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Abstract

Conventional approaches to concrete 3D printing relies on printing concrete in a straight (linear)
print path, with layers overlaid on top of each other. This results in inter-layer and inter-filament
joints being potential weak spots that compromise the mechanical performance. This paper
evaluates simple alterations to the print geometry to mitigate some of these effects. A printable
mixture with 30% of limestone powder replacing cement (by mass), with a 28-day compressive
strength of about 70 MPa in the dominant direction, is used. S- and 3-shaped print paths are
evaluated as alternatives to the linear print path, which are found to result in strength
enhancement. Staggering of the layers ensures that the inter-filament joints do not lie on the
same plane along the depth. Flexural strength enhancements of 10-30% are observed when the
print geometries are changed and/or layers are staggered. The differences in compressive
strengths between mixtures printed with different layouts or configurations are not very
significant, unlike in the case for flexure. The study shows that modifications in print geometry
(shapes and orientation) can be used to mitigate mechanical property reductions attributed to
inter-filament defects in layered 3D printing.
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1. Introduction

3D concrete printing is attracting a lot of interest in the construction industry because of its
numerous advantages like freedom to create complex architectures, optimized material use,
ability to print on-demand structures, and reduced labor requirement [1]-[5]. This has resulted
in concurrent advances in novel materials that satisfy stringent rheology and strength
development requirements, and printing systems capable of executing complex geometries in an
efficient manner. However, several challenges from a materials standpoint still exist. The
combined attainment of pumpability, extrudability and buildability, which sometimes
necessitates contradictory material properties, is still a challenge. However, through careful
material design, admixtures for rheology control, and print path planning, efforts are ongoing to
address these impediments [6]-[10]. While attention has rightly been focused on rheology and
consequent printability of concrete, mechanical properties of 3D printed concrete has been
treated for most part, like those of conventional concrete, except for allowances for the layered
construction method that induces anisotropy in properties. It has been reported that the
mechanical properties of 3D printed concrete structures can likely be inferior to those fabricated
using traditional casting techniques [10]—[12].

Since the 3D printing process involves laying individual filaments side-by-side and stacking layers
of filaments one over the other, there are several likely zones of weakness in the overall
structure, which results in reduced mechanical performance [13]-[17]. Compressive strengths of
3D printed specimens are generally reported for the three orthogonal directions [11], [18], [19].
The direction of maximum strength is dependent on the method of casting and the process
aspects involved in 3D printing, including the nozzle standoff distance, which makes generalizing
the results rather difficult. While higher strengths can be achieved through changes in material
design [20], [21], the effects of planes of weakness that are introduced through layering cannot
be overcome using improved materials alone. It is in this context that there is a need to
investigate the arrangement of inter-filamentous and inter-layer joints that results in different
levels of anisotropy in a 3D printed structural element. Changing the direction of printing of
individual filaments within a layer, or layers within a component will change the direction-
dependent mechanical properties, thereby providing an option to optimize the desired
performance.

For instance, filaments of rectangular cross-section (with or without bull-nosed edges) are
printed in straight lines (unless it is an architectural structure with a non-linear geometry) and
subsequent layers are overlaid symmetrically on top of the lower layers. This results in the inter-
filamentous joints in each layer aligning along the entire depth of the structure. When tested in
flexure, if there is only one filament width that is tested, this effect will not be captured, but
when samples with multiple filaments are tested, this effect will dominate. Instead of printing
the filaments in a straight path, curving of the print paths in a prismatic specimen will result in
non-alignment of regions of weakness along the direction of loading, thereby likely enhancing



the strength. This aspect is evaluated in this work. Furthermore, based on the nozzle type used
(circular or rectangular), the extent of discontinuity at locations where the filaments meet in the
horizontal and vertical directions can result in reduced mechanical performance. A potential
work around is to stagger the filaments in each layer so that the inter-filamentous joints do not
occur in different layers exactly above one another. This aspect is also explored in this paper. In
addition to linear or straight filament printing, this paper explores S-shaped and 3-shaped
printing paths to evaluate their influence on the flexural performance when the layers
perpendicular to the direction of loading, and cube compressive strengths in the three
orthogonal directions. The synergistic effects of fiber reinforcement — either steel or basalt, along
with the aforementioned geometric modifications, are also studied in this paper.

