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Comprehensive evaluation of the
environmental performance and
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To achieve global carbon neutrality, the construction industry is increasingly focused on reducing

the carbon footprint of cement-based materials. However, comprehensive evaluations of biochar-
incorporated concrete integrating long-term mechanical performance, freeze-thaw durability, and
environmental impact remain limited. To address these issues, this study presents a comprehensive
experimental evaluation of wood-based biochar as an alternative supplementary cementitious
material (ASCM) in concrete. The physical characteristics of the biochar were analyzed using scanning
electron microscopy (SEM), SEM-EDX, and Brunauer-Emmett-Teller (BET) analyses, and the chemical
characteristics were evaluated using XPS. Concrete performance was evaluated in terms of mechanical
properties (compressive strength, flexural strength, and static modulus), freeze-thaw durability

with quantitative image-based surface analysis, and a life cycle assessment (LCA) was performed to
quantify global warming potential (GWP). The results indicate that concrete containing 5% biochar
achieved the target design strength of 24 MPa, whereas 7% replacement resulted in a compressive
strength reduction of up to 35.5% compared to the plain mix. After 300 freeze—thaw cycles, the 5%
biochar mixture maintained a durability factor of 96.8% and reduced the increase in surface scaling and
increase in void count by approximately 74 and 72%, respectively, compared with the plain specimen.
LCA results revealed that increasing the biochar replacement ratio reduced GWP, with up to a 27.7%
reduction at 7% replacement. Considering both mechanical performance and environmental impact, a
biochar replacement range of 3-5% was identified as optimal. These findings demonstrate that wood-
based biochar is a viable ASCM for sustainable and low-carbon concrete construction.
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Major countries around the world are formulating and implementing policies to achieve carbon neutrality to
address climate change. In 2019, the European Union announced the European Green Deal to achieve carbon
neutrality by 2050!. The United States declared its plan to achieve zero carbon emissions in certain industrial
sectors by 2035 and full carbon neutrality by 20502, In addition, the United States plans to implement the Clean
Competition Act’, and the European Union intends to introduce the Carbon Border Adjustment Mechanism®*.
Accordingly, the Korean government announced the 2050 Carbon Neutrality Scenario and the 2030 Nationally
Determined Contribution. These policies outline the need to reduce greenhouse gas emissions across major
sectors, which include the construction industry, and to present corresponding strategies®. In the construction
sector, key mitigation measures include the use of low-carbon building materials, improved energy efficiency,
and the expansion of renewable energy adoption. Therefore, the development and application of low-carbon
construction materials are essential to achieving decarbonization in the construction industry.

The cement industry accounts for approximately 7% to 8% of global carbon dioxide emissions, and thus,
reducing carbon emissions during cement production has emerged as a critical challenge in achieving net-zero
carbon targets®. Consequently, growing environmental concerns have highlighted biochar, a renewable resource
derived from organic waste biomass, as a material of interest. Biochar is a porous carbonaceous material that is
obtained by pyrolyzing biomass under oxygen-limited conditions, and it possesses excellent carbon sequestration
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capability’. Although biochar has traditionally been utilized mainly as a soil amendment and adsorbent?, recent
studies have focused on employing biochar and similar novel materials as eco-friendly construction materials™!°.

Studies that have investigated the incorporation of biochar into mortar to enhance the performance of
cementitious materials have found that a replacement ratio of 2 to 5% by weight of cement can achieve comparable
or improved performance of cement mortar®*!1-16, Research also has examined the application of biochar in
concrete. Owing to its high porosity and large specific surface area, biochar exhibits excellent water absorption
capacity, which has been reported to enhance moisture retention and evaporative cooling performance when
biochar is incorporated into pervious concrete!”. Biochar also has been shown to reduce pore size within the
concrete matrix and establish connections with hydration products, thereby helping to prevent early failure and
contributing to the improvement of concrete’s flexural strength!®.

A previous study that investigated the long-term performance of concrete containing biochar showed that the
inclusion of 2 and 5% wood waste-based biochar by weight of cement, followed by two years of curing, resulted in
improvements in both the compressive and flexural strength of the concrete!®. Another study, in which biochar
was substituted at levels of 2.5 to 10% and specimens were cured in air and water for one year, found that the
mixture that contained 5% biochar exhibited the most favorable compressive and flexural performance of the
concrete specimens tested?’. Compared with plain concrete, the compressive strength of the concrete specimens
with biochar increased by up to 25 percent. This improvement was attributed to the internal curing effect of the
biochar and densification of the microstructure. These results indicate the potential applicability of biochar in
structural concrete. However, research on cement-based materials incorporating biochar over extended periods
remains significantly limited.

A study that evaluated the durability of concrete that contains biochar found that the inclusion of 2 to
4% biochar by mass of cement enhanced durability by densifying the concrete’s microstructure and reducing
permeability via the filler effect?’. In addition, results from freeze-thaw resistance tests demonstrated that an
appropriate amount of biochar in cement can reduce mass loss and surface scaling??. The pore structure of
biochar has been reported to enhance the freeze-thaw resistance of concrete and reduce its permeability?.
Another study has reported that, at relatively high biochar dosages, the porous structure and water absorptivity
of biochar can lead to an increase in larger pore fractions in cementitious materials after freeze-thaw cycles. This
finding indicates that an optimal dosage of biochar can act in a manner similar to an air-entraining agent within
concrete, thereby improving its freeze-thaw resistance?’. However, the effects of biochar incorporation on the
durability of concrete, particularly with regard to the quantitative evaluation of concrete’s deterioration under
environmental conditions such as freeze-thaw cycles, remain insufficiently investigated.

