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Abstract: Magnesium silicate hydrate (M-S-H) cement, a type of green building material, has poor
volume stability (i.e., large shrinkage deformation), which limits its application. As a new type of
admixture, the behavior of a shrinkage-reducing admixture (SRA) in M-S-H cement has not been
studied. Therefore, in this research, the effect of SRA on the shrinkage properties of the M-S-H
cement system was evaluated. The mechanism of SRA was investigated by surface tension meas-
urement, hydration heat testing, thermogravimetric analysis, and pore structure analysis. Experi-
mental results indicate that SRA can reduce the shrinkage of the M-S-H mortar, and the optimal
effect is exerted when the dosage is 3.0%, drying shrinkage decreases by 22.6%, and autogenous
shrinkage decreases by 60% on day 28. However, it may also adversely affect strength development.
The presence of SRA in M-S-H cement can reduce pore solution surface tension, delay hydration,
and maintain relative humidity within the slurry, which can be maintained at 82.0% on day 28. It
can also increase pore size and porosity. The inhibitory effect of SRA on the shrinkage of M-S-H
mortar is valuable for its future practical applications.

Keywords: shrinkage-reducing admixture; magnesium silicate hydrate; drying shrinkage;
autoge-nous shrinkage

1. Introduction

In construction, deformation of cement-based materials is a critical factor affecting
their safety, durability, and appearance. Stress caused by an excessive change in volume
can result in cracks in weak areas, affecting mechanical properties and providing channels
for the medium to invade, which can accelerate structural destruction [1]. Magnesium
silicate hydrate (M-S-H) cement is a type of green cementitious material [2]. It is light-
weight, has low alkalinity, and exhibits excellent mechanical properties. M-S5-H cement
has a porous structure and a large specific surface area, and its hydration products can
form stone and magnesium olivine that can resist high temperatures after calcination.
These characteristics endow M-5-H cement with the potential to prepare refractory and
thermal insulation materials, seal nuclear waste, and solidify heavy-metal ions [3-5]. Ow-
ing to these characteristics, M-S—H cement has drawn interest in the building industry.
Although M-S-H cement has numerous advantages, its development is restricted by
shortcomings, including high water demand and shrinkage deformation. Innovative so-
lutions need to be implemented. Previous studies have found that the shrinkage of
M-S-H mortar is mainly attributed to drying shrinkage and autogenous shrinkage [6].
However, few studies have reported on the control of volume deformation in M-S-H ce-
ment. The incorporation of quartz sand into M-5-H cement can improve its volume sta-
bility during the drying process and avoid cracking [7]. Li et al. added superabsorbent
polymer to M—S-H cement, and the internal curing water stored in the polymer facilitated
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the hydration process. At the same time, the volume of large pores was increased and the
volume of capillary pores reduced, which effectively reduced the autogenous shrinkage
caused by capillary tension [8]. However, studies on the shrinkage of M-5-H mortar re-
main scarce. Further research on methods by which shrinkage in an M-S-H mortar may
be effectively controlled needs to be conducted.

A shrinkage-reducing admixture (SRA) is a cement-based material admixture that
can reduce the shrinkage of materials to inhibit cracking [9]. Research indicates that the
use of SRA in cement-based materials can effectively reduce shrinkage [10-12]. With an
increase in SRA content, shrinkage is gradually reduced, and autogenous shrinkage is
more significantly affected [13,14]. Studies on the mechanism of SRA show that as a sur-
factant, SRA is adsorbed on the surface of the pore solutions, reduces the surface tension
at the interface, and lowers the pore tension generated by water consumption in pores
[15-18], thereby decreasing the shrinkage stress. SRA can also delay hydration and change
the morphology of hydration products [14,19]. The drying shrinkage mechanism of the
cement mortar changes with the relative humidity (RH). When RH is low, the main factor
identified is separation pressure; otherwise, the main factor is capillary stress. At this time,
the evaporation of water in the pores causes the tension of the capillary wall to increase,
resulting in shrinkage. With an increase in humidity, the capillary tension in the pores
disappears, and shrinkage decreases again [20]. SRA can maintain the RH by increasing
the viscosity of the pore solution [21]. However, SRA also negatively affects the strength
development of cement [22].

