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A B S T R A C T

The long-term performance of 3D printed concrete structures involves various durability issues, and in this study, we are focusing on frost damage. This can be a
serious issue in cold places like Switzerland and may be particularly problematic for 3D printed structures owing to the likely presence of cold joints. 3D printing
often involves processing steps such as pumping, set acceleration and extrusion, and in the present work, we consider the effect of these processing conditions on the
air void system. It was found that pumping and extrusion processes significantly change the void structure while acceleration or higher setting rates can stabilize
them, the latter ensuring a higher protection from frost damage. It was also seen that after extrusion, cast and printed samples have very comparable void systems and
spatial distribution of voids, implying no clear impact of the presence of interfaces in the latter.

1. Introduction
Research in the area of 3D concrete printing has seen a booming
interest in the recent past [1–6]. Such a construction process does not
require formworks and therefore, costs may be significantly reduced.
There are numerous other benefits associated with such a process in
terms of labor required, workspace safety, wastes generated and
increased flexibility of architectural design [7]. Currently, there are a
number of research groups around the world working on this topic and
many have already been able to achieve some degree of success. Most of
these studies have focused on fresh material properties or properties at
relatively early age (in the order of hours) as the sole purpose has been to
realize successful fabrication of structures. As a next step, it is equally
important to ensure the proper long-term performance of printed con
crete, from the point of view of both strength and durability. There are
some works in literature where the mechanical properties of 3D printed
concrete were investigated [8–10], but studies about the durability
aspect are very limited. There is a recent study by Zhang et al. [11]
whereby they investigated certain durability properties (sulfate attack,
carbonation, frost damage and chloride ingress) of 3D printed concrete.
There is another study by Bran et al. whereby they characterized chlo
ride ingress through cold joints in 3D printed concrete using micro-XRF
[12].
Freeze-thaw deterioration is an important durability issue for 3D
printed structures due to the presence of numerous interlayer interfaces.
Exposure to cyclic freezing temperatures can deteriorate concrete, with

damage increasing with the degree to which the microstructure is
saturated with water. However, it is also well known that presence of air
voids can enhance freeze-thaw resistance. Air voids are often classified
into either entrained or entrapped air based on a size and/or shape
criteria [13]. The former can alleviate freeze-thaw in a variety of ways,
providing volume in case of trapped water freezing, reducing hydraulic
pressure and offering a compressive suction pressure in cases of crys
tallization pressure, whereby in all cases the expansive stress caused on
the cement paste by water freezing is reduced [14–16]. On the other
hand, entrapped air generated during mixing/casting offers close to no
benefit as these air voids are quite large (of the order of mm) and most
often sparsely spaced [13,17]. Consequently, in order to protect con
crete from frost damage, air-entraining admixtures (AEAs) are often
used to intentionally entrain closely spaced micro-sized air bubbles in
the microstructure [18,19]. AEAs have also been used as a rheology
control admixture, albeit to a much lesser extent. There is a recent study
by Eugenin et al. where they reviewed the possibility of using entrained
air bubbles as an admixture for printable concrete [20]. However,
higher air entrainment due to AEAs can have other detrimental effects
such as lower strength [21,22], along with shrinkage and segregation
issues [23,24].
The frost resistance of concrete can be assessed by cyclic freeze-thaw
tests in accordance with a standard such as ASTM C666 [25]. However,
such experiments can be quite time-consuming and are often expensive.
Furthermore, the measurement of fresh state air content alone is not
much helpful as has been experienced over the years [26]. This makes it
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necessary to adequately characterize the air void system of hardened
concrete and it is often regarded as a fitting alternative to freeze-thaw
tests. Based on Powers' approach, ASTM C457 [27] was developed to
estimate the hardened air-void parameters – the two key parameters
here being the hardened state air content and the spacing factor. The
latter is a widely accepted parameter and it is known to have a direct
relation to the freeze-thaw performance, with the prescribed threshold
value being 200 μm. [28–30]. However, the spacing factor concept as
sumes that voids are mono-sized spheres which are uniformly distrib
uted in the cement paste with a cubic lattice network [14], which is not
the case in reality. Another limitation that can be associated with this
approach is that the direct interpretation of void spacing is limited to 2D
while air voids are distributed in 3D.
The method prescribed in ASTM C457 is widely accepted for air-void
characterization, but it has its own share of limitations. It is a
microscope-based method which is quite cumbersome and timeconsuming. It involves inspection of the polished concrete surface
based on either the linear traverse or the point count method [27]. In
order to overcome the limitations of the ASTM method, researchers over
the years have tried to come up with various semi-automated/
automated methods. There have been attempts to use a digital camera
and scanning electron microscope for image acquisition [31,32], but
lately, the use of a flatbed scanner has been found to be most convenient
and practical [33–37].
Larson et al. [38] proposed the analysis idea of protected paste vol
ume (PPV) and there are a number of studies in literature about this
[33,34,39]. According to this concept, which is still based on the idea of
a spacing factor, an air void is able to protect a certain region of the paste
around it from frost damage. This analysis approach is an improvement
as it does not assume a mono-sized uniform void size distribution.
Furthermore, it can account for air void agglomeration and presence of
aggregates in the vicinity. Such an analysis could be particularly
important for 3D printed concrete as there can be some degree of het
erogeneity associated with it, especially between the bulk and the
interface of layers. While most studies in literature have reported about
the 2D PPV analysis, it is understood that such an analysis can suffer
from certain limitations. As can be seen in Fig. 1, the actual radius of an
air void may be different from the apparent radius on an inspected
surface as it would depend on the cut position. Hence, the area of paste
protected around an intersected air void (in-section void) would not
represent the actual area of protection. Moreover, certain regions of the
paste may be protected by un-intersected voids (out-section voids).
Thus, this calls for determining the 3D distribution of both the in and
out-section voids.
X-ray computed tomography has been used by various researchers to
study the 3D void structure of cement paste and mortar [41–45].
Recently, this has also been applied to 3D printed cementitious materials
[46]. While useful, this method can be limited by the evaluation of a
representative volume and/or resolution. Du Plessis and Boshoff have
done a critical review of using this method for concrete and asphalt
materials [47]. More recently, Song et al. developed a model to do such a
3D analysis which seems to present a more realistic evaluation of con
crete freeze-thaw resistance [40].

