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ARTICLE INFO ABSTRACT

Keywords: With the introduction of 3D concrete printing, research started on how to include reinforcement in 3D printed
3DP-SHCC structures. Initial studies on the implementation of strain hardening cementitious composites (SHCC) as self-
Printability

reinforcing printable mortars have shown promising results. The development of this new type of SHCC
3D concrete printing comes with additional challenges. Where SHCC by itself is already a complex material engineered to achieve
Strain hardening specific micromechanical behaviour under tensile loading, its application in 3D printing techniques imposes even
ECC more requirements - the so-called ‘printability’ requirements. The question that rises for the development of this
new material is how to achieve printability without losing strain hardening capacity. This paper investigates the
influence of raw materials and additives, such as silica fume, limestone powder, viscosity modifying agents and
water, on the fresh and hardened mechanical properties of printable SHCC, by improving on a previously
developed mixture. The fresh material mixtures were subjected to slump flow tests to analyse their applicability
for 3D printing. In hardened state, the mixtures were tested on their compressive strength and flexural strength to
assess their potential for strain hardening capacity. Finally, two mixtures were selected for printing. The mixtures
were assessed on print quality and buildability by the deployment of a buildability test. Furthermore, the printed
elements were mechanically tested at 28 days, on compressive strength, flexural strength and uniaxial tensile
strength and strain. It was concluded that the silica fume content and water to solid ratio are relevant variables
for 3DP-SHCC optimization. The study has yielded two 3DP-SHCC mix designs that display significant strain
hardening capacity and good printability properties.

Mechanical properties

1. Introduction

The 3D printing of concrete (3DCP) structures has been under
development over the last decade and has accelerated over the last
couple of years. All over the world research is conducted to solve the
remaining challenges in 3DCP. One of the most distinct challenges is the
reinforcement of the printed element. Traditionally, reinforced concrete
uses steel reinforcing bars to prevent the concrete from brittle failure. In
the application of 3DCP the implementation of steel rebars is not trivial,
and thus alternative reinforcement methods are being developed.

One of the alternative research trajectories is the development of 3D
printable strain hardening cementitious composites (3DP-SHCC). SHCC,
also known under the name ECC (engineered cementitious composite) is
a relatively new kind of fibre reinforced material developed in the early
90’s [1]. The material is characterised by its ductility and its capacity to
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show strain hardening behaviour under uniaxial tensile loading. These
features are made possible by incorporating high-strength fibres into the
cement matrix. The fibres are able to dissipate the fracture energy and
distribute the cracks that form in the cement matrix as the material is
stressed, which helps to prevent brittle failure under tensile loading [2].
The mechanical concept behind SHCC is as follows: as soon as the
concrete matrix develops its first initial microcrack, the fibres take over
the tensile force. When the fibres manage to bridge the crack, the force
equilibrium of the concrete element is restored. When the force in-
creases further, the concrete will crack at a different location, and there
the same mechanism takes place. This happens repeatedly, until the
tensile force within the material is higher than the fibre bridging ca-
pacity of the already formed cracks. At that moment the crack will
localize, and the material finally fails. For a material to display this
mechanism, it must comply with two micro-mechanical requirements:
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Strength requirement:
Oensile fibres = Otensile.matrix (€Y

The strength requirement states that the matrix cracking strength
should be lower than the maximum fibre bridging capacity of the
existing cracks [1].

Energy requirement:

Jb > Jtip (2)

The energy requirement describes the energy balance in the crack
extension process. It ensures that the fibre is able to build up enough
complementary energy that it can bridge the matrix crack. When the
fibre/matrix interface is too weak, the fibres are pulled out, but when
the interface is too strong, the fibres break. In both cases the comple-
mentary energy will be too low to create a steady state crack and the
composite will likely show strain softening behaviour. For strain hard-
ening behaviour it is essential that the fibre has just enough freedom to
deform, only then can it build up a high complementary energy which is
needed to get a steady state crack and therewith its strain hardening
behaviour [1].

The strain hardening capacity of SHCC makes the material appealing
for its application in additive manufacturing. Unlike conventional
printable mortars, which tend to fail in a brittle manner under tensile
loading, the unique properties of SHCC’s allows it to undergo tensile
strain, making it safer for structural applications. Normally, 3D concrete
printing designs focus on elements subjected solely to compressive
stresses during their service life to ensure structural integrity [3].
However, one of the key advantages of 3D concrete printing is the po-
tential reduction of material usage through design optimization [4-6].
By incorporating SHCC with its tensile strain hardening capacity, the
freedom of design in 3D concrete printing can be significantly enhanced,
promoting more material-efficient construction methods.

Furthermore, 3DP-SHCC can give solutions for reinforced printed
elements. Currently, printed concrete structures often rely on post-
tensioning systems for reinforcement [7,8]. While this generates bene-
ficial compressive stresses in the printed concrete, it also introduces
tensile splitting stresses perpendicular to the direction of reinforcement
[9]. For such specific structural elements, SHCC emerges as a compelling
material candidate due to its ability to withstand the tensile splitting
forces arising from prestressing, thereby ensuring the structural
integrity.

In addition to post-tensioned reinforcement, alternative research on
reinforcing methods of 3D printed concrete elements is still ongoing. A
recent study by Hass et al. [10] examines the performance of automated
integrated helical reinforcement within 3D printed structures. Previous
research has shown that SHCC can improve the bond with existing re-
bars due to the confinement effect of the fibre bridging capacity
[11-13,62]. With the upscaling of reinforcement within 3D printed
structures, SHCC can play a pivotal role not only by optimizing the
performance of reinforcing rebars but also in enhancing the durability of
these reinforced structural elements, thanks to the reduced crack width
attributed to SHCC.

Several studies have investigated the implementation of SHCC as a
3D printing material [14-17]. Although printing systems and printing
materials differ strongly between these studies, they have shown the
high potential for SHCC as a group of self-reinforcing printable materials
[18].

However, the design of 3DP-SHCC still poses several challenges.
Besides the strength and energy criteria imposed by the desired strain
hardening capacity, the printing process imposes additional re-
quirements on the material. In general, the material should comply with
four requirements: pumpability, extrudability, buildability and open
time. Among these, the pumpability requirement (meaning that it
should be fluid enough to be pumped through the printing system) and
the buildability requirement (meaning that the material must be strong
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enough to sustain its self-weight and the weight of additional layers after
extrusion) are posing contradictory demands on the fresh material
properties.

Recent research has highlighted the complexity of this subject. Fig-
ueiredo et al. [15,19] focussed on the tailoring of rheological properties
of a known and well-performing SHCC mix design. After the adjustment
of the fresh material properties using additives and adjusting the water
to cement (w/c) ratios, it satisfied the requirements of pumpability,
extrudability, and open time. However, it proved to be insufficient with
regard to the buildability, see Fig. 1a. Additionally, due to the adapta-
tion of the fresh mechanical properties, the strain hardening capacity of
the composite in the hardened state had been compromised. A recent
publication of van Overmeir et al. [17] indicated the difficulty to comply
with all the required mechanical properties. In that research, the 3DP-
SHCC mixes were designed with an optimized particle size distribu-
tion to ensure good particle packing and sufficient buildability.
Although some samples showed clear strain hardening capacity, the
mechanical tests revealed that the composite’s matrix was too strong to
ensure robust strain hardening capacity. In general, PVA reinforced
strain hardening cementitious composites have a compressive strength
of approximately 40 MPa after 28 days [14,18,20-22]. However, the
two mix designs presented in our previous publication resulted in a
compressive strength that was 25% higher, with average compressive
strengths of 51 and 56 MPa.

