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Abstract: Magnesium ammonium phosphate cement (MAPC) mortar has recently risen up as high
performance rapid repair material for concrete structures. But high costs of the raw materials limit its
restoration and maintenance projects on a wide application range. This study proposes the use of
manufactured limestone sand with lower cost and wider range of sources in replacement of quartz
sand as fine aggregates to produce MAPC mortar. However, the limestone fines of manufactured
sand were initially found to have negative effects on the performance of MAPC mortar, causing
significant blistering and volume expansion and decreased compressive strength and interfacial
bonding strength. To minimize these negative effects, polyether modified silicone (PMS) defoamer
and its compound use with mineral admixtures Portland cement and silica fume were investigated
on the effectiveness in reducing expansion and improving other properties of MAPC mortar. Results
showed that the compound use of PMS defoamer and Portland cement as a new defoaming formula
effectively reduced the volume expansion from 7.92% to 0.91%. The compressive strength and
interfacial bonding strength were significantly improved by over 34% and 60% respectively. Moreover,
this defoaming formula showed improvements in water-tight performance and resistance to chloride
penetration. According to the mercury intrusion porosimetry (MIP) analysis, the total porosity of
MAPC mortar after defoaming treatment was decreased by about 40% and the pore structure was
also modified to be finer by significantly reducing the harmful macropores. Overall, the use of
manufactured limestone sands as fine aggregates turned out to be a feasible and economic approach
for promoting the filed application of MAPC mortar.

Keywords: magnesium ammonium phosphate mortar; manufactured limestone sand; expansion;
compound defoaming admixture; mechanical strength; impermeability

1. Introduction

Following the global construction boom, the maintenance technology of concrete
structures has come into focus in the area of civil engineering. Concrete structures in service
have been experiencing performance degradation due to various interior or exterior actions
such as sustained loading and environmental corrosions. Magnesium phosphate cement
(MPC) has recently raised attention as rapid repair material for concrete structures [1,2].
MPC has the properties of chemically bonded ceramics and is quite different from ordinary
Portland Cement (OPC) in terms of raw material characteristics, hydration process, and
hydrate composition [3]. It is a new type of cementitious material with chemical bonding
formed by through-solution mechanism and acid-based reaction between phosphate and
dead burnt magnesia [4,5]. Among various rapid repair cementitious materials, MPC
outstands for the extremely quick hardening, high early strength, and good bonding to
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old concrete substrate [2,4,6–8] which meet the requirements of rapid repair for projects
on highways, municipal roads, airfield pavements, and building structures. It also has
some unique properties such as excellent strength development under subzero temperature
environment, minor shrinkage, and good abrasion resistance [2,9]. Such unique properties
allow the use of MPC materials in some projects under extreme service environment.

Magnesium ammonium phosphate cement (MAPC) is one of the typical types of MPC
system materials. MAPC is prepared by dead burned magnesia (MgO), ammonium dihy-
drogen phosphate (NH4H2PO4), and retarder such as borax [2,10]. ADP reacts rapidly with
MgO to produce stable hydration products NH4MgPO4·6H2O (struvite) which constructs
the high strength structure of MAPC. The chemical reaction is as Equation (1) [2].

MgO + NH4H2PO4 + 5H2O = NH4MgPO4·6H2O (1)

The setting time of MAPC can be flexibly regulated from minutes to tens of minutes
and the early compressive strength at 1 h can reach up to 30 MPa or even higher [11].
The bonding strength at 3 days could reach above 3 MPa [12]. The reaction process of
MAPC is accompanied by intense heat release. MAPC is therefore usually mixed with
aggregates into mortar admixtures or concrete to avoid overheating and obtain an optimal
strength in practical application [2]. To ensure the high performance of MAPC mortar,
quartz sands is commonly used as fine aggregates due to its high cleanness and well
gradation [2,13,14]. However, MAPC itself is expansive in terms of the raw materials and
costs several or even a dozen times conventional cementitious materials. The incorporation
of expansive quartz sand further increases the cost of MAPC mortar. River sand was
also tested as fine aggregates for producing MAPC mortar which showed slightly lower
strength than the mortar formulated with quartz sand [3]. Nonetheless, natural river sand
resources are confronted with the situation of exhausting and the exploitation has been
forbidden due to environmental destruction and pollution [15,16]. In construction practice,
manufactured limestone sand is extensively used as fine aggregates due to its low cost
and wide availability. The use of manufactured limestone sand as an alternative for quartz
sand is considered more economic and advantageous in the promotion and application of
MAPC mortar.

