1.6 times that of the rectangular and square types. The 
printing time of the filled wall type of both W300 is approxi-
mately 5.5 times that of the carved type, 3.2 times that of 
the triangular type, 3.0 times that of the square type, and 2.4 
times that of the rectangular type. It can be seen that all wall 
types have shorter printing times than the filled type for both 
the W150 and W300. Especially among wall types with a 
300 mm wall thickness, the carved type is completed very 
quickly and offers considerable time savings. Although the 
triangular type follows this, the printing times of other wall 
types are close to each other.

Figure 5 shows the price values of the W150 and W300 
for both plans. The price value for the W150 in plan-1 per 
square meter is 22$ for the carved type, 36.8$ for the tri-
angular type, 38.8$ for the rectangular type, 40.4$ for the 
square type, and 64.0$ for the filled type. For the W300 
in plan-1, the price value per square meter is 23.1$ for the 
carved type, 40.6$ for the triangular type, 43.0$ for the 

type, and 59.0% for the rectangular type (Tables 5 and 7). 
Accordingly, compared to the filled type, the highest mate-
rial profit was seen in the carved type for W150 and W300, 
while the lowest material profit was seen in the square type 
for W150 and the rectangular type for W300.

When evaluating the void-to-concrete ratio of the cav-
ity walls of the W150, it is determined that the carved type 
has the highest void ratio at 1.9, followed by the triangu-
lar type at 0.7, and finally, the rectangular and square types 
at 0.6 (Tables 4 and 6). The carved type of the W300 has 
the highest void ratio at 4.5, followed by the square type 
at about 2.2, the carved type at 2.0, and the rectangular 
type at 1.4 (Tables 5 and 7). By filling the cavities in 3DPC 
walls with thermal insulation material, the thermal insula-
tion performance of the walls can be increased. Thus, wall 
types with a higher void ratio have better thermal insulation 
properties. In this context, the thickness of the wall is also 
important. Considering the wall thicknesses and wall types, 
it can be seen that the carved type W300 has the highest 
thermal insulation performance, followed by the triangular 
type W300. In contrast, the rectangular type W150 and the 
square type W150 have the lowest thermal insulation per-
formance. In general, the thermal insulation of the W300 is 
better than that of the W150. However, the rectangular type 
has the worst thermal insulation among the 300 mm wall 
types, and it was found that the carved type in W150 has 
better thermal insulation than the rectangular type in W300, 
which has even the worst thermal insulation.

Table  8 shows an evaluation of the 3DPC wall types 
according to their thickness for the two plans. The percent-
age of material used in W150 is 4.5% to 4.7%, 6.1% to 
6.2%, 9.5% to 9.6%, 26.0%, and 50.0% less than in W300 

Table 8  The ratio of mass differences between 150 mm wall thickness and 300 mm wall thickness depending on wall type in plan-1 and plan-2
Wall type Plan-1 concrete fulled mass (t) Plan-2 concrete fulled mass (t)

W150 W300 Differences W150 W300 Differences
Filled 178.2 356.5 50.0% 177.6 355.2 50.0%
Carved 61.3 64.3 4.5% 61.2 64.2 4.7%
Square 112.5 119.8 6.1% 112.1 119.5 6.2%
Rectangular 108.1 146.1 26.0% 107.8 145.7 26.0%
Triangular 102.3 113.0 9.5% 102.0 112.8 9.6%

Fig. 4  Completed duration for all 
3DPC wall types. a for plan-1, b 
for plan-2
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type consumes 57.4% of the electricity consumed by the 
filled type (Fig. 6a and b). In both plans for the W300 build-
ing, the carved type consumes about 18.1% of the electricity 
the filled type consumes. The square type consumes 33.6% 
of the electricity consumed by the filled type, the rectangu-
lar type consumes 41.0% of the electricity consumed by the 
filled type, and the triangular type consumes 31.7% of the 
electricity consumed by the filled type (Fig. 6c and d).

In addition, the consumption values for PC, water, NA, 
and raw materials for all wall types in plan-1 are listed in 
Table 4 for W150 and Table 5 for W300. The consumption 
values for PC, water, NA, and raw materials for all wall 
types in plan-2 are given in Table 6 for W150 and Table 7 
for W300. When the values are discussed, it is understood 
that the consumption is highest in the filled type and least 
in the carved type for both W150 and W300 in both plans.

Figure 7 shows the total global warming intensity values, 
including those for PC and NA. According to the values, 
for both W150 and W300, the filled type produces the most 
CO2 emissions, while the carved type produces the least. 
Compared to the filled type, the carved type emits 30814.9 
kgCO2-eq less in plan-1 for W150, 30688.9 kgCO2-eq less 

square type, 52.5$ for the rectangular type, and 128.1$ for 
the filled type. (Fig. 5a). Likewise, the price value for W150 
in plan-2 is 23.6$ per square for the carved type, 39.3$ for 
the triangular type, 41.6$ for the rectangular type, 43.3$ for 
the square type, and 68.5$ for the filled type. For W300 in 
plan-2, the price value per square is 24.8$ for the carved 
type, 43.5$ for the triangular type, 46.1$ for the square type, 
56.2$ for the rectangular type, and 137.0$ for the filled type. 
(Fig. 5b).

