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ARTICLE INFO ABSTRACT

Keywords: This study presents the comparison of microstructural and durability characteristics of 3D printed
3D printing concrete (3DPC) depending on its production method (printing or casting). Printed samples with
Additive manufacturing different numbers of layers, as well as a cast specimen with an identical mix composition, were
;(:Ic]:;:::ucmre produced and compared, with their microstructural pore and solid characteristics quantitatively
Durability and qualitatively investigated. For this purpose, scanning electron microscopy (SEM), mercury

Micro-CT intrusion porosimetry (MIP) and X-ray micro-computed tomography (micro-CT) were utilized to
evaluate the microstructures of the 3DPC. In particular, quantitative approaches using micro-CT
data were newly proposed for a better understanding of the microstructural characteristics of
3DPC. Moreover, their durability-related characteristics and transport properties, including
freeze-thaw and thermal resistance, were examined and compared. Despite noticeable differences
between the microstructures of the printed and cast specimens, including their anisotropic and
inter-layer porosity and heterogeneity, confirmed by MIP, SEM and micro-CT, no significant
differences in the transport (capillary water porosity and water sorptivity) or durability-related
properties (frost and thermal attack) were found. This was due to the dense and homogenous
microstructure of 3DPC, which is attributable to the high binder content and low w/b of the
mixture. Moreover, the newly proposed evaluation provided reasonable quantitative and quali-
tative characteristics, which can be used to demonstrate and predict the material properties of
3DPC.
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1. Introduction

In the last decade, the use of 3D printed concrete (3DPC) has been widely established in the construction community, with the first
industrial applications already available. Additive manufacturing (AM) is a key pillar of Industry 4.0 and thus substantial research
interest is being put into it, to develop novel and sustainable solutions for printable cementitious composites.

There are many fields where 3DPC can be applied: from simple housing projects to complex engineering structures, such as bridges
and architectural facades or protective structures and lunar applications [1,2]. It is widely agreed that 3D printing technology of
concrete offers manifold of benefits when compared to conventional concrete. First of all, AM technology allows formwork-free
construction, thus dramatic reduction in project costs can be achieved. Moreover, printing technology lowers the amount of wastes
generated during structure construction, thus reducing the environmental impacts of the construction process. Finally, due to the
continuous work of the printer the project time can be shortened with less labor force required [3].

3D printed mixture compositions differ significantly from conventional concrete, as they are composed mostly of fine fractions.
3DPC is composed mainly of binder, fine aggregates and chemical admixtures, with only a limited amount of coarse aggregate
introduced into the mixture (if any). This in turn results in substantially different durability and mechanical performances than
conventional concrete mixtures [4,5].

Although there have been substantial developments in the field of 3DPC, the production of 3D printed structures requires a
thorough understanding of elements’ behavior, as their performance is quite different to that of pre-cast or monolithic concrete el-
ements. Even though the evaluation techniques for 3DPC performance have still not been standardized, there is widespread agreement
that printed specimens should be evaluated in relation to mold-cast samples. The microstructural characteristics of mold-cast speci-
mens differ from that of 3D printed ones [6-8].

The printing process consists of pressure-pumping and deposition, while cast specimens are placed into formwork and vibrated so
as to remove entrapped air, resulting in discrepancies in the microstructural characteristics of the specimens produced. In addition, the
deposition of subsequent layers results in substantial differences between the porosities of the core part of the layer and near the
interlayer connection, with this latter area thus widely considered to be a “weak chain” in the mechanical performance of 3DPC
[9-12]. Similarly, other studies have reported weak interlayer zones which may allow intense capillary suction and the ingress of
harmful substances into the concrete, thus increasing the corrosion rate of 3DPC [13,14].

Various microstructural evaluating techniques are typically used to assess mechanisms related to the mechanical and durability
performances of 3D printing elements. These include scanning electron microscopy (SEM), optical microscopy, mercury intrusion
porosimetry (MIP) and 2D image evaluation techniques. Unfortunately, microscopic evaluations are limited only to flat surface
evaluations, while volumetric ones are rarely performed. The MIP technique is very effective in evaluating pore characteristics, but has
limited size determination, making it impossible to determine larger air voids [15]. X-ray micro-computed tomography (micro-CT) is
therefore often applied to complement the various imagining techniques [16,17]. It makes it possible to perform non-destructive
qualitative determination of printed elements, so as to evaluate their volumetric characteristics. This is very important, as the
printing process results in significant pore anisotropy (directional dependence) [18,19].

Micro-CT is utilized for qualitative and quantitative evaluations of printed elements [6,7,20,21]. For instance, it has been used to
evaluate the aggregate distribution and potential buildability of a mixture, as well as to determine the steel fiber orientation in a
mixture [22-24]. Recently, Chougan et al. [18] conducted a comparative study of both micro-CT and 2D standardized image-analysis
methods, showing a good correlation in the results obtained, as well as indicating that both techniques can be coupled for effective
specimen evaluation.

A comprehensive study conducted by Kruger et al. [7] has shown significant differences between the microstructural porosities of
3D printed and cast concrete. Concurring conclusions were drawn by Chen et al. [25] where printed specimen microstructures were
evaluated. In addition, the studies performed by Sikora et al. [19] and Chougan et al. [18] have confirmed an alignment of pores along
the printing direction, assessed in terms of lineal-path function.

Although several studies have been performed on the material aspects of 3D printed concrete, most of them have focused on
macroscopic characteristics, such as total and local porosity. A deeper examination of microstructural characteristics is necessary to
understand the properties of printed materials, including their mechanical performance and durability. Knowledge regarding the
interlayer connection, as well as bulk characteristics, will help to improve the durability of 3D printed elements; especially those
exposed to severe environmental conditions including freezing and thawing cycles.

