Hindawi

Advances in Materials Science and Engineering
Volume 2022, Article ID 3485373, 13 pages
https://doi.org/10.1155/2022/3485373

Research Article

@ Hindawi

Effect of Superabsorbent Polymer (SAP) Internal Curing Agent on
Carbonation Resistance and Hydration Performance of

Cement Concrete

Jieting Xu,' Xiao Qin ©,' Zhenying Huang,” Yongkang Lin,' Ben Li,' and Zhengzhuan Xie’

! Advanced and Sustainable Infrastructure Materials Group, School of Transportation and Civil Engineering and Architecture,

Foshan University, Foshan 528225, Guangdong, China

2Guangzhou Huahui Traffic Technology Co, Ltd., Guangzhou 510355, China
>Guangxi Key Lab of Road Structure and Materials, Nanning 530007, Guangxi, China

Correspondence should be addressed to Xiao Qin; qinnao@126.com

Received 11 April 2022; Accepted 12 May 2022; Published 29 May 2022

Academic Editor: Alicia E. Ares

Copyright © 2022 Jieting Xu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To clarify the influencing mechanism of superabsorbent polymer (SAP) internal curing agent on the carbonation resistance of
cement concrete, accelerated carbonation experiment was conducted to explore the effect of particle size and dosage of SAP on
carbonation depth. The hydration performance of internally cured concrete at different ages was studied by Fourier transform
infrared spectroscopy (FTIR) test and X-ray diffraction (XRD) test. Combined with the scanning electron microscope (SEM) test,
the hydration filling effect of internal curing on the microstructure of concrete was analyzed; meanwhile, the influence mechanism
of SAP on carbonation resistance was revealed. The results showed that (i) when the particle size and dosage of SAP were 100 mesh
and 0.200%, the carbonation depth of internally cured concrete was only 56.5% of the control group on day 28; (ii) the Ca(OH),
absorption peak area of SAP-concrete in the FTIR spectra could be increased by 3.38 times than that of the control group, and
more C,S and C;S were translated into Ca(OH),, which helped to improve the hydration degree of cement concrete; (iii) the
hydration products of day 56 were increased significantly and the remaining pores formed by SAP gels were gradually filled by

hydration products, which enhanced the compactness and carbonation resistance of cement concrete.

1. Introduction

The corrosion of steel bars caused by carbonation is one of
the main factors causing durability failure of concrete
structures [1]. For bridge members, the carbonation reaction
occurs accompanied by the erosion of acidic substances
during the service period, which probably causes the de-
struction of passivation film, further the corrosion and
expansion of steel bars [2]. Eventually, some cracks and
spalling appear in the protective cover of concrete. In ad-
dition, microcracks caused by drying shrinkage and self-
shrinkage are generated frequently due to the water evap-
oration and hydration reaction of concrete during the
molding process, which probably provide several channels
for CO, or other acidic substances to enter the concrete,
accelerating the carbonation process. Therefore, the

shrinkage microcrack must be suppressed to improve the
carbonation resistance of concrete.

Internal curing is considered to be one of the most
promising shrinkage and crack resistance technologies. The
internal curing material incorporated in concrete can release
some extra curing water in time to maintain high humidity
internal environment and promote further hydration of the
binding material. To date, SAP is one of the best internal
curing materials with excellent water absorption and release
properties [3-5]. Moreover, the effect of SAP on reducing
the shrinkage and crack of concrete was proved, presented in
relevant studies that the shrinkage decreased by approxi-
mately 31-41%, when the SAP dosage was 2.0% [6, 7].

For practical engineering, the investigation of carbon-
ation resistance in concrete has application significance.
Nevertheless, most of the existing research focuses on the
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mechanical and engineering properties and durability, in-
cluding frost resistance and antipermeability of internal
curing cement concrete and mortar, but relatively few
concentrate on carbonation resistance [8-11]. The specific
studies status about this topic is shown as follows. The effect
of SAP curing has been studied, and the experimental results
of Beushausen et al. [12] and Shi et al. [13] showed that SAP
could improve carbonation performance. Zhang et al. [14]
found that the connectivity between pores was blocked by
SAP after hygroscopic expansion by adding the appropriate
amount of prewater absorption and preabsorption of 1%
silver nitrate solution SAP in concrete, which would improve
the carbonation resistance of concrete. Guo et al. [15]
revealed the enhancing mechanism of SAP on carbonation
resistance of concrete on the microscopic level.

