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Abstract: This article aims to study the effects of mixtures with superabsorbent polymers (SAPs) when
using different mixing methods. The mixing methods used in this study are the dry mixing method
and wet mixing method. Autogenous shrinkage, total shrinkage, drying shrinkage, compressive
strength, and curing sensitivity index values are investigated. The results show that mixtures with
SAPs have reduced autogenous shrinkage and total shrinkage. Shrinkage is more effectively reduced
by the dry SAP mixing method than the wet SAP mixing method. The compressive strength derived
by the dry SAP mixing method is higher than that derived by the wet SAP mixing method.

Keywords: superabsorbent polymers; autogenous shrinkage; total shrinkage; compressive strength

1. Introduction

The cracking of concrete is a big problem in concrete structures. It can be caused
by several factors. The cracking of concrete structures due to shrinkage is frequently
found, especially in the case of high cement content, a low water-to-binder ratio, and high-
performance concrete. High-performance concrete, which has a very low water-to-binder
ratio, causing low permeability [1–3], is used worldwide in the present day. The reaction
of unhydrated cement with an inadequate amount of water or moisture from capillary
pores causes self-desiccation, which leads to severely increased autogenous shrinkage.
An increase in autogenous shrinkage increases the risk of cracking in concrete under the
restraint of the structure [4].

In general, the hydration reaction in concrete needs water. If the water in the capillary
pore within concrete is used for the hydration reaction and evaporation to the external
environment occurs until desiccation is achieved or there is a lack of water in the concrete,
the hydration reaction is discontinued. The prevention of evaporation in concrete could
prolong the hydration reaction. So, external curing is used to facilitate the hydration
reaction, increase the compressive strength of concrete and, furthermore, reduce drying
shrinkage. However, this curing method cannot decrease autogenous shrinkage because
external water cannot spread into the interior or center of concrete.

Internal curing (IC) is also used to reduce autogenous shrinkage and mitigate cracking
risk [4,5]. The difference between external and internal curing is the moisture provided
to concrete for the hydration reaction. In the case of high-density or very thick concrete
during external curing, the water cannot thoroughly permeate into concrete. For internal
curing, the appropriate material must have the properties of high water absorption and
good desorption. IC agents are used as additives or for the partial replacement of the
mixture in fresh concrete. When an IC agent is thoroughly distributed inside concrete, it
gradually releases water to mitigate the self-desiccation, causing a reduction in autogenous
shrinkage by keeping moisture inside the concrete. In addition, the hydration reaction
and compressive strength of concrete has also been fully developed. A superabsorbent
polymer (SAP) is one of the appropriate materials used as an IC agent in construction
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technology, playing a crucial role in extending the service lives of structures. Enhanced
structural serviceability not only contributes to environmental sustainability but also
bolsters economic viability.

SAPs can be classified as sodium-based and potassium-based. Their water absorption
properties are similar, but their desorption abilities are different. Sodium-based SAPs
cannot desorb or can desorb a small amount of water, while potassium-based SAPs can
substantially desorb water.

Previous studies have shown that by using an SAP as an IC agent, autogenous
shrinkage was reduced [1,3,5], while drying shrinkage could have either decreased or
increased [1,5]. Unfortunately, mixing SAPs into a mixture generally degrades its mechani-
cal properties [3,5]. In the present day, there are two methods of mixing SAPs into mixtures:
dry and wet mixing methods. In the dry mixing method [1–3,5–12], a dry SAP is mixed
into a mixture. The dry SAP will absorb IC water during mixing. The disadvantage of the
dry mixing method is that it decreases the mechanical properties and increases the drying
shrinkage. In the wet mixing method, a pre-wetted SAP is mixed into a mixture [12,13].
It appears that the majority of studies on SAP have primarily explored a limited range of
effects using either the dry mixing method or the wet mixing method. Consequently, there
is still a gap in knowledge regarding the selection of the most suitable and efficient mixing
method. To address this gap, this paper undertakes a comprehensive examination of both
methods and compares their effectiveness. The study investigates the impact of SAP as
an internal curing (IC) agent on the shrinkage and compressive strength in mixtures, with
the findings being thoroughly tested and discussed. Additionally, the study evaluates and
proposes a curing sensitivity index (CSI).

