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Abstract: 13 

The demand for concrete continues to grow with increases in population and increased urbanization. 14 

This demand, in turn, increases the need to reduce the environmental impacts of concrete while 15 

continuing to provide the same or better performance. Increasing population also creates increasing 16 

demand for food and energy resources. The cultivation of rice, the staple food of over half the world’s 17 

inhabitants, results in the production of additional biomass. Rice biomass, such as hulls and straw, can 18 

be combusted as a renewable energy source and, under specific combustion conditions, the resulting ash 19 

can be used as a supplementary cementitious material or beneficial filler in the production of concrete, 20 

which can potentially lead to reduced environmental impacts in concrete.  21 

This paper reviews rice-based ash and its influence on concrete properties to address current 22 

understanding of these ashes as an alternative mineral admixture. The review of the literature shows that 23 

under proper combustion conditions as well as through use of pre- and post-combustion treatments, 24 

highly pozzolanic (reactive) ash can be produced from rice hulls. These reactive ashes have the ability to 25 

improve several properties of concrete when used as a partial replacement for cement. Additionally, the 26 

production of rice-based ash can offer a lower greenhouse gas emitting pozzolan than portland cement 27 

and some conventional supplementary cementitious materials. Further research into the utilization of 28 

rice-straw ash, durability properties, and high performance concrete could lead to the production of rice 29 

ash as a cost- and environmentally-competitive alternative in the production of concrete.  30 

 31 

Keywords: 32 

Rice hull ash; Rice straw ash; Biomass ash; Pozzolans; Concrete; Supplementary cementitious materials 33 

 34 

Declaration of interest: none. 35 

 36 

Outline: 37 

1. Introduction ............................................................................................................................................. 2 38 

2. Chemical and physical properties of rice–based ash .............................................................................. 5 39 

2.1. Rice ash composition ....................................................................................................................... 5 40 

2.2. Rice cultivation ................................................................................................................................ 8 41 

2.3. Pre-combustion treatment of rice biomass ....................................................................................... 9 42 

2.4. Combustion conditions  ................................................................................................................. 10 43 

2.5. Post-combustion treatments of rice-based ash  .............................................................................. 12 44 

3. Early-age properties of concrete using rice ash .................................................................................... 13 45 

3.1. Workability .................................................................................................................................... 14 46 

3.2. Hydration ....................................................................................................................................... 14 47 

4. Mechanical properties of concrete with rice ash................................................................................... 15 48 



 2 

4.1. Compressive strength ..................................................................................................................... 15 49 

4.2. Tensile strength .............................................................................................................................. 19 50 

4.3. Flexural strength ............................................................................................................................ 20 51 

4.4. Modulus of elasticity...................................................................................................................... 20 52 

5. Durability properties of concrete with rice ash ..................................................................................... 21 53 

5.1. Permeability ................................................................................................................................... 21 54 

5.2. Chloride ingress ............................................................................................................................. 22 55 

5.3. Alkali-silica reaction ...................................................................................................................... 22 56 

5.4. Deterioration under varying pH levels ........................................................................................... 23 57 

5.5. Shrinkage ....................................................................................................................................... 24 58 

5.6. Other durability parameters ........................................................................................................... 24 59 

6. Specialized concrete mixtures with rice hull ash .................................................................................. 26 60 

6.1. High- and ultra-high-performance concrete................................................................................... 26 61 

6.2. Self-compacting concrete............................................................................................................... 27 62 

6.3. Alkali-activated materials .............................................................................................................. 28 63 

7. Environmental impacts of rice-based ash and its use in concrete ......................................................... 28 64 

8. Market potential for rice ash in concrete and cement-based materials ................................................. 31 65 

9. Areas for Future Exploration ................................................................................................................ 32 66 

References ................................................................................................................................................. 34 67 

 68 

 69 

1. Introduction  70 

The use of agricultural products as a source of energy and the subsequent use of the by-products as a 71 

constituent in concrete may provide a means to contribute to the meeting of sustainable development 72 

goals by reducing the environmental impacts of energy production and manufacture of concrete 73 

materials. Global energy demand has doubled in the past four decades and the use of bio-derived fuels 74 

has shown an 85% increase (IEA 2015b). This growth in energy demand is in large part a reflection of 75 

improved standards of living across the globe multiplied by population growth, which has also driven a 76 

large increase in the production of infrastructure materials (Monteiro et al., 2017). The rate of increase 77 

of concrete production is outpacing most other infrastructure materials with notable resulting 78 

environmental impacts: concrete is responsible for 8-9% of anthropogenic greenhouse gas (GHG) 79 

emissions, 2-3% of the world’s annual energy demand, and 9-10% of industrial water withdrawal 80 

(Monteiro et al., 2017; Miller et al., 2018a).  81 

In the production of portland cement, both the fossil-fuel based combustion energy and the 82 

calcination process emit significant amounts of carbon dioxide into the atmosphere. Cement is only one 83 



 3 

of several constituents required in the production of concrete and mortar, and typically less than 10% of 84 

the mass of concrete (Mehta and Monteiro 2006), but it is responsible for the majority of GHG 85 

emissions from concrete production (Miller et al., 2016). Use of mineral admixtures, such as pozzolans 86 

like fly ash or bio-derived ash, added as supplementary cementitious materials (SCMs) in concrete or 87 

pre-blended into the cement can reduce the demand for portland cement production. Pozzolans can also 88 

improve important material properties in concrete (Thomas 2007). Currently, SCMs are not being 89 

produced in large enough quantities to meet future impact reduction goals (WBCSD and IEA 2009; 90 

Miller et al., 2018b).  91 

Of the bio-derived ashes that have been studied for their potential to act as partial replacement of 92 

cement, rice-based ashes are among the most promising. Rice is the staple food of over half of the 93 

world’s inhabitants (National Geographic Education Staff 2014). The USDA reports that 10.2 million 94 

metric tons were produced in the US in 2016 (USDA 2018). Similar to the combustion of fossil-derived 95 

energy sources, byproducts from combustion in the form of ash are formed during the combustion of 96 

bio-derived materials. Rice production in the US equates to a potential combustion product of 97 

approximately 2 million metric tons of combined rice hull ash (RHA) and rice straw ash (RSA) annually 98 

(Jenkins et al., 1998; Mehta and Monteiro 2006; Binod et al., 2010). Use of rice-based ash to fill the 99 

need for SCMs could offer an advantageous use of energy co-products (Aprianti et al., 2015), thus 100 

increasing its economic and environmental value.  101 

One of the most popular mineral admixtures used with cement in the production of concrete is coal 102 

fly ash. This fly ash is a by-product of coal combustion and possesses pozzolanic properties due to its 103 

high amorphous silica content, such that it acts as a binder when mixed with portland cement. While the 104 

use of an industrial by-product that reduces the demand for cement has appeal and a strong market, only 105 

25-30% of fly ash produced is usable as a mineral admixture in concrete (FHWA 2012). The amount of 106 

useable fly ash is not keeping up with escalating demand and the availability of fly ash is questioned for 107 

the future (Stein et al., 2015). Further, the availability of other mineral admixtures commonly used in 108 



 4 

concrete, such as ground granulated blast furnace slag, a byproduct from the iron production industry, 109 

has also been brought into question, which is pushing the cement and concrete industries to explore 110 

other material alternatives (Miller et al., 2018b). These availability concerns have sparked interest in 111 

other ashes for use in cement-based materials (e.g., (Yin et al., 2018)). 112 

The availability of bio-derived ash, such as RHA and RSA, and the demand for pozzolonic materials 113 

is a strong motivator for expanding the understanding of use of such ashes in concrete. Research into the 114 

use of these ashes in the production of cement-based materials has grown by 10-fold in the past decade 115 

(Figure 1). This document presents an in-depth literature review that captures the current state of 116 

knowledge regarding use of RHA and RSA as SCMs. This includes consideration of the fundamental 117 

chemical and physical properties of the RHA and RSA, the performance of concrete mixtures containing 118 

RHA and RSA, and preliminary considerations for the environmental and economic impacts of RHA 119 

and RSA in concrete mixtures. A brief summary of the advantages and disadvantages of using RHA in 120 

concrete from this review is detailed in Table 1. While there is a rich set of literature on RHA in 121 

concrete, assessment of RSA in concrete is more limited (see Figure 1c). 122 

Table 1. Advantages and disadvantages of use of rice hull ash in cement-based materials (based on 123 

(Mehta and Pirtz 1978; Mehta and Folliard 1995; Jenkins et al., 1998; Sugita et al., 1999; de Sensale 124 

2006; Salas et al., 2009; de Sensale 2010; Harish et al., 2010; Chao-Lung et al., 2011; Nguyen et al., 125 

2011; Antiohos et al., 2014; Gastaldini et al., 2014; Rêgo et al., 2015; Soltani et al., 2015; 126 

Venkatanarayanan and Rangaraju 2015; Caltrans 2016; He et al., 2017)) 127 
Advantages Disadvantages 

