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Abstract: Waste fly ash (WFA) with pozzolanic activities may be advantageous to the mechanical 

properties of reactive powder concrete (RPC) when WFA partially replaces cement in RPC. In this 

study, RPC specimens with 0–25% WFA were prepared under the curing temperatures of 0, 20, and 

40 °C for 3 to 120 days. The flowability of fresh RPC, the mechanical strengths, and the NaCl freeze–

thaw damage were investigated. Additionally, the following carbonation depths after different 

NaCl freeze–thaw cycles and the leaching amount of toxic metal elements were also determined 

experimentally. The results indicated that the incorporation of WFA could decrease the slump flow 

of fresh RPC due to the relatively smaller particle size of WFA. With an increase in the WFA content, 

the early-age flexural and compressive strengths first exhibited an increasing and then decreasing 

trend. However, WFA will always deteriorate the long-term mechanical properties, and both flex-

ural and compressive strengths can be reduced by up to 25% when cured for 120 days. A higher 

temperature (i.e., 40 °C) was found to benefit the mechanical properties, especially when cured for 

3 days. The RPC with 10% WFA exhibited the optimum salt-freezing resistance with an approxi-

mately 30% reduction in the mass loss rate when the NaCl freeze–thaw cycles reached 300. The 

improvement in durability can be attributed to a more compact microstructure of RPC with WFA 

through microscopic observations. The relationships between the mass and mechanical strength 

loss rates can be expressed through positive correlation quadratic functions. The carbonation depth 

decreased following a quadratic function with increasing mass ratios of WFA and NaCl freeze–thaw 

cycles. The leaching amounts of Cr and Zn increased with increasing WFA content over time, and 

the cumulative values reached equilibrium at 5 months. 

Keywords: waste fly ash; reactive powder concrete; carbonation; toxic metal elements; NaCl freeze–

thaw cycles 

 

1. Introduction 

Municipal solid waste incineration (MSWI) fly ash is domestic waste burned at high 

temperature. The waste fly ash (WFA) contains the heavy metals Zn, Cr, Pb, and Cd with 

high leaching concentration and dioxin with high toxic equivalent, which belongs to haz-

ardous solid waste [1,2]. The environmental protection department requires that the toxic 

ions in WFA must be solidified and undergo stabilizing treatment. Currently, the main 
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treatment methods of fly ash in various countries include direct landfill after cement so-

lidification and stabilization. These disposal methods waste large amounts of land re-

sources and disposal costs. Harmful heavy metals and dioxins in fly ash easily penetrate 

into soil and groundwater, resulting in secondary pollution [3]. 

Besides the hazardous constituents, the main chemical compositions of fly ash are 

similar to those of cement clinker including silica (SiO2), lime (CaO), alumina (Al2O3), and 

iron oxide (Fe2O3) [4]. These compositional features enable the application of fly ash in 

cement-based materials. Meanwhile, with the increasing shortage and depletion of re-

sources for use in human construction, the application of solid waste production in cement 

concrete may become an inevitable development trend in the concrete industry [5]. Fly 

ash has been investigated as a substitute for raw materials in cement production [6], and 

it has also been blended in cement as supplementary cementitious material (SCM) [7]. 

However, the chemical composition of fly ash is highly dependent on its diverse sources, 

which makes it challenging for use in the production of cement. In addition, the high-

temperature sintering process of cement production increases the risk of releasing pollu-

tants from fly ash [8]. Given the pozzolanic properties of fly ash, more attempts have been 

made in the application of fly ash as a cement replacement in the production of concrete 

[9]. 

The properties of cement-based materials blended with fly ash have been extensively 

studied. Polettini et al. [10] pointed out that both the heavy metals and alkalis from fly ash 

play important roles in influencing the setting and hardening process of cement. Due to 

the high porosity of MSWI ashes, the water demand of blended cement is found to be 

higher than typical Portland cement [11]. Meanwhile, the setting times of cement with 

MSWI ashes are longer owing to a reduced hydration rate [12]. Li et al. [13] also reported 

that MSWI bottom ash will hinder cement hydration due to the low cementitious activity. 

