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Abstract: Grout sleeve splicing of rebar is a major technology in prefabricated buildings, and ce-
mentitious grout for rebar sleeve splicing (hereinafter called grout) is an essential material for this
technology. Grout, with its excellent mechanical properties, improves the stability of rebar sleeve
splicing. In this study, the mechanical properties of grout were improved by introducing an admixture
in the form of a defoamer, and the influence of the defoamer on the fluidity, loss rate of fluidity, wet
apparent density and strength of the grout was investigated. The action of the defoamer in regulating
the pore structure of the grout was further analyzed using the mercury intrusion porosimetry (MIP)
method. The results showed that when the dosage of defoamer was increased from 0 to 0.025%, the
fluidity of the grout initially increased and then decreased, but there was no change in the loss rate
at 30 min. The wet apparent density increased continuously, whereas the flexural and compressive
strength generally increased initially and then tended to stabilize. The MIP test results showed that
the defoamer increased the pore volume of the grout in the range of 6 nm to 30 nm and decreased the
pore volume in the range of 30 nm to 60 µm. However, in the 60 µm to 300 µm pore size range, the
pore volume increased when the dosage of the defoamer was 0.0025% and 0.0075%, and decreased
when the dosage was 0.005% and 0.001%. The porosity of the grout initially decreased and then
increased slightly as the dosage of the defoamer increased from 0 to 0.01%. The introduction of
defoamer can optimize the pore structure of grout and then improve its mechanical properties. The
influence of defoamer on grout properties and pore structure were systemically studied with a view
to providing technical and theoretical guidance for rebar sleeve-splicing technology in prefabricated
construction.

Keywords: defoamer; fluidity; strength; pore structure

1. Introduction

The requirement to incorporate sustainability in the construction of new buildings
presents a challenge for the construction industry. Prefabricated construction is considered
a sustainable construction method in engineering practice and represents a new direction
for green development in the construction industry [1–3]. Compared with traditional
methods, prefabricated construction can effectively reduce energy consumption and CO2
emissions [4], improve construction efficiency and building quality and, more importantly,
limit the negative environmental impact of construction [5]. In prefabricated construction,
reliable splicing of the reinforcing bars in the prefabricated components is key to ensuring
integrity and structural security, and this splicing is realized by injecting cementitious
material into the reinforcing bar sleeve. Therefore, the quality of the mechanical properties
of the grout that is used for rebar sleeve splicing (hereinafter called grout) determines the
reliability of the splicing [6–9].
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Chemical admixtures are essential in the preparation of high-performance grout;
for example, polycarboxylate superplasticizer (PCE) is commonly used to ensure the
workability and mechanical properties of grout. The comb-like PCEs are composed of
anionic adsorption groups and polyether side chains. The former functions by adsorbing
onto the cement particles, yielding a double electric layer, which results in electrostatic
repulsion between particles, whereas the latter floats freely to achieve steric hindrance
in the liquid phase [10–12]. However, PCE that consists of a hydrophobic hydrocarbon
chain and a hydrophilic adsorption group is a typical surfactant and also an effective air
entrainer [13]. It adsorbs on the air–liquid interface and effectively reduces the surface
tension, improving the strength of the liquid film between foams and thus the stability of
the foams, which are of uneven size and irregular shape and may affect the mechanical
strength of the grout [14,15]. Therefore, a defoamer must be added to the grout to eliminate
these harmful foams and improve the performance of the grout [16]. Either because of the
processing of the cementitious materials or surfactant-induced gas, the structure of fresh
grout ultimately comprises gas, liquid and solid phases [17]. As the slurry hardens, the
air foams that remain in the structure become the weakest point, eventually reducing the
strength of the grout [18]. Defoamer is an admixture that can be used to reduce, suppress
and control foams. In summary, the defoamer works by shrinking the walls of the plateau
borders between foams or by destroying the structural stability of the foam film through
osmosis [19,20]. It is generally agreed that the mechanical properties of mortar are closely
related to its pore structure, so the addition of defoamer is a logical choice to improve the
properties of the grout used in prefabricated construction. Mao [21] found that polyether
modified silicone (PMS) defoamer could effectively reduce the volume expansion rate
of magnesium ammonium phosphate cement (MAPC) mortar from 7.92% to 0.91%, and
the total porosity of PMS-modified MAPC decreased by approximately 40%, significantly
reducing the volume of harmful pores and improving the compressive strength. Luo [22]
studied the changes in the mechanical properties and microstructure of geopolymer mortar
and found that, although defoamer effectively improved the workability and apparent
quality of the mortar, it could not improve the compressive strength, and the introduction
of defoamer reduced the cementation between the mortars and increased the voids within
the mortar. It can be seen that defoamers appear to have different influences on mortars in
different application scenarios.

