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1. Introduction

Concrete printing, also known as additive 
manufacturing, constructs 3D models layer by layer [1]. 
This technology, extensively researched, developed, 
and applied worldwide, is emerging as a transformative 
trend in the construction industry. It enables the 
production of building structures or components 
of various complexities, offering the advantages of 
reduced costs and accelerated construction times [2-6]. 
Moreover, automation and software technology have 
made 3D printing more effective. This technology is also 
considered environmentally sustainable because it can 
utilise various materials, including recycled materials 
and zero-waste additives, in the construction process [7].

This research begins with a 3D CAD model of the 
object, saved in “.STL” format. Then, Simplify3D 
software [8] was used to slice layers of the model and 

save it as a “.Gcode” file. Finally, 3D concrete printers 
controlled by Mach3 software [9] to print components. 
Fig. 1 illustrates this process. 

 

2 
 

printing technology. The design approaches for these components will be 

discussed, focusing on solid and hollow sections. 

Keywords: bending components, design approaches, flexural behaviour, hollow 

cross-section, solid cross-section, 3D concrete printing technology. 

Classification numbers: 2.1, 2.3 

1. Introduction 

Concrete printing, also known as additive manufacturing, constructs 3D models 

layer by layer [1]. This technology, extensively researched, developed, and applied 

worldwide, is emerging as a transformative trend in the construction industry. It 

enables the production of building structures or components of various complexities, 

offering advantages of reduced costs and accelerated construction times [2-6]. 

Moreover, automation and software technology have made 3D printing more 

effective. This technology is also considered environmentally sustainable because it 

can utilise various materials, including recycled materials and zero-waste additives, 

in the construction process [7]. 

This research begins with a 3D CAD model of the object, saved in ".STL" 

format. Then, Simplify3D software [8] was used to slice layers of the model and 

save it as a ".Gcode" file. Finally, 3D concrete printers controlled by Mach3 software 

[9] to print components. Fig. 1 illustrates this process.  

 

 
3D CAD model .STL .Gcode

 

3 
 

 

           

 

Fig. 1. Steps of the printing process [10]. 

Printing components or entire buildings with 3D printers can be implemented 

by gantry systems or robot systems, as shown in Fig. 2.  
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Fig. 2. Types of concrete printers. 
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Printing components or entire buildings with 3D 
printers can be implemented by gantry systems or robot 
systems, as shown in Fig. 2. 

Similarly to traditional constructions, construction 
works with concrete printers can be done by printing 
whole buildings or assembling components. An entire 
project would require a large printer to print everything 
as per the designed model. However, outdoor conditions 
pose challenges in controlling the properties of the 
concrete, transporting and installing printers according 
to the project’s location and dimensions, and other issues 
[13, 14]. It is worth mentioning that on-site printing 
of structures provides flexibility in terms of design for 
projects and leverages the remarkable benefits of 3D 
concrete printing technology from design to construction 
and labour [15]. In developed countries, printing the 
whole building is often preferred over assembling 
methods [16-18].

Dividing large projects into smaller components 
for printing is a promising solution for overcoming 
the limitations of large-sized printers. However, some 
potential issues arise when using this method as opposed 
to on-site printing:

- Determining the location of the project’s subdivisions.

- Design and construction details of joints.

Nonetheless, printing components and assembling 
them, known as the inside printing method, also has 
some significant advantages:

- Printer size does not depend on project size.

- Laboratory construction conditions help better 
control the properties of the printed concrete.

- Databases of printed concrete component types can 
be created for projects (sections, joints, working, etc.)

To understand the overall workings of a project, it 
is crucial to start by examining its parts. In traditional 
construction projects, the classification of structural 
systems and the study of their components have been the 
basis for standards for centuries. The last decade has seen 
significant research into the performance of components 
and projects for concrete printing, making it an excellent 
starting point for understanding their workings.

Numerous projects worldwide have been successfully 
printed and assembled using 3D technology [19, 20]. 
One of the most notable examples is the world’s tallest 
tower in the Swiss village of Mulegns, set to be built in 
spring 2024. The 5-storey tower is primarily constructed 
of printed white concrete columns, with a total of 124 
3D-printed components and 4,000 concrete layers as 
presented in Fig. 3. This innovative construction approach 
demonstrates the vast potential of 3D printing technology 
in building design and construction.

