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Abstract

Cement is the primary binder in concrete and a major contributor to global CO, emissions.
This experimental study investigates the use of biochar as a partial replacement for cement
to develop low-carbon concrete. Material characterisation included particle size distribu-
tion, density, and water absorption of biochar and aggregates, followed by tests on setting
time, workability, compressive strength, and dry density. The embodied carbon of each
mix was also calculated to evaluate the reduction in emissions. Six mixes were produced
with 0%, 5%, 15%, 30%, 45%, and 60% biochar replacement by weight of CEM I. Results
indicated that biochar has high water absorption and low specific gravity, which reduced
workability and strength at higher replacement levels, but significantly decreased the em-
bodied carbon. The findings suggest biochar’s potential use in non-structural, low-strength
concrete applications such as concrete blocks.

Keywords: biochar; low-carbon concrete; carbon sequestering; concrete structures; compressive
strength; embodied carbon

1. Introduction
1.1. Background

Anthropogenic CO, emissions are one of the major causes of global warming, posing
a serious threat to ecosystems and the built environment [1]. Among all construction
materials, concrete is the most widely used after water and represents a significant source
of CO, emissions due to its main component, cement. Cement manufacturing alone
accounts for approximately 7-8% of global CO, emissions. In response, governments,
including the UK, have committed to achieving net-zero emissions by 2050 [2]. To address
these environmental challenges, research has increasingly focused on developing low-
carbon concrete by partially replacing cement with Supplementary Materials such as fly
ash, ground granulated blast-furnace slag (GGBS), and other industrial by-products. More
recently, biochar, a carbon-rich by-product of biomass pyrolysis, has gained attention as
a sustainable and carbon-sequestering material for concrete [3]. Biochar not only has the
potential to store carbon but also to modify concrete properties due to its high porosity
and surface area. However, despite promising findings, biochar’s variable characteristics,
depending on feedstock type and pyrolysis conditions, make it challenging to develop
a standardised mixed design or predict consistent performance outcomes. Furthermore,
while several studies have explored biochar’s physical and mechanical effects, few have
simultaneously examined its influence on the embodied carbon of concrete.
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Therefore, the present experimental study aims to evaluate the fresh, hardened, and en-
vironmental performance of concrete incorporating biochar as a partial cement replacement.
This research contributes to the existing knowledge by linking mechanical behavior and
embodied carbon assessment, providing insight into biochar’s suitability for low-carbon,
non-structural concrete applications.

1.2. Research Objectives

The main objective of the present experimental study is to experimentally evaluate the
potential of biochar as a partial replacement for cement in low-carbon concrete. Specifically,
the research aims to:

e  Characterise the physical properties of biochar and aggregates, including particle size,
water absorption, and density.

e  Develop and test concrete mixes incorporating different biochar replacement levels
(0%, 5%, 15%, 30%, 45%, and 60%) and compare them with a control mix.

e  Examine the fresh properties (workability and setting time) and hardened properties
(compressive strength and dry density) of the mixes.

e  Estimate the embodied carbon of each mix and assess the overall potential for carbon
footprint reduction in biochar concrete.

1.3. Literature Review

The literature review summarised below provides an overview of biochar production
methods and key characteristics, while also examining how biochar impacts the properties
of both fresh and hardened concrete.

1.3.1. Biochar Production and Its Properties

When biomass and organic matter such as wood, grass, or vegetable waste are py-
rolyzed, a carbon-rich solid known as biochar is produced. During pyrolysis, three by-
products are generated: solid, liquid, and gaseous components. The solid fraction biochar
is typically black in colour, rich in carbon, and possesses strong carbon-capturing capacity.

In the pyrolysis process, the feedstock is subjected to high temperatures (generally
above 400 °C) under limited oxygen conditions, which alters its internal structure and
significantly increases its surface area and porosity compared to the original biomass [4]. As
heating progresses, hydrogen and volatile carbon compounds are released, leaving behind
an aromatic carbon residue [4,5]. The feedstock thus undergoes thermal decomposition,
forming syngas (gaseous phase), bio-oil (liquid phase), and solid char (biochar). The pro-
portions of these products vary with pyrolysis conditions, such as temperature, residence
time, and heating rate [6]. The internal structure and physical properties of biochar depend
strongly on the quality and type of biomass used. According to Downie et al. [7], while the
size and mass of the biomass change during pyrolysis, the mineralogical composition and
porosity of biochar remain largely stable. Biochar quality is influenced by pre-treatment
(drying, crushing), processing conditions (heating rate, duration, temperature), and post-
processing (grinding).