The carbonation resistance of concrete mainly depends
on the microcracks, which could be influenced by the hy-
dration degree and products. As for the effect of SAP on
hydration, Jiang et al. [16] found that the early hydration
reaction (0-7d) of concrete was delayed by the addition of
SAP. Zhao et al. [17] investigated the influence of nano-SiO,
and SAP on the hydration process of early-age cement paste
by the low-field nuclear magnetic resonance technology (LF-
NMR). The result showed that the beginning time of each
stage and the hydration duration were prolonged with the
increase of SAP dosage. Qin et al. [18, 19] studied the mi-
crostructure of concrete through mercury intrusion
porosimetry (MIP) and XRD, which concluded that the
amount of ettringite was increased in concrete cured by SAP.
Qin et al. [20] found that the hydration degree of concrete
could be greatly improved by smaller-sized SAP in the long
term by investigating the transformation rule of water form
during the internal curing process.

The above research indicated that SAP had a positive
impact on the carbonation and hydration performance of
concrete. However, the existing research focuses on the
direct index, including pores and microstructure, to study
the influence of internal curing on carbonation resistance,
and lacks the research on the interlock that how the hy-
dration degree influences the compactness of the structure
and reduces the microcracks, which affects the carbonation
performance of concrete. Therefore, the relationship be-
tween hydration and carbonation also needs to be estab-
lished to further explore the influencing mechanism on
carbonation resistance. Otherwise, the engineering envi-
ronment of the component was also important for its service
performance, so it urgently needed to be considered. Nev-
ertheless, former research has been conducted mainly in
ordinary cement concrete, but few have been carried out for
bridge deck concrete in hot and humid areas.

Regarding this situation, the factors including high CO,
content, high temperature, and wet weather might accelerate
the carbonation and the destruction of bridge deck concrete.
In this case, the setting of each parameter in the carbonation
test should be simulated to the actual engineering back-
ground. Meanwhile, it is necessary to illuminate the influ-
encing mechanism of SAP on carbonation, which would
promote its application in engineering to reduce durability
damage caused by carbonation.
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In this work, on the basis of fully considering the inherent
properties of hot and humid regions, the varying rule of
carbonation depth of cement concrete with SAPs of different
particle sizes and dosages was studied by accelerated car-
bonation experiment. The hydration degree and products
were investigated based on the FTIR and XRD tests. In
addition, the Ca(OH), absorption peak area of the control
group and internal curing group at different ages was cal-
culated quantitatively. In particular, an SEM test was con-
ducted to observe the microstructure and remaining pores in
concrete formed by SAP gels. Finally, the influencing
mechanism of SAP on carbonation resistance was revealed by
analyzing the carbonation depth, hydration performance,
and microstructure characteristics of SAP-concrete.

2. Materials and Preparation
2.1. Materials

2.1.1. Superabsorbent Polymer (SAP). Sodium polyacrylate
SAP was used as an internal curing agent in this study, whose
particle sizes included 221-864 ym (SAP-20), 117-140 ym
(SAP-100), and 74-104um (SAP-150). SAP was a white
particle or powder, and the microstructure of SAP dry powder
is shown in Figure 1. The liquid absorption rate of SAP with
different meshes in cement paste was tested using the tea bag
method (W/C = 0.37). Table 1 presents the specific technical
indices and the measured absorption rate of SAP.

2.1.2. Cement. On the basis of GB 175-2020 [21], ordinary
Portland cement (PO.42.5) with Blaine fineness of 3570 cm?/
g was selected in this article. The physical and mechanical
properties are detailed in Table 2.

2.1.3. Aggregate. The coarse aggregate (limestone) from
Jiangmen, Guangdong Province in China, was used in this
study, which included two types of 4.75-9.5mm and
9.5-19 mm, and the applying mass ratio was 2:8. The fine
aggregate was manufactured sand of fineness modulus of
2.80. The gradation curve is shown in Figure 2.

2.1.4. Water Reducer and Water. Polycarboxylate super-
plasticizer (HPWR-Q8011) with a water reduction rate of
26% and a gas content of 2.5% was employed. Experimental
water was Foshan tap water, which met the technical re-
quirements of JGJ 63-2006 [22].