2. Stability of air voids in concrete
It was accidently found in the mid-1930s that air void entrainment in
concrete can help in mitigating frost damage [14]. Since then, air voids
have been intentionally entrained into the concrete mixes for freezethaw protection. However, the inclusion of AEAs in the mix has not al
ways meant that achieving the desired air-void systems is easy as
changes in mix design and processing conditions can readily alter the
air-void system.
The formation of air bubbles and their stability in fresh concrete is
often considered as two distinct processes. Powers proposed two pro
cesses for air bubble formation during mixing - one process is linked to
the infolding of air by vortex action, like stirring in a liquid and the other
process is related to the three-dimensional screening due to fine and/or
coarse aggregates [48]. However, air bubble formation is understood to
be an extremely complex phenomenon and it can be influenced by a host
of factors, such as the mixing process, concrete mixture proportioning,
characteristics of cement and aggregates, water content, type of AEA
used and other chemical admixtures. A review of the mechanisms of air
entrainment in concrete can be found in Du and Folliard [28].
When it comes to instability of air bubbles in fresh concrete, it is
believed that there is free surface energy at the interface between
dispersed air and the surrounding matrix. Hence, air bubbles are
inherently unstable and their thermodynamic tendency is to reduce their
interfacial surface energies [28]. Concerning air void instability, the
literature mentions three fundamental mechanisms [49]. There can be
diffusion of air from a smaller bubble which is at a high internal pressure
into a larger one (lower internal pressure) or into the bulk gas (or so
lution). Air bubbles can coalesce due to capillary flow and bubbles may
also collapse due to rapid hydrodynamic drainage of liquid between
them. However, the third mechanism is less likely to occur in fresh
concrete and is more prominent in foamed concrete [50]. The stability of
air voids too can be influenced by several factors. Some of them include
cement and aggregate characteristics (fineness, shape, gradation,
amounts, surface properties), rheological properties of the mix, concrete
temperature, mixer type and mixing time, different processing condi
tions (transportation, consolidation, pumping), use of mineral and other
chemical admixtures [28].
3D concrete printing requires that the material is first pumped to the
point of placing. The material is often expected to have a long enough
open time, hence its hydration is retarded but before being extruded, it is
mixed with an accelerator at the nozzle so that the required strength
build-up can be achieved [7,51]. Acceleration causes an instant change
in rheology and thus, the accelerator dosage (or the setting rate) can also
impact the void structure. Apart from retarders and accelerators,
superplasticizers (SP) are a common ingredient in 3D printing mixes.
The presence of superplasticizers can greatly influence the stability of
void systems as they can compete with AEAs for adsorption on solid
surfaces where surfactant shells critical for frost protection are under
stood to be formed [52]. Superplasticizers, themselves can often end up
entraining air as a side effect and for this reason, most commercial SPs
have a defoamer added in their formulation [53]. The interaction of
defoamer present in SP may negatively impact the action of the AEA, but