2. Experimental Program

2.1. Material and mixtures

The mortar mixtures in this study were proportioned using Type I/Il ordinary portland cement
(OPC) conforming to ASTM C150, fine limestone (L) powder conforming to ASTM C568, and
commercial sand (M), having a median particle size of 0.20 mm, conforming to ASTM C778. The
chemical and physical properties of the mortar components are provided in Table 1 and their
particle size distributions (PSD) in Figure 1. Chopped steel fibers (SF) and chopped basalt fibers
(BF), the properties of which are shown in Table 2, were used as fiber reinforcement. A
polycarboxylate ether-based superplasticizer (at a dosage of 0.20%-0.35% by mass of the binder)
was used in all the mixtures. The mortar mixture proportions shown in Table 3 were derived from
authors’ earlier work that considered particle packing and rheological characteristics that are
necessary for printability (i.e., extrudability and buildability) [22]. The selected mortar mixture
(Lso; containing 30% of fine limestone powder by mass as cement replacement) has also been
used by the authors to evaluate the influence of different layer heights on the compressive,
flexural and fracture response of 3D printed specimens [23]. All mixtures contained 50% sand by
mass of the total solids in the mortar, as shown in Table 3.

Table 1: Chemical composition and physical properties of the mortar components.

Components of the Chemical composition (% by mass) dso | Specific
binders SiO2 | Al,Os | Fe,03 | CaO | MgO | SOs | LOI" | (um) | gravity
OPC 19.60 | 4.09 | 3.39 |63.21| 3.37 |3.17| 254 | 10.4 3.15
Limestone(L) CaC03>99% 1.5 2.70
Medium Sand (M) Si02>99% 200 2.40

*Loss of Ignition
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Figure 1: Particle size distribution of the mortar components.

Table 2: Properties of the fibers used in the study.

T . Diameter | Length | Specific Tensile Young’s
ype of Fibers )
(mm) (mm) | gravity | Strength (GPa) | Modulus (GPa)
Chopped Steel Fiber (SF) 0.20 13 6.80 3.0 210
Chopped Basalt Fiber (BF) | 0.04-0.06 15 2.36 0.28 18
Table 3: Mortar mixture proportions used in the study.
Mixture Mass Fraction of Ingredients | Chopped | Chopped Water-to- SP to binder
D OPC | Limestone | Sand Steel Basalt binder ratio ratio (SP%)
(L) (M) Fiber Fiber (w/b) by mass | by mass of
(SF)* (BF)* the binder
L3o 0.35 0.15 0.5 - - 0.35 0.25
L3o-sF 0.35 0.15 0.5 0.28 - 0.35 0.35
L30- 8F 0.35 0.15 0.5 - 0.28 0.35 0.35

*Percentage by volume of the mixture.

2.2. 3D printing of mortars

A gantry-based 3D printer equipped with a screw extrusion system (shown in Figure 2) was used
to print the selected mortars shown in Table 3. To obtain consistent filament cross-section
dimensions (i.e., invariant layer widths for non-orthogonal prints), a circular nozzle of diameter
(ND) 20 mm was used instead of a rectangular nozzle. Mortar slabs of size 400 x 400 x 60 mm
were printed at an in-plane print speed of 50 mm/s. To obtain uniform filaments of layer height
(LH) 10 mm (0.5 x ND) and layer width (LW) of 20 mm (equal to ND), the stepper for the screw
extruder was calibrated for a flow rate of about 10 ml/s. A layer height of 10 mm was selected
based on authors’ previous work [23] which showed that lower LH is beneficial for plain mixtures
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since a non-zero standoff distance, resulting in some consolidation, will mitigate the likely
adverse effects of layer interfaces. For fiber-reinforced mixtures designed using stiff fibers such
as chopped steel fibers, a LH that is at least equal to or greater than the fiber length is preferable,
as otherwise the defects due to scratching of fibers and fibers not being totally confined in layers
become significant [23].

The print filament layouts (note that these are the plan geometries; the cross section always
remains rectangular) chosen for this study were straight line (or linear), S-shaped, and 3-shaped.
Detailed description of the dimensions for different filament types are provided in Figure 3. S-
shaped and 3-shaped filaments consist of arcs of chord length 100 mm formed on a circle of
radius 120 mm laid side-by-side. For the S-shaped prints, the arc alternates between convex and
concave (i.e., changes direction alternatively), while for the 3-shaped prints, the arcs are in the
same direction (i.e., always convex), as shown in Figure 3. These three chosen filament layouts
(linear, S-shaped, and 3-shaped) were printed in two different ways - first, conventional printing,
where filaments of the new layer were laid exactly above the corresponding filament on the
lower layer, and second, staggered printing, where filaments of the new layer were staggered by
half the layer width. Three-dimensional representations of the conventional (C) and staggered
(S) printing types, for linear, S-shaped, and 3-shaped prints are shown in Figure 4. The letters ‘C’
or ‘S’ following the print geometry type — linear (L), S-shaped (S), or 3-shaped (3), indicate the
configuration. Note that the 3-shaped filament printing was only done for the conventional
arrangement and not for the staggered one as 3-shaped print demonstrated reduced mechanical
performance than the S-shaped print in preliminary studies. Moreover, the S-shaped prints were
found to be more effective in enabling a smoother printing, because of the easy transition
between the convex and concave arcs, as opposed to transition from one convex to another
convex arc. Slabs were 3D printed (see Figure 5), and moist-cured in a curing chamber, at 23+2°C
and >98% RH, for 28 days. After the curing duration, they were cut into cubes and beams (as
shown in Figure 6) for compression and flexural tests.
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Figure 2: Printer setup showing: (a) the gantry printer with the controller and the mixer, (b)
close-up of the print head, and (c) S-shaped conventional (S-C) print in progress.

