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Abstract: Magnesium ammonium phosphate cement (MAPC) prepared with ammonium dihydrogen
phosphate (NH4H,PO,, ADP) and dead-burned Magnesium oxide (MgO) is a new type of rapid
patch repair material for concrete structures. In order to reduce the material costs of MAPC mor-
tar, manufactured limestone sands, being a more widely-available resource with lower cost, was
investigated in this study as an alternative to quartz sands for the preparation of MAPC mortar. The
limestone fines in manufactured sands were found to be the key factor that influences properties
of MAPC mortar by causing bubbling and volume expansion before hardening. As a result, the

mechanical strength of MAPC mortar decreased with the increasing content of limestone fines due to

C:edcgt“g increased porosity. According to microstructure analysis, the mechanism of these negative effects
u

can be inferred as the reaction between limestone fines and ADP with the gas generation of CO,
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) ) and NHj. This reaction mainly occurred during a short period before setting while most limestone
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o fines remained unreactive in the hardened MAPC mortar. Based on the above detailed experimental
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findings on the effects of limestone fines in manufactured sand on the properties of MAPC mortar,
this paper pointed out that effective defoaming methods for inhibiting bubbling was the key to the
utilization of manufactured sands in preparation of high performance MAPC mortar.
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1. Introduction

Maintenance work has always been the focus of concrete structures during long-
term service life after construction. The structure damage accumulation and function
degeneration due to load effects and environmental corrosion bring forward increasingly
higher demands for repair technology [1-3]. Magnesia phosphate cement (MPC) has
recently risen up as rapid repair material for concrete structures. It is a new type of
a mineral binder formed by through-solution acid-based reaction between phosphate salt
and dead-burnt magnesia (calcinated at a temperature above 1300 °C) [4]. In contrast with
ordinary Portland cementitious materials, MPC notably appears to have a fast hydration
process, high early strength, good bonding at the repair interface, and good durability with
low shrinkage and low permeability [1,4-8]. For such merits, MPC has received increasing
attention in many fields during the last few decades of development as rapid repair to
damaged concrete structures.
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stable hydration products NH;MgPOy4-6H,O (Struvite), which constructs the matrix of
magnesium ammonium phosphate cement (MAPC). MAPC has a controllable setting time
through the use of retarders, such as borax (NaB;O7-10H;0) and boric acid (H3BO3) [5,10].
The setting time can be flexibly adjusted from several to tens of minutes [5,11], which meets
the requirements of different application scenarios. As the setting time changes, the early
strength development of MAPC was reported to vary in the range of 20-40 MPa for 1-h
strength and reach over 45 MPa at 3 days [12-14]. The hydration process is accompanied by
the generation of small bubbles of NHj3 [4]. Such a slight air-entraining effect is beneficial
to improving the workability of MAPC mortar, which allows it to quickly fill in the repair
area without vibration. When KDP is used, it is called magnesium potassium phosphate
cement (MKPC). The hydration product of MKPC is K-struvite (MgKPO4-6H,0), which
has a similar molecular structure and chemical properties to struvite [15]. MAPC has been
considered to have greater potential in commercialization and scaled applications due to
its relatively lower cost and higher early strength compared to other MPCs [5].

In field applications, MAPC are usually mixed with fine aggregates into MAPC mortar
as repair compounds. More importantly, since magnesium oxide and phosphate react very
quickly and generally release a large amount of heat, the incorporation of aggregates can
help control the temperature rise to avoid overheat [12]. Typically, quartz sand is chosen
to prepare MAPC mortar due to its high cleanliness and hardness and well gradation.
However, high-quality quartz sand usually costs several times higher than natural river
sand or manufactured limestone sand. This further increases the material cost of MAPC
mortar. In recent years, manufactured limestone sand has been increasingly applied as
fine aggregates for mortar and concrete production, due to the scarcity of river sand and
concerns over environmental pollution. Manufactured limestone sand is widely available,
renewable, and economic. Its use as a substitution is a cost-effective and sustainable way
for the production and scaled applications of MAPC mortar, and also helps resolve the
landfill of mine tailings or construction wastes.

