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Biochar has been emerging as a new cement-replacement solution for sustainable concrete developments. This study
compared the performances of three different types of biochar, including hydration process, strength development, and
chloride resistance. Samples with 5wt% wheat straw biochar (WSB) promoted the cement hydration heat by 3.34%
when compared to the control group, leading to slight compressive and flexural strength improvements at 28 days.
High mass of bound water and portlandite in thermogravimetric analysis results supported the favorable benefit of
WSB to promote the cement hydration. Finer-size WSB also reduced passing charge in rapid chloride penetration test
and penetration depth in chloride migration test. WSB5 group had the highest electrical resistivity among all samples
using Nyquist Plot. Finally, our study recommended that up to 10wt% fine-size wheat straw biochar (size � 70mm)
could be conservatively used to replace cement for sustainable concrete design.
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1. Introduction

Concrete has been widely used for many modern struc-
tures, from residential buildings to large infrastructures,
due to its durable and economic aspects. Although con-
crete provides a proper solution for structural application
designs, the production of cement accounts for approxi-
mately 6-7% of the total CO2 emissions in the globe [1].
Meanwhile, based on the study by Imbabi et al. [2], this
trend was expected to increase as the cement production
may be quadrupled by 2050. As a result, appropriate alter-
natives are urgently required to reduce the cement usage
while maintaining mechanical and durability properties of
the cementitious composites.

Numerous studies [3–5] suggested that one of the most
effective ways to lower the carbon footprint of the concrete
structures was to partially replace cement content using
industrial by-products, including waste glass powder
(WGP) [6,7], steel slag [8,9], and fly ash (FA) [10,11].
According to Pan et al. [12], the addition of 20–40wt%
WGP lowered the early-age hydration of the WGP-cement
composites due to the dilution effect of cement, leading to
lower compressive strength (−9.6% to −12.1%) than
WGP-free samples at 28days. Li et al. [13] observed that
the compressive strength of sample with 20wt% waste
glass powder (size of 44–74mm) was improved by 15.6%
when compared to that of WGP-free specimens at 28days.
They also reported that finer-size WGP (size � 44mm) led
to better compressive strength development, due to its rela-
tively high reactivity promoting the cement hydration.

Zhao et al. [14] reported that replacing cement using
20wt% steel slag (namely CFCS group) led to a 33.6%
compressive strength increase when compared to the refer-
ence group at 28days. They also observed that CFCS group
had accelerated hydration kinetics and lower setting time
than the control group. In the RCPT test by Pan et al. [15],
using 10wt% steel slag to replace cement promoted
17.32% reduction on the passing coulomb when compared
to the control group at 28days. Li et al. [16] found that
although the addition of 10 to 30wt% fly ash replacing
cement led to 15.5% to 26.8% 7-day compressive strength
reduction, the presence of fly ash refined the pore structures
of the FA-cement composites for a denser microstructure.
However, although those supplementary cementitious
materials (SCMs) are favorable alternatives lowering the
cement usage for sustainable concrete, there will be limita-
tions for many countries and regions without direct supply
of those by-products, since the SCMs transportation would
be a major concern contributing to relatively high cost and
additional carbon footprint. As a result, it is highly demand-
ing to explore new alternatives to partially replace cement
using local resources with high availability.

Biochar, originated from the oxygen-limited pyrolysis
production based on different biomass, have been emerg-
ing as a new cement-replacement solution for sustainable
cementitious composites [17–19]. Kalderis et al. [20]
observed that the samples with 2wt% olive tree biochar
had reduced porosity by 27.79% and capillary adsorption
by 27.34% when compared to the control group at 28 days.
Ye et al. [21] found that 2wt% corn stover biochar
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addition promoted the cement hydration and filled in pores
of the cementitious matrix, leading to a denser microstruc-
ture. Gupta et al. [22] found that replacing cement using
1– 2wt% rice husk biochar reduced NaCl solution perme-
ability into the biochar-cement composites. Furthermore,
Lin et al. [23] reported that using up to 5wt% waste wood
biochar to replace cement slightly promoted the 28-day
compressive strength by 6.5% when compared to biochar-
free samples. They also observed that the presence of pulv-
erized biochar led to a denser microstructure resisting the
ingress of chloride and sulfate ions. Kua et al. [24] reported
that the presence of rice husk biochar led to a reduced per-
meability of biochar-LC3 composites, while increasing the
carbon dioxide capture and mineralization. Furthermore,
several studies [25–27] also observed that due to filler
effect and internal curing, biochar addition promoted the
strength development of the biochar-LC3 composites.
Although aforementioned studies have reported the advan-
tage of biochar (cement replacement up to 5wt%) in
improving chloride resistance of the biochar-cement com-
posites, there are limited studies analyzing the effects of
different biochar on the resistance of chloride-ion penetra-
tions of the cementitious composites with up to 10wt%
biochar as cement replacement. Thus, it is worthy assess-
ing how different biochar affects the strength development
and chloride-resistance performances of the biochar
cement composites with different replacement percentages.
Another significance of this study is to consider LC3 as
the binder of the biochar composite.

