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Abstract: In this study, we analyzed the strength and shrinkage properties of concrete with three
additives, superabsorbent polymer (SAP), calcium sulfoaluminate (CSA) clinker, and shrinkage-
reducing admixture (SRA), to verify the internal curing and shrinkage reduction effects. According to
compressive strength tests, the use of SAP as an additive resulted in a slight decrease in compressive
strength, whereas using 10% CSA clinker as an additive resulted in a compressive strength 8 MPa
higher than that of ordinary concrete. In the shrinkage tests, we observed the shrinkage behavior at
the surface and in the middle of the concrete while exposing the surface to ambient air for 80 days.
According to the results, SAP and SRA had greater shrinkage reduction effects on the concrete than
CSA clinker. In particular, the shrinkage reduction rate achieved by adding SAP to the mixture was
approximately 32% compared with ordinary concrete. Based on this result, we concluded that the
shrinkage of the mixture reduced due to the internal curing effect (humidity adjustment within the
concrete) of the SAP. In addition, the shrinkage reduction effect was maximized when we added
these materials simultaneously. In particular, the shrinkage reduction rate achieved by adding SAP
and SRA together was found to be approximately 69% compared with ordinary concrete. When we
added CSA, SAP, and SRA to the concrete mixture, the shrinkage reduction rate was approximately
96% compared with ordinary concrete, making this the best shrinkage reduction effect achieved.

Keywords: concrete; superabsorbent polymer (SAP); calcium sulfoaluminate (CSA) clinker; shrink-
age reducing admixture (SRA); internal curing

1. Introduction

Global warming began in the late 19th century as human activities became diversified
and intensified, and there have been numerous attempts to minimize it so far. Especially in
the field of civil engineering, various studies are being conducted on resource efficiency
and concrete durability due to environmental destruction and resource depletion.

In particular, carbon emissions from OPC (ordinary Portland cement), which is com-
monly used in the construction field around the world, account for 6% of the world’s
man-made carbon emissions [1]. Furthermore, durability design and minimization of con-
struction defects were some of the most effective methods for improving the sustainability
of concrete structures, that have been pointed out by previous studies [2].

In Korea, pavement maintenance cost has quadrupled in 20 years, from $255 million in
2001 to $1192 million in 2020 [3]. In particular, one of the biggest reasons for the increasing
maintenance cost of pavement is the decreased long-term durability by early-age damage.
In this study, the most economical and simplest method of enhancing the durability of
concrete was determined to be ‘curing’.

To hydrate the non-hydrated particles in concrete, the relative humidity inside the
concrete must be maintained at least 80%. If the relative humidity of concrete is below
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80% and its temperature is below 10 ◦C, most cement particles will stop hydrating and
eventually the strength of the concrete will be degraded [4]. Therefore, a curing process is
important to improve concrete performance. In general, external curing techniques, such
as the application of film curing compounds, are widely used for concrete mixtures. If
properly sprayed on concrete surfaces, these compounds can ensure that 80% humidity is
maintained inside the concrete for approximately seven days [4]. However, subsequently,
the humidity inside the concrete may drop sharply around the surface area, and the degree
of hydration reaction in the concrete may be weakened.

Shrinkage occurs from the beginning of concrete setting due to the loss of moisture
within the concrete after the mixing of its component materials. At this point, chemical
shrinkage and autogenous shrinkage occur as the cement consumes water for hydration
reactions, while plastic shrinkage occurs around the surface as moisture gets removed
by the ambient air, resulting in an overall shrinkage of the mixture. As such, the internal
humidity of a typical concrete mixture decreases during the initial curing process. In
addition, the water in the capillary pores of the concrete evaporates under hardened
conditions, resulting in drying shrinkage.

Numerous efforts have been made to improve the quality of concrete mixtures by
minimizing the shrinkage that occurs immediately after the mixing process. The internal
curing technique is commonly employed for maintaining the internal humidity of concrete
during the initial shrinkage process by adding highly absorbent materials that contain
water during the mixing process, enhancing concrete’s initial crack resistance and durability
at the same time.

Kohno et al. reported that by consistently supplying moisture to lightweight aggregate
(LWA), the internal relative humidity within the fine capillary pore can be maintained,
meaning the autogenous shrinkage of LWA concrete is less than that of normal concrete [5].
However, Jensen and Hansen pointed out that it is difficult to control the consistency when
using LWA, in addition to decreased strength and elasticity modulus [6]. They proposed the
addition of superabsorbent polymer (SAP) to solve this problem. Further, they suggested
that adding SAP to concrete can prevent self-desiccation.

