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Abstract. This paper is the study of sulfate attack resistance of reactive powder concrete (RPC). RPC 

that is also known as ultra-high performance concrete is a special type of concrete material obtained 

when fine powders like silica fume (SF) are added into the concrete mortar along with very low water-

to-binder ratio (w/b). SF is a pozzolanic material obtained as a by-product of silicon metal or 

ferrosilicon alloys production. In this study, total 6 different RPC mixtures with various w/b (0.18, 0.22 

and 0.26) and various SF content were studied. SF was added into the concrete mixtures in the amount 

of 15%, 20% and 25% of cement by weight. The other testing parameter includes 3 different 

concentrations of sodium sulfate (Na2SO4) solutions (0.35 M, 0.7 M and 1.4 M concentrations). Broad 

laboratory investigations of behavior of the RPC mixtures were conducted in terms of compressive 

strength and mass gain of cubes (50×50×50 mm3) and expansion and mass change as in accordance 

with ASTM C1012. Test results had been analyzed and assessed by Taguchi method. The significance 

level of experimental parameters was determined by using Analysis of variance (ANOVA) method. 

According to statistical and analytical results it was observed that RPC has high sulfate attack 

resistance. Moreover, addition of optimal amount of SF into the RPC mixtures as well as decreasing 

w/b can significantly improve Na2SO4 resistance of RPC. 

Keywords: Reactive Powder Concrete, Taguchi Method, Silica Fume, Sulfate Attack Resistance. 

1 Introduction 

Sustainable development concept has recently become one of the most important topics in the 

construction industry. Moreover, development of alternative sources of energy in the face of 

energy crisis due to limited natural resources is foremost issue of the industry. Compressed air 

energy storage system incorporated into pile foundation system of the apartment building is 

proposed as a viable alternative to accumulating excess energy from solar panels installed on 

the building during the off-peak hours to be able to use it during the increased demand periods 

(Tulebekova et al., 2017, Zhang et al., 2018). Hence, complex structural and internal loading 

conditions require the piles to be made of superior performance material such as ultra-high 

performance concrete (Tulebekova et al., 2019). Reactive Powder Concrete (RPC) is a type of 
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ultra-high performance concrete that is obtained by removing coarse aggregates from and 

addition of pozzolanic materials like silica fume (SF) to the concrete along with very low water-

to-binder ratio (w/b) (Sun et al., 2015). RPC has a densified microstructure that is attributed to 

the removal of coarse aggregates and the pozzolanic reaction that lead to the formation of strong 

bonds in interfacial transition zone due to the increased formation of strong calcium silicate 

hydrate lattices (Beglarigale and Yazıcı, 2015). It was investigated that the optimization of SF 

content and w/b results in the RPC with very high compressive and tensile strength (Ahmad et 

al., 2015; Bektimirova et al., 2018). Moreover, compressive strength of RPC could be increased 

further by optimization of packing degree of small aggregate (Ji et al., 2011, Bektimirova et al., 

2020). Nevertheless, RPC is a relatively new type of concrete material, and its durability 

properties is still an ongoing topic of research. 

External sulfate attack (ESA) is a concrete durability issue arising from the migration of 

sulfate ions from surrounding soils into the concrete structure, resulting in the series of chemical 

reactions and physical processes that cause irrecoverable damage to material (Marchand et al., 

2003). Even though the exact mechanism of sulfate attack is still questionable, it is agreed that 

the physical damage in the material occurs through the formation of expansive products such 

as gypsum and ettringite (Tixier and Mobasher, 2003) that leads to dimensional expansion and 

mass gain of the specimen. Expansive products form in the cracks in the microstructure of 

concrete and exert pressures that could be sustained by the pore spaces in the material (Ikumi 

et al., 2019). However, the extensive or prolonged formation of expansive products might lead 

to the irreclaimable damage to concrete microstructure causing material degradation, loss of 

cohesiveness and strength (Gu et al., 2019). Although Haufe and Vollpracht (2019) reported 

that RPC has moderate to high resistance to ESA due to its improved microstructure and 

reduced porosity, little data are available on the ESA resistance of RPC. 

In this study, the ESA resistance of different RPC mixtures was investigated. SF content 

w/b, and concentration of sodium sulfate (Na2SO4) solution were selected as primary factors to 

influence on the compressive strength and expansion of the RPC mixtures exposed to the ESA 

environment by Taguchi method. Analysis of variance (ANOVA) was used to assess the 

significance level of experimental parameters. 

2 Experimental Program 

2.1 Materials 

Ordinary Portland cement (ASTM type I) and SF with specific gravities 3.15 and 2.22 

correspondingly were used as binder materials in this study. The chemical composition of 

cement and SF is provided in Table 1. Locally available quartz sand with specific gravity 2.4, 

absorption capacity of 6.2% was used as a fine aggregate for the RPC mixtures. 

Liquid superplasticizer (SP) Master Glenium ACE 430 with specific gravity 1.02, and 

ordinary tap water were used in RPC mixing.  
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Table 1. Chemical composition of binders. 