Fig. 1. Difference between 2D PPV analysis and the actual protected zone. Reproduced with authorization [40].
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Both the base mortar mix and CAC paste mix were pumped with
progressive cavity pumps, their flow rates being 1 L/min and 85 mL/min
respectively. They were mixed at the nozzle prior to the extrusion pro
cess, the residence time at the mixing chamber being about 30s. The
pumping and extrusion pressures were 1.2 bar and 0.2 bar respectively.
Fig. 3 shows a schematic of the different processes involved in 3D
printing with concrete.
In order to study the effect of different processing conditions, various
groups of mixes were prepared. Fig. 4 shows a schematic of the different
groups of mixes being investigated. Material was collected after (or
before) each processing step and cast into Plexiglas cylindrical molds
with 6cm diameter and 11cm height. When the mortar mix was accel
erated with a CAC paste, two kinds of samples were prepared after
extrusion – in the first case, the extruded mortar was printed into the
cylinder mold (same was done for the extruded mortar without accel
eration, with this step then being more of a casting) and in the other
case, a structure of square cross-section about 8cm high and 10cm length
was printed (one sample was prepared for each group). The thickness of
each layer was about 0.5cm and the width of each layer about 4cm. The
key difference between these two groups of samples is the presence of
layer interfaces in the latter. All cast and printed samples were then
cured at 95% relative humidity for 7 days.
Depending on the contour length and/or vertical building rates, 3D
printing processes may need different accelerator dosages. Therefore, in
addition to the mixes mentioned above, further investigation was done
on additional groups of mixes in order to study the effect of the accel
eration/setting rate on the air void system. Further to this, two series of
cast mixes were also prepared – one air-entrained and the other non-airentrained. The first group (air-entrained) herein was similar to the base
mortar mix used for printing, however, the AEA was already added to
the base mix (0.05% by weight of cement; added after initial 2 min of
mixing). This group had 3 mixes – a first in which no retarder was
included, a second in which 30% sucrose solution (0.2% by weight of
cementitious material) was included and a third case for which the nonretarded mortar was accelerated with CAC paste (7% substitution by
weight of Portland cement). For the second (non-air-entrained) group,
the mix was again similar to the base mortar mix used for printing,
however, the sucrose and thickener were not included. The super
plasticizer used was the only admixture responsible for entraining any
air bubbles [53]. This group also had 3 mixes – the mortar mix was
accelerated with different dosages of CAC paste (0%, 7% and 12%
substitution by weight of Portland cement).
1L batches of these mixes were prepared in a Hobart mixer with 2
min of mixing at low speed and 2 min at medium speed. For the cases
where CAC paste was added, the material was added after 1 min of
medium speed mixing (3 min after initial water contact) and mixed for
an additional minute at medium speed. Hence, all mixes had the same
mixing time of 4 min. The initial rheology (before acceleration) of the
mixes from each group was tested using the spread flow test and they
were confirmed to have the same slump/flow value.

to the best of our knowledge the topic has not been studied systemati
cally. The chemistry of AEAs and SPs and their interaction mechanisms
can be very complicated, hence their compatibility often needs to be
experimentally determined. Fig. 2 shows a schematic showing the major
factors influencing air void stability in a 3D printing concrete mix.
In the present work, we study the effect of various processing con
ditions encountered in 3D printing, namely pumping, acceleration and
extrusion on the air void system. The implications of these processes
concerning frost damage are then assessed. A comparison of cast and
printed samples after extrusion is also made. Both air-entrained and nonair-entrained groups of mixes have been considered for the study. An
additional systematic study to evaluate the influence of acceleration/
setting time on void structure is also done on both groups of mixes.
3. Materials and methods
3.1. Material
A 50L single batch of mortar mix was prepared for printing. A single
large batch was prepared so that comparisons between the different
groups of mixes could be made. Crushed limestone aggregates of
maximum size 2 mm (45% by volume), CEM I 52.5R (Holcim Normo 5R)
cement, silica fume and limestone filler (8% and 15% by weight of
cementitious material respectively) were the main dry ingredients for
the base mortar mix. Additionally, a thickener (0.5% by weight of
cement) was added to ensure stability of the mix. A PCE based com
mercial superplasticizer (Master Glenium ACE30) and 30% sucrose so
lution as the retarder (1% and 0.2% by weight of cementitious material
respectively) were also used. The superplasticizer and sucrose solution
were included in the mixing water. The water to cement ratio of the mix
was 0.38.
A calcium aluminate cement (CAC, Ciment Fondu) paste was used as
an accelerator for the mortar mix [54]. The CAC paste was retarded with
0.1% (by weight of CAC) sodium gluconate to ensure long enough open
time and a thickener (Dow PolyOx, 0.1% by weight of CAC) was also
included in the mix to ensure stability during pumping. Two 1L batches
of such a CAC paste were prepared in a Hobart mixer. The first was first
mixed at low speed for 2 min and then at medium speed for one more
minute. For the second CAC paste mix, an air-entraining admixture
(AEA, Vinapor AE3912, sodium lauryl sulfate; source: BASF, Germany)
was added (0.2% by weight of CAC) after 2min of initial mixing with
water (same protocol for first 2min as before). The water to cement
ratios for the two mixes were 0.28 and 0.32 respectively. The water to
cement ratios for these mixes were selected to ensure their respective
stability during the pumping process.

