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Abstract—The problem in this research is the negative environmental impact of cement production and the decrease in concrete 

durability due to acid rain. This research aims to create an equation for the relationship between concrete's mechanical properties and 

the concrete's age in an acidic environment. This equation is used to predict the quality of green concrete produced according to the 

mix design and to measure the reduction in strength of green concrete in an acidic environment. The method used is experimental 

research with wet-dry acid rain simulations (a mixture of sulfuric acid and nitric acid solutions) in the laboratory using rice husk ash 

(RHA) as a cement substitute. This research uses 5% and 10% of RHA variations of cement weight and immersion in pH3 and pH4 

acid solutions. The results showed that adding 5% RHA increased the compressive and flexural strength of concrete, both in normal 

and acidic environments, with a significant increase in concrete life up to 120 days. However, the addition of 10% RHA showed 

decreased performance in acidic environments, although it still provided benefits under normal conditions. The potential environmental 

and sustainability benefits of using RHA as a cement substitute are significant, as it can reduce CO2 emissions, overcome waste disposal 

problems, and increase the durability of green concrete in acidic environments. This finding provides an environmentally friendly and 

sustainable solution for the construction industry, especially in areas vulnerable to acidic environments (acid rain). 
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I. INTRODUCTION

Cement is one of the materials needed in the construction 

world to form concrete materials. In general, many buildings 

still use concrete as a material that is easy to form and has 

relatively cheap maintenance costs. The need for 

infrastructure such as housing always increases with 
increasing population. This causes the need for cement to 

increase, even though the manufacturing process causes 

environmental damage. Cement production produces 

significant CO2 emissions, which contribute to climate change 

[1]–[5]. In addition, emissions of other air pollutants such as 

sulfur dioxide (SO2), nitrogen oxides (NOx), and particulate 

matter (PM) have also increased. Studies show that although 

there was an initial decline in SO2 and NOx emissions due to 

stringent air pollution standards, they rebounded as cement 

production increased [6]–[10]. Cement dust pollution can 

cause various diseases, such as chronic obstructive pulmonary 
disease, silicosis, endocrine disorders, and cancer 

(bioaccumulation of heavy metals such as nickel, cadmium, 

mercury, and arsenic). This pollution also affects the flora and 

fauna around the factory area [11], [12]. 

Cement substitute materials have been widely used to 

reduce negative environmental impacts, so the concrete 

produced is more environmentally friendly, known as green 

concrete [13], [14]. Green concrete is made from 

environmentally friendly waste, reducing CO2 emissions and 

water use by up to 20%. Green concrete provides excellent 

thermal insulation and high levels of fire resistance, and it has 

significant potential in using waste materials to produce green 
concrete. Green concrete is defined as using waste materials 

and concrete with high sustainability that does not damage the 

environment in the production process [15], [16]. Various 

types of waste are used as substitute materials for cement, 

including slag [17]–[21], fly ash [22]–[25], silica fume [26]–

[29]. This research showed improvements in concrete 

properties, including mechanical properties, microstructure, 

and durability, with substitution variations between 10% - 30% 

of the cement weight. 

Rice husk ash (RHA) is an alternative material that has 

been widely researched and can be helpful in concrete 
mixtures. RHA and wood sawdust at 5% replacement were 
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suitable sand substitutes for developing the required rigid 

pavement structure [30]. Using RHA and eggshells as partial 

cement replacements can reduce CO2 emissions and address 

environmental problems related to waste disposal [31]. Due 

to its high pozzolanic properties, RHA can replace 10% to 20% 

of cement without sacrificing concrete performance [32], [33]. 

In sulfate attack tests, only concrete with 5.0% RHA 

performed better in aggressive environments [34], [35]. This 

is because water permeability decreases along with 

decreasing air content for all mixtures [36]. It was also found 
that the best replacement RHA proportion was 10% of the 

cement weight after 28 days of curing [37]. 

Nowadays, the majority of cities in industrial countries 

experience acid rain. Vietnam is one of the country’s most 

vulnerable to acid rain in Asia. In Vietnam's Northern 

Mountains, acid rainwater has a negative impact on local 

agricultural ecosystems [38]. Increased frequency of acid rain 

affects the microbial communities of forest soils more than 

agricultural soils in Southern China. Acid rain is expected in 

this region and significantly impacts community stability and 

biodiversity conservation [39], [40]. The advantage of 
concrete over other materials is its durability. However, 

various studies have found that the acid rain phenomenon has 

an impact on reducing the durability of concrete [41]–[44]. 

Acid rain, as a corrosive liquid, easily reacts chemically with 

the concrete hydration process, reducing the mechanical 

properties of concrete and even causing collapse. If an acid 

attacks concrete, a neutralization reaction occurs between H+ 

in the acid and Ca(OH)2 in the cement paste, which reduces 

its alkaline properties [45]–[47]. On the other hand, RHA 

containing silica will react with Ca (OH)2 during cement 

hydration and form more C-S-H gel. This new gel contributes 
to improving the strength and durability properties of concrete 

[48]–[51]. 