In normal Portland cement concrete system, the properties of manufactured lime-
stone sand have been widely investigated [17,18], especially the effects of limestone
fines content on performance of concrete materials. But in MAPC mortar system, the
rational use and possible effects of manufactured limestone sand was rarely reported.
This study explores the feasibility of preparing high performance MAPC mortar using
manufactured limestone sand. The trial preparation of MAPC mortar by manufac-
tured sand containing different contents of limestone fines was first carried out in this
study. The volume stability and mechanical strength of MAPC mortar were tested. In
view of the excessive blistering and expansion problems caused by limestone fines in
MAPC mortar, possible solutions to inhibiting blistering was explored. An effective
compound defoaming agent was eventually proposed to reduce expansion and improve
the mechanical strength and impermeability performance.

2. Material and Methods
2.1. Material
2.1.1. Magnesium Ammonium Phosphate Cement (MAPC)

Dead burned MgO was produced by calcination of magnesite (MgCO3) over 1700 ◦C,
with an average particle size (D50) of 10.4 µm and a purity of 97%. Ammonium dihydrogen
phosphate (ADP) from Guizhou Magnesium Phosphate Materials Co., Ltd., Guizhou, China
is industrial grade with an average particle size (D50) of 3.04 µm and a purity over 98%.
Borax (Na2B4O7·10H2O) with a purity over 99% is used as retarder.

MAPC is prepared by admixtures of MgO, ADP, and retarder. The P/M (ADP to MgO)
ratio is 3/8 and the dosage of retarder is 4% of the sum of ADP and MgO.
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2.1.2. Fine Aggregates

The limestone manufactured sand was obtained from a local quarry in Yuxi, Yunnan
province. The maximum particle size is 2.36 mm. Three groups of the limestone sand with
different contents of limestone fines (≤0.075 mm) at 0%, 10%, and 20% were prepared.
The chemical contents of limestone fines mainly consist of CaCO3 (89.93%), and also small
fractions of MgO, SiO2, Al2O3, Fe2O3. The average particle size (D50) of limestone fines
is 11.4 µm. The quartz sand used is ISO standard sand with maximum particle size of
2.36 mm, obtained from China ISO Sand Co., Ltd., Xiamen, China.

2.1.3. Defoaming Admixtures

Polyether modified silicone (PMS) defoamer PXP-3 is obtained from Sobute New
Materials Co., Ltd., Nanjing, China. In this study, mineral admixtures including silica
fume and Portland cement are also tested as defoaming agents. The silica fume obtained
from SLT Co., Ltd., Chengdu, China has an average particle size of 0.26 µm. Portland
cement used in this study is Reference Cement from China United Cement Co., Ltd.,
Shandong, China.

2.2. Preparation Methods of MAPC Mortar

The MAPC mortar was prepared with MAPC and fine aggregates (limestone sand
or quartz sand) at a mix ratio of 1:1. The water to binder ratio (mwater/mMAPC) was 0.17.
Three groups of the limestone sand with limestone fines at dosage of 0%, 10%, and 20%
were used for preparation of MAPC mortar. One reference group of MAPC mortar with
quartz sand was also prepared. The MAPC powders and sands were first dry mixed
for 60 s at low speed in the planetary mixer. After water addition, the paste was wet
mixed at low speed for 30 s and then another 90 s at high speed. The properties of each
fresh mortar (fluidity, setting time, volume stability) were tested immediately after mixing.
The mortar was also cast in different molds and demolded after 30 min, then continued to
be cured under lab environment (20 ◦C, 50% RH) for further tests on mechanical strength
and impermeability performance.

