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Biochar is a waste biomass derived carbon enriched solid material that is capable for carbon 
sequestration. This study illustrates a revolutionary study on the waste biomass pyrolyzed biochar-
based concrete with 0–5 wt% cement replacement by the biochar as a potential binder material 
without using any petroleum-derived superplasticizer. The mechanical strength properties along with 
the water absorption of the proposed hybrid composite are evaluated for a fixed concrete composition. 
Moreover, the volumetric property of the formed concrete is determined using the synchrotron-
based micro-computed tomography. This study revealed that biochar incorporation up to optimum 
concentration helps in enhancing the mechanical strength properties of concrete. The optimum dosage 
of biochar which is 2 wt% increases the compressive strength, splitting tensile strength, and flexural 
load at fracture by 18.95%, 19.64%, and 12% respectively. Moreover, the optimum sample has shown 
lowest water absorption among all other samples which indicated reduced porosity in the concrete 
with biochar introduction. X-ray diffraction analysis confirmed the more production of calcium-
silicate-hydrate hydration products for the optimum biochar-augmented concrete composites which 
resulted in high strength concrete formation. However, the higher concentration of biochar seemed 
to have negative influence on the strength and durability properties of the concrete which can be seen 
in terms of physical strength properties and water absorption data. Nonetheless, our novel design 
of biochar-based concrete can open up a new field of biochar application in construction materials 
without sacrificing its mechanical strength and water absorption properties to develop green concrete 
composites.
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Concrete is a crucial and inseparable part of modern civilization to build reliable and long-lasting domestic and 
commercial structures. It provides structural durability, strength, and versatility during the construction process 
along with providing robust, affordable, and abundantly available options for new development. Concrete is 
generally composed of cement, sand, gravel, and water, in which cement being the major constituent of concrete 
mixture. However, concrete usually has different compositions based on the final application of the material. The 
cement is mainly made up of tri-calcium silicates (C3S), di-calcium silicates (C2S), tri-calcium aluminates, and 
tetra-calcium aluminoferrites in 50–70%, 15–30%, 5–10%, and 5–15% respectively1. These are the important 
constituents (mainly di- and tri- calcium silicates) of cement that take part in hydration reaction to help calcium 
hydroxide, and calcium-silicate-hydrate (C-S-H) gel formation as described in the reaction (1)1. However, 
several other trace compounds are also present including potassium and sodium oxides, and gypsum which 
accounts for less than 5%2.

	 2 (CaO)3 (SiO2) + 7H2O → 3 Ca (OH)2 + (CaO)3 (SiO2)2 4 (H2O)� (1)

According to Statistica (2023), the global cement production was estimated to be 4.1  billion tons in 2022, 
approximately 195% more than that was in 1995 which shows huge reliance on cement for construction 
materials. However, the cement production is one of the largest carbon dioxides (CO2) emitter industrial sector 
worldwide, which contributes around 7% that includes production, preparation, and processing phases3. The 
limestone calcination process is the major bottleneck for CO2 production directly to the environment which 

1Department of Chemical and Biological Engineering, University of Saskatchewan, 57 Campus Drive, Saskatoon, 
SK S7N5A9, Canada. 2Canadian Light Source, 44 Innovation Boulevard, Saskatoon, SK S7N2V3, Canada. email: 
bishnu.acharya@usask.ca

OPEN

Scientific Reports |        (2025) 15:22192 1| https://doi.org/10.1038/s41598-025-07210-3

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-07210-3&domain=pdf&date_stamp=2025-6-20


happens around 10000C. The cement contributes only 20% of the total volume of the concrete but accounts 
90% for the total CO2 emission4. That necessitated research for alternative supplementary materials to partially 
or fully replace cement to reduce the carbon footprint and make the concrete production process greener and 
more sustainable. Various supplementary cementitious materials have been investigated to mitigate the direct 
CO2 emission to the environment and strengthen the concrete properties mainly are ground granulated blast 
furnace slag (GGBS)5–8 silica fume (SF)9–11 pulverized fly ash (PFA)12–15 metakaolin (MK)16,17 glass18–22copper 
slag23–25 waste eggshells26–30 lignin31,32 and tires and rubber33–36 etc. The utilization of these materials serves 
double benefit, firstly, it mitigates the carbon dioxide emission by reducing the actual quantity of cement used 
in the concrete, and secondly, by diverting industrial waste materials from directly going to landfills, and to 
achieve sustainability. For instance, the partial replacement of eggshell powder in the range of 5, 10, and 15 wt% 
of cement using two fineness (50 and 100 micron), revealed that 10 wt% replacement with 50-micron fineness 
have higher compressive strength compared to the controlled sample with 10% be the optimum replacement37. 
Islam and co-workers studied the waste glass powder in 0–25 wt% replacement of cement and mortar and 
found that recycled glass concrete and mortar showed better compressive strength compared to the control 
samples21. In another study, the mixture of glass powder and silica fume were used to partially replace cement 
in the concrete mixture38. He discovered that by using the mixture of glass powder and silica fume increases 
compressive strength, tensile strength, and flexural strength up to 8.64, 15, and 7.08% respectively after 28 days 
of curing upon 30% replacement.