This paper thus aims to evaluate the microstructural characteristics (SEM, MIP, micro-CT) of cast and printed specimens. Partic-
ularly, several microstructural investigation approaches that can evaluate specific pore structures are newly introduced for a better
understanding of the material characteristics and properties of 3DPC. In addition, transport and durability properties, such as capillary
water porosity, water sorptivity, freeze-thaw and thermal resistance, are examined and correlated to that of cast concrete. The thermal
performance of 3DPC exposed to different temperatures up to 450 °C is evaluated. Finally, a comparison between the cast and printed
specimen properties is established.

2. Materials and printing process
2.1. Materials

The primary cementitious materials used in this study were cement CEM II/A-M (S-LL) 52.5 N, fly ash and silica fume. The cement
was obtained from Lafarge Cement, produced in the Kujawy cement plant in Poland. The fly ash used in the study was obtained from
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the Dolna Odra power plant (Poland), while the silica fume came from the Mikrosilika Trade Company (Poland). River sand with a
particle size < 2 mm, obtained from SKMS in Poland, was used as the fine aggregate. The chemical compositions of the binder
components are presented in Table 1, while the particle size distribution of the dry materials is presented in Fig. 1. To ensure proper
flowability of the mixture and in order to facilitate the printing process, a high performance polycarboxylate superplasticizer (Sika
ViscoCrete 125) was applied in powder form.

2.2. Mixture composition and fresh properties

The mixture composition in this investigation was based on a design used by Federowicz et al. [26]. However, to improve the
carbon footprint of the mixture, CEM I was replaced with CEM II/A-M (S-LL) 52.5 N. Fly ash and silica fume were used as supple-
mentary cementitious materials (SCMs), resulting in 829 kg/m? of binder, in total. The 3D printable mixture composition used in this
study is presented in Table 2.

The fresh properties of the mixes were first determined to verify their suitability for printing. The flow table test (based on EN 1015-
3 [27]) was performed to determine the flowability of the mix; it achieved a flow of 155 &+ 10 mm. This result is considered to be
optimal for 3D printing with the applied device and concurs with other studies [26,28-30]. The compressive strength of the fresh mix
was tested in a squeezing test [29]. The apparatus is presented in Fig. 2a. Displacement control was applied to the samples (h = 35 mm,
d = 60 mm) at a continuous rate of 30 mm/min. This value was chosen to reflect a real-time printing process. Compressive strength
was evaluated for a 50 % strain level (17.5 mm). The test was performed 15 min after adding water. The mixture achieved an average
compressive strength of 6 = 6.218 kPa (n = 3, std = 0.808, CoV = 13 %). The shear stress was determined using a manual shear vane.
The apparatus, described in [31] and presented in Fig. 2b, is commonly used in soil testing. Due to its high measurement error and
human factors, the method is used only as a preliminary evaluation of the suitability of a mix for 3D printing. The mix was tested
15 min after adding water. The average value of the shear stresses for the mix used was t¢ = 0.2 kPa (n = 3).

2.3. Mixing process and printing

2.3.1. Printing setup

The printing setup consisted of a computer-controlled gantry printer with a PFT Swing M pump, with a printable volume of
145 x 120 x 80 cm®. The pump was connected through a 6 m long @1 inch hose. The hose ended with a nozzle. In order to print one-
and three-layered specimens, two types of nozzles were used: 50 x 40 mm and 40 x 15 mm, respectively. In this study, a printing rates
of 1000 mm/min and 3000 mm/min was used. The extrusion rate was adjusted to the printing speed. The setup is presented in Fig. 3.

2.3.2. Mixing and transport

The mixture was prepared in a standard 90 L concrete mixer, with a mixing speed of 60 rpm. The dry components were firstly
mixed together for 60 s. Afterwards, water was gradually added to the dry components. Overall, the wet mixing procedure took
t = 300 s, divided into two segments. The initial segment (t = 120 s) was paused at t = 60 s. The pause was used to check if all of the
components had been properly mixed. After the pause, an additional t = 120 s of mixing was applied. The prepared mix was then
transported manually to the pump and the process of printing was started.

For printing of the 3-layer samples (3 L), a 40 x 15 mm nozzle and 3000 mm/min printing rate was applied. For printing of the
single layer samples (1 L), a 50 x 40 mm nozzle and 1000 mm/min printing rate was used, to ensure a similar mix extrusion rate. After
printing, the samples were sprinkled with water and covered with foil for 24 h. All of the samples were prepared at room temperature
T =20 + 2 °C and at a relative humidity RH = 60 %. The samples were stored in water T = 20 °C for curing, until the day of testing.
Reference mold-cast samples, designated as C, were prepared in accordance with EN 196-1 [32]. Prior to mechanical strength testing,
the surfaces of the printed specimens were cut to match the reference size of 40 x 40 x 160 mm?.

Table 1

The chemical composition (major components) of binder materials.
Component [wt%] CEMII 52.5 N Fly ash Silica fume
CaO 59.3 4.44 <dl*
SiOy 19.7 52.2 91.1
Al,03 5.2 24.9 0.26
Fe O3 2.5 5.76 <dlL*
K0 0.96 2.63
Na,O 0.19 1.35 1.58
cr 0.052 0.003 <dlL*
Other 12.1 8.72 7.06
Total 100 100 100

" Below detection limit.



