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Abstract: Several studies have shown the potential of strain-hardening cementitious composites
(SHCC) as a self-reinforcing printable mortar. However, papers published on the development of
three-dimensional printable SHCC (3DP-SHCC) often report a discrepancy between the mechanical
properties of the cast and printed specimens. This paper evaluates the effect of each successive
phase of the printing process on the mechanical properties of the composite. To this end, materials
were collected at three different stages in the printing process, i.e., after each of mixing, pumping,
and extruding. The collected 3DP-SHCC materials were then cast in specimen moulds and their
mechanical properties after curing were obtained. The resulting findings were juxtaposed with the
mechanical properties of the specimens derived from a fully printed 3DP-SHCC element, and our
findings indicate that while the density and the compressive strength are not significantly influenced
by the printing process, the flexural and tensile strength, along with their associated deflection and
strain, are strongly affected. Additionally, this research identifies the pumping phase as the primary
phase influencing the mechanical properties during the printing process.

Keywords: 3DP-SHCC; mechanical properties; 3D concrete printing; printing process; 3DP-ECC

1. Introduction

As a new manufacturing technology within the field of construction, three-dimensional
concrete printing (3DCP) has undergone rapid development over the past decade. This
technical innovation has the potential to allow for the manufacturing of complicated
geometries in an automated setup. Additionally, it provides benefits such as material
savings, reduction of manual labor, and increased efficiency in the production of complex
concrete elements. In recent years the technology has delivered multiple case studies [1],
from houses to bridges, that showcase its potential.

However, 3DCP has one challenge that is inherent to its nature, namely, concrete’s
poor tensile strength and ductility. Due to this material characteristic, printed concrete
elements are prone to failing without warning when subjected to high tensile forces, and
the structural safety of the printed elements is a subject of concern. As a solution, 3D
printed elements have been designed to be loaded in compression only [2], occasionally
aided by the addition of post-tensioned reinforcement. However, this compromises the
potential benefits of 3DCP, namely, design based on the principle of ‘form following force’
[3,4] and reduced material usage.

One of the research trajectories to overcome this challenge in 3DCP is the develop-
ment of Strain-Hardening Cementitious Composites for 3D Printing (3DP-SHCC). Strain-
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Hardening Cementitious Composites (SHCC) are characterized by their high tensile duc-
tility and strain hardening behavior, which they derive from a small volume (1-2 vol%)
of incorporated microfibres. These mechanical characteristics make the material attrac-
tive for additive manufacturing, offering increased structural safety due to its ability to
undergo tensile strain without losing the capacity to withstand tensile stress. Therefore,
the application of SHCCs as a printing material can greatly improve design flexibility and
material efficiency.

Additionally, SHCC offers several advantages for (post)-reinforced printed elements.
For instance, it can withstand tensile splitting forces encountered in the commonly used
post-tensioned prestress reinforcement within 3DCP. Furthermore, in a novel 3DCP re-
inforcement technology where helical reinforcement is automatically integrated into 3D
printed concrete structures, SHCC can enhance the material confinement and rebar bond-
ing, thereby improving the overall performance of the steel-reinforced concrete printed
elements [5,6].

The mechanical principle of SHCC is based on the formation of multiple stable cracks
under tensile loading. When the concrete matrix develops its initial microcrack, the fibers
are able to take over the tensile forces of the composite matrix. As the fibers successfully
bridge this crack, the equilibrium of forces within the concrete element is restored and the
crack is stabilized. As the applied tensile force continues to increase, the concrete eventually
cracks in a different location and the same process takes place. This cycle repeats until the
imposed tensile stress is higher than the fibre-bridging capacity of the formed cracks. At
this point, the crack localizes, leading to the ultimate failure of the material. In order for
a material to exhibit this behavior, it must satisfy two specific micro-mechanical criteria,
namely, the strength and energy criteria [7].

The strength criterion specifies that the cracking strength of the matrix should be lower
than the maximum fibre bridging capacity of the existing cracks. The energy criterion, in
short, ensures that the fibers are able to bridge a matrix crack and keep it stable. Here, the
interface bond between the fiber and its surrounding matrix plays a crucial role. If this
interface is too strong, the fibers will break, whereas if it is too weak the fibers will be pulled
out from the matrix. In both scenarios, the complementary energy is insufficient to maintain
a stable crack state. In order to exhibit strain-hardening behavior, it is essential for the fibers
to possess just the right degree of freedom for deformation, enabling them to accumulate the
necessary complementary energy to attain a stable crack state. This enables the formation
of multiple stable cracks, and consequently results in strain-hardening behavior [7].