It has been shown that 1 g of SAP can absorb up to 1500 g of water; in a cement paste,
1 g of SAP can absorb 10–45 g of water [7]. In a concrete mixture, SAP can maintain the
water it has absorbed. When the paste dries, it releases this water, conserving the humidity
in the concrete via an internal curing effect. Based on this process, the addition of SAP to
concrete can have three positive effects: (1) humidity regulation, (2) shrinkage mitigation,
and (3) cracking reduction.

Recent studies have reported that SAP can also lead to the securing of entrained air
voids and improvements in self-healing performance [8–10]. In particular, the volume
of the concrete decreases when SAP releases the water it holds, while the freezing and
thawing resistance can be secured due to the presence of naturally formed voids.

Further, the addition of SAP and shrinkage reducing admixture (SRA) to high-strength
self-consolidating concrete (SCC) leads to considerable reductions in autogenous shrinkage
and slight reductions in drying shrinkage, respectively. In other words, SAP is effective for
autogenous shrinkage mitigation and SRA is effective for drying shrinkage mitigation [11].
Furthermore, studies on shrinkage properties of UHSC, in which SAP and SRA were added
simultaneously, have shown that optimal addition rates for minimizing self-shrinkage and
dry shrinkage are 0.3% SAP and 2% SRA [12].

At the same time, many studies have been conducted based on the application of inter-
nal curing techniques for the autogenous shrinkage mitigation of high-performance/high-
strength concrete. However, only a small amount of research has focused on improving
the physical properties of ordinary concrete. In addition, there has been no research on the
shrinkage behavior of SAP concrete when the surface of the concrete is exposed to ambient
air, which generates both plastic shrinkage and autogenous shrinkage. This is key for
simulating conditions similar to actual construction site applications (concrete pavement,
bridge deck overlay, etc.).
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In this study, we assessed the compression strength of concrete with the additives,
SAP and SRA, and evaluated the shrinkage properties under conditions simulating actual
concrete behavior. We simultaneously evaluated the performance with and without calcium
sulfoaluminate (CSA) clinker, which was added for early-stage strength improvement.
When evaluating the shrinkage properties, we measured the shrinkage behavior at the
surface and in the center with the concrete surface exposed to ambient air.

2. Materials and Methods
2.1. Materials

The chemical proportions of ordinary Portland cement (OPC) and CSA clinker used
in this study is shown in Table 1.

Table 1. Chemical proportions of binder.

Unit Portland Cement CSA Clinker

SiO2 % 20.3 1.64

Al2O3 % 4.21 12.0

Fe2O3 % 3.57 0.50

CaO % 61.4 61.1

MgO % 3.466 1.19

SO3 % 2.1 20.4

Blains cm2/g 3620 3984

Density g/cm3 3.15 2.85

Eq. Alkali content
(Na2O + 0.658 K2O) % 0.73 0.33

Loss of ignition % 3.25 1.6

The SAP used in this study was purchased from L Company; Figure 1 shows its
particle size distribution and particle shape. The particle size of the SAP ranged from
30–350 µm, with an average particle size of 163 µm. Figures 2 and 3 shows scanning
electron microscopy (SEM) photographs of the SAP in dry and wet conditions. As shown
in the figure, SAP particles were angulated via the grinding process. After absorbing water,
the SAP expanded and we could identify the shapes presumed to indicate cross-linking
and water-filled cavities.

Figure 1. SAP particle size distribution.
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Figure 2. Shape of dry condition (SAP).

Figure 3. Shape of wet condition (SAP).

Both the coarse and fine aggregates used in this study were crushed, and the physical
properties and particle size distribution of each aggregate are shown in Table 2 and Figure 4,
respectively.

Table 2. Physical properties of the aggregate.

Type Size (mm) Specific Gravity
(g/cm3)

Absorption
Rate (%)

Fineness
Modulus

Fine Aggregate ≤5 265 0.87 3.40

Coarse Aggregate ≤13 270 0.65 6.10
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Figure 4. Particle size distribution of fine and coarse aggregate.