3.2. Hardened air-void analysis
The hardened cylinder samples were saw-cut axially to yield two
half-cylinders which were then further cut into half across its length.
This produced 4 half-cylinder samples of 6cm diameter and 5.5cm
height. The printed samples were also saw-cut first along their length
(cut was perpendicular to the printing direction, hence, also to the layer
interfaces). Then they were further cut into smaller sizes to eventually
produce samples with a square section having a side of about 6cm. The
samples were then polished following the procedure specified in ASTM
C457 [27].
The sample preparation and image acquisition were done based on
the method followed by Song et al. [36]. After the polishing step, the
samples were dried in a desiccator over anhydrous calcium chloride for
at least 12h. Subsequently, as part of the surface treatment process, an

Fig. 2. Schematic showing major factors influencing air void stability in a 3D
printing concrete mix.
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Fig. 3. Schematic showing processes involved in 3D printing with concrete. Adapted from [55].

Fig. 4. Schematic showing different groups of mixes investigated.

orange fluorescent chalk powder (Irwin Marking Chalk) was used to fill
the air voids by placing the powder over the surface and then running
the finger smoothly over it. The excess powder was removed by running
a razor blade across the surface at a low angle so as to not scratch the
surface. The samples were then scanned using a commercially available
flatbed scanner (CanoScan 5600F). The images had a resolution of 4800
dpi and the length of each pixel was about 5.3 μm. The scan size was 5cm
by 5cm and three such scans were taken for each mix, which also
satisfied the minimum requirement of scanning area, according to ASTM
C457 [27]. The image segmentation and processing were then done
using a deep learning neural network (NN) model which yielded a
processed ternary image showing the three phases of hardened concrete
[56]. As part of the image processing step, air voids smaller than 10 μm
and aggregates smaller than 100 μm were removed as a noise reduction
step. The literature reports that the size of entrained voids could be as
low as 10 μm, hence, that was taken as the threshold. Voids smaller than
10 μm tend to dissolve in the fresh paste, hence, these are typically not
seen. [36]. An automated analysis was then run to compute the various
air void parameters. Fig. 5 shows an example of an original scan and its
processed ternary image as produced by this model. The deep-learning
model used in the study is an improvement over conventional image
analysis. While both consider color, the former also considers factors
such as shape and texture to segment the three phases. Furthermore, the

model was trained to be adaptive to concrete scans at various brightness
and contrast conditions. In spite of that, we did ensure high consistency
of the image quality across different scans by following the same pro
cedures for the surface preparation and image acquisition.
A convolutional neural network (CNN) model was further used to
compute certain 3D air void parameters [56]. This model is based on the
state-of-the-art CNN DeepLabv3 [57] and ResNet-101 [58], and is
known to work well [59,60]. An open-source machine learning in Py
thon, called PyTorch was used for executing the algorithm. This model
was mainly used to compute two 3D air void parameters:
• 3D void size distribution (VSD) of in-section voids: This was
computed based on a statistical approach using a 2D to 3D unfolding
technique [40]. This refers to the actual VSD of the intersected voids
and they are computed using the 2D or apparent VSD of the voids on
the section.
• 3D paste protection: This is based on the PPV concept. It refers to the
degree of paste protected as function of the assumed protection
range. The 3D VSD of the in-section voids was used for the analysis.
In order to compare the spatial distribution of the three phases be
tween the cast and printed samples, an additional image analysis
method was followed. Based on the same cross-sections for calculating
4
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Fig. 5. Example of one original scan and its processed ternary image (a) image section size 5cm by 5cm (b) magnified version of the top right corner (1.7cm
by 1.7cm).

the C457 air void parameters, the new image analysis was done locally
for each 2-mm wide horizontal strips. The 2-mm wide scanning window
was moved by each pixel from top to bottom such that the moving
average of the local C457 parameters was evaluated. Here, the width of
the scanning window was determined to be large enough to average out
the noise of pixel-level variation, yet small enough to resolve the peri
odical shift of the air void system across the print layers.

comparison of the air content and spacing factor values between the
corresponding extruded cast and extruded printed mixes, it is seen that
they are quite comparable. However, the air content value for Acc_Ex
truded_AEA_Printed is larger than its corresponding cast mix. Although
the mixes show variable values of air content, the density of all mixes in
the fresh state was found to be consistent with a value of 2.1 g/cm3,
irrespective of the presence of AEA. In this regard, it is to be noted that
the image analysis skips a certain size range of pores that is included in
density measurements. Also, the spacing factor values for mixes with
AEA are below the prescribed 200 μm mark, therefore, they should
qualify as frost resistance mixes. Fig. 7 (a) and (b) show the same results
in the form of a bar chart.
Fig. 8 shows the 3D VSD curves of all the cast mixes to see the effect
of various processing steps. The change in void structure after pumping
and extrusion of the retarded base mix is also evident from here. The
pumping and extrusion processes seem to eliminate most of the air
bubbles. There is much lower concentration of voids in the ‘smaller’ size
range (< 100 μm) and no voids larger than 400 μm remaining after the
pumping/extrusion operation. Comparing between the retarded and
accelerated mixes after extrusion, there seems to be a much higher
concentration of ‘smaller’ sized voids (< 100 μm) and also, lower void
count in the ‘larger’ size range (>200 μm) after acceleration. When AEA
is included in the accelerator mix, it shows a higher peak value, how
ever, the void count in the ‘larger’ size range is comparable to the nonAEA case as shown in Fig. 8 on the right with log scale.
Fig. 9 shows the 3D VSD curves of the extruded cast and extruded