Initial designs [8-11] have demonstrated the high potential of SHCC as a group of
self-reinforcing printable materials [12]. Currently, a growing community of researchers is
focused on the development of 3DP-SHCC for large-scale industrial 3D printing systems.

When it comes to any material, researchers rely on the mechanical properties retrieved
from experiments. Unfortunately, full-scale concrete printing sessions are too time- and
material-intensive for quick feedback on material adjustments. Thus, in order to keep
the iteration time during material development short, researchers often conduct their ex-
periments on cast specimens. In recent years, however, multiple research papers have
presented discrepancies between cast and printed specimens [13-18]. Le et al. [14] pre-
sented thorough research into material and mechanical properties for both cast and printed
specimens. They found that the density of the printed specimens was 4.5% higher and the
flexural strength increased from 11 MPa (cast) to 13-15 MPa (printed). However, lower
values were reported for compressive strength, at 5-30% for the printed specimens. This
reduction in compressive strength for printed elements is often found in the literature,
where contradicting reports can be found for the density. A recent study of Seo et al. [17],
analysed the density and compressive strength of different mixtures and curing methods.
They concluded that the density of the cast specimens showed a small increase for multiple
specimen types.

These differences seem to be even more pronounced when using SHCC for 3D concrete
printing, as multiple researchers have reported high deviations in flexural and tensile
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deformation capacity between cast and printed specimens [9,11,19-21], with reductions of
25% to 38% in tensile strain capacity.

To achieve strain-hardening capacity, the material must not only contain a sufficient
fibre volume, its cementitious matrix has to be tailored accordingly in order to comply with
two material-specific requirements, namely, the strength criterion and the energy criterion
[22,23]. Changes in material properties (hydration products, material density [24], rheology
[25], and fibre dispersion [26], among others), may lead to alterations and consequent
noncompliance with the two micromechanical criteria.

Numerous phenomena have the potential to influence the material and its mechanical
properties throughout the printing process. Consequently, cast specimens do not necessarily
provide a reliable indication of the actual behaviour of printed material. In the field of
3D concrete printing, it is generally agreed that the interlayer between the subsequently
extruded filaments can affect the mechanical performance of the printed element. The
quality of adhesion between two subsequent layers depends on both the fresh material
properties and printing settings, such as the time gap (interlayer time) [14,15,27], print
speed [15], nozzle height [28], moisture content [29], and the structuration rate of the
material [30,31].

The pumping phase can influence the material and mechanical properties of a printed
element as well. A recent study by Chaves Figueiredo et al. [32] found high variance in
mechanical and material properties when the same mixture was printed at two different
printing facilities while maintaining the same printing settings.

The influence of pumping on the material and mechanical properties of concrete has
been the subject of a considerable number of studies [33-35]. The overview by Li et al. [33]
on the effect of pumping on concrete mixtures reported the changes in rheology properties
and air void content. Other literature on this subject presented by Shen et al. [35] concluded
that pumping may accelerate the hydration process, causing a reduction in the dormant
period and the setting period of up to 27 and 28%, respectively. Shen argued that this is the
main cause of the increase in dynamic yield stress observed in pumped concrete.

In the domain of printable fibre-reinforced composites (FRC), which includes SHCC,
the microfibres may play a substantial role in the observed variations in mechanical proper-
ties between cast and printed composites.

Hambach and Volkmer [36] found that fibre alignment within a printed fibre-reinforced
element can be achieved when the ratio of fibre length /nozzle diameter is larger than one.
Similar to this approach, Me et al. [37] printed FRC using a narrow nozzle diameter,
ensuring that the fibres were positioned vertically within the nozzle before extrusion. The
evaluation of the mechanical properties was carried out in the three principal orthogonal
directions and compared to conventionally cast specimens created from the identical FRC
mix. In the cast specimen, the assumption is made that the fibres are arranged in a random
manner. Their research concluded that fibre alignment was achieved and that it strongly
affected the mechanical properties in different directions. Chaves Figueiredo et al. [21]
investigated the orientation of the fibres from a beam which was printed with a nozzle larger
that the maximum fibre length (fibre length: 8 mm, rectangular nozzle size: 10 x 50 mm).
In this scenario, it was found that the extrusion process oriented the fibres diagonally
outwards with respect to the printing direction.