For the addition of defoaming agents, the liquid PMS defoamer was first dispersed
in mixing water and then added in the mortar mixtures while powdery silica fume or
reference cement was added during dry mixing before water addition.

2.3. Properties of MAPC Mortar with Limestone Sand
2.3.1. Flowability and Setting Time

The fluidity of MAPC mortar was tested by flow cone method according to ASTM
C939-10 standard [19]. The setting time was determined by the modified Vicat needle
apparatus in accordance with ASTM C187 standard [20]. Due to the initial setting time is
very close to the final setting time in MAPC mortar, the initial setting time was usually
used to characterize its setting and hardening behavior.

2.3.2. Volume Stability

The volume stability of MAPC mortar was characterized by the linear deformation
rate during early age before setting and later age after setting. The linear deformation
of MAPC mortar in fluid state before setting was measured using a graduated cylinder
apparatus according to JTG 3420-2020 (T 0518-2020) [21], as shown in Figure 1. The mortar
was cast into the cylinder immediately after mixing and the readings of level height were
recorded every 30 s until 30 min after mixing. For the volume change after hardening,
prisms (25 mm × 25 mm × 280 mm) were tested for the linear deformation using a digital
length comparator following the instruction of ASTM C596-18 [22]. The initial measurement
was conducted immediately after demolding and continued in the following 112 days.
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Three replicate specimens were used for measurements of each mix group. The linear
deformation rate ∆R was calculated as in Equation (2).

∆R = 100% × (L1 − L0)/L0 (2)

where L0 is the initial level height of fresh mortar or the initial length of prism; L1 is the
level height of fresh mortar or the length of prism at each curing age.

Figure 1. Testing apparatus of linear expansion of fresh MAPC mortar before setting.

2.3.3. Compressive Strength

The MAPC mortar samples were tested for compressive strength respectively at
1 h, 3 h, 3 days, 28 days according to ISO 679 standard [23]. The cubic specimens
(40 mm × 40 mm × 40 mm) were tested for the unconfined compressive strength (UCS)
using a 300 kN microcomputer-controlled electronic pressure testing machine at a loading
rate of 2400 N/s. Each group of specimens were tested in triplicate and the average value
was taken.

2.3.4. Interfacial Bonding Strength

As repair material, MAPC mortar samples were tested for interfacial bonding
strength with ordinary concrete matrix. The test method was modified from splitting
tensile strength test in GB/T 50081-2002 [24]. A split cylinder mold (Figure 2) consisting
of two half cylinders was designed for sample casting. The ordinary concrete matrix
with designated strength grade of C50 was first cast in one half cylinder and cured
for 28 days. Then the MAPC mortar was cast in the other half cylinder bonded with
the ordinary concrete, which formed a complete cylinder. After curing for 3 days and
28 days, the complete cylinder was tested for splitting tensile strength using a 3000 kN
electronic universal testing machine at a loading rate of 0.08 MPa/s. The interfacial
bonding strength of MAPC mortar with ordinary concrete matrix was evaluated by
the splitting tensile strength of the complete cylinder. Each group of specimens were
tested in quadruplicate and the average value was taken.
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Figure 2. Sample preparation for test on interfacial bonding strength of MAPC mortar with ordinary
concrete matrix.

2.3.5. Water-Tight Performance

After curing for 28 days, the MAPC mortar samples in the shape of frustum of a cone
(top diameter 70 mm; bottom diameter 80 mm; height 30 mm) were tested for water-tight
performance according to JGJ/T 70-2009 standard [25]. A mortar impermeability apparatus
(HP-4.0) was used to apply hydraulic pressure on the specimens at a pressurizing rate of
0.1 MPa/h. Six samples were prepared for each test group. When 3 out of 6 specimens
failed under hydraulic pressure, the test was terminated and the correspondent pressure
value was recorded. The impermeability pressure was defined as Equation (3).

P = H − 0.1 (3)

where P is the impermeability pressure, MPa; H is the pressure when 3 out of 6 specimens
failed, MPa.

