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Abstract: Poisson’s ratio, defining the lateral to longitudinal strain of a material under uniaxial load,
is an extensively used material property in engineering analysis and design. For conventionally cast
concrete, an isotropic static Poisson ratio typically ranges between 0.15 to 0.25. However, no ratio has
been established for 3D printed concrete, and is currently widely assumed to be 0.2 and isotropic
in computational modelling applications. This layer-wise additive manufacturing technology is
notorious for yielding orthotropic mechanical properties due to the presence of weak interlayer
regions at the structural level and elongated oblate voids at the material level. This study therefore
aims to characterise the static Poisson ratio of printed concrete. Specimens were prepared from
a printed element and uniaxially tested both parallel and perpendicular to the printing direction.
Digital image correlation technology was employed to facilitate the capturing of specimen strains,
followed by micro-computed tomography scans to determine void topography. The results indicate
larger Poisson ratios apply for 3D printed concrete compared to its cast counterpart; up to 17 and
33% increases were obtained when printed specimens were tested perpendicular and parallel to the
printing direction, respectively. This orthotropic behaviour is ascribed to the oblate voids present in
the printed specimens.

Keywords: 3D printed concrete; Poisson’s ratio; experimental testing; digital image correlation;
micro-computed tomography

1. Introduction

Poisson’s ratio (v) is a unitless material property defined as the measure of an uncon-
fined material’s lateral strain (g,) relative to its longitudinal strain (¢,,,¢) under uniaxial
loading, expressed as v = — (g, /€ long), where contraction is taken as negative and elon-
gation as positive. Typically, Poisson’s ratio varies between 0 and 0.5 for most materials,
where the former refers to a material that experiences a significant volume change under
axial load (e.g., cork material), and the latter an incompressible material that experiences
no volume change under axial load (e.g., rubber materials) [1]. Negative Poisson values are
also possible, referred to as auxetic materials, where tri-contraction along Cartesian axes
arises from uniaxial compression [2,3]. The use of Poisson’s ratio in engineering and me-
chanics is widespread; most notably, it influences the stress distribution and concentrations
within a material [4]. Referring specifically to structural mechanics, Poisson’s ratio forms
an integral part in defining constitutive laws describing stress—strain relationships as well
as the elastic-shear moduli relationship. Composite column performance has also been
demonstrated to be influenced by the Poisson effect [5].

Although Poisson’s ratio of conventionally cast concrete is well established in the
literature, typically ranging between 0.15-0.25 [6], no research data are currently available
in the literature on the Poisson ratio of 3D printed concrete. The authors hypothesise that,
unlike conventionally cast concrete that is typically homogenous and isotropic, the static
Poisson ratio of 3D printed concrete is anisotropic. Kruger, du Plessis and van Zijl [7]
investigated the microporosity of 3D printed concrete via micro-computed tomography
and found that its void topology differs from that seen in conventionally cast concrete.
Compared with dominantly spherical shaped voids in cast concrete, intralayer voids in
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3D printed specimens are elongated, with their largest dimension in the printed direction
followed by the transverse direction and the smallest in the vertical direction. As a premise
for a follow-up study [8], it was demonstrated that (i) 3D printed concrete exhibits reduced
mechanical performance compared to its cast equivalent, and (ii) orthotropic compressive
strengths are prevalent in 3D printed concrete. This orthotropic mechanical nature of 3D
printed concrete is widely reported in the literature [9-15].

The theoretical grounding of this study’s hypothesis lies in the stress concentrations
that develop around micro-voids in a continuum under uniaxial loading. A study by
Davis et al. [16] demonstrated that as a void becomes more oblate (as was shown in [7]
for 3D printed concrete), the compressive stress developed at its extreme lateral sides/tips
increases under uniaxial loading. This localized, concentrated compressive stress reduces
as a void becomes more pro-late; hence the difference between the (relatively constant)
tensile stress developed at poles and the compressive stress developed at sides reduces.
Following hereon, it can be deduced that the magnitude of strain experienced in a porous
material is influenced by its void topology, where predominantly oblate or prolate voids
could lead to orthotropy.

