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Abstract: This study investigates the fresh state and hardened state mechanical and dura-
bility properties of 3D-printed concrete. The mechanical tests focused on its anisotropic
behavior in response to different load orientations. Compressive, flexural, and splitting
tensile strengths were evaluated relative to the print layers orientation. Results showed
that compressive strength varied significantly, achieving 85% of cast sample strength when
the load was applied parallel to the print layers ([u] direction), 71% when the load was
applied perpendicular to the print object’s side plane ([v] direction), while only reaching
59% when applied perpendicular to the top plane ([w] direction). Similar trends were
observed for flexural strength, with average values reaching 75% of cast sample strength
when the load was applied perpendicular to the print layers ([v.u] and [w.u] directions),
but decreasing to 53% when the load was applied parallel to print layers ([u.w] direc-
tion), underscoring the weaknesses at interlayer interfaces. The splitting tensile strength
remained relatively consistent across print orientations, reaching 90% of the cast sample
strength. Durability assessment tests revealed that 3D-printed concrete exhibits reduced
resistance to environmental factors, particularly at the layer interfaces where the cold joint
was formed, which are prone to moisture penetration and crack formation. These findings
contribute valuable insights into the mechanical and durability properties of 3D-printed
concrete, emphasizing the importance of print orientation and interlayer bonding in its
performance. This understanding helps guide the optimal use of 3D-printed elements
in real-life applications by aligning load or exposure to environmental factors with the
material’s strength and durability characteristics.

Keywords: additive manufacturing; 3D printing; concrete; cement-based mortar; durability;
mechanical properties; fresh state properties

1. Introduction
The mechanical properties of 3D-printed concrete are significantly influenced by its

layer-by-layer construction, resulting in anisotropic properties [1] and weaker interlayer
bonds compared to conventional concrete [2]. Understanding how mechanical properties
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vary with the loading direction is crucial, as this directly affects the practical application
and safety of 3D-printed concrete in construction [3].

One of the main challenges associated with additive manufacturing technology, partic-
ularly in extrusion-based concrete printing, is the inadequate interlayer adhesion between
concrete filaments, resulting in weak bonds between consecutively extruded layers. This
issue leads to low interlayer bond strength, negatively affecting both mechanical properties
and durability [4,5].

Multiple mechanisms contribute to weak interlayer bonding in 3D-printed concrete;
however, the main consideration is the loss of surface moisture after extrusion [6]. After
extrusion, water evaporates from the exposed concrete surface, leaving it drier than the
next layer extruded on top of it. Right after the top layer is extruded, the bottom layer starts
absorbing moisture from the top one. As the water is mitigating from bottom to top, air is
being forced out from the bottom layer. This air moves to the interlayer region, making
it more porous and permeable. Additionally, the lost water due to evaporation leads to
additional amounts of unhydrated cement in the interlayer zones [5,7]. Longer time gaps
between layer placements further weaken interlayer bonding [5,8].

Anisotropic properties arise not only from weak interlayer regions but also from the
anisotropic nature of the filaments themselves. As a result of the extrusion forces, material is
compacted more in the print direction, resulting in differing mechanical characteristics [9].

Concrete is typically known for its strong durability as a building material. How-ever,
studies show that 3D-printed concrete elements show decreased durability properties
when compared to conventionally cast elements. This can mostly be attributed to the pore
structure and interconnectivity in printed versus conventionally cast elements.

By using X-ray micro-computed tomography (µCT), it has been shown in the literature
that the voids in printed elements are more elongated and interconnected, unlike the large,
round, and distinct voids observed in conventionally cast samples [5,10]. The elongated
and connected pore structure is especially evident in the interlayer regions [11]. As a result
of this, permeability of 3D-printed structures is increased, which contributes to increased
water absorption and carbonation rates.

Uneven shrinkage can occur in freshly deposited concrete layers as they cool and
dry, leading to reduced durability. This is caused by microcracks that develop due to the
restraint from the underlying layer, especially when there is a longer time interval between
layer deposits [12,13].

Various studies have shown that longer time intervals between layer deposits weaken
compressive strength and interlayer bonding due to reduced surface moisture and an
increased number of voids [14–16]. Consequently, it is crucial to minimize conditions that
allow water to evaporate. However, in practical applications, there are cases where cold
joints are inevitable due to technological constraints and other factors. Cold joints occur
when a new layer is applied to one that has already begun to set, creating a weak interface
that compromises structural integrity. Therefore, this study has investigated the impact of
cold joints on durability.

However, the main objective of this study is to assess the mechanical and durability
properties using the specific concrete mixture and printing process described in this study.
Variations in these properties in different orientations were studied for two main reasons:
first, to use this mixture as a benchmark in further research developing other similar
concrete mixtures suited for 3D printing; second, understanding how these properties vary
in different directions informs how to best use printed structures in different applications.
This helps identify the most suitable uses for the material, critical directions to avoid under
load, and optimization of the design for better performance.
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The study uses a series of experimental methods to evaluate mechanical strength
and durability in different orientations. The specific experimental methods selected are
based on study plans created for interlaboratory studies of mechanical properties [17] and
durability [18] of hardened concrete and fresh properties of 3D-printed concrete. These
guidelines were developed by two technical committees of RILEM (International Union of
Laboratories and Experts in Construction Materials, Systems and Structures)—304-ADC,
Assessment of Additively Manufactured Concrete Materials and Structures; and 303-PFC,
Performance Requirements and Testing of Fresh Printable Cement-Based Materials—with
a goal to establish international standards for accuracy and reliability.

