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Abstract: The high fluidity and low yield stress of fresh foam concrete affect the shape stability and
buildability of foam concrete in the printing process, which is quite a challenge to its application
in digital construction. Therefore, this article proposes the preparation and characteristics of 3D
printed pre-foaming concrete (3DFC). The rheological properties proved that the addition of 0.1 wt.%
Hydroxypropyl methyl cellulose (HPMC) to 3DFCs weakens the fluidity but increases the static yield
stress and apparent viscosity, thus enhancing the buildability. More importantly, the influences of
surfactant on the rheological property, compressive strength, pore structure and thermal conductivity
of 3DFCs were evaluated. Analysis results show that the static yield stress of 3DFCs decreases
from 1735 to 687 Pa with surfactant dosage from 0 to 2 wt.%. Moreover, the addition of surfactant
significantly reduced the apparent viscosity of 3DFCs (especially at low shear rates), but its viscosity
recovery rate was basically unchanged, which is good for buildability. Thanks to the increase of
porosity, the volume density of 3DFCs decreased from 2211 to 1159 kg/m3, but the compressive
strength of 3DFCs also decreased slightly. The thermal conductivity of 3DFCs shows good thermal
insulation performance in the range of 0.2254-0.2879 W/m-K, which is also due to the increase in
porosity of 3DFCs. Finally, in order to verify the practical application value of 3DFCs, an industrial
printing product with more than 30 layers during the field application is displayed.
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1. Introduction

Additive manufacturing in construction is one of the latest development trends in
the concrete prefabrication industry [1,2]. This technology does not require formwork
construction, greatly reduces labor costs, shortens construction time and brings extensive
benefits to the construction industry [3,4]. At the same time, 3D-printed concrete based on
extrusion molding is developing rapidly. Academic researchers and industry practitioners
have developed printing concrete with good thixotropy; that is, materials maintain high
yield stress in a static state and low viscosity after shear [5,6]. However, due to the high
self weight of traditional 3D printing materials, there are huge costs in raw materials,
transportation and labor. In addition, the dense wall with high thermal conductivity
accelerates the indoor and outdoor heat loss, which is not conducive to the sustainable
development of the environment. Therefore, it is urgent to develop an environment-friendly
3D printing material with light weight, porous and excellent thermal insulation effects [7].

One of the most significant sources of greenhouse gas emissions of carbon dioxide is
the construction industry, which emits more than 40% of global emissions over its entire
life cycle. With the development of the global concept of “carbon neutral”, many scholars
began to devote themselves to the development of low-density and energy-saving building
materials [8]. Based on a surfactant and prefabricated foaming method, pre-foaming
concrete has been recognized by practitioners in the industry [9,10]. Foamed concrete
is a kind of lightweight porous material, which is formed by mixing a foaming agent
with high-speed mechanical mixing and then pouring and curing foam into the mixed
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mortar [11,12]. Due to the honeycomb porous structure, foam concrete has low-density,
high fluidity, self-compacting and perfect thermal performance. Among them, the density
can range from 300 to 1800 kg/m?, and the thermal conductivity can range from 0.131
to 0.52 W/(m-K) which is only 10-50% of that of ordinary dense concrete [13—15]. It can
be easily pumped to the construction position, which brings significant convenience to
the construction industry. At present, the digital construction wall adopts the method of
multi-layer printing and superposition to strengthen the bearing and improve the effect of
thermal insulation and sound insulation. This means that the strength requirements for
inner materials are not so high, which provides the possibility for the development and
application of lightweight foams. If energy-saving materials with low thermal conductivity
are used in inner thermal insulation walls, the thermal insulation capacity of the building
can be greatly improved [16].