Components Cement SF 

CaO [%] 65.91 0.22 

SiO2 [%] 21.55 97.54 

Al2O3 [%] 5.55 0.2 

Fe2O3 [%] 4.7 0.06 

SO3 [%] 1.9 - 

MgO [%] 1.46 - 

K2O [%] 0.35 - 

Loss on Ignition [%] 0.49 2.08 

 

2.2 Mixture Proportion and Levels of Evaluation Variables 

The experiments were designed to analyze the influence of various w/b, SF content, and sulfate 

concentration on the compressive strength and expansion of RPC. Mixture proportioning of 

RPC mixtures was completed using the absolute volume method. The details of mixture 

proportion are provided in Table 2. 

Table 2. Mixture proportion of RPC (kg/m3). 

No. Mixture ID WB SF Cement SF Sand Water 
SP [% of 

binder] 

1 
0.18WB-

20SF 
0.18 20 1000 200 903 216 2 

2 
0.22WB-

20SF 
0.22 20 1000 200 788 264 1.5 

3 
0.26WB-

20SF 
0.26 20 1000 200 673 312 1.5 

4 
0.22WB-

15SF 
0.22 15 1043 157 802 264 1.5 

5 
0.22WB-

25SF 
0.22 25 960 240 776 264 1.5 

The Taguchi statistical analysis method was used to determine the optimal mixture that will 

have the maximum compressive strength and the highest ESA resistance which is determined 

by the lowest expansion and mass gain during the exposure. Taguchi analysis was performed 

for 3 factors at a time with 3 levels each. Thus, 2 sets of analyses were performed: first one for 

w/b, second one for SF content, while sulfate concentration and exposure time were factors of 

analysis for both sets. Factors and levels of Taguchi analysis are shown in Table 3. 

Table 3. Levels of the variables in the experimental program. 

Factors Level 1 Level 2 Level 3 

w/b 0.18 0.22 0.26 

SF content 15 20 25 

Na2SO4 concentration 0.35 0.7 1.4 

Time of exposure 1 week 4 weeks 13 weeks 
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2.3 Casting, Curing and Maintaining the Samples 

Mixing RPC was completed in pan type mixer with total mixing time of 9±1 min. Immediately 

after mixing was complete, RPC was placed into the molds: 50 x 50 x 50 mm cube mold as 

required in ASTM C109 for compressive strength test; and, 25 x 25 x 250 mm prism molds as 

required by ASTM C1012 for length and mass change test. RPC specimens were cured for 24 

hours in molds covered by plastic sheets to avoid water evaporation, after which they were 

placed into the Na2SO4 solution where they were stored until the test date.  

2.4 Test Methods 

The length and mass change tests of RPC were performed in accordance with ASTM C 1012 

and ASTM C490 on the same samples. Accuracy of digital length comparator and digital scales 

used for measurements of length and mass change are ±0.0001 mm and ±0.001 g 

correspondingly. The compressive strength test of RPC was conducted in accordance with 

ASTM C109. 

A number of samples are varied from mixture to mixture: 4-8 samples. To achieve better 

statistical reliability, outliers had been removed from calculated data as in accordance with 

ASTM E178. The test set up is provided in Figures 1 (a) and 1 (b).  

 
Figure 1. Test setup: (a) length change test; (b) compressive strength test. 

3 Results and Discussion 

3.1 Statistical Analysis 

General Linear Model of analysis of variance (ANOVA) was used to observe statistically 

important parameters of experiments. Furthermore, to assess the contribution percentage of 

each parameter to the compressive strength, length and mass change, P-value was used: smaller 

P-value indicates more affective parameter in the concrete performance characteristics (Lin et 

al., 2000). The results of ANOVA for both sets of w/b-concentration-time and SF content-

concentration-time are shown in Table 5. 

 

 

 

 

 

a) (a)b)
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Table 5. Results of ANOVA for w/b-concentration-time set and SF content-concentration-time set. 

Source SS MS F P-Value Source SS MS F 
P-

Value 

ANOVA for Compressive Strength of RPC 

w/b 48 24 0.31 0.735 SF 472.6 236.29 2.16 0.142 

conc 329.4 164.7 2.15 0.143 conc 143.4 71.72 0.65 0.53 

time 4731.02 2365.51 30.86 0 time 4090.2 2045.12 18.67 0 

ANOVA for Length Change of RPC 

w/b 0.002954 0.001477 41.65 0 SF 0.001211 0.000605 19.76 0 

conc 0.000478 0.000239 6.74 0.006 conc 0.000404 0.000202 6.59 0.006 

time 0.000484 0.000242 6.82 0.006 time 0.000353 0.000177 5.77 0.011 

ANOVA for Mass Change of RPC 

w/b 6.1525 3.07624 41.31 0 SF 0.3926 0.1963 7.22 0.004 

conc 1.1562 0.57808 7.76 0.003 conc 2.604 1.302 47.89 0 

time 0.8825 0.44127 5.93 0.01 time 1.0554 0.52768 19.41 0 

 

According to Table 5, time is the most important parameter for compressive strength in both 

sets of experiments while length change is controlled by w/b and SF factors in w/b-

concentration-time and SF content-concentration-time sets respectively. Mass change is also 

influenced mostly by w/b in w/b-concentration-time set; nevertheless, in SF content-

concentration-time set it is affected by time and concentration factors. Hence, it is possible to 

suggest that time of exposure and RPC mixture content play more important role in ESA 

resistance of RPC.  