Rehman prepared a 3D printable concrete by mixing MSWI ash and found that the MSWI 

ash can partially replace cement without violating the rheological requirements of 3D 

printed concrete [14]. Alderete investigated the fresh and hardened properties as well as 

the durability properties of concrete with municipal solid waste ash as part of a cement 

substitute; it indicated that a well-performing concrete mix can be designed when using 

municipal solid waste ash as 20% of the binder [15]. Tang et al. [16] pointed out that the 

compressive and flexural strengths of cement mortar decreased by 16% and 6% when 30% 

cement was replaced by thermally activated MSWI bottom ash. Bertolini et al. [17] found 

that both the strength and durability of concrete were negatively affected by incorporating 

dry-grounded MSWI bottom ash, which was attributed to the entrapment of gas bubbles 

induced by cathodic reaction. Although, some studies on the mechanical strengths, dura-

bility, and microstructures of cement-based materials were reported, little attention has 

been paid to the coupling effects of multiple groups of environmental factors on the vari-

ation in the performances of cement-based materials with MSWI ash when this kind of 

cement concrete is applied in a coastal environment. Furthermore, the leaching properties 

of fly ash in cement paste was investigated by Shi et al. [18], who indicated that the leach-

ing of heavy ions mainly occurs at early ages. Moreover, it was reported that the curing 

temperature is a key factor in the strength development of fly-ash-based geopolymer [19]. 

Therefore, the curing temperature in a real environment may have significant influence 

on the mechanical strength of concrete with MSWI ash. On the other hand, the curing 

temperature will also impact the leaching of heavy ions from WFA. However, little infor-

mation concerning this has been reported [20]. 

Reactive powder concrete (RPC) was invented based on the maximum density theory 

[21–23]. This type of concrete, with high mechanical strength and durability, has been ap-

plied in a variety of construction applications [24]. Additionally, this kind of concrete is 

composed of large amounts of cementitious materials such as cement, silica fume, and 

blast furnace slag powder [25]. The addition of MSWI ash may partially replace cement 

and realize the recycling of waste. 
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In this study, the influence of solid waste incineration ash and curing temperatures 

on the mechanical strengths of RPC was investigated. The coupling effects of NaCl freeze–

thaw erosion and carbonation were considered. The leaching amounts of cadmium and 

zinc were tested. The inner mechanism of the mechanical strengths of RPC with WFA has 

been reported in prior journals. However, this research provides a reference for the appli-

cation of WFA in reactive powder concrete. Research and development of RPC with WFA 

is a new concept in the treatment of WFA. Meanwhile, research on the influence of the 

curing temperature and application environment on the properties of RPC will provide 

more application channels for the RPC with WFA. 

2. Materials and Methods 

2.1. Raw Materials 

Ordinary Portland cement provided by Henan Dadi Cement Co., Ltd., Baofeng, 

China, was used in this study. The compressive strength, density, and the initial and final 

setting times of the cement used in this study were 42.5 MPa, 3.1 g/cm3, and 114 and 346 

min, respectively. All technical performance indicators conformed to the GB175-2007 Chi-

nese standard [26]. 

All of the granulated blast furnace slag powder (GGBS) and the superfine silica fume 

(SF), which were manufactured by Henan Zhongchuang Building Materials Co., Ltd., 

Zhengzhou, China, were used as mineral admixtures in the experiment. Additionally, the 

silica fume possessed a specific surface area of 15 m2/g and SiO2 content higher than 98%. 

The silica fume showed a density of 2.2 g/cm3. The physical and chemical properties of 

silica fume were provided by the manufacturer of the silica fume. The density and the 

specific surface area of the GGBS were 2.9 g/cm3 and 436 m2/g, respectively. Furthermore, 

the loss on ignition of GGBS was 2.3%. The particle sizes of quartz sand used in this study 

were 1–0.71, 0.59–0.35, and 0.15–0.297 mm, and the mass ratios were 1:1.5:0.8. The quartz 

sand was composed of 99.6% SiO2, 0.02% Fe2O3, and other ingredients. The mass ratio of 

quartz sand to binder materials was 1.25, and the mass ratio of cement:SF:GGBS was 