Furthermore, the improvement in buildability resulted in a reduction
of pumpability and print quality. One of the issues that was found was
the arching phenomenon [23,24] that occurred in the hopper of the
pump. From bulk material handling, this phenomenon is known to occur
in funnels and hoppers. In the current paper, the term arching refers here
to the spontaneous formation of an arch-like supported mass of bulk
material in a reservoir pump during gravitational flow. If a material has
a high initial yield stress or presents high thixotropic behaviour, it may
not flow down in the reservoir at the moment that the material under-
neath is transported toward the rotor-stator by the transport screw (also
known as dosing screw). Instead, the bulk material will form a self-
supported arch, and no material will be transported towards the
rotor-stator, resulting large air voids, under extrusion, and ultimately
source material depletion.

Secondly the print quality was reduced, as a result of over-extrusion.
This phenomenon has repeatedly been reported for 3DCP [25,26] and is
mostly observed during the printing of corners and other curved sec-
tions. Over-extrusion occurs when the volumetric flow rate of the ma-
terial is too high for programmed robot speed. However, here, over-
extrusion was observed irregularly during the printing of straight
lines, see Fig. 1b. Therefore, it can be concluded that the reduced print
quality was due to inconsistent material flow which can result from
variations in viscosity due to temperature change or from irregular
pumping rates due to arching effects.

The current study aims to further optimize the 3D printable mix
design that was published earlier by the authors [17]. The research
methodology was based on insights obtained from this prior study which
highlighted two main issues. Firstly, the high initial yield stress
adversely affected the printability of the composite material. Secondly,
the dense and strong composite’s matrix resulted in an overly strong
fibre/matrix interface, which led to a reduction in the strain hardening
capacity of the composite.

Therefore, this research focusses on one hand on the reduction of the
initial stiffness of the material to improve pumpability and extrudability.
Simultaneously, the research aims to improve the strain hardening ca-
pacity by improving the matrix fracture toughness by reducing the fibre/
matrix interface bond [1,20]. A proper fibre/matrix interface bond al-
lows for a bigger critical opening &, [1] and potentially also a higher
maximum bridging strength 6, therewith increasing the complimentary
energy needed for the energy requirement (Eq. (2)).

The research consists of an extensive material survey (Phase 1)
which studies the effect of different material adaptions on the
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Fig. 1. a) Failure due to a combination of plastic collapse and elastic buckling [15] b) Poor print quality due to overprinting (white arrows) as a result inconsistent

material flow [17].

mechanical properties in fresh and hardened state. Based on the material
survey, two mix designs were selected that had the potential to produce
high-quality printed objects and exhibit strain-hardening properties.
These selected mixes were then subjected to further testing (Phase 2),
including the 3D printing of multiple beams and a buildability test, to
evaluate behaviour on pumpability, extrudability, and buildability.
Samples were extracted from the printed beams and used to determine
hardened mechanical properties.

2. Method
2.1. Research design

This research has been conducted in two phases. Phase 1 covers a
large experimental program on fresh and hardened state properties, to
evaluate mix designs presented in Table 3. This experimental program
consists of a slump flow table test, a compression test, and a 4-point
bending test.

At the end of Phase 1, two mix designs (later to be renamed as Mix C
and Mix D), which showed the highest potential for application in 3D
Printing, were selected for further investigation.

Phase 2 consists of a cast and printed evaluation of the two selected
mix designs. In cast form, the two mix designs were subjected to un-
confined uniaxial compression tests (UUCT) test to evaluate the devel-
opment of fresh state compression strength and Young’s modulus over

time, and a uniaxial tensile test, to assess the strain hardening capacity
in the hardened state. For the assessment of the printed mixtures, a
printing session was conducted, that consisted of a buildability test and
subsequently the printing of six 5-layered beams. Test samples were
extracted from the beams for the assessment of the compressive
strength, the flexural strength and deflection, and the tensile strength
and associated strain. An overview of the research design can be found
in Fig. 2.

2.2. Materials

This research builds upon a previously designed 3DP-SHCC by van
Overmeir et al. [7], herein referred to as Mix A. Mix A was acquired with
a Python algorithm that optimizes the particle packing of raw materials.
The algorithm was based on the modified Andreasen and Andersen
(A&A) model [27] for particle size optimization and makes use of a
group of boundaries conditions and input parameters (max volume,
Binder/filler ratio, g-value and density specifications) [17]. Based on the
mechanical and material properties, it was concluded that Mix A had
potential as a 3DP-SHCC material, but further improvements on the mix
design were still needed.

In a first attempt to improve the mix design, Mix A is adjusted on two
aspects. Firstly, the VMA to binder ratio was reduced from 0.6% to 0.4 %
to reduce the high initial yield stress which complicated the pumping
phase.

( Mix designs ]

Y p 4 § Y
[ Slump flow table test J Compression test [ 4-point bending test J
G{z J/
2 | |
=]
4
Mix selection

. Cast i E Printed E
‘:') H Y Y . Y Y Y |
2] . . a0 . . . .. 2) !
£ ; [ UUCT ] Ejnla)(lal tensﬂe;] o E?'uﬂ dability tes% [Compresswn] El point bendlng‘] [Uma)ual tensﬂﬂ :

' test o test test test '

Fig. 2. Research design flow chart.
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Table 1
Overview of studied parameters.
Series Adjustment Range Hypotheses
name
A Reducing: Blast furnace slag (BFS)/ 0.7 - 0.35 Similar PSD so it will not significantly affect the rheology, but due to the reduction of binder it is expected that
Limestone (LS) ratio it will reduce compressive strength and improve bending and strain hardening capacity
X Reducing: Silica fume (SF)/CEM I 0.1425 - Reduce static yield strength and compressive strength and improve bending and strain hardening capacity
42,5 ratio 0.0575
L Increasing: Water/solid ratio 0.22 - 0.24 Reduce static yield strength and compressive strength
Reducing: VMA/binder ratio 0.45 - 0.40 As the VMA and SP are both reduced, limited effects on the fresh and hardened state mechanical properties
SP / binder ratio 0.40 - 0.35 are expected

Secondly, the binder to filler ratio (B/F ratio) was adapted, to reduce
the matrix compressive strength and improve the strain hardening ca-
pacity of the printed elements. This was done by limiting the boundary
condition related to the accepted range of B/F ratios within the modified
A&A model. After rerunning the optimization algorithm this second
adjustment led to a filler to binder ratio of 0.92 (where Mix A had a f/b
of 0.85). When we relate this to B/F ratio to “plain” printable cement
mortars, where aggregate/filler volumes fractions of 60% [28] to 75%
[29] are reported, the new B/F ratio is rather low. However, the volume
fractions of aggregates and fillers in SHCC are generally much lower
than fibre reinforced concretes or conventional concrete, to reduce
matrix toughness to comply with Eq. (2). Therefore, in this context it is
more appropriate to relate this ratio to the B/F ratio of general SHCC
found in literature [18] and here indeed that these ratios are well in line.