Extrusion-based 3D printing molding technology consists of four main stages,
i.e.,, mixing, pumping, extrusion and construction [17]. Due to this special processing, the
rheological properties of the printing ink are required differently in different stages. Low
yield stress and apparent viscosity are required in the pumping and extrusion stages [18,19].
However, when the paste is extruded, high yield strength is required to resist the load
from the subsequent build-up layer. In order to meet this challenge, many researchers have
made a series of studies. Hussam Alghamdi et al. prepared 3D printable foam fly ash-based
geopolymer matrices with surfactant [20]. The porosity of extruded geopolymeric foams
was in the range of 55 to 75% for densities from 0.6 to 1.0 kg/m3. Compared with the
cast concrete in the same density range, these properties are very similar. However, the
thermal conductivity of the foaming matrix is still very high, ranging from 0.15 W /(m-K)
to 0.25 W/ (m-K), which is due to the small pore in the foam and the large spacing between
the printing paths. Devid Falliano et al. also prepared cement-based three-dimensional
printable lightweight foam concrete using protein surfactants, and the resulting 3DP-LWFC
had higher compressive strength than C-LWFC [21]. The mechanical strength of 3DP-LWFC
increased with increasing dry density, which is similar to the C-LWFC. However, tradi-
tional foam concrete is difficult to use to meet the printing requirements, which are mainly
manifested as higher fluidity and lower yield stress. Previous studies have shown that the
rheological properties (yield stress and apparent viscosity) of foamed concrete are closely
related to water incorporation [22]. In this experiment, the yield stress of the material
is effectively increased by reducing the water—cement ratio. Additionally, Feneuil et al.
provide clear insight into the effects of surfactant on the yield stress of OPC pastes [23].
They showed that the anionic surfactant that becomes adsorbed to the cement grain surface,
depending on the concentration, can either increase or reduce the paste’s yield stress; i.e., a
lower concentration increases the yield stress whereas a higher concentration decreases the
yield stress. Therefore, it is bold to guess that different foam content is also the main factor
affecting the rheological properties of the “printing ink”, thereby affecting the printing
performance of the material.

The development of 3D printed pre-foaming concrete for construction is still at a
relatively early stage. Not enough has been reported about the relationship between the
composition, structure and properties of this lightweight printed mortar. The purpose of
this paper is to investigate the essential properties of 3DFCs, including rheology, buildabil-
ity, mechanical strength and thermal conductivity. An in-depth understanding of these
problems is conducive to the practical application of lightweight thermal insulation mortar
in digital construction.

2. Materials and Methods
2.1. Materials

The 42.5 ordinary Portland cement used in this experiment was provided by Anhui
Conch Cement Ltd. (Anhui, China) The specific surface area is 325 m?2/ kg, and the main
chemical composition determined by X-ray fluorescence (XRF) is shown in Table 1. To
improve the buildability and mechanical properties of the slurry, hydroxypropyl methyl
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cellulose (HPMC) and polypropylene fiber (PP) are added to the paste, which were provided
by Jiangsu Zhaojia Building Materials Technology Ltd. (Suzhou, China) and Guangzhou
Schneider building materials Ltd. (Guangzhou, China) Natural river sand with a maximum
particle size of 0.6 mm was provided by Jiangsu Yanghe Xincheng New Material Ltd.
(Suqgian, China) Foaming agent is a plant protein surfactant sold by Weihai Zhongsheng
New Building Materials Co., Ltd. (Weihai, China), which is a yellowish liquid and diluted
with water at 1:60.

Table 1. The main chemical compositions of cement. Lol is loss on ignition at 1000 °C (wt.%).

Si02 A1203 F8203 Ti02 CaO MgO 503 Kzo NaZO MnO P205 LOI
22.84 7.14 3.76 0.38 56.24 2.07 2.03 0.74 0.13 0.17 0.099 4.14

2.2. Mix Design and Preparation of Pastes

Table 2 shows the different mix proportions used in this study. Six mixes of 3D printed
concrete were designed and manufactured to examine the effects of surfactant addition on
the rheological and mechanical properties. First of all, the prepared powder was mixed
for 5 min and then mixed with water to form a uniform slurry. The surfactant is diluted
by water to a ratio of 1:60, and foams are produced by a pneumatic foam generator. Then,
the foam is weighed and immediately transferred to the slurry to continue stirring for
1-2 min until the white foam disappears [24]. Low-speed mixing is used in the stirring
process to avoid foam bursting during high-speed mixing. The prepared paste is used
for follow-up experiments. Since the slurry does not have the basic printing performance,
when the surfactant content exceeds 2%, the amount of surfactant in the range (0-2%) was
experimented with.