1:0.5:0.15. The WFA applied in this research was provided by Jiangsu ouhang Environ-

mental Protection Technology Co., Ltd., Kunshan, China. The mix proportion of reactive 

powder concrete was obtained based on the maximum density theory referred to in prior 

journals [27,28].The mix proportion is shown in Table 1, which was obtained from previ-

ous research [29,30]. Polycarboxylate superplasticizer with water reducing rate of 40% 

manufactured by Henan Lichuang lier Technology Co., Ltd., Pingdingshan, China, was 

applied in the adjustment of the fluidity of fresh reactive powder concrete. The dosage of 

polycarboxylate superplasticizer was 1.3% by the mass ratio of all binder materials. The 

water/binder ratio in this study was 0.2. The chemical composition and the particle pass-

ing percentage of raw materials are shown in Tables 2 and 3. A laser particle size analyzer 

was applied in the measurement of the particle size distribution. The testing results were 

provided by the manufactures. 

Table 1. Mixture design of WFA-RPC per one cubic meter (kg). 

Water OPC WFA SF GGBS Quartz Sand Water Reducer 

244.4 740.7 0 370.3 111.1 977.9 16.3 

244.4 679.6 61.1 370.3 111.1 977.9 16.3 

244.4 618.5 122.2 370.3 111.1 977.9 16.3 

244.4 557.4 183.3 370.3 111.1 977.9 16.3 

244.4 496.3 244.4 370.3 111.1 977.9 16.3 

244.4 435.2 305.5 370.3 111.1 977.9 16.3 
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Table 2. Chemical composition (wt.%) of the cementitious materials used in this study. 

Types SiO2 Al2O3 FexOy MgO CaO SO3 K2O Na2O Ti2O CdO Cr2O3 PbO CuO ZnO 
Loss on 

Ignition 

WFA 22.5 4.5 0.9 - 20.3 9.3 6.0 4.3 10.2 0.07 0.09 0.09 0.09 0.5 21.2 

P·O cement 20.9 5.5 3.9 1.7 62.2 2.7 - - - - - - - - 3.1 

GGBS 34.1 14.7 0.2 9.7 35.9 0.2 3.5 - - - - - - - - 

Silica fume 90 0.2 0.6 0.2 0.4 0 7.4 - - - - - - - - 

Quartz sand 99.6 - 0.02 - - - - - - - - - - - - 

Table 3. Measured particle size distributions of the cementitious materials (%). 

Types 
Particle Size/μm 

0.3 0.6 1 4 8 64 360 

WFA 0.13 0.5 2.2 17.2 31.3 97.5 100 

P·O cement 0 0.3 2.7 15.0 28.8 93.6 100 

GGBS 0.03 0.1 3.5 19.6 35.0 97.9 100 

Silica fume 31.2 58.3 82.3 100 100 100 100 

Quartz sand 0 0 0 0 0.03 20 100 

2.2. Samples Preparation and Measurement Methods 

The specimens of reactive powder concrete were prepared using the following steps. 

The raw materials, including solid waste incineration ash and quartz sand, were 

mixed in the UJZ-15 mortar mixer for 30 s, and then the solution for the water-reducing 

agent mixture and water was added and mixed for 3.5 min. After mixing, fresh reactive 

powder concrete was applied for the measurement of slump flow. The specific experi-

mental methods of the Nld-3 cement mortar fluidity tester, provided by Jianyi Zhongke 

Experimental Instrument Manufacturing Co., Ltd., were applied in the measurement of 

the slump flow of the reactive powder concrete. The specific testing procedures for the 

slump flow were carried out in reference to the Chinese standard GB/T 2419-2005 [31]. 

After stirring, the slump flow of fresh reactive powder concrete was determined and 

poured into molds in the sizes 40 × 40 × 160 mm; 100 × 100 × 100 mm; Φ 100 × 50 mm. The 

specimens were sealed with plastic cloth and kept in a room environment which had a 

temperature and relative humidity that were kept at 20 ± 2 °C and above 40%, respectively, 

for 1 day. After curing, the specimens were demolded and some of them were moved to 

the curing environment with a temperature of 20 ± 2 °C and a relative humidity of above 

95% for the curing ages of 3, 7, 14, 21, 28, 60, 90, and 120 days. Several specimens were 

moved to a different environment (temperatures of 0, 20, and 40 °C with a relative humid-

ity of above 95%) for 3, 28, and 90 days. The curing process is described in the GB/T50081 

Chinese standard [32]. 