4. Results
4.1. Effect of processing
Fig. 6 (a) to (e) show the processed ternary scans of each of the six
groups of mixes. It can be said qualitatively from the images that after
pumping and extrusion, the air content comes down, in particular,
removing the ‘larger’ sized air voids. When the mix is accelerated prior
to extrusion, the void structure again changes with a higher concen
tration of ‘smaller’ sized voids being seen for the accelerated mixes.
Comparing images (c) to (f), the void structures of all the accelerated
mixes look quite similar, qualitatively.
Table 1 shows the air void parameters (air content and spacing fac
tor) obtained from the processed images of the scans. It can be seen here
that the air content comes down considerably after the pumping and
extrusion processes, while the spacing factor increases. The air content
comes down further when the mix is accelerated prior to extrusion, but
the spacing factor value is lower compared to Ret_BaseMix. On making a
5
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Fig. 6. Processed ternary scans (a) Ret_BaseMix (b) Ret_Pumped&Extruded (c) Acc_Extruded_Cast (d) Acc_Extruded_AEA_Cast (e) Acc_Extruded_Printed (f)
Acc_Extruded_AEA_Printed.

printed mixes for both cases, with and without AEA. As can be seen from
the figure, they all have very similar VSD. The peak for the cast mix is
slightly above the corresponding printed mix. Also, the AEA mixes have
higher void count in the ‘smaller’ void size range (< 100 μm) which is
expected. In the higher void size range (> 200 μm), the cast mixes have a
slightly lower void count compared to their printed counterparts, but
still comparable.
Fig. 10 shows the variation of air content from top to bottom of the

section for the various extruded cast and printed mixes. As can be seen
qualitatively, the air content varies in a similar way for all the mixes,
with no clear trend. Tables 2 and 3 show the average values of air
content and air/paste ratio at the peaks and also the average distance
between consecutive peaks. On making a comparison between the cor
responding cast and printed mixes, it can be seen that the average values
of both air content and air/paste are comparable, and so are the average
distance between their peaks. The standard deviations are also shown.
6
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difference in the degrees of protection for the various groups can be seen
here. In particular, the retarded mix, pumping and extrusion processes
lower the degree of protection and that the accelerated mixes are better
protected compared to the retarded mix, after extrusion. Also,
comparing between the corresponding extruded cast and printed mixes,
it can be seen that the degrees of protection are quite comparable.

Table 1
Air void parameters for the different groups of mixes.
Ret_BaseMix
Ret_Pumped&Extruded
Acc_Extruded_Cast
Acc_Extruded_AEA_Cast
Acc_Extruded_Printed
Acc_Extruded_AEA_Printed

Air content [%]

Spacing factor [μm]

