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Abstract 

Italy alone produces 460,000 tons of rice husk per year, from which, in addition to exploiting the calorific value of combustion for 

centralized water heating, ash could be used in the production of concrete. In this way, it would be possible to exploit a material that 

otherwise has no further uses: not only to produce heat, but also as a substitute for cement. This is possible because the obtained ash is 

made up of over 85% silicon dioxide, that develops a strong pozzolanic activity. In this study the results obtained from laboratory tests 

on concrete samples, made with an increasing percentage of cement replacement with rice husk ash are analyzed. Two fundamental 

parameters are taken into consideration: the compressive strength at different maturation periods of the material and its workability, 

with the use of different water/cement ratios and fluidifiers. It is observed that the concrete resistance reaches a peak for RHA 

replacement between 5 and 15%, causing only a relative loss of workability, which can easily be recovered with the use of plasticizers. 

A coefficient has been calculated that can be adopted as a reference for the "environmental" performance of concrete, defined as the 

ratio between resistance and emissions, and its behavior has been studied by varying the percentage of RHA replacement.  

1 Introduction 

In all European countries, national regulations in terms of environmental sustainability are becoming increasingly stringent, requiring 

the use of increasing percentages of nature-friendly materials. In a construction sector that is still strongly linked to the use of traditional 

materials such as concrete, the weight on global CO2 emissions linked to the production of clinker is around 8% [21]. To start an 

ecological transition in the construction world, three different paths can be pursued: a) to use alternative materials other than concrete, 

whose production has a lower impact than the latter, b) to reduce the use of cement and therefore clinker in the mixtures and c) to 

reduce the quantity of concrete in the structure. Wanting to pursue the second of the two hypotheses formulated, today's professionals 

do not have many alternatives, as the regulations are often contradictory to the technical standards of the sector, creating confusion and 

making their application more difficult. The result is that the materials for which the use is permitted are very few and often the designer, 

forced to respect certain sustainability parameters, must use extremely expensive materials that are not locally available, which with 

their transport have a much greater impact than traditional ones. On the other hand, there are various waste materials available on the 

national territory from the most diverse production processes, with properties equivalent or even better than those indicated in the 

regulations, ready to be exploited for the preparation of high-performance mixtures. This study presents one of these materials with a 

high potential but which is not yet known: the ash deriving from the combustion of rice husks. In the continuation of this document, 

its chemical-physical and mechanical properties will be presented in case of use as a substitute for cement within the concrete mix, 

highlighting the advantages that can be achieved compared to a traditional one. Thirteen scientific studies (from [8] to [20]) were 

considered that evaluated the compressive strength of concrete with an increasing percentage of cement replacement with RHA and an 

attempt was made to define an overall trend of the behavior of the mixture as this parameter varied. After defining the optimal 

percentage of cement replacement with RHA, the CO2 efficiency index was calculated for each of the mixtures analyzed, which 

represents the ratio between strength and carbon dioxide emissions. 

2 Rice husk and rice husk ash 

Rice is one of the most widespread foods in the world: it is grown in over 100 countries and covers over 162 million hectares, which 

guarantee an annual production of 1.2 billion tons of food. In Italy alone, 230,000 hectares are cultivated, from which, on average, 57 

million bales of straw are generated, part of which is made up of rice husks: thanks to the high availability of this material, it is therefore 

possible to promote its use in concrete [1] [2]. Rice husks are a waste product resulting from the food refining process and represent 

the “husk” of the single seed, which is removed following drying with a process called “husking”: compared to the grain that is 

harvested, it can be considered that approximately 70% becomes rice ready for consumption, 20% is represented by the husk and 10% 

by the chaff. From an average production it is possible to consider that for each hectare of cultivation 2 tons of husk are obtained, 

therefore in Italy alone every year there would be available approximately 460 000 tons of husk that can be incinerated and used as a 

substitute for cement, allowing not only to reuse a material that otherwise has no relevant effective use, but also reducing the quantity 

of clinker used and consequently the carbon dioxide emissions. 