2.2. Mix Proportion of Concrete. The theoretical internal
curing water introduction amount and SAP content (mass
ratio of binding materials) were calculated based on the
SAP’s water absorption in water at 30 min (see Table 1) and
the Powers Formula (as (1)). In order to explore the effect of
the dosage and particle size on carbonation resistance and
hydration degree on cement, SAPs of three different particle
sizes and dosages were applied in this study. The mix
proportions of concrete used in this article are listed in
Table 3. The mixing procedure is illustrated in Figure 3.
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FIGURE 1: Micromorphology of SAPs in the dry state. (a) 50 times; (b) 200 times.
TaBLE 1: Main technical indicators of SAP.
. . . Water absorption/(g/g)
Density/(kg/ pH/(1% moisture Saturated absorption Absorptance/(g/
m?) dispersion) time/s g) 20-60 100-120 150-200
mesh mesh mesh
0.75 5.5-6.8 <28 450-550 17.2 14.2 12.3
TaBLE 2: Physical and mechanical properties of cement.
S . Flexural strength/ Compressive strength/
o Setting time/min MPa MPa
Normative indices . )
Initial set Final set 3d 28d 3d 28d
203 450 59 7.7 27.4 45
PO.42.5 >45 <600 >3.5 >6.5 >17.0 >42.5
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where (W/C),c is the additional water-cement ratio re-
quired for internal curing.

3. Testing Method

3.1. Accelerated Carbonation Test. Carbonation resistance
could be characterized by measuring the carbonation depth
of concrete. The test (the process of the test, see Figure 4) was
conducted by the HTX-12 concrete carbonation box pro-
duced by North-South Instrument and Equipment Co., Ltd.
The carbonation resistance of concrete was tested after
28 days of curing according to JTG3420-2020 [23]. The test
of carbonation depth was recorded on days 3, 7, 14, and 28.
A similar specimen of 100 mm x 100 mm x 400 mm was
prepared as a carrier for internal curing, which contained
three parallel specimens in one group, and the bottom and
surface were sealed with paraffin, leaving four sides. The
specimens were placed in the testing space at 20+ 5°C and
70 + 5% RH and the concentration of CO, was 20 + 3%. After
testing treatment, the specimen was taken out and split on
the press, and the thickness was decreased to 50 mm. The
remaining specimen was put back in the carbonation box
with a paraffin sealing section. The carbonation depth was
calculated according to equation (2). Furthermore, in order
to better investigate the influence of SAP on the carbonation
performance of cement concrete, a coeflicient of “relative
carbonation rate” was defined and shown in equation (3).
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TABLE 3: Mix proportion of internal curing pavement concrete.

Compositions of pavement concrete/(kg/m?)

Concrete type SAP W,o/(kg/m®)  SAP dosage/k _ _

Rl ic/(kg/m’) Ee%E Cement Water Sand 475-9.5mm  9.5-19mm Water reducer
Coarse Coarse

S-Non - 0 -

S-20-0.200% SAP-20 16.75 0.974

S-150-0.200%  SAP-150 11.98 0.974

$-100-0.170% 11.76 0.828 487 180.2 776 790 198 4.87

S-100-0.200%  SAP-100 13.83 0.974

S$-100-0.225% 15.56 1.096

Water reducer

60s
3“’ A half of water
. 60s
o =
A half of water
Step 1 Step 2 Step 3 Step 4

FIGURE 3: Preparing procedure of internal curing concrete with SAP.
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F1GURE 4: Process of concrete carbonation test.

(2

where d, is the average carbonation depth (mm) after
carbonation (d); d; is the carbonation depth of each mea-
suring point (mm); # is the total number of measuring
points. (Each specimen included 10 data in this study.)

— (3)

where ay is the relative carbonation rate; d, is the average
carbonation depth (mm) of the SAP curing group at

different ages; dj is the average carbonation depth (mm) of
the control group at different ages.

3.2. Hydration Performance Test

3.2.1. FTIR Test. To investigate the hydration degree of
different experimental groups in Table 3, the FTIR test was
carried out by FTIR-960 Fourier transform infrared spec-
trometer. The samples (approximately 0.02g) were made
with potassium bromide into thin slices using the specimen
at the curing age of day 3, day 14, day 28, and day 56, re-
spectively. The schematic of this test is presented in
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Figure 5(a). The scanning wave number range was
4000-400 cm™" and the resolution was 4.0 cm ™.

