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Abstract

3D printing with concrete offers many advantages over conventional construction methods and interest in this field of research
has seen a rapid rise in recent years. While there have been large number of cases of successful fabrication of 3D printed
structures, ensuring the long-term durability performance of the fabricated structures is equally important. Freeze-thaw damage
is one such deterioration issue, especially in cold places like Switzerland. This study investigated the effect of the different
processing conditions encountered in 3D printing, namely pumping, acceleration/mixing and extrusion on the air void system
of a standard 3D printable mortar mix. The 3D void size distribution of the air voids obtained using a recently developed
stereological model, along with the ASTM C457 results showed that pumping had the major impact on the void structure as
both air content and spacing factor decreased significantly. The effect of acceleration/change in rheology and extrusion on the
void structure was also prominent from the obtained results. The 3D protected paste volume (PPV) curves showed that
pumping and acceleration processes could enhance the freeze-thaw performance.
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1. Introduction

Concrete research has been reshaped in recent years due to a host of emerging digital fabrication techniques, with
3D concrete printing/layered extrusion being the most extensively researched topic [1-3]. Compared to the
conventional construction methods, this new approach offers numerous advantages in terms of cost, time,
constructability and workspace safety [4]. 3D printing is a process whereby the fresh material is extruded through
a mobile nozzle but, once printed, the material should support its self-weight as well as the layers placed further
above. As such, an ideal printable concrete material is expected to be initially flowable between mixing and
pumping (open time), next placeable with certain shape-holding ability during printing, and then strong enough
to sustain weight applied by subsequently deposited material [5]. One common way to achieve this is by the
appropriate usage of chemical admixtures [6], particularly for structures with high vertical building rate. In such
cases, the hydration of cement is initially retarded but then also accelerated just before the extrusion process. Such
process can generically be defined as setting on demand [7]

To date, there have been a large number of successful cases of 3D fabricated structures. Engineering wise,
however, the long-term durability performance of these structures deserves more attention. One pertinent issue is
the freeze-thaw damage of concrete, which is especially critical in cold places like Switzerland. To cope with this
problem, air-entraining admixtures have been long added into fresh concrete for enhancing the frost resistance.
Experience has shown that the air content measured in the fresh state alone does not define a concrete’s freeze-
thaw resistance, but that this can be assessed from the spacing factor between air voids in hardened concrete [8,9].
According to Powers, the concept of spacing factor assumes that voids are mono sized spheres which are
uniformly distributed in the cement paste with a cubic lattice network [10]. For good freeze-thaw resistance, the
spacing factor value should be less than 200 um, while for high-strength concrete, it could be up to 250 um
[11,12]. ASTM (457 describes a microscope-based method for estimating the various hardened air-void
parameters [13]. However, this test is cumbersome as it involves very time-consuming repeated visual
determination of the concrete material phases-aggregates, cement paste and the air voids. Another limitation of
the ASTM method is that measurements are only one/two dimensional, while air void distribution is a three-
dimensional concept in reality. To overcome these limitations, researchers have developed various techniques to
facilitate the testing, with the flatbed scanner method being the most widely accepted [14—17].

With regard to hardened air void analysis for assessing frost resistance of concrete, the literature mentions studies
about protected paste volume (PPV) [14,18]. The PPV concept is linked to the original idea of the spacing factor
and this analysis goes by the assumption that an air void has a protecting influence on cement paste (over a certain
assigned range) from freeze-thaw damage. The previous practice has been to carry out this analysis on 2D polished
sections of concrete and this quantifies the degree of protection by computing the fraction of paste falling into the



protection range on a 2D plane [19]. However, such a 2D PPV analysis has certain limitations. The radius of an
air void on an inspected surface appearing on the section tends to be smaller than the actual radius of the void,
hence the protection range around an intersected air void (referred to as in-section void) would vary depending
on the cut position. Also, certain sections of the inspected concrete surface may be protected by an un-intersected
air void (referred to as out-section void). Thus, the 2D PPV analysis underestimates the protected range and in
order to accurately estimate the degree of protection, the 3D distribution of both in and out-section voids must be
determined [20]. This can be done by a stereological model recently developed by Song et al. [20]. The results
obtained by this model have been found to align well with those obtained by other authors using techniques such
as numerical simulation and computed tomography. Fig. 1 illustrates the difference between the 2D PPV analysis
and the actual protected zone [20]. In the figure, the in-section voids are shown in blue, the out-section voids in
orange and the protected paste in green.
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Fig. 1. Difference between 2D PPV analysis and the actual protected zone. Permission requested from [20].