 



 
 

Fig. 1 Aspect of rice straw, rice husk and rice hulls (figure for illustrative purposes only) [1] [22] [23] 

2.1 Chemical composition 
Rice husk is characterized by a variable percentage of carbon between 30% and 50%; it is made up of 50% cellulose, 25-30% lignin, 

15-20% silica and the remaining part is made up of the humidity of the material. The specific weight is around 90-150 kg/m3 (depends 

on the zone, usually 100 kg/m3) and, if brought to combustion, its calorific value on average reaches 15 MJ/kg; therefore, at an Italian 

level, wanting to bring the husk to incineration, 6,900,000,000 MJ of heat could be generated [3]. 

The properties of the ash depend substantially on two main factors, the combustion temperature and the exposure time in the oven: the 

main substances that are obtained are silicates, however, by modifying the parameters just described, very different characteristics can 

be obtained. In an uncontrolled combustion process, two main components are quickly produced: cristobalite and tridymite. On the 

other hand, by carrying out a controlled combustion process within a temperature range between 500°C and 700°C for about an hour, 

the organic components (cellulose and lignin) are lost, obtaining only amorphous silica: this form of silica is more reactive than that 

deriving from uncontrolled combustion (crystalline silica), thus ensuring the development of pozzolanic properties. The structure of 

amorphous silica, if analyzed at a microscopic level, is microporous, therefore with a large surface area, which favors its chemical 

reactivity: it is therefore not advantageous to grind the ash very finely, since the dimensions of the surface area of the particles would 

be reduced, reducing the pozzolanic activity [4] [5]. 

Rice husk ash (RHA) with controlled combustion has the following composition [6]: 

- Silicon dioxide (SiO2): 87.2% 

- Aluminium oxide (Al2O3): 0.15% 

- Ferric oxide (Fe2O3): 0.16% 

- Calcium Oxide (CaO): 0.55% 

- Magnesium oxide (MgO): 0.35% 

- Sulphur trioxide (SO3): 0.24% 

- Carbon (C): 5.91% 

- Potassium oxide (K2O): 2 % 

The particles have a size of around 7 μm (96% passing through a 45 micron sieve), a specific surface area of 27,400 m2/kg and a 

pozzolanic activity index of 84%; the loss on ignition value is 5.44%. The bulk density is in general 15.9 kg/m3, but it can change in 

function of the geographical position. This study considers articles in which specimens containing class 42.5 and 52.5 Portland cement 

respectively have been used and therefore it will be expected that the results will not be directly comparable, but that all curves must 

be dimensionless with respect to their reference strength (without substitution), so as not to be affected by the difference in the type of 

mixture. 

As previously described, rice husk has the tendency to absorb a high quantity of water and therefore, hence it can be mixed to the 

cement in one of the two following ways: 

i) to grind the rice husk ash particles together with the cement during its production phase: in this way the structure of the ash is broken 

and the water requirement is reduced; 

ii) to mix RHA and cement on site: in this way the ash can fix the free lime that is released by the clinker in the hydration phase. 

Amorphous silica reacts with calcium hydroxide (Ca(OH)2), forming in the secondary hydration reaction a C-S-H (calcium silicate 

hydrated) gel, characterized by a porous structure with a high specific surface area: in this way the resistance and durability of the 

concrete are increased. 

The second procedure is considered more applicable to the construction world as it is more practical, the following sequence of phases 

has been observed [7]: 

1. Reaction of the silicates present in the cement with water, with the breaking of the silicate bonds and formation of the C-S-

H and calcium hydroxide gel (the first of the two guarantees the mechanical resistance of the concrete and the second 

maintains an alkaline environment, protecting the reinforcing steel from oxidation); 

2. At a slower but equally effective rate, the reaction between amorphous silica and lime leads to the formation of further C-S-

H gel, with an increase, thanks to the ash, in strength and workability in a more diluted time. 