It is worth noting that there were few studies on
quantitative analysis of cement composition based on the
FTIR technique [24]. A method for quantitative analysis of
hydration degree was applied in this article. The absorption
peak area of Ca(OH), was quantitatively compared S-Non
with the optimal SAP curing group. The tangent of the
extreme points on both sides of the absorption peak was
selected as the corrected baseline to calculate the absorption
peak area, the baseline positioning, and peak area calculation
(01, O,, and O; are the reference points for peak area
calculation), as shown in Figure 5(b).

3.2.2. XRD Test. In order to further explore the influence of
internal curing material on the internal hydration degree of
cement, XRD was performed to characterize the valuation of
hydration products. The samples chosen in this test con-
tained three different curing ages of day 3, day 14, and day
28. The analysis angle range was 5°-80° with 40 kV voltage
and 40 mA current.

3.3. SEM. The carbonation resistance of internal curing
concrete was closely related to its microstructure, and the
macroscopic properties might be explained. Thus, SEM was
used to characterize the microstructure and hydration
products of concrete by a Japan Hitachi coldfield scanning
electron microscope. The secondary electron resolution of
SEM is 1.4nm, and the magnification was 5000 times and
10000 times.

4. Results and Discussions
4.1. Influence Mechanism of Carbonation Resistance

4.1.1. Carbonation Resistance of Concrete with SAP of Dif-
ferent Particle Sizes. The carbonation depth variation and
relative carbonation rate of concrete with SAP of different
particle sizes are shown in Figures 6 and 7, respectively.

From Figure 6, it can be seen that the incorporation of
SAP had different effects on the carbonation resistance of
concrete and the carbonation depth increased step by step
with the extension of age. Among them, 100 mesh SAP had
the minimum carbonation depth at the given time, followed
by 150 mesh, which indicated that 100-mesh SAP had the
best improvement effect on concrete. From the view of the
relative carbonation rate in Figure 7, it can be discovered
that the carbonation depth of the S-100-0.200% and S-150-
0.200% groups were 56.5% and 88.3% compared to that of
the control group on day 28, respectively. This phenomenon
may be related to the distribution and internal curing range
of SAP particles in concrete. The liquid absorption rate of
100 mesh is higher than 150 mesh, so the curing range of 100
mesh SAP internal curing water is larger, which reflects the
better carbonation resistance.

Based on the above analysis, it can be speculated that for
the given dosage, the larger the particle size is, the larger the
curing range is provided, and the excellent carbonation

resistance may be presented. But it was interesting to find
that the carbonation depth of the curing group was deeper
than that of S-Non when the mesh was 20. Otherwise, the
carbonation depth of concrete with 20-mesh SAP was 50.3%
higher than that of the control group on day 3, but on day 28,
only 9.9%, which demonstrated that the carbonation effect of
20-mesh SAP was gradually improved with the extension of
age. In addition, SAP of 20 mesh may promote the gener-
ation of large remaining pores due to the large particle size of
SAP and high liquid absorption rate, resulting in more
channels for CO, to enter the internal concrete.

4.1.2. Carbonation Resistance of Concrete with SAP of Dif-
ferent Dosages. To search the effect of SAP dosage on car-
bonation resistance, 3 dosages of 100-mesh SAP were chosen
in this section, and the results are presented in Figures 8 and 9.

As shown in Figures 8 and 9, the carbonation resistance
of concrete was enhanced to a certain degree. With the
increase of SAP dosage, the carbonation depth of concrete
decreased first and then increased on day 28. As the results
show, the carbonation depth of internal curing groups of
S-100-0.175%, S-100-0.200%, and S-100-0.225% were 9.0%,
24.7%, and 14.0%, respectively, less than that of the control
group, while on day 28, there were 35.8%, 43.5%, and 18.2%,
respectively, which decreased more significantly. Based on
this phenomenon, it could be concluded that the dosage of
0.225% has the worst carbonation resistance among different
dosages. Moreover, with the increase of age, the improving
effect of internal curing material SAP on the carbonation
resistance of cement concrete became more obvious. The
addition of SAP could enhance the carbonation resistance of
concrete, which could be interpreted as that SAP can absorb
more internal curing water and gradually release the water
absorbed in the mixing process during curing age, im-
proving the relative humidity of concrete under the action of
difference ion concentration and humidity. In this case, the
microcracks in concrete are reduced, which could block the
channels of CO, effectively. Therefore, the carbonation re-
sistance of concrete is enhanced.