Due to the current lack of information on the Poisson ratio for 3D printed concrete, sev-
eral studies conducted on finite element modelling of printed concrete have adopted typical
isotropic Poisson values of conventionally cast concrete, i.e., 0.2 [17-22] and 0.21 [23]. Thus,
no account was made for possible anisotropy in this regard. Similar to fresh state buildabil-
ity modelling, comprising plastic yielding and elastic buckling failure mechanisms [24], the
Poisson value for fresh printable concrete was assumed to be 0.3 [25-27], mainly adopted
from the early experimental work conducted by Wolfs, Bos and Salet [28,29]. In another
study by Moini et al. [30], the fresh state Poisson value was assumed to be 0.5, which, as
mentioned earlier, is considered incompressible. The saturation state of fresh concrete, i.e.,
the amount of free water available to fill pores, influences the Poisson ratio; therefore, fresh
concrete can possess Poisson values ranging up to that of water, namely 0.5 [31]. The state
of hydration thus influences fresh concrete’s Poisson ratio, resulting in a transient property
that only stabilises after roughly 28 days’ curing time [32]. The modelling of accelerated
fresh concrete, typically using 2K 3D printing systems [33], therefore requires rigorous
exploration toward an accurate and representative Poisson ratio expression. The shape
retention performance of extruded concrete has also been shown to be influenced by its
Poisson ratio [34].

It is with this background that this study endeavours to perform a preliminary in-
vestigation into the hardened-state Poisson ratio of extrusion-based 3D printed concrete.
Although the subject is critically important, this study does not investigate the Poisson ratio
of fresh-state printable concrete. The static Poisson ratio was determined for a 3D printable
cementitious material in two distinct orientations (O1: perpendicular to the print path, OIIL:
parallel to the print path [35]), as well as for its cast equivalent. ASTM C469-02 [36] was
used as a testing guideline and amended for the sample size obtained from 3D printing.
Digital image correlation (DIC) technology was employed to accurately record deformation
of strategically placed target markers, from which data the Poisson values were derived. In
order to ascertain hypothesis significance, statistical method ANOVA (analysis of variance)
was applied. Lastly, the specimens’ microporosities were visualised via micro-computed
tomography, which confirmed that the typical oblate-shaped voids in printed concrete were
present in this study’s specimens.

2. Materials and Methods
2.1. 3D Printing

The standard high-performance 3D printable cementitious mixture typically employed
at Stellenbosch University [37] was used for this study, with constituents and quantities
given in Table 1. This mixture possesses a 28-day compressive strength and Young's
modulus of approximately 70 MPa and 30 GPa, respectively. Initially, all binder materials
were weighed and sieved through a 1 mm sieve to eliminate any clumps that may have
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Stabilised base trolley for 3D printed
concrete specimen mobility

formed. Thereafter, the fine aggregate was weighed and added to a 50 L 2-blade pan mixer,
together with the binder material, and mixed until homogenously distributed. Potable tap
water was then added and mixed for 2 min. Finally, the superplasticiser admixture was
added to obtain the required workability for printing.

Table 1. Three-dimensional printing cementitious material used for this study.

Constituent Description kg
Cement PPC SureTech 52.5 N 579

Fly ash DuraPozz Class F 165

Silica fume Chryso DSF 83
Fine aggregate Malmesbury 4.75 mm MPS ! 1167
Water Potable Tap Water 261
Superplasticiser Chryso Premia 310 5.75

I Maximum particle size.