P. Sikora et al.

Case Studies in Construction Materials 17 (2022) e01320

100
—=— CEM I 52.5N
—e— Silica Fume
80 |——Fly Ash
=X 60
o
= /
s /
=] 4
2 40 “‘
= |
° .
20
?
0 ." an T T
0.01 0.1 1 10 100 1000

Particle size [micron]

Fig. 1. Particle size distribution of binder materials.

Table 2

Composition of 3D printable mix [kg/m°].
Sample designation CEM II 52.5 N Fly ash Silica fume Sand 0-2 mm Water Superplasticizer
3DPC 580 166 83 1270 200 2.0

Fig. 2. Squeezing test (a) and shear vane (b) apparatus.

Fig. 3. Printing setup: gantry printer (left) and example of specimen printing (right).
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3. Methods
3.1. Oven-dry density and transport properties

The oven-dry densities of the 3DPC specimens were measured after 28 d of curing, following EN 12390-7 [33]. Three specimens of
each type were oven-dried at 105 °C until reaching a constant mass. The volume of the specimens was determined using a hydrostatic
scale. The mean oven-dry density was then calculated. The water accessible porosity of the 3DPC was determined using a water
displacement method. After 28 d of curing, the saturated mass of the specimens was determined, along with their submerged mass.
Afterwards, the specimens were dried to a constant mass and weighed. Finally, the water accessible porosity was determined. Similarly
to the oven-dry density, three specimens of each type of 3DPC were tested and the mean water accessible porosity value was taken as
representative. The water absorption coefficient of the 3DPC was determined according to ISO 15148 [34], using the partial immersion
method. To ensure one-directional water flow in the samples, three specimens of each 3DPC type were coated with paraffin wax.
Afterwards, the specimens were weighed at selected time intervals and their sorptivity curves were determined. The water absorption
coefficient was determined on the basis of these results.

3.2. Flexural and compressive strengths

Before the tests, the samples were taken out of the curing tank, surface dried, measured and weighed to assure correct results.
Samples for the determination of flexural strength (40 x40 x 160 mm?>) were placed in the testing machine (ToniTechnik 2 with a
hydraulic press) and tested in accordance with EN 196-1 [32]. The samples were loaded at a constant rate of 50 N/s. Samples for the
determination of compressive strength were acquired from the flexural strength tests, as halves of the prisms. These were loaded at a
constant rate of 0.6 MPa/s. The strength determination was conducted after 1, 3, 7 and 28 d. The samples used for 28-day strength
determination were tested in two perpendicular directions (D1 and D2). The samples prepared for the 1, 3, 7-day strength determi-
nation were tested in one direction (D1), as presented in Fig. 4.

3.3. Freeze-thaw resistance

For the freeze-thaw resistance (F-TR) determination, the test procedure was based on ASTM C666 [35]. The freezing and thawing
protocol is presented in Fig. 5. Prior test, concrete samples with a size of 40 x 40 x 160 mm? were cured for 28 d. The weights of the
specimens were recorded before and after the test. The strengths of the samples were determined after 25 and 50 cycles in the D1
direction, with changes in both the mass and strength determined.

3.4. Thermal performance

Thermal evaluations of 3PDC in the mid-temperature range (200 °C, 300 °C and 450 °C) were performed with the use of a muffle
furnace. After 28 d of curing, specimens with a size of 40 x 40 x 160 mm? were dried for 24 h in an oven at 70 °C to remove excessive
water, while reference (non-heated) samples were left in a climate chamber. The specimens were then exposed to elevated temper-
atures of 200 °C, 300 °C and 450 °C for 2 h, with a heating rate of 4 °C/min. After heating, the samples were cooled at an approximate
cooling rate of 4 °C/min. Six 3DPC prism specimens were used for evaluating the compressive strength and mass loss at each tem-
perature. The residual relative compressive strength, determined in the D1 direction, was calculated as the ratio between the
compressive strengths of the heated specimens and those cured at room temperature.

3.5. Mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM)

After 28 days of curing, mercury intrusion porosimetry (MIP) tests were performed using Pascal 140 and 240 series mercury
intrusion porosimeters (Thermo Scientific). The mercury density was 13.55 g/mL, the surface tension was measured as 0.48 N/m,
while the selected contact angle was 140°. Prior to measurement, small-cored specimens were taken from the middle parts of both cast
and printed specimens. In order to stop hydration, the specimens were immersed in isopropanol and then freeze-dried.

D1 D2

Fig. 4. Schematic illustration of specimen testing direction.
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Fig. 5. Freeze-thaw cycle.

A low-vacuum scanning electron microscope, (SEM, Zeiss GeminiSEM500 NanoVP) was used to evaluate the microstructural
properties of the specimens. 3DPC specimens were cut into slices along the sample height with a diamond saw and then polished. These
were then freeze-dried in order to remove excess water.

3.6. Micro-CT evaluations

Micro-CT was used to examine the microstructures of the samples; pore structure in particular. Micro-CT is a non-invasive method
which enables visualization of the inside of a sample [36-38], thus making it possible to identify the inner structures of the 3DPC
specimens. For the measurement, a micro-CT device (Skyscan1173, Bruker, USA) was used. Fig. 6 shows the imaging procedure used to
describe the pores and solid structures within a 3DPC specimen. Once a target specimen was scanned using X-rays, it was possible to
obtain a series of reconstructed images which allowed microstructural investigation.