There is a growing interest in the utilization of waste biomass products in construction materials to enhance 
the physical properties of conventional concrete for effective waste management practices and to reduce the 
carbon footprint of the cement used. Primarily, the waste biomass residues were directly incinerated in open 
fields to avoid the handling cost or landfill which produces methane gas a more potent greenhouse gas. Certain 
natural fibers like bamboo, flax, cotton, hemp, jute, hardwood or softwood are a strong natural fiber source39–43 
and bio-based additives like cellulose nanocrystals44–46lignin31,47 that is readily available and cheap source to 
develop reinforced concrete. However, preprocessing is required to directly use those fibers into concrete matrix 
and that adds more cost to the process. Moreover, the hydrophilic properties of natural fibers adversely affect the 
durability (especially water absorption) of the resultant fiber reinforced concrete composite. As a solution, these 
organic waste materials can be pyrolyzed to biochar, which is a carbon rich highly porous solid material derived 
from thermochemical conversion of lignocellulosic biomass in the limited/controlled oxygen environment 
in the temperature range of 450-5500 C48. Until this decade, biochar was mainly used as a soil amending or 
conditioning agent to reduce soil acidity, nutrient leaching, emission of greenhouse gases, fertilizer, and 
irrigation requirement, and to improve water quality, but now biochar finds its applications in cosmetics, carbon 
storage, textiles, wastewater treatment, catalysis, polymer composites, and construction materials49,50. A very 
limited study has been carried out to investigate biochar in construction material and carbon sequestration point 
of view. The highly porous structure and water holding capacity of biochar can be positively used as a “water-
pockets” for uniform and timely curing of concrete. The released water can be used for boosting the cement 
hydration reaction to produce more hydrated products which give ultimate strength to the concrete composites31. 
Moreover, finely pulverized biochar also provides filling effects to reduce the overall porosity to form more dense 
structure and positively influence its final strength. Biochar also offers advantageous characteristics in reducing 
the total cement quantity used and subsequently lowers the carbon footprints developed by the production of 
cement. However, several factors significantly impact the yield, specific surface area, pore volume, and other 
microstructural properties of the biochar obtained. For instance, biochar produced at low temperature (< 500ºC) 
is most likely to retain its pristine nutrients and organic matter from the source biomass and offers higher biochar 
yield with less energy-intensive input51. These nutrients (Si, and Ca-based compounds) could be helpful to alter 
the course of the hydration kinetics of the clinker phases52. The lower temperature pyrolysis produces more 
micropores compared to the higher temperature pyrolysis could be advantageous to reduce the overall porosity 
of concrete by providing filling53. Hence, the biomass pyrolyzing conditions should be meticulously considered 
to obtain desired biochar properties.

This novel research aims to investigate low temperature pyrolyzed waste softwood biochar to partially replace 
the cement in construction materials. Most of the previous research either focuses on mortar or cement paste 
wherein this study aims to utilize concrete with fine and coarse aggregated to introduce biochar into the concrete 
structure. The detailed characterization is carried out for the biochar-based concrete to understand the alteration 
in properties of hybrid concrete by incorporation bio-based additives. This developed novel biochar-concrete 
composite is tested for destructive and non-destructive characteristics and to determine the optimal dosage of 
biochar which can be incorporated without sacrificing its mechanical strength properties. It’s noteworthy to 
mention that this novel research does not use any petroleum-based superplasticizers to adjust the flowability 
properties of concrete.

Materials and methods
General Use (GU) Portland cement (PC) (Commercial grade Type 10) was obtained from Rona Garden, 
Saskatoon, Canada. Other materials including sand (fine aggregate) and gravel (coarse aggregate) were also 
brought from the same source. The coarse aggregates selected in this study were less than 20 mm to minimize 
uncertainty in strength caused by shape and size. The particle size distribution of cement, sand, and biochar 
used is shown in Fig. 1. The biochar (SA) used in this study was provided by Titan Clean Energy Projects, Craik, 
Saskatchewan, Canada (Picture available in Supplementary file S1). It’s noteworthy to mention that the biochar 
was tested as per ASTM C40-04 to check the organic impurities present in the biochar and the results suggested 
that biochar is free from toxic impurities and can be used in the construction materials application. The brief 
discussion of the method along with the results are mentioned in the supplementary file S1. The ultimate and 
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proximate analysis of SA along with calorific values are shown in Table 2. Additionally, the ash composition of 
biochar is presented in Table 3.

X-ray fluorescence (XRF) spectroscopy
The inorganic oxides composition of GU PC, sand and gravel samples are determined using XRF spectrometry 
and shown in Table  1. The manufacturer of the GP PC, sand and gravel was Quikrete® cement & concrete 
Products. The physicochemical and ash composition of biochar is given in Tables 2 and 3.

Biochar thermal and functional characterization
Thermal stability of biochar was performed in the presence of nitrogen at a purge flowrate of 60 ml/min. TGA-
5000 instrument (Perkin Elmer, USA) was used for thermal analysis of SA with the ceramic crucible and the 
original weight is taken as a reference. The heating rate was kept constant throughout the analysis and was 20 °C/
min. The TGA/DTGA curve of biochar is shown in Fig. 2(a).

The surface functional groups of the biochar were determined using Attenuated total reflectance-Fourier 
transform Infrared (ATR-FTIR) spectroscopy. The dried SA powder was used for this analysis. The spectrum 
was observed in the wavenumbers range of 400–650 cm− 1 with 4 cm− 1 spectral resolution. The FTIR spectra of 
SA is shown in Fig. 2(b).