The 40 L batch of mixed material was transferred to the rotor-stator pump’s hopper,
and the system was bled to ensure proper extrudability. A 1 m> gantry-type 3D concrete
printer was used to print two arbitrary objects from which the specimens were obtained
for testing. These objects all possessed double-skin wall elements of 200 mm height, as
depicted in Figure 1. A rectangular nozzle was employed, of which the cross-sectional
opening measured 50 mm wide and 20 mm high, also equal to the filament layer height
and deposition height or nozzle standoff distance. A print speed of 60 mm/s was used,
resulting in a pass time of roughly 30 s. The printing was conducted in a climate-controlled
room, with temperature 23 &+ 2 °C and relative humidity 65 & 5%. These wall elements
were left to cure in the climate-controlled room for 27 days, whereafter specimen extraction
and preparation followed. We also cast 100 x 100 x 100 mm cubes using the 3D printable
material, which were used to extract the cast specimens for comparison purposes. Two
casting methods were followed, namely (i) material pumped through a nozzle to fill the
plastic cube mould and (ii) material scooped from the pan mixer to fill the plastic cube
mould. The cast specimens were also cured in a climate-controlled room for a period of
27 days.

Figure 1. (a) Three-dimensional concrete printer coupled with a batch mix rotor-stator pump, as used
in this research; (b) two double-skin free-standing 3D printed wall elements from which specimens
were extracted for testing.
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2.2. Specimen Preparation

Specimens were extracted from the printed wall elements and cast cubes by means of
core drilling, coupled with a diamond tip core bit, as specified by ASTM C469-02 [36]. This
norm specifies that cores should have a height-to-diameter ratio of at 1.5 or higher. The
authors opted for cylindrical specimens of height 60 mm and diameter 30 mm, yielding
a height-to-diameter ratio of 2. Specimens were extracted from the printed elements in
two distinct orientations, namely O1, perpendicular to the print path, and OIII, parallel
to the print path [35]. Thus, voids in the O1 specimens were oblate, whereas voids in OIII
were prolate, relative to applied uniaxial compression. Cores of 200 mm length were only
taken from within a single filament skin as to avoid having doubly orientated interlayers
in the test specimen. The cores were then saw cut down to 60 mm in length, and the ends
surface grinded to ensure planeness. Figure 2 depicts the specimen extraction positions on
the printed elements.

200

200

r

6 HOLES @30

\

e 50 50

Figure 2. Positions and orientations of cored specimens from the printed elements. OI specimens are
shown on the left and OIII on the right. The top image depicts a front elevation view and bottom

image plan view. Units in mm.

Figure 3 shows the interlayer orientations for the OI and OIII test specimens. Care was
taken to ensure that Ol specimens comprise of three filament layers of 20 mm each, thus
saw cutting on interlayers for the ends. Similarly, OIII specimens comprised 3 filament
layers, with the middle layer centred. Five specimens were prepared for testing.
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Figure 3. (a) OI test specimen with interlayers horizontal; (b) OIII test specimen with interlayers

vertical. Units in mm.

Specimens were also core drilled for micro-computed tomography (u-CT) scanning.
Generally, smaller specimens provide higher resolution; therefore, these specimens were
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cut to 20 mm in height at 30 mm diameter, with the interlayer region located in the middle
(10 mm height). Four specimens were drilled for this purpose, two in the OI orientation, of
which one was extracted from the top half of the printed element designated 3DCPOIT and
the other from the bottom half designated 3DCPOIB, and two specimens were extracted
from the cast cubes, designated CAST-CM for conventional casting and CAST-3DCP for
the extruded concrete. No OIII specimen was prepared for u-CT scanning, since the void
topology would be similar to that of OI, albeit rotated vertically. Figure 4 depicts the
specimens prepared for p-CT scanning.

3DCPOIB 3DCPOIT

Figure 4. Core-drilled specimens of 20 mm height and 30 mm diameter for u-CT scanning.

2.3. DIC, Target Marker Design, and Assembly

ASTM C469-02 [36] specifies that either an unbonded extensometer or strain gauges
may be used to determine the transverse or lateral strain for Poisson ratio determination.
Due to the laboratory not possessing an unbonded extensometer setup, and considering
the large number of specimens to test combined with the small surface area for gauge
mounting, the authors decided to employ 2D digital image correlation (DIC) technology.
This technology, which yields high resolution in concrete applications if correctly set up [38],
enables the synchronization of lateral and vertical strain capturing during testing that
results in highly accurate Poisson ratios. In this research, a Basler acA2040-55 um camera
with resolution 2048 x 1536 pixels was coupled with an Edmund Optics 35 mm /F1.65 lens
for image acquisition. The Basler Pylon camera software (V7.2.1) suite facilitated the
capturing and data storage process. By utilising the Basler Lens Selector tool, it was
determined that the camera must be located at a working distance of 585 mm in order to
achieve a field-of-view with dimensions 112 mm wide and 83 mm high, i.e., slightly higher
than the test specimen. This configuration yielded a pixel size (resolution) of roughly
50 pm. An acquisition rate of 1 Hz was chosen.