The 8-bit reconstructed image is expressed by 256 values between 0 and 255, with each value determined according to the relative
density of the phase at a particular position. For example, the pores are described in black (value of 0), whereas the denser solids are
described in a lighter color. For an effective investigation, a target component can be segmented and depicted as a binary image from
the reconstructed image. A proper threshold needs to be selected in order to segment the phases, with a modified Otsu algorithm and
manual selection [39] used for this purpose. In the binary image in Fig. 6, the white represents the pores within the reconstructed

Reconstructed image Volumetric image

Micro-CT scanning

Binary image 3D image‘of pores

Fig. 6. Micro-CT imaging procedure used to obtain volumetric data (Note: in the binary image, the white represents pores within the specimen,
while the black is the solid region).
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image, while the black is the solid part. The volumetric information of a specimen can be obtained by subsequently stacking the
reconstructed or binary images. The volumetric images in Fig. 6 show the solid and pore parts of the 3DPC samples, with the general
features of both the solid and pore structures effectively described. This procedure was applied to all the samples under consideration,
making it possible to examine the quantitative characteristics of the pores and solids — including pore size distribution, pore shape and
relative solid density — using micro-CT generated images.

In general, the resolution of micro-CT images is strongly affected by specimen size. As such, increases in specimen size result in
larger pixels and thus a less detailed image [40,41]. In contrast, the image resolution of a small sample is high, but the small sample is
hard to be used as a representative volume element (RVE). To overcome these limitations, two specimen sizes for each case were used,
to obtain a more detailed imaging measurement: 40 x 40 x 40 mm® and 20 x 20 x 20 mm? cubes, which were denoted as ‘large’ and
‘small’ samples, respectively. The images of the large samples were composed of 900 x 900 pixels (or voxels in 3D) with a voxel size of
29.78 um, while the small sample images were expressed by 600 x 600 pixels with a voxel size of 19.94 um. Both scale images were
used to investigate the material characteristics of the 3DPC.

4. Results and discussion
4.1. Oven-dry density and transport properties

The results of oven-dry density, capillary water porosity and water absorption coefficient tests are presented in Table 3. No sig-
nificant differences in the oven-dry densities of the specimens were found, regardless of the type of 3DPC preparation. A slightly higher
oven-dry density value was reported for specimen 1L, although this value was within the expected deviation range. Evaluation of the
capillary water porosity of the specimens showed that mold-cast (C) and 1-layer printed (1L) specimens exhibited similar values, while
the 3L specimen exhibited one-fourth (8.16 %) higher water porosity than the mold-cast (6.46 %) specimen. This is attributable to
additional inter-layer porosity, which increased the water absorption of the specimen during submersion in water. Fig. 7 presents the
cross-sections of specimens after testing, confirming that water penetrated the specimen along the inter-layer connections; in the case
of mold-cast and 1L specimens, water absorption was limited to the outer part of the specimen. In contrast, comparable water ab-
sorption coefficient values were observed for all the 3DPC specimen types. The water sorptivity test evaluates one directional water
uptake, with the bottom part of a specimen submerged in water (Fig. 8). The water absorption coefficient is calculated based on
specimens’ water uptake within the first 24 h of the test. However, it was found that after 72 h the 3L specimen exhibited a higher
water uptake than the 1-layer-printed and mold-cast specimens. Similarly to our work, a study on capillary water uptake evaluated by
means of neutron radiography, carried out by Schrofl et al. [14], showed a noticeable rise in 3DPC capillary suction after longer time
intervals, through the layer-to-layer interfaces. Moreover, it was found that moisture did not redistribute into other matrix regions
from the interfaces, which confirms our observations during water porosity testing (Fig. 7).

4.2. Flexural and compressive strength

The results of flexural and compressive strength tests carried out after 1, 3, 7 and 28 d in the D1 testing direction, are presented in
Fig. 9. Moreover, for comparison purposes, 28 d strengths were additionally determined in a perpendicular direction (D2).

No substantial differences between the flexural strengths values of the C and 1L specimens were detected, while a slightly lower
flexural strength was observed for specimen 3L. 28 d flexural strength values for the 3L specimen, tested in both D1 and D2 directions,
were 24 % and 27 % lower (respectively) than in the case of the C specimen. In contrast, lower compressive strength values were
reported for both printed specimens, when compared to the mold-cast sample. After 28 days of curing, specimens 1L and 3L exhibited
20 % and 35 % lower compressive strengths than specimen C (respectively), when tested in the D1 direction and 24 % and 27 % lower
(respectively) when tested in the D2 direction.

Various phenomena descriptions explaining the lower mechanical performance of 3D printed specimens, as compared to cast
versions, are available in the literature. Printed specimens clearly exhibit anisotropic mechanical properties which depend on different
loading directions; this being a result of the layered structure of printed elements. This in turn results in debonding and interface failure
of layer connections. Therefore, depending on the testing direction, various phenomena - such as lateral deformation under vertical
compressive loading — lead to decrements in specimens’ mechanical performance. Moreover, depending on the printing pattern, voids
and defects can occur, thus leading to a decrease in mechanical performance [30]. In our study no differences between the flexural
strengths of the mold-cast and the 1L specimen were observed, although the specimen composed of 3 layers exhibited a lower flexural
strength. A decrement in compressive strength has also been reported in other studies. For instance Lee et al. [42] reported approx-
imately 30 % lower compressive strength for printed material, in comparison to cast material. However, in the work of Joh et al. [43]

Table 3
Oven-dry density, capillary water porosity and water absorption coefficients of 3DPC.