The level of research and application of components 
for printed concrete projects is necessary but quite 
complicated due to the diversity of cross-section types 
and component shapes. To suit the research conditions 
at Hai Phong University, the research team chose to 
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Fig. 2. Types of concrete printers.
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study the bending behaviour of printed concrete beam 
components. This is also the most essential component 
in the load-bearing structural system in a building, and 
the bending problem is considered a fundamental issue 
in general construction design.

Researching and applying components for printed 
concrete projects can be complex due to the diversity 
of cross-section types and component shapes. Based 
on the research conditions, this study focused on the 
flexural behaviour of printed concrete components. 
This is the most fundamental component in a building’s 
load-bearing structural system, and the bending problem 
is a primary issue in general construction design. By 
studying this fundamental problem, the results provide 
valuable insights into the behaviour of printed concrete 
components in construction projects.

2. Behaviours of flexural reinforced concrete 
components in general

A flexural member is a structural component subjected 
to lateral loads, resulting in perpendicular loads to its axis. 
This causes the internal force components of bending 
moment and shear force. Consequently, the structure 
operates under the impact of moment and shear force. 
Based on the internal force components, the working 
states can be categorised as follows:

- Pure bending: Internal force components include 
only one moment.

- Flat bending: Internal force components include 
both moment and shear force.

In reality, the components in a project typically 
function in a flat-bending state. Depending on the load 
application diagram, the pure bending state only appears 

 

            (A) Printing components. 

 

            (B) Transportation and erection.

Fig. 3. The world’s tallest tower in Switzerland [19].
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in specific parts of the structure, resulting in an internal 
force component of zero shear force. Therefore, studying 
the behaviour of a bending member’s strength involves 
analysing the simultaneous bending and shearing 
behaviour of the sections along the axis of the member. 
To better understand the bending member’s behaviour, 
a simple beam subjected to gradually increasing loads 
can be tested. When the load is small, the beam is intact 
with no cracks. As the load increases, cracks appear 
perpendicular to the beam axis in areas with a significant 
moment and inclined cracks in the area near the support 
where there is a sizeable shear force, as shown in Fig. 4.
In the final stage, the beam can be damaged in the 

section with perpendicular cracks 
or the section with inclined cracks, 
depending on the reinforcement 
content in the beam.

Calculating beams based on 
strength is crucial to ensure they 
are not damaged on perpendicular 
or inclined sections. Strength 
calculations for perpendicular sections 
help prevent damage from bending 
forces, while strength calculations for 
inclined sections help avoid damage 
from shear forces. By considering 
both types of calculations, engineers 
can ensure that beams are designed to 
withstand all kinds of forces they may 
encounter in their intended use. The 
behaviour of bending members on 
perpendicular sections is considered 
under stress-strain development. On a 
perpendicular section, we can see that 
the tension cross-sectional area will 
gradually grow as the load increases, 
while the compression cross-
sectional area will gradually narrow 
until the cross-section is considered 
destructive, as presented in Fig. 5.

In beam sections with large shear force, the normal 
stress due to moment and the tangential stress due to 
shear force may cause cracks to appear at an angle α 
to the beam axis, as shown in Fig. 6. Longitudinal and 
stirrup reinforcement passing through inclined cracks 
can resist failure along the inclined section. The failure is 
due to the moment tending to rotate the two parts of the 
beam around the compression zone while the shear force 
tends to pull them apart in a direction perpendicular to the 
beam axis. Despite this, design standards still separate 
the stirrups and diagonal reinforcement calculation 
according to shear force from the strength calculation on 
inclined sections.

Fig. 4. Typical cracks in a bending test [21].

Fig. 5. Development of stress on the perpendicular section.
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Fig. 6. Failure pattern by shear force.

When considering a bending concrete member as 
a frame element, moment and shear force control the 
behaviour of both traditional and printed components. 
However, the approach to studying printed concrete 
members will differ from that of conventional reinforced 
concrete members when examining the behaviour of 
perpendicular and inclined sections. The degree of 
difference in performance will depend on the section 
along the member axis. Therefore, developing new 
research for design calculations or building upon existing 
knowledge when working with printed components may 
be necessary.

3. Flexural components made by 3D concrete printers

Design principles for flexural components made of 
printed concrete depend on both cross-sectional geometry 
and reinforced methods. This research will propose a 
classification based on these principles (Fig. 7). 

It is crucial to approach design principles by taking into 
account the following factors with utmost importance: 
the bending plane coincides with the printing plane and 
the bending plane is perpendicular to the printing plane.