Because of its particular application, the early, middle and late compressive strength
of grout must be sufficiently high to meet the performance requirements of rebar sleeve
splicing. At present, there are many types of defoamer on the market, but it is difficult to
control the dosage, and the influence of different dosages of defoamer on the properties
and pore structure of grout is rarely reported. Therefore, it is of great significance to carry
out experiments on the influence of defoamers on grouts. In this study, we examined the
influence of a defoamer on the fluidity, loss rate of fluidity, wet apparent density, flexural
and compressive strength and pore structure of grouts when other components were
identical. It is hoped that this research can be referenced for the application of defoamer in
the preparation of high-performance grouts.

2. Materials and Methods
2.1. Materials

Ordinary Portland Cement, P·O 42.5 according to the Chinese standard GB 175-2020,
was used for this study, and its measured bulk density was 1130 g/L. Silica fume (SF)
was obtained from Elkem Silicones Chinese Co., Ltd. (Shanghai, China). The expansion
agent (CSA) was obtained from SP-Material Co., Ltd. (Shanghai, China); this was mainly
composed of calcium sulfoaluminate and fly ash, its appearance was grey powder, and its
bulk density was 805 g/L. The plastic expansive agent (PEA) used was yellow powder, and
its bulk density was 792 g/L. The stabilizer (Starvis® 3003F, ST) was obtained from BASF
Company, Germany, which is a white powder used to improve the viscosity of grouts, and
its bulk density was 378 g/L. Polycarboxylate superplasticizer (Sika® ViscoCrete®-540P,
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PCE) was obtained from Sika Co. Ltd., China, which is a yellow powder, and its bulk
density was 670 g/L. The chemical compositions of the cement, SF, CSA and PEA, as
determined by X-ray fluorescence analysis, are shown in Table 1. The aggregates were
quartz sands composed of two particle-size grades: sand A (20–40 mesh) and sand B
(40–70 mesh). The defoamer (AGITAN® P803) used in this experiment was produced by
MÜNZING Co. Ltd. (Abstatt, Germany); it is a white powder in accordance with the
Chinese standard GB/T 26527-2011 and is composed of a mixture of silicone oil and a
special emulsifier. The bulk density of the defoamer was 490 g/L.

Table 1. Chemical compositions of the cementitious materials and admixtures/%.

Oxides Na2O SiO2 K2O CaO P2O5 Al2O3 SO3 MgO Cl Fe2O3 CO2 Others

Cement 0.18 20.61 0.85 57.23 0.07 6.67 3.73 3.90 0.05 0.62 - 4.09
SF 0.51 88.66 2.71 0.41 - 0.46 0.59 1.95 - 1.54 2.81 -

CSA 0.159 14.09 0.518 51.00 0.072 10.85 14.13 0.872 0.033 2.948 4.501 0.857
PEA 15.40 0.124 - 0.042 - 0.018 0.041 - 0.640 0.018 83.72 -

The mix proportions of the grouts are shown in Table 2, and the mass of the defoamer
as a proportion of the cementitious material was 0, 0.0025%, 0.005%, 0.0075%, 0.01%,
0.0125%, 0.015%, 0.02% and 0.025%.

Table 2. Mix proportions of the grouts.

No. Cement/g SF/g Sand A/g Sand B/g CSA/g PEA/g ST/g PCE/g Defoamer/g% W/B

GJ1 456 24 318 180 20 0.2 0.05 2.5 0 0.25
GJ2 456 24 318 180 20 0.2 0.05 2.5 0.0025 0.25
GJ3 456 24 318 180 20 0.2 0.05 2.5 0.005 0.25
GJ4 456 24 318 180 20 0.2 0.05 2.5 0.0075 0.25
GJ5 456 24 318 180 20 0.2 0.05 2.5 0.01 0.25
GJ6 456 24 318 180 20 0.2 0.05 2.5 0.0125 0.25
GJ7 456 24 318 180 20 0.2 0.05 2.5 0.015 0.25
GJ8 456 24 318 180 20 0.2 0.05 2.5 0.02 0.25
GJ9 456 24 318 180 20 0.2 0.05 2.5 0.025 0.25

(W/B is water-to-binder ratio, and binder refers to cement and SF).