Water absorption coefficient

Sample designation Oven-dry density [kg/m> Capillary water porosity [vol%
p 8 ven-dry y [kg/m’] pillary water porosity [vol%] [kg/ (m? h®%)]
C 2151 + 22 6.46 + 0.03 0.03042
1L 2196 + 14 6.36 £ 0.32 0.03119
3L 2152 + 26 8.16 + 0.42 0.03439
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Cast (C) Printed (3L)

Fig. 7. Cross-section of C and 3L specimens after capillary water porosity tests (dark regions is water penetration depth).
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Fig. 9. Flexural (left) and compressive (right) strengths of 3DPC.

the difference did not exceed 15 %. They reported that the lower mechanical performance of printed specimens could be a result of
cutting specimens, which results in potential micro-cracking and imperfection in the flatness of a specimen. Moreover, lower
compressive strength can also be attributed to different curing conditions in the first 24 h after specimen preparation.

Mold-cast specimens are covered from all sides, thus ensuring humid conditions when 3D printed elements are exposed to air,
which impairs the hydration process and thus affects compressive strength development; this was also found in the present study. The
discrepancy between the compressive strength ratio of mold-cast and printed specimens, for up to 7 d of hydration, was significantly
higher than after 28 d of curing. This effect was not observed in the case of flexural strength, as this value is not a reasonable indicator
for evaluating the effectiveness of curing [44,45]. The results of this study show that only flexural strength varies minimally, with
higher discrepancies observed for compressive strength. A similar observation was recently reported by Yang et al. [46], where the
ratio between the flexural strength of cast and printed 28 d and 90 d cured specimens was almost 1, at both testing ages. Furthermore,
the difference between the compressive strength of printed and cast specimens was found to have decreased after 90 days of curing,
when compared to 28 d.

As reported by Lee et al. [42], the difference in the mechanical performance of 3DPC is attributable to the extrusion process, which
results in different porosities between printed and cast specimens. The strength of their printed mortar was relatively low because the
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inside was not as dense as in the case of the mold-cast mortar [42]. Similarly, Yu et al. [6] have reported slightly higher porosity for 3D
printed specimens. In this study, total porosity values, as well as the pore size distributions of specimens, remained comparable to that
of mold-cast specimens, but a difference in mechanical performance was reported. Previous studies carried out by Sikora et al. [19] and
Chougan et al. [18] have confirmed the presence of anisotropic voids in 3DPC, which are known to have the potential to alternate the
directional dependencies of strength. A similar phenomena was observed in the present study and is discussed below, in Section 4.6.

4.3. Freeze-thaw resistance

The results of freeze-thaw resistance tests are presented in Fig. 10. It is clear from the results that, after 25 and 50 F-T cycles, no
significant compressive strength loss occurred in the specimens. In contrast, a slight strength reduction in flexural strength was found.
After 25 F-T cycles, no differences in flexural strength loss, regardless of the type of specimen, were observed, with losses not exceeding
10 % of the initial strength. However, further strength decrements occurred after 50 F-T cycles, with the highest loss seen in the 3L
specimen. This specimen exhibited 79 % of the initial flexural strength value, as compared to 89 % and 91 % reported for C and 1L,
respectively. The proper resistance of specimens to freezing and thawing action can be explained by their low sorptivity (Table 3),
which is an effect of the dense and homogenous microstructure, possible due to the high binder content and low w/b of the specimens.

A MIP study (Section 4.5) confirmed that the cement matrix of the 3DPC is composed mostly of fine pores (small capillary pores and
gel pores), which are not affected during freezing and thawing action; as a result, the resistance of specimens was high. The higher
flexural strength loss reported for the 3L specimen is attributable to the locally higher porosity in the inter-layer connection, confirmed
by a micro-CT study (Section 4.6), which resulted in increased sorption of the specimen and weaker interfacial bonding. As is known,
flexural strength is highly susceptible to internal defects (i.e. micro-cracks), meaning that, during testing, crack propagation and thus
strength loss occur. To date, limited data related to the freezing-thawing resistance of 3DPC is available, but similar conclusions have
recently been reported by Assaad et al. [47], showing that repeated F-T cycles weaken the interfaces along 3D printed mortar layers,
leading to a substantial decrease in interfacial bonding strength after freezing-thawing testing.

4.4. Thermal resistance

The results of relative residual compressive strength tests and the mass loss of 3DPC specimens after exposure to elevated tem-
perature is presented in Fig. 11. According to Neville et al. [48], concrete is generally highly resistant to temperatures of up to 300 °C,
with only relatively minor damage occurring. Moreover, the damage is reversible through the so-called ‘re-hydration process’.
Exposure to higher temperatures can be harmful to concrete, as severe processes resulting in decomposition of calcium hydroxide (CH)
and Calcium-Silicate-Hydrates (C-S-H) gel occur [49]. However, the resistance of cementitious materials to mid-range temperatures
(up to 300-450 °C) is of high importance in some applications, for example, nuclear power plants, where temperatures during
emergency situations can reach up to 345 °C [50].

It is obvious that up to 300 °C, no significant changes in the mass loss of 3DPC specimens was found for any of the temperatures
tested (Fig. 11). After exposure to 200 °C specimens exhibited a slight compressive strength reduction, which is most probably
attributable to the evaporation of free water and the dehydration of ettringite and aluminosulphate hydrates. On the other hand,
exposure to 300 °C resulted in a strength gain attributable to so-called ‘autoclaving’, which occurs in dense cementitious micro-
structures and speeds up the processing of unhydrated cement clinker; which in turn results in strength improvement [49].