In addition to fibre orientation, fibre agglomeration, that is, the clustering or grouping to-
gether of individual fibers within a material, has been reported for printable SHCC [11,38,39].
Fibre agglomeration can strongly affect the robustness of SHCC performance, especially its
tensile strain capacity [7,40].

In order to understand the difference between cast and printed 3DP-SHCC specimens,
in this study we research the mechanical properties of 3DP-SHCC throughout the printing
process. The printing of a concrete element can generally be seen as a succession of four
phases: mixing of material, pumping of material, extrusion of material, and finally printing
of the material. The objective of this study is to determine the influence of each of these
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printing phases on mechanical properties and to identify potential bottlenecks within this
process.

2. Materials and Methods
2.1. Material

For this study, we used Mix D, which was developed previously by van
Overmeir et al. [19]. The mix is composed of the following raw materials:
CEM I 42.5 N, silica fume (SF), blast furnace slag (BFS), limestone powder (LS), river
sand (Sand), superplasticiser (SP), and viscosity modifying agent (VMA). The material
composition can be found in Table 1.

Table 1. 3DP-SHCC composition in kg/m3.

BFS CEMI1 SF LS Sand Water PVA VMA SP
425N vol%
Mix D 263 470 33 584 318 400 2 3.06 2.68

For the fibre reinforcement, RECS15 polyvinyl alcohol (PVA) fibres from Kuraray
GmbH were used in the composites. The specifications of the RECS15 fibre can be viewed
in Table 2.

Table 2. Specifications of RECS15 PVA fibres.

RECS15
Tensile strength MPa 1600
Modulus of elasticity GPa 41
Ultimate strain Y% 6
Length mm 8
Diameter pm 40
Aspect ratio L/D 200
Density kg/m?> 1.3

The material was mixed in batches of 3.5 L in a A200-N Hobart planetary mixer. The
mixing procedure is described below:

¢  Two minutes mixing of all dry materials, including the fibres, SP, and one third of the
VMA.

¢ One minute mixing while water is added to the dry materials.

¢ One minute mixing of the wet materials.

®  The remaining two thirds of the VMA is added to the wet materials.

¢ Two minutes mixing of the wet materials.

In order to achieve good viscosity properties during mixing and ensure sufficient fibre
dispersion, the mixing procedure prescribes adding the VMA in two phases.

2.2. Research Methodology

To research the effect of each printing phase on the hardened properties, in our
experimental program we collected the material after each subsequent printing phase,
referred to as phases A—C. In Phase A, material is collected directly after mixing; in Phase
B, the material is collected directly after the rotor/stator of the pump; and in Phase C,
the material is collected after being pumped through the hose and extruded from the
nozzle. The collected material was then cast in moulds without applying any additional
compaction technique to the material, the filled moulds were covered with plastic foil, and
wet cloths were placed underneath the foil to keep the relative humidity close to 100%. The
specimens were demoulded after 24 h of curing, after which they were cured in water at a
constant temperature of 20 °C. In addition to the cast specimens, beams with a length of 800



Buildings 2023, 13, 2483

50f16

mm and a height of 6 layers were printed. Directly after printing, wet cloths were divided
over the printing bed, and the whole was then covered with plastic foil. Beams were sawn
to test specific specimen sizes after 7 days of curing. The specimens retrieved from these
beams are referred to as Phase D. Curing took place under the same conditions as the cast
specimens from Phases A—-C. All specimens were removed from the curing condition one
day prior to testing.

Both the printing of the composite and the material collection and casting took place
within one printing session.

Phase A —Cast: Mixed

Phase B—Cast: Mixed and pumped

Phase C—Cast: Mixed, pumped and extruded

Phase D—Printed: Mixed, pumped, extruded and printed

For the printing of the composite and the material collection, the printing facilities of
the Eindhoven University of Technology (TU/e) were used [41]. For pumping, an M-Tec
P20 Connect cavity pump was employed featuring a D8-2 Rotor/stator and a bespoke
transport screw. Figure 1 presents the pump and its specific equipment.