Recent studies have shown that the mechanical performance of biochar-modified mortar depends on
feedstock type and physicochemical characteristics, with wood-based biochar demonstrating more favorable
strength performance than biochar with coarse particles and low specific surface area. Biochar incorporation
can also alter fresh concrete behavior due to its high surface area and porous structure, influencing workability
and hydration processes. Environmental assessments have reported a carbon sequestration potential of up to
9.40 kg CO, per cubic meter of concrete. Recent studies also suggest the need for improved understanding
of long-term performance and highlight challenges related to standardization for the practical application of
biochar in concrete?>%,

According to ASTM C1709%, an alternative supplementary cementitious material (ASCM) is defined as a
material that contributes positively to the strength, durability, workability, or other performance characteristics
of concrete or mortar. This ASCM category includes not only ground granulated blast furnace slag, fly ash, and
silica fume, but also novel materials. For biochar to be utilized in practice and standardized in the construction
industry, its applicability must be demonstrated through the material characterization and performance
evaluation of concrete as specified in this standard. The performance evaluation of an ASCM requires material
characterization as well as assessments of the material'’s mechanical properties and durability, including its
compressive strength, flexural strength, modulus of elasticity, and freeze-thaw resistance. Under climatic
conditions such as those in Korea, where freeze—thaw cycles occur repeatedly for approximately five months
each year, the evaluation of freeze-thaw resistance should be considered thoroughly to ensure durability?s.

Previous studies have reported improvements in individual mechanical or durability properties. However,
comprehensive evaluation of wood-based biochar as an ASCM at the concrete level under a standardized
performance framework such as ASTM C1709 remains limited. This study aims to provide an integrated evaluation
to support the practical feasibility of wood-based biochar as an ASCM at the concrete level. To this end, we
prepared concrete containing biochar under large-scale mix conditions and with consideration of practical field
applications, and evaluated its mechanical and durability properties. The physical and chemical characteristics
of biochar were analyzed and established biochar replacement ratios by weight of cement. Subsequently, the
mechanical performance was evaluated by measuring the compressive strength, flexural strength, and static
modulus of elasticity over curing periods of up to 365 days. In addition, the freeze—thaw resistance was assessed
in accordance with ASTM C666. The applicability of biochar in concrete based on the results of mechanical and
durability performance tests were evaluated to suggest its applicability for use as an ASCM.

Experimental program
Materials and mix proportions
Ordinary Portland cement (OPC), classified as ASTM C150 Type I, was used in this study. The chemical
composition of the cement was analyzed using X-ray fluorescence (XRF), and the major oxide components
are presented in Table 1. To improve the workability of the concrete mixtures, a high-range water-reducing
admixture was employed.

The biochar (WB) was produced through pyrolysis of wood pellet-based biomass at approximately 650 °C by
Company K located in Daegu, Republic of Korea. To enable its use as an alternative supplementary cementitious
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OPC |22.1 |50 63.8 | 1.6 20 |30

Table 1. Chemical compositions of OPC (wt%).
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Fig. 1. (a) Comparison of particle size distribution between grinded Biochar and OPC; (b) porous surface
microstructure of grinded WB.

WB 86.96 | 11.91 | 0.07 | 0.09 | 0.07 | 0.16 | 0.04 | 0.1 | 0.12 | 0.3 | 0.17

Table 2. Element Composition of WB.

material (ASCM), the biochar was oven-dried at 105 °C for 24 h and subsequently ground for more than 30 min
using a roll mill at a rotational speed of 250-350 RPM.

The particle size characteristics of OPC and WB were analyzed using laser diffraction over a size range of
0.4-2000 pm, and the results are shown in Fig. la. The D10, D50, and D90 values of WB were 2.82, 14.51,
and 56.71 um, respectively, while those of OPC were 2.029, 16.70, and 55.98 um. The average particle size was
22.64 pm for WB and 23.36 um for OPC, indicating a similar particle size distribution with most particles
smaller than 100 pm. These results suggest that WB possesses comparable fineness to OPC, supporting its
potential applicability as an ASCM.

Despite undergoing mechanical grinding, the inherent porous structure of WB was preserved, while the initial
large pores were substantially reduced, as observed in Fig. 1b. This indicates that the functional characteristics of
the material were retained while the microstructural uniformity was improved®. According to the EDS analysis
results presented in Table 2, the oxygen-to-carbon (O/C) ratio of WB was measured to be 0.10, which satisfies
the commonly accepted threshold of 0.2 for chemically stable biochar?. Therefore, WB can be considered a
promising material in terms of long-term stability and carbon sequestration potential.

The complete mix proportions are presented in Table 3. Four concrete mix designs were prepared for
the experimental program, in which biochar (WB) was used to replace ordinary Portland cement (OPC) at
replacement levels of 0, 3, 5, and 7% by weight. The concrete mixing was conducted using a full-scale batch plant
system to simulate field production conditions. For all mixes, the target compressive strength was set at 24 MPa,
and the air content was maintained at 4.5+ 1.5%. According to previous studies, biochar exhibits high moisture
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Unit weight (kg/m?)
Type W/B (%) | S/IA (%) |W |C S G Biochar | SP
Plain 330 - -
WB_3% 320 10 0.66
50.0 40.0 165 712 | 1069
WB_5% 313.5 16.5 0.66
WB_7% 307 23 0.66

Table 3. Mix proportions. W/B is water-to-binder ratio, S/A is sand/aggregate ratio, C is cement, S is fine
aggregate, G is coarse aggregate, SP is super plasticizer, WB is wood biochar.

Fig. 2. Mechanical performance test set-ups: (a) compressive strength test; (b) flexural strength test; (c)
flexural-compressive strength tested specimens.

absorption due to its porous structure, which can negatively affect the workability of concrete®!-213031, To

mitigate this effect and ensure adequate flowability, a high-range water-reducing admixture was incorporated at
a dosage of 0.2 wt% of cement in all mixtures.

