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Alkali-activated slag (AAS) is regarded as a promising low-carbon alternative to Portland
cement; however, the increasing scarcity of slag and the need for further sustainability improvements
motivate the exploration of renewable and carbon-based additives. Biochar, as a porous and
carbon-rich material derived from biomass waste, has shown potential in cementitious systems, yet
its role and mechanism in AAS remain insufficiently understood. To address this gap, a systematic
experimental study was conducted to investigate the effects of biochar on the reaction kinetics,
microstructure, and engineering properties of AAS. Biochar was used to partially replace slag at 1, 2,
and 5 wt%. Isothermal calorimetry, XRD, FTIR, SEM, and TG analyses were employed to characterize
reaction behavior and products, while workability, compressive strength, ultrasonic pulse velocity
(UPV), electrical resistivity, and chloride diffusion tests were performed to evaluate macroscopic per-
formance. The results showed that biochar increased the 7-day cumulative reaction heat and pro-
moted late-age CASH formation, while not altering the main reaction products, indicating a
predominantly physical role. The porous structure of biochar provided internal space for alkali activa-
tion but also introduced air bubbles during mixing, leading to reduced absolute compressive strength
and UPV. Despite this strength reduction, moderate biochar additions (1-2 wt%) had limited adverse
effects on durability-related properties and showed improved relative strength development at later
ages. Overall, this study clarifies the mechanism by which biochar influences AAS systems and
demonstrates the feasibility of partially replacing slag with biochar, providing guidance for the devel-
opment of more sustainable alkali-activated materials.

Biochar, alkaline activated slag, reaction kinetics, properties, mechanism

1 Introduction

As an alternative to Portland cement, alkali-
activated materials (AAMs) have been extensively
used because of their low-carbon footprint, out-
standing mechanical properties, and durability
[1]. Slag is a by-product of the metal smelting
process and has been widely used in research as an
alkali-activated precursor material. Compared to
traditional cementitious materials, hardened alkali-
activated slag (AAS) exhibits superior mechani-
cal properties, durability, and high-temperature
resistance [2]. The application of slag as a new
resource for waste recycling in AAM is desirable.
However, with the shortage and restricted devel-
opment of mineral resources worldwide, slag, as
a by-product of the industry, is becoming scarce.
As a green material, biochar has a wide range of
raw materials, such as rice husk, peanut shell, and
food waste biochar, which can facilitate the recy-
cling of agricultural by-products and living waste.
Biochar prepared under anaerobic or anoxic con-
ditions is an effective means of achieving resource
sustainability for agricultural by-products and

living waste, compared to direct incineration or
rot, which produces greenhouse gases or meth-
ane. The feasibility of applying green biochar to
cementitious materials has been widely reported.
Praneeth et al. investigated the compressive
strength and CO, absorption capacity of biochar
cement-fly ash composites; the results showed
that the mechanical properties and CO, absorption
capacity of the composites increased as the bio-
char substitution increased [3]. Biochar-modified
cementitious materials not only improved the
mechanical properties of the composites and
achieved the effect of carbon sequestration, but
also improved the acoustic and thermal proper-
ties. Cuthbertson et al. reported that the addition
of biochar improved the sound absorption coef-
ficient of concrete in the range of 200-2000 Hz
and reduced the associated thermal conductivity
[4]. Akinyemi and Adesina reviewed the appli-
cation of biochar in cementitious materials and
summarized the effects of different biochar raw
materials, production processes, and dosages on



the performance of cementitious materials, indi-
cating the feasibility and reasonableness of bio-
char as a sustainable admixture for cementitious
materials [5].

Although the research on biochar in cement-
based concrete materials has been relatively
extensive, studies on biochar in alkali-activated
materials remain limited. For instance, the effects
of biochar on the micro- and macro-properties
of alkali-activated materials, the mechanisms
behind these effects, and the interconnections
between microstructural and macroscopic behav-
iors still require further clarification. To fill these
gaps, this study analyzed alkali-activated slag
(AAS)-biochar binary mixtures using a series of
comprehensive experimental techniques, includ-
ing isothermal calorimetry, Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction
(XRD), thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM), optical micros-
copy, flowability, compressive strength, ultrasonic
pulse velocity (UPV), electrical resistivity, and
chloride diffusion tests.