7.5
5.6
4.1
4.8
4.2
5.7

232
273
208
161
220
171

± 0.4
± 0.3
± 0.2
± 0.6
± 0.2
± 0.4

±9
±7
±2
±9
± 14
±5

4.2. Effect of acceleration/setting rate
As mentioned before, additional groups of mixes were created to
study the effect of acceleration/setting rate on the air void system.
Table 4 shows the air void parameters (air content and spacing factor) of
the air-entrained and non-air-entrained series of mixes with different
setting rates. For the air-entrained series, the reference, retarded and
accelerated mixes have variable setting rates and a different void system
results for each of them, based on their air content and spacing factor
values. The retarded mix (Ret_AEA_0%CAC) has a lower air content
(6.2%) compared to the non-retarded mix (AEA_0%CAC; 9.2%) while
the mix accelerated with CAC paste (AEA_7%CAC) has the highest air
content (14.9%). The trend for the spacing factor values is opposite (296
μm, 209 μm and 159 μm respectively).
For the non-air-entrained group, three mixes were studied wherein
one was reference without acceleration and two were accelerated with
different dosages of CAC. Although these mixes have different setting
rates, unlike the air-entrained group, there is not a major difference
among them with regard to their air void system, either in terms of air
content or spacing factor. The air content values of the accelerated mixes
(SP_7%CAC; 5% and SP_12%CAC; 5.3%) is similar to the nonaccelerated one (SP_0%CAC; 4.9%). However, there is a considerable
difference in the spacing factor values between them (777 μm as
opposed to close to 600 μm for the accelerated mixes). The two mixes
with different dosages of CAC, however, have very similar spacing factor
values (594 μm and 597 μm).
Figs. 12 and 13 show the 3D VSD curves of the air-entrained and nonair-entrained groups of mixes with different setting rates. For the airentrained series (Fig. 12), a clear distinction is seen between the
retarded mix and non-retarded/accelerated mixes, based on concentra
tion of voids in different size ranges. The non-retarded mixes, whether
accelerated or not, have similar concentration of ‘smaller’ sized voids
(<100 μm) but the accelerated mix has a higher concentration of ‘larger’
sized voids (>200 μm) which also explains its considerably higher air
content. For the non-air-entrained series (Fig. 13), again, based on
concentration of voids in different size ranges, there is a clear difference
in the VSD curves of the non-accelerated and the two accelerated mixes,
particularly the void count in the ‘smaller’ size range (<100 μm). The
two mixes accelerated with 7% and 12% CAC dosages have very similar
VSD. Also, all the three mixes in this series have similar void count in the
‘larger’ size range (>300 μm).

Fig. 7. Comparison of (a) air content and (b) spacing factor for the different
groups of mixes.

The calculated degree of paste protection from freeze-thaw damage
depends on the value of assumed protection range. Fig. 11 shows the
degree of 3D protection as a function of the assumed range and the value
for a protection range of 200 μm. In general, the trends do not change
based on the range chosen and for a protection range of 200 μm, the

Fig. 8. 3D VSD curves of all the cast groups of mixes.
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Fig. 9. 3D VSD curves of extruded cast and extruded printed mixes.

Fig. 10. Variation of air content from top to bottom of section for various
extruded cast and printed mixes.
Table 2
Average air content at peak and average distance between their peaks for various
extruded cast and printed mixes.

Acc_Extruded
Acc_Printed
Acc_Extruded_AEA
Acc_Printed_AEA

Average air at peak
[%]

Average distance between peaks
[mm]

4.3
4.5
5.8
6.2

2.23 ± 0.97
2.44 ± 1.24
2.2 ± 0.71
2.42 ± 1.12

± 0.38
± 0.66
± 0.46
± 0.53

Table 3
Average air/paste ratio at peak and average distance between their peaks for
various extruded cast and printed mixes.

Acc_Extruded
Acc_Printed
Acc_Extruded_AEA
Acc_Printed_AEA

Average air/paste at
peak [-]

Average distance between peaks
[mm]

0.069 ±
0.074 ±
0.096 ±
0.107 ±

2.23 ± 0.77
2.45 ± 1.32
2.08 ± 0.88
2.3 ± 0.87

0.005
0.011
0.007
0.009

Fig. 11. Degree of 3D protection (a) as a function of assumed protection range
(b) for protection range of 200 μm for the various groups of mixes.
Table 4
Air void parameters for air-entrained and non-air-entrained groups of mixes
with different setting rates.
Air-entrained

5. Discussion

Non air-entrained

5.1. Effect of processing
For the retarded base mix, the pumping and extrusion processes have
an effect on the void structure as both air content and spacing factor
change significantly. These processes impact both the ‘smaller’ sized
voids as well as the ‘larger’ ones. Indeed, most of the voids are elimi
nated, underlining their instability towards these conditions as we pre
viously reported elsewhere [61]. However, it is believed that pumping
has the more severe effect compared to extrusion, given the difference in

Ret_AEA_0%CAC
AEA_0%CAC
AEA_7%CAC
SP_0%CAC
SP_7%CAC
SP_12%CAC

Air content [%]

Spacing factor [μm]

6.2 ± 0.14
9.2 ± 0.62
14.9 ± 1.17
4.9 ± 0.7
5 ± 0.4
5.3 ± 0.4

296
209
159
777
594
597

± 13
±4
± 20
± 48
± 12
± 38

their operating pressures. The change in void structure due to pumping
processes is known from the literature [62,63]. However, various re
searchers have observed different impacts on ‘smaller’ and ‘larger’ sized
air voids. It is understood that it depends on the pumping pressures [63],
and additionally, on other factors such as mix design, rheological
8
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Fig. 12. 3D VSD curves for air-entrained series of mixes with different setting rate.