Based on the description of the results of several previous 

studies, cement replacement materials should be applied in the 

construction world, especially in creating green concrete. For 

this reason, an accurate prediction of the quality of the 

concrete produced according to the mixed design for green 

concrete still needs to be made. Furthermore, if it is used in 

locations prone to acid rain, it is necessary to accurately 

predict the reduction in the strength of the green concrete. 

These two things are the research objectives carried out at the 

laboratory level. The method used is experimental research, 
simulating acid rain in the laboratory. Meanwhile, the cement 

replacement material used is RHA, which is available in large 

quantities. Indonesia is the third-largest rice-producing 

country in the world. According to the Food and Agriculture 

Organization (FAO), in 2011, Indonesia could produce 66 

million metric tons of rice [52], [53]. The research results 

stated that around 5.45% of the rice volume produced by RHA 

[54]. This research did not use OPC cement as previous 

research conducted, but PCC cement. Different types of 

cement certainly have an influence, especially on the bond 

with RHA. Compressive and flexural strength tests will be 
carried out to formulate general equations regarding quality 

and strength reduction due to acid. 

Suppose compressive and flexural strength equations for 

green concrete, along with strength reduction equations, are 

available. In that case, they can be used as a reference in 

making green concrete mix designs in areas that experience 

acid rain. Meanwhile, using RHA as a partial replacement for 

cement reduces pollution caused by cement production per 

year. 

II. MATERIALS AND METHOD 

A. Materials 

The material used is concrete with a quality of fc' 25 Mpa, 

a mixture of sand, gravel, cement, and water. Sand and gravel 
are sourced from Bili-Bili, with specifications according to 

ASTM C33/C33M. The cement used is Portland Composite 

Cement (PCC). Meanwhile, agricultural waste is used as a 

replacement material for cement, namely rice husk ash (Fig. 

1), sourced from the free burning of rice husks without 

controlling temperature and burning time. Before use, rice 

husk ash (RHA) is filtered using filter No. 200 (Fig. 3). 

 

 
Fig. 1  RHA as a partial cement replacement 

 

The tools used in this study are as follows: 

1) pH Meter: This tool controls the solution's acidity, 

measured by the pH level (Fig. 2). 

 
Fig. 2  pH meter 

2) Sieve No. 200: This tool filters RHA so that it is the same 

size as cement (Fig. 3). 

 
Fig. 3  Sieve No. 200 

 

3) SEM and XRD Tools test RHA characteristics (Fig. 4 & 5). 
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Fig. 4  SEM 

 
Fig. 5  XRD 

4) Universal Testing Machine: This tool is used for 

compression and flexural testing of specimens, obtaining 

mechanical property data (Fig. 6). 

 
Fig. 6  Universal Testing Machine 

B. Research Method 

The concrete test specimen is cylindrical with a diameter 

of 150 mm and a height of 300 mm (Fig. 7) and a prism 150 

mm x 150 mm x 600 mm (Fig. 8). Data collection was carried 

out by carrying out a series of concrete mechanical and 

microstructural tests. The mechanical properties test consists 

of a compression test (ASTM C39/C39M-21) and a flexural 

test (ASTM C293/C293M-16) using a Universal Testing 

Machine (UTM). Microstructural tests for RHA are scanning 

electron microscopy (SEM), energy dispersive X-ray (EDX), 

and X-ray powder diffraction (XRD) tests. 

 

 
Fig. 7  Cylindrical specimens 

 

 
Fig. 8  Prisms specimens 

 

Table 1 shows the material needed for 1 m3 of concrete 
(ACI 211.1-91), namely PCC cement of 476 kg, sand, and 

gravel of 567 kg and 1071 kg, respectively. The water used is 

220 kg. Test specimens were made with three variations, 

namely 0% RHA (without RHA), 5% RHA (5% of the weight 

of PCC cement), and 10% RHA (10% of the weight of PCC 

cement). The characteristics of the sand used in zone II are a 

specific gravity of 2.85, water absorption of 9.13%, fineness 

modulus of 2.55, and bulk density of 1.467 kg/l. The 

maximum grain of gravel used is 20 mm, specific gravity 2.24, 

water absorption 2.22%, and bulk density 1.447 kg/l. The 

cylinder contains 420 samples, with 140 samples each for the 

0% RHA, 5% RHA, and 10% RHA groups. Pressure test 
examinations were carried out on three days, 7 days, 21 days, 

28 days, 60 days, 90 days, and 120 days for 20 samples each. 

Next, the bending test was examined with variations in age of 

28 days, 60 days, 90 days, and 120 days for ten samples each. 

TABLE I 

MIX PROPORTIONS OF CONCRETE (KG M-3) 

Specimens Cement PCC (kg) RHA (kg) Fine Aggregate (kg) Coarse Aggregate (kg) Water (kg) Immersion Solution 

0%RHA 476 0 567 1071 220 Normal 
Acid pH4 
Acid pH3 

5%RHA 452.2 23.8 567 1071 220 
10%RHA 428.4 47.6 567 1071 220 

 

Next, the acid rain simulation is carried out by immersing 

(Fig. 9 & Fig. 10) in a solution of a mixture of sulfuric acid 

and nitric acid with a ratio of 7:3, with dry-wet cycles [55]. A 

test object without RHA is still made and soaked in normal 
water as a control test object. Variations in acid solutions were 

measured using a pH meter (Fig. 2) to create two solutions, 

pH4 and pH3. 
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Fig. 9  Cylinders immersion 

 

 
Fig. 10  Prisms immersion 

C. Research Variables 

The independent variables are the percentage of RHA, 

namely 5% and 10% of the cement weight, and the soaking 
time (3, 7, 21, 28, 60, 90, and 120 days) in the solution 

(normal and acidic water). The normal water used is sourced 

from PDAM water. The acid solution is a mixture of sulfuric 

acid and nitric acid, acidity pH4 and pH3. Meanwhile, the 

dependent variable is the mechanical properties of 

compressive and flexural strength. 