Oxide (wt%) Gravel Sand PC

Na2O 0.00 1.61 0.00

MgO 0.98 0.44 0.72

Al2O3 9.17 5.00 2.15

SiO2 46.51 60.50 13.43

P2O3 1.70 2.90 0.00

SO3 0.00 0.14 4.31

ZnO 0.00 0.00 0.18

CuO 0.45 0.47 0.38

Fe2O3 5.30 2.97 4.96

MnO2 0.21 0.19 0.00

Cr2O3 0.00 0.00 0.20

Sc2O3 0.00 0.00 0.61

K2O 5.07 2.61 0.50

CaO 30.47 17.83 72.38

Table 1.  Distribution of inorganic fractions in cement, sand, and gravel.

 

Fig. 1.  Particle size distribution of cement, sand and biochar (SA) used in this study.

 

Scientific Reports |        (2025) 15:22192 3| https://doi.org/10.1038/s41598-025-07210-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Concrete mix and specimen preparation
Fixed designed mixing ratio was used to optimize and study the effect of SA in normal strength concrete. SA 
was added to the concrete as a partial cement replacement in the weight% of 0–5 (see Table 4). The water-to-
binder ratio was kept constant at 0.6 and SA + cement is considered as a binder. The materials were mixed in 
YARDMAX Portable concrete mixer (4 cu. ft. Drum) having attached dedicated blades for mixing. All the dry 
materials were first mixed for 2 min and then water was added for further mixing for 2 min. The SA was added 
to dry mix with the cement powder for proper mixing of the additives. All the samples were casted (Fig. 3) as per 
ASTM C192/C192M (2016). The cylindrical samples (50 mm x 100 mm), cubes (150 mm x 150 mm x 150 mm), 
and beam samples (100 mm x 100 mm x 500 mm) were cured as suggested by54and tested after predetermined 
7, 14, and 28 days of curing for mechanical strength properties as shown in Fig. 4. The slump value is measured 
immediately after mixing the fresh concrete using the slump cone test and the results are shown in Table 4. The 
nomenclature of the hybrid samples is given as per the weight% of cement replacement with biochar content, 
for example, 0.5SA represents 0.5 wt% cement replacement with biochar and similarly for 1SA, 2SA, 2.5SA, 
3SA, and 5SA whereas the control sample does not have any biochar. It is noteworthy to mention that there was 
no other additive like fossil-based superplasticizer water reducer used during the preparation of concrete. The 
water-holding capacity of biochar reduces the workability of concrete significantly at higher dosage of biochar 

Fig. 2.  (a) TGA/DTGA curve; (b) FTIR spectra of biochar (SA) used in this study (Note: AR—aromatic rings).

 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5 MnO2 SrO ZnO

Ash (wt%) 34.72 34.74 8.70 6.10 5.34 3.03 1.17 0.32 1.11 1.88 0.26 0.11 0.04

Table 3.  Ash composition of biochar.

 

Value

Ultimate analysis

 Carbon (%) 72.10

 Hydrogen (%) 2.17

 Nitrogen (%) 0.35

 Sulfur (%) 0.16

 Oxygen* (%) 25.22

Proximate analysis

 Moisture (%) 2.40

 Ash (%) 17.71

 Volatile matter (%) 3.18

Calorific value

 Gross calorific value (MJ/kg) 25.66

 Net calorific value (MJ/kg) 24.98

Table 2.  Physicochemical composition of biochar. *Oxygen content is measured by subtracting carbon, 
hydrogen, nitrogen, and sulfur from 100.
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which is evident from the slump value measured and mentioned in Table  4. This might result in improper 
concrete mixing and hence biochar should not be used higher than the acceptable concentration without water-
reducing agents.

Experimental tests
Compressive strength
Cylindrical concrete samples of dimensions 50 mm x 100 mm were tested according to ASTM C39 (2016) for 
compressive strength determination. The capped samples were used for compressive strength measurement and 
three specimens were tested for each mixing ratio after 7, 14, and 28 days of curing as shown in Fig. 4 and the 
mean value is considered.

Splitting tensile and flexural strength
The splitting tensile strength of the 50 mm x 100 mm cylindrical specimen was measured as per ASTM C496/
C496M (2011) (see Fig. 4). The samples were subjected to splitting tensile test after 7, 14, and 28 days of curing. 
Similarly, three specimens were tested, and mean values are reported for each mixing design. The beam of 
the dimensions 100 mm x 100 mm x 500 mm was prepared to measure the flexural strength of the concrete 
composites. The tests were conducted as per third-Point loading ASTM C78/C78M (2016) standards. Here, all 

Fig. 3.  Casted concrete cylinders, cubes, and beam samples for mechanical testing.

 

Cement (kg/m3) Sand (kg/m3) Gravel (kg/m3) Water (kg/m3) Biochar (kg/m3) Slump (mm)

Control 1 2 2 0.6 - 240

0.5% SA 1 2.010 2.010 0.603 0.005 226

1% SA 1 2.020 2.020 0.606 0.010 214

2% SA 1 2.041 2.041 0.612 0.020 198

2.5% SA 1 2.050 2.050 0.615 0.025 186

3% SA 1 2.060 2.060 0.618 0.030 176

5% SA 1 2.100 2.100 0.630 0.050 159

Table 4.  Designed mixing ration of biochar-concrete samples with slump value.
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the tests were done after 28 days of curing and the maximum load at failure was reported for all the mixing ratios 
as shown in Fig. 4.