Fig. 13. 3D VSD curves for the non-air-entrained series of mixes with different setting rate.

properties of the mix and the nature of the air void system before the
pumping operation. The lowering of the air content coupled with an
increase in the spacing factor herein should also mean that these pro
cesses should worsen the freeze-thaw performance. This observation can
be made from the 3D PPV curves of these mixes.
As part of the acceleration process prior to extrusion, the retarded
base mix gets mixed at the nozzle with the CAC paste. The mixing takes
place in a closed chamber which means that there should not be addi
tional air-entrainment. However, the mixing process does seem to create
a void structure which is substantially different from the nonaccelerated pumped and extruded mix (Ret_Pumped&Extruded). The
fact that the accelerated mixes have a higher concentration of voids
smaller than 100 μm compared to the non-accelerated one (Ret_Pum
ped&Extruded) indicates that the acceleration may have a ‘stabilizing’
effect on the air voids. This stabilizing effect is also reflected in the 3D
PPV curves of these mixes.
Also, when taking into account the volume proportions of OPC
mortar and CAC paste and their respective air contents, it can be shown
that the final air contents cannot be directly deducted from their
proportioning. As has been mentioned before, air-void entrainment is an
extremely complex phenomenon which isn't fully understood [28]. Also,
it is to be noted that the mixing at the nozzle takes place in a closed
chamber, but the actual effect of the mixing action is not clear. Never
theless, with respect to air entrainment in 3D printing, our results clearly
show a stabilizing role of chemical accelerators, regardless of processing
variables.
It is to be noted that the AEA was added in the CAC paste owing to
ease of processing. When the OPC mortar and the CAC paste get mixed at
the nozzle, it behaves consistently with no signs of poor intermixing (the
CAC paste has a distinct dark brown color, so any poor intermixing
would have shown up easily in the images). The rheology of the CAC

paste and OPC mortar before mixing are also quite similar, so mixing can
be considered to be consistent enough. Also, the analysis done for the
paper shows rather uniform and comparable distribution of voids for the
printed and cast mixes. However, it is possible that there are local het
erogeneities, but more advanced and higher resolution investigations
would be needed to identify them.
5.2. Comparison of extruded cast and extruded printed mixes
The air void parameter results and the VSD curves of the extruded
cast and extruded printed mixes are similar which at first glance, seems
to suggest that the presence of interfaces in the latter does not have a
clear impact. Further analysis was done to check the spatial distribution
of air voids across the section and those analyses also revealed minor to
negligible differences between the corresponding cast and printed
groups of samples. 3D PPV analysis also accounts for spatial distribution
of voids and it considers other parameters such as air void agglomera
tion and presence of aggregates in the vicinity [40], however, even these
results indicate much comparable degrees of freeze-thaw protection.
In order to confirm these observations and check if they actually
show similar performance, the next step would be to test them under
actual freeze-thaw conditions. Additionally, frost damage is not just
dependent on the distribution of air voids but also on how much capil
lary porosity is present in the matrix and if air voids are present in their
vicinity [14,15]. Moreover, there is a possibility of increased water
ingress at the interfaces, hence, water absorption/sorptivity tests and
further investigations of the microstructure, particularly comparing
between the bulk and interface region represent a critical next step.
Initial results about this are included in a proceeding paper [64] postdating the initial submission of the present manuscript. There, freezethaw tests were performed on the different groups of mixes wherein
9
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only the printed samples showed signs of damage. This included the AEA
samples, even if their performance is slightly better than those without
AEA. Sorptivity measurements indicate the presence of higher volume of
capillary porosity in the interface region.
The 3D printing mix used in the current study had a fluid enough
rheology immediately after extrusion, so as to not allow any presence of
entrapped air. The acceleration concept we follow allows for fast vertical
building rates up to 3 m/h. Therefore, the time between layers was also
of the order of few seconds for the present study, again eliminating any
chance of air getting entrapped. However, regardless of the acceleration
system used, it is true that longer contour lengths will increase the time
between printing of layers and possibly worsen the quality of interlayer
bond. Another concern could be that depending on the layer thickness
the relative roles of bulk air entrainment and interfacial porosity will
change. These are other points which need to be taken into account
when considering durability aspects.
5.3. Effect of acceleration/setting rate
Fig. 14. Degree of protection at different protection range values (40, 80, 120,
160 and 200 μm) versus spacing factor for all mixes.