Among these factors, the highest treatment temperature (HTT) is generally considered
the most influential parameter controlling porosity, surface area, and carbon yield [7-9].
For instance, Lua et al. [8] found that biochar samples produced at higher temperatures
exhibited improved porosity and surface area. Increasing HTT has been shown to increase
porosity, carbon content, and reduce volatile matter [9,10]. The physical characteristics of
biochar vary according to both the biomass source and pyrolysis temperature. A summary
of representative findings from the literature is presented in Table 1, which illustrates how
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properties such as relative density, carbon content, and absorption capacity change with
feedstock type and temperature [10,11].

Table 1. Physical properties of biochar for different types of biomasses and pyrolysis conditions.

Reference Biomass Temperature Size of Relative Carbon Absorption
4 Particles Density Percentage Capacity

0] Biochar as Wood 300 °C 3-200 1.59 62.3% 736%

sawdust 500 °C Micrometer 1.51 87.2% 879%
Biochar as a Paper o . . .
[11] 500 °C Not available Not available 30.0% Not available
sludge

[12] Biochar as Wood 300 °C 3 t0.200 1.54 68.3% 246%

sawdust Micrometer

1.3.2. Impact of Biochar on Cement Hydration

The addition or partial replacement of cement with Supplementary Materials such
as fly ash, GGBS, or biochar can influence the rate and mechanism of cement hydration.
Both physical and chemical factors play significant roles in this process [13]. Chemically,
pozzolanic reactions involve the reaction of amorphous siliceous and alumina-based com-
pounds with calcium hydroxide (released during cement hydration) and water to form
additional calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) gels.
Biochar generally contains a very low silica content (typically < 0.5 wt %) and therefore is
not usually classified as pozzolanic. However, Zeidabadi et al. [14] reported that rice husk
and bagasse-based biochars can contain up to 13% silica following pretreatment. Thus, the
pozzolanic contribution of biochar depends on its feedstock and production conditions.
Biochars with negligible reactive silica behave primarily as fillers, whereas those with
higher reactive silica may participate weakly in pozzolanic reactions, forming additional
hydration products that refine pore structure.

From a physical perspective, biochar is largely chemically inert, and its influence on
microstructure arises from its physical characteristics—a phenomenon commonly termed
the filler effect. This mechanism comprises three components: cement dilution, particle-size
distribution, and nucleation [15]. Replacing cement with an inert material such as biochar
leads to dilution, thereby reducing the total amount of hydration products. However,
biochar particles can improve particle packing by filling micro-voids in the cement matrix,
while the nucleation effect provides additional sites for hydrate growth, enhancing early
hydration kinetics. Biochar’s high water absorption capacity also affects hydration. The
interfacial transition zone (ITZ) between cement pastes and aggregate strongly influences
mechanical and durability performance [16]. The ITZ depends on factors such as particle
shape, texture, porosity, and water-retention capacity [17]. Aggregates with higher porosity
can enhance mechanical interlock and increase the local degree of hydration by providing
additional internal water. This principle can also apply to biochar particles. The ITZ
between biochar and cement paste was denser than that between sand and cement paste,
attributing this to enhanced hydration through water migration and better mechanical
interlocking of hydration products within biochar pores [18]. Applying a biochar coating to
polypropylene (PP) fibers enhanced fiber-matrix bonding, reduced micro-air pocket forma-
tion, and decreased permeability [12]. The coating roughened fibre surfaces and enabled
water retention and delayed release, resulting in denser paste and improved strength.
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1.3.3. Impact of Biochar on Properties of Fresh Concrete

Biochar possesses a high-water absorption capacity, attributed to its large surface area
and porous internal structure. Reported absorption capacities typically range between
200 and 800% by weight, depending on feedstock type and pyrolysis temperature [9,12].
Due to this property, biochar can absorb part of the mixing water, effectively lowering the
free water-to-cement ratio in the concrete mixture. Experimental findings indicate that
incorporating biochar reduces workability. For example, Dixit et al. [19] reported a 25%
decrease in flow in ultra-high-performance concrete (UHPC) containing 8 wt.% biochar.
This reduction in slump is attributed to water absorption and the increased internal friction
caused by fine, porous particles. When fine biochar is dispersed in the mix, it can also
act as a micro-filler and nucleation site, enhancing hydration kinetics and promoting
early strength development [20]. The initial setting time has been found to decrease by
10-25% with biochar additions up to 5 wt.%, indicating accelerated hydration. Biochar:
The inclusion of fine biochar increases the matrix density by filling voids between cement
and sand grains, which improves cohesiveness and reduces the potential for bleeding.

In summary, the incorporation of biochar into fresh concrete leads to reduced work-
ability, lower effective w/c ratio, and accelerated setting times, with the magnitude of
change depending primarily on biochar fineness, porosity, and dosage.