These two alterations, and the corresponding mixture composition
can be found under the name Mix V in Table 3. As will be shown, these
alterations caused a reduction in uniaxial compressive strength and an
increase in flexural bending capacity with respect to Mix A. Mix V is
therefore chosen as the starting point for this study.

In Phase 1, four mix design variables were analysed, starting with the
Blast furnace slag (BFS)/Limestone (LS) ratio. Zhou et al [20] studied the
BFS/LS ratio on the tensile strain hardening capacities of SHCC mixtures
and showed that, as the limestone powder content increases, the
compressive strength is reduced, while the flexural deflection capacity
and the tensile strain capacity first increase and then decrease.

Secondly, the effect of the Silica fume to Portland cement ratio was
studied. Silica fume, due to its very small particle size and spherical
shape, has a strong influence on the fresh mechanical properties of
cement mortars. Ferraris et al. [30] reported that the use of silica fume
strongly increases the viscosity of a fresh cement mortar. Geng et al. [31]

( N
Mix V HVary BFS/LS ratio

v 3
[Mix v_1] Mix V_2 [Mix V.3 ’

\ J

Change VMA/binder
and binder/filler ratio

Optimize PSD

Vary SF/CEM ratio

v v v v

Mix x_1] Mix x_z] [Mix x_3] tMix x_4’

Vary W/S ratio and

Additive content

v v

Y
Mix L_l] {Mix L_z] [Mix L3

Fig. 3. Mix design flow chart (Phase 1).

v
[Mix L_4]

and Liu et al. [32] investigated the effect of silica fume (SF) in 3D
printing mortars and found that the initial yield stress and thixotropy of
the mortars increased, with increasing silica fume content. In terms of
hardened properties, it is generally accepted that silica fume improves
the particle packing of the mortar which leads to a denser material with
a higher compressive strength [33,34]. Researchers also studied the use
of silica fume in the context of SHCC. Hou et al. [35] found that the
increase of silica fume content enhanced the compressive strength of
SHCC with PVA fibres. However, they also concluded that excessive
amounts of silica fume (>5%) resulted in loss of tensile strain capacity
and an increase in the crack width. The increase in the matrix fracture
toughness and alterations in fibre/matrix bond weakened the energy
balance of the composite during the cracking phase, which is unfav-
ourable for meeting the energy requirement presented in Equation (2).

The third variable was the water to solid (W/S) ratio, which strongly
influences the fresh mechanical properties like static and dynamic yield
stress, viscosity and thixotropy. Furthermore, an increase in W/S ratio
generally reduces the compressive strength and fracture toughness [35].

Finally, the effect of a reduction in additive content was investigated.
Additives, such as viscosity modifying agents (VMA) and super-
plasticizers (SP), are often used in SHCC [36] to optimize rheological
properties and ensure sufficient fibre dispersion. In 3DCP mortars, ad-
ditives are used to tailor the fresh mechanical properties with the
objective to realise good printability and buildability behaviour [37]. In
this research a proportional reduction of VMA and SP was investigated
to see whether the amounts of additives could be reduced without
affecting the fresh and hardened mechanical properties of the
composite.

In Table 1 an overview is given of the variables, the range in which
they were tested, and their hypothesized effect on the composite.

To limit the number of mix designs and steadily iterate towards a
new printable SHCC, this research uses a “select and continue” approach
where the most promising mix design of one parameter investigation
was selected as the base material for the next step of the study. For
example, the first parameter variation was the adjustment of the BFS to
LS ratio which was investigated in the V series. The best results from this
series (including mix V) were shown by mix V_2. Therefore, mix V_2 was
chosen as the starting point for the X-series, in which the SF/CEM ratio
was varied. A full overview of the mix iteration can be found in Fig. 3;
the mixes indicated in green were selected as the base mix for the future
series, the mixes indicated in bold are the materials that were chosen for
the elaborate material evaluation in Phase 2.

A full overview of the material parameters can be found in Table 2,
and the mix compositions can be found in Table 3.

All mixtures were prepared in volumes of 3.5 L according to the
following mixing routine:

e 2 Minutes: Mixing all dry materials, including the fibres, SP and 1/3
of the VMA

1 Minute: Adding of water while mixing

1 Minute: Mixing of wet material

Add the remaining 2/3 of the VMA

2 Minutes: Mixing of wet material
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Table 2
Research parameters.
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Table 4
RECS15 fibre specifications.

BFS/LS SF/CEM 1 Water/Solid VMA /binder SP/binder PVA (RECS15)
MA 0.7 0.1425 0.22 0.60% 0.40% Tensile strength MPa 1600
Mix V 0.7 0.1425 0.22 0.45% 0.40% Modulus of elasticity GPa 41
Mix V_1 0.55 0.1425 0.22 0.45% 0.40% Ultimate strain % 6
Mix V.2 0.45 0.1425 0.22 0.45% 0.40% Length mm 8
MixV.3 035 0.1425 0.22 0.45% 0.40% Diameter pm 40
Mix X_ 1 0.45 0.13 0.22 0.45% 0.40% Aspect ratio L/D 200
MixX2 045 0.1 0.22 0.45% 0.40% Density kg/m® 1.3
Mix X_3 0.45 0.07 0.22 0.45% 0.40%
Mix X 4 0.45 0.0575 0.22 0.45% 0.40%
Mix .1 0.45 0.7 0.23 0.45% 0.40% test set-up can be viewed in Fig. 4.
ﬁ‘x i—i g':: g'; 8'2‘3‘ g':iz“ g'ggz’ The test is performed at multiple ages to assess the reduction in
ix L. X . . .40% .35% o .
Mix L4 0.45 0.7 0.24 0.40% 0.35% workability of the fresh 3DP-SHCC mortar. Specifically, the test was

Compared to traditional SHCC, 3DP-SHCC is a very dough-like
mixture. Due to the high viscosity of the fresh slurry, it is difficult to
disperse the fibres sufficiently when 100% of the VMA is added in the
beginning. As sufficient fibre dispersion is essential for a robust per-
formance of SHCC, the mixing procedure prescribes to add the VMA in
two phases.

The raw materials used in this study are: CEM I 42,5N, Silica fume
(SILMIX®), Blast furnace slag (ECO2CEM), Limestone powder (Inducal
105), River sand (GEBA, Dgy = 0.17 mm), SP (Melflux 2651F), VMA
(Tylose MHS).

The mixtures were reinforced with RECS15 Poly-vinyl-alcohol fibres
(PVA), supplied by Kuraray GmbH. Fibre specifications are given in
Table 4.

2.3. Experiments

For all the cast and printed elements that were tested in hardened
state, the same curing procedures were applied. Directly after printing
the printed elements were covered with foil. After one day of curing the
printed and cast elements were moved to the fog room with a temper-
ature of 20 °C with a relative humidity of 97%. One week after casting/
printing, the elements were sawn into sample size, as specified per test,
after which they were placed back in the fog room. Finally, the samples
were removed from the fog room one day before testing.

