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ABSTRACT: The self-healing, fresh properties, hydration, and
other characteristics of the cement paste modified with biochar as a
green additive were explored in this work. Evaluation of early-age
hydration was conducted using setting time measurement and
isothermal calorimetry, and later-age hydration was investigated
using thermogravimetric analysis. The mechanical and transport
properties were investigated by using compressive strength and
electrical resistivity measurements, respectively. The chemical
characterization of the healing products was conducted via Fourier
transform infrared spectroscopy, scanning electron microscopy
equipped with X-ray energy-dispersive spectroscopy, and thermog-
ravimetric analysis. The mechanical strength recovery and crack filling were examined using the three-point bend test and optical
microscopy, respectively. The paste with biochar showed an increased setting time and delayed hydration at an early age because of
reduced alkali concentrations in the pore solution due to alkali uptake by biochar. However, at later ages, the hydration was
improved in the paste with biochar, which is attributed to internal curing. Biochar effectively decreased autogenous shrinkage in the
paste, which is attributed to internal curing. Biochar was shown to reduce the electrical resistivity and compressive strength of the
cement paste due to higher overall water/cement and macrovoid formation, respectively. The chemical characterization of the
healing products showed that they are primarily made up of calcium−silicate−hydrate, calcium carbonate, calcium hydroxide, and
ettringite. The content of calcium carbonate was increased in the healing products of the paste with biochar relative to the control
paste. The mechanical strength recovery and crack filling were improved in the paste with biochar relative to the control paste,
indicating the positive impact of biochar on the self-healing of the paste.
KEYWORDS: biochar, self-healing, healing products, cement paste

1. INTRODUCTION

High CO2 emission is a major concern regarding Portland
cement production, and it has spurred efforts to develop
solutions to lower the carbon footprint of Portland cement in
infrastructure.1,2 Utilizing alternative materials derived from
biowaste to decrease cement demand is one of the effective
ways to lower the carbon footprint and enhance the
sustainability of construction materials. Biochar is one such
material that is obtained via the pyrolysis of biowaste.3 During
processing, carbon present in the biowaste is sequestered in the
molecular structure of biochar; the utilization of biochar in
construction materials prevents the release of this carbon into
the atmosphere via the decay or degradation of biowaste.3 The
carbon sequestration property of biochar in construction
materials has been recognized and investigated in detail in the
past investigations.4−6 In addition, the utilization of biochar in
the infrastructure sector can be an effective way to reduce the
amount of landfilled biowaste. Because of its water absorption
and retention capability, biochar has been applied to cement-
based materials to enhance their strength and permeability due

to the internal curing effect.7 In another study, the use of
biochar at the addition rate of 0.8−1% was shown to increase
the modulus of rupture and fracture energy of cementitious
materials, which was8 attributed to the tortuosity of the crack
path.8

It is now well understood that cementitious materials are
prone to crack formation as a result of mechanical and
environmental stressors. Microcracks facilitate the entry of
external chemical agents into the cementitious material that
results in continued damage and loss of mechanical capacity in
structures.9 Thus, structures made of cementitious materials
need continued repair and maintenance that are expensive and
increase the environmental impacts associated with the
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construction industry.10 The manual repair that typically
involves spraying or injection of chemical sealants has many
limitations, including low thermal resistivity, material incom-
patibility, volume change, delamination, and human hazards.11
Thus, over the past decades, self-healing cementitious

materials have received significant attention.12−18 Cementi-
tious materials have an intrinsic ability for self-healing through
continued hydration of unreacted cement particles on the
crack surface, pozzolanic activity, and calcium carbonate
precipitation.19−24 The presence of water is key to the intrinsic
self-healing capability of cementitious materials; however,
water is not always accessible in the crack for the self-healing
reactions to occur. The use of agents, such as hydrogels, with
the ability to absorb and retain water from the environment
and release that for the above reactions, can be an effective
means to enhance the self-healing properties of cementitious
materials.15,19,25−30 Similar to hydrogels, biochar can absorb
and retain water and, as such, can improve the self-healing
properties of cementitious materials. However, the effect of
biochar on the self-healing of cementitious materials has not
been investigated in the past and is not well understood. It
should be noted that there have been a couple of prior studies
that examined biochar as an immobilizing medium of bacteria
for self-healing applications;10,31 however, the role of biochar
alone on the self-healing has not received attention in the past.
In addition, there have been only a limited number of prior
works that focused on the internal curing and autogenous
shrinkage of cementitious materials modified with bio-
char.3,32−34 Thus, to address the above-mentioned knowledge
gaps, the novelty of this paper is elucidating the self-healing
characteristics of cementitious materials modified with biochar
and the effect of biochar on hydration, autogenous shrinkage,
and other characteristics of cementitious materials.
In this article, the chemical characteristics and water

absorption behavior of biochar are discussed first. Then, the
effect of biochar on the early-age properties, autogenous
shrinkage, compressive strength, and electrical resistivity of the
bulk cement paste was evaluated. Then, the influence of
biochar on the chemical characteristics of the healing products
as well as the strength recovery and crack filling of cracked
cement paste prisms is detailed.