EOSTRT

(c)

Figure 1. Progressive cavity pump with its specific attributes: (a) M-Tec P-20 connect [42] (b) Type

(@ (b)

D8-2 rotor/stator [43]; (c) Archimedes transport screw.

The principle behind a progressive cavity pump is that a helical rotor (stainless steel)
turns inside a helical stator (elastomeric material). As the rotor revolves inside the stator,
one cavity opens as the other closes. The cavities progress along the stator while the rotor
turns, moving a constant volume of material through the pump. This principle is further
visualized in Figure 2.

Stator Rotor Fluid Cavities in One
Side of the Rotor

Figure 2. 3D configuration of pump rotor, stator, and fluid cavities on one side of the rotor [44].

A hose with a 25.4 mm diameter and a length of 5 m connects the pump to an extrusion
nozzle with a downward orientation and a cross-section of 40 x 12 mm?. The cross-sectional
opening of the nozzle was set to be significantly larger than the fibre length of 8 mm in
order to minimize the fibre alignment, as reported by [21,36,37]. The beams for the Phase D
specimens were printed at a speed of 28.5 mm/s.
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2.3. Experimental Program

To assess the hardened mechanical properties, specimens were subjected to three types
of mechanical tests: compression tests, four-point bending tests, and uniaxial tensile tests.

2.3.1. Compression Test

The compression tests were conducted 27 days after casting and printing of the
specimens. Prior to testing, cubed specimens with edges of 35 mm (+1 mm) were weighed
to determine their density. A servo-hydraulic machine was used for the compression test,
and the tests were performed with a constant load rate of 2.4 kN/s in accordance with
ASTM C-39. Seven specimens were tested for each of the cast Phases A—C. The Phase D
specimens were extracted from the six-layer high beams. During specimen preparation, it
was ensured that all cubes consisted of three layers and two interlayer zones. Six specimens
were tested per orientation u, v, and w, as defined previously by the RILEM Technical
Committee 304-ADC [45].

2.3.2. Four-Point Bending Test

To determine the flexural strength and deflection capacity of the cast and printed
specimens, four-point bending tests were conducted. The slab-shaped specimens with a
size of 30 mm (b) x 8 mm (h) x 150 mm (I) were tested after 29 days of curing. Phase
D specimens were extruded from the printed beams, with careful consideration of the
interlayer zone locations. The height of one single layer within the printed beam was
£14 mm, enabling the extraction of test specimens without the presence of an interlayer
zone.

All specimens were tested in orientation v.u (load perpendicular to the printing
plane) [45]. The four-point bending tests were conducted using an Instron 8872 servo-
hydraulic testing system, with an effective load span of 120 mm and a spacing between the
span rods of 40 mm. These tests were executed in displacement-controlled mode with a
testing speed of 0.005 mm/s.

To measure the effective displacement during testing, two LVDTs were positioned on
the steel components of the test set-up. It is important to note that the vertical displacement
measurements were obtained by averaging the measurements from these two LVDTs. Con-
sidering their placement, the retrieved values relate to the displacement of the two middle
rods. Figure 3 presents the full test setup.

The average flexural toughness (Ty) was determined for specimens from all four
phases using the approach outlined by Kim et al. [46]. This method is very suitable for
assessing the overall deflection hardening capacity, as it combines both the performance of
flexural stress and the corresponding deflection. For materials with deflection hardening,
the flexural toughness signifies the deformation energy (J) stored within the test volume
of the specimen (m?). The flexural toughness is quantified by the area underneath the
load—deflection (N*mm) curve [19,47]. The load was normalised for the standard specimen
test volume of (30 x 8 x 120 m® (bxhxl)). This standardization was necessary in order to
compensate for minor variations in size arising from the sawing process employed during
the preparation of the Phase D printed specimens. The flexural toughness was assessed
at two specific points along the load—deflection curve: the limit of proportionality (LOP),
and the modulus of rupture (MOR), where MOR is defined as the point where deflection
softening initiates subsequent to reaching the maximum load. Effectively, the flexural
toughness at LOP (T, op) is quantified by the area under the curve up to the LOP point,
while Ty pior) represents the energy stored within the material until the moment at which
rupture occurs. All relative parameters are presented in Figure 4.
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Figure 4. Flexural toughness: (a) Theory [19] (b) LOP and MOR data points of multiple specimens.

