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Introduction

Over the past few decades, additive manufacturing, commonly 
known as 3D printing, has revolutionised various industries by 
enabling the production of complex geometries and customised 
designs. This technology has also made its way into the 
construction sector with the advent of 3D printed concrete [1,2]. 
It involves using specialised printers capable of creating three-
dimensional structures using concrete as the primary material. This 
innovative technique offers numerous advantages over traditional 
construction methods, including increased efficiency, reduced 
labour costs, and enhanced design flexibility. By utilising computer-
aided design (CAD) software, architects and engineers can create 
intricate designs that were once deemed impossible to achieve with 
conventional techniques [3,4]. Currently, two primary 3D concrete  

 

printing (3DCP) technologies are being developed: extrusion-based 
and selective binding methods [5]. This article primarily focuses 
on extrusion-based 3DCP. Several companies, including Contour 
Crafting, CyBe, XtreeE, WinSun, Apis Cor and others, have attempted 
to implement extrusion-based 3DCP in practical applications [6], 
highlighting the potential of this technology.

Integrating 3D concrete printing technology into the 
construction field offers numerous advantages [7], such as 

1. Design Freedom: 3D concrete printing technology 
enables the creation of complex and intricate designs that were 
previously difficult or impossible to achieve with traditional 
construction methods. This freedom allows architects and 
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Abstract 
3D concrete printing has revolutionised the construction industry by enabling the production of complex geometries and customised designs. 

Using 3D concrete printing technology in the construction field offers numerous advantages, such as design freedom, cost efficiency, and construction 
speed. Due to the process of extruding the concrete layer by layer, the 3D printed object will be orthotropic. Therefore, the objective of this study is 
to investigate how varying water content and printing direction affect the compressive strength of cast and printed cubes. Three different water-to-
dry material ratios (w/d) were used: 0.140 l/kg, 0.145 l/kg, and 0.150/l/kg. The printed cubes were tested in three different directions: X, Y, and Z.

The results showed that for all three mixtures, the cast cubes showed a higher compressive strength than the printed cubes. An anisotropic 
behavior was observed in the compressive strength of the printed cubes for all mixtures, depending on the loading direction. Mixture 0.145 l/kg 
showed the best compressive strength in the three directions compared to the mixture 0.140 l/kg and 0.150 l/kg. 
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designers to explore innovative shapes, patterns, and textures 
[8].

2. Cost Efficiency: By eliminating the need for formwork 
and reducing labour costs by 50-80%, 3D concrete printing 
technology offers significant cost savings in the construction 
process [9]. Additionally, it minimizes material waste by only 
using the required amount of concrete, optimising resource 
utilisation [10].

3. Construction Speed: The automated nature of 3D concrete 
printing technology speeds up the construction process 
compared to conventional methods. It reduces project timelines 
by automating repetitive tasks and streamlining workflows, 
leading to faster completion times [11]. Compared to traditional 
construction methods, using additive concrete manufacturing 
with structural optimization has yielded a significant reduction 
by around half in environmental impact [12,13]. This means 
that 3D printing technology has a big impact on the construction 
industry, and it is crucial to understand its possible benefits.

Orthotropy

One of the key aspects that researchers have focused on is the 
orthotropic behavior of 3D printed concrete. Orthotropy refers 
to a material’s anisotropic behavior along different axes due to 
its inherent microstructural characteristics. In the case of 3D 
printed concrete, the layer-by-layer deposition process introduces 
variations in material composition and microstructure that affect 
its mechanical properties. Studying the orthotropic behavior of 
3D printed concrete allows engineers and researchers to assess 
its strength, stiffness, and durability under different loading 
conditions accurately [14]. One of the critical parameters of the 
3D printed concrete mechanical characteristics is the compressive 
strength that determines its ability to withstand applied loads 
without failure. Understanding the compressive strength of 3D 

printed concrete is essential for ensuring structural integrity and 
safety in construction projects.

The compressive strength of 3D printed concrete is influenced 
by various factors that must be carefully considered during the 
fabrication process. Firstly, the mixed design plays a crucial role 
in determining the strength of the printed structure. The selection 
and proportioning of cementitious materials, aggregates, water 
content and additives should be optimized to achieve the desired 
performance. Secondly, printing process parameters such as 
time gap between the layers, nozzle standoff distance, nozzle 
diameter, printing speed, and pumping rate significantly impact the 
compressive strength.