Manufactured limestone sands have been widely reported to have a comparable
performance for normal mortar and concrete production, such as controllable gradation,
good interfacial bond, etc. [16-18]. However, the application of limestone sand in a MPC
system is rarely reported. The relative high content of limestone fines, which refers to
the fine particles that are less than 0.075 mm, produced during the process of crushing
limestone rocks into sands, is typical of manufactured limestone sand, compared with
quartz sand and river sand. A few researchers have investigated limestone fines as additive
in MKPC. Yang et al. [19] investigated the properties of magnesium phosphate cement
with limestone fines. They found that the addition of limestone fines improved the early
hydration degree of MKPC with an increased crystallization degree and the amount of
hydration products, resulting in high mechanical strength and low shrinkage. Nonetheless,
Chong et al. [20] reported the negative influences of limestone fines on the water stability of
MKPC materials. It was found that limestone fines affected the crystal growth of struvite-K
and further increased the porosity and dissolution of the hydration production of MKPC,
which decreased the water stability of MKPC. While for MAPC materials, there is few
relevant studies and the effects of limestone fines are unclear.

This paper focused on the effects of limestone fines on the properties of MAPC mortar
prepared with limestone sand, including the setting time, workability, mechanical strength,
and long-term volume stability. Microstructure analyses were also carried out to understand
the mechanism behind the effects of limestone fines through various techniques, such as
X-ray diffraction (XRD), thermo-gravimetry analysis (TG), scanning electron microscopy
(SEM), and mercury intrusion porosimetry (MIP). Based on the above results, this paper
attempted to provide useful references for the prospective application of limestone sand in
the production of cost-effective MAPC mortar.
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2. Materials and Methods
2.1. Materials

e  Magnesium Ammonium Phosphate Cement (MAPC)

MAPC is prepared by admixtures of dead burned magnesia fines (MgO), ammonium
dihydrogen phosphate (ADP), retarder, and fly ash (FA). The P/M (ADP to MgO) ratio
is 3/8 and the dosage of retarder is 4% of the sum of ADP and MgO. Fly ash is used
as a filler in the mix design and its proportion in the mixture of MAPC is 20%. Dead
burned MgO was produced by calcination of magnesite (MgCQOg3) over 1700 °C, with
an average particle size (D50) of 10.4 pm and a purity of 97%. Ammonium dihydrogen
phosphate (ADP) from Guizhou Magnesium Phosphate Materials Co., Ltd., Guiyang, China
is industrial grade with an average particle size (D50) of 3.04 pm and a purity over 98%.
Borax (NayB4O7-10H,0), with a purity over 99%, was used as a retarder.

e  Manufactured Limestone Sand

The manufactured limestone sand was obtained from a local quarry in Yuxi, Yun-
nan province. Five groups of limestone sand with different contents of limestone fines
(<0.075 mm) at 0%, 5%, 10%, 15%, and 20% were prepared. The chemical contents of
limestone fines were also tested, which mainly consists of CaCOj3 (89.93%). The average
particle size (D50) of limestone fines is 11.4 um, which was measured by the Mastersizer
3000 of Malvern Panalytical. The quartz sand used is ISO standard sand with a maximum
particle size of 2.36 mm, obtained from China ISO Sand Co., Ltd., Xiamen, China.

2.2. Preparation of MAPC Mortar

Six mix groups were prepared for testing, including the control group with quartz
sand and other five groups with limestone sand containing different contents of limestone
fines. The MAPC mortar was prepared with MAPC and limestone sand at a mix ratio of 1:1.
The water to binder ratio (mwater/mMAPC) was 0.16. MAPC powders and the sand were
firstly dry mixed for 60 s in the planetary mixer. After the addition of water, the mixture
was wet mixed for another 90 s.

The properties of each fresh mortar mix (fluidity, setting time, and hydration heat) were
tested immediately after mixing. For the hardened properties, the MAPC mortar was cast in
various molds and demolded after 30 min, then continued to be cured at a standard laboratory
environment (20 °C, 50% RH) for mechanical strength tests and volume stability tests.