2.2. Preparation and Testing Methods
2.2.1. Fluidity

The fluidity test was carried out in accordance with the Chinese standard JG/T 408-
2019 [23]. A fluidity test mold with a lower inner diameter of 100 mm, an upper inner
diameter of 70 mm and a height of 60 mm was placed horizontally at the plate glass. Then,
immediately after mixing, the fresh grout was carefully poured into the mold, and the
mold was slowly lifted to allow the grout to flow freely under undisturbed conditions
until it stopped. The maximum diameters of the fresh grout in two vertical directions were
measured using a straightedge, and the average value of the two was taken as the initial
fluidity. The diameters of the grout were also determined after 30 min, which was noted as
the fluidity at 30 min. The loss rate of fluidity at 30 min was calculated according to the
following formula:

FL =
Fin − F30

Fin
× 100% (1)

where FL is the loss rate of fluidity at 30 min, Fin is the initial fluidity and F30 is the fluidity
at 30 min.

2.2.2. Flexural Strength and Compressive Strength

The strength test was performed in accordance with the Chinese standard JG/T 408-
2019 and ISO method. The flexural strength and compressive strength of the grouts were
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tested at 1 d, 7 d and 28 d. For each formulation in Table 1, three series of mortar prisms
sized 40 mm × 40 mm × 160 mm were prepared for the test (temperature 20 ± 1 ◦C,
humidity ≥ 95%).

2.2.3. Wet Apparent Density

The wet apparent density of the grout was measured with reference to the Chinese
standard JGJ/T 70-2009 [24]. The volume of a rigid beaker was calibrated using water and
then filled with the fresh grouts. First, the mass of the beaker was weighed; then, the grouts
were scraped out of the beaker, and the mass of the grouts and the beaker were weighed.
The wet apparent density of the grouts was calculated according to the following formula:

ρw =
m2 − m1

V
× 1000 (2)

where ρw is the wet apparent density of the grouts, m1 is the mass of the beaker, m2 is the
mass of the grouts and the beaker and V is the volume of the beaker.

2.2.4. MIP

The pore structure of the grouts was analyzed using mercury intrusion porosimetry
(MIP). The Poremaster-60GT automatic mercury injection instrument produced by Quan-
tachrome Instruments was used in this experiment. A hammer was used to chisel the
hydrated, hardened grouts at 28 d, and a small sample of 2.5 mm~5.0 mm was selected
from the center of the hardened grouts for the pore structure test.

3. Results and Discussion
3.1. Influence of Defoamer on the Fluidity and Loss Rate of Grouts at 30 min

The influence of defoamer on the initial fluidity, the fluidity at 30 min and the loss
rate at 30 min of the fresh grouts is shown in Figure 1. As shown in Figure 1a, when the
dosage of defoamer increased from 0 to 0.02%, the initial fluidity of the grouts increased
from 300 mm to 330 mm, which is an increase of 10%, indicating that within the dosage
range, the defoamer had a favorable effect on the fluidity of the grouts. However, when
the dosage of defoamer increased from 0.02% to 0.025%, the initial fluidity decreased from
330 mm to 303 mm, which is a decrease of 8%. As shown in Figure 1b, when the dosage of
defoamer was 0.02%, the FL of the grouts was 11.2%; however, the FL of the grouts at the
other dosages of defoamer only changed slightly, ranging from −0.7% to 4.3%.
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Figure 1. Influence of defoamer on the fluidity and loss rate of grouts at 30 min: (a) fluidity; (b) loss
rate of fluidity at 30 min.

Foams can impart a ball-bearing effect in fresh grout that enhances the ease of move-
ment of aggregates, so a certain dosage of defoamer will cause the grout to increase [25,26].
However, because of the air induction caused by stirring and surfactants, the diameter of
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the bubbles in fresh grout will differ. Generally, the defoamer can inhibit and eliminate
larger foams in mortar, and the influence of the bubble ball bearings increases. Therefore,
when the dosage of defoamer increases from 0 to 0.02%, the fluidity of the grout increases.
When the dosage of defoamer reaches a certain value, the defoaming effect is obvious, and
the amount of foam performing the ball-bearing role is significantly reduced; thus, the
fluidity of the grout is reduced. Therefore, when the dosage of defoamer increases from
0.02% to 0.025%, the fluidity of grouts is reduced. As the foams in the fresh paste undergo
a process of merging and diffusion, the final pore structure of the hardened paste cannot
fully reflect the foams that are present in the fresh paste.