2.3.3. Uniaxial Tensile Test

To determine the tensile strength and strain-hardening capacity of the composites,
uniaxial tensile tests were conducted. The cast specimens of Phases A—-C were directly
cast into dogbone-shaped moulds. An elaborate description of the specimen preparation
approach used for the printed specimens can be found in our previous work [48]. The
dogbone-shaped specimens were tested in the printing direction with orientation u. The
uniaxial tensile tests were performed on an Instron 8872 servohydraulic testing device.
The tests were conducted in deformation-controlled mode with a displacement rate of 0.5
um/s, resulting in a strain rate of 5 microstrain/s. The average measurement of two LVDT
sensors was used to control the vertical speed of displacement. The tensile test set-up is
presented in figure 5.

Based on the findings obtained from the uniaxial tensile tests, the tensile toughness
values were quantified by the area underneath the tensile stress—strain curve. The point
where the modulus of rupture is reached within tensile test specimens is often less evident,
and does not always overlap with 0; p14x, as is the case for the flexural specimens. Therefore,
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the definition of opor must be further specified as follows: the tensile stress at the last
crack before strain softening starts to occur, considering that o} pjo0r > 03 LOP-

[—— Steel plate

[ e Uy .
[€——— Glue container

75 [ Cast“feet”

l—t 40 4|

[¢—— Specimen

LVDT sensor

ﬁ 3 o Lnnﬂnﬂﬂ/_%lndsmns

Figure 5. Test setup for the uniaxial tensile test, with measurements in mm, adapted from [11].

3. Results and Analysis
3.1. Compression Test

The compression test involved examining seven individual specimens within each
phase of the study. The average values of compressive strength for each phase are graphi-
cally depicted in Figure 6. The compressive strength of 41.5 Mpa for Phase D represents the
average of the three orientations, with compressive strengths of u (42.0 MPa), v(43.3 MPa),
and w (39.0 MPa).

Our observations reveal a consistent compressive strength across all four phases,
with a slight but noticeable increase between Phase A and Phases B-D. This implies a
potential variation in compressive strength between these phases. However, it is important
to consider the values of the corresponding relative standard deviations (RSTD), which
remain consistent at approximately 6.5% to 8% for all phases. As the increase between
Phases A and B falls within these error margins, no solid conclusion can be drawn based
on these results.

This small increase in compressive strength between cast and printed composites is
commonly encountered in the context of 3DP-SHCC, as documented in previous
research [8,9,11,19,21,49]. However, these outcomes are in contrast with the prevailing con-
sensus for “plain” printable mortars, for which it is often reported that printed specimens
exhibit reduced compressive strength compared to their cast counterparts [14,15,18].

The average apparent density measurements are presented in Figure 7. The compres-
sive strength presented for Phase D presents the average of the three orientations u (41.5),
v (42.2), and w (39.6). Similar to the compressive strength findings, the material density
shows relatively stable values throughout the four phases of the printing process. Interest-
ingly, a distinct elevation in density is noted between Phase A and Phase B, constituting a
3% increase; this can be related to the reduction of air voids, which is a common observation
in pumped concrete [33].
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Figure 7. Apparent density for specimens from printing phases A, B, C, and D.
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Considering that both the compressive strength and the density display distinct
increases between Phase A and Phase B, it is reasonable to declare that the pumping phase
plays a role in the increase of the material density, consequently leading to an increase in
the compressive strength.

3.2. Four-Point Bending Test

Five specimens per phase were tested for their flexural strength and displacement
capacity in the four-point bending test. The flexural stress—deflection curves are presented
in Figure 8, in which a clear distinction is observable between Phase A and Phases B-D.
While Phase A demonstrates an extended phase of deflection hardening, with a consistent
and linear slope from LOP to MOR, Phases B-D exhibit more restricted deflection capacity
and display increased variability among the specimens.

The average results of the four-point bending tests are presented in Table 3 along with
their standard deviations. Three observations can be made from this table. In regard to the
flexural stress at the LOP and its corresponding deflection, it can be observed that these
values do not significantly deviate over the phases. This is in contrast with the values
found for the maximum flexural strength, which displays a significant decrease of 27%
between Phase A (9.02 MPa) and Phase B (6.62 MPa). Following this, the flexural strength
remains relatively consistent from Phase B to Phase C, before experiencing a further 10%
decline between Phases C and D. The same general trend can be seen for the deflection at
maximum flexural stress, with reductions of 54%, 16%, and 43% measured between the
subsequent printing phases. Additionally significant is the finding that the overall flexural
deflection was reduced by an astonishing 78% between the cast and printed composites.