GOM Correlate software (2021) was used for the analysis of the data [39]. Since only
one camera was used, only a 2D analysis could be performed. However, since the test
specimens were cylindrical in a 3D space, in-plane aligned target markers were required to
provide a 2D reference point at any point of surface contact on the test specimen. These
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target markers were identifiable by the software and were used to compute the relative
in-plane strain difference over the monochrome image series input. The target markers
contained nine differentiable point components that each represented an ellipsoid with
major and minor axis lengths of 10 & 2 pixels, based on the field-of-view dimensions. A
summary of the DIC setup information is given in Table 2.

Table 2. Summary of the DIC setup information.

Resolution Working Distance Field-of-View Pixel Size Ellipse Major Axis Ellipse Minor Axis
Pixels mm pum um um
2084 x 1536 112 x 83 ~50 656 547

The target markers were fixed to the test specimen by using tiny 2 mm thick Perspex
blocks, epoxy-glued to the specimen, with a 1 mm hole in the centre through which the
target marker’s pin fit. This facilitated planeness, i.e., aligned all target markers depth-wise,
achieving a consistent distance from the camera. An image of a test specimen with two
fixed lateral Perspex blocks is shown in Figure 5.

Figure 5. Test specimen with two lateral Perspex blocks attached for target marker positioning.

Target markers were also used for longitudinal strain capturing. A steel platen was
placed below and above the test specimen for the uniaxial compression test. Since a target
marker could not be placed directly between the specimen’s surface and each platen, the
authors decided to fix the target markers on the inside of the steel platens, next to the
test specimen. Such positioning would only capture the test specimen’s deformation and
exclude that of the steel platens. The final test specimen DIC assembly comprised six
in-plane target markers. Four target markers were used to capture longitudinal strain, and
two markers placed laterally at the specimen’s mid-height, where maximum lateral strain
would occur. A DIC recorded image of an assembled test specimen is shown in Figure 6.
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TAIN!LESS STEEL

Figure 6. A DIC monochrome image of an assembled test specimen containing six target markers,
with nine point-components each. Four target markers (two below top platen and two above bottom
platen) track longitudinal strain while two target markers placed laterally at specimen mid-height
track lateral strain. A ruler with 10 mm increments is placed above the specimen to calibrate the
acquired strains.

2.4. Testing Procedure

ASTM C469-02 [36] prescribes that either a position-controlled head displacement
rate of 1.25 mm/min or a stress-controlled rate of 241 + 34 kPa/s may be employed for
a uniaxial compression test. In this research, with specimen diameter of 30 mm, a force-
controlled rate of 150 N/s was used, resulting in a stress rate of 212.2 kPa/s, which was in
the allowable range. Load was only applied up to 40% of the specimen’s ultimate load, here
equalling 6 kN. The compressive testing was facilitated by a Zwick Z250 materials testing
machine. Three load repetitions were performed per specimen, of which only the last two
were used to determine Poisson’s ratio. The force readings obtained from the Zwick were
synchronised with the strain readings from the DIC by means of timestamps. Poisson’s
ratio was then determined according to the following equation [36]:

(e —en)

Y= e, — 0.00005) @)
where v is Poisson’s ratio, €y the lateral strain at mid-height of the specimen produced
at 40% of ultimate load, ey the lateral strain at mid-height of the specimen produced at
a stress corresponding to a longitudinal strain of 50 millionths, and €; the longitudinal
strain produced at 40% of the ultimate load. The Poisson ratio was taken as the average
of the last two load repetitions performed per specimen. Five specimens were tested for
each configuration.
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2.5. Micro-Computed Tomography