- Broadly available agricultural resource - Variability as a function of particular cultivation 

practices and variation in rice types 

- Potential for benefits of both energy production and 

pozzolanic material production 

- Necessitates controlled combustion to produce 

amorphous silica with pozzolanic behavior 

- Potential alternative to pozzolans like silica fume, a 

byproduct of producing silicon metal or ferrosilicon 

alloys, for the production of high performance concrete 

in developing regions  

- Commonly reported increased water requirements and 

reduced workability 

- Reduced heat of hydration - Increased setting time 

- Reduced air content - Capital investment in combustion facilities that would 

produce ash with desired properties 

- Increased long-term strength - Low density ash is more expensive to ship 

- Improved durability (reduced chloride ingress, 

permeability, and alkali-silica reaction) 

 

- Potential beneficial contributions to carbon footprint of 

concrete 

 

 128 
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 129 
Figure 1. Number of publications annually on the use of rice-hull ash (RHA) and/or rice-straw ash 130 

(RSA) in concrete and mortar: (a) shows the total number of publications, (b) shows the breakdown in 131 

publications by application in a cement-based material, (c) shows the breakdown in publications by ash 132 

type. Data were obtained on February 26th, 2019 using the Web of Science Science Citation Index (SCI-133 

EXPANDED) – 1900-present database with the keywords for the four topic searches being “Rice Husk 134 

Ash AND Concrete”, “Rice Husk Ash AND Mortar”, “Rice Straw Ash AND Concrete”, and “Rice 135 

Straw Ash AND Mortar”. the results were filtered to be “Materials Science”, “Engineering”, 136 

“Construction Building Technology”, or “Science Technology Other Topics” research areas only.  137 

 138 

 139 

Rice hulls can be used for a variety of other applications as well; however, not all are of high 140 

economic value (Brodt et al., 2014). These applications range from use as bedding for livestock and as a 141 

soil amendment, to combusting this biomass as an energy source (Brodt et al., 2014). It has also been 142 

suggested that the high silicate content of these ashes may make them suitable for the production of 143 

other materials, such as ceramic glazing, solar panels, and insulators (Sandhu and Siddique 2017). 144 

 145 

2. Chemical and physical properties of rice–based ash 146 

2.1. Rice ash composition 147 

When appropriate processes have been implemented, RHA is highly reactive, more so than ordinary 148 

pozzolans (Mehta 1977). In fact, it can provide properties similar to those provided by use of silica fume 149 
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(Mehta and Monteiro 2006), which is often applied in the production of ultra-high performance 150 

concrete. Due to the similarities noted for RHA and silica fume, material property comparisons are often 151 

drawn between these two pozzolans. As a point of reference, the chemical analysis of several 152 

conventional SCMs, biomass ashes, as well as both RHA and RSA are shown in Table 2. As can be 153 

seen, the high silica content of the rice-based ash, especially the RHA, is similar to the chemical analysis 154 

of silica fume. The data used to obtain the averages for the RHA and RSA composition are plotted in 155 

Figure 2. This plot shows there is little variation in the silica content for the RHA (a range of 25% and 156 

standard deviation of 6%); however, a wider dispersion is present for RSA (a range of 52% and standard 157 

deviation of 22%) with higher levels of unwanted potassium oxide (up to 150 times more than that 158 

reported for RHA). The lower silica content and higher potassium content could lead to less favorable 159 

properties in concrete if not treated properly.  160 

While the literature suggests several means to achieve desired pozzolanic reactivity from RHA, the 161 

literature is sparser with regard to RSA. Further, one of the potential benefits of use of biomass ash as a 162 

cementitious material is that it comes from the economically beneficial production of energy during 163 

combustion. However, to attain reactive silica in the rice-based ashes, low temperatures for combustion, 164 

which would be suboptimal for many energy production methods, are recommended. As such, 165 

developing means to both produce a viable pozzolanic material and energy resource from rice 166 

byproducts remains an open area of study. 167 

 168 

 169 

 170 

 171 

 172 

 173 
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Table 2. Chemical analysis of representative supplementary cementitious materials, biomass ash, as 174 

well as ranges for rice straw ash and rice hull ash (based on data from (Jenkins et al., 1998; Taylor et al., 175 

2007; Ramezanianpour et al., 2011))   176 

Ash Type 

Silicon 

dioxide 

(SiO2) 

Aluminum 

oxide 

(Al2O3) 

Titanium 

oxide 

(TiO2) 

Ferric 

oxide 

(Fe2O3) 

Calcium 

oxide 

(CaO) 

Magnesium 

oxide (MgO) 

Sodium 

oxide 

(Na2O) 

Potassium 

oxide 

(K2O) 

Phosphorus 

oxide (P2O5) 

Sulphur 

trioxide 

(SO3) 

Class F fly ash  52 23 - 11 5 - 1 2 - 0.8 

Class C fly ash  35 18 - 6 21 - 5.8 0.7 - 4.1 

Ground slag  35 12 - 1 40 - 0.3 0.4 - 9 

Silica fume 90 0.4 - 0.4 1.6 - 0.5 2.2 - 0.4 

Calcined clay 58 29 - 4 1 - 0.2 2 - 0.5 

Tuff (a natural 

pozzolan) 65.74 12.24 0.29 2.05 2.87 0.96 1.92 2.02 0.03 0 

Willow wood 2.35 1.41 0.05 0.73 41.2 2.47 0.94 15 7.4 1.83 

Demol. wood 45.91 15.55 2.09 12.02 13.51 2.55 1.13 2.14 0.94 2.45 

Wheat straw 55.32 1.88 0.08 0.73 6.14 1.06 1.71 25.6 1.26 4.4 

Sugar cane 

bagasse 46.61 17.69 2.63 14.14 4.47 3.33 0.79 0.15 2.72 2.08 

Rice straw * 60.78 1.82 0.12 1.16 4.10 3.37 0.62 17.61 7.08 2.69 

Rice hull * 88.51 0.28 0.02 0.44 1.03 0.47 0.33 2.60 0.63 0.49 

“-“ indicates no value reported 177 
* represents averages from data reported in Figure 2 178 

 179 

 180 
Figure 2. Ash compositions for (a) rice-hull ash as reported for 39 ashes and (b) rice straw ash as 181 

reported for 7 ashes (Jenkins et al., 1998; Santos et al., 1999; Hasparyk et al., 2000; Bakker et al., 2002; 182 

de Sensale 2006; Salas et al., 2009; de Sensale 2010; Harish et al., 2010; Chao-Lung et al., 2011; 183 

Ramezanianpour et al., 2011; Zain et al., 2011; Xu et al., 2012; Antiohos et al., 2014; Gastaldini et al., 184 

2014; Bie et al., 2015; Le et al., 2015; Venkatanarayanan and Rangaraju 2015; Xu et al., 2015; 185 

Fernandes et al., 2016; Matalkah et al., 2016; He et al., 2017; Huang et al., 2017; Roselló et al., 2017; 186 

Zunino and Lopez 2017) 187 

 188 
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RHA can display the appropriate chemical composition, specifically high amorphous silica content 189 

with minimal undesirable compounds, to contribute to the mechanical and durability properties of 190 

concrete (Gursel et al., 2016). Under appropriate conditions, RHA can act as a pozzolan, reacting with 191 

calcium hydroxide in the cement hydration process. These traits are dissimilar to many other forms of 192 

biomass ash, for which the presence of alkali metals, such as sodium and potassium, or high carbon 193 

contents can lead to deleterious effects in the microstructure and durability of concrete (Rajamma et al., 194 

2009). While considered in the 1970s-1990s as a potential SCM (e.g., (Mehta 1977)), state-of-the-195 

practice at that time often resulted in RHA that did not have the desired pozzolanic properties for use as 196 

an SCM. However, current understanding identifies factors that can affect the ability for these bio-197 

derived ashes to provide an alternative to conventional binders (outlined in Figure 3) so that they can be 198 

controlled; these parameters are discussed in more detail in the subsequent subsections. 199 

 200 
Figure 3. Flow diagram of parameters that can influence the reactivity of rice ash in cement-based 201 

materials 202 

 203 

2.2. Rice cultivation 204 

Cultivation practice for rice can have an influence on ash properties. The two primary additional 205 

biomass streams in rice cultivation beyond the food crop are rice hulls, the shells around rice kernels, 206 

and rice straw, the leaves and stems from the plants. In a typical crop, approximately 1-1.5 kg of rice 207 

straw and 0.2-0.28 kg of rice hull is produced for every 1 kg of rice paddy (Mehta and Monteiro 2006; 208 

Roselló et al., 2017; Van Hung et al., 2018). Both rice hulls and rice straw have relatively high ash 209 

contents: a reported 18% for rice straw and 20% for rice hulls compared to the 7% ash content for wheat 210 

straw, 2% for sugarcane bagasse, and 3% for hybrid poplar (Jenkins et al., 1998). During rice 211 
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cultivation, the plants absorb silica from the soil (Boateng and Skeete 1990), with higher silica soil 212 

leading to higher silica content ash (Khan et al., 2018).  Geographic and climate conditions can 213 

influence production and mineral contents of rice, and by association, their ashes. Further, the selection 214 

of fertilizers can alter the chemical composition of ashes from combustion, which can influence their 215 

usefulness in concrete (Zain et al., 2011; Sandhu and Siddique 2017). For example, the addition of 216 

fertilizers with high potassium content can result in a higher level of potassium oxides in the rice ash 217 