The fresh concrete was cast into cylindrical molds (100 mm in diameter x 200 mm in height, 9 specimens per
mix) and prismatic molds (100 mm x 100 mm x400 mm, 9 specimens per mix). Initial curing was carried out
under sealed conditions using plastic sheets to prevent moisture loss during early hydration.

Analysis of biochar properties

Various analytical techniques were employed to evaluate the physical properties of the ground WB. First, the
microstructure and surface elemental composition of WB were examined using Scanning Electron Microscopy
(SEM) coupled with Energy Dispersive Spectroscopy (EDS). Surface functional groups were analyzed using
Fourier Transform Infrared Spectroscopy (FTIR, Bruker VERTEX 80v) within the frequency range of 4000-
400 cm™. In addition, the surface chemical composition was assessed through X-ray Photoelectron Spectroscopy
(XPS, Thermo Scientific, USA) utilizing Al Ka radiation. The porosity characteristics were evaluated using
a Tristar II surface area analyzer by measuring nitrogen adsorption-desorption isotherms at liquid nitrogen
temperature (77 K,—196 °C). Based on these measurements, the Brunauer-Emmett-Teller (BET) method was
applied to determine the specific surface area, and the Barrett-Joyner-Halenda (BJH) method was used to
analyze the pore size distribution quantitatively. Furthermore, to obtain additional insights into the internal
pore structure, mercury intrusion porosimetry (MIP) was performed using an Autopore porosimeter.

Biochar-concrete experimental program
All specimens were initially cured for 24 h under controlled conditions at 22 + 3 °C and 60 + 3% relative humidity.
After demolding, the specimens were subjected to water curing for 28, 56, and 365 days at 20+ 3 °C and 95+ 5%
relative humidity to minimize moisture loss.

For each mix, three cylindrical specimens were prepared for compressive strength testing at 28, 56, and
365 days. Three prismatic specimens per mix were tested for flexural strength at 28 and 56 days, and an additional
three prismatic specimens were allocated for freeze-thaw resistance testing.

Compressive and flexural behaviors

Compressive strength and flexural strength were measured in accordance with ASTM C39%? and ASTM C78%,
respectively. In particular, after the completion of freeze-thaw testing, each prismatic specimen was cut in half to
evaluate both flexural and compressive strengths on the same specimen, thereby enabling a comparative analysis
of strength variation due to freeze—thaw cycles. Figure 2 illustrates the overall experimental setup for mechanical
performance testing.

Figure 2a shows the setup for the compressive strength test, in which a cylindrical specimen was instrumented
with a compressive strain gauge to record the stress—strain behavior. The test was conducted using a hydraulic
universal testing machine (UTM) with a maximum load capacity of 2000 kN, and the loading rate was controlled
at 0.25 MPa/s +0.05 MPa/s. The static modulus of elasticity was calculated in accordance with ASTM C469*,
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Figure 2b illustrates the setup for the flexural strength test, conducted using the four-point bending method.
A UTM with a maximum capacity of 100 kN was used, and the loading rate was set at 0.02 MPa/s. Following
the flexural strength test, the specimen was repositioned between compression plates to evaluate flexural-
compressive strength based on the Korean Standard KS F 24133, The setup for this test is shown in Fig. 2c.

Freeze-thaw resistance of concrete

The freeze-thaw resistance was evaluated in accordance with Procedure B (rapid freezing in air and thawing in
water) of ASTM C666°°. Specimens were water-cured for 14 days prior to testing, as specified in the standard,
and then subjected to up to 300 freeze-thaw cycles. Each cycle consisted of lowering the temperature from +4
to—18 °C, followed by thawing back to+4 °C. The full cycle, including both freezing and thawing phases, was
completed within 4 h.

During the freeze-thaw testing, the specimens were evaluated every 30 cycles for dynamic modulus of
elasticity, mass, and surface condition. The dynamic modulus was measured using the transverse vibration
method in accordance with ASTM C215%. Based on the measurements, the relative dynamic modulus of
elasticity and durability factor were calculated using Eqgs. (1), (2), and (3), respectively.

Figure 3 presents the overall test configuration. Figure 3a and b show the actual setup and schematic of
the driving (K) and receiving (P) transducers used for dynamic modulus measurements, while Fig. 3c and d
illustrate the freeze—thaw test equipment and the main testing conditions.

Ep = CMn? 1)

where Ep is the dynamic Young’s modulus of elasticity (MPa), M is the mass of the specimen (kg), and n is
the fundamental transverse frequency (Hz). C' is 0.9464 (L3T/ bt>)-m = for a prism where L is the length of
the specimen, m, ¢t and b are the dimensions of the cross-section of a prism specimen m, ¢ is the direction the
specimen is driven, and 7 is the correction factor that depends on the ratio of the radius of gyration K (the
radius of gyration for a prism is t/3.464).

P. = E1/Ey x 100 )

where P. is the relative dynamic modulus of elasticity after ¢ cycles of freezing and thawing (%), E1 is the
dynamic modulus of elasticity after c cycles of freezing and thawing, and Ep is the dynamic modulus of elasticity
at 0 cycles of freezing and thawing.

DF = PN/M (3)

where DF is the durability factor of the test specimen, P is the relative dynamic modulus of elasticity at IV cycles
(%), N is the number of cycles at which P reaches the specified minimum value for discontinuing the test or
the specified number of cycles at which exposure is to be terminated, whichever is less, and M is the specified
number of cycles at which exposure is to be terminated.