2.3. Properties of MAPC Mortar with Limestone Sand
e  The Properties of Fresh Mortar

The fluidity of MAPC mortar was tested by the flow cone method according to the
ASTM (C939-10 standard [21]. The setting time was determined by the modified Vicat
needle apparatus in accordance with the ASTM C187 standard [22]. Due to the initial
setting time being very close to the final setting time in MAPC mortar, the initial setting
time was usually taken to characterize its setting and hardening behavior.

e  Mechanical Strength

The MAPC mortar samples were tested for compressive strength and flexural strength
respectively at 1 h, 3 h, 3 days, and 28 days according to the ISO 679 standard [23]. The
cubes (40 mm x 40 mm x 40 mm) were tested for unconfined compressive strength (UCS)
using a 300 kN microcomputer-controlled electronic pressure testing machine at a loading
rate of 2400 N/s. The prisms (40 mm x 40 mm x 160 mm) were tested for flexural strength
at a loading rate of 50 N/s. Each group of samples were tested in triplicate and the average
value was taken.

e  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
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the MAPC mortar in fluid state before setting was measured using a graduated cylinder
apparatus according to JTG 3420-2020 (T 0518-2020) [24], 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 x 25 mm x 280 mm) were tested for linear deformation using
a digital length comparator following the instruction of ASTM C596-18 [25]. The initial
measurement was conducted immediately after demolding, and continued in the following
112 days. Three replicate samples were used for measurements of each mix group. The
linear deformation rate AR was calculated as in Equation (1).

R = 100% x (L — Lg)/Lo 1)

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

Expansion level height

__~ Initial level height

MAPC
mortar

Li

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

e  Hydration Temperature

The hydration process of MAPC is accompanied by significant exothermic phe-
nomenon, especially during the initial few hours at the early age. The hydration tem-
perature was tested by measuring the temperature variation inside the MAPC mortar
samples. The temperature data were continuously recorded for 24 h through the sensor of
the Elitech RC-4 temperature detector pre-cast in the middle of the sealed insulating con-
tainer, as shown in Figure 2. The containers were placed in a stable laboratory environment
with a temperature of 20 °C and relative humidity of 50%.

TeC
I ° 0
™~ Temperature sensor

MAPC mortar

Figure 2. Testing apparatus of hydration temperature of MAPC during early age at 24 h.
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e  Microstructure Analysis

The fragments of MAPC mortar samples were collected for microstructure analysis.
The collected fragments at specific ages were treated with absolute ethyl alcohol for ter-
minating hydration and then dried in the oven at 40 °C. The fragments after treatment
were stored in the vacuum chamber until testing. For mercury intrusion porosimetry (MIP),
cubic fragments in a size of 1 cm X 1 cm x 1 cm were prepared following the scheme as
above and tested by MicroActive AutoPore V 9600. For thermo-gravimetry analysis (TG),
the treated fragments were grounded into fines (<45 pm) and then tested by METTLER
TOLEDO TGA 1 at a heating rate of 10 °C from 50 to 1000 °C in a nitrogen environment.
The grounded fines of treated fragments were also analyzed by PANalytical X'Pert Powder
X-ray diffractometer using Cu-Ka radiation (40 kV /15 mA) at a scanning rate of 0.02° /s
in a 20 range from 5° to 60°. Additionally, the treated sample fragments were observed
by SEM using TESCAN VEGAS3 for the formation patterns of hydration products and the
microstructures inside the matrix of the MAPC mortar.

3. Results and Discission
3.1. Properties of Fresh MAPC Mortar

As shown in Figure 3a, the increasing limestone fines content generally shows no
significant effect on the fluidity of MAPC mortar, which fluctuated with a narrow range of
236-261 mm. As the limestone fines content increased from 0 to 5%, the fluidity slightly
grew from 240 mm to 261 mm. However, when the limestone fines content further increased
to 20%, the fluidity showed a gradual decrease from 261 mm to 236 mm. During the mixing,
bubbling phenomenon was observed in groups with the presence of limestone fines. This
may explain the slight increase of fluidity caused by the limestone fines at a low content
of 5%. In the meantime, limestone fines can also increase the water demand of MAPC
mortar. As the content of limestone fines increased, the MAPC mortar became increasingly
viscous, thereby decreasing the fluidity. Similarly, the setting time of MAPC mortar was
barely influenced by the limestone fines, except for a slight shortening when the content
increased to 20%, as shown in Figure 3b. The setting time reflects the rate of the hydration
process at an early age. However, a conclusion cannot be derived yet regarding whether
the limestone fines will affect the hydration of MAPC. This requires further verification by
hydration temperature analysis.
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Figure 3. Cont.
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Figure 3. Fresh properties including the (a) fluidity and (b) setting time of MAPC mortar prepared
by limestone sand with different contents of limestone fines (0-20% by weight of MAPC cement).