(Zain et al., 2011), which could contribute to deleterious effects in concrete durability if that ash is used 218 

as an SCM.  219 

2.3. Pre-combustion treatment of rice biomass 220 

The drying of biomass prior to combustion can improve certain properties of ash. These 221 

improvements include a reduction in remnant carbon (Zain et al., 2011), which can influence demand 222 

for water and chemical admixtures in concrete batching (Harish et al., 2010). Reductions in potassium 223 

content in biomass, and associated slag produced in combustion, can also be achieved through pre-224 

heating treatments of feedstock (Thy et al., 2005).  225 

While leaching methods have predominantly been explored for their influence on energy production, 226 

they have the potential to play a role in the viability of rice-based ashes for use in cement-based 227 

materials because the presence of certain alkali metals can contribute to deleterious effects on concrete 228 

properties. Leaching biomass with water can reduce concentrations of alkali metals and chlorine 229 

(Jenkins et al., 1998; Thy et al., 2013). The leaching of these metals also pose potential benefits to the 230 

combustion process as their presence is often linked to the residual buildup of deposits in furnaces and 231 

boilers, leading to reduced efficiency over time (Thy et al., 2006). Water leaching practice has been 232 

shown to increase the relative silicate content in rice straw ash by 20% (Jenkins et al., 1998). While 233 

significant amounts of alkali metals can remain in the feedstock, in water leaching of rice straw, a 234 

reduction in unwanted sodium, chlorides, and potassium have been noted in the associated ash from 235 

combustion (Thy et al., 2013). Leaching of biomass using acid solutions prior to their combustion has 236 
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also been explored with researchers noting an increase in surface area and porosity of silica in ash 237 

(Bakar et al., 2016) as well as improved stable pozzolanic activity (Salas et al., 2009; Zunino and Lopez 238 

2017). Further, leaching rice hulls with other acidic or alkali solutions has been reported as removing 239 

metallic impurities (Liu et al., 2013; Shen 2017).  240 

2.4. Combustion conditions  241 

In the production of biomass ash for use as a pozzolanic material, the combustion practice (e.g., 242 

controlled or uncontrolled combustion, combustion temperature, combustion technology) can play a 243 

large role in the properties of the ash (Mehta and Monteiro 2006; Rajamma et al., 2009; Chao-Lung et 244 

al., 2011). As was noted, rice-based ashes have notably high silica content (Jenkins et al., 1998; Binod 245 

et al., 2010) which is desirable, but the combustion conditions can determine whether these silicates will 246 

be reactive in cementitious blends (Fernandes et al., 2016). Large amorphous (non-crystalline) fractions 247 

of silicates are needed for ash to be reactive. In open-field combustion or uncontrolled combustion, 248 

higher residual carbon and glassy silica phases can occur in the ash (Antiohos et al., 2014; Rêgo et al., 249 

2015); neither property is desirable for a pozzolanic material (Sugita et al., 1999; Harish et al., 2010). In 250 

these uncontrolled conditions ashes may need to be ground to a very fine particle size to achieve 251 

reactivity. However, under controlled conditions, it is easier to produce silica that retains a non-252 

crystalline form and a cellular microstructure, with a large surface area, which facilitates pozzolanic 253 

reactions (Mehta and Monteiro 2006).  254 

The production of high reactivity ash is a function of incineration temperature, time, and cooling 255 

regime, as well as the properties of the raw materials (Nair et al., 2008). To create a reactive ash, 256 

typically, high surface area and high amorphous silica content are sought. Technology and processes 257 

used for combustion can further influence parameters of ash such as specific surface area and the 258 

structure of silica produced (e.g., glassy amorphous or partially crystalline) (Fernandes et al., 2016). For 259 

example, several studies have suggested that production of RHA from suspension fired technology is 260 

favorable for the production of high amorphous silica content when compared to methods such as stoker 261 
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and fluidized bed boilers (Gursel et al., 2016; Prasara-A and Gheewala 2017), and most sources suggest 262 

that use of controlled combustion in boilers leads to more reactive ash than uncontrolled fire.  263 

Reports on the most desirable temperature for combustion typically fall in the 500-700°C range 264 

(Nair et al., 2008; Zain et al., 2011; Xu et al., 2012; Fernandes et al., 2016; Roselló et al., 2017), with 265 

500-600°C being cited as the most desirable to form reactive amorphous silica (Nair et al., 2008). At the 266 

upper temperatures in this range, i.e., at 700°C, some evidence of the formation of unwanted crystalline 267 

structures has been shown (Xu et al., 2012). At higher temperatures, silica would be expected to become 268 

primarily crystalline, commonly forming cristobalite and tridymite (Sugita et al., 1999; Mehta and 269 

Monteiro 2006). With such crystalline structures, additional post-processing, such as grinding, would be 270 

required to form reactive ash (Mehta and Monteiro 2006; Zain et al., 2011). At temperatures that are too 271 

low (i.e., below ~400°C), there is a potential for remnant carbon (Sugita et al., 1999; Nair et al., 2008). 272 

It has been reported that an appropriate time for combustion would be over 12 hours if low temperatures 273 

are used (e.g., 500°C) (Nair et al., 2008). For up to 12 hours of combustion time at these temperatures, 274 

there is an increasing surface area and pore volume in the ash. There is nearly equivalent surface area 275 

and pore volume reported for combustion times between 12-24 hours at these low temperatures. Yet, it 276 

must be noted that at short combustion times and low temperatures, there is the potential for remnant 277 

carbon content (Nair et al., 2008). At even higher temperatures (e.g., over 1000°C), however, at 278 

combustion times as short as 5 minutes, the formation of crystalline silica can occur (see Table 3). The 279 

supply of air during combustion has been noted as a useful condition during burning (Boateng and 280 

Skeete 1990; Nair et al., 2008). However, high air flow rates could lead to higher temperatures at the 281 

center of a fixed bed and contribute to increased crystalline silica formation (Hamad and Khattab 1981).  282 

Table 3. Summary of the effects of combustion temperatures based on (Nair et al., 2008) 283 
Burn temperature Associated burn times Desirable/undesirable 

properties 

Additional considerations 

300 to 500°C Over 12 hours Remnant carbon  

500 to 700°C 12 to 24 hours Predominantly amorphous 

silica 

 

700°C and over Less than one hour Crystal forms of silica Need to grind to improve 

reactivity 
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2.5. Post-combustion treatments of rice-based ash  284 

Treatments of rice-ash collected after combustion can additionally improve ash reactivity. Grinding 285 

is the most commonly discussed post-combustion treatment. It has been noted that increased grinding 286 

time results in no significant variations in chemical composition or crystalline mineralogy (Xu et al., 287 

2015). The literature suggests appropriate levels of grinding of ash can result in a more desirable SCM 288 

in concrete, and grinding and fineness can have a strong influence on RHA reactivity (Harish et al., 289 

2010; Antiohos et al., 2014; Alex et al., 2016). Xu et al. (2015) showed that a 30 minute grinding time 290 

for the ashes they tested resulted in high levels of hydration and improved dispersion of ash, which then 291 

led to reduced porosity of the paste. Zerbino et al. (2012) noted a more dense, homogenous paste with 292 

ground RHA than when unground RHA was used. Rego et al. (2015) found that crystalline RHA would 293 

typically remain unreactive in cement hydration and act as a filler in concrete and mortar, but that 294 

grinding could increase its pozzolanic activity. Venkatanarayanan and Rangaraju (2015) found that 295 

grinding of RHA improved bulk density for use in concrete, improved uniformity, and typically 296 

improved compressive strength in concrete. Yet, prolonged grinding times may not consistently lead to 297 

high fineness as particle aggregation can occur (Xu et al., 2015).  298 

The chilling process of ash can influence reactivity (Alex et al., 2016). At slow cooling temperatures 299 

condensation reactions can occur, leading to a network with fewer reactive surface sites than would 300 

occur with rapid cooling (Nair et al., 2008). While the larger particle size associated with slow cooling 301 

does not necessarily change the percent crystallinity or surface area, because of the very high meso- and 302 

micro-porosity, slow cooling does result in lower amounts of silanol groups resulting in a lower 303 

pozzolanic reactivity (Nair et al., 2008). To a lesser extent, other post-combustion treatment methods 304 

have been explored such as the use of sodium hydroxide solutions to chemically modify RHA for use as 305 

a partial replacement for cement with promising results, including increased early-age compressive 306 

strength and reduced porosity (Prasittisopin and Trejo 2017).  307 

 308 
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3. Early-age properties of concrete using rice ash 309 

A summary of the changes to the fresh properties of concrete by incorporating RHA is shown in 310 

Figure 4. Work on the fresh properties of concrete and mortar containing RHA have suggested some 311 

trends for the water requirements, workability, air content, heat of hydration, and setting time. Often, 312 