D. Data Analysis 

Data analysis carried out in the research was used to find 

equations, ratios, and coefficients that can be used to apply 
green concrete in construction, especially in controlling 

concrete quality related to the compressive strength and 

flexural strength of green concrete. For this reason, data 

analysis was carried out in five stages, namely: 

1) Standard Deviation Value: The standard deviation is 

obtained after obtaining the average compressive strength 

measurements in a normal environment, pH4 and pH3. 

2) The Relationship Coefficient Between Compressive 

Strength and Concrete Age: Data analysis of mechanical test 

results is used to establish a relationship between compressive 

strength and concrete age with variations in the use of RHA. 

We will also pay attention to the effect of the length of 

soaking in pH4 and pH3 acid solutions. 

3) Compressive Strength Ratio:  Data analysis of 

mechanical test results is used to predict compressive strength 

at 28 days, 90 days, and 120 days. 

4) Flexural Strength Ratio: Data analysis of mechanical 

test results is used to predict flexural strength at 28 days, 90 

days, and 120 days. 

5) Compressive Strength and Flexural Strength 

Coefficients: Data analysis of mechanical test results 
establishes a relationship between compressive and tensile 

strength. 

III. RESULTS AND DISCUSSION  

A. Results 

1) Rice Husk Ash (RHA) Characteristics: Figure 11 shows 

RHA filtered with filter No. 200. Meanwhile, Figure 12 shows 

the SEM results of the physical characteristics of RHA, 

namely the micro size, nanoporous, and irregular. The energy 

dispersive X-ray (EDX) method is used to view the chemical 

structural components of RHA, as illustrated in Figure 13. 

Furthermore, Figure 14 is the result of XRD, showing RHA 

in an amorphous condition. 

 

 
Fig. 11  Rice husk ash filtration 

 

 
Fig. 12  SEM micrographs of RHA 
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Fig. 13  Energy Dispersive X-ray (EDX) RHA 

 

 
Fig. 14  XRD analysis of RHA 

2) Compressive Strength Test: The average values of 

concrete compressive strength test results at various ages for 

samples treated in normal water are presented in Figure 15. 

Furthermore, Table II shows the standard deviation data 

values or data distribution for three groups of samples treated 

in normal water. 
 

 
Fig. 15  Relationship between concrete age and compressive strength (normal 

condition) 

 

Figure 15 shows the compressive strength values of 

concrete at various ages for variations in the percentage of 

RHA under normal conditions, which shows an interesting 

trend. This compressive strength data was measured at ages 3, 

7, 21, 28, 60, 90, and 120 days for concrete with 0%, 5%, and 

10% RHA. In concrete without the addition of RHA (0%), the 

compressive strength value increases as the age of the 
concrete increases, starting from 14.81 MPa at three days to 

35.67 MPa at 120 days. Concrete with 5% RHA showed a 

significant increase in compressive strength, from 13.56 MPa 

at three days to 39.89 MPa at 120 days. This indicates that 

adding 5% RHA can substantially increase the compressive 
strength of concrete, especially at older ages. Concrete with 

10% RHA also shows an increase in compressive strength 

over time, although the value is slightly lower than that of 5% 

RHA concrete. At the age of 3 days, the compressive strength 

of this concrete is 13.23 MPa and increases to 34.94 MPa at 

120 days. 

TABLE II 

STANDARD DEVIATION VALUE OF CONCRETE COMPRESSIVE STRENGTH TEST 

RESULTS (NORMAL CONDITION) 

Age (days) 
Rice Husk Ash (RHA) 

0% 5% 10% 

3 1.70 1.94 1.90 
7 1.89 2.40 2.23 
21 2.16 1.69 2.42 
28 2.33 2.61 3.03 
60 2.64 2.24 2.59 

90 1.87 2.39 2.02 
120 1.52 1.92 2.13 

 

The results of the standard deviation analysis show that the 

standard deviation value for samples soaked under normal 

conditions varies for the three data groups. The larger the 

standard deviation value, the less accurate the data. The study 

results in Table II show the most minor standard deviation at  0% 

RHA with the smallest value of 1.52. Meanwhile, samples with 

5% RHA and 10% RHA showed larger standard deviation 

values. These results indicate that the presence of RHA in 
concrete further increases the risk of data deviation. 