Based on numerous prior investigations [15-17], increasing the 
time gap between layers could offer sufficient time for the static yield 
stress development within the deposited layers, thereby improving 
buildability. However, this extension may lead to a reduction in 
bond strength. Chen et al. [18], showed that increasing the time 
gap from 1 minute to 20 minutes resulted in a 13% reduction in 
bond strength compared to that of cast specimens. Nozzle standoff 
distance also has a significant effect on the mechanical properties of 
the 3D printed concrete. Panda et al. observed a significant decline 
of over 30% in bond strength as the nozzle standoff distance was 
increased. Increasing the nozzle standoff distance will increase the 
layers instability due to reducing the contacted area between the 
layers. Moreover, the correlation between the pumping rate and 
printing speed in 3D concrete printing is critical for the stability 
and quality of the printed layers (Figure 1). Using a high pumping 
rate with slow printing speed will produce layers with width much 
greater than the nozzle width and this could cause back pressure 
and stoppage. While the slow pumping rate with high printing 
speed will reduce the layers width than the nozzle width and that 
will lead the layers overlap, resulting in instability [16]. 

Figure 1: Pumping rate and printing speed and expected cross section of the printed layers.
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These parameters affect the interlayer adhesion and overall 
mechanical characteristics of the printed concrete. Furthermore, 
many studies investigated the effect of mix design properties such 
as the aggregate to binder ratio, chemical admixture, water content, 
nanomaterials, eco-friendly binder on the pumpability, printability, 
and buildability of the printed concrete [19-24]. However, to our 
knowledge, the effect of these parameters on compressive strength 
of the printed concrete is still an open research question. Hence, the 
objective of this paper is to investigate how varying water content 
and loading direction affect the compressive strength of printed 
cubes. For comparative analysis, cast cubes of identical dimensions 
to the printed ones were also tested.

Realizing the experimental program by a six-axis 
robot system and a mixer

Materials

A pre-mix material of Portland cement, selected aggregate and 
additives from Sika called Sikacrete®-751 3D was used to prepare 
the 3D printed and cast specimens. Sikacrete®-751 3D has a light 
grey-white colour with an accelerated setting suitable for cool 
climates with a maximum grain size of 1 mm. As a one component 
material, it only needs to be mixed with water, providing ease of use. 
It has low viscosity for easy pumping, good thixotropic consistency 

for good buildability and maintains shape after extrusion. More 
information about the material is provided by the producer [25].

3D Concrete Printing Setup including robotic printer 
and robotic controller

A large-scale six-axis robotic system was used to perform 3D 
concrete printing at the Budapest University of Technology and 
Economics, as shown in Figure 2a. The printing system consists 
of three essential parts: a mixer and conveying pump, a robotic 
printer and a robotic controller. The utilized robot was IRB 6700. 
The robot can perform printing operations with a 360-degree 
rotational capability, encompassing a horizontal diameter of 3 m 
and a vertical height of 3 m, and with extension, can reach up to 
6 m. The movement of the robotic arm can be adjusted between 0 
mm/s to 200 mm/s. The robotic arm is connected to a controller 
that governs the movement of the head of the robotic arm. The 
used mixing machine was MAI®MULTIMIX-3D Figure 2b, which 
includes three main parts: a hopper with a capacity of 45 L, motor 
feeder system (extruder with a barrel and a die). This mixer has its 
own controller to control the water content and pumping speed. 
The pumping speed can be adjusted between 0 L/min to 8 L/min. 
The pump draws the material from the feeder and conveys it to 
the robotic print head via a flexible hose conduit. The hose has 
dimensions of 25 mm in diameter and a length of 5 m.

Figure 2: 3D concrete printer system (Budapest University of Technology and Economics, Laboratory of Department of Construction 
Materials).

Specimens’ preparation though the robotic head

The dry pre-mix material was mixed with three distinct water-
to-dry material ratios (w/d): 0.140 L/kg, 0.145 L/kg, and 0.150 
L/kg. Utilising a pump mechanism, fresh mixtures were extracted 
from the feeder and transported to the robotic head through a 
flexible hose, then extruded via a circular nozzle with a diameter 
of 20 mm at the robotic head. Consistency was maintained across 
the three mixtures regarding pumping speed, printing speed, layer 
width, and layer height, set at 1.5 L/min, 84 mm/s, 22 mm, and 10 

mm, respectively.