In addjition, the control sample by quartz sand showed similar fluidity (247 mm) and
setting time (16 min) to the sample by limestone sand with 0% limestone fines. Without the
effects of limestone fines, MAPC mortar by limestone sand generally showed comparable
fresh properties with the one by quartz sand.

3.2. Volume Stability of MAPC Mortar with Limestone Sand

The volume change of MAPC mortar at an early age before the setting and later age
were both tested. As shown in Figure 4a, significant expansion was observed in the groups
of MAPC mortar containing limestone fines. The volume of MAPC mortar expanded
dramatically with increasing limestone fines content during the early age of 10 min after
mixing. Even a low content of limestone fines at 5% could induce a volume expansion of
5.94%. The largest volume expansion of 8.2% was observed in the sample with 15% content
of limestone fines. By contrast, the sample with 0% limestone fines and the control sample
prepared by quartz sand showed only a slight expansion of less than 1%. It was noticed
that the expansion also sped up by increasing the limestone fines content. The higher
content the limestone fines, the faster the expansion at an early age. The volume expansion
could be due to a bubbling effect caused by limestone fines in the MAPC mortar. The
reaction between MgO and NH4H,;PO, was accompanied by the generation of ammonia
gas (NH3), which induced slight bubbling. However, such slight bubbling would not cause
sever volume expansion, according to the results of the control group shown in Figure 2a.
Obviously, the limestone fines intensified the bubbling effect. It was inferred that CaCOj3 as
the main content of limestone fines could react with NH4H,POy4 to form NH4;HCO3, which
was unstable at a temperature over 36 °C and decomposed into NH3 and CO,. Meanwhile,
the limestone fines may act as the catalyst accelerating the hydration of MAPC. Therefore,
intensified gas generation resulted in dramatic volume expansion before hardening.
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Figure 4. Linear expansion of MAPC mortar samples (a) before setting and (b) after setting; where the
QS-Control refers to the sample prepared by quartz sand and 0 to 20% LS refers to samples prepared

by limestone sand containing different contents of limestone fines ranging from 0 to 20% by weight
of MAPC cement.

After hardening, the volume of all groups became very stable at a later age and
only showed a slight shrinkage of less than 0.01%, as shown in Figure 4b. It seems that
the limestone fines affected only the volume stability of MAPC mortar at an early age
before hardening.

3.3. Hydration Temperature of MAPC

The evolution of hydration temperature inside MAPC mortar samples during early
age is shown in Figure 5. The hydration of MAPC is an intense exothermic process during
which the internal temperature rises rapidly and peaks at around 80 °C within the first
30 min after mixing. MAPC samples with limestone fines reached the temperature peak
faster than the control, implying that the incorporation of limestone fines accelerated the
hydration of MAPC. Furthermore, such an acceleration effect became more pronounced as
the content of limestone fines increased. In particular, at content over 10%, the temperature
peaks obviously moved forward. This explained the shortened setting time at a high
content of limestone fines as observed in Figure 1b. The accelerated hydration can be due
to the intense bubbling reaction between limestone fines and MAPC components at an
early age as reported above in 3.2. As CaCOj3; from limestone fines reacts with ADP to
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generate gases, the consumption of ADP was supposed to also promote the hydration of
MAPC itself. This acceleration effect on the hydration of MAPC is further investigated by
microstructure analysis.

100

—=—0% LS

5% LS
——10% LS
+—15% LS
[—+—20% LS

Temperature ( °C )

% 120 150 180 210
Time ( min )

Figure 5. The evolution of hydration temperature of MAPC mortar samples with different contents

of limestone fines (0-20% by weight of MAPC cement).