Mechanical property testing, such as tensile, compressive, and flexural tests, were con-
ducted along various directions to identify directional strength differences. Durability was
assessed through environmental exposure tests—water absorption and carbonation. Addi-
tionally, this study examined how interlayer regions and cold joints affect these properties.

2. Materials and Methods
This section outlines the materials and methods employed to evaluate the fresh prop-

erties, mechanical performance, and durability of the 3D-printed and -cast specimens.
Detailed descriptions of the testing procedures, materials, and equipment used are pre-
sented in the following chapter.

2.1. Materials

A commercially available Sakret Ltd. (Rumbula, Latvia) concrete ready mix for 3D
printing was used in this test (Table 1). The dry mixture consisted of ordinary Portland
cement (OPC) CEM I 42.5 R from Schwenk Ltd. (Broceni, Latvia), limestone filler (Saulkalne,
Latvia), sand from Sakret Ltd. (Rumbula, Latvia) with a particle size ranging from 0 to
2 mm, superplasticizer (SP), a viscosity modifying agent (VMA), and polypropylene fiber
in the amount of 0.05 wt% with a diameter of 22 µm and length of 6 mm.

Table 1. Used dry mixture in g of 1 kg of dry mixture.

CEM I/A-LL
42.5, Schwenk

Limestone
Filler,

Saulkalne

Sand, fr.
0–2 mm,
Sakret

Additives Polypropylene
Fiber

300 200 490 10 0.5

Various admixtures were already incorporated into the used concrete ready mix to improve
the characteristics of 3D-printed concrete during different stages of the printing process.

Superplasticizer was added to decrease the yield stress and plastic viscosity of the
concrete by dispersing the binder particles [3,19,20]. In this mixture, melamine sulphonate
was used as an SP to reduce water content for optimal extrusion and therefore improve
mechanical properties.

When designing a concrete mixture for 3D printing, SPs and VMAs are often used in
combination with each other. Most VMAs are able to adsorb simultaneously on several
cement particles and bridge them, promoting particle flocculation [20]. For concrete ad-
ditive manufacturing, the main advantage of adding VMA to the mixture is its ability to
increase the yield stress of cementitious materials and reduce material deformation under
its own weight, which is vital for achieving high buildability. VMAs can also help prevent
segregation in highly flowable concretes and improve water retention. In this mixture,
cellulose was added as a VMA due to its compatibility with melamine-based SP [19,21].

Another additive used to improve the shape stability of a structure was polypropylene
fibers. Although the addition of these fibers increases the viscosity during mixing and
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pumping, they improve the homogeneity and stability of the mix when the material is at
rest after extrusion [20,22]. The addition of fibers also improves the flexural strength and
reduces cracking from drying shrinkage.

The commercially available concrete ready mix was chosen for its easy accessibility
and its potential to provide a controlled and reproducible reference point and bench-
mark in future studies after evaluating its mechanical and durability properties. Unlike
laboratory-made mixtures, a commercially produced mix offers the advantage of mini-
mizing variability in properties that can occur when using different batches or suppliers
of individual dry ingredients or when substituting ingredients that may not always be
available. This ensures greater uniformity and reliability for comparison when exploring
custom admixtures or variations in mix designs.

2.2. Mixing and 3D Printing

Mixtures for mechanical, durability, and fresh-state tests were prepared in three
different batches of 45, 30, and 15 L volume, respectively. Each batch was prepared
following the same procedure by first mixing the dry ingredients with water for 180 s, then
allowing the mixture to rest for 10 min, and then remixing for an additional 60 s with a
mixing speed of 680 rpm. The prepared mix was then manually loaded into the hopper.

The printing system features a gantry-type printer (Figure 1) controlled by a computer
and has three degrees of freedom. The allowed printing area is 1000 × 1000 × 1500 mm.
In this study, a round nozzle with a diameter of 36 mm was used to achieve the desired
filament width. Based on the prior experience of laboratory workers and visual observations
during printing, including dimensional consistency, layer compaction, interlayer adhesion,
and absence of surface tearing, the printing speed was set to 6950 mm/min to ensure
optimal print quality.
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2.3. Fresh State Properties

The fresh density of the mixture was measured using a standardized 1 L cylinder. The
mixture was compacted in two layers and then weighed according to EN 12350-6 [23]. Flow
table measurements were performed according to the EN 1015-3 standard [24]. Both tests
were conducted before printing, approximately 15 min after adding water to the dry mix.
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The initial and final setting time was measured using the Vicat method according to the EN
196-3 standard [25].

The yield stress of the tested material was determined by performing a rheometer
test and slugs test. First, the rheometer test was carried out. A rheometer, “Schleibinger
Viskomat XL” by Schleibinger Geräte Teubert u. Greim GmbH (Buchbach, Germany) for
mortar and concrete, equipped with a Vane probe, was used to determine the dynamic
yield stress and viscosity of the mixture. To study the setting process of the mixture over
time, a periodically rotating and resting mode was set. The rheometer periodically rotated
at 7 rpm for 1 min, followed by resting periods of either 6 or 11 min (Figure 2a). It should
be noted that during the breaks between the rotation periods, no remixing or any impact
on the mixture occurred.
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Figure 2. (a) Rheometer working protocol. The protocol consists of two parts with varying resting
intervals: an initial resting phase of 6 min, followed by 1 min working time. After 25 min, the resting
time extends to 11 min, followed by 1 min working time. (b) Rheological chart: time vs. torque.

During rheometer working periods, continuous measurements of the torque were
carried out. The obtained rheological chart (Figure 2b) determined both static and dynamic
yield stress. The dynamic yield stress represents the yield stress of a 3D-printed mixture
under continuous shearing. In turn, the static yield stress corresponds to the yield stress of
an undisrupted mixture after a resting period.