At present, SRA is mostly used to reduce shrinkage deformation of high-performance
concrete and alkali-excited slag cement [15,17]. The behavior of SRA in M-5-H cement
has not been studied, and its mechanism of action remains unclear. Therefore, in the cur-
rent study, the deformation of M-5-H cement with SRA was explored by shrinkage test-
ing, and the mechanism was analyzed by surface tension testing, hydration heat testing,
thermogravimetric analysis, and pore structure testing. This technique is expected to sig-
nificantly help control shrinkage in M—=5-H cement, thereby promoting its practical appli-
cations and providing support for reducing carbon emissions.

2. Materials and Methods
2.1. Materials

In this experiment, the materials mainly included lightly burned MgO (Xingtai,
China) and silica fume (940U, Elkem Materials Ltd., Shanghai, China). The chemical com-
positions of these materials are listed in Table 1. The chemical composition data of MgO
are from Xinhu Metal Materials Co., Ltd. (Xingtai, China), and the data of silica fume are
from Elkem Materials Ltd. (Shanghai, China). Quartz sand is produced from the Xinlian
quartz sand mine in Zhuanghe, Liaoning Province, with a particle size of 0.21-0.36 mm.
Sodium hexametaphosphate is an analytically pure chemical reagent produced by China
National Pharmaceutical Group Co., Ltd., Beijing, China. SRA adopts an alkyl polyether
organic substance, which is SRA (I) from SBT New Material Co., Ltd., Nanjing, China.

Table 1. Chemical compositions of the raw materials (wt.%).

Material Type
(wt.%)
MgO 9741 056 193 0.03 0.03 - - - 0.02  0.02

Silicafume  0.89 9520 044 1.04 027 123 0.18 0.33 042 -

MgO SiO: CaO AlOs; Fe:0s K:O0 P05 Na:O SOs Cl

2.2. Specimen Preparation

The experimental mixing ratios are listed in Table 2. In the table, SF stands for silica
fume, SHMP for sodium hexametaphosphate, and SRA for shrinkage-reducing admix-
ture. During the test, the raw materials were first weighed accurately in accordance with
the mixing ratio. Second, SHMP and SRA were dissolved in the water and stirred evenly.
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Third, the lightly burned MgO and silica fume were mixed evenly by mechanical stirring,
and the mixing solution was added. Fourth, the cement mortar was mixed and stirred
slowly for 120 s, followed by rapid mixing for 120 s for each mixing. Subsequently, quartz
sand was added, and stirring continued to produce the mortar. Last, the mortar was
poured into a steel mold. The sample was then cured at 20 + 1 °C and 95% RH for 24 h.
Subsequently, the samples were cured in a curing box at 20 =3 °C and RH at 50 + 4% until
the specified age was reached. The strength test samples were then cured at 20+ 1 °C and
95% RH until the specified age was reached. The M-S-H cement paste was simultaneously
prepared using the following ratios for the hydration heat and microscopic tests. For all
tests, three samples were prepared, and the average value was considered the test result.

Table 2. Mix proportion of M—-S—H mortars.

Binder MgO/g SF/g Sand/g Water/s  SHMP/g SRA/g
JO 240 360 600 330 12 0
J1 240 360 600 330 12 6
]2 240 360 600 330 12 12
J3 240 360 600 330 12 18

2.3. Dry Shrinkage Test

M-5-H cement mortar specimens measuring 25 mm x 25 mm x 280 mm were pre-
pared in accordance with Chinese JC/T603-2004 (standard test method for drying shrink-
age of mortar) [23]. The molds were released after curing for 24 h in a standard environ-
ment. Subsequently, the specimens were placed in water for 24 h. Surface moisture and
impurities on the copper measuring head were removed with a wet cloth, and a compar-
ator (accuracy: 0.001 mm) was used to determine the initial reading. After the initial length
was determined, the specimen was placed in a curing box (20 + 3°C, 50 + 4% RH) for cur-
ing. The specimen was then taken out. At the specified age, the specimen was removed to
measure its length. The drying shrinkage rate and water—loss rate were calculated using
the following equation:

L —-L
£, :%XIOO% 1)
_n,—m,
M,— . x100% (2)

7

where & is the drying shrinkage rate at ¢ (d) age (%); Lo is the initial reading of the speci-
men length (mm); L: is the length reading measured at f (d) age (mm); M: is the water—loss
rate at f (d) age (%); mo is the initial mass of the specimen (g); and m is the mass measured
at t (d) age (g).