2.3.6. Resistance to Chloride Ion Penetration

After curing for 28 days, the cylindrical MAPC mortar specimens (Φ 100 mm; 50 mm
thick) were tested for resistance to chloride ion penetration according to ASTM C1202
standard [26]. During a 6-h period, a potential difference of 60 V dc is maintained across
the ends of the specimen, one of which is immersed in a sodium chloride solution, the
other in a sodium hydroxide solution. The total charge passed, in coulombs (C), is used to
evaluate the resistance of the specimen to chloride ion penetration.

2.3.7. Microstructure Analysis

For mercury intrusion porosimetry (MIP), cubic fragments in size of 1 cm × 1 cm × 1 cm
were prepared at the curing age of 28 days. The fragments were treated with absolute ethyl
alcohol for terminating hydration and then dried in the oven at 40 ◦C. The fragments after
treatment were stored in the vacuum chamber until testing.

3. Results and Discussion
3.1. Effects of Limestone Fines on MAPC Mortar
3.1.1. Volume Stability

Compared with reference group with quartz sand, MAPC mortar prepared by manu-
factured sand with limestone fines (10% and 20%) were observed to generate a lot of air
bubbles, accompanied by significant volume expansion before hardening. Meanwhile, the
sample prepared by manufactured sand without limestone fines (0%) showed only slight
expansion similar to the reference group. Obviously, it is the limestone fines that caused
severe volume expansion of MAPC mortar. As shown in Figure 3, the volume expansion
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before hardening induced by limestone fines reached up to 7.92% within 10 min, while the
reference samples without limestone fines only showed slight expansion less than 0.8%.
Furthermore, the long-term volume stability tests were also carried out. After hardening,
MAPC mortar with limestone fines showed good volume stability just as the reference
samples, with a very low degree of shrinkage less than 0.01%. The limestone fines seemed
to affect only the volume changes before hardening.

Figure 3. Expansion (before setting) of MAPC mortar samples with limestone fines (LS) at different
dosage of 0%, 10%, 20% (by weight of MAPC).

The limestone fines mainly consist of calcium carbonates (CaCO3) which tend to
rapidly react with ADP during mixing. CaCO3 can be more reactive than dead burned
MgO in reaction with the phosphate to form calcium phosphate hydrates [27,28]. The pH
value of limestone fines in water solution was tested as 9.51 which was higher than that
of MgO as 7.89. Apparently, limestone powder with high alkalinity is more likely to first
react with acidic ADP. It is known that the chemical reaction of MAPC is accompanied by
NH3 gas generation [2,6], which induced slight expansion as shown in reference sample.
However, the reaction between CaCO3 and ADP could further generate CO2 apart from
NH3. As a result, the formation of air bubbles intensified and thus blew up the fresh MAPC
mortar, causing severe expansion.

3.1.2. Mechanical Strength

Without limestone fines, MAPC mortar prepared with limestone sand showed com-
pressive strength of 31.08 MPa at 1 h and 71.12 MPa at 28 days which was comparable to
that of reference sample with quartz sand. The compressive strength at 3 days of sample
with 0% limestone fines was even higher than that of the reference sample. It is inferred that
the rough surface of limestone sand provided stronger mechanical interlocking with MAPC
binder which enhanced the mechanical properties. However, MAPC mortar samples with
10% and 20% limestone fines experienced compressive strength degradation at early age
and this trend exacerbated at later age, as shown in Figure 4. For the group with 10%
limestone fines, the compressive strength decreased by 15.23% at 1 h and 25.07% at 28 days
respectively. As the limestone fines content increased to 20%, the compressive strength
further decreased by 17.12% at 1 h and 31.86% at 28 days respectively. It is inferred that ex-
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cessive blistering and expansion before hardening led to increased porosity and formation
of harmful pores in the hardened mortar matrix and then decrease in compressive strength.

Figure 4. Compressive strength at different curing ages of 1 h, 3 h, 3 days, 28 days of MAPC mortar
samples with quartz sand (Reference-QS) and limestone fines (LS) at different content of 0%, 10%, 20%.