2.2. Mix Proportions

According to a study by Roh et al., evaluating the compressive strength and wear
resistance of concrete in line with the SAP addition ratio, the addition of SAP at 0.9% of the
binding material weight led to the best performance [13]. In the present study, we used
the same type of SAP as in their study and we fixed the addition ratio to 0.9%. Typically,
the effect of SAP on the internal curing and physical properties of concrete depends on the
particle size distribution and absorption rate of SAP. In contrast to the results of the study
by Mechtcherine and Reinhardt, the SAP used in the present study was found to absorb
water at only 4.5 times its own weight under the cement concrete mixture environment [7].
This is considerably less than the rates determined in previous studies, which have tended
to range from 10–45 times the SAP’s own weight.

Some previous studies on SAP addition ratios found that the SAP addition ratio tends
to be between 0.2% and 0.6% [6,14–16], while the SAP used in the Roh et al. study had a
small water absorption rate, resulting in an increase in the optimal SAP ratio [13]. Water
absorption ability can be decreased in high alkali environments. In particular, the low
water absorption capacity of SAP derived from this study compared to other literatures is
believed to be attributable to cement and chemical admixture used in the experiment. It is
believed that further research will be needed.

In the present study, we fixed the SRA addition rate at 1% relative to the binding
material weight and set the CSA addition rate at 10% relative to the binding material weight.
In addition, when combining the concrete with SAP or SRA, we set the water–binding
material ratio at 0.43. When using CSA, we set the ratio at 0.45 to achieve the same slump.
As the powder level of CSA is higher than that of Portland cement, we used a different
amount of water for the mixtures with CSA than that used in previous studies. In general,
we set the total density of the binding material at 400 kg/m3 and the superplasticizer (SP)
addition ratio at 1.2% of the binding material weight. The addition ratio of air-entrained
(AE) agent was set at 0.42% relative to the SP weight.

Table 3 shows the concrete mixture design followed in this study. We conducted the
experiments using seven concrete mixtures, which included the addition of SAP alone, the
simultaneous addition of SAP and SRA, and the simultaneous addition of CSA and other
additives.
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Table 3. Concrete mixture design.

Variables W/B S/a,
%

Unit Weight
SP,
%

AE,
%

SRA,
%Water IC

Water

Binder
Sand Gravel

Cement SAP CSA

OPC 0.43 55 172 - 400 - - 923 773

1.2 0.42

-

SAP 0.43 55 172 16 396.4 3.6 - 920 770 -

SAP + SRA 0.43 55 172 16 396.4 3.6 - 920 770 1

CSA 0.45 55 180 - 360 - 40 910 762 -

CSA + SRA 0.45 55 180 - 360 - 40 910 762 1

CSA + SAP 0.45 55 180 16 356.4 3.6 40 907 759 -

CSA + SAP + SRA 0.45 55 180 16 356.4 3.6 40 907 759 1

IC: internal curing; OPC: ordinary Portland cement concrete; SAP: superabsorbent polymer; CSA: calcium sulfoaluminate; SP: superplasti-
cizer; AE: air-entrained agent; SRA: shrinkage reducing admixture

2.3. Test Methods

In this study, we performed slump and air flow tests with the concrete in a fresh
(not hardened) state. In addition, we conducted a setting test using mortar collected via
screening of the concrete mixture using a No. 4 sieve. We prepared cylindrical test pieces
10 cm in diameter and 20 cm in height to measure the compressive strength at 1, 3, 7, and
28 days. The test pieces for compressive strength were subject to air-dry curing to assess
the internal curing effect of the SAP.

To allow for plastic shrinkage and autogenous shrinkage to occur simultaneously
after laying the concrete, we conducted our tests by modifying the method used by Kohno
et al. in their autogenous shrinkage tests [5]. Figure 5 shows the shrinkage experimental
model and instrumentation sections conducted in this study. In the shrinkage tests, the
size of the concrete specimen was 100 mm × 100 mm × 400 mm. To prevent the specimen
from being restrained, we placed a Teflon sheet (1 mm thick) on the bottom of the mold, a
polystyrene board (3 mm thick) on both ends, and a polyester film (0.1 mm thick) on top of
these. Further, unlike typical autogenous shrinkage tests, in which the finished concrete
surface is covered with a polyester film to suppress water evaporation, we did not cover
the surface with a polyester film after finishing to allow for plastic shrinkage.