After exposure to 450 °C, the prism (40 x 40 x 160 mm®) specimens exhibited an explosive spalling effect, resulting in the loss of
3DPC integrity. As such, these specimens could not be used for further evaluation of mechanical performance. This effect is similar to
that observed in cementitious composites with extremely dense microstructures, such as ultra-high performance concretes (UHPC)
[51]. In contrary, small scale cubic specimens (sides of 2 cm), dedicated to micro-CT evaluations, resisted the heating process and were
thus used for further investigations. After exposure to elevated temperatures, slightly higher relative residual compressive strength
values were reported for 1L specimens, as compared to mold-cast ones, with 3L exhibiting the highest strength loss. This could be
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Fig. 10. Relative residual flexural (left) and compressive (right) strengths after 25 and 50 freeze-thaw cycles.
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Fig. 11. Relative residual mass (left) and compressive strength (right) of specimens after exposure to elevated temperature.

attributed to weaker bonding between the layers, which deteriorates additionally during heating as a result of cement paste shrinkage,
as well as because of a higher water evaporation rate from more porous areas.

The literature related to the thermal resistance of 3D printed cementitious composites is limited, as is the case in regard to freeze
thaw resistance. However, Cicione et al. [52] have reported spalling of both mold-cast and printed specimens, as well as interlayer
delamination of the latter, during heating (the temperature measured in the middle of the specimens reached 300 °C). In contrast, Xiao
et al. [22] did not report any substantial differences in the strength values between mold-cast and printed specimens in temperature
ranges comparable to those in the present study. However, they also reported spalling and inter-layer debonding after exposure to
higher temperatures (600 °C and 800 °C). The effects of thermal exposure on the microstructural characteristics of 3DPC is presented
in Section 4.6, below.

4.5. Mercury intrusion porosimetry

The results of MIP measurements are presented in Fig. 12 and Table 4. There are several methods of pore classifications available in
the literature. In this study, pore classification was based partially on Mehta and Monteiro [53], where: d > 0.10 um (more harmful
pore), d = 0.05-0.10 um (harmful pore), d = 0.0045-0.05 pm (less harmful pore), d < 0.0045 um (harmless pore); with the sugges-
tion that when d < 0.05 um, pores exert less impact on strength and permeability. The volume of d > 20 um pores was calculated in
order to compare the results with micro-CT observations.

The MIP study showed that all the specimens tested exhibited relatively comparable porosities, with the highest value reported for
the mold-cast specimen (8.16 %) and the lowest for the 3L specimen (6.70 %). In general, a very low 3DPC porosity, with low average
and mean diameter, was observed (Table 4). The highest volume of less harmful pores (d < 0.05 um) was found in specimen 1L (70 %),
followed by 3L (63 %), while the highest contribution of harmful pores (d > 0.10 um) occurred in the cast specimen. Moreover, a
slightly higher contribution of larger voids > 20 pm was visible in the mold-cast specimen (4.5 %), as compared to 1L (3.72 %) and 3L
(2.81 %), which will be discussed further in the following section. The results of the MIP study thus confirm the very low sorption
characteristics (water sorptivity and capillary water porosity) of 3DPC, as discussed in previous sections, above. However, despite
slight differences in the MIP results, it seems that the alteration of the pore structure had minor effects on transport properties, due to
specimens’ low total porosity which reduces the number of open channels for water transfer (connected pores). No substantial dif-
ferences in the porosity between mold-cast and printed specimens were found in the present study. This can be attributed to binder
composition and the substantially low w/b of the mixture design. A similar observation regarding pore structure was recently reported

B> 0.2 ym [E0.1-0.2 ym [J0.05- 0.1 um 222 < 0.05 um |
100

80

60

40

20

Percentage of pore volume [%]

Cast 1 Layer 3 Layers

Sample designation

Fig. 12. Percentage of 3DPC pore distribution, as obtained by MIP.
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Table 4
The results of MIP analysis of 3DPC.

Sample ~ Pore volume [g/cm®]  Porosity by Hg intrusion [vol%] '{;tza/l gliore surface area Average pore diameter [nm] ~ Median pore diameter [nm]
Cast 37.87 8.16 6.48 23.36 35.91
1 Layer 34.17 7.86 9.15 14.93 12.41
3 Layers 37.89 6.70 8.41 18.01 21.56

by Baz et al. [54], where slightly higher porosity was reported for mold-cast specimens than for printed ones. The authors attributed
this phenomenon to the lack of vibration in 3D printed specimens. However, in contrast to the present study, the authors reported that
non-printed specimens had a much higher number of tiny pores than printed specimens. Yu et al. [6] reported 13.3 % MIP porosity for
mold-cast concrete with a w/b of 0.31, while the porosity of printed specimens was 23 %. It can therefore be concluded that porosity
characteristics are highly dependent on the type of mixture composition used and the transport and extrusion process. Unlike typical
casting methods, where concrete is placed into formwork and vibrated to remove entrapped air, 3DPC is pumped under pressure
through a nozzle and so it does not experience extensive vibration before or after deposition. However, in our study the cast specimen
exhibited a higher content of large spherical voids, which is attributable to low w/b and high mixture viscosity. This in turn resulted in
entrapped air in the specimen and the creation of spherical voids, as confirmed by the micro-CT results (Section 4.6).

4.6. Micro-CT characterization

For a more detailed characterization of the 3DPC, micro-CT measurement was also conducted. Since pore structure is the most
critical element in determining the material properties of cement-based materials, several pore characteristics were examined using

Large samples

1Iayer

Small samples

Cast 1 layer 3 layers

Fig. 13. Pore volume image in the samples studied (Note: the grey color denotes the pores within the specimens).
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the micro-CT data. Fig. 13 shows the pore volume for each specimen type, for both large and small samples. Considering the image
resolution of each scale, only pores larger than 30 um were taken into consideration in the large samples, while only those larger than
20 pm were taken into consideration in the small samples.