Previous studies have shown that the air void system of concrete can be readily altered by the placement method
during the fresh stage. This issue can be more pronounced in case of 3D printable concrete, as both pumping and
extrusion can impose a greater influence than normal concrete placement methods. The potential interaction
between the different chemical admixtures further complicates the situation. In this paper, the impact of the
different processing conditions encountered in 3D printing, namely pumping, acceleration/mixing and extrusion
on the air void system is studied. The hardened air void analysis is carried out on a standard 3D printable mortar
mix after the various processing steps.

2. Materials and Methods
2.1 Material

This study was carried out based on samples cast from a single batch of mortar mix, with the different processing
conditions. The batch mix consisted of crushed limestone aggregates (maximum size of 2 mm; 46% by volume),
CEM I 52.5R (Holcim Normo 5R) cement, silica fume and limestone filler (8% and 15% by weight of
cementitious material respectively). PCE based superplasticizer BASF MasterGlenium ACE30 (Switzerland) and
30% sucrose solution were used (1% and 0.2% by weight of cementitious material respectively). A calcium
aluminate cement (CAC; Ciment Fondu, source: Kerneos) paste retarded with 0.1% sodium gluconate was used
as the accelerator. The water to cement ratio for both the retarded base mortar mix and CAC paste were 0.38.
After being pumped, the mortar mix was mixed with the CAC paste accelerator at the nozzle. The flow rate for
the mortar mix was 1.4 L/min, while that for the accelerator mix was 54 mL/min and the residence time at the
mixing chamber was 30 seconds. The pumping and extrusion pressures were 1.2 bar and 0.2 bar respectively. The
material was collected after the different processing steps and cast into Plexiglas cylindrical molds having
diameter of 9 cm and height of 12 cm, to create four different groups: Group A (Base mix retarded before
pumping); Group B (Base mix retarded after pumping); Group C (Base mix extruded, but not accelerated) and
Group D (Base mix accelerated and extruded). The idea behind creating these groups of mixes was to see if the
change in rheology after acceleration also has an effect on the air void system, in addition to the pumping and
extrusion. One cylinder was cast (with compaction to get rid of most of the entrapped air) for each group and
these were all cured in a chamber with 95% relative humidity for at least 14 days, before being worked upon.

2.2 Sample preparation/scanning and image segmentation/processing

The cylinder samples were first saw-cut along their axis into two half cylinders which were further saw-cut into
half to yield four half cylinders of 9 cm by 6 cm. These samples were then polished according to the method



specified in ASTM C457 [13]. The method of sample preparation/scanning was similar to that followed by Song
etal. [17].

After the polishing step, it was ensured that the surface was dried. An orange fluorescent chalk powder (Irwin
Marking Chalk) was used to fill the air voids. Once all the air voids were filled, the excess powder was struck off
by running a sharp razor blade over the surface at a very low angle. Care was taken not to scratch the surface
during this step. All samples were then scanned with a commercial-grade flatbed scanner (CanoScan5600F) with
a resolution of 4800 dpi (edge length of each pixel being 5.3 um). In order to satisfy the minimum scanned area
of 75 cm?, as specified in ASTM C457 [13], three samples from each group were worked upon and the size of
each scan was 5 cm by 5 cm. After obtaining the scan, the next step was image segmentation. This was done using
a deep learning neural network (NN) model. During the final processing, air voids smaller than 10 pm and
aggregates smaller than 100 um were removed as a noise reduction step. The pores present in the aggregates were
also filled and finally, a ternary image showing the different phases was yielded. Eventually, an automated
analysis was conducted to compute the various ASTM C457 parameters from the ternary images.