 

 
Fig. 16  Relationship between concrete age and compressive strength (pH4 

immersion) 
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Based on the data given in the bar diagram in Figure 16, 

the influence of variations in the percentage of RHA on pH 4 

can be observed at several time intervals, namely days 3, 7, 

21, 28, 60, 90, and 120. At the beginning of testing (day 3), 

the compressive strength with 5% RHA showed the highest 

value (13.46) compared with the compressive strength of 0% 

RHA and 10% RHA. On day 7, the compressive strength with 

5% RHA still showed the highest value (19.45), while the 

compressive strength of 0% RHA and 10% RHA had lower 

values. This trend continued until day 21, when the 
compressive strength of 5% RHA reached 25.99, higher than 

the compressive strength of 0% RHA (23.87) and 10% RHA 

(23.15). On the 28th day, the compressive strength with 5% 

RHA increased significantly to 33.20, while the compressive 

strength of 0% RHA and 10% RHA showed lower values. 

Until the 120th day, the compressive strength with 5% RHA 

remained the highest, although it decreased slightly to 31.24. 

On the other hand, the compressive strength of 0% RHA and 

10% RHA continues to decrease consistently. This data shows 

that adding 5% RHA produces higher and more stable 

compressive strength than other variations. 

TABLE III 

STANDARD DEVIATION VALUE OF CONCRETE COMPRESSIVE STRENGTH TEST 

RESULTS (PH4 IMMERSION) 

Age (days) 
Rice Husk Ash (RHA) 

0% 5% 10% 

3 2.90 3.02 4.82 
7 1.83 1.43 2.42 
21 1.06 2.49 2.45 
28 2.33 2.61 3.89 
60 2.64 2.95 3.96 
90 1.87 2.20 3.06 

120 1.44 1.68 2.47 
 

The standard deviation values in the three sample groups 

with three treatments show varying numbers. Table III 

presents the diversity of data obtained in the 4% immersion 
treatment. The most extensive data diversity in the 0% RHA 

sample was 2.90, while the two groups of concrete with 

additional RHA showed a higher figure, 3.02 for the 5% RHA 

sample and 4.82 for the 10% RHA sample. 

 

 
Fig. 17  Relationship between concrete age and compressive strength (pH3 

immersion) 

Figure 17 shows changes in the compressive strength of 

concrete in an environment with pH three, which shows 

significant variations based on the percentage of rice husk ash 

(RHA) added. On day 3, concrete with 5% RHA had the 

highest compressive strength of 13.25 MPa, followed by 

concrete with 10% RHA (12.84 MPa) and 0% RHA (11.83 

MPa). On day 7, concrete with 5% RHA still showed the 

highest compressive strength (19.23 MPa), while concrete 

with 10% RHA and 0% RHA had compressive strengths of 

16.25 MPa and 17.08 MPa, respectively. This trend continued 
until day 21, when concrete with 5% RHA reached a 

compressive strength of 25.54 MPa, higher than concrete with 

10% RHA (22.24 MPa) and 0% RHA (23.16 MPa). On day 

28, concrete with 5% RHA experienced a significant increase 

in compressive strength to 32.00 MPa, while concrete with 10% 

RHA and 0% RHA showed lower compressive strengths of 

26.47 MPa and 27.01 MPa, respectively. After the 60th day, 

concrete with 5% RHA still showed the highest compressive 

strength (31.98 MPa), although it started to decrease slightly 

on the 90th day (30.66 MPa) and the 120th day (29.44 MPa). 

In contrast, 0% RHA and 10% RHA concrete showed a more 
consistent decrease in compressive strength from 25.67 MPa 

and 25.79 MPa on the 60th day to 21.88 MPa and 21.33 MPa 

on the 120th day. This data shows that adding 5% RHA 

positively increases the compressive strength of concrete in a 

pH three environment, maintaining higher and more stable 

strength compared to 0% RHA and 10% RHA concrete. 

TABLE IV 

STANDARD DEVIATION VALUE OF CONCRETE COMPRESSIVE STRENGTH TEST 

RESULTS (PH3 IMMERSION) 

Age (days) 
Rice Husk Ash (RHA) 

0% 5% 10% 

3 3.57 4.21 6.67 
7 4.35 4.79 5.44 
21 2.68 2.90 5.99 
28 2.17 3.57 4.98 
60 3.27 3.04 3.21 

90 2.13 3.79 3.19 
120 3.22 3.90 4.51 

 

Soaking conditions with pH3 provide varying results. In 

Table IV, diversity figures were found between 2.13 and 4.35 

in the 0% RHA sample, while in the 5% RHA sample, a 

higher figure was found, namely between 2.90 and 4.79. Even 

in a 10% RHA sample, the diversity value reached 6.67%. 

3) Flexural Test: In a normal environment, as shown in 

Figure 18, concrete with various percentages of rice husk ash 

(RHA) shows an increase in flexural strength as the age of the 
concrete increases. Concrete with 5% RHA has the highest 

flexural strength, increasing from 3.45 MPa on the 28th day 

to 3.92 MPa on the 120th day. Concrete with 10% RHA also 

showed increased flexural strength, from 3.19 MPa on the 

28th day to 3.61 MPa on the 120th day. Meanwhile, 0% RHA 

concrete had a lower increase, from 3.42 MPa on the 28th day 

to 3.65 MPa on the 120th day. 
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Fig. 18  Relationship between concrete age and flexural strength (normal 

condition) 

 

In an environment with a pH of 4, concrete with 5% RHA 

again showed the best performance in terms of flexural 

strength (Figure 19). However, there was a slight decrease 

after reaching a peak on the 28th day with 3.29 MPa until it 

decreased to 2.99 MPa on the 120th day. Concrete with 10% 
RHA has a lower flexural strength, from 2.79 MPa on the 28th 

day to 2.54 MPa on the 120th day. 0% RHA concrete 

experienced a more significant decrease, from 2.95 MPa on 

the 28th day to 2.54 MPa on the 120th day. 

