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Abstract: This paper studies the influence of assembly unit of expansive agents (CaO and calcium
sulphoaluminate) on the limited and free compressive strengths, the limited expansion rate, car-
bonation resistance, chloride ion penetration resistance and corrosion resistance of reinforcement
concrete. The dosages of expansive agent were 0%, 3%, 6%, 9%, and 12% by the total amount of
cementitious materials. Two kinds of mineral admixture (blast furnace slag and fly ash) were applied
in this study. Results show that suitable dosage (lower than or equal to 9%) of double expansion
agent with a large amount of mineral admixtures can improve the limited and free compressive
strengths. However, when the dosage of the double expansion agent is higher than 9%, the addition
of the double expansion agent leads to the reduction of limited and free compressive strengths. The
variation of the limit expansion rate reaches the maximum value when the curing age is 14 days. The
increasing addition of expansive agents and lower water-binder ratio demonstrate positive effect on
the limited expansion rate. Concrete with 60% mineral admixtures (fly ash and ground granulated
blast furnace slag) shows lower limited expansion rate and higher compressive strength than the
concrete with 50% mineral admixtures. Finally, the incorporation of double expansion agent can
improve the resistance to carbonation, chloride ion penetration resistance, anti-corrosion of steel bars
and mechanical strengths (the limited and free compressive strengths).

Keywords: expansive agents; compressive strength; expansion rate; carbonation resistance; chloride
ion penetration

1. Introduction

At present, China is still in the period of large-scale infrastructure construction. The
amount of concrete used is huge, and the problem of concrete durability still troubles many
engineers and scholars [1–5].

Buildings in coastal cities are constantly updated. In these cities, concrete constructions
are usually exposed to various corrosive environments. The complex service environment
includes NaCl freeze-thaw, penetration corrosion of chloride, carbonation and their cou-
pling effects, etc. In concrete constructions, steel bars are usually applied. The carbonation
and chloride action could accelerate the corrosion of steel bars. Some researches reported
that the addition of rust inhibitor could improve the corrosion resistance of steel bars [6–9].
On the other hand, increasing the compactness of concrete could help improve the imper-
meability of chloride ions in concrete thus improving the corrosion resistance of steel bars
in concrete. Additionally, the incorporation of cementitious materials (blast furnace slag
powder, fly ash and rice husk ash) could help improve the structure of cement paste thus
enhancing the corrosion resistance of steel bars.

Coatings 2021, 11, 731. https://doi.org/10.3390/coatings11060731 https://www.mdpi.com/journal/coatings

https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings11060731
https://doi.org/10.3390/coatings11060731
https://doi.org/10.3390/coatings11060731
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11060731
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11060731?type=check_update&version=1


Coatings 2021, 11, 731 2 of 10

Cracks and pores occur when the concrete structures are in the early stages, which will
reduce the durability of cement concrete. Moreover, cracks in cement concrete induced by
the effect of external forces, huge hydration heat or other corrosion effect usually decrease
the mechanical strength and durability of cement concrete. In practical engineering, the
cracking is often restrained by adding expansion agent to compensate the shrinkage, when
concrete is in the early curing stage [1,7,10,11]. Calcium oxide and calcium sulphoaluminate
are two kinds of expansive agent which has been used for the prevention of concrete cracks.
When the two kinds of expansive agent are used in cement, the main hydration products
are Ca(OH)2 and ettringite forms when reacted with water. The lime expansive agent
is made of Cao calcined at a certain temperature. The hydration product (Ca(OH)2) has
the advantage of large expansion. However, Ca(OH)2 is easily soluble in water and
reacts with carbon dioxide in the air thus reducing the durability of concrete [12]. At
the same time, the hydration reaction of this kind of expansive agent is easily affected
by temperature and humidity, so it is not suitable for major volume concrete. Calcium
sulphoaluminate expansive agent has a large amount of early expansion, and the expansion
is mainly concentrated in 3–14 days [13]. It can establish a certain pre compression stress in
the early stage of concrete (construction period) to offset the early shrinkage of concrete.
The shrinkage drop of expansive agent in the later stage is large, and it has no obvious
compensation effect on the temperature shrinkage and drying shrinkage of hydraulic mass
concrete in the middle and later stage. However, these kinds of expansive agent have been
applied in engineering for many years. The assembly unit of these kinds of expansive
agents may be favorable for durability, especially the corrosion resistance of reinforced
concrete [14,15]. However, little attention has been paid to the influence of assembly unit
of these kinds of expansive agents on mechanical strength, limited expansion rate, and
resistance to carbonation.