RHA is reported as increasing water demand and reducing concrete workability, which could lead to 313 

requirements for increased use of water or plasticizers to get concrete to place properly. Work has also 314 

suggested RHA contributes to a drop in air content and a rise in setting time; depending on application 315 

these factors may be undesirable due to effects such as durability properties and changes in 316 

constructability. However, studies have suggested RHA may contribute to reduced heat of hydration, 317 

which is often a desirable benefit of pozzolanic materials. Yet, studies verifying changes to these 318 

properties using RSA remain limited as do studies investigating the effects of RHA other fresh 319 

properties such as pumpability, and bleeding and segregation.  320 

 321 

 322 
Figure 4. Changes to fresh properties of concrete with conventional mineral admixtures and with rice 323 

hull ash (figure based on (Taylor et al., 2007); trends for RHA based on data and descriptions of 324 

individual findings in Appendix A)  325 
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3.1. Workability 327 

The literature notes the use of RHA can change workability of concrete mixtures as a function of 328 

several parameters. In several cases, an increase in water demand has been shown for RHA concretes 329 

(Mehta 1977; Salas et al., 2009; Chao-Lung et al., 2011; Zain et al., 2011; Antiohos et al., 2014; 330 

Venkatanarayanan and Rangaraju 2015), a factor noted for both unground and ground RHA (Chao-Lung 331 

et al., 2011; Venkatanarayanan and Rangaraju 2015). For example, Sousa Coutinho (2003) noted that 332 

use of the same quantity of water and superplasticizer for mortars with and without RHA led to over an 333 

85% reduction in slump when RHA was used as a partial replacement of cement. This increase in water 334 

demand has been attributed to several factors such as the cellular structure of the ash (Zain et al., 2011), 335 

which contributes to a high specific surface area, and the hydrophilic nature of the RHA (Antiohos et al., 336 

2014). Some sources do report a reduced water demand with the inclusion of RHA (e.g., (Givi et al., 337 

2010)), which could be a function of improved particle packing and flow characteristics of the RHA 338 

concrete (Antiohos et al., 2014). Mehta and Pirtz (1978) reported that the slump test might not be a good 339 

indicator of the workability of the RHA concrete. They noted that even with very low slump, the RHA 340 

concretes displayed cohesiveness and excellent workability. Additionally, the literature suggests that the 341 

amount of additional water or superplasticizer that might be used to alter flow of RHA concretes is less 342 

than what would be needed for silica fume concrete (Santos et al., 1999; Venkatanarayanan and 343 

Rangaraju 2015). While it is frequently a less economically desirable use, rice-based ashes can also be 344 

utilized as a partial aggregate replacement (as opposed to a partial replacement for cement). However, 345 

an even greater water demand has been noted for use of RHA as a partial replacement of aggregates 346 

(Antiohos et al., 2014). 347 

3.2. Hydration 348 

The literature commonly indicates there is an increased setting time when RHA is incorporated 349 

(Venkatanarayanan and Rangaraju 2015; Arel and Aydin 2018). While some work has suggested that 350 

the level of grinding does not influence setting time (Venkatanarayanan and Rangaraju 2015), other 351 
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studies have shown that RHA from uncontrolled combustion may delay setting whereas RHA from 352 

controlled combustion can shorten the setting time (de Sensale and Rodríguez Viacava 2018). While 353 

there is less literature on the use of RSA, the use of RSA from uncontrolled combustion has also been 354 

shown to delay setting times with higher amounts of RSA use (Munshi et al., 2013). 355 

The hydration process of RHA concrete mixtures has several characteristics that vary from typical 356 

portland cement hydration. Similar to other pozzolans, the use of RHA has been shown to reduce head 357 

of hydration (Mehta and Pirtz 1978). Research indicates the use of RHA can lead to a dilution effect, a 358 

chemical effect, and absorption of water that would not be present as such in typical portland cement. 359 

Additionally, RHA particles can act as nucleation sites, accelerating cement hydration (Park et al., 360 

2016). Pozzolanic RHA is reactive in the alkaline environment of cement paste (Antiohos et al., 2014; 361 

Rêgo et al., 2015; Xu et al., 2015; Zunino and Lopez 2017). Its advantageous ability to deplete available 362 

calcium hydroxide has been shown to be equivalent or superior to that of conventional SCMs, such as 363 

fly ash and silica fume (Antiohos et al., 2014; Venkatanarayanan and Rangaraju 2015; Xu et al., 2015), 364 

with an increased level of RHA corresponding to an increased depletion of calcium hydroxide (de 365 

Sensale and Rodríguez Viacava 2018). Some authors have suggested that there is some internal curing 366 

as a function of the porous structure of RHA releasing some water during the curing process (e.g., (de 367 

Sensale et al., 2008; Nguyen et al., 2010)). 368 

 369 

4. Mechanical properties of concrete with rice ash 370 

4.1. Compressive strength 371 

Unlike woody-biomass ash, which has been shown to lead to either no notable increase in concrete 372 

strength or deteriorating strength (Rajamma et al., 2009), the use of RHA as a partial replacement for 373 

portland cement has been shown to increase concrete compressive strength (Mehta 1977; Mehta and 374 

Pirtz 1978; Santos et al., 1999; Sugita et al., 1999; de Sensale 2006; Salas et al., 2009; Chao-Lung et al., 375 
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2011; Gastaldini et al., 2014; Bie et al., 2015; Rêgo et al., 2015; Venkatanarayanan and Rangaraju 2015; 376 

He et al., 2017; Zareei et al., 2017; Arel and Aydin 2018). While the majority of the literature suggests 377 

higher compressive strength of RHA concrete compared to portland cement concretes at later ages, the 378 

literature on early-age strength is more varied, with some sources suggesting increased early age 379 

strength (e.g., (Mehta 1977; Mehta and Pirtz 1978; de Sensale 2006; Venkatanarayanan and Rangaraju 380 

2015)) and others reduced early-age strength (e.g., (Santos et al., 1999)), as shown in Figure 5. Using 381 

data from Chao-Lung et al. (2011), the lower strengths sometimes exhibited from partial replacement 382 

portland cement at early ages are displayed, namely, a 5-15% reduction at 7 day strength in this case. 383 

However, the lower replacement ratios (i.e., 10% and 20%) exhibit a 5-10% higher 28-day strength and 384 

0-3% higher 90-day strength. Several authors have noted an optimal level of RHA use in the 385 

cementitious binder, typically ranging between 7.5-20% (Harish et al., 2010; Antiohos et al., 2014; 386 

Gastaldini et al., 2014; Bie et al., 2015; Venkatanarayanan and Rangaraju 2015; He et al., 2017; Zareei 387 

et al., 2017), as can be seen in Figure 5. While there is greater variability in the literature, concrete 388 

mixtures from three authors are plotted in Figure 5b and these mixtures display an optimized 28-day 389 

strength with a 10% RHA replacement of portland cement. At this replacement level, the authors show a 390 

5 to 8 MPa increase in strength through use of RHA relative to use of portland cement as the sole binder. 391 

However, the optimal use of the RHA can vary depending on parameters such as the RHA 392 

characteristics and the type of cement (Jamil et al., 2013). 393 

While many properties of RHA are similar to the conventionally used silica fume, this optimal 394 

replacement level of portland cement is higher than what is typically seen for silica fume (Harish et al., 395 

2010; Gastaldini et al., 2014). This variability, as well as variability noted in strength values, could be 396 

attributed to variation in RHA properties, particularly the reactive amorphous silica content ranges found 397 

between literature sources (Venkatanarayanan and Rangaraju 2015). Such variability in the biomass ash 398 

can result from the factors discussed in Section 2. For example, Khan et al. (2012) showed that more 399 

crystalline RHA acted more as a filler than a reactant in the hydration process; it still contributed to 400 
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compressive strength, but not to the same extent that would be expected from a pozzolanic reaction. 401 

Further, the size of RHA makes it an exceptional filler in concrete, filling in micro-voids and improving 402 

concrete strength (Soltani et al., 2015).  403 

 404 
Figure 5. Compressive strength as a function of (a) curing age for 0 to 30% RHA replacement of 405 

cement (data from (Chao-Lung et al., 2011)) and as a function of (b) percent rice hull ash (RHA) as a 406 

partial replacement for cement in ~0.40 water to binder ratio concrete mixtures at 28 days (de Sensale 407 

2006; Givi et al., 2010; Chao-Lung et al., 2011). (Note: for mixtures presented, strengths are adjusted to 408 

account for differences in specimen dimensions using equations from (Yi et al., 2006)). 409 

 410 

The combustion conditions, pre-combustion treatments, and post-combustion treatments applied in 411 

ash preparation can influence the compressive strength obtained in RHA-concrete. While controlled 412 

combustion has been shown to contribute to improved ash reactivity, authors still report some favorable 413 

use of RHA in concrete from uncontrolled conditions (Rêgo et al., 2015; Zunino and Lopez 2017). At 414 

combustion temperatures that facilitate the formation of amorphous silicates, there is a beneficial effect 415 

of RHA on concrete strength, but this is not consistently the case for ash from high, crystalline 416 

producing, temperatures for which different or no replacement levels may be desirable (Xu et al., 2012; 417 