1.3.4. Effect of Biochar on Properties of Hardened Concrete

Quantitatively, the addition of fine biochar typically increases the compressive strength
by 3-10% when the replacement level is <5 wt.%, whereas higher dosages (>10-15 wt.%)
tend to reduce strength by 20-40% due to dilution and reduced binding phases [14,19]. Sim-
ilarly, an increase in fracture energy of approximately 25% and improved electromagnetic
shielding properties in mortar containing <1 wt.% biochar derived from nut shells [21].
Incorporating up to 2 wt.% biochar was found to improve both compressive and tensile
strength by enhancing interfacial bonding and decreasing matrix porosity [22]. Overall,
incorporating small proportions of biochar (<5 wt.% of cement) can marginally improve
compressive strength, fracture energy, and microstructural density, while excessive replace-
ment levels generally weaken the concrete matrix due to reduced cementitious binding.
The summarised quantitative findings of these studies are presented in Table 2.

Table 2. Summary of various applications of biochar in concrete.

. C . Biochar .
Reference Biochar Type Application Percentage Major Outcomes
The increase in strength by 5% can
. Used as Cement Less or equal to be attributed to the pozzolanic
Biochar from : . - -
[14] Rice husk replacement 10% weight activity of biochar, while a decrease
in mortar of cement in strength by 10% may be due to
the dilution of cement.
. Used in UHPC as Lessoor equal to Hydration level increased;
Biochar from . 8% by wt. .
[19] partial cement. compressive strength decreased by
Wood dust of cement o .
replacement 8-15% for coarser biochar.
replacement
Fracture energy increased by
. ~25-30%
Biochar from Used as a Supple- Less or equal to .
e 1L o . developed concrete with enhanced
[21] Nuts ment/additive in 1% of the weight . . 11
electromagnetic shielding
shell mortar of cement

effectiveness (up to 15 dB
improvement).
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Table 2. Cont.

Reference Biochar Type Application

Biochar

Major Outcomes
Percentage

Biochar from
[23] Plywood
(Eucalyptus)

Compressive & splitting tensile
strength increased—up to ~33% at
6.5% replacement;
porosity /permeability maintained

Used in a previous
Concrete as a
Cement
replacement

Less or equal to
6.5% replacement
by wt.

1.3.5. Effect of Biochar on the Durability of Concrete

Durability in hardened concrete largely depends on its pore structure and permeability.
A dense cement matrix with a finely connected pore network improves resistance to mois-
ture and ion ingress, thereby enhancing long-term durability [24,25]. Conversely, a more
porous matrix increases the likelihood of deterioration through carbonation, freeze-thaw
cycles, and chloride penetration. Electrical conductivity testing provides another means of
assessing durability by quantifying the ability of concrete to resist ionic transport under
an applied potential. Electrical conductivity testing provides another means of assessing
durability by quantifying ionic transport resistance. The measured resistivity depends
on factors such as temperature, degree of saturation, pore-solution conductivity, and mi-
crostructural connectivity [25]. The inclusion of biochar can influence these parameters by
altering pore structure and adding conductive carbonaceous pathways. Because biochar is
composed primarily of amorphous and graphitic carbon, several studies have identified it
as a moderately conductive material [24,26-28]. High-temperature biochars (600700 °C)
exhibited up to three-fold greater electrical conductivity than those produced below 400 °C,
due to higher fixed-carbon content and lower volatile matter [29]. Consequently, biochar
incorporation can either increase or decrease the electrical resistivity of concrete depending
on dosage and microstructural interaction with the cement matrix.

Overall, low dosages of fine biochar (<3 wt.% cement replacement) can refine pore
structure and slightly enhance impermeability, while higher contents tend to increase
overall porosity and reduce resistivity, potentially influencing durability performance.

1.3.6. Effect of Biochar on the Internal Curing of Concrete

Internal curing is a well-established concept used to sustain hydration in low water-to-
cement (w/c) ratio concretes. Traditionally, it is achieved through lightweight aggregates
(LWA) that absorb water during mixing and gradually release it as hydration proceeds [30].
However, biochar—a highly porous, carbon-rich material—can serve a similar or comple-
mentary role due to its unique microstructural characteristics. Biochar possesses a highly
porous, sponge-like microstructure with a large internal surface area and significant water
absorption and retention capacity [7]. These characteristics enable biochar particles to
store part of the mixing water and later release it into the cement matrix during hydration,
compensating for moisture loss due to self-desiccation or external drying. Compared with
conventional LWA, biochar typically exhibits smaller particle sizes (<63 um) and higher
specific surface area, allowing more uniform dispersion throughout the cementitious matrix
and a reduced spacing factor, which shortens the path for water migration and improves
local hydration [31].

Experimental evidence supports this mechanism. Mrad and Chehab [18] replaced
up to 45 wt.% of sand with biochar in mortar and observed that water-cured specimens
exhibited a reduction in compressive strength due to biochar’s lower mechanical stiffness
relative to sand. However, air-cured specimens displayed 15-20% higher retained strength
compared to the control, indicating that biochar’s internal water release mitigated moisture
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loss under limited-curing conditions. Incorporation of 2 wt.% biochar (by weight of cement)
improved compressive strength by approximately 8-12% under both dry and pre-soaked
conditions, with more pronounced benefits observed during air curing [10]. Therefore, the
internal curing effect of biochar arises from its microporous structure, high water-holding
capacity, and distributed release of moisture during hydration, which collectively enhance
cement hydration and microstructural development, especially in concretes exposed to
suboptimal curing environments.