Biochar-modified alkali-activated slag is
intended for low-carbon applications prioritizing
sustainability and durability. The performance
tests were conducted to verify the feasibility and
long-term applicability of biochar incorporation in
AAS. In this study, sodium hydroxide and sodium
silicate composite alkali activators were used, and
different levels of biochar substitution (1, 2, and
5 wt%) were used to replace the alkali-activated
precursor material slag. The effect of green mate-
rial biochar on the mechanism of the AAS system
was investigated by comparing the reaction heat
and kinetic analysis, reaction products, workabil-
ity, mechanical properties, and durability of plain
AAS and AAS biochar. The feasibility of partial
replacement of slag in alkali-activated systems by
biochar is discussed. This study provides a new
idea for applying biochar in construction engi-
neering and provides the basis for future research
on the potential application of biochar to AAMs.

2 Materials and methods

2.1 Materials

In this study, blast furnace slag was used as the
geopolymer precursor in the alkali-activated sys-
tem, while biochar served as a partial replacement
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for slag. The slag and biochar were supplied by
Asia Cement Co., Ltd. and Yougi Company, respec-
tively. The particle size distributions of slag and
laboratory-ground biochar were measured using
a Mastersizer 3000 laser diffraction analyzer,
as shown in . The slag particles ranged
from 0.523 to 66.9 pm with a DV50 of 12.3 pm,
whereas the biochar particles ranged from 0.523
to 127 pm with a DV50 of 18.7 pm. The chemi-
cal compositions of slag and biochar were deter-
mined by X-ray fluorescence (ZSX Primus II),
and the results are summarized in . The
micromorphologies observed by scanning electron
microscopy (Hitachi S-4800) are presented in

, showing angular and irregular particles
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Chemical composition of cement and biochar

Chemical composition (%) Slag Biochar
CaO 39.60 0.20
Sio, 33.43 18.97
ALO, 16.21 0.04
SO, 2.65 0.13
MgO 7.10 0.10
P,0, - 0.16
Fe,O, 0.65 0.05
K,O 0.60 1.19
TiO, 0.44 -
Zr0, 0.05 -
co, - 78.97
MnO 0.20 0.06
Cl - 0.09
Na,O 0.30 0.04
LOI -1.23
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XRD patterns of biochar and slag

for slag and a porous microstructure for biochar.
The XRD patterns of slag and biochar are illus-
trated in , where both materials exhibit
minor impurity peaks, with broad amorphous
humps located at 25-35° for slag and 18-25° for
biochar [6].

In this study, sodium hydroxide and sodium sil-
icate were used as alkali activators for the AAS
system at a mass ratio of 0.2. The sodium hydrox-
ide had a purity above 98.0%, while the com-
mercially supplied sodium silicate solution (Na,0
9.5%, Si0, 29%, water 61.5%) was chemically
pure. Both activators were purchased from Dae-
jung Chemicals & Metals Co., Ltd.

Mixing ratio design (mass%)

2.2 Methods

2.2.1 Preparation of alkali-activated paste and
mortar specimens

Two types of specimens, paste and mortar, were
prepared for different tests, and their mix pro-
portions are listed in . The control paste
and mortar were denoted as SBO and SBMO, while
biochar replaced slag at 1, 2, and 5 wt% in SB1,
SB2, SB5 pastes and SBM1, SBM2, SBM5 mor-
tars, respectively. All mixtures had identical liq-
uid/binder, water/binder, and sand/binder ratios
of 0.55, 0.46, and 2, respectively, with deionized
water used to avoid ionic interference, and stan-
dard sand complying with ISO 679:2009 supplied
by Société Nouvelle du Littoral.