Bie et al., 2015). Pre-combustion treatments, such as acid leaching, can help contribute to desirable ash 418 

properties, leading to ash with similar contributions to strength as silica fume (Salas et al., 2009). Post-419 

combustion treatments, such as alkali treatment can improve properties such as early-age strength 420 

development (Prasittisopin and Trejo 2017). The post-combustion treatment of grinding ash is reported 421 
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to influence concrete compressive strength; often a decrease RHA particle size is associated with 422 

production of higher strength concrete (Zain et al., 2011; Antiohos et al., 2014; Venkatanarayanan and 423 

Rangaraju 2015; Alex et al., 2016; Ambedkar et al., 2017). Appropriate grinding, as with appropriate 424 

pre-combustion techniques, has been reported as resulting in RHA with similar contributions to strength 425 

as highly desirable silica fume at equivalent replacement levels (Venkatanarayanan and Rangaraju 426 

2015). However, it has also been noted that over-grinding of RHA can lead to particle aggregation and a 427 

depreciating benefit to compressive strength (Xu et al., 2015). 428 

Additional considerations must be made for batching decisions and their influence on the 429 

favorability of RHA in concrete. Mehta (1977) established that there was no difference in concrete 430 

mechanical behavior whether RHA was blended or interground with cement. However, the water-to-431 

binder ratio can influence the ratio of strength gain with increasing RHA content (Sugita et al., 1999) 432 

and can influence the optimal level of RHA replacement (Gastaldini et al., 2014). The effects on 433 

concrete strength when RHA is used as an SCM are shown in Figure 6. It can be seen from these 434 

mixtures that achieving equivalent or higher strength concrete with partial replacement of portland 435 

cement by RHA is achievable at various water to binder ratios. As Figure 6 also shows, a wide range of 436 

compressive strengths can be achieved at various replacement levels by tailoring factors such as water to 437 

binder ratio, moist-curing period, and ash properties, among others. 438 

While not as well reported in the literature, RSA has also shown the ability to improve strength of 439 

cement-based materials. Again, an optimal level is reported for this ash type (Munshi et al., 2013; 440 

Roselló et al., 2017). 441 
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 442 

 443 
Figure 6. Compressive strength of (a) concrete mixtures with () and without rice-hull ash (RHA) () 444 

as a function of varying water-to-binder ratios and (b) concrete mixtures with RHA as a function of 445 

percent RHA in the cementitious binder (Data from: (Mehta and Folliard 1995; Santos et al., 1999; de 446 

Sensale 2006; Givi et al., 2010; Chao-Lung et al., 2011; Ramezanianpour et al., 2011; Gastaldini et al., 447 

2014); strengths adjusted to reflect differences in test specimen size using equations presented by (Yi et 448 

al., 2006)) 449 

 450 

4.2. Tensile strength 451 

In the assessment of split cylinder tensile strengths, similar trends are present for the incorporation of 452 

RHA as were present for compressive strength. Some authors note an increase in early age strength (e.g., 453 

(Zareei et al., 2017)), whereas others show a beneficial contribution to strength only at later ages (e.g., 454 

(Alex et al., 2016)). Optimal levels of RHA use are noted (Zareei et al., 2017). Controlled combustion 455 

leads to improved tensile strength compared to use of ash made from uncontrolled combustion (de 456 

Sensale 2006). The split cylinder tensile strengths are dependent on water-to-binder ratios, for which, at 457 

low water-to-binder ratios, the use of ash from uncontrolled combustion was shown to have the ability to 458 

lead to reduced strength, whereas ash from controlled combustion led to equivalent or improved tensile 459 

strength at varying water to binder ratios (de Sensale 2006). Additionally, grinding of ash can improve 460 

properties: while use of either ground or unground RHA was shown to improve tensile strength over a 461 

mixture containing solely portland cement as the binder, only the use of ground RHA was similar to that 462 

of silica fume (Venkatanarayanan and Rangaraju 2015). Again, limited data are available on the use of 463 

RSA in the assessment of changes to tensile strength, but increases in compressive strength in cement-464 
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based materials through use of RSA may be indicative of potential for their ability to contribute to 465 

tensile strength. 466 

4.3. Flexural strength 467 

The literature suggests flexural strength of concrete prepared with RHA is dependent on many of the 468 

same parameters as were noted for compressive strength. Bie et al. (2015) noted a temperature 469 

dependence for ash production and flexural strength achieved: at 600°C, below the temperature at which 470 

crystalline structures would be expected to form, all levels of RHA led to increased flexural strength; at 471 

700°C, use of RHA content at 5% led to reduced strength, although this loss was not noted at other 472 

replacement levels. Venkatanarayanan and Rangaraju (2015) noted that use of RHA increased flexural 473 

strength compared to a mixture with only portland cement as the binder whether or not the RHA was 474 

ground after combustion; however, only the ground RHA led to similar properties as silica fume at 475 

similar replacement levels, which was used as a reference material. Also, Salas et al. (2009) showed the 476 

use of an acid pre-combustion treatment lead to RHA contributing similar flexural strength properties as 477 

silica fume (again, used as a reference material).  478 

4.4. Modulus of elasticity 479 

The literature suggests a positive relationship between the use of RHA in concrete and an increase in 480 

modulus of elasticity. Trends in benefits to modulus of elasticity are reported as similar to changes noted 481 

in compressive strength (Venkatanarayanan and Rangaraju 2015; He et al., 2017; Zareei et al., 2017). 482 

Again, there is a dependency on processing conditions, such as grinding, (Venkatanarayanan and 483 

Rangaraju 2015), dependency on water-to-binder ratio (He et al., 2017), and suggestion of optimal ratios 484 

of RHA use (Zareei et al., 2017).  485 

The mechanical properties of concrete and mortar containing RHA are better characterized in the 486 

literature than other material properties, such as those that would affect durability. However, more work 487 

on assessing the effects of RSA and appropriate ash treatment methods to attain specified mechanical 488 

properties would elevate the literature. 489 



 21 

5. Durability properties of concrete with rice ash 490 

In addition to contributions to mechanical properties, the use of RHA in concrete is often reported as 491 

improving durability properties (Salas et al., 2009; Soltani et al., 2015) with improvements similar to 492 

those noted for conventional pozzolans (Ramezanianpour et al., 2011). As with the literature on 493 

mechanical properties, the majority of the literature on the effects on durability using rice-based ashes 494 

focus on use of RHA and limited results are present for the effects of RSA. 495 

5.1. Permeability 496 

The use of RHA can lead to reduced permeability and porosity. If not fully reactive, the small 497 

particles of RHA can act as a filler, strengthening the packing between concrete constituents, reducing 498 

porosity and permeability (Antiohos et al., 2014). Reactive RHA used as an SCM can further reduce 499 

pores a result of the calcium silicate hydrate gel formed through cement hydration and the secondary 500 

pozzolanic reaction of the RHA and the calcium hydroxide (He et al., 2017). However, use of unground 501 

RHA can lead to unchanged or even increased porosity; an appropriate level of grinding to create small 502 

particles, without aggregation of particles, can contribute to reduced porosity relative to a solely portland 503 

cement paste (Venkatanarayanan and Rangaraju 2015; Xu et al., 2015). Reduced porosity can lower 504 

water uptake (Venkatanarayanan and Rangaraju 2015) and trends of reduced water absorption, or 505 

sorptivity, have been reported as a function of increased RHA content (Sugita et al., 1999; Sousa 506 

Coutinho 2003; Antiohos et al., 2013; Zareei et al., 2017). As with the mechanical properties, some have 507 

suggested there may be an optimal level of RHA replacement beyond which additional reduction in 508 

porosity may not be as readily achieved (Venkatanarayanan and Rangaraju 2015). Further, the use of 509 

additional treatments to RHA, such as the addition of NaOH, can contribute to beneficial reductions in 510 

porosity relative to control mixtures (Prasittisopin and Trejo 2017).  511 

As with water uptake, it has been shown that the use of RHA can reduce air permeability (Sugita et 512 

al., 1999; de Sensale 2006, 2010). The use of ash from controlled combustion has been shown to 513 

provide more notable improvements to air permeability than ash from uncontrolled combustion (de 514 
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Sensale 2010). Additionally, at high water-to-binder ratios, it has been reported that replacement with 515 

RHA results in reduced permeability (for ash from both controlled and uncontrolled combustion); at low 516 

water-to-binder ratios, the use of RHA from controlled combustion results in reduced permeability, but 517 

RHA from uncontrolled combustion leads to increased permeability (de Sensale 2006). Specifically, de 518 

Sensale (2006) found use of RHA from controlled combustion can lead to a 50 to 95% reduction in 519 

permeability coefficient, but RHA from uncontrolled combustion can result in a 95% reduction in 520 

permeability to a 150% increase in permeability coefficient depending on the water to binder ratio used. 521 