$KL!J *I

0.224 L 05L

P : Pickup circuit, K : Driving circuit, L : Specimen length

(d) Thawing |
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Fig. 3. Freeze-thaw test set-up: (a) dynamic elastic modulus measurement apparatus; (b) schematic diagram
of dynamic elastic modulus test set-up; (c) freeze—thaw test specimens; (d) diagram of freeze-thaw test cycle.

Scientific Reports|  (2026) 16:10803 | https://doi.org/10.1038/s41598-026-45887-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Scanning electron microscopy

Small fragments collected from the specimens before and after freeze-thaw cycles were dried using silica gel.
Subsequently, a thin platinum coating was applied to the surface of each specimen, and imaging was performed
using a field emission scanning electron microscope (FE-SEM, SU7000, Hitachi, Japan) operated at an
accelerating voltage of 10 keV.

Pore structure
The pore structure of the cement paste before and after freeze-thaw cycles was characterized using a mercury
intrusion porosimeter (Autopore IV 9510). The applied pressure ranged from 0 to 600,000 psi (414 MPa).

Results and discussion

Physicochemical properties of biochar

To evaluate the surface characteristics and chemical reactivity of WB, FTIR and XPS analyses were conducted.
The FTIR spectrum results are presented in Fig. 4a, where vibrational peaks corresponding to various functional
groups were observed. A strong absorption band at 871 cm™! corresponds to out-of-plane bending vibrations
of aromatic C-H, indicating the presence of condensed aromatic domains formed during high-temperature
gasification®®3. Such aromatic structures contribute to the durability and chemical stability of WB, potentially
enhancing structural resilience in the highly alkaline environment of concrete. The peak near 1400 cm™ is
attributed to bending vibrations of CH and CO bonds and stretching of aromatic C=C, suggesting surface
oxygen-containing functional groups that impart chemical reactivity to WB*’. Peaks observed at 1587 cm™! and
1700 cm™! indicate the presence of conjugated carbonyl (C=0) groups, typically associated with carboxylic acids
and aldehydes’®. These groups may enhance early-stage reactivity via ion exchange or electrostatic interaction
with cement hydration products.

Absorption bands detected in the 1980-2112 cm™ range correspond to nitrile (CEN) or alkyne (C=C)
functional groups, indicating increased surface unsaturation and potential redox activity, which may confer
catalytic properties®**!. A peak near 2200 cm™ is associated with cumulated double bonds or isocyanate
(N=C=0) groups, reflecting possible chemical interactions within the cement matrix*2. Moreover, the peak at
3700 cm™ corresponds to O-H stretching vibrations from alcohol, phenol, or carboxylic acid-derived hydroxyl
groups. These hydrophilic groups can promote water interaction and improve hydration uniformity?344.
The presence of diverse oxygen-containing functional groups suggests that WB may improve bonding and
microstructural integration with cement hydration products through enhanced chemical reactivity and
adsorption.

The XPS analysis results shown in Fig. 4b are consistent with the FTIR findings. The survey spectrum
revealed that the dominant peak was Cls, confirming the carbon-based structure of WB. Simultaneously,
various inorganic elements such as Ca, Si, K, and Mg were also detected, likely derived from ash constituents
in the original biomass. These inorganic species can contribute to pH buffering, ion exchange, and secondary
reactivity, thereby enhancing chemical durability and microstructural stability in concrete.

High-resolution fitting of the Cls peak indicated that oxygen-containing functional groups accounted for
more than 85% of the total signal. In particular, the presence of C-O and O-C= O groups supports the potential
for chelation and electrostatic interactions with metal ions and cement hydration products®®. These XPS results
align with the FTIR-determined functional groups and further support that WB has the material characteristics
of a reactive filler or chemical promoter within the cement matrix.

The pore characteristics of WB were analyzed using nitrogen adsorption-desorption (BET) and mercury
intrusion porosimetry (MIP). The BET isotherm, shown in Fig. 5a, exhibited a Type IV curve with an H4
hysteresis loop according to IUPAC classification, indicating a material with a combination of mesopores
(2-50 nm) and micropores*®. The BJH pore size distribution in Fig. 5b showed a peak in the 2-5 nm range,
confirming a relatively uniform mesoporous structure.

The specific surface area, as measured by the Brunauer-Emmett-Teller (BET) method, was 49.19 m?/g. Under
relative pressure (P/P,) conditions, the total pore volume for pores smaller than 371.77 nm in diameter was
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Fig. 4. FTIR and XPS spectra of WB: (a) FTIR spectra; (b) full scan and region scans of C 1 s and peak fitting
results.
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Fig. 5. BET and MIP analysis results of WB: (a—c) BET results; (d-f) MIP results.

0.05371 cm®/g, and the average pore diameter was 9.78 nm. According to t-plot analysis in Fig. 5¢, approximately
64% of the total surface area (31.67 m?/g) originated from micropores, while the external surface area was
measured at 17.51 m?/g. These features indicate a favorable structure for reactivity and adsorption.

Meanwhile, the MIP results revealed larger pore structures not captured by BET analysis. The total pore
volume was measured at 0.2929 cm?®/g, the average pore diameter was approximately 88.6 nm, and the porosity
was calculated to be 30.64%. The mercury-intrusion-derived specific surface area was 1.323 m?/g. The pore size
distribution was concentrated in the 0.01-1 pm range, with a notable peak in the 0.1-0.2 um interval, indicating
a well-developed macroporous structure. These results indicate that WB possesses a hierarchical pore system
comprising micropores, mesopores, and macropores.

According to Lehmann (2007) and Shafie et al. (2012), water retention is optimized when pore diameters
are below 30 um”*". Therefore, the microporous and mesoporous structure of WB is considered to positively
contribute to cement hydration by regulating water retention and release, thereby enhancing reactivity and
strength development!2.