1.3.7. Use of Biochar for Internal Carbonation on Concrete

Carbonation is a physicochemical process in which atmospheric carbon dioxide reacts
with calcium hydroxide (Ca(OH);) in hydrated cement paste to form calcium carbonate
(CaCQOg). This reaction lowers pore solution alkalinity (pH < 9), increasing the risk of
reinforcing-steel corrosion. The incorporation of biochar can influence this process through
its high internal surface area, microporosity, and CO, adsorption capacity, which enable it to
trap and retain carbon dioxide molecules within the cementitious matrix [32]. Experimental
results indicate that adding 1-3 wt.% biochar can reduce carbonation depth by 20-35% and
lower the chloride diffusion coefficient by approximately 15-25% compared to control spec-
imens [32,33]. These effects are attributed to enhanced pore refinement and CO, capture
by biochar particles. However, some strength reductions have been observed following
carbonation treatment. Mortar specimens containing CO,-treated biochar exhibited 8-12%
lower compressive strength and 10-15% lower tensile strength compared to those with
untreated biochar, likely due to microcracking and debonding from local expansion caused
by calcium carbonate formation [33]. Similarly, 1 wt.% pre-treated biochar caused moderate
reductions in mechanical performance, indicating that while carbonation improves CO,
sequestration and microstructural densification, it may compromise strength at higher
dosages or treatment intensities. Overall, biochar’s ability to adsorb and chemically bind
CO, within concrete contributes to carbon mitigation and microstructural modification.
The balance between carbonation-induced densification and strength loss depends on
biochar dosage, feedstock, and surface modification conditions.

1.3.8. Use of Biochar on Concrete for Carbon Adsorption

Adsorption is defined as the interaction of two distinct phases, in this case, carbon
dioxide and biochar, at the molecular level [34]. This process can occur through physical
(van der Waals) or chemical (activated) adsorption. Physical adsorption is governed by
intermolecular forces such as van der Waals interactions, typically involve low binding
energy, and does not result in significant chemical changes. The adsorption of CO, by
biochar is generally considered an exothermic process dominated by physical (van der
Waals) interactions [35,36]. Experimental studies indicate that increasing pressure can
enhance CO; adsorption efficiency [34,36]. Key factors affecting biochar’s adsorption
capacity include its specific surface area and pore size distribution [37]. Several studies
have demonstrated that biochar produced at higher pyrolysis temperatures exhibits higher
CO;, adsorption capacities [9,35,38].

1.3.9. Application of Biochar to Develop Low-Carbon Concrete

Incorporating biochar at 10 wt.% was reported to significantly reduce overall CO,
emissions based on life cycle assessment results. Biochar blocks containing 30 wt.% biochar
in combination with supplementary cementitious materials (SCMs) were shown to achieve
a carbon-negative status by sequestering 59-65 kg CO; per tonne [39]. The CO, reduction
relative to biochar content indicates a strong potential for enhancing carbon sequestration
in biochar-based concrete [40]. Processing biochar with 4 wt.% stearic acid (C;7H35CO,H)
in a planetary ball mill for three hours produced a super-hydrophobic carbonaceous
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powder, which, when used to replace 15% of Portland cement, lowered the embodied
carbon footprint by approximately 45% compared to the control mix [41]. Additionally, 5%
replacement of cement with biochar could sequester 32.4 kg CO,/m?, while the biochar
treatment further reduced greenhouse gas emissions by 15.8 kg CO,/ m3 [39].

1.3.10. Summary

The literature demonstrates that biochar influences hydration, workability, strength,
and durability primarily through physical mechanisms rather than pozzolanic activity.
Its effects depend on feedstock, particle size, and pyrolysis conditions. At low dosages,
biochar enhances water retention, internal curing, and hydration; excessive replacement,
however, weakens strength and workability. Most prior work investigated < 10% replace-
ment, leaving the behaviour at higher levels insufficiently understood. The present study,
therefore, explores a wider replacement range (5-60%) to quantify both mechanical and
carbon-reduction performance, offering a broader experimental foundation for sustainable
low-carbon concrete design.