3.2. Influence of Defoamer on Wet Apparent Density of Grouts

The influence of defoamer on the wet apparent density of grouts is shown in Figure 2.
Comparing the grouts with and without defoamer, the wet apparent density of the grouts
with defoamer was increased by 1.43~5.11%. When the dosage of defoamer was 0.01%,
the wet apparent density of the grouts was at its highest. After adding defoamer, the
wet apparent density of the grouts increased, which further confirms the inhibition and
elimination effect of defoamer on foams.
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Figure 2. Influence of defoamer on the wet apparent density of grouts.

3.3. Influence of Defoamer on Mechanical Properties of Grouts

The influence of defoamer on the strength of the grouts at 1 d, 3 d and 28 d is shown
in Figure 3. It can be seen from Figure 3 that, with the exception of the flexural strength at
3 d, the flexural strength and compressive strength of all the grouts mixed with defoamer
were higher than those without defoamer. When the dosage of defoamer increased from 0
to 0.025%, the flexural strength and compressive strength of the grouts at all ages generally
increased initially and then tended to stabilize. Compared with the grouts without de-
foamer, when the dosage of defoamer was 0.005%, the compressive strength of the grouts
at 1 d, 3 d and 28 d increased by 35%, 31.5% and 33.2%, respectively. When the dosage of
defoamer was 0.0075%, the compressive strength at 28 d was 43.2% higher than that of the
grout without defoamer. Therefore, the optimal dosage of defoamer was 0.005%. Further-
more, when the dosage of defoamer was greater than or equal to 0.005%, the compressive
strength at 3 d and 28 d was greater than 60 MPa and 85 MPa, respectively, which meets
the requirements of the Chinese standard JG/T 408-2019. It can be seen that the defoamer
plays a very significant role in improving the strength of grouts. In addition, the influence
of the defoamer on the strength of grout is limited; in other words, it is not a case of the
higher the amount of defoamer, the higher the strength, but rather the strength relates to
the modification of the internal pore structure of grout by the defoamer.
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3.4. Influence of Defoamer on Grout Pore Structure

Following the MIP tests, Figure 4 presents the pore size distribution in the range of
6 nm to 300 µm for the grout specimens without defoamer and with defoamer admixtures
of 0.0025%, 0.005%, 0.0075% and 0.01%. In the pore size range from 6 nm to 30 nm, the pore
volume of the grout with defoamer was generally larger than that of the grout without
defoamer. When the dosage of defoamer was 0.0025%, the pore volume was highest, and
a very high peak appeared at 10 nm. When the dosage of defoamer was 0.01%, the pore
volume was lowest and close to that of the grout without defoamer. In the wide pore size
range from 30 nm to 60 µm, the pore volume of the grout without defoamer was almost
always the highest of all the grouts, and there were five peaks: two larger peaks at 45 nm
and 70 nm and three smaller peaks at 12 µm, 20 µm and 51 µm. The pore volumes of
the other four types of grout mixed with defoamer were smaller than those of the grout
without defoamer, and the corresponding pore volume peaks were reduced or disappeared
completely. It follows that pores in the range from 30 nm to 60 µm can be considered
harmful pores, which could reduce the compressive strength of the grout. When the dosage
of defoamer was 0.01%, the pore volume was only inferior to that of the grout without
defoamer. When the dosage of defoamer was 0.0025% and 0.0075%, the pore volume was
relatively small. In the pore size range from 60 µm to 300 µm, all five grouts showed a peak
close to 170 µm with the highest pore volume observed when the dosage of defoamer was
0.0025% followed by the grouts with 0.0075%, 0, 0.005% and 0.01% defoamer, in that order.
In order to further analyze the influence of defoamer on pore structure, the variation in
the regulation of defoamer on different pore size range percentages and the porosity of the
grouts is illustrated in Figure 5. The maximum proportion of the pore size range of 30 nm
to 60 µm in the grout without defoamer was 61%, whereas a pore structure of 30 nm to
60 µm in the grouts with added defoamer was gradually transformed to a pore structure of
less than 30 nm. In particular, when the dosage of defoamer was 0.0075%, the maximum
amount of grout with a pore size below 30 nm was 78%, which was more than twice that
of the grout without defoamer. However, when the dosage of defoamer increased from
0.0075% to 0.01%, the pore volume below 30 nm decreased to 51%, which was smaller than
that of all the grouts mixed with defoamer. The influence of defoamer on the porosity of
the grouts is shown in Figure 6. It can be seen that as the defoamer content increases from
0 to 0.01%, the porosity of the grout first decreases and then increases slightly. When the
dosage of defoamer increases from 0 to 0.025%, the porosity of the grout decreases by 36.6%,
indicating that a low amount of defoamer can significantly reduce the porosity of grouts.
As the dosage of defoamer continues to increase, the porosity of the grout slowly decreases.
When the dosage of defoamer is at 0.0075%, the porosity is at its lowest. However, when
the dosage of defoamer increases from 0.0075% to 0.01%, the porosity of the grout increases
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by 16.3%. Macropores (>30 nm) in the hardened grouts are more likely to produce weak
spots for cracking under loading, which explains the decrease in compressive strength at
28 d and the increase in porosity when the dosage of defoamer is 0.001%. Therefore, in
combination with Figure 5, it can be seen that 0.0075% is the optimal dosage with regard to
the pore structure of grouts.
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The MIP test results relating to the pore structure of grouts can explain the variation
in the regulation of grouts. When the dosage of defoamer is 0.0075%, the porosity of grouts
is lowest and the corresponding compressive strength at 28 d is the highest.