2. Experimental Program
2.1. Materials

Ordinary Portland cement type I was used. The specific gravity was 3.15. The chemical
compositions are shown in Table 1.

Table 1. Chemical properties of cement.

Chemical Composition (%) Portland Cement Type I

SiO2 20.90
Al2O3 4.80
Fe2O3 3.40
CaO 65.40
K2O 0.45
TiO2 0.26
Others 4.79

River sand was used as a fine aggregate. The specific gravity, fineness modulus,
and water absorption of the river sand were 2.63, 2.57, and 0.94%, respectively. The fine
aggregate was sieved through a No. 4 (opening 4.75 mm) sieve to remove large particles.
Crushed limestone was used as a coarse aggregate with a maximum size of 20 mm. The
specific gravity, fineness modulus, and water absorption of the crushed limestone were
2.61, 6.49, and 0.75%, respectively. The fine and coarse aggregate, in the saturated surface
dry (SSD) condition, was used according to the ASTM C128 standard [14]. Tap water was
used as mixing water.

The SAP used in this study was potassium-based. A covalently cross-linked acry-
lamide/acrylic acid copolymer was used as the SAP in the dry condition, with a specific
gravity of 1.34. The particle size was 75 to 3300 µm for mortar and 150 to 300 µm for
concrete in the dry state. The particle sizes of the dry and wet SAP are shown in Figure 1.
The gradation of the original dry SAP is shown in Figure 2. Three types of SAP, original
dry SAP, wet SAP, and ground wet surface dry SAP, were used. The wet SAP was original
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dry SAP, which was soaked in water for 3 h. The ground wet SAP was wet SAP, which was
ground for 1 min. In Figure 3a,b, the original dry SAP and ground wet SAP are shown.
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Figure 1. Particle size of SAP used in this study: (a) dry SAP; (b) wet SAP.
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Figure 3. Particle size of SAP used in this study: (a) original dry SAP; (b) ground wet SAP.

2.2. Absorption and Desorption of SAP

The absorption testing for SAP consists of 2 methods, including the teabag method [15–17].
The absorption capacity of SAP, in this study, was tested according to the teabag method
presented in [15–17]. To perform the teabag method, a teabag containing dry SAP (0.2 to
0.3 g) is immersed in water and then blotted with a dry cloth at different time points: 0, 5,
10, 20, 30, 60, 120, 180, 240, 300, and 360 min. The absorption capacity of SAP is shown in
Figure 4. The maximal absorption capacity is 106.71 g (water)/g (dry SAP) at 3 h.
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The desorption testing for SAP was conducted according to ASTM C1761/C1761M-
15 [18]. The wet surface dry condition SAP (5 g) was taken into a pan and stored in a
chamber at 94% relative humidity (RH) and a temperature of 23 ± 1 ◦C. The desorption
capacity of SAP is shown in Figure 5. Wet SAP and ground wet SAP can release 96.7% and
98.3% of the water they absorb in 3 h within 24 h. According to ASTM C1761/C1761M-
15 [18], the IC agent must release at least 85% of its absorbed water.
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2.3. Mixing Method

Two types of mixing method were employed: the dry SAP mixing method and wet SAP
mixing method. For the dry SAP mixing method, the SAP absorbed water during mixing,
while for the wet SAP mixing method, the SAP was pre-wetted with the corresponding
amount of water for 3 h before mixing. By pre-wetting SAP to full capacity, the wet SAP
mixing method ensures water availability and reduces self-desiccation. The wet SAP
mixing method uses SAP that is fully saturated with water before mixing, which ensures
water availability to prevent self-desiccation. Both mixing steps for mortar and concrete
with SAP are shown in Figures 6 and 7. In both mixing methods for mortar, the cement,
water, IC water, and dry or wet SAP were premixed for 30 s at low speed. Then, the sand
was added to mix for 210 s. The total mixing time was 4 min. For concrete mixing, crushed
limestone and sand were premixed for 3 min. Next, the cement and dry or wet SAP were
added and mixed for 3 min. Then, the water was added and mixed for 5 min. The total
mixing time was 11 min.
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2.4. Mixture Proportions