The volumetric pore images make it possible to examine the general features of each specimen type. In the 3L specimen images,
distinctly distributed pore layers were identified; these are assumed to be the connection between the layers. In contrast, the pores
were dispersed uniformly in the Cast and 1L specimens, as anticipated. The porosity computed from the micro-CT data was 8.07 %,
5.10 %, and 5.09 % for larger C, 1L and 3L specimens, respectively. For the small samples, the computed porosity was 6.78 % (Cast),
6.01 % (1 layer) and 4.52 % (3 layers). In general, the trend of porosity in each specimen show consistency with the result of MIP,
although the porosity values in each scale are smaller than those of the MIP, because the pore ranges measured by micro-CT and MIP
were different. Among the samples studied, the Cast one showed higher porosity than the printed ones, which is consistent with the
MIP result and other publications [54]. However, the differences in the number of pores between the Cast and printed specimen are not
substantial and porosity itself might not be the only factor affecting material properties.

In addition to porosity, the pore size distribution of the samples was also evaluated. Fig. 14 shows the pore size distribution of each
sample, for different scales. As shown in Fig. 14, the 3DPC specimen contained a higher number of smaller pores than the Cast sample,
which concurs with the MIP results. Based on the pore size distribution, it can be seen that the printed specimens had a more ho-
mogeneous pore structure than the Cast specimen. The printed samples had a lower porosity and a higher proportion of small pores.
However, a larger proportion of big pores cannot explain the differences in mechanical properties, because the Cast sample contained
more large pores and had a higher porosity, but had higher overall strength, compared to the 3DPC. To explain these contradictions, a
more detailed investigation of the pore structure was needed.

Fig. 15 shows the local porosity of the specimens, along with their height. The porosity was computed from the cross-section at each
height. In the C and 1L samples, the porosity difference along the specimens was relatively small, meaning that the samples had
generally uniform pore distribution. In the case of the 3L samples, regions with higher porosity were present along the interlayer
connection zones, but besides this the samples had relatively uniform pore distributions. The results indicate that the bulky parts of all
the specimen types were generally homogeneous, which confirms the quality of the produced elements. In the 3L samples for both
large- and small-scale samples, the distinct regions, which assumed to be interlayers, show much higher porosity than the other parts
due to the inconsistent quality of the material between the layers and the bulky part; this can be considered as a systematic problem of
3DPC that inevitably occurs during the printing process. The locally increased porosity of the multi-layer specimens can be a cause of
the lower mechanical properties of the printed elements.

For an additional pore characterization, a probabilistic approach, the lineal-path function was also considered. The lineal-path
function, L2, is a probability function that can describe the relative clustering of a specific phase and has been used to characterize
cement-based composites [55,56]. The detailed description of the lineal-path function can be found in [56], and the result for the 3DPC
is presented in Fig. 16. In this figure, the L2 results of each case for the pores is shown in the x, y, and z directions, where the z-axis is the
direction of the specimen height. In the functions of the Cast and 1L specimens, the L2 functions for each direction tend to be similar,
which indicates their isotropy. However, in 3L, the L2 function in the z-axis shows relatively lower than other directions, and this
denotes that the pores in the z (height direction) are less clustered, in other words, thinner than other directions; this anisotropic
characteristics obtained from the micro-CT data can attribute to the decrease of mechanical properties for a specific direction.

For a more detailed investigation of the pore structures of the specimens, the effect of pore shape was also examined quantitatively
using micro-CT data. The pore shape itself can affect the mechanical properties significantly [57], but it is quite difficult to examine the
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Fig. 14. Pore size distribution of the specimens (Note: in each size, only pores larger than the pixel sizes were taken into consideration).
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Fig. 15. Porosity distribution along specimen cross-section (Note: for large and small samples, only pores of about 26 mm and 12 mm in length,
respectively, were taken into consideration, considering the region of interest (ROI) of the samples).

shape characteristics from experimental approaches. The pore data obtained from the micro-CT can be effectively utilized for this
purpose, and here, Wadell’s sphericity index was used to characterize the equiaxed shape degree, so as to evaluate pore shape [58].
Wadell’s sphericity is defined as the ratio between the surface area of a target pore and the surface area of a sphere, with the same pore
volume. Sphericity can have a value between 0 and 1, where 1 designates a completely spherical pore. Fig. 17 depicts the sphericity of
pores in the samples studied. Compared to the Cast samples, 3DPC had a higher content of anisotropic pores with low sphericity,
regardless of sample size. In particular, a distinct difference in the sphericity of the Cast and printed specimens was observed. In the
case of the Cast samples, most of the pores had a sphericity larger than 0.6, while the 3DPC samples contained numerous pores with
anisotropic pores; i.e. those having a sphericity lower than 0.4. In comparison between the large and small samples, the small samples
tend to have larger sphericity values than the large samples, particularly in the 3L specimens. In the 3L specimen, as can be confirmed
in Fig. 13, the large sample contains more interlayers than the small sample, and this contributes to the lower sphericity values because
the interlayers tend to include a larger portion of anisotropic pores. These anisotropic pores might explain the reduction in the me-
chanical properties, such as compressive and flexural strength, of the materials [57]. Even though the 1L and C specimen had similar
porosity and pore size distributions, the 1L specimen had a higher number of anisotropic pores, which decreased its compressive and
flexural strength. In comparison of the 1L and 3L specimens, the 3L specimen contains more proportions of larger and anisotropic pores
than the 1L case, which might affect the lower compressive strength. Anisotropic pores, generated during the printing procedure,
might therefore cause a reduction in mechanical properties, compared to cast specimens. As such, the directional dependency of pores
needs to be carefully considered in the printing process.