2.2 Compressive strength 
In this study data of 13 tests (from [8] to [20]) done by other authors from 2011 to 2022, have been considered to evaluate the influence 

of replacing cement with RHA on the compressive strength. The tests considered are made on samples having a water to cement ratio 

between 0.35 and 06. The durability has also been considered, observing the compressive strength from 7 to 9 days. It must be 

highlighted that this collection of data is the most numerous nowadays available in literature. The characteristics of the mixtures 

considered are reported in Table 1. For each water/cement ratio range, the behavior of the mixture is evaluated by varying the percentage 

of replacement of the cement with rice husk ash: since the workability progressively decreases with increasing replacement, it was 

decided to keep the w/c constant and use fluidifying additives. 

Table 1  Composition of the concrete specimens considered in the test campaign performed 



 
 

 

 

 

2.3 Test results 
The compressive strength resistance has been tested after 7, 28 and 91 days. To make an effective comparison, the following graphs 

describe the trend of resistance over time for fixed values of the w/c ratio for the various percentages of replacement of husk ash with 

cement. In the following Figs 2-4 the ratio between the compressive strength with RHA, fCRHA, and the compressive strength without 

RHA, fC0, are plotted versus the percentage of RHA at 7, 28 and 91 days from curing for different w/c values. The dispersion of data 

is due to the fact that the tests have been done by different experimental campaigns, in fact some of them use different cement and the 

rice husk properties can’t be always the same for all the countries: from the figures is important to analyze the behavior of the mixtures 

as the percentage of RHA increases.   

 



 
 

 

Fig. 2 Ratio between compressive strength with RHA [%] and compressive strength without RHA – w/c = 0.4 a) 7 days; b) 28 

days; c) 91 days  

 

Fig. 3 Ratio between compressive strength with RHA [%] and compressive strength without RHA – w/c = 0.5 a) 7 days; b) 28 

days 

 



 
 

 

Fig. 4 Ratio between compressive strength with RHA [%] and compressive strength without RHA – w/c = 0.6 a) 7 days; b) 28 

days; c) 91 days 

- For the specimens with w/c = 0.4 at a maturation time of 7 days a peak is observed for a substitution equal to 5%, while at 

28 days the maximum resistance is obtained with a substitution reaching 7.5%; this trend then remains constant up to 91 

days, with an average resistance fcm, greater than 50 MPa; 

- For w/c = 0.5 the peak at 7 days of maturation is reached with a 10% replacement, while at 28 days the maximum strength 

is obtained with a 5% replacement; 

- For w/c = 0.6 the behavior at 7 days does not appear to have a clearly identifiable trend, while at 28 and 91 days of maturation 

it is evident that the peak is reached for a substitution of 5%. 

In particular at 7 days fcm decreases from 30 MPa for w/c = 0.4 to 15 MPa for w/c = 0.6. 

- At 7 days the best performance is obtained with 5% of RHA for w/c = 0.4 and with 10% or RHA for w/c = 0.5 and for w/c = 

0.6; 

- At 28 days the best performance is obtained with 7,5% of RHA for w/c = 0.4, and with 5% of RHA for w/c = 0.5 and w/c = 

0.6. 

 As told in the last paragraph, there is a great difference between some tests: this fact is due to the different type of cement used (OPC 

42.5 or OPC 52.5). As can be seen in all the graphs, therefore for all values of the w/c ratio, except for the least performing case in 

which it is 0.6, the mixtures with a substitution percentage between 5 and 10% show better properties than those of ordinary concrete 

already 7 days after pouring, and then maintain a difference with respect to it that is almost constant even in the long term. In the case 

of the mixture with a w/c ratio of 0.6, ordinary concrete shows a higher resistance in the short term, to then be surpassed by that with 

a 5% substitution at 28 and 91 days. If we consider the mixtures with a substitution percentage of 15 and 20%, we observe lower initial 

resistances compared to the reference case (without substitution) already at 7 days (reduction between 6% for w/c = 0.35 up to 50% 

for w/c = 0.6), then maintaining this difference almost constant both at 28 and 91 days for the w/c ratios 0.43 and 0.5, while it tends to 

decrease as the water-cement ratio increases. Therefore, it can be concluded that substitution is more effective for low w/c ratios, since 

in cases where w/c is high, by further reducing the quantity of cement, the resistance of the material is reduced and the potential of the 

ash is not fully exploited. On the contrary, for a w/c equal to 0.4 the increase in resistance is maximized thanks to the substitution with 

husk ash in a percentage between 5 and 7.5%. 