Table 2. The mixture proportions of Blank and 3DFCs.

Mix Cement Admixture Surfactant (%) Water-B.mder SAND-]-Smder
HPMC(%) PP(%) Ratio Ratio
Blank 100 0 0.2 0.5 0.4 1.1
3DFCO 100 0.1 0.2 0 0.4 1.1
3DFC0.5 100 0.1 0.2 0.5 0.4 1.1
3DFC1.0 100 0.1 0.2 1.0 0.4 1.1
3DFC1.5 100 0.1 0.2 1.5 0.4 1.1
3DFC2.0 100 0.1 0.2 2.0 0.4 1.1

2.3. 3D Printing Concrete

A HC-30PRT Concrete (Mortar) 3D Printing System is used to print the foam specimens.
The initial printing parameters used in this study are presented as follows: layer height of
10mm, nozzle diameter of 20 mm, extrusion width of 9 mm, horizontal movement speed
of 35 mm/s, vertical lifting rate of 5 mm/s and extrusion speed of 1.0 rad/s. In the 3D
printing experiment of concrete, the buildability of printing mortar is evaluated by the
number of printing layers. The stirred mortar is injected into the storage cylinder, and the
mortar is extruded continuously and uniformly through the nozzle under the action of
external force. The maximum number of printing layers before the collapse of the printed
specimen was recorded, and the average value was taken from the three tests.

2.4. Experimental Methods of Fresh Foam Mortar
2.4.1. Mini-Slump and Fluidity

Fluidity is one of the important parameters to evaluate the pumpability and extrud-
ability of 3D printed pre-foaming concrete, which is measured by cement mortar fluidity
tester [25]. According to the standard ASTM C1437-15 [26], the fresh foam mortar is loaded
into the truncated cone die, and then the truncated cone die is gently lifted. Then, the
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jumping table is immediately activated and jumps 25 times. The expansion diameter (as
shown in Figure 1a) of fresh foam mortar in two directions perpendicular to each other
is recorded, and the average value is recorded as the fluidity of the 3DFCs. In order to
directly reflect the buildability of 3DFCs, a mini-slump experiment was developed. The
truncated cone die in fluidity experiment is used as an important tool for the mini-slump
experiment [27]. After the fresh foam mortar is loaded into the truncated cone die, the
truncated cone die is lifted slowly along the vertical direction. Then, the vertical distance
(as shown in Figure 1b) from the highest point to the lowest point of fresh foam mortar is
recorded from three angles, and the average value is recorded as the mini-slump of 3DFCs.

(b)

Truncated cone die

vertical distance

Figure 1. Photos showing the (a) mini-slump and (b) fluidity test.

2.4.2. Rheology

The characterization of the rheological of the fresh foam mortar was measured by a
Brookfield rheometer (R/SP-SST), see Figure 2, which works by changing the shear rate (or
rotational speed) [28]. After the fresh foam mortar is evenly stirred, it is transferred to the
rheometer cup. The upper interface of the fresh foam mortar is flush with the scale line in
the rheometer cup. The rheometer cup is placed in a rotary rheometer, and then the 4-blade
vane probe is lowered slowly until it is completely passed by the fresh foam mortar. The
rheological test was carried out with circulating water device at 20 °C.

The rheological testing mechanism mainly includes the following three steps: (I) Static
yield stress test: Constant shear rate of 0.2 s~ is applied to the foam sample for 120 s [29,30].
The low shear rate is for minimizing the effect of viscosity on the measured stress, which
is almost negligible. (II) Viscosity recovery test (build-ability), as shown in Figure 3: First,
the static viscosity of foam mortar is measured at the low shear rate of 0.01 s~ for 50 s
(stage (i)), and then the shear rate is rapidly increased and maintains a constant shear rate
of 50 s~ for 50 s (stage (ii)), and finally the shear rate is decreased rapidly and continues
for 50 s at a low shear rate of 0.01 s~ (stage (iii)). (III) Apparent viscosity test: The shear
rate of rotary rheometer increased from 0 s~! to 60 s~! in 112 s, and the apparent viscosity
of fresh foam mortar was measured with shear rate. The shear rate and corresponding
time used in the above three processes are designed to simulate the 3D printing process, as
described in Ref. [31].
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Figure 2. Rheometer used in this study.
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Figure 3. Viscosity recovery test.