According to the mix proportions in ,
sodium hydroxide, sodium silicate, and deion-
ized water were first mixed, and after cooling to
room temperature, slag and sand were added to
prepare the control AAS paste and mortar. For
biochar-containing mixtures, biochar was pre-
dispersed in the alkali solution using ultrasonic
treatment before adding slag and sand, during
which increasing bubble formation was observed
with higher biochar content, as discussed in Sec-
tion 3.6. All mixtures were mixed in a Hobart
mixer at low speed for 2 min followed by high
speed for 3 min, after which fresh specimens were
tested or cast into molds, demolded after 24 h,
and sealed for curing until the designated test age
[7,8]. The specimen sizes, curing ages, and corre-
sponding experimental items are listed in

Sample Slag Biochar ~ NaOH Na,SiO;  Water Sand Liquid/ Water/ Sand/
Binder Binder Binder
SBO 100 - 3.2 16 35.8 - 0.55 0.46 -
SB1 99 1 3.2 16 35.8 - 0.55 0.46 -
SB2 98 2 3.2 16 35.8 - 0.55 0.46 -
SB5 95 5 3.2 16 35.8 - 0.55 0.46 -
SBMO 100 - 3.2 16 35.8 200 0.55 0.46 2
SBM1 99 1 3.2 16 35.8 200 0.55 0.46 2
SBM2 98 2 3.2 16 35.8 200 0.55 0.46 2
SBM5 95 5 3.2 16 35.8 200 0.55 0.46 2
Note: SB: Paste specimens; SBM: Mortar specimens.
Experimental items, specimen sizes, and curing ages

Experimental items Specimen size (mm) Test ages (days)
Reaction heat analyses (paste) Isothermal calorimetry - 0-7
Product analyses (paste) XRD - 28

FTIR - 28

TG - 28

SEM - 28
Workability (mortar/paste) Flow test - Fresh
Mesoscopic image (mortar) Microscope 50 x 50 x 50 28
Mechanical properties analyses Compressive strength 50 x 50 x 50 3,7,28
(mortar) UPV 40 x 40 x 160 3,7,28
Durability analyses (mortar) Electrical resistivity D100 x H200 3,7,28

Chloride diffusion D100 x H50 28




2.2.2 Isothermal calorimetry test

Following ASTM C1679 [9], the reaction heat of
the paste was measured using a TAM-Air isother-
mal calorimeter, with heat flow and cumulative
heat recorded for 7 d after transferring the freshly
mixed paste into an ampoule, while both ambi-
ent and internal temperatures were maintained at
20°C.

2.2.3 Microscopic tests

The reaction products of the alkali-activated paste
at 28 d were characterized by XRD (X-ray diffrac-
tion), FTIR (Fourier transform infrared spectros-
copy), SEM (scanning electron microscopy), and
TG (Thermogravimetry). For XRD and FTIR, paste
samples were wet-milled with isopropanol, rinsed
with acetone, and vacuum-dried to stop hydration,
and crystalline phases and functional groups were
analyzed using an X’pert-pro MPD diffractome-
ter (5-80° 20) and a PerkinElmer FT-IR spectro-
photometer (400-4000 cm-!). The microstructure
of the reaction products was examined by SEM
using a Hitachi S-4800 microscope after surface
pretreatment of vacuum-dried flakes. TG analy-
sis was conducted using an SDT Q600 instrument
over a temperature range of 20-1050°C at a heat-
ing rate of 10°C/min, with samples prepared using
the same hydration-stopping procedure [10].

2.2.4 Properties tests

The engineering-scale properties of alkali-activated
mortar were characterized by mesoscopic imag-
ing, workability, mechanical performance, and
durability. Mesoscopic surface images of 28-d
hardened mortar were obtained using a LEICA
716 APO optical microscope at 15x magnification,
while the workability of fresh paste and mortar
was evaluated by flow tests according to ASTM
C1437 [11]. Compressive strength and ultrasonic
pulse velocity (UPV) were measured following
ASTM C109 [12] and ASTM C597 [13] using an
SGB-F-200D compression tester and a Pundit Lab
ultrasonic device (54 Hz), respectively. Durabil-
ity was assessed by surface electrical resistivity
and chloride migration resistance, with resistivity
measured using a Wenner 50-mm Proceq Resipod
and rapid chloride ion permeation tests conducted
in accordance with ASTM C1202 [14] under 60
V for 24 h, using 0.3 mol/L NaOH and 3% NaCl
solutions as anolyte and catholyte, respectively,
and chloride penetration depth determined by
AgNO, (0.1 N) color development.