This paper aimed to study the influence of assembly unit of expansive agents (CaO and
calcium sulphoaluminate) on the limited expansion rate, compressive strength, carbonation
resistance and chloride ion penetration resistance. Moreover, the corrosion resistance of
reinforcement concrete was studied. Water-binder ratios in this study were 0.44 and 0.33.
We mixed 60% and 50% mineral admixtures (assembly unit of fly ash (FA) and ground
granulated blast furnace slag (GGBS) in the concrete, respectively.

2. Experimental
2.1. Raw Materials

An assembly unit of expansive agents (CaO and calcium sulphoaluminate) was used
in this study. Table 1 shows the oxide compositions of the assembly unit of expansive
agents. P·O 42.5 cement Type II fly ash (FA) and S95 GGBS produced by Yushuzhuang
Component Factory (Beijing, China) were used as cementitious materials. The aggregates
used in this study were river sand (fine aggregate) with fineness modulus of 2.35 and
crushed gravels (coarse aggregates) with a maximum size of 20 mm and a crushed index
of 4.8%. Moreover, polycarboxylate superplasticizer water-reducing agent with a water
reduction rate of about 25% was used to adjust the fluidity. The specific surface areas of FA,
GGBS and cement in this study were 387, 421, and 391 m2/kg, respectively.

Table 1. Mass percentage content of each component of expansive agents (%).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2

3.61 3.79 1.43 82.79 0.13 7.58 0.27

2.2. Samples Preparation and Measurement

In order to manufacture the cement concrete, the process is shown as follows:
Firstly, cement, sand and coarse aggregate were added to the concrete mixer (Shike Co.,

Ltd, Zhengzhou, China) and stirred at a low speed of 60 rpm for 1 min, and then water
was added and stirred for another 2 min. Finally, all fresh mixture was poured into oiled
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molds (Kaiyue Co., Ltd, Cangzhou, China) to form testing specimens with sizes of 100 mm
× 100 mm × 100 mm, 100 mm × 100 mm × 300 mm, 100 mm × 100 mm × 400 mm and
Φ 100 mm × 400 mm. Specimens with the size of 100 mm × 100 mm × 100 mm were
used for the measurement of carbonation depth and compressive strength. Meanwhile,
specimens with size of 100 mm × 100 mm × 300 mm, 100 mm × 100 mm × 400 mm
and Φ 100 mm × 400 mm were used for the measurement of mass loss of steel bars
in the concrete (as shown in Figure 1), the measurement of the expansion (as shown in
Figure 2) and the chloride ion penetration of concrete. All specimens were cured in a
standard curing environment (18–22 ◦C and above 95% relative humidity). The mixing
proportions of all specimens are shown in Table 2. In this study, the mass ratios of the
mineral admixtures (FA and GGBS) to the total binder materials for groups A and B were
50% and 60%, respectively. The mass ratio of FA to GGBS was 1.5:1. After standard curing,
experimental space with constant temperature 20 ± 2 ◦C and relative humidity of 55%–65%
was provided for the measurement of the limited expansion rate, compressive strength,
carbonation resistance, and chloride ion penetration resistance. The compressive strength
was conducted according to the Chinese standard GB/T 50204-2002.
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Figure 2. Measurement of the expansion rate of specimen, (a) schematic diagram, (b) real diagram.

The shrinkage rod of the dial indicator (Kaiyue Co., Ltd, Cangzhou, China) supports
the middle of one end of the rectangular specimen. When the length of the specimen
changes, the dial indicator reads out the value of the length change. Through this method,
the expansion value was measured. When the carbonation experiment was carried out,
each specimen was cured for 28 days and then placed in type CCB-70F automatic concrete
carbonation test box produced by Tianjin Deste Instrument Technology Co., Ltd (Tianjing,
China), with 20% CO2 by mass ratio of the total mass of gas for 30 days and 60 days,
respectively. After curing, all specimens were dried in a vacuum drying oven (Shanghai
Yi Heng Instrument Co., LTD DZF-6020, Shanghai, China) at 60 ◦C for 48 h. When dried
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in the oven, the sides were sealed with paraffin; however, two bottom surfaces were not.
After carbonation, the carbonation depth was measured according to Chinese Standard
GB/T 50082-2009. When a chlorine ion penetration test was carried out, all specimens were
treated in the BSJ concrete intelligent vacuum water filling machine produced by Shanghai
Meiyu Instrument Equipment Co., Ltd (Shanghai, China). After water saturation, an ion
penetration experiment was conducted. The tests of carbonation depth and chloride ion
penetration were performed according to Chinese standard GB/T 50082-2009. The weight
loss rate of steel bars after carbonation was measured by the steps as follows:

Firstly, the steel bars were polished and the mass of the steel bars was weighed before
carbonation. After carbonation the specimens were crushed and polished. Finally, the mass
of the steel bars after carbonation was weighed and the weight loss rate of steel bars in
concrete was calculated.