2.3 3D analysis

For the computation of the various 3D parameters, a convolutional neural network (CNN) model was used. More
details about the CNN model can be found in literature [21]. This model was developed based on the state-of-the-
art CNN DeepLabv3 [22] and ResNet-101 [23] and has shown remarkable performance [24,25]. PyTorch, which
is an open-source machine learning library in Python was used for implementing the algorithm. The following 3D
parameters were computed using the model:

e 3D void model: This shows the 3D distribution of the in and out-section voids. The out-section voids are
the un-intersected voids whose protection range falls on the inspected section. These are estimated from
the actual void size distribution of the in-section voids and an assumed protection range. The protection
range was taken as 200 um. The 3D protection yield (PPV map) from all voids were also obtained.

e 3D void size distribution of in-section voids: This refers to the actual void size distribution of the
intersected voids. These are estimated from the 2D or apparent void size distribution of the voids on the
inspected section.

e 3D paste protection: This quantifies the degree of 3D paste protected as a function of the assumed
protection range. This is done based on the same principle as PPV concept.

3. Results and Discussion

A typical scan and its processed ternary image are shown in Fig. 2 (a). Fig. 2 (b) shows the magnified versions
(image section being 1.7 cm by 1.7 cm) of the top right corner of the images. This example represents the general
quality of the original scans and the segmented images done by the CNN model. The processed ternary image
was then used to compute the various ASTM C457 parameters and the 3D air void results.
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Fig. 2. (a) Original scan and its processed ternary image of sample D1 (5 cm by 5 cm); (b) magnified versions of the top
right corner of the images (1.7 cm by 1.7 cm)

Based on the segmented images, the aggregate content, paste content, air content and spacing factor of the different
groups of samples are shown in Table 1. The mortar mix is not freeze-thaw resistant as the spacing factor values
are higher than the prescribed 200 um [13]. The results also confirm that the pumping action does alter the void
structure as both air content and spacing factor decrease. However, the difference in spacing factor values between
Groups B, C and D is neglectable. The difference in air content values between them could be due to some
entrapped air formed during the casting process.

Table 1. Air void parameters of the different groups of samples for three independent scanned areas of 25 cm? each

Group Aggregate content [%] Paste content [%] Air content [%] Spacing factor [um]
A 38.7+04 57.2£0.9 42+05 529+ 15
B 37.7+£04 59.0£0.4 33+0.1 436 £1
C 38.8+0.5 57.5£0.4 3.8+0.6 458+ 14
D 36.1+ 0.1 59.9£0.1 4.0£0.1 441 +£20

Fig. 3 (a) shows the 3D void model of the top right corner of sample D1 (section size of 1.7 cm by 1.7 cm), as an
example. In this figure, the blue spheres denote the in-section voids, while the out-section voids are represented
by the yellow spheres. The semi-transparent shells around them indicate the assumed protection range. It is to be
noted that the assumed protection range of 200 um is an arbitrary value, which has often been taken in literature



for analysis and this does not imply any real physical protection range as there is no evidence yet, to confirm this.
Fig. 3 (b) shows the protected paste volume (PPV) map, which is available as partial size corresponding to the
partial 3D model displayed in Fig. 3 (a). The 3D PPV map illustrates the spatial information of the various phases.
In the figure, the color annotation has been done in a way to better qualify the protection degree as function of the
assumed protection range. The protected paste in the figure makes a transition from green to yellow while the red
zone (for protection range above 300 pwm) indicates the unprotected paste.
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Fig. 3. (a) 3D void model of top right corner of sample D1; (b) partial PPV map of sample D1 corresponding to partial
model displayed in (a)