Figure 5. Cross-section of specimen for shrinkage test.
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To measure the amount of concrete shrinkage, buried strain gauges were installed
inside the concrete at depths of 10 mm and 50 mm from the surface, and thermometers
were installed at the same depth. The strain gauges used in this study used TML’s PMFL
sensor and a thermocouple from TML. PMFL is designed for the measurement of internal
strain of concrete or mortar. PMFL can be embedded into the measurement position when
the concrete or mortar is placed. The gauge which is used in this study was 0.09 mm2

3-wire cross-linked vinyl leadwire of 2 m, and the total lead wire resistance per meter was
0.4 Ω. These sensors were connected to a data logger (TDS-530) and monitored at intervals
(10 min) from concrete specimen preparation.

In this study, we used test pieces aged up to 80 days to measure the concrete shrinkage
relative to different mixtures. We kept the concrete mold intact, leaving only the concrete
surface exposed to the ambient air. This allowed for plastic shrinkage, autogenous shrink-
age, and drying shrinkage to occur naturally in the concrete. For curing, the temperature
and relative humidity were maintained at 23 ◦C and 50%, respectively, using a constant
temperature and humidity chamber.

3. Results
3.1. Basic Material Properties

In this study, we measured the slump, air content, and initial setting time for each
concrete mixture. The results are shown in Table 4. We set the target slump for the concrete
mixture at 20 cm and the air content at 5%. We determined the water–binding material
ratio and the amounts of SP and AE agents through preliminary mixture tests. From the
mixture tests, we found that most of the mixtures reached the set target shown in Table 4.
However, in the concrete mixture with SRA, the slump was approximately 17–18 cm and
the air content was approximately 2–3%, meaning neither reached its target value. For
this concrete mixture, we presumed that adjusting the mixing ratio to meet the target
material properties would make it difficult to perform a direct comparison of the shrinkage
properties between different material mixtures. Thus, we conducted the tests under the
same mixing conditions.

Table 4. Slump, air content, and initial setting time test results.

Variables Slump (cm) Air Content (%) Initial Setting

OPC 20.5 5.5 6 h 10 min

SAP 20.0 5.4 6 h 30 min

SAP + SRA 18.0 2.8 6 h 28 min

CSA 19.5 4.9 5 h 15 min

CSA + SRA 17.5 2.2 5 h 12 min

CSA + SAP 20.0 5.0 5 h 21 min

CSA + SAP + SRA 17.5 2.5 5 h 20 min

The initial setting measurements revealed that in the concrete mixture without CSA,
the initial setting occurred after approximately 6 h. In the concrete mixture with CSA,
the initial setting occurred after approximately 5 h. CSA mainly comprises ye’elimite
(C4A3S), which improves early-stage strength and reduces shrinkage via expansion, as the
hydration reaction of ye’elimite (C4A3S) produces ettringite (C6AS3H32) [17]. Further, the
addition of SAP tends to increase the initial setting time slightly, though this difference
was insignificant. Therefore, we presumed that SRA did not considerably affect the initial
setting time. We used these initial setting time results later to analyze the shrinkage
characteristics.
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3.2. Compressive Strength Test Results

In this study, compression strength tests were used to obtain the compression strength
over time. Figure 6 shows the results in relation to material age.

Figure 6. Compressive strength.

Comparing the OPC and CSA mixture, the compressive strength of the CSA mixture
was higher by 8 MPa. For the CSA mixture, the compressive strength also exceeded 21 MPa
at the material age of one day, indicating that it meets the current standards set for traffic-
opening strength in Korea (21 MPa). However, after seven days, the compressive strengths
of the OPC and CSA mixtures were approximately the same. Thus, we presume that CSA is
effective for early-stage strength development but not for long-term strength improvement.

In the case of the SAP mixture, its compression strength tended to be slightly less than
that of the OPC mixture. Many previous studies have reported that the addition of SAP
leads to an increase in the compressive strength via the internal curing effect [13,15,18–20].
However, a few other studies have reported that adding SAP can actually lead to a decrease
in compressive strength [21,22]. In summary, although it is clear that the internal curing
effect based on SAP leads to an increase in the density of the matrix, its effect on strength is
yet to be definitively determined.

In the case of the concrete mixtures with SRA added, the compressive strength was
found to increase slightly compared with those of the other mixtures. However, the SRA
was not able to bring about a concrete strength enhancement effect by itself. The concrete
mixtures with SRA added had a relatively low air content; as a result, their compressive
strengths were higher than those of the other mixtures.