The YAW-300 microcomputer full-automatic universal tester, provided by Shanghai 

Qunhong Instrument Equipment Co., Ltd., Shanghai, China, was applied for the determi-

nation of the compressive strength and flexural strength. The sizes (40 × 40 × 160 mm) of 

the specimens for testing the mechanical strengths followed the GB/T 17671-1999 Chinese 

standard [33]. Figure 1 shows the test specimens and experimental setting pictures for 

measuring compressive strength and flexural strength. 
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Figure 1. The flexural and compressive strengths of RPC with WFA. 

Then, 3% NaCl solution was provided for the NaCl freeze–thaw cycles. The samples 

cured in a standard curing environment for 24 days were immersed in 3% NaCl solution 

for 4 days. All samples were then placed in the rapid freeze–thaw testing machine, and 

the NaCl freeze–thaw experiments were conducted. After different NaCl freeze–thaw cy-

cles, the mass and mechanical strengths were tested, and the mass and mechanical 

strength losses were calculated. Additionally, some specimens after different NaCl freeze–

thaw cycles were moved to a CCB-70F automatic concrete carbonation test box, produced 

by Hebei Shengxing Instrument Equipment Co., Ltd., (Cangzhou, China), and cured at a 

carbon dioxide concentration of 20% by the mass ratio of the total mass of gas and cured 

for 60 days before determination. Cylinder specimens with a size of Φ 100 × 50 mm were 

applied for the determination of chloride migration coefficient (CMC). The experiments 

of the NaCl freeze–thaw cycles and chloride migration coefficient were all conducted ac-

cording to the Chinese GB/T 50082-2009 standard [34]. 

The leaching of the toxic metal ions can be determined according to the following 

steps. Specimens with size of 100 × 100 × 100 mm and cured for 28 days were immersed in 

deionized water for 6 months. The leaching solution selected from the immersed deion-

ized water per month was applied for the analysis of element content by an IRIS Intrepid 

ER/S ICP atomic emission spectrometer provided by the Thermo Elemental company, 

Waltham, Massachusetts, USA. Six specimens were provided in the experiment for each 

test. The testing process was carried out according to Reference [35]. 

3. Results and Discussion 

3.1. The Flowability 

Figure 2 shows the slump flow of fresh RPC with different dosages of WFA. As de-

picted in Figure 2, the slump flow of all fresh pastes decreased with an increase in the 

WFA dosage. The fluidity of fresh RPC depends on the inner free water [36]. It can be 

observed from Figure 2 that the error bar values were lower than 0.1, indicating that the 

accuracy of this experiment was high. Comparing the rheological properties of plain fresh 

RPC, the addition of WFA led to a decrease in the slump flow of the fresh paste. It can be 

obtained from Table 3 that the fineness of the WFA was higher than that of the cement. 

WFA with larger specific surface areas will exhibit higher water absorption than cement 

binders, which will lead to a reduced slump flow of RPC with an increasing content of 

WFA. In addition, the incorporation of WFA will decrease the setting time of the concrete. 

Both factors contribute to a reduced slump flow of RPC with WFA, which is consistent 

with our previous work in [37]. 
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Figure 2. The slump flow of fresh RPC with WFA. 

3.2. The Mechanical Strengths 

Figure 3a,b show the flexural and compressive strengths of hardened RPC with WFA. 

The variation rates of the mechanical strengths by the addition of WFA were calculated 

and are shown in Figure 3c,d. The variation rate of the mechanical strength was calculated 

using Equation (1): 

0

0

mf f
f

f


   (1)

where f represents for the variation rate of the flexural or compressive strengths; f0 and 

fm are the flexural or compressive strength of controlled RPC and RPC with WFA, respec-

tively. 

As shown in Figure 3, the flexural and compressive strengths at early curing ages 

(flexural strength: no more than 14 days; compressive strength: no more than 28 days) first 

exhibited an increasing and then a decreasing trend with the increase in the dosage of 

WFA. This was due to the fact that the addition of WFA with pozzolanic/hydraulic prop-

erties and high surface area can promote early-age hydration of cement-based materials, 

thus facilitating the strength development of RPC. As expected, the variations in the flex-

ural strength measurements were higher when compared with compressive strengths. 