Table 2. The mix ratio of concrete with water–binder ratios of 0.33 and 0.43 (kg/m3).

Samples Cement FA GGBS Expansive Agents Water Sand Stone Water-Reducing Agent

W/B-0.43-A-0% 185 111 74.0 0 159.1 837 1023 3.7
W/B-0.43-A-3% 179.5 107.7 71.8 11.1 159.1 837 1023 3.7
W/B-0.43-A-6% 173.9 104.3 69.6 22.2 159.1 837 1023 3.7
W/B-0.43-A-9% 168.3 101 67.3 33.3 159.1 837 1023 3.7
W/B-0.43-A-12% 162.8 97.7 65.1 44.4 159.1 837 1023 3.7
W/B-0.43-B-0% 148 148 98.7 0 159.1 823 1006 3.7
W/B-0.43-B-3% 143.6 143.6 95.7 11.1 159.1 823 1006 3.7
W/B-0.43-B-6% 139.1 139.1 92.7 22.2 159.1 823 1006 3.7
W/B-0.43-B-9% 134.7 134.7 89.8 33.3 159.1 823 1006 3.7
W/B-0.43-B-12% 130.1 130.1 86.7 44.4 159.1 823 1006 3.7
W/B-0.33-A-0% 243.3 146.0 97.3 0 162 698 1047 4.4
W/B-0.33-A-3% 237.7 142.6 95.1 14.7 162 698 1047 4.4
W/B-0.33-A-6% 230.3 138.2 92.1 29.4 162 698 1047 4.4
W/B-0.33-A-9% 223.0 133.8 89.2 44.1 162 698 1047 4.4
W/B-0.33-A-12% 215.7 129.4 86.3 58.8 162 698 1047 4.4
W/B-0.33-B-0% 196.0 196 130.7 0 162 715 1073 4.4
W/B-0.33-B-3% 190.1 190.1 126.7 14.7 162 715 1073 4.4
W/B-0.33-B-6% 184.2 184.2 122.8 29.4 162 715 1073 4.4
W/B-0.33-B-9% 178.4 178.4 118.9 44.1 162 715 1073 4.4

W/B-0.33-B-12% 172.5 172.5 115.0 58.8 162 715 1073 4.4

3. Results and Discussion
3.1. Compressive Strength

Figures 3 and 4 show the compressive strength of specimens cured with and without
formwork for different times. The water to binder ratios of Figures 3 and 4 are 0.33 and 0.43,
respectively. In this study, the limited compressive strength means the compressive strength
of specimens cured with formwork. Meanwhile, free compressive strength means the com-
pressive strength of specimens cured without formwork. As illustrated in Figures 3 and 4,
the compressive strength of specimens increases with increasing curing age. Moreover,
the addition of expansive agents is able to increase the limit and free strengths when the
dosage of expansive agents is less than 9%. However, when the content of expansive
agents is higher than 9%, the limit and free strengths decrease with the increasing dosage
of expansive agent. This is attributed to the fact that an appropriate amount of expansive
agent (lower than 9%) can improve the compactness of cement-based materials [16,17].
Additionally, the increasing dosage of mineral admixtures can decrease the compressive
strength of concrete at an early age (less than 28 days) and at the curing age of 56 days the
addition of mineral admixtures results in the improvement of the compressive strength
due to the reaction of calcium hydroxide with fly ash and slag powder, which makes the
concrete more dense [18,19]. Comparing Figures 3 and 4, it can be found that the increased
strength grade results in the improvement of limited and free compressive strengths.
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Figure 3. Compressive strength of concrete with water-binder ratio of 0.43. (a) Limited strength of 
group A, (b) free strength of group A, (c) limited strength of group B, (d) free strength of group B. 
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Figure 3. Compressive strength of concrete with water-binder ratio of 0.43. (a) Limited strength of
group A, (b) free strength of group A, (c) limited strength of group B, (d) free strength of group B.
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tion of the total mineral admixtures (fly ash and blast furnace slag) can effectively de-
crease the limited expansion rate of concrete due to the fact that fly ash possesses a good 
pozzolanic effect and can react with sulfate and Ca(OH)2 leading to the reduction of pH 
value in the liquid phase of concrete. Therefore, with the increasing addition of fly ash 
content, the effect is more obvious [20]. With the volcano ash reaction of fly ash, the cal-
cium silicate gel with stable gel properties is formed, filling pores, improving the pore 
structure and pore distribution of concrete, leading to a decreasing expansion rate of 
concrete. As shown in Figure 5, the limited expansion rate of the specimens without lim-
ited expansion is positive when the curing age is 14 days, however, when the curing age 
is higher than 14 d, the limited expansion rate is negative. Figure 5 also shows that the 
water-binder ratio can decrease the limited expansion rate of concrete. This is attributed 
to the fact that for the concrete with lower water–binder ratio, the increase of double ex-
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3.2. The Expansion Rate