Water absorption and density measurement
The water absorption of the samples was measured as suggested by55. The cubical samples of 150 × 150 × 150 
mm3 were casted for water absorption experiment and density measurement and tested after 28 days of curing.

X-ray diffraction (XRD) spectroscopy
The hydrated and unhydrated crystalline phases of cured concrete were determined using XRD analysis. The XRD 
analysis was carried out using Bruker AXS D8 Advance instrument equipped with a graphite monochromator, 
adjustable slits, and a scintillation detector. The 28 days cured concrete samples were dried in oven for 24 h at 
105 °C and then grinded in the hammer mill to fine powder form for the analysis. The spectra were collected at 
a 2θ angle of 10o -60o with the step size of 0.02 at 0.1s per step using Cu-Kα (λ = 1.524 Å) radiation source. The 
X-ray generator was set at 40 kV voltage and 44 mA current. The XRD of concrete powder is carried out after 
28 days of curing.

Synchrotron- based micro-computed tomography (SR-µCT)
Synchrotron-based micro-computed tomography (SR-µCT) allows non-destructive internal 3D imaging at high-
resolution of the specimen without damaging it. In this study, we used the BMIT-ID (Biomedical Imaging and 
Therapy) SR-µCT beamline at the Canadian Light Source (CLS) and is the only facility available in Canada and 
located in Saskatoon, Saskatchewan56. The facility provides much higher contrast than a clinical or conventional 
CT by using phase contrast imaging (PCI) reconstruction techniques. The system uses an X-ray light source from 
the beamline, single crystal monochromator, high precision rotation stage, and high-resolution X-ray image 
detector. The monochromatic X-ray beam was used of energy 85 keV. A total of 2000 projection images, 50 flat 
images, and 20 dark images with an exposure time of 800 ms. During the CT scanning process, the distance 
between sample and detector was 0.6  m. The representative concrete cylindrical samples of the dimensions 
20 mm x 40 mm were produced for CT experiments. A PCO Edge 5.5 Camera (2160 × 2560 pixels) coupled with 
0.5x AA60 optical lens with an effective pixel size of 13 μm and FOV of 28 mm H x 33 mm W. Camera sensor 
was cropped to 750 pixels H x 2560 pixels wide. A Yttrium aluminum garnet activated by cerium (YAG: Ce) 
scintillator of 500 μm thickness was used.

Image processing and further three-dimensional reconstructions were carried out as indicated and described 
by57–59. The data was reconstructed using the TOFU software using the Paganin phase-retrieval method 
as described by57,60,61. Phase Contrast Imaging (PCI) reconstruction parameters of the following were used. 
SDD: 0.6 m, beam energy: 85 keV, δ/β ratio of 1500 and pixel size: 13 μm. Outlier, large spot, and ring removal 
filters were used. 32-bit images were converted to 8-bit images by clipping the histograms with minimum and 
maximum values of 1.741e-15 and 2.878e-14, respectively.

The final image stacks were opened, visualized, filtered, volume rendered, and analyzed in the 3D visualization 
software Avizo 3D 2020.2 (Thermo Scientific Amira-AvizoSoftware, Thermo Fisher Scientific, Waltham, MA 
USA). 8-bit histograms were produced in ImageJ software using the bit depth range of grey values, where the 
darker voxels are air and lighter voxels represent the solid material. The pore size distribution was analyzed 
by manual selection to investigate each region of interest (ROI), i.e., pores (voids), total porosity (as method 
described in Fig. 5), pore size distribution (using “label analysis”), and other solid bulk materials from a single 
slice and plotted against the entire CT histogram and can be seen in Figs.  6, 7, 8 and 9. It’s noteworthy to 
mention that volume editing is done as a part of prescreening of the data to remove the artefacts and better 3D 

Fig. 4.  Compressive, splitting tensile, and flexural bending strength testing of concrete samples using Instron 
Universal testing machine (UTM).
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rendering. Moreover, the gaussian filter was used to remove random noises, better image quality and smooth 
data processing.

Cost analysis
Cement is a fundamental binding material in the construction industry, playing a pivotal role in global 
infrastructure development. However, the cost of cement production is rising globally due to increasing 
demand, which not only escalates expenses in the construction and real estate sectors but also impacts national 
economies. In particular, the current cost of cement production significantly influences the housing market 
and exacerbates the ongoing housing crisis in Canada. Given these concerns, the incorporation of biochar as a 

Fig. 6.  (a) Example of 2D slice of the concrete sample captured using Synchrotron-based CT (Voxel 
size = 13 μm). (b) thresholded image with the porosity using Avizo 3D software. (c) binary mask image 
separating pores and solid material. (d) 2D pore view in XY-plane. (e) 2D pores in XZ-plane. (f) 2D pores in 
YZ-plane analyzed in Avizo 3D software.

 

Fig. 5.  Porosity analysis procedure used in Avizo 3D software.
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partial replacement for cement presents a potential solution to mitigate or control the overall cost of concrete. 
This study provides a cost analysis of conventional and hybrid concrete, drawing on previous literature and the 
current market prices of raw materials used in concrete production as mentioned in Table 5. The cost calculation 
follows the methodology outlined in Eq.  (2) as presented by Thakur et al. (2024). For a literature study and 
cost comparison of the total ingredients used in making concrete some other biochar was considered at 2 wt% 
cement replacement with respective biochar for detailed cost analysis as mentioned in Table 5.