Shear stresses were determined using formulas provided in the user manual of the
used rheometer:

τ0 = M/
[
2πR3

)
·(L/R + 2/3)] (1)

where τ0 is the shear stress (Pa), either dynamic or static; R is the radius of the used Vane
probe, taken as 34.5 mm; L is the length of the used Vane probe, taken as 69.0 mm; and M
is the torque (Nmm) obtained from the rheological chart.

The slugs test was used to determine the approximate yield stress of the material
directly after extruding through a nozzle. The test involves extruding the material through
a nozzle with a constant force until a slug (droplet) forms due to uniaxial yielding. To
prepare for this test, a small bucket was placed on a scale under the printhead. The material
was then loaded into the printhead and the printer was started at the intended extrusion
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speed, approximately 50 cm above the bucket. The material was extruded into the bucket
until it became homogeneous and slugs fell at roughly uniform intervals, appearing visually
similar in length and shape. At this point, the scale was tared and the number of falling
slugs was counted manually. Twenty-five slugs were counted to ensure a reliable result. At
the end of the test, the total mass of the slugs was recorded and the average yield stress
value was determined from the results [26,27].

A good printability can be considered to be achieved if the mixture is simultaneously
buildable, pumpable, and extrudable, the layer geometry does not differ significantly
between layers, and the surface quality is satisfactory [28]. All these parameters can be
assessed simultaneously only through direct buildability tests by printing an actual object.
Therefore, right after the slugs test, a direct buildability test was performed.

There are two possible types of fresh mass collapse in a printed object: elastic buckling
due to loss of stability and plastic collapse due to exceeding the yield stress. Elastic buckling
depends on the geometry of the printed object and the modulus of elasticity of the fresh
mass. In contrast, geometry has minimal influence on plastic collapse, which mainly
depends on the material used and its yield stress. Plastic collapse occurs when the vertical
stresses from the mass’s self-weight exceed the allowable shear stresses or yield stresses,
causing the mass to flow laterally upon collapse [29–31]. A cylinder with a diameter of
250 mm was selected for the direct buildability test. This shape was chosen for its stable
geometry, which delays buckling and favors plastic collapse over elastic.

By analyzing the fresh state properties, the material behavior during the 3D printing
process was assessed, including its flowability, extrudability, and buildability. These prop-
erties will impact the layer adhesion and material’s mechanical and durability performance.
The following sections describe the mechanical and durability testing procedures for both
printed and cast specimens.

2.4. Mechanical Testing

For the mechanical tests, both printed and cast samples were prepared. In order to
prepare the printed samples, an object (Figure 3a) consisting of 1 horizontally adjacent
filament and 24 vertical layers was printed. Each layer was approximately 10 mm in height
and 50 mm wide.

The cast samples for flexural and compressive strength tests were made from the
same batch as the printed object. The samples were prepared according to standard EN
1015-11 [32] using prismatic molds with dimensions of 40 × 40 × 160 mm.

Curing was divided into two stages: initial and normal curing. During initial curing,
specimens were covered with airtight foil immediately after printing and stored for the
first ~60 h, maintaining the conditions (T = 20 ◦C ± 2 ◦C; RH ≥ 95%). Later, during normal
curing setup, the specimens were stored in water till the testing day.

After the curing period, the printed samples were sawn to 40 × 40 × 40 mm cubes for
compressive strength (Figure 4) and splitting strength (Figure 5) tests, and 40 × 40 × 160 mm
prisms for flexural strength tests (Figure 6). The samples were sawn by following specific
directions from [17] on the specimen location. Part of the prismatic cast samples were sawn into
cubes with dimensions of 40 × 40 × 40 mm for the compressive and splitting strength tests as
well. To ensure flat parallelism of the bearing faces for test specimens, the planned cutting lines
were manually marked on printed object parts by drawing them parallel or perpendicular to
the bottom plane, which was confirmed to be completely flat (Figure 3b). During the sawing
process, flat parallelism was maintained using the circular saw table, which was equipped with
metal guides fixed perpendicular and parallel to the saw blade (Figure 3c). Once all the samples
were prepared, they were visually inspected and, if necessary, all of the specimen faces subjected
to compression were grinded to achieve an optimal surface quality for testing.
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The prepared samples were tested after 28 days of curing. Compressive and three-
point bending strength tests were carried out. The compressive strength test was carried out
using testing machine “Controls 50-C56Z00” from Controls S.p.A. (Milan, Italy). The test
speed was set at 2400 N/s. Flexural strength tests were carried out using testing machine
“Zwick Z100” from ZwickRoell GmbH & Co. (Ulm, Germany). The test speed was set at
50 N/s and 125 N/s for the flexural and splitting tests, respectively.

For the compressive strength tests, the cast samples (n = 9) were tested as reference
samples and the printed samples were tested for three different directions in relation to
print direction (Figure 4):

u direction—load applied perpendicular to the v,w plane (n = 9);
v direction—load applied perpendicular to the u,w plane (n = 9);
w direction—load applied perpendicular to the u,v plane (n = 9).
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For the splitting strength tests, the cast samples (n = 9) were tested as reference
samples and the printed samples were tested for three different directions in relation to
print direction (Figure 5):

w/u direction—load applied parallel to print direction (n = 9);
v/w direction—load applied perpendicular to the top plane (n = 9);
u/v direction—load applied perpendicular to the side plane (n = 9).
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For the three-point flexural strength tests, the cast samples (n = 5) were tested as
reference samples and the printed samples were tested for three different directions in
relation to print direction (Figure 6):

u.w direction—load applied parallel to print direction (n = 7);
v.u direction—load applied perpendicular to the top plane (n = 7);
w.u direction—load applied perpendicular to the side plane (n = 7).
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The assigned sample orientation names are described in detail in the study plan [17].
For each compressive and splitting test series, 9 samples were tested, from which every
3 specimens were taken from 3 different height locations—bottom, middle, and top section
of the printed object. However, all the flexural strength series samples were extracted from
the middle part of the print object.