Each of the three mixtures was utilised to print a 3D concrete 
slab measuring 580 mm × 390 mm × 110 mm (L × W × H), depicted in 
Figure 3. Owing to the layer-to-layer extrusion technique employed, 
the resulting printed slab exhibited orthotropic characteristics, 
leading to property variations along different directions (X, Y, and 
Z), as shown in Figure 3a. The X direction denotes the longitudinal 
path of printing, wherein the robotic nozzle operates, while the 
Y direction illustrates the lateral arrangement of printed layers 
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perpendicular to the X direction. The Z direction signifies the height 
of the print. After completion of the printing process, the printed 
slabs were shielded with a plastic sheet for two days to prevent 

excessive drying, thereafter, stored under laboratory conditions 
and subjected to testing after 28 days.

Figure 3: Preparation of specimens.

Additionally, a total of eighteen cast cubes, comprising six 
cubes for each mixture with dimensions of 100 mm, were prepared. 
These specimens underwent compaction utilising a vibrating table, 
adhering to the specifications outlined in EN 12390-2:2009 [26]. 

Post-casting, the top surface of these cubes was shielded with 
a plastic sheet to prevent undue water evaporation. After a 24-
hour period, the cubes were de-moulded, stored under ambient 
temperature conditions, and subjected to testing after 28 days.

Compressive Strength Test

Figure 4: Cutting process of 100 mm cubes from the printed slab.
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Figure 5: Loading directions for performing the compressive strength test on (a) cast cubes, (b) printed cubes loaded in the X direction, (c) 
printed cubes loaded in the Y direction, and (d) printed cubes loaded in the Z direction.

The printed cubes, with dimensions 100 × 100 × 100 mm, 
were sawn from the printed slab, (see Figure 4). The printed cubes 
were tested in X, Y, and Z directions (see Figure 5), and the average 
value was calculated through three repeated tests in each direction. 
Thus, for each mix, nine printed cubes were prepared and tested 
in total. Moreover, a total of six cast cubes were prepared for each 
mix for comparison purposes. The compressive strength of cast 

and printed cubes was determined by using a compression testing 
machine with a loading capacity of 3000 kN at a load rate of 5 kN/s. 
The compression test was conducted following the specifications 
of European Standard EN 12390-4:2009 [27]. The compressive 
strength test was carried out for all cast and printed samples at the 
age of 28 days.

Test Results and Discussion

Figure 6: Compressive strength test results for the cast and printed cubes for the three mixtures, (a) w/d 0.140 l/kg, (b) w/d 0.145 l/kg, and (c) 
w/d 0.150 l/kg.
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The results of the compressive strength of the cast and 
printed cubes at 28 days are presented in Table 1. Figure 6. 
Shows the average cast and printed compressive strength for the 
three mixes. According to the test results, the cast concrete has a 
higher compressive strength than the printed concrete. Similar 
compressive strength results were reported [19,20,28,29]. An 
anisotropic behaviour was observed in the compressive strength 

of the printed cubes, depending on the loading direction. The 
distinct mechanical anisotropy of printed samples might be due to 
the weak interface and the printing quality. Besides, Nerella et al. 
[14], identified that the compaction due to the layer weight should 
also be taken into consideration for the variation of compressive 
strength.

Table 1: Compressive strength results of cast and printed cubes at 28 days.

w/d
Compressive Strength at 28 days (MPa)

C X Y Z

0.14

68.67 43.91 54.27 51.18

67.18 46.84 44.3 50.55

66.00 54.14 53.62 46.38

65.11 - - -

67.41 - - -

66.87 - - -

0.145

67.12 59.21 56.76 61.37

66.51 63.48 45.7 50.72

67.05 59.91 45.34 51.34

65.14 - - -

65.47 - - -

63.18 - - -

0.15

62.59 63.64 50.41 54.17

62.99 54.97 49.43 54.81

64.66 62.24 50.36 59.76

65.34 - - -

62.00 - - -

61.45 - - -

The mixtures with water ratios of 0.145 l/kg and 0.150 l/
kg were stronger in the loading direction X compared to Z and 
Y directions. Similar anisotropic behaviour was reported by 
[11,30,31]. The application of pressure during the extrusion 
process plays a pivotal role in enhancing the compaction of the 
mixtures along the X direction. Conversely, the mean compressive 
strength in the Y direction is observed to be the lowest due to the 
material’s unrestrained expansion and settling in this orientation. 
Notably, the absence of external pressure in the lateral direction 
results in comparatively weaker compaction than in the X and 
Z directions. In the latter, where compaction is intermediate, 
pressure is exerted by the weight of the subsequently printed layer 
above, contributing to a balanced compressive strength between 
the X and Y directions. While the mix with water ratio 0.140 l/kg 
shows different anisotropic behaviour, the loading direction Y was 
the strongest compared to X and Z directions, similar results were 
obtained by [18-20].