3 Results

3.1 Reaction heat and reaction kinetics analysis

3.1.1 Reaction heat

,b presents the reaction heat flow and
cumulative heat of SBO, SB1, SB2, and SB5 nor-
malized by slag plus biochar mass, showing typ-
ical alkali-activation stages of initial dissolution,
dormancy, acceleration, deceleration, and steady
state, as illustrated in [15].
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(c) reaction heat flow and (d) cumulative reaction heat
curve

Biochar addition prolonged the dormancy period
and delayed the acceleration stage, with the effect
most pronounced in SB5, while slag dilution and
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alkali absorption by biochar pores reduced and
delayed the main heat flow peak and caused peak
broadening, especially at higher biochar contents.
Despite these changes, shows similar
cumulative reaction heats for SBO, SB1, SB2,
and SB5, reaching 167.89, 170.86, 174.73, and
173.82 J/g slag + biochar, respectively.

, shows the slag-normalized reac-
tion heat flow and cumulative heat of SBO, SB1,
SB2, and SB5, with heat flow trends consis-
tent with those normalized by slag plus biochar
( ). reveals a crossover behavior,
where cumulative heat decreased with increasing
biochar content before ~100 h but became higher
than the control thereafter, and the 7-d cumula-
tive heat increased from 167.89 J/g slag for SBO
to 172.59, 178.30, and 182.98 J/g slag for SB1,
SB2, and SB5, respectively, indicating that 2%
and 5% biochar significantly promoted the 7-d
alkali-activated reaction of slag.

3.1.2 Reaction kinetic analysis

As a stable carbon-based material, biochar does
not participate in the alkali activation of slag, as
confirmed in Sections 3.2, 3.3 and 3.5, but its
porous structure significantly affects AAS reac-
tion kinetics at different stages.

The alkali activation of slag by combined
sodium hydroxide and sodium silicate involves
rapid initial dissolution, where Ca-0 bonds break
more easily than Si-0 and Al-0 bonds under OH-
polarization, leading to preferential Ca?* release
and rapid reaction with SiO,*" ions.

During the dormancy stage, dissolution con-
trols reaction kinetics, and in the AAS biochar
system, partial absorption of alkali solution by
biochar delays ion accumulation, prolonging
the dormancy period compared with the control
[16].

In the acceleration stage, extensive bond break-
age and product formation occur, but in bio-
char-containing systems, absorption of OH- and
Si0,* ions by biochar pores slows slag dissolution
and reduces the reaction rate ( ).

Early Stage
Alkali Adsorption

OH;, Si0,* ,Na*/ Ca2*

Later Stage
Alkali Release

Alkaline Solution

Biochar

Biochar

Physical Adsorption

(Pores) ‘
Chemical Interaction

(Surface Functional Groups )

lon Exchange
Desorption
Concentration Gradient

The “early absorption” and “later release” as the key
mechanism of biochar

In the deceleration stage, although reaction
products continue to form, the reaction becomes
controlled by diffusion and kinetics, and the
gradual release of OH- and SiO,* ions from bio-
char pores significantly extends this stage (

).

In the steady-state stage, product densifica-
tion makes the reaction diffusion-controlled and
extremely slow, and this stage is delayed in the
AAS biochar system due to the effects of earlier
stages.

Overall, early alkali absorption by biochar slows
initial slag reaction, while later ion release sustains
slag activation, whereas rapid early ion consump-
tion in biochar-free systems leads to premature
reaction slowdown, making biochar beneficial for
enhancing the final degree of slag reaction.

3.2 XRD analyses

XRD analysis was conducted to examine the
influence of biochar on the crystalline phases of
alkali-activated products, and shows the
XRD patterns of AAS biochar paste with different
biochar contents at 28 d. As shown in s
all samples exhibited a broad hump near 29°, cor-
responding to semi-crystalline CASH (Calcium-
Alumino-Silicate-Hydrate), the main AAS product
formed from silicate ions in the alkali solution and
Ca, Si, and Al from slag [17,18], with no obvious
change in peak intensity among the mixtures. A
weak and obscure peak near 31° was attributed to
trace gehlenite magnesian phases [19]. No addi-
tional crystalline peaks were detected regardless
of biochar content, indicating that biochar mainly
plays a physical role by initially absorbing and
later releasing alkali activators, affecting reaction
kinetics but not altering the type of crystalline
products, likely due to its chemical and physical
stability and lack of participation in the alkali-
activated reaction.