 

 
Fig. 19  Relationship between concrete age and flexural strength (pH4 

immersion) 

 

In an environment with pH 3, the decrease in flexural 

compressive strength is more visible in all RHA variations 

(Figure 20). Concrete with 5% RHA still showed the best 

performance, although it decreased from 3.23 MPa on the 
28th day to 2.84 MPa on the 120th day. Concrete with 10% 

RHA decreased from 2.67 MPa on the 28th day to 2.30 MPa 

on the 120th day. 0% RHA concrete experienced the most 

significant decrease, from 2.82 MPa on the 28th day to 2.38 

MPa on the 120th day. 

 
Fig. 20  Relationship between concrete age and flexural strength (pH3 

immersion) 

 

Based on the data presented in Figures 18, 19, and 20, 

adding 5% RHA to the concrete mixture consistently 

increases flexural strength in normal environments and 
environments with low pH (pH 4 and pH 3). Concrete with 5% 

RHA shows better resistance to more aggressive 

environmental conditions than concrete with 0% RHA and 10% 

RHA. Although all variations experience a decrease in 

flexural strength in low pH environments, concrete with 5% 

RHA still shows superior performance, making it the best 

choice for applications in acidic environmental conditions. 

B. Discussion 

1) Sample Standard Deviation Value: Table V shows the 

effect of immersion conditions and RHA concentration on 

sample deviation standards. Under normal soaking conditions, 

the diversity of the 0% and 5% RHA samples was relatively 

the same. Meanwhile, the maximum diversity value in the 10% 

sample was 3.03. Likewise, in the other two treatment groups. 
This indicates that a 10% RHA presentation has a higher risk 

of failure. Even in samples soaked at pH3, the diversity value 

exceeds 5%. 

TABLE V 

EFFECT OF IMMERSION CONDITIONS AND RHA CONCENTRATION ON SAMPLE 

STANDARD DEVIATION 

Immersed SD 
Rice Husk Ash (RHA) 

0% 5% 10% 

Normal Condition 
Max 2.64 2.61 3.03 
Min 1.52 1.61 1.90 

pH4 
Max 2.90 3.02 4.82 
Min 1.06 1.43 2.42 

pH3 
Max 4.35 4.79 6.67 
Min 2.13 2.90 3.19 

 

The study of concrete characteristics generally involves 

calculating the standard deviation [56]. This statistical value 

is the researcher's confidence level in the sample being tested 

or the confidence interval [57]. The sample standard deviation 

shows the general characteristics or properties of the variables 

studied. The greater the standard deviation value, the more 

biased the sample presented is. Specifically, in the study of 

concrete characteristics, the standard deviation value 

contributes to the compressive strength characteristics of 

concrete. A smaller standard deviation value indicates a 
smaller sample failure rate. If the standard deviation value is 
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large, it will reduce the compressive strength characteristics 

of the concrete [58]. 

The results of this study show that the standard deviation 

value of samples soaked at a low pH produces a larger 

standard deviation value. This value indicates that acidic 

conditions affect reducing the compressive strength 

characteristics. In other words, the acid attack caused more 

and more samples to be damaged. 

2) Age Coefficient: Figure 21 shows the magnitude of each 

concrete age at 0% RHA, 5% RHA, and 15% RHA in a 
normal environment. The aging coefficient for concrete 

without RHA addition increased gradually from 0.46 at three 

days to 1.10 at 90 and 120 days. The aging coefficient also 

increases for concrete with 5% RHA, starting from 0.40 at 

three days to 1.17 at 120 days. Concrete with 10% RHA had 

a similar pattern, with the aging coefficient increasing from 

0.43 at three days to 1.14 at 90 and 120 days. 
 

 
Fig. 21  Coefficient predicted compressive strength on various concrete age 

(normal) 

 

Meanwhile, in Figure 22, where the environment is pH 4, 
concrete without RHA increases the aging coefficient from 

0.45 at three days to 1 at 28 days, decreasing to 0.86 at 120 

days. Concrete with 5% RHA increased from 0.41 at three 

days to 1 at 28 days, then slightly reduced to 0.94 at 120 days. 

Concrete with 10% RHA showed a somewhat different 

pattern, increasing from 0.48 at three days to 1 at 28 days, then 

decreasing to 0.86 at 120 days. 
 

 
Fig. 22  Coefficient predicted compressive strength on various concrete ages 

(pH4) 

Furthermore, in a pH 3 environment, concrete without 

RHA increased from 0.44 at 3 days to 1 at 28 days, then 

decreased significantly to 0.81 at 120 days (Figure 23). 

Concrete with 5% RHA increased from 0.41 at 3 days to 1 at 

28 days and decreased slightly to 0.92 at 120 days. For 

concrete with 10% RHA, the aging coefficient increases from 

0.49 at three days to 1 at 28 days, decreasing drastically to 

0.81 at 120 days. 
 