2.5. Durability Testing

For the durability tests, both printed and cast samples were prepared according to the
study plan [17]. In order to prepare the printed samples, two print objects with identical
geometry (Figure 7), consisting of 1 horizontally adjacent filament and 6 vertical layers,
were printed. Each layer was approximately 10 mm in height and 50 mm wide. The total
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print path length of each object in the horizontal plane was 1500 mm, the material extrusion
rate was 0.45 dm3/min, and the vertical layer interval time was 20 s. The first object was
printed without any additional time gap between any of the six layers. Samples obtained
from this object were marked as T0. For the second object, the initial three bottom layers
were printed first. After a time gap equal to the initial setting time of 178 min, the remaining
three layers were printed. This way, a cold joint was created in the middle of the print
object. Samples obtained from this print object were marked as TSET.

The cast samples for durability tests were made from the same batch as the printed
object. The cast samples were prepared according to EN 1015-11 [32], using prismatic
molds with dimensions of 40 × 40 × 160 mm.

Curing was divided into two stages: initial (see Section 2.4.) and normal curing.
During normal curing setup, the specimens were stored under controlled conditions to
maintain relative humidity of 60% and air temperature of ~18 ◦C until the testing day.

Contrary to the mechanical test specimens, the samples for durability tests were
prepared by sawing the print objects only in the vertical direction. This way, test specimens
with dimensions of 40 × 60 × 50 mm were obtained, with 60 mm and 50 mm being the
unaltered height and width of the print object, respectively.

J. Compos. Sci. 2025, 9, x FOR PEER REVIEW 9 of 24 
 

 

   

 

(a) (b) (c)  

Figure 6. Test setups for flexural strength tests in various directions: (a) direction [u.w]; (b) direction 
[v.u]; (c) direction [w.u]. 

The assigned sample orientation names are described in detail in the study plan [17]. 
For each compressive and splitting test series, 9 samples were tested, from which every 3 
specimens were taken from 3 different height locations—bottom, middle, and top section 
of the printed object. However, all the flexural strength series samples were extracted from 
the middle part of the print object. 

2.5. Durability Testing 

For the durability tests, both printed and cast samples were prepared according to 
the study plan [17]. In order to prepare the printed samples, two print objects with iden-
tical geometry (Figure 7), consisting of 1 horizontally adjacent filament and 6 vertical lay-
ers, were printed. Each layer was approximately 10 mm in height and 50 mm wide. The 
total print path length of each object in the horizontal plane was 1500 mm, the material 
extrusion rate was 0.45 dm3/min, and the vertical layer interval time was 20 s. The first 
object was printed without any additional time gap between any of the six layers. Samples 
obtained from this object were marked as T0. For the second object, the initial three bottom 
layers were printed first. After a time gap equal to the initial setting time of 178 min, the 
remaining three layers were printed. This way, a cold joint was created in the middle of 
the print object. Samples obtained from this print object were marked as TSET. 

The cast samples for durability tests were made from the same batch as the printed 
object. The cast samples were prepared according to EN 1015-11 [32], using prismatic 
molds with dimensions of 40 × 40 × 160 mm. 

Curing was divided into two stages: initial (see Section 2.4.) and normal curing. Dur-
ing normal curing setup, the specimens were stored under controlled conditions to main-
tain relative humidity of 60% and air temperature of ~18 °C until the testing day. 

Contrary to the mechanical test specimens, the samples for durability tests were pre-
pared by sawing the print objects only in the vertical direction. This way, test specimens 
with dimensions of 40 × 60 × 50 mm were obtained, with 60 mm and 50 mm being the 
unaltered height and width of the print object, respectively. 

 
Figure 7. Print object geometry for durability tests. Two printed objects: the bottom part was printed
first for the object with the cold joint (TSET); the printed object without the cold joint (T0).

After 28 days of curing, all durability samples were placed into a drying oven set at a
temperature of 40 ◦C and dried until constant mass. Afterwards, each sample was coated
with two layers of epoxy resin. For the water absorption tests, 4 out of 6 planes were coated,
while for the carbonation tests, 5 out of 6 planes were coated.

Water absorption tests were carried out for 5 different test series as follows:

• T0 with the side planes left uncoated (n = 3);
• T0 with the top and bottom planes left uncoated (n = 3);
• TSET with the side planes left uncoated (n = 3);
• TSET with the top and bottom planes left uncoated (n = 3);
• Cast samples with two of the molded planes left uncoated (n = 3).

The dried water absorption samples were weighed, then put inside a water tank
prepared according to the EN 1936 standard [33]. Samples were removed from the water
tank after 1 min, wiped, and weighed. They were then immediately submerged back into
the water. This procedure was repeated when the timer reached 3, 7, 15, 30, 60, 120, 180,
240, 300, 360, 1440, and 8640 min. The timer was stopped every time the weighing process
was conducted.

Carbonation tests were carried out on 3 different test series as follows:

• Without the cold joint, T0 with one of the side planes left uncoated (day 7, 28, 56, and
90, n = 3 for each day);
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• With the cold joint, TSET with one of the side planes left uncoated (day 7, 28, 56, and
90, n = 3 for each day);

• Cast samples with two of the molded planes left uncoated (day 7, 28, 56, and 90, n = 3
for each day).