2.3.1. Slump flow Table test

For the assessment of the rheological properties the Slump flow table
test, as specified in EN 1015-3 [38], was utilized. This test makes use of
a circular rigid flow table that drops 15 times (without significant fric-
tion) over a height of 12.7 mm. The table has a weight of 4.35 kg and a
diameter of 255 mm. The material is filled into a smooth cone, that has a
height of 60 mm high, a top diameter of 70 mm and a bottom diameter
100 mm. The total volume of the tested material is 351.1 mm?. The full

caried outatt =15, 10, 15, 20, 25 and 30 min, where t = 0 is the moment
of adding of the water during the mixing procedure.

During testing, a recording camera was positioned in top-view as can
be seen in Fig. 5. Subsequently, image analysis was used to accurately
determine the mean spread diameter of the material. Due to the very
minimal slump that these materials show directly after lifting of the
mould, this parameter was not included for analysis within this research.

A variation of this test principle has been utilized by Cho et al. [39] to
test fresh mixtures on their applicability for 3D printing. In their
assessment they concluded that mortar is printable when the diameter
stays within the range of 130-180 mm. They suggested that materials
with a larger diameter after testing will result in insufficient buildability.
Stiffer materials with a spread diameter < 130 mm are likely to be
difficult to pump and to result in reduced printing quality such as fila-
ment tearing. It must be noted that Cho et al. conducted their research

h=12.7mm

Fig. 4. Slump flow table test setup [39].

Table 3
Material composition [g/dm?].
BFS CEM 1 SF LS Sand Water PVA VMA SP
42.5N (vol%)

Mix A 329 506 73 468 298 364 2 5.46 3.65
Mix V 348 470 67 499 318 374 2 3.98 3.54
Mix V.1 300 470 67 546 318 374 2 3.77 3.35
Mix V.2 263 470 67 584 318 374 2 3.60 3.20
Mix V.3 220 470 67 627 318 374 2 3.41 3.03
Mix X 1 263 470 61 584 318 373 2 3.57 3.18
Mix X 2 263 470 47 584 318 370 2 3.51 3.12
Mix X 3 263 470 33 584 318 367 2 3.45 3.06
Mix X 4 264 470 27 583 318 365 2 3.43 3.05
Mix L 1 263 470 33 584 318 384 2 3.45 3.06
Mix L2 263 470 33 584 318 400 2 3.45 3.06
Mix L 3 263 470 33 584 318 383 2 3.06 2.68
Mix L 4 263 470 33 584 318 400 2 3.06 2.68
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Fig. 5. Top view camara position for data processing.

according to the ASTM C230 guidelines, which has a different cone
shape, resulting in a volume reduction of 16.7%. From research con-
ducted by Shamir et al. [40], on a mini slump flow test, it is known that
the changed cone type results in a smaller flow diameter with a corre-
lation factor of 0.917. Additionally, the research conducted by Cho et al.
was performed with a mortar without any fibres. Due to these two dif-
ferences in experimental method, the range as suggested by Cho et al. is
regarded as an indication only.

The Slump flow table test does not directly measure the yield stress of
a material, but it gives an indication of the workability which can be
related to the yield stress. Therefore, a concrete mixture with a high
slump flow value (high spread diameter) is considered to have a low
yield stress and vice versa.

Additionally, the test does not supply information on the thixotropy
of a material; two materials with the same slump flow can result in
significantly different building heights. Models to correlate slump tests
[41] and Slump flow table tests [42] to the static and dynamic yield
stress have been proposed, but will not be regarded in the context of this
study.

2.3.2. Compression test and apparent density

The assessment of the compressive strength took place 28 days after
the casting and the printing of the samples. The cubed samples with an
edge of 35 mm (+1 mm) were measured and weighed prior to testing to
determine their apparent density. The test was conducted in a servo-
hydraulic machine and performed in accordance with ASTM-39 [43]
with a constant load rate of 2.0 kN/s. The printed samples were tested in
orientation w (load perpendicular to printing plane) and orientation v
(load perpendicular to the printing direction), as defined by the RILEM
Technical committee ADC (Assessment of Additively Manufactured
Concrete Materials and Structures) [44]. The values that are displayed in
the result section are the averages of six samples, for both the cast and
the printed samples.

2.3.3. 4-point bending test

The 4-point bending tests were performed to determine the flexural
strength and associated deflection of the cast and printed samples at an
age of 28 days. The test samples have a size of 30 mm (b) x 8 mm (h) x
150 mm (1) (1 mm). For the printed beams, the height of 8 mm ensures
the absence of an interlayer zone within the test sample. The printed
samples were tested in orientation v.u, where v is the axis (perpendic-
ular to the printing direction) around which the bending moment takes
place and u the longitudinal axis of the sample, in the printing direction
(in the flexural test, this coincides with the load span direction). The 4-
point bending tests, with a load span of 120 mm and a span rod spacing
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of 1/3rd of the load span, are performed on an Instron 8872 servo-
hydraulic testing system. The experiments were conducted in
displacement-controlled mode at a rate of 0.01 mm/s. The effective
displacement was measured during testing by employing two LVDTs
that were mounted on the steel elements of the test set-up. Due to the
position of the LVDTs, the measurement of the vertical displacement
relates to the average displacement of the two middle rods. The test set-
up can be viewed in Fig. 6.

The values that are displayed in the result section are the averages of
four samples.

Note that flexural hardening capacity does not always guarantee
strain hardening behaviour, but it is a prerequisite for a material to
achieve strain-hardening in tensile loading. Therefore, this relatively
fast test was used for initial assessment of the mix designs.

In phase 2, the average flexural toughness (T¢) of the cast and printed
samples was calculated in accordance with the method proposed by Kim
et al. [45]. This method is applicable for the deflection hardening
behavior observed in strain hardening cementitious composites and
gives an indication on the energy absorption capacity of the mix designs
[46,47]. The flexural toughness of deflection hardening materials is
indicative of the energy stored in the composite and can be obtained
through the area under the load-deflection curve.

The flexural toughness was determined for two data points in the
flexural load-deflection curves, namely, the limit of proportionality
(LOP) and the modulus of rupture (MOR), where the LOP is the point at
which the load-deflection curve starts to exhibit noticeable non-
linearity and MOR is defined as the point where deflection softening
starts to occur after the maximum load is reached.

Effectively, the flexural toughness of LOP (T¢1op) is the area under
the load-deflection curve left of the LOP which represents the energy
storage until first crack. Tgfmor represents the energy storage until
maximum flexure load, the area left of the MOR (including T¢yop). All
relative parameters are presented in Fig. 7. To eliminate the small var-
iations in sample size due to the sawing of the printed materials, the
average flexural toughness’s was derived from normalized loads for the

standard sample cross-sectional area of 30 x 8 mm?2.

2.3.4. Unconfined uniaxial compression test

The Unconfined Uniaxial Compression Test (UUCT) was used to
determine the development of the fresh state compression strength and
the apparent Young’s modulus of the printable mix design. The method
has been developed by Wolfs et al. [48], and was adapted from the
traditional UUCT standard for soil specimens, ASTM D2166 [49]. This
modified UUCT is well accepted in the field for the quantification of
fresh properties of 3DP mortars [50-52].