 
Fig. 23  Coefficient predicted compressive strength on various concrete ages 

(pH3) 

 

Thus, it can be said that the addition of RHA to concrete 

increases the life coefficient under normal conditions, 
especially at levels of 5% and 10%. However, in low pH 

environments (pH 4 and pH 3), although the age coefficient 

increased up to 28 days, it tended to decrease, indicating the 

negative influence of the acidic environment on the strength 

of concrete over time. This decrease was more significant at 

higher RHA levels. 

In specimens in a normal environment for RHA test objects, 

the coefficient values are low at 3, 7, 21, and 28 days 

compared to test objects with 0% RHA. Previous researchers 

also found this condition; at three days, the compressive 

strength at 5% RHA and 10% RHA decreased by 0.14% and 
13.15%, respectively. Furthermore, at seven days, it 

decreased by 0.32% and 0.65%, respectively [59]. This result 

is caused by the pozzolanic activity of RHA, which takes 

longer to process, so the strength at ages under 28 days is low. 

On the other hand, at ages above 28 days, the strength 

development exceeds that of 0% RHA specimens [60]. The 

fine RHA particles help fill the voids in the paste so that more 

C-S-H is formed and increases the compressive strength of the 

concrete [61]. 

The equation that can be formed from the research data is 

the relationship between the age of concrete in days (x) and 

the age coefficient (y). 

TABLE VI 

EQUATION OF THE RELATION BETWEEN AGE OF CONCRETE AND AGE 

COEFFICIENT (NORMAL CONDITION) 

Sample Regression R Square 

0%RHA y = -9E-05x2 + 0.0151x + 0.5309 0.8834 
5%RHA y = -1E-04x2 + 0.0171x + 0.4450 0.9190 

10%RHA y = -9E-05x2 + 0.0159x + 0.4976 0.9054 
 

For typical environments, the concrete age coefficient 

increases as the age of the concrete increases. The R² value 
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shows this model has a reasonably strong correlation (88.34%) 

with the data. Meanwhile, adding 5% RHA slightly increases 

the concrete life coefficient compared to 0% RHA. A higher 

R² value (91.9%) indicates a robust correlation to the data. 

Furthermore, adding 10% RHA gave similar results to 5% 

RHA, with a slight increase in the concrete life coefficient. 

The R² value (90.54%) still shows a robust correlation. 

TABLE VII 

EQUATION OF THE RELATION BETWEEN AGE OF CONCRETE AND AGE 

COEFFICIENT (PH4 IMMERSION) 

Sample Regression R Square 

0%RHA y = -0.0001x2 + 0.0146x + 0.5328 0.7591 
5%RHA y = -0.0001x2 + 0.0163x + 0.4648 0.8460 

10%RHA y = -0.0001x2 + 0.0148x + 0.5273 0.8041 
 

For pH4, the concrete life coefficient decreases slightly 

compared to normal environments. The R² value (75.91%) 

shows a fairly good correlation. Adding 5% RHA in a pH4 

environment increases the life coefficient of concrete. The R² 

value (84.6%) shows a stronger correlation than 0% RHA. 

The addition of 10% RHA showed a slight increase in the 

concrete life coefficient compared to 5% RHA. The R² value 

(80.41%) shows a good correlation. 

TABLE VIII 

EQUATION OF THE RELATION BETWEEN AGE OF CONCRETE AND AGE 

COEFFICIENT (PH3 IMMERSION) 

Sample Regression R Square 

0%RHA y = -0.0001x2 + 0.0149x + 0.5214 0.7567 

5%RHA y = -0.0001x2 + 0.0158x + 0.4810 0.8241 
10%RHA y = -0.0001x2 + 0.0147x + 0.5313 0.7965 

 

The concrete age coefficient is lower in the pH3 

environment compared to normal and pH4 environments. The 
R² value (75.67%) shows a fairly good correlation. Adding 5% 

RHA in a pH3 environment increases the concrete life 

coefficient, with the R² value (82.41%) showing a good 

correlation. The addition of 10% RHA shows an increase in 

the concrete life coefficient compared to 5% RHA. The R² 

value (79.65%) shows a good correlation. The polynomial 

equation shows how variations in concrete age and RHA 

percentage affect the concrete life coefficient under various 

environmental conditions. A high R² value indicates that this 

model accurately describes existing data. 

3) Compressive Strength Ratio: The graph in Figure 24 

shows that in a normal environment, concrete with 5% RHA 
experiences an increase in compressive strength as time 

increases. On days 3 and 7, the compressive strength ratio was 

0.92 and 0.93, meaning concrete with RHA had a slightly 

lower compressive strength than concrete without RHA. 

However, after 28 days, the compressive strength ratio of 

concrete with 5% RHA increased to 1.06 and continued to 

increase until it reached 1.12 on the 120th day. For concrete 

with 10% RHA, the compressive strength ratio was relatively 

lower at the beginning of the test (0.89 on day 3) and increased 

to 0.98 on day 120. 