The dried samples were placed inside a carbonation chamber with a desired carbona-
tion level of 1%, relative humidity of 60%, and a temperature of 20 ◦C. After 7, 28, 56, and
90 days of exposure, samples were split in half. Samples were split using testing machine
“Controls 50-C56Z00” from Controls S.p.A. (Italy), placing a wire at the top and bottom of
the sample. Samples were split perpendicular to their uncoated surface.

Afterwards, a 1% phenolphthalein solution was sprayed on the freshly broken surfaces.
Then, each of the broken surfaces was photographed alongside a millimeter paper to include
a scale. Then each photo was processed using image analysis software ImageJ 1.8.0. For
the cast samples, the carbonation depth was measured across the entire sample height,
with measuring points placed every 2 mm. At each 2 mm interval in height, three points
were picked on the photo to indicate the outer boundaries of the sample and the boundary
between the carbonated and non-carbonated area. For the printed samples, the carbonation
depth was only measured between the second and fifth layer, excluding the first and last
layer to avoid side effects. Measuring points were placed following the same procedure as
with the cast samples.

3. Results and Discussion
Having established the testing procedures and materials in Section 2, this chapter

presents the results obtained from these tests. It includes an analysis of the fresh properties,
as well as the mechanical and durability characteristics of both printed and cast specimens,
followed by a discussion of their performance under various conditions.

3.1. Fresh Properties

Prior to 3D printing and 10 min after adding water to the dry mixture, fresh properties
were assessed, as described in Section 2.3. The density of the fresh mixture was found to
be 2040 kg/m3. The flow table test showed a spread diameter of 165 mm after 15 jolts,
indicating that the consistency of the mix was theoretically suitable for 3D printing [34].
The slugs test results revealed that the yield stress of the mixture was 1070 Pa, which
falls within the acceptable range for printable materials for the particular 3D printer that
was used and described in Section 2.3. Consequently, the consistency of the mixture was
deemed acceptable, and the direct buildability test was started immediately after the slugs
test, without adding any extra water.

Analyzing the obtained rheometer results, it can be observed that the static yield stress
is nearly twice as high as the dynamic shear stress (Figure 8). The difference between static
yield stress and dynamic shear stress reflects the thixotropic behavior of the 3D printing
mixture. This phenomenon can be explained by the formation of temporary colloidal bonds
during the resting phase, which are disrupted once movement begins. Both parameters are
important for the 3D printing process: the dynamic yield stress affects both the required
pumping pressure and the shape retention of the freshly laid layer, while the static yield
stress determines the resistance against material failure.

When examining the results, it is evident that both static and dynamic yield stresses
remain stable during the first 25 min of the test. After this period, there is an increase in
these parameters, which is associated with the beginning of setting processes in the cement
mixture. After 68 min, there was a sharp decrease in dynamic yield stress. This can be
explained by the formation of a sliding plane between the Vane probe and the mixture as
the material begins to set.
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The rheometer and slugs test provided similar shear yield stress values within the
first 35 min after adding water to the dry mixture (Figure 8). This suggests that the slugs
test, which is a relatively very simple method to determine materials yield stress, is a fairly
reliable measurement of concrete yield stress during the early stages of its working time.
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Figure 8. Static and dynamic yield stress values obtained via rheometer and slugs tests.

The direct buildability test was conducted 15 min after mixing the dry material with
water. This test simultaneously evaluated the surface quality. The printing time for a single
layer of the mixture was 6 s, with the total printing time for one object being approximately
2 min and 30 s. Therefore, the printing process spanned from the 15th to the 18th min after
water was mixed into the dry material. It was possible to achieve a height of 18 layers, or
180 mm (Figure 9a), before experiencing plastic collapse (Figure 9b). It was calculated that
at this stage, right before the collapse, the compressive strength of the fresh mixture was
3600 Pa.
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Overall, the tests conducted on the mixture demonstrated its suitability for 3D printing.
The surface quality of this mixture was acceptable, without any tearing or dimensional
inconsistencies.

3.2. Mechanical Properties
3.2.1. Compressive Strength

Test results showed that none of the printed samples reached the same or higher
compressive strength with respect to the cast samples, which was 37.8 MPa, comparable
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to C30/37 standard concrete according to [35] (Figure 10). The printed samples overall
showed lower values and demonstrated significant anisotropy in compressive strength
depending on the loading direction.
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Among the printed samples, the highest compressive strength was observed in the [u]
direction, where the load was applied parallel to the print layers, reaching approximately
85% of the cast sample strength.

Conversely, the samples tested in the [v] direction, where the load was applied per-
pendicular to the print object’s side plane, exhibited lower compressive strength, reaching
about 71% of the cast sample strength. The lower strength in the [v] direction is likely
due to the minimal pressure applied in this direction during the setting process, allowing
the concrete to settle and expand laterally without the confinement typically provided by
formwork or molds [36].

The lowest compressive strength was recorded for the samples tested in the [w] direc-
tion, where the load was applied perpendicular to the print object’s top plane, achieving
only 59% of the cast sample strength. Self-weight of the concrete is the primary factor that
compacts the concrete in the [w] direction [14]. While it provides some level of compaction,
it is less effective compared to the high pumping pressure that compacts the concrete in the
[u] direction.

While it is generally accepted that compressive and flexural strength tests do not give
direct indication on interlayer bond strength, these results can give some insight on its
quality. Most studies show that compressive strength is highest in the [u] direction, which
is attributed to the higher density and closer packing of material which results from the
high pumping pressure exerted during the extrusion of mortar [9].

