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Abstract 
  
This work is performed to develop a cement mortar by incorporating biochar 

agrowaste. The experimental study outlines the durability and mechanical 

properties of the mortar. For this purpose, 2%, 4%, 6%, 8%, and 10% biochar 

prepared from rice husk at 550
o
 C, has been introduced in the cement mortar 

to replace cement. The cement mortar properties such as flowability, flexural 

strength, compressive strength, water absorption, etc. were studied. 

Microscopic properties have also been studied with the help of non-

destructing techniques such as scanning electron microscopy and X-ray 

powder diffraction techniques. The strength properties of cement mortar 

significantly improved with a 2% replacement of cement by biochar.  As 

compared to the control specimens, the increase in compressive and flexural 

strengths was found as 9.55% and 12% respectively. However, the fresh 

properties such as flowability are reduced with the addition of the biochar. 

For durability, sulphate resistance test is carried out with a 5% Na2SO4 

solution.  The compressive strength loss is found to decrease when biochar is 

replaced up to 4%, whereas the loss increases with further increase in the 

inclusion of biochar beyond 4%. The study of the findings reveals that the 

addition of Biochar greatly affects the properties of the cement mortar. 
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1 Introduction  
 

The security of the environment is among the major challenges of 

society. The manufacturing process of cement being highly energy-intensive, 

carbon dioxide emission is a serious concern worldwide. According to the 

Environmental Sciences Division, 2010 [1], it is found that cement 

manufacturing bears the responsibility for the world's 5% of total man-made 

carbon dioxide emissions. Significant emissions of greenhouse gases 

involved in mining, processing, transportation, and the extraction of raw 

materials have serious impacts on the environment [2]. 

Extensive study has been carried out to analyze many by-products of 

waste as a possible substitute for cement, natural sand, and fine building 

aggregates. The replacement of these raw materials with the waste by-

products from agriculture industries is an eco-friendly key to the issues 

regarding the scarcity of non-renewable natural raw materials and an 

alternate way of waste disposal. As per the World Bank records, the current 

worldwide generation of waste is estimated at 2.2 billion tonnes every year 

by 2025 [3]. Many researchers have discussed the feasibility of using 

agricultural waste such as rice husk bark ash [4, 5] ash from palm oil, and 

rice husk [6, 7, 8]. “Ash from the ground shell, sugarcane bagasse, and 

coconut shell is also used as a replacement in green concrete” [9]. 

“Sustainable mortar is achieved using the waste of paper with different 

contents (0 to 50%) as an alternative percent of the volume of sand” [10].  

Several reports incorporating agrowaste in concrete have been 

documented in multiple studies and the properties of concrete containing 

agrowaste from rice husk, bagasse, tobacco, oyster shell, cork, groundnut, 

oyster shell, sawdust, etc. have been compared [11]. The agrowaste concrete 

containing ash from rice husk, tobacco, cork, and groundnut shell showed 

better workability as compared to the concrete comprising ash from sawdust, 

bagasse, and oyster shell. A 20% replacement of fine aggregate by rice husk 

ash resulted in the attainment of maximum strength. The studies also 

reported the optimum replacement of cement with rice husk ash (RHA) with 

different water and binder proportions.  Maximum compressive strength has 

been reported with 15% RHA and 0.5 water-cement ratios [12], 10% RHA 

and 0.55 water-cement ratio [13], and 15% RHA and 0.4 water-cement ratio 

[14]. 

The differences in the optimum percentage of cement replaced by RHA 

are due to the difference in the properties of RHA used and the different 

water to binder ratio. 

India has 17.7% of the total population of the world [15] and one of the 

largest agriculture-based economy generating a huge amount of unwanted 

agricultural waste [16], along with residuals of food grains. As per the 

records of DES (Directorate of Economics and Statistics), the 
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generation of sugarcane, wheat, and rice in India is estimated to be 560 Mt in 

the year (2012-23) [17]. And of all the food grains, the majority of the 

residuals of rice, wheat, and sugarcane are burned by the farmers in the open 

as the farmers find no cheaper alternative [16]. In many parts of India such as 

Punjab, even though Punjab Pollution Control Board (PPCB) has forbidden 

stubble burning in open, the practice is still followed. It has been cited as a 

major cause of air pollution in recent years. However, this agrowaste is one 

of the waste by-products that have cementitious properties capable of 

improving properties of concrete [18, 19] and has the potential to overcome 

the major environmental concerns associated with agriculture waste 

management. Massive amounts of agricultural waste such as baggage ash, 

wheat straw, and rice husk ash are produced in the world. This waste can be 

reutilized by converting it into a Biochar through effective sustainable 

techniques [16][32] and under controlled conditions through the process of 

pyrolysis [20]. Moreover, agrowaste processed through pyrolysis not only 

solves the issue of pollution in the environment but also can improve the 

properties of the concrete [21, 22]. The purpose of this experimental study is 

to examine the durability and mechanical properties of agrowaste-integrating 

cement mortar.  