In this study, three different biochar were utilized to
investigate potential effects on the properties of the bio-
char-cement mortars, including waste wood biochar (WB),
bamboo biochar (BB), and wheat straw biochar (WSB).
This study compared their influences on hydration kinetics
and strength development of the cementitious composites
up to 28days. Rapid Chloride Penetration Test (RCPT) and
Chloride Migration Test (CMT) were designed to access
the chloride resistances of samples with different biochar.
Furthermore, bulk resistivity test was used to compare the
electrical conductivity of various biochar-cementitious
composites. The microstructural analyses were conducted
using Scanned Electron Microscopy equipped with Energy
dispersive X-ray spectroscopy (SEM-EDS), X-ray diffrac-
tion (XRD), and Thermogravimetric analysis (TG).

2. Methodology

2.1. Raw materials and specimen preparations

Cementitious mortars were fabricated using General pur-
pose cement (GPC) from Boral Australia. Two locally
available biochar, including waste wood biochar (WB) and
wheat straw biochar (WSB), were obtained from Rainbow
Bee Eater Biochar (Australia). These two biochar were
produced based on pyrolysis at temperature of 500 �C for
one hour. Bamboo biochar (BB) was purchased from
Shengxiang Biochar Company (Gongyi City, China). BB
was produced using the process as for the other two bio-
char (WB and WSB). Three biochar were then ground into
powder using a ring mill for 30 s (Figure 1). It is worth

noting that limestone powder (Boral, Australia) and cal-
cined clay (Argeco, France) were used to reduce the
cement usage (Figure 1g–1h), further improving the sus-
tainability of the biochar-cement composites. As shown in
Figure 1, biochar has porous microstructure with different
shapes. WB has thick wall with round pores (Figure 1b),
and round-shape pores with various sizes randomly distrib-
ute in BB particle (Figure 1f). However, the SEM image
of WSB (Figure 1d) depicts a totally different morphology
with thicker wall, where small amount of eclipse-shape
pores is observed. Figure 2 depicts the particle size distri-
bution of different powders using a Malvern 2000 Particle
Size Analyzer. It should be noted that, based on 15–20min
ultrasonic rotation, a good powder dispersion in distilled
water could be observed. It could be noted that WSB had
relatively finer particle size (up to 70mm) than other two
biochar with D50 value of 13.18mm and D90 value of
30.19mm. WB had relatively larger particle size (up to
239.88mm) with D50 value of 19.95mm and D90 value of
79.43mm. The chemical compositions of different binders
were shown in Table 1. All three biochar had relatively
high content of SiO2, followed by Al2O3, and CaO.

The mix designs of all groups were listed in Table 2.
The water to binder ratio and sand to binder ratio was set
as 0.5 and 2.5 respectively. The mortar fabrications with
different dimensions were summarized in Table 3. This
study adopted LC3 formulation of 20wt% calcined clay
and 10wt% limestone, as per a previous study [28]. CLC
was the reference group with 20wt% calcined clay and
10wt% limestone as cement replacement. In terms of bio-
char application, two replacement percentage were
designed, including 5wt% (namely BB5, WB5 and
WSB5) and 10wt% biochar (namely BB10, WB10, and
WSB10). Thus, the effects of different biochar with vari-
ous replacement percentages on the properties of the bio-
char-cement composites could be compared.

Initially, all powders were dry mixed using a 10L
Hobar Mixer at speed of 16 rpm for 2 mins, aiming a uni-
form powder mixture. Then, a mixing speed of 24 rpm
was applied for 4 mins after adding 1=2 water content.
Another 3min mixing was set at 24-rpm speed after add-
ing the rest water content. Superplasticiser (SikamentV

R

Eco WR, Sika Australia) was added during the mixing
achieving comparable flows for specimens with and with-
out biochar (Table 1). After that, fresh cementitious mix-
ture was poured into corresponding molds as mentioned
in Table 2. All molds were then placed on the vibration
table followed by a 2-min vibration for a uniform compac-
tion. It should be noted that all molds were covered using
plastic foil till the 24-hour demoulding. Finally, all sam-
ples were marked and placed in a water tank until testing.

2.2. Hydration kinetics by isothermal calorimetry

It should be noted that additional cementitious pastes were
prepared for each group based on Table 1. 10 g of fresh
pastes were collected from each group and placed in a cal-
orimeter container. A TAM air isothermal calorimetry
was used to measure the corresponding heat development
of the cement hydration. The temperature was set at 20 �C
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and the hydration progress remained up to 72 h. Finally,
the data of heat evolution was collected and analyzed for
each group.

2.3. Mechanical properties testing

Cementitious cubes and prisms were immersed in a
water tank before 7-day and 28-day testings. As per
ASTM C348-21[29], flexural strength testings were

performed at 7 days and 28 days of exposure using a
AGX 50 universal testing machine. Complying with
ASTM C109-20 [30], a UH500 universal testing
machine was used to test 7-day and 28-day compres-
sive strength. It should be noted that 3 samples in each
group were tested accordingly, and 7-day and 28-day
mechanical properties of each group were the average
value of three identical results.