(©)
Figure 3: Filament geometries used in this study: (a) linear (L), (b) S-shaped (S), and (c) 3-shaped
(3). The layer height (LH) used was 10 mm, the layer width (LW) was 20 mm, the chord length
(CL) was 100 mm, and the radius of arc (R) was 120 mm.



Figure 4: Three-dimensional representation of printed slabs using different geometries of
filaments and their configurations: (a) linear conventional (L-C), (b) S-shaped conventional (S-C),
(c) 3-shaped conventional (3-C), (d) linear staggered (L-S), and (e) S-shaped staggered (S-S).
Note that in the nomenclature use, the first letter/number indicates the filament geometry
(linear, S-shaped, or 3-Shaped), and the second letter indicates the configuration in which it is
printed (conventional or staggered).

b (©)
Figure 5: Printed slab (a) linear conventional (L-C), (b) S-shaped staggered (S-S), and (c) 3-
shaped conventional (3-C).
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2.3. Figure 6: Top view of (a) R-C, (b) S-C, and (c) 3-C slabs with dotted lines showing the region
of cut to obtain beams and cubes shown in (d), (e) and (f) respectively. Flexural testing

After 28 days of moist curing, the 3D printed slabs were cut into beams (60 x 60 x 300 mm in
size) such that the filament print direction is oriented parallel to the longer side of the beam. One
of the longer 300 mm faces perpendicular to the filament direction was speckled with black paint
to enable the use of digital image correlation (DIC) to track surface displacements and crack
initiation and propagation. Flexural response of the beams was obtained in accordance with
ASTM C78/C78M-18 [24] under four-point bending. A servo-controlled universal testing machine
(MTS 810) with a capacity of 100 kN was used. The test was carried out under mid-point
deflection control using LVDTs, at a rate of 0.02 mm/min until either failure occurred or the load
capacity dropped to 500 N, or the total deflection at center of the beam reached 0.8 mm,
whichever happened first. Figure (a) shows the general test setup and the corresponding
components.

2.4. Compression testing

Cubes of 60 x 60 x 60 mm (shown in Figure (a)) were prepared by cutting the slab. These cubes
were then subjected to uniaxial compression using a servo-controlled universal testing machine
(SBEL CT-110-S) with a maximum capacity of 489 kN. Compression tests were carried out in all
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three orthogonal directions for the different print layouts and configurations. Direction-1
represents the case where load is applied along the X-axis (perpendicular to the faces lying in Y-
Z plane, where printing happens along the X-direction), Direction-2 along the Z-axis
(perpendicular to the faces lying in X-Y plane) and Direction-3 along the Y-axis (perpendicular to
the faces lying in X-Z plane), as shown in Figure (b)-(d). Loading was done at a stroke displacement
rate of 0.15 mm/min corresponding to an initial strain rate of 0.25%/min. The test setup is shown
in Figure (b).

4PBT Axial LWVDT
Loading
Fixture Actuator
DT
Beam
Specimen
Specimen
UTM

Actuator

Figure 7: (a) Flexure test setup, and (b) uniaxial compression test setup; showing different
components.

(a)



(b) (c) (d)

Figure 8: (a) Representative single layer and complete cube showing 3 filaments and 6 layers;
the print direction is parallel to X-axis; and compression testing along (b) Direction-1, (c)
Direction-2, and (d) Direction-3.

2.5. Digital image correlation for visualizing strain fields and crack propagation

Digital image correlation (DIC) is used as a non-contact means to acquire the surface
displacements and strain fields in the specimens during the flexural testing. Strain profiles
extracted from the DIC data is used to identify and track crack initiation and propagation, and to
extract the true displacement (deflection at the mid-point) of the specimen. The DIC setup shown
in Figure 7(a) consists of two cameras focused on a speckled area of interest on the beam, which
is illuminated by high-intensity flood lights. The data acquisition (DAQ) unit controls the cameras.
The frequency of image capture is fixed at 1 Hz. The mid-point deflection of beam extracted from
the DIC analysis is also compared to the deflection obtained from the LVDT in the closed-loop
test setup. Figure 7(b) shows a typical Lagrangian strain field in the beam subjected to four-point
bending. The process of obtaining Lagrangian strain fields from the displacement field captured
by DIC is described in detail elsewhere [25], [26].
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Figure 7: (a) DIC setup, and (b) representative Lagrangian strain field (just before end of test in a
S-S-SF beam) subjected to four-point bending.