In the meantime, limestone fines were found to have negative influence on the in-
terfacial bonding strength of MAPC mortar with ordinary concrete matrix. In Figure 5,
the interfacial bonding strength of reference sample reached 2.99 MPa and 4.28 MPa at
3 days and 28 days respectively. As the content of limestone fines increased from 0% to
10%, the interfacial bonding strength of MAPC mortar dramatically decreased by more
than 60% at both early and later age. With content of 20% limestone fines, the interfacial
bonding strength of MAPC mortar dropped to 0.92 MPa and 1.25 MPa at 3 days and 28 days
respectively. After loading, a large number of pores were observed on the broken interface
of half MAPC matrix. Because of the blistering caused by limestone fines, air bubbles were
prone to agglomerate at the bonding interface which reduced the effective bonding area
between MAPC mortar and ordinary concrete matrix. Moreover, the mechanical strength
of MAPC mortar itself decreased with increasing limestone fines as aforementioned. As a
result, the interfacial bonding strength was significantly reduced.

Figure 5. Interfacial bonding strength at different curing ages of 3 days, 28 days of MAPC mortar samples
with quartz sand (Reference-QS) and limestone fines (LS) at different contents of 0%, 10%, 20%.
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As a whole, limestone fines can cause volume expansion in MAPC mortar and con-
sequent strength decrease. Apparently, how to solve the bubbling problem caused by
limestone fines is the key to effective utilization of manufactured limestone sand resources.
One common solution is water processing to remove limestone fines from manufactured
sands. But this treatment brings about severe water consumption and waste, and also
environmental pollutions. An effective and economical solution is needed for tackling the
adverse effects of limestone fines in MAPC materials.

3.2. Efficacy of Different Admixtures on Expansion Reduction

Ideally, the MAPC mortar with limestone fines is expected to remain as low expansion
as the reference sample without limestone fines. To achieve this goal, different types
of admixtures, including polyether modified silicone (PMS) defoamer, silica fume, and
reference cement, were tested for performance on defoaming and expansion reduction in
MAPC mortar system with 10% limestone fines.

3.2.1. Polyether Modified Silicone (PMS) Defoamer

Polyether-modified silicone (PMS) defoamer were added at a dosage of 0.15%, 0.3%,
0.6%, and 1% (by weight of MAPC) respectively in MAPC mortar during mixing. The results
on expansion reduction performance are shown in Figure 6. Compared with reference
samples, the addition of PMS defoamer shows certain effectiveness in reducing the bubbling
effect. With 0.15% PMS defoamer, the expansion of MAPC mortar before hardening was
reduced from 7.92% to 5.00%. The expansion could be further reduced to 3.94% (almost
50% reduction) as the dosage of PMS defoamer increased to 0.3%. The PMS defoamer can
quickly reduce the surface tension on liquid membrane and decrease the foam stability,
thereby breaking foam and restraining foam formation. However, overdose addition would
weaken the defoaming effect [29]. At higher content of 0.6% and 1%, PMS defoamer could
only reduce the expansion from 7.92% to 4.48% and 6.0% respectively. This can be due to
decreased fluidity of MAPC mortar caused by overdose of PMS defoamer. It was observed
that the MAPC mortar became much more viscous as the PMS defoamer were added over
0.3%. The PMS defoamer is basically a liquid organic agent with hydrophobic nature.
Its emulsion in mixing water could affect dissolution of ADP and fully mixing of all the
contents, therefore decreasing the fluidity. The decreased fluidity could further lead to
suppression of bubble overflow and also insufficient dispersion of PMS defoamer in fresh
MAPC mortar.

Figure 6. Expansion (before setting) of MAPC mortar samples with 10% limestone fines (LS) with or
without defoaming treatment by polyether modified silicone (PMS) defoamer at different dosage of
0.15%, 0.3%, 0.6%, and 1% (by weight of MAPC).
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In conclusion, the PMS defoamer has a certain effect on breaking bubbles caused by
limestone fines in MAPC mortar and the proper dosage is 0.3%. But its defoaming efficacy
is still insufficient for completely eliminating the bubbles and the consequent expansion.