Five mortar mixtures were tested, as shown in Table 2. The mixture proportions
were designed as W35, W35SD, W35SW, W35GSW, and W46. W35 and W46 were mortar
mixtures without SAP, with water-to-binder ratios of 0.35 and 0.46, respectively. W35SD,
W35SW, and W35GSW were mortar mixtures with SAP (0.1% by weight of cement content)
prepared with different mixing methods and had a water-to-binder ratio of 0.35. The
mixture prepared using the dry SAP mixing method is W35SD, and the mixtures prepared
using the wet SAP mixing method are W35SW and W35GSW. The original size of the
SAP was used in W35SW, while W35GSW used ground SAP. All SAP mixtures had an IC
water-to-binder ratio of 0.107.

Table 2. Mix proportions of mortar.

Sample
Mix Proportion (kg/m3)

Type of SAP
Mixing
MethodCement Sand Water SAP Internal Curing Water

W35 899 1052 315 - - - -
W35SD 899 1052 315 0.9 96 D Dry
W35SW 899 1052 315 0.9 96 W Wet

W35GSW 899 1052 315 0.9 96 GW Wet
W46 899 1052 411 - - - -

Remake: D is original dry SAP. W is original wet SAP. GW is ground wet SAP.

Three concrete mixtures were tested as shown in Table 3. Mixture proportions were
designed as C35, C35SD, and C35SW. Mixture C35 had a water-to-binder ratio of 0.35
and no SAP. Mixtures C35SD and C35SW had a water-to-binder ratio of 0.35 and were
mixed with SAP. Mixtures C35SD and C35SW used the dry and wet SAP mixing methods,
respectively. The particle size of SAP was 150–300 µm in the dry stage. The amount of
internal curing water was equivalent to 0.18 to the weight of cement according to powers’
model [4].

Table 3. Mix proportions of concrete.

Sample
Mix Proportion (kg/m3)

Type of
SAP

Mixing
MethodCement Sand Crushed

Limestone Water SAP Internal Curing Water

C35 899 473 574 315 - - - -
C35SD 899 473 574 315 0.5 57 D Dry
C35SW 899 473 574 315 0.5 57 W Wet

Remake: D is dry SAP. W is wet SAP.
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2.5. Flow Table and Setting Time Testing

The flow table testing was conducted using fresh mortar after mixing to assess its
workability according to ASTM C230/C230M-14 [19]. Three specimens were tested to
determine the average flow rate at 0, 60, and 120 min.

Setting time testing was carried out to ascertain the duration of the setting of mortar,
which is crucial for determining optimal casting, placing, and finishing times, in accordance
with ASTM C807-13 [20]. Three specimens of mortar were tested to determine the average
needle penetration every 15 min. The initial and final setting times were defined as the
times when needle penetration was 25 and 0 mm, respectively.

2.6. Autogenous Shrinkage Testing

Autogenous shrinkage occurs due to hydration and chemical shrinkage after setting
time under sealed conditions without external forces. More autogenous shrinkage can be
expected in the concrete with lower water-to-cement ratio (w/c).

To determine the autogenous shrinkage, specimens were prepared with dimensions
of 25 × 25 × 285 mm for mortar and 75 × 75 × 285 mm for concrete. Three specimens of
each type were tested. After 12 h of casting, the specimens were removed from the molds
and wrapped with 10 layers of plastic and 2 layers of foil to maintain moisture (refer to
Figure 8a). They were then stored in a chamber maintained at a temperature of 23 ± 1 ◦C
and a relative humidity (RH) of 50 ± 2%. Autogenous shrinkage testing was conducted
and monitored for a duration of 42 days.
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2.7. Total Shrinkage Testing

Total shrinkage is the sum of autogenous shrinkage and drying shrinkage. Drying
shrinkage tends to be more pronounced in mixtures with higher water-to-cement (w/c)
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ratios. In real-world scenarios, structures experience both types of shrinkage. When the
w/c ratio exceeds 0.35, total shrinkage decreases as the w/c ratio increases. Conversely,
when the w/c ratio is below 0.35, total shrinkage increases with higher w/c ratios. Factors
such as low relative humidity, high wind speed, inadequate curing, and increased surface
area can exacerbate the influence of drying shrinkage on concrete structures.