Compressive properties

Table 4 summarizes the compressive strength, ultimate strain, and elastic modulus of each specimen, while
Fig. 6a-1illustrate the stress—strain curves at various curing ages. At 28 days, the Plain specimen exhibited the
highest average compressive strength. In contrast, all WB-incorporated specimens showed a general reduction
in strength, which can be attributed to the decreased cement content and the consequent limitation in hydration
product formation due to partial replacement with biochar?.

In terms of replacement ratio, compressive strength was relatively maintained at 3-5%, whereas a significant
decline was observed at the 7% replacement level. This trend aligns with the commonly reported threshold
level of approximately 5%, below which the beneficial microstructural effects of biochar can offset strength
losses. Beyond this level, however, increased porosity dominates, leading to notable strength reductions*. The
limited strength reduction at replacement levels below 5% can be explained by the packing effect of fine biochar
particles, which reduces porosity and increases the overall density of the mixture’®!. In addition, internal
curing facilitated by the moisture retained within the biochar may promote continued hydration and contribute
to microstructural densification®>>3. Both WB_3% and WB_5% specimens exceeded the target compressive
strength of 24 MPa, and a small strength gain was observed in all mixes beyond 56 days. At one year, the Plain
specimen showed a strength increase of approximately 19% compared to its 28-day value, while WB_3% and
WB_5% exhibited gains of 14% and 13%, respectively. These results indicate that continued hydration and long-
term strength development are feasible even in the presence of biochar®*. On the other hand, the WB_7%
mix consistently demonstrated the lowest compressive strength at all ages, with a maximum reduction of
approximately 35.5% compared to the Plain mix. This significant decline is likely due to the excessive replacement
of cement, which disrupts paste continuity and hinders the formation of calcium silicate hydrate (C-S-H) gel,
thereby compromising mechanical integrity.
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Specimen Compressive strength (MPa) | Peak strain (mm/mm) | Elastic modulus (GPa)
Plain (28 days) 30.16+0.37 0.00225+0.000108 21.2+2.64
Plain (56 days) 31.24+1.40 0.00216+0.000068 22.6+0.09
Plain (1 year) 35.93+0.22 0.00262 £0.000046 21.7+£0.48
WB_3% (28 days) | 26.06+1.52 0.00217 +£0.000268 20.9+1.38
WB_3% (56 days) | 26.43+2.29 0.00198 £0.000284 21.2+0.29
WB_3% (1 year) 29.84+1.19 0.00224 £0.000022 23.9+0.95
WB_5% (28 days) | 26.55+0.65 0.00210+0.000282 20.4+0.84
WB_5% (56 days) | 27.53+1.62 0.00238+0.000070 20.2+0.14
WB_5% (1 year) 30.12+1.65 0.00213£0.000460 25.8+£2.99
WB_7% (28 days) | 19.46+1.13 0.00245+0.000394 18.5+1.32
WB_7% (56 days) | 21.87+1.58 0.00198 +0.000448 19.6 £0.65
WB_7% (1 year) 23.09+0.37 0.00213+0.000383 22.5+£0.50

Table 4. Compressive strength test results.

The modulus of elasticity was calculated in accordance with ASTM C469. At 28 days, the Plain specimen
exhibited the highest modulus. A gradual decrease in modulus was observed with increasing biochar replacement
levels. For WB_3% and WB_5%, the modulus was reduced by less than 5% compared to the Plain specimen.
At 56 days, the reductions ranged from approximately 6 to 11%, while the WB_7% specimen exhibited a
consistent reduction of around 13% at both 28 and 56 days™°. Overall, when the replacement level remained at
or below 5%, the reduction in elastic modulus was limited, suggesting minimal adverse effects on mechanical
performance at early ages'®. Changes in the modulus of elasticity with curing age varied between mixes. While
the plain specimen showed a decrease in modulus over time, likely due to accumulated microcracks, the biochar-
containing specimens demonstrated an increasing trend. At one year, the modulus of elasticity for WB_3%,
WB_5%, and WB_7% specimens increased by approximately 10, 19, and 4%, respectively, compared to the
plain mix. This implies that biochar particles may initially act as stress-dissipating inclusions. Over the long
term, internal curing and continued hydration may contribute to sustained stiffness development®®*’. These
mechanisms should be verified through further microstructural investigation in future studies.

Crack patterns

Figure 7 illustrates the failure patterns of concrete specimens at different curing ages, with the primary crack
paths indicated by red lines. The observed crack patterns varied depending on the curing duration and biochar
replacement ratio. In the Plain specimens, failure was primarily characterized by inclined or X-shaped shear
cracks, which are indicative of a typical brittle and shear failure mode under uniaxial compression®®*. These
cracks propagated diagonally across the specimen, reflecting localized and concentrated fracture behavior. In
contrast, the WB_3% and WB_5% specimens exhibited crack patterns predominantly aligned parallel to the
loading direction, resembling axial splitting rather than shear failure. These vertical cracks were distributed more
uniformly along the height of the specimens, suggesting a delayed localization of shear failure and a transition
toward a more distributed fracture mode.

For the WB_7% specimens, a mixture of vertical and inclined cracks was observed across all curing periods,
with irregular crack orientations and multiple concurrent failure paths. This behavior corresponds with the
overall reductions in compressive strength and elastic modulus reported in Table 4, reflecting a deterioration in
structural coherence due to excessive biochar content. Overall, the inclusion of biochar significantly influenced
the axial compressive failure behavior of concrete, shifting the dominant failure mode from localized shear
to more distributed splitting or mixed-mode cracking. This indicates that biochar alters the internal stress
distribution and crack propagation mechanisms in concrete, thereby delaying fracture localization and
promoting more varied failure patterns®*.