3 Workability 

The workability test of concrete is the slump test, which is carried out in compliance with current regulations, considering the lowering 

of a cone of fresh concrete: five different classes are identified, of which S1 represents the minimum lowering and S5 the maximum. 

Only those mixtures for which no plasticizing additive has been used are taken into consideration, since it would make no sense to 

compare mixtures in the absence of such substances with others that contain them. In this graph the influence of the RHA replacement 

on the slump are compared for a) w/c = 0.4; b) w/c = 0.5; c) w/c = 0.6. 



 
 

  

 

 

Fig. 5 Slump test in function of % RHA for a) w/c = 0.4; b) w/c = 0.5; c) w/c = 0.6 

As expected, there is a general increase in slump with w/c increasing; furthermore, it is evident that as the percentage of cement 

replacement with RHA increases, a reduction in workability occurs. The higher the water/cement ratio, the less influence the cement 

replacement with RH has: this can be justified by the fact that with a higher percentage of water in the mix, this is sufficient to satisfy 

the ash requirement without excessively affecting fluidity. In almost all samples, it is observed that up to a 10% replacement, which 

corresponding to the percentage optimizing the compressive strength, the collapse in workability is rather limited, and then becomes 

more severe for increasing percentages. It is calculated that the optimum percentage of RHA replacement is between 5% and 10% both 

for resistance and workability. 

4 Sustainability 

The sustainability requirements of building materials are usually quantified on the percentage of material on total weight. In this 

paragraph it is proposed an index, CO2, that relates the resistance to carbon dioxide emissions. The CO2 index is obtained as the ratio 

between the compressive strength of the material at 28 days and the CO2 emissions per unit of volume that is released for the production 

of the mixture. In this way, a performance coefficient was obtained, which in the future can be used as a reference parameter in the 

development of a "Sustainability limit state", since it takes into account both the mechanical resistance and its polluting power. 

Considering the cements used in the mixtures and the materials used for the production of the concrete, the CO2 index was calculated 

for the three different w/c ratios previously considered (Fig. 6). 



 
 

 

Fig. 6 CO2 in function of % RHA for w/c = 0.4; w/c = 0.5; w/c = 0.6 

From Fig. 6 it is evident that as the percentage of cement replacement with RHA increases, there is an increase in the coefficient CO2 

for all w/c ratios, thus producing an overall improvement in the performance of the mixture. In terms of CO2 RHA has an extremely 

positive impact, as the carbon dioxide saved through the exploitation of combustion for heat production is greater than that released. It 

can be observed that, in the evaluation of the CO2 index, a mixture with poorer mechanical performance, but with a high saving in 

terms of carbon dioxide emissions, provides a better value. 

5 Conclusions 

Considering the very high carbon dioxide emissions associated with the construction world and the new regulations that respond to this 

need to make the materials used for construction more sustainable, the use of rice husk ash turns out to be an extremely advantageous 

choice. Through the use of a substitution percentage between 5 and 7.5% it is in fact possible to provide a new use for what would 

otherwise be waste. Through this addition it is possible to save on the quantity of cement in the mix without any loss in terms of 

mechanical performance. In this paper a performance index, CO2, has been proposed relating the resistance with the CO2 emissions. 

By analyzing its trend, it has been evident that addition of RHA to concrete produces extremely positive results. It is in fact possible to 

produce heat to heat water, saving energy that would otherwise be necessary to obtain from other sources, reduce the quantity of clinker 

in the concrete and therefore consequently the carbon dioxide emissions associated with it, and finally increase the performance of the 

material itself in terms of resistance, at the cost of a modest reduction in workability, which however can be easily recovered with the 

use of fluidifiers. 
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