Micro-computed tomography (u-CT) scanning was performed at the Central Analyti-
cal Facilities of Stellenbosch University using the General Electric Nanotom S CT scanner
and data analysis was performed using Volume Graphics VGSTUDIO MAX 3.4. A voxel
size of 22 um was employed using 120 kV and 90 pA for X-ray generation. The images were
captured while the sample was rotated 360° at 2800 images per rotation. The data were
de-noised using an adaptive Gauss filter. In addition to providing the total porosity volume
fraction, each individual pore space was listed with its volume, surface area, maximum
diameter, compactness, projected size in each axis, etc. Compactness (unitless) was defined
as the ratio of the volume of the pore over the volume of a perfect sphere fitting around
the pore, that is, the circumscribed sphere. Therefore, an ideal spherical pore space has a
compactness value of 1. Sphericity was measured similarly, only that the surface area of
a void was used and not its volume. Figure 7 depicts the General Electric Nanotom S CT
scanner utilised in this research.

Figure 7. The General Electric Nanotom S CT scanner used to determine the porosity characteristics
of the 3D printed and cast concrete in this study.

3. Results
3.1. Poisson’s Ratio

The results of the Poisson ratio testing are given in Table 3 for the CAST-CM, OI and
OIII groups. An average value was determined for each group based on all five specimens
tested within the group. It was found that the conventionally cast printable concrete
(CAST-CM) had a Poisson ratio of 0.18, which is within the typical range of 0.15-0.25
for hardened cast concrete. The 3D printed specimen tested in OI orientation, i.e., load
perpendicular to print direction yielding oblate voids, was found to have a higher ratio
of 0.21. Furthermore, the 3D printed specimen tested in OIII orientation, i.e., load parallel
to print direction yielding prolate voids, was found to have the highest ratio of all groups
at 0.24. Thus, the Poisson ratios of 3D printed concrete in this study are 17% and 33%
higher in OI and OIII, respectively, compared to its cast equivalent. The one-way ANOVA
performed between all three groups tested, shown in Table 4, yielded a p-value of 0.0047.
This value is approximately an order of magnitude less than the significance value of 0.05,
thereby confirming the null hypothesis that there is a statistical difference between the
means of the three groups.
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Table 3. Poisson ratios of CAST-CM, OI and OIII, taken as the average of 5 specimens per configuration.

Specimen Specimen Height Diameter O1at Slong €lat €long v v
Configuration Number mm mm mm mm mm/mm mm/mm e
1 59.61 29.81 0.01 —0.1 0.000336  —0.001678 0.2
2 59.67 29.84 0.01 —0.13 0.000335  —0.002179 0.15
CAST-CM 3 59.65 29.95 0.01 —-0.11 0.000334  —0.001844 0.18 0.18
4 59.59 29.81 0.01 —0.1 0.000335  —0.001678 0.2
5 59.62 29.93 0.01 —0.11 0.00034 —0.001845 0.18
1 59.01 29.76 0.01 —-0.11 0.000336  —0.001864 0.18
2 59.04 29.77 0.01 —0.10 0.000336  —0.001609 0.21
@)1 3 59.00 30.10 0.01 —0.09 0.000332  —0.001441 0.23 0.21
4 59.03 29.76 0.01 —0.10 0.000336  —0.001660 0.20
5 59.03 29.71 0.01 —0.10 0.000337  —0.001643 0.20
1 59.95 29.83 0.01 —0.08 0.000335  —0.001334 0.25
2 59.95 29.82 0.01 —0.09 0.000335  —0.001501 0.22
(@)1 3 59.93 29.80 0.01 —0.08 0.000336  —0.001335 0.25 0.24
4 59.95 29.83 0.01 -0.1 0.000335  —0.001668 0.20
5 59.95 29.80 0.01 —0.08 0.000336  —0.001335 0.25
Table 4. One-way ANOVA result of all tested groups.
Groups Count Sum Average Variance
Cast-CM 5 0.92 0.18 0.000358
Ol 5 1.03 0.21 0.000321
OIll 5 1.18 0.24 0.000523
Source of Variation SS df MS F p-value F crit
Between groups 0.0069 2 0.00347 8.6661 0.0047 3.8853
Within groups 0.0048 12 0.00040
Total 0.0118 14