3.4. Mechanical Strength of MAPC

The limestone fines content showed to have a significant effect on the mechanical
strength of MAPC mortar. In Figure 6a, the trends showed that compressive strength
decreased with increasing limestone fines content, which were observed at all test ages. The
negative effect of limestone fines on compressive strength was more pronounced with later
age. Limestone fines at content of 20% caused a decrease of 17.1% in compressive strength
at an early age of 1 h, and an even higher decrease of 31.8% at a later age of 28 days. The
decrease of compressive strength can be due to the bubbling reaction before hardening
caused by limestone stone fines as reported in Section 3.1. It was inferred that the bubbling
increased the porosity of the MAPC matrix, thus decreasing the compressive strength. The
compressive strength was reported to be largely dependent on the porosity of cementitious
structures. There are a number of well-established strength versus porosity relationships,
which describe the negative impacts of a loose pore system on concrete strength [26-31].
Similarly, the flexural strength generally decreased with increasing limestone fines content,
especially at a later age (Figure 6b). The limestone fines at a content of 20% caused a flexural
strength loss of 19.8% and 18.7% at ages of 3 days and 28 days, respectively.

100
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Figure 6. Cont.
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Figure 6. (a) Compressive strength and (b) flexural strength of MPAC mortar with limestone fines
at different contents of 0-20%; (c) compressive strength and (d) flexural strength of MAPC mortar
prepared by quartz sand or limestone sand without limestone fines.



Buildings 2022, 12, 249

10 of 17

Without the influence of limestone fines, there is no significant change with the strength
of MAPC mortar. As shown in Figure 6¢,d, MAPC mortar prepared by limestone sand
with 0% limestone fines generally maintained the same level of compressive strength and
flexural strength as the control sample prepared by quartz sand.

3.5. Microstructure Analysis
e MIP

The effects of limestone fines on the microstructure of MAPC mortar were analyzed by
MIP tests. As shown in Figure 7a, the total porosity of MAPC mortar samples significantly
increased with the increasing content of limestone fines. The sample without limestone
fines showed a total porosity of 15.39%. At a content of 20% limestone fines, the total
porosity increased to 26.16%.
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Figure 7. Mercury intrusion porosimetry results on MAPC mortar with limestone fines at different
contents of 0-20%: (a) Cumulative intrusion and (b) pore size distribution.

Evidently, the increased porosity was attributed to the intense bubbling induced
by limestone fines. Masses of bubbles expanded the fresh mixes before hardening and
remained as macropores in the hardened matrix, thus loosening the structure of MAPC
samples. According to results on the pore size distribution in Figure 7b, the interior pores of
MAPC mortar are mainly micropores smaller than 10 nm and macropores around 1 um. The
pore system in cement-based materials consists of four types of pores, including micropores
with an average size less than 10 nm; capillary pores which are mesopores with an average
size ranging from 5 to 5000 nm; and macropores due to deliberately entrained air and
macropores due to inadequate compaction [26,28,31]. Capillary pores and other larger
macropores are responsible for reduction in strength. Normally, pores larger than 200 nm
are considered harmful to the compressive strength of the cementitious matrix [28,31].
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The bubbling caused by limestone fines significantly increased those harmful macropores,
which were very likely to be the weak points for cracking under loading. Increasing
porosity can also lead to decreased impermeability, which is detrimental to long-term
durability [32]. The MIP results above explained the reduced strength of MAPC mortar
samples as increasing the content of limestone fines.

e TGA

Figure 8 presents the thermogravimetric traces of MAPC mortar samples at different
ages of 1 h, 3 days, and 28 days, respectively. For control samples without limestone fines,
two main peaks can be observed in the DTG curves shown in Figure 8a. The mass loss for
each decomposition phase was summarized in Table 1. The first peak at a temperature
range from 60 °C to 150 °C denoted the decomposition of struvite (NHsMgPO,-6H,0) by
the release of its chemically bond water [33,34]. The initial mass loss at 50~60 °C could
be due to the release of absorbed water from the finery sample since the sample could
not be absolutely dry. At a temperature over 60 °C, struvite started to decompose into
dittmarite (MgNH4PO4-H,0) and eventually transformed into Mg,P>,O7 accompanied by
the release of H,O and NHj [35]. In Figure 8b, it is evident that the mass loss of control
samples increased with curing age from 6.98% to 12.80% during this stage, indicating the
accumulation of struvite as the hydration proceeded. In the following temperature range
from 150 °C to 300 °C, the second peak could be mainly attributed to the decomposition of
unreacted NHyH, PO, (ADP) which was more intense at an early age of 1 h and 3 days.
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Figure 8. Thermogravimetric (TGA) analysis on MAPC mortar samples with 0% and 20% limestone
fines at different curing ages of 1 h, 3 days, and 28 days, (a) differential thermogravimetry (DTG)
curves; (b) mass loss curves.
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Table 1. The mass loss (%) for main decomposition phases of MAPC mortar samples with 0% and 20%
limestone fines at different curing ages of 1 h, 3 days, and 28 days according to thermogravimetric
(TGA) results.