3. Results and Discussions

3.1. Flexural response of the beams with different layer patterns and configurations

3.1.1. Effect of filament print layout and configuration on flexural strength of unreinforced
specimens
As discussed earlier, three different print layouts were used in this work. The effect of print layout
(linear (L), S-shaped(S), and 3-shaped(3)) on the flexural strengths of the conventionally laid (not
staggered) unreinforced 3D printed beams (denoted as L-C, S-C, and 3-C) are reported first. The
flexural specimens (60 x 60 x 300 mm) were tested such that the filaments were oriented along
the length direction. The span length used for testing was 240 mm. The average flexural strengths
for beams printed using L-, S-, and 3-shaped geometries are shown in Figure 8(a). It is clearly
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noticed that by changing the individual filament print layout (plan geometry), flexural strengths
of the printed beams can be enhanced. Among the three layouts, the S-shaped layout (S-C) gives
the highest average flexural strength, which is about 15% higher than that of the regular linear
geometry (L-C), which is the most common print (plan) geometry. The use of a 3-shaped printing
layout also increases the flexural strength by about 10% or more compared to the L-C case. The
enhancements in flexural strength can be explained based on the nature of inter-filament joints
present in 3D-printed elements. Inter-filament joints are the joints present between two adjacent
filaments in the plan view (as opposed to inter-layer joints which are present between the
adjacent layers in the cross-sectional view). The 3D printing process and the nozzle standoff
distance used typically results in some amount of layer consolidation, resulting in densification
of the inter-layer joints, while the inter-filament joints do not benefit from such consolidation,
and are generally weaker [15]—[17]. In a beam conventionally printed using straight filaments (L-
C), the weaker inter-filament joints run parallel to the length direction, while in the S-C and 3-C
print layouts, the inter-filament joints are curved (see Figure 6(d)-(f)), creating more contact area
between the filaments for the same length of the beam (300 mm). Moreover, the curved paths
also ensure that the stress required to separate the adjacent filaments is higher since the inter-
filament contact path is more tortuous. It is possible to note from the S-C and 3-C geometries
(shown in Figure 3, Figure 4(a)-(c), and Figure 6) that the 3-C geometry induces more inter-
filament stress concentrations than the S-C geometry because of the sharp changes in path
needed to keep the arcs convex always, thereby resulting in slightly lower strengths. However,
the flexural strengths are still higher than that of the conventional case. The results shown here
indicate that it is possible to alter the print plan layout, while maintaining the other parameters
the same, to obtain higher flexural strengths. In the forthcoming sections of the paper, the
comparisons are restricted to the straight linear (L) and S-shaped print layouts. Even though the
3-shaped prints showed better strengths than the linear prints, it was observed that S-shaped
prints enable smoother printing, and consequently lesser defects, the reasons for which were
explained earlier.
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Figure 8: Flexural strengths of beams printed using different layouts: (a) L-C, S-C, and 3-C; and
(b) L-C, L-S, S-C and S-S geometries. All the beams were subjected to four-point bending test.
The error bars correspond to standard deviation from three or more replicate specimens.

It was observed in our previous work [23] that, despite adjusting the flow rate and print speed to
reduce the chances of formation of inter-filament voids, this was not always feasible. To mitigate
this concern to a certain extent, staggered printing configuration is adopted in this work where
the filaments in the upper layer are staggered by half a layer width in the plane of printing. Figure
8(b) shows the flexural strengths of the staggered L and S prints along with those of their non-
staggered (conventional) counterparts. Staggering the layers in an S-shaped print geometry (S-S)
results in an increase in flexural strength of about 25% as compared to the conventional linear
mode of printing that is commonly adopted (L-C), and more than 10% as compared to the linear
layout in the staggered configuration (L-S). Changing the print configuration from conventional
to staggered results in inter-filament defects not lining up perfectly — in other words, some
tortuosity in the crack path that likely follows the inter-filament contacts is introduced, which
helps enhance the load carrying capacity. When compared to its non-staggered counterpart (S-
C), the strength enhancement is seen to be about 10%. The flexural strength results reported
here shows that it is indeed beneficial to consider alternate printing layouts (in plan geometry)
and layer configurations to mitigate the mechanical property reduction associated with some of
the common defects encountered in concrete 3D printing.