3.2. Porosity, Sphericity and Compactness

The porosity characteristics of all the scanned specimens are given in Table 5. Clearly,
the cast specimens, both CAST-CM and CAST-3DPC, have lower porosity than their 3D
printed counterparts at 1.61% and 1.84%, respectively. It is further evident that the pumping
and extrusion process increases porosity, as CAST-3DCP has a slightly higher porosity
than CAST-CM. The highest porosity of 5.67% was obtained for the 3DCPOIB specimen,
extracted from the bottom of the printed element, as shown in Figure 2. The specimen
extracted from the top of the printed element, 3DCPOIT, has a porosity of 2.65%, less than
half of its 3BDCPOIB counterpart. It is unknown at this stage what could have led to this
discrepancy, but this warrants further investigation. However, since a large fraction of the
porosity was located at the interlayer regions, it is clear that air entrapment occurs during
the successive deposition (printing) process, resulting in the 3D printed specimens having
higher porosity than their cast counterparts. Thus, the material deposition process has a
larger influence on porosity than the pumping and extrusion process.

The sphericity and compactness of all the scanned specimens are depicted in Figure 8.
Both these measures follow identical patterns. The CAST-CM specimen has the highest
sphericity and compactness, i.e., voids in this specimen are the most spherical /rounded, as
is expected of conventionally cast concrete. Thereafter follows CAST-3DCP, which indicates
that the pumping and extrusion process does have an influence on void topology. The
3D printed specimens have the lowest sphericity and compactness, which indicates that
the successive deposition (printing) process also influences void topology, more so than
the pumping and extrusion process. Interestingly, the 3DCPOIB specimen has the lowest
sphericity and compactness, confirming a spatial variation in porosity and void topology
exists over the height of a printed element. The authors postulate that a combination
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of overlay compaction [40] and bearing resistance capacity of freshly deposited concrete
contribute toward this spatial variation.

Table 5. Porosity characteristics of all specimen groups obtained from p-CT scanning.

Specimen Unit  CAST-CM CAST-3DPC  3DPCOIB  3DPCOIT
Characteristics
Voxel Voxel 19,188,360 21,931,200 59,887,344 35,192,596
Proj. area (yz) mm? 960.37 2166.47 3375.27 2873.17
Volume mm? 204.31 233.52 637.68 374.73
Proj. area (xz) mm? 1015.22 2339.31 3878.10 2771.90
Surface area mm? 6028.75 12,937.23 23,833.75 17,764.57
Proj. area (xy) mm? 1080.25 2362.37 4502.17 3350.73
Material volume mm?3 12,495.13 12,425.50 10,599.98 13,780.40
Defect volume mm? 204.32 233.52 637.68 374.73
Defect ratio/porosity Y% 1.61 1.84 5.67 2.65

CAST-CM CAST-3DCP 3DCPOIB 3DCPOIT

W Sphericity m Compactness

Figure 8. Sphericity and compactness means of all specimen groups obtained from pu-CT scanning.
Error bars indicate standard deviation. Values are unitless; however, a value of 1 equals an ideal
spherical pore space.

3.3. Void Topology

The results from the u-CT scans of the four specimen configurations were plotted
comparing the void diameter to the void length in each Cartesian direction. The void
diameter refers to the largest dimension present in the void, while the void length refers to
the longest measurement for each of the x, y and z Cartesian directions. The x-direction
denotes the printing direction, y the lateral dimension, and z the vertical dimension or
height of the void. Linear regression was applied to the data as a means of distinguishing
between averages toward deriving conclusions. These graphs are depicted in Figures 9-12
for all the specimen configurations.
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Figure 9. CAST-CM void topology from p-CT scanning. The coefficients of determination (R?) for x,
y and z linear regression are 0.91, 0.92 and 0.87, respectively.
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Figure 10. CAST-3DCP void topology from u-CT scanning. The coefficients of determination (R?) for
x, y and z linear regression are 0.84, 0.85 and 0.83, respectively.
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Figure 11. 3DCPOIB void topology from p-CT scanning. The coefficients of determination (R?) for x,
y and z linear regression are 0.9, 0.89 and 0.74, respectively.
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Figure 12. 3DCPOIT void topology from u-CT scanning. The coefficients of determination (R?) for x,
y and z linear regression are 0.92, 0.91 and 0.86, respectively.