Figure 1. Morphologies of raw materials: (a) waste wood biochar (WB); (b) SEM image of WB; (c) wheat straw biochar (WSB);
(d) SEM image of WSB; (e) bamboo biochar (BB); (f) SEM image of BB; (g) calcined clay; (h) limestone.
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2.4. Microstructural analysis

Broken pieces from 7-day and 28-day mechanical testings
were collected and immersed in a 99% isopropanol solu-
tion for 24 h to stop the cement hydration. After that, all

samples were dried at a temperature of 50 �C for a week
and ground into powders passing a 200-mm sieve.
Samples for SEM-EDS analysis were cast in epoxy resin
(Wizbe Industries Clear Epoxy Resin) followed by a pol-
ishing process using a Struers Tegramin-30 polisher as per
literatures [31,32]. Finally, polished samples were stored
in an oven with a temperature of 40 �C till the formal test-
ing. A Zeiss Supra 55VP Scanning Electron Microscopy
(SEM) with energy dispersive X-ray spectroscopy (EDS)
was used to analyze the morphologies of hydration prod-
ucts in different cementitious matrix. Polished samples
were coated with 12 nm chromium using a Quorum
Q150V coater. The SEM-EDS was operated with a work-
ing distance of 4.5-8mm at voltage of 10 kV.

A NETZSCH STA 449 Jupiter was used to determine

to mass loss of all groups at a temperature up to 1000 �C
with a heating rate of 10 �C/min. Approximate 30mg
powder of each group was placed in an alumina crucible.
A 20-min standby was employed after placing the crucible

Figure 2. Particle size distribution of powders.

Table 1. XRF results of raw materials.

Chemical compositions Cement Calcined clay limestone WSB BB WB

CaO 63.73 0.81 57.56 11.51 3.54 19.15
Al2O3 5.14 21.36 0.13 8.74 9.45 3.95
SiO2 18.94 70.34 0.34 62.15 74.15 57.62
P2O5 0.20 0.01 – 3.52 – 2.29
SO3 2.49 0.32 – 2.14 3.64 1.33
Na2O 0.25 0.12 – 2.13 0.13 5.15
MgO 1.48 0.17 0.28 4.31 0.15 3.15
K2O 0.47 0.21 – 2.36 3.41 1.58
TiO2 0.29 1.10 – 0.11 – 0.12
V2O5 0.02 0.01 – 0.02 0.03 0.03
Fe2O3 3.00 2.56 0.1 2.03 3.68 1.67
L.O.I. 3.989 2.993 41.59 0.98 1.82 3.96

Table 2. Mix designs for strength and durability testings.

Mix designs GPC CC LS Water Sand BB WSB RHB Super-plasticiser Flow (mm)

CLC 0.7 0.2 0.1 0.5 2.5 – – – – 201 ± 2.1
BB5 0.65 0.2 0.1 0.5 2.5 0.05 – – 0.005 203 ± 1.4
BB10 0.6 0.2 0.1 0.5 2.5 0.1 – – 0.01 199 ± 2.5
WB5 0.65 0.2 0.1 0.5 2.5 – 0.05 – 0.005 200 ± 1.7
WB10 0.6 0.2 0.1 0.5 2.5 – 0.1 – 0.01 198 ± 3.4
WSB5 0.65 0.2 0.1 0.5 2.5 – – 0.05 0.005 202 ± 1.2
WSB10 0.6 0.2 0.1 0.5 2.5 – – 0.1 0.01 200 ± 2.7

Note: CLC donates the control group, CC refers to calcined clay, LS is limestone, BB5 means samples with 5wt% BB to replace cement, BB10 is samples with
10wt % BB to replace cement, WB5 refers to samples with 5wt% WB to replace cement, WB10 is samples with 10wt % WB to replace cement, WSB5 means sam-
ples with 5wt% WSB to replace cement, and WSB10 is samples with 10wt % BB to replace cement.

Table 3. Sample casting programme.

Experimental method Specimens Mould dimensions Exposure condition

7-day and 28-day compressive strength 3,3 50mm� 50mm� 50mm 7-day/28-day curing in water tank
7-day and 28-day flexural strength 3,3 40mm� 40mm� 160mm 7-day/28-day curing in water tank
Bulk resistivity 3 40mm� 40mm� 160mm 28-day curing in water tank
Rapid chloride penetration test (RCPT) 3 ;100mm� 200mm 28-day curing in water tank
Chloride migration test (CMT) 3 ;100mm� 200mm 28-day curing in water tank

4 X. Lin et al.



in the nitrogen-environment chamber. Based on previous
studies [33–35], The nitrogen flow rate was as 50ml/min
for all groups. TG and derivative TG (DTG) curves were
plotted for the decomposition analysis of the hydration
products at two curing period.

XRD spectra was detected using a Bruker D8
Discover diffractometer (Cu Ka, k¼ 1.54Å). The meas-
urement process was set at a scanning step of 0.02� from
5� to 70� 2h. The phase assemblage of the specimens with
and without biochar was identified using Crystallography
Open Database.

2.5. Chloride-ion resistance test

After 28-day of water exposure, three ;100mm disks of
each group were cut in the middle to achieve a total thick-
ness of 50mm using a Struers Labotom-15 cutting
machine. Each 50-mm disk was then placed in a vacuum
desiccator for 3 h. After adding deionized water to fully
immerse samples, another 1-hour vacuum curing was
employed. After that, samples were immersed in deion-
ized water at least 18 h to remain in saturated status prior
to the formal testing. In addition, laboratory-grade sodium
chloride and sodium hydroxide pellet (Rowi Scientific,
Australia) were added in deionized water to prepare the
solutions.

2.5.1. Rapid chloride penetration test (RCPT)

To examine the biochar-cement mortar’s resistance
against chloride-ion penetration, RCPT test was utilized
as per ASTM C1202-22 [36]. Based on a previous study
[37], anode reservoir was filled with 0.3M NaOH solu-
tion, and the cathode reservoir was filled with 3wt %
NaCl solution. RCPT was conducted in a testing period of
6 h at working voltage of 60V. In each group, 3 50-mm
samples were tested and the final passed charge was aver-
age of three coulomb readings.