2. MATERIALS AND METHODS

2.1. Materials. 2.1.1. Biochar. Commercially available biochar
derived from wood waste was used in this study. Biochar was
characterized using different techniques, including Fourier transform
infrared (FTIR) spectroscopy and scanning electron microscopy
(SEM) equipped with X-ray energy-dispersive spectroscopy (EDS) to
determine the morphology, functional groups, and elemental analysis.
Oven-dried biochar was sieved to include biochar particles in the size
range of 75−425 μm and then stored in a sealed condition.
2.1.2. Cement Mix Design. In this study, type I/II Portland cement

was used to prepare cement pastes. The oxide composition of the
cement is provided in Table 1. The designations and mix designs of
the cement mixtures are listed in Table 2. The control paste (Ctrl)
without biochar had a water/cement ratio (w/c) of 0.3. The cement
paste with biochar was produced with a biochar concentration of 2%
per cement mass and the same effective w/c of 0.3. The reason for
using 2% biochar was based on trials and errors to obtain a paste with
acceptable workability and limited negative impact on compressive
strength. A lower amount of biochar is expected to limit the potential
self-healing effect biochar has in the cement paste. Since biochar
absorbed water during cement paste mixing, the amount of absorbed
water needs to be estimated and added to the cement mix design to
have the same effective w/c in the control paste and the paste with

biochar. To determine the biochar absorption, the flow test was
performed. In this method, water was incrementally added to the
cement paste with biochar, and its flow value was measured until the
paste reached the same flow value as that of the control paste. It is
assumed that the flow of the paste is governed by the effective w/c of
the paste. This method has been used in other investigations for
estimating the water absorption of internal curing agents such as
hydrogels.35−42 In the flow test, a cone with dimensions of top
diameter = 70 mm, bottom diameter = 100 mm, and height = 50 mm
was filled with the cement paste and allowed to sit on a circular
metallic tray for 5 min. The cone was then removed, and the tray was
lifted and dropped 25 times from a height of 2.5 cm over a period of
15 s with a constant frequency. The two perpendicular diameters of
the paste spread were measured, and the average was reported as the
flow value. A ZYLA water-reducing admixture at a 0.167%
concentration per cement mass was used in the preparation of all
pastes. The flow values are shown in Table 2. The added water to the
paste with biochar was determined to be w/c = 0.05, making the total
w/c of the paste with biochar 0.35.

Biochar and cement were first dry-mixed for 5 min by using a
mixer. Then, the cement and biochar were mixed in a plastic bucket
with a mixer at a speed of 440 rpm for 30 s. Then, the inside wall of
the bucket was scraped and the paste was mixed again for 60 s at a
higher speed of 1600 rpm. The paste cubes were cast into the molds
of dimensions 50 × 50 × 50 mm per ASTM C 109. The pastes were
wrapped with a plastic sheet to prevent water evaporation. After 24 h,
the cubes were demolded and placed in a sealed bag for curing.

2.2. Methods. 2.2.1. Biochar Absorption Using the Teabag Test.
The teabag test was utilized for the biochar absorption measurement.
The teabag test has been widely used in measuring the absorption of
internal curing materials such as hydrogels in construction
materials.39,40,42−4347 To account for the chemistry of the cement
paste, the biochar absorption was measured in an artificial cement
pore solution. The artificial pore solution was formulated per the
procedure described in ref 48. The solution was prepared with 0.1062
M KOH, 0.0489 M Na2SO4, 0.037 M K2SO4, and 0.0212 M
Ca(OH)2. Two g portion of dried biochar was poured in teabags and
submerged in the artificial pore solution. At different times, the teabag
was gently taken out of the solution and surface-dried with a Kimwipe,
and its mass was measured using a balance with a resolution of 0.001
g. The mass of the prewetted empty teabags was also measured. The
absorption of biochar, Q, was determined using eq 1:

=Q
m m m

m
total wet teabag d bc

d bc (1)

where mtotal is the mass of the wet teabag containing biochar, mwet teabag
is the mass of the empty teabag prewet in the artificial pore solution,

Table 1. Chemical Compositions of Portland Cement (PC)

composition %

SiO2 20.8
Al2O3 5.0
Fe2O3 3.7
CaO 64.2
MgO 0.9
Na2O 0.2
K2O 0.4
SO3 2.8
TiO2 0.2

Table 2. Mix Designs and Flow of the Pastes

paste
designation

water/
cement

superplasticizer
(% cement mass)

biochar
(% cement mass)

flow
(cm)

Ctrl 0.3 0.167 − 20
BC 0.35 0.167 2 20
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and md bc is the mass of the dry biochar. The experiment was repeated
twice, and the average was reported.
2.2.2. X-ray Microcomputed Tomography (Micro-CT). The

internal microstructure of the control paste and the paste with
biochar was examined by using micro-CT. Twenty-five mm cubes cut
from the sample used in the setting time test were scanned in a Bruker
Skyscan 1273. The scanning was conducted using a resolution of 20
μm/pixel, an X-ray exposure time of 4300 ms, a rotational step of
0.5°, a current of 115 μA, and a voltage of 130 kV. The CTAnalyzer
1.20.8 was used for the reconstruction and post analysis of a volume
with dimensions of 20 × 20 × 20 mm. Since the biochar used had a
dry size range of 75−425 μm, the voids smaller than 75 were excluded
in the measurement of the biochar voids created in the microstructure
due to the biochar water uptake and desorption.
2.2.3. Setting Time. To measure the initial and final setting times