2.5. Experimental Methods of Hardened Foam Mortar
2.5.1. Compressive Strength and Volume Density

According to the standard ASTM C349-18 [32], the WHY-200 Auto Test Compression
Machine with a loading rate of 1 mm/min is used to test the compressive strength of
3DFCs. The extrusion speed of the printer is adjusted to 1.3 rad/s, and the compressive
strength is tested by printing a rectangular test block of 40 x 40 x 160 mm. The volume
densities of the printing suspensions with different contents of surfactant are measured by
a WLD-1203MD Electronic Density Measuring Instrument. All the samples are cured at
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room temperature (20 + 2 °C) for 28 days. Three repeated samples in each group are used
to test.

2.5.2. Mercury Intrusion Porosimetry

The pore structures of the 28-day cured samples were characterized by a GT-60 Mer-
cury Intrusion Porosimetry (MIP) (Quantachrome Instruments, Boynton, FL, USA). For the
MIP experiment, the hardened foamed pastes were crushed into small granular samples
with a size of about 2-3 mm and then stored in absolute alcohol for at least 24 h to stop
the hydration reaction. All samples need to be dried in a 40 °C vacuum oven for 12 h
before testing.

2.5.3. Scanning Electron Microscopy

In the hydration reaction terminated by anhydrous ethanol, the foam mortar was
dried in a vacuum oven at 40 °C for 12 h. The dried sample is cut into square slices with a
side length of about 5 mm. The pore structure of foam mortar was observed by a JSM- 6510
(Tokyo, Japan) scanning electron microscope. Before the test, the sample is sprayed with a
thin layer of conductive gold.

2.5.4. Thermal Conductivity

The thermal conductivity of 3DP-LWFC at room temperature was measured by
Lambda’s HFM436 Thermal conductivity Meter. The specimens for testing thermal conduc-
tivity were prepared with a 150 x 150 x 20 mm resin mold and cured at room temperature
for 28 days. In order to ensure good contact between the equipment and the sample surface,
all samples were polished flat and parallel and cleaned with compressed air. So as to avoid
the effect of sample humidity on thermal conductivity, the sample was dried in a vacuum
drying box at 60 °C for 4 h before testing. The average value with standard deviation error
of 3DFCs was acquired by testing three replicated samples.

3. Results and Discussion
3.1. Mini-Slump and Fluidity

The printability of 3D printed pre-foaming concretes (3DFCs) is decreased with the
ability to be smoothly transported in the pipeline and extruded from the nozzle and
maintain its shape stability. Workability (including fluidity and mini-slump) is one of the
important properties to evaluate the printability of 3DFCs. Figure 4 shows the results of
mini-slump and fluidity of a blank sample and 3DFCs. It can be observed that the initial
fluidity of the blank sample is 196 mm, but its mini-slump is only 28 mm. Under these
conditions, the mortar can be transported smoothly through the pipeline to the nozzle,
but the shape stability cannot be maintained after extrusion. By adding 0.1% HPMC, the
fluidity of sample 3DFCO0.5 decreased to 140 mm, but its mini-slump increased to 56 mm. At
this time, the sample 3DFC0.5 has good extrudability and buildability. When the surfactant
increases from 0 to 2%, the initial fluidity of 3DFCs increases from 128 mm to 145 mm,
and the mini-slump decreases from 57 mm to 53 mm. Past fluidity tests show that the
fluidity range of ordinary mortar meeting the requirements of 3D printing is 175-205 mm.
Combined with Figure 4, it can be seen that the fluidity of the sample 3DFC0 without
surfactant obviously does not meet the printability for 3D printing. However, for 3DFCs
mixed with surfactants, even a lower initial fluidity can still meet the printing requirements
and maintain good buildability of 3D printing. This may be related to the loose and
porous internal structure, which contributes to the smooth transportation of 3DFCs when
additional pressure is required.
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Fluidity Loss(%)