2. Methodology
2.1. Introduction

This section outlines the experimental procedure, including material selection, sam-
pling, characterisation, mix design, casting, testing, and analysis of both fresh and hardened
concrete properties. All tests were performed following British Standards and established
laboratory procedures. A comprehensive understanding of material characteristics is essen-
tial in civil engineering research. This experimental approach aimed at evaluating biochar
as a sustainable, low-carbon replacement for cement, supporting the global objective of
carbon-neutral construction

2.2. Materials and Their Characterisation Test

Cement, natural aggregates, and biochar were the primary materials used in this
study. The biochar was a commercially available soil-grade product derived from hard-
wood biomass through medium-temperature pyrolysis (approximately 450-550 °C) under
low-oxygen conditions, in accordance with the European Biochar Certificate (EBC) stan-
dards [42]. The resulting material was carbon-rich, highly porous, and slightly alkaline
(pH ~ 8.5-10), with a bulk density of 1.2-1.6 g/cm? and a fine particle size (<200 pm).
These characteristics, particularly its high surface area and strong water absorption ca-
pacity, make it suitable for use as a partial cement replacement in concrete. Prior to use,
the biochar was oven-dried for 24 h, ground, and sieved through a 63 um mesh to en-
sure uniform particle distribution and optimal dispersion in the cementitious matrix. The
natural aggregates were sourced locally and complied with the requirements of BS EN
12620:2013-Aggregates for Concrete [43].

2.2.1. Sieve Analysis-Particle Size Distribution of Biochar and Aggregates

Sieve analysis for biochar, sand, and coarse aggregates was performed per BS EN
933-1 (2012) [44]. Before testing, the samples were oven-dried at 102 °C for 24 h to remove
moisture and ensure accurate particle size measurement. The dried samples were then
sieved through progressively finer mesh sizes to determine their particle size distribution.
The gradation data was used to verify compliance with standard mix design criteria and to
achieve consistent workability across different mixes.
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2.2.2. Determination of (Specific Gravity) and Water Absorption

The specific gravity and water absorption of biochar and aggregates were determined
following BS EN 1097-6 (2022) [45]. Relative density was calculated as the ratio of material
density to that of water. Due to biochar’s high internal porosity, its water absorption
capacity was significantly higher than that of natural aggregates, influencing the water
demand and mix design adjustment.

2.3. Mix Design of Concrete

Concrete mixes were designed following the Building Research Establishment (BRE)
method, approved by the UK Department of the Environment [46]. Six mix variations were
produced, with biochar replacing cement by mass at 0%, 5%, 15%, 30%, 45%, and 60%
(Table 3). To isolate the effect of biochar on the fresh and hardened properties of concrete,
no chemical or mineral admixtures were included in any mix. The exclusion of admixtures
such as superplasticisers ensured that all observed changes in workability, density, and
strength were solely attributed to the different biochar replacement levels.

Table 3. Mix design and Partial replacement of cement with biochar.

Mix ID 1 2 3 4 5 6
Control Mix o o o o o
Ke/m3 o 5% Cement 15% Cement  30% Cement  45% Cement  60% Cement
g/m (0% Cement R
eplacement Replacement Replacement Replacement Replacement
Replacement)
Cement 507 481.7 431.0 354.9 278.9 202.8
Biochar 0 254 76.1 152.1 228.2 304.2
Sand 692 692 692 692 692 692
Coarse 918 918 918 918 918 918
aggregates
w/c 0.46 0.46 0.46 0.46 0.46 0.46
admixtures 0 0 0 0 0 0

To ensure consistent moisture conditions, all materials were prepared in SSD (saturated
surface dry) conditions. Although biochar showed a high-water absorption capacity (217%),
it was intentionally used in a dry state without modifying the mixing water. This approach
was selected to assess the natural interaction of dry biochar with the cementitious matrix
under a constant water-cement ratio of 0.46. Maintaining a fixed w/c ratio enabled direct
comparison between mixes and allowed the practical effects of using untreated biochar as
a cement replacement to be evaluated. The ground biochar (Figure 1) was manually sieved
to maintain a fine, uniform texture suitable for partial cement replacement. Mixing was
carried out in a mechanical drum mixer. The dry materials (cement, biochar, sand, and
coarse aggregates) were first blended for 1 min, after which water was added gradually and
mixing continued for an additional 2-3 min to achieve a uniform consistency. Immediately
after mixing, the workability of each batch was assessed using the slump test.

Fresh concrete was then cast into 100 mm x 100 mm cube molds in two layers, with
each layer compacted using 25 strokes of a tamping rod and further consolidated on a
vibrating table to minimise entrapped air. For each mixed ID, three cube specimens were
produced, giving a total of 18 specimens. The molds were covered with plastic sheets to
prevent moisture loss during the first 24 h. After demolding at 24 h, all specimens were
labelled and placed fully submerged in potable water at 20 & 2 °C. The cubes were cured
for 28 days prior to testing to ensure consistent hydration conditions.
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7 “ Tl

Figure 1. (a) Biochar and (b) ground biochar in the mix.

2.4. Fresh Concrete Properties

Fresh concrete properties, such as workability and setting time, were evaluated using
the slump test and setting time measurements.