3.3. Initial Shrinkage Feature Analysis

In this study, we observed the concrete shrinkage over the period from immediately
after laying the concrete to up to 80 days of material aging with the concrete surface
exposed to ambient air. Based on this exposure, we induced plastic shrinkage, autogenous
shrinkage, and drying shrinkage, similar to actual construction site behavior.

To analyze the shrinkage properties, we measured the strain behavior at the center
and surface of the concrete immediately after it was laid. When analyzing the measurement
data, it was important to determine the setting time because the shrinkage behavior that
affects the actual hardened concrete occurs after the setting time. Yoo et al. found that,
in the case of ultrahigh performance cementitious composite (UHPCC) [23], which has a
low water–binding material ratio and is mixed with large amounts of fiber, the timing of
autogenous shrinkage onset and initial setting time may differ. In addition, Jeon reported
that an inflection in the volumetric change curve of concrete may occur when the liquid
phase transforms to the stiffened phase [24].

In the present study, we compared the initial setting time with the trend of the
shrinkage curve. When the initial setting time and the time at which the inflection of the
curve occurred were similar, we set the inflection point time as a reference point (zero
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point) for calculating the shrinkage. If the two were considerably different, we considered
the initial setting time as the reference point (zero point).

Figure 7 shows an example of the early-age behavior trend analysis. In the case of the
OPC mixture, the point at which the behavior of the surface became different from that
at the center was almost the same as the initial setting time. Further, in the SAP + SRA
mixture, the initial setting time in the center almost coincided with the inflection point on
the behavior curve. However, as there was a large difference between the initial setting
time and the inflection point time in the CSA and CSA + SAP + SRA mixtures, the initial
setting time was set as the reference point (zero point).

Figure 7. Example of early-age behavior analysis (left: OPC; right: SAP + SRA).

Figures 8–10 present the analysis of the three-day early-age behavior properties of
the concrete mixtures without CSA clinker. The OPC mixture exhibited a considerable
increase in shrinkage after the initial setting time, and the behavior became more gradual
after approximately 17 h. Further, after the first day of material aging, the shrinkage at
the surface continued to increase, leading to a 73 µε difference between the surface and
middle shrinkage strains after three days. This tendency was probably due to the exposure
of the concrete surface to ambient air, which allowed more moisture to evaporate from the
surface. The total three-day behavior of the OPC was approximately −270 µε at the surface
and approximately −200 µε in the middle.

Figure 8. Early-age behavior of OPC.
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Figure 9. Early-age behavior of SAP.

Figure 10. Early-age behavior of SAP + SRA.

In contrast, the mixture with 0.9% SAP did not exhibit considerable shrinkage for three
days after the initial setting time. The behavior observed after three days were −31.2 µε at
the surface and 0 µε at the center. The difference between the surface and middle shrinkage
strains was 28.4 µε, representing notably reduced shrinkage strains compared with the
OPC. This was probably caused by the addition of the SAP, which holds onto moisture
in the concrete mixture and then releases this moisture to maintain the internal humidity.
Therefore, the behavior of the SAP mixture was insignificant compared with that of the
OPC, even though significant moisture loss occurred on the surface.

The mixture containing both SAP and SRA exhibited a similar tendency to the SAP
mixture. When water loss occurs inside the concrete, surface tension occurs in the capillary
pores, causing shrinkage in the concrete. If SRA is added, this surface tension decreases
due to shrinkage reduction. This effect results in a significant reduction in initial shrinkage
compared with the OPC.

Figures 11–14 show the analyses of the initial shrinkage properties of the mixture with
CSA clinker added for three days.
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Figure 11. Early-age behavior of CSA.

Figure 12. Early-age behavior of CSA + SRA.

Figure 13. Early-age behavior of CSA + SAP.
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Figure 14. Early-age behavior of CSA + SAP + SRA.

Based on the trend of the shrinkage curve for the CSA mixture, an expanding behavior
can be observed beginning approximately 8 h after laying. A peak was then reached at
about 16 h, after which the shrinkage behavior began again. This was due to the hydration
reaction of ye’elimite (C4A3S), the main component of the CSA clinker, producing ettringite
(C6AS3H32), which causes expansion. The shrinkage was partially offset by the expansion
behavior, reducing the middle shrinkage strain of the CSA mixture by approximately 50 µε
and the surface strain by approximately 80 µε compared with those of the OPC mixture. In
addition, when using CSA clinker, the difference between the initial surface and middle
shrinkage strains was approximately 11 µε, which was quite small compared with that of
the OPC mixture.