The development of the flexural toughness measures T¢,;op and Ty yior throughout
the four printing phases is presented in Figure 9. It can be seen that Ty op is fairly
stable, with 1.0 £ 0.12 (x10~2) Nm, although it exhibits high variance within all four
phases, while Tf yior undergoes more pronounced changes over the four phases. Here, a
significant drop of 61% is present between Phase A (1.37 Nm) and Phase B (0.54 Nm). This
is significantly higher than the observed decrease for the one-dimensional values of the
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maximal flexural stress and its corresponding deflection. The impact of the pumping phase
becomes abundantly clear when reviewing the values of T p10r-
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Figure 8. Flexural stress—deflection curves for printing phases A, B, C, and D at 28 days.

Table 3. Averaged results of the four-point bending tests with standard deviations.

Flexural Stress at LOP Deflection at LOP Maximum Flexural Stress Deflection at Max. Flexural Stress

[MPa] STD [mm] STD [MPa] STD [mm] STD
Phase A 3.99 +0.65 0.26 +0.05 9.02 +0.81 11.91 +1.25
Phase B 3.94 +0.84 0.31 +0.06 6.62 +0.87 5.48 +0.83
Phase C 4.06 +0.35 0.28 +0.03 6.62 +1.25 4.62 +1.01
Phase D 3.89 +0.29 0.31 +0.18 6.03 +1.01 2.63 +1.26

Another reduction in flexural toughness was observed between the cast specimens
from Phase C (0.43 Nm) and the printed specimens from Phase D (0.24 Nm). When
reviewing these results, it is worth considering that both the printed and the cast specimens
that were tested in the four-point bending test lacked an interlayer. Consequently, any
reduction in mechanical performance between Phase C and Phase D cannot be attributed
to this. Nevertheless, the cast specimens from Phases A—C were cast in a mould with a
predetermined height of 8 mm while ensuring that all fibres were fully embedded within
this height. This was not the case for Phase D specimens, which were extruded from the
printed beams; hence, fibres may have been only partially embedded due to the sawn edges.
This difference in specimen preparation may possibly have affected the mechanical results,
and could be the cause of the strong reduction in flexural hardening capacity between
Phases C and D.

Over the course of the full printing process, Ty yjor Was reduced by 82%.
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Figure 9. Development of flexural toughness over the four printing phases.

3.3. Uniaxial Tensile Test

[(z-01X) wNl JOTY]

The uniaxial tensile test was conducted on four specimens per phase. The tensile
stress—strain curves of each phase are depicted in Figure 10. The average results along with
their standard deviations are summarised in Table 4. The total reduction in mechanical
performance over the full printing process was found to be 24% and 71% for the tensile
strength and tensile strain, respectively. In correspondence with the four-point bending
test results, the most significant decrease in tensile strength and strain was found between
Phases A and B, where the average tensile strength dropped 15% and the tensile strain

capacity decreased by 70%.
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Figure 10. Tensile stress—strain curves: (a) Phase A, (b) Phase B, (c) Phase C, (d) Phase D.
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Table 4. Average results of the uniaxial tensile test with standard deviations.

Tensile Stress at LOP Tensile Strain at LOP Maximum Tensile Stress  Strain at Max. Tensile Stress
MPa STD % STD MPa STD % STD
Phase A 2.61 +0.08 0.039 +0.009 3.39 0.40 3.051 +1.166
Phase B 2.26 +0.27 0.051 +0.041 2.88 +0.16 0.870 +0.411
Phase C 1.83 +0.24 0.042 +0.007 2.20 +0.09 0.580 +0.294
Phase D 2.27 +0.16 0.040 +0.013 2.58 +0.12 0.898 +0.534

The values measured for the LOP data points are constant over the four successive
phases, with the exception of Phase C, which clearly shows reduced tensile stress at the
LOP.

The tensile toughness values T; ;op and T} mor are presented in Figure 11, with Tr ; op
showing a small and steady reduction throughout the printing process of 10% overall.
These values are combined with relatively high variance between the test specimens. The
tensile toughness at MOR presents a different trend, with a significant reduction throughout
the printing process. As in the four-point bending test, a substantial drop can be observed
between Phase A (9.61 N/mm?) and Phase B (3.68 N/mm?), amounting to a reduction of
62%.
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Figure 11. Development of tensile toughness over the four printing phases.