3.5. Mechanism of Defoamer in Grouts

The foams present in the mortar are a system containing a huge surface area and
surface energy, and therefore, these foams will accumulate spontaneously to stabilize; the
stability of the foams is relative, and the instability is absolute as shown in the foams of I
and II in Figure 7 [15,17]. PA, PB and PC are three foams of the same diameter; they will
spontaneously accumulate together to reduce their own surface energy, and thus there will
be a film of foam called a plateau border between the PA, PB and PC foams. The liquid
in the plateau border will converge to the intersection of the foam film thus reducing the
thickness of the plateau border, and then the foams achieve accumulation. When there are
foams of different sizes, the accumulation between them follows the Laplace equation:

∆P =
2γ

R
(3)

where ∆P is the additional pressure under the curved interface, γ is the surface tension
of the liquid phase and R is the radius of curvature of the foam. Because the radius of
curvature of the PA and PB foams is different, there is additional pressure under the curved
interface, and PA > PB; therefore, the air in the smaller foam runs into the larger foam.
However, in fresh grout, the surfactant is attached to the foam surface and exists in the
plateau border; this reduces the surface tension in the gas–liquid phase and thus reduces
the additional pressure, which extends the life of the foam, i.e., its stability is enhanced as
shown in Figure 7, III. In this study, the defoamer used was an oil–solid agent, and there
are two main antifoam mechanisms: the antifoam action of oil droplets and the pin effect
of solid particles as shown in Figure 7, IV [19,27]. In the grout mixed with defoamer, the
oil droplets will connect the two sides of the foam film, that is, form a bridge between
them. Subsequently, the equilibrium at the gas–liquid interface is broken by the penetration
of the oil droplets, and the foam film is disrupted by the requirements of the laws of
capillarity. In addition, the solid particles reduce the barrier for oil droplets to enter the
foam film and puncture into the foam film through the pin effect, which destabilizes the
three gas–water–oil phases and promotes the movement of the oil droplets.
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Defoamer optimizes the pore structure of hardened grout through its defoaming effect
as shown in Figure 5. The pore volume of the grout mixed with defoamer is less than
that of the grout without defoamer in the range of 30 nm to 60 µm, and the pore volume
of the grout below 30 nm increases. Most importantly, the pore structure determines the
mechanical strength of the grout [28,29]. Figures 3b and 6 show the influence of defoamer
on the pore structure and compressive strength at 28 d, indicating that the lower the
porosity, the greater the compressive strength. However, when the defoamer is overmixed,
it has a negative effect on the strength of mortar.

4. Conclusions

Grout is a common material in prefabricated construction and is an important compo-
nent of rebar sleeve-splicing technology. This paper focuses on the influence of a silicone
oil-based defoamer on the properties and pore structure of grout. It was found that the
introduction of defoamer can eliminate large and harmful foams in the grout. This influence
can improve the ball-bearing effect of small foams in the grout to enhance workability,
and when the dosage of defoamer was increased from 0 to 0.0025%, the fluidity generally
increased initially and then decreased with little change in the loss rate of fluidity. Fur-
thermore, the pore structure of the hardened grouts can be optimized so as to improve
the compressive strength. As the dosage of defoamer was increased from 0 to 0.0075%,
the compressive strength increased gradually and then remained unchanged or slightly
decreased with further addition of defoamer. The optimal dosage of defoamer in the grout
was 0.005%~0.0075%. In addition, the mechanism of the silicone oil-based defoamer used
in this study was summarized as a model involving the antifoam action of oil droplets and
the pin effect of solid particles, which together gradually transform harmful pores larger
than 30 nm into pores smaller than 30 nm, resulting in improved porosity. In summary,
defoamer is an essential admixture to enhance the mechanical properties of grout, which is
of great significance to promote the application of grout in prefabricated construction.
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