Table 6 gives a summary of the analysed data presented in Figures 9-12. It is evident
from the normalised regression model gradients, as well as the normalised variances, that
the CAST-CM specimen has the most spherical void topology. The CAST-3DCP specimen’s
voids are slightly narrower than those of CAST-CM due to the pumping and extrusion
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process. The 3D printed specimen’s voids are considerably flatter due to the printing
process, with the flattest voids present in the 3DCPOIB specimen. These results corroborate
the findings presented in the previous section and confirm that oblate voids are present in
this study’s 3D printed specimens.

Table 6. Normalised 3D voids for each configuration based on their regression model gradients.
Normalisation performed with respect to the x-direction (printing direction).

Specimen Cartesian Regression Model . . . . Normalised 3D
Configuration Direction Gradient Normalised Gradient  Normalised Variance Void Graphic
X 0.7835 1.00
CAST-CM Y 0.7876 1.01 0.007
Z 0.6931 0.88
X 0.7265 1.00
CAST-3DCP Y 0.6637 0.91 0.010
Z 0.6467 0.89
X 0.7839 1.00 "
3DCPOIB Y 0.7158 0.91 0.084
Z 0.4699 0.60
X 0.7740 1.00
3DCPOIT Y 0.7160 0.93 0.044
Z 0.5521 0.71

4. Discussion

It is evident from the results that this study’s hypothesis was evidenced to be correct.
By analysing the pu-CT scanning data rigorously, it was demonstrated that the specimens
tested for Poisson’s ratio in this study do contain oblate voids, aligning with the printing
direction, whereas the conventionally cast specimen contains mostly spherical voids, as
deduced from Figures 9-12 and the summary in Table 6. The Poisson ratio for the conven-
tionally cast concrete specimen was determined as 0.18, which is close to the lower bound
of the typical Poisson ratio for cast concrete of 0.15, possibly ascribed to the total aggregate
volume fraction of the mixture [6].

All the 3D printed specimens were found to have higher Poisson ratios than the
cast specimen, confirming that adopting the Poisson ratio of conventionally cast concrete
(even if the material is 3D printable and has been pumped and extruded) is inaccurate.
Additionally, there is a directional dependency to the Poisson ratio of printed concrete;
hence, it can be accepted as an anisotropic material property. In this study, specimens
tested perpendicular to the printing direction (containing oblate voids, denoted Ol) yielded
a Poisson ratio of 0.21. Furthermore, specimens tested parallel to the printing direction
(containing prolate voids, OIII) yielded a Poisson ratio of 0.24. This is the highest of
all tested configurations, which is postulated to be due to the slender vertical concrete
material located between the predominantly prolate voids experiencing increased lateral
deformation under axial loading, similar to that of slender structural columns, but on
a microscale. The opposite is also postulated to hold, i.e., the flat oblate voids in OI
experience increased axial deformation under axial loading, due to the high tensile stress
concentrations at the lateral sides of the flat voids, resulting in a lower Poisson ratio that
that of OIIL. This postulation can, at this stage, not be experimentally tested since p-CT
scanning is performed in a closed environment where a load cannot be applied to the
specimen. The authors are uncertain at this stage why the Poisson ratio of the cast specimen
is lower than both the 3D printed specimens when it would be expected to have a Poisson
value between that of Ol and OIII based on the fact that the voids in these specimens are
predominantly spherical, i.e., between oblate and prolate. Interestingly, the OI and OIII
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Poisson ratios do still fall within the typical Poisson ratio range for conventionally cast
concrete of 0.15-0.25.