of the pastes, a Vicat needle test was employed. The penetration of
the Vicat needle was recorded at 30 min time intervals until the initial
setting time and at 15 min time intervals until the final setting time.
Five separate locations on the paste were probed for this test, and the
average was reported.
2.2.4. Isothermal Calorimetry. The heat flow and cumulative heat

release were measured by using isothermal calorimetry. Approx-
imately 6 g of the paste was immediately placed in glass ampules. The
glass ampules were then sealed with lids to prevent moisture
evaporation and monitored in a TA Instruments isothermal
calorimeter. Before the start of the measurement, the instrument
had been preconditioned at a temperature of 23 °C. Two samples
were used for each mix design, and data collection was conducted for
more than 72 h.
2.2.5. Autogenous Shrinkage. This test was performed using

corrugated polyethylene tubes filled with fresh cement mixtures, as
per ASTM C1698-16 at room temperature. Both ends of the tubes
(420 mm in length and 29 mm in outer diameter) were sealed with
plastic caps, and the variation in the sample length was monitored via
a DC linear variable differential transformer (LVDT). Measurements
began at the setting time of the cement pastes, carried out twice a day
in the first 5 days and continued once a day until 28 days. For each
paste, three replicates were used, and the average was reported.
2.2.6. Compressive Strength. The compressive strength of the

paste cubes was measured at the ages of 3, 7, and 28 days. Five cubes
from each paste were broken at each age using the SATEC machine,
and the average strength was reported.
2.2.7. Electrical Resistivity. The electrochemical impedance

spectroscopy (EIS) technique was used to measure the electrical

resistivity of the paste cubes at the ages of 3, 7, and 28 days. The
electrical resistivity provides insight into the transport characteristics
of cementitious materials.3,7,39,40,42,45,47−4849505152535455 To this end,
two pieces of foam, presoaked in a 1 M NaCl solution, were inserted
between the cube side surfaces and metallic plates. The test was done
using a Gamry Reference 600 potentiostat/galvanostat with an AC
input of 250 mV and a frequency range of 106 to 10 Hz. The test was
conducted with five replicates and the average was reported.

2.2.8. Sample Preparation and Characterization of Self-Healing
Products. Artificial cracks were used to allow us to obtain healing
products in sufficient quantities for the chemical analysis, including
thermogravimetric analysis (TGA), FTIR, and SEM/EDS, as used in
previous studies.49 Cement paste cubes with and without biochar with
a mixed design described in Table 2 were cast. Cement slices at the
age of 7 days with dimensions of 50 × 50 × 15 mm were cut from the
cubes using a diamond saw. The slices were then polished with
sandpapers of grit sizes of 320, 500, and 1200 using water as a
lubricating liquid. The final polishing was done with a 1 μm diamond
paste abrasive. The slices were dried in a vacuum oven overnight and
then pressed together and partially submerged in water for 2 weeks for
the healing process to occur. Figure 1a depicts the setup used in this
experiment. The width of the artificial crack was measured to be about
60 μm using a KEYENCE VHX 5000 digital optical microscope. After
healing for 2 weeks, the healing products were scratched off from the
surface of the slices and vacuum-dried at a temperature of 40 °C for
24 h. Then, the samples were analyzed with TGA, FTIR, and SEM/
EDS, as described later. The optical images of the healing products
before being scratched off from the cement paste slices were taken.

2.2.9. Thermogravimetric Analysis (TGA). TGA was performed on
the bulk pastes at ages of 3, 7, and 28 days and also on the healing
products. The sample preparation for the healing products was
described above. For the bulk paste, the sample was obtained from the
central portion of broken paste cubes used in the compressive
strength test. The small pieces of the paste were first immersed in
alcohol for 1 day to stop hydration and then vacuum-dried at 50 °C
for another day. Then, the samples were ground into powder and
passed through the sieve No. 60. The TGA test was conducted using a
TA 55 instrument in the temperature range of 25−1000 °C and at the
rate of 20 °C/min under N2 gas. Equations 2 and 3 were used to
determine the normalized contents of calcium hydroxide (CH) and
calcium carbonate (CC):50,51

= M
M

CH
74.1
18 (2)

Figure 1. Schematic of (a) the artificial crack healing setup and (b) the three-point bend setup for the crack healing experiments.
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= M
M

CC
100
44 (3)

where M̅ (mg) and M (mg) are the mass change corresponding to the
decomposition of CH or CC and the initial mass, respectively.
2.2.10. FTIR Spectroscopy. FTIR spectroscopy was conducted

using a PerkinElmer Paragon 1000 FTIR instrument with an ATR
accessory. The sample preparation was the same as that for TGA
described previously. The samples were scanned in the transmission
mode in the range of 600−4000 cm−1 at a resolution of 4 cm−1. More
than two replicates were used for each paste.
2.2.11. Scanning Electron Microscopy/X-ray-Dispersive Spec-

troscopy (SEM/EDS). SEM/EDS examination of the healing products
was done using a JEOL SEM equipped with an EDS. To avoid
charging, samples were gold-coated using a sputter coater. The images
were taken at a voltage of 15 kV for the healing products.
2.2.12. Mechanical Strength Recovery. To examine the