3.3 FTIR analyses
FTIR analysis was performed to further examine
the influence of biochar on AAS products, and

CASH: calcium alumino silicate hydrate
GM: gehlenite magnesian
CASH
GM

SB1

SB2

SB5

T T T T T T T T T
10 20 30 40 50 60
Position (°20),CuKa

XRD patterns of AAS biochar-blended paste with
different biochar substitution levels
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the spectra of pastes with different biochar con-
tents are shown in . All samples exhib-
ited absorption bands near 3370 and 1650 cm™!
corresponding to bound water, a peak around
1461 cm™' related to 0-C-0 stretching from car-
bonates in the slag, and a peak near 947 cm™!
associated with asymmetric 0-Si-0 stretching in
CASH [20,21].

As shown in , the positions and inten-
sities of the main absorption peaks did not change
significantly with biochar substitution, indicating
that the functional group composition of AAS
products remained unchanged, which is consistent
with the XRD results in . Since XRD and
FTIR are qualitative techniques and unsuitable
for quantitative analysis, TG tests were therefore
conducted in the subsequent section to quantify
the reaction products.

3.4 TG analyses

shows the TG and DTG (Derivative Ther-
mogravimetry) curves of AAS biochar-blended
paste with different biochar contents at 28 d,
while presents the TG curve of biochar.
Since biochar does not participate in alkali acti-
vation, chemically bound water originates solely
from slag reaction and can be used to evaluate
slag reaction degree; therefore, the mass loss of
biochar must be excluded when calculating bound
water per gram of reacted slag. illus-
trates the corrected TG and DTG curves after elim-
inating biochar weight loss, following the method
described in Ref. [22], and the chemically bound
water content was calculated using the following
equation:

W

water = (Wios = Wiggo)/Wiggo X 100% (1)
where W, is the amount of bound water (g/g),
W5 is the residual mass percentage at 105°C
(%), and W, is the residual mass percentage at

1000°C (%).
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(a) TG and DTG curves, (b) TG curves of
biochar, (c) corrected TG and DTG curves of the AAS
biochar-blended paste with different biochar substitution
levels for 28 d of curing

As shown in , mass loss below
105°C is attributed to free water, while mass
loss between 105 and 1000°C corresponds to
CASH decomposition from alkali activation;
therefore, the mass loss percentage and chemi-
cally bound water in this range were calculated
and summarized in . The mass losses at
1000°C for SBO, SB1, SB2, and SB5 were 11.89,
13.53, 13.65, and 15.03 g/g, respectively,
indicating that both mass loss and chemically
bound water increased with biochar substitu-
tion, suggesting that biochar promoted late-
stage CASH formation, consistent with the heat
of reaction results.

3.5 SEM image analyses

—d presents SEM images of SBO, SB1,
SB2, and SB5, respectively, while shows
Energy-Dispersive X-ray Spectroscopy (EDX)
results for representative areas of SBO and SB5.
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Table 4 Mass loss percentages obtained according to the corrected TG test result

105 93.68 93.57 93.82 93.91
1000 83.72 82.41 82.55 81.63
105-1000 9.96 11.15 11.27 12.27
(105-1000)/1000 11.89 13.53 13.65 15.03

+ 'SpectrumAd
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100um
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(f ) |Spectrum 1 _(for SBO) Spectrum 2 (for SB5) Spectrum 3 (for SBS
Element | Weight% | Atomic% Element | Weight% | Atomic% Element | Weight% | Atomic%
[} 49.23 65.39 o 47.52 64.58 C 88.18 91.10
Na 4.63 4.28 Na 4.62 4.37 [e) 11.16 8.66
Mg 1.55 1.36 Al 8.46 6.82 Al 0.14 0.06
Al 4.98 3.92 si 1118 | 8.65 st 016 0.07
Si 17.18 13.00 S 1.80 1.22 Ca 037 0.11
S 1.18 0.78 K 2.68 1.49 Totak  ]100.00
Ca 21.26 11.27 Ca 23.74 12.88
Totals [100.00 Totals |100.00