However, when comparing the directions [w] and [v], results vary significantly across
multiple studies. Some suggest that strength in the [w] direction surpasses strength in
the [v] direction [9,17,37]. For 3D-printed concrete, this observation is not unexpected, as
compression applied in the [v] direction—parallel to shear planes—can cause the specimens
to separate or split along the interlayer regions [14]. As a result of this separation, multiple
compression planes are formed instead of a single homogeneous one, thus weakening the
entire specimen in the [v] direction.

At the same time, there are studies that indicate otherwise, reporting either similar or
higher strength in [v] when compared to the [w] direction [14–16,38,39], which aligns with
the results in this study. Here, and possibly in these other studies, the previously mentioned
separation caused by insufficient interlayer bonding likely does not occur. Instead, the
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compression plane remains intact across layers, avoiding the weakening effect that would
typically lead to lower strength in the [v] direction compared to [w]. This suggests that
good interlayer bonding plays an important role in maintaining the material’s integrity
under compressive loads.

In this study, the strong interlayer bond can be primarily attributed both to short
interlayer times and over-extrusion. Over-extrusion in this case occurs when a 50 mm wide
filament is printed using a 36 mm diameter nozzle. This results in the freshly extruded fila-
ment being slightly squeezed into the previous layer. This compression during deposition
improves bonding between the layers, creating a stronger interlayer connection [40].

Future studies could investigate the specific role of interlayer bond strength in com-
pressive strength across these two directions. For example, these tests could explore the
effects of various interlayer times that intentionally weaken interlayer bonding or the effects
of over-extrusion by varying the nozzle diameter.

However, while good interlayer bond strength convincingly explains why [v] is not
weaker than [w], it does not explain why it is stronger. This suggests that additional factors,
such as the material’s microstructure, might contribute to the observed strength advantage
in [v] direction. Since the objective of this study was to evaluate properties of this specific
mixture using the given 3D printer, with the goal of establishing it as a benchmark mixture,
rather than investigating the reasons behind directional differences, these aspects were
not explored.

Comparison between compressive strength test results of samples taken from different
height locations of the printed object—bottom, middle, and top—showed lower values for
samples located in the top part (Figure 11).
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Interestingly, the [u] direction was least impacted by the height location. This suggests
that compaction from the extruder in the direction of concrete deposition has the most
influence on compressive strength, while the weight of concrete layers deposited on top
has less influence in this direction. In contrast, the [v] direction exhibited, by 15%, lower
compressive strength values for the samples taken from the top. However, within the range
of standard deviation, the values were similar. The [w] direction was the only one that
showed gradually decreasing values for the samples taken from the middle and top part,
indicating that compaction from the self-weight of the layers plays a more crucial role in
this direction, as expected.

Overall, the obtained compressive test results clearly show the anisotropy in the
mechanical properties of 3D-printed concrete. The variability in strength values across
different orientations and height locations emphasizes the need to consider the printing
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direction when planning and designing 3D-printed concrete structures. Depending on
the intended function and requirements of the designed structure, selecting the most
appropriate printing direction is crucial.

Knowing the desired direction in which the structure will be used allows for evaluation
and planning of which part of the structure (top/middle/bottom) should be utilized, or
if it makes no difference. The desired direction for applying compression to the element
is the [u] direction. In this direction, the compressive strength results are the highest, and
it is of no particular concern which area of the printed element is subjected to the load
more—strength is consistent throughout the entire height.

However, if the structure will be subjected to loads in the [w] direction, it is vital to
recognize that this direction exhibits the lowest compressive strength compared to others,
especially more towards the top part of the printed object. Therefore, when using the [w]
direction, it is important to base calculations on the weakest sections to ensure structural
integrity and safety.

3.2.2. Flexural Strength

Similar to the compressive strength test results, the flexural strength test results also
indicate that the flexural strength of 3D-printed samples varies significantly depending on
the direction of loading relative to the print layers (Figure 12).
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Clearly, the lowest flexural strength was observed in samples tested in the [u.w]
direction, which is consistent with findings from previous studies [9,14,38]. Samples tested
in the [u.w] direction exhibited a flexural strength that was only 77% of cast sample strength.
In this direction, load was applied parallel to the layers, directly stressing the interfaces
between the layers.

However, by visually observing the samples after flexural failure, it was noticed that
the fracture line was not straight or clearly defined, suggesting that the failure did not
happen only along the interlayer regions (Figure 13a). The scattered fracture pattern could
indicate that the printed filaments merged during the printing process, likely due to the
previously mentioned over-extrusion. It also suggests that the interlayer bond strength
is relatively high, preventing clear separation along the interlayer regions. Both factors
likely improve structural integrity of the test specimens, suggesting that the mixture and
printing technology used in this study provide a structure with relatively strong interlayer
bond strength.
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Test results showed that samples tested in the [w.u] and [v.u] directions had, by 13%
and 5%, higher flexural strength, respectively, than the cast samples. While there are
slight differences in strength observed between these two directions, the overlap within
the range of standard deviations suggests that they are minor, leading to comparable
structural performance.

In contrast to the findings of this research, other studies have reported higher strength
values in the [v.u] direction compared to the [w.u] direction [9,14,38]. Typically, the higher
strength in the [v.u] direction is attributed to better compaction of the material due to self-
weight. For instance, Panda et al. [9] suggested that specimens loaded in the [v.u] direction,
taken from the bottom of a printed block, showed higher strength likely due to better
compaction compared to specimens in the [w.u] direction. Since all the samples in this
study were taken from the middle of the printed object, the effect of self-weight compaction
was likely minimal, leading to the relatively small differences in flexural strength between
the [w.u] and [v.u] directions observed in this study.