Flexural properties

Figure 8a presents the results of the flexural strength tests. At a curing age of 28 days, both the Plain and WB_5%
specimens exhibited an average flexural strength of 3.9 MPa, whereas the WB_3% and WB_7% specimens
showed relatively lower values of 3.3 and 3.15 MPa, respectively. At 56 days, the WB_5% specimen achieved
the highest flexural strength of 4.4 MPa, while the WB_7% specimen consistently exhibited the lowest flexural
strength at all curing ages'>.

This behavior indicates a biochar incorporation level of 5% within the concrete matrix, thereby enhancing
the mechanical interlocking between biochar particles and the hydrated cement matrix and delaying the
initiation of early-stage cracking. It is well established that flexural strength is strongly influenced by the size and
spatial distribution of macropores within the cross-section®, with smaller and more uniformly distributed pores
generally leading to improved flexural performance. From this perspective, a 5% biochar content is considered
to refine the pore structure and contribute to flexural strength enhancement, whereas excessive biochar
incorporation at 7% likely induces a non-uniform pore structure, resulting in a reduction in flexural strength.

For most specimens, the flexural strength after freeze-thaw cycles showed a slight increase compared to that
at 28 days. This trend suggests that the strength gain associated with continued cement hydration during the
testing period outweighed the micro-damage induced by repeated freeze-thaw actions®2.. However, even after
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Fig. 6. Stress-strain curves: (a) Plain; (b) WB_3%; (c) WB_5%; (d) WB_7%.

freeze-thaw exposure, the WB_7% specimen exhibited the lowest flexural strength, which may be attributed to
the formation of additional pores near the tensile zone at high biochar content. These pores are likely to promote
stress concentration under bending loads, thereby leading to a deterioration in flexural performance'?.

Figure 8b presents the results of the residual compressive strength tests conducted on prism specimens
after the flexural strength tests. At curing ages of 28 and 56 days, the WB_5% specimens exhibited compressive
strength levels comparable to those of the Plain specimens. After exposure to freeze-thaw cycles, the compressive
strength of the WB_5% specimens decreased by approximately 8% relative to the 28-day strength, which was
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Fig. 7. Crack patterns: (a) Plain; (b) WB_3%; (c) WB_5%; (d) WB_7%.
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Fig. 8. (a) Flexural strength; (b) Flexural-compressive strength.

nearly identical to the reduction observed in the Plain specimens. In contrast, the WB_3% specimens showed a
strength reduction of approximately 10% after freeze-thaw exposure, while the WB_7% specimens exhibited a
reduction of about 8%.

Overall, no significant differences in the residual flexural-compressive strength were observed with increasing
biochar replacement ratio. The specimens incorporating 5% biochar maintained compressive performance
comparable to that of the plain specimens, which can be attributed to the effective internal curing effect provided
by biochar. In contrast, the specimens with 7% biochar content exhibited the lowest compressive strength, likely
due to the combined effects of freeze-thaw damage and excessive pore formation. The observed trends in
flexural-compressive strength exhibit a similar tendency to those obtained from the compressive strength tests
conducted on cylindrical specimens.
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Freeze-thaw durability of concrete specimens

Figure 9a-d illustrate the variation in relative dynamic elastic modulus (RDEM) with the number of freeze-
thaw cycles. Among the Plain specimens, the second specimen failed after 60 cycles and was therefore excluded
from subsequent analysis. All mixes retained over 90% of their initial RDEM after 300 cycles, indicating that all
mixtures tested in this study exhibited excellent freeze-thaw resistance. The WB_3% and WB_5% specimens
showed degradation patterns similar to the Plain mix, while the WB_7% specimen exhibited a relatively sharp
decline in RDEM after 150 cycles. This behavior is likely due to increased interfacial weakness between the
cement matrix and biochar particles at higher replacement levels, making the composite more susceptible to
microcracking under repeated freeze—thaw stress. In addition, the high moisture retention capacity of biochar is
believed to play a key role in this deterioration. Water retained within the biochar may freeze during the cooling
phase, generating internal expansion stresses that promote interfacial cracking and enlargement of capillary
pores?.

This trend is more clearly demonstrated by the durability factor (DF) values presented in Fig. 9e. A DF below
60% typically indicates poor freeze—thaw resistance. However, all specimens in this study recorded DF values
above 90%, confirming their high durability. Specifically, the DF for the Plain specimen was 96.7%, while the
WB_5% specimen recorded a slightly higher value of 96.8%, suggesting that an appropriate amount of biochar
can even enhance freeze-thaw durability. This improvement may be attributed to the ability of biochar to act
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Fig. 9. RDEM and DF of specimens during freeze—thaw cycles: (a) RDEM of Plain; (b) RDEM of WB_3%; (c)
RDEM of WB_5%; (d) RDEM of WB_7%; (e) DE.
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similarly to air-entraining agents by introducing fine, well-dispersed pores that help mitigate internal pressure
from ice formation?. Conversely, the DF of the WB_7% specimen decreased to 93.9%, which may result from
exceeding the threshold replacement level—leading to weakened interfacial bonding and moisture-induced
damage mechanisms.

Figure 10a-d present the mass loss ratios of specimens after 300 freeze-thaw cycles. The Plain specimen
exhibited the lowest mass loss at 1.63%, while the specimens containing biochar generally showed increased
mass loss. The WB_3% and WB_7% specimen recorded relatively higher losses of 2.77 and 2.78%, respectively.
In contrast, the WB_5% specimen showed a mass loss of 2.03%, which was comparable to that of the Plain
specimen.