2.5.2. NT Build 492

The chloride migration test (CMT) was performed com-
plying with Nordtest NT Build 492 [38]. 10wt% NaCl
solution was prepared using water as the catholyte solu-
tion, and 0.3M NaOH solution was prepared using deion-
ized water as the anolyte solution. After applying initial
voltage of 30V, the new initial potential was adjusted
based on initial current values. CMT was continued up to

24 h. Then, samples were axially split into two parts, fol-
lowed by 0.1M AgNO3 spray. The CMT coefficient cal-
culations were processed in accordance with details in NT
Build 192 calculation process [38]. In should be noted that
the final migration coefficients were the average value of
three samples.

2.6. Electrical resistivity

A two-probe method was employed to analyze potential
effects of the presence of biochar on the electrical resistiv-
ity of the biochar-cement composites [39,40]. As shown
in Figure 3a, 2 copper net electrodes were placed 20mm
from each end of the cementitious composites during cast-
ing. After 28 days of water immersion, samples were dried
in the ambient for one hour, ensuring that the surface of
each sample was dried. Then, the sample was attached to
a Solartron SI 1260 Impedance analyzer via two electro-
des. In this study, the impedance spectra were recorded
using Zplot software with the charged frequency of 1 to
10MHz. The impedance testing results were interpreted
using Zview software.

3. Results

3.1. Hydration kinetics

Hydration evolutions of different samples were presented
in Figure 4, including normalized heat flow (Figure 4a)
and normalized heat (Figure 4b). The hydration kinetic
results were interpreted as per gram of the binder system.
It should be noted that the presence of 5wt% led to a
slight reduction in the LC3- cement hydration by approxi-
mate one hour when compared to the control group in
black line (Figure 4a). However, 10wt% biochar did not
shift the first hydration peak, remaining similar hydration
peak than CLC group.

At the first hydration peak up to10 hours, WSB5
group in green line exhibited comparable hydration heat
flow when compared to CLC group, where a slight heat
reduction was observed from in the timeframe of 8 h to
10 h. WB5 (blue line) had lowest heat flow among sam-
ples with 5wt% biochar. One interpretation could be that
waste wood biochar exhibited high water retention then
other two biochar. Based on the particle size distribution
in Figure 2, WB powders had more coarse grains, reduc-
ing the hydration heat due to low reactivity. In terms of

Figure 3. Electrical resistivity test set up: (a) a typical CLC sample with two electrodes; (b) circuit of electrical resistivity test.
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10wt% biochar as cement replacement, due to the cement
dilution effect, heat flow reductions were observed for
samples with 10wt% biochar, having a good agreement
with other studies [22,41]. In particular, a heat flow reduc-
tion of 3.5mW/g was found at approximate 8.5 h of the
hydration for WB10 group when compared to CLC group.
As shown in Figure 2, waste wood biochar had relatively
large particles with D90 value of 79.43mm, large-size
pulverized biochar powder would inevitably interfere the
hydration process of the cementitious system. A similar
observation was reported by Dixit et al. [42], they noted
that due to coarser biochar grains, a decrease in hydration
flow was found. However, unlike the CLC group experi-
enced gradual flow reduction from 12h to 15 h, additional
hydration flow peak was observed for samples with bio-
char powder at the hydration timeframe between 13.5 h
and 15 h (Figure 4a). Similar observation was reported in
a study by Lin et al. [43], due to absorbed water release at
early age, biochar could be considered as internal curing
agent in cementitious composites. Furthermore, as dis-
cussed in other studies [17,44,45], biochar particles
released adsorbed water promoting the early-stage hydra-
tion. Heat flow at 14.5 h hydration of WSB group was
0.7mW/g higher than the reference group, where other
samples had lower heat flow at this particular period. Due
to fine particles of WSB (less than 70mm), more hydration

nucleation sites were offered, contributing to refine the
pore structure of the biochar-cement composites and pro-
moting the hydration process. Several studies [43,46]
agreed that cement hydration was improved by reducing
the particle size of biochar powder, providing both better
filler effect and more nucleation sites. However, due to
excessive biochar content, samples with 10wt% biochar
still had lower heat flow with additional hydration peak.

As depicted in Figure 4b, WSB group had the highest
normalized hydration heat (224.45 J/g) after 72 h of hydra-
tion, being 3.34% higher that of the reference group
(216.10 J/g). The improved hydration kinetics reflected
that finer-size WSB particles had a more favorable benefit
assisting the development of hydration products by pro-
viding more nucleation sizes. WB5 group (214.89 J/g) and
BB5 group (213.76 J/g) demonstrated comparable hydra-
tion heat than CLC group. In terms of 10wt% cement
replacement, heat reduction was found in WB10 group
(196.76 J/g), being 9.41% less than that of the control
group.