The UUCT is performed on a cylindrical sample with a diameter of
70 mm and a height of 140 mm. The samples are made with the use of a
steel mould covered with baking paper on the inside to avoid sticking of
the fresh material. The sample is demoulded one minute prior to testing.
The sample is then placed in a Instron 5967 testing system, where a 5 kN
load cell with a 70 mm diameter loading plate is used to transfer the
vertical compressive force onto the sample. The tests were performed in
displacement-controlled mode at a rate of 30 mm/min. The material was
tested over the first hour of hydration, with the time intervals: t = 10,
20, 30, 45 and 60 min, and a sample size of three samples per time in-
terval. Here, t = 0 min is defined as the time of water addition in the
mixing procedure.

During the test, the deformation of the sample is captured with an
optical camera. With the use of National Instruments Vision Builder, the
optical data is post-processed and the load dependent cross-sectional
area is obtained. The Unconfined Uniaxial Compression Test is used to
measure the initial yield strength and its change over time, by testing the
mix designs at various intervals after mixing. The initial apparent
Young’s modulus (and its development in time) was be calculated based
on the compression stress and strain of the elastic part of the stress strain
curve (measured at 5% strain). The two obtained linear trendlines can,
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together with the buildability model proposed by Suiker [53], be used to
predict the achievable building height in a buildability test.

2.3.5. Buildability test and printing of beams

A buildability test was carried out by printing a slender wall in
subsequent layers of 800 mm length. During the test, two cameras were
orientated towards the front and the side of the wall, to register the
layer-by-layer build-up until failure. Failure can occur because of plastic
collapse or elastic buckling, but it has also been reported that a com-
bination of these two mechanisms can lead to failure [48,54]. The
achieved building heights were compared with the predicted heights
retrieved from the UUCT.

For the mechanical tests on the printed material six beams with a
height of five layers and a length of 800 mm were manufactured.

For the buildability test and printing of the beams, the gantry system
3D printer of the Eindhoven University of Technology (TU/e) was uti-
lized [55]. For the pumping of the material, a M—Tec P20 Connect
cavity pump was utilized. The pump was equipped with a D8-2 Rotor/

stator capable of accommodating particles of up to a maximum size 3
mm. Furthermore, the pump reservoir was equipped with an Archi-
medes transport screw with an outer diameter of 90 mm and a central
cylindrical shaft of 38 mm. The pump was connected to a 5-meter long
hose with a 25.4 mm diameter and a downflow nozzle with a rectangular
cross-section of 40 x 14 mm?2. The material was mixed in batches of 3.5 L
with an A200-N Hobart planetary mixer.

Initially, a single layer filament was printed at different speeds and
constant pumping pressure, whereby the width of the filaments was
measured to select the optimal printing speed. Subsequently, the
Buildability test was conducted, followed by the printing of the six 5-
layer heigh beams. Both were printed with a back-and-forth printing
routine [17].

2.3.6. Uniaxial tensile test

The uniaxial tensile tests were carried out 28 days after casting and
printing on dog-bone-shaped samples. The dog-bone samples were ac-
quired by casting fibre reinforced concrete ‘feet’ around a rectangular
beam with an average size 20 mm [w] x 40 mm [h] x 250 mm [I] (£1
mm), as can be viewed in Fig. 8. For the cast samples, the rectangular
beams were extracted from a bigger cast element with a size of 100 mm
[w] x 100 mm [h] x 300 mm [1]. For the printed samples, the rectan-
gular beams were extracted from a 5-layer high beam, of which the top
and bottom layer were excluded. A more elaborate description on the
sample preparation can be found in author’s previous work [56].

Tests were conducted on an Instron 8872 servo hydraulic testing
system making use of the strain-controlled mode. The displacement rate
was set to 0.5 pm/s, resulting in a strain rate of 5 microstrain/s. Two
LVDT sensors were utilized to measure the vertical displacement, and
the average value of the LVDTs was used to control the vertical strain
rate.

3. Results and discussion Phase 1
3.1. Slump flow Table tests
The results of the Slump flow table tests that are presented in Fig. 9

show the effect of the design parameters on the workability of the
different mixes.
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Fig. 8. Uniaxial tensile test set-up, a) Installed dog-bone sample, b) Set-up design with measurements in mm.
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The results of the V-series, namely Mix V - V_3 (BFS/LS) (Fig. 9a), diameter of + 116 mm, meaning that the diameter of the material
confirm that adjusting the BFS/LS ratio has a limited effect on the initial increased by only 16% over the course of the 15 drops. The differences

flow. All mixtures, when tested directly after mixing (t = 5 min), show a between the mixtures become more pronounced when the material
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becomes older. The mixtures with a high BFS/LS ratio (i.e., higher
binder/filler content) show a steeper downward slope over time then
those with lower BFS/LS ratios. This can indicate that early hydration
products, because of the higher binder content, already affect the slump
flow diameter within the first half hour.

The results of the X-series reveal that the reduction of silica fume to
cement content results in an increased slump flow diameter. This sug-
gests a decrease in the initial yield stress of the material, as supported by
the literature [41,42]. In contrast to the V-series, the graphs of the X-
series (Fig. 9b) remain parallel to each other, indicating that the change
of silica fume content does not affect the rate at which the workability is
reduced.

Within the L-series, mixes X 3, L_1, and L_2 show the results of the
increasing water to solid ratio from 0.22 to 0.23 and 0.24, respectively.
As anticipated, this modification significantly affected the final diameter
of the Slump flow table test, with an increase of + 4% per 0.01 increase
of W/S ratio (Fig. 9¢).

Upon examination of the impact of reducing the additive content
(VMA and SP) in comparable proportions (i.e., L_1 vs . 3and L 2 vs L_4),
it can be concluded that there is no substantial impact on the material
response to the Slump flow table test (Fig.9d). The variations observed
are within the margin of error.

When the flow diameters are juxtaposed with results of Cho et al,
[39], it is found that only mix designs L 2 and L 4 comply with his
requirement of minimal flow conditions to achieve good printing
quality.

3.2. Compression test

The compression test results with their standard deviations are pre-
sented in Fig. 10. For comparison, the results of the selected material
from the previous series were included in each bar chart. All modifica-
tions of the initial Mix A resulted in a decrease in compressive strength,
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Table 5
Average results with standard deviations of the 4-point bending tests.

Maximum flexural stress Deflection at max. flexural stress

[MPa] [mm]
STD RSTD [%] STD RSTD [%]
Mix A 11.18 +1.41 12.6 580 +1.13 195
Mix V 895 +0.82 9.2 8.42 +1.39 16.5
Mix V_1 8.81 +1.94 22.1 7.72 +129 16.7
Mix V_2 9.11 +1.37 151 8.00 +1.92 240
Mix V_3 8.47 +1.02 120 582 +0.71 12.2
Mix X_1 898 +120 134 887 +1.07 121
Mix X_2 9.57 +138 144 7.24 +189 26.1
MixX3 10.83 +£1.07 9.9 9.85 +0.38 3.8
MixX 4 10.51 +1.24 118 9.61 +1.29 134
Mix L 1 9.53 +1.03 108 9.78 +1.83 187
Mix L 2 859 +0.79 9.2 9.83 +1.85 189
Mix L_3 8.45 +1.00 11.8 9.71 +225 232
Mix L_4 9.02 +0.81 9.0 11.91 +1.25 10.5

except for the mix designs where the VMA and SP were adjusted. For the
V-Series, the compressive strength reduced from 47.93 MPa to 44.71
MPa for Mix V and Mix V_3, respectively. In the X series, the compressive
strength further decreased, with a compressive strength of 46.7 MPa for
mix X 1 containing a 13% silica fume to 43.5 MPa when the silica to
cement ratio was reduced to 5%. The largest reduction in compressive
strength was achieved through adjustment of the w/s ratio, with a
decrease from 44.09 MPa (Mix X_3) to 38.69 MPa (Mix L_4).