2.4.1. Slump Test

The consistency of the concrete mixes was determined using the slump test, following
the guidelines of BS EN 12350-2 (2009) [47]. The standard specifies acceptable slump values
based on the type of concrete, typically ranging from 10 to 150 mm. The control mix
exhibited a slump of 55 mm, while the biochar-incorporated concrete for mix ID 6 showed
a reduced slump of 26 mm, indicating lower workability.

2.4.2. Initial Setting and Final Setting Time

Following the procedure specified in BS EN 196-3 (2016) [48], the initial setting time of
the cement was determined using a Vicat apparatus. The mortar composition was adjusted
to incorporate varying amounts of biochar for different mix IDs, along with a control mix
without biochar. The initial setting time was defined as the period required for the mortar to
achieve the specified penetration resistance, which typically ranges between 45 and 375 min.
The final setting time was determined in accordance with BS EN 196-3 (2011) [49] using

2 cross-sectional

the Vicat apparatus equipped with the standard final-setting needle (1 mm
area with a 5 mm annular ring). This value represents the time at which the needle fails to
penetrate the mortar surface by more than 0.5 mm, indicating that the paste has attained
the necessary stiffness. According to the standard, the final setting time should lie between

60 and 600 min.

2.5. Hardened Concrete Properties
2.5.1. Compressive Strength Test

The compressive strength of concrete was determined using 100 mm x 100 mm x 100 mm
cube specimens in accordance with BS EN 12390-3 (2019) [50]. Testing was performed on a
Universal Testing Machine (UTM). A total of 18 cubes, including control samples, were cast
and cured under water for 28 days before testing to evaluate their strength.

2.5.2. Density

Concrete density is defined as the mass per unit volume and typically ranges from
2300 to 2500 kg/m?, depending on aggregate type, water—cement ratio, admixtures, and
cementitious materials. The theoretical wet density of the C40 control mix in this study was
2350 kg/m?3. The density of hardened concrete was determined in accordance with BS EN
12350-6 (2019) [51]. Standard cube specimens of dimensions 100 mm x 100 mm x 100 mm
were prepared and cured for 28 days. After curing, the specimens were oven-dried for 24 h
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Passing by mass (%)

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

to remove surface moisture and allowed to cool to room temperature. The mass of each
specimen was recorded using a calibrated digital balance, and the volume was calculated
from the measured cube dimensions.

2.6. The Carbon Footprint of Concrete

The embodied carbon for life cycle stages A1-A3 was calculated for each mix using
carbon factors corresponding to the constituent materials. The contribution of each ingredi-
ent was determined by multiplying its weight by the respective carbon factors. Two cases
were considered: (i) calculation of embodied carbon without accounting for biochar’s
carbon offsets, and (ii) calculation including biochar’s carbon sequestration potential. The
certified carbon offset of the biochar used was 2.42 kg CO,e/kg, reflecting its ability to
reduce net emissions, consistent with previous findings on carbon-negative concrete [39].
The main objective of this analysis was to evaluate and compare the carbon footprint of
biochar-modified mixes against the control mix.

3. Results and Discussion
3.1. Particle Size Distribution (PSD)

The fine aggregate used in this study was a washed natural sand with a nominal
particle size of 2-4 mm, a typical moisture content of 7-8%, and a bulk density of approx-
imately 1450-1650 kg/m?3. Particle size distribution (PSD) analysis showed a uniform
gradation, with most sand particles retained on the 0.3 mm sieve (as depicted in Figure 2).
The coarse aggregate was a single-sized natural gravel with a nominal size of about 10 mm,
comprising predominantly 4-10 mm particles and a typical moisture content of around 3%.
The material met common construction-grade quality limits, including shell content below
10%, chloride content below 0.01%, and acid-soluble sulphate content below 0.8%. PSD
measurements confirmed that most coarse aggregate particles were within the 7-14 mm
range, consistent with a nominal 10 mm aggregate. The raw biochar batch ranged from
63 pm to 7 mm and exhibited a non-uniform gradation due to the wide variation in particle
sizes. Only biochar particles passing through a 63 pum sieve were used in the concrete mixes.
Sand showed a uniform gradation, with most particles retained on the 0.3 mm sieve. For
coarse aggregates, most particles ranged from 7.1 to 14 mm, with very few below 4 mm,
and the maximum retention occurred on the 7.1 mm sieve.

0.01

0.1 1 10 100

Sieve size (mm)

——BIOCHAR ~ ——SAND (2/4)mm  ——COARSE AGGREGATE (10mm)

Figure 2. Particle size distribution curve.
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3.2. Relative Density (Specific Gravity) and Water Absorption Value

The relative density and water absorption of biochar were determined using a pyc-
nometer test. Biochar exhibited a high 24 h water absorption capacity of 217%, reflecting its
strong hygroscopic nature. Its specific gravity was measured as 0.53, indicating a very light
material that floats on water.