Phase 1 Phase 2 Phase 3
Sample (Temperature Range  (Temperature Range  (Temperature Range
60-150 °C) 150-300 °C) 700-760 °C)

0% LS-1h 6.98 4.22 /

0% LS-3d 7.08 4.02 /

0% LS-28 d 12.80 3.00 /

20% LS-1h 9.47 293 6.19

20% LS-3d 10.09 2.33 6.24
20% LS-28 d 10.40 2.01 6.38

By contrast, MAPC samples containing 20% limestone fines yielded three main peaks
throughout the thermal process. Apart from the first two peaks for struvite and ADP, a third
peak at a temperature range from 600 °C to 760 °C that represented the decomposition of
CaCOs3 was detected. It was surprisingly found that all three samples with 20% limestone
fines at a different age showed only minor variations in mass loss at this peak, indicating
that very few CaCOj3 was further consumed by reaction with ADP after 1h. The mass
loss caused by CaCO3 decomposition at different age ranges from 6.19% to 6.38%, based
on which content of CaCOj3 in the MAPC sample could be roughly calculated as 14.5%.
According to the mix proportion, the content of limestone fines in the mixture of reactants
was 16.7%. It could be inferred that the reaction between CaCO3 and ADP mainly occurred
at a very early age before hardening and only a small percentage of CaCO3 around 2.2%
was consumed during this reaction.

Meanwhile, compared with the control samples at an early age of 1 h and 3 days, MAPC
samples containing limestone fines at the same age had a higher mass loss during the main
decomposition stage of struvite, as shown in Table 1. It is evident that MAPC samples
hydrated faster with the presence of limestone fines, which confirmed the acceleration effect
on MAPC hydration as aforementioned by results on the hydration temperature in Figure 5.

e XRD

Figure 9 shows the XRD results on MAPC samples at a curing age of 28 days. Similar
diffraction peaks of struvite distributed throughout the spectrum were identified in both
samples with and without limestone fines. In particular, the peaks of calcite (mainly at
20 =29.6°) were detected in the samples with limestone fines whereas the similar peaks
were absent in the control samples. Meanwhile, several small peaks of CaHPOy (at 26 = 26°,
30.7°, 48.6°) were also detected in the samples with limestone fines. This confirmed the
assumption on the reaction between CaCO3; and ADP which generated CaHPO, together
with CO, and NHj gases. As reflected by the TGA results, this reaction mainly occurred
at a very early age before hardening and consumed only a small percentage of CaCOs.
Correspondingly, only a few weak peaks of CaHPOy as the reaction products were observed
in the spectrum curve. There were still intense peaks for unreacted CaCOj identified in
MAPC samples with limestone fines.



Buildings 2022, 12, 249

13 of 17

control-28d

IO i

Relative Intensity (a.u)

C
Mo 20%LS-28d

LA..AAA._;-_—\._.._..M__

— T T T T 17T 7T "7 "7 " 10t 71

5 10 15 20 25 30 35 40 45 50 55 60
°20 (CuKa)

Figure 9. X-ray diffraction (XRD) spectrum for MAPC samples containing 20% limestone fines at

a curing age of 28 days, where C: Calcite (PDF #00-005-0586), D: Dittmarite (MgNH4PO4-H,O) (PDF

#20-663), M: Magnesium Oxide (MgO) (PDF #45-0946), Mo: Monetite (CaHPO,4) (PDF# 09-0080), and
S: Struvite (NH;MgPO,-6H,0) (PDF #15-0762).