Figure 5 shows the fluidity loss and mini-slump gain of 3DFCs over time. As shown in
Figure 5, compared to the blank, the addition of 0.1 wt.% HPMC in 3DFCs can significantly
decrease the fluidity loss within 2 h. Accordingly, the mini-slump gain also decreases over
time, which is still good for buildability. Based on this, the fluidity loss and mini-slump
gain caused by the change of surfactant content are small. This shows that the 3DFCs mixed
with surfactant have good slump retention performance. For long-term site construction, it
is undoubtedly beneficial to pump and print.
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Figure 5. Cont.
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Figure 5. The (a) fluidity loss and (b) Mini-slump gain of blank and 3DFCs over time.

3.2. Static Yield Stress

Three-dimensional printing is a layer-by-layer superposition process. Each layer needs
to have sufficient yield stress to resist the upper pressure without deformation. At a constant
shear rate, the yield stress of the mixtures varies with time as shown in Figure 6. It can be
seen from Figure 6 that the static yield stress of the blank is 183.543 Pa. However, under the
same surfactant content, the static yield stress of 3DFC0.5 mixed with HPMC increases to
1189.998 Pa, which is about six times that of the blank. The addition of HPMC can effectively
improve the static yield stress of foamed mortar. The sample 3DFCO without surfactant
shows the highest static yield stress of 1735.109 Pa, which is much higher than that of the
sample with surfactant. When the content of surfactant is from 0.5% to 2.0%, the static yield
stress decreases from 1189 to 687 Pa. Some studies have interpreted this change as the result
of the competition between the skeleton yield stress of 3DFCs and bubble surface tension. To
better evaluate this phenomenon, a plastic capillary number was introduced to quantify the
balance between capillary forces and fluid stresses Equation (1) [33]:

T

Car =357R

@
where T is the paste’s yield stress that tends to deform the bubbles ;T is the capillary stress
that tends to minimize to bubbles’ surface area; R is the average pore size of bubble. When
the surface tension largely dominates the yield stress of the foam suspension, the capillary
number is low, and the bubbles appear as rigid inclusions in the mortar. Therefore, the
yield stress of 3DFCs is not affected by the bubbles for gas volume fraction @ (Table 3)
less than 50. However, when the importance of surface tension decreases, Ca, increases,
and bubbles appear to be soft and easily deformed. A significant reduction of yield stress
with @ is due to mutual exclusion between the gelling attraction of mortar and the inflated
surfactant molecule, with a general increasing trend as a function of foam content.
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Figure 6. Static yield stress of Blank and 3DFCs.

Table 3. Dimensionless yield stress as a function of the gas volume fraction.

No. 3DFC0 3DFC0.5 3DFC1 3DFC1.5 3DFC2
@ 14.76% 31.49% 32.45% 38.00% 43.07%
(D) /7(0) 0.993 0.965 0.963 0.947 0.93

To go one step further, we list a dimensionless yield stress 7, (@) /1,(0) as a function
of @ through Equation (2) [34]:

7(0)

Therefore, we calculate the dimensionless yield stress through the above formula in
Table 3. It is worthwhile to note all the five values of 7, (@) /1,(0)~1, meaning that the yield
stress of a bubble suspension is comparable to the one of the suspending emulsion for the
range of parameters investigated [34].

()

5(©@) _ [1-9)5+30)
5-20

3.3. Apparent Viscosity

As an important method to evaluate the rheological properties of 3D printing concrete,
viscosity test can directly reflect the buildability of foam mortar. The test results are
presented in Figure 7.
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Figure 7. Buildability of Blank and 3DFCs (a) Apparent viscosity (b) Viscosity recovery.