Figure 5 shows the limited expansion rate of concrete (concrete is cured with form-
work) varying with curing age and the content of expansive agents. It can be observed from
Figure 5 that the limited expansion of specimens with the addition of expansive agents
rate firstly increases and then decreases with increasing curing age. When the curing age
is 14 days, the limited expansion rate is the highest. Moreover, the addition of the total
mineral admixtures (fly ash and blast furnace slag) can effectively decrease the limited
expansion rate of concrete due to the fact that fly ash possesses a good pozzolanic effect
and can react with sulfate and Ca(OH)2 leading to the reduction of pH value in the liquid
phase of concrete. Therefore, with the increasing addition of fly ash content, the effect
is more obvious [20]. With the volcano ash reaction of fly ash, the calcium silicate gel
with stable gel properties is formed, filling pores, improving the pore structure and pore
distribution of concrete, leading to a decreasing expansion rate of concrete. As shown in
Figure 5, the limited expansion rate of the specimens without limited expansion is positive
when the curing age is 14 days, however, when the curing age is higher than 14 d, the
limited expansion rate is negative. Figure 5 also shows that the water-binder ratio can
decrease the limited expansion rate of concrete. This is attributed to the fact that for the
concrete with lower water–binder ratio, the increase of double expansion source expansion
agent will lead to the early end of expansion due to the lack of water in the later period of
empty curing, which will lead to a significant reduction of the limited expansion rate [21].
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Figure 5. The limited expansion rate of concrete. (a) W/B-0.43 with 50% mineral admixtures, (b) W/B-0.43 with 60% min-
eral admixtures, (c) W/B-0.33 with 50% mineral admixtures, (d) W/B-0.33with 60% mineral admixtures. 
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pansive agents. As shown in Figure 6, the carbonation depth of concrete firstly decreases 
and then increases with the increasing dosage of expansive agents. Concrete with 6% 
expansive agents shows the lowest carbonation depth. This may be attributed to the fact 
that CaO in expansive agents is able to increase the amount of Ca(OH)2, therefore, a 
suitable dosage of expansive agents (lower than or equal to 6%) results in improving the 
carbonation resistance of concrete and decreasing the carbonation depth [22,23]. How-
ever, a high dosage of expansive agents can make the concrete expand and reduce its 
compactness thus decreasing the carbonation resistance and increasing the carbonation 
depth [24,25]. Moreover, the increased dosage of mineral admixtures (fly ash and blast 
furnace slag) is able to increase the carbonation depth of concrete, due to the fact that the 
second hydration is improved by the addition of fly ash, thus consuming the amount of 
Ca(OH)2 and increasing the carbonation of concrete. Finally, it can be concluded by 
comparing Figure 6a,b, the decreasing water–binder ratio can decrease the carbonation 
depth due to the improved compactness of concrete by reducing the water-binder [26,27]. 

Figure 5. The limited expansion rate of concrete. (a) W/B-0.43 with 50% mineral admixtures, (b) W/B-0.43 with 60%
mineral admixtures, (c) W/B-0.33 with 50% mineral admixtures, (d) W/B-0.33with 60% mineral admixtures.
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3.3. The Research of Durability