3.2.2. Compound Defoaming Admixtures

Given that the organic PMS defoamer works on the physical principles of defoaming,
mineral admixtures were considered for tests on inhibiting the bubbles generation based on
the chemical reaction principles. On the basis of PMS defoamer, the hybrid use of mineral
admixtures is expected to enhance the defoaming efficacy in MAPC mortar by combining
both physical and chemical approaches. Silicon/aluminum mineral admixtures such as
silica fume, metakaolin, and Portland cement have been reported to be used in improving
the physico mechanical properties of magnesium potassium phosphate cement (MKPC) by
intervening in the reactions between MKPC components [30–33], which offers a reference
for use in the MAPC system in this paper.

Portland cement (reference cement) and silica fume were chosen for investigation in
this paper due to their accessibility in the local area. In MAPC mortar system with 10%
limestone fines, the mineral admixture was added at 1% and 3% (by weight of MAPC)
respectively in MAPC mortar for testing the performance on defoaming and expansion
reduction. In the meantime, the PMS defoamer was added at a constant dosage of 0.3% (by
weight of MAPC).

In Figure 7a, with the compound use of PMS defoamer, Portland cement was surpris-
ingly found to have positive effect on further inhibiting bubbles and reducing expansion.
The expansion of MAPC mortar with 1% Portland cement and 0.3% PMS defoamer showed
only 0.91% which was very close to the same level of the reference mortar samples at 0.59%.
As the dosage of Portland cement increased to 3%, the expansion eventually leveled at 0.5%,
which was even lower than the reference sample. However, it was noted that increasing
dosage of Portland cement could shorten the setting time of MAPC mortar. The setting time
of reference sample with quartz sand and 0% limestone fines was 17–19 min. The addition
of 3% Portland cement obviously shortened the setting time to 7 min and the expansion
also quickly leveled down. Such short setting time usually cannot meet the demands of
construction time on sites. By contrast, the samples with 1% Portland cement still remained
a setting time of 16 min similar to that of the reference sample.

Figure 7. Expansion (before setting) of MAPC mortar samples with 10% limestone fines (LS) with or
without defoaming treatment by the compound use of 0.3% polyether-modified silicone (PMS) defoamer
and (a) Portland cement (PC); (b) silica fume (SF) at dosage of 1% and 3% (by weight of MAPC).
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When mixed with MAPC, the main contents of Portland cement (C2S, C3S, C3A,
C4AF) and its hydration product Ca(OH)2 could react with ammonium dihydrogen
phosphate (ADP) to form phosphate calcium compounds as binding materials similar
to struvite [31,34]. Especially, C3A which hydrates the fastest is supposed to first react with
ADP during mixing. Furthermore, the solution around Portland cement particles tends to
be of strong alkalinity, which promotes the reaction with acidic ADP. By contrast, CaCO3
with poor water-solubility shows weak alkalinity in water solution. In this paper, tests
showed that pH value of Portland cement and CaCO3 in water solution was 12.27 and
9.51 respectively. In the system of MAPC mortar containing limestone fines, Portland
cement with higher alkalinity and active constituents was more likely to react faster with
ADP than CaCO3, thereby inhibiting the reaction of CaCO3 and CO2 bubbles generation.
As mentioned above, only 1% Portland cement was needed to achieve defoaming effect.
Overuse would cause accelerated hardening.

As in Figure 7b, MAPC mortar with the extra addition of silica fume at 1% and 3%
showed expansion of 4.28% and 4.0% respectively. In contrast with individual addition of
PMS defoamer, silica fume did not show obvious effect on enhancing the defoaming process.
Moreover, the increasing dosage of silica fume was found to reduce the fluidity of MAPC
mortar. As for silica fume, the pH value is 7.6 which is close to neutral. Its main content
SiO2 can only be activated in alkaline environment [35]. But the interior environment
of MAPC mortar is acidic at early age due to the fast dissolution of ADP. Under such
environment, neutral silica fume could not effectively react with ADP and inhibit bubbling
caused by CaCO3. The silica fume particles mainly play a role of micro-filling instead of
active reactant in MAPC mortar. With addition of silica fume, its micro-filling effect, high
specific surface area and water demand lead to decreased fluidity of MAPC mortar. As a
result, the mortar mixture became more viscous which was unfavorable for the overflow
of bubbles.