There is no doubt that the larger the curing range is, the
more the microcracks may be inhibited, benefitting from the
curing effect with the greater dosage, but it was interesting to
note that the great dosage of 0.225% had the deepest car-
bonation depth. This is because the “microagglomeration”
phenomenon is easy to occur in the process of cement
concrete mixing, and the unsaturated SAP is wrapped with a
layer of SAP saturated with water, which leads to further
absorption of internal curing water being hindered and the
internal curing effect weakened. In consequence, the car-
bonation resistance could be improved with a moderate
dosage of SAP.

4.2. Hydration Degree Analysis Based on FTIR and XRD

4.2.1. Analysis of FTIR Spectra. The influence of SAP on the
hydration degree of cement could be inferred by the vi-
bration peaks of each functional group measured by the
FTIR test. The FTIR spectra of the control group
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(Figure 10(a)) and S-100-0.200% (Figure 10(b)) (optimal
group in carbonation test) were investigated and com-
pared, whose age ranged from day 3 to day 56. At the same
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FiGURE 7: Relative carbonation rate of concrete with SAP of dif-
ferent sizes.

time, the effect of SAP particle size on the hydration of

cement was studied by analyzing the FTIR spectra of day 56
(Figure 11).
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From Figures 10 and 11, it can be observed that the
position and shape of the characteristic peaks of each
functional group were basically the same in FTIR spectra
between the two groups, but the absorption intensity of the
absorption peak was different, which indicated that the
addition of SAP promoted the hydration process of cement
and led to the relative content variation of cement concrete
components. The functional groups of OH™ and COj”
mainly appeared in the high wavenumber region from
40007" to 300cm™" and the stretching vibration peak of
H-O-H (near 3432cm™") was the absorption peak of water
molecules. The characteristic peak of CaCO; (1423 cm™")
was caused by the CO;™ formed from the reaction of the
alkali in the cement and CO, in the air, which induced the
‘carbonation’ phenomenon appearing in the cement.
Therefore, the contact between CO, and H,O should be
avoided during the preparation, storage, and test of samples.

The absorption peak (below 1300 cm™") was caused by
the vibration of the silica or alumina groups and the

asymmetric stretching vibration peaks of Si-O in the silica
tetrahedron around 1081 cm ™" and 1024 cm ™. The bending
vibration peak of Si-O-Si (around 692 cm™") identified the
degree of polymerization of the silicate grid, and the higher
the peak value was, the higher degree of polymerization
would be. The above peaks of Si-O and Si-O-Si combined
with the bending vibration peak in the Si-O plane (463 cm™")
corresponded to the characteristic peaks of the C-S-H gel.
Vibration peaks of Al-O (874 cm™) were related to the
generation of AFt or AFm. Although the variation of the
main peak was not obvious with the advancement of the
hydration process, the peak type of several small peaks in the
range of 1300 cm™'-450 cm™" absorption peak developed
rapidly. It could be explained that the aggregation degree of
silicon (aluminum) oxygen polyhedron network structure
on the surface of cement particles decreases, which leads to
the tendency to be single in the oligomeric structure; thus,
the symmetry of the structure is improved.

Figure 11 presents the FTIR spectra of concrete with SAP
of different particle sizes at day 56. Compared with the
S-Non, the characteristic peaks of hydration products of the
internal curing group with 0.200% dosage were strength-
ened. The characteristic peak of the internal curing group
was significantly enhanced to be about 874 cm™', and the
absorption peak area of Ca(OH), in S-100-0.200% was the
largest, which demonstrated the degree of hydration was
high, followed by 150 mesh. Meanwhile, the water ab-
sorption was improved with the increase in particle size,
which was attributed to the hydration of cement.

As for the effect of SAP dosage on the hydration degree
of cement, it was quantitatively analyzed by calculating the
area ratio of Ca(OH), absorption peak of the internal curing
group with SAP of various dosages and S-Non at different
ages (Figure 12).