Fig. 4. shows the 3D void size distribution (VSD) of the samples from every group along with their error bars.
The VSD curves show decent consistency within the same group and contrast can be seen between the different
groups. Comparing Groups A and B, it is seen that the pumping breaks the ‘oversized’ air voids (> 300 pum) into
smaller ones such that a larger concentration of smaller voids (< 100 um) per unit volume is seen after the
pumping. This could explain the decrease in spacing factor between Groups A and B. There is also some loss of
air as can be seen by the decrease in air content. The fact that pumping can alter the void structure has also been
found by other researchers [26,27]. A different observation was reported by Pleau et. al, 1995 [27]. They found
that pumping removes the ‘smaller’ air voids but the larger ones are little affected. However, it is important to
note that their pumping pressures were much higher, of the order of 15-30 bar, in contrast to the 1.2 bar used for
the current study. It is likely that in addition to the pumping pressures, the actual impact of pumping on the air
void system would also depend on other factors such as mix design/rheological properties of the mix and how
well air-entrained the mix is.

Although the ASTM C457 results illustrated in Table 1 show that the spacing factor did not change significantly
between Groups B, C and D, a notable change is found regarding the VSD curves. In particular, the curve for
Group C tends to shift rightwards. Hence, both the acceleration and extrusion (even at a pressure as low as 0.2
bar) can change the void structure. The difference in the VSD curves of Groups C and D indicates the effect of
rheology on the air void system of the extruded material.
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Fig. 4. Void Size Distribution (VSD) curves for different groups of samples

The degree of protection of a concrete mixture from freeze-thaw damage depends on the assumed value of
protection range. Fig. 5. shows the degree of 3D protection for the different groups as a function of the assumed
protection range. It can be seen that the degree of protection increases non-linearly as the protection range
increases. The difference in the degrees of protection between the different groups of samples can also be seen.
Group C, in particular is less protected compared to the other groups. This observation also aligns well with the
3D VSD results where it is seen that Group C has a relatively higher concentration of voids larger than 100 um.
This also supports the notion that a higher concentration of closely spaced ‘smaller’ sized air bubbles is good for
freeze-thaw protection.
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Fig. 5. Degree of 3D protection as function of assumed protection range for the different groups

Group B has a higher concentration of smaller sized air voids (< 100 um) and a smaller spacing factor compared
to Group A, hence, if the mix was well air-entrained, the pumping action could possibly enhance its freeze-thaw
performance. Pertaining to the requirements of 3D printing, an acceleration of cement hydration is most often
necessary before the extrusion process. This also augurs well for the freeze-thaw performance as can be seen from
the 3D PPV curves of Groups C and D. In short, provided the base mix is well designed in terms of freeze-thaw
resistance, 3D extrusion should not compromise that property either because of processing or use of accelerators.
Until such conclusions are more broadly validated, it is however recommended to test the air void spacing of 3D
printed concrete that will be exposed to freeze-thaw cycles. The methods used in this paper offer a way of doing
sO.

As a next step in this work, the same analyses will be carried out on a 3D printable mortar mix with different
levels of air-entrainment. While it is expected that air-entraining admixtures (AEAs) will lead to a more stable
air-void system, it will be interesting to assess the effect of the different processing conditions on such a system.
The potential interaction between the defoamers present in superplasticizers and the AEAs can possibly further
affect the stability.

4. Conclusions

3D printing with concrete most often involves the following processing steps: pumping; acceleration/mixing; and
extrusion. In this study, the effect of these processing conditions on the air void system of a 3D printable mortar
mix was studied. The analyses was done based on the ASTM C457 results as well as 3D VSD and 3D PPV curves.
It was found that pumping had the most severe impact on the air void system as both air content and spacing factor
decreased significantly. The effect of acceleration/change in rheology and extrusion on the void structure was also
prominent from the obtained results. In particular, Group C showed a relatively higher concentration of air voids
larger than 100 um, and it was found to be less well protected from freeze-thaw damage compared to other groups.
If the mortar mix is well air-entrained, then the implications of the pumping and acceleration on the freeze-thaw
performance are evident from the results.
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