2.4. Autogenous Shrinkage Test

First, the M-S-H cement mortar specimen measuring 25 mm x25 mm x280 mm was
prepared and cured in the standard environment for 24 h before release. Impurities on the
copper measuring head at both ends were removed, and the initial reading was measured
using the comparator. Subsequently, the specimen was wrapped in two layers using alu-
minum foil, and then glued and placed together with the drying shrinkage specimen. At
the specified age, the specimen was removed to measure its length. The autogenous
shrinkage rate is calculated using the following equation:

£ = M><100% (3)
250
where & is the autogenous shrinkage rate at ¢ (d) age (%). Lo and L:have the same meaning
as Equation (1).

7
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2.5. Internal Relative Humidity Test

The deformation of cement is closely related to its internal relative humidity. In this
study, a Swiss Rotronic temperature-humidity sensor (model HL-NT3-D) and a Hygro-
Clip 2 (HC2) digital temperature-humidity probe with an accuracy of +0.8% were used to
measure the relative humidity (RH) of the mortar. Its humidity range is 0-100%. The size
of the specimen used in the test is 70.7 mm x70.7 mm x 70.7 mm (Figure 1). The forming
and curing conditions of the specimen were similar to those of the shrinkage experiment,
and the test interval was set to 1 h.

Figure 1. Internal relative humidity test specimen under sealed condition.

2.6. Mechanical Properties Test

In accordance with the national standard GB/T 17671-1999 (Test method of cement
mortar strength (ISO method)) [24], the strength of the specimen was determined using a
pressure testing machine (WHY-300/10) controlled by a microcomputer (Shanghai
Hualong Company, Shanghai, China). The test accuracy for compressive strength was 0.1
kN, and that for flexural strength was 0.1 N. Three 40 mm x 40 mm x 40 mm M-5-H mortar
samples were subjected to compressive testing at a loading rate of 2400 N/S, and three 160
mm x 40 mm x 40 mm M-5-H mortar samples were subjected to three-point bending tests
at a loading rate of 50 N/S and a span length of 100 mm.

2.7. Surface Tension Test

The surface tension measurements of the SRA and simulated pore solutions with dif-
ferent concentrations were determined using a K100C surface tensiometer (Kruss, Ger-
many). The test accuracy was 0.01 mN/m. The test results were averaged among the three
sets of tests, which was accurate to 0.1 mN/m. The surface tension of different solutions
was measured by experiments, and the relationship between surface tension and capillary
pressure was analyzed according to Equation (4) [25,26]:

_ 2ycos(0)

r

4)

cap

where oep is the capillary pressure (MPa); y is the surface tension of the pore solution
(N/m); 0 is the contact angle; and r is the critical pore radius (m).

2.8. Hydration Heat Test

The hydration exothermic rate of hydration and the total hydration heat release in a
span of 3 d from mixing raw materials to the hydration reaction were measured with a
Tam Air III cement hydration microcalorimeter (TA Instrument, Delaware, USA). The test
sample was an M-5-H cement paste. The operating temperature range of the instrument
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was 5-90 °C, and the accuracy was +0.02 °C. Subsequently, 8-channel rapid determination
could be performed.

2.9. Microscopic Tests
2.9.1. Thermogravimetry Test

A TGA-DSC type 1 synchronous thermal analyzer (Mettler Toledo, Zurich, Switzer-
land) was used for testing. The main working parameters of the instrument were as fol-
lows: balance sensitivity, 0.01 pg; material, alumina crucible; measurement temperature
range, room temperature to 1300 °C; temperature rise rate, 10 °C/min; and testing atmos-
phere, N2. The M-5-H cement paste samples were ground in a standard test environment
(20 °C, 60% RH, placed in a drying oven, dried to constant weight, sieved with a standard
0.075 mm sieve, and collected via a sealed bottle for testing.