5.2. Chloride ingress 522 

Several authors have reported a reduced degree of chloride penetration as a result of the inclusion of 523 

RHA in concrete (Sugita et al., 1999; Antiohos et al., 2014; Gastaldini et al., 2014). Venkatanarayanan 524 

and Rangaraju (2015) showed a reduction in rapid chloride ion permeability with the use of ground 525 

RHA relative to unground RHA. Additionally, at high water-to-binder ratios, the use of either RHA 526 

from controlled or uncontrolled combustion have been reported as reducing chloride penetration; 527 

however, at lower water-to-binder ratios, the use of RHA from uncontrolled combustion was reported as 528 

increasing chloride ion penetration and the use of RHA from controlled combustion was shown to be 529 

equivalent to that of the control concrete with portland cement (de Sensale 2010). Similar studies have 530 

shown at higher water to binder ratios, the use of untreated rice ash does not consistently reduce chloride 531 

ion penetration relative to concrete with portland cement as the sole binder (Antiohos et al., 2013). 532 

Examples of the effects of RHA on concrete material durability, including chloride ingress, are 533 

displayed in Figure 7. From this plotted example by Mehta and Folliard (1995), the use of 15% RHA 534 

replacement of portland cement resulted in a 75 to 85% reduction in chloride permeability. 535 

5.3. Alkali-silica reaction 536 

Past literature has shown that biomass ash can contribute to reduced alkali-silica reaction in mortars 537 

(Esteves et al., 2012) and most of the literature suggests the use of RHA in mortars and concrete appear 538 

to follow the same beneficial trend. Significant reduction in expansion as a result of alkali-silica 539 
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reactions have been noted from several studies as a function of incorporating RHA in mixtures (Mehta 540 

1977; Mehta and Folliard 1995; Hasparyk et al., 2000; de Sensale 2010; de Sensale and Rodríguez 541 

Viacava 2018). Mehta (1977) showed that the use of RHA could be more effective than conventional 542 

pozzolans. In Mehta’s study, 10% replacement of cement by weight with RHA resulted in similar 543 

reductions to expansion from 25% replacement by weight of calcined shale. An example of reductions in 544 

alkali-silica expansion is depicted in Figure 7. The use of RHA from controlled combustion has been 545 

shown to better contribute to reduced expansion from alkali-silica reactions than ash from uncontrolled 546 

combustion (de Sensale 2010). Grinding of RHA has also been shown to better contribute to reduction 547 

in expansions (Zerbino et al., 2012). Yet depending on the composition and morphology of the RHA, 548 

there is a potential for RHA to contribute to increased alkali-silica reaction (Zerbino et al., 2012). 549 

However, based on the literature, use of factors such as proper combustion and grinding could limit this 550 

issue. 551 

5.4. Deterioration under varying pH levels 552 

Sulfate attack causes the pH of the concrete pore water to fall, reversing the chemical reactions that 553 

give concrete its strength. Unlike portland cement concrete, which looses strength, the use of RHA can 554 

lead to an increase in strength under alkaline curing conditions (Ambedkar et al., 2017). Even with use 555 

of a high crystalline content RHA, the ability for the ash to act as a filler can lead to improved chemical 556 

resistance in concrete mixtures tested in aggressive salt solutions (Khan et al., 2012). RHA has been 557 

shown to reduce the expansion of concrete and mortar due to sulfate attack (Mehta and Folliard 1995; de 558 

Sensale 2010). This reduction was noted as being approximately 45% for mortar containing 10% RHA 559 

replacement of cement at 4 weeks and a reduction of over 80% was noted for the 10% RHA mortar at 16 560 

weeks in a study by Mehta and Folliard (1995) (see Figure 7). 561 

The literature suggests the use of RHA can assist in improving concrete resistance to acid exposures. 562 

Ambedkar et al. (2017) showed concrete mixtures containing RHA exhibited a lower loss in strength 563 

than control concrete when cured in an acid solution. Further, it has been shown that mortar or concrete 564 
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containing RHA exhibited a large reduction in mass loss after exposure to a hydrochloric-acid solution 565 

(Mehta and Folliard 1995; Sugita et al., 1999; de Sensale 2010). 566 

5.5. Shrinkage 567 

The reported contributions of RHA to concrete shrinkage vary. Gastaldini et al. (2014) showed a 568 

reduction in total shrinkage through use of RHA, but greater levels of cement replacement with RHA led 569 

to higher shrinkage than the lower levels of use. de Sensale et al. (2008) and Nguyen et al. (2010) found 570 

a reduction in autogenous shrinkage through use of RHA. Both Gastaldini et al. (2014) and Mahmud et 571 

al. (2005) identified similar behavior of RHA concrete to silica fume concrete, but Mahmud et al. 572 

(2005) reported increased shrinkage relative to the control concrete. Habeeb and Fayyadh (2009) also 573 

reported increased shrinkage with use of RHA, but attributed this shrinkage to the microfine particle size 574 

of the RHA used. 575 

5.6. Other durability parameters 576 

In addition to the contributions of RHA to reducing susceptibility of concrete to acid solutions, 577 

alkali-silica reaction, and chloride ingress as well as to lowering permeability, the use of RHA has been 578 

reported to aid in other concrete durability parameters. The pozzolanic reaction from RHA can increase 579 

the electrical resistance of concrete, a non-destructive testing method for assessing susceptibility for 580 

corrosion of rebar to take place in concrete (Chao-Lung et al., 2011). The use of RHA in concrete can 581 

lead to improved frost resistance in non-air-entrained concrete mixtures, with higher contribution to frost 582 

resistance than similar concrete mixtures containing silica fume (Mehta and Folliard 1995). Some results 583 

have indicated that RHA can contribute to a reduced rate of carbonation (Sugita et al., 1999); yet others 584 

have suggested that compared to a mixture containing portland cement as the sole binder, that use of 585 

RHA increases susceptibility to carbonation (Antiohos et al., 2013). Use of RHA in concrete can also 586 

reduce the creep strain of concrete (He et al., 2017). While these durability parameters are not as 587 

thoroughly discussed in the literature, current reports suggest there is a strong ability for RHA to 588 

improve many durability properties of concrete. 589 
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 590 
Figure 7. The effects of use of rice hull ash (RHA) on (a) the sulfate expansion and (b) alkali-silica 591 

expansion in mortars as well as the effects of RHA on (c) freeze-thaw durability and (d) chloride 592 

permeability of concrete. (Data from (Mehta and Folliard 1995)) 593 

 594 

As can be seen in Figure 8, RHA contributes many similar properties to conventional SCMs in 595 

concrete. RHA is often reported as leading to increased long-term strength as well as reducing concrete 596 

permeability and chloride ingress. Use of RHA is shown to aid in reductions in alkali-silica reaction 597 

induced expansion and it has been reported to improve sulfate resistance. Reports suggest that, unlike 598 

other SCMs, RHA may provide a beneficial contribution to freeze/thaw behavior. There have been 599 

varied results for concrete shrinkage using RHA, whereas for conventional SCMs, these parameters 600 

have been reported as not changing. Yet, further analysis into parameters that influence the durability 601 

properties of concrete for which the literature is less conclusive is still needed. 602 
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  604 
Figure 8. Changes to hardened and durability properties of concrete with conventional mineral 605 

admixtures and with rice hull ash (figure based on (Taylor et al., 2007); trends for RHA based on data 606 

and descriptions of individual findings in Appendix B) 607 

 608 

 609 

6. Specialized concrete mixtures with rice hull ash 610 

6.1. High- and ultra-high-performance concrete 611 

As noted, RHA has similar chemical composition and high surface area to silica fume, a common 612 

constituent in high performance and ultra-high performance concrete. Reports indicate that RHA can 613 

increase the degree of cement hydration in ultra-high performance concrete at later ages (Nguyen et al., 614 

2011). Nguyen et al. (2011) show that the use of RHA, while not leading to high early strength, resulted 615 

in higher strengths at 7-days and beyond, when compared to the control concrete, as well as resulted in 616 

higher ultimate strengths than mixtures containing silica fume. The delayed curing was in part attributed 617 

to internal curing from RHA releasing water (Nguyen et al., 2011). It is suggested that RHA is suitable 618 

for use in ultra-high performance concrete and could benefit regions where RHA is available and silica 619 

fume is too expensive to obtain (Nguyen et al., 2011; Le et al., 2015). Further, the use of RHA in 620 
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reactive powder concrete, a type of ultra-high-performance concrete, has been reported to lead to 621 

increased 28-day strength, reduced porosity, and reduced chloride ingress (Vigneshwari et al., 2018). 622 

Similar to RHA concrete, RHA-ultra-high-performance concrete can exhibit an optimal level of cement 623 

replacement (Vigneshwari et al., 2018). Additionally, the combination of RHA with silica fume has 624 

been shown to enhance compressive strength and impermeability of ultra-high performance concrete 625 