	
TotalCost =

n∑
i=0

(Ai ∗ Bi)� (2)

where i = number of ingredients in the mix, n = total number of ingredients in the mix, Ai=the cost of an 
ingredient i, and Bi= the quantity of ingredient i in kg/m3. The final cost is multiplied by 1000 to convert the cost 
into CA$ per tonne/m3.

Results and discussions
Compressive strength
The results for the compressive strength of cylindrical samples after 7, 14, and 28 days of curing are presented 
in Fig. 10. The error bars show the variation in the values from its mean value and are represented as standard 
deviation. At 0.5%, 1% and 2% cement replacement level with biochar showed comparable strength values with 

Fig. 8.  Histograms of the pore distribution (in volume) for different pore size ranges.

 

Fig. 7.  Pores identified and isolated in 3D view using Avizo 3D software.
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respect to control sample after 7 days of curing. That might be because of the similar pozzolanic activity offered 
by biochar particles with porous structure at the early stages of strength development like cement particles. 
However, other samples with higher biochar content have shown lower early strength data compared to control 
samples. After 14 days of curing, the biochar-concrete samples have shown higher compressive strength values 
(0.60–8.62%) compared to the control samples up to 2% cement replacement. For higher biochar content from 
2.5 to 5% reported reduced compressive strength with respect to the concrete without biochar after 14 days of 
curing. The compressive strength data reflects that the biochar-concrete has a positive impact on the strength 
properties up to 2.5% cement replacement after 28 days of curing. At optimum biochar addition level, the 
strength of the hybrid concrete has increased to 32.07 MPa as compared to the control concrete of 26.96 MPa 
after 28 days of curing. The lower dosages of biochar have shown 0.41% and 6.60% strength enhancement with 
respect to the concrete without biochar after 28 days of curing. At 2.5% biochar addition the final strength (28 
days) of concrete is equivalent to the control sample. At lower dosage, the biochar’s water absorption capacity 
decreases the evaporable free water and therefore reduces capillary pores which subsequently densify the 
biochar-cement microstructure and boosts up the compressive strength properties of the concrete67. The higher 
dosages of biochar (i.e. 3% and 5%) have reduced strength data related to the controlled concrete after 7, 14, 
and 28 days of curing. That might be due to the fact of biochar having a porous structure causes increased voids 
in concrete and hence reduces the overall strength of the concrete. However, up to the optimum dosages of 
biochar have manifested better pozzolanic reaction that causes strength development from the early stages of 
the concrete owing to biochar’s pore structure refinement properties as mentioned by1,68. A literature study69 on 
biochar-based mortar suggests that up to 1% replacement of Portland cement with biochar produced from waste 

Ingredient Cost (CA $/kg) References

GU Portland cement (Type 10) 0.53 RONA Garden, Saskatoon, Canada

Sand 0.44 RONA Garden, Saskatoon, Canada

Gravel 0.49 RONA Garden, Saskatoon, Canada

Water 0.00388 City of Saskatoon

Biochar (This study) 0.70 Titan clean energy products, Craik, Saskatchewan, Canada

Water oak wood biochar 1.08 62

Coconut shell biochar 1.12 63

Oiltea camellia shell biochar 0.94 64

Sludge derived biochar 0.98 65

Chicken manure biochar 1.82 66

Switchgrass biochar 7.68 62

Si-modified biochar 2.01 64

Table 5.  Cost of ingredients used in the study.  Conversion rate: CA $1 = 0.72 US$.

 

Fig. 9.  Histograms of pore volume distribution (in volume) for different ranges of pore size.
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wood tends to increase the compressive strength of the composite, which is also true for concrete composites 
presented in this study.

Splitting tensile strength and flexural strength
The results of the splitting tensile strength of the control and biochar-concrete are presented in Fig. 11 with 
the errors bars representing the standard deviation of the data from its mean value. The data presented here 
is of the concrete after 7, 14, and 28 days of curing. It can be seen that the controlled concrete has slightly 
improved splitting tensile strength as the curing time enhanced from 7 to 28 days. However, the initial tensile 

Fig. 11.  Splitting tensile strength values for concrete with different biochar content as a cement replacement.

 

Fig. 10.  Compressive strength values for concrete with different cement replacement levels.

 

Scientific Reports |        (2025) 15:22192 10| https://doi.org/10.1038/s41598-025-07210-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


strength (7 or 14 days) of controlled concrete did not vary significantly compared to the final curing strength 
(28 days). By addition of biochar the initial splitting tensile strength generally exhibited comparable to lower 
strength at all the biochar dosages compared to the control concrete which might be because of the porous 
network properties of biochar-based concrete composites. However, the increased strength has been noticed in 
the range of 1.07–19.64% by replacing up to 2 wt% of cement. Similar results have been observed after replacing 
cement with 0.1 wt% rice husk biochar after 28 days of curing1. Moreover, they concluded that the biochar affects 
the splitting tensile strength differently as compared to the compressive strength which sometimes positively 
contributes to the final splitting tensile properties of biochar. However, at higher replacement levels > 2% has 
shown lower tensile strength compared to the controlled concrete at any day of curing that might be because 
the voids created in the concrete generally reduces the overall strength of the composite. Moreover, samples like 
2.5SA, 3SA and 5SA exhibited similar patterns in splitting tensile strength as that of the compressive strength, 
being consistently less than the rest of the samples that can be concluded for their least suitable application in 
the concrete composites.