3.1.2. Effect of fiber reinforcement

Since the staggered print configuration performed better than the conventional print
configuration (as shown in Figure 8), the influence of fiber reinforcement is evaluated here only
for the staggered print configuration. It is shown in many recent publications that fibers (metallic
or polymeric) added to a 3D printed matrix helps in crack control and/or enhances the strength
and toughness, based on the fiber type [27], [28]. Figure 9 shows the flexural strengths of

13



mixtures reinforced with either steel or basalt fibers, and the comparison with unreinforced
mixtures printed with different filament layouts. Note that both basalt and steel fibers have
similar lengths, but the basalt fibers have significantly smaller diameters. The volume fractions
of the fibers used are the same for both fiber types (0.28% by volume of the mortar). The flexural
strength results indicate clear enhancement in flexural strengths due to fiber incorporation,
which is expected. An increase in flexural strength by about 10-30% is noted when either of the
two types of fibers are incorporated into the specimens printed in the L and S-shaped layouts,
with a more noticeable enhancement for the staggered linear (L-S) print type. The reason for
reduced efficiency of fibers in the S-shaped mixtures, especially for stiff fibers, is that the print
direction changes in a wavy pattern, and the fibers cannot consistently be oriented in the print
direction. Moreover, for the linear geometry, as explained earlier, the inter-filament defects are
more, which the enhanced capacity through the use of fibers overcomes to a certain extent. Thus,
fibers, which orient along the direction of print are seen to benefit the linear print geometry
better [29]-[32].

For both the linear and S-shaped filament layouts, the basalt fiber reinforced mixture is observed
to slightly outperform the steel fiber reinforced mixture from a flexural strength standpoint. As
was shown in our previous work [23], stiffer steel fibers, when introduced in a layer that has a
lower layer height than the fiber length, results in scratching of the surface of the layer during
the printing process. This causes surface defects that lead to the total effect of fibers not being
realized with respect to flexural strength. This shows that less stiff fibers such as basalt fibers (E
lower by an order of magnitude as compared to steel fibers; see Table 2) could be used to obtain
enhanced flexural strengths in 3D printed concrete elements. More importantly, a lower layer
height (than the fiber length) can be used, since it has been shown that a lower layer height is
beneficial in enhanced mechanical performance [23], even though the speed of construction
could somewhat be compromised. It also needs to be recognized that, for a given volume fraction
of fibers, there are about 13 times the number of basalt fibers in the mixture as compared to
steel fibers, based on their diameter difference. More number of fibers in a unit volume enables
the matrix to efficiently transfer stresses. Higher fiber density in the matrix also enhances the
crack path tortuosity, which extends the load carrying capacity in this case. While a layered
printing process will always encounter issues related to inter-layer and inter-filament strength,
the aforementioned discussions demonstrate that geometric modifications, along with material
modifications (such as the use of fiber reinforcement) can be suitably used to mitigate some of
these effects from a viewpoint of flexural strength.
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Figure 9: Flexural strength of beams with different layout-configuration combinations (L-S, L-S-
SF, L-S-BF, S-S, S-S-SF, and S-S-BF). SF stands for steel fiber and BF for basalt fiber. All the beams
were subjected to four-point bending test. The error bars correspond to standard deviation
from three or more replicate specimens.

3.2. Post-peak response as a function of print geometry and configuration, and fiber
reinforcement

Representative load-mid-point deflection responses of the beams from the four-point bending
tests are shown in Figure 10. The tests were carried out until the beams failed completely, or the
load in the post-peak regime dropped to 500 N, or a total test run-time of 40 min (equivalent to
a mid-point deflection of 0.8 mm) from the start of the test, whichever occurred earlier. The load-
deflection responses, rather than the stress-strain curves, are shown here since the beams were
cut from slabs, and slight dimensional inaccuracies could be present. The load-deflection
responses of the unreinforced beams are shown in Figure 10(a). All the specimens show a rather
brittle behavior, as expected. However, an important observation from this figure is that, when
alternate print layouts and configurations are attempted, the mid-point deflection (indicative of
the strain) at the peak load increases. From approximately 0.1 mm at the peak load for a
conventionally printed specimen (L-C), the mid-point deflection increases to about 0.15 mm for
S-shaped conventional (S-C), and to approximately 0.12 mm for the 3-shaped layout (3-C).
Staggering the layers also results in enhanced deflections at the peak load. Increase in midpoint
deflection is also correlated with increased load capacity (or failure stress), as mentioned in an
earlier section. The effect of fiber reinforcement on the load-deflection response of the beams
printed in the staggered configuration is shown in Figure 10(b). For the same volume of fibers,
the stiff steel fibers are shown to provide a considerable degree of post-peak toughness. Between
the linear and S-shaped layouts for the steel fiber reinforced mixtures, the S-shaped layout shows
a higher mid-point deflection at the peak load as explained earlier, but the post-peak response
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at higher deflections is found to be invariant of the layout. The basalt fibers do not provide the
same degree of toughness enhancement, even though the peak strength is enhanced for reasons
described earlier.
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Figure 10: Load-deflection response of: (a) unreinforced beams, printed with different layouts
and configurations, and (b) unreinforced and fiber-reinforced beams printed using a staggered
configuration.