3.3. Slump Test (Consistency of Concrete)

The slump test was conducted to evaluate the workability of the control mix (0%
biochar) and five biochar-modified mixes (Figure 3). The results show that incorporating
biochar reduced workability, with the slump decreasing as the biochar content increased.
The control mix had a slump of 55.0 mm, whereas Mix ID-6 (60% cement replacement with
biochar) recorded a slump of 26.0 mm, a 52.7% reduction. This reduction is attributed to
biochar’s high-water absorption, which reduces the effective water available in the mix.
No admixtures were used in this experiment.

60.0
-6.4 %

50.0
20 %

-29.1 %
40.0

—45.5 %
30.0 =52.7 %

Slump (mm)

20.0

10.0

Mix ID

Figure 3. Comparison of slump test results for different concrete mixes, showing the reduction
percentage relative to the control mix.

3.4. Initial Setting and Final Setting Time

The initial and final setting times of the control cement paste and biochar-modified
pastes were measured, and the results are shown in Figures 4 and 5. The incorporation
of biochar significantly reduced both setting times, with the effect more pronounced
on the initial setting time due to a reduction in free water content. For 60% cement
replacement with biochar, the initial and final setting times decreased by 64% and 13.41%,
respectively, compared with the control. At 5% replacement, reductions were 22.67% and
3.66%, respectively, indicating that low biochar additions of less than 5% have minimal
impact on setting behavior.
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80.0

70.0

60.0

50.0

40.0
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30.0

20.0
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170.00

160.00

150.00

140.00

130.00

-22.67 %

-37.33 %
-48.0 %
-58.67 %
—-64.0 %
2 3 4

Mix ID

Figure 4. Comparison of initial setting times for various concrete mixes relative to the control mix,
showing the reduction percentage.

-3.66 %
-6.10 %
-9.15 %
-10.98 %
I -13.41 %
1 2 3 4 5

Mix ID

Figure 5. Comparison of final setting times for various concrete mixes relative to the control mix,
showing the reduction percentage.
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3.5. Compressive Strength

Concrete cubes were tested for compressive strength after 28 days of curing, and
the results are presented in Figure 6. The target strength for C40 concrete in this study
was 40 N/mm?. The control mix (0% biochar) achieved an average compressive strength
of 41.24 N/mm?. Compressive strength decreased by increasing biochar content, with
reductions of 38.13% for 5% cement replacement and 90.68% for 60% replacement.

45
40
35

30
-38.13 %

25

20
-62.61 %

15
-74.27 %
10 -80.70 %

-90.68 %

28 Days Compressive Strength (MPa)

1 2 3 4 5 6

Mix 1D

Figure 6. Comparison of compressive strengths for various concrete mixes relative to the control mix,
showing the reduction percentage.

The reduction in compressive strength with increasing biochar content can be at-
tributed to several interacting mechanisms. The porous, lightweight nature of biochar in-
creases overall matrix porosity, which reduces the effective load-bearing capacity of the com-
posite. In addition, due to biochar’s high water absorption capacity, its incorporation in dry
form likely reduced the effective water available for cement hydration, especially at higher
replacement levels. Limited hydration restricts the formation of strength-contributing
products such as C-S-H gel, resulting in weak interfacial bonding and premature cracking
under load. These effects become more pronounced as biochar content increases, explaining
the sharp decline in strength observed beyond 5 wt.% replacement. Consequently, although
low biochar contents retain partial structural integrity, higher levels render the concrete
unsuitable for structural applications. Therefore, the practical use of biochar-modified
concrete should be restricted to non-structural or low-load-bearing elements, where sus-
tainability benefits may outweigh mechanical performance losses. Cube failure patterns
were observed according to BS EN 12390-3 [50], and all mixes exhibited unsatisfactory
failure patterns, as shown in Figure 7.
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2500

2000
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Figure 7. Failure patterns of concrete cubes: (a) unsatisfactory failure type 4, and (b) unsatisfactory
failure type 7.

3.6. Density

The dry density of concrete cubes was calculated from their mass and standard
volume (100 mm x 100 mm x 100 mm), with results presented in Figure 8. The control
mix exhibited an average density of 2478.7 kg/m?. Incorporating biochar led to a gradual
reduction in density: 5% replacement caused a minor decrease of 1%, 15% replacement
reduced density by 6.4%, and 30%, 45%, and 60% replacements resulted in decreases of
9.1%, 14.8%, and 17.3%, respectively. Overall, increasing the proportion of cement replaced
by biochar consistently reduced the concrete’s dry density.