mechanical strength recovery of the control paste and the paste
with biochar, paste prisms with dimensions of 25.4 × 25.4 × 285 mm
and with the same mix designs as those shown in Table 2 were cast.
First, a notch with a width and depth of 2.0 and 1.5 mm, respectively,
was created in the middle of all prisms using a diamond saw. Then, all
prisms were precracked using a three-point bend setup at a rate of
0.0002 mm/s in an Instron testing machine (see Figure 1b). During
the loading, the crack opening was monitored by using a clip gage.
The loading was stopped once a crack width of 0.2 mm was obtained,
and then, the prisms were unloaded. After unloading, the crack width
of the prisms was measured to be about 60 ± 6 mm by using an
optical microscope. It should be noted that in order to increase the
ductility of the paste prisms for precrack generation and prevent
complete failure of the prisms, 38 mm diameter PVA fibers at a
volume percentage of 2% were added to the paste prisms. The cracked

prisms were healed by subjecting them to dry/wet cycles, consisting
of submersion in water for 1 h and exposure to air (room temperature
of 23 °C and relative humidity of 60 ± 5%) for 23 h. The prisms were
healed for 28 cycles. After that, the prisms were loaded in a three-
point bend setup until complete failure. The strength recovery was
determined using eq 4:

= ×
P P

P P
SR 100%

max,healing unloading

max,initial unloading (4)

where Pmax,initial, Pmax,healing, and Punloading are the maximum load
obtained during the first loading to generate the initial crack width,
the maximum load reached by the healed prisms, and the residual
load, corresponding to the load at which the initial predefined crack
width was reached, followed by unloading, respectively.

2.2.13. Crack Filling. A KEYENCE VHX 5000 digital optical
microscope was employed to investigate the crack filling of the prisms.
To this end, both sides of the precracked prisms were imaged at cycles
0, 3, 7, 14, and 28 of healing.

3. RESULTS AND DISCUSSION

3.1. Biochar. 3.1.1. Biochar Characterization. Figure 2a,b
shows the SEM image of biochar particles at low and high
magnifications. The particle size distributions of the biochar
particles are shown in Figure 2c. The average size of the
biochar particles is in the range of 260−270 μm. The porous
nature of biochar is evident from the SEM image (Figure 2b)
where voids of different sizes are present. These voids are
generated due to the decomposition of organic substances in
the microstructure of biowaste during the pyrolytic process.

Figure 2. SEM image of biochar particles at (a) low and (b) high magnifications. (c) Particle size distribution of the biochar used in the cement
paste.
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The presence of macrovoids facilitates transport of water into
smaller pores, which are critical to the water uptake capacity of
biochar.7,52 Figure 3 shows the elemental analysis obtained

from EDS. The EDS spectrum on the surface of BC identified
the major elements as carbon (72%) and oxygen (26%).
Silicon, calcium, sulfur, potassium, magnesium, and aluminum
in very small amounts were also observed.
Figure 4 shows the FTIR spectrum of BC. The BC spectrum

presents four significant peaks at wavelengths of 1034, 1602,

2853−2923, and 3338 cm−1. These wavelengths are attributed
to carbonyl (C−O), alkene (CC), alkyl (C−H), and
hydroxyl (−OH) groups, respectively.53 The presence of
these functional groups, especially hydroxyl groups, is
important in the hydration reaction.
3.1.2. Biochar Absorption. Three parameters, water

absorbed and retained in biochar pores, water absorbed on
the surface, and water absorbed in the space between biochar
particles determine the absorption capacity of biochar, with
larger pores retaining a higher amount of water and connecting
meso and micropores.3,,55 Figure 5 illustrates the absorption
behavior of biochar, with the biochar size in the range of 75−
425 μm, measured using the teabag method in a simulated
pore solution to resemble the chemistry of the cement paste.
The absorption rate rises sharply in the very first few minutes
of the test, reaching a maximum of 6.32 (g/g) at about 5 min.
Water uptake by biochar then reached a plateau of 6.2 g/g
until the end of the experiment at 60 min. The teabags were
left in the solution, and the solution was sealed to avoid
carbonation. These were then measured after 24 h, and no
significant change in mass was observed. As stated earlier, the
added water to the paste with biochar was determined to be w/

c = 0.05 using the flow test, which translates to a biochar
absorption of 2.5 g/g. The reason for a lower absorption of
biochar in the paste obtained from the flow test (2.5 g/g)
compared to the absorption obtained from the teabag test in
the solution (6.2 g/g) is that in the paste, biochar is
constrained by the surrounding cement particles, and also
access to the solution is not as readily possible as in the case of
the solution where biochar has infinite access to the solution.
Since the flow test provides a more realistic absorption of
biochar in the cement paste, the absorption results from this
test were utilized in the mix designs of the paste.

3.2. Bulk Properties of the Cement Paste. 3.2.1. Micro-
CT Analysis. The two-dimensional (2D) reconstruction images
obtained using micro-CT of the internal microstructure of the
control paste and the paste with biochar are shown in Figure
6a,b, respectively. A segmented image of Figure 6b is shown in
Figure 6c. Black features with spherical morphologies are seen
in both images and are attributed to air voids introduced
during the mixing of the pastes. Biochar is seen as a dark gray
feature with an angular morphology in the microstructure of
the paste with biochar only. Table 4 shows the total counts and
porosities of the biochar voids. Since biochar with a dry size
range of 75−425 μm was used in the paste, voids smaller than
75 μm were excluded. It is noted that the paste with biochar
exhibited a larger porosity and void count due to the presence
of biochar in this paste. It is also noted that biochar appeared
to be well dispersed in the microstructure, and no biochar
segregation is observed in the microstructure of the paste with
biochar.