2.9.2. Pore Structure Test

The pore structure of M-5-H cement paste was evaluated using the AutoPore IV 9500
MIP (Micromeritics, Norcross, GA, USA). The pore size was tested from 50 A to 360 pm.
After sampling, the sample was immediately soaked in ethanol for more than 24 h to stop
hydration and dehydration, and then left to air-dry to allow the ethanol to fully evaporate.
The sample was placed in a vacuum-drying oven at 50 °C for 48 h. The baked sample was
ultimately transferred into the glass tube of the dilatometer for measurement.

3. Results and Discussion
3.1. Dry Shrinkage and Water—Loss Rate

As shown in Figure 2, the drying shrinkage rate of the M-S-H mortar increased rap-
idly in the early stages (from the beginning of the test to day 7) and gradually stabilized
over time. The incorporation of SRA inhibited drying shrinkage. With increasing content,
the drying shrinkage gradually decreased. On day 28, drying shrinkage in the J3 group
decreased by 22.6% relative to that in the JO group. SRA reduced the surface tension of the
pore solution to reduce the sensitivity of the capillary wall to water loss. The decrease in
pore tension caused by water consumption decreased drying shrinkage.
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Figure 2. Dry shrinkage and shrinkage rate of M-S-H mortar with SRA.
As shown in Figure 3, the water—loss rate increased rapidly with age and gradually

stabilized, most significantly within the first 7 days. This observation indicates that
M-S-H mortar has poor water retention [27,28]. This pattern of change is consistent with
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that of drying shrinkage, likely because of the rapidly decreasing difference in humidity
between the inside and the outside, as well as the blocking effect of Mg(OH)2 microcrystals
generated in the early stages on the connecting channel. Moreover, the incorporation of
SRA increases the water-loss rate and is positively correlated with the content. After day
28, the water—loss rate in the J3 group was 10% higher than that in the JO group. The reason
may be that SRA can reduce the saturation of the solution and accelerate the evaporation
rate of water [29]. In addition, SRA has a certain air-entraining effect, and the gas intro-
duced in the cement mixing process increases the channel for the outward migration of
internal water, promoting the increase in water loss.
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Figure 3. Water-loss ratio and water-loss rate of M-S-H mortar with SRA.

As shown in Figure 4, the curves have two stages [30]: (i) the first stage has a duration
of 0-3 d, characterized by a high rate of water loss under dry curing conditions, and (ii)
the second stage ranges from 3-28 d; during this period, drying shrinkage increases line-
arly with water loss. In the initial stages of drying, water evaporation from the sample is
mainly attributed to the large pores. Therefore, the slope of the curve is defined as a hy-
drous compressibility factor (CF) [31,32], representing the evolution of drying shrinkage
and water loss. Thus, a lower CF indicates a smaller drying shrinkage with the same water
loss, which is conducive to reducing shrinkage. The smallest CF is observed in the ]J3
group samples, indicating that the reduction effect is optimal when the SRA content is
3.0%.
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Figure 4. Relationship between dry shrinkage and water—loss ratio.
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3.2. Autogenous Shrinkage and Relative Humidity

Owing to the constant water consumption during cement hydration, the autogenous
shrinkage of cement occurs with a decreasing macroscopic volume. Consequently, con-
tinuous water loss occurs in the internal capillary pores. As shown in Figure 5, autogenous
shrinkage increases with curing time. The reason is that the mortar specimen is in a sealed
state, and a large amount of water is consumed during the hydration reaction. A decrease
in internal relative humidity and a continuously refined pore structure can generate con-
siderable capillary pressure inside the mortar, resulting in significant autogenous shrink-
age [33]. However, autogenous shrinkage was significantly reduced in the presence of
SRA. The higher the dosage of SRA, the better the reduction effect. On day 28, autogenous
shrinkage in the J3 group was reduced by 60% relative to that in the JO group. SRA can
decrease the capillary wall pressure caused by water consumption during hydration. As
the hydration proceeds, the water in the pores is constantly consumed, increasing the con-
centration of SRA and significantly reducing the surface tension. Moreover, the M-S-H
mortar mixed with SRA slightly expanded within 3 d. The reason is that in early hydra-
tion, SRA reduced the surface energy of the M-S-H gel. These decreases delayed hydra-
tion and generated more Mg(OH): than that in the JO group, leading to a certain volume
expansion [34].