It is common for structures with reinforcement, 
whether prestressed or not, to have an initial structural 
cross-section similar to traditional structural members 
with rectangular, I-shaped, or T-shaped shapes. 
This helps to ensure stability and strength in the 
overall structure. Design calculation theory used for 
conventional reinforced concrete bending components 
can confidently be applied to prestressed reinforcement 
in printed concrete structures, as the adhesion force is 
not a significant factor (Figs. 8A, 8B). However, the 
adhesion factor between the printed and poured concrete 
must be considered if voids are left when placing the 
reinforcement. Inheriting the traditional method of 
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Fig. 8. Printed components with rebar reinforcement.
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calculating and designing reinforced concrete structures 
for printed concrete structures requires the addition of a 
safety factor or adjusting the section size based on the 
ratio of the void portion filled with concrete later (Fig. 
8C). This approach ensures that the final structure is safe.

Research has shown that both forms of component 
printing can approach design principles without 
significantly affecting the results for printed components 
with reinforcement. This is because the reinforcement is 
placed in the tensile region of the structure, allowing for 
more flexibility in the printing process. However, further 
theoretical and experimental research must provide 
convincing results and recommendations.

The second method to reinforce 
materials is to use dispersed fibre. 
The popular fibres are glass, steel, and 
polyethylene, thanks to their positive 
effects on mechanical properties [23-
25]. Dispersed fibre reinforcement can 
be introduced into printed concrete 
in two forms. The first form involves 
mixing the dispersed fibres with 
concrete and randomly dispersing them 
in the structure with a designed content. 
The second form strips the fibres into 
layers according to each layer of printed 
concrete, as shown in Fig. 9. This second 
form, as shown in Fig. 10, can be used 
for solid and hollow cross-sectional 
structures, but solid cross-sections are 
preferred. The layer cross-section must 
be large enough to ensure the fibres 
spread on the printed layers, usually 
a few millimetres long and randomly 
distributed. While the second form has its 
advantages, the first form is researched 
and applied more widely due to several 
outstanding benefits:

- No need to arrange two print heads 
for the same printer. 

- Uniform printed concrete blocks for 
the entire structure. 

- No separation of printed layers because the fibres 
create separate layers.

In addition to the advantages mentioned earlier, 
controlling the fibre content and length in dispersed fibre 
reinforcement is crucial to avoid clogging during printing.

In cases where reinforcement is not arranged in the 
structure, the printing plane is usually selected to coincide 
with the bending plane. The reasons are as follows:

- The connection of fibres dispersed in each printed 
layer will work better in the tensile region.

- The influence of the printed layers’ adhesive force 
on the structure’s working results is best limited.

 

       (A) Crystal lattice struts [26].

   

		   (B) Stress lattice struts [22, 27].

Fig. 10. Hollow cross-section printed components. 

Fig. 9. Printed components reinforced with rebar [22].
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When reinforcement is not arranged in a printed 
concrete structure, the printing plane is often selected to 
coincide with the bending plane. This is because: 

- The connection among fibres dispersed in each 
printed layer works better in the tensile region. 

- The designed model and printing process are more 
convenient. 

4. Proposed design approaches 

4.1. Solid cross-sections

For both the case of mixed fibres or fibres spread 
in layers, the principle of designing flexural members 
made of printed concrete is proposed according to the 
following assumptions:

- The material is non-homogeneous and anisotropic. 

-cCalculation principles designed according to 
material strength theory.

The non-homogeneous and anisotropic assumption 
is based on the different strengths of samples when 
subjected to loads in different directions induced by the 
layer interface [28-30]. Researchers conducted a series 
of tests, such as a tensile test, compression test, splitting 
test, and flexural test [13], which confirmed that 3DPC 
has apparent anisotropic behaviour compared to ordinary 
concrete. Its mechanical properties will be affected by 
the loading direction, printing direction, and printing 
parameters [31].

Strength conditions:

- Perpendicular section [32]:
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𝜏𝜏 = |𝑄𝑄𝑦𝑦|. 𝑆𝑆𝑥𝑥𝑐𝑐
𝐼𝐼𝑥𝑥. 𝑏𝑏𝑐𝑐

≤ [𝜏𝜏]                  (2) 

where: 𝑄𝑄𝑦𝑦 is the shear force acting on the bar; 𝑏𝑏𝑐𝑐 is the actual width of the surface 

area at the point calculated by the tangential stress distribution; 𝑆𝑆𝑥𝑥𝑐𝑐 is the static 

moment of the section limited by the actual width; 𝐼𝐼𝑥𝑥 is the moment of inertia of the 

section; [τ] is the allowable shear stress. 