It can be seen in Figure 12 that the ratio of Ca(OH),
absorption peak (3642 cm™') shows the trend of decreasing-
increasing in the SAP curing group and control group at
different ages. The Ca(OH), absorption peaks of S-100-
0.175%, S-100-0.200%, and S-100-0.225% were 1.92 times,
1.95 times, and 1.74 times than that of the control group,
respectively. It could be concluded that the early hydration of
cement concrete can be enhanced with the addition of SAP.
Interestingly, it was found that the absorption peak of
Ca(OH), in internal curing groups with three particle sizes
was smaller than that S-Non at day 28. This phenomenon
could be interpreted that the internal humidity of cement
concrete gradually decreases with the continuous hydration.
Then the internal water is gradually released, which promotes
the secondary hydration of unhydrated cement and some part
of Ca(OH), is consumed. Thus, the hydration degree in the
later stage is improved effectively. Compared with the control
group at the age of day 56, SAP curing groups increased by 0.7
times, 3.36 times, and 1.03 times, respectively.

According to the above results, the dosage of 0.200% is
considered the optimal dosage, which has the best enhancing
effects. With the appropriate particle size and dosage, the
hydration degree of cement can be improved and internal
microcracks may be reduced, which would enhance struc-
tural compactness and promote carbonation resistance.
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4.2.2. Analysis of XRD Pattern. For better understanding of
the hydration degree of internal curing concrete, the com-
parison of the XRD spectrum between S-Non and S-100-
0.200% on day 3, day 14, and day 28 is depicted in Figure 13

In Figure 13, it can be clearly obtained that Ca(OH),,
C-S-H gel, and AFt were the main hydration products
corresponding to the diffraction peaks of concrete. Besides,
SiO, from binding material and fine aggregate minerals and
the carbonation product of CaCOj3 existed. There was no
obvious new diffraction peak in the XRD spectrum of S-100-
0.200% on day 3, day 14, and day 28, which indicated that the
type of hydration product was not changed with the in-
corporation of SAP.

Compared with the two groups, the content of hydration
products was raised with the increase of age. The Ca(OH),
and AFt diffraction peaks in S-100-0.200% were significantly
higher than S-Non. The strongest diffraction peaks of
Ca(OH), between the group without SAP and internal
curing group were 486 A and 902 A, and those of C,S and
C5S were 428 A and 284 A, respectively. It could be explained
that SAP can promote the consumption of C,S and CsS,
leading to the generation of more Ca(OH),.

The above analysis proves once again that the hydration
degree of cement concrete is improved through SAP’s water
release effect; thereby, the microcracks are decreased and the
density of the structure is increased, which would prevent
the harmful substances such as carbon dioxide from entering
the concrete.

4.3. Microstructure and Influence Mechanism of Carbonation.
The factors affecting the carbonation resistance of internal
curing concrete mainly include the following two aspects: (1)
the compactness of concrete filled by the hydration products
generated in the hydration process; (2) the balance between
remaining pores formed by SAP gels and hydration product
filling effect. Therefore, microstructure analysis of cement
concrete and the remaining pores formed by SAP gels should

be implemented in the research on carbonation resistance of
concrete.

SEM micrographs of S-Non and $-100-0.200% at the
magnification of 5000 times at different ages are illustrated in
Figures 14 and 15. It can be observed that the number of
hydration products of the two groups increased gradually
with the increment of age within day 56. The hydration
degree of cement concrete structure in the control group is
low. Figures 14(a) to 14(d) show that the pores between
particles were large with microholes, which led to the dis-
tribution of relatively loose microstructure. Compared with
the two groups, it can be found that the hydration products
in S-Non were less than those in the internal curing group
and only a few Ca(OH), and a small amount of C-S-H were
identified, which was improved at day 56. Obviously, cotton
flocculent fibrous C-S-H appeared at day 14 in the S-100-
0.200%, and the internal structure became dense. At day 56,
a large amount of C-S-H gel was produced, which indicated
a higher degree of hydration.

Combined with the micromorphology of internal pores
(Figure 16) and the remaining pores formed by SAP gels
panorama of S-100-0.200% (Figure 17), the connection
between microstructure and performance results of SAP-
concrete was clarified, and the influence mechanism of
carbonation on internal curing could be mainly
interpreted.