To determine the total shrinkage, specimens were prepared with dimensions of
25 × 25 × 285 mm for mortar and 75 × 75 × 285 mm for concrete. Three specimens
of each type were tested. After 12 h of casting, the specimens were removed from the molds
and wrapped in 10 layers of plastic and 2 layers of foil to maintain moisture for 7 days.
Subsequently, the plastic and foil were removed (refer to Figure 8b). The specimens were
then stored in a chamber at a temperature of 23 ± 1 ◦C and a relative humidity (RH) of
50 ± 2%. Total shrinkage and weight loss testing were conducted and monitored over a
duration of 42 days.

2.8. Drying Shrinkage Calculation

The equation below shows how the drying shrinkage of mortar and concrete was
determined, as mentioned in Section 2.7 on total shrinkage testing.

∆D = ∆T − ∆A (1)

where ∆D (µε) is the drying shrinkage at any age; ∆T (µε) is the total shrinkage at any age;
∆A (µε) is the autogenous shrinkage at any age.

2.9. Compressive Strength Testing

The compressive strength testing for mortar was conducted according to ASTM
C109/C109M-13 [21]. Cubic specimens measuring 50 × 50 × 50 mm were used for mortar
testing. For concrete, cylindrical specimens with dimensions of 100 mm in diameter and
200 mm in height were employed. After casting, three types of curing were applied: cur-
ing in water, covered with a plastic sheet (5 layers), and air-curing at room temperature
(27–33 ◦C) with a relative humidity (RH) of 58–71%.

For mortar, five specimens of each curing type were tested at 7 and 28 days, respec-
tively. Similarly, compressive strength for concrete was measured at the ages of 7 and
28 days. The average compressive strength of the three specimens was calculated for
concrete at each testing age.

3. Test Results and Discussion
3.1. Setting Time and Flow Table

Figure 9 shows that mixtures with SAP have a prolonged initial setting time compared
to W35. W35SW has longer initial setting time than W35GSW. The result also showed that
the SAP with large particle size resulted in longer initial setting time than the case of the
SAP with small particle size. The final setting time of W35SW was similar to that of W35. A
possible explanation is that IC water in the SAP was desorbed in small amounts, which
could not sufficiently affect the setting process. The final setting of W35GSW increased
when compared to W35 because the w/c ratio increased due to SAP desorbing the IC water
before hardening. The smaller total surface area of SAP in W35SW reduced the water
desorption from internal curing compared to SAP in W35GSW. Although the size of SAP
affected the final setting time, it could not be safely concluded that the particle size of SAP
or the increase in IC water affected the final setting time.

In Figure 10, the flow of W35SD was the highest because the water content in the
mixture was higher than in any other mixtures. This could be explained by the fact that the
SAP in W35SD could not absorb all the IC water during mixing, resulting in an increase in
the water content in the mixtures. The flow of W35SW and W35GSW was higher than W35.
The flow of W35GSW and W35SW at 0 and 60 min was nearly the same. However, the flow
of W35GSW at 120 min was greater than that of W35SW. This corresponds to the setting
time fostered by the ability of SAP to release the IC water during setting.
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The slumps of C35, C35SD, and C35SW were equal to 7.65, 20.5, and 11.25 cm, respec-
tively. It was observed that the slump of concrete with SAP was higher when compared
with concrete without SAP. This corresponded to the flow rate of mortar.