However, the dosage of WFA was higher than 10%, the mechanical strengths decreased 

by the increasing dosage of WFA due to the fact that WFA has a large specific surface area 

and many internal pores, thus reducing the mechanical properties [35,38,39]. Regarding 

the ratios of the mechanical property changes, it can be observed that although the early-

age compression and flexural strengths’ dependence on the dosage were not fully the 

same, the correlation between the long-term (after 28 days) properties and dosage showed 

good consistency for both the compressive and flexural strengths. For instance, both the 

flexural and compressive strengths of RPC cured for 120 days exhibited a monotonical 

decrease with the increase in the dosage of WFA, and both properties were reduced by 

approximately 25%, which is consistent with the literature [17]. From the above, the addi-

tion of WFA can both increase the compressive and flexural strengths at early-age hydra-

tion when the dosage is low (i.e., ≤10%); however, the long-term mechanical properties 

will always deteriorate with the addition of WFA at any dosage. This phenomenon may 

be explained by the fact that WFA, which has a smaller particle size and higher pozzolanic 

activity, might have a synergistic impact with cement hydration, resulting in improved 
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early-age mechanical properties. However, the chemical composition contains considera-

ble amounts of alkalis and heavy metals, and the porous nature of WFA will deteriorate 

the long-term mechanical properties. These results provide necessary information on the 

mechanical properties when WFA is used as a cement replacement. Note that the error 

bars in Figure 3c,d can be deduced from Figure 3a,b; therefore, they are omitted here for 

clarity. 

 

(a) 

 

(b) 

 

(c) 
 

(d) 

Figure 3. The mechanical strengths of RPC with WFA: (a) flexural strength; (b) compressive 

strength; (c) flexural strength loss rate; (d) compressive strength loss rate. 

Figure 4a,b show the flexural and compressive strengths of RPC with WFA cured at 

temperatures of 0, 20, and 40 °C, respectively. Figure 4c,d show the increasing rates of the 

flexural and compressive strengths of RPC cured at temperatures of 20 and 40 °C com-

pared with that of the RPC specimens cured at 0 °C. The curing ages were 3, 28, and 90 

days, respectively. As shown in Figure 4, the mechanical strengths increased with an in-

crease in the curing temperatures. This trend agrees well with the strength development 

of fly ash-based geopolymers [40]. Additionally, the increasing rates of the mechanical 

strengths of RPC at lower curing ages were higher than that at higher curing ages. This 

was due to the fact that the increased temperatures can accelerate the hydration reaction 

rate to improve the hydration degree of WFA RPC, thus improving the mechanical 

strengths [11,16,41]. However, with the continuous increase in the curing time, the degree 

of hydration tends to be stable. Therefore, the increasing rates of the mechanical strengths 

at later curing ages were lower than that at earlier curing ages. The low variations in Fig-

ure 4a,b indicate the good consistency of the experimental results. For clarity, the error 

bars in Figure 4c,d are omitted. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4. The mechanical strengths of RPC with WFA cured at different temperatures: (a) flexural 

strength; (b) compressive strength; (c) flexural strength loss rate; (d) compressive strength loss 

rate. 

3.3. NaCl Freeze–Thaw Tests 

Figure 5 demonstrates the mass loss rate of RPC with WFA during different NaCl 

freeze–thaw cycles. Table 3 shows the detailed parameters of the fitting between the mass 

loss rate and the NaCl freeze–thaw cycles (N) of RPC. a, b, and c were constants; mean-

while, R2 was the fitting degree of the fitting curves. The mass loss rate rose noticeably as 

the number of NaCl freeze–thaw cycles increased as seen in Figure 5. This was due to the 

fact that using NaCl solution as a medium for the freeze–thaw cycles might exacerbate the 

fatigue effect [42,43]. Therefore, the external surface of concrete spalled due to the freeze–

thaw actions. As observed from Figure 5, a significant decline in the mass loss rate oc-

curred when the mass ratio of WFA ranged from 0% to 10%. However, when the dosage 

of WFA varied from 10% to 20%, a growth trend in the mass loss rate occurred. The cor-

relation between the number of NaCl freeze–thaw cycles and the mass loss rate was fitted 

using a positive correlation quadratic function, with the fitting degrees exceeding 0.96 in 

all of the curves (shown in Table 4), indicating good correlations. 
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Figure 5. The measured mass loss rates of RPC with WFA during different NaCl freeze–thaw cycles. 