 

1.1 Properties of Biochar 
 

Biochar is a waste by-product derived from the thermochemical 

conversion of agrowaste under a controlled supply of oxygen. It is an eco-

friendly waste treatment procedure known as pyrolysis [23]. It is a carbon-

rich and fine-grained product [16] in which the carbon content varies 

depending upon the processing temperature which is varied from 300
ο
 to 

800
ο
 C. Exceeding the temperature beyond 800

o
 C decreases the yield of 

biochar without increasing its carbon content [23].  

Research shows that Biochar has the potential to replace cement to some 

extent in the production of concrete. Choi et al. [23] conducted experiments 

to examine the properties of Biochar and found that replacing cement with 

Biochar to the extent of 5% enhances the concrete 28 days compressive 

strength by 10%. “A similar study was also conducted by Gupta et al. which 

suggests that biochar can sequester carbon and has the properties to be 

utilized as a cement replacement material in the concrete composite” [18].  

Biochar is also a porous material and contains pores of micro, meso, and 

macro sizes [24] which enables the water to penetrate easily into it. The 

porosity increases the water retention capacity [18, 19] of the biochar and 

also serves the purpose of an internal curing agent. Internal curing is 

different from regular curing where water is added to the external surfaces. It 

increases the rate of hydration of the cement by supplying the water from its 

pores filled with water within the concrete [24]. Also, due to the presence of 

carbon, Biochar has the filler effect that enables the particles to spread in the 
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blended cement paste [25]. Therefore, effective distribution of the particles 

which act as internal curing agents leads to an enhanced hydration reaction 

in the cement paste. The typical chemical composition of biochar expressed 

as a percentage by mass from X-ray fluorescence spectroscopy is specified 

in (Table -1). 

 
  Table 1 Typical Chemical Composition of Biochar 

Chemical Composition (%) 

Biochar C O Si K Ca Mg 

50.2 34.4 13.5 1.0 0.9 0.1 

 

2 Materials and Methods  
 
2.1 Cement and Fine Aggregates  
 

Figure 1 shows (a) Dry Sand (b) OPC Grade 43 Cement (c) Biochar 

prepared at 550°C. Cement mortar mixes are prepared using Garde 43 [26] 

compliant Ordinary Portland cement is shown in Figure 3 (b). The physical 

properties of cement and its chemical composition are given in Tables 2 and 

3 respectively. Locally available sand shown in Figure 3 (a) of fineness 

modulus 2.53 conforming to IS 2386 is used as fine aggregates. The curve 

given in Figure 2 shows the particle size distribution of sand with a 

maximum size of 4 mm.  The specific gravity of the sand used is 2.65 and the 

water absorption of sand is 1%.  
Table 2 Physical Properties of OPC (Grade 43) 

Material Specific 

gravity 

Fineness 

(%) 

Standard 

Consistency 

(%) 

Soundness 

Of cement 

Initial 

Setting 

time 

Final 

setting 

time 

Cement 

(43 grade) 

3.2 97.54 32 1mm 97 

Min. 

348 

Min 

 

Table 3 Chemical Compositions of OPC (Grade 43) 
 

Chemical Composition (%) 

Materials SiO2  Al2O3   Fe2O3  CaO  MgO   K2O 

OPC 

Grade 43 

21 5.5 3.5  67  2.3  2.5 

 

       
          (a)    (b)    (c) 

Figure 1 (a) Dry Sand (b) OPC Grade 43 Cement (c) Biochar prepared at 550°C 
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Figure 2 Particle Size Distribution Curve of Sand 
 

2.2 Preparation of Biochar 
   

In this experimental study, the Biochar used is prepared by the pyrolysis 

of rice husk at 550°C. The biochar was then dried at a temperature of 60–

65°C, cooled down, and then packed in a sealed container. The particle size 

distribution analysis was carried out using Zeta potential analyzer (Malverrn 

Zetasizer Nano ZS90).  The particle size distribution curve of Biochar and 

cement (Figure 3) indicate that a significant part of the Biochar is found finer 

when compared to the cement. 