3.3. 4-point bending test

The results of the 4-point bending test conducted in Phase 1 are
presented in Table 5. All the mix designs exhibited flexural hardening in
orientation v.u. Overall, it can be concluded that the modifications made
to the mix designs resulted in a reduction of the maximum flexural
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Fig. 10. Compression strength and apparent density of a) The V-series, b) X-series and c) the L-series, the mixes shown in green represent the selected material from
the previous series, as indicated in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strength and an increase of the deflection at maximum flexural stress
compared to Mix A. Upon closer examination of the specific parameter
series, it was noted that the modification made to the mix designs from
Mix A to Mix V resulted in a significant reduction in the maximum
flexural strength, as well as an improvement in the deflection capacity.
Specifically, the reduction in binder-to-filler ratio resulted in a strongly
reduced flexural strength from 11.19 MPa to 8.95 MPa, for Mix A and
Mix V respectively. At the same time, it significantly improved the
deflection capacity from 5.8 mm to 8.42 mm, an increase of 45%.

The results of the V-series show that the adjustment of the BFS/LS
ratio has limited influence on the flexural strength of the composites.
The flexural strength displayed a minimal reduction from 8.95 MPa to
8.47 MPa for Mix V (BFS/LS = 0.7) and Mix V_3 (BFS/LS = 0.35),
respectively. In line with the findings of Zhou et al. [20] the deflection
capacity decreased for Mix V_3, the mix design with the highest lime-
stone powder content. Where Mix V-V_2 displayed deflection capacities
around 8 mm =+ 0.35. Mix V_3 achieved an average deflection of 5.82
mm.

The X-series, with reduced silica fume-to-cement ratio, shows a clear
improvement in flexural strength and deflection capacity. Mix X_3 and
Mix X 4 exhibit similar flexural properties, with a strength of 10.65 +
0.18 MPa and a deflection capacity of 9.7 + 0.15 MPa. However, Mix
X_3 stands out with low RSTD values of 9.9% and 3.8%, respectively.
The decrease in silica fume content likely led to a lower matrix density
and weakened the bond between fibres and the matrix.

The mechanical properties acquired from the L-series, show that the
increase of w/c ratio directly affects the flexural strength of the material,
reducing from 10.83 MPa for Mix X_3 (w/c = 0.22) to 8.59 MPa for Mix
L2 (w/c = 0.24). Interestingly the results show that the flexural
deflection capacity was not affected by the w/c ratio. The highest
deflection capacity was found for Mix L_4, with a deflection at maximum
stress of 11.91 mm.

Overall, when the results of the 4-point bending tests are related to
the compressive strength results, it can be concluded that samples with
reduced compressive strength display a higher flexural deflection ca-
pacity. It is expected that the theory of Hou et al. [35] applies here. The
theory states that the lower compressive strengths relate to lower matrix
fracture toughness, which can improve the energy balance in the crack
extension process.

3.4. Conclusions Phase 1

The main objective of Phase 1 was to improve the material properties
of 3DP-SHCC by adjusting 4 parameters subsequently. From the exper-
imental results the following conclusions can be drawn.

e The BFS/LS ratio adjustment (V-series) has no significant influence
on the workability of the fresh material directly after mixing. How-
ever, it has been shown that this adjustment in binder/filler ratio
does affect the workability over time. As expected, the reduced BFS/
LS ratio decreased the compressive strength of the hardened com-
posite. The flexural strength was stable for all mixes the V-series but
the deflection capacity significantly reduces for the lowest BFS/LS
ratio.

Reducing the SF/CEM I (X-series) ratio strongly affects all the studied
mechanical properties. The slump flow diameter clearly reduced
with decreasing SF/CEM I ratio, as did the compressive strength. In
the 4-point bending test, a lower SF/CEM I ratio resulted in an in-
crease of flexural deflection capacity and therewith the maximum
flexure strength also increased. Thus, this parameter has proven to be
very effective for finetuning both fresh and hardened mechanical
properties.

The increase in W/S (L-series) ratio resulted in a reduction of the
compressive and flexural strength, however it did not affect the
flexural deflection capacity. As expected, the change in W/S ratio did
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strongly impact the slump flow diameter, with an increase of + 4%
per 0.01 increase of W/S ratio.

Interestingly, the reduction of the additives (L-series) did influence
the mechanical properties of the material. A decrease in compressive
strength and a small increase in deflection capacity was found. As
expected, the reduction of the VMA and SP in similar proportions did
not lead to any significant change in workability.

3.5. Material selection for Phase 2

Based on the research conducted in Phase 1, Mix X_3 and Mix L_4
were selected for further investigation into their fresh and hardened
properties. Both mixes show good flexural properties in combination
with a compressive strength of + 40 MPa and improved workability.
However, when looking in detail, the differences in the mechanical
properties are quite pronounced, which makes it relevant to compare
them under printing conditions. Where Mix X_3 displayed a relatively
high compressive and flexural strength (43.6 MPa and 10.84 MPa) in
combination with a very low associated standard deviation, Mix L 4
performed optimal in the flexural deflection capacity (11.91 mm) but
showed significantly lower compressive and flexural strength (38.6 MPa
and 9.02 MPa). And even though the two mixtures both display a larger
slump flow diameter than Mix A, the difference in diameter between Mix
X_3 and Mix L 4 is still significant (~10%). An overview of the me-
chanical test results, including the flexural stress - deflection curves from
the 4-point bending test, can be found in Figs. 11-13.

In the continuation of this paper, Mix X_3 will be referred to as Mix C,
and Mix L_4 will be referred to as Mix D.

4. Results and discussion Phase 2
4.1. Unconfined uniaxial compression test

The evolution of the compressive strength over time has been ac-
quired by performing the UUCT at various time intervals. The outcomes
for Mix C and Mix D, together with their trendline and that of the
original Mix A, are presented in Fig. 14. The apparent Young’s moduli
were calculated by post-processing the fresh state compression stress
values and the associated strain. The results can be seen in Fig. 15. The
linear trendlines for Mix A, Mix C and Mix D are represented Table 6.
The parameter ¢ is specified in minutes.

As expected from the slump flow test results, Mix C and Mix D have a
reduced fresh compressive strength and apparent Young’s modulus
compared to Mix A. This indicates that they may perform better in the
pumping phase of the printing routine but will probably have lower
buildability. Besides the overall lower values, Fig. 15 reveals that Mix C
and Mix D have a significantly slower Young’s modulus development
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Fig. 11. Slump flow Diameter of Mix A, C and D.
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Fig. 12. Cast compressive strength of Mix A, C and D.

over time compared to Mix A. The same observation can be made for the
compressive strength, only here, due to the high scatter of the results,
the difference is not as pronounced. This can be related to the strongly
reduced binder to filler ratio of Mix C and Mix D compared to mix A.