3.2. Shrinkage

In Figure 11, the mixture with SAP reduced autogenous shrinkage compared with W35
at 42 days. The autogenous shrinkage of W35SD was the lowest at all ages. The autogenous
shrinkage of W35SD, W35SW, and W35GSW compared with W35 was reduced by 27.2%,
3.9%, and 0.2% at 42 days, respectively. The reduction in autogenous shrinkage occurred
by two mechanisms. (1) During mixing, SAP could not absorb all the IC water in the dry
SAP mixing method, and it partially desorbed water during mixing in the wet SAP mixing
method, both of which resulted in an increase in the w/c ratio. (2) The IC water in SAP was
released after mixing to reduce capillary suction and supply water used in the hydration
reaction. The reduction in autogenous shrinkage of the mixtures with SAP at early ages
corresponded with the previous study [7]. From the previous study [22], it was proposed
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that “the particle size of SAP was the cause of the effectiveness of SAP on mitigating
autogenous shrinkage. SAP with larger particle size has large water absorptions and good
effects on mitigating autogenous shrinkage”. However, in this study, it seemed that SAP
with larger particle size could not always reduce autogenous shrinkage. The W35SW
(mixtures with large SAP) had more autogenous shrinkage than W35GSW (mixtures with
ground wet SAP) at early ages (1–28 days). A possible explanation was that the increasing
pore size from large SAP increased water desorption, which led to the reduction in the
resistance to shrinkage and increased autogenous shrinkage. According to Figure 5, despite
the smaller particle size of ground wet SAP, it had slightly better water desorption than
the larger particles. The reduction in autogenous shrinkage of the dry SAP mixing method
observed in this study could be explained by the fact that dry SAP could absorb partial IC
water. The remaining IC water would be combined with the water content of the mixtures,
resulting in an increased w/c ratio, which delayed the setting time. It was also shown that
W35SD had less autogenous shrinkage than W46, which was consistent with autogenous
shrinkage behavior. A lower w/c ratio is anticipated to result in increased autogenous
shrinkage, while a higher w/c ratio typically leads to decreased autogenous shrinkage.
Consequently, the lower autogenous shrinkage observed in the mixture with dry SAP in
comparison to wet SAP is evident.
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In Figure 12, the total shrinkage of W35SD and W35GSW was less/lower than that
of W35 after 14 and 12 days of mixing, respectively. The total shrinkage of W35SD was
less/lower than that of W46 and another mixture with SAP. The dry SAP mixing method
reduced the highest percentage of total shrinkage by 3.5% (reduction 50 µε) after 42 days
when compared with W46. The total shrinkage of W35SD, W35SW, and W35GSW compared
with W35 was increased by 7.8%, 15.9%, and 13.0% after 42 days, respectively. The results
indicate that fine SAP exhibits less total shrinkage compared to coarse SAP. This may be
due to the surface-to-volume ratio of internal curing water. Kamran [23] proposed that
coarse SAP acts as a larger reservoir, while fine SAP acts as a smaller reservoir. Regarding
moisture loss resulting in total shrinkage, it is observed that a higher loss of moisture can
be found in coarse SAP than in fine SAP.

In Figure 13, the drying shrinkage of the mixtures with SAP was more/greater than
that of W35. Among the mixtures with SAP, W35SW had the highest shrinkage, while
W35GSW and W35SD had lower and the lowest shrinkage, respectively. The absorption
and desorption ability of SAP water during mixing could affect w/c ratio, resulting in
setting time and rate of flow loss of mortar. Using SAP could reduce drying shrinkage when
compared with W46 (same water content). Compared with W35, the drying shrinkage of
W35SD, W35SW, and W35GSW increased by 26.1%, 26.2%, and 19.9%, respectively, after
42 days.
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Figure 13. Drying shrinkage of mortar.

In Figure 14, at the same level of weight loss, the drying shrinkage of W35 was the
highest. However, all mixtures with SAP reduced the slope between drying shrinkage and
weight loss when compared to W35 and W46. The drying shrinkage of mixtures with SAP
was clearly lower than that of W35 and W46 when compared at all weight losses.