3.2.2. Setting Time and Heat of Hydration. Table 3 lists
the results of the setting time test. The presence of biochar
increased the initial and final setting times of the pastes. The
longer setting time in the paste with biochar is due to delayed
hydration at an early age in these pastes. The delayed
precipitation of hydration products results in slower
percolation of the solid skeleton in the microstructure, which
prolongs the setting times. It is also plausible that some of the
water initially absorbed by biochar was released into the paste,
which increased the w/c and interstitial space between the
solid skeleton in the microstructure, delaying the setting of the
pastes.
The heat flow and cumulative heat evolution of the different

pastes are presented in Figure 7a,b, respectively. The results of
a paste with a w/c of 0.35 without biochar are also included for

Figure 3. EDS analysis of the biochar used in this study.

Figure 4. FTIR spectrum of biochar.

Figure 5. Absorption of biochar with time used in this study.
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comparison. The first peak, which appeared in the early stage
of hydration, corresponds to cement particle dissolution. The
second peak corresponds to the precipitation of binding
products, including calcium−silicate−hydrate (C−S−H). It is
observed that the second peak had a 12% lower intensity and
occurred 4.1 h later in the paste modified with biochar
compared to the control paste. In addition, it appears that the
induction period of hydration increased in the paste with
biochar. A potential reason for the delayed peak of hydration is
the uptake of alkalis by biochar during the mixing stage, which
resulted in a lower concentration of alkalis in the pore solution
and consequently delayed the main peak of hydration.56,57 It is
also plausible that some of the water initially absorbed by
biochar was released, which dilutes the ionic concentration in
the pore solution, delaying the precipitation of hydration
products and laying down the main peak of hydration (Table
4).
Despite the delayed hydration at early hours, the paste with

biochar demonstrated a slightly higher cumulative heat release
compared with the control paste at later ages. This is attributed

to a gradual release of water from biochar into the paste
increasing the total w/c and enhancing the hydration reaction
at later ages. Another contributing factor is that the large
surface area of biochar can act as nucleation sites for the
precipitation of cement hydrates. This observation is in
agreement with prior studies that showed that the biochar
particle size and the wet surface of biochar pores provide
favorable conditions for the precipitation of reaction
products.58

3.2.3. TGA/Derivative Thermogravimetry (DTG). The
TGA/DTG curves of the control paste and the paste
containing biochar at the age of 28 days are shown in Figure
8a,b. Three decomposition peaks can be seen in the DTG
curves. The first peak, occurring between 25 and 200 °C, is
associated with the dehydration of calcium aluminate hydrates
(C−A−H) and C−S−H gel. The decomposition of calcium
hydroxide (CH) occurs at 370−450 °C, while the mass loss
corresponding to the decomposition of calcium carbonate
takes place between 550 and 750 °C.59−62 CH is considered an

Figure 6. 2D reconstruction of the internal microstructure of (a) the control paste and (b) the paste with biochar. (c) Segmented image of panel
(b). Biochar and air voids are seen as black features. The scale bar is the same for all images.

Table 3. Setting Times of Ctrl and BC

sample initial setting time (min) final setting time (min)

Ctrl 189 269
BC 417 622

Table 4. Porosity and Count of the Voids Larger than 75 μm
in Ctrl and BC Obtained Using Micro-CT

sample count total porosity (%)

Ctrl 1927 0.5
BC 15,343 2.81
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important indicator of the hydration degree.63 Figure 9
illustrates the results of calcium hydroxide (CH) content for
both Ctrl and BC at varied ages of 3, 7, and 28 days. The CH
content was normalized with respect to the cement paste mass.
The paste with biochar showed a CH content relatively similar
to that of the control paste in all ages. In light of a delayed
early hydration in BC, compared to that in Ctrl, as
demonstrated in the heat of hydration results, the relatively
similar CH content in both Ctrl and BC points to improved
hydration in CH at later ages. The water initially absorbed by
biochar is gradually released into the surrounding micro-
structure, promoting hydration in the microstructure. The
effect of biochar on improving hydration in cementitious
materials has also been documented in the previous studies.3,7
3.2.4. Autogenous Shrinkage. The autogenous shrinkage

results of different pastes are shown in Figure 10. The
effectiveness of biochar in reducing autogenous shrinkage is
evident from this figure. This lower autogenous shrinkage in
the biochar-modified paste is attributed to the provision of
water from biochar into the surrounding cementitious paste.
The relative humidity in the microstructure of the biochar-
modified paste is maintained compared to that of the control
paste, resulting in a lower capillary action in the pore structure.
As discussed earlier, the capillary forces take place in the
cementitious matrix due to the gradual drop in the relative
humidity, leading to a gradual increase in self-desiccation and
autogenous shrinkage. The paste with biochar underwent

initial expansions for up to 1.5 days, with the expansion
reaching 180.5 m strain, followed by gradual shrinkage over the
next 5 days. The paste with biochar then exhibited a small
shrinkage for the next 10 days, and its shrinkage remained
steady until the age of 28 days. The incorporation of biochar
decreased the autogenous shrinkage of cement pastes by 82%
with respect to the control cement paste without the addition
of biochar.