In practical applications, the specific direction of loading must be carefully considered
when subjecting 3D-printed structures to flexural loads. If the structure is expected to
be subjected to bending forces in the [u.w] direction, it may be necessary to reinforce the
structure or adjust the orientation of the printed layers to more effectively distribute loads
across areas with higher strength [41,42], such as the [w.u] or [v.u] directions. These direc-
tions demonstrated higher flexural strength and are more suitable for elements subjected
to bending forces. Even though this study did not show pronounced separation in the
interlayer region when tested in the [u.w] direction, the risk of failure along the interlayer
is higher in this orientation. This risk could become more significant if a faulty layer is
printed, which could lead to delamination.

3.2.3. Splitting Strength

The test results indicate that the splitting strength of the printed samples was approxi-
mately 10% lower compared to the cast samples (Figure 14). The direction of the applied
load did not significantly affect the splitting strength of the printed samples, as the obtained
strength differences were negligible. This uniformity in splitting strength is consistent with
studies performed by other authors as well [15].
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The fact that the printed material resists splitting equally well in all directions also
indirectly indicates that the interlayer bond strength achieved with this specific mixture
and print technology is relatively high.

In practical applications, the uniformity in splitting strength across all loading direc-
tions suggests that 3D-printed structures using this specific mixture and print technology
can reliably resist tensile stresses regardless of orientation.
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Figure 14. Splitting strength test results.

Although uniaxial compression tests, three-point bending tests, and splitting strength
tests do not directly measure interlayer bonding strength, testing in three different directions
has given valuable insights into the anisotropy of 3D-printed structures using this specific
mixture and printing technology. The results reveal how the material’s properties vary
with the direction of the applied load and help determine the best orientation for structural
use if such preference exists. At the same time, the material showed consistent performance
regardless of direction, such as in splitting strength across all directions and minimal
differences in flexural and compressive strength when comparing [v.u] to [w.u] and [v] to
[w], respectively, which simplifies use in structural applications.

3.3. Durability Properties
3.3.1. Water Absorption

The water absorption test results revealed that all of the printed samples exhibited
higher water absorption through the outer plane compared to the bottom plane (Figure 15).
The simplest explanation for this difference could be attributed to the surface irregularities,
as in this study, the surface area was measured as the distance between two planes and did
not account for the actual surface texture, including the printed layer contours.

However, water absorption through the outer plane is likely greater not only due to
surface irregularities but also because of the increased porosity along the interlayer regions,
which facilitates greater water ingress [8,43]. Additionally, the morphology of pores in
these interlayer regions changes, becoming flattened and therefore elongated [44,45]. As a
result, when water exposure occurs from the side, these flattened and elongated pores are
likely oriented in a way that promotes water infiltration in that direction.

In order to confirm this hypothesis, further research should be conducted, possibly
including an analysis of sawn samples while excluding other factors such as texture cracks
and the geometry of the printed elements. The water absorption from the side would likely
show higher values due to the pores being more elongated in the direction of printing and
sideways, which encourages water absorption along the layers rather than vertically, from
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bottom to top. It should be noted that sawing the samples was not part of this study, as it is
unlikely that samples are sawn after printing in practical scenarios.

Additionally, surface microcracks can lead to an increased capillary suction [8]. These
cracks are more likely to form on the outer surface of printed elements, unlike the bottom
plane, which was in contact with a plywood sheet, providing better curing conditions. The
curing conditions on the outer surface could further explain the higher water absorption.

Although the water absorption results indicate that printed samples generally per-
formed better than cast ones, this does not necessarily imply an overall improvement in
durability. While the extrusion process may have compacted the material and reduced
water absorption in some cases, it also introduced weak interlayer zones and increased
overall permeability.

When comparing the printed samples with a cold joint (TSET) to those without a cold
joint (T0), it becomes evident that the longer layer interval time in the TSET samples leads to
higher water absorption. This increased water absorption is attributed to the presence of a
weak interlayer zone, which is more pronounced with extended layer interval times. This
finding aligns with previous research [8,45] which has shown that longer delays between
layer depositions weaken the interlayer bond. In these weak zones, the concrete does not
bond as effectively, creating pathways for water to infiltrate more readily. The results indicate
that minimizing the time interval between layers is crucial for reducing water absorption and
ensuring the overall durability and performance of the 3D-printed structure.
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3.3.2. Carbonation

When exposed to atmospheric conditions, carbonation will occur in concrete structures
at a relatively slow but invasive pace. Initially, the high pH of concrete provides a protective
environment for the steel reinforcement, preventing corrosion. However, carbonation
leads to a reduction in the concrete’s pH level and once the carbonation front reaches the
reinforcement, the reduced pH level allows steel corrosion to begin. Corrosion reduces
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the effective rebar section and causes spalling in the concrete as the corrosion products
expand [5,46].

It is evident that the interlayer regions, which are more permeable than the intralayer
regions, can cause a significantly faster rate of corrosion in the reinforcement within 3D-
printed concrete elements. This increased permeability allows for easier penetration of
carbon dioxide, which accelerates the carbonation process [46].

This issue is especially important in cases where the reinforcement is positioned
horizontally between adjacent layers. In such cases, the enhanced rate of corrosion can
compromise the structural integrity by causing delamination [5]. Delamination, the sep-
aration of layers in the concrete, can severely weaken the structural element, leading to
potential failures and reduced durability of the 3D-printed concrete element. Therefore,
understanding the permeability of interlayer regions and cold joints is crucial to ensuring
the durability of reinforced 3D-printed concrete structures.