9 SEM images of (a) SBO, (b) SB1, (c) SB2, (d) SB5, (e) and bubble in SB1. (f) EDX analysis results of the representative
positions of SBO and SB5 (spectrum 1 for SBO; spectrum 2 and spectrum 3 for SB5)
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Compared with the smooth slag surface, SBO
exhibited a rough, corroded morphology after
alkali activation, with honeycomb-like CASH
observed at higher magnification, and EDX con-
firmed the presence of sodium-containing CASH.

As shown in -d, intact porous bio-
char was clearly observed in all AAS biochar sys-
tems, consistent with the XRD and FTIR results,
confirming that biochar did not participate in
the chemical reaction. SEM morphology and
EDX analysis ( ) further revealed CASH
formed within biochar pores, indicating that
biochar pores provide space for alkali-activated
reactions, in agreement with previous studies
[23].

In addition, air bubbles were clearly observed
in SB1, as shown in , confirming bubble
formation during mixing of biochar with alkali
solution (Section 2.2.1), which is consistent with
the subsequent flowability results (Section 3.7)
and mesoscopic image analysis of mortar speci-
mens (Section 3.6).

3.6 Mesoscopic image of mortar specimens by
microscopy

shows mesoscopic surface images of
AAS and AAS biochar-blended mortars at 28
d, where SBMO appears green and the sur-
face color progressively darkens with increas-
ing biochar content. Compared with SBMO,
SBM1 exhibits visible air bubbles, whose num-
ber increases with higher biochar substitution,
indicating that biochar introduces additional air
into the AAS system, consistent with previous
studies [23,24]. This behavior is attributed to
the lower-density biochar initially floating in
the alkali solution and gradually sinking during
stirring and ultrasonic dispersion as its pores
absorb the solution, expelling trapped gas and
forming bubbles.

3.7 Workability

shows the flowability of AAS biochar
paste and mortar at different biochar substitu-
tion levels, indicating similar trends for both sys-
tems, with the flow diameter initially increasing
slightly and then decreasing as biochar content
increases.

The slightly increased flowability at 1% bio-
char is attributed to entrained fine air bubbles,
whereas the reduced flowability at 2% biochar
results from partial absorption of the liquid alkali
activator by biochar pores, and the pronounced
decrease at 5% biochar is caused by excessive
activator absorption due to the high biochar
content.

3.8 Compressive strength and UPV

presents the compressive strength of
AAS biochar mortars with varying biochar con-
tents at different ages, while summa-
rizes the relative compressive strengths normalized
to the 3-d strength to facilitate comparison of
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strength development with age, with the relative
strength calculated as follows:

Srelativc = SiD/S3D x 100% (2)
where S, ... is the relative compressive strength
at the corresponding age, S, is the value of com-
pressive strength at the corresponding ages of 3,
7, or 28 d, and S, is the value of compressive
strength at 3 d.

As shown in , the compressive
strength of AAS biochar mortars decreases with
increasing biochar content at all ages, mainly due
to bubble introduction associated with biochar
addition.

As shown in , the relative compres-
sive strength at 7 d increases with biochar substi-
tution, indicating that the gradual release of alkali
solution from biochar promotes early strength
development, consistent with the 7-d heat evo-
lution results. At 28 d, the relative strength fur-
ther increases with biochar content, suggesting
continued slow alkali release between 7 and
28 d, in agreement with the 28-d TG results.
However, although curing age increases three-
fold from 7 to 28 d, the relative strength increase
is much smaller, reflecting the rapid early slag
reaction followed by a slowed steady-state reac-
tion, as indicated by the heat of reaction in

presents the UPV results of AAS
biochar mortars with different biochar contents at
3, 7, and 28 d, showing that UPV decreases with
increasing biochar substitution, consistent with
the compressive strength trend. This behavior
reflects competing effects, including early-stage
alkali absorption by biochar reducing slag reac-
tivity at 3 d ( ), later-stage alkali release
enhancing slag reaction at 7 and 28 d ( ),
and air bubble introduction during mixing reduc-
ing UPV, with the negative effects dominating
overall.