-1%

—_ 0,
6-4% -9.1% 0
-14.8% ~17.3%

Mix ID
——Base Line

Figure 8. Comparison of dry densities for the control mix and biochar-modified mixes, showing the
reduction percentage.
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3.7. Carbon Footprint of Concrete

The embodied carbon of the control and biochar-modified concrete mixes was cal-
culated, defined as the total CO, equivalent (kg CO,e) produced to manufacture the
constituent materials [52-54]. For analysis, two scenarios were considered:

Case I: Embodied carbon calculated without accounting for biochar’s carbon offset. In
this case, reductions in cement content directly decreased embodied carbon. Compared
with the control mix, cement replacements of 5%, 15%, 30%, 45%, and 60% reduced em-
bodied carbon by 4.9%, 14.7%, 29.4%, 44.1%, and 58.8%, respectively, showing a clear
decreasing trend (Figure 9).

=4.9%
-14.7%

-29.4%
-44.1%

-58.8%

MIX ID

Figure 9. Embodied carbon of concrete mixes compared with the control mix (Mix ID 1), showing
reductions in kg CO,e/Kg.

Case II: Embodied carbon calculated, including biochar’s carbon offset, reflecting its
carbon sequestration potential. In this scenario, mixes with 30%, 45%, and 60% cement
replacement became carbon-negative, while 5% and 15% replacements showed significant
reductions in embodied carbon. These results align with previous findings on carbon-
negative concrete (Figure 10) [39].

Overall, partial replacement of cement with biochar substantially reduces the carbon
footprint, and higher replacement levels can produce carbon-negative concrete due to
biochar’s sequestration effect.
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600.00
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-200.00

-400.00

-600.00

-17.9%

-53.7%

-107.4%

-161%

-214.7%
MIX ID

= Base Line

Figure 10. Embodied carbon of concrete mixes compared with the control mix (Mix ID 1), including

biochar carbon offsets, showing reductions in Kg COe/Kg.

4. Conclusions

This experimental investigation examined the performance of low-carbon concrete

incorporating biochar as a partial replacement for cement. The study evaluated the mate-

rial’s fresh and hardened properties, including setting time, slump, compressive strength,

density, and embodied carbon. The following key findings were drawn:

Setting time: The incorporation of biochar accelerated the setting process. When
cement was replaced with 60% biochar, the initial and final setting times decreased
by 64% and 13.4%, respectively, compared to the control mix. At lower replacement
levels (e.g., 5%), the variation was relatively minor, indicating that small additions
(<5%) have a limited impact on workability time.

Workability (Slump): Increasing biochar content led to a consistent reduction in slump
value, with a 6.2% drop at 5% replacement and up to 52.7% at 60% replacement. This
reduction is attributed to biochar’s high porosity and strong water absorption capacity,
which reduces available mixing water.

Compressive strength: A progressive decline in compressive strength was observed
with increasing biochar content, with reductions of 38% at 5% and up to 90% at 60%
replacement. The high-water absorption of biochar and its inert nature contribute to
this loss of strength. Hence, higher replacement levels are not suitable for structural
applications.

Density: The density of concrete decreased proportionally with biochar addition due
to the low specific gravity of biochar. A reduction ranging from 1% (at 5%) to 17.3%
(at 60%) was observed.

Embodied carbon: A significant reduction in embodied carbon was achieved, reach-
ing up to 58.8% at 60% replacement (without accounting for carbon sequestration).
When biochar’s carbon offset value was considered, mixes containing > 30% biochar
demonstrated a net carbon-negative footprint.
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In summary, the incorporation of biochar in concrete offers a clear trade-off between
mechanical performance and environmental benefit. At lower dosages (<5%), biochar
can reduce embodied carbon while maintaining acceptable strength, setting time, and
density. However, higher substitution levels, while environmentally advantageous, result in
substantial strength loss and are therefore more suitable for low-strength and non-structural
applications such as masonry blocks, paving units, or lightweight partition materials.

This study contributes to the growing body of knowledge on carbon-neutral con-
struction materials by quantifying the dual effect of biochar on performance and carbon
footprint. Future studies should focus on optimising particle size, pre-treatment, and ad-
mixture compatibility to achieve a balance between strength and sustainability outcomes.

5. Recommendations for Further Studies

Based on the experimental investigation, results, and conclusion, the following things
will be recommended for further investigation:

e  Based on the physical characteristics of the hardwood biochar used in this study (high
porosity, fine particle size, and low density), it is unlikely to be suitable as a partial
replacement for coarse aggregates in structural concrete, which require materials with
substantially higher strength and density.

e  Biochar’s high-water absorption (217% in 24 h) reduces mix workability; hence, it
should be used in a saturated surface dry (SSD) condition or with suitable admixtures.

e Dry grinding of the oven-dried biochar produced significant airborne dust during
preparation. Wet grinding, followed by re-drying, is therefore recommended to reduce
dust emissions and improve handling safety.

e Due to its low specific gravity, biochar tends to segregate during vibration; therefore,
gentle compaction methods should be adopted.

e  Further studies should include standardized carbon absorption tests to validate
biochar’s CO; sequestration capacity and establish quantitative models for embodied
carbon reduction.
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