Fig. 18 shows the mean pixel value in relation to the height of each specimen to confirm the solid characteristics of the 3DPC. As
discussed above, the pixel value of the image is determined according to the relative density of a particle. The mean pixel can represent
the relative density at the position of the specimen [19]. In Fig. 18, despite small fluctuations, the maximum difference in the pixel
values was less than 10 %, which confirms that the 1L and C samples were generally homogeneous. The 3L specimen exhibited lower
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Fig. 17. Sphericity of pores within the specimens (Note: sphericity becomes 1 when a pore is completely spherical).

pixel values close to the interlayer zone, which contributed to lowered mechanical properties.
The effect of temperature was evaluated to confirm the stability of the samples produced. For this purpose, the pore structures of the
specimens at 20 °C (reference), 200 °C, 300 °C and 450 °C were compared. Fig. 19 show the volumetric image at each temperature.
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Fig. 18. Mean pixel value of the specimens, according to height.

The images were achieved using micro-CT imaging. The pore sizes under consideration remained the same as those of the specimens
before heating. The data obtained shows that the differences in porosity, regardless of temperature, were almost insignificant between
the samples and for the same sample type at different temperatures. In all cases, the increment of the total porosity of specimens did not
exceed 5 %, which indicates that the produced samples were not influenced by temperatures up to 450 °C. However, as mentioned
before, the obtained micro-CT here only concerned the pores larger than 20 um, the difference in the smaller pores than the considered
size, which might affect the mechanical and durability properties, needs to be considered separately.

Overall, the pore and solid structures obtained from the micro-CT imaging confirm that the 3DPC produced in this study showed
performance comparable to that of the cast specimen. However, the microstructural characteristics of 3DPC show certain limitations,
caused by anisotropic pores, which should be appropriately addressed properly in the future.

4.7. Scanning electron microscopy

The microstructures of the C, 1L and 3L specimens obtained by SEM are presented in Figs. 20-22. The micrographs confirm the
results of the micro-CT studies regarding the type, size and sphericity of the pores. In general, a uniform, dense and compacted 3DPC
microstructure, with distinguishable particles of fly ash and unreacted cement clinker, is visible in all specimens. Large spherical voids
can be distinguished in the mold-cast C specimen (Fig. 20), which can be attributed to the specimen preparation method. High mix
viscosity caused difficulties with proper specimen vibration. In contrast, anisotropic pores and spherical voids can easily be distin-
guished in the 3D printed specimens. In the 1L specimen, the voids were distributed uniformly and the pores had (Fig. 21a) lower
diameters than those in the C specimen. Moreover, anisotropic voids were also visible (Fig. 21b-d). This confirms the findings the of
micro-CT and MIP studies, showing that the cast specimen exhibited a slightly higher number of spherical voids with larger diameters.
Similar microstructural features to that of the 1L specimen were found in specimen 3L. However, significantly higher porosity and
anisotropic void contents were observed in the interlayer zone of the 3L specimens (Fig. 22c—d). As reported by [14], the weak
interface between layers and quicker capillary suction through the layer-to-layer interfaces — which was discussed in the preceding
sections — might be responsible for the specimens’ lower mechanical performance. The length of the voids in the interlayer zone was
significantly higher than the average pore size in the specimens’ bulk region. This was also confirmed by the micro-CT study, which
showed higher local porosity in the interlayer zone. The same phenomenon was recently reported by Yu et al. [6].

5. Conclusions
The main target of this work was to investigate the microstructural and durability characteristics of 3D printed concrete and to
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Fig. 19. 3D pore image of 3DPC specimens at different temperatures (note: the grey represents the pores within the samples).

Fig. 20. SEM micrograph of mold-cast (C) specimen.

compare it with cast concrete. The following conclusions can be drawn from the results obtained:

1. 3layer printed concrete exhibited lower density and a higher capillary water porosity and water absorption coefficient than both 1
layer printed and cast concrete, as a result of increased interlayer connection porosity. In general, the transport properties
(capillary porosity and water sorptivity) of 3DPC were lower than in conventional concrete, regardless of whether the specimen
was cast or printed.

2. Compared to cast concrete, 3D printed concrete had lower mechanical properties at all testing ages, with its mechanical perfor-
mance exhibiting anisotropic behavior, thus being dependent on testing directions.

3. The performance of 3D printed concrete under freezing and thawing cycles, as well as in high temperature exposure up to 300 °C,
was very similar to cast concrete and showed high stability. However, increasing the temperature up to 450 °C resulted in spalling
behavior in all samples.

4. The total porosities of 3DPC, measured using MIP, were found to be very low due to the high binder content and low w/b ratio.
Despite differences in pore size distribution between cast and 3D printed samples, their influence on absorption, freezing and
thawing, as well as high temperature exposure resistance, were limited. However, during frost or thermal attack, the possibility of
interlayer delamination in 3 layered printed specimens was present.

5. The pore and solid structures obtained by micro-CT imaging confirmed that the printed specimens exhibited differences in their
pore size distributions and homogeneity, when compared to cast specimens. In general, printed concrete was found to be more
homogenous in comparison to cast specimens, but microstructural features highlighted the limitations of the current materials,
such as anisotropic pores and increased inter-layer porosity, which need to be overcome properly.

6. A new quantitative approach to evaluate the pore shape characteristics using micro-CT was introduced and demonstrated that the
pore shapes were also affected by the production methods, and it affected the material properties.

7. SEM images showed increased interlayer porosity with anisotropic characteristic of 3D printed samples. In contrary, cast samples
exhibited almost homogeneous distribution of voids with spherical shape.
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Fig. 22. SEM micrograph of 3-layer printed (3L) specimen: bulk phase (a,b) and interlayer connection (c,d).
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