In conclusion, the formula of 0.3% PMS defoamer and 1% Portland cement was proved
to be effective compound defoaming admixtures for MAPC mortar containing limestone
fines. Moreover, this formula was also tested for expansion reduction in MAPC mortar
system with 20% limestone fines and only small degree of expansion of 0.80% was observed.
It suggests that this formula should be effective within a range of 0–20% limestone fines.

3.3. Improvement on Mechanical Properties of MAPC Mortar after Defoaming

After treated with compound defoaming admixture (0.3% PMS defoamer and 1%
Portland cement), MAPC mortar samples with 10% and 20% limestone fines were tested
for compressive strength and interfacial bonding strength at different curing ages. The test
results suggest significant improvements on both compressive strength and interfacial
bonding strength of MAPC mortar samples after defoaming treatment. In Figure 8, for sam-
ples with 10% limestone fines, the compressive strength at 1 h and 28 days was improved
by 40.83% and 34.83% respectively; for samples with 20% limestone fines, the compressive
strength at 1 h and 28 days was improved by 35.17% and 40.59%. The compressive strength
of MAPC mortar samples after defoaming treatment were almost comparable to that of
reference samples. Effective defoaming treatment could decrease the porosity of MAPC
mortar by reducing bubbles and refining large pores during reaction process before setting,
thereby improving compressive strength. In Figure 9, over 60% increase in interfacial bond-
ing strength of MAPC mortar samples with limestone fines was achieved after defoaming
treatment, suggesting the effectiveness of defoaming compounds in inhibiting agglomera-
tion of air bubbles at the bonding interface. The half MAPC mortar with denser structure
and higher strength developed sufficient bonding area with the ordinary concrete matrix.
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Figure 8. Compressive strength (at curing age of 1 h, 3 h, 3 days, 28 days) of MAPC mortar samples
containing limestone fines (at content of 10% and 20%) with or without defoaming treatment by the
compound use of 0.3% polyether modified silicone (PMS) defoamer and 1% Portland cement (PC).

Figure 9. Interfacial bonding strength (at curing age of 3 days, 28 days) of MAPC mortar samples
containing limestone fines (at content of 10% and 20%) with or without defoaming treatment by the
compound use of 0.3% polyether modified silicone (PMS) defoamer and 1% Portland cement (PC).

3.4. Improvement on Impermeability of MAPC Mortar after Defoaming

The MAPC mortar samples with limestone fines after defoaming treatment also
showed improvements on impermeability properties including resistance to chloride ion
penetration and water-tight performance. As shown in Table 1, compared with reference
samples with 10% limestone fines, the electric flux value of defoaming samples decreased
from 2824 C to 869 C which suggested a high level of resistance to chloride ion penetration;
the impermeability grade of defoaming samples was improved from 0.5 MPa to 0.9 MPa.
Similarly, for samples with 20% limestone fines, the electric flux value of defoaming sam-
ples decreased from 3473 C to 733 C and the impermeability grade of defoaming samples
was improved from 0.4 MPa to 0.7 MPa. The defoamed samples achieved even better
impermeability performance compared with the refence sample. Obviously, the compact-
ness of MAPC samples was improved after defoaming treatment. The densified pore
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structure contributed to improved impermeability [36]. The pores, especially connected
pores harmful to impermeability were effectively reduced by the compound defoaming
admixtures. The modification of pore structures after defoaming would be discussed in the
following part of microstructure analysis.

Table 1. Performance on resistance to chloride ion penetration and water-tightness of MAPC mortar
with limestone fines (at content of 10% and 20%) or quartz sand (QS).