The average results are presented in Fig.  12, which shows the maximum load at failure of the concrete 
specimen after 28 days of curing. The error bars represent the deviation in the maximum load from its average 
value. The 28-day flexural load data show similar trends as the final compressive strength with and without 
biochar infused concrete samples. For cement replacement, lower than 2% exhibited comparable to higher 
maximum load compared to the sample without biochar. The 2SA sample has the highest load at fracture which 
is about 12% higher than the controlled concrete specimen. Similar > 20% higher strength results by adding 0.1% 
poultry litter and rice husk biochar, and 1% rice husk biochar to the concrete after 28 days of curing1. That can 
be due to the biochar in concrete acting as a link between the hydrated cement and biochar particles to resist 
the early fracture of the concrete. The biochar at lower concentration closes the gap of concrete macropores to 
reduce the overall porosity of the sample and hence increases the bending strength of the cement composites. 
Tan and co-workers70also reviewed and concluded that the cement replacement with 1–3 wt% biochar reduces 
the permeability by forming dense structure with decreased porosity and enhances the mechanism strength 
of the cementitious composites. On the other hand, the biochar > 2% showed lower strength data compared to 
the control concrete that might be attributed to the large number of macro pores accelerating the failure of the 
specimen when subjected to lower loading.

Water absorption and density
The water absorption pattern with the biochar addition is shown in Fig. 13 for conventional concrete. It can 
be seen that the 0.5%SA and 2%SA samples have reduced water absorption in concrete than a control sample, 
where all other samples 1%SA, 2.5%SA, 3%SA, and 5%SA have similar to higher water absorption within 0.33% 
increment to the control concrete as shown in Fig. 13. The 5%SA sample showed the highest water absorption of 
8.27% compared to the control specimen of 7.94%, however the 2%SA sample exhibited least water absorption 
of 7.44% value. It is important to note that the highest cement replacement level sample 5%SA depicted most 
water absorption owing to its highest number of permeable voids and also showed least compressive, splitting 

Fig. 12.  Maximum load at failure of biochar-concrete composites after 28 days of curing.
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tensile and flexural strength value compared to the control concrete. Therefore, it can be confirmed that the 
reduced mechanical strength is attributed to the large water absorption and voids in the concrete specimen 
which prohibited the formation and dense structure. A similar observation was made by Akhtar and Sarmah1 
after using 0.25% rice husk biochar-concrete which showed the least strength with highest number of permeable 
voids and hence enhanced water absorption in the sample. In another study, coarser silica fume particles were 
unable to fill the voids in the concrete leaving behind highly porous concrete, resulting in lower strength concrete 
with large number of permeable pores71.

The density values of the concrete samples are also shown in Fig. 13 after 28 days of curing. The strength and 
durability properties of the concrete are largely affected by the density of the concrete and the supplementary 
cementitious materials used (i.e. biochar). Generally, the GU Portland cement has higher density than a biochar 
and the biochar porosity increase with increasing the pyrolytic temperature consequently lowering the density 
of biochar72,73. Here, the density of the biochar increases with the addition of biochar up to 2 wt% cement 
replacement and then reduces up to 5 wt% replacement than a control concrete sample. The 2%SA sample 
showed the highest density increment of close to 4% compared to the control specimen, however, the 5%SA 
sample showed the highest reduced density of 2.25% compared to non-biochar concrete sample. These values 
are consistent with the water absorption data shown in the same Fig. 13. It can be rationale that a large amount 
of water absorption is proportional to the large number of voids in the concrete that reduces the overall density 
of the composite makes it least strong and durable. The smaller particle size and large specific surface area of 
biochar is beneficial for the faster cement hydration reaction74. Moreover, at lower dosage the biochar particles 
with like finer particle size than the GU Portland cement packs in between the larger cement or fine aggregates 
forming more dense structure by reducing permeable voids and water absorption and hence increasing the 
density of concrete specimen. This finding was consistent with rice husk biochar based concrete study at varied 
concentration which was performed by Akhtar and colleagues1and they supported these results by using 
SEM microscopic analysis. They concluded that higher dosage of biochar negatively impacts the strength and 
permeability properties of the concrete makes it less compact and weak.

X-ray diffraction analysis (XRD)
The XRD analysis can be used for phase identification of concrete including calcium hydroxide, silica, di- and tri-
calcium silicates (C2S/C3S), and the calcium-silicate-hydrate (C-S-H) structural phases. The peaks obtained for 
different concrete samples show varied intensities of hydrated and unhydrated cement phases as shown in Fig. 14. 
The peaks were obtained for biochar-concrete samples at similar 2θ positions but with different intensities. For 
example, the control sample showed a relatively lower peak of calcium hydroxide (hydrated lime or portlandite) 
at around 50.1º compared to 0.5SA, 1SA, and 2SA samples and subsequently exhibited relatively lower intensity 
peak for C-S-H at 29.4º that offered lower mechanical strength properties for control sample1,75. The optimum 
sample showed the highest peak for calcium-silicate-hydrate products which increases the performance of the 
concrete and has highest compressive, splitting tensile and flexural strength. It can be concluded that the 2SA 
sample has the highest peak for the hydrated products which is translated to higher mechanical performance of 
the concrete. Similar results were found in the case of control sample by1 when trying to incorporate rice husk, 
poultry litter, and pulp and paper mill biochar and concluded that biochar can be a viable alternative of cement 
up to certain dosage, while making concrete for specific applications.