From Figure 7a, it can be seen that with the increase of shear rate, the apparent viscosity
of all mortars decreases gradually. Among them, the blank without HPMC showed the
lowest viscosity at each rate stage. With the addition of 0.1% HPMC, the apparent viscosity
of 3DFCs increased obviously, especially at the low shear rate stage. The incorporation
of HPMC provides a great contribution to the buildability of the foamed mortar. This
is consistent with the above-mentioned yield stress test results. Moreover, as shown in
Figure 7a, with the increase of surfactant content, the apparent viscosity of 3DFCs decreased
gradually at low shear rate but was similar at high shear rate. As demonstrated in previous
study, the apparent viscosity of the yield stress fluid is consistent with the yield stress at
low-speed shear; that is, the relative decrease of the yield stress will lead to the relative
decrease of the apparent viscosity [23].
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Figure 7b shows the viscosity recovery curve of blank and 3DFCs. The structural
rebuild ability of fresh foam mortar is expressed by comparing the viscosity difference
of 3DFCs in stage (i) and stage (iii). From Figure 7b, it can be known that 0.1% HPMC
significantly increased the apparent viscosity and viscosity recovery of sample 3DFC0.5 in
static state compared with the blank sample. The reason is that the thickening property
of cellulose ether induces the flocculation structure of the fresh foam mortar, thereby
improving the bubble stability and increasing the structure construction rate. The viscosity
recovery of 3DFCs did not change significantly as the addition of surfactant increased from
0.5 to 2%. This shows that the change of pore structure has a weak effect on the viscosity of
foam mortar in static state. At the same time, this behavior makes it possible to apply it to
industrial applications.

3.4. Buildability

The real buildability of 3DFCs is affected by both yield stress and apparent viscosity,
and the schematic diagram of the layer height of 3DFCs in Figure 8 directly shows the
buildability of 3D printed pre-foaming concrete. As can be seen from Figure 8, with the
increase of the amount of surfactant, the height of the printed products decreases. The
sample 3DFCO0.5 can print 18 layers continuously at a single time, and the surface of the
specimen is smooth and without obvious cracks. The sample 3DFC1.0 and 3DFC1.5 were
built with 15 and 14 layers, and 3DFC2.0 was built with 12 layers. The amount of surfactant
has a significant effect on buildability of foam mortar, which can explain that when the foam
content increases gradually, the porosity and average pore size of the paste increase, and the
material structure becomes looser, so that the load it can bear in the fresh state is reduced.
Moreover, Figure 9 shows an interval printing process of 3DFC2.0 during a field application.
It confirms the possibility of 3D printed pre-foaming concrete in actual production.

i D Yy e
e L AT

Figure 8. Schematic diagram of the layer height of 3DFCs.

Figure 9. An interval printing process during a field application.
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3.5. Pore Structure

The pore structure of 3D printed pre-foaming concrete directly affects the properties of
hardened paste, including density, compressive strength and thermal conductivity. Figure 10
presents the pore structure (pore size distribution and volume of Hg intruded) of 3DFCs
as measured by Mercury Intrusion Porosimetry (MIP) for 28-day cured foamed mortar.
According to the pore size, the pores can be divided into micropores (diameter < 10 nm),
mesopores (10-50 nm), capillary pores (50-1000 nm) and macropores (>1000 nm) [35].
Form Figure 10a, it can be seen that compared with 3DFCO0, with the increase of surfactant
content, there are more capillary pores and macropores in 3DFCs. At a low-level content
of surfactant, the sample of 3DFC0.5 added more capillary pores and a small number of
macropores. With a higher level of surfactant, the critical pore size of capillary pores of
sample 3DFC1, 3DFC1.5 and 3DFC2 is lower than that of 3DFC0. However, the critical pore
size for them at macropores increases significantly. This phenomenon can be explained
by the rupture between the bubbles introduced by surfactants and the formation of gap
separation, resulting in the formation of larger micropores. As can be seen from Figure 10b,
the cumulative number of pores of 3DFCs increases with the increase of surfactant dose.
This shows that the foam produced by physical foaming of surfactant can obviously increase
the number of pores in cement mortar, so as to achieve the purpose of reducing the density
of cement mortar.