 

 
Fig. 24  Compressive strength ratio (normal environment) 

 

The graph in Figure 25 shows that in a pH4 environment, 

concrete with 5% RHA experienced a significant increase in 

compressive strength compared to concrete without RHA. On 

the 3rd day, the compressive strength ratio was 1.09 and 

continued to increase until it reached 1.33 on the 120th day. 

This shows concrete with 5% RHA performs much better in a 

pH4 environment. Concrete with 10% RHA also showed an 

increase in compressive strength at the beginning of the test, 
with a ratio of 1.07 on day 3. However, this ratio experienced 

fluctuations and decreased slightly to 0.99 on day 120. 

 

 
Fig. 25  Ratio compressive strength (pH4) 

 

The graph in Figure 26 shows that in a pH3 environment, 

concrete with 5% RHA shows a significant increase in 

compressive strength, similar to a pH4 environment. The 

compressive strength ratio on day 3 was 1.12 and continued 

to increase until it reached 1.35 on day 120. This shows that 

concrete with 5% RHA is very effective in increasing 

compressive strength in a pH3 environment. Concrete with 10% 

RHA had a lower compressive strength ratio at the beginning 

of the test (1.09 on day 3) and experienced a slight decrease 

to 0.98 on day 120. 
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Fig. 26  Ratio compressive strength (pH3) 

 

Overall, using 5% RHA in concrete significantly increases 

compressive strength in various environmental conditions, 

especially in environments with lower pH (pH4 and pH3). 

Meanwhile, using 10% RHA showed a more moderate and 

fluctuating increase in compressive strength. The equation 

that can be formed from research data is the relationship 

between concrete age in days (x) and compressive strength 

ratio (y).  

TABLE IX 

EQUATION OF THE RELATION BETWEEN AGE OF CONCRETE AND 

COMPRESSIVE STRENGTH RATIO 

Immersed RHA Regression 
R 

Square 

Normal Condition 
5% y = 0.0386x + 0.8662 0.9271 

10% y = 0.0160x + 0.8727 0.9525 

pH4 
5% y = 0.0448x + 1.0146 0.9135 

10% 
y = -0.0025x + 

0.9998 

0.0171 

pH3 
5% y = 0.0380x + 1.0443 0.8583 

10% y = -0.009x + 1.0254 0.1835 

 

For typical environments, the linear equation for using 0% 

RHA, 5% RHA, and 10% RHA with R² close to 1 show that 

this model has a reasonably strong correlation with the data. 

Increasing the age of concrete will increase the resulting 

compressive strength. Meanwhile, for acidic environments 

(pH4 and pH3), only 5% RHA was used, which had a high R² 

value (91.35%), showing a robust correlation with the data. 

This does not happen when using 10%; the R² values are very 

low (0.0171 and 0.1835), indicating a very weak correlation. 

The decrease in concrete strength due to acidic conditions 
has received special attention from researchers. Zhang [62] 

found that acid rain, as a natural phenomenon, has a negative 

impact on the quality of concrete. Next, Yoshida & 

Higashiyama [63] explained that concrete samples placed in 

an environment with pH 1 to 5 experienced damage due to 

sulfur and nitric acid attacks. This damage begins with cracks 

between the aggregate and matrix, characterized by increased 

porosity. As a result, air quickly enters the concrete body and 

worsens the bond between the materials [44], [50]. Several 

studies have stated that acid in the concrete environment 

causes cracks between the concrete matrix of varying sizes. 

On a micro level, damage begins with the formation of 

hairline cracks in the concrete matrix. 

Furthermore, at a macro level, the damage takes the form 

of loosening the bonds between the aggregate and the cement 

matrix [64][65]. The mechanism of concrete damage in an 

acidic environment begins with holes in the concrete surface. 

The lower the pH of the immersion water, the faster the 

increase in damage, which is indicated by a decrease in 

concrete mass [66]. 

4) Flexural Strength Ratio: Figure 27 shows that concrete 

with 5% RHA experiences an increase in flexural strength in 

a normal environment compared to concrete without RHA as 

time increases. On the 28th day, the flexural strength ratio was 

1.01 and increased to 1.07 on the 120th day. This shows that 

using 5% RHA can increase the flexural strength of concrete 

in normal environments. For concrete with 10% RHA, the 

flexural strength ratio was slightly lower, starting from 0.93 

on the 28th day and increasing slightly to 0.99 on the 120th 

day. 
 

 
Fig. 27  Ratio flexural strength (normal) 

 

Figure 28 shows that in a pH4 environment, concrete with 

5% RHA significantly increases flexural strength compared 
to concrete without RHA. On the 28th day, the flexural 

strength ratio was 1.11 and increased to 1.15 on the 120th day. 

This shows that concrete with 5% RHA is more flexible in a 

pH4 environment. Meanwhile, concrete with 10% RHA has a 

lower flexural strength ratio, starting from 0.94 on the 28th 

day and fluctuating until it reaches 0.98 on the 120th day. 
 