Group Reference Sample with QS MAPC with 10% Limestone Fines MAPC with 20% Limestone Fines

Performance / Before defoaming After defoaming Before defoaming After defoaming

Electric flux value (C) 1015 2824 869 3473 733

Impermeability
grade(MPa) 0.7 0.5 0.9 0.4 0.7

3.5. Microstructure Analysis

Mercury intrusion porosimetry (MIP) analysis on MAPC mortar samples were carried
out to further investigate the modification on the pore structures induced by the compound
defoaming admixtures. According to MIP results in Figure 10a, the reference samples
with 10% limestone fines yielded a total intrusion volume of 10.83% and a total porosity of
21.65%; the reference samples with 20% limestone fines yielded a total intrusion volume
of 12.98% and a total porosity of 24.72%. Higher content of limestone fines resulted in
higher porosity of MAPC mortar. By contrast, the defoamed samples showed lower
percentage of pore volume than the reference samples, with a total porosity of 13.17% and
14.78% respectively. The total porosity of both groups were decreased by around 40%.
The defoamed samples were thus more compact and contains finer pore structure than
the reference samples, apparently due to the effective defoaming effect of the compound
defoaming admixtures.

Figure 10. Mercury intrusion porosimetry (MIP) results on MAPC mortar samples with limestone
fines (LS) at content of 10% and 20% with or without defoaming treatment by the compound use
of 0.3% polyether modified silicone (PMS) defoamer and 1% Portland cement (PC): (a) Cumulative
intrusion; (b) differential pore-size distribution.

In the meantime, the pore size distribution of reference samples with limestone fines
(10% and 20%) suggested that the interior pores of the mortar matrix were mainly macrop-
ores larger than 1 µm (Figure 10b). Normally the pores larger than 200 nm are considered
harmful to compressive strength of cementitious matrix [37–39]. Macropores are more
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likely to be the weak points for cracking under loading, which explains the decrease in
compressive strength as aforementioned. These pores also provide migration channel for
invasion of water or harmful ions, leading to durability degradation. After defoaming
treatment, the macropores larger than 1 µm were significantly reduced and the pore struc-
ture was modified to be finer. The MIP results were consistent with improved mechanical
strength and durability properties of defoamed samples.

4. Conclusions

This study has explored the feasibility of preparing MAPC mortar using manufactured
limestone sand instead of quartz sand and proposed effective modification method to
improve the properties of newly prepared MAPC mortar. Based on the results, the following
conclusions can be drawn:

1. The limestone fines in manufactured sand caused significant blistering and expan-
sion of MAPC mortar before setting and further resulted in decreased compressive
strength and interfacial bonding strength. The blistering was inferred to be induced
by generation of CO2 from the reaction between CaCO3 and ADP.

2. The polyether modified silicone (PMS) defoamer had a certain effect on breaking
bubbles and reducing partial expansion caused by limestone fines. The addition of
0.3% PMS (by weight of MAPC) achieved around 50% reduction in expansion. But
higher dosage of PMS caused a decrease in fluidity of MAPC mortar which weakened
the defoaming effect on the contrary.

3. The compound addition of silica fume did not show enhancement on the defoaming
effect on the basis of PMS defoamer.

4. The compound use of PMS defoamer and Portland cement showed significant effec-
tiveness in disappearing and inhibiting bubbles caused by limestone fines in MAPC
mortar. The strong alkalinity of Portland cement and its reactive mineral contents
enable it to fast react with ADP and suppress the bubbling reaction of limestone fines
(CaCO3). The addition of 0.3% PMS defoamer and 1% Portland cement achieved
almost 90% reduction in expansion and this formula was tested to be effective for
different content of limestone fines at 10% and 20%.

5. After treatment by the compound defoaming admixture, MAPC mortar containing
limestone fines obtained enhanced compressive strength, interfacial bonding strength
and impermeability performance including resistance to chloride ion penetration
and water-tightness.

6. The MIP test results confirmed that the blistering and expansion caused by limestone
fines resulted in a porous structure of MAPC mortar with high porosity and lots of
macropores larger than 1 µm. After treatment by the compound defoaming admixture,
the pore structure of MAPC mortar was modified to be finer with lower porosity and
much less macropores.
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