Table 4. Relations between the mass loss rate and NaCl freeze–thaw cycles (N). 

Equation WFA Content/% a b c R2 

∆�

�
= ��� + �� + � 

0 2.19 × 10−5 0.0128 −0.0550 0.967 

5 3.48 × 10−5 0.00527 0.0751 0.996 

10 2.57 × 10−5 0.00498 0.0139 0.980 

15 −3.31 × 10−5 0.0312 0.411 0.964 

20 2.61 × 10−5 0.0148 0.0553 0.967 

Figure 6 shows the loss rate in the mechanical strengths of RPC with WFA at different 

NaCl freeze–thaw cycles. As demonstrated in Figure 6, the flexural and compressive 

strengths both decreased with an increasing number of NaCl freeze–thaw cycles. This was 

attributed to the fact that internal cracks are continuously induced by NaCl freeze–thaw 

cycles [44–46]. The flexural strength decreased at a rate of 0–10.63%. Meanwhile, the com-

pressive strength showed a descending rate of 0–1.51%, indicating that the compressive 

strength presented a lower reduction. As depicted in Table 5, the relationship between 

mechanical strengths and the number of NaCl freeze–thaw cycles can be expressed 

through quadratic functions. Moreover, the mechanical strengths’ loss rate firstly de-

creased and then increased with an increasing dosage of WFA. When the content of WFA 

reached 10%, the mechanical strengths’ loss rates were the lowest. 

 

(a) 

 

(b) 

Figure 6. Relationship between the mechanical strength loss rates of RPC with WFA and NaCl 

freeze–thaw cycles: (a) flexural strength (ft) loss rate; (b) compressive strength (fcu) loss rate. 
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Table 5. Fitting parameters of mechanical strength loss rates and the number of NaCl freeze–thaw cycles (N). 

Equation WFA Content/% a b c R2 

�� = ��� + �� + � 

0 3.26 × 10−5 0.0190 −0.0818 0.967 

25 5.05 × 10−5 0.00778 0.113 0.996 

50 3.73 × 10−5 0.00733 0.0223 0.980 

75 3.75 × 10−5 0.02228 0.0631 0.955 

100 5.08 × 10−5 0.0214 0.0502 0.977 

��� = ��� + �� + � 

0 1.78 × 10−5 0.0225 −0.0946 0.983 

25 5.02 × 10−5 0.00726 0.175 0.994 

50 3.23 × 10−5 0.0107 −0.0941 0.945 

75 3.67 × 10−5 0.0218 0.0595 0.955 

100 4.88 × 10−5 0.0217 0.0522 0.972 

Figure 7 shows the changes in the chloride migration coefficients of RPC with WFA 

during NaCl freeze–thaw cycles. As shown in Figure 7, the chloride migration coefficient 

continued to rise with an increase in the number of NaCl freeze–thaw cycles. This was 

due to the fact that the cracks induced by freeze–thaw cycles facilitate the migration of 

chloride ions, thus increasing the chloride migration coefficient of RPC with WFA [47]. 

Additionally, when the dosage of WFA ranged from 0% to 10%, the chloride migration 

coefficient decreased with the increasing dosage of WFA due to the promoting effect of 

WFA on the hydration of cement. This may be attributed to WFA which has a finer size 

that can effectively fill the inner pores of concrete. However, when the content of WFA 

increased from 10% to 20%, the increasing dosage of WFA led to an increasing chloride 

migration coefficient due to the lower flowability of concrete with excess WFA. We also 

noticed that the uncertainties in the CMC measurements became larger with an increase 

in the number of freeze–thaw cycles. 

 

Figure 7. Evolution of chloride migration coefficients as a function of NaCl freeze–thaw cycles. 