3.2 Taguchi Analysis 

The “smaller is better” Taguchi’s quality loss function for compressive strength, length, and 

mass change of RPC was used to determine the optimal conditions for both w/b-concentration-

time and SF content-concentration-time sets. The loss function is transferred further into utility 

function called Signal-to-Noise ratio (S/N) developed by Taguchi. S/N allows to identify 

performance characteristic deviating from desired value (Rahimi et al., 2016). Noise factor is 

any factor that causes deviation from targeted value for measurable product or process 

characteristics. Minitab statistical software was used for the statistical analysis of the results 

which are discussed in following sections. 

3.2.1 Compressive strength 

The main goal of every experiment is to determine the highest possible S/N value that will 

indicate that random effects of the noise factors are negligible compared to that of the signal. 

Fig. 2 shows the S/N ratio of compressive strength for w/b-concentration-time and SF-

concentration-time sets. 

As presented in Fig. 2, the minimum variation in compressive strength was obtained for the 

RPC containing w/b=0.26 and SF=25 %. Fig. 2 also shows that optimal values of concentration 

and curing time are 0.35M and 1-week in both w/b-concentration-time and SF content-

concentration-time sets. In fact, compressive strength of RPC generally tends to decrease with 
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increasing the concentration of Na2SO4 solution: The higher concentration of Na2SO4 solution, 

the more deterioration of in RPC performance. It is possible to observe from Fig. 2 that 1.4M 

Na2SO4 solution not only has lower S/N ratio, but also has more damaging effect on 

compressive strength than 0.7M solution. This result may be attributed to stoichiometry of 

chemical reaction occurring during the sulfate attack exposure of concrete: As the concentration 

of Na2SO4 solution increases, more sulfate ions penetrate in to the specimen, consequently 

leading to more deteriorative cracks inside specimen and the reduction of the strength. 

    
Figure 2. Main effects plots for SN ratios (Compressive strength): (a) w/b-concentration-time set; (b) SF 

content-concentration-time set. 

3.2.2 Length and Mass change 

Fig. 3 shows the S/N ratio of length change for two sets of experiments. According to Fig. 3 

(a), the minimum variation of length change is created by w/b=0.18 at 0.35M Na2SO4 

concentration at 1-week exposure. According to Fig. 2 (b) SF content=25 has the most stable 

reading. 

 

   
Figure 3. Main effects plots for SN ratios (Length change): (a) w/b-concentration-time set; (b) SF content-

concentration-time set. 

Fig. 4 shows the S/N ratio of mass change for two sets of experiments. Accordingly S/N 

ratios of mass change show the same trends as for length change for both sets of experiments. 

The reason is possibly that the same samples were used for both measurements. Furthermore, 

expansion of RPC exposed to sulfate attack result in both mass gain and elongation of the 

sample. Thus, formation and accommodation of expansive products in the RPC internal 

structure is indicated by the mass gain of the samples. Moreover, the process of accommodation 

of expansive products (ettringite formation) leads to internal cracking resulting in the expansion 

a) b) 

a) b) 
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of concrete. Hence, it appears to be logical that both length and mass change measurements 

show similar statistical behavior as it is observed by Taguchi analysis in this study. 

 

  
Figure 4. Main effects plots for SN ratios (Mass change): (a) w/b-concentration-time set; (b) SF content-

concentration-time set. 

4 Conclusion 

Sulfate attack is an important durability problem of concrete structures exposed to groundwaters 

containing sulfate ions as in case of pile foundations. RPC is a relatively new type of material 

that has superior durability and mechanical characteristics. This study statistically analyzed 

sulfate attack resistance of RPC in two sets of influence factors. Accordingly, the following 

conclusions can be made: 

- The ANOVA analysis showed that compressive strength of RPC exposed to Na2SO4 

environment is influenced by time factor for both sets of experiment; while length and 

mass change are mostly affected by the RPC mixture content (w/b and SF content) and 

time of exposure. 

- Based on Taguchi analysis, it is possible to suggest that optimal w/b=0.18 and optimal 

SF content=25 % for all three performance characteristics, namely compressive 

strength, length and mass change. 

In conclusion, RPC appears to have high resistance to sulfate attack; however, this study is 

limited by the statistical analysis of standard test methods. Thus, more comprehensive study of 

sulfate attack resistance of RPC considering temperature effect and other types of sulfate 

solution may be needed to assess the resistance of RPC to sulfate attack incorporated with 

statistical analysis. 
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