The scanning electron microscope for 3D printed pre-foaming concrete with two
different amounts of surfactants is shown in Figure 11. From the scanning electron micro-
scope images of 50 and 100 magnification, it can be seen that there are a large number of
10-500 pm large pores in the hardened foam mortar, which can not be captured by the MIP
test [20]. The micrograph shows the clear difference between the foam pore size and the
pore distribution among different hardened mortar. It can be observed from Figure 11, the
pore size and the number of large pores are increased with the increase of surfactant dose
from 1% to 2%. It is obvious that the increase of foam content increases the pore size and
quantity of 3D printed pre-foaming concrete. In addition, it can also be observed that the
increase of bubbles leads to the thinning and weakening of the pore wall in the hardened
mortar, resulting in the decrease of compressive strength [36].
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Figure 11. Pore structure of 3DFCs with SEM: (a,c) surfactant = 1%; (b,d) surfactant = 2%.

3.6. Compressive Strength, Volume Density

Figure 12 shows the volume density and compressive strength development of all
3DFCs with various dosages of surfactant. Form Figure 12, it can be observed that with the
incorporation of surfactant, all the 3DFCs shown significant reduction in volume density,
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which is due to the formation of pores in it. For instance, the volume density of sample
3DFCO0 without surfactant is 2211 kg / m?3, and it decreases to 1591 kg/ m? when the addition
of surfactant is increased to 0.5 wt.%. The compressive strength of 3DFCs is closely related
to its density, both decreasing obviously with the addition of surfactant. The strength
performance of printed specimen (i.e., a density of 1591 kg/m3) improved compared
with normal PC foam concrete. This remarkable high strength is mainly attributed to
the incorporation of 0.2% fiber, which enhances the compressive strength of 3DFCs by
preventing micro-cracks [37,38].
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Figure 12. Compressive strength and Volume density of 3DFCs.

3.7. Thermal Conductivity

Thermal conductivity is the main parameter to evaluate the thermal insulation perfor-
mance of mixtures, which is closely related to the composition, structure and density of
mortar [39]. Table 4 shows the thermal conductivity of 3DFCs containing various contents of
surfactant at 20 °C. It is easy to find that the thermal conductivity of 3DFCs always decreases
with the addition of surfactant, which is probably related to the development of pores in the
3DEFCs [40]. It is worth noting that the thermal conductivity of 3DFC containing 0.5 wt.%
surfactant is 0.2879 W/(m-K), at a density of 1591 kg/m?. According to the composition,
aggregate and test conditions, the thermal conductivity of 3DFCs in this work is lower than
that of existing PC foam concrete registered in the range of 0.6-0.8 W/(m-K), [41]. This is
attributed to the decrease of chemically bound water under lower water demand, which
provides a more discontinuous gel structure for foamed mortar.

Table 4. Thermal conductivity of 3DFCs of surfactant dosage.

Samples

3DFC0.5 3DFC1.0 3DFC1.5 3DFC2.0

Volume density (kg/m?)

1600 1480 1320 1160

Thermal conductivity (W/m-K) 0.288 0.287 0.249 0.225
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4. Discussion

In foam concrete 3D printing, the rheological properties of fresh foam mortar are cru-
cial for printability and buildability. This is consistent with previous research reports [7,42].
From the results shown in Section 3, when 0.1% HPMC is added to the foam mortar, the
yield stress and apparent viscosity of 3DFCs change significantly. This is because the
addition of HPMC agglomerates the cement particles together and increases the proportion
of large flocculates, thus increasing the yield stress and apparent viscosity of foam mor-
tar [43]. Accordingly, the fluidity and mini-slump of foam mortar also change obviously.
Through the actual buildability experiments, it is proved that 0.1% HPMC does make 3DFC
have good printability and construction height. This also confirms that fluidity test and
mini-slump test can be used as a macroscopic test method to verify the printability of
mortar before actual printing [44].