—=—J0—o J1—4—J2-vJ3 L

061 o JO rate O J1 rate -~/ J2 rate - Brate = | 0,07
“a == 0.06 3
= 0.5+ ‘ F0.06 3
@ a} ¢ & 0.05 =
2 0.4 . g
= L0.04 &
.: §
2 0.3 F0.03 =
g -E
E Fo.02
§ 0.2+ 2
g L0.01
2 2
< 0.1+ Lo.00 £
<

™ --0.01

T T T T T T T T T -0.02

0 3 6 9 12 15 18 21 24 27 30
Time (d)

Figure 5. Autogenous shrinkage and shrinkage rate of M—S—H mortar with SRA.

SRA can significantly delay the reduction of internal RH, as shown in Figure 6. Inter-
nal relative humidity in the J3 group on day 28 was 82.0%, which is higher than that in the
JO group (77.0%). Decreases in the internal relative humidity in the JO group and in the J3
group were observed near 36 h and near 60 h, respectively. These reductions suggest that
SRA can also delay early hydration in M-S—-H mortar, and this effect lasts for about 1 d,
further reducing the ability to consume water. Therefore, SRA can effectively preserve the
humidity inside the M-5-H mortar, alleviate self-drying caused by hydration, and reduce
the capillary tension inside the mortar to decrease the autogenous shrinkage of the M-S-H
mortar [35]. SRA is a surfactant; thus, the hydrophilic group in its molecular chain can
bind part of the water in the cement pores. Consequently, this part of bound water is ad-
sorbed near the SRA molecules and no longer participates in hydration to be consumed.
With an increase in SRA concentration, the number of SRA molecules in the capillary so-

lution increases, and incorporating more water causes the humidity in the mortar to rise
[36].
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Figure 6. Internal relative humidity of M—S-H mortar with SRA.

The internal RH and autogenous shrinkage of the M-S—-H cement exhibits a good
linear relationship, similar to that of high-strength concrete with a low water—cement ratio
[37], as shown in Figure 7. As SRA dosage rises (seen in Figure 7 from JO0 to J3), the slope
of the fitting curve decreases, indicating that SRA can attenuate the sensitivity of autoge-

nous shrinkage to internal RH.
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Figure 7. Relationship between RH and autogenous shrinkage of M-S-H mortar.

3.3. Mechanical Properties

The adverse influence of SRA on mechanical properties limits its application in prac-
tical engineering. The compressive strength of M-5-H mortar increases with age; simi-
larly, the flexural strength is also enhanced but only slightly, as shown in Figure 8. These
strengths are significantly reduced by SRA, but the change in content only slightly affects
the compressive strength. The reason is that SRA increases porosity, which increases the
internal defects of the mortar. Compressive strength in the J3 group on days 3, 7, and 28
decreased by 37.5%, 31.6%, and 28.4%, and flexural strength decreased by 28.5%, 20.9%,
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N

and 20.3%, respectively. Therefore, as the age increased, the adverse effect was gradually
reduced.
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Figure 8. (a) Flexural strength and (b) compressive strength of M-S-H mortar with SRA.

3.4. Surface Tension

As a type of surfactant, SRA can reduce the surface tension of the solution. This char-
acteristic of SRA is generally manifested in two respects: (i) the ability to reduce the sur-
face tension, i.e., to minimize the surface tension of the solvent, and (ii) the efficiency of
reducing the surface tension, i.e., the maximum SRA concentration that needs to be
achieved when the surface tension is reduced to the minimum [27].