In the mixture with both CSA clinker and SRA, the transition from shrinkage behavior
to expansion behavior occurred approximately 5 h after laying, which was almost the same
as the initial setting time. In the case of the CSA mixture, the transition from shrinkage
behavior to expansion behavior occurred approximately 3 h after the initial setting time.
In the CSA + SRA mixture, this transition time was considerably advanced. Using the
CSA clinker together with the SRA has been previously reported as effective in reducing
shrinkage by advancing the transition from shrinkage to expansion behavior [24]. Due to
this effect, the surface shrinkage strain remained at −17 µε, though the strain in the middle
was 1.8 µε, indicating an absence of shrinkage.

The mixture with both CSA clinker and SAP also exhibited a transition from shrinkage
to expansion behavior similar to the initial setting time, while the transition time was
considerably advanced compared with that of the CSA mixture. On the third day of
material aging, the surface strain was +45.5 µε, while the middle strain was +128.9 µε. The
difference between the surface and middle strains was 75.8 µε. As such, the expansion
behavior was more notable for the CSA mixture than for the CSA + SRA mixture, and
the concrete remained in an expanded state on the third day of material aging. The
greater increase in expansion behavior when CSA clinker and SAP were added together
is presumed to have been caused by the fact that the SAP’s internal humidity retention
behavior increased the reactivity of the CSA clinker, but further investigation is needed to
confirm this.

In the mixture including CSA clinker, SAP, and SRA, strong expansion behavior
occurred after approximately 5 h, which is similar to the behavior of the CSA + SAP
mixture. In addition, the three-day surface strain was +80.5 µε, while the middle strain was
+123.3 µε. The difference between the surface and middle strains was 27.4 µε. As shown
in Figure 11, the shrinkage behavior occurred after the expansion peak points and the
decreasing curve was relatively gentle compared with that of the CSA + SAP mixture. As
mentioned earlier, we presumed that the SRA reduced the surface tension of the capillary
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pores caused by water loss in the concrete, resulting in reduced shrinkage and a gentle
curve.

Based on our results, CSA clinker, SAP, and SRA all appeared to be effective in
reducing initial shrinkage. In particular, when SAP was added, the initial shrinkage was
almost zero, thus indicating that using additional additives mixed with SAP can further
maximize this effect.

Figures 15–21 show the concrete strain data observed up to 80 days. Table 5 also
compares the shrinkage strain measured over 80 days among the different mixtures.

Figure 15. Long-term behavior of OPC.

Figure 16. Long-term behavior of SAP.
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Figure 17. Long-term behavior of SRA.

Figure 18. Long-term behavior of CSA.

Figure 19. Long-term behavior of CSA + SRA.
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Figure 20. Long-term behavior of CSA + SAP.

Figure 21. Long-term behavior of CSA + SAP + SRA.

Table 5. Comparison of shrinkage strains for each mixture after 80 days.

Variables
Top

Shrinkage
Strain

Middle
Shrinkage

Strain

Difference

Shrinkage Reduction
Rate Compared with

OPC (%)

Top Middle

OPC −676.8 −544.1 132.7 - -

SAP −458.7 −372.5 86.2 32.2 31.5

SAP + SRA −346.0 −170.6 175.4 48.9 68.6

CSA −569.6 −375.3 194.3 15.8 31.0

CSA + SRA −370.6 45.2

CSA + SAP −333.7 −158.2 175.5 50.7 70.9

CSA + SAP + SRA −148.8 −18.9 129.9 78.0 96.5

In the case of the OPC mixture, a large behavior occurred initially, and the trend of
the curve was found to be moderate after 20 days. The surface shrinkage observed at
an age of 80 days was −676.8 µε, while that in the middle was −544.1 µε, meaning this
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was the largest shrinkage among the mixtures. By comparison, when SAP was added,
there was no significant movement initially, and the subsequent trend was relatively gentle.
The shrinkage reduction rate achieved by adding SAP to the mixture was found to be
approximately 32% compared with the OPC mixture, indicating the shrinkage was reduced
based on SAP’s ability to regulate the humidity inside the concrete. In addition, for the
SAP mixture, the difference in behavior between the surface and middle areas was smaller
than that for OPC. This reduction in shrinkage by section depth is believed to have been
caused by the humidity regulation effect of SAP.