e SEM

The overviews of the surface morphology of MAPC mortar samples are shown in
Figure 10a,b. The sample with 20% limestone fines is obviously more porous than the
one without limestone fines due to the bubbling reaction, which is consistent with MIP
results. The limestone sands were also observed randomly distributing in the MAPC
mortar. Despite the porous structure, hydrated MAPC pastes showed close bonding
with the limestone sand particles. A closer observation of the bonding interface shows
that the sand particles were surrounded by MAPC hydration products without obvious
pore formation at the interface (Figure 10c). Unlike limestone fines, the limestone sands
seemed unreactive to ADP in MAPC system. CaCOs in the form of micro-sized particles
(<0.075mm) was considered the reactive one causing bubbling reaction with ADP. As the
view turned to the hydration products, clusters of lamellar struvite crystals spread over
the MAPC mortar matrix. Among the struvite clusters, micro-sized limestone fines were
recognized as parallel rhombohedrons (calcite) with small clumps of crystals growing on
their surface (Figure 10d). According to the EDX analysis, those small crystals contained
calcium, phosphorus, oxygen, and nitrogen as their main chemical elements. The small
crystals were therefore verified as the reaction products of CaCO3 and ADP. NH;HCO3 is
instable and prone to decompose at a temperature over 30 °C as aforementioned. These
reaction products therefore mainly consisted of CaHPOj. Due to the fast but short reaction
period, there were only small quantities of CaHPO, with a poor crystal shape formed on
the surface of limestone fines. The major parts of limestone crystals remained in their
original state in the MAPC matrix. The above results confirmed the effects of limestone
fines on MAPC mortar by increasing its porosity as well as the mechanism behind such
effects from the microstructure point.
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Figure 10. SEM observations of MAPC mortar samples with different contents of limestone fines
(a) limestone fines at content of 0%; (b) limestone fines at content of 20%; (c) bonding interface
between limestone sand and MAPC pastes; and (d) SEM image of limestone fine and its reaction
products with ADP, and the corresponding EDX analysis results.
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4. Conclusions

This paper presented experimental findings on the effects of limestone fines of manu-
factured sand on properties of MAPC mortar. The conclusions from this research work can
be drawn as follows:

1.  Limestone fines are the key factor that influences the properties of MAPC mortar.
The MAPC mortar prepared by manufactured sands without limestone fines showed
comparable properties with the one prepared by quartz sands.

2. The limestone fines (<0.075mm) of manufactured sands caused an intense bubbling
phenomenon and significant volume expansion in the system of MAPC before hard-
ening. The higher the content of limestone fines, the larger the volume expansion. It
is noted that the volume expansion occurred only before hardening while the volume
of hardened MAPC mortar remained stable in the long term.

3. As the content of limestone fines increased, the MAPC mortar showed decreased
fluidity. The limestone fines also showed an acceleration effect on the hydration of
MAPC mortar at early age. As a result, the setting time of MAPC mortar became
shorter, especially with a higher content (>15%) of limestone fines. TGA results
confirmed that more struvite was generated in MAPC mortar with limestone fines.

4. The limestone fines showed significant negative effects on the mechanical strength of
MAPC mortar, especially for the compressive strength. As the content of limestone fines
increased from 0 to 20%, the compressive strength at 28 days decreased by 31.8%. By
contrast, the development of flexural strength was less affected by the limestone fines.

5. According to MIP results, the incorporation of limestone fines led to increased porosity
of MAPC mortar due to the bubbling reaction, thus decreasing the mechanical strength.

6. Based on the microstructure analysis, including TGA, XRD, and SEM,, it is inferred
that the bubbling phenomenon was mainly caused by the reaction between limestone
fines (CaCOj3) and NH4H,PO, (ADP), which generated NH3 and CO, gases. This
reaction mainly occurred during a short period before setting. Most limestone fines
were not involved in the hydration process of MAPC and remained unreactive in the
hardened MAPC matrix.

In conclusion, the effects of manufactured sands on MAPC mortar mainly originate from
the bubbling reaction caused by limestone fines during the period before setting. For the
utilization of manufactured limestone sands in the preparation of MAPC mortar, feasible
methods, such as defoaming agents, can be further tested for the inhibition of bubbling.
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