3.3. Layout- and configuration-induced changes in strain profiles

Digital image correlation (DIC) is used to obtain the strain profiles of the beams tested under
flexure. DIC analysis of representative surface strain profiles in the middle-third portion of the
beam span, under four-point bending, at or very close to the peak load are shown in Figure 11
for all the layout and fiber type combinations. The Lagrangian strain fields were extracted from
the displacement fields determined from DIC. The Lagrangian strain ranges in each of the cases
are also shown along with the representative images since their magnitude changes based on the
chosen combination.

Figure 11(a)-(c) depict the strain fields for the conventional orientation of the L-, S-, and 3-shaped
configurations. The maximum strain at failure is higher for the S-C beam, while the L-C beam has
the least strain at failure. Note that both the S-C and 3-C configurations also have higher peak
stresses as well, as shown in Figure 8. Since the material and printing parameters, including the
layer height, are the same for all these cases, it can be concluded that the enhancement in strain
at the peak load is a result of changed print layout, the effects of which has been reported earlier
in the section on flexural strengths. It is important to mention here that the discussions are based
on the strains observed at the peak load alone; this typically occurs at the point of crack formation
or localization. Redistribution of strains occurs in the specimen when a crack forms, and thus the
strains at peak stress shown here are not indicators of the average strain that will be measured
across the depth or a gage length when LVDTs or strain gages are used. It is also not necessary
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that the average strains follow the trends indicated by the value at peak stress. This important
distinction should be considered when comparing strains determined using DIC.

When the layers are staggered (Figure 11(a) and (d) that compare L-C and L-S beams), it is noticed
that there is a more than 50% enhancement in the maximum strain at the peak stress because of
the staggering of alternate layers along the height of the beam. The enhancement in peak strains
as a result of print layout changes (S- and 3-shapes) and staggering indicates that the failure at
lower strains (a more brittle behavior) in conventional prints (straight lines, layers laid one on top
of the other) is a result of combined effects of inter-filament and inter-layer defects. While
changing the print layout enables curving of the filaments and thus minimizes stress
concentrations, staggering of layers introduces tortuosity in the defect path (all the inter-filament
joints are not on top of each other); both resulting in the specimens being able to tolerate higher
maximum strains (and stresses) before failure. Figure 11(d) and (g) enable comparison between
the L- and S-shaped beams where the layers are in a staggered configuration for both the beams.
Here, the S-S beam shows a slightly higher maximum strain at peak stress than the L-S beam, but
the effect is not as significant as that between a conventional and staggered case. This result
shows that staggering of layers has a more significant effect than changing the print layout with
respect to peak strains. A similar, but less conspicuous effect is noticed for the peak stresses as
well.

The influence of fibers on the strains at peak stress are also shown in Figure 11(e)-(f) and (h)-(i)
for the L-S and S-S beams. As discussed earlier, only the staggered configuration is shown here.
Even until the peak load, the steel fiber reinforced specimens show significantly higher maximum
strains, commensurate with the enhancement in peak stress. Between the L-S-SF and S-S-SF
specimens, i.e., in the L- and S-shaped staggered configurations (Figure 11(e) and (h)), there is a
reduction in the maximum strain for the staggered S-shaped configuration as the fibers are not
oriented along the isostrain lines in the tensile region because of the curved layer layout. The
steel fiber reinforced specimens demonstrate higher maximum strains as compared to the basalt
fiber reinforced specimens at the peak stress as shown in Figure 11(e)-(f) and (h)-(i). The basalt
fibers are more brittle than the steel fibers, have a lower stiffness, and their strain capacity is also
lower (1% failure strain compared to 11% for steel fibers). As mentioned earlier, between the L-
and S-shapes when layers are staggered, there is no significant difference between the peak
strains for specimens reinforced with a particular fiber type, indicating that staggering creates a
more dominant effect in the pre-peak (both stress and strain) mechanical response than the
chosen layouts alone.
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(i)