The linear trendlines, together with the printing parameters (i.e.,
print speed, wall length, layer width and layer height) are used in the
model proposed by Suiker [53] to predict the achievable building height
during printing. For Mix C this results in an estimated building height of
13 layers, after which failure will occur due to elastic buckling. Buckling
failure is also the predicted failure mode for Mix D, but here failure is
expected to occur already after 10 layers.

4.2. Buildability test and print quality assessment

Both Mix C and Mix D have successfully been printed at the TU/e.
Prior to printing, a nozzle speed test was carried out on the selected
mixtures to determine the printing speed for optimal shape retention of
the layer. Based hereon, Mix C and Mix D were printed with a nozzle
speed of 33 and 30 mm/s, respectively.

Mix C showed good print quality, with consistent material flow and
stable layer shape, as can be seen in Fig. 16. The mixture showed
excellent buildability and achieved a height of 23 layers, after which the
wall failed due to elastic buckling.

The pumpability of Mix C, when used with the M—tech P20 pump,
presented certain challenges. One of the issues observed was arching of
the material within the pump reservoir. This arching phenomenon
hindered the smooth flow of the material towards the Archimedes
transport screw and into the rotor-stator, thus not fulfilling the full
pumpability requirement, despite the good print quality after extrusion.
It is worth noting that the slump flow table tests results displayed in
section 3.1 had already indicated that Mix C (there referred as Mix X_3)
did not meet the requirements for minimal flow conditions, as proposed
by Cho et al. [39].

Throughout the printing session, including the printing of the
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Table 6
Linear trendline equations derived from UUCT.
oc(t)[Pa] E(t)[kPa]
Mix A 0.49t + 8.04 2.89t + 66.26
Mix C 0.31t + 2.27 1.35t + 54.66
Mix D 0.24t + 0.21 1.09t 4 13.25

additional beams, Mix D presented very good pumpability. This is in
accordance with the findings in section 3.1, where Mix D (Mix L_4)
complied with the minimal flow diameter as described by Cho et al [39].
Furthermore, it showed good extrudability and constant material flow.
However, the buildability of Mix D was somewhat lower than that of Mix
C, which is in correspondence with the UUCT results. The wall failed due
to elastic buckling during the printing of the 15th layer, as can be
observed in Fig. 17.

When we compare the actual buildability height with the expected
buildability height that was retrieved from the unconfined uniaxial
compression test using Suiker’s model [53], we find that both Mix C and
Mix D perform significantly better (77% and 50%, respectively) than
predicted. This result was also previously found for Mix A [17], and it is
expected that this is due to additional stiffening of the material during
pumping and extrusion. Note, again, that the model uses UUCT results as
input, and these tests are performed on cast, not printed, samples.

4.3. Compression test

The results of the compression tests, as illustrated in Fig. 18, indicate
that the average compressive strength of the printed samples tested in
orientation v was 5% higher than that of samples tested in orientation w.
Furthermore, it was observed that the compressive strengths of the
printed samples were superior to those of the cast samples (shown in
Fig. 12). This trend was particularly pronounced for Mix D, where the
compressive strength increased from 38.6 MPa for cast to 41.2 MPa for
printed in orientation w and 43.6 MPa in orientation v. This finding is in
contradiction with research conducted on mixtures without fibre rein-
forcement where a reduction in compressive strength is often reported
for printed samples in respect to cast samples [57,58]. However,
research on 3DP-SHCC samples have more often shown a higher
compressive strength for the printed samples [15,17,19].

One possible explanation for enhanced compressive strength is the
potential mix compaction during the printing process. In the process of
pumping the material through the printing hose and additionally
squeezing the mixture through a nozzle it is plausible that the material
can get further compacted. This could also account for the increased
buildability performance that was observed for both mixtures.
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4.4. 4-point bending test

The 4-point bending tests were conducted on the printed samples of
Mix C and D in the orientation v.u. The flexural stress - deflection curves
of these tests are shown in Fig. 19. The printed samples of Mix C and Mix
D demonstrate a significant improvement in deflection capacity when
compared to Mix A, showing increases of 59% and 239%, respectively.
Despite this significant improvement, the average maximum flexural
stress remains approximately constant for all three printed materials,
around 8.5 MPa.

Simultaneously, it stands out that the cast composites have a higher
flexural strength and a higher associated ductility (see Fig. 13 and
Table 7) compared to their printed counterparts. The average flexural
strength of the printed samples was reduced by 25.1% and 6.2% for Mix
C and Mix D, respectively. The average values for the deflection at
maximum stress with 3.41 mm and 5.25 mm provide an even bigger
reduction of 65.4% and 55.9%. During the early flexural behavior, the
printed materials exhibit a higher flexural stress at first crack, approxi-
mately 10% higher than the cast materials. Additionally, the deflection
at first crack in the printed composites is significantly lower. These two
observations suggest that the matrices of the printed composites have a
higher E-modulus, indicating increased stiffness in comparison to the
cast composites.

The flexural toughnesses, Ty op and Tyor, presented in Table 7, were
computed to assess the overall performance of the six composites. The
results of T pp indicate that the energy stored in the materials up to the
point of non-linearity shows a small but significant reduction for the
printed composites. This is in line with the hypothesis that the matrices
of the printed composites have higher E-modulus. The impact of the
printing process on the different composites becomes redundantly clear
when reviewing the values of Tyjor. Where the energy storage capacity is
reduced with 70, 72 and 76 percent, for Mix A, Mix C and Mix D
respectively.

Overall, it can be concluded that the alterations made in Phase 1
resulted in improved performance under flexural loading. Mix C and Mix
D out-perform the original Mix A both in the cast and printed form.

4.5. Uniaxial tensile test

The uniaxial tensile tests were conducted on cast and printed samples
of both Mix C and Mix D. The stress—strain curves acquired from these
tests are presented in Fig. 20 for the cast samples and in Fig. 21 for the
samples that were extracted from the printed beams. The figures present
only the curves of the samples where the final fracture occurred within
the reduced cross-sectional area (see Fig. 8), therefore the number of
samples shown per mixture varies. In Table 8 the average values with
the associated standard deviation are shown for all four composites.

The findings obtained from the cast composites indicate that Mix D
surpasses Mix C concerning both tensile strength (29%) and strain

Fig. 16. Buildability test Mix C, failure after 23 layers.
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Fig. 17. Buildability test Mix D, failure after 15 layers.
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Fig. 18. Compressive strength results (with standard deviation) of Mix A, C and
D in orientation w and orientation v.

hardening capacity (62%). For the printed composites no significant
difference was found in the tensile strength, however, Mix D still per-
forms better in terms of final strain (64%). It is important to note that the
cast material consistently exhibits superior strain hardening

performance compared to the printed material. Specifically, when
printed, Mix C experiences a reduction in tensile strain by 38%, and Mix
D experiences a reduction of 37%.

The tensile toughness max tensile stress (T mor), which represents
the energy absorption capacity per unit volume, was calculated for all
four composites. The tensile toughness is an important indicator when
assessing the efficiency of strain hardening cementitious composites
[47]. The values demonstrate the superior strain hardening capacity of
Mix D in comparison with Mix C. In the case of cast composites, Mix D
exhibits more than double the tensile toughness of Mix C, while for the
printed samples, Mix D displays 33% higher energy storage capacity.