These results indicate that while the inclusion of biochar may moderately reduce freeze-thaw resistance in
terms of mass loss. Considering environmental sustainability as well, the use of biochar at levels up to 5% appears
to be practically acceptable in terms of freeze-thaw durability performance. Furthermore, a correlation analysis
between the DF and mass loss ratio revealed a clear trend: specimens with lower mass loss tended to exhibit
higher durability factors.

Surface analysis after freeze-thaw

The surfaces of the specimens before and after freeze-thaw cycling (0 and 300 cycles) were quantitatively
analyzed to evaluate the occurrence of surface scaling and pore formation. Using a Python-based image analysis
program, deteriorated regions were extracted based on pixel filtering, followed by object separation. Surface
scaling and voids were classified according to object area, where regions larger than 50 were defined as scaling
and smaller regions as surface voids. Subsequently, an automatic object detection function was used to count the
number of occurrences of each feature, and average values were calculated for each condition.

Image analysis was conducted on the exposed faces, excluding the casting surface, under identical imaging
conditions. Figure 11 visually illustrates the entire procedure of the surface scaling and void analysis, while
Table 5 summarizes the surface images and quantitative results obtained before and after freeze—thaw cycling.
To enable a comparative evaluation of surface degradation due to freeze-thaw exposure, the increase rates of
surface scaling and void formation were calculated using Eq. (4). This approach provided an objective basis for
assessing the impact of repeated freeze-thaw cycles on surface deterioration.

Increaseratio (%) = ((Xs00 — Xo)/Xo) x 100 (4)

where X300 is the number of surface voids or scaling instances detected after 300 freeze—thaw cycles, and Xo is
the number of surface voids or scaling instances detected before the freeze-thaw test.
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Fig. 10. Mass loss of specimens during freeze-thaw cycles.
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Fig. 11. Surface scaling and void analysis procedure: (a) surface image visualization; (b) void detection; (c)
scaling detection; (d) measurement of surface void and scaling defects.

Figure 12a presents the mass loss, along with the average number of surface scaling events and void counts
before and after 300 freeze-thaw cycles, while Fig. 12b visualizes the rate of increase in surface defects as a
function of biochar replacement ratio. Under the initial (0-cycle) condition, the Plain specimen exhibited the
fewest instances of surface scaling and void formation, and these metrics increased progressively with higher
biochar content. However, after 300 cycles, the rate of increase in surface defects was significantly lower for the
biochar-incorporated specimens compared to the Plain specimen. Specifically, the Plain specimen exhibited a
174.6% increase in scaling events and a 282.6% increase in void count, whereas the WB_3% specimen showed
increases of 45.9 and 145.5%, WB_5% exhibited 45.8 and 78.5%, and WB_7% showed only 24.5 and 47.1%,
respectively. These trends indicate that although specimens with higher biochar content initially exhibit more
surface defects, the progression of surface degradation due to freeze-thaw cycling is effectively mitigated.

The reduced increase rates in scaling and void formation can be attributed to enhanced crack resistance
imparted by biochar, which helps suppress surface deterioration?>?%. The porous structure of biochar provides
expansion space for freezing water, thereby dissipating internal stresses and delaying degradation progression®.
This study found that the correlation between mass loss and surface degradation indicators was not consistent
across all conditions. This implies that biochar affects both macroscopic durability and microstructural surface
behavior in a complex manner. Overall, the WB_5% mix demonstrated stable performance across multiple
durability indicators—including mechanical strength, mass loss rate, durability factor, and the rate of increase in
surface defects. These results suggest that when used as an ASCM, biochar can improve durability, provided the
replacement ratio is appropriately controlled.

Micro and pore structure analysis after freeze-thaw

Figure 13a presents the pore structure of the concrete specimens before freeze-thaw cycling. Compared to
the Plain specimen, those incorporating biochar showed a reduction in the volume fraction of large pores.
The WB_3% and WB_5% specimens exhibited porosity reductions of 8.78 and 22.05%, respectively, whereas
the WB_7% specimen showed a 31.1% increase. These results suggest that biochar at a 5% replacement level
contributes to matrix densification through micro-filler effects and internal curing. at 7% replacement, the
increased porosity can be attributed to the reduced cement content and weakened biochar-cement interfacial
bonding. Figure 13b shows the pore structure after 300 freeze—thaw cycles. An overall increase in porosity was
observed across all mixes, with biochar-modified specimens showing an increase in pore volume. This is likely
due to interfacial cracking and the formation of defects along the biochar-cement interface during cyclic freeze-
thaw exposure. The marked growth in large pore volume suggests that freezing-induced expansion of water
retained in the biochar pores caused interfacial cracking and coarsening of pores.

Figure 14 displays SEM images of the specimens prior to freeze-thaw cycling. SEM analysis can provide
qualitative microstructural evidence of interfacial conditions and pore characteristics in cement-based
materials®’. Except for localized interfacial gaps, the biochar-cement interface exhibited relatively continuous
contact between the biochar particles and surrounding hydration products. Hydration products were observed
within the internal pores of the biochar, suggesting precipitation and physical filling of hydration phases within
the porous structure. Such observations are consistent with the interaction between biochar surfaces and cement
hydration products, which may contribute to the formation of C-S-H, CH, and AFm phases®>. While hydration
product deposition was also visible in the WB_3% specimen, it was less pronounced than in WB_5%. This
behavior is considered to result from the combined effects of enhanced internal curing through water absorption
and release by biochar at a 5% replacement level, together with an increased total surface area that provides
additional nucleation sites for hydration products®.