In addition to the tensile stress and strain values, the T; yjor specimens from Phase
D show increased mechanical performance compared to those from Phase C by 2.61 and
1.61 N/mm?, respectively. This finding is in contrast with the observations from the four-
point bending results, which report a reduction between Phase C and Phase D. A possible
explanation for this is the observed change in rheological properties when pumping through
a hose. It is worth mentioning that the material collected during Phase C, that is, directly
after the nozzle, was challenging to cast into the deep dogbone mould, as it behaved
significantly more stiffly than the material collected from Phases A and B. This finding is in
accordance with the literature on how the rheology (i.e., yield stress and viscosity) can be
affected by pumping processes such as transport through a hose [33,35].

It is plausible that, in combination with the mould shape (i.e., deep and with angular
edges), the stiffer material caused initial specimen flaws such as entrapped air voids within
the dogbone-shaped specimens, which could have led to reduced tensile strength and
strain capacity.

The tensile toughness at MOR T; pjor experienced a reduction of 83% throughout the
full printing process.
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3.4. Discussion

From the conducted research and data analysis, two findings stand out. First, it is
evident that the pumping phase is a crucial phase when printing fibre-reinforced concretes
such as 3DP-SHCC. Following this phase, the investigated material experienced changes in
its mechanical performance for all measured parameters. These changes included small
increases observed in density and compression strength as well as significant reductions in
flexural deformation capacity and tensile strain capacity.

Second, the most substantial alteration in mechanical performance is observed in
the deformation capacity of specimens subjected to the four-point bending test and the
uniaxial tensile test. Notably, the values for the compressive strength, apparent density,
and LOP in the four-point bending and tensile tests remained stable throughout the four
printing phases. Consequently, it is reasonable to assume that the main cause of the
reduced deformation capacity lies in the fibre-bridging capacity of the material during the
cracking phase.

One possible explanation for the direct drop in deformation capacity in Phase B
is the formation of fibre agglomerations in the pumping phase. The presence of fibre
agglomerations has been found within printed 3DP-SHCC elements [11,38], and even
within the rotor/stators of the cavity pumps by Xu et al. [39]. Fibre agglomerations reduce
the uniform fibre distribution in the composite, thereby reducing the deformation capacity
of the composite.

A second hypothesis involves potential alterations in the fiber /matrix bond, which
could affect the energy criteria of SHCC. Consequently, the fibre-bridging capacity of the
composite is reduced. Pumping can be associated with high friction forces, which can
lead to a significant temperature rise on the part of both the cavity pump and the pumped
material [50]. Elevated temperatures can accelerate the hydration process, significantly
impacting the mechanical properties of the cement-based matrix due to altered hydration
products and increased porosity [51,52]. Such alterations in the cementitious matrix may
have resulted in a weaker fibre/matrix bond, causing the observed reduction in deformation
capacity.

4. Conclusions

The present study was designed to determine the influence of different printing
phases on the mechanical properties of 3DP-SHCC. Based on our elaborate experimental
investigation, the following conclusions can be drawn:

*  The compressive strength and apparent density are slightly increased after pump-
ing (Phase B), with respective elevations of 7% and 3%. After pumping, these two
parameters stay stable throughout the remaining printing process.

*  The flexural and tensile strength, and particularly their associated deformations, i.e.,
the deflection and strain, are most strongly influenced by the printing process.

*  The flexural toughness at the Limit of Proportionality remains unaltered throughout
the printing process, while the tensile toughness displays a small and steady decrease
of up to 10% over the full printing process.

*  The flexural and tensile toughness at the Modulus Of Rupture present the clearest
values for analysing the reduced mechanical performance, with respective overall
reductions of 82 and 83% and with Tt mor and Ty vor displaying the most significant
drops directly after pumping, at 61% and 62%, respectively

*  Among the four investigated phases, it can be concluded that the pumping phase has
the most significant influence on the mechanical properties of 3PD-SHCC.

To determine the exact cause of the decrease in deformation capacity of 3DP-SHCC
and how this can be overcome, further investigation of the microstructure and hydration
products of the composite after the subsequent printing phases is recommended.
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