As with the flexural toughness a reduction of the tensile toughness of
42% (Mix C) and 56% (Mix D) was found for the printed composites.

From the shape of the stress—strain curves it can be observed that Mix
D, both cast and printed, has a stable slope throughout the tensile test.
This indicates a proper fibre/matrix interlayer bond and results in the
stability of cracks that are formed during the cracking phase [1]. After
the crack is formed the fibres effectively distribute the load from the
crack plane back into the matrix and cause the formation of another
crack at a similar or slightly higher tensile stress. On the other hand, the
printed samples of Mix C show stress—strain curves with clear signs of
unstable cracks.

From theory it is known that the number of cracks and the
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Fig. 19. Flexural stress - deflection curves for a) Mix A, b) Mix C and c¢) Mix D.

Table 7
Average results with standard deviations of the 4-point bending tests in phase 2.
Flexural stress at first Deflection at first Maximum flexural Deflection at max flexural — Tgyop [Nm (x10° Temor [ Nm (x10°
crack [MPa] crack [%] stress [MPa] stress [%] ] ]
Cast Mix A 5.37 +0.43 0.34 =+ 0.04 11.18 +1.41 5.80 +1.13 1.45 +0.22 81.0 +25.1
Mix C 5.28 + 0.89 0.31 + 0.07 10.83 + 1.07 9.85 + 0.38 1.27 +0.13 136.6 +19.6
Mix D 4.90 +0.42 0.36 + 0.04 9.02 + 0.81 11.91 + 1.25 1.40 + 0.08 235.7 + 34.2
Printed MixA 5.89 + 0.57 0.23 + 0.03 8.68 + 1.57 2.14 + 0.49 1.09 +0.21 24.3 +9.2
Mix C 5.69 + 0.59 0.25 + 0.06 8.66 + 1.53 3.41 + 0.63 1.15 +0.29 37.9 + 10.5
Mix D 5.31 + 0.52 0.30 + 0.08 8.49 +1.13 5.25 + 0.86 1.26 +0.16 56.4 +17.2
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Table 8
Average results with standard deviations of the uniaxial tensile tests.
Tensile stress at first crack  Tensile strain at first Maximum tensile stress Strain at max. tensile T¢,moRr Cracks [-]
[MPa] crack [%] [MPa] strength [%] [N*mm2]
Cast MixC 251 + 0.20 0.043 £ 0.007 272 £0.19 1.75 £0.70 445 +£1.86 11+3
MixD 240 +0.43 0.028  £0.011 3.52  +0.47 284 +1.79 9.15 +6.2 20+ 4
Printed MixC  2.61 +0.25 0.031 =+ 0.006 316 +0.34 1.09 +£0.31 3.04 +1.03 7+2
MixD 248 +0.12 0.029  +0.013 297 +£0.18 1.79 +0.52 406 +1.94 13+3

“esesesneccaces

o

Fig. 22. Representative samples for the cracking patterns of the tested mixes.
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distribution of these cracks is closely associated with the tensile strain
capacity of the composite [2]. After analyses of the crack patterns, it was
concluded that the printed Mix C samples displayed a smaller number of
cracks and that these were more localized over the length of the reduced
cross-sectional area. Where the crack patterns of Mix D, both cast and
printed, were evenly dispersed throughout the reduced cross-section
(see Fig. 22), in accordance with the observation made from the
stress—strain curves.

Furthermore, it can be concluded that the printed composites
developed fewer cracks in comparison to the cast counterparts. For both
Mix C and Mix D the number of cracks was reduced with + 35%.

In early publications on 3DP-SHCC, the general consensus was that
printed SHCC elements performed better than cast elements under ten-
sile loading due to the favourable alignment of fibres [14,16,59].
However, a recent publication of Zhou et al. [60] reported lower tensile
strength and strain capacity after printing of 10% and 25%, depending
on the printing parameters. The primary reasons for the reduction in the
mechanical properties are proposed to be unfavourable fibre orientation
and pore distribution due to the pumping system. In a previous publi-
cation of the authors [17], loss in tensile strength and strain capacity
was observed as well, and also here the effect of the pumping system on
the material properties was proposed as a plausible explanation.

5. Conclusion

This study set out to improve the printability and strain hardening
capacity of a previously developed 3DP-SHCC mix composition by
altering multiple parameters. Indeed, for two 3DP-SHCC designs (Mix C
and D), significant improvements in strain-hardening capacity were
achieved while printability was also improved. From the conducted
research, the following conclusions can be drawn:

- For the development of 3DPC-SHCC, the Silica fume content and the
W/S ratio are relevant parameters to simultaneously optimize fresh
and strain hardening properties.

The study highlights the importance of tailoring the initial stiffness
for optimizing pumpability and avoiding issues like arching as
observed for Mix C.

The printing sessions of the two developed mix designs confirm the
applicability of the minimal slump flow diameter criteria proposed
by Cho et al. [39] for 3D printable SHCC.

The extrudability requirements were met by both developed mix
designs, resulting in a good print quality with a stable layer shape
and without extrusion flaws such as tearing and overprinting.

The buildability performance of Mix C and Mix D exceed the ex-
pectations derived from the UUCT test. Both mix designs are suffi-
ciently buildable and have elastic buckling as main failure
mechanism.

The reduction of the matrix density and matrix strength to decrease
the fibre/matrix interlayer bond has proven to be a good approach to
improve the energy balance of SHCC and to satisfy the energy
requirement.

Mechanical properties measured using cast and printed samples of
the same mixture are different. On the one hand, the hardened me-
chanical strength (flexural and tensile) and strain capacity (in
bending and in tension) are reduced in printed compared to cast
samples; on the other hand, the buildability test and unconfined
uniaxial compression test resulted in higher values for green strength
and compressive strength.

The presented research makes clear that the printing process in-
fluences the material and mechanical properties of the SHCC, and this
can have implications on the structural integrity of printed elements
when they are designed based on casted mechanical properties. How-
ever, currently there are no established codes or national standards for
the designing and testing of printed concrete elements and materials.
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Existing codes, such as NEN-EN-206, are not applicable in this context,
as they do not account for the unique characteristics of printed elements,
namely the lack of compaction (vibration) during printing and the
anisotropic nature resulting from the layered build-up. As a result, the
development of printed load-bearing structures, demands a compre-
hensive preliminary experimental investigation to provide robust sup-
port for the structural design throughout all its phases [61]. The industry
thus relies on conducting structural tests on 3D printed prototypes [7] to
verify the structural integrity of printed elements. This approach would
also apply for load bearing elements printed with fibre-reinforced con-
cretes or SHCCs.

Nevertheless, the impact of the printing process on the mechanical
properties of 3DP-SHCC is a relevant and interesting subject for future
investigation. To comprehend the influence of the printing process,
research into the effect of specific printing phases on the mechanical
properties is recommended. This approach will facilitate the identifi-
cation of the principal bottleneck within the printing process concerning
SHCC. In continuation, research can be conducted on the influence of
the crucial printing phase on the composite’s microstructure, to un-
derstand the specific changes and how these may be overcome.
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