Figure 7. (a) Heat flow and (b) cumulative heat curves of the control
paste and the paste with biochar.

Figure 8. (a) TG and (b) DTG curves of the control paste and the
paste with biochar.

Figure 9. CH content of the control paste and the paste with biochar
at different ages.
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3.2.5. Compressive Strength. The results of the compres-
sive strength test at different ages are depicted in Figure 11.

The paste with biochar exhibited a reduction in compressive
strength compared to that of the control paste. It can be
observed that the paste with biochar showed a 30% reduction
at the age of 3 and 7 days compared to the control paste, while
this reduction reaches 23% at the age of 28 days. The decrease
in the values of compressive strength is primarily due to the
macrovoid formation in the cementitious matrix as a result of
the presence of biochar. The biochar macrovoids serve as stress
concentration sites in the microstructure of the paste, reducing
the load-carrying capacity of the material.24 This effect of
biochar on compressive strength has also been observed in the
previous studies.3,64 However, with continued curing, the
compressive strength values of both the control paste and the
paste with biochar improved. Although the water released from
biochar into the surrounding matrix is expected to improve
hydration, the negative impact associated with the presence of
biochar macrovoids in the microstructure outweighs the effect
of improved hydration.19,37 It should be pointed out that the
effect of biochar on the strength of cementitious materials
depends on the mix design used in the preparation of the
samples, curing age, and biochar characteristics.5,65

3.2.6. Electrical Resistivity. The values of the electrical
resistivity at varied ages are shown in Figure 12. Pore solution

chemistry together with pore morphological characteristics are
the factors determining the electrical resistivity in cement
pastes.66−71 As can be seen in Figure 12, the electrical
resistivity of both control and biochar-modified pastes
increased with age. This improvement in the electrical
resistivity with age is attributed to the refinement in the
macrostructure due to further hydration. It is seen that the
paste with biochar had a reduced electrical resistivity relative to
that of the control paste. The higher overall w/c and the
consequently less densified microstructure in the paste with
biochar compared with the control paste can explain this
behavior. Prior investigations have shown an increase in the
electrical resistivity with decreasing w/c in cementitious
materials.41,45,68−697071 It should be noted that biochar is
electrically conductive, and the addition of them into the
cement mixture could contribute to a lower overall electrical
resistivity of the paste. The saturation degree of the
macrovoids left by biochar is a factor when it comes to the
effect of macrovoids on the electrical resistivity. The electrical
resistivity of samples decreases if the macrovoids are fully/
partially saturated. In this case, they behave as an electrical
conductor. On the contrary, macrovoids act as an electrical
insulator if they are empty of the pore solution, resulting in an
increase in the electrical resistivity.72 It is expected that the
saturation of the macrovoids would be somewhere between the
two cases.

3.3. Self-Healing. 3.3.1. Optical Imaging of Healing
Products. The surface of the cement slices after self-healing
was observed with an optical microscope. Figure 13 presents
the morphology of the healing products after healing for 7
days. Healing products can be observed to have formed as a
bluish feature, and the cement slice surface can be observed as
a reddish feature in the image. It is evident that the healing
products did not cover the entire artificial crack surface. It is
noted that the healing products seemed to show a larger
surface coverage in the case of BC compared with the control
paste. This potentially indicates a higher amount of healing
products formed in the case of BC compared to that of the
control paste. A whitish phase with a crystal-like morphology is
seen in the healing products of the paste with BC. This phase is

Figure 10. Autogenous shrinkage of the control paste and the paste
with biochar at different ages.

Figure 11. Compressive strength of the control paste and the paste
with biochar at different ages.

Figure 12. Electrical resistivity of the control paste and the paste with
biochar at different ages.
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attributed to calcium carbonate, and their appearance is more
pronounced in the paste with BC compared to the control
paste. It is postulated that the crystal-like phase tended to form
near or at biochar particles embedded in the cementitious
matrix, where more water is provided by biochar particles for
the carbonation reaction to occur.
3.3.2. TGA/DTG of Healing Products. The TGA/DTG

results of the healing products of the control paste and the
paste with biochar are shown in Figure 14a,b. It can be
observed that similar to the TGA and DTG curves of the bulk
control and biochar-modified pastes, three major peaks can be
identified in the TGA thermographs of the healing products
scratched off from cement paste artificial cracks. The weight
loss between 70 and 200 °C is attributed to the loss of

chemically bound water of C−S−H and ettringite, and
evaporation of free water.49,61,73,74 However, distinguishing
between these phases by TGA/DTG is difficult because they
are generally decomposed at a temperature range between 70
and 200 °C.75 Significant weight losses take place at
temperatures ranges of 410−550 and 550−750 °C, with the
former being attributed to the decomposition of calcium
hydroxide40,61,76,77 and the latter to the decarbonation of
calcium carbonate.40,59−62,78−81 A slight mass loss is observed
at temperatures between 800 and 900 °C, which could be
related to the decomposition of calcium carbonate.82,83

Compared with the bulk cement paste, this peak is more
pronounced in the self-healing products.
Once cracks are generated, unhydrated cement particles are

exposed on the crack surface. When these unhydrated cement
particles on crack surfaces come in contact with water,
hydration occurs, and hydration products are formed near the
cement particles in the crack space. Ca2+ present in the interior
of the paste away from the crack surface can diffuse into the
crack; the driving force for this diffusion is the lower ionic
concentration of Ca2+ in the solution in the crack than in the
pore solution in the interior of the paste. Since the water that
penetrates the crack space is expected to have less ionic species
compared to the pore solution in the interior of the paste, such
a driving force for Ca2+ diffusion is provided. Ca2+ can also
dissolve from CH present on the surface of the crack into the
solution in the crack space; when dissolved CO2 in the solution
in the crack is available, it reacts with Ca2+, resulting in the
precipitation of CaCO3.