Loading Direction Effect

Mixtures 0.145 l/kg showed the best compressive strength at 
28 days in three different directions, compared with mixtures 0.150 

l/kg and 0.140 l/kg, (see Figure 6-b). The average compressive 
strength in the loading direction X was higher than the average 
compressive strength in the Y and Z directions by about 17% 
and 7%, respectively. Meanwhile, mixture 0.150 l/kg showed 
close results to mixture 0.145 l/kg (see Figure 6-c). The average 
compressive strength in the loading direction X was higher by about 
19% and 10% than the loading directions Y and Z, respectively.

However, the mixture, 0.140 l/kg, showed the lowest 
compressive strength for printed cubes and the highest for cast ones 
(see Figure 6a). The lower water content changed the anisotropic 
behaviour of the printed cubes. The loading direction Y showed the 
highest compressive strength by about 5% and 3% more than the 
compressive strength in the loading directions X and Z, respectively. 

Water Content Effect  

Generally, the compressive strength tends to decrease as 
the water-to-material ratio increases. This is consistent with 
conventional concrete behaviour, where an excess of water can lead 
to a weaker structure, as shown in Figure 7. However, for printing 
concrete, the compressive strength tends to increase as the water-
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to-material ratio increases. Maintaining an optimal water content 
is critical for achieving favourable pumpability, printability, and 
interlayer bonds in 3D concrete printing. Optimal water content is 
crucial for maintaining the desired viscosity and flowability of the 
mixture. Excessive water can lead to segregation, reduced viscosity, 
increased susceptibility to clogging in the pumping system, and 
can lead to excessive flow and slump, compromising the printed 
structure’s dimensional accuracy. Conversely, insufficient water 

content may result in a mix that is too stiff to be effectively 
pumped. Moreover, printing stiff concrete will reduce the bonding 
between the layers, affecting the overall characteristics of the 
printed element. However, the orthotropic behaviour of 3D printed 
concrete can be minimized by selecting the proper materials and 
mix design, using the correct nozzle speed, pumping rate, nozzle 
shape and reducing the gap time between the layers.

Figure 7: Water content effect on the compressive strength of cast and printed cubes.

Conclusion

We have made significant progress in utilizing robotic systems 
for concrete printing, a technology that enables precise handling 
and placement of concrete materials. However, the effectiveness 
of this robotic application hinges on its compatibility with the 
rheology properties of concrete, which undergo continuous 
changes. Therefore, it is essential to deploy the robot in a manner 
that aligns with the evolving nature of concrete. When considering 
the attributes of the robot, we must carefully select parameters that 
are suitable for accommodating the variability inherent in concrete 
materials, such as pumping rate, printing speed, nozzle standoff 
distance, and nozzle diameter.

In conclusion, the investigation into the compressive strength 
of 3D printed (tested in three different direction X, Y, and Z), and 
cast concrete cubes, utilising three distinct water-to-dry material 
ratios (0.140 l/kg, 0.145 l/kg, and 0.150 l/kg) and tested at 28 days, 
yields insightful findings regarding the impact of water content and 
printing directions on the structural performance. The following 
key observations can be drawn:

1) Loading Direction Effects:

a) The orientation of printing has a significant effect on 
compressive strength.

b) Mixture 0.145 l/kg showed the highest compressive 
strength in all three directions.

c) The loading direction in X consistently exhibits the 
highest compressive strength for printed cubes for the mixture 
0.145 and 0.150, indicating a favourable layering or deposition 
pattern in this direction. While for the stiff mixture 0.140, the X 
direction showed the lowest compressive strength.

d) The Y and Z directions generally show lower compressive 
strengths than the X direction, highlighting the importance of 
considering the printing direction’s influence on structural 
performance.

2) Water Content Influence:

a) As the water-to-material ratio increases, a consistent 
reduction in compressive strength is observed for the cast 
cubes. However, the opposite effect for the 3D printed cubes.

b) The 0.140 l/kg water-to-material ratio yields the highest 
compressive strength for cast cubes but the lowest for 3D 
printed cubes, emphasising the impact of the printing process 
on material behaviour.

3) Optimisation Considerations:

a) The findings underscore the importance of optimising 
water-to-material ratios and printing directions to achieve 
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desired compressive strength in 3D printed concrete structures.

b) Further research and refinement of printing parameters 
are warranted to balance pumpability, printability, and 
structural performance.
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