3.2. Mechanical properties

The mechanical strengths of LC3-cement mortars with
and without biochar up to 28-day water immersion were
depicted in Figure 5. Mechanical properties were calcu-
lated as the average of three specimens for all groups.
After 7-day exposure in water, CLC sample had 7-day
and 28-day compressive strength of 26.84 and 44.74MPa
respectively with the water to binder ratio of 0.5. Due to
relative finer biochar particles (WSB size � 70mm), WSB
particles provide proper filler effects improving the
cement hydration (Figure 4a), leading to strength increases
for 7-day (10.56%) and 28-day compressive strength
(7.93%). As shown in Figure 6a, BB5 group (BB size �
104.7mm) and WB5 group (WB size � 239.88mm)
remained similar compressive strengths than the control
group at 7 days (−0.2% − 2.29%) and 28 days (1.25% −
2.93%). This noticeable difference was attributed to the
differences in the pulverized biochar. Coarser biochar par-
ticle would interfere with the development of hydration
products, leading to a porous microstructure lowering the

Figure 4. Hydration kinetics of samples with and without
biochar: (a) normalized heat flow; (b) normalized heat.

Figure 5. Mechanical properties of samples with and without
biochar.

6 X. Lin et al.



strength. Similar observations were reported in several
studies [47–49]. Lin et al. [17] summarized that finer-size
pulverized biochar powder provide two benefits in the
compressive strength development of the biochar-cement
composites, including appropriate filler effects and
improved cement hydration leading to a denser micro-
structure and refined microstructure. However, Dixit et al.
[50] reported that 5wt% wood biochar reduced the 28-day
compressive strength of ultra-high-performance mortars
(UHPC) by 12.5%. This significant difference highlighted
that although biochar could provide a denser microstruc-
ture of the normal biochar-cement composite, the presence
of biochar led to relatively weak area in the UHPC matrix,
reducing the 28-day compressive strength of UHPC. In
terms of 10wt% biochar as the cement replacement, lower
compressive strengths at both water exposure periods
were observed regardless of the type of biochar when
compared to CLC group, being −3.47% to −16.21% and
−7.72% to −12.61% for 7-day and 28-day compressive
strength respectively. Furthermore, it was worth noting
that coarser WB particles led to the highest compressive
strength reduction of samples with biochar. Similar obser-
vation was noted in the study by Asadi et al. [51]. They
reported that cement dilution effect contributed to com-
pressive strength decrease of specimens with biochar con-
tent above 5wt%.

However, unlike effects of biochar on the compressive
strength development, biochar addition led to flexural
strength reduction of the biochar-cement composites
(Figures 5 and 6b). For 5wt% cement replacement,
WSB5 group slightly increased the 7-day and 28-day flex-
ural strength by 2.14% and 4.53% respectively. However,
0.71% − 1.42% and 4.25% to 5.02% decrease were found
for 7-day and 28-day flexural strength respectively in
other two groups with 5wt% biochar. Furthermore, lower
flexural strength was observed in samples with 10wt%
biochar, being 4.98% to 9.25% and 10.74% to 16.47% for
7-day and 28-day flexural strength respectively. Excessive
biochar content could lead to a more porous cementitious
matrix, negatively interfering with flexural strength devel-
opment. One interpretation was the unlike compressive
forces tend to close pores when loading, flexural forces

break the pores prior to damage the denser cementitious
matrix. Several studies [52–54] mentioned that high bio-
char (up to 10wt%) resulted in more porous areas in the
cementitious matrix, reducing the resistance against to
flexural loads. Boumaaza et al. [55] added that another
factor lowering the flexural strength of the biochar-cement
composites was the uneven biochar distribution, where
biochar cumulation inevitably created weak plane leading
to reduction of the flexural strength. The assemblage of
hydration products was analyzed using XRD and TG in
the following section.

Overall, by combining the heat evolution (Figure 4)
and strength development (Figure 5) of samples with and
without biochar, finer-size wheat straw biochar seemed to
be more effective in improving both the growth of the
cement hydration and strength development of the bio-
char-cement mortars. The favorable outputs are governed
by two aspects: finer-size biochar particles effectively pro-
mote cement hydration by offering more nucleation sizes.
Secondly, finer-size biochar powder has better filler
effects than that of coarser biochar powders. Thus, it could
conservatively conclude that although slight reduction is
observed at 28-day flexural strength of WSB group, up to
10wt% finer-size biochar (size � 70mm) could be safely
considered as a favorable alternative for designing sustain-
able cementitious composites, by combining potential eco-
nomic contributions.

3.3. Microstructural analysis

3.3.1. SEM-EDS

SEM-EDS analysis was carried out to investigate the bio-
char-cement matrix. As presented in Figure 7, a WSB par-
ticle well embedded in the cementitious matrix, and
formation of portlandite and C-S-H gel could be identi-
fied. It is worth mentioning that denser cementitious
matrix was observed around the biochar particle without
the presence of micro-cracks and pores. The reason is that
during the early-stage hydration, biochar adsorbs water
resulting in relatively low water-to-binder ratio in local
region, improving its corresponding density. Similar con-
clusion was made by a study by Boumaaza et al. [55].

Figure 6. Increasing rate of mechanical strengths at two exposure periods: (a) compressive strength; (b) flexural strength.
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EDS result of point scan in point 1 revealed the pres-
ence of WSB with high portion of oxygen and car-
bon. As mentioned by other studies [45,50,55],
biochar provided additional hydration sites for the
cement hydration, promoting the mechanical strength
development. Evidently, formation of portlandite
(Figure 7d) and C-S-H gel (Figure 7e and g) were
observed on the surface of a WSB biochar particle.
Furthermore, it should be noted that formation of cal-
cite was found in the pore of the WSB particle
(Figure 7f). This could be due to the carbonation of
portlandite in the pore. Figure 8 illustrates additional
SEM images of biochar filling in pores of the cemen-
titious matrix, further confirming the favorable
characteristics of finer-size biochar densifying the bio-
char-cement microstructure.