In the case of the mixture with both SAP and SRA, the slope of the behavior curve was
more moderate due to the effect of SRA. The shrinkage reduction compared with OPC was
found to be approximately 49% at the surface and 69% in the middle, resulting in greater
shrinkage reduction compared with the mixture with only SAP added.

The CSA mixture exhibited a lower shrinkage compared with the OPC. We presume
that this occurred due to the expansion behavior in accordance with the initial ettringite
production partially offsetting the shrinkage. However, the CSA mixture still had a lower
shrinkage reduction rate than the SAP mixture, and SAP is likely to be more effective
overall considering the quantity of the input materials and unit costs. Comparing the
results of the CSA + SRA and CSA + SAP mixtures, we found that the SAP was more
effective in reducing shrinkage compared with the SRA. In particular, the addition of both
CSA clinker and SAP exhibited a tendency for relatively large initial expansion behavior,
resulting in a significant reduction in overall shrinkage with the shrinkage reduction rate
being approximately 70% in the middle of the concrete.

When the CSA clinker, SAP, and SRA reviewed in this study were all added together,
the middle shrinkage became approximately −19 µε after 80 days. Thus, we believe that
we can manufacture a long-term non-shrinkage concrete. In addition, the CSA + SAP +
SRA mixture was evaluated to have the best shrinkage reduction effect among all the tested
mixtures, with the shrinkage reduction being approximately 78% at the surface and 96% in
the middle compared with OPC.

When we analyzed the difference in shrinkage between the surface and middle of the
concrete with and without SAP added, the difference for the OPC mixture was approxi-
mately 73 µε on the third day, while that of the SAP mixture was 0 µε. That on 80th day
was approximately 133 µε for the OPC mixture, while it was 86.2 µε for the SAP mixture.
This means that SAP reduced the difference in shrinkage between the surface and middle,
thereby increasing the volume stability of the hardened concrete. However, this effect was
not observed when other additives were used in addition to the SAP.

4. Conclusions

In this study, we evaluated the strength and shrinkage properties of concrete with
three additives: SAP, CSA clinker, and SRA. For the shrinkage tests, we modified the typical
autogenous shrinkage test method by leaving the concrete surface uncovered (instead of
covering it with polyester film) and allowing moisture to evaporate from the surface. We
then monitored the shrinkage behavior over a period of 80 days.

The main conclusions drawn from this study are as follows:

• The compressive strength of the concrete mixture with 10% CSA clinker added was
found to be greater by approximately 8 MPa compared with the OPC mixture after
one day of aging. It also exceeded 21 MPa at the end of day one, easily meeting the
requirements for traffic-opening in Korea.

• In the mixture with SAP added, the compression strength tended to decrease slightly.
Given that various conclusions have been drawn in preceding studies, we believe that
the impact of the internal curing effect of SAP on concrete strength remains unclear.

• Comparing concrete shrinkage properties over the first 72 h, the mixtures using SAP
or SRA were found to have strains of almost 0 µε, while the middle shrinkage of
the OPC mixture was approximately −270 µε. Thus, we presume that SAP and SRA
are effective in reducing initial shrinkage. In the case of the mixture with CSA, the



Sustainability 2021, 13, 8362 17 of 18

compensation effect caused by the initial expansion behavior resulted in a reduction
of approximately 50 µε compared to the OPC, which was not significant compared
with the effect of SAP and SRA.

• The initial expansion behavior when adding CSA and SAP was relatively large, and the
expansion remained until after 72 h. We estimate that the internal humidity regulation
effect of SAP increased the reactivity of CSA, though further analysis would be needed
to confirm this.

• In analyzing the concrete shrinkage behavior of each different mixture over 80 days,
we found that SAP and SRA had stronger shrinkage reduction effects than CSA. When
SAP and SRA were used together, the shrinkage reduction rate compared with OPC
was approximately 69%. Additionally, the mixture of CSA, SAP, and SRA led to a
middle shrinkage strain of approximately −19 µε, indicating it would be possible to
further maximize the shrinkage reduction effect.

• Analyzing the strain data at the surface and in the middle of the concrete during the
shrinkage tests, using SAP alone was found to reduce the difference in shrinkage
between the surface and the middle. Thereby, we found that it was possible to improve
the volume stability of the hardened concrete. However, this effect was not observed
when other additives were included with the SAP.
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