Figure 8 shows the carbonation depth of RPC with WFA during different NaCl 

freeze–thaw cycles. As demonstrated in Figure 8, the carbonation depth decreased obvi-

ously with increasing dosages of WFA. This was attributed to the fact that the WFA with 

alkalinity could absorb carbon dioxide, thus improving the carbonation resistance of RPC 

[48]. Moreover, as observed from Figure 8, the carbonation depth will increase with an 

increase in the freeze–thaw cycles, which can be attributed to the formation and propaga-
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tion of microcracks inside concrete upon freeze–thaw damages. These microcracks facili-

tate the penetration of CO2 inside concrete, which enabled more parts of the concrete to 

be exposed to carbon dioxide [49]. Owing to these factors, the carbonation depth kept 

increasing with the NaCl freeze–thaw cycles. 

 

Figure 8. Carbonation depth of RPC with WFA at different NaCl freeze–thaw cycles. 

Figure 9 shows the leaching amount of toxic metal elements. As depicted in Figure 9, 

the leaching amount of toxic metal elements first increased obviously when the leaching 

time increased from 0 to 5 months. However, when the leaching time increased from 5 to 

6 months, the leaching amount of toxic metal elements tended toward stable values. More-

over, as observed in Figure 9, increasing dosages of WFA will lead to an increase in the 

leaching amount of toxic metal elements. Furthermore, the leaching amount of Cr is 

higher than the leaching amount of Zn. The largest variation in all of the leaching amounts 

was approximately 0.003 mg/mL, which indicates the good consistency of the leaching 

measurements. 
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(b) 

Figure 9. The leaching amount of toxic metal elements: (a) Cr; (b) Zn. 

Scanning electron microscopy (SEM) was then adopted to investigate the influence 

of WFA on the microstructure of hydrated RPC. Figure 10 shows SEM images of RPC with 

0% and 10% WFA cured in the standard curing condition and an environment of 40 °C 

and a 95% relative humidity. As shown in Figure 10a, a large number of acicular hydration 

products were observed in the specimen with 0% WFA after curing in the standard curing 

environment for 1 day. However, the fraction of needle-like products decreased, and the 

hydration products became more compact when 10% WFA was added into the RPC. 

Moreover, when cured at a higher curing temperature, the needle-like hydration products 

in specimens with 0% WFA gradually connected into a network of hydration products 

(shown in Figure 10c). As shown in Figure 10d, the addition of WFA could effectively 

increase the compactness of hydration products due to the improved hydration process 

by WFA. Figure 10e shows the control specimen cured for 28 days; it can be observed that 

the microstructure of RPC was compact and consisted of a large number of flocculent hy-

dration products. Comparing Figure 10e and Figure 10f, the addition of WFA improved 

the compactness of the hydration products, which indicates that the WFA was beneficial 

to the microstructures of RPC with improved durability. 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 10. SEM microstructural images of RPC: (a) 0% WFA under standard curing for 1 day; (b) 

10% WFA under standard curing for 1 day; (c) 0% WFA cured at 40 °C for 1 day; (d) 10% WFA cured 

at 40 °C for 1 day; (e) 0% WFA under standard curing for 28 days; (f) 10% WFA under standard 

curing for 28 days. 

4. Conclusions 

In this study, the mechanical strengths, resistances of NaCl freeze–thaw cycles, and 

the carbonation effect of RPC with WFA were systematically investigated. The following 

conclusions can be summarized. 

Due to the relatively smaller particle size of WFA, the addition of WFA will reduce 

the flowability of fresh RPC. With a WFA content of ≤10%, the early-age strengths were 

increased by up to 10%. However, the long-term strengths of RPC were reduced by WFA; 

specifically, the mechanical strengths at 120 d were reduced by 25% with 25% WFA. 

The NaCl freeze–thaw resistance of RPC can be optimized by adding 10% WFA, 

which results in a mass loss rate decrease of approximately 30% after 300 freeze–thaw 

cycles. Furthermore, the carbonation depth of RPC will decrease with an increase in the 

WFA content. The improved durability of RPC with WFA was found to be related to a 

refined microstructure from SEM observations. 

The leaching amount of toxic metal elements showed an increasing trend with the 

increase in WFA content over the leaching time. The leaching amount of toxic metal ele-

ments reached a plateau at 5 months. The ultimate leaching amount of Cr slightly sur-

passed Zn, which was approximately 0.07 mg/mL. 

Overall, our results demonstrated that RPC with up to 10% WFA still possessed com-

parable mechanical performance and durability to conventional RPC, which is a promis-

ing way to mitigate the environmental impact of WFA. 
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