The content of surfactant directly determines the bubble content in fresh foam mortar
and the pore structure of hardened mortar, which is very important to the rheological and
hardening properties of 3DFCs. At low surfactant concentration, 3DFCs showed higher
static yield stress and apparent viscosity (especially in low shear state). Accordingly, it
shows higher mini-slump and excellent constructability. With the increase of the dosage
of surfactant, the rheological properties of fresh foam mortar change obviously. The static
yield stress and apparent viscosity decreased obviously, and macroscopically, it also showed
relatively low mini-slump and high fluidity. This change is closely related to the bubble
content in foam mortar. In foam mortar, the hydrophilicity and surface charge of cement
particles make them adsorb around the bubbles with opposite charge. When the bubble
content in 3DFCs is low, the distance between the solid particles is also close. At this
time, the particles have a strong van der Waals force and a weak intermolecular repulsion
force, which promotes the adsorption between particles and the formation of flocculation
structure [7]. With the increase of bubble volume fraction in foam mortar, the connection
and penetration of bubbles increase the bubble size, so the interaction force between
particles is significantly reduced; thus, the yield stress of foam mortar is reduced [45]. In
addition, it can be seen from the buildability experiments that the number of continuous
printing layers of 3DFCs decreases obviously with the increase of bubble volume fraction
in foam mortar, which may be due to the decrease of yield stress leading to the decrease of
load-bearing capacity of 3DFCs [46].

Obviously, as shown in Figure 12, when the amount of surfactant increases from 0 to
2%, the volume density of 3DFCs decreases significantly, accompanied by a sharp decrease
in compressive strength. This is related to the development of pore structure in hardened
foam mortar [47]. It can be observed from the MIP experiment that the cumulative number
of pores in hardened foam mortar increases obviously with the increase of the dosage
of surfactant in 3DFCs. It is worth noting that the incorporation of foam significantly
increased the number of 10-100 um macropores in 3DFCs. In addition, the large pores
of 100-500 pum in the hardening foam mortar were also observed with SEM experiments.
It can be observed that compared with the sample 3DFC1, the pore size and the number
of large pores in the sample 3DFC2 are significantly larger. In general, with the increase
of surfactant dosage, the total pore number and pore size in hardened foam mortar also
increase. The development of pore structure not only causes the volume density change of
foam mortar but also contributes to the decrease of thermal conductivity of 3DFCs, which
is very beneficial to the practical application of 3D printing lightweight thermal insulation
mortar [48,49].

5. Conclusions

This study is aimed to explore the effect of surfactant content on the rheological
properties of 3D printed pre-foaming concrete. The changes of mechanical properties,
dry density, thermal conductivity and pore structure were measured and discussed. It
is expected to provide a valuable reference for the practical application of lightweight
pre-foaming concrete in 3D printing. The test and analysis conclusions are as follows:
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1.  Theaddition of 0.1 wt.% HPMC to 3DFCs increases the static yield stress and apparent
viscosity (especially at low shear rate), thus enhancing the buildability. Although
the fluidity of 3DFCs is reduced, its loose and porous internal structure reduces the
resistance to pumping, which is suitable for printability.

2. The buildability of 3DFCs containing various dosages of surfactant is evaluated via
the static yield stress development, apparent viscosity and viscosity recovery test.
Result demonstrates that the incorporation of surfactants reduces the static yield stress
and apparent viscosity, but the viscosity recovery rate of all 3DFCs is similar.

3. The MIP test results show that the number of macropores (10-100 um) and total
pores in hardened foam mortar increase obviously with the increase of surfactant. In
addition, SEM images show that when the foam content in 3DFCs increases, the pore
size and the number of large pores (100-500 um) in 3DFCs will also increase.

4. The presence of surfactant can effectively reduce the volume density of 3DFCs from
2211 to 1159 kg/m? but also weaken the compressive strength of 3DFCs. This is due
to the generation of more pores with the addition of surfactant and consequently to
the decrease of compressive strength and density. Moreover, the thermal conductivity
of 3DFCs decreases slightly from 0.288 to 0.255 W/(m-K), with the gradual increase of
surfactant dosage, which is also related to the development of pore structure.
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