 
 

Figure 3 Particle Size Distribution of Biochar and Cement Particles 
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2.3 X-ray Diffraction Analysis of Produced Biochar 
 

The X-ray diffraction analysis (XRD) was conducted to study the 

crystalline size and crystalline phase of the biochar using Bruker D8 

Advance, a multifunctional research-based X-ray diffractometer. The biochar 

sample was dried and ground before the testing was done. Bruker D8 

Advance has the potential to analyze samples such as powders and thin films. 

The instrument is also equipped with ICDD PDF2, PDF4+, PDF4/Organics, 

PDF4/Minerals data base. The scanning was controlled in the short 2 theta 

range. 

 

2.4 Microscopic Analysis (SEM-EDS) SEM (Scanning Electron 
Microscopy) 
 

The morphology of biochar particles is studied using JEOL FESEM. A 

few nanometres thick Gold-coating was done on biochar samples to get high-

resolution images. The Scanning Electron Microscopy (SEM) images of 

Biochar are shown in Figure 4. Long, the thin and irregular shape of biochar 

particles can be observed through magnified images. The results indicate that 

the Biochar particles are extremely fine as compared to the cement particles. 

This shows that biochar particles have a high surface area and pozzolanic 

reactivity. The shape, arrangement, and structure of grounded biochar 

particles identified by scanning electron microscopy are shown in Figure 4. 

The cellular and microporous structure of the particles with interconnected 

fibers indicates water absorption and retention capacity. Both porosity and 

water retention capacity of biochar serves as a purpose of an internal curing 

agent for supplying water during the hydration process in the cement water 

paste to increase the degree of hydration. Therefore, the particles act as a 

water-filled reservoir in cement mortar mix.     
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2.5 Energy- Dispersive X-ray Spectroscopy (EDS) Analysis 
 

The composition of biochar was analyzed using EDS (OXFORD EDS 

LN2) integrated with a scanning electron microscope. The analysis shows 

the presence of 50.2% carbon and 34.4% oxygen in the biochar and the 

elements such as calcium 0.9%, magnesium, potassium as well as traces of 

silica were found in the elemental analysis. Table 4 shows the elemental 

composition (percentage by weight) and ultimate analysis of biochar 

samples.   
 

Table 4 Elemental Composition (percentage by weight) and Ultimate 

Analysis of Biochar 

Ultimate Analysis  

Carbon 50.2 

Oxygen 34.4 

Oxygen/Carbon ratio 0.68 

Elemental Composition  

Calcium (Ca) 0.9 

Magnesium (Mg) 0.1 

Potassium (K) 1.0 

Silica (Si) 13.5 

 

2.6 Mortar Mix Proportion and Specimen Preparation 
 

To examine the influence of biochar in cement mortar paste, six mixes, 

including the control mix, were prepared by replacing cement with Biochar 

from 0 to 10%. The different mix proportions are given in Table -5. The 

fresh properties of cement mortar such as flowability, compressive and 

flexural strengths were tested. The microstructural and durability properties 

 

Figure 4 SEM Images of Biochar Particles, Pores are Created in 

Biochar During Pyrolysis 
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were also investigated.  

To study the durability and mechanical strength characteristics of 

cement mortar, 70 mm cubes of cement mortar (Portland cement grade 43 - 

1 part and sand 3 parts) were cast keeping the water-binder ratio of 0.5.  The 

proportion of cement mortar mixes analyzed are shown in Table 5. 

 
Table 5 Mix Proportions of Cement Mortar 

 

Cement 

Mortar Type 

Cement 

Replacement  

Cement 

(Kg/m
3
) 

Biochar 

(Kg/m
3
) 

Sand 

(Kg/m
3
) 

Water 

(Kg/m
3
) 

CM 0 478.8 0 1655.85 240 

CR2 2% 469.2 9.576 1655.85 240 

CR4 4% 459.65 19.15 1655.85 240 

CR6 6% 450.0 28.72 1655.85 240 

CR8 8% 440.5 38.3 1655.85 240 

CR10 10% 430.92 47.88 1655.85 240 

 

2.7 Total Water Absorption 
 

To determine the amount of water absorbed, the cured specimens were 

dried for 48 hours in an oven at a temperature of 100+10
o
 C, and then the 

temperature was gradually reduced to room temperature. The mass of dried 

samples was recorded and samples were again immersed in water to saturate 

for 24 hours. Before measuring the mass of wet specimens, excess water was 

removed using a cloth. TWA (Total Water Absorption) was calculated using 

equation (1). 