Fig. 13.  Water absorption and density of concrete after 28 days of curing.

 

Scientific Reports |        (2025) 15:22192 12| https://doi.org/10.1038/s41598-025-07210-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Synchrotron-based computed tomography (SR µ-CT)
The SR-µCT affords researchers a non-destructive approach to investigate internal features, spatial configurations, 
and overall morphology of specimens, thereby enhancing the understanding of their characteristics and 
behaviors. This imaging technique employs high-energy X-rays produced by synchrotrons, which interact 
with varying degrees of X-ray absorption attributable to the distinct components of the sample76 with a further 
advantage of employing phase contrast imaging to gain further contrast. The pixel’s gray value is directly related 
to the linear attenuation coefficient of the minerals under examination and is used further to investigate the pores 
and pore size distribution within the CT image. In the present study, the optimum and control samples after 28 
days of curing are investigated using SR-µCT for the non-destructive volumetric microstructural analysis and 
the acquired images along with the porosity analysis is carried out using Avizo 3D software. The brief analysis of 
the CT image is shown in Fig. 11 starting from single 2D slice to find pores in different planes and visualize pore 
distribution in a 3D image in Fig. 6.

Moreover, the histograms of percentage pores and percentage total pore volume for different pore size ranges 
are shown in Figs. 8 and 9, respectively. The maximum pore size observed for Control and 2SA samples after 28 
days of curing were 1.75 mm and 1.37 mm, respectively. It can be seen from the histograms that the majority 
of the pores in both samples have volumes less than 0.1 mm3 which was around 97% and 100% of the pores 
were less than 5 mm3. The analysis of pores gives an idea of the overall porosity of the specimen, which helps 
to understand the effect an additive like biochar in the cement matrix. Here using the porosity data measured 
using Avizo 3D software as a methodology described in Fig. 16, it suggests that 2 wt% biochar incorporation 
(1.05%) has reduced porosity (by filling pores) compared to the control sample (1.75%), which shows the filling 
effect of biochar helps in concrete densification, which is also evident from the water absorption data. The 
histogram analysis shows that the pores are more homogeneously distributed with respect to size in case of 
biochar (throughout the range), while they are more concentrated on the bigger pore size (mostly > 0.01) in case 
of a control sample. This fact could be the deciding factor for the overall strength and porosity of the concrete 
samples, giving optimum biochar sample a higher ultimate strength compared to the control sample. It can also 
be concluded that the biochar offers the filling effect to reduced porosity and help concrete densification and 
hence can be used as a sustainable concrete filler to reduce the quantity of cement used.

Cost analysis
The total cost of the ingredients used in the preparation of both the control and biochar-infused concrete samples 
in this study, as well as data from the literature for a 2 wt% cement replacement with biochar, is presented 
in Fig. 15. The cost analysis indicates that the control concrete exhibits a lower cost than any of the biochar-
modified concretes, primarily due to the relatively low production cost of conventional Portland cement. In 
contrast, the production cost of biochar remains higher, reflecting current market conditions and the global 
application of biochar. The thermochemical conversion process employed in biochar production is energy-
intensive, further contributing to its higher cost. However, the potential integration of Canada’s carbon credit 
program presents an opportunity to offset the cost of biochar in construction applications which offers CA$ 
770/tonne of biochar used which is equivalent to three tonnes of carbon dioxide removal (Supercritical, 2024). 
This program could significantly reduce the expense of incorporating biochar into construction materials by 
enabling the sequestration of carbon over extended periods as shown in Fig. 16. The cost of concrete can be 
reduced by up to 0.66% by supplementing concrete with the biochar, which doesn’t seem a lot but looking at 

Fig. 14.  XRD data of concrete after 28 days of curing (Here, CH, calcium hydroxide; Et, ettringite; Q, quartz; 
CS, tri/di calcium silicates; CSH, calcium silicate hydrates).
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the billions of tonnes of concrete usage a year can help to save good chunks of money at the end alongside the 
environmental benefits. Additionally, it holds promises for advancing the green energy sector and mitigating the 
carbon footprint of the cement industry, as biochar can sequester approximately three tons of carbon dioxide 
per ton of biochar used. Furthermore, the program not only facilitates cost reduction but also enhances the 
mechanical properties of concrete, including compressive strength, splitting tensile strength, and flexural 
strength, through the incorporation of biochar, as highlighted in this study and by Thakur et al.77. While higher 
biochar dosages result in lower costs, they may negatively impact mechanical strength, likely due to an increased 
number of unfilled pores. Based on the findings of the present study, the 2SA sample is identified as the optimal 
formulation, as it balances lower cost (through the Carbon Credit Program), reduced water absorption, fewer 
pores, and enhanced structural strength compared to the control concrete.

Biochar-based concrete: performance prospects and carbon sequestration potential
Conventional concrete production poses a range of challenges pertaining to carbon emissions that need 
sustainable alternatives to mitigate environmental impacts. This section majorly focuses on the challenges and 
prospects related to the production and blending of biochar in the concrete to form biochar-concrete.