When the prices are evaluated, W300 for the filled type 
has the highest price, while W150 for the carved type has 
the lowest price. The condition with the highest price is 5.8 
times more expensive than the condition with the lowest 
price. That shows that the W150 for the carved type is much 
less costly than the W300 for the filled type.

Figure 6 shows the electricity consumption ratio based 
on the filled type of the W150 and W300 for both plans. In 
both plans for the W150, the carved type consumes about 
34.5% of the electricity consumed by the filled type. The 
square type consumes 63.1% of the electricity consumed by 
the filled type, the rectangular type consumes 60.7% of the 
electricity consumed by the filled type, and the triangular 

Fig. 6  Electricity consumption 
percentage based on the filled 
type. a W150 in plan-1, b W300 in 
plan-1, c W150 in plan-2, d W300 
in plan-2

 

Fig. 5  Concrete cost for all 3DPC 
wall types. a for plan-1, b for 
plan-2
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the carved type, while it is approximately 2.0 in the square, 
rectangular, and triangular types. In plan-2, the lowest value 
is approximately 5.0 in the carved type, approximately 9.0 
in the triangular and square types, and approximately 11.0 
in the rectangular type. In addition, the SF values for the 
filled walls are larger for W150 and W300 in both plans.

Table 10 shows that the SF = 0.94 value obtained for the 
W300 carved type indicates that this section geometry does 
not provide sufficient safety. In high-risk earthquake zones, 
an SF below 1.0 implies that the structural element lacks 
adequate capacity to resist the anticipated seismic demands, 
potentially leading to structural instability or failure. There-
fore, this section is not considered an appropriate design 
option for this thickness; consequently, the wall thickness 
should be adjusted, or an alternative section geometry 
should be preferred for safe use.

Upon evaluating the SF distribution, the minimum 
value among the cases with SF > 1.0 is 1.2. To account for 
potential uncertainties in ML-based capacity predictions, a 
conservative sensitivity scenario was considered, assum-
ing a 15% reduction in ultimate axial capacity. Even under 
this condition, the corresponding SF remains above unity 
(0.85 × 1.2 = 1.02). This indicates that reasonable levels of 
prediction uncertainty are unlikely to alter the overall inter-
pretation of axial safety or the comparative trends among 
the investigated cross-sectional geometries. Accordingly, 
the SF values are considered not as an absolute design 

in plan-2 for W150, 77037.3 kgCO2-eq less in plan-1 for 
W300, and 76722.2 kgCO2-eq less in plan-2 for W300.

Figure  8 shows the total embodied energy values that 
include PC and NA. According to the values, for both W150 
and W300, the filled type consumes the most embodied 
energy, while the carved type consumes the least. Compared 
to the filled type, the carved type consumes 174711.3 MJ less 
in plan-1 for W150, 173996.6 MJ less in plan-2 for W150, 
436778.1 MJ less in plan-1 for W300, and 434991.6 MJ less 
in plan-2 for W300.

Comparison of 3DPC buildings from a structural 
point of view

The demanded axial load, the ultimate axial load capacity, 
and SF values of each 3DPC wall for W150 and W300 in 
plan-1 are listed in Tables 9 and 10, respectively. In addi-
tion, these values for W150 and W300 in plan-2 are given 
in Tables 11 and 12, respectively. When the SF values of 
the printed wall types for W150 in plan-1 are examined, the 
lowest value is 1.2 in the carved type, while it is approxi-
mately 2.0 in the square, rectangular, and triangular types. 
In plan-2, the lowest value is approximately 7.0 in the 
carved type, approximately 11.0 in the triangular type, and 
approximately 12.0 in the rectangular and square types. 
Additionally, upon examining the SF values of the printed 
wall types for W300 in plan-1, the lowest value is 0.94 in 

Fig. 8  Total embodied energy 
resulting from the usage of PC and 
NA for all 3DPC wall types. a for 
plan-1, b for plan-2

 

Fig. 7  Total global warming inten-
sity resulting from the usage of PC 
and NA for all 3DPC wall types. a 
for plan-1, b for plan-2
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Conclusions

3D printing technologies have recently gained increasing 
importance in the construction industry; however, the mate-
rial consumption, environmental impacts, and load-bearing 
capacity of 3DPC walls vary significantly depending on 
their cross-sectional geometry. This study compares the 
axial demand values of conventional shear walls with thick-
nesses of 150  mm and 300  mm to the axial load-bearing 
capacities of 3DPC walls with five different cross-sectional 
geometries in a high-seismicity region. Additionally, the dif-
ferences in axial load-bearing capacity, cost, printing dura-
tion, resource consumption, and environmental effects of 
buildings according to wall type are assessed.

The following key results were obtained in the study:

	● Regarding material-use efficiency, the carved type of-
fers the highest performance for both W150 and W300, 
whereas the lowest efficiency is observed in the square 
type for W150 and the rectangular type for W300.