Figure 11: Lagrangian strain profiles at peak load for different layouts and configurations: (a) L-
C, (b) S-C, (c) 3-C, (d) L-S, (e) L-S-SF, (f)L-S-BF, (g) S-S, (h)S-S-SF, and (i) S-S-BF.
Since the unreinforced beams do not carry significant strains after the peak load (even though
changes in layout and configuration seem to define better performance than conventionally
layered systems), the post-peak strain distributions in fiber-reinforced beams are only reported
here. Figure 12(a)-(b) depict the strain distributions in the L-S-SF and L-S-BF beams, while Figure
12(c)-(d) show the strain distributions in the S-shaped configurations, i.e., S-S-SF and S-S-BF. Since
the steel fiber reinforced beams showed a very gradual load reduction in the post-peak region
because of the ductility provided by the steel fibers, the strain profiles are recorded for a mid-
point deflection of 0.8 mm, when the test was ended. This corresponded to residual loads slightly
higher than 50% of the peak load. The maximum strain values recorded at end of the test for
both the steel fiber reinforced specimens, i.e., L-S-SF and S-S-SF (Figure 12(a) and (c) respectively)
are about twice of that of the unreinforced beams. While a cursory look at the load-deflection
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response (Figure 10) shows that the mid-point deflections at the end of the test are ~4 times that
at the peak load, the recorded strains are ~6 times as that of the maximum strain at the peak for
the corresponding specimens (shown in Figure 11(e) and (h)). This is because the post-peak
maximum strains reported are at the crack tips rather than at the extreme tension fibers of the
beams. As the crack initiates and surface separation occurs, the strain drops to zero, and hence
a measurable strain at the crack tip where the strain is maximum, is shown. The propagation of
a single crack is shown in these figures, which is the dominant crack for steel fiber reinforced
specimens (note multiple locations of larger strains are seen in the strain distribution image at
peak load). The volume of fibers is small enough that multiple cracking (as is noted for ultra high-
performance concrete (UHPC) beams in [21], [33]) is not mobilized in these specimens. Basalt
fiber reinforced beams did not have such a noticeable post-peak response as the steel fiber
reinforced specimens because of the lower stiffness and ductility of basalt fibers [10], [34]. Thus,
the maximum strains recorded are also lower, even though they help achieve similar or slightly
higher strengths than steel fiber reinforced specimens because of reasons described earlier.

g 1 I"“{i |.\:\.‘::||I
L SIS

(d)

Figure 12: Lagrangian strain profile at 50% of the peak load in the post-peak region for: (a) L-S-
SF, (b) L-S-BF, (c)S-S-SF, and (d) S-S-BF; Note: for L-S-SF and S-S-SF, the residual load did not
drop to 50% of the peak until the end of the test (see Figure 10), and the last frame before the
end of the test (mid-point deflection of 0.8 mm) is shown.

3.4. Compressive strength

As explained in a previous section, 60 mm cubes were used for compression strength testing.
Since 3D printed samples are anisotropic, the compressive strength was evaluated in all the three
directions as shown in Figure . At least three samples were tested on each direction and the
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compressive strength results are shown in Figure 13. The results for the straight filament layout
prints (L series) are shown in Figure 13(a), whereas the results for the S-shaped layouts are shown
in Figure 13(b); in both the figures, two orientations (conventional and staggered) and two fiber
types (steel and basalt) are also considered. As explained earlier, fiber reinforcement is used only
in the staggered configuration. As has been previously reported [10], [11], [18], [35], the inherent
anisotropy in compression of 3D printed components is brought out. It can be noticed that
Direction-2 is the weakest among the three directions, while Directions-1 and 3 demonstrate
relatively similar strengths for all the cases considered in this study. The maximum compressive
strength at 28 days is almost 75 MPa for many of the cases, indicating that 3D printed mixtures
with up to 30% cement replacement with limestone can attain high compressive strengths for
many structural applications.