(Huang et al., 2017). Ternary blends with Metakaolin have also been found to provide desirable 626 

properties for RHA concrete (Shatat 2016). Additionally, it was reported that curing methods, namely 627 

steam curing, can further improve mechanical and some durability properties of RHA ultra-high-628 

performance concrete (Vigneshwari et al., 2018). 629 

6.2. Self-compacting concrete 630 

Use of high amorphous silica-content RHA has been reported to be a suitable pozzolanic material in 631 

the formation of self-compacting concrete (Sandhu and Siddique 2017). The use of RHA can facilitate 632 

desired long-term strength, increased splitting tensile strength, increased flexural strength, and reduced 633 

porosity (Sandhu and Siddique 2017). These beneficial properties are attributed to an improved 634 

microstructure and pore structure in concrete (Sandhu and Siddique 2017). Use of RHA in self-635 

compacting concrete has also been found to lead to reduced workability (Sandhu and Siddique 2017), a 636 

parameter noted previously in the production of RHA concrete. The use of RHA predominantly has been 637 

reported to lead to increased yield stress and viscosity of mortar compared to a mixture containing only 638 

portland cement as the binder, factors that seemed to increase with increased RHA content and particle 639 

size (Le et al., 2015). The incorporation of either silica fume or RHA was found to decrease the shear 640 

thickening over time, with greater reductions noted with use of silica fume (Le et al., 2015). 641 

Additionally, rheology of the mixtures containing RHA as a partial replacement of cement with quarry 642 

dust as a partial replacement of fine aggregate was not significantly different from a code-specified self-643 

compacting mortar mixture when superplasticizer and viscosity modifying agents were used (Gowda et 644 

al., 2011). 645 
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6.3. Alkali-activated materials 646 

The use of alkali-activated materials (AAMs) has been proposed for decades as a material alternative 647 

to cements with the potential to lead to lower environmental impacts, specifically GHG emissions, by 648 

removing the need for portland cement (Miller et al., 2018b; Provis 2018). However, research on the use 649 

of RHA in AAMs is limited. Reports show that RHA can provide adequate silica for the production of 650 

AAMs; however, it, like many other biomass ashes, lacks the necessary aluminous compounds and 651 

needs to be blended with another solid precursor, such as ground granulated blast furnace slag, to form 652 

an AAM (Villaquirán-Caicedo et al., 2015; Matalkah et al., 2016; Patel and Shah 2018). Due to limited 653 

studies, the desirable composition of RHA, aluminous compound source, and alkali-activator for 654 

improved properties has not been specified in the literature. However, Villaquirán-Caicedo et al. (2015) 655 

showed that the use of RHA with Metakaolin and a potassium hydroxide activator in an AAM was able 656 

to contribute to lower bulk density and lower thermal conductivity than the other AAMs investigated in 657 

their study, which could lead to other benefits from their use. Additionally, Patel and Shah (2018) 658 

attempted use of RHA with ground granulated blast furnace slag and an alkali-activator of sodium 659 

hydroxide and sodium silicate to produce an AAM. Similar to some findings from the production of 660 

RHA concrete, the authors noted a decrease in workability and an optimum level of RHA beyond which 661 

hardened properties did not improve.  662 

 663 

7. Environmental impacts of rice-based ash and its use in concrete 664 

There are high demands for the production of cement and cementitious materials for use in concrete, 665 

with annual hydraulic cement production exceeding 4 billion metric tons annually (van Oss 2018). The 666 

GHG emissions from cement production are of global concern (IEA 2018). One of the primary proposed 667 

means for reducing GHG emissions, from portland cement production has been the use of alternative 668 

materials that can partially replace the cement needed (Scrivener et al., 2017). However, the availability 669 

of the conventionally used SCMs are becoming limited, which is encouraging research on the use of 670 
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alternative SCMs and alternative cements (Miller et al., 2018b); such alternative materials include 671 

biomass resources. With any alternative material, environmental impact assessments that quantify 672 

potential benefits or drawbacks to use are necessary. 673 

Environmental impact assessments of rice combustion and ash products are limited (Gursel et al., 674 

2016; Prasara-A and Gheewala 2017). More thorough assessment of potential benefits and drawbacks 675 

from an environmental, social, and economic impacts viewpoint for RHA and RSA is needed (Prasara-A 676 

and Gheewala 2017). Some work in the area has examined the environmental impacts of conversion of 677 

rice hull to energy sources, such as electricity, syngas, or bio-ethanol (Prasara-A and Grant 2011; Shafie 678 

et al., 2012; Silalertruksa et al., 2013). It has been shown that the use of RHA in products such as 679 

lightweight concrete blocks (Prasara-A and Grant 2011) and in mortars (Moraes et al., 2010) could lead 680 

to reduced environmental impacts. As was noted by Prasara-A and Grant (2011) the benefits noted in 681 

use of RHA in concrete blocks, such as reduced GHG emissions, could be attributed to offsetting the 682 

high impacts associated with the production of portland cement. Also, noteworthy in the study by 683 

Prasara-A and Grant (2011) the use of rice as a source of energy seemed to reduce most environmental 684 

impact categories explored, with the exception of particulate matter, when compared to the conventional 685 

electricity grid as well as to the use of petrol in vehicles. These findings suggest co-benefits in reduced 686 

environmental impacts may be achievable through influencing two markets: energy and cement.  687 

In a study by Gursel et al. (2016), a robust assessment of the environmental GHG emissions and 688 

criteria air pollutants associated with preparing (i.e., grinding) RHA and transporting it was incorporated 689 

into an assessment of “green” concrete alternatives. The authors found that the energy for processing 690 

needed for RHA was approximately 5% the energy needed for the production of portland cement and as 691 

a result, the replacement of portland cement with RHA resulted in reductions in the impact categories 692 

investigated. The authors’ findings did show that the grinding required for the production of reactive 693 

RHA led to it having higher energy demands, and associated environmental impacts, than fly ash or 694 

limestone. Although, for all mineral admixtures assessed, GHG emissions were lower than that of 695 
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portland cement or transportation. Noting that for both RHA and fly ash, the impacts associated with 696 

acquisition, combustion, and additional product of electricity were considered outside the scope of the 697 

assessment. Also, consistent with other studies, it was noted that the impacts from transportation of 698 

RHA to the location of desired application in some cases could outweigh those from the collection and 699 

refinement of RHA (Shafie et al., 2012; Gursel et al., 2016), leading to recommendations to utilize 700 

regionally available SCMs (Gursel et al., 2016). 701 

More prevalent in the literature are studies on the environmental impacts associated with rice 702 

cultivation and energy recovery from rice biomass. For example, a detailed study by Brodt et al. (2014) 703 

examined the GHG emissions from the cultivation of rice. Their work showed that methane from the 704 

fields could lead to high GHG emissions values depending on the time horizon considered for 705 

assessment. Silalertruska et al. (2013) studied the GHG emissions associated with cultivation of rice 706 

through the use of rice straw to produce syngas that could offset demand for liquefied petroleum gas. 707 

Similar to Brodt et al. (2014), Silalertruska et al. (2013) found that methane from the fields for rice 708 

cultivation could lead to significant contributions to the GHG emissions from this energy alternative. 709 

However, even with these methane emissions, the authors found that the production of syngas was still 710 

favorable relative to use of fossil fuels. Parvez et al. (2016) also examined the environmental impacts 711 

associated with use of rice biomass in the production of syngas. Through use of a carbon dioxide 712 

enhanced gasification process, these authors found that rice hulls could be successfully combusted at 713 

800-900°C to obtain high-energy gas and could act as a contributor to carbon capture and utilization. 714 

Despite this work, there is a critical need for research examining the environmental impacts associated 715 

with different energy production methods and the reactivity of associated ash produced, while allocating 716 

impacts from cultivation. Work in this area would facilitate understanding of the value added by 717 

producing a reactive cementitious material replacement and energy production. Further, such assessment 718 

would allow for evaluating the options of producing either higher reactivity ash or higher energy output 719 

if optimal production methods cannot be determined for both concurrently. 720 
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While the limited environmental impact literature on the use of rice ashes in concrete focus on RHA, 721 

due to identical crop cultivation, the only differences in the use of RSA would arise from differences in 722 

combustion processes (if deemed necessary vary from RHA). 723 

 724 

8. Market potential for rice ash in concrete and cement-based materials 725 

There are many factors that would influence the market value of RHA for concrete. If it provides 726 

similar properties to conventional concrete through partial replacement, one could argue the market 727 

should be able to bear a similar or slightly higher cost per ton to cement, as has been the case in 728 

California with fly ash and slag, which provide greenhouse gas reductions that provide an economic 729 

value. RHA is not necessarily cheaper than fly ash counterparts (Arel and Aydin 2018). However, due to 730 

RHA’s pozzolanic properties, there is market potential. As the literature suggests, the RHA formed with 731 

controlled combustion and proper processing can provide properties similar to silica fume, facilitating 732 

the production of higher performance concretes. In this case, an increased price could conceivably be 733 

warranted for the RHA.  734 

Further, the cost of carbon could act as an incentive to drive use of RHA as a partial replacement for 735 

cement. The global cost of carbon is on average $7 / metric ton (IEA 2015a). Global emissions caps 736 

required to limit global temperature rise to 2°C is 33-73g CO2 / $ gross domestic product (GDP) 737 