With its high cost considered, SRA needs to be limited to a lower concentration dur-
ing application to improved its shrinkage effect. Therefore, the surface tension of SRA in
different solvents was evaluated within a lower concentration range (Figure 9). Obtaining
the pore solution for testing via in situ extrusion presented a challenge because of the
small amount of pore solution in M-5-H mortar. Existing research results have shown
that the pore solution of M-5-H mortar with a high water—cement ratio is consistent with
that of a low water—cement ratio. Therefore, M-S-H mortar with a high water—cement
ratio (W/C = 10) was prepared to replace the actual cement for testing [38]. As shown in
the figure, SRA can significantly reduce the surface tension of distilled water. When SRA
content is only 1.0%, the surface tension can be reduced by 19.0% relative to that of the
control group. The reducing ability of SRA on the surface tension of simulated pore solu-
tion is less than that of distilled water. With an increase in SRA content, the surface tension
decreases and tends to be smooth, and the decreasing effect gradually weakens. SRA can
reduce the sensitivity of capillary pores to water by reducing the surface tension of the
pore solution, thus impeding the development of capillary tension and shrinkage stress
caused by water consumption.
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Figure 9. Effect of SRA on the surface tension of water and simulated pore solution.

3.5. Hydration Heat

Figure 10 presents the hydration heat curve of the M-S-H cement with SRA. The first
exothermic peak appears at the 8.5 h time point of the hydration reaction, which is pri-
marily driven by the exothermic heat released during the wetting and dissolution of MgO
and silica fume. After continued hydration for about 25 h, the heat release reaches a sec-
ond peak, which is mainly attributed to the formation of Mg(OH)2 and M-S-H gel, before
gradually decreasing. The M-S-H cement paste containing SRA showed a lower peak heat
release in the first stage, which may be due to the adsorption of SRA on the surface of
MgO and silica fume particles, and the hydrophobic group in the tail of SRA prevented
their contact with water [36]. Compared with the JO group, the presence of SRA prompted
the second exothermic peak to shift backward and occur after the hydration reaction
reached 43 h, which indicates that SRA caused a delay in the early hydration [22,39]. The
reason is that SRA can attach to the hydration products, preventing them from participat-
ing in further hydration reactions. Moreover, as the SRA content increased, the peak value
of the hydration heat decreased, indicating a reduction in the degree of hydration. This
process, in turn, reduced the self-desiccation caused by early hydration and ultimately
decreased the shrinkage of M-S-H cement [40,41]. Its lower release of hydration heat also
reduced the temperature difference within the cement, which then lowered the risk of
cracking [42,43]. In addition, the adjustment of the hydration process by SRA also delayed
the decrease in the humidity in cement.
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Figure 10. (a) Hydration exothermic rate and (b) total hydration heat release of M—-S—H cement with
SRA.
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3.6. Thermogravimetric Analysis

The weightlessness process of the M-S-H cement was mainly divided into three
stages, as shown in Figure 11. The first stage was 50-250 °C, which is mainly the removal
of free water in tiny pores and physically adsorbable water in gel pores, among which the
adsorbable water was mainly removed between 105-250 °C [44]. The gel water content in
the JO group increased with the hydration reaction, indicating that the pore size was grad-
ually refined, and the gel phase content increased. The weight-loss valley near 100 °C in
the J3 group was smaller than that in the JO group because SRA delayed the hydration and
produced less M-5-H gel phase in hydration products.

The second stage was 250-430 °C mainly due to the thermal decomposition of
Mg(OH): [4,45]. At 400 °C, the weight-loss valley of both groups increased with time, in-
dicating that the Mg(OH):2 content increased gradually. Owing to the rapid increase in the
concentration of Mg?* and OH- ions in the pore solution under rapid water-loss conditions
in the dry environment, the supersaturation of Mg(OH): crystal increased, prompting the
formation and precipitation rates to exceed the consumption rate. However, the Mg(OH):
content in the ]J3 group exceeded that in the JO group. SRA reduced the polarity of water,
leading to a lower ionic solubility, as well as accelerated the formation of Mg(OH)2. More-
over, SRA may be adsorbed on Mg(OH): crystal, hindering a further reaction.