   (1) 

where ms and md are the masses of saturated and dried samples respectively.  

 

2.8 Compressive Strength 

 

To compare the compressive strength of samples of cement mortar, 70.6 

mm size cube moulds conforming to IS:  4031(Part 6): 1988 [29] were used. 

After 24 hours, cubes were taken out of the moulds and immersed in clean 

water.  Three specimens were tested for compressive strength for each 

period of curing according to IS: 4031 (Part-6) 1988[29].  

 

2.9 Flexural Strength 
 

Flexural strength test of cement mortar beam specimen measuring 

160mm x 40mm x 40mm was carried out for each period of curing and 

tested following the requirements of ASTM 348–02 [27]. 
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2.10 Compressive Strength Loss Due to Sulphate Attack 
 

After the samples were cured for 28 days, the samples were divided into 

two sets; one set of cement mortar specimens were immersed in the 5% 

Na2SO4 solution and the second set of cubes were immersed in water for 

testing after 7, 28, 56, and 90 days [28]. The percentage of loss of 

compressive strength was determined by comparing the compressive 

strength of samples immersed in Na2SO4 solution and water. The results are 

shown in Figure 12. 

 

3 Results and Discussion 
 
3.1 Flowability 
 

Flowability of all the samples of different mixes (Figure 5) was 

conducted using a flow table test conforming to IS: 5512 :1983 [29] to 

determine the water content for cement mortar specimens. It was found that 

percentage of biochar content in the mix increases, the flow diameter 

decreases due to the more porosity and water-retaining capacity of biochar, 

hence reducing the flow and workability of the fresh cement mortar. 

Therefore, the samples with high biochar content give a lower flow diameter 

than the samples with low biochar content.  

 

 
 

Figure 5 Flowability of Cement Mortar Mixes 

 

3.2 X-ray Diffraction 
 

The strength and durability of cement mortar composite are directly 

affected by the crystalline size, texture, and mineralogical composition. The 

specimens were finely ground and analyzed using X-ray diffraction (XRD). 

The assessment of the particles in the cement mortar mix CR4 is done by  
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diffraction peaks in Figure 6 indicating the pattern and are matched to obtain 

the required crystals. The analysis shows silica (Si), calcium hydroxide 

Ca(OH)2 with dicalcium, tricalcium silicate (C2S/C3S) phases, and calcium 

silicate hydrate (CSH). Peaks for CR2 are obtained at 2θ positions as shown 

in Figure 6.  

 

 
 

Figure 6 X-ray Diffraction Profile of Cement Mortar Mix With 4% Cement 

Replacement with Biochar 

 

 
 

Figure 7 (a) Magnified Image Showing Mortar Mix and Aggregates, (b) Magnified 

Images Showing Silica, (c) Magnified Image of CR2 Sample Showing Voids and C-

S-H Paste (d) Magnified Image Showing Pores of Biochar 
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The mortar samples were finely ground and were examined under 

scanning electron microscopy (SEM). The magnified images of cement 

mortar paste, sand, and biochar particles show the surface texture, roundness, 

and smoothness of the respective particles. The magnified image in Figure 

7(c) shows the hydrated phases of the cement mortar, sand appears as a grey 

color whereas the voids in black shows porosity. Figure 7 (d) shows dense 

gel formation at the interface of mortar and aggregate paste after 28 days of 

hydration. The microstructural properties of cement mortar are shown in 

Figure 7(d).  The higher number of macro-pores of CR2 sample shows an 

improved interface zone in comparison to the plain cement mortar that can be 

easily distinguished due to the presence of pores and voids in the mortar 

paste. The result indicates the formation of CSH (Calcium silicate hydrate) 

due to the increased rate of hydration where the biochar particles act as micro 

fillers which densifies the cement mortar paste.  
 

3.3 Total Water Absorption (TWA) 
 

 
 

Figure 8 Total Water Absorption of the Mortar Mixes 

 

TWA for the cement mortar mixes cured from (3 to 28) days is presented 

in Figure 8. Results suggest that the total water absorption (TWA) decreases 

with the age. It is observed that with the increase in biochar inclusion, CR2 

shows a 0.5% increment as compared to the control specimen. Water 

absorption of the samples continuously increases due to the porosity and the 

water retention capacity of the biochar. Water absorption properties are also 

associated with the amount of porous carbon and microstructural properties 

(packing) of the cement mortar mixes as shown in Figure 7 (SEM images of 

the different mixes). 
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3.4 Compressive Strength 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in Figure 10 shows the effect of cement 

replacement with biochar in cement mortar cubes. Compressive strength as 

per IS: 4031 (Part 6) 1988 [30,31] of cement mortar cubes were tested in the 

compression testing machine shown in Figure 9 after 7, 14, and 28 days of 

curing. From the experimental analysis (Figure 10), it is clear that the 

maximum compressive strength (CS) of CR2 is obtained when 2% of cement 

in the mortar mix is replaced by Biochar. The decrease in compressive 

strength (CS) is noticed with the inclusion of biochar beyond 2%. As biochar 

has the water retention property which helps to maintain moisture during 

curing. A decrease in compressive strength is seen when the Biochar 

inclusion is more than 4%. 