In this study, it seemed that the mixtures with SAP could not reduce the total and
drying shrinkage. As shown in Figure 14, mixtures with SAP had lower drying shrinkage
than W35 at the same level of weight loss. If weight loss of the sample could be prevented
by external curing, a reduction in drying shrinkage occurred. Moreover, the reduction in
drying shrinkage could decrease total shrinkage. The mixtures with SAP had lower total
shrinkage of mixtures than W35, as shown in Figure 15. The lowest autogenous shrinkage
of the mixtures with SAP could lead to the reduction in total shrinkage. Therefore, the dry
SAP mixing method efficiently reduced shrinkage more than the wet SAP mixing method.
It is important to note that dry SAP consists of numerous small water reservoirs distributed
more homogeneously, whereas wet SAP comprises a few larger reservoirs. Once internal
curing water has been utilized for hydration, any remaining water may transfer throughout
the surrounding environment, potentially leading to drying shrinkage and weight loss
in the hardened state. More drying shrinkage and weight loss might be expected in the
mixture with a large amount of remaining water.
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Figure 14. Relationship between the drying shrinkage and weight loss of mortar.
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In Figure 16, the concrete with SAP had lower autogenous shrinkage than C35 after
42 days. The autogenous shrinkage of C35SD was the lowest at all ages. When compared
with C35, the autogenous shrinkage of C35SD and C35SW was reduced by 15% and 9.1%,
respectively, after 42 days, respectively. It could be concluded that the dry SAP mixing
method was more efficient in reducing autogenous shrinkage in concrete, as well as in
mortar, than the wet SAP mixing method. This may be due to the reduction in self-
desiccation from dry SAP that results from lowering the capillary pressure in the fresh
paste, which is in good agreement with the literature [7].

In Figure 17, the total shrinkage of C35SD was less than that of C35 and C35SW at all
ages. The total shrinkage of C35SW was higher than C35 at all ages. The total shrinkage
of C35SD, compared with C35 and C35SW, decreased by 9.5% and 13.5%, respectively,
at/after 42 days. The total shrinkage of C35SD was less than C35, due to the ratio of
autogenous-to-drying shrinkage (A/D ratio), which was higher when compared with the
results derived from equivalent mortar specimens. The A/D ratio of C35SD and W35SD
was equal to 60:40 and 30:70 (the autogenous shrinkage in mortar and concrete was equal).
The larger size of specimens and adding coarse aggregate in concrete increased the A/D
ratio. The increase in A/D ratio led to the decrease in drying shrinkage. Ultimately, the
total shrinkage of C35SD was less than C35.
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Figure 17. Total shrinkage of concrete.

In Figure 18, the concrete with SAP tended to increase drying shrinkage when com-
pared with C35. The drying shrinkage of C35SW was the highest. The drying shrinkage
of C35SW, compared with C35, increased by 23.6% at/after 42 days. However, the drying
shrinkage of C35SD, compared with C35, decreased by 1.8% at/after 42 days.
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Figure 18. Drying shrinkage of concrete.

In Figure 19, at the same level of weight loss, the drying shrinkage of C35 was the
highest. However, the slope of the relationship between weight loss and drying shrinkage
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was lower for all types of concrete when compared to C35. The drying shrinkage of concrete
with SAP was clearly lower than C35 when compared at all weight losses.
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Figure 19. Relationship between the drying shrinkage and weight loss of concrete.

In Figure 20, the concrete with SAP had the lowest autogenous shrinkage, which
reduced the total shrinkage. Therefore, the dry SAP mixing method was more efficient in
reducing shrinkage than the wet SAP mixing method.
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Figure 20. Relationship between the total shrinkage and weight loss of concrete.