3.3.2. Phase assemblage

The phase assemblage development of different LC3-
cement mortar with and without biochar at different
exposures was depicted in Figure 9. Due to the presence
of calcined clay (70wt% quartz) and siliceous aggregates,
the intensity of quartz was relatively higher than other
phases (Figure 9a and b), which would not be discussed in
this study. 10wt% limestone contributed to the diffraction
peak of calcite at 29.34�, 43.1�, and 48.4� 2h. It should be
noted that due to the presence of 20wt% calcined clay,
ettringite (9.11�, 10.71�, 16.27�, and 40.58� 2h) and
monocarboaluminate (9.11�, 11.66�, and 25.5� 2h) were
detected in the XRD patterns at both exposure period. The
formation of monocarboaluminate (Mc) was a complex
reaction between Al3þ, calcite, and portlandite. At 28-day

Figure 7. SEM-EDS analyze of a WSB5 sample: (a) WSB in the cementitious matrix; (b) hydration on the surface and pores of a
WSB; (c) EDS result of WSB particle in point 1; (d) EDS result of point 2; (e) EDS result of point 3; (f) EDS result of point 4;
(g) EDS result of point 5.
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water exposure, the intensity of Mc increased, indicating
the positive development of chloride-binding capacity of
LC3-cement composites. However, based on other studies
[56,57], excessive formations of Mc would negatively
affect the strength development of the cementitious com-
posites. As shown in Figure 8b, the diffraction peak of Mc
in WSB5 sample was lower than other groups, being in a
good agreement with the strength development discussion
in Section 3.2. Furthermore, by comparing the intensity of

ettringite, there was no significant increase in Figure 9b,
highlighting the stability of ettringite in the cementitious
matrix. A similar conclusion was drawn by Karkhaneh
et al. [58]

With the exposure time increased, the diffraction
peaks of portlandite (18.02� and 34.11� 2h) and C-S-H
gel (29.33�, 32.3� and 49.7� 2h) [34] were increased
(Figure 9b). Considering the effects of biochar, at 28-day
water exposure (Figure 9b), WSB5 group had higher
intensity of portlandite peak at 34.11� 2h, indicating
potential improvement of portlandite formation. However,
although the diffraction peaks of alite reduced when the
curing age increased, it still could be found at 28-day of
water exposure (Figure 9b), indicating unhydrated cement
grains. The detailed mass changes of the hydration prod-
ucts were calculated using TG/DTG analysis in the fol-
lowing section.

3.3.3. TG/DTG analysis

The TG/DTG results of all groups up to 28-day water
exposure were given in Figure 10. Based on the DTG
curve (Figure 10a and b), four distinct endothermic peaks
were observed. Four thermal events could be interpreted
as dehydration of C-S-H gel and ettringite (60 to 150 �C)
[33,59,60], decomposition of Mc (150 to 180 �C) [56],
decomposition of portlandite (400 to 500 �C), and decar-
bonation of calcite (600 to 800 �C). It was worth mention-
ing that since 10wt% limestone was used to partially
replace cement for all groups, the fourth endothermic
peak of calcite decomposition was not discussed.
Furthermore, some studies [33,59] pointed that no certain
verified technique could separate the mass loss of C-S-H
gel and ettringite in the temperature up to 150 �C. Thus,
this study would only investigate mass loss of bound
water (up to 500 �C) and portlandite (400 to 500 �C) using
Eq.1 [60] and Equation 2 [61].

dwater% ¼ M60 −M500 (1)

dCH% ¼ M400 −M500ð Þ � 74
18

(2)

whereM60; M400, andM500 refer to the mass loss percent-
age in corresponding temperature in TG results. 78 and 18

Figure 8. WSB particle filling cementitious pores.

Figure 9. XRD patterns: (a) 7-day water exposure; (b) 28-
day water exposure.
(Note: A¼ Alite (C3S); CC¼ Calcite; CS¼ C-S-H gel;
E¼ Ettringite; Mc¼Monocarboaluminate; Ms¼
Monosulfoaluminate; P¼ Portlandite; Q¼Quartz
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represents the molar mass of portlandite and water
respectively.

Figure 11 depicts the mass loss of bound water (for all
samples up to 500 �C, reflecting the absorbed water for
the cement hydration [60]. After a 7-day water immersion,
WSB5 samples had the highest dwater of 8.26%, being
18.68% higher than that of the control group (6.96%). BB
group exhibited a similar mass loss of bound water than
CLC group, and other samples with biochar had lower
mass loss of bound water when compared to the reference

group. In terms of 28-day exposure, only 5.24% increase
in dwater value was found for WSB5 than CLC group. One
possible reason is that, although addition of fine-size
WSB powder promotes the early-stage hydration (e.g. up
to 7-day), 5wt% cement replacement lowers the hydration
degree due to the cement dilution. As depicted in
Figure 9b, WSB5 had relatively higher peaks of portlan-
dite, indicating higher degree of hydration than that of the
reference group. This phenomenon was more distinct
when analyzing samples with 10wt% biochar. The dwater
value for BB10, WB10, and WSB10 was 7.93%, 8.01%
and 7.66% respectively, indicating low degree of the
cement hydration when compared to biochar-free mortar
(10.5%). The investigation of bound water mass loss had
a good agreement with hydration analysis (Figure 4) and
strength development analysis (Figures 5 and 6) in the
previous section.