15,84

The CH and CaCO3 contents of the healing products of the
control paste and the paste with biochar are shown in Figure
15. It is noted that the CaCO3 content is higher in the healing
product of the biochar-modified paste compared to that of the
control paste. The reason for the increased CaCO3 content in
the healing product of BC is the provision of water to the crack
surface. Water is critical to the hydration and carbonation
reactions. Biochar on the crack surface can retain water or
absorb moisture from the environment and gradually release it
back to the crack surface in the dry condition, promoting the
formation of CaCO3. The lower CH content in the healing
products of BC compared to Ctrl is due to the carbonation of
CH and its conversion to CaCO3 facilitated by the water
provided by biochar, as demonstrated by higher CaCO3 in the
healing products of BC compared to that of the control paste.
Despite the significantly lower diffusivity of CO2 in water
compared to air, the presence of water is necessary for gaseous
CO2 to react with CH.85 According to ref 86, CH carbonation
takes places in three main steps, starting with dissolution of
CH which is the most soluble hydrate.87 Then, the absorption
of carbon dioxide and formation of carbonate ions occur,

Figure 13. Optical images of the healing products on the surface of (a) the control paste and (b) the paste with biochar. The scale bar is the same
for both images. The healing products are shown in blue and whitish crystal-like. The cement paste surface without healing products is shown in
red. Optical images are enhanced to improve the visibility of various features.

Figure 14. (a) TG and (b) DTG curves of the healing products of the
control paste and the paste with biochar.
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followed by chemical reaction and precipitation. However, the
rate of CH carbonation decreases due to the formation of a
thin layer of calcium carbonate on the surface of CH
crystals.88−93

3.3.3. FTIR Spectroscopy of Healing Products. Figure 16
shows the FTIR spectra of the unhydrated cement, the bulk of

the control and biochar-modified pastes, and the healing
products of the control and biochar-modified pastes. A group
of bands in the range of 800−1200 cm−1 is noted in all spectra;
these bands are attributed to the stretching vibration of Si−O
bonds.94 The bands at around 967 and 1110 cm−1 in the
spectra of the bulk cement pastes and healing products are
characteristics of the Si−O stretching vibrations in C−S−H
gels.39,95−98 The band observed at around 1110 cm−1 in the
bulk paste and healing products can also be attributed to
ettringite.49 The sharp band at 874 cm−1 and the broad band at
around 1408 cm−1 observed more notably in the spectra of the
healing products correspond to CO3

2−,95,96 indicating the
presence of calcium carbonate. The C−O bending vibration
(874 cm−1) and the bands in the range of 1400−1500 cm−1 are
observed in the spectra of the healing products only and are
the characteristic band of CO3

2−,95,96 which can be attributed to
the formation of calcium carbonate. The small band at 3640

cm−1 noted in the spectra of the bulk paste and healing
products is related to the formation of calcium hydroxide.95
The broad bands at about 3400 and 1640 cm−1 are
characteristics of the O−H groups in water.95

3.3.4. SEM/EDS of Healing Products. The SEM image of
the healing products corresponding to Ctrl and BC is shown in
Figure 17. Various phases can be seen in the microstructure of

the healing products. The phase with a needlelike morphology
is sparsely detected in the microstructure and resembles the
morphology of ettringite.99 The presence of ettringite in small
amounts was also found in the FTIR results discussed earlier. It
should be noted that the vacuum drying used for the
preparation of the sample for chemical characterization could
affect the ettringite structure and reduce its content.100
Platelike crystals are observed, which are attributed to
Ca(OH)2. Calcite with a rhombohedral morphology is also
evident in the microstructure. The phase with a granular
morphology is ascribed to C−S−H. It is noted that the SEM
examination of the microstructure of the healing products is in
agreement with the FTIR and TGA results. No significant
differences in the SEM analysis of the healing products of Ctrl
and BC were noted, indicating that the healing products of the
two cases comprise similar phases.
The elemental analysis of the healing products correspond-

ing to the control paste and the paste with biochar is discussed
in this section. The Ca/Si and Al/Si of the healing products are
shown in Figure 18. It is noted the Ca/Si and Al/Si of the
healing products in both Ctrl and BC are higher than that of
the bulk cement paste. The C−S−H phase produced as a

Figure 15. CH and CaCO3 contents of the healing products of the
control paste and the paste with biochar.

Figure 16. FTIR spectra of the healing products of the control paste
and the paste with biochar.