The third stage was 430-800 °C, which mainly corresponded to the release of Mg-OH
and Si-OH in the M-5-H gel [45]. In the figure, a small weightless valley can be seen near
650 °C, which is due to the thermal decomposition of MgCO:s generated by the carboniza-
tion reaction during the curing process. With an increase in curing age, the degree of car-
bonization also increased. Therefore, under dry conditions, SRA can delay the hydration
rate and increase the content of Mg(OH): crystals. Thus, the expansion strain generated
by the crystallization pressure of Mg(OH)2 compensates for part of the shrinkage strain
[46].
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Figure 11. TG and DTG curves of M-S5-H cement with SRA under dry conditions.

The weight-loss process of M—-S-H cement under sealed conditions is similar to that
under dry conditions, and the process comes in three stages, as shown in Figure 12. In the
first stage, the weight-loss valley near 100 °C increased as the curing age increased and
was more significant than that under dry conditions. Under sealed conditions, water in-
side the M-S—H sample is entirely used for its hydration reaction, hence the higher hydra-
tion rate than that under dry conditions. Thus, more gel phases are generated and more
gel water is adsorbed. However, SRA delays the hydration rate, hence the lower gel water
content in the J3 group than in the JO group. In the second stage, the weight-loss valley of
both groups near 400 °C decreased with time, indicating that the Mg(OH): content grad-
ually decreased under sealed conditions, which was consistent with the change in the
M-5S-H gel phase. This reduction suggests that SRA delays the conversion from Mg(OH):
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(@)

Log Differential Intrusion (mL/g)

-0.4

4.4

to M-S-H gel. The weightlessness valley disappeared near 650 °C because the samples
were isolated from the outside world under sealed conditions; thus, no MgCOs was gen-
erated. Under sealed conditions, SRA can reduce autogenous shrinkage by reducing the
hydration rate and delaying the reduction of humidity in the cement [16].
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Figure 12. TG and DTG curves of M-5-H cement with SRA under sealed conditions.

3.7. Pore Structure Analysis

The pore structure largely influenced the shrinkage properties of M-5-H cement. The
pores <50 nm in the cement-based material only slightly affect mechanical properties;
meanwhile, the capillary pressure caused by water loss is greater, and the shrinkage stress
is greater. Studies have shown that SRA can improve the pore size distribution of cement-
based materials [47]. SRA solution would remain in the pores and reduce the contractile
strain by affecting the interaction potential energy between capillary walls [48]. With the
continuous hydration reaction under dry conditions, the pore (>50 nm) volume in the JO
group decreased significantly, and the pore size tended to be refined on day 28, as shown
in Figure 13a. In addition, the total porosity decreased (Figure 13b) as a result of the con-
tinuous generation of the gel phase, which filled the large pores in the paste.
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Figure 13. (a) Pore size distribution and (b) cumulative pore volume of M-S—-H cement with SRA
under dry conditions.

On day 7, pores of diameter above 100 nm in the JO group occupied 80% of the pore
volume. In the early stages of hydration, the sample exhibited severe dehydration, and
the hydration products showed poor strength, hence the presence of numerous
macropores in the internal structure and large shrinkage deformation. On day 7, mass
Mg(OH): crystals precipitated because of water loss, generating extrapolated pressure on
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the pore wall and preventing the further collapse of the pore structure. On day 28, the 50—
100 nm pores were completely filled with hydration products. However, the porosity of
samples in the J3 group increased with the hydration reaction, which was mainly mani-
fested by an increase in pore volume of 40-70 nm. The macropore (>100 nm) volume in-
creased most significantly. SRA lowered the hydration rate, resulting in smaller pores
generated by hydration on day 7 than in the control group, but also promoting the loss of
water. The total porosity on day 28 is considerably higher, which is also reported in other
studies [49,50]. However, the coarser pore size also led to a decrease in compressive
strength.

SRA increased the average pore radius and the proportion of macropores. According
to the Young-Laplace equation (4), the capillary tension was negatively correlated with
the pore radius. Consequently, the capillary tension was further decreased, suggesting
that the reduction of shrinkage is influenced by reducing the surface tension and coarsen-
ing the pore size [18].