The relative UPV of each specimen with respect
to the control at the same age was calculated
using Equation (3), and the results are summa-
rized in

Uretative = Uin/Uspmo-i * 100% (3)

where U, 4. is the relative UPV at the corre-
sponding age (i = 3, 7, 28 d). Uy, is the value of
UPV of specimens SBM1, SBM2, and SBM5 at the
corresponding age (i = 3, 7, and 28 d), and Ugpyo.;
is the value of UPV of specimen SBMO at the cor-
responding age (i = 3, 7, and 28 d).

As shown in , the relative UPV of
SBM1 increased from 94.8% at 3 d to 96.92%
at 7 d and 97.9% at 28 d, while SBM2 and
SBM5 increased from 93.48% and 79.62% at
3 d to 95.01% and 84.11% at 7 d and further
to 95.220% and 88.75% at 28 d, respectively.
With increasing curing age, the relative UPV
of AAS biochar mortars increased because the
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gradual release of alkali solution from biochar
pores continuously promoted product forma-
tion, thereby reducing the UPV gap between
biochar-modified and control mortars, which
is consistent with the relative compressive
strength trend.
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3.9 Electrical resistivity

shows the electrical resistivity of
all alkali-activated mortars at different ages,
where resistivity increases with curing age due
to alkali consumption and formation of reaction
products, while AAS biochar mortars exhibit
lower resistivity with increasing biochar con-
tent at all ages because alkali solution retained
in biochar pores increases the concentration of
conductive ions.

The relative electrical resistivity of each speci-
men at the same age with respect to the control
was calculated using Equation (4), and the results
are summarized in

E,etative = Ein/Espmo-i * 100% (4)

where E, ... iS the relative electrical resistivity
at the corresponding age (i = 3, 7, and 28 d). E;;
is the electrical resistivity of specimens SBMI1,
SBM2, and SBM5 at the corresponding age (i = 3,
7, and 28 d), and Eg)y; is the electrical resistivity
of specimen SBMO at the corresponding age (i =
3, 7, and 28 d).

As shown in , the relative electrical
resistivity of SBM1, SBM2, and SBM5 increased
with age from 91.1%, 67.9%, and 17.9% at 3 d
to 98.8%, 94.4%, and 77.5% at 7 d and further
to 99.4%, 95.9%, and 85.1% at 28 d, indicating
that the negative effect of biochar on resistivity
diminished over time due to gradual alkali release
sustaining the reaction. At 7 and 28 d, SBM1 and
SBM2 exhibited electrical resistivity and relative
resistivity comparable to SBMO, suggesting that
low biochar contents (1% and 2%) had little influ-
ence on late-stage resistivity, whereas SBM5 con-
sistently showed much lower relative resistivity
than SBMO, indicating a detrimental effect of high
biochar dosage.

3.10 Chloride diffusion

presents the chloride penetration depth
(Xy) and the non-steady-state migration coeffi-
cient (D, of all mortar specimens calculated
according to Ref. [25], showing X, values of 4.48,
5.63, 6.54, and 13.79 mm and corresponding D,
values of 0.93, 1.19, 1.40, and 3.12 x 10-12 m?/s
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Chloride penetration depth and chloride non-steady-
state migration coefficient of AAS biochar mortar with
different biochar substitution levels

for SBMO, SBM1, SBM2, and SBM5, respectively.
With increasing biochar content, D, increased
slightly for SBM1 and SBM2 but rose markedly
for SBM5, indicating that the additional bubbles
introduced by biochar, as discussed in Section 3.6,
accelerated chloride diffusion.

According to the D,,,-based chloride resistance
classification [26], only SBM5 falls into the “very
high” chloride resistance category, as shown in

, whereas SBM1 and SBM2, despite
slightly higher D, values than SBMO, are still
classified as “extremely high,” indicating excel-
lent durability. This suggests that small amounts
of biochar have a limited impact on chloride dif-
fusion, consistent with the electrical resistivity
results.