 
Fig. 28  Ratio flexural strength (pH4) 
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Figure 29 shows that in the pH3 environment, the ratio 

values for both 5% RHA and 10% RHA are almost the same 

as in the pH4 environment. This illustrates that for the 

mechanical properties of flexural strength, the role of RHA in 

maintaining flexural strength is not as significant as the 

compressive strength properties. Previous researchers also 

obtained this result: the flexural strength of concrete using 20% 

RHA was 5.9 MPa. Meanwhile, the flexural strength that does 

not use RHA is 4.9 MPa [67]. The flexural strength of 

concrete using 0% RHA and 10% RHA is 7.94 MPa and 8.15 
MPa [68], and 4.61 MPa and 4.90 MPa [69]. This situation 

can be caused by the aggregation properties of concrete with 

RHA, which makes it less able to withstand high-tensile stress 

[70]. This observation points to a weak condition in the 

interfacial transition zone not being improved, reducing the 

flexural strength at concrete ages above 28 days. The use of 

RHA as a substitute material for PCC cement does not 

produce high amounts of calcium hydroxide [71]. The 

influence of sulfuric acid and nitric acid causes an increase in 

the percentage of gypsum compounds, weakening concrete 

strength [72]. 
 

 
Fig. 29  Ratio flexural strength (pH3) 

5) Compressive Strength and Flexural Strength 

Coefficients: ACI 318I-19 specifies that flexural strength, in 

this case, the rupture modulus, for normal concrete is 

calculated using the following equation:  

 �� = 0.6���	 (1) 

 �� = ����	 (2) 

TABLE X 

COMPRESSIVE STRENGTH AND FLEXURAL STRENGTH COEFFICIENTS 

 

Table X shows that for normal environments, the 

coefficient c in equation (2) for % RHA, 5% RHA, and 10% 

RHA concrete is 0.602, 0.590, and 0.577, respectively. These 

three values are relatively the same as the ACI 318I-19 

coefficient, namely 0.6. This coefficient decreases to less than 
0.6 when the concrete is in a pH4 and pH3 environment, 

ranging from 0.518-0.572 for all RHA variations. This 

coefficient can help determine the properties of concrete 

mixtures containing RHA in an acidic environment at 28 days. 

Several researchers have created a model of the relationship 

between compressive strength and flexural strength, which 

has a linear relationship [71], [73]. Tran et al. [74] We also 

provided coefficient values for concrete ages 3, 7, 28, and 56, 

ranging from 0.8 to 0.86. The research results describe how 

the coefficient value of 0.6 must be modified to calculate the 

rupture modulus for green concrete in locations experiencing 
acid rain. 

IV. CONCLUSION 

In normal and acidic environments, concrete with 10% 

RHA has the highest standard deviation, indicating non-

uniformity of the resulting compressive strength. This is 

caused by PCC-type cement, which, if added with RHA above 

5%, can slow the hydration process. The age coefficient of 5% 

RHA shows a lower value than concrete without RHA at ages 
below 28 days but higher at ages above 28 days in normal and 

acidic environments. However, for 10%RHA in an acidic 

environment, the lifetime coefficient decreases to 20%. This 

shows that 10%RHA cannot increase compressive strength in 

an acidic environment compared to 5%RHA. This is also 

caused by the RHA pozzolanic process, which requires longer 
to reach maximum strength. 

The compressive strength ratio compares the compressive 

strength of concrete without and with RHA in normal and 

acidic environments. A ratio above 1 indicates that the 

residual compressive strength of concrete with RHA is greater 

than the compressive strength without RHA. This condition 

occurs in 5%RHA concrete in both normal and acidic 

environments. Meanwhile, 10% RHA concrete produces a 

ratio of less than 1. This shows that the percentage of RHA 

used together with PCC-type cement must be considered. This 

linear ratio equation can be used as a reference to determine 
the design compressive strength in areas with high acidity 

levels (acid rain). 

The flexural strength ratio compares the flexural strength 

of concrete without and with RHA in normal and acidic 

environments. In a normal environment, the flexural strength 

ratio of concrete with 5% RHA increases to 1.07 on the 120th 

day. In a pH 4 environment, the flexural strength ratio reached 

1.15 on the 120th day. Concrete with 10% RHA shows a lower 

and fluctuating flexural strength ratio, especially in acidic 

environments, indicating that using RHA does not 

Immersion % RHA Compressive Strength MPa (fc’) Flexural Strength MPA (fr) Coefficient 

Normal 
0% RHA 32.33 3.422 0.602 
5% RHA 34.22 3.453 0.590 
10% RHA 30.54 3.187 0.577 

pH4 
0% RHA 27.51 2.956 0.564 
5% RHA 33.20 3.289 0.571 
10% RHA 27.15 2.789 0.535 

pH3 

0% RHA 27.01 2.822 0.543 

5% RHA 32.00 3.233 0.572 

10% RHA 26.47 2.667 0.518 
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significantly increase concrete flexural strength. If applied in 

construction, it is necessary to use the precast method, so the 

hydration process is complete when green concrete is exposed 

to high acidity levels of acid rain. 

The coefficients for compressive strength and flexural 

strength in normal environments show results consistent with 

the ACI 318I-19 values. However, this coefficient decreases 

in acidic environments (pH 4 and pH 3), indicating that using 

RHA affects the mechanical properties of concrete under 

acidic conditions. This coefficient is helpful in determining 
the rupture modulus value when planning the service strength 

of green concrete structures. 

NOMENCLATURE 

Y absorbance concentration based on linear regression 
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