As seen in Figure 16, the abundance of hydration
products inside the internal pores included the layered
Ca(OH),, flocculent and fibrous C-S-H gel, and a small
amount of AFt, which were closely intertwined and over-
lapped, showing the discontinuous three-dimensional net-
work structure distribution. A large number of C-S-H gel
and the accumulation of hydration products on day 56 are
presented in Figure 16(b), which indicates the quantity of
hydration products was increased and the dense structure
was formed; thus, S-100-0.200% showed a better perfor-
mance than the control group in hydration degree and
carbonation test.
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FIGURE 15: Micromorphology of cement concrete at different ages of S-100-0.200%: (a) 3d (b) 14d, (c) 28d, and (d) 56 d.
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FIGURE 17: Remaining pores formed by SAP gels panorama of S-100-0.200%: (a) 28d; (b) 56 d.

As observed in Figure 17(a), the remaining pores formed
by SAP gels on day 28 were filled with flocculent SAP and
surrounded by a C-S-H gel layer with different thicknesses,
which was formed by the diffusion of the slurry around the
SAP hole to SAP. It could be analyzed that the large pores
would be formed after water release; however, the pore filling
of the gel layer is limited and the hydration products are
mainly used to fill the opening pores capillary. Failure to
achieve effective filling would accelerate the carbonation
reaction with the increase of concrete pores, which is a good
explanation for the above interesting phenomenon that the
particle size of 20 mesh has the worst carbonation resistance
among the internal curing group. Moreover, it can be ob-
served from Figure 17(b) that the remaining pores formed by
SAP gels could be well filled by hydration products during
the internal curing process, which was closely integrated
with the boundary; thus, the invasion of CO, was blocked.

The improving mechanism of hydration performance
and carbonation resistance of SAP-concrete could be con-
cluded based on the above analysis. On the one hand, SAP
can compensate for the internal humidity of concrete and
make the humidity distribution more uniform during the
curing process, which could promote the hydration degree
of cement and inhibit the microcracks; otherwise, more
hydration products are produced to fill the inside structure.
On the other hand, the filling relationship between

hydration products and remaining pores formed by SAP gels
could be better balanced with the moderate dosage and
particle size. Thus, the compactness and integrity of concrete
structures are enhanced. The denser the concrete is, the
slower the diffusion rate of CO, and the smaller the residual
pores are. At the same time, the content of alkaline sub-
stances is increased; therefore, the more corrosive substances
(mainly CO, and some H", SOi_) are needed to consume
when entering the internal concrete, which mitigates the
diffusion rate of CO,. Thereby, the carbonation resistance of
concrete was reinforced.

5. Conclusions

The carbonation test and hydration degree test included
FTIR and XRD of internal curing cement with SAPs of
different particle sizes and dosages studied in this article. The
micromorphology and remaining pores formed by SAP gels
panorama were also investigated to further understand the
influence mechanism of internal curing with SAP. The
conclusions were summarized as follows:

(1) The carbonation depth of cement concrete at dif-
ferent ages was measured in this research. The
carbonation resistance first increased and then de-
creased with the increase of SAP particle size and
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dosage. S-100-0.200% had the best performance,
with the carbonation depth of only 56.5% of the
control group on day 28. Furthermore, those of
S-100-0.175% and S-100-0.225% were 35.8% and
18.2% lower than that of S-Non, respectively. The
results showed that the carbonation resistance could
be improved effectively by selecting the appropriate
SAP particle size and dosage.

(2) The conclusion that the addition of SAP could
promote the hydration degree was proved by qual-
itatively and quantitatively analyzing FTIR spectra
and XRD. The area of Ca(OH), absorption peak in
S-100-0.200% was 3.36 times larger than that of
S-Non at day 56. The strongest diffraction peaks of
Ca(OH), between the control group and S-100-
0.200% were 486 A and 902 A, and those of C,S and
C5S were 428 A and 284 A, which demonstrated that
more C,S and CsS translated into Ca(OH),.

(3) The abundant hydration products in the cement
concrete of $-100-0.200% had evenly filled up the
remaining pores formed by SAP gels and a dense
microstructure was formed, which improved the
compactness of concrete and prevented carbon di-
oxide from entering; thus, the carbonation resistance
was enhanced.

(4) The appropriate particle size and dosage obtained by
optimization are 100 mesh and 0.200% when W/C is
0.37.

Further work can be performed to simulate the multiple
environmental coupled effects like carbonation, salt freeze-
thaw cycle, sulfate dry-wet cycle, acid rain, and fatigue load.
The resistance performance of SAP-concrete under the
multiple environmental coupled effect should be explored
and the influencing mechanical properties need to be further
clarified.
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