Figure 6 shows the carbonation depth of concrete varying with the content of expansive
agents. As shown in Figure 6, the carbonation depth of concrete firstly decreases and then
increases with the increasing dosage of expansive agents. Concrete with 6% expansive
agents shows the lowest carbonation depth. This may be attributed to the fact that CaO in
expansive agents is able to increase the amount of Ca(OH)2, therefore, a suitable dosage
of expansive agents (lower than or equal to 6%) results in improving the carbonation
resistance of concrete and decreasing the carbonation depth [22,23]. However, a high
dosage of expansive agents can make the concrete expand and reduce its compactness
thus decreasing the carbonation resistance and increasing the carbonation depth [24,25].
Moreover, the increased dosage of mineral admixtures (fly ash and blast furnace slag) is able
to increase the carbonation depth of concrete, due to the fact that the second hydration is
improved by the addition of fly ash, thus consuming the amount of Ca(OH)2 and increasing
the carbonation of concrete. Finally, it can be concluded by comparing Figure 6a,b, the
decreasing water–binder ratio can decrease the carbonation depth due to the improved
compactness of concrete by reducing the water-binder [26,27].
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Figure 8 shows the weight loss rate of steel bars after exposure to a carbonation 
corrosion environment. As illustrated in Figure 6, the weight loss rate of steel bars firstly 
decreases and then increases with the increasing addition of expansive agents. This is 
attributed to the fact that suitable dosage of expansive agents (lower than or equal to 6%) 
can improve the compactness of concrete, thus improving the corrosion resistance of steel 
bar-reinforced concrete and decreasing the weight loss rate [30,31]. However, excessive 
dosage (higher than 6%) of expansive agents induces cracks in cement concrete, thus de-
creasing the corrosion resistance of steel bars in cement concrete and increasing the 
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Figure 6. The carbonation depth of concrete. (a) W/B-0.43 with 50% mineral admixtures, (b)
W/B-0.33 with 50% mineral admixtures.

Figure 7 shows the electric flux of concrete with different dosages of expansive agents.
The electric flux is used to reflect the resistance to chloride ion penetration. As shown in
Figure 7, the electric flux of concrete firstly decreases and then increases with the increasing
dosage of expansive agents. When the dosage of expansive agents is 6%, the electric flux is
the lowest. Moreover, the decreased water–binder ratio can effectively decrease the electric
flux of concrete. This is attributed to the fact that the compactness of cement concrete is
improved by the decreased water–binder ratio thus improving the resistance to chloride
penetration, consequently, the electric flux of concrete is decreased [28,29].

Figure 8 shows the weight loss rate of steel bars after exposure to a carbonation
corrosion environment. As illustrated in Figure 6, the weight loss rate of steel bars firstly
decreases and then increases with the increasing addition of expansive agents. This is
attributed to the fact that suitable dosage of expansive agents (lower than or equal to 6%)
can improve the compactness of concrete, thus improving the corrosion resistance of steel
bar-reinforced concrete and decreasing the weight loss rate [30,31]. However, excessive
dosage (higher than 6%) of expansive agents induces cracks in cement concrete, thus
decreasing the corrosion resistance of steel bars in cement concrete and increasing the
weight loss rate.
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Figure 7. The resistance to chloride ion penetration. (a) W/B-0.43, (b) W/B-0.33. 

Figure 8 shows the weight loss rate of steel bars after exposure to a carbonation 
corrosion environment. As illustrated in Figure 6, the weight loss rate of steel bars firstly 
decreases and then increases with the increasing addition of expansive agents. This is 
attributed to the fact that suitable dosage of expansive agents (lower than or equal to 6%) 
can improve the compactness of concrete, thus improving the corrosion resistance of steel 
bar-reinforced concrete and decreasing the weight loss rate [30,31]. However, excessive 
dosage (higher than 6%) of expansive agents induces cracks in cement concrete, thus de-
creasing the corrosion resistance of steel bars in cement concrete and increasing the 
weight loss rate. 

Figure 7. The resistance to chloride ion penetration. (a) W/B-0.43, (b) W/B-0.33.
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4. Conclusions

In this research, the mechanical performance and durability of cement concrete with
an assembly unit of expansive agents (CaO and calcium sulphoaluminate) were investi-
gated. The following corrosion resistance of reinforced cement concrete after exposing to
carbonation corrosion environment was studied. The conclusions are as follows:

The limited and free compressive strengths firstly increased and then decreased
with the increasing dosage of double expansion agent. The limited and free compressive
strengths of cement concrete with 9% of double expansion agent reached the highest level.

The limited expansion of specimens with the addition of expansive agents rate firstly
increased and then decreased with the increasing curing age. When the curing age was
14 days, the limited expansion rate was the highest. The limited expansion rate of concrete
with 60% mineral admixtures (fly ash and ground granulated blast furnace slag) was lower
than the concrete with 50% mineral admixtures. Moreover, concrete with 60% mineral
admixtures showed better mechanical properties.

The incorporation of double expansion agent was able to result in the improvement
of the resistance to carbonation, chloride ion penetration, steel corrosion and mechanical
strength (the limited and free compressive strengths).

The decreased water–binder ratio led to improved compressive strength and resistance
to carbonation, chloride ion penetration, steel corrosion, and decreased the expansion rate.
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