The previous section underlined that acceleration can stabilize the
air void system. This can be seen by comparing the VSD and 3D PPV
curves of Ret_Pumped&Extruded and Acc_Extruded_Cast. However, the
resulting void structure of the latter is not solely due to acceleration as it
undergoes an ‘additional mixing’ at the nozzle prior to extrusion. Two
additional groups of mixes, one air-entrained and the other, non-airentrained were thus created to study further the effect of acceleration/
setting rate.
For the air-entrained series, the air content and spacing factor values
of the different mixes indicate that a higher setting rate does not let the
air escape during setting, locking the voids into the matrix, or more
importantly, prevents the smaller air voids from coalescing into larger
ones. The yield stress evolves at different rates for these mixes and
certainly plays an important role in this process as previously been
argued in the literature [65,66]. Indeed, air bubbles in fresh concrete
have a natural tendency to coalesce with other neighboring bubbles due
to thermodynamic surface energy minimization [28,50]. This increases
the size of bubbles which become increasingly unstable and eventually
escape. Thus, shorter setting time stabilize the void structure by not
letting the air bubbles merge with one another (and eventually escape).
In this regard, from the VSD curves we note that while AEA_0%CAC and
AEA_7%CAC have similar peak value and position, they show a differ
ence in the higher void size range (> 300 μm) with the accelerated
sample having more such voids. This suggests that the main air voids
entrained by the AEA are already stable enough without acceleration,
but that slightly larger ones do benefit from a faster setting.
With regard to the non-air-entrained series, the influence of higher
setting rates after CAC addition is again apparent. In particular, the
acceleration has a more prominent impact on the lower void size range
(<100 μm) while in the higher void size range (>300 μm), the impact is
not that significant. Moreover, the higher accelerator dosage (12% CAC)
leads to very similar VSDs compared to the lower dosage (7% CAC). This
suggests that while a minimum setting rate is needed, higher values does
not provide additional benefit beyond a certain point.
Concerning 3D printing with concrete where high rates of strength
build-up are often required, entrained air voids should be easy to sta
bilize. In particular, the setting rates needed in practice may be expected
to lie above the minimal value needed for such a stabilization. This is
particularly true for fast vertical printing rates but would deserve veri
fication for long contour lengths for which the setting rates needed are
less pronounced. In conclusion, it can be said that provided the base mix
is well designed and correct dosage of AEA is used, processes involved in
3D printing is unlikely to adversely impact the air void system required
for freeze-thaw performance.

5.4. Relation between degree of protection and spacing factor
It is well-known that spacing factor of any mix has a direct relation to
freeze-thaw performance. However, it is worth noting that spacing
factor is a 2D concept which assumes that voids are uniformly dispersed
in the cement matrix. Furthermore, it also needs to be pointed out that
printed concrete usually has a higher paste content and lower aggregate
content compared to normal concrete, and that the presence of layer
interfaces could lead to a non-homogeneous microstructure. Hence, in
such a case, the PPV analysis helps as it takes into account the spatial
distribution of voids and presence of aggregates. Here, we check if there
is any relation between the degree of protection and spacing factor.
Fig. 14 shows the degree of protection for different protection range
values versus spacing factor for all mixes. As a general rule, lower
spacing factor would imply higher protection degree which is also seen
in the figure. The variation of protection degree (at all chosen values)
versus spacing factor can be approximated by a power law behavior.
Based on this, the spacing factor required to achieve 100% protection
was calculated. Fig. 15 shows the spacing factor required to achieve
100% protection as a function of the assumed protection range value. It
shows a linear behavior with zero intercept.
It is to be noted that the protection range value is chosen somewhat
arbitrarily, but that the trend in literature is to consider 200 μm as a
reasonable value to assume a reasonable protection range. The literature
generally reports that close to 100% protection can be reached when the
assumed protection range is equal to the spacing factor [40,56], but this

Fig. 15. Spacing factor required to achieve 100% protection as a function of
the assumed protection range value.
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does not seem to be the case in the present work. This may be because in
our analysis, the protecting influence of the out-section voids has not
been taken into account. This is a conservative position, considering that
this additional protection may not always be present in printed layers
owing to an non-homogenous distribution of the air voids in 3D printed
concrete. The regression line in Fig. 15 indicates that for any selected
protection range, a spacing factor having 70% of that value should be
taken to guarantee 100% protection of the paste.

Heinz Richner, Andreas Reusser and Asel Maria Aguilar Sanchez (PCBM,
ETH Zurich) with various things in the lab.
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6. Conclusions
The goal of this paper was to study the influence of various pro
cessing parameters encountered in 3D printing on the stability of the air
void system. Some of these processes include pumping, acceleration/
mixing and extrusion. Studies were done on both air-entrained and nonair-entrained series of mixes. Comparisons were also made between
extruded cast and extruded printed samples to assess the role of in
terfaces concerning freeze-thaw protection. The effect of acceleration
the void system was also investigated.
The following conclusions could be drawn from this study:
• Pumping and extrusion processes change the void structure signifi
cantly as both air content and spacing factor change. For the 3D
printing mix used in this study, these processes should result in
worsening of the freeze-thaw performance.
• Acceleration or higher setting rate stabilizes the air void system, and
this should enhance the freeze-thaw performance. In the present
study, the setting rate had a somewhat different influence on the airentrained and non-air-entrained series, particularly different for
‘smaller’ and ‘larger’ sized voids.
• After extrusion, cast and printed samples show similar VSD and quite
comparable spatial distribution of air voids. The 3D PPV curves of
the corresponding cast and printed mixes also show similar behavior.
• However, the degree of protection results needed to be validated by
doing freeze-thaw tests on these samples and possible issues of cold
joints need to be checked. Further investigation of the microstructure
at the within the layers and at their interfaces is also necessary.
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