The OI and OIII Poisson values were found to be 17% and 33% higher than their cast
equivalents in this study. Although only five specimens were tested per configuration, the
ANOVA results indicate that there is a statistically significant difference between the means
of the three configurations, as per Table 4, with a p-value an order of magnitude smaller
than the significance value of 0.05. Based on the pu-CT scanning data analysis, where a
significant difference in sphericity and compactness between CAST-3DCP and OI, OIll is
observed in Figure 8, it can be deduced that the printing process, and not the pumping and
extrusion process, primarily influences the void topology, and consequently the orthotropic
nature of printed concrete. In the scenario where Poisson’s ratio is required for analytical
or computational modelling of 3D printed concrete elements, the authors recommend that
representative tests, as conducted in this study, are performed to quantify the degree of
orthotropy for inclusion in the modelling; adopting a single isotropic Poisson ratio may
result in inaccuracies.

An interesting finding, though not explicitly investigated in this study but recom-
mended for further research, is the spatial variation in total porosity and void topology of
printed concrete, as per Table 5 and Figure 8. The sphericity and compactness values are
lowest at the bottom of a printed structure and increase as a function of height. The bearing
capacity of the fresh concrete may be inadequate to support the self-weight of successively
deposited filament layers, resulting in large strains and increasingly oblate voids forming
in the microstructure. Since it has been established that void topology is at the origin of
the orthotropy, it could be postulated that the Poisson ratio may also vary spatially over
the height of a printed object, both in the OI and OIII test directions. In the scenario where
high stiffness develops rapidly in a deposited filament, as is the case in 2K printing systems
where hydration is accelerated, the spatial variation in Poisson’s ratio over the height of a
printed element may reduce significantly.

5. Conclusions

This research set out to perform a preliminary investigation into the Poisson ratio
of extrusion-based 3D printed concrete. Three-dimensionally printed specimens were
prepared from an arbitrary printed element in two orthotropic directions: Ol, denoting
interlayers perpendicular to the testing direction, and OIII, denoting interlayers parallel
to the testing direction. The specimens were equipped with target markers to accurately
record lateral and longitudinal strains through digital image correlation technology. A
reference case was also adopted and comprised conventionally cast specimens that were
core-drilled from cast concrete cubes. Testing guidelines provided by ASTM C469-02 were
followed to determine the Poisson ratios. Additionally, micro-computed tomography scans
were performed on all specimens to investigate their microporosity, specifically the void
topography. The main conclusions derived from the results of this study are:

1.  Three-dimensionally printed concrete exhibits anisotropic behaviour. The Poisson
ratios for the OI and OIII directions were 0.21 and 0.24, respectively;

2. Three-dimensionally printed concrete exhibits larger Poisson ratios than its cast coun-
terpart. The same concrete mix that was 3D printed was also cast and tested, which
yielded a Poisson ratio of 0.18. Although only five specimens were tested per con-
figuration, a one-way ANOVA test confirmed that the means of the three groups are
statistically different;

3. The -CT scanning results confirm the widespread presence of oblate voids in the 3D
printed specimens of this study. For the OI direction, these voids are oblate with
respect to the testing direction, whereas in the OIII direction, the voids are prolate.
These varying void orientations are the cause of the observed anisotropy in printed
concrete;

4. Results from the compactness and sphericity investigations indicate that the print-
ing process has a larger influence on porosity topography than the pumping and
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extrusion process. Hence, proper selection of printing parameters is paramount to
reducing anisotropy;

5. A spatial variation in porosity and void topography was observed over the height of
the 3D printed element. Although not explicitly tested in this research, it is postulated
that the Poisson ratio might vary spatially over the height of a printed object.

This research forms a basis on which further, more detailed, investigations into the
anisotropic behaviour of 3D printed concrete can be performed. The findings presented
herein are especially valuable for modelling and designing 3D printed concrete structures,
from the material to the structural level. Suggested focus points for future studies include
(i) larger sampling, (ii) investigating potential spatiotemporal influence on Poisson’s ratio
and (iii) comparing anisotropy between various 3D concrete printing methods.
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