After the carbonation test, the photos taken were processed and the carbonation depth
was measured (Figure 16). When comparing the cast samples to the printed elements
without the cold joint (T0) at earlier ages, the results show somewhat similar carbonation
depth values. Overall, the carbonation depth is slightly higher for the printed samples than
for the cast samples. This might be attributed to the slightly lower lateral compaction for
printed samples when compared to the cast ones.
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(b) printed samples without the cold joint (T0); (c) printed samples with the cold joint (TSET).

The relatively consistent depth of the carbonation front across the height of the printed
elements without the cold joint (T0) suggests that the interlayer regions are not acting as
significant accelerators of the carbonation process (Figure 16b). Instead, the carbonation
appears to be uniformly affecting the entire structure. This uniformity could be due to the
particular properties of the 3D printing process, such as the short interlayer time, suitable
ambient room conditions such as efficient humidity, protection from the sun and wind, and
materials used, which may have created a more homogeneous and well-bonded structure
than initially anticipated.
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At the same time, the carbonation test results for the samples with the cold joint
(TSET) reveal that the cold joints in the printed concrete elements are severely affected by
carbonation (Figure 16c). These joints, where the concrete layers meet but do not fully bond,
provide pathways for carbon dioxide to penetrate more deeply and quickly, leading to an
accelerated rate of carbonation in these areas.

By visually observing the carbonation samples without the cold joint, it was apparent
that for the samples tested at earlier ages (7, 28, and 56 days), the carbonation front followed
the actual geometry of the printed layers (Figure 17a–c). However, at later ages (90 days),
the carbonation front no longer mimics the actual geometry of the printed layers but moves
in a more uniform, straight-line pattern instead (Figure 17d). This suggests that the initial
layer-by-layer geometry is less influential towards the middle, where the older concrete
layer more effectively blended with the newly printed layer, creating a more uniform
interlayer region. Additionally, the slower evaporation of water in the middle sections
of the concrete likely contributed to this protective effect. Overall, this shows that over
longer periods of time when the carbonation front has moved more towards the middle,
the interlayer regions are less influential.
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(h) TSET after 90 days.

Interestingly, while the interlayer geometry becomes less apparent over time, the cold
joint remains clearly visible even after 90 days (Figure 17h). This demonstrates that while
the interlayer regions integrate over time and more towards the core of the sample, the cold
joint continues to act as a clear boundary within the material.

Findings of this test clearly show that a short interlayer time does not significantly
affect carbonation, but a long interlayer time greatly accelerates the process. When the time
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between applying concrete layers is short, the layers can bond more effectively, creating a
more uniform and less porous structure that is more resistant to carbonation.

In contrast, if the interval between applying layers is long, the layers do not bond as
well, resulting in weaker interlayer zones. These zones are more vulnerable to the ingress of
carbon dioxide, which accelerates the carbonation process. Consequently, a long interlayer
time can create significant weak points in the structure, promoting faster corrosion of the
concrete and reducing its durability. This highlights the importance of controlling the time
between layer applications in 3D-printed concrete to ensure high resistance to carbonation
and long-term structural stability.

The findings of this study highlight specific durability risks associated with 3D printing
technology, such as the negative influence of cold joints and the increased surface area
resulting from the textured geometry of printed layers. Since industry standards favor low
water absorption and minimal carbonation depth to ensure the long-term performance of
concrete structures, these aforementioned risks must be carefully evaluated before exposing
the structure to real-life environmental conditions.

4. Conclusions
The tested mixture demonstrated good printability and sufficient buildability, achiev-

ing 18 layers before experiencing plastic collapse. A good printability window was identi-
fied between the 15th and 35th min after mixing, during which the static yield stress of the
mixture was around 1000 Pa and the dynamic yield stress was around 550 Pa. The optimal
yield stress allows for printing with good surface quality, without tearing.

This study has confirmed the anisotropic nature of 3D-printed concrete. The com-
pressive strength varied depending on the orientation of the applied load relative to the
print layers. The highest strength was achieved when the load was applied parallel to
print direction ([u] direction), reaching 85% of the cast sample strength. Lower strength
was observed when the load was applied perpendicular to a print object’s side plane ([v]
direction) or perpendicular to the top plane ([w] direction), reaching only 71% and 59% of
cast sample strength, respectively.

For flexural strength, the highest and relatively similar values were observed when
load was applied perpendicular to print layers ([v.u] and [w.u] directions), reaching approx-
imately 75% of the strength of cast samples. However, when the load was applied parallel
to the print layers ([u.w] direction), flexural strength dropped significantly, achieving only
53% of the cast sample strength.

In terms of splitting tensile strength, the difference between print directions was less
pronounced. Across all directions, the splitting tensile strength of printed samples reached
about 90% of the cast sample strength.

Water absorption and carbonation tests indicated that the durability of 3D-printed
concrete was significantly influenced by cold joints. Cold joints were more prone to water
ingress and accelerated carbonation.

In the carbonation tests, samples without cold joints performed similarly to cast sam-
ples. In contrast, samples with cold joints displayed a noticeably faster moving carbonation
front across the sample cross-section. This shows that interlayer regions have significantly
smaller impact on durability compared to cold joints, especially near the center of the
printed samples, where the carbonation front appeared more uniform. These findings
suggest that the interlayer bond in samples using the concrete mixture described in this
study, combined with the applied printing technology, is strong enough to minimize its
influence on long-term durability, except when an actual cold joint is present.
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The study’s findings suggest that 3D-printed concrete can achieve comparable strength
and durability to traditionally cast concrete, provided that care is taken to control interlayer
time and conditions.
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