With the hydration reaction, the pore development of samples in the JO group is sim-
ilar to that under dry conditions, in which pore refinement mainly results from continuous
hydration, as shown in Figure 14. After being sealed for 28 d, the macropores (>100 nm)
in the JO group were gradually filled with hydration products and then disappeared, and
the 10-50 nm pores increased. Autogenous shrinkage arising from self-drying increased.
With the hydration reaction, the pore size distribution of the J3 group shifted to the right.
Both the macropores (>100 nm) and porosity increased. However, the pore (10-100 nm)
volume was almost unchanged, and only the coarsening of the pore size was observed.
SRA increased the 10-50 nm pores in the paste, and macropores (>100 nm) were still ob-
served on day 28. Overall porosity was considerably higher than that in the JO group, that
is consistent with the decrease in compressive strength. The M-S-H gel is denser in the
early stages because SRA decreases the hydration rate. The pores generated by hydration
were fewer than those in the JO group, and the porosity was lower on day 7.

In accordance with the Young-Laplace equation (4), the smaller the pore sizes, the
higher the capillary tension, resulting in greater shrinkage stress. Therefore, SRA can re-
duce autogenous shrinkage not only by improving the porosity but also by increasing the
volume of macropores to reduce the capillary tension caused by pores [34].
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Figure 14. (a) Pore size distribution and (b) cumulative pore volume of M-S-H cement with SRA
under sealed conditions.

4. Conclusions

The deformation of M—S-H cement with a polyether SRA was evaluated. The mech-
anism of SRA was examined by surface tension testing, hydration heat testing, thermo-
gravimetric analysis, and MIP. The major conclusions are as follows.
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1.  For M-S-H cement, its drying shrinkage first increases and is then stabilized as age
increases. SRA can reduce drying shrinkage, but the effect of dosage is not significant.
At 28 d, the drying shrinkage of M-S5-H mortar can be reduced by 22.6% at most. In
addition, SRA can also delay the hydration rate by inhibition of Mg(OH): precipi-
tated out of the pore solution because of supersaturation, and the expansion strain
generated by crystallization pressure compensates for part of the contraction strain.

2. For M-5-H cement, its water-loss rate is the same as the rate of change in drying
shrinkage. SRA can increase the water-loss rate because it can lower the polarity of
the water solution, as well as reduce the saturation of the solution to accelerate evap-
oration. At 28 d, the water—loss rate can be increased by 10% at most. SRA can also
coarsen the pore size and increase the porosity, thus promoting water loss. In addi-
tion, SRA exerts a certain air entrainment effect, and the gas introduced during the
cement mixing process increases the channel for the outward migration of internal
water, promoting an increase in water loss.

3. For M-5-H cement, its autogenous shrinkage exhibits continuous growth with an
increase in age. In the presence of SRA, autogenous shrinkage is reduced, and slight
expansion occurs in the early stages. When the dosage of SRA is 3%, autogenous
shrinkage can be reduced by about 60% at 28 d. The reduction in shrinkage can be
improved with an increase in dosage. In addition, SRA can increase the volume of
macropores to reduce the capillary tension.

4.  For M-S-H cement, the internal humidity decreases gradually and tends to become
stable with an increase in age. This reduction can be delayed by SRA and improved
by an increase in dosage. The internal humidity in M-5-H mortar with 3% SRA con-
tent began to decrease at about 60 h, and remained at 82% at 28 d, higher than the
77% in the control group. This also indicates that SRA can maintain its internal rela-
tive humidity and reduce the capillary tension generated by water consumption to
alleviate self-drying.

5. For M-5-H cement, the strengths increased gradually with an increase in age. How-
ever, SRA exerts a weakening effect on strength, and this adverse effect gradually
decreases as age increases. At 28 d, the compressive strength and flexural strength of
M-5-H mortar with 3% SRA content decreased by 28.4% and 20.3%, respectively.
SRA increases the porosity and the volume of macropores, leading to an increase in
defects in the paste.

It can be seen that SRA can effectively slow the volume deformation of M-S-H ce-
ment under dry and sealed conditions. However, the behavior of SRA in the pore solution
of M-5-H cement has not been studied. Therefore, it is necessary to study the changes in
ion concentration and pH in M-5-H cement pore solution with SRA at different ages, so
as to further clarify the mechanism of SRA. This will facilitate the application of SRA in
M-S-H cement.
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