 

 
 

Figure 10 Compressive Strength (CS) of Cement Mortar Mixes at 7, 14, and 28 

Days 
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Figure 9 Compressive strength Test of Cement Mortar Cube of 

Size 70 x 70 x 70 mm
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3.5 Flexural Strength 
 

                                                                        
 

Figure 11 Flexural Strength Test of Cement Mortar Beam of Dimension (160 x 40 x 40) m3 

 

The flexural strength results in Figure (12) shows the impact of cement 

replacement with biochar in cement mortar. The flexural strength of cement 

mortar beams is tested after curing for 7, 14, and 28 days under a 3-point 

bending test as shown in Figure 11. It is seen that the flexural strength is 

enhanced when cement is replaced by Biochar in cement mortar mix up to 

4% as compared to the control specimen. A 12% increase in flexural strength 

of CR2 beam specimen is observed at the age of 28 days.  The experimental 

test is conducted on a compression testing machine where the sample is 

placed on two supporting pins a fixed distance apart. Flexural strength for 

cement mortar beam is calculated using equation (2).  

  (2) 

where, is flexural strength, L, b, and d are length, breadth, and depth 

respectively of cement mortar sample and F is the maximum load applied. 

 

 
 

Figure 12 Flexural Strength of Different Mixes of Cement Mortar at 7, 14, and 28 

Days 
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3.6 Compressive Strength Loss Due to Sulphate Attack 
 

Sulphate attacks happen on cement mortar from sodium Sulphate 

solution or other salt containing SO
3-

 ions. SO4 present in the solution 

interacts with Ca
2+

 ions in the cement mortar and produces gypsum which 

lowers the mechanical strength of Calcium Silicate hydrate (CSH) gel. It is 

cleared from Figure 13, that a higher loss in compressive strength of the 

control mix is seen when compared with the loss in compressive strength of  

CR2 and CR4 specimens. The result indicates the rise in pozzolanic activity 

between biochar and calcium hydroxide Ca(OH)2 yielding the additional 

calcium silicate hydrate. More compressive strength loss is seen with the 

increase in biochar inclusion in cement mortar. This is due to the 

microporous structure of biochar that allows Sulphate ions to react with 

Ca(OH)2 resulting in compressive strength loss.    

 

 
 

Figure 13 Compressive Strength Loss (%) of Different Mixes of Cement Mortar at 

7, 28, 56, and 90 Days 

 

4 Conclusion 
 

1. The partial replacement of cement with Biochar significantly affects 

the fresh properties of cement mortar. Due to the porous structure and the 

water retention ability of the biochar, the flow of fresh mortar is reduced. The 

water absorption capacity of cement mortar increases with the inclusion of 

biochar. However, the total water absorption decreases with the age. It is 

observed that with the increase in biochar, CR2 showed a 0.5% increment in 

total water content as compared to the controlled specimen.   

2. The presence of carbon in the biochar induces the filler effect that 

enables the particles to spread in the blended cement paste. The effective 

distribution of the particles that act as an internal curing agent leading to an 
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enhanced hydration reaction in the cement paste.  

3. The compressive strength of cement mortar specimens is significantly 

improved with the inclusion of biochar and is confirmed through the 

microscopic analysis (the formation of C-S-H (calcium silicate hydrate) due 

to the increased rate of hydration). It is found that CR2 and CR4 mixes gave 

better results in comparison to the control mix. It is concluded that the 

replacement of cement more than 4% leads to a lower compressive strength. 

4. The experimental result shows that the replacement of cement with 

biochar significantly affect the flexural strength of cement mortar. It is found 

the flexural strength increases by 12% when 2% of cement is replaced with 

biochar. 

6. The cement replacement with biochar in the cement mortar minimizes the 

loss in compressive strength. However, increasing the biochar percentage 

beyond 4%, loss in compressive strength is considerably increased and 

adversely affects the durability properties of cement mortar. 
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