Deformation condition: 

𝑓𝑓 ≤ [𝑓𝑓]                 (3) 

where: f is the member's deflection due to the load, calculated depending on the 

member's working diagram using methods in material strength, structural 

mechanics, or structural analysis applications such as SAP or ETABS; [𝑓𝑓] is the 

allowable deflection of bending members according to Vietnam Technical Standards 

TCVN 5575:2012 [34] or other national codes. 

4.2. Hollow cross-sections 

Bending components with hollow cross-sections are becoming a popular design 

trend in concrete printing (Fig. 11). Digital manufacturing technology makes it 

technically and economically feasible to create structurally optimised components 

designed according to the principle of "shape contributed with stress contribution," 

also known as stress-based design [35]. This approach allows for the creation of 

structures that save materials, reduce the weight of components, and ultimately 

lower the weight of the entire building. Designing components with customised 

shapes, such as bending structures with hollow cross-sections, can be complex, and 

specific but complex-shaped structures can suffer from severe stress and strain 
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where Qy is the shear force acting on the bar; bc is the 
actual width of the surface area at the point calculated by 
the tangential stress distribution;  is the static moment 
of the section limited by the actual width; Ix is the moment 
of inertia of the section; [τ] is the allowable shear stress.
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where f is the member’s deflection due to the load, 
calculated depending on the member’s working 
diagram using methods in material strength, structural 
mechanics, or structural analysis applications such as 
SAP or ETABS; [f ] is the allowable deflection of bending 
members according to (TCVN) 5575:2012 [34] or other 
national codes.

4.2. Hollow cross-sections

Bending components with hollow cross-sections 
are becoming a popular design trend in concrete 
printing (Fig. 11). Digital manufacturing technology 
makes it technically and economically feasible to 
create structurally optimised components designed 
according to the principle of “shape contributed with 
stress contribution”, also known as stress-based design 
[35]. This approach allows for the creation of structures 
that save materials, reduce the weight of components, 
and ultimately lower the weight of the entire building. 
Designing components with customised shapes, such as 
bending structures with hollow cross-sections, can be 
complex, and specific but complex-shaped structures 
can suffer from severe stress and strain localisation 
problems beyond the scope of current structural design 
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standards [36]. While many components and structures 
have been printed, the commercial application of 
3D printing in construction has been slow due to its 
insufficient structural safety [37]. Moreover, modelling 
such components requires technical and analytical skills 
from the designer and software supporting structural 
analysis. However, with increasing computing power, 
there has been a significant increase in the number of 
numerical models available to predict and improve the 
structural performance of concrete structures. Despite the 
challenges involved, this has made it easier to calculate 
and design components with complex shapes.

Depending on the shape, printers can make two hollow 
cross-section components: crystal lattice and stress 
lattice, according to the author’s suggestion. Within the 
scope of the study, the crystal lattice is understood to have 
representative units that are repeated according to rules. 
In studying printed concrete structures, a crystal lattice 
is a repeating pattern of representative units that follow 
specific rules. These units can come in various shapes 
and sizes, such as cubes, stars, hexagons, diamonds, etc. 
By combining these shapes, designers can create specific 

lattice structures for their systems. The size of the 
lattice unit is determined by adjusting the thickness and 
length of the components and connecting nodes. Higher 
repetition density leads to smaller and more complex 
crystal lattices. While larger cells can be easily printed, 
the geometrical uniformity across any component cross-
section will be lower.

To design crystal lattice structures, it is essential to 
follow a preliminary approach proposed through the 
process presented in Fig. 12. 

Analysing the numerical model of the behaviour 
of printed concrete components is an important and 
complex step (Steps 3 and 4). The design principle for 
perpendicular or inclined sections for traditional solid or 
hollow members will be challenging because the material 
distribution on perpendicular or inclined sections varies 
with location. The design of crystalline printed concrete 
components will depend on stress analysis of each cross-
section at each different material distribution area to 
check the conditions in Step 5. Equations (1), (2), and 
(3) give the conditions of strength and deformation. The 

difference is that these checking 
conditions apply to each crystal 
lattice member. By following 
this approach, you can design 
crystal lattice structures that 
are visually appealing and 
structurally sound.