	● W300 consumes more material than W150 in all wall 
types. The increase in material consumption is greatest 
in the filled type, followed by rectangular, triangular, 
square, and carved types.

	● Concerning thermal insulation, the W300 carved type 
offers the highest level of insulation, while the W300 
triangular type ranks second. Conversely, the W150 
rectangular and square types exhibit the lowest levels of 
thermal insulation.

	● For printing time, the carved type has the shortest dura-
tion for both W150 and W300, followed by the triangu-
lar type.

	● In terms of cost, the W300 filled type has the highest 
cost, whereas the W150 carved type is the most econom-
ical. The highest-priced W300 filled type is 5.8 times 
more expensive than the lowest-priced W150 carved 
type.

	● Electricity consumption, global warming intensity, and 
embodied energy are highest in the filled type and low-
est in the carved type.

	● The applicability of the carved type for a region with 
high seismic hazard varies depending on the architec-
tural plan and the thickness of the carved walls.

	● The filled type provides a capacity far exceeding the 
demand forces for both architectural plans; however, it 
results in higher CO2 emissions due to greater material 
consumption.

	● In a high-seismicity region, considering axial safety, 
environmental performance, and economic aspects, the 
W150 carved type is most favorable for plan-1 and plan-
2. For W300, the triangular type is most favorable for 
plan-1, and the carved type is most favorable for plan-2.

specifications, but as a preliminary screening criterion for 
evaluating the relative axial load-bearing safety of different 
wall geometries.

Figure 9 shows the average SF values of all 3DPC wall 
types in both plans for W150 and W300. In plan-1 for W150, 
the average SF value was 8.0 for the carved type, 14.0 for 
the triangular and rectangular types, 15.0 for the square type, 
and 24.0 for the filled type. In plan-2 for W150, the average 
SF value was 7.0 for the carved type, 13.0 for the triangular 
and rectangular types, 14.0 for the square type, and 22.0 for 
the filled type. It was also found that in plan-1 for W300, the 
average SF value was 6.0 for the carved type, 11.0 for the 
triangular and square types, 14.0 for the rectangular type, 
and 35.0 for the filled type. In plan-2 for W300, the average 
SF value was 5.0 for the carved type, 10.0 for the triangular 
and square types, 13.0 for the rectangular type, and 31.0 
for the filled type. It can be seen that the lowest average SF 
belongs to the carved wall types, while the highest average 
SF belongs to the filled wall types for W150 and W300 in 
both plans.

It has been observed that the axial load values demanded 
in a region of high seismicity are lower than the ultimate 
axial load capacities for 150  mm wall thickness in both 
plans (Table 9). On the other hand, for 300 mm wall thick-
ness, it was observed that the axial load value demanded 
on wall 1 for the carved type in plan-1 was greater than the 
ultimate axial load capacity (Table 10). However, in plan-
2, it was determined that the demanded axial load values 
were lower than the ultimate axial load capacities (Tables 11 
and 12). In summary, the lowest maximum axial load val-
ues appear for the carved type, and even for this wall type, 
the demanded axial load values are generally met. The filled 
type exhibits the greatest ultimate axial load values among 
all wall types and is significantly greater than the demanded 
axial load values for the Golcuk region (Fig. 10).

Based on the data obtained, it was determined that the 
usability of the carved type for a region with a high prob-
ability of earthquakes varies depending on the plan shape 
and wall thickness. Considering the results from capacity, 
environmental, and economic points of view, it is found that 
the carved type is most suitable for plan-1 and plan-2, fol-
lowed by the triangular type, the square type, and the rect-
angular type for 150 mm wall thickness. For 300 mm wall 
thickness, it can be seen that the triangular type is the most 
suitable for plan-1, followed by the square and the rectan-
gular types. For plan-2, the carved type is most suitable, fol-
lowed by the triangular, square, and rectangular types. The 
filled type shows very high values for the axial load-bearing 
capacity for the wall thicknesses of 150 mm and 300 mm for 
both plans, while it is the last type to be preferred from an 
ecological and economic point of view.
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site conditions, the comparative trends are applicable for 
a preliminary design option.

This study highlights that maximizing structural strength is 
not always the most effective strategy for 3D-printed build-
ings. While solid sections provide the highest load-bearing 
capacity, they come with excessive environmental and eco-
nomic costs. Instead, the ‘Carved’ geometry offers a more 
practical balance, ensuring sufficient axial safety while sig-
nificantly lowering carbon emissions and expenses. These 
findings suggest that design optimization should go beyond 
simple mechanics to include lifecycle considerations. Mov-
ing forward, experimental validation of shear and bending 
behaviors under cyclic loading will be crucial for integrat-
ing these geometries into seismic design codes.

	● The conclusions indicate the comparative ranking of wall 
types in the investigated high seismic demand scenario. 
Although an optimal configuration may vary based on 
location-specific seismic demands, wind dominance or 

Fig. 10  Comparison of the ultimate axial load of each 3DPC wall according to wall type. a W150 in plan-1, b W150 in plan-2, c W300 in plan-1, 
d W300 in plan-2

 

Fig. 9  Comparison of the average SF for all 3DPC wall types by wall 
thickness with the plan number
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