4 Discussion

4.1 Relationships between the results of
multi-method studies

shows exponential fitting between
compressive strength and UPV at all ages, while

shows linear fitting between elec-
trical resistivity and D,,, indicating a pos-
itive correlation between UPV and strength
and a negative correlation between resistivity
and D,,, with R? values of 0.9196 and 0.98,
respectively. XRD, FTIR, and SEM results con-
firmed that biochar did not participate in the
alkali-activated reaction, whereas reaction heat
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and TG results demonstrated that biochar pro-
moted slag activation, and workability, meso-
scopic images, and SEM observations revealed
bubble incorporation, with the consistent trends
across multiple techniques confirming the sci-
entific reliability of the characterization of AAS
biochar composites.

4.2 Additional considerations on the application
of biochar to alkali-activated systems

As industrial and agricultural by-products, slag
and biochar show strong potential for sustain-
able construction. This study demonstrates that
biochar remains stable under alkali-activated
conditions and affects AAS reaction kinetics by
early alkali absorption and later release, delaying
early reactions but promoting late-age slag acti-
vation. Engineering tests indicate that changes in
mechanical properties and durability are mainly
linked to air bubble formation and reduced
early-age activation, while moderate biochar addi-
tions (1-2 wt%) showed acceptable durability and
partial recovery of later-age strength, confirming
the feasibility of partial slag replacement. Air bub-
ble formation during biochar dispersion was iden-
tified as a key factor influencing performance, and
practical mitigation measures include defoam-
ers and biochar pre-soaking, with the latter also
retaining internal curing benefits. Overall, biochar
contents of 1-2 wt% are most practical, as SBM1
and SBM2 maintained good durability, whereas 5
wt% caused bubble-induced deterioration.

4.3 The limitations of the research

First, this study examined only one biochar with
a specific source, production process, and par-
ticle size, and since biochar properties strongly
depend on feedstock and pyrolysis conditions,
the results may not be directly applicable to
other biochar.

Second, the alkali-activated slag system employed
a single activator composition and fixed mix pro-
portions, and the effects of different activator
chemistries, alkalinity levels, or mixture designs on
biochar-AAS interactions were not considered.

Third, durability assessment mainly focused
on electrical resistivity and chloride migra-
tion, while other important durability aspects of
alkali-activated materials, such as carbonation
resistance, freeze-thaw behavior, sulfate attack,
and long-term dimensional stability, were not
investigated.

Fourth, although alkali-activated slag systems
are known to exhibit significant shrinkage, the
shrinkage behavior of biochar-modified AAS was
not investigated in this study. Given the porous
structure of biochar and its potential internal
curing and moisture-retention effects, biochar
is expected to have the capacity to mitigate both
autogenous and drying shrinkage. Future work
will therefore systematically examine shrinkage
behavior under varying biochar contents and cur-
ing conditions.

5 Conclusions

This study investigated the effects of biochar on
the reaction kinetics, microstructure, and perfor-
mance of alkali-activated slag (AAS). The main
conclusions are as follows:

1. Biochar modified the reaction kinetics of AAS
by initially absorbing the alkali solution and
releasing it at later ages, leading to a broad-
ened heat-flow peak and increased cumulative
reaction heat, which promoted the sustained
activation of slag.

2. XRD and FTIR results confirmed that the primary
reaction product remained C-A-S-H regardless of
biochar content, indicating that biochar played a
physical role without altering the chemical nature
of the alkali-activated products.

3. Corrected TG and SEM analyses showed
increased bound water content and C-A-S-H
formation at later ages, with biochar pores
providing internal space that facilitated con-
tinued slag activation.

4. The incorporation of biochar introduced air
bubbles, which influenced fresh and hardened
properties, resulting in non-monotonic changes
in flowability and a reduction in absolute com-
pressive strength.

5. Despite the strength reduction, biochar-modified
AAS exhibited improved relative strength, UPV
development, and acceptable chloride resis-
tance at later ages, demonstrating that con-
trolled biochar incorporation can maintain
durability while enhancing long-term reaction
efficiency.
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