(Rozenberg et al., 2015).  In 2014, the United States CO2-eq emissions were 6,870 million metric tons 738 

CO2-eq (USEPA 2017) with a country GDP of $1.7312 E+13 (BEA 2018). In California, the 2015 CO2-739 

eq emissions were 440.4 million metric tons CO2-eq (CARB 2017) and in 2017, the State’s GDP was 740 

$2.5102E+12 (BEA 2018). Given these values, the US is at approximately 397 g CO2 / $GDP and 741 

California is at approximately 175 g CO2 / $GDP. The approximate emissions to cost ratio of cement 742 

production in 2012 (based on US data) was 8.95 kg CO2 / $ cost (Miller et al., 2016), making it a target 743 

for policy-driven mitigation strategies that improve this ratio and drive down the emissions per GDP for 744 
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the state. The application of alternative materials that can reduce the dependency on cement are a prime 745 

area for this reduction. 746 

 747 

9. Areas for Future Exploration 748 

The literature indicates that RHA could be a valuable addition to concrete mixtures, especially for 749 

use in high strength concrete and repair mortars, and in regions with limited access to high cost 750 

materials, such as silica fume (Antiohos et al., 2014). While a great deal of literature exists on the use of 751 

RHA as an SCM, there has been comparatively very little work done on the assessment of RSA in 752 

concrete. Further, there are several areas of analysis for the incorporation of these ashes that would 753 

benefit from further exploration; the key areas for further research and development are highlighted in 754 

Figure 9. 755 

In order for RHA and RSA to become competitive in the market, there are several assessments of the 756 

properties of these materials in concrete that need to be carried out. In order to consider both as 757 

alternatives to current materials, more research into the changes in mechanical and durability properties 758 

associated with the use of RSA must be conducted. These studies should incorporate consideration of 759 

the roles pre-combustion treatments, post-combustion treatments, and combustion methods have on the 760 

amorphous silica content, alkali-metal content, and surface area of the RSA, as these parameters have 761 

been shown to affect the reactivity of RHA. Further assessment of certain durability-related properties 762 

(e.g., carbonation, coefficient of thermal expansion, creep, abrasion) of concrete containing RHA or 763 

RSA should be conducted to clarify the parameters that influence the effects of these ashes on concrete 764 

durability. Also needed is a robust assessment of constructability of concretes using RHA or RSA, 765 

beyond the laboratory assessments of workability of RHA in concrete. 766 
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 767 
Figure 9. Roadmap for future work in the assessment of rice hull ash (RHA) for use in cement and 768 

concrete broken down into areas for further study in material properties, supply, and costs 769 

 770 

One of the largest potential hurdles in implementing rice-based ashes as SCMs in concrete is 771 

acceptance from the cement and concrete industries. These industries are often hesitant to adopt new 772 

materials if there is a perceived limited understanding of the performance of said material, particularly 773 

with respect to fresh properties and durability properties. Further, due to the high levels of material 774 

consumption for these industries, having sufficient quantities of consistently available, high quality ash 775 
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with little variation in properties would be needed. To lower uncertainties in costs, identification of 776 

codes and measures implemented in other regions that use rice-based ashes more readily in civil 777 

engineering materials can be of benefit; for example, they are used as a mineral admixture in parts of 778 

Asia (Ferraro et al., 2017). 779 

There are many factors that would influence the market value of rice-based ashes for concrete. If 780 

they provide similar properties to conventional concrete through partial replacement of cement with 781 

lower environmental impacts, one could expect the market to be able to bear a similar price to other 782 

SCMs. In this consideration, more robust environmental impact assessments, including factors such as 783 

co-products, allocation methods, and assessment of any alternative processes in ash production must be 784 

quantified. Allowable thresholds in behavior, supply, and cost for the rice-based ashes to be competitive 785 

must be assessed. Similarly, any uncertainties associated with these phases must be examined. These 786 

avenues of research would lead to a better understanding of what benefits are possible in the concrete 787 

materials sectors. 788 
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Appendix A: 1050 

Summary of individual paper findings on fresh concrete properties containing RHA 1051 
Source (Author, 

date) SCM Type 

Water 

requirements Workability Air content Heat of hydration Setting time 

Mehta (1995)  RHA - - reduced - - 

Harish (2010) RHA (unground) increased reduced - - increased 

Harish (2010) RHA (ground) increased varies - - increased 

Chao-Lung (2011) RHA (unground) increased - - - - 

Chao-Lung (2011) RHA (ground) increased - - - - 

Salas (2009) 

RHA (chemically 

pretreated) increased reduced reduced - - 

Salas (2009) RHA (untreated) increased reduced reduced - - 

Mehta and Pirtz 

(1978) RHA - - - reduced - 

Antihos (2014) RHA increased - - - - 

Venkatanarayanan 
(2015) RHA increased reduced - - increased 

Data from: (Mehta and Pirtz 1978; Mehta and Folliard 1995; Salas et al., 2009; Harish et al., 2010; 1052 

Chao-Lung et al., 2011; Antiohos et al., 2014; Venkatanarayanan and Rangaraju 2015; Sandhu and 1053 

Siddique 2017)  1054 
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Appendix B: 1055 

Summary of individual paper findings on hardened concrete properties containing RHA 1056 

Source (Author, 

date) SCM Type 

Early 

Strength 

Long-term 

strength Permeability 

Chloride 

ingress ASR 

Sulfate 

resistance 

Freezing 

and 

thawing 

resistance 

Drying 

shrinkage 

Alex 2016 

RHA 

(uncontrolled) 

effect 

varies 

effect 

varies - - - - - - 

Mehta 1995  RHA - increased - reduced reduced increased increased - 

Harish (2010) 

RHA 

(unground) - increased - reduced - - - - 

Harish (2010) RHA (ground) - increased - - - - - - 

Chao-Lung (2011) RHA (ground) reduced 

no 

significant 

change - - - - - - 

Salas (2009) 

RHA 
(chemically 

pretreated) increased increased reduced reduced - - - - 

Salas (2009) 

RHA 

(untreated) 

no 

significant 

change 

no 

significant 

change reduced reduced - - - - 

He (2017) RHA - increased - - - - - reduced 

de Sensale (2010) 

RHA 

(amorphous) - - reduced reduced reduced - - - 

de Sensale (2010) 

RHA (some 

crystallinity) - - reduced 

effect 

varies reduced - - - 

Sugita (1999) RHA - increased reduced reduced - - - - 

Mehta and Pirtz 

(1978) RHA increased increased - - - - - - 

Antihos (2014) RHA increased increased - reduced - - - - 

Bie (2015) RHA (700C) - 
effect 
varies - - - - - - 

Bie (2015) RHA (600C) - increased - - - - - - 

Gastaldini (2014) RHA - increased - reduced - - - reduced 

Venkatanarayanan 
(2015) RHA increased increased - reduced - - - - 

Zerbino (2012) RHA - reduced - - increased - - - 

Rego (2015) 

RHA 

(controlled) increased increased - - - - - - 

Rego (2015) 
RHA 
(uncontrolled) reduced increased - - - - - - 

Antiohos (2013) RHA reduced reduced reduced 

similar or 

increased - - - - 

Data from: (Mehta and Pirtz 1978; Mehta and Folliard 1995; Sugita et al., 1999; Mahmud et al., 2005; 1057 

de Sensale 2006; Habeeb and Fayyadh 2009; Salas et al., 2009; de Sensale 2010; Harish et al., 2010; 1058 

Chao-Lung et al., 2011; Zerbino et al., 2012; Antiohos et al., 2013; Antiohos et al., 2014; Gastaldini et 1059 

al., 2014; Bie et al., 2015; Rêgo et al., 2015; Venkatanarayanan and Rangaraju 2015; Alex et al., 2016; 1060 

He et al., 2017)  1061 


	1. Introduction
	2. Chemical and physical properties of rice–based ash
	2.1. Rice ash composition
	2.2. Rice cultivation
	2.3. Pre-combustion treatment of rice biomass
	2.4. Combustion conditions
	2.5. Post-combustion treatments of rice-based ash

	3. Early-age properties of concrete using rice ash
	3.1. Workability
	3.2. Hydration

	4. Mechanical properties of concrete with rice ash
	4.1. Compressive strength
	4.2. Tensile strength
	4.3. Flexural strength
	4.4. Modulus of elasticity

	5. Durability properties of concrete with rice ash
	5.1. Permeability
	5.2. Chloride ingress
	5.3. Alkali-silica reaction
	5.4. Deterioration under varying pH levels
	5.5. Shrinkage
	5.6. Other durability parameters

	6. Specialized concrete mixtures with rice hull ash
	6.1. High- and ultra-high-performance concrete
	6.2. Self-compacting concrete
	6.3. Alkali-activated materials

	7. Environmental impacts of rice-based ash and its use in concrete
	8. Market potential for rice ash in concrete and cement-based materials
	9. Areas for Future Exploration
	References