Based on Equation 2, the effects of various biochar on
portlandite mass loss (dCH ) of mortars with and without
biochar addition was calculated in Figure 12. Apparently,
the content of portlandite increased slightly when the
exposure age increased. It should be noted that WSB5 had
highest dCH value of 4.05% and 4.66% for 7-day and 28-
day exposure respectively, revealing the favorable charac-
teristic of fine-size biochar (size � 70mm) in improving
the cement hydration. In terms of coarser size biochar, the
content of BB5 and WB5 was slightly increased, but their
portlandite contents were lower than that of CLC group at
28 days. While adding 10wt% biochar, the formation of
portlandite was negatively affected, which would be due
to less availability of calcite ions.

Overall, TG/DTG results revealed that finer-size bio-
char provided surpassing performance than other biochar
in promoting the formation of hydration products. Even
adding 5wt% of pulverized WSB biochar with size up to
70mm, higher mass loss bound water and portlandite was
observed (Figures 11 and 12), while coarser biochar
exhibited a similar hydration degree with the control
group.

3.4. Chloride resistance

Chloride resistance of the cementitious mortars could be
indirectly represented using RCPT and chloride migration
test (CMT) in short term [37,62]. Figure 13 presents
experimental results of RCPT and CMT of all groups with
water to binder ratio of 0.5, where each value was the
average of three identical tests. In terms of RCPT test,
samples with 5wt% biochar addition, had lower passing
charges than that of CLC group (1715.83 Coulombs).
Gomes et al. [62] added that a denser cement microstruc-
ture was more favorable in resisting ion penetrations due
to less open accessing channels. WSB5 group reduced the
charge by 15.19%, followed by BB5 group with 9.42%
reduction on the passing charge. However, WB5 had a
close RCPT result (1607.75 Coulombs) with the CLC
group. The different performance would be governed by
two factors: firstly, fine WSB powder promoted the
cement hydration for a denser microstructure, exhibiting
the best performance against the passing charges.

Figure 10. TG/DTG Analysis: (a) 7-day exposure; (b) 28-day
exposure.

Figure 11. Quantitative analysis of bound water up to
28 days.
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Secondly, WSB particle also filled in pores in the cementi-
tious matrix (Figure 8), refining the pore structure to limit
the access of the chloride ions. Nguyen et al. [63] agreed
that pore refinement could be attributed to lower passing
charge in RCPT test. For 10wt% biochar addition, rela-
tively poor performances of the biochar-cement mortars
were found, increasing the charge passed by 21.14% −
38.29%. It should be noted that excessive biochar would
not only result in porous cementitious microstructure due
to its porous structure but also interfere with the cement
hydration resulting in a relative loose biochar-cement
microstructure. As a result, more ions could penetrate into
the cementitious matrix, lowering the chloride-ion resist-
ance of the samples.

Unlike chloride resistance in RCPT test, BB5 group
and WB5 group had slightly large non-steady-state migra-
tion coefficient (Dnssm) than that of the CLC group.
However, WSB5 with the lowest penetration depth of
16.24± 0.71mm (Table 4) still exhibited a favorable
resistance of Dnssm of 8.44 �10−12 m2=s; being 7.45%
lower than the control group. As shown Tabel 4, samples
with 10wt% biochar (Figure 14e–g) experienced large
penetration depth being 18.61±0.28mm (BB10),
18.89± 0.62mm (WB10), and 18.15±0.51(WSB) than
the reference group (Figure 14a), indicating poor resist-
ance against chloride ion penetration.

Combining the chloride-ion penetration depths
(Table 4 and Figure 14) and CMT result (Figure 13), due
to porous nature of biochar, only finer-size biochar had
improved resistance against chloride ions during CMT
test. It worthing noting that slightly different performances
of chloride resistance in BB5 and WB5 group were
observed in RCPT and CMT. The primary reason may be
that at relatively long charging of 24h, large BB and WB
particles may act as additional channels leading to
increased penetration depths. Bulk resistivity test was
employed to further discuss the electrical resistivity of the
mortars with biochar.

3.5. Electrical resistivity

The electrical resistivity of samples was plotted via Zplot,
where real part was the x-axis, and imaginary part was the
y-axis. Based on the literatures [39,64], the x value of a
right turning point (Rm-AC) in a impedance graph could be
interpreted as the corresponding electrical impedance of
the tested sample. Based on this interpretation, the matrix
resistivity of the biochar-cement composites was marked
at the x coordinates of each plot (Figure 15). Apparently,
the addition of biochar with different replacement percen-
tages led to the various shifting of Rm-AC. It shall be noted
that the Rm-AC value of WSB5 was approximately
127480X, indicating the highest resistivity among all
groups. Similar to chloride-resistance performance, BB5
(123490X) and WB5 (120500X) exhibited a similar elec-
trical resistivity when compared to the CLC group
(122900X). In terms of 10wt% biochar as the cement
replacement, excessive biochar particles served as add-
itional electrolytes, reducing the overall resistivity of the
biochar-cement composites. Overall, the electrical resistiv-
ity results of all samples presented a good consistency
with previous chloride-resistance performances of each
sample.