3.3. Compressive Strength

Figure 21A,B show the compressive strength at 7 and 28 days for the mortar with/without
SAP. As expected, the mixture with SAP had lower compressive strength than W35. Compared
with W35, the compressive strength (water submersion at 7 and 28 days) of W35SD, W35SW,
and W35GSW was decreased by 20.01–25.81% and 30.68–31.76%, respectively. The reason
for the decrease in comprehensive strength was that IC water in SAP was released during
mixing for the wet SAP mixing method, and the SAP could not fully absorb the water for the
dry SAP mixing method. Both factors affected the w/c ratio and decreased strength. The
W35SD and W35GSW had higher compressive strength (water submersion at 7 days) than
W46, but W35SW had lower compressive strength than W46. The compressive strength of
W46 at 28 days was higher than that of mixtures with SAP. The reduction in compressive
strength of mixtures with SAP could be due to increasing porosity and w/c ratio [13,24]. In
addition, the compressive strength of the dry SAP mixing method (W35SD) was higher
than that of the wet SAP mixing method (W35SW). The compressive strength of W35GSW
was higher than that of W35SW, due to W35GSW containing smaller particle sizes of SAP
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than W35SW. Larger SAP particles and wet SAP left larger pores in the cement paste after
hydration than smaller particles and dry sap. For air exposure and plastic wrapping,
compressive strength seemed to be less.

Figure 21. (A) Compressive strength of mortar at 7 days. (B) Compressive strength of mortar at
28 days.
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3.4. Curing Sensitivity Index (CSI)

From the result of compressive strength, CSI can be determined as follows:

CSI (%) =

[
f’
c(WC)− f’

c(OC)

f’
c(WC)

]
× % (2)

where CSI (%) is curing sensitivity index; fc
′(WC) is the compressive strength with curing

in water; fc
′(OC) is the compressive strength with other curing. The CSI shows that

curing affects compressive strength. A high value signifies a greater effect on reducing
compressive strength.

Figure 22A shows the CSI by air exposure at 7 and 28 days for the mortar with/out
SAP. It was found that the use of SAP reduced CSI at 28 days when compared with W46.
SAP could reduce CSI by its internal curing, because it supplied subsequent water for
hydration reaction. The particle size of SAP was important for mitigation of CSI. For
W35GSW, its CSI was higher than that of W35 at all ages. It could be due to the small
particle size of SAP, which increased the surface area to release more IC water, and could
lower IC water retention. For these reasons, it could not maintain the hydration reaction to
reduce CSI.

For CSI by plastic wrapping shown in Figure 22B, it was found that the use of SAP
reduced CSI at 28 days when compared with W35 and W46. The CSI by the dry SAP mixing
method (W35SD) was higher than the other mixing method. The W35SW mixture was
the most effective in reducing CSI due to large particle size of SAP, which enhanced IC
water retention.

Figure 22. Cont.
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Figure 22. (A) CSI of air-cured mortar. (B) CSI of plastic-cured mortar.

4. Conclusions

This study focused on the effect of the SAP mixing method. The effects of two mixing
methods for SAP on the properties of mortars were investigated. According to the findings
in this study, the following conclusions can be drawn:

(1) The use of SAP in the mixtures reduced autogenous shrinkage compared to W35 at
42 days due to the extra water incorporated in the mixtures. Moreover, the dry SAP
mixing method reduced autogenous shrinkage more than the wet SAP mixing method
in both mortar and concrete mixtures.

(2) The total shrinkage of W35SD and W35GSW was less than W35 at 14 and 12 days,
respectively. In comparison to W46 and another mixture containing SAP, the dry SAP
mixing method reduced total shrinkage more effectively. Moreover, fine SAP showed
better performance in reducing total shrinkage than coarse SAP.

(3) The dry SAP mixing method was more effective than the wet method in reducing
drying shrinkage in both mortar and concrete mixtures. Fine SAP outperformed
coarse SAP in decreasing shrinkage, although mixtures containing SAP exhibited
higher drying shrinkage compared to those without SAP.

(4) The mixtures with SAP had consistently lower drying shrinkages compared to W35
and W46 at all weight losses.

(5) The compressive strength achieved through the dry SAP mixing method surpassed
that of the wet SAP mixing method. Moreover, when subjected to water submersion,
the mixtures containing SAP exhibited a decrease in compressive strength ranging
from 20.01% to 35.83% compared to W35. Notably, fine SAP exhibited greater potential
for enhancing compressive strength than coarse SAP.

Author Contributions: Conceptualization, W.A.; methodology, W.A.; formal analysis, W.A.; investiga-
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