From Figure 13(a) and (b), it can be noticed that the differences in compressive strength between
mixtures printed with different layouts, configurations, or fiber reinforcement types are not very
significant, unlike the case for flexure reported earlier in this paper. However, anisotropy in
compression is evident based on the obtained lower strength when tested in Direction-2. There
are conflicting results reported in this regard. For example, it is shown in [18] that Direction-3 is
the strongest and Direction-1 the weakest; however, this is likely because of the fact that only a
single filament was incorporated in each layer of the cube in those tests, while the current work
uses a cut portion from a printed slab, which comprises multiple filaments. On the other hand,
[19] also utilizes cubes with each layer consisting of a single filament and reports that Direction-
2 is usually the strongest while Direction-3 is the weakest. Similarly, another work [36] reports
that Direction-1 is stronger than Direction-2. Nevertheless, as inter-filamentous joints
corresponding to layers in X-Y plane (See Figure 8(a)) are locations of potential weakness,
evaluating anisotropy with test specimens having multiple filaments in the same layer is
important. While a typical 60 mm cube for all the different print types used in this study has the
same interlayer (horizontal) joint area (of ~18,000 mm?), a straight (linear) conventionally printed
cube has ~7200 mm? of inter-filamentous vertical joint area compared to ~9000 mm? for a linear
staggered print cube. Thus, the linear staggered configuration shows somewhat lower strength
in compression in Direction-1 than its conventionally printed counterparts. In Directions-2 and 3,
this effect is not dominant, resulting in comparable strengths for the conventional and staggered
configurations. For the S-shaped prints shown in Figure 13(b), staggering slightly reduces the
strength in Direction-3 for the unreinforced mixture, though it is unclear if it is just an
experimental artifact. While steel fiber reinforced mixtures display comparable compressive
strengths to their unreinforced counterparts with similar layer geometry and orientation, the
basalt fiber reinforced mixtures show reduced compressive strengths. This is in contrast to the
behavior in flexure noted earlier. It was mentioned that the scratching of the layer surface by stiff
and long steel fibers leads to interlayer defects, which are detrimental in flexure, but such defects
are not critical in compression. Chopped basalt fibers are generally reported to result in some
enhancement in compressive strength of concrete at volume fractions comparable to those used
in this work. However, it is possible that, with larger number of fibers per unit volume, basalt
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fibers likely could influence the sampling volume under compression (the entire specimen
volume is under compression) more than steel fibers. Here, due to: (i) fiber-matrix interface
defects, and (ii) the increased number of basalt fibers reducing the packing density of the matrix
[37], the compressive strength is reduced. Under flexure, the sampling volume under tension is
much smaller, and hence it is feasible that there is a higher statistical possibility of encountering
a larger defect in a fine fiber reinforced matrix under compression. This aspect requires further
investigation, using a range of fiber volume fractions, which is beyond the scope of this work, the
focus of which is the evaluation of property differences with layout, configuration, and fiber type.
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Figure 13: Uniaxial compressive strength in three orthogonal directions for (a) L-C vs L-S vs L-S-
SF vs L-S-BF, and (b) S-C vs S-S vs S-S-SF vs S-S-BF.

4. Conclusions

This study has examined the influence of print geometry and configuration on the flexural and
compressive response of 3D printed concrete elements. In the conventional printing approach,
straight filaments are overlaid in different layers (resulting in inter-layer joints) and several such
filaments are laid side-by-side to obtain desired member thicknesses (resulting in inter-filament
joints). In this study, S- and 3-shaped print patterns and staggering of the layers were studied in
order to reduce the impact of inter-filament joints on mechanical properties. Flexural and
compressive strength tests were carried out on the specimens, along with digital image
correlation (DIC) on the flexural specimens. Steel or basalt fibers were also used in some of the
mixtures.

e Amongthe different print geometries, the S-shaped (in plan) print geometry provided flexural
strengths that were 10% higher than the conventional (straight line - L) print path. Staggering
the layers by half a layer width as compared to the top and bottom layers further enhanced
the flexural strengths, resulting in approximately 25% enhancement in strength as compared
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to the conventional print type. An increase in flexural strength by about 10-30% was observed
when steel or basalt fibers were incorporated into the specimens printed in the L and S-
shaped staggered layouts. The enhancement was more noticeable for the staggered linear (L-
S) print type.

o Steel fibers provided enhanced flexural ductility at the same replacement volume as
compared to basalt fibers, though basalt fibers provided slightly higher strengths. The fact
that rigid steel fibers, which are slightly longer than the layer height scratches the layer
surface, causing surface defects, could be the likely reason for the slightly lower strengths.
Thus, the use of less stiff fibers is preferable when using longer fibers or when the layer height
needs to be limited. Between the linear and S-shaped layouts for the steel fiber reinforced
mixtures, the S-shaped layout showed a higher mid-point deflection at the peak load,
indicating the efficiency of changing geometry in strain capacities as well.

e The peak strains determined using DIC were lower for the conventional prints (straight lines,
layer one on top of the other), while they were higher when the print layout changed (S- and
3-shapes) or when the layers were staggered. This demonstrates that a more brittle behavior
in conventional prints is a result of combined effects of inter-filament and inter-layer defects.
Changes in the print layout minimizes stress concentrations while staggering of layers
introduces tortuosity in the defect path, resulting in the specimens able to tolerate higher
maximum strains (and stresses) before failure.

e The anisotropy effects in compression are captured in this work. Here, Direction-2 was found
to be the weakest among the three directions, while Directions-1 and 3 showed similar
strengths. The need to use multiple filaments in a single layer to evaluate the anisotropic
behavior, since inter-filament joints within a layer are potential regions of weakness and
hence a cause of anisotropy, was also brought out.

This study has shown that modifications in print geometry (shapes and orientation) as well as
material characteristics (through the use of fiber reinforcement) can be used to mitigate some of
the undesirable strength-related effects of inter-filament joints in layered 3D printing of
concrete.
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