4. Discussions on biochar-cement mortar
performance using different types of biochar

Figure 16 compares the performances of samples with and
without 5wt% biochar at 28 days. It should be noted that
due to excessive presence of biochar particle in 10wt%
cement replacement, their performances are not included
in the discussion.

Take hydration process as the starting point, while
CLC group had a total normalized heat of 217.11 J/g, and
the bound water of CLC was 10.5% at 28 days.

Figure 12. Quantitative analysis of portlandite in different
mortars.

Figure 13. RCPT and chloride migration test results.

Table 4. Mean chloride ion penetration depth in CMT.

Mix design Depth (mm)

CLC 16.67 ± 0.25
BB5 16.85 ± 0.65
WB5 16.83 ± 0.54
WSB5 16.24 ± 0.71
BB10 18.61 ± 0.28
WB10 18.89 ± 0.62
WSB10 18.15 ± 0.51
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Considering this result as the benchmark, WSB5 group
surpassed this hydration degree with normalized heat of
224.22 J/g and a bound water mass of 11.05, indicating
slightly favorable benefit of finer-size WSB particle in
accelerating cement hydration. Based on several studies
[65–67], the size of biochar plays a significant role in
improving both mechanical and durability properties. The
primary mechanism is the filler effect and more nucleation
sites for the cement hydration. After comparing the

mechanical properties of mortars with various biochar,
Lin et al. [17] observed that biochar size � 75lm led to
more improvement on the compressive strength than sam-
ples with coarser biochar.

Evidently, SEM images with EDS scans in Figures 7
and 8 revealed relative compacted formation of the hydra-
tion products around the WSB particles. Furthermore,
WSB particle also acted as fillers to fill-in the macro-pore
of the cementitious composites. As a result, at 28 days,
WSB exhibited proper strength increments, e.g. 7.93%

Figure 14. Chloride penetration depth illustrations for all mortars.

Figure 15. Electrical resistivity of samples with and without
biochar using Zplot.

Figure 16. Mortar performance comparisons at 28 days.
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and 4.53% increase in compressive strength and flexural
strength respectively. In terms of electrical properties, due
to improved hydration kinetics forming more hydration
products, a denser WSB-cement matrix demonstrated bet-
ter chloride resistance and electrical resistivity. On the
contrary, due to relatively larger particle size (Figure 2),
the hydration process of BB and WB composites was sub-
sequently affected, leading to slightly lower hydration
degree (e.g. 214.89 J/g and 212.77 J/g respectively).
Consequently, the mechanical and electrical performances
were lowered accordingly, having similar performances
when compared to the control group.

By comparing the performances of various biochar-
cement composites in Figure 16 and available literatures,
in this study, 5wt% finer-size biochar (size � 70mm)
could still provide slight improvement on the mechanical
properties of the biochar-cement composites, while pro-
moting the durability properties. When the replacement
percentage was increased to 10wt%, both mechanical and
durability properties of the sample was negatively
affected, having comparable performances with the con-
trol group.

Overall, when using various biochar as the SCMs, the
most significant factor is the particle size. Up to 10wt%
finer-size wheat straw biochar (size � 70mm) could be
safely used to partially replace cement content for design-
ing sustainable cementitious composites. However, only
up to 5wt% biochar is recommended when large biochar
particle size is ranging from 70lm to 239.88lm.

5. Limitations

Current study focused on potential effects of three biochar
on the chloride resistance of LC3-cement composites
using RCPT and chloride migration. However, real-world
field tests are highly recommended to compare the chlor-
ide-binding capacity of biochar-LC3-cement composites.
Furthermore, it was found that the biochar particle size
had significant impact on the cement hydration process.
Thus, it is also suggested that the effects of finer-size or
ultrafine-size biochar powder on the hydration and
strength development of the biochar-cement composites
should be further investigated.

6. Conclusion

Three types of biochar, including commercially available
bamboo biochar (BB), and local waste wood biochar
(WB) and wheat straw biochar (WSB) was utilized to
explore their influences on the hydration, strength devel-
opment, and chloride resistance of the biochar-cement
mortars in this paper. The major findings were drawn as
the follows:

1. Due to finer particle size (size � 70 mm), WSB5
group exhibited highest hydration heat among all
samples, leading to 7.93% improvement on 28-day
compressive strength when compared to the refer-
ence mortar sample.

2. XRD spectra revealed the increased intensity of C-
S-H gel and portlandite, where monocarboaluminate
was also detected, which was the complex hydration
products of Al3þ, calcite, and portlandite.

3. TG/DTG results further verified WSB particle could
improve the cement hydration based on higher
bound water mass and portlandite mass.

4. Finer-size biochar (WSB) demonstrated better chlor-
ide resistance than coarser-size biochar (WB) with
low passing charges, less penetration depth, and
improved electrical resistance.

5. Up to 10wt% fine-size wheat straw biochar (size �
70 mm) could be safely used as SCMs, having simi-
lar strength and durability properties with the con-
trol group.

6. The novelty of this study was to comprehensively
compare the performances of mortars with various
biochar additions, suggesting that 5wt% coarser
biochar (70lm to 239.88lm) was the safe dosage
as SCMs, while conservative dosage of finer-size
wheat straw biochar (size � 70 mm) was 10wt%.

7. Importantly, more studies are required to further
clarify the effects of particle size distribution of bio-
char on other durability properties of the cementi-
tious mortars or concretes, including resistance to
carbonation, freeze-thaw cycles, or elevated
temperatures.
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