Figure 17. SEM image of the healing products corresponding to (a)
Ctrl and (b) BC.
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result of hydration tends to occupy the space adjacent to the
original cement particles and the majority of Si is located in the
hydration inner product;101−103 because the diffusion co-
efficients of Ca2+ and Al3+ ions are higher than H2 Si42−,103 the
diffusion of Si ions far away from unhydrated cement particles
in the bulk paste toward the crack surface is difficult compared
to Ca2+ and Al3+ ions.49 Therefore, less Si can be found in
healing products, leading to relatively higher Ca/Si and Al/Si
ratios in the healing products. As shown in Figure 18, the Ca/
Si and Al/Si of healing products of BC are relatively similar to
that of the Ctrl healing product. It can be concluded that the
elemental compositions of the Ctrl and BC healing products
are similar.
3.3.5. Strength Recovery. The strength recovery of the Ctrl

and BC prisms is presented in Figure 19. It is observed that

48% of strength was regained in BC, compared to Ctrl, with a
strength recovery of 34%, indicating that biochar improved the
strength recovery in the cement paste. It should be noted that
the observed strength recovery of Ctrl prisms without biochar
is ascribed to the intrinsic self-healing behavior in cementitious
materials and is comparable with the strength recovery
reported in the literature.84,104, The increase in the strength
recovery in BC relative to Ctrl seems to be comparable with

some of the prior work using superabsorbent polymers/
hydrogels.106
Water plays an essential role in the reactions involved in the

self-healing process. Water is needed for both hydration and
calcium carbonate precipitation reactions. Similar to super-
absorbent polymers, biochar is capable of absorbing water and
moisture from the surrounding environment. The voids
created due to the addition of biochar in the material serve
as stress concentration sites in the microstructure, providing a
preferential crack pathway where the crack passes through
these voids that contain biochar. Thus, biochar is expected to
be present on the crack surface. As detailed previously, during
the healing process, the cracked prisms, both Ctrl and BC, are
subjected to wet/dry cycles. In BC, water is absorbed and
retained by biochar particles on the crack surface during the
wet periods and released slowly into the crack during the dry
periods, resulting in the provision of more water for the further
reaction of unreacted cementitious particles available on the
crack surface and further calcium carbonate precipitation.
Figure 20 demonstrates this process.

3.3.6. Crack Filling. The optical images taken with optical
microscopy showing the crack filling process in the control
paste and the paste with biochar at 0, 3, 7, 14, and 28 days are
shown in Figure 21. The filling products are seen as a whitish
phase in the crack space. It is noted that Ctrl showed increased

Figure 18. Ca/Si and Al/Ca of the healing products.

Figure 19. Strength recovery of the control paste and the paste with
biochar after healing.

Figure 20. Schematic showing the contribution of biochar to the
formation of healing products.

Figure 21. Optical images showing the crack filling in the control
paste and the paste with biochar as a function of time.
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crack filling with time; however, only partial filling was
achieved up to 28 days. BC showed insignificant crack filling at
3 days, but gradually increased its crack filling at 7 days,
reaching complete crack filling by 28 days. Even though the
initial crack generation process was the same in both prisms, it
is noted that BC appeared to have a larger crack width
compared to Ctrl; however, BC was still able to show complete
crack filling compared to Ctrl. The effect of biochar in
increasing the amount of healing products in the crack seems
to be consistent with the results of the optical imaging
discussed in Section 3.1.1 and shown in Figure 13. It was noted
in Figure 13 that BC demonstrated a larger coverage of the
artificial crack surface with the healing products compared to
Ctrl. The crack filling and strength recovery results discussed
above clearly demonstrate an improvement in the self-healing
performance of the paste when biochar is added. While the
higher content of the healing products and calcium carbonate
seems to correlate with increased self-healing, further
investigations are needed to examine the micromechanical
characteristics responsible for increased strength recovery in
the case of BC.

4. CONCLUSIONS

The self-healing, fresh properties, hydration, and autogenous
shrinkage of the cement paste with biochar were investigated.
The conclusions are as follows:

• The paste with biochar showed increased initial and final
setting times relative to the control paste due to delayed
hydration at an early age, as evidenced from isothermal
calorimetry. The delayed hydration is due to the
absorption of alkali by biochar during the initial stage,
which reduced alkali concentrations in the pore solution
delaying hydration at an early age. Nevertheless, at later
ages, the cement paste with biochar demonstrated a
slightly higher hydration heat compared to the control
paste due to the release of water from biochar into the
surrounding matrix.

• Biochar effectively decreased autogenous shrinkage,
which is attributed to the internal curing effect of
biochar in the cement paste.

• The cement paste with biochar had a reduced
compressive strength and electrical resistivity relative
to the control paste. The lower compressive strength is
due to the presence of macrovoids created from biochar
absorption and desorption. The decrease in the electrical
resistivity is due to the higher overall w/c in the paste
with biochar relative to the control paste.

• The healing products of the control paste and the paste
with biochar consisted of C−S−H, calcium carbonate,
CH, and ettringite, as evidenced from TGA, FTIR, and
SEM. The calcium carbonate content in the healing
products of the paste with biochar was larger than that of
the control paste.

• The paste with biochar demonstrated an improved
mechanical strength recovery and crack filling relative to
the control paste. This is attributed to the ability of
biochar to provide water as a key ingredient necessary
for the chemical reactions that yield healing products in
cracks.
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