A component printed in 
the form of a stress lattice is 
a structure printed according 
to the tensile and compressive 
stress fields distributed in the 
structure when subjected to 
load. The lattices forming 
the components are printed 
according to the stress isostatic 
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curves, which are the orthogonal pairs of curves 
representing the trajectory of internal forces in each load 
impact diagram. These curves indicate the directions 
in space where the stress is purely axial, and sections 
oriented along the principal stress direction are not 
subjected to any shear or bending stresses. This printing 
method is used to reduce the weight of structural elements 
and increase structural efficiency. Fig. 13 illustrates the 
number of flexural members printed according to the 
stress lattices.

The analysis of structural behaviour and the process 
of designing and manufacturing stress lattice components 
is a highly elaborate and complex task that requires 
advanced techniques. This process is more intricate 

than the problem of designing crystal components, as 
it involves analysing the distribution of tensile and 
compressive stresses in the structure when subjected 
to force. The design and manufacturing process of 
stress lattice components involves printing lattice lines 
according to the stress isostatic curves, which requires 
high precision and expertise. This is necessary to 
ensure the resulting structure is structurally sound and 
can withstand potential stress. To design stress lattice 
structures, a preliminary approach can be proposed in the 
following process, as shown in Fig. 14. 

For such structures, numerical models will be 
analysed two times. The first time, the distribution of 
stress of the behaviour of printed concrete components 
with solid cross-sections will be found (Step 2). Then, 
the filament details of the longitudinal section will be 
designed using experience. A numerical model of stress 
lattice components will be carried out (Step 3) to get the 
results of stress and internal forces (Step 4). Equations 
(1), (2), and (3) also give the conditions of strength 
and deformation. The difference is that these checking 
conditions apply to each stress lattice filament.

In addition to the previously mentioned approaches 
to designing flexural printed concrete members, the 
study utilises an experimental design approach known as 
“Design by testing” [40, 41]. This approach is becoming 
increasingly popular for printed concrete structures as 
design calculation theory is still forming. The author 
has conducted experimental investigations, as shown in 
Fig. 15, on the flexural behaviours with triangle lattice 
structures [10, 26]. 

The failure pattern and cracked surfaces of all printed 
triangle lattice components indicate that the adhesion 
force between the printed layers ensures the overall 
working of the structure. The results prove good capacity 
by considering the flexural strength, bending stiffness, 
ductility, and compressive strength of concrete reinforced 

(A) Uniform cross-section [27].

(B) Non-uniform cross-section [39].

Fig. 13. Stress distribution inside the bending components.
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with fibres. By conducting experiments and analysing 
the resulting data, researchers can gain valuable insights 
into the behaviour of printed concrete components and 
use this information to refine and improve the design 
methods.

5. Conclusions

After analysing the behaviour of bending members in 
general, as well as printed members, it can be concluded 
that 3D concrete printing is a promising technology 
for the production of complex concrete structures. This 
technology has the potential to reduce the use of formwork, 
increase the accuracy of concrete placement, and enable 
the fabrication of structures with intricate geometries. 
However, further research is needed to fully understand 

the behaviour of 3D-printed concrete 
components under different loading 
conditions and to optimise the printing 
process for various applications. 
Overall, 3D concrete printing has 
the potential to revolutionise the 
construction industry and offer new 
opportunities for architects, engineers, 
and designers. 

Research on the structural 
behaviour of 3D-printed components 
is crucial for their successful 
application in building structures. In 
particular, the category of bending 
printed components can be chosen 
for efficient designing methods. The 
printing plane is often selected to 
coincide with the bending plane to 
take advantage of the connection 
among fibres dispersed in each printed 
layer, the convenient printing process, 
and the designed model. When 
designing the solid cross-section 
of a bending component, material 
strength theory can be used based on 

homogeneous and anisotropic assumptions. The design 
process for struts crystal lattice components can be 
followed by the approach proposed, which consists of 
four steps. Similarly, the design process for struts stress 
lattice components can be followed by the approach 
proposed, which consists of five steps. In the formation 
stage, the design approach known as “Design by testing” 
is popular. This approach involves testing the printed 
components and adjusting the design based on the results 
to ensure that the final structure meets the required safety 
standards. Overall, research on the structural behaviour 
of 3D-printed components is vital for their successful 
application in building structures, and careful design and 
testing are necessary to ensure their safety and efficiency.

Fig. 15. Flexural test of  triangle lattice model.

Fig. 14. Design process proposed for stress lattice structures.
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