Figure 15 shows the microstructural features after freeze-thaw cycling. In most specimens, the interfacial
transition zone (ITZ) between biochar and the cement matrix widened compared to the pre-cycling state. This
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Table 5. Surface image analysis of specimens before and after freeze—thaw cycles.

degradation may be attributed to increased CH concentrations in the ITZ and dilution effects caused by water
released from the biochar. Furthermore, the expansion of water absorbed in the biochar during freezing likely
generated local stresses, leading to interfacial cracking. The WB_3% and WB_5% specimens exhibited relatively
fewer cracks and voids compared to WB_7%. This supports the interpretation that, at low replacement levels,
biochar can act similarly to an air-entraining agent, improving freeze—thaw resistance. In the WB_7% specimens,
continuity in the cementitious matrix is compromised, and interfacial vulnerability becomes dominant, resulting
in microstructural deterioration that is considered to have been accelerated. Previous studies have also combined
SEM observations with EDS-based compositional analysis to interpret hydration products and microstructures
in blended cementitious systems, and future studies are recommended to include quantitative evaluation of ITZ
thickness and elemental distribution®.

Environmental impact assessment

To quantitatively assess the sustainability of concrete specimens incorporating biochar, a life cycle assessment
(LCA) was conducted. The system boundary was defined as cradle-to-gate, covering stages A1-A3, from raw
material extraction to the factory gate. The analysis focused primarily on environmental burdens arising from
raw material production and composite manufacturing, which are the major contributors to variation among
the mixes. Environmental impact factors per kilogram of material were obtained from Environmental Product
Declarations (EPDs) and relevant literature sources. A summary of these values is presented in Table 6, while
Table 7 shows the calculated environmental impacts and cost per unit volume (1 m?), based on the standard mix
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Fig. 13. Pore structure of specimens before and after freeze-thaw cycles: (a) Plain; (b) WB_3%; (c) WB_5%;
(d) WB_7%.

proportions provided in Table 3. The environmental impacts were calculated by directly applying the unit impact
factors from EPDs to the material quantities of each mixture.

The selected indicators for evaluation were Global Warming Potential (GWP) and Primary Energy Non-
Renewable Total (PENRT), and the analysis was performed in accordance with ISO 14040 and ISO 14044
standards®®®. Figure 16 illustrates the normalized comparison of environmental impacts and costs for each
mix design. The results showed a consistent reduction in GWP with increasing biochar replacement, with
the WB_7% mix achieving a 27.7% lower GWP compared to the Plain mix. This is attributed to the carbon-
sequestering nature of biochar, which possesses negative GWP values.
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Material Data source GWP (kg CO; eq/kg) | PENRT(M]J/kg)
Cement UltraTech Cement Ltd. (2022)7° | 0.996 5.96
Sand
Vilniaus Karjerai, JSC. (2021)”! | 0.000928 0.0126
Gravel
Biochar Biokolprodukter AB. (2024)7? -3.03 1.05
Super plasticizer | Sika Services AG. (2023)7 0.896 20.1
Water Nienborg et al. (2018)7 0.01 0.06

Table 6. Impact categories per kg of cementitious materials. Biochar incorporated into concrete is assumed to
create a permanent carbon sink with no downstream carbon emissions’?

Specimen | GWP (kg CO, eq) | PENRT (M]))
Plain 331.98 1999.14
WB_3% 292.29 1963.31
WB_5% 266.13 1931.39
WB_7% 239.96 1899.48

Table 7. Environmental impact per unit volume (1 m*) of cementitious concrete mixtures.
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Fig. 16. Normalized GWP and PENRT of concrete mixtures.

PENRT exhibited a gradual decline as the replacement ratio increased, which can be explained by the relatively
low energy input required during the pyrolysis process used for biochar production. These findings suggest that
biochar can substantially enhance the environmental performance of cement-based composites. Considering
the balance between environmental benefits and mechanical performance, the optimal replacement ratio range
appears to be between 3 and 5%.

The environmental assessment performed in this study focused on the material production stage within a
cradle-to-gate scope. Given the enhanced freeze-thaw durability observed, potential reductions in maintenance
frequency and associated environmental impacts during the service period may be expected; however, these
effects were not quantified here. A more comprehensive sustainability evaluation would require the inclusion of
full life-cycle stages in future studies.

Conclusions
We evaluated concrete incorporating domestically produced wood-based biochar to assess its applicability as

an ASCM in terms of material properties, mechanical performance, freeze—thaw resistance, and environmental
impact. The conclusions are as follows.

1. The material characterization showed that wood-based biochar has a PSD comparable to cement, along with
a porous structure and high specific surface area confirmed by BET and MIP analyses. Its high carbon con-
tent and low O/C ratio indicate chemical stability and long-term carbon sequestration potential.
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2.

The evaluation of mechanical performance and durability showed that concrete with 5% biochar replace-
ment provided stable compressive strength, flexural strength, and freeze-thaw resistance, maintaining du-
rability factors above 90% after freeze-thaw cycles. However, replacement levels exceeding 5% resulted in
reductions in compressive strength and elastic modulus.

The surface deterioration analysis showed that although the initial number of surface voids increased with
higher biochar content, the increase rates of scaling and void formation after 300 freeze-thaw cycles de-
creased in the biochar-incorporated mixtures. This trend suggests that the porous structure of biochar can
provide space for water expansion and mitigate the progression of surface deterioration during freeze-thaw
exposure.

The environmental impact assessment of GWP and PENRT showed that greenhouse gas emissions could
be reduced by up to 27.7% depending on the biochar replacement ratio. Considering both mechanical per-
formance and environmental impact, a replacement level of 3-5% is appropriate for concrete applications.
Therefore, biochar is regarded as a material with high potential for applicability as an ASCM in concrete.

For future studies, it is recommended to conduct detailed quantitative analyses of the mechanisms of strength
development and to evaluate performance at structural member dimensions for practical applications.

Data availability
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