Biochar can play a crucial role in the sustainability of the construction industry, especially because of its 
unique characteristics including porous structure, water holding capacity, and low-cost filling properties. As a 
construction material, biochar can be integrated into the cement, mortar, or concrete to enhance the sustainability 
and performance characteristics of the cementitious materials. The present study suggests that the mechanical 
properties including compressive strength, flexural strength, and splitting tensile strength can be improved by 
incorporating biochar as a bioadditive, while simultaneously reducing the carbon footprints of the construction 
industry. The principal binder of concrete, which is cement, can be potentially replaced with biochar as a carbon 
sequestration and eco-friendly alternative without sacrificing the strength properties of concrete. Several studies 
have indicated the positive effects of biochar-based cement composites and their mechanical and durability 
properties. Wang et al.78investigated the role of biochar and carbon dioxide curing in the sustainable production 
of magnesia cement-based composites. They found that the incorporation of biochar enhanced the reduced 
water absorption and compressive strength of the composite. Moreover, CO2 curing further enhanced the 
performance of the concrete by improving compressive strength and durability properties, allowing biochar to 
be used as a sustainable additive to the cement-based composites to produce green construction materials54. used 
the biochar derived from waste wood as an additive for the structural concrete and found that the introduction 
of biochar enhances the mechanical strength properties of the concrete with reduced carbon footprints. Several 
researchers31,79–84 have comprehensively reviewed the alteration of properties by adding biochar in the concrete 
and discussed the carbon footprints associated with it. The collective data and results suggest the positive 
outcome for the biochar to be used as a sustainable alternative to the conventional additives in concrete.

Fig. 15.  Total ingredient cost analysis of different concrete.

 

Scientific Reports |        (2025) 15:22192 14| https://doi.org/10.1038/s41598-025-07210-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


In recent years, the potential of biochar-concrete has gained a lot of attention as a possible pathway to 
reduce the carbon footprints of construction industry. Several researchers including70,85 dived deeper into the 
practical performance of biochar-based concrete and its carbon sequestration potential. They found that biochar 
has a positive impact on reducing carbon emissions and concluded that biochar can be used as an additive in 
construction materials for the purpose of carbon capture, however these studies lacked in assessing the long-
term behavior of biochar-infused concrete composites86. explored the biochar-enriched cementitious composites 
facilitate additional carbon capture from the atmosphere and store it in thermodynamically stable calcite form 
within the cement matrix77. performed the CO2 emission analysis of biochar concrete as a partial cement 
replacement up to 10 wt%. They found that 10 wt% cement replacement with rice husk biochar can reduce the 
net CO2 emissions by 17.8%. It offers a new pathway for rice husk utilization in concrete for environmental 
conservation and effective solid waste management practices. Moreover, the combination of minerals with 
biochar as an additive offers a feasible and sustainable solution in offsetting the net CO2 emissions and aids 
to develop green carbon-neutral concrete while providing excellent mechanical performance with good CO2 
storage capacity compared to the conventional construction materials.

Conclusions
This study investigates the effect of biochar derived from waste softwood on the enhancement of the mechanical 
properties of conventional concrete, without the incorporation of polycarboxylate ether-based superplasticizers. 
The research examines the replacement of cement by varying levels (0–5 wt%) of biochar, which is produced 
through the pyrolysis of biomass. This approach not only addresses solid waste management but also aims to 
improve the strength characteristics of construction materials. The results indicate that incorporating up to 2 
wt% biochar leads to improved compressive, splitting tensile, and flexural strengths, alongside a reduction in 
water absorption. At lower concentrations and in the early curing stages, the filler and pozzolanic effects of 
biochar contribute to the early development of strength, whereas, in later curing stages, the filling effect becomes 
more dominant, helping to decrease the overall porosity and facilitate the achievement of the concrete’s ultimate 
mechanical properties. This observation is supported by the mechanical strength characterization data.

The key findings of this study are as follows:

	1.	 The inclusion of biochar positively influences the structural properties of concrete.
	2.	 The optimum dosage of 2 wt% biochar as a cement replacement enhances compressive, splitting tensile, and 

flexural strength at fracture by 18.95%, 19.64%, and 12%, respectively.
	3.	 The 2 wt% biochar replacement exhibits the lowest water absorption, indicating reduced porosity, as con-

firmed by synchrotron-based CT data.
	4.	 The addition of biochar promotes the formation of more Calcium-Silicate-Hydrate (C-S-H) products, con-

tributing to the highest ultimate strength of the concrete.
	5.	 The cost-effectiveness of biochar-modified concrete could be enhanced, particularly in the context of carbon 

credit programs.

Furthermore, higher concentrations of biochar result in an increased number of unfilled pores, leading to 
greater water absorption and a reduction in concrete strength when compared to the control sample, a trend 
also evident in the mechanical strength and water absorption data. The modification of concrete properties 
via biochar underscores the importance of further investigation into the large-scale application of solid waste-
derived biomass, particularly regarding its long-term durability and mechanical performance. Further research 
is essential to bridge the gap in developing sustainable green concrete using waste-derived materials, offering 
potential benefits as a carbon storage solution while producing high-strength concrete with a reduced carbon 
footprint.

Data availability
The datasets used or